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We investigate the formation of suprathermal particle populations in weakly collisional plasmas using a
one-dimensional Fokker—Planck framework. A key element of this work is the introduction of a systematic
velocity-space drift term that represents net energization relative to a background streaming flow. This term
provides a minimal phenomenological description of competing relaxation and acceleration processes, enabling
the incorporation of large-scale plasma dynamics into kinetic particle evolution. The model further includes
spatial advection, velocity-space diffusion associated with wave—particle interactions, and collisional relaxation.
To explore the role of time-dependent large-scale plasma dynamics, we consider three representative temporal
profiles of the streaming velocity: accelerating, decelerating, and steady flows. We find that velocity-space
diffusion primarily governs the formation of suprathermal tails, while the streaming-induced drift regulates
their efficiency and spectral properties. In particular, the overall fraction of suprathermal particles depends
only weakly on the detailed temporal evolution of the flow and is largely controlled by the time-averaged
streaming velocity. These results suggest that large-scale streaming motions can be incorporated as an effective
systematic energization mechanism in weakly collisional plasmas, providing a minimal and flexible framework
applicable to a broad range of space and astrophysical environments.
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1. INTRODUCTION

Suprathermal particle populations, character-
ized by wvelocity distributions extending beyond a
Maxwellian core, are commonly observed in a variety
of weakly collisional space plasmas, including the solar
wind, planetary magnetospheres, and the heliosheath
[1-9]. It has been shown that the electron distribution
in the solar wind consists of three distinct compo-
nents: a thermal core, a suprathermal halo, and a
suprathermal strahl [3,4,6,8-10]. Observational studies
primarily examine the characteristics of suprathermal
electrons in the halo, including the spectral slope of the
distribution function, number density, temperature,
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The
scattering of suprathermal electrons by plasma waves
is also investigated, with physical arguments focusing
on kinetic turbulence involving whistler waves [12].
Observational evidence for the presence of suprather-
mal protons has also been presented [7,8]. These
nonthermal populations play crucial roles in energy

plasma beta, and temperature anisotropy [11].

transport, wave generation, and particle acceleration
processes [8,9], yet their formation mechanisms remain
incompletely understood.

One of the prevailing theories suggests that
suprathermal particles originate from a combination
of resonant wave—particle interactions and collisional
processes acting on large-scale plasma flows. For
example, the solar wind provides a natural laboratory
where turbulence persists over extended distances and
timescales, continually shaping the velocity distribu-
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tions of ions and electrons [8]. Kinetic simulations,
including those employing the Particle-in-Cell (PIC)
method, have been extensively performed to examine
the properties of waves responsible for wave—particle
interactions [13-20]. Relevant plasma instabilities are
driven by free energy sources such as beam-plasma
interactions and temperature anisotropy. In particu-
lar, beam-driven instabilities in various environments,
including shocks and turbulence, significantly enhance
particle acceleration [13,14,16,17,20]. In addition,
inhomogeneous plasma structures can generate drift
motions that act as free energy sources for plasma
instabilities, such as the lower-hybrid drift instability
(LHDI), which can also contribute to particle accel-
eration through wave-particle interactions [21, 22].
Furthermore, it has been shown that the time evolu-
tion of the suprathermal electron distribution function
is associated with wave—particle interactions due to
whistler waves driven by temperature anisotropy
[15,18,19]. While kinetic simulations contribute to a
better understanding of plasma waves and associated
wave—particle interactions, they are insufficient to fully
capture the evolution over the dynamic timescales
characteristic of space and astrophysical environments.

To describe the acceleration process mediated by
wave—particle interactions during the dynamical evo-
lution of the system, the Fokker —Planck equation is
widely used due to its ability to incorporate both diffu-
sive and collisional effects within a kinetic framework
[23]. Specifically, wave—particle interactions mediated
by Langmuir and whistler turbulence have been ex-
tensively studied [24-28], while Coulomb collisional ef-
fects are simultaneously considered [29,30]. For ex-
ample, in the space environments, it has been shown
that the wave—particle interaction term dominates over
the Coulomb collision terms at large radial distances
from the Sun, and the steady-state solution of the
Fokker — Planck equation deviates from a Maxwellian
distribution due to the dominant wave—particle inter-
action driven by whistler turbulence [24,31]. Regarding
proton acceleration, the role of kinetic Alfvén waves has
been rigorously considered [32-36]. The acceleration
efficiency is significantly influenced by the presence of
suprathermal protons in the initial distribution func-
tion and the plasma beta of the system [36].

While previous studies have primarily focused on
steady-state solutions or prescribed background tur-
bulence, fewer have examined how large-scale, time-
dependent plasma flows influence the formation of
suprathermal particle populations within a kinetic
framework. In conventional Fokker—Planck treat-
ments, external effects are often represented through
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simplified, time-independent forces such as static elec-
tric fields or gravitational acceleration [24,29, 30, 33].
However, time-dependent bulk flows are ubiquitous
in space and astrophysical plasmas, including the so-
lar wind, galaxy clusters, relativistic jets, and accre-
tion flows, where plasma motions undergo accelera-
tion, compression, and deceleration over a wide range
of scales [37—41]. More generally, the Fokker --Planck
equation admits a systematic velocity-space drift term
that describes net energization or relaxation processes
acting on particles. In weakly collisional plasmas,
such a drift can arise from competing effects, includ-
ing scattering-driven relaxation toward the local flow
frame and energization by large-scale electric fields or
wave—particle interactions. In this context, large-scale
streaming motions provide a natural means to parame-
terize net systematic energization relative to the back-
ground flow, consistent with observational evidence
that particle acceleration is enhanced during periods
of elevated solar wind speed and correlated with bulk
flow properties [42].

In this work, we model the influence of streaming
flows through an effective velocity-space drift term in
the time-dependent Fokker — Planck equation. This ap-
proach enables the incorporation of both the magni-
tude and temporal evolution of the background flow in
a physically transparent manner, without requiring de-
tailed knowledge of the underlying microphysical accel-
eration processes. To investigate the impact of evolv-
ing flows, we solve a one-dimensional Fokker —Planck
equation that includes spatial advection, velocity-space
diffusion due to wave—particle interactions, and col-
lisional relaxation. We consider three representative
models of the streaming velocity-accelerating, deceler-
ating, and steady profiles in order to examine how dif-
ferent temporal behaviors of large-scale flows influence
the formation and evolution of suprathermal particle
populations.

The remainder of this paper is organized as follows.
Section 2 describes the governing equations and numer-
ical implementation, Section 3 presents the results for
different streaming flow profiles, and Section 4 provides
a brief summary.

2. MODEL DESCRIPTION

2.1. Phenomenological description of
velocity-space drift in streaming plasmas

In addition to diffusive acceleration, we introduce a
systematic velocity-space drift term that accounts for
net energization relative to the background streaming
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Fig. 1. Schematic illustration of competing velocity-space processes in a streaming plasma. Panels a—c show the case where

energization dominates over relaxation (Tace < Trel), leading to an effective anti-drag. Panels d —f show the opposite regime,

where relaxation dominates and particles drift toward the streaming velocity vs;. This schematic provides a physical interpretation
of the effective drift term introduced in Section 2.1

flow. Rather than representing a literal microscopic
force acting on individual particles, this term should be
interpreted as an effective, coarse-grained description
of competing physical processes in a weakly collisional
plasma.

In general, particles interacting with a background
flow tend to relax toward the local flow frame due to
scattering processes, which can be described by a re-
laxation term of the form

UV — Vg
Arel(U) = - bt7

Trel

(1)

where 7, 1s the characteristic relaxation timescale. At

the same time, large-scale electric fields and wave—

particle interactions can give rise to systematic ener-

gization in velocity space. In the present framework,

this effect is not modeled explicitly, but is instead rep-

resented through an effective drift term of the form
UV — Vgt

Aacc('U) =4+—-,

Tacc (2)
where T,.. characterizes the timescale of net energiza-
tion. A natural justification for the linear dependence
on (v — vy ) is that it represents the leading-order term
in a velocity-space expansion around the local stream-
ing frame. Near v & vy, higher-order contributions are
expected to be subdominant, and the dominant sys-
tematic effect can be captured by retaining only the
linear term in (v — vg). This approximation provides a
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minimal closure for describing net energization relative
to the background flow.

The net effect of these competing processes can be
expressed as a combined drift coefficient

Acg(v) = ( ! ! > (v —vst)- (3)

In the regime where energization dominates over relax-
ation (Tace < Tre1), this results in an effective anti-drag
term,

Tacc Trel

Ust,

.
Aest (v) & +———, (4)
70

which corresponds to the form adopted in Eq. (2).
Here, 7y is an effective timescale that characterizes the
net rate of systematic energization in velocity space.
From Eq. (3), it can be expressed as 7, ' = 7,0L — 7.0/,
indicating that it represents the competition between
acceleration and relaxation processes. The convective
acceleration term used in this work should be under-
stood as a minimal phenomenological closure that cap-
tures net systematic energization in the presence of a
streaming background, rather than a direct represen-
tation of a specific microscopic force. Accordingly, it
does not imply direct particle energization at the single-
particle level, but instead represents the evolution of
the distribution function in velocity space arising from
collective processes.

The physical interpretation of the effective drift
term is illustrated schematically in Fig. 1. In a weakly
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collisional plasma, particles experience competing pro-
cesses: scattering tends to relax particles toward the
local streaming frame, while large-scale electric fields
and wave—particle interactions can drive systematic en-
ergization away from it. When relaxation dominates
(Tace > Trel), particles drift toward v, resulting in an
effective drag in velocity space. In contrast, when ener-
gization dominates (Tace < Trel), the net effect becomes
an anti-drag, leading to outward transport in velocity
space and the formation of suprathermal tails. This
competition naturally gives rise to the effective drift
term adopted in this work.

2.2. One-dimensional Fokker —Planck equation

We employ a Maxwellian distribution function as
the initial velocity distribution:
p ( ) )

7]\[0(36) ex

V2103,
where vy, is the initial thermal velocity, and Ny(x) is
a normalization factor depending on the spatial coor-
dinate z. For a homogeneous plasma system, the nor-
malization factor simplifies to a constant, No(x) = Np.

In a one-dimensional domain with periodic bound-

ary conditions, we solve the following Fokker —Planck
equation:

’U2

t=0)= ——
fO(l‘aUa ) 2Ut2h

af(z,v, of (z,v, 9
f(ﬂétv t) T f(;; t) o [Aegr (V) f(,v,1)] +
d (D(v)df(x,v,t)
+ N ( g T) +
0

T o

( v
Tcoll

[f(za Uat) - feq(l‘a v, Teq)]) =0, (6)

where 73 is an effective timescale that characterizes the
net rate of systematic energization in velocity space, as
defined in Section 2.1. It represents the balance be-
tween acceleration and relaxation processes and serves
as a reference timescale for the evolution of the sys-
tem. wvs(t) denotes the time-dependent bulk stream-
ing velocity of the background plasma, D(v) is the dif-
fusion coefficient, 7., is the characteristic collisional
timescale, and f.q is a Maxwellian equilibrium distri-
bution representing the relaxed state due to dominant
collisional effects. Further details of the equation are
provided in the following paragraphs.

We note that the velocity-space drift term in Eq. (6)
is written in conservative form, 9/0v [Aeg (v) f], so that
the equation preserves particle number. Indeed, inte-
grating Eq. (6) over velocity space, the velocity-space
drift, diffusion, and collisional relaxation terms reduce
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to boundary contributions. Assuming that the distri-
bution function decreases sufficiently rapidly at large
velocities, these boundary terms vanish, and the total
particle number density is conserved in the absence of
explicit source or sink terms. This conservative form is
fully consistent with the standard Fokker — Planck de-
scription of systematic transport in velocity space.

The time evolution of the distribution function is
governed by advection in both physical and veloc-
ity space, as well as velocity diffusion. In particu-
lar, the velocity-space advection term, represented by
the third term in Eq. (6), includes the time-dependent
bulk streaming velocity of the background plasma,
vst(t) (see Section 2.3 for more details). The factor
Aerr(v) = (v—vg(t)) /70 defines a systematic drift in ve-
locity space that describes net energization relative to
the background flow. Its physical interpretation as an
effective, coarse-grained description of competing pro-
cesses is discussed in Section 2.1.

Along with systematic energization represented by
the drift term, stochastic acceleration in velocity space
is modeled through a diffusion coefficient, D(v), which

is taken in the form
s—1
v\ T
) e (=)

Uth
where vmax denotes a characteristic upper velocity be-
yond which the efficiency of resonant wave—particle
interactions is suppressed. In this work, we adopt
Ymax = 100y as a representative cutoff scale; the results
are not sensitive to the exact choice of this parameter.
The sublinear velocity dependence is motivated by ki-
netic models of electron transport in the presence of
whistler turbulence, in which the velocity dependence
of the diffusion coefficient is determined by the spectral
properties of the turbulent wave field and resonance
conditions [24,27-30,43]. In such models, the effective
scaling of the diffusion coefficient can be expressed as

v

D(v) ~ Dy < (7)

v max

a weak power-law in velocity, corresponding to spec-
tral indices in the range s ~ 3/2-2. In this work, we
adopt s = 2 as a representative baseline value for the
underlying turbulence spectrum and use s = 3/2 for
comparison. We have verified that moderate variations
of s within this range do not qualitatively affect the
main results of this paper, indicating that our conclu-
sions are robust with respect to the specific choice of
the diffusion scaling. The exponential factor is intro-

duced phenomenologically to represent the finite reso-
nance range, ensuring that stochastic acceleration be-
comes inefficient above a characteristic velocity scale.
Accordingly, the adopted form should be regarded as a
physically motivated minimal model: the v(6=1/3 de-
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pendence reflects the literature-based scaling of wave—
particle diffusion, while the exponential cutoff captures
the expected suppression of resonant scattering at suf-
ficiently high velocities.

To incorporate the effects of particle collisions in
the kinetic equation, we adopt the Bhatnagar — Gross —
Krook (BGK) approximation, which replaces the full
Boltzmann collision operator with a simplified relax-
ation term [44]. In this approach, the distribution
function f relaxes toward a local Maxwellian equilib-
rium distribution f.q over a characteristic timescale
Teoll, Such that the collisional term is written as
—(f — feq)/Tcon- We emphasize that this treatment
is intended as a minimal phenomenological description
of collisional relaxation in a weakly collisional plasma.
While a more rigorous description would require a
Fokker — Planck collision operator for Coulomb inter-
actions, the BGK model captures the essential effect of
collisions-namely, the tendency of the particle distribu-
tion to relax toward local thermodynamic equilibrium-
without introducing additional complexity associated
with velocity-dependent collision terms. Given that
the primary focus of this work is on the interplay be-
tween stochastic acceleration and systematic energiza-
tion, rather than the detailed microphysics of Coulomb
collisions, the BGK approximation provides a compu-
tationally efficient and physically adequate description
of collisional effects.

To illustrate the collisional regime relevant for space
and astrophysical plasmas, we compare a character-
istic dynamical timescale with the electron—electron
Coulomb collision timescale using representative pa-
rameters of the solar wind as a concrete example [45].
The dynamical timescale can be estimated as

Ldyn 106 km 8
Vow 500 km/s ®)
where Vaw ~ 500 km/s is the bulk flow speed and
Layn ~ 105 km represents a characteristic large-scale
dynamical length. For typical solar wind conditions
(ne ~ 5 cem™3, T, ~ 10° K, InA ~ 10), the electron—
electron Coulomb collision timescale is given by

3v/me(kpT,)%/?
Tee = ———
4v/27neetnA

~2-10% s,

Tdyn ™~

~3-10%s. (9)
The resulting ratio 7ec/7ayn ~ 15 indicates that the
plasma is weakly collisional, allowing the formation
and persistence of suprathermal particle populations.
Such a separation of timescales is commonly expected
in a wide range of space and astrophysical plasmas,
justifying the use of a weakly collisional kinetic de-
scription in this work. Motivated by this hierarchy,
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we adopt Tcon & 1079 as a representative parameter
choice to capture the dynamical evolution in weakly
collisional environments. We additionally examined a
more weakly collisional case with 7.1 = 100 7y to test
the robustness of the results in a more weakly collisional
regime.

2.3. Modeling of time-dependent streaming
flow

The justification for adopting a time-varying
streaming flow model is grounded in the inherently
dynamic nature of space and astrophysical plasmas,
where large-scale flows often exhibit significant tem-
poral and spatial variations. Such variability can arise
from evolving background conditions, interactions
between distinct plasma streams, or large-scale dy-
namical processes that modify the bulk flow velocity
over time. A representative example is the solar wind,
where streams originating from coronal holes undergo
acceleration and interact with the ambient plasma,
producing compression and stream interaction regions
characterized by time-dependent variations in flow
velocity [37,46-48]. In galaxy clusters, time-dependent
bulk flows naturally arise in multiple physical contexts.
For example, accretion of filamentary gas onto clus-
ters generates large-scale inflows that accelerate and
form accretion shocks [39], while merger events drive
complex shock structures and turbulent flows that
involve both compression and subsequent deceleration
in downstream regions [41]. In relativistic or mildly
relativistic outflows such as AGN jets, the bulk flow
velocity can vary significantly due to acceleration
near the launching region, as well as deceleration
caused by interaction with the ambient medium
or internal dissipation processes [38,49]. Similarly,
in accretion flows onto compact objects, plasma is
subject to gravitational acceleration and turbulent
interactions, leading to time-dependent variations in
the flow velocity [40,50-52]. These examples suggest
that time-varying streaming flows are a generic feature
of weakly collisional plasmas, supporting the use
of simplified time-dependent models such as those
adopted in this work.

Motivated by these considerations, we model the
streaming velocity as a time-dependent function with a
characteristic timescale 7y, which provides a simple yet
physically motivated representation of evolving large-
scale flows. While the specific example above is drawn
from the solar wind, the adopted formulation is in-
tended to capture generic features of time-dependent
bulk motion in weakly collisional plasmas. To capture
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Fig. 2. Three different models of time-varying streaming flow.

Model 1 and Model 2 assume accelerating and decelerating

streaming flows, respectively, while Model 3 assumes a con-
stant streaming velocity

different modes of flow evolution, we consider three rep-
resentative models of time-varying streaming velocity.
The first model describes an accelerating flow,

Ust1(t) = vi,1 exp (Dsst) (10)

while the second model represents a decelerating flow,

(11)

Here, I'y; characterizes the rate of change of the bulk
flow velocity, and we adopt T'sx = In(10)/7T with
T = 571y as a representative choice. For comparison,
we also consider a constant-flow model defined by the

Ust,2(t) = vigo exp (—Tgt) .

time-averaged streaming velocity,

vst,3(8) = (vst,1 (1)) = (vst,2(t)) (12)
where
1 Tl — 1
Ul e st —
) = 7 [ vea(yde = 222 13)
0

- 1 TatT

Vi —e
(vst,2(t)) = T /'Ust,Q(t) dt = TQT (14)

These three models represent accelerating, decelerat-
ing, and steady large-scale flows, respectively, and serve
as idealized descriptions of time-dependent bulk motion
in plasmas. The temporal evolution of the streaming
velocity for each model is illustrated in Fig. 2. Here-
after, we refer to the accelerating and decelerating cases
as Model 1 and Model 2, respectively, while Model 3 de-
notes the constant-flow case. The characteristic ampli-
tude of the streaming velocity is chosen to be a fraction
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of the thermal velocity, comparable to typical turbulent
velocities expected in astrophysical plasmas such as the
intracluster medium [53].

2.4. Numerical scheme

For solving the equation numerically, we adopt
the Crank —Nicolson method for time integration [54],
which provides a balance between numerical stabil-
ity and accuracy. Spatial and velocity derivatives are
discretized using second-order accurate central differ-
ence schemes. Specifically, the first-order derivatives in
space and velocity are approximated as follows:

ofl __ fiv1 — fix
oz |, T 2Ax (15)
of| _ fimni—Ffina
v |; - 280 (16)

where 7 and j denote the indices corresponding to the
spatial and velocity grids, respectively.

The velocity-space drift term is written in conser-
vative form as

A () 7).

For numerical implementation, this term is evalu-
ated by first defining the velocity-space flux

(17)

Jj - Aeﬂ,jfja

and then computing its divergence using a central dif-

(18)

ference scheme,

0

o Jit1 = Ji
v '

(e f)| = (19)

This formulation ensures that the drift term is
treated in a conservative manner, consistent with the
standard Fokker —Planck description.

The velocity-space diffusion term,

5 [DT(O;}) %} ’ (20)

is evaluated using a two-step procedure. First, the sec-
ond derivative of f with respect to velocity at the grid
point j is approximated as

~ fivi—2fi+ fi1
Av? '

0% f

a2

(21)

J

To incorporate Crank—Nicolson time averaging, we
evaluate the diffusion term at both the current time
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Fig. 3. Time evolution of the velocity distribution function for different streaming velocities. The gray line denotes the initial
distribution. A constant streaming velocity (Model 3) is assumed. The fiducial model adopts a diffusion coefficient with s = 2

and a collisional timescale 7con = 1079
level n and the next level n + 1, and then compute 3. GENERATION OF SUPRATHERMAL
their average: PARTICLES

0 [D(v)of We primarily examine the time evolution of the ve-
ED { 8 %] ~ locity distribution function, focusing on acceleration
1 (Djy1—Dj o=y driven by thfe streaming flow. For simplicit.y, we ad9pt
~ ﬁ ( oML ) ( oML ) + Mo'del 3, .WhICh assumes a cons‘?ant strea.mmg velocity,
1 no—ofng o to 1gvest1gate how _the streaming flow 1n.ﬂuences. the
+ FDj < Ao > + efficiency of producing suprathermal particles. Fig. 3
0 v illustrates the effect of streaming velocity on the tem-
. 1 (Dj_H — Dj_l) <fj"++11 - f;-H_11> n poral eYolution of the 'velocity Siistr%bution function. In
27-02 2Av 2Av cases with low streaming velocity (i.e., vst/ven = 0 and
) /o +11 gl g jll 0.1), t}.le accelera'ttmn' is primarily isotropic, driven .by
— D, J+ J J . (22) advection and diffusion. In contrast, for cases with
2 02 Av? vst/ven 2, 0.5, the acceleration due to the streaming
flow becomes dominant. Such behavior is qualitatively
For the numerical stability test, we assume spa- consistent with in-situ observations of space plasmas,
tial, velocity, and temporal resolutions of dx = 1073L, where velocity distribution functions often exhibit non-

dv = 1073 vmayx, and dt = 10737y, respectively. Here, L Maxwellian features and asymmetric velocity distribu-
denotes the spatial domain size, vpax is the maximum tions with enhanced high-energy tails associated with
velocity in the system, and 7y is the effective timescale large-scale streaming motions and wave—particle inter-
introduced in Section 2.1. actions [9,10]. Although the present model adopts
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Fig. 4. a — Time evolution of the suprathermal fraction
for different values of wvs using the fiducial model (s = 2,
Teol = 1070). b — Suprathermal fraction as a function of

vst for the fiducial model, together with models using s = 3/2
and Tcoll — 100 T0

a simplified one-dimensional and isotropic description,
the effective drift term captures the essential role of
systematic energization relative to a background flow.
In this sense, the formation of suprathermal particles in
our model can be interpreted as a minimal representa-
tion of the processes that may contribute to the devel-
opment of asymmetric velocity distributions in space
plasmas.

To investigate the time evolution of the particle dis-
tribution function, particularly with regard to the gen-
eration of suprathermal particles, we calculate the frac-
tion of suprathermal particles, defined as:

L
/
£) =

[, v,t)dv +

—Umax

/ f(zyv,t)do| da

Vspt

¢(

L vmax

/

0

f(z,v,t) dvde

~Umax

(23)
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where L is the size of the spatial domain, and vg,; de-
notes the threshold velocity above which particles are
considered suprathermal. Although vy is a free pa-
rameter, we adopt vspy = dvy, throughout this study.

In panel (a) of Fig. 4, we present the time evolution
of the suprathermal particle fraction for different val-
ues of vgt. Although an enhancement of the suprather-
mal fraction is observed on a timescale of order g, the
magnitude of vg governs both the rate of growth and
the saturation level of the suprathermal population. In
particular, larger values of vg lead to more rapid en-
ergization and higher final suprathermal fractions. As
shown in panel (b) of Fig. 4, the suprathermal frac-
tion increases approximately linearly with increasing
vgt. We also find that the main trend is largely in-
sensitive to variations in the diffusion scaling and the
collisional timescale, indicating the robustness of the
result. However, for relatively small streaming veloc-
ities (vgt < 0.5wvy,), diffusion plays a more important
role in the early-stage evolution, leading to slight devi-
ations in the suprathermal fraction depending on the
model parameters.

Next, we examine how the time-dependent form
of the streaming velocity influences the evolution of
the particle distribution function. The three differ-
ent models introduced in Section 2, as illustrated in
Fig. 5, are employed for this purpose. During the early
evolutionary phase (see panels (a) and (b)), accelera-
tion driven by the streaming flow is most pronounced
in Model 2 due to its relatively higher streaming ve-
locity. In contrast, Model 1 exhibits predominantly
isotropic acceleration during this phase. The opposite
trend emerges later, reflecting the time evolution of the
streaming velocity in each model. Although the instan-
taneous acceleration behavior differs between the mod-
els, their time-averaged streaming velocities are com-
parable, with (v ) ~ 0.41 vy, (see Fig. 2). As a result,
the overall acceleration efficiency shows only a weak de-
pendence on the detailed time variation of the stream-
ing velocity. Rather, it is the time-averaged magnitude
of the streaming velocity that primarily governs the
fraction of suprathermal particles. This characteristic
value of the streaming velocity is also comparable to the
typical turbulent velocities expected in the intracluster
medium (ICM), where the turbulent Mach number is of
order M ~ 0.3-0.5 [53]. Since the thermal velocity is of
the same order as the sound speed in such plasmas, this
implies vgy ~ 0.3-0.5 vy, consistent with the represen-
tative value adopted in this work. This correspondence
suggests that the present framework may provide a use-
ful basis for interpreting suprathermal particle produc-
tion in galaxy cluster environments.
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Fig. 5. Time evolution of the particle distribution function for three different models. Models 1 and 2 assume accelerating and

decelerating streaming flows, respectively, while Model 3 assumes a constant streaming velocity. The fiducial parameters (s = 2,

Teoll = 10 70) are adopted for the diffusion and collisional terms. The time-averaged streaming velocity is comparable among the
models, with (vg) = 0.41 vep
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Fig. 6. Time evolution of the suprathermal fraction for three
different models

Figure 6 shows the time evolution of suprather-
mal fractions for three different models. We point out
that during the early evolutionary phase, the charac-
teristic timescale for producing suprathermal particles
critically depends on the time-varying scenario of the
streaming velocity. In contrast, the saturated values

of suprathermal fractions show only weak sensitivity
to the choice of model. These results suggest that
while the temporal profile of the streaming velocity gov-
erns the initial acceleration process, the system even-
tually evolves toward a quasi-steady state where the
suprathermal particle distribution saturates.

Although space and astrophysical plasmas often un-
dergo multi-phase evolution, including transitions from
bursty injection through nonlinear wave—particle inter-
actions to quasi-steady transport, the overall produc-
tion efficiency of suprathermal particles is largely deter-
mined by the time-averaged streaming velocity. In this
context, even under complex and dynamically evolv-
ing conditions, observationally or macroscopically con-
strained mean flow velocities can provide a reliable es-
timate of the total suprathermal particle yield. This re-
inforces the validity of simplified modeling approaches
based on average plasma parameters when interpret-
ing nonthermal particle populations in a wide range
of environments. Consistent with this view, our results
support the common simplification adopted in previous
studies, where external forces are treated as static fields
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such as constant electric or gravitational acceleration
[24, 29, 30, 33]. Such approximations remain effec-
tive for estimating long-term or equilibrium features
of suprathermal particle populations. However, for in-
vestigations targeting transient behavior or short-term
bursts in particle acceleration, a time-dependent treat-
ment of streaming flows is essential, as the early-time
acceleration rate is governed by the temporal charac-
teristics of the streaming velocity, as demonstrated in
Fig. 6. This perspective may be particularly relevant
in environments such as the solar wind, galaxy clus-
ter plasmas, and relativistic outflows, where large-scale
flows and weak collisionality coexist.

4. SUMMARY

In this work, we investigate the time evolution of
the particle distribution function by solving the time-
dependent Fokker —Planck equation. In addition to
turbulent diffusion represented by a phenomenological
velocity-space diffusion coefficient, we incorporate the
effect of acceleration driven by streaming flow in the
background plasma. To capture dynamically evolving
environments, a time-dependent streaming velocity is
employed to model the background flow.

Our main finding is that the particle acceleration
efficiency increases with the magnitude of the stream-
ing velocity, as quantified by the number fraction of
suprathermal particles. We further analyze how the
specific temporal evolution of the streaming velocity in-
fluences the time evolution of the distribution function.
In cases where the streaming velocity increases from an
initially low value, the early phase of particle accelera-
tion is dominated by diffusion. As the streaming veloc-
ity becomes sufficiently strong, it begins to dominate
over the diffusive process, leading to asymmetric accel-
eration features. Conversely, when the streaming ve-
locity decreases from an initially high value, we observe
the opposite trend. While the temporal evolution of the
streaming velocity affects the intermediate dynamics of
particle acceleration, we find that the final acceleration
efficiency at saturation depends only weakly on the de-
tailed time profile of the streaming flow. Instead, it is
primarily determined by the time-averaged streaming
velocity. These results highlight the importance of con-
sidering both the instantaneous and averaged proper-
ties of plasma flow when modeling particle acceleration
in space and astrophysical environments. In particular,
the weak dependence of the final acceleration efficiency
on the detailed temporal profile of the streaming flow
suggests that time-averaged bulk properties provide a
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robust descriptor of suprathermal particle production.
This supports the use of simplified effective models in
situations where the underlying plasma dynamics are
complex and time-dependent.
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