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Abstract

Observations of solar-wind velocity distribution functions (VDFs) commonly reveal fine-scale structures. These
features strongly influence kinetic processes such as wave damping and instability, yet their role remains poorly
understood. We use a Gaussian Mixture Model to separate proton and a-particle (fully ionized helium) VDFs
from Solar Orbiter Proton and Alpha-particle Sensor (PAS) measurements, and assess with the Arbitrary Linear
Plasma Solver (ALPS) how measured VDFs affect the damping of compressive fluctuations. We analyze the
dispersion relation and polarization properties of ion-acoustic (IA) waves in the solar wind. Protons and a-
particles are represented by the measured VDFs derived from PAS observations. For comparison, we also perform
calculations using the bi-Maxwellian assumption for the VDFs. Fine-scale structures of the measured proton
VDFs reduce the damping rate of IA waves, even when 7, ~ T,,. In some cases, we find that the measured VDFs
drive the TA mode unstable, while the corresponding bi-Maxwellian representations predict strong damping.
These results demonstrate that resolving the fine-scale structures of VDFs is essential for accurately capturing the
kinetic physics of the solar wind.

Unified Astronomy Thesaurus concepts: Plasma physics (2089); Solar wind (1534); Space plasmas (1544);

Plasma astrophysics (1261)

1. Introduction

The solar wind is a weakly collisional plasma, and its
particle velocity distribution functions (VDFs) therefore
usually depart from Maxwellian equilibrium (e.g.,
V. M. Vasyliunas 1968; W. Feldman et al. 1975; E. Marsch
et al. 1982a, 1982b; E. Marsch 2006; G. Livadiotis &
D. McComas 2013; D. Verscharen et al. 2019). These
departures determine both the damping and instability of
plasma waves, thereby defining the dissipation and transfer of
energy across scales in the solar wind. The resulting particle
scattering acts as an effective viscosity, regulating the
large-scale thermodynamic evolution of the plasma (M. Kunz
et al. 2011; M. W. Kunz et al. 2014; F. Rincon et al. 2015;
M. A. Riquelme et al. 2015; M. Riquelme et al. 2018;
J. T. Coburn et al. 2022). Previous studies often represent solar-
wind VDFs with simplified models such as bi-Maxwellian or
k-distributions (e.g., P. Hellinger et al. 2006; S. Stversk et al.
2008; G. Livadiotis & D. McComas 2009; V. Pierrard &
M. Lazar 2010; D. Verscharen et al. 2017). These models
capture some parametric nonequilibrium features quantitatively,
including temperature anisotropies or nonthermal tails, but
inevitably smooth over fine-scale velocity-space structures
present in the VDF and visible in the measurements. These
fine-scale structures play a crucial role in wave—particle
interactions and the kinetic physics of the solar wind
(e.g., P. A. Isenberg 2001; E. Marsch et al. 2003; J. Walters
et al. 2023; J. T. Coburn et al. 2024).
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Compressive fluctuations in the solar wind, while of lower
amplitude than Alfvénic fluctuations, modulate density and
pressure and influence the plasma’s thermodynamic evolution
(C.-Y. Tu & E. Marsch 1995; C. Chen 2016; D. Verscharen
et al. 2016; X. Zhu et al. 2023; C. Ioannou et al. 2025). In
magnetohydrodynamic (MHD) theory, the two propagating
compressive modes are the slow and fast magnetosonic waves:
density and magnetic-field fluctuations (én and 6|B|) are
positively correlated for the fast mode and negatively
correlated for the slow mode. In situ observations in the solar
wind typically show anticorrelation between én and 6|B|,
consistent with slow-mode-like behavior of the compressive
fluctuations (B. Bavassano & R. Bruno 1989; G. Howes et al.
2012; K. Klein et al. 2012; S. Yao et al. 2013; D. Verscharen
et al. 2017). However, the collisionless nature of the solar wind
requires a kinetic description. In kinetic theory, the counterparts
of the MHD slow magnetosonic mode are the ion-acoustic (IA)
mode and the nonpropagating mode (D. Verscharen et al. 2017).
Previous studies based on bi-Maxwellian models for the
VDFs suggest that IA waves experience strong Landau and
transit-time damping unless 7, > T, where T, is the electron
temperature and T, is the proton temperature. These predictions
lead to the expectation that IA waves should be absent
when T, ~ T, (A. Barnes 1966; W. Feldman et al. 1975;
S. P. Gary 1993). Nevertheless, IA-like compressive fluctua-
tions are commonly observed in the solar wind, raising the
question as to what enables their existence when T, ~ T,,, which
is typical for the solar wind (e.g., K. Issautier et al. 2005;
L. B. Wilson et al. 2018; C. S. Salem et al. 2023).

Numerical solvers for linear Vlasov—Maxwell theory
evaluate the kinetic wave dispersion relation, but most of
them, including NHDS or PLUME (D. Verscharen &
B. D. Chandran 2018; K. G. Klein et al. 2025), rely on
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parametric representations of the VDFs, most commonly bi-
Maxwellians for all involved plasma species. Extensions to k-
distributions are implemented in solvers such as DSHARK
(P. Astfalk et al. 2015). In this work, we employ the Arbitrary
Linear Plasma Solver (ALPS; D. Verscharen et al. 2018;
K. G. Klein & D. Verscharen 2025), which accepts arbitrary
gyrotropic VDFs as the background distributions for the
particle species. This capability allows us to incorporate the
measured VDFs into our linear Vlasov—Maxwell analysis,
thereby accounting for their detailed velocity-space structure
when determining the damping and growth rates of IA modes.
We evaluate the dispersion relation of IA waves using
measured ion VDFs and compare the resulting predictions
with direct observations of magnetic-field fluctuations. We
identify the specific velocity-space structures in the measured
VDFs that determine whether the mode is stable or unstable,
thereby revealing how measured distributions regulate the
behavior of compressive fluctuations in the solar wind.

In Section 2, we present the data processing and VDF
construction procedures, the numerical tools used to calculate
the linear plasma response, and the quasi-linear framework for
the analysis of wave growth. The plasma behavior of IA modes
associated with these VDFs is analyzed in Section 3. We
discuss and interpret our findings in Section 4, and summarize
the main results in Section 5.

2. Data and Methodology

Observations for this study are obtained from the Proton and
Alpha-particle Sensor (PAS) of the Solar Wind Analyser
(SWA; C. Owen et al. 2020) suite, the Magnetometer (MAG;
T. Horbury et al. 2020), and the Radio and Plasma Waves
(RPW; M. Maksimovic et al. 2020) instruments on board the
Solar Orbiter (D. Miiller et al. 2020). PAS is an electrostatic
analyzer with a field of view spanning —22'5 to 225 in
elevation (9 bins) and —24° to 42° in azimuth (11 bins). It
measures the three-dimensional VDFs of protons and a-
particles within an energy range of 200 eV-20 keV (96 bins)
by sweeping through energy and elevation and recording the
particle counts in each azimuth bin. A full three-dimensional
scan is completed in about 1 s, and we obtain one VDF every
4 s. These count maps are then converted into the VDF.
Magnetic-field vector measurements are taken from the level-2
MAG dataset. We use electron density estimates derived from
RPW/BIAS probe-to-spacecraft potential measurements,
which provide high time resolution and serve as a proxy for
the plasma density during the wave analysis when the PAS
cadence is insufficient (Y. V. Khotyaintsev et al. 2021). All
data are available via the Solar Orbiter Archive.*

2.1. Separation of Protons and o-particles

Typical PAS ion VDFs as a function of the energy per charge
exhibit several distinct peaks. The strongest peak corresponds to
the proton core, while a secondary proton beam is often present
and drifts relative to the core along the direction of the local
magnetic field at approximately the local Alfvén speed (C.-Y. Tu
et al. 2004; B. Alterman et al. 2018; D. Verscharen et al. 2019). A
separate a-particle species appears at a higher energy per charge.
This displacement arises from two effects. First, a-particles
usually drift relative to the proton core along the direction of the
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magnetic field at roughly the local Alfvén speed (E. Marsch et al.
1982a; J. Kasper et al. 2006; H. Ran et al. 2024); and second,
their lower charge-to-mass ratio causes them to appear at twice
the energy per charge of protons. Since velocity is derived from
energy per charge, assuming all particles were protons, the
measured «-particle velocities are overestimated by a factor of
J2 compared to their true velocity. We denote the proton-
assumed measured pseudospeed as 7, such that ¥ = v for protons
and 7 = /2v for a-particles, where v is their respective true
physical speed.

Because ALPS requires the VDFs of individual particle
species, it is necessary to separate protons and c-particles in
PAS measurements. In this work, we adopt the approach
presented by R. De Marco et al. (2023), who use a Gaussian
Mixture Model (GMM; D. A. Reynolds 2009) algorithm to
separate the different species in the PAS measurements.

We first remove all points with just a single count from our
VDFs, as these measurements have a 100% relative uncer-
tainty. We also remove isolated pixels, defined as those with a
measurement while all neighboring pixels are empty. The
input to the GMM algorithm is a five-dimensional dataset
X = [P, 1, P12, [7], VDF], where || and L denote the
directions parallel and perpendicular to the magnetic field.
All pseudovelocities are expressed in the proton bulk frame
defined using the ground-moment proton bulk velocity. Since
the GMM framework relies on linear covariance, it does not
inherently recognize the nonlinear relationship between the
Cartesian components and their Euclidean norm. By explicitly
providing |V| as an input coordinate, we leverage the
instrumental /2 scaling alongside the physical drifts to
maximize the separation of the populations. As input to our
GMM model, we set the number of Gaussian components to
N = 3, representing the proton core, the proton beam, and the
a-particles. Although our subsequent ALPS analysis utilizes
only the combined total proton distribution, explicitly includ-
ing the proton beam component is necessary for the clustering
algorithm. Without this explicit accounting for the proton
beam component, the GMM algorithm often results in leakage
of the identified proton cluster into the a-particle component.
Initial values for the different components are assigned
following the method of E. Marsch et al. (1982a). In particular,
we first determine an energy-per-charge threshold E,, by
visually identifying the transition between the proton and a-
particle populations in the measured energy spectrum.
Measurements with energy per charge E < E,, are assigned
to protons (f,, inir) and those with E > E,, to a-particles (f, init)-

We then estimate the densities and the bulk velocities by
integrating the initial VDFs:

m:ﬁwm% 1

q:ifwwfw )
nj

where f; denotes the ion VDF of species j; in this step, f;
corresponds to f;jnit. For a-particles, evaluating Equation (2) within
the proton-assumed velocity space yields their bulk pseudovelocity
U,. The initial mean vectors for the GMM components are
set as: proton core, X = [0, 0, 0, 0, max(f,;,,))]; proton
beam, X = [V, 0,0, V4, max(fp’init)/ 10]; and a-particles,

X = [ init| — Upinit))> 0, 0, Upinie| — Upimit))» max(f, )]s
where V, , = |B|/,/4mn,m, is the local proton Alfvén speed
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Figure 1. Averaged GMM separation of PAS measurements during the interval 02:06:00— 02:07:00 UT on 2022 October 23. (a) VDF as a function of the proton-
assumed pseudospeed 7, obtained by summing the measured VDF over elevation and azimuth. The total VDF (black squares) is decomposed into three GMM-
identified components: proton core (red circles), proton beam (blue stars), and a-particles (green triangles). (b) Same as (a) but combining the proton core and beam

into a single proton population.

calculated from the ground-moment proton density. After the
GMM separation, once the «-particle parameters become
available, the Alfvén speed is recomputed as V4 = |B|/
\/ 4m(n,m, + ny,m,) to account for their contribution and
improve accuracy. The initial VDF value for the proton beam is
set to max(f,, i)/ 10, reflecting its lower density compared to
the core.

We implement the GMM using the sklearn.mixture
module from the scikit-learn library (F. Pedregosa et al.
2011). Once the model has converged, GMM returns for each
pixel of the VDF the probabilities of belonging to the proton
core, proton beam, or a-particle components. Multiplying
these probabilities with the measured VDF values yields three
separate three-dimensional VDFs, corresponding to the proton
core (fpcg)> proton beam (fyp ), and a-particles (f, o)

The model offers four covariance types: full (each
component has its own general covariance matrix), diag (each
component has its own diagonal covariance matrix), tied (all
components share the same general covariance matrix), and
spherical (each component has its own isotropic covariance
matrix). In our experience, the full option usually fails to
separate the components due to its complexity and limited data
support. Among the remaining options, we select the one that
produces an a-particle drift (U, — U, o) most closely aligned
with the magnetic field B (E. Marsch et al. 1982a; J. Kasper
et al. 2006; H. Ran et al. 2024).

Finally, we extend this method to long PAS intervals using
an iterative approach. We begin by separating the ion
components in the first time step of each time interval using
the procedure described above. The results from the initial
particle separation are then used as the initial values for the
next GMM iteration. This process is repeated, with each time
step using the previous particle separation as initial values,
until all time steps of the interval have been processed.

Figure 1 presents the averaged GMM separation result for
the PAS interval under study. In this example, taken from

02:06:00 to 02:07:00 UT on 2022 October 23, the 1 minute
interval consists of 15 PAS measurements at 4 s cadence. The
method decomposes the measured ion VDF into three
populations: the proton core, the proton beam, and the a-
particles. The one-dimensional cuts show that each component
occupies a well-defined region in velocity space.

2.2. VDF Preparation for ALPS Analysis

PAS provides discrete VDF measurements, whereas ALPS
requires a continuous VDF as input to solve the plasma
dispersion relation. To bridge this gap, we extend the
measured velocity space beyond the PAS field of view by
constructing a bi-Maxwellian “collar” around the measured
region.

For this purpose, we first calculate the density n;, and bulk
velocity U;, from the GMM-decomposed VDFs f;, using
Equations (1) and (2). The parallel and perpendicular
temperatures are then obtained as:

.
Tigy = —— [P f, d 3)
nj kB
and
m
T, = J fcz . dy, 4
J.eL 2nj!ng J_f},g ( )

where kg is the Boltzmann constant, ¢ = v — Uj,, ¢ = ¢ - 13,

and ¢ = 2 — cuz. Here, b = B /|B| denotes the unit vector
along the magnetic field. The corresponding thermal speeds
are then given by:

2ksT,; [2kpT; 1
Wigl = | Wy = |l o)
m; m;
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We then construct analytic bi-Maxwellian distributions for
both protons and a-particles in the form:

Njg
Jiom (V) = —75—=——exp
T Wie 1 Wig||
2 2
v v — Uigp
x| — 2L _ H > J g” (6)
Wigl Wil

These serve as the background collars, approximating the
expected VDF shape in the regions of velocity space not
directly sampled by PAS. Panel (a) of Figure 2 displays the
GMM-separated proton measurement overlaid on the corresp-
onding bi-Maxwellian collar. The red curve outlines the
convex hull enclosing all available data points. It represents
the outer boundary of the measured velocity-space region. It is
computed using the ConvexHull function of the scipy.
spatial Python library (P. Virtanen et al. 2020), which
implements the Quickhull algorithm (C. B. Barber et al. 1996).

Next, we perform a linear interpolation on all available
measurements to fill the velocity space between the PAS
measurement points, as shown in panel (b) of Figure 2. Due to
the instrument’s finite resolution, the measurement bins rarely
align exactly with the v, = 0 axis. Furthermore, because v, is

s ()
logio (f) [s3/m°®]

A%

Vi IVa

Figure 2. Construction of a collared VDF from the GMM-separated PAS proton measurements shown in Figure 1. (a) Measured VDF values are shown as scatter
points, overlaid on a bi-Maxwellian background reconstructed from corresponding bulk moments according to Equation (6). The red contour denotes the convex hull
enclosing all measurements. (b) Linearly interpolated VDF based on the measured points. (c) Weight function W(v, v,) generated by convolving the convex hull
mask with a Gaussian kernel. (d) Final collared VDF obtained by blending the bi-Maxwellian background and the interpolated VDF using the weight function. We
use this shown VDF as the input for our ALPS analysis.

bounded at 0O, the singularity of the cylindrical coordinate
system at v, = O causes the standard interpolation algorithm to
drop off and create unphysical empty regions near the axis. To
address this, we mirror the measurements into the v, < 0
domain before interpolation and subsequently retain only the
v, > 0 region. This procedure prevents artificial gaps and
maintains physical consistency with the assumption of
gyrotropy.

To ensure a smooth transition between the interpolated
measured VDF (f}inerp; panel (b) of Figure 2) and the bi-
Maxwellian collar (f;,y; panel (a), we construct a soft
blending weight based on the convex hull mask. The binary
mask M, 1 for measured regions and O elsewhere, is first
converted into a float array and then convolved with a broad
Gaussian kernel:

W, ) = [GoxM](v), vu), )

where * denotes convolution, and the Gaussian kernel is
defined in pixel coordinates as:

. 1 2 + k?
G,(i, k) = exp| ————|, 8
G5 2o p( 202 ) ®

i and k are pixel indices on the two-dimensional velocity grid
of dimensions 240 x 120 (parallel x perpendicular), and
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o = 10 pixels specifies the kernel width. We test the sensitivity
of our results to o values ranging from 5 to 15 pixels and find
that the results are insensitive to the specific choice of o in this
range. The convolution is implemented using the scipy.
ndimage.Gaussian filter (P. Virtanen et al. 2020)
routine. This method results in a continuous weight field W
with values ranging from 1 (fully measured) to O (outside), as

shown in panel (c) of Figure 2.
The final f;, is obtained by:

loglo(fjo) = Wloglo(fj,imslp) + (1 - W)loglo(fj,bM)’ ©)

evaluated at each point in (v, v, ) space. This blending avoids
sharp discontinuities and ensures physical consistency, produ-
cing a smooth and stable hybrid distribution suitable for
kinetic analysis. Unlike the bi-Maxwellian approximation, this
blended VDF passes through all measured points, providing a
more realistic representation of the observed velocity distribu-
tion than parametric representations that are, for instance,
based on moment fits to the measurements. The final result in
terms of f;, for this case is shown in panel (d) of Figure 2.

2.3. Quasi-linear Framework and Growth-rate Calculation

The slow, quasi-linear evolution of the background VDF fj,
due to resonant wave—particle interactions is described by the
quasi-linear diffusion equation (T. H. Stix 1992):

f
;)_Sﬂm/dq;ngzwfd% G
X (wr — kv — nfY; )|1/)] |2Gf (10)
where
k k
G=|1- ‘V‘ o ko 11
8\@ wy Oy
TR i¢ —ig
770]’ = f[Ere ¢Jn+l(§j) + Ele ’J)Jnfl(é.j)]
v
+ LB, (), (12)
Vi

Q; = (g;B)/(mjc) is the cyclotron frequency, & = kv, /), is
the argument of the Bessel function J,, of order m, and n marks
the resonance order. The left- and right-hand components of
the complex electric field amplitude E are defined by
E = (E, + iE,)/\2 and E, = (E, — iE,)/~2. The é-func-
tion in Equation (10) ensures that only particles fulfilling the
resonance condition

wr = kv + n (13)

contribute to the resonant wave—particle interactions at a given
n. During Landau-resonant (n = 0) interactions, particles with
v = w,/k) interact mostly with the parallel electric field E, of
the wave. In quasi-linear theory, this produces diffusion
primarily along the magnetic field in velocity space. In
contrast, cyclotron-resonant (n = 0) interactions lead to
diffusion paths that are tangent to curves of constant kinetic
energy in the wave frame. These trajectories are described by

(v) — vpn)> + vi = constant, (14)
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where v, = w,/k is the field-parallel phase speed of the
resonant waves. This behavior reflects that quasi-linear
diffusion conserves particle kinetic energy in a frame moving

with velocity vphB.
Each particle species j contributes to the total growth/

damping rate with
N2 X 00
(%) ¥ f vt

Wi 2 Gfy
f dv| (5(VH ) > (15)

where w,; = l47rnjqj2 /m; is the plasma frequency of species j
and £ is the wave energy density (e.g., C. Kennel &
H. Wong 1967; T. H. Stix 1992). The total growth/damping
rate of the mode is obtained by summing the individual
contributions over all particle species:

y=> 7 (16)
J

Vo_om |wr

Ky

lew, ! 8n;

This quasi-linear framework is valid in the weak-growth limit
|7 < |w,|, and here we restrict our analysis to |y/w,| < 1/e
(J. Walters et al. 2023). For a comprehensive discussion of this
framework and its application to instabilities in the solar wind,
we refer the reader to D. Verscharen et al. (2022).

2.4. Calculation of the Dispersion Relation

We use ALPS to analyze the linear kinetic behavior of the
plasma. ALPS finds solutions to the linear Vlasov—Maxwell
dispersion relation by determining the real frequency w, and
growth /damping rate - that satisfy the wave equation D = 0 for
specific background distributions fj,. It employs an iterative
Newton-secant method (W. H. Press 1992) to update w, and
based on initial guesses for their values. Each f;, is expressed in
gyrotropic momentum space, where the particle momentum is
defined as p; = my. The distribution is provided in an input
ASCII table (the f; table) listing the p |, p||, and the corresponding
values of fi. The table covers 0 < p < Py, ; and
“Prax||j SP| S Ppay; OVer No oand Ny steps in each
dimension. The algorithm then uses a second-order finite
differencing scheme to compute Ofjo/Op, and Ofjp/Op). The
integrals in the susceptibility calculation (Equation (2.9) by
D. Verscharen et al. (2018)) are performed independently for
each species j and resonance order n, which enables ALPS to
parallelize their calculation.

We set the numerical parameters following the definitions
introduced by D. Verscharen et al. (2018). The velocity grid
resolution is Ny = 240 points in the parallel direction and
N, = 120 points in the perpendicular direction. We set the
Bessel function truncation threshold to Jo, = 107%. The
initial values are chosen to satisfy the expected IA dispersion
relation:

w, =~ kHCS, (17)

where

(18)

\/nekBTe + 5(npksT, + nakgTh)/3
Cs =

npm, + naMgy + N,

is the ion sound speed.



THE ASTROPHYSICAL JOURNAL, 1003:124 (14pp), 2026 June 1

We compare four reference cases using different combina-
tions of ion f; tables derived from PAS. (i) Both protons and a-
particles are represented by their collared measured distribu-
tions; (ii) «-particles are represented by their collared
measured distribution and protons as bi-Maxwellians; (iii)
protons are represented by their collared measured distribution
and a-particles as bi-Maxwellians, and (iv) both species are
represented as bi-Maxwellians. Here, the bi-Maxwellians are
constructed from the corresponding moments of the PAS
measurements according to Equation (6). In all cases, electrons
are modeled as an isotropic Maxwellian with the same total
temperature as the protons (7, = T,), and their densities and
drift speeds are set to ensure quasi-neutrality and a zero net
current along the background magnetic field in the plasma.

2.5. Wavelet Coherence Analysis

To characterize the phase relationship and linear coupling
between density and magnetic-field fluctuations associated
with the identified mode, we compute the wavelet coherence
between plasma density and the parallel magnetic-field
component. We take the plasma density (n,,y) as the electron
density provided by RPW, while the magnetic field is
measured by MAG. We construct By(#) by projecting the
magnetic field onto the local mean-field direction obtained
with a centered rolling window of length 30 s. We denote the
continuous wavelet transforms of the density and parallel
magnetic-field fluctuations at scale s and time ¢ as C,(s, t) and
Cp(s, t). The cross-wavelet spectrum is defined as
C,z = C,Cy, where the asterisk denotes the complex con-
jugate. The squared wavelet coherence is then (C. Torrence &
G. P. Compo 1998):

) (s~ 1CnB> ?

= ans G 1)

where ( - ) indicates a smoothing operator in both s and z. To
determine the phase relationship between the two signals, we
compute the cross-wavelet phase angle:

Ag = tan—1| 2Cum) | 20
¢ = tan (m(cng) <0

The wavelet coherence analysis is carried out using the Python
package pycwt (S. Krieger & N. Freij 2025). This method
provides a time-frequency map of the linear correlation
between On,yp,, and 0B.

3. Results

We first present our analysis of the wave dispersion relation
and the resonance behavior, before inspecting the velocity-
space dynamics of the resonant wave—particle interactions in
more detail. We then compare the linear and quasi-linear
Vlasov—Maxwell results with wave observations.

3.1. Dispersion Relation and Resonance Analysis

Figure 3 shows the ALPS dispersion-relation solutions for
the four reference cases defined in Section 2.4, corresponding
to cases (i)—(iv) in the figure. Both the real frequency w, and
the growth rate v are normalized to the proton cyclotron
frequency €2, and shown as functions of the normalized
wavenumber kd,, where d, = VA/QP denotes the proton
inertial length.

Ran et al.

During this interval, the GMM-separated proton bulk speed
is 529.22 km s~ !, and the number densities of protons and a-
particles are 31.86 cm > and 0.83 cm >, respectively. We
obtain T,/ T, = 2.06, T\ o,/ Tjja = 0.92, U,y = 90.96 km s~ ',
V, = 108.62 km s™', and ¢, = 85.52 km s~'. For all VDF
inputs, ALPS scans over kd,, from 0.1 to 5.0 at a fixed angle
0z = 30° between k and B. This angle is chosen based on
preliminary scans performed in steps of 10° from quasi-
parallel to quasi-perpendicular wavevectors, which show that
0,3 = 30° yields the maximum growth rate of the IA mode in
this case.

The identified mode corresponds to the IA branch in all
configurations, as confirmed by its phase speed and the
anticorrelation between density and magnetic-field fluctuations
(correlation coefficient —0.698, not shown). Across most
wavenumbers, the growth rate is negative, but it becomes
positive near kd, ~ 1 only when the measured proton VDF is
used (cases (i) and (iii) in the first and third columns of
Figure 3). In these cases, the dispersion relation, and in
particular the growth rate, are different from those obtained
with a bi-Maxwellian representation of protons (cases (ii) and
(iv) in the second and fourth columns), whereas representing
a-particles with a bi-Maxwellian produces little change, as
seen by comparing cases (i) and (iii), as well as cases (ii)
and (iv).

To investigate the origin of this instability, we examine the
species-specific heating rates Q; from different resonance
mechanisms in Figure 4. The heating rates quantify the net
energy exchange between each species and the wave through
Landau (n = 0) and first-order cyclotron (n = 1) resonances.
They are computed following the formulation given in
Appendix B of K. G. Klein & D. Verscharen (2025). A
positive heating rate (Q; > 0) indicates that a species gains
energy from the waves, leading to wave damping, whereas a
negative heating rate (Q; < 0) corresponds to energy transfer
from particles to waves, driving instability. The black vertical
dashed lines indicate the kd,, range in which v > 0 in the fully
measured configuration of case (i), as shown in the first
column of Figure 3.

For the n = 0 resonance (top row), protons experience net
heating across the entire wavenumber range, indicating that
they predominantly act as a sink of wave energy and thus
contribute to damping. When measured proton VDFs are used
(cases (i) and (iii) in Figure 4), the heating profile shows a
pronounced dip where the total growth rate is positive
(between the vertical dashed lines), representing a local
reduction of proton heating at this wavenumber. By contrast,
the heating rates of a-particles are consistently much lower in
magnitude than those of the protons.

As for n = + 1 resonance (middle row), when protons are
represented by a bi-Maxwellian (cases (ii) and (iv) in
Figure 4), they lose energy at 0.5 < kd, < 0.8, and gain
energy at larger kd,. For the measured distributions (cases (i)
and (iii) in Figure 4), proton cooling begins around kd,, ~ 0.6
and remains high over larger wavenumbers. Within the
kd,-range between the vertical dashed lines, the proton heating
rate is negative when using the measured distributions (cases
(i) and (iii)), whereas it is positive when protons are
represented by a bi-Maxwellian (cases (ii)) and (iv)). The
n = —1 resonance (bottom row) contributes only weakly, with
proton and a-particle heating rates both remaining at low and
comparable levels.
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Figure 3. ALPS solutions for the real (w,) and imaginary (v) parts of the wave frequency during the interval 02:06:00-02:07:00 UT on 2022 October 23, under
different assumptions for proton and «-particle background VDFs. Columns (left to right): (i) measured VDFs for both species; (ii) bi-Maxwellian protons with
measured a-particles; (iii) measured protons with bi-Maxwellian a-particles; (iv) bi-Maxwellian VDFs for both species. Top row: real frequency w,/(2, versus kd,,
with the green dashed line indicating the TA dispersion relation from Equation (17). Bottom row: growth/damping rates -/, with red indicating damping (y < 0)

and blue indicating instability (y > 0).

3.2. Velocity-space Dynamics

We evaluate the resonance condition in Equation (13) to
identify where in velocity space resonant interactions occur.
Figure 5 overlays this information onto two-dimensional
representations of the bi-Maxwellian and measured proton
VDFs. The blue dashed—dotted semicircles denote surfaces of
constant kinetic energy (i.e., v + v‘f:constant). When
resonant particles move inward across a blue semicircle, their
kinetic energy decreases, and energy is transferred to the
waves, driving instability. Conversely, outward motion
corresponds to wave damping. The red dashed semicircles
trace diffusion paths as defined by Equation (14) associated
with cyclotron resonance. The direction of the diffusive
particle transport through velocity space along these paths
(i.e., clockwise versus counterclockwise) is determined by the
gradient of the VDF through G in Equation (10). The particles
must diffuse from regions of higher to lower VDF values
(D. Verscharen & B. D. Chandran 2013; D. Verscharen et al.
2019, 2022). The corresponding directions are indicated by the
black arrows. The gray bands indicate the resonance speeds
Vies = (w, — n€2,)/ky associated with the wavenumbers for
which the mode is unstable (v > 0) in case (i) of Figure 3. In
panels (a) and (b), the resonance corresponds to the n = 0
resonance, such that the resonance speed reduces to the phase
speed, Vies = Vpn = w,/k.

Panels (a) and (b) show the Landau resonance with n = 0. In
the measured VDF (panel (a)), the red arrow highlights a
region in which the velocity gradient is softened within the
resonant velocity range (gray band). In contrast, this structural
feature is absent in the bi-Maxwellian case (panel (b)), which

exhibits a steep gradient across the same v interval. Panels (c)
and (d) show the n = 41 cyclotron resonance. The measured
VDF in panel (c) displays a more complex structure near the
resonance speed compared with the smoother bi-Maxwellian
distribution in panel (d). The black arrows mark the diffusion
directions estimated from the VDF. In the measured VDF
shown in panel (c), resonant particles (gray band) diffuse
across constant-kinetic-energy contours toward smaller kinetic
energies, as indicated by the black arrow. Such motion
corresponds to a transfer of particle energy to the waves and is
associated with instability. By contrast, in the bi-Maxwellian
case shown in panel (d), resonant particles diffuse across
constant-kinetic-energy contours toward larger kinetic ener-
gies, suggesting that wave energy is transferred to the particles
and the mode is damped.

The resonance paths in Figure 5 illustrate the diffusive flux
of particles in velocity space due to wave—particle interactions,
but do not show the detailed influence of VDF structures on
the plasma response. To investigate this mechanism in more
detail, we evaluate the diffusive operator éfjo across velocity
space. Equation (15) shows that the sign oflvj is the same as
the sign of G 0» as long as &> 0. Mapping GAij across
velocity space provides a representation of the contributions of
specific VDF structures to ;.

Figure 6 shows Gfpo overplotted on the measured proton
VDF for both the n = 0 (panel (a)) and n = +1 (panel (b))
resonances. Positive values of GApr (red) indicate regions that
make a positive contribution to 7, in Equation (15), whereas
negative values (blue) indicate a negative contribution to .
For the n = 0 resonance shown in panel (a), the mapping
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Figure 4. Heating rates of protons (solid curve) and a-particles (dashed curve) through n = 0 (top row), n = +1 (middle row), and n = —1 (bottom row) resonances.

Blue indicates positive heating (wave energy transferred to particles; wave damping), while red indicates negative heating (particles driving the wave; instability).
From left to right: same cases as Figure (3). Vertical dashed lines mark the wavenumbers between which v > 0 in case (i).

reveals a localized reduction in the damping contribution
(indicated by the lighter blue shading) within the resonant v
range (gray band). This reduction corresponds to the structural
deviations and softened gradients observed in the measured
VDF. Panel (b) shows the mapping of the n = +1 resonance,
where the distribution consists of both blue and red regions.
The blue regions correspond to recessed features of the VDF,
while the red regions correspond to protruding features. The
red and blue solid curve traces the proton heating rate for the
n = +1 resonance as a function of v in case (i). The curve is
derived from the heating rate as a function of the wavenumber
(panel (e) of Figure 4) through the resonance condition in
Equation (13). When the curve is negative (red), particles lose
energy to the wave, contributing to wave instability; when it is
positive, particles gain energy from the wave, leading to wave
damping.

3.3. Coherence Signatures

Figure 7 shows the results of the wavelet coherence analysis
described in Section 2.5. Panel (a) displays the squared
wavelet coherence R? (Equation (19)), where yellow indicates

intervals of high coherence between n,,, and B). Panel (b)
displays the cross-wavelet phase angle |A¢| (Equation (20)),
which shows whether this coupling represents a correlation
(blue) or an anticorrelation (red) between n,,, and Bj. For
comparison with the dispersion relation, we convert the
wavenumber at maximum growth, K, . obtained from ALPS
(i.e., the wavenumber that yields the maximum < in case (i) of
Figure 3), into the frequency in the spacecraft reference frame
as

f ~ kﬂ/,maxlUsw|COS(9kV)
2w ’

where Uy, = (Upn, + Uan,,)/(n, + n,) is the solar-wind bulk
velocity in the spacecraft frame, and 6,y is the angle between k
and Uy,. Since k is constrained to a cone of half-angle
0,z = 30° around the magnetic field B in our ALPS analysis,
and the measured angle 0y between B and Usg,, is known from
direct measurement, the angle between k and Us, satisfies
|0py — Ol < Oy < |0y + Oip|. Accordingly, our predictions
map to a range in spacecraft-frame frequency that is defined by
the maximum and minimum frequencies obtained from

2y
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Figure 5. Diffusive flux of particles in the velocity space under n = 0 (top row) and n = +1 (bottom row) resonances, shown for measured (left) and bi-Maxwellian
(right) VDFs. The red arrow in panel (a) marks the regions in which the VDF gradient is softened. Gray vertical bands indicate the resonance speeds corresponding to
wavenumbers where v > 0 in case (i). Blue dashed—dotted semicircles denote surfaces of constant kinetic energy. Red dashed semicircles represent Equation (14),
and black arrows illustrate the expected quasi-linear diffusion paths in velocity space.

Equation (21) when evaluated across this 6y range. We
indicate this range in spacecraft frequency through horizontal
black dashed lines in Figure 7. Our ALPS predictions of
unstable waves map to the spacecraft-frame frequency range
between these two lines. The vertical dashed lines (red in panel
(a), black in panel (b)) indicate the time interval when the VDF
shown in Figure 2 is recorded.

In Figure 7 (a), intermittent patches of high R* occur
primarily between 10~2 and 10° Hz. From 02:06:00 UT to
02:07:00 UT, the interval to which we apply our ALPS
analysis (red dashed lines), R* is large within the frequency
range marked by the black dashed lines. As shown in panel (b),
this specific region of high coherence corresponds to a phase
angle of about 180° (red), confirming that the density and
parallel magnetic-field fluctuations are anticorrelated.

4. Discussion

We now interpret our results and discuss the limitations of
our analysis.

4.1. Resonance Mechanisms Regulated by VDF Structures

Independent indicators suggest that the fluctuations studied
here correspond to the IA branch. First, the dispersion relation
follows the expected linear trend w, =~ kjc,. Second, the
correlation coefficient between fluctuations in the plasma
density and in the magnitude of the magnetic field is —0.698,
consistent with the slow-mode-like polarization associated
with TA waves. Third, the wavelet coherence shows strong

anticorrelation between 6B) and én in the frequency range at
which our ALPS analysis reveals a maximum +.

Figure 3 shows that a-particles contribute little to the mode
behavior; using the measured a-particle distribution produces
almost no change to the dispersion relation. This behavior is
reasonable given their relatively low density, weak anisotropy,
and sub-Alfvénic drift speed in the observed case. When the
measured proton VDF is used, an instability appears near
kd, ~ 1 even with T, ~ T,,. This behavior indicates that fine-
scale structures in the proton VDF are responsible for
destabilizing the mode.

To understand how proton structures affect the mode
behavior, we examine the heating rates and diffusion paths in
Sections 3.1 and 3.2. Figure 4 shows that the instability arises
from two concurrent effects: a reduction in proton heating
through the n = 0 resonance and the onset of proton cooling
through the n = +1 resonance compared to the bi-Maxwellian
case. Figure 5 illustrates the underlying physics. For the n = 0
resonance shown in panel (a), the measured VDF exhibits a
localized softening of the velocity gradients (indicated by the
red arrow) that overlaps with the resonant parallel velocity
range (vres, gray band). This deviation from the steep gradients
seen in the bi-Maxwellian case (panel (b)) leads to the
suppression of Landau damping. For the n = +1 resonance
shown in panel (c), the measured proton VDF exhibits a
complex structure near vres (gray band), and the majority of the
resonant particles diffuse inward toward smaller kinetic
energy, driving instability. In the bi-Maxwellian case in panel
(d), by contrast, particles diffuse toward greater kinetic energy,
which corresponds to damping.
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regions to damping. In panel (b), the red and blue solid curve traces the proton heating rate Q,,/€, as a function of v for the n = +1 resonance, obtained by
converting the k-dependent heating rate (panel (e) of Figure 4) through Equation (13), and is referenced to the right-hand vertical axis.

The fine-scale structures in the VDF significantly influence the
resonant interaction, as illustrated by the distribution of Gfp()
shown in Figure 6. At a given v, particles may either lose or gain
energy depending on the sign of GApr. For the n = 0 resonance in
panel (a), the regions with lighter blue shading within the
resonant velocity range suggest that the softened gradients in the
measured VDF lead to a localized reduction in the damping
contribution. For the n = +1 resonance in panel (b), protruding
structures in the VDF tend to yield positive (A;fpo and contribute to
instability, whereas recessed structures correspond to negative
Gfpo and contribute to damping. The influence of the protruding
features is stronger than that of the recessed ones, resulting in a
net transfer of energy from particles to the wave.

A key result of our study is the finding that fine-scale
structures of the proton VDF near the n = 0 resonance speed
modify the expected Landau and transit-time damping rates of
IA waves. In models based on (bi-)Maxwellian distributions,
strong damping of IA waves occurs unless T, > T,. These
models require large T, to separate the resonance speed (~cy)
of TA waves according to Equation (18) from the thermal
speed w),, of the protons, at which many protons are available
to resonate, as otherwise, proton damping would strongly
damp the wave (A. Barnes 1966; W. Feldman et al. 1975;
S. P. Gary 1993). However, our results demonstrate that, even
when T, ~ T,, as commonly observed in the solar wind, the
proton VDF can possess local gradients near the n = 0
resonance speed that suppress the net energy exchange with
the wave. In other words, the plasma remains transparent to
compressive waves not because the resonance speed lies
outside the proton core, as in the case with 7, > T,, but
because the fine-scale structure of the VDF reduces the
efficiency of resonant damping. This finding suggests that
solar-wind VDFs can dynamically adjust to support the
propagation of IA-like modes under near-equal ion and
electron temperatures.
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4.2. Possible Origins of the Fine-scale Structures

Alfvén/ion-cyclotron (A/IC) waves represent a natural
candidate for generating the observed fine-scale structures, as
they mainly interact with protons through the n = 41 cyclotron
resonance (E. Marsch et al. 2003; L. Ofman & A. Viiias 2007,
D. Verscharen et al. 2019). The dissipation of A/IC waves can
heat protons on their journey from the corona into interplanetary
space, producing non-Maxwellian features in the proton VDFs
(S. R. Cranmer 2014). Under low-3 conditions, obliquely
propagating A/IC waves efficiently reshape proton distributions
through cyclotron resonance, driving perpendicular heating and
anisotropy (B. D. Chandran et al. 2010b). Motivated by these
findings, we examine the A/IC wave in our interval and test its
stability. Our hypothesis is that if it were strongly damped, its
dissipation could drive the formation of fine-scale structures that
subsequently make the IA wave unstable.

Figure 8 shows the stability analysis of the A/IC mode for
the same measured VDF as in Figure 6. To track the mode,
ALPS performs a parallel scan through wavevector space,
corresponding to the geometry of parallel-propagating A/IC
waves. Panels (a) and (b) present the dispersion relation,
showing that the real frequency follows the expected Alfvénic
scaling w, >~ k;V at small wavenumbers, with widespread
positive growth rates indicative of instability. Panel (c)
displays the diffusive operator GAfpo calculated using the A/
IC dispersion relation, overlaid on the measured VDF. The
fine-scale structures that drive the A/IC mode unstable
(positive GApr parts in panel (c) of Figure 8) are located in a
velocity-space region that overlaps with the region contribut-
ing to the growth of the IA mode. This collocation suggests
that the A/IC instability is triggered by the structures, rather
than generating them.

Besides A/IC waves, several other processes may con-
tribute to the formation of the relevant fine-scale structures in
our proton VDF. Turbulence is one such candidate; strong
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solar-wind turbulence produces intermittent coherent struc-
tures, such as current sheets and velocity shears, which distort
local particle distributions through phase mixing and nonlinear
interactions (S. Servidio et al. 2012, 2017; E. Camporeale
et al. 2018; O. Pezzi et al. 2018; A. Larosa et al. 2025).
Another potential driver is stochastic heating, which scatters
ions in velocity space, breaks magnetic-moment conservation,
and broadens their VDFs (B. D. Chandran et al. 2010a;
D. Vech et al. 2017; M. M. Martinovi¢ et al. 2020). Further
investigation is needed to determine which of these mechan-
isms, if any, are responsible for the observed fine-scale
structures that drive the IA wave unstable.

4.3. Uncertainties and Limitations of Our Analysis

The GMM separation inherently introduces errors, as it
assumes that each particle population can be represented by a
Gaussian in velocity space. While R. De Marco et al. (2023)
assess the performance of GMM in separating different solar-
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wind populations using synthetic distributions, quantifying its
error on real in situ data remains challenging. According to
their synthetic-data tests, distinguishing the proton beam from
the proton core is usually challenging with GMM, whereas the
a-particle population can be more reliably distinguished. Since
our analysis only requires the combined proton population and
the combined «-particle population, this limitation has little
impact on our results.

Another limitation of our analysis emerges from our
construction of the collared VDF. Unlike parametric
approaches that model the proton and a-particle populations
using prescribed analytic forms across velocity space, our
method prioritizes direct use of the measured data. Wherever
PAS measurements are available in velocity space, they are
treated as the true representation of the VDF. This focus on the
use of measured data aligns with the approach by K. Klein
et al. (2026), who also employ a “collar” method that uses bi-
Maxwellian fits of core and beam components to interpolate
and extend the distribution toward high speeds. Applying our
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collar method with different smoothing widths of the Gaussian
kernel reveals that, although small quantitative differences
appear in the resulting dispersion relations, the overall physical
behavior remains unchanged. Although the collared distribu-
tion cannot fully represent the true solar-wind VDF, it remains
consistent with the measurements and provides a physically
sensible approximation of the plasma. In this sense, we see our
combined approach of using measured values whenever
available and a collared extension when measured values are
not available as an improvement on bi-Maxwellian models that
assume a prespecified shape of the VDF throughout all of
velocity space.

Our ALPS analysis assumes that the VDFs are gyrotropic,
which may not hold in the presence of strong fine-scale
structures or near rapidly evolving plasma features. The
gyrotropic assumption is required for quasi-linear stability
analysis, but it introduces discrepancies between the kinetic
physics of the full three-dimensional VDFs and their reduced
two-dimensional gyrotropic representations (e.g., M. Gedalin
2015; N. Bessho et al. 2016; G. Lapenta et al. 2017).

Instrumental effects may also contribute to uncertainty. The
PAS instrument measures VDFs by sequentially scanning
through energy and elevation bins; for each energy step, all
elevation bins are sampled before moving to the next energy.
This sweep profile can occasionally cause two neighboring
points in gyrotropic velocity space to be sampled at different
times, potentially appearing as distinct values and introducing
artificial small-scale structure into the measured VDFs.

5. Conclusions

This study investigates how fine-scale structures in proton
and a-particle VDFs regulate the growth and damping rates of
IA waves in the solar wind based on high-resolution
measurements from Solar Orbiter. By applying GMM
separation to measured VDFs and analyzing the resulting
populations with ALPS, we assess the influence of deviations
from idealized bi-Maxwellian distributions on wave growth
and energy conversion in IA waves.
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Our results reveal that the fine structure of the proton VDF
near the n = 0 resonance speed affects the efficiency of
Landau and transit-time damping significantly. Instead of
being strongly damped when T, ~ T,, as predicted by (bi-)
Maxwellian models (A. Barnes 1966; W. Feldman et al. 1975;
S. P. Gary 1993), IA waves propagate without strong damping
when the VDFs exhibit local gradients that suppress resonant
damping, even when the proton and electron temperatures are
nearly equal.

The fine-scale structure of the proton VDF at v < 0 can
locally invert the velocity-space gradient near the resonance
speed associated with n = + 1, providing a source of free
energy that contributes to IA wave growth. Our results
demonstrate that the measured fine-scale structure in the
proton VDF influences the wave in two ways, suppressing
damping at the n = 0 resonance and enabling growth at the
n = + 1 resonance. This finding highlights the crucial role of
fine-scale velocity-space structures in regulating the stability
and propagation of compressive fluctuations in the solar wind.

Other wave modes and nonlinear processes may contribute
to the shaping of the proton VDF in ways that make the plasma
either transparent or unstable to compressive waves. In
particular, the A/IC mode in this interval is unstable,
suggesting that the observed fine-scale structures in the VDF
are not a consequence of its dissipation, but they may form
through kinetic wave—particle interactions that involve the
unstable A/IC waves. Further work is needed to determine
which additional processes, such as intermittent turbulence or
stochastic heating, govern the formation and evolution of the
relevant structures in the proton VDF.

Our work demonstrates that fine-scale structure in the solar-
wind proton VDF has a decisive influence on the damping and
growth of compressive plasma waves. Our combined GMM-
ALPS approach provides a powerful framework for the
evaluation of the kinetic impacts of measured velocity-space
features. Our approach opens new avenues for the identifica-
tion of the microphysical processes that regulate energy
transfer and wave—particle interactions in the heliosphere.
Future applications at different heliocentric distances and in
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different solar-wind regimes may further clarify how fine-scale
structures in the VDFs of the particles shape the evolution of
space plasmas throughout the heliosphere.
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