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ABSTRACT

A likely candidate mechanism to heat the solar corona and solar wind is low-frequency “Alfvénic”
turbulence sourced by magnetic fluctuations near the solar surface. Depending on its properties, such

turbulence can heat different species via different mechanisms, and the comparison of theoretical predic-
tions to observed temperatures, wind speeds, anisotropies, and their variation with heliocentric radius

provides a sensitive test of this physics. HEIGNERSBIDIEEINPONANCOON A ZeoSEGoY
el stena iy aNSpeeNaHaNa 5. Dol ou a hybrid-kinetic simulation in which the

forcing’s imbalance decreases with time—a crude model for a plasma parcel entrained in the outflowing
wind—we_demonstrate how significant changes to the turbulence and heating result from the “helicity
barrier” effect. Its dissolution at low imbalance causes its characteristic features—strong perpendicular
ion heating with a steep “transition-range” drop in electromagnetic fluctuation spectra—to disappear,
driving more energy into electrons and parallel ion heat, and halting the emission of ion-scale waves.
These predictions seem to agree with a diverse array of solar-wind observations, offering to explain a

variety of complex correlations and features within a single theoretical framework.

1. INTRODUCTION

The solar corona and its extended outflow, the so-
lar wind, provide us with an unparalleled laboratory for
studying the physics of magnetized collisionless plasmas.
Decades of observations have revealed a highly complex
system filled with fluctuations across a vast range of
scales, with properties that can be correlated in surpris-
ing and nontrivial ways with the plasma’s flow speed,
temperatures, anisotropies, and elemental abundances
(Marsch 2006; Horbury et al. 2012; Bruno & Carbone
2013). These correlations, as well as the extended heat-
ing at large heliocentric distances needed to explain the
high speed of fast-wind streams (Parker 1965), suggest
that the solar wind is shaped by both properties of its
low-coronal source and turbulent heating at larger alti-
tudes. Of particular interest are the decades of obser-
vations that hint at the role played by the fluctuations’
imbalance (i.e., normalized cross helicity), a key parame-
ter in the theory of magnetized turbulence (Dobrowolny
et al. 1980; Schekochihin 2022) that is observed to cor-
relate with wind speed U and decrease with increasing
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heliocentric radius R (e.g., Roberts et al. 1987; Marsch
2006; D’Amicis et al. 2021; Shi et al. 2023).

In this Letter, we argue for the importance of imbal-
ance in shaping turbulence and heating in the low-g
solar wind. We focus on the physics of the “helicity
barrier” (Meyrand et al. 2021), a constraint in f < 1
plasmas that prevents the imbalanced fraction of the
turbulent energy from cascading from large scales to be-
low the ion gyroradius p;, thus “trapping” much of the
energy at scales above p;. This strongly curtails electron
heating and causes the turbulence to grow to large am-
plitudes, eventually enabling perpendicular ion heating.
The resulting fluctuation spectra and ion velocity distri-
bution function (VDF; f;) match features measured in
the low-3 solar wind well (Squire et al. 2022; hereafter
S+22), particularly the properties of the steep “transi-
tion range” drop in electromagnetic field spectra around
pi scales (e.g., Duan et al. 2021; Bowen et al. 2022, 2023).

Our results here are based on a simulation of forced
Alfvénic turbulence in which the imbalance is slowly de-
creased in time, capturing the transition between the
highly imbalanced and balanced regimes. This setup
serves two purposes: first, it is a crude model for the ex-
pected response of the turbulent heating as the plasma
flies outwards from the Sun and its imbalance naturally
decreases; second, it tests the robustness of helicity-
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2 SQUIRE ET AL.

barrier physics in the face of complex ion-kinetic physics
and lower imbalance (where its effects are weaker). We
observe slowly increasing electron heating in good agree-
ment with simple predictions, while the ion heating
rapidly switches off when the forcing becomes balanced
and the system is no longer constrained by the helicity
barrier. The mechanism naturally explains the observed
correlation of wind speed with ion temperatures, as well
as the switch from negative to positive correlation of
wind speed with electron temperature at increasing R
(e.g., Burlaga & Ogilvie 1973; Marsch et al. 1989; Shi
et al. 2023). Correlations with other properties such as
the spectral transition range, proton VDF's, and plasma-
wave/instability activity seem to explain a diverse array
of observations within a single theoretical framework.

2. NUMERICAL METHOD AND SETUP

We use the hybrid-kinetic method implemented in the
Pegasus++ code (Kunz et al. 2014; Arzamasskiy et al.
2023). This approach treats the ion (proton) dynamics
fully kinetically using a particle-in-cell (PIC) approach,
while the electrons constitute a massless, neutralizing,
isothermal fluid. The ion macro-particle positions (r)
and velocities (v) are drawn from an initially Maxwellian
fi(v) and evolved via

dr dv e v 1
a—'v, E—E E(T,t>+sz(r,t)j|+EFJ_,
(1)

where E and B are the electric and magnetic fields and
FVY stirs turbulence by injecting incompressible motions
perpendicular (“L”) to a mean (“guide”) magnetic field
By. The magnetic field satisfies a modified version of
Faraday’s law,

B
%?:wa@+E®+mWB, (2)

where Ff forces solenoidal magnetic fluctuations per-
pendicular to By and 74 is a hyper-resistivity that ab-
sorbs small-scale magnetic energy. The electric field is

(VxB)x B

Te
E=-YxB-"Vn+
c en 4men

()
where n is the ion (and electron) density and w is the ion
flow velocity, both of which are computed via a weighted
sum of the marker particles in the relevant region of
space; Te is the electron temperature, which is a param-
eter of the model; and e, m;, and ¢ are the electron/ion
charge, the ion mass, and the speed of light, respectively.
We also define the Alfvén speed va = By/v/4mnm;, the
ion gyrofrequency Q; = eBy/(m;c), and the “Elsésser”
fields 2* = w, + B, /V4mnm; = u; £b,. Volume
averages are denoted by (-) and f;(w_,wy) is the gyro-
averaged VDF, with w, and w) the particle velocities
perpendicular and parallel to the local magnetic field in
the frame of the plasma (i.e., w = v — u).

Our basic simulation set up follows S+22. The sim-
ulation represents a small co-moving patch of plasma,
capturing realistic solar-wind turbulence amplitudes and
anisotropies around k;p; ~ 1 scales. The domain
is Cartesian and periodic, with coordinates {z,y,z},
and is elongated along By = —Bgz, with L, = 6L
and L, = 67.5d;, where d; = va/€; is the ion in-
ertial length. With these parameters, the box shape
approximately matches the (statistical) shape of tur-
bulent eddies measured at similar scales in the solar
wind (Chen et al. 2016; S+22). The grid resolution
is N2 x N, = 3922 x 2352, so that the smallest re-
solved scales are k| maxd; ~ 7N, d;/L, ~ 18. We use
Nppe = 216 ion-macroparticles per cell. The hyper-
resistivity was increased from ny =~ 2.4 X 10*5dfﬂi to
Ny = 5 x 107°d?€); midway through the simulation in
response to the strengthening kinetic-range cascade.

The simulation is initialized at ¢ = 0 using the fi-
nal snapshot from S+22, and thus represents saturated
highly imbalanced turbulence with strong perpendicular
ion heating and a helicity barrier, similar to turbulence
observed in the near-Sun solar wind by PSP (Bowen
et al. 2023). The initial ion temperature is such that
Bi = 8m(nT;)/(B?) ~ 0.33; electrons are isothermal with
Beo = 8m(n)T./BE = 0.3. The simulation is run for an
additional =187, where 7o = L, /va is the outer-scale
Alfvén time, which is also comparable to the turnover
time of the turbulence Tyyp ~ L1 /trms due to our choice
of forcing parameters (see below; uyyms = (u2>1/ 2 is the
root-mean-square velocity). Because the ions heat up,
B; increases over the course of the simulation to ~0.45
and p; = +/Bid; changes modestly. The domain re-
solves scales between k opi0 = 27pio/L1 =~ 0.05 and
k1 maxpio = 10, where p;o = p;(t = 0).

2.1. Decreasing imbalance with distance from the Sun

A novel feature of this work is the forcing, which
changes from imbalanced to balanced over the simula-
tion, heuristically mimicking the radial evolution of the
solar wind. Noting that the energy density (|z%|? +
|2712) /4 and cross-helicity density (|z*|> —|27|?)/4 are
each invariants of the reduced (or incompressible) MHD
equations (i.e., for k) p; < 1 Alfvénic fluctuations, ig-
noring density variation), we define the injection rates
of energy and cross helicity as € and ey, respectively.
We also define the injection rates of Elsésser energies
et = (e £ ey)/2. The forcing functions FY and FB
are intended to capture the effect of stirring due to tur-
bulent eddies above the box scale, consisting of ran-
dom combinations of large-scale Fourier modes with
wavenumbers k; satisfying 2n/L; < k; < 4w/L; for
j = {x,y,z}. They are computed as FY = fUF, and
V x FB = fBF,, where F is divergence-free, perpen-
dicular to By, and evolved in time via an Ornstein—
Uhlenbeck process with correlation time 74 /2. We fix
e and e at each time step by adjusting fU and f? so
that nu - Ff and B-V X Ff take the values needed to
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ELECTRON-ION HEATING PARTITION 3

inject the required energies into z*. FB is computed

from Fy via a fast Fourier transform and used in the
standard Pegasus++ constrained-transport algorithm to
evolve B, ensuring that V - B = 0 to machine precision.
We fix e = Camin(Ly /L) *viV/7a &~ 3Tmnv3 Qud3,
where Ca = 0.29 is the Kolmogorov constant and V'
is the simulation volume; the factor (L, /L.)*v%/7a
guarantees critically balanced fluctuations at the outer
scale with tpms ~ (Li/L.)va and Ty, ~ 7a. In
contrast, ey decreases in time during the simulation
so that the “injection imbalance” ep/e starts at 0.9
(as in S+22) then decreases linearly in time at a rate
of 0.1 every 1.57a, reaching ey = 0 (balanced forc-
ing) at ¢ = 13.574, where it remains for the rest of
the simulation (see Fig. 1). Because the cross helicity
and energy are approximately conserved at k; p; < 1
scales, this evolution is intended to mimic crudely the
effect of larger scales becoming more balanced with ra-
dius, thereby driving the smaller scales with decreasing
ep/e. However, in the actual solar wind, the timescale
over which the imbalance decreases is comparable to
both the turbulent decay timescale and the expansion
timescale Texp = R/U (Meyrand et al. 2023). By keep-
ing ¢ fixed, we effectively assume that the turbulent
decay and expansion are slow compared to the simu-
lation’s duration, which is appropriate since Texp/Ta =
1300 (B/80 nT)(R/35 Re)(U/350 km s~ ')~1. However,
this also implies that our adopted imbalance-decrease
timescale of &157, is much too short. This trade-off is
unavoidable given the extreme computational expense
of kinetic-turbulence simulations, but it should be kept
mind that the simulation can only qualitatively capture
realistic features of this transition in the solar wind.

3. RESULTS

The properties of the saturated imbalanced turbu-
lence, from which the system is initialized, are discussed
in S422. Due to the helicity barrier, only the balanced
fraction of the injected energy flux, ~2¢~, can cascade
to scales below k) p; ~ 1. In reality, this flux would heat
electrons, but in the hybrid simulation it is absorbed by
the hyper-resistive dissipation ¢, which indeed is mea-
sured to be €, ~ 2¢~. Fluctuations reach large ampli-
tudes and (through critical balance) small parallel scales
approaching kd; ~ 1, where they become oblique ion-
cyclotron waves (ICWs) with frequencies w(k) that ap-
proach €; (Li et al. 1999). Such ICWs strongly scatter
“resonant” particles with w) = wjj.es = w(k)/k| — /K
(Kennel & Engelmann 1966), causing quasi-linear heat-
ing that absorbs the remaining energy input once there
is sufficient power in modes with w5 ~ vVth-

The basic evolution as the injection imbalance de-
creases is shown in Fig. 1; a portion of the saturated
phase of the simulation from S+22 is shown at t < 0 for
comparison. The imbalance of the fluctuations,

(12*%) = (l=7*) 2(u,-by)

= B T (B (i 1 (oup) Y
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Figure 1. (Top) Time evolution of ex /e (purple), energy
imbalance o, (orange), and total fluctuation energy per unit
volume E | (t) (blue). (Bottom) Electron heating rate Q. =
ey (green) and ion heating rate Q; (red), with simple helicity-
barrier expectations based on the forcing shown with dotted
lines.

starts at o, =~ 0.98 for ¢ < 0, then decreases as the sys-
tem adjusts to the changing forcing (ep/e). We halt
the simulation once o, ~ 0.4, a value similar to that in
the solar wind around 1 au; as shown below, the heating
properties have changed significantly by this point even
though o is still nonzero. The blue line shows the fluc-
tuation energy density E; = (nm;(Jui|? + [b1]?))/2,
which decreases significantly over the simulation, as ex-
pected because the turbulence can dissipate more effec-
tively at lower ep/e.

The lower panel of Fig. 1 provides the measured heat-
ing rates, @; and Q. = €, for ions and electrons, re-
spectively. For most of the simulation, we see good
agreement between &, (green line) and the helicity-
barrier prediction Q. = 2¢~ (dotted-green line), aside
from a delay of ~7a as the injected energy cascades
towards smaller scales. The ion heating increases ini-
tially because the energy E| (t) decreases while the flux
to hyper-resistive scales is fixed by the helicity bar-
rier (the value of @Q; is unrealistically high because a
slower evolution of e /e, and thus F, (), implies that
Qi=¢—Q.— 0 E| ~ecyg— 0, F| should more closely
track epr). As e /e nears zero (t/74 2 10) and the he-
licity barrier erodes, the heating departs from Q. ~ 2¢~
and approaches that found in kinetic simulations of bal-
anced turbulence at 8 & 0.3 (Kawazura et al. 2019; Cerri
et al. 2021), in which ion heating via Landau damping
and stochastic heating absorbs a portion of the energy
flux before it reaches the smallest scales.
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Figure 2. (Left) Time evolution of the perpendicular diffusion energy coefficient D¥ |, showing the transition from the quasi-

linear expectation D¥ | oc w? to a flatter profile around ¢ > 1174. The inset shows the normalized perpendicular (orange) and
parallel (purple) ion heating rates, illustrating a sharp drop in @ | ; associated with the change in D¥ | while Q),; remains almost
constant. (Right) Differential heating rates, 82QJ_’”77;/8/LUL8/LU”, computed from (E | j-w, ). The Q1 profile (panels b and c)
exhibits resonant structure at early times (top); the shaded region shows wcs for oblique ICWs with di_1 <k < 2di_1, around

where there is a sharp dropoff in wave power (Fig. 3). By late times it drops significantly and an ill-defined peak around

w1 ~ vy, appears, reminiscent of stochastic heating. The Q) profile (panels d and e) maintains its structure, although spreads

out modestly (accounting partially for its lower values).

The transition that causes the drop in ion heating is
diagnosed in Fig. 2. We show the perpendicular energy-
diffusion coefficient D¥ | (panel a), which is computed
from the measured evolution of f; via

Oe | ot ’

wf_/Z and fi(eL) = fdwuwl fi(wl,wu).
Equation (5) is taken directly from the DY, definition,
Of; /ot = 8/0e  (D¥ 0fi/dey) (Vasquez et al. 2020),
averaging over possible w) variation and assuming that
the heating is predominantly perpendicular, as appro-
priate for t < 1275 (Fig. 2a inset). For a spectrum of
parallel waves, quasi-linear theory predicts D¥ | o w?,
because the resonance condition and wave-polarization
factors depend only on wy (Kennel & Engelmann 1966).
Although the wave spectrum here is more complex, in-
volving a mix of oblique and parallel ICW modes (see
below), this prediction is nonetheless well satisfied until
t ~ 117,.1 After this, Dﬂ_ drops and flattens, causing
a large drop in the perpendicular ion heating @) ;, even
while the parallel heating () ; remains almost constant
(see inset). At later times, the form of D¥  does not
clearly indicate a particular heating mechanism, but is
plausibly consistent with stochastic heating (Chandran

where e

1 The effect of obliquity is to flatten Dfl at larger w | , particularly
for shorter-wavelength waves (Isenberg & Vasquez 2011). The
highest-k|| waves here are mostly parallel propagating (Fig. 3) so

these effects are likely minor.

et al. 2010a); computing the Df | predicted for stochas-
tic heating using the method of Cerri et al. (2021) gives
a similar shape (not shown). As a complementary anal-
ysis, panels (b) and (c) display 0*°Q . ;/0w, 0w, com-
puted directly from (F, -w, ) evaluated along particle
trajectories (the so-called field-particle correlation tech-
nique; Klein & Howes 2016; Arzamasskiy et al. 2019).
At early times a resonant feature is centered around the
w) that resonates with the smallest-(d;)-scale oblique
ICWs with significant power (the shaded region shows
W)res for d;l Sk S 2d;1; see Fig. 3); at later times,
the magnitude drops significantly into a diffuse peak
around w) =~ vy, consistent with stochastic heating. In
contrast, 32Q‘|7i/8uu8w” (panels d and e), maintains a
form consistent with Landau damping of kinetic Alfvén
waves (KAWSs) throughout the simulation.

In Fig. 3 we provide evidence that the shut off in
ion heating occurs because the turbulence amplitude de-
creases to the point where it can no longer drive quasi-
linear heating by oblique ICWs. In the top panels,
we show 2D spectra of §B, fluctuations, €p, (k1, k),
which are computed by interpolating &, -filtered fields
onto the exact magnetic-field lines (S+22). Energy
is concentrated at ki > k| (the turbulence) and in
a bump at ki < k| ~ 0.8d; (parallel ICWs). Ex-
amining the time evolution from left to right, we see
that the energy migrates to lower kj with time (it
moves downwards), with the dotted white lines indicat-
ing how this follows the critical-balance scaling kjva =

Ak 2t (kJ_/kJ_O)*l/?’ (the coefficient A = 2 is chosen

rms
to align with the “peak” on the cone and is consistent
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Figure 3. (a)-(c) 2D spectra of 0By, g, (ki,ky), at t = 7a (left), ¢ ~ 117a (around the time of the heating transition;
middle), and ¢ ~ 1874 (right). The dotted white lines show the critical-balance condition kjva = 2k1 zdas (k1 /k10)~"/2. (d)
Ercw for different ICW obliquities, which is the energy contained in the shaded regions of panel (b) (see text). (e)—(f) Frequency
spectra at different times, using the same colors as Fig. 2a. A sharp drop in high-frequency dn fluctuations, taken as a signature
of oblique ICW activity, matches the drop in D¥ . In contrast, B, fluctuations, present in both parallel and oblique ICWs,

drop less abruptly and at later times.

across time). A corollary is that larger-amplitude tur-
bulence feeds more power into smaller-k) oblique ICWs
with smaller wj¢s, driving more quasi-linear heating.
We quantify this effect in panel (d) by computing the
energy of ICW fluctuations (Eicw), defined as those
with 0.7 < k”di < 2, as a function of wavevector
obliquity 6 = tan=!(k, /k,). The minimum wavenum-
ber kyd; = 0.7 is chosen to include waves for which
Wijres ~ Vtn (i-€., those that interact with the VDF core;
Isenberg & Vasquez 2011), while the angle ranges cap-
ture quasi-parallel (0 < 6 < 45°), moderately oblique
(45° < 6 < 60°), and highly oblique (60° < 6§ < 75°)
populations; these ranges are indicated by the shaded
regions in panel (b). The energies of the oblique ICW
populations start dropping rapidly around ¢ ~ 1274.
The coincidence of this sharp drop with the observed
changes to @, and DY, provides good evidence for
oblique ICWs being the primary driver of heating (the
slight increase in Ficw for ¢ < 1274, despite F; de-
creasing, is explained by the transition-range spectral
drop moving to smaller scales; see below). The energy
of parallel ICWs (0 < 45°) follows a similar trend, but
they are not driven directly by the turbulence, which
has little power at k| 2 k. Instead they arise because
oblique-ICW quasi-linear heating causes f; to increase

along the “resonance contours” of parallel ICWs (see
below), thus emitting waves (causing instability; Ken-
nel & Wong 1967; Chandran et al. 2010b). Their en-
ergy, which is driven and undamped during the oblique-
ICW heating, builds up substantially for ¢ < 1274, then
decreases at later times as f; changes shape and ren-
ders parallel ICWs stable and damped. Further evi-
dence for this scenario is shown in panels (e) and (f),
which show frequency spectra £(w) of the fluctuations
in density on (e) and § B, (f) at different times matching
Fig. 2 (we highlight the ICW frequency range of interest,
0.3 Sw/Q; < 1). While both parallel and oblique ICWs
involve d B, fluctuations, only oblique modes involve dn.
Indeed, we see a significant drop in &, at the same time
as the drop in @) | , while &, drops more smoothly and
only for t 2 137 (orange to red lines). The behavior
of &p, is consistent with the 0 < § < 45° Ercw line
in panel (d), which only drops below its initial value at
t ~ 13.57a. An important consequence of this form of
oblique-ICW heating is that it does not saturate when
fi becomes flat along the quasi-linear resonant contours,
as would heating via parallel ICWs (Chandran et al.
2010b).

The effect of these dynamics on f; is illustrated in
Fig. 4, whose top panel superimposes isocontours of
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Figure 4. (Top) Contours of the ion VDF f; at ¢ ~ 57a
(white lines and colormap) and the ¢ ~ 1874 (red lines).
Dotted vertical lines highlight w = 0 and w = va. The red
contour levels are chosen to emphasize changes in f; and do
not correspond to the white contours (see text). (Bottom)
fi versus distance s along the oblique-ICW resonant contour
shown with the black line in the top panel (s = 0 at w = 0).
Colors are as in Fig. 2a. The thin-black line is flat (G[f;] = 0),
while the dashed line shows an f; that is independent of w_
(as expected from stochastic heating).

filwi,wy) at t = 187z over fi(wi,w)) at t ~ 574.
The quasi-linear heating scatters particles to make f;
constant along the “resonant contours,” G[f;] = 0,
where G = (1 — kuw”/w)a/a’wl + (k”wJ_/w)a/a’w“ is
the quasi-linear scattering operator. Because the heat-
ing is driven by oblique ICWs but excites parallel ICWs,
for t < 117a, f; decreases along the oblique-ICW con-

tours (with w = kjva/y/1+ kfd?) and increases along

the parallel-ICW contours (with w = kjva/1 —w/€;
Chandran et al. 2010b; Isenberg & Vasquez 2011). Its
evolution towards a flatter core at ¢ 2 117 is hard to
discern on f;(wy,w)), so in the lower panel we plot f;
along an oblique-ICW resonant contour (thin black line).
It changes from decreasing slightly to increasing along
the contour, with the latter a signature of f;(w,,w)) be-
coming flatter in w , likely due to stochastic heating (a
w -independent f; is shown with the dashed line; Klein
& Chandran 2016; Cerri et al. 2021). Various other mod-
ifications to f; over the simulation are clear in the top
panel, including the smoothing of the sharp “ridge” bor-
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Figure 5. (Top) Perpendicular spectra of the electric field
(Ee ; solid lines) and magnetic field (€g | ; solid lines) at a
selection of times. The sub-panel illustrates the local spec-
tral slopes «; the dotted lines indicate ki p; = 1 and the
representative power laws kls/ > and k7%®. (Bottom) Evo-
lution of the break scale k' with imbalance 1 — o., with the
line color indicating the time as in the top panel. The dotted
line shows the empirical scaling k% p; = 2(1 — o.)*/*, which
provides a good fit to the simulation until ¢ ~ 1174.

dering the quasi-linearly heated region of phase space at
w) /vino ~ —0.5, and the flattening of fi(w, ) at w > 0.

Another feature of f; is the strong parallel plateau,
or beam, which results from the Landau damping of
ki > ky fluctuations at k1 p; S 1 (see also S+22; Li
et al. 2010). Such fluctuations, which lie in the &
range between Alfvén waves and KAWSs, propagate with
phase speed >vp (Howes et al. 2006), growing a mod-
estly super-Alfvénic plateau in f;. As the turbulence
becomes balanced, such fluctuations would likely flat-
ten f; at w) ~ —va also (see figure 7 of Arzamasskiy
et al. 2019), but this feature is not yet observable. The
total parallel heating @) ;, which captures this beam
formation, remains almost constant throughout the full
simulation (Fig. 2a inset). This suggests the k) p; ~ 1
Alfvénic fluctuations are Landau damping some fixed
portion of their energy before dissipating into oblique
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ICWs (at earlier times) or KAW turbulence (at later
times). A corollary is that there is no fundamental dif-
ference between the beam formation and standard res-
onant parallel heating, aside from the fluctuations’ im-
balance.

Finally, Fig. 5 shows the evolution of the perpendic-
ular spectra £(ky) of E; and B, . The flatter sub-p;
range in the former helps to highlight the double-kinked
“transition-range” power law; for k; p; < 1.5, including
in the transition range, g, ~ €p,. As the turbulence
becomes balanced, the spectral break smoothly moves
towards smaller scales, creating a less pronounced tran-
sition range that is narrower in k£ and less steep, close to
Ep, ~ klo‘s. At late times, d B is resistively damped
by the larger resistivity and the magnetic spectrum does
not exhibit a clear Nklzs kinetic range.

The lower panel of Fig. 5 provides the evolution of
the break scale k7, obtained by fitting a broken power-
law to €p, (k). We find a clear power-law depen-
dence on the energy imbalance, k% p; oc (1 — a.)'/* ~
(zms/2E )2, for 0. > 0.8 (t < 1274) when the bar-
rier is active (eg/e 2 0). Although this scaling re-
mains unexplained theoretically, it matches the results
of low-( gyrokinetic simulations for various choices of
ep/e (Meyrand et al. 2021, figure 7), suggesting it is
a robust consequence of the helicity barrier and inde-
pendent of the energy-dissipation mechanism (gyroki-
netics is ignorant of ICW kinetic physics). This k%
scaling can also be used to understand the evolution
of 1, by estimating the minimum accessible paral-
lel scale as k| maxva ~ k7 2 (K% /k10)71/3, then tak-
ing k| maxd; as a proxy for the power injected into
oblique ICWs, and therefore @, ; (i.e., Q1 ; is some
function of kjmaxdi). Taking k% p; o< (2ime/?ims) /2
gives kH,maxdi X ﬁ71/2(klopi)1/3(ijs)Z/B(Z;ns)l/B/vAv
the time evolution of which correlates very well with
Q. ; (including during pre-saturated phase of S+22),
increasing until ¢ ~ 374 and then remaining approxi-
mately constant for ¢ < 1174 even though z* = change
substantially (cf. Fig. 1).

4. DISCUSSION

A complete theory for the helicity barrier would be
able to predict the parameters (e /e, 8, etc.) at which
it is operative. Low-8 gyrokinetics states only that the
barrier occurs unless the generalized helicity can be de-
stroyed at least as fast as ~epy before k; p; ~ 1 scales
are reached (Meyrand et al. 2021). Although generalized
helicity is not a true invariant of hybrid kinetics, we can

2The functional form of the fit is &ry = [(ki/k%)" +

(kl/ki)”o‘z]*l/”, where a1 (a2) is the power-law index for
k1 <k} (kL > k%), and n controls the break’s sharpness; we fit
Ep, (k1) in the range 0.14 < k1 p; < 2. The measured propor-
tionality between k* p; and (1 —0¢)1/4 varies with fitting choices,
but the power-law exponent (1/4) is robust.

infer from our simulation, based on the agreement be-
tween Q. and 2e~ (Fig. 1) and the continuous evolution
of the transition-range spectrum (Fig. 5) for ¢ < 1074,
that the critical €7 /e at 8 =~ 0.3 is ~0.2. The changes
that occur once e /¢ < 0.2 also coincide with the sharp
drop in @ ; (Fig. 2), suggesting that breaking the helic-
ity barrier curtails ion heating. These results highlight
the surprising robustness of the helicity barrier in the
face of the additional complexities of a true kinetic sys-
tem. However, ey /e decreases unrealistically fast in our
simulation; understanding how the barrier evolves when
e /e changes on timescales comparable to the turbulent
decay time should be a priority for future work.

Our results provide a helpful roadmap for under-
standing the radially dependent interplay between tur-
bulence, heating, and instabilities in the 8 < 1 solar
wind. At smaller R and in faster streams, which have
higher observed imbalance, we predict strong perpen-
dicular ion heating via quasi-linear resonance, contin-
ual emission of parallel ICWs, a steep and wide ion-
Larmor-scale transition range, proton beam formation,
and little electron heating. At larger R and in slower
streams, which have lower imbalance (0. < 0.8 in our
simulation), electron heating dominates, parallel ICWs
are absorbed/damped, there is no transition-range spec-
trum, and sharp features in the VDF are smoothed out.
These correlations and features match those measured in
the low- solar wind by in situ spacecraft (e.g., Marsch
2006; Bruno et al. 2014; Zhao et al. 2021).

Under the assumption that, far from the Sun, faster
wind is heated more than slower wind (Hansteen & Leer
1995; Totten et al. 1995; Halekas et al. 2023), our results
explain qualitatively various interesting properties of ob-
served temperature profiles. Close to the Sun, proton
and minor-ion temperatures correlate positively with
wind speed (Burlaga & Ogilvie 1973), while the elec-
tron temperature is negatively correlated (Marsch et al.
1989); this is natural if the highly imbalanced turbu-
lence of faster streams has low Q./Q; (Shi et al. 2023).
At larger distances (~1 au), the electron-temperature
correlation flips to positive for U < 500 km s~ (Shi
et al. 2023), as would occur if Q./Q; increased to 21 as
the turbulence becomes balanced at larger radii. More
directly, Abraham et al. (2022) measure Q. x R~2 for
R < 0.3 au, followed by a rapid drop in Q. at larger
R. This profile, Q. o« R™2, is much flatter than the
“standard” total-heating profile Q o< R~% (e.g., Totten
et al. 1995)—a natural explanation is that Q@ = Q; + Q.
is steeper than Q., because Q)./Q; increases as ey /¢ de-
creases with R. Then, once ep/e < 1 (around R ~ 0.3
in this scenario), Q./Q; saturates and Q. drops rapidly.

Together, these observations suggest that imbalanced
turbulence and the helicity barrier are actively shaping
global coronal and solar-wind dynamics. More generally,
they highlight the crucial role of imbalance in controlling
collisionless plasma thermodynamics.
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