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Minor ions in the solar corona are observed to be heated to extreme temperatures, far in excess
of those of the electrons and protons that comprise the bulk of the plasma. In addition to being
fundamentally interesting, these highly non-thermal distributions make minor ions sensitive probes
of the underlying collisionless heating processes, which are themselves crucial to coronal heating
and the creation of the solar wind itself. The recent discovery of the “helicity barrier” offers a
paradigm in which imbalanced Alfvénic turbulence in low-β plasmas can preferentially heat protons
over electrons by generating high-frequency fluctuations with which protons are cyclotron resonant.
To elucidate the impact of the helicity barrier on the heating of minor ions, we add a minor-
ion module to the hybrid-kinetic particle-in-cell code Pegasus++, and drive imbalanced Alfvénic
turbulence in a 3D low-β plasma with additional passive ion species, He2+ and O5+. A helicity
barrier naturally develops, followed by clear phase-space signatures of oblique ion-cyclotron-wave
heating and Landau-resonant heating from the imbalanced Alfvénic fluctuations. The former results
in characteristically arced ion velocity distribution functions, whose distinctively non-bi-Maxwellian
features are analyzed using the linear kinetic dispersion solver ALPS and shown to be critical to
the heating process. Additional features include a steep transition-range electromagnetic spectrum,
the presence of ion-cyclotron waves propagating in the direction of the imbalance, significantly
enhanced proton-to-electron heating ratios, anisotropic ion temperatures that are significantly more
perpendicular with respect to magnetic field, and extreme heating of heavier species in a manner
consistent with empirically derived mass scalings informed by spacecraft measurements. None of
these features are realized in an otherwise equivalent simulation of balanced turbulence. If seen
simultaneously in the fast solar wind, these signatures of the helicity barrier would testify to the
necessity of incorporating turbulence imbalance in a complete theory for the evolution of the solar
wind.

I. INTRODUCTION

Observations of alphas (He2+) and heavier (“minor”)
ions in the fast solar wind reveal extreme species-
dependent temperatures that are far greater than that
of the bulk protons [1, 2]. For example, remote sensing
UVCS observations find O5+ temperatures to be more
than 20 times that of protons at around 2 solar radii
[3], and data taken by the Wind spacecraft near 1 au
reveal alpha temperatures up to 6 times that of pro-
tons [4]. More recently, in-situ measurements in the
inner heliosphere taken by Parker Solar Probe (PSP)
[5, 6] and Solar Orbiter (SO) [7] reveal alpha temper-
atures 8 to 10 times the proton temperature. These al-
pha and minor-ion temperatures also possess a strong
anisotropy with respect to the mean magnetic field, with
the field-perpendicular temperature exceeding the field-
parallel temperature, T⊥ > T‖ [8]. Such differential en-
ergization of solar-wind particles provides valuable con-
straints on the processes that power the solar wind. This
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is particularly true for minor ions, whose low abundances
(.0.1%) and variety of charges and masses make them
well suited as test-particle tracers for local processes that
occur throughout the solar wind and down to the lower
corona where ion charge states are frozen in [9].

The processes that energize particles and continually
power the solar wind are thought to derive their energy
from the abundant Alfvénic turbulence that pervades
the interplanetary medium [10–12]. Stochastic heating
is one such process, capable of perpendicularly heating
ions preferentially at low values of the plasma β param-
eter (the ratio of the thermal and magnetic pressures).
In stochastic heating, ions undergo diffusion in perpen-
dicular energy via a random walk caused by kicks from
finite-amplitude turbulent fluctuations whose cross-field
variation is comparable to the ion gyro-scale [13, 14]. The
degree to which ions undergo stochastic heating depends
sensitively on the ratio of the electrostatic energy in the
gyro-scale potential fluctuations and the thermal kinetic
energy of the ions, with ratios &0.1 leading to substan-
tial ion energization. Given that heavier ion species have
slower characteristic thermal velocities, and that such
species’ larger gyro-radii sample larger fluctuation am-
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plitudes within the turbulent cascade, it is natural to ex-
pect stochastic heating to be greater for heavier species
[15].

Another process known to heat ions perpendicularly
is resonant ion-cyclotron heating, for instance via ion-
cyclotron waves (ICWs) [16, 17]. Models have demon-
strated how a spectrum of ICWs can preferentially heat
minor ions under solar-wind conditions [18]. In-situ mea-
surements taken by PSP show clear signatures of ICWs
and ion-cyclotron heating occurring in the solar wind
[19–24], and these ICWs have been seen all the way out
to 1 au by Wind [25]. However, propagation of ICWs
from the corona out to many solar radii is unlikely to
be efficient [26], and PSP measurements of ICW-proton
energy transfer rates suggest local generation of ICWs
[20, 24]. The process responsible for such local gener-
ation in the solar wind remains uncertain. In particu-
lar, balanced Alfvénic turbulence (where the energy in
outgoing Alfvén-wave packets balances that of incom-
ing Alfvén-wave packets, |z+| ≈ |z−| for the Elsässer
variables z±) that undergoes a critically balanced cas-
cade, such that the linear propagation time of an Alfvén-
wave packet is of the same order as the non-linear inter-
action time (τA ∼ τnl; [27]), generally produces highly
anisotropic fluctuations with k‖ ≪ k⊥ [27, 28]. Because
of this strong anisotropy, it is difficult for Alfvénic fluc-
tuations to attain the high frequencies required to pro-
duce ICWs before the turbulent cascade reaches the ion-
Larmor scale, k⊥ρi ∼ 1, beyond which the cascading fluc-
tuations become (dispersive and Landau-damped) kinetic
AWs [29, 30].

That being said, Alfvénic turbulence in the solar wind
is often observed to be imbalanced, viz., Alfvén-wave
packets are observed to propagate dominantly in one
direction over the other (e.g., |z+| ≫ |z−|) such that
the turbulence possesses a non-zero cross helicity, σc =
〈|z+|2 − |z−|2〉/〈|z+|2 + |z−|2〉 6= 0 [31–33]. Theoreti-
cal arguments based on gyrokinetic theory [29, 34] have
shown that a generalized form of helicity is conserved in
low-β systems, which reverts to the cross helicity at scales
above the proton-Larmor scale (k⊥ρp ≪ 1) and becomes
the magnetic helicity at scales below the proton-Larmor
scale (k⊥ρp ≫ 1). Combined with conservation of en-
ergy, the conservation of the cross helicity at k⊥ρp ≪ 1
implies a forward cascade to smaller scales, while the con-
servation of the magnetic helicity at k⊥ρp ≫ 1 implies an
inverse cascade. The joint conservation of these two in-
variants prohibits the imbalanced portion of the injected
energy from reaching sub-ρp scales, resulting in a “helic-
ity barrier” that allows only the smaller, balanced portion
of the flux to pass through to sub-ion-Larmor scales [34].
The consequent build up of inertial-range fluctuation am-
plitudes above the helicity barrier results, via critical bal-
ance, in a decrease in the field-parallel scales of the fluc-
tuations, and therefore an increase in their linear frequen-
cies. Once those frequencies become comparable to the
proton Larmor frequency, the turbulence excites ICWs
that preferentially heat protons perpendicularly [35, 36].

The recent discovery of the helicity barrier and conse-
quent perpendicular heating of protons by ICWs, along-
side ongoing measurements being taken by PSP and SO,
make now an ideal time to revisit particle heating in im-
balanced turbulence. Here we present and discuss results
from two 3D hybrid-kinetic simulations designed to elu-
cidate the heating of protons, alphas, and minor ions
in Alfvénic turbulence that is relevant to the low-β so-
lar wind. The first simulation is essentially a multi-ion
version of the run presented in Ref. [36], in which im-
balanced Alfvénic turbulence was persistently driven in
a collisionless, low-β, magnetized plasma. In this sim-
ulation, a helicity barrier naturally forms, which causes
turbulent energy to accumulate in the inertial range until
the critically balanced fluctuations attain ion-cyclotron
frequencies and subsequently dissipate by heating the res-
onant ion species. The second simulation focuses instead
on balanced turbulence and the consequent differential
heating of ions, but is otherwise equivalent in terms of
physical and numerical parameters (cf. [14, 37]).
The remainder of the article is organized as follows.

Section II presents the model equations and how they are
solved numerically to realize imbalanced (or balanced)
Alfvénic turbulence of relevance to the solar wind. Sec-
tion III describes the time evolution of turbulence in
both runs, with the imbalanced run exhibiting the for-
mation of a helicity barrier and the subsequent excita-
tion of oblique and parallel ICWs. Unmistakable signa-
tures of oblique-ICW heating and Landau damping man-
ifest in the imbalanced-run velocity distribution func-
tions (VDFs), which are found to be highly asymmet-
ric and non-bi-Maxwellian. We solve the linear kinetic
dispersion relation for these distinctive VDFs, with par-
ticular attention paid to the destabilization of parallel
ICWs and the role they play in ion heating. The re-
sulting extreme perpendicular temperatures of the ion
species are found to be consistent with an approximately
mass-proportional power-law scaling empirically derived
from solar-wind observations [2, 38]. In contrast, no dis-
cernible helicity barrier or ion-cyclotron heating occurs
in the balanced-but-otherwise-equivalent simulation. In-
stead, the VDFs are entirely consistent with theoretical
predictions for stochastic heating [15, 39], following the
analysis presented in Ref. [14].

II. MODEL EQUATIONS AND SIMULATION

APPROACH

Our goal is to model Alfvénic turbulence in the colli-
sionless solar wind, accounting for the finite-ion-Larmor-
radius effects responsible for the formation of a helicity
barrier and the kinetic effects required to achieve the
barrier’s subsequent regulation through the cyclotron-
resonant heating of ions by excited ICWs. To do so,
we adopt a hybrid-kinetic approach in which the ions
are treated kinetically while the electrons constitute a
neutralizing fluid [40, 41]. The distribution functions
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fi = fi(t, r,v) of the various ion species i are governed
by the kinetic equation

∂fi
∂t

+v ·∇fi+
qi
mi

(

E+
v

c
×B

)

·
∂fi
∂v

= −
qi
mi

EU
ext ·

∂fi
∂v

,

(1)
where qi and mi are the charge and mass of species i, c
is the speed of light, E is the electric field, and B is the
magnetic field. The latter evolves according to Faraday’s
law,

1

c

∂B

∂t
+∇×E = −∇×EB

ext. (2)

The externally applied fields EU
ext and EB

ext on the right-
hand sides of Eqs. (1) and (2) are used to drive Alfvénic
turbulence in the plasma; they are specified below. The
electric field is obtained from the electron momentum
equation,

mene

due

dt
= −∇·Pe − ene

(

E +
ue

c
×B

)

, (3)

after using the smallness of the electron mass me to ne-
glect the inertial term on the left-hand side and specifying
the form of the electron pressure tensor Pe. The electron
number density ne and flow velocity ue are determined
by quasi-neutrality,

ene =
∑

i

qini =
∑

i

qi

∫

dv fi, (4)

and the non-relativistic version of Ampère’s law,

eneue =
∑

i

qiniui − j

=
∑

i

qi

∫

dv vfi −
c

4π
∇×B. (5)

Assuming for simplicity that the electrons are isother-
mal and isotropic, so that the electron pressure tensor
Pe = neTeI with Te = const., equations (3)–(5) may be
combined to obtain a generalized Ohm’s law,

E = −

∑

i qiniui
∑

i qinic
×B +

(∇×B)×B

4π
∑

i qini
− Te

∇
∑

i qini
∑

i qini
.

(6)
Because Eq. (6) implies flux freezing in the electron fluid,
we add a hyper-resistive term, −η4∇

4B, to the right-
hand side of Eq. (2) in order to dissipate magnetic energy
at small scales.
Equations (1)–(6) are solved in the presence of a con-

stant and uniform background magnetic field B0 = B0ẑ

using the massively parallel, hybrid-kinetic, particle-in-
cell code Pegasus++ [42, 43]. We have added to this code
a module allowing for multiple populations of different
ion species, treated either passively or actively depend-
ing on the user’s needs. Pegasus++ features highly op-
timized algorithms, including a fully vectorized particle

pusher utilizing a modified Boris scheme, an almost fully
vectorized deposit function with second-order-accurate
particle weighting, and constrained transport to update
the magnetic field in a divergence-free manner. These
are all adopted within a three-stage predictor-predictor-
corrector time integration scheme. We employ units such
that the proton skin depth dp0 and the proton Larmor
frequency Ωp0 in the background uniform state are set
to unity; the Alfvén speed in the background plasma is
then vA0 = B0/

√

4πmpnp0 = dp0Ωp0 = 1. The initial

proton Larmor radius given in these units is ρp0 = β
1/2
p0 ,

where βp0
.
= 8πnp0Tp0/B

2
0 and Tp0 is the initial proton

temperature.
The forcing fields EU

ext and ∇×EB
ext are designed to

inject energy and cross helicity into the system at rates
ε and εH , respectively. They consist of random combi-
nations of large-scale Fourier modes with wavenumber kj
satisfying 2π/Lj ≤ kj ≤ 4π/Lj for j = {x, y, z}. These
modes are divergence-free, perpendicular to B0 (“⊥”),
and time-correlated via an Ornstein–Uhlenbeck process
with correlation time τcorr. By separately generating bulk
velocity fluctuations u⊥ and magnetic-field fluctuations
B⊥, the combinations F± .

= EU
ext ± ∇×EB

ext specify
the injection of energy into the Elsässer fields

z± .
= u⊥ ±

B⊥

(4πmpnp)1/2
.
= u⊥ ± b⊥; (7)

using this convention, z± perturbations propagate in the
∓ẑ direction. Hence, the ratio 〈z+

·F+〉/〈z−
·F−〉 de-

termines the level of imbalance injected at the largest
scales, with εinj

.
= 1

2
〈z+

·F+〉+ 1
2
〈z−

·F−〉 being the to-
tal energy injection rate. Note that, because the driving
is time-correlated rather than white noise, εinj varies in
time and is not in general equal to ε.
This paper presents results from two simulations, both

of which adopt βp0 = 0.3 and are conducted within a
Cartesian, periodic, elongated box having (280)2 × 1680
cells spanning a domain of physical size (28πρp0)

2 ×
168πρp0. The box shape approximately matches the
(statistical) shape of turbulent eddies measured at sim-
ilar scales in the solar wind [35, 44]. These parameters
imply a maximum resolved wavenumber of kρp0 = 10,
minimum parallel and perpendicular wavenumbers of
k‖,minρp0 ≈ 0.01 and k⊥,minρp0 ≈ 0.07, and a dimen-
sionless Alfvén box-crossing time of τA ≈ 289. In both
runs, there are 103 macro-particles per cell representing
the protons, and 64 macro-particles per cell for each ad-
ditional ion species. All ion species are initialized by sam-
pling from isotropic Maxwellian VDFs having the same
temperature, Ti = Tp0 = Te0, and distributing their
macro-particles evenly throughout the domain. Both
runs have ε = 12.9 and τcorr = τA/4, which result in crit-
ically balanced fluctuations at the outer scale with root-
mean-square (rms) bulk velocity urms ≈ 1/6. The only
difference between the two runs is that the “balanced”
one has εH = 0, while the “imbalanced” one aims for
εH = 0.9ε by setting |F+|2/|F−|2 = (ε+εH)/(ε−εH) =
19.
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FIG. 1. Time evolution of z±rms (red/blue) and σc (yellow)
throughout the imbalanced (thick lines) and balanced (thin
lines) simulations.

For the ionic species, we focus primarily on protons (p),
alphas (α), and quintuply ionized oxygen atoms (O5+).
Alphas are chosen due to their being the second-most
abundant species in the solar wind (with fractional abun-
dances ∼1–10%) and therefore relatively well diagnosed
(e.g., [1, 45–47]). O5+ is included as a heavier ion for
which remote sensing (UVCS) observations have shown
extreme perpendicular heating compared to protons [3];
this species has also been included in some prior studies
on stochastic heating [13]. Other studies have looked at
simulations with either monochromatic or a broadband
spectrum of AWs/ICWs and decaying turbulence with
O5+ [48, 49] or alphas [50–52]. The turbulent heating of
additional ionic species relevant to the solar wind (e.g.,
C5+, C6+, O6+, Fe9+) will be analyzed in a separate
publication.

To isolate the effects of imbalance and the helicity bar-
rier on ion heating and enable a direct comparison with
the previously published proton-only simulation [35], we
treat the non-proton species passively, viz., their abun-
dances are taken to be so small that they do not con-
tribute appreciably to the summations in Eqs. (4)–(6).
This is certainly a good approximation for O5+ in the
solar wind, but may not be accurate for alphas, whose
fractional abundances of up to ∼10% of the solar wind
have been measured by PSP [53]. The self-consistency
of our passive treatment of the non-proton species is dis-
cussed at the end of Section III.

III. RESULTS

Because the non-proton species are treated passively,
the development of imbalanced turbulence and the con-
sequent helicity barrier in our imbalanced simulation
is qualitatively similar to that presented in Ref. [36].
The time evolution of the root-mean-square amplitudes
z±rms ≡ 〈|z±|2〉1/2 and the imbalance (normalized cross

FIG. 2. Spectra of perpendicular magnetic-field fluctuations,
EB = EBy

+ EBz
, in (k⊥, k‖) space, with logarithmic color bar

and contours, at intermediate and late times of the imbal-
anced simulation. The white dotted lines show the top edge
of the critical-balance cone under which energy cascades to
smaller scales; the black dotted lines mark k⊥ρp0 = 1 and
k‖dp0 = 1. The presence of parallel proton cyclotron waves
(PCWs) is indicated in the bottom panel.

helicity),

σc
.
=

〈|z+|2〉 − 〈|z−|2〉

〈|z+|2〉+ 〈|z−|2〉
=

2〈u⊥ · b⊥〉

〈|u⊥|2〉+ 〈|b⊥|2〉
, (8)

is shown in Fig. 1. As the large scales are forced, an
imbalanced state with σc ≈ 0.9 and fluctuation ampli-
tude predominantly in z+ develops. A helicity barrier
is set up within ≈2τA, preventing the imbalanced por-
tion of the energy in z+ from cascading to scales smaller
than k⊥ρp ∼ 1. Consequently, the energy in z− satu-
rates very quickly, while the energy in z+ and thus the
imbalance continue to grow, saturating after 12τA with
σc ≈ 0.98. In the balanced run, whose evolution is traced
by the thin lines in Fig. 1, the energy in z+ and z− sat-
urates within ≈3τA and σc ≈ ±0.1 throughout. As a
result, for a given energy injection rate the amplitude of
turbulence in the saturated state is higher in the imbal-
anced run, B⊥,rms/B0 ≈ 0.33, than in the balanced run,
B⊥,rms/B0 ≈ 0.19.
Fig. 2 reveals a cascade of magnetic energy to smaller

scales in the imbalanced run, occurring in k⊥-k‖ space
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predominantly within a critically balanced cone demar-

cated by k‖ ∝ z+rmsk
2/3
⊥ (white dotted line). (These

2D spectra are calculated using the field-line-following
method outlined in Ref. [35].) The helicity barrier causes
z+rms to increase due to throttling of the imbalanced flux
above k⊥ρp ≈ 1, and the cone shifts upwards in k‖ with
time. This upwards shift means that a significant propor-
tion of turbulent energy flows towards k‖dp0 ∼ 1 before
reaching k⊥ρp0 ∼ 1, causing these Alfvénic fluctuations
to acquire the characteristics of oblique proton-cyclotron
waves (PCWs). Diffusion of protons along the resonance
contours of these oblique PCWs then occurs [54], al-
lowing the turbulence to saturate as the protons absorb
the remaining energy input [55]. The proton VDF ulti-
mately becomes sufficiently unstable to generate power in
parallel-propagating PCWs [56, 57], which are apparent
at small k⊥ρp0 and k‖dp0 ≈ 0.6–1 in the bottom panel of
Fig. 2 (t ≈ 14.2τA).
To elucidate further the presence of these parallel

PCWs, we calculate their linear growth rates using the
Arbitrary Linear Plasma Solver (ALPS [58, 59]). ALPS

solves the hot-plasma kinetic dispersion relation and
searches for unstable modes, with gyro- and box-averaged
proton VDFs taken from the two simulations used as in-
put (examples of these VDFs are provided and discussed
later in this section; see Fig. 5 and accompanying text).
The colored lines in Fig. 3 trace the growth rates γPCW

vs. k‖ of the parallel PCWs that are rendered linearly un-
stable by the proton VDFs occurring at different times in
the imbalanced turbulence. Because wave-particle inter-
actions in the imbalanced turbulence cause these VDFs
to become asymmetric, the PCWs propagating in the di-
rection of z− (the smaller-amplitude Elsässer field) are
either stable or much more slowly growing than those
propagating in the direction of z+, and the so the growth
rates displayed in the figure pertain to the latter. Al-
though this mode is unstable at early times in the imbal-
anced run, its growth rate is not large enough to compete
with the turbulence (the Alfvén frequency k‖vA0 at the

start of the inertial range is ∼10−2Ωp0). But by time
t & 10τA, the growth rate of these parallel PCWs is large
enough to produce significant power in the wavenumber
range k‖dp0 ≈ 0.6–1, consistent with the bottom panel of
Fig. 2. In contrast, the proton VDFs in the balanced run
are never distorted enough to yield appreciable parallel
PCW growth rates (see the grey dashed line in Fig. 3,
which corresponds to the end of the balanced run).
The helicity barrier and the excitation of high-

frequency fluctuations can also be identified in the 1D
energy spectra at the two times shown in Fig. 4. (Note

that the wavenumber spectra are compensated by k
5/3
⊥

and the frequency spectra are compensated by ω2, so that
a horizontal line on these plots corresponds to predictions
for a constant-flux, critically balanced cascade of Alfvénic
fluctuations [27].) In the top panels, the presence of a he-
licity barrier in the imbalanced run (thick lines) gives rise
to a characteristic steepening of the k⊥-space spectra just
above k⊥ρp0 ∼ 1, a “transition range” with E ∝ k−4

⊥ ,

FIG. 3. Linear growth rates of parallel PCWs, γPCW, versus
parallel wavenumber, k‖dp0, as determined by ALPS, given
the gyro- and box-averaged proton VDFs measured in the
simulations at the stated times. The colored solid lines refer
to the imbalanced run; the grey dashed line refers to the end
of the balanced run.

and a re-flattening of the electric spectrum at sub-ρp0

scales to E ∝ k
−2/3
⊥ . These features are consistent with

near-Sun PSP observations [60, 61] showing a transition
range in the magnetic spectrum, in which a steepening of

the inertial-range scaling from k
−5/3
⊥ to k−4

⊥ at ion-kinetic
scales is followed at yet smaller scales by a spectrum con-

sistent with k
−8/3
⊥ . While our magnetic spectra do not

recover a k
−8/3
⊥ scaling in the sub-ion-Larmor range due

to resistive dissipation (cf. Ref. [35]), some re-flattening
does begin at k⊥ρp0 ∼ 2. These features are clearly dis-
tinguishable when compared against the k⊥-space spec-
trum from the balanced run (thin lines), whose inertial

range follows E ∝ k
−5/3
⊥ all the way until k⊥ρp ≈ 1,

beyond which the fluctuations mutate into a cascade of
dispersive kinetic Alfvén waves (cf. Refs [14, 30, 37]).

The corresponding (compensated) frequency spectra
are shown in the bottom row of Fig. 4. That the
low-frequency ends of the balanced-run spectra approxi-
mately satisfy E ∝ ω−2 is consistent with a near-constant
flux of turbulent energy to smaller scales (larger frequen-
cies) [62–64]. The imbalanced-run spectra at t ≈ 7.5τA
are clearly different, consistent with the idea that con-
servation of generalized helicity precludes a constant-flux
cascade for the imbalanced portion of the turbulence (this
must be the case given that z+rms is still increasing at this
time). At the later time, t ≈ 14.2τA, the barrier satu-
rates and a constant-flux spectrum emerges at frequen-
cies ω . 0.4Ωp0. A high-frequency bump appears about
ω/Ωp0 ≈ 0.52, a number that matches the real frequency
of PCWs as calculated by ALPS at t ≈ 14.2τA (marked
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FIG. 4. 1D spectra of perpendicular magnetic-field and electric-field fluctuations, EB (blue) and EE (red), plotted against k⊥
(top) and frequency ω (bottom) at intermediate (left) and late (right) times, in the imbalanced simulation (thick lines). The
steady-state spectra from the balanced simulation are included in the left panels for comparison (thin lines). Wavenumber

(frequency) spectra are compensated by k
5/3
⊥ (ω2). Wavenumbers and frequencies corresponding to the ion species’ inverse-

Larmor scales and Larmor frequencies at each time are indicated by the dotted lines. The vertical dashed line in the bottom-right
panel labelled “PCWs” marks the real frequency of unstable PCWs calculated by ALPS at t ≈ 14.2τA.

by the vertical dashed line in the figure) Building upon
previous studies, we have elaborated on signatures of
the helicity barrier observed in prior Pegasus++ simu-
lations [35, 36], and gleaned additional insight via linear
calculations. In particular, we have determined the lin-
ear plasma response using the non-bi-Maxwellian proton
VDFs taken from the simulations, and found excellent
agreement with the properties of outwardly propagating,
unstable, parallel PCWs in this strongly turbulent non-
linear system.

We now shift our attention to the main focus on this
paper – the differential heating of the ionic species.
We begin by showing evidence for strong perpendicu-
lar ion heating in the presence of a helicity barrier. In
Ref. [35, 36], the mechanism responsible for perpendicu-
larly heating the protons was postulated to be repeated
instances of the proton VDF diffusing along oblique PCW
resonances and relaxing through the parallel PCW insta-
bility, leading to diffusion across the oblique resonance
contours [57]. Evidence for this process can be seen in the
evolution of the proton VDFs in the top panels of Fig. 5.
The initially Maxwellian proton VDF (top-left panel) dif-
fuses along the oblique cyclotron contours (dashed lines;

see [65] for details on how these contours are calculated)
in the top-middle panel at t ≈ 7.5τA, before the protons
have undergone significant heating. There is also a Lan-
dau resonance with the imbalanced Alfvénic fluctuations
at k⊥ρp ∼ 1, which flattens the VDF about w‖ ≈ −vA
[66], forming a modestly super-Alfvénic beam feature in
the direction of dominant wave propagation similar to
those observed in the fast solar wind [32, 67, 68]. At later
times (top-right panel), the proton VDF spreads across
the oblique PCW contours as parallel PCWs are excited,
a process that cools the plasma by transferring some of
the available free energy in the unstable VDF into elec-
tromagnetic fluctuations. However, because the parallel
PCW resonance contours are more curved relative to the
oblique ones, the generation of parallel PCWs and subse-
quent diffusion along their resonance contours, can bring
protons onto another oblique contour resonance at yet
higher energy [35, 57]. This leads to further perpendicu-
lar heating by the oblique PCWs. Through this transfer
of electromagnetic energy to the thermal energy of the
protons, the perpendicular proton temperature increases
to T⊥,p ≈ 1.6T⊥,p0 and the electromagnetic energy in the
imbalanced turbulence saturates.
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FIG. 5. VDFs, fi(w‖, w⊥), in peculiar velocity (w‖, w⊥) of protons (top row), alphas (middle row), and O5+ (bottom row) at
early (left column), intermediate (middle column), and late (right column) times in the imbalanced simulation, with logarithmic
color bar and contours. The axes are scaled to the initial thermal speeds of each respective species, vth,i0. The kinetic-Alfvén-
wave Landau resonance is indicated by the red dashed line. The black dashed lines trace the oblique PCW resonance contours
for each respective species; the white lines in the last column mark the resonance contour used in Fig. 7.

The lower two rows of panels in Fig. 5 illustrate a sim-
ilar process – albeit more extreme – for the other ion
species. Note that the axes are scaled according to each
species’ initial thermal speed, vth,i0

.
= (2Ti0/mi)

1/2 =

vth,p0(mp/mi)
1/2. By the end of the run, the al-

phas and O5+ ions are perpendicularly heated substan-
tially more than the protons, with T⊥,α/Tα0 ≈ 6.4
and T⊥,O5+/TO5+0 ≈ 28 giving T⊥,α/T⊥,p ≈ 4.1 and
T⊥,O5+/T⊥,p ≈ 18. Just as for the protons, these other
VDFs diffuse along curves corresponding to their reso-
nance conditions with oblique Alfvén fluctuations hav-
ing k‖vA ∼ Ωi. Because these fluctuations cyclotron
damp similarly to the oblique PCWs at k‖dp ∼ 1, we
also refer to them as oblique PCWs. The resonance
contours for ions interacting with these oblique PCWs
(dashed lines) are steeper in w⊥/vthi0 for the heavier
species and therefore allow them to experience more per-
pendicular heating. This feature can be seen especially
in the bottom-middle panel at t ≈ 7.5τA, in which the
O5+ VDF is stretched vertically in w⊥ relative to its ini-
tial Maxwellian state on the bottom-left by a substantial
amount. The parallel PCWs play a less important role in
the heating of alphas and minor ions, given the smaller

Ωi of these species; indeed, the strong heating of the
non-proton species begins well before parallel PCWs are
present.

Another interesting feature of the oblique PCW res-
onance curves is that they can exist to the left of the
origin, w‖ < 0, for the heavier species. This is because
their smaller charge-to-mass ratios can place their Lar-
mor frequencies below the real frequency of the PCWs,
causing their resonances with the dominant z+ fluctua-
tions to occur at parallel velocities w‖ = (Ωi−ωPCW)/|k‖|
that are negative. Consequently, because minor ions with
small |w‖| can lie within these curves, a greater popula-
tion of minor ions (relative to protons) can be resonant.
The cyclotron-resonant heating is in fact strong enough
to push the minor-ion VDFs all the way over to the Lan-
dau resonance at w‖ ≈ −vA. The consequent parallel
heating then further accentuates the already arced shape
of the VDFs, a feature that is most evident in the final
(bottom-right) panel of Fig. 5 showing the final VDF of
O5+.

In contrast, the ion VDFs from the run with balanced
driving, displayed in Fig. 6, show no evidence of strong
cyclotron-resonant heating. Because no helicity barrier
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FIG. 6. VDFs fi(w‖, w⊥) for i = p, α, O5+ at a late time in
the balanced simulation, with logarithmic color bar and con-
tours. The axes are scaled to the initial thermal speed of each
respective species, vthi0. The VDFs are approximately sym-
metric across w‖ = 0 and flattened along w⊥ in a manner in-
dicative of stochastic heating (cf. Fig. 5). The kinetic-Alfvén-
wave Landau resonances are indicated by the red dashed lines.

is formed in this run, the inertial-range fluctuations re-
main at small enough amplitudes that the characteris-
tic nonlinear frequency at scale k⊥, viz. ∼k⊥z

±
rms,k⊥

, is
small compared to ∼Ωp0. With critical balance implying
comparable linear and nonlinear frequencies, this implies
negligible power in PCWs, as observed. Instead, the ions
appear to be mostly heated stochastically off of finite-
amplitude electrostatic fluctuations at k⊥ρi ∼ 1 [13], al-
though the total ion heating rate is significantly less than
in the imbalanced run, with most (≈60%) of the injected
energy dissipating on hyper-resistivity (see below). The
clearest evidence for this heating channel is the character-
istic flat-top distributions seen in w⊥ (cf. Refs [14, 39]).
The protons additionally experience appreciable paral-
lel heating via Landau resonance with the k⊥ρp0 ∼ 1
kinetic Alfvén waves, which flattens their VDF about
w‖/vth,p0 ≈ ±vA0. At βp0 = 0.3, this resonance lies in
the tail of the non-proton VDFs, so the parallel heating
of these species is not as strong. The salient features of
this proton VDF were also found in a previous Pegasus
simulation of balanced turbulence at βp = 0.3 and ana-

lyzed in detail (Ref. [37]; see their figures 5–8).
Fig. 7 makes these features more evident and quan-

titative by providing various 1D VDFs. Its top panel
shows the proton, alpha, and O5+ VDFs at the end of
the imbalanced run evaluated along the oblique-PCW
resonant contour that starts at (w‖, w⊥) = (vth‖,i, 0) for
each species and arcs upwards towards smaller w‖, where

vth‖,i
.
= (2T‖,i/mi)

1/2 is the parallel thermal speed at
t ≈ 14.2τA. (These contours are marked in the right-
most panels of Fig. 5 by the white lines.) The arc
length along this contour is denoted by s, and is normal-
ized by the instantaneous perpendicular thermal speed,
vth⊥,i

.
= (2T⊥,i/mi)

1/2, for each species at t ≈ 14.2τA.
All species’ VDFs are remarkably flat along the resonant
contour. The bottom two panels show the perpendicular
VDFs, f(w⊥) ≡

∫

dw‖ f(w‖, w⊥), corresponding to the
2D VDFs shown in Figs 5 and 6; the initial Maxwellian is
denoted by the dotted line, and the perpendicular veloc-
ities and VDFs are normalized using the instantaneous
value of vth⊥,i(t) at the times given. Though all of the
2D VDFs in the imbalanced run flatten along the oblique-
PCW contours as they arc upwards in w⊥ and leftwards
in w‖, the heavier ions are able to diffuse farther into
w‖ < 0 because of their smaller charge-to-mass ratio. As
a result, the corresponding perpendicular distributions
are not universal, with 〈fp(w⊥)〉 appearing to be nearly
Maxwellian (despite the interesting structure exhibited
in Fig. 5) and 〈fO5+(w⊥)〉 exhibiting a local maximum
near w⊥ ≈ vth⊥,O5+ that results from cyclotron-resonant
diffusion along PCW contours that curve (leftwards in
the figure) into the parallel direction. In contrast, all
of the species in the balanced run exhibit almost iden-
tical 〈fi(w⊥)〉, with a clear flattening evident at sub-
thermal perpendicular velocities that is strongly indica-
tive of stochastic heating.
The perpendicular and parallel heating rates and tem-

peratures of each ion species in the imbalanced and bal-
anced simulations are shown by the colored lines in Fig. 8,
the former calculated via

Q⊥i
.
=

d

dt

∫

d3r

∫

d3w
1

2
miw

2
⊥fi, (9)

Q‖i
.
=

d

dt

∫

d3r

∫

d3w
1

2
miw

2
‖fi. (10)

These rates are normalized using the energy injection
rate at the large scales, εinj, averaged over the turbulent
steady state of each run. The sum of the proton heat-
ing rates and the hyper-resistive dissipation rate, Qtot, is
denoted by the black line; it omits the heating rates of
the passive ion species. With the abundances of the pas-
sive species artificially set to unity in Eqns (9) and (10),
their heating rates in Fig. 8 serve as an analogue for how
rapidly their temperatures increase relative to the pro-
tons.
In both runs, the heavier ion species are preferen-

tially heated, especially so in the imbalanced case where
the heavier species start to heat perpendicularly earlier
in time than the protons. This is consistent with our
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FIG. 7. Top: fi(s) for i = p (purple), α (green), O5+ (orange)
at a late time in the imbalanced simulation, where s is the arc
length along the oblique-PCW resonant contour indicated by
the white line for each species in the right-most panels of
Fig. (5). Bottom: fi(w⊥) at late times in the imbalanced and
balanced simulations; the black dotted line shows the initial
Maxwellian. In all panels, the abscissas are scaled to the time-
dependent perpendicular thermal velocity of each respective
species and the VDFs are re-normalized accordingly.

analysis of the oblique-PCW resonance contours, with
which a larger proportion of the non-proton VDFs can
be in resonance at small |w‖|. In addition, because heav-
ier ions are in resonance with fluctuations at relatively
longer wavelengths (e.g., k‖vA ∼ ΩO5+) where their am-
plitudes are larger, their heating rates are larger as well.
The perpendicular heating rates of the alphas and O5+

ions climb sharply as soon as sufficiently high frequencies
(∼Ωi) are realized in the imbalanced cascade, because
the resonance contours at these early times are signif-
icantly steeper than the isocontours of the still-nearly-
Maxwellian VDFs. These rates peak after the onset of
the helicity barrier when the increase in inertial-range
fluctuation amplitudes stalls temporarily (at t ≈ 4τA;
see Fig. 1). Although these fluctuations then continue to

increase in amplitude, and therefore parallel wavenum-
ber, the alpha and minor-ion VDFs have already begun
flattening along the oblique-PCW resonance contours.
Quasi-linear theory suggests that the heating should then
subside. Interestingly, however, the heating rates of the
alphas and O5+ ions either decrease only slightly in time
or remain steady. Inspection of their VDFs in Fig. 5
indicates this continued heating is associated with parti-
cle diffusion across the oblique-PCW resonance contours.
This diffusion occurs because the increased amplitudes
and frequencies above the helicity barrier, which push the
cone of critically balanced fluctuations up in k‖ (Fig. 2),
imply significant inertial-range power at the slower cy-
clotron frequencies of the heavier species at low k⊥. The
associated near-parallel cyclotron-resonance contours are
flatter in w⊥ than the oblique-PCW resonance contours.
Consequently, the heavier species are able to leap from
one oblique contour to the next so that heating persists.

Because of their smaller mass, only protons having
|w‖| > 0 can be cyclotron-resonant with oblique PCWs.
As a result of this relatively smaller population, the rel-
atively shallower resonance contours, and the smaller
fluctuation amplitudes with which the protons are reso-
nant, the perpendicular heating of protons is more mod-
erate and gradual throughout the simulation. There is
a marked increase at later times as the proton VDF be-
comes increasingly unstable to generating parallel PCWs,
and resonant interactions with these unstable parallel
PCWs cause diffusion across the oblique-PCW contours.
This heating is then sustained by repeated diffusion
across oblique-PCW resonance contours via the parallel-
PCW resonances. The Landau damping of the proton
core at w‖ ≈ −vA0 leads to some initial proton parallel
heating, which decreases after 6τA when the VDF flat-
tens across this resonance. For the non-proton species,
initial parallel heating via the Landau resonance is neg-
ligible due to their initially sub-Alfvénic thermal speeds.
Instead, appreciable parallel heating occurs, from &4τA
for O5+ and &9τA for alphas, once a non-negligible frac-
tion of their broadened VDFs sample parts of the oblique
PCW resonance contours at higher w⊥ that curve to-
wards the −w‖ direction, leading to the arced VDFs. A
secondary increase in parallel heating then occurs for all
species, from &11τA for O5+ and &12τA for protons and
alphas, once the hoods of their arced VDFs approach and
cross the Landau resonance.

In the balanced simulation, the heating rates reach a
peak at t ≈ 3τA, once the turbulence has fully devel-
oped, and slowly decrease thereafter as the ion VDFs
broaden perpendicularly from their initial Maxwellians.
As a result of the heating, the temperatures of the minor
ions in the imbalanced run exhibit a strong perpendicular
bias, with the temperature anisotropy ∆i

.
= T⊥,i/T‖,i−1

peaking at ≈7 for i = O5+ and ≈4 for i = α (Fig. 8,
middle row). In the balanced run, the proton tempera-
ture is close to isotropic from the additional contribution
of the parallel Landau-resonant heating, while the non-
proton species attain more modest values of ∆α ≈ 0.7
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FIG. 8. Top: Time evolution of heating rates, perpendicular Q⊥,i (solid) and parallel Q‖,i (dashed), for protons (purple),

alphas (green), and O5+ (orange) in the imbalanced (left) and balanced (right) simulations. The black lines trace the total
plasma heating rate, including resistive dissipation but excluding the passive ions. Middle: Time evolution of temperature
anisotropy ∆i

.
= T⊥i/T‖i − 1 of each species. Bottom: Time evolution of perpendicular temperatures T⊥,i, normalized using

an empirical power-law scaling obtained from solar-wind measurements taken by ACE/SWICS at 1 au of collisionally young
minor ions [38].

and ∆O5+ ≈ 2. It is important to emphasize that the
beam and core components of the species are not sep-
arated in these plots; for example, the heating of the
proton core is almost entirely perpendicular, with the
parallel heating being largely associated with the parallel
beam at w‖ ≈ −vA0 that forms due to Landau resonance
with k⊥ρp ∼ 1 kinetic Alfvén waves. Deciphering par-
ticle energization based solely on the bulk temperatures
and temperature anisotropies, rather than by examining
the structure of the VDF to separate the core and beam
components, may confuse the distinct physical processes
responsible for particle heating, a point worth bearing in
mind when analyzing solar-wind data.

Finally, the bottom row of Fig. 8 shows the increase
in the perpendicular temperature of the species, normal-
ized using an empirical power-law fit by Ref. [38] to mea-

surements of the collisionally young solar wind taken
by ACE/SWICS at 1 au, viz. Ti/Tp ∝ (mi/mp)

1.07.
This normalization is remarkably successful at describing
the late-time temperature evolution in the imbalanced
run (the linear fit of Ti/Tp = 1.35mi/mp also given by
Ref. [38] gives slightly poorer agreement). This normal-
ization also does well for describing the temperatures of
the non-proton species in the balanced run, but fails for
the protons (at least for the duration of this simulation;
agreement might improve at yet larger times). The bet-
ter fit for the imbalanced run lends further credence to
the idea that minor ions might serve as a discriminating
probe of turbulence and kinetic physics in the solar wind
[69].

The partitioning of the turbulent energy into electron
and proton heat was the focus of recent work on the he-
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FIG. 9. Maximum linear growth rate of parallel PCWs,
γPCW, versus alpha abundance as determined by ALPS, given
the gyro- and box-averaged proton and alpha VDFs measured
in the simulations at the stated times. The colored solid lines
refer to the imbalanced run; the grey dashed line refers to the
end of the balanced run.

licity barrier and its gradual dissolution with temporally
decreasing imbalance [36]. Here we briefly make contact
with that work. Using the rate of hyper-resistive dissipa-
tion of the small-scale (k⊥ρp ≫ 1) magnetic energy εη as
a proxy for the electron heating rate Qe, Ref. [36] found
quantitative agreement with the theoretical expectation
that Qe ≈ ε − εH when the helicity barrier is active,
i.e., that the balanced portion of the energy flux that
is able to pass through the barrier cascades to sub-ion-
Larmor scales and heats the electrons. Averaging over
the steady state of our imbalanced run (t/τA & 12.5), we
find by examining the difference between the black line
(Qtot/εinj) and the sum of the purple lines (Qp/εinj) in
the top-left panel of Fig. 8 that Qe/εinj ≈ 0.07, which
matches well the theoretical expectation using the mea-
sured value of 1 − εH/ε ≈ 0.08. The corresponding
proton-to-electron heating ratio of ≈14 is much larger
than in the balanced run, for which Qp/Qe ≈ 0.7, a value
consistent with Qp/Qe measured at the end of the run
in Ref. [36] when εH/ε ≈ 0 and the barrier had dissolved
[70]. Together, these results suggest that extreme heat-
ing of minor ions, enhanced proton-to-electron tempera-
ture ratios, outwardly propagating PCWs, and asymmet-
rically arced ion VDFs should correlate positively with
the degree of imbalance.

Because we treat the non-proton ions as passive, one
might be concerned that the significant deviations from
local thermodynamic equilibrium seen in the α and O5+

VDFs could serve as a free-energy source to inject elec-
tromagnetic energy back into the plasma and/or mod-
ify the properties of the excited PCWs. To investigate

this possibility, we again employ ALPS, this time using
as input the gyro- and box-averaged VDFs from all ion
species taken at several different times in the two sim-
ulations. For each time, we calculate the complex fre-
quencies ω for both forward- and backward-propagating
fast and Alfvén waves for a broad range of relative ion
abundances. We find that no realistic abundance of O5+

changes the stability of the plasma, so in what follows
we focus exclusively on the impact of an active alpha
population.
The maximum growth rates of the linearly unstable

PCWs as a function of active alpha abundance, nα0/np0,
are provided in Fig. 9. The solid (dashed) lines per-
tain to the imbalanced (balanced) run, with the corre-
sponding times indicated and marked by different col-
ors. Because our simulations employ passive alphas, the
open circles at nα0/np0 = 0 correspond to the maximum
PCW growth rates shown in Fig. 3. For times t . 8τA,
the impact of an alpha contribution is insignificant, only
marginally changing the maximum growth rate and the
region of wavevector support of the most unstable par-
allel PCW. (For the curve at t/τA ≈ 4, the two orders
of magnitude increase in γPCW with alpha abundance is
still not enough to make these modes relevant.) At times
t & 10τA, when the parallel PCWs appear unambigu-
ously in the fluctuation spectra of the imbalanced run,
the alpha population impacts the unstable PCW mod-
estly, with the growth rate of the most unstable mode
reduced by a factor of ≈2–3 at the latest times for rela-
tive densities of ∼1%–10%. This reduction in growth rate
is caused by the alphas resonantly absorbing a fraction of
the power being emitted by the protons. Importantly, we
find that at no time are alpha-cyclotron waves driven un-
stable, and that the oblique PCWs at k‖dp0 ∼ k⊥ρp0 ∼ 1
down to k‖dp0 ∼ 0.3 that are most responsible for heat-
ing the protons and minor ions have their damping rates
(not shown in Fig. 9) increased by no more than a factor
of ≈3 at the very largest alpha abundances.
This analysis supports the passive treatment of the al-

phas and minor ions in our simulation. Studying the
nonlinear impact of a realistic population of alphas and
minor ions for different plasma and turbulence parame-
ters is an area for further research.

IV. SUMMARY

Because of their relatively low abundances and vari-
ety of masses and charge states, minor ions serve as ex-
cellent probes of the physics of waves, turbulence, and
dissipation across different scales in the collisionless so-
lar wind. This is especially true when knowledge of their
temperatures and VDFs is combined with observations of
fluctuation spectra, proton VDFs, and proton-to-electron
heating ratios, affording a diverse suite of diagnostics
capable of discriminating between different theories for
how the solar wind is powered. Following Refs [35, 36],
we have demonstrated that the increased inertial-range



12

fluctuation amplitudes that result from the helicity bar-
rier in imbalanced turbulence can excite high-frequency
fluctuations (namely, oblique and parallel PCWs) that
efficiently heat solar-wind protons in a manner consis-
tent with a wide range of solar-wind observations (e.g.,
by PSP; [19, 21]). The presence and properties of these
fluctuations are in quantitative agreement with solutions
to the linear kinetic dispersion relation by ALPS, whose
input VDFs were taken directly from the simulation out-
put — a testament to the non-trivial relevance of linear
physics in a nonlinear turbulent environment. We have
additionally shown how the helicity barrier affects the
heating and stability of alphas and minor ions, with heav-
ier masses attaining larger perpendicular temperatures
and larger temperature anisotropies (with T⊥,i > T‖,i).
Minor ions undergo significant perpendicular heating be-
fore protons do. This is because the heavier masses
(slower Larmor frequencies) of the minor ions put them
into resonance with larger-amplitude oblique-PCWs at
smaller |w‖|, where the ions are more abundant. These
resonance contours are also steeper in the w‖-w⊥ plane
for heavier species, enabling those ions to climb to ex-
treme perpendicular temperatures.

To demonstrate that the extreme heating of minor
ions is a consequence of the turbulence imbalance, we
have compared the measured VDFs, perpendicular heat-
ing rates, and temperatures with those from an otherwise
equivalent simulation of balanced turbulence. This bal-
anced simulation exhibits ion heating that is easily dis-
tinguishable from the imbalanced case, and is consistent
with theoretical predictions for, and prior hybrid-kinetic
simulations of, stochastic ion heating [14, 15, 37, 39].

Both ion cyclotron heating and stochastic heating show
dependencies on charge and mass that generally favor
the heavier species. Identification of these mechanisms
is most apparent in the VDFs. For example, the ion
VDFs in the balanced simulation diffuse along w⊥ to pro-
duce flat-top distributions, a defining feature of stochas-
tic heating [39]. They also exhibit a symmetric set
of wings in the parallel VDF that correspond to Lan-
dau damped forward- and backward-propagating kinetic
Alfvén waves. In the imbalanced simulation, ion cy-
clotron heating produces extreme perpendicular ion tem-
peratures, with VDFs that follow the oblique PCW res-
onance contours to large perpendicular velocities. Lan-
dau damping of kinetic Alfvén waves occurs primarily in
the direction of imbalance, leading to a relatively small
amount of parallel heating and flattening of the VDF at
the Landau resonance w‖ ≈ −vA. There is also a contri-
bution to parallel heating from ions diffusing along the
ends of the cyclotron resonance contours, which follow
an arc in w‖-w⊥ space. This diffusion then leads to the
tips of the arcs reaching the Landau resonance and un-
dergoing further parallel heating, even for O5+, a species
that is initially far from the Landau resonance because of
its larger mass. While the heating remains preferentially
perpendicular, the VDFs become highly arced towards
the parallel direction.

The VDFs from our simulations produce qualitatively
recognizable signatures, which if seen in solar wind data
could be taken as evidence for the presence of cyclotron
heating and/or stochastic heating. A similar diffusion
of proton VDFs along cyclotron resonances has already
been identified and used as a signature of ion-cyclotron
heating in the fast solar wind, as measured by PSP
[21, 24, 60]. If our predicted arced alpha and minor-ion
VDFs were to be observed in future solar-wind data and
seen to correlate with turbulence imbalance, a steep tran-
sition range in the electromagnetic spectrum just above
k⊥ρp ∼ 1, and a large ratio of proton-to-electron heating,
then this would constitute strong evidence that the he-
licity barrier is active and important for the evolution of
solar wind. These features could in principle be seen in
alpha VDFs measured by PSP or minor-ion VDFs mea-
sured by the Heavy Ion Sensor on SO [71]. Finally, the
simultaneous heating of protons, alphas, and O5+ ions
in our imbalanced simulation give perpendicular temper-
atures that scale with species mass in a manner consis-
tent with an empirical power-law fit by Ref. [38] to mea-
surements taken at 1 au by ACE/SWICS of collisionally
young solar-wind plasma. If the heating of this plasma
is frozen in from its origin close to the Sun, then this
agreement provides indirect evidence that the turbulence
imbalance in the near-Sun solar wind impacts the plasma
heating.
Forthcoming work will demonstrate how the differen-

tial energization of minor ions depends on the plasma
beta and the degree of imbalance, with the goal of incor-
porating this heating into a model for the global evolution
of the solar wind.
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Apārangi. K.G.K. was supported by NASA grant
80NSSC19K0912 from the Heliophysics Early Career In-
vestigators Program. This work is part of the Frontera
computing project at the Texas Advanced Computing
Center under allocation number AST20010; it also made
extensive use of the Perseus cluster at the PICSciE-OIT
TIGRESS High Performance Computing Center and Vi-
sualization Laboratory at Princeton University, as well as
High Performance Computing resources supported by the
University of Arizona Research Technologies department.
The authors thank the Kavli Institute for Theoretical
Physics (KITP) for its hospitality during the completion



13

of this work; KITP is supported in part by the National Science Foundation under Award No. PHY-2309135.

[1] D. Verscharen, K. G. Klein, and B. A. Maruca, The
Multi-Scale Nature of the Solar Wind, Living Rev. So-
lar Phys. 16, 5 (2019).

[2] P. J. Tracy, J. C. Kasper, T. H. Zurbuchen, J. M. Raines,
P. Shearer, and J. Gilbert, Thermalization of Heavy Ions
in the Solar Wind, Astrophys. J. 812, 170 (2015).

[3] J. L. Kohl, G. Noci, S. R. Cranmer, and J. C. Raymond,
Ultraviolet Spectroscopy of the Extended Solar Corona,
Astron. Astro. Rev. 13, 31 (2006).

[4] J. C. Kasper, K. G. Klein, T. Weber, M. Maksimovic,
A. Zaslavsky, S. D. Bale, B. A. Maruca, M. L. Stevens,
and A. W. Case, A Zone of Preferential Ion Heating Ex-
tends Tens of Solar Radii from the Sun, Astrophys. J.
849, 126 (2017).

[5] M. D. McManus, K. G. Klein, S. D. Bale, T. A. Bowen,
J. Huang, D. Larson, R. Livi, A. Rahmati, O. Romeo,
J. Verniero, and P.Whittlesey, Proton- and Alpha-Driven
Instabilities in an Ion Cyclotron Wave Event, Astro-
phys. J. 961, 142 (2024).

[6] P. Mostafavi, R. C. Allen, V. K. Jagarlamudi,
S. Bourouaine, S. T. Badman, G. C. Ho, N. E. Raouafi,
M. E. Hill, J. L. Verniero, D. E. Larson, J. C. Kasper,
and S. D. Bale, Parker Solar Probe observations of Col-
lisional Effects on Thermalizing the Young Solar Wind,
Astron. Astro. 682, A152 (2024).

[7] R. Bruno, R. DeMarco, R. D. Amicis, D. Perrone, M. F.
Marcucci, D. Telloni, R. Marino, L. Sorriso Valvo, V. For-
tunato, G. Mele, F. Monti, A. Fedorov, P. Louarn,
C. Owen, and S. Livi, Comparative Study of the Ki-
netic Properties of Proton and Alpha Beams in the
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