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Ion-driven plasma instability thresholds, derived from linear theory, constrain the distribution of solar
observations in parameter space, defining boundaries of stable plasma parameters. Excursions beyond
these thresholds result in the emission of energy, transferred from particles to coherent electromagnetic
waves, acting to adjust the system toward a more stable configuration. In this Letter, we use linear Vlasov-
Maxwell theory to define parametric limits for a low-# plasma that contains a drifting proton beam or
helium (a-particle) population. A sufficiently fast and dense drifting population triggers an oblique drift
instability (ODI). This instability decreases the velocity drift between the thermal core proton and
secondary populations and prevents the ratio of core thermal to magnetic pressure . from decreasing
below a minimum value by increasing the temperatures—i.e., heating—of both the core and drifting
populations. Our theoretical results are of interest for Parker Solar Probe observations, as they provide an
additional mechanism for perpendicular heating of ions active in the sub-Alfvénic solar wind. The ODI
may explain the discrepancy between long-standing expectations of measurements of very low-$ plasmas
with very large ion temperature anisotropies in the near-Sun environment and in situ observations, where
is consistently measured above a few percentages and the secondary ion populations drift faster than the

bulk of the proton population by no more than approximately the local Alfvén speed.

DOI: 10.1103/nlq9-2g37

Introduction—Many astrophysical plasmas, including the
solar wind in the inner heliosphere, are weakly collisional,
allowing departure from the local thermodynamic equilib-
rium (LTE). Characterizing the thermodynamics of weakly
collisional plasmas is a long-standing open question, whose
answer is central to explaining the heating and acceleration
of the solar wind [1,2]. For decades, surveys of in situ solar
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wind proton observations have been routinely represented
with the so-called “Brazil” plot—a phase space determined
by p| ,—thermal to the magnetic pressure ratio of protons—
and temperature anisotropy 7', ,,/ T ,, with L and || defined
with respect to the background magnetic field vector B
(Fig. 1). The “Brazil” plot demonstrates that the solar wind
evolution is limited by instabilities [3], where in high-$
wind, usually further away from the Sun, even the smallest
changes in anisotropy can cause the thermal-pressure-
dominated plasma to become intensely unstable [4].

© 2026 American Physical Society
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FIG. 1. Summary of proton measurements of previous mis-
sions. The three sides of the plot limit the “allowed” parameter
space, while the plasma moving to a lower 3 state does not have
obvious limitations in linear theory of a single population. Owing
to the limited proton core and beam modeling for included
missions, we use single component fits and the associated
instability thresholds.

The data are remarkably well constrained by the parametric
theoretical thresholds [5,6] of the Alfvén ion-cyclotron
(AIC) and mirror instabilities for 7', ,/T) , > 1 and the
oblique and parallel firehose instabilities for 7, /T, < 1
[2,7]. The low-f region is constrained by collisional relax-
ation expected for propagation times at 1 A.U. as estimated
by quasilinear theory [8]for T, , /T, < 1.On the contrary,
it has an “open-ended” part for T, ,/T , > 1, where even
strongly anisotropic plasma can remain linearly stable.
Linear theory for a single ion component does not provide
any limit on how low plasma f| , can be. However, for
T, ,/T|, > 1,the observations of # , < 0.1 are relatively
rare beyond 0.3 A.U. [9,10]. Owing to the lack of in situ
observations, low-f instability thresholds for inner helio-
spheric conditions have received some attention [8,11], but
have not been investigated as rigorously as those with f ~ 1.
We propose an instability mechanism driven by relative
drifts between ion populations that limits the solar wind
from filling the low-p, high T ,/T) , region of param-
eter space.

Launched in 2018, the Parker Solar Probe (PSP) [12] has
reached the so-called Alfvén surface [13], inside which the
solar wind bulk speed is lower than the Alfvén speed

N :WH,p/ﬁﬁ_/;:B/\/W, where wﬁ‘p = 2kgT) ,/m,
is the proton thermal speed and m,, is the mass of the
proton. We define the parallel proton plasma beta
Bl.p = 2uon, kT, /B> and temperature anisotropy

Ty /T psHo kg, and n, are the magnetic permeability
of vacuum, Boltzmann constant, and proton density,
respectively. At distances within the Alfven surface, Alfvén
waves generated in situ can travel back to the surface of the
Sun. It has been hypothesized that inside this surface the
solar wind heating is significantly enhanced [14,15].
Various mechanisms have been invoked to explain prefer-
ential perpendicular heating in this region, e.g., stochastic
heating [16,17] or IC heating [18-20]. Initial in situ
measurements in a sub-Alfvénic plasma [21,22] have not
consistently shown the enhancement of these processes in
the near-Sun solar wind at or below the Alfvén surface.

Each component of the plasma velocity distribution
function (VDF) can be anisotropic, with distinct tempera-
tures perpendicular and parallel to the direction of the
magnetic field [23]. The two populations can also have
different speeds along the magnetic field, producing a
commonly observed intercomponent drift [24]. These
anisotropies and relative drifts often store a significant
percentage of the system’s “free” energy [25-27].
Significant departures from LTE can drive the system
unstable, generating electromagnetic fluctuations that act
to reduce the free energy source of the instability [28,29].
The predictions made by the linear Vlasov-Maxwell theory
imply that the onset of instabilities at kinetic scales effec-
tively constrains the nonthermal features of the VDF and,
consequently, the parameter space distribution [23,30-35].

We hypothesize that this low-# limit is evidence that an
oblique drift instability (ODI) is converting free energy
carried by the relative drift between a particles and/or a
proton beam (with respect to the proton core) into both
perpendicular and parallel thermal energy. This heating
does not require the interaction of particles with the
background turbulence, or with existing coherent waves.
The process is driven by the same type of wave-particle
resonance and only slightly quantitatively different when
driven by drifting protons or a particles. We find that the
ODI is important for both limiting the low-# values by
heating the protons and for constraining Av, to be con-
sistently below the local Alfvén speed [36].

Oblique electromagnetic ion beam instabilities have
been studied extensively in the context of proton beams
and temperature anisotropy driven instabilities (e.g.,
Refs. [29,37,38]) including their behavior in expanding
box simulations [39]. These studies established that the
fastest growing modes often occur at oblique angles and
can lead to beam relaxation and wave generation. However,
the role of ODI in low-f solar wind conditions, particularly
in the presence of a-particle drifts, resonant ion heating,
and nonlinear evolution into secondary instabilities, has not
been systematically investigated. In this Letter, we dem-
onstrate, for the first time, that the ODI operates as an
efficient mechanism for converting drift energy into ion
heating and acts as a regulator of ion drift speeds in the
solar wind.
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Linear theory of the low-f ODI—Assuming a combina-
tion of relatively drifting bi-Maxwellian VDFs, the solution
to the wave equation |D(w, k,P)| = 0 for a hot, magnet-
ized plasma allows an estimate of the complex frequency at
maximum wave growth rate @ = w, + iy, associated
with wave vector k and plasma parameters P, the power
emitted for each component over the course of a single
wave period P;, electric SE and magnetic 6B field
fluctuations and polarizations for the most unstable mode
(MUM). Here, we use the PLUME and PLUMAGE solvers
when a bi-Maxwellian VDF shape is assumed [40—42] and
ALPS solver [43.44] to analyze the modes driven by non-
Maxwellian VDFs obtained from simulations (more details
in the Supplemental Material [45], which contains
Refs. [50-53]).

Figure 2 shows the PLUMAGE analysis of a core proton
and drifting a-particle component for a set of 625 loga-
rithmically spaced f3 ,~T, ,/T) , pairs of values with all
the plasma parameters P (n,/ny,, Ave/va, Ty o/ T pa)
fixed, colored by the MUM angle of propagation 6. We
set TF’J_/T,,,” =3, and TJ_JI/TH.(I = THJI/TH,P = 1 to focus
on the drift as the main source of free energy. An oblique
drift-induced mode will become unstable at low $ with both
Ymax/€,—increasing with the dot size—and the angle of
propagation Oy g increasing as f|| , decreases. We note the
existence of an “island” of stability for Awv,/v, < 0.9,
B, €10.005,0.02], and T, ,/T, < S—conditions
common for near-Sun solar wind [36].

We further investigate a slice of constant proton
anisotropy, denoted with a black rectangle in Fig. 2, using
PLUME to identify nine solutions: a cyclotron, Alfvén, fast

Ne/Np = 0.05; Avye/va = 0.8
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FIG. 2. The “island” of stability between the forward Alfvén
mode unstable in the direction parallel to B—the proton AIC
instability—and the ODI at lower proton core j3,. for fixed n, and
Awv, The size of the points increases logarithmically with the
MUM growth rate 1g(y,n,x/€2,,), covering the range between 10~
and 0.3.

magnetosonic, and slow magnetosonic waves—all four
having both distinct forward and backward propagating
solutions in the plasma frame due to velocity space
symmetry breaking associated with the drifting compo-
nents, and a nonpropagating entropy mode. In Fig. 3 black
dots illustrate the PLUMAGE inferred MUM growth rate and
PLUME inferred emitted (absorbed) power solutions for
both parallel AIC and oblique ODI, both of which originate
from the same forward propagating Alfvén mode. For drifts
lower than the Alfvén speed, we see the range of f|,
values for which the plasma is stable, with lower- and
higher-f cases dominated by the oblique and parallel
unstable modes, respectively. If the drift is increased to
Av, /v, = 1, both modes can be active in the same interval,
implying that the oblique waves can still extract energy
from the @ component while the intensively growing
parallel AIC mode is active, as will be demonstrated in
nonlinear hybrid simulations.

For a closer examination of the ODI, we show its emitted
power as a function of Awv,/v,. Crucially, the instability
threshold for the ODI requires smaller a-particle drifts to
overcome the proton emission as f| decreases. Plasmas
with | < 1% have a maximum stable value of Av, /vy
below 0.85, implying that this type of resonant instability
will become active prior to any firehoselike instability
where excess parallel pressure is the main free energy
source [25]. The mode properties and the maximum drifts
are preserved for low a-particle densities and only margin-
ally vary with n,/n,, while not varying with proton
parameters (not shown).

No/Np = 0.05; Avy/va = 0.8
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FIG. 3. Overview of the ion contributions to the AIC and ODI

instabilities for intervals marked with a black rectangle
(T, /T~ 3.25) in Fig. 2, with solid (dashed) lines indicating
power emission (absorption). Both instabilities emit a forward-
propagating Alfvén mode. The PLUMAGE growth rate and
PLUME power transmission solutions are marked with dots
and lines, respectively. Note that in the linear approximation

S P~ y/w, (28],
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FIG. 4. ODI mode growth rates and propagation angle (as in
Fig. 2) dependence on the velocity drift. The best-fit parametric
instability threshold is shown in green.

Figure 4 illustrates that the ODI instability threshold in
logarithmic space very nearly follows a straight line. This
feature holds at least up to n,/n, < 10% and for growth
rates ranging from y,,,,/Q, € (10,2 x 1072). This trend

enables a linear fit of Av, /v, = fmlogo () ,) + b to obtain
the numerical expression for the threshold, with the
example labeled along the fitted green line. We repeat
the fitting procedure for various density ratios. Fitting
slopes and intercepts for different n,/n, while keeping the
growth rate fixed enables another stage of linear fits with
relative density as the independent variable. These results
can be combined to obtain the instability condition for any
onset growth rate. For yy,c/Q, = 1073 we get

AUQ/UA > 100.255—0.4na/npﬁﬁ:;16_0~38"a/”p ) (1)

This analytical representation accurately describes the
a-particle-induced ODI growth rates shown in Fig. 5.

We directly compare this instability to the one described
in Sec. 8.5 of [29], where the proton beam drives the ODI
with the drift being the primary source of free energy. We
expand on the results of [29] to normalize relative proton
beam density in such a way that the mass flux of proton
beams and « particles remains equal, showing them in the
same color on Fig. 5. The drift value required for a particles
to drive the instability is consistently below the one for
proton beams over a wide range of f values due to the
difference in resonance conditions for the underlying
n = —1 resonance (see next section). As the proton beams
are not consistently present in the solar wind [54-56], «
particles remain the primary driver of the ODI and regulator
of the low-# limit in the solar wind.

Plasma f limits in hybrid simulations—To illustrate the
transfer of energy from drifting a particles to thermal

ODI thresholds
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FIG. 5. ODI instability thresholds for varying a-particle den-
sities (solid lines) for y/Q, = 1073, Dashed lines provide
comparison given by [29] for the proton-beam induced ODI
with beam densities n;, with the same mass flux as the a cases.

protons via the ODI, we use a well-established 2.5D
hybrid-PIC code that captures ion dynamics across multiple
ion-cyclotron periods with realistic proton mass and
Alfvén-to-light speed ratio, bypassing standard particle-
in-cell (PIC) code limitations by representing electrons as a
massless neutralizing fluid [57-59]. Our setup is similar to
recent studies [60—62]—we use a 2567 spatial grid with 512
particles per cell, fully sufficient to capture plasma
dispersion at ion scales. Full details for the simulation
can be found in the Appendix of the Supplemental Material
[45], which includes Refs. [63-70].

The top panels of Fig. 6 show the initial state of the
simulation. The « particles of density n,/n, = 5% drift at
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FIG. 6. Growth (solid lines, left column) and damping rates
(dashed) for proton and @ VDFs representative of the young solar
wind unstable to the ODI at early (top right) and late (bottom
right) times in the simulation. The emitting « particle (n = —1)
and absorbing proton (n = 1) cyclotron resonances for the most
unstable mode are marked by blue and red lines. Particles are
scattered along resonance curves (green) for the highlighted wave
vector (magenta, left column), leading to wave emission and
heating.
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Av, /v, = 0.95 with respect to protons, driving the ODI for
the low f) , =0.003 conditions. The initial values of
T, /T, =3and T, /T, =1 are stable with respect
to AIC. We note that as the ODI is driven by the particle
drift, the instability onset is very weakly dependent on
Ty 1/T,)- The ODI is induced by the drift of secondary
populations—proton beams and « particles—with the wave
vector of the unstable mode at an oblique angle with respect
to the background magnetic field B; dispersion relations
are plotted as a function of |k|d, for clarity. The ODI
couples via cyclotron resonances, where the relation of the
resonant particle velocity V.. (green dashed lines),
real frequency ,, and wave number k is given as
W, — k- Vs —nQ =0, where Q; is the cyclotron fre-
quency for species s and # is an integer. At wavelengths a
fraction of the inertial length, but notably larger than the
gyroradius due to low g values, the n = —1 cyclotron
resonance (blue line) emits an unstable mode, scattering
initially isotropic « particles along the green resonance
curves in the velocity space. These linear dispersion
relations are calculated directly from the simulated
VDFs using ALPS [43,44]; see the Supplemental
Material [45] for more details. The emitting wave vectors
are shown by solid lines in the left panels, while non-
negligible damping is marked by dashed lines, showing
notable absorption by protons through the n = 1 resonance,
marked in red. In both cases, the a particles have a range of
wave vectors where the power is emitted, but is then either
partially or entirely absorbed by the protons. For the system
to be considered unstable at given K, the total emission at
that kK must be larger than the absorption.

During later stages of the simulation (bottom panels in
Fig. 6), some of the free energy from the a-particle drift is
drained, decreasing Av,/v,, butincreasing T, ,, T ,, and
T, in the process. This final state is stable with respect to
ODI, as the emission of a particles does not surpass the
absorption of the protons (bottom left), but the transfer of
energy from one component to another is still active, and
the protons continue to be heated via n = —1 a-particle
resonance (magenta line).

This implies a prolonged process that will remain active
until the free energy from the velocity drift is drained,
heating both the proton and a-particle distributions in both
parallel and perpendicular directions. The increase in T'), |
leads to a secondary intense forward propagating AIC
parallel propagating instability, depositing some of the drift
free energy into coherent plasma waves. The fraction of
energy deposited in the parallel direction increases 7', | and
thus 3, . This process is more intensive for lower f, |,
hence putting a limit to its minimum value.

Discussion and conclusions—The AIC and mirror insta-
bility provide a threshold for the maximum value of proton
anisotropy in the solar wind at # = 1 [5,30]. While there are
quasilinear models that hypothesize the low-3, T, ,/T ,<1

region is regulated by collisions [8,11], the low-f,
T, ,/Ty, > 1 region has no solid theoretical or observa-
tional constraints. However, the measurements obtained from
PSP encounters (perihelia) shows higher lower-bound values
of f# compared to prelaunch predictions [71].

We propose a previously established instability mecha-
nism—the oblique drift instability—to provide a novel
explanation of the lower limit on the observations of | ,,
the magnitudes of a-particle drifts with respect to the
protons, which are also very rarely observed to be faster
than a single Alfvén velocity [36,72], as well as the heating
of both the protons and alphas. The presence of drifting
particles leads to the emission of power for oblique
wavemodes via the n = —1 cyclotron resonance. If ),
is sufficiently large, the increased width of the proton VDF
fills the velocity space with enough particles that can
absorb this emitted power, creating a stable configuration.
In contrast, lowering the value of § , decreases the proton
phase space density at the appropriate resonant velocities,
enabling the a-driven emission to destabilize the equilib-
rium. The emitted power from the alphas is then absorbed
by thermal protons through the n = 1 cyclotron resonance,
leading to proton heating and increasing | ,. This setup
effectively restricts the lowest values of | , “allowed” by
the linear theory. It also provides a constant mechanism to
both limit the secondary population drift and to heat
thermal protons and secondary populations.

As the set of VDF parameters specific for ODI corre-
sponds to the ones observed in the sub-Alfvénic solar wind,
the ODI may serve as an additional avenue of intense solar
wind heating in this region of the inner heliosphere. Just
outside of the corona (r ~ 2R) the role of ODI is unclear.
Although Alfvén speed is very high compared to the
thermal speed, it is not currently understood how the «a
particle and proton beam drifts evolve once the collisions
are no longer dominant. At larger radial distances plasma /3
becomes too high for the ODI to be significant, leaving the
sub-Alfvénic wind as a specific region where this mecha-
nism can become very intense and act as the primary
regulator of solar wind evolution via a heating mechanism
not previously considered in models.

This result will be further tested with PSP solar encoun-
ter observations as statistically significant amounts of
observations in low-f solar wind are being collected by
the spacecraft. The caveats of the observational work will
be addressed in future work, as the data products of the
mission mature and are able to confidently separate
multiple proton components as well as a potential a-particle
beam [72,73]. Finally, since the instability thresholds can
be very steep in velocity space, the future work requires
careful treatment of instrument uncertainties when compar-
ing measured VDFs with our predictions.
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