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Motivation: Coronal Heating and Solar Wind
Acceleration – An Unsolved Problem in Astronomy and
Astrophysics



I The temperature of the Sun’s surface is at about 5800 kelvin.

I The corona is at about 1 to 3 MK (parts of the corona can
even reach 10 MK).1

I Near the surface of the sun the solar atmosphere shows no
sign of organized motion but in the transition region, solar
atmosphere begins acceleration outward – this is the solar
wind

I The coronal heating and solar wind acceleration is a twin
problem still not completely solved.

1c.f., fusion plasmas can reach 100 MK or more (fusion plasma is denser,
1013–1015 pcc, versus coronal density of 106 – 1010 pcc)
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Figure 6: Radial dependence of empirical and model temperatures in polar coronal holes and fast wind
streams. Mean plasma temperatures from a semi-empirical model (dashed black curve; Avrett and Loeser,
2008) and from a turbulence-driven coronal heating model (solid black curve; Cranmer et al., 2007). 𝑇𝑒

from off-limb SUMER measurements made by Wilhelm (2006) (dark blue bars) and Landi (2008) (light
blue bars), 𝑇𝑝 from UVCS measurements assembled by Cranmer (2004b) (see text), and perpendicular O+5

ion temperatures from Landi and Cranmer (2009) (open green circles) and Cranmer et al. (2008) (filled
green circles). In situ proton and electron temperatures in the fast wind (𝑟 > 60𝑅⊙) are from Cranmer
et al. (2009).

key details about the velocity distributions of H0, O+5, and Mg+9 to be derived. For the reso-
nantly scattered emission lines seen at large heights with UVCS, the most straightforward plasma
diagnostic is to use the Doppler-broadened line width as a sensitive probe of the overall variance of
random particle motions along the line of sight. In other words, measuring the line width provides
a constraint on the so-called “kinetic temperature” (i.e., a combination of microscopic stochastic
motions and macroscopic [but unresolved] motions due to waves or turbulence) along the direction
perpendicular to the (nearly radial) magnetic field lines.

In the ionized solar corona, a given hydrogen nucleus spends most of its time as a free proton,
and only a small fraction of time as a bound H0 atom. Thus, the measured plasma properties
of neutral hydrogen are considered to be valid proxies of the proton properties below about 3𝑅⊙
(Allen et al., 2000). Spartan 201 and UVCS observations of the H i Ly𝛼 emission line in coronal
holes indicated rather large proton kinetic temperatures in the direction perpendicular to the
magnetic field (𝑇𝑝⊥ ∼ 3 MK) and also the possibility of a mild temperature anisotropy (with
𝑇𝑝⊥ > 𝑇𝑝‖) above heights of 2 – 3𝑅⊙ (Kohl et al., 1997; Cranmer et al., 1999b; Antonucci et al.,
2004; Kohl et al., 2006).

UVCS observations indicated that the O+5 ions are much more strongly heated than protons in
coronal holes, with perpendicular temperatures in excess of 200 MK (see Figure 7). This exceeds the
temperature at the central core of the Sun by an order of magnitude! The UVCS measurements also
provided signatures of temperature anisotropies possibly greater than 𝑇⊥𝑖/𝑇‖𝑖 ≈ 10 (e.g., Cranmer
et al., 1999b, 2008). The measured kinetic temperatures of O+5 and Mg+9 are significantly greater
than mass-proportional when compared with protons, with 𝑇𝑖/𝑇𝑝 > 𝑚𝑖/𝑚𝑝 (see also Kohl et al.,
1999, 2006). The surprisingly “extreme” properties of heavy ions in coronal holes have led theorists
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Figure 8: Radial dependence of solar wind outflow speeds. UVCS Doppler dimming determinations for
protons (red; Kohl et al., 2006) and O+5 ions (green; Cranmer et al., 2008) are shown for polar coronal
holes, and are compared with theoretical models of the polar and equatorial solar wind at solar minimum
(black curves; Cranmer et al., 2007) and the speeds of “blobs” measured by LASCO above equatorial
streamers (open circles; Sheeley Jr et al., 1997).

parallel kinetic temperature (for more details, see Kohl and Withbroe, 1982; Noci et al., 1987;
Kohl et al., 2006). In coronal holes, Doppler-dimmed line intensities from UVCS are consistent
with the outflow velocity for O+5 being larger than the outflow velocity for protons by as much
as a factor of two at large heights (Kohl et al., 1998; Li et al., 1998; Cranmer et al., 1999b).
Figure 8 illustrates the outflow speeds measured by UVCS in coronal holes, and compares with
the theoretical model of the fast solar wind presented by Cranmer et al. (2007). Also shown for
comparison are observational and theoretical data for the slow solar wind associated with equatorial
helmet streamers at solar minimum.

In contrast to many prior analyses of UVCS data, which concluded that there must be both
intense preferential heating of the O+5 ions and a strong field-aligned anisotropy, Raouafi and
Solanki (2004), Raouafi and Solanki (2006), and Raouafi et al. (2007) reported that there may
not be a compelling need for O+5 anisotropy depending on the assumptions made about the
other plasma properties of the coronal hole (e.g., electron density). However, Cranmer et al.
(2008) performed a detailed re-analysis of these observations and concluded that there remains
strong evidence in favor of both preferential O+5 heating and acceleration and significant O+5

ion anisotropy (in the sense 𝑇⊥𝑖 > 𝑇‖𝑖) above 𝑟 ≈ 2.1𝑅⊙ in coronal holes. In determining these
properties, it was found to be important to search the full range of possible ion temperatures and
flow speeds, and not to make arbitrary assumptions about any given subset of the parameters.

The UVCS results discussed above are similar in character to in situ measurements made in
the fast solar wind, but they imply more extreme departures from thermodynamic equilibrium
in the extended corona. For example, proton velocity distributions measured in the fast solar
wind between 0.3 and 1 AU have anisotropic cores with 𝑇𝑝⊥ > 𝑇𝑝‖, and their magnetic moments
increase with increasing distance; this implies net input of perpendicular energy on kinetic scales
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[Credit] Cranmer, 2009 R� ∼ 7× 105 km



Closest: 0.3 AU ∼ 64.5 R�



Parker Solar Probe (2018 – )

Closest: ∼ 9 R� or 0.04 AU



11/26/25, 11:00 AMParker Solar Probe: The Mission
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TIMELINE

0.62 miles per second, or 2,237 miles per hour.

AU:
This stands for Astronomical Unit, which is the
distance from the Sun to the Earth, and one AU
equals about 93 million miles or just under 150
million kilometers.

RS:
This stands for Solar Radius, or the distance
from the center of the Sun to its surface, which is
about 432,000 miles or 696,000 kilometers.
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Heliocentric Velocity (km/s): 32.89
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Closest: 9 R� or 0.04 AU



Helios

WIND

– PSP: 0.04 AU (9 R�)
– Helios & Solar Orbiter (the new Helios): 0.3 AU (64.5 R�)
– WIND: 1 AU (215 R�)



I Despite many missions, past and present, and a plethora of
theories, the twin problem of coronal heating and solar wind
acceleration has not been solved yet.

I From the perspective of in-situ observation, in spite of the
impressive achievement by the Parker Solar Probe (PSP), its
closest approach of ∼ 9R� is not enough, since the transition
region where the abrupt coronal heating and wind acceleration
take place is less than 0.1R� (in fact, close to 0.01R�).

I Nevertheless, the historic Helios mission, contemporary PSP
and Solar Orbiter (SolO), and WIND space probes have led to
a rich understanding of the plasma physical processes taking
place in the interplanetary environment.

I Among them is the interplay of collisions and plasma
instabilities.



Collisions Versus Instabilities: Solar Wind Protons –
Helios Observation
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Bi-Maxwellian fitting:
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Helios (and 1AU WIND, PSP, SolO) observations show kinetic
processes (instabilities and collisions) are necessary. According to
CGL (two-fluid) theory,

nT⊥
B2

= const
nT‖
B

= const

For n, B ∝ R−2,

T⊥ ∼ R−2, T‖ ∼ const
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CGL prediction

Actual observation
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– Perpendicular heating of the protons is taking place (will
discuss this issue later if we have time).
– Given the observed temperature anisotropies, T⊥/T‖, there
seems to be certains limits on how high or low this value can get.
– This “temperature anisotropy regulation” can be explained
by combined collisions and instabilities.



Part I. Temperature Anisotropy Regulation by
Kinetic Instabilities (Collective Processes)
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1 AU proton data distribution in (β‖,T⊥/T‖) space

[Data credit] C. Salem – see also, Kasper, Bale, Hellinger, ...
Štverák, ...

The high-beta (or right-hand side) boundaries are readily
associated with various temperature anisotropy instabilities.



Proton Instabilities

I EMIC: Parallel Electromagnetic ion (proton) cyclotron
instability.

I PFH: Parallel proton fire-hose instability.

I Mirror: Obliquely propagating proton mirror instability.

I OFH: Obliquely propagating proton fire-hose instability.

Electron Instabilities

I EMEC: Parallel Electromagnetic electron cyclotron instability.

I EFH: Parallel electron fire-hose instability.



Electromagnetic Ion Cyclotron Instability (EMIC)
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Parallel Proton Firehose Instability (PFH)
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Proton Temperature Anisotropy Instabilities in the Solar Wind 
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The linear dispersion properties of proton temperature anisotropy instabilities in a homogeneous 
infinite Vlasov plasma are studied by using a configuration appropriate to the solar wind at I AU. The 
proton distribution is taken to consist of two components, a cooler T1. > T,, 'core' and a hotter T11 > Ti 

'halo.' For the parameters considered the kll 80 fire hose and ion cyclotron instabilities are the most 
important modes. Resonant proton effects enhance both instabilities, and the presence of the cooler 
component can substantially reduce the threshold anisotropy of the halo-driven fire hose. 
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Dimensionless 
Parameters 

Temperature 

Mass 

fJ, 
Alfven speed 
Proton component 

densities 

Values 

T,/T,1, = 1.00 
1 

m,/m, = 1836 
81rn1T11,/Bo" = 1.00 
vA'/c' = Bo"/41rn,m1c• = 2.0 X 10-• 

nc/n, = 0.75 

We wiii mention parameters oniy when they differ from these 
values. The subscript i will denote ion (which should be under­
stood as proton in the rest of this paper) and will represent 
total or two-component average quantities; subscripts C and 
H will refer to the proton core and halo, respectively. 

We define several symbols used below: 

fJ, = 81rn1T1 1/B0
2 a, = v,/ln,I = Larmor radius 

1241 
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TABLE 1. Four Instabilities Driven by Ion Temperature Anisotropies 

Maximum Growth Rate At 

Name Driven By Type Frequency ka; ki. 

Fire hose Ti.,< T 11, magnetosonic whistler <I 0 
Mirror Ti.,> T 11 , "' = 0 <1 >k 11
Ion cyclotron Ti. ,> T 11, "' :$ O; :$1 0
Harris Ti., > T11, c., < O; <1 ~kn 
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Fig. I. Frequencies and growth rates as functions of wave number for kll Bo. A single bi-Maxwellian·ion component is 
used here; parameters are the same as those given in the tabulation of values of dimensionless parameters except that n, =

n •. The solid line is w for isotropic ions and is stable. (a) Right-hand mode (fire hose instability). The dashed line is w for T,., 
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1959, 1961] are summarized by Soper and Harris [1965]; when 
T• e < 5T•, the instability condition is 

Ti, ITii, > 1 + (TllemtlTtltme) (3) 

This instability, like the mirror instability, has "I/max for k 
oblique to B0. 

We have carried out detailed numerical analyses of the fully 
electromagnetic Viasoy linear plasma dispersion relation [Stix, 
1962] using the parameter values given earlier. In Figures la 
and lb we plot frequency co and growth rate •, as functions of 
wave number k for the fire hose and ion cyclotron instabilities 
[see Pilipp and Vb'lk, 197 l; Cornwall and Schulz, 197 l; David- 
son and Ogden, 1975]. Note that although temperature ani- 
sotropy strongly raises the frequency of the ion cyclotron 
instability, co(k) of the fire hose is not significantly different 
from the zero anisotropy case. 

We next computed solutions of the dispersion relation for 
0.10 _< cos 0 _< 1.00; representative results are illustrated in 
Figure 2 (see also Figures 4 and 5 of Barnes [1966]). We found, 
as was expected, that both the fire hose and the ion cyclotron 
instabilities have maximum growth rates when k]B0 and that 
the mirror and Harris instabilities appear at oblique propaga- 
tion angles. At '¾max the first two of these modes are purely 
electromagnetic, but for a wide range of/•t the latter two 
modes have substantial electrostatic components. Denoting 
the fluctuating field longitudinal (transverse) to k by 
(hEr), we found that hEL >> her for the mirror and hE• 
her for the Harris instability. 

For the Harris mode we carried out a variety of sample 
computations in the parameter range 0.01 < Ot < 10.00, 0.20 
< Te/Tt < 5.00, and 1.0 < Ti,/T•, < 5.0. We found that 
although electromagnetic effects greatly reduced the 
necessary for instability in comparison with the electrostatic 
effects in (3), the ?max of the Harris mode was always sub- 
stantially less than the maximum growth rate of the ion cyclo- 
tron instability. Figure 5 of Soper and Harris [1965] suggests 
that the Harris instability becomes competitive with the ion 
cyclotron mode only when Te >> Tt, so we did not consider 
further the Harris mode in this case. 

For the mirror instability we did similar sample computa- 
tions in a more restricted range, 0.50 < Ot < 2.00 and 
1.0 < Ti•/T•t < 3.0. Here also when the mirror mode was 

ICF I _ •/Fire hose _ 
% - 

ß 0 

7' _ ', •,••[on cyclotron _ • - ø o - 
', o 

ß 0 
- ß o Harris. - 

-- Mirror 

g ,.,, .,.,.* .... 
- o 

o ,. _ o ß 

o 

Loo • o • •' • '•. 0.50 

cos • 

Fig. •. Growth r•tcs as •unctions e• cos • at k• = 0.40. The line 
o• open circles represents the • • 0 evolution o• the •rc hose mode o• 
Figure 1• except that • = 4.•. The dotted lines represent the mirror 
instability and the • • 0 evolution o• the ion cyclotron mode o• Figure 
1•. 

I0.0 , 

I.O -- 

•i K5 \ 

0.10 

0.01 
0.1 1.0 I 0.0 

Tzi 

Fig. 3. Curves of constant growth rate 5'/fl• in the J• - T=•/T,, 
plane for a single ion component. The parameters are the same as 
those given in the tabulation except that n• = ne. The solid lines 
represent the k IB0 fire hose (Ti t < Tilt) and ion cyclotron (T= t > Tii•) 
instabilities as obtained via computer solution of the dispersion rela- 
tion; the dashed lines represent the MHD thresholds given by (1) 
and (2). i 

unstable, its '¾max was small in comparison with that of the ion 
cyclotron instability. Further sample computations and the 
results of Figure 3 (see below) indicate that the mirror com.- 
petes with the ion cyclotron instability only when •t >> 1 in 
a plasma of a single ion component. 

Thus for the parameter range of our interest we concluded 
that if the plasma is unstable, kll B0 modes are the dominani 
instabilities. We then computed the data presented in Figure 3, 
which displays curves of constant growth rate in the •t versus 
Tz,/T•, plane for the fire hose and ion cyclotron instabilities 
(see also Figure 5 of Forslund [1972]). Also plotted as dashed 
lines in this figure are the threshold anisotropies for the fire 
hose (Tz• < T•) and mirror (Tit > T•t) instabilities in the 
MHD (nonresonant) limit. Figure 3 demonstrates that ion 
resonances lower the thresholds not only for the fire hose but 
also for the Tl• > T• instabilities. A similar lowering of the 
threshold for the ion-beam magnetosonic instability has been 
demonstrated by Montgomery et al. [1975]. 

Sample computations at •t = 1.00 and 0.50 < Te/Tt < 2.00 
have produced essentially the same results as those for Te = T•. 

3. TWO-ION COMPONENTS 

The literature contains comparatively few results concerning 
temperature anisotropy instabilities in a two-ion component 
plasma. Electrostatic modes have been considered by Mikhai- 
lovskii and Pashitskii [1965], Davydora [1968], and Cordey and 
Houghton [1973]. Cornwall and Schulz [1971] and, in greater 
detail, Cuperman et al. [1975] have considered electromagnetic 
in•tahilitie• in the. c'a•e nf a e. nid component and a warm 
Tl> T, component. 

Here we are concerned with fully electromagnetic in- 
stabilities in plasmas with two-ion components, both of which 
have nonzero temperatures. In contrast to the electron com- 
ponents which both exhibit T, >• T. always, solar wind pro- 
tons at times have Tll > T= for the halo but Tll < T= for the 
core [Bame et al., 1975; W. C. Feldman et al., unpublished 
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Proton Mirror Instability
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New kinetic instability: Oblique Alfv6n fire hose 

P. Hellinger and H. Matsumoto 
Radio Atmospheric Science Center, Kyoto University, Uji, Japan 

Abstract. Two instabilities could take place in plasma with a bi-Maxwellian proton 
distribution function with Tvi > Tvñ, where T•i I and Tvñ are proton temperatures, parallel 
and perpendicular, respectively, to the background magnetic field. The first instability is 
the fire hose (or whistler fire hose), generating low-frequency whistler waves at parallel 
propagation. We found a new, second instability, the Alfv6n fire hose, that generates 
zero-frequency waves of the Alfv6n branch at strongly oblique propagation. The Alfv6n 
fire hose has a linear growth rate comparable to or even greater than that of the whistler 
fire hose. The two instabilities with the same initial plasma parameters are examined via 
one-dimensional hybrid simulations and turn out to have behavior very different from each 
other. The whistler fire hose has an overall quasi-linear evolution, while the evolution 
of the Alfv6n fire hose is more complicated: Initially, unstable zero-frequency waves are 
gradually transformed into propagating Alfv6n waves; during this process the waves are 
strongly damped and heat protons in a perpendicular direction. Consequently, the Alfv6n 
fire hose is very efficient at destroying proton anisotropy. 

1. Introduction 

Many processes in a collisionless plasma lead to the devel- 
opment of particle temperature anisotropy. The anisotropic 
plasma generates instabilities which are often kinetic by 
their very nature. The instabilities reduce the anisotropy 
and affect the global plasma properties; the generated wa- 
ves and anisotropy determine, for example, characteristic 
macrophysical speeds [Karimabadi et al., 1995] and poly- 
tropic indices [Belmont and Mazelle, 1992]. 

An instability typically ends in a state of marginal sta- 
bility [Manheimer and Boris, 1977, and references therein] 
where generated waves are almost undamped. When the in- 
stability has an overall quasi-linear evolution (so there are 
no important nonlinear effects such as particle trapping and 
wave-wave coupling), the marginal stability state is identi- 
cal to the instability threshold, given by linear theory. Many 
authors used the above arguments to determine constraints 
on temperature anisotropy from linear theory and numerical 
simulations [Gary et al., 1998, and references therein]. 

Recently, Gary et al. [1998] studied the properties of a 
plasma with the anisotropic proton distribution function with 
Tpl I > Tp_l_, where Tpl I and Tp_l_ are proton temperatures par- 
allel and perpendicular, respectively, to the background mag- 
netic field. Gary et al. [1998; see also Quest and Shapiro, 
1996] have shown that the anisotropic protons destabilize the 
low-frequency (below proton cyclotron frequency) whistler 
branch via fire hose instability; hereinafter we call this in- 
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stability the whistler fire hose for reasons which become 
clear below. Gary et al. [1998] have studied in detail the 
linear properties of the whistler fire hose and have shown, 
using hybrid simulations, that the instability has an overall 
quasi-linear behavior. On the basis of arguments of marginal 
stability analysis [Manheimer and Boris, 1977], and on lin- 
ear analysis as well as on the simulation results, Gary et al. 
[1998] gave a prediction of the constraints of proton anisot- 
ropy. 

In this paper we show that a plasma with Tp_t_ < Tpl I 
may drive another, new instability that destabilizes a zero- 
frequency part of the Alfv6n branch; we find, surprisingly, 
that Alfv6n waves have complex dispersive properties in 
higher beta plasmas, including anomalous dispersion and 
zero-frequency modes. The zero-frequency waves are gener- 
ally strongly damped, but in plasma with anisotropic protons 
Tpñ < Tpl I these waves become unstable. The new insta- 
bility has many properties similar to those of the classical 
MHD-CGL fire hose; for this reason we call this instabil- 
ity the "Alfv6n fire hose." We study the linear properties 
and find that the Alfv6n fire hose is competitive with, and 
even dominates, the whistler fire hose at the linear stage. We 
also perform one-dimensional (l-D) hybrid simulations of 
the two instabilities. Whereas the whistler fire hose exhibits 

a quasi-linear behavior, the nonlinear evolution of the Alfv6n 
fire hose is much more complicated and its final plasma state 
is far from the instability threshold. 

This paper is organized as follows: In section 2 we de- 
scribe results of linear theory for the Alfv6n fire hose (sec- 
tion 2.2) and its relation to Alfv6n waves (section 2.1). In 
section 3 we examine results of 1-D hybrid simulations for 
the whistler and Alfv6n fire hoses. Finally, in section 4 we 
discuss the results and their implications. 
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I Marginal instability conditions, or threshold conditions, can
explain the partial (high-beta side) boundaries, but they
cannot explain the left-hand (or low-beta) boundaries. These
are explained by collisions, but before we discuss that, we
discuss the dynamic theory of instabilities.

I The simplest dynamic theory is quasilinear theory. Dynamics is
important because growth rate calculation alone is insufficient
to understand the time scale of instability saturation. It is not
sufficient to determine the saturated wave level either.



Quasilinear Theory of EMIC and PFH Instabilities

Quasilinear particle kinetic equation
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The electromagnetic ion (proton) cyclotron instability is important for regulating the excessive

development of perpendicular temperature anisotropy in the solar wind, for instance, when it is

compressed in the vicinity of the Earth’s magnetosheath environment. A recent letter [Seough

et al., Phys. Rev. Lett. 110, 071103 (2013)] successfully employed the quasilinear kinetic theory to

explain the observed temperature anisotropy upper bound. The present paper rigorously examines

the reliability of the quasilinear theory by making a direct comparison against results from the

particle-in-cell simulation method. It is found that the quasilinear approach is indeed a valid first-

cut theoretical tool in the study of proton cyclotron instability. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4885359]

I. INTRODUCTION

The solar wind near 1 AU is characterized by the proton

temperature anisotropy, either T?>Tk or T?< Tk, where T?
and Tk are perpendicular and parallel proton temperatures

defined with respect to the ambient magnetic field. It is gen-

erally understood that the excessive perpendicular tempera-

ture anisotropy T?>Tk results when the solar wind plasma

is compressed against the Earth’s dipole magnetic field,

while the opposite case of excessive parallel anisotropy

T?<Tk is a general consequence of the expanding solar

wind. Observations in the Earth’s magnetosheath and in the

solar wind1–9 reveal that the measured anisotropy is much

lower than that predicted by the double-adiabatic theory. In

the absence of collisions or significant heat flux, this is com-

monly accepted as the result of collective dissipation by ki-

netic plasma instabilities.

For T?>Tk, the proton cyclotron and mirror instabilities

are known to be the most important modes that provide the

collective dissipation, while for T?<Tk fire-hose instability

is suggested as the necessary kinetic dissipation mechanism.

These instabilities are characterized by the two dimension-

less physical parameters, one being the temperature ratio

T?/Tk and the other being the parallel proton beta,

bk¼ 8pnTk/B
2, where n and B are density and magnetic field

intensity, respectively. Various empirical marginal stability

criteria for these instabilities have been constructed in the lit-

erature—see for instance, Ref. 7 where the various efforts

are encapsulated in the formula

T?p

Tkp
¼ 1þ S

ðbk þ b0Þa
; (1)

where (S, b0, a) are two fitting parameters empirically deter-

mined as (0.43, 0.0004, 0.42) for the proton cyclotron, (0.77,

0.016, 0.76) for mirror, (�0.47, �0.59, 0.53) for parallel

fire-hose, and (�1.4, 0.11, 1) for the oblique fire-hose insta-

bilities.10,11 The importance of such a relation may be that it

can be used in the closure relation for macroscopic fluid

models of the solar wind, as suggested in Refs. 12 and 13,

for example. Note that these relations are largely derived on

the basis of linear stability analysis. They are not rigorously

derived.

It is possible, however, to self-consistently construct the

marginal stability relation in (bk, T?/Tk) parameter space

without resorting to the empirical fitting procedure. The

method is based upon the quasilinear analysis. Indeed, Refs.

14–16 employed such an approach to show that the marginal

stability relations, the so-called “anisotropy-vs-beta inverse

correlations,” naturally emerge in the quasilinear saturation

stages of various instabilities. References 14–16 thus demon-

strated that the quasilinear theory can be a viable method

through which the microscopic kinetic physics can be

coupled to macroscopic fluid models in a rigorous manner,

without invoking artificial closure relationships as suggested

in Refs. 12 and 13.

In spite of the success associated with the quasilinear

approach, as demonstrated particularly by Ref. 16, for its

ability to partially reproduce the solar wind data, i.e., the

“Bale diagram”—see Ref. 9, the reliability of the quasilinear

model has never been validated to this date, say by compari-

son against the particle-in-cell (PIC) or the hybrid simulation

method. With the advent of powerful computers, PIC or

hybrid simulations of the various plasma instabilities are rou-

tinely done these days—see, e.g., Refs. 17 and 18 just to

name a couple. However, the detailed quantitative compari-

sons of the simulation results against theoretical calculations

are rarely done. The present paper is the first of its kind

where we make specific and detailed comparisons between

the theory and simulation. We focus on the proton cyclotron

a)Electronic addresses: seough@kasi.re.kr; yoonp@umd.edu; and

jahwang@kasi.re.kr
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Ref. 18—the detailed quantitative comparisons between the

theory and simulation are rarely done. The present paper is

the first of such a kind.

Following Ref. 20, we assumed that the proton velocity

distribution function maintains the bi-Maxwellian form

throughout the nonlinear evolution, but the values of

perpendicular and parallel temperatures are allowed to

evolve in time. Such an approach, which may be termed the

quasilinear moment kinetic theory, was employed for three

cases of initial configuration, namely, (case 1) bkp¼ 0.1;

(case 2) bkp¼ 1; and (case 3) bkp¼ 10. We have then com-

pared the quasilinear calculations against the PIC code simu-

lation results. It is found that the quasilinear analysis

provides a very reliable first-order description of the proton

cyclotron instability over wide ranging values of input

parameters.

The importance of the present investigation may be in

the context of the solar wind research. The solar wind near 1

AU is characterized by the proton temperature anisotropy, ei-

ther T?> Tk or T?<Tk. It is known that for T?>Tk the pro-

ton cyclotron and mirror instabilities are excited in the solar

wind plasma to regulate the temperature anisotropy upper

bound, whereas for T?< Tk, the firehose instability plays the

role of collective dissipation. In a recent letter,16 the quasi-

linear kinetic theory that contains proton cyclotron, mirror,

and firehose instabilities was successfully employed to

explain the observed temperature anisotropy upper bound.

However, no attempt was made to verify the reliability of the

quasilinear theory. The present paper achieves such a task in

a limited way, since we have paid attention to the parallel

proton cyclotron instability only. The firehose instability

requires the opposite temperature anisotropy, T?>Tk, while

the mirror instability necessitates at least two-dimensional

simulation code. These are open problems that belong to our

future work.

Before we close, we note that recent Refs. 21 and 22

point out that the assumption of bi-Maxwellian model for all

times may not be mathematically accurate or rigorous in the

context of the proton-cyclotron instability analysis.

However, in a related finding, Ref. 17 shows that while the

proton velocity distribution scattered by initially imposed

FIG. 4. The same as Figure 2, except that the initial parallel proton beta is

bkp(0)¼ 10.

FIG. 5. Simulated proton velocity distribution function in case 2 simulation for time intervals corresponding to t¼ 0, Xpt¼ 16.8, 21.6, 31.2, 57.6, and 169.2.

During these relatively early time steps, one can see that the initial bi-Maxwellian form undergoes some deformation. For later time steps, however, the

bi-Maxwellian features are restored.
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Before we close, we note that recent Refs. 21 and 22

point out that the assumption of bi-Maxwellian model for all

times may not be mathematically accurate or rigorous in the
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However, in a related finding, Ref. 17 shows that while the

proton velocity distribution scattered by initially imposed
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The electromagnetic proton firehose instability is driven by excessive parallel temperature

anisotropy, Tk> T? (or more precisely, parallel pressure anisotropy, Pk> P?) in high-beta plasmas.

Together with kinetic instabilities driven by excessive perpendicular temperature anisotropy,

namely, electromagnetic proton cyclotron and mirror instabilities, its role in providing the upper

limit for the temperature anisotropy in the solar wind is well-known. A recent Letter [Seough et al.,
Phys. Rev. Lett. 110, 071103 (2013)] employed quasilinear kinetic theory for these instabilities to

explain the observed temperature anisotropy upper bound in the solar wind. However, the validity

of quasilinear approach has not been rigorously tested until recently. In a recent paper [Seough

et al., Phys. Plasmas 21, 062118 (2014)], a comparative study is carried out for the first time in

which quasilinear theory of proton cyclotron instability is tested against results obtained from

the particle-in-cell simulation method, and it was demonstrated that the agreement was rather

excellent. The present paper addresses the same issue involving the proton firehose instability.

Unlike the proton cyclotron instability, however, it is found that the quasilinear approximation

enjoys only a limited range of validity, especially for the wave dynamics and for the relatively

high-beta regime. Possible causes and mechanisms responsible for the discrepancies are speculated

and discussed. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905230]

I. INTRODUCTION

It is well known that kinetic plasma instabilities are im-

portant in explaining the characteristics of the observed pro-

ton temperature anisotropy in the solar wind near 1 AU as

well as in other regions of the heliosphere. There have been

recent upsurge of research activities on the topic of the influ-

ence of kinetic plasma instabilities and their relationship to

the solar wind plasma. References 1–17 represent only the

most recent sample publications on the possible role of ki-

netic plasma instabilities in regulating the proton anisotropy

development in the solar wind near 1 astronomical unit

(where 1 AU¼ 1,4960� 1011 m is the distance from the

Earth to the Sun), which have appeared over the past five

years. Undoubtedly, such an increase on this research topic

is motivated, at least in part, by the upcoming inner-

heliospheric satellite mission planned by the US Space

Agency NASA and the European Space Agency ESA. From

the standpoint of pure space plasma physics, the coupling of

kinetic physics to macroscopic models is an important

research area in and of itself.

Among the plasma instabilities driven by the excessive

perpendicular proton temperature anisotropy, T?i>Tki (here,

the subscript i indicates “ions,” which in the present means

protons, since we are dealing with a single species of ions,

namely, protons), that may affect the solar wind dynamics, it

is generally accepted that the electromagnetic proton cyclo-

tron and mirror instabilities are the most important ones,

while for the opposite case of T?i<Tki, the parallel15,18–24

and oblique firehose25–28 instabilities are known to play

important roles in limiting the anisotropy increase, although

recently some suggestions were made that the purely grow-

ing ordinary mode instability29 may also contribute to the

parallel anisotropy upper bound.16,17,30–33

When the solar wind expands, the parallel temperature

(or pressure) anisotropy naturally develops as a result of adi-

abatic effects. Similarly, if the solar wind is compressed

against the Earth’s dayside magnetosphere, say, then the per-

pendicular temperature anisotropy should develop. However,

the observed anisotropy is significantly lower than the level

predicted by macroscopic theory. It is generally accepted

that the relaxation of the temperature anisotropy is facilitated

by the action of kinetic plasma instabilities.

The proton cyclotron and mirror instabilities (for

T?i>Tki) and (parallel and oblqiue) fire-hose instabilities

(for T?i<Tki) are characterized by two dimensionless

parameters, namely, the temperature ratio T?i/Tki and the

parallel proton beta, bki¼ 8pnTki/B
2, where n and B are den-

sity and magnetic field intensity, respectively. In the litera-

ture, empirical marginal stability conditions for various

instabilities have been constructed as an inverse relation

between the above-mentioned two dimensionless quantities.

Reference 34 summarized the various efforts by a formula

T?
Tk
¼ 1þ S

bk þ b0

� �a ;
where (S, b0, a) are two fitting parameters empirically

determined as (0.43, 0.0004, 0.42) for the proton cyclotron,
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operates on the right-hand mode. Note that we have retained

both signs in Eq. (4) just so that the readers may beware that

the basic equation contains contributions from both left- and

right-hand circularly polarized modes, even though in the

present case, the left-hand mode does not get excited.

Initial conditions for the subsequent numerical analysis

are the same as the three cases considered in Fig. 1. Before

we present the numerical results, we first discuss the PIC

code simulation setup.

C. Particle-in-cell simulation of parallel firehose
instability

We have carried out one-dimensional electromagnetic

PIC code simulations to verify the reliability of quasilinear

method. Particle-in-cell simulation code self-consistently

computes the equation of motion for individual charged par-

ticles and Maxwell’s equations for electric and magnetic

fields with one spatial and three velocities variations. In the

present simulation, the homogeneous plasma consists of two

species, protons and electrons. The ambient magnetic field is

along the x direction and periodic boundary conditions are

employed for both particles and fields. The artificial proton-

to-electron mass ration mi/me¼ 25 is adopted in order to

save computational time. Later, we shall check the impact of

artificial mass ratio by considering case 2 parameters and

performing simulations with higher mass ratios. However,

the mass ratio mi/me¼ 25 will be employed for most of our

runs. We have performed three simulations with the same

initial conditions as in Fig. 1: bki¼ 2.5 (case 1), bki¼ 5

(case 2), and bki¼ 10 (case 3). We assume that initially the

protons are bi-Maxwellian in their velocity distribution and

the electrons are described by an isotropic Mawellian distribu-

tion. In order to vary the initial parallel proton betas for each

cases, the electron cyclotron frequency (normalized to the

electron plasma frequency), Xe/xpe describing the strength of

the background magnetic field are chosen as Xe/xpe¼ 0.4

(case 1), Xe/xpe¼ 0.2 (case 2), and Xe/xpe¼ 0.125 (case 3),

respectively. In all cases, the grid spacing Dx¼ 0.1, the num-

ber of grids Nx¼ 8,192, the time step Dt¼ 0.05, and the num-

ber of super-particles per cell for each species Np¼ 10,000

are considered. The speed of light c¼ 1 and the electron

and proton plasma frequencies are xpe¼ 1 and xpi¼ 0.2,

respectively.

D. Comparison between quasilinear and PIC
simulation results

Figure 2 shows the comparison between the quasilinear

calculation (dashed lines) and PIC code simulation result

(solid lines) for the three cases considered before. For all

three cases, one can appreciate that for relatively early times,

quasilinear theory agrees extremely well with PIC simulation

results both in terms of exponential amplification in the

wave amplitude as well the rates of decrease in bki and

increase in b?i. Electrons do not generally participate in the

wave-particle interaction process, so we do not show the

electron betas. The electron velocity distribution obtained in

the PIC simulation also shows that they maintain the iso-

tropic Maxwellian form throughout the dynamical evolution.

Consequently, in the subsequent discussion we shall focus

only on the ions. Note also that the onset time for the expo-

nential growth of wave magnetic field and decrease/increase

in the proton betas are all in agreement between the quasilin-

ear calculation and the PIC simulation.

Having said that, however, the reader will also notice

that the longer time evolution of the instability exhibits no-

ticeable differences between theory and simulation, espe-

cially for case 1. For case 1, which corresponds to the initial

parallel proton beta bki(0)¼ 2.5, the discrepancy is the great-

est. For case 2, for which bki(0)¼ 5, the dynamical evolution

of the particle quantities, i.e., b?i and bki, shows a marked

improvement, but the wave intensity evolution still shows a

significant discrepancy, albeit, with a quantitative improve-

ment when compared with case 1. Case 3 with the highest

beta value (bki(0)¼ 10) shows the best agreement among the

FIG. 2. Comparison between the qua-

silinear calculation (dashed lines) and

PIC code simulation result (solid

lines). In all cases, the early time evo-

lution of the instability shows consis-

tency between theory and simulation.

However, long time evolution shows

discrepancies. For case 1 with initial

parallel proton beta bki(0)¼ 2.5, the

discrepancy is the greatest. For case 2,

for which bki(0)¼ 5, the dynamical

evolution of the particle quantities

show an improved agreement, but the

wave intensity evolution still shows

significant discrepancy, albeit, the dis-

crepancy is less severe when compared

with case 1. The high beta case of case

3 (bki(0)¼ 10) shows the best agree-

ment among the three cases.
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On the basis of the present findings, we therefore may argue

that the assumption of bi-Maxwellian model in the quasilin-

ear moment calculation is quite acceptable, at least as a first

cut approach, but in order to improve the theory one either

needs wave-wave interaction model in the wave kinetic

equation, or one must take into account the detail micro-

scopic velocity space information in the wave-particle

dynamics.

III. CONCLUSIONS AND DISCUSSION

In the present paper, we performed a comparative study

of electromagnetic parallel firehose instability on the basis of

quasilinear theory and PIC simulation method. A similar

study has recently been carried out in Ref. 14 with an empha-

sis on the proton cyclotron instability. The present paper is a

second in a series of theory/simulation comparative analysis.

In the past, quasilinear analyses of various plasma instabil-

ities have been done, and PIC or hybrid simulations of vari-

ous plasma instabilities have also been done. However, the

detailed quantitative comparisons between the theory and

simulation are rarely done. The present paper and the earlier

paper14 may constitute a new approach.

Unlike the proton cyclotron instability for which we

demonstrated that quasilinear method and the PIC simulation

resulted in an excellent agreement over a wide range of

physical parameters, we find that the parallel firehose

instability produces a rather surprising result in that, while

quasilinear theory agrees quite well with the simulation dur-

ing the relatively early phase of the instability development,

for later time period, a nonlinear mechanism, which we

argued to be the wave-wave coupling, transfers the wave

energy in the firehose mode to other modes so as to make the

agreement between quasilinear theory and PIC simulation

somewhat poor.35 Alternatively, the microscopic velocity

space deformation by the pitch-angle diffusion may change

the nature of wave-particle interaction such that it leads to

the discrepancy between the theory and simulation.40 In

spite of such a discrepancy, however, we also found that the

agreement markedly improves when the parallel beta

becomes high.

The importance of the present investigation is in the

context of the solar wind research. The solar wind near 1 AU

is characterized by the proton temperature anisotropy, either

T?i>Tki or T?i<Tki. It is known that for T?i>Tki, the pro-

ton cyclotron and mirror instabilities regulate the tempera-

ture anisotropy upper bound, while for T?i<Tki, the

(parallel and oblique) firehose instabilities provide the neces-

sary collective dissipation. Reference 13 successfully

employed the quasilinear kinetic theory to theoretically

reproduce the observed ensemble of magnetic fluctuation

and the associated temperature anisotropy upper bound.

However, no attempt was made to verify the reliability of the

quasilinear theory. The present paper and the earlier paper14

FIG. 9. Simulated proton velocity distribution function in case 3 simulation for time intervals corresponding to Xit¼ 1, 17, 19, 20, 21, and 70. In this case, the

deviation from the bi-Maxwellian occurs only briefly during the transition period corresponding to Xit¼ 17–21, one can see that the initial bi-Maxwellian form

undergoes some deformation, but for later times the bi-Maxwellian features are largely restored.
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Abstract

Based on observations from the Parker Solar Probe in the near-Sun solar wind, this study identifies an ion-scale
wave event characterized by two distinct frequency bands. The lower-band waves exhibit right-hand polarization,
while the upper-band waves have left-hand polarization. Alongside these waves, there are clear indications of the
existence of both proton core and beam components, with the perpendicular temperature being higher than the
parallel temperature in the measured proton velocity distribution functions (VDFs). Utilizing the plasma
parameters derived from typical proton VDFs, instability analyses are conducted to investigate the mode nature of
the observed waves and their excitation mechanism. The lower-band waves are identified as sunward ion cyclotron
waves (ICWs), generated through the proton beam cyclotron instability; the upper-band waves are recognized as
antisunward ICWs, induced by the proton core cyclotron instability. This study provides the first direct
observational evidence confirming the presence of counterpropagating ICWs and proton cyclotron instability in the
solar wind.

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

1. Introduction

Ion cyclotron waves (ICWs) have long been recognized for
their significant roles in accelerating the solar wind and heating
both the corona and solar wind (Marsch 2006). Since 1978,
when ICWs were incorporated into the solar wind model to
interpret the preferential acceleration of alpha particles
(Hollweg & Turner 1978), subsequent studies have explored
their ability in other ion energization phenomena. These
include the preferential acceleration of heavy ions (e.g.,
Isenberg & Hollweg 1983), as well as the perpendicular
heating of different ion species including protons, alpha
particles, and minor heavy ions (e.g., Marsch et al. 1982;
Isenberg 1984; Tu & Marsch 1997; Hu & Habbal 1999; Li
et al. 1999; Isenberg et al. 2001; Ofman et al. 2002; Li et al.
2004). For instance, the temperature anisotropy (the perpend-
icular temperature much larger than the parallel temperature) of
oxygen ions inferred from the Solar and Heliospheric
Observatory observations (Kohl et al. 1998) was proposed to
be formed by the perpendicular cyclotron resonant heating of
ICWs (e.g., Cranmer et al. 1999). Nowadays, the ICW model is
widely used to explain coronal heating and solar wind
acceleration (Hollweg & Isenberg 2002). However, most
ICW models assume the wave generation mechanism to be
the turbulent cascade from large-scale Alfvén waves, which
contradicts the prediction of anisotropic MHD turbulence
theory (e.g., Schekochihin et al. 2009), which suggests the
generation of oblique kinetic Alfvén waves at ion scales.
Therefore, a key problem in the ICW model is how ICWs are
excited in the solar corona and solar wind (Hollweg 2006).

The ion cyclotron and ion beam instabilities are the
most commonly studied excitation mechanisms for ICWs
(Gary 1993). The ion cyclotron instability generates counter-
propagating ICWs in the solar wind (e.g., Gary 1992; Sun et al.
2019). The generated ICWs are typically subject to strong
Doppler shift such that sunward lCWs exhibit right-hand
polarization in the spacecraft frame, while antisunward ICWs
remain left-handed polarized. Therefore, the left- and right-
handed polarized ion-scale waves observed in the solar wind
have been proposed as antisunward and sunward ICWs excited
by the ion cyclotron instability (Jian et al. 2014). On the other
hand, the ion beam instability can generate unidirectional ICWs
propagating along the streaming beam direction, i.e., the
antisunward direction (e.g., Daughton & Gary 1998; Verscha-
ren & Chandran 2013; Liu et al. 2021). Consequently, the left-
handed polarized waves observed in the solar wind are also
proposed to be ICWs triggered by the ion beam instability (e.g.,
Liu et al. 2023). Additionally, because the ion beam instability
can excite antisunward fast-magnetosonic whistler waves,
which exhibit right-hand polarization in the spacecraft frame,
an alternative interpretation for the nature of the observed right-
hand ion-scale wave is antisunward fast-magnetosonic whistler
wave (Bowen et al. 2020b, 2020a; He et al. 2022; Verniero
et al. 2022; Liu et al. 2023).
The dominance of the excitation mechanism for ICWs

depends on the competition of free energy between ion
temperature anisotropy and ion beam (e.g., Sun et al. 2019).
Instability analyses, based on the fitted plasma parameters,
have revealed that the observed unidirectional ICWs are
triggered either by the ion beam instability or by the instability
resulting from the interplay of the streaming ion beam and
anisotropic ion core (Verniero et al. 2020; Martinović &
Klein 2023). However, there is no direct evidence supporting
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direction, with negative (positive) values representing propaga-
tion against (along) the background magnetic field (B0). We
observe that both lower- and upper-band waves exhibit left-
hand polarization. However, they propagate in different
directions: lower-band waves propagate against B0, while
upper-band waves propagate along B0. Thus, we propose that
the observed two-band waves are counterpropagating ICWs.
To understand free energy responsible for the antisunward

and sunward ICWs, we analyze the energy transfer Γs between
unstable waves and particles. Here, Γs is determined by

Figure 2. Typical proton VDFs at four selected times: the first column for t1, the second column for t2, the third column for t3, and the fourth column for t4. (a1)–(a4)
The proton VDFs at cut planes of f = 141°. (b1)–(b4) The proton VDFs at cut planes of θ = 23°, 37°, 37°, and 23°, respectively. (c1)–(c4) and (d1)–(d4) The
observed 2D proton VDFs ( fobs) in field-aligned coordinates. (e1)–(e4) The 3D proton VDFs in the fitted model, ffit.

Table 1
The Fitting Parameters

npc Tpc∥ Tpc⊥ upc∥ npb Tpb∥ Tpb⊥ upb∥

t1 1570 20 34 240 4340 54 64 357
t2 2476 19 53 228 2282 42 103 404
t3 2530 20 52 234 2169 48 107 420
t4 2636 18 48 201 846 91 67 414

Note. The units of the number density, temperature, and drift speed are
particles per cubic centimeters, eV, and kilometers per second, respectively.
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Abstract

The frequency distribution of solar wind protons, measured in the vicinity of Earth’s orbit, is customarily plotted in
(β∥, T⊥/T∥) phase space. Here, T⊥/T∥ is the ratio of perpendicular and parallel temperatures, and β∥= 8πnT∥/B

2 is
the ratio of parallel thermal energy to background magnetic field energy, the so-called “parallel beta,” with ⊥ and ∥
denoting directions with respect to the ambient magnetic field. Such a frequency distribution, plotted as a two-
dimensional histogram, forms a peculiar rhombic shape defined with an outer boundary in the said phase space.
Past studies reveal that the threshold conditions for temperature anisotropy–driven plasma instability partially
account for the boundary on the high-β∥ side. The low-β∥ side remains largely unexplained despite some efforts.
Work by Vafin et al. recently showed that certain contours of collisional relaxation frequency, νpp, when
parameterized by T⊥/T∥ and β∥, could match the overall shape of the left-hand boundary, thus suggesting that the
collisional relaxation process might be closely related to the formation of the left-hand boundary. The present paper
extends the analysis by Vafin et al. and carries out the dynamical computation of the collisional relaxation process
for an ensemble of initial proton states with varying degrees of anisotropic temperatures. The final states of the
relaxed protons are shown to closely match the observed boundary to the left of the (β∥, T⊥/T∥) phase space. When
coupled with a similar set of calculations for the ensemble in the collective instability regime, it is found that the
combined collisional/collective effects provide the baseline explanation for the observation.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Interplanetary physics (827); Space plasmas (1544);
Heliosphere (711); Plasma physics (2089)

Supporting material: animations

1. Introduction

The origin and dynamics of solar wind is a subject of
ongoing research, especially in view of contemporary inner
heliospheric missions, specifically Parker Solar Probe (Fox
et al. 2016; Bale et al. 2023; Raouafi et al. 2023) and Solar
Orbiter (Müller et al. 2020; Opie et al. 2022). The charged
particles in the solar wind (protons, electrons, or alpha
particles) are customarily organized as frequency distributions,
or a two-dimensional (2D) histogram of physical states, in the
phase space defined by parallel plasma beta, β∥,s, and the ratio
of perpendicular and parallel temperatures (defined with respect
to the ambient magnetic field B), T⊥,s/T∥,s, where T⊥,s and T∥,s
are perpendicular and parallel temperatures for each species
(labeled s). The parallel plasma beta for species s is defined by
β∥,s= 8πnsT∥,s/B

2, where ns and B stand for the ambient
density for species s and magnetic field intensity, respectively.
A substantial body of literature exists that discusses the
properties of charged particles in the solar wind as they relate to
their distributions in (β∥,s, T⊥,s/T∥,s) phase space (Kasper et al.
2002, 2003; Marsch et al. 2006; Štverák et al. 2008; Bale et al.
2009; Maruca et al. 2011, 2012; He et al. 2013; Matteini et al.

2013; Hellinger & Trávníček 2014; Chen et al. 2016; Klein
et al. 2018, 2019, 2021; Perrone et al. 2019; Huang et al. 2020).
For the rest of the present paper, we will only concern
ourselves with the proton temperatures, densities, and betas.
Henceforth, we omit the subscript s.
An interesting feature associated with the data distributions

in (β∥, T⊥/T∥) phase space is that the outer boundaries in the
high-beta regime, that is, the boundaries to the right, are
partially defined by various threshold conditions for temper-
ature anisotropy instability (Gary et al. 1997, 2001; Marsch
et al. 2004; Hellinger et al. 2006; Matteini et al. 2007;
Yoon 2017; Zhao et al. 2019; Sun et al. 2019, 2020;
Verscharen et al. 2019; Martinović 2021; Xiang et al. 2021)
with the peak broadly located in quasi-isotropic conditions,
T⊥∼ T∥. The outer boundaries in the low-beta regime, that is,
the boundaries to the left, remain largely unexplained, although
several suggestions have been put forward. These include that
based on the propagation effect along the spiraling magnetic
field of the solar wind (Matteini et al. 2012), Alfvén-cyclotron
resonant heating (Chandran et al. 2011; Cranmer 2014; Ozak
et al. 2015), the effects of a relative drift in the proton–proton
system (Ibscher & Schlickeiser 2013, 2014; Ibscher et al. 2013;
Chen et al. 2016), and the result of driven turbulence (Servidio
et al. 2014). Note that the nature of the secondary drifting ion
populations (including both protons and alphas) has recently
been overviewed (Alterman et al. 2018).
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Part II. Temperature Anisotropy Regulation by
Collisions



To many textbooks in plasma physics discuss the collisional
processes in plasma by resorting to the outdated Rutherford
scattering picture, like the one shown below.

However, plasma scattering can be discussed systematically from
Klimontovich kinetic theory rather easily, so I will spend a few
slides talking about the fundamentals.



Fundamentals
Klimontovich equation,(

∂

∂t
+ v · ∂

∂r
+

ea
ma

E · ∂
∂v

)
Na(r, v, t) = 0,

∇ · E(r, t) =
∑
a=e,i

4πea

∫
dvNa(r, v, t),

Klimontovich equation is mathematically identical to Vlasov
equation except that Na is exact N-body phase space distribution,

Na(r, v, t) =
N∑
i=1

δ[r − rai (t)]δ[v − vai (t)],

drai (t)

dt
= vai (t),

dvai (t)

dt
=

ea
ma

E[rai (t), t].



Klimontovich equation for free-particles,(
∂

∂t
+ v · ∂

∂r

)
N0
a (r, v, t) = 0,

N0
a (r, v, t) =

N∑
i=1

δ(r − rai − vai t)δ(v − vai ).

Subtract the two equations,(
∂

∂t
+ v · ∂

∂r

)
[Na(r, v, t)− N0

a (r, v, t)] +
ea
ma

E · ∂
∂v

Na(r, v, t) = 0.

This equation describes collective processes where purely single
particle dynamics are taken out of the picture.



Split total microscopic quantities into averages and fluctuations,

Na(r, v, t) = 〈Na(r, v, t)〉+ δNa(r, v, t) ≡ fa(r, v, t) + δNa(r, v, t),

E(r, t) = δE(r, t),

where ensemble averages 〈· · · 〉 of the fluctuations are zero, and
fa(r, v, t) is the smoothed one particle distribution function. Then
Klimontovich equation becomes(

∂

∂t
+ v · ∂

∂r
+

ea
ma

δE · ∂
∂v

)
(fa + δNa) = 0.

Taking ensemble average: formal particle kinetic equation,(
∂

∂t
+ v · ∂

∂r

)
fa = − ea

ma

∂

∂v
· 〈δE δNa〉 .



Equation for the perturbed distribution becomes(
∂

∂t
+ v · ∂

∂r

)
(δNa − δN0

a ) +
ea
ma

δE · ∂
∂v

(fa +��δNa) = 0,

Upon ignoring nonlinear terms,(
∂

∂t
+ v · ∂

∂r

)
(δNa − δN0

a ) +
ea
ma

δE · ∂fa
∂v

= 0.

Poisson equation

∇ · δE =
∑
a

4πea

∫
dv δNa

closes the system.



Recap: (
∂

∂t
+ v · ∂

∂r
+

ea
ma

E · ∂
∂v

)
Na = 0,(

∂

∂t
+ v · ∂

∂r

)
N0
a = 0,(

∂

∂t
+ v · ∂

∂r

)
[Na − N0

a ] +
ea
ma

E · ∂
∂v

Na = 0.

⇒ (
∂

∂t
+ v · ∂

∂r

)
fa = − ea

ma

∂

∂v
· 〈δE δNa〉 ,(

∂

∂t
+ v · ∂

∂r

)
(δNa − δN0

a ) +
ea
ma

δE · ∂fa
∂v

= 0.



In spectral form,

∂fa
∂t

= − ea
ma

∫
dk

∫
dω

k

k
· ∂
∂v

〈
δE∗k,ω δN

a
k,ω

〉
,

δNa
k,ω = δNa0

k,ω︸ ︷︷ ︸
source term

− iea
ma

1

ω − k · v δEk,ω
k

k
· ∂fa
∂v

,

δEk,ω = −i
∑
a

4πea
k

∫
dv δNa

k,ω.

⇒
∂fa
∂t

=
ea
ma

∫
dk

∫
dω

k

k
· ∂
∂v

×
[
Im
∑
b

4πeb
kε∗(k, ω)

∫
dv

〈
δN0

a δN
0∗
b

〉
k,ω︸ ︷︷ ︸

source fluctuation

+
πea
ma

δ(ω − k · v)
〈
δE 2

〉
k,ω

k

k
· ∂fa
∂v

]
,

ε(k, ω) = 1 +
∑
a

4πe2
a

ma

∫
dv

1

ω − k · v
k

k2
· ∂fb
∂v

.



Source Fluctuation
〈
δN0

a δN
0∗
b

〉
k,ω

From the definition

N0
a (r, v, t) =

N∑
i=1

δ(r − rai − vai t)δ(v − vai ),

we obtain 〈
δN0

a (r, v, t) δN0
b(r′, v′, t ′)

〉
= δabδ[r − r′ − v(t − t ′)]δ(v − v′)fa(r, v, t),

or in spectral form〈
δN0

a (v) δN0
b(v′)

〉
k,ω

= (2π)−3δabδ(v − v′)δ(ω − k · v)fa.



In the end we have

∂fa
∂t

=
πe2

a

m2
a

∫
dk

∫
dω

(
k

k
· ∂
∂v

)
δ(ω − k · v)

×
[
Im

ma

2π3k ε∗(k, ω)
fa + 〈δE 2〉k,ω

(
k

k
· ∂fa
∂v

)]
,〈

δE 2
〉
k,ω

=
2

π

1

k2|ε(k, ω)|2
∑
a

e2
a

∫
dvδ(ω − k · v)fa.



Kinetic Equation: Collision versus Instability

Collisional kinetic equation and quasilinear kinetic equation follow
from the same formal particle kinetic equation.

∂fa
∂t

=
πe2

a

m2
a

∫
dk

∫
dω

(
k

k
· ∂
∂v

)
δ(ω − k · v)

×
[
Im

ma

2π3k ε∗(k, ω)
fa + 〈δE 2〉k,ω

(
k

k
· ∂fa
∂v

)]
.
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If we treat the electric field fluctuations as solely determined by the
spontaneous emission, then we have the collision integral:

∂fa
∂t

=
πe2

a

m2
a

∫
dk

∫
dω

(
k

k
· ∂
∂v

)
δ(ω − k · v)

×
[
Im

ma

2π3k ε∗(k, ω)
fa + 〈δE 2〉k,ω︸ ︷︷ ︸

↑

(
k

k
· ∂fa
∂v

)]
.

〈
δE 2

〉
k,ω

=
2

π

1

k2|ε(k, ω)|2
∑
a

e2
a

∫
dvδ(ω − k · v)fa

Spontaneously emitted thermal fluctuation



Balescu-Lenard Collision Integral

∂fa
∂t

=
2e2

a

m2
a

∑
b

e2
b

∫
dk

∫
dv′

k

k
· ∂
∂v

δ(k · v − k′ · v′)
k2|ε(k, k · v)|2

×
[
k

k
· ∂fa(v)

∂v
fb(v′)− ma

mb

k

k
· ∂fb(v′)

∂v′
fa(v)

]
.

If ε(k, k · v)→ 1, the we have Landau collision integral with
appropriate lower- and upper k interal cutoffs, namely, the
Coulomb logarithm,∫ ∞

0

dk

k
→
∫ kmax

kmin

dk

k
= ln Λ.



If we consider the electric field fluctuation as being solely
determined by the collective processes (i.e., waves and instabilities)〈

δE 2
〉
k,ω

=
2

π

1

k2|ε(k, ω)|2
∑
a

e2
a

∫
dvδ(ω − k · v)fa,

→ ε(k, ω)
〈
δE 2

〉
k,ω

=
2

π

1

k2ε∗(k, ω)

∑
a

e2
a

∫
dvδ(ω − k · v)fa,

↑ ω = ωk, ω → ω + i
∂

∂t
,

〈
δE 2

〉
k,ω

= Ik δ(ω − ωk)

→ i

2

∂Reε(k, ωk)

∂ωk

∂Ik
∂t

δ(ω − ωk) + iImε(k, ωk)Ik δ(ω − ωk)

=
2

π

iπδ(ω − ωk)

k2∂Reε(k, ωk)/∂ωk

∑
a

e2
a

∫
dvδ(ωk − k · v)fa︸ ︷︷ ︸

ignore

,

→ ∂Ik
∂t

= 2γkIk, γk = − Imε(k, ωk)

∂Reε(k, ωk)ωk
.



Then we have the quasilinear theory:

∂fa
∂t

=
πe2

a

m2
a

∫
dk

∫
dω

(
k

k
· ∂
∂v

)
δ(ω − k · v)

×
[
Im

ma

2π3k ε∗(k, ω)
fa︸ ︷︷ ︸

↓

+ 〈δE 2〉k,ω︸ ︷︷ ︸
↑

(
k

k
· ∂fa
∂v

)]
.

maδ(ω − ωk)

2π2∂Reε(k, ωk)/∂ωk

〈
E 2
〉
k,ω

= Ikδ(ω − ωk)

Plasma eigenmodes



Quasilinear Kinetic Equation

∂fa
∂t

=
∂

∂vi

(
Ai fa + Dij

∂fa
∂vj

)
.

Ai =
e2

4πme

∫
dk

ki
k2
ωk δ(ωk − k · v),

Dij =
πe2

m2
e

∫
dk

kikj
k2

δ(ωk − k · v)Ik,

∂Ik
∂t

= 2γkIk.

This equation describes collective processes, i.e., instabilities.
(Note that the velocity friction term Ai can be ignored.)



Only ω = ωk: Wave and Instability

All ω and k: Collisions



Collisional Temperature Relaxation

General collision integral for unmagnetized plasmas is
Balescu-Lenard equation,

∂fa(v)

∂t
= − e2

a

m2
a

∫
dk

∫
dω

(
k

k
· ∂
∂v

)
Im

1

ω − k · v + i0

×
[
ma Im ε(k, ω)

2π3k |ε(k, ω)|2 fa(v) +
〈
δE 2

〉
k,ω

(
k

k
· ∂fa(v)

∂v

)]
,

〈
δE 2

〉
k,ω

= − 2

π2k2|ε(k, ω)|2
∑
a

e2
a

∫
dv Im

1

ω − k · v + i0
fa(v),

ε(k, ω) = 1 +
∑
a

4πe2
a

mak2

∫
dv

1

ω − k · v + i0

(
k · ∂

∂v

)
fa(v).

We take the velocity moments by assuming bi-Maxwellian
distribution.



After lengthy mathematical manipulations, we arrive at

dT⊥
dt

=
2π1/2ne4 ln Λ

m1/2T
3/2
⊥

F (T‖ − T⊥),

dT‖
dt

=
4π1/2ne4 ln Λ

m1/2T
3/2
⊥

F (T⊥ − T‖),

F =
(A + 1)3/2

A2

(
(A + 3)

arctan
√
A√

A
− 3

)
, (A > 0),

=
(A + 1)3/2

A2

(
(A + 3)

arctanh
√
−A√

−A
− 3

)
, (A < 0),

=
4

15
, (A = 0), A =

T⊥
T‖
− 1,

This is the same as that found in the NRL Plasma Formulary.



On Coulomb collisions in bi-Maxwellian plasmas
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Collisional momentum and energy transport in bi-Maxwellian plasmas with a drift velocity along
the ambient magnetic field are calculated from both the Fokker–Planck and Boltzmann integral
approximations. The transport coefficients obtained from the two approaches are identical to the
leading order �proportional to the Coulomb logarithm� and are presented here in a closed form
involving generalized double hypergeometric functions. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3139253�

Transport in weakly collisional plasmas may strongly
deviate from theoretical predictions obtained for a collision-
dominated plasma.1 Weak collisions are not generally able to
keep particle distribution functions near the thermal equilib-
rium, a phenomenon clearly evidenced in the solar wind.2,3

For anisotropic �bi-Maxwellian� distribution functions trans-
port coefficients have been calculated starting from the
Fokker–Planck approximation.4,5 However, the Fokker–
Planck approximation fails far from the thermal equilibrium6

and the Boltzmann integral has to be used. This had been
done for drifting bi-Maxwellian gases in a general case of an
inverse-power force7 but those results were not given in a
closed form and included integrals which were calculated
only in some cases/limits. In this brief communication, we
calculate the collisional momentum and energy transport in
bi-Maxwellian plasmas with a drift velocity along the ambi-
ent magnetic field from both the Fokker–Planck and Boltz-
mann integral approximations. The transport coefficients ob-
tained from the two approaches are identical to the leading
order �proportional to the Coulomb logarithm� and are pre-
sented here in a closed form involving generalized double
hypergeometric functions.

Coulomb collision scattering may be approximated by a
two particle interaction term via the Boltzmann collision in-
tegral. Concerning notation, here we use SI �International
System of Units�, �0 denotes the electric permittivity, index s
�and t� denotes different species, qs and ms are the species
charge and mass, respectively, mst=msmt / �ms+mt� denotes
an effective mass, and fs= fs�v� is the species velocity distri-
bution function. The collisional variation in the distribution
function of species s is given by a sum of terms giving the
scattering on all species t in the form8

� � fs

�t
�

c

= �
t
�

R3��

�fs�v��f t�u�� − fs�v�f t�u��gIstd�d3u ,

�1�

where g= 	g	= 	v−u	, v� and u� are postcollision velocities
with respect to v and u, respectively, the Rutherford cross
section is given by

Ist =
qs

2qt
2

64�2�0
2mst

2

1

g4 sin4��/2�
, �2�

and in the integration with respect to the solid angle � the
standard cutoff is used,

�
�

� �d� = �
0

2� �
�min

�

� �sin �d�d� , �3�

where � is the deflection angle between v and v� and � gives
the rotation around g. This cutoff �3� leads to the Coulomb
logarithm ln �st.

Assuming a dominance of small angle deflections, ex-
panding the Boltzmann integral �1� in u�−u and v�−v and
taking first terms in the Taylor series one gets the Fokker–
Planck equation, which may be given in the Landau conser-
vative form

� � fs

�t
�

c

= − �
t

�v · jst, �4�

where the collisional current in the velocity space is

jst =
qs

2qt
2 ln �st

8��0
2ms

�
R3

1g2 − gg

g3 · � fs

mt

� f t

�u
−

f t

ms

� fs

�v
�d3u , �5�

where 1 is the unity tensor.
From Eq. �4� one may get basic transport coefficients by

taking the appropriate moments of ��fs /�t�c assuming a spe-
cific form of the distribution function. Here we assume that
all considered species have bi-Maxwellian velocity distribu-
tion functions with a mean velocity parallel to the ambient
magnetic field �assumed in the z direction�,

fs =
ns

�2��3/2vs
vs�
2 e−v�

2 /2vs�
2 −�v
 − vs�

2/2vs

2

, �6�

where ns is the particle number density,

vs
 =�kBTs


ms
and vs� =�kBTs�

ms
�7�

are parallel and perpendicular thermal velocities, respec-
tively �kB being the Boltzmann constant�, and vs are parallel
drift velocities.

The calculation of these moments leads to integrals in
the form
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�
0

� �
0

�

e−v2
e−Av2 cos2 	e−Vv cos 	P�v,sin	,cos	�d	dv , �8�

where P is a low-degree, trivariate polynomial. The integral
may be evaluated by expanding two exponential terms with
cos	 into infinite sums and integrating resulting terms �as-
suming the double infinite sum converges�. The double infi-
nite sums are in the form of double hypergeometric functions
and one arrives at the transport coefficients

�dvs

dt
�

c
= �

t


st
vt − vs

2
F1,3/2,5/2

�st� , �9�

�dTs


dt
�

c
= Ts
�

t
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where
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 =�vs
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2

2
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2 + vt�
2

2
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are combined effective parallel and perpendicular velocities,
respectively,

Ast =
vst�

2
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2 =

mtTs� + msTt�

mtTs
 + msTt

�13�

is an effective temperature anisotropy, and


st =
qs

2qt
2nt

12�3/2�0
2msmstvst


3 ln �st �14�

is a collision frequency of species s on species t. Here Fa,b,c
�st�

are defined through generalized double hypergeometric or
Kampé de Fériet functions9

Fa,b,c
�st� = e−�vt − vs�

2/4vst

2

F1·1
2·· �a,b ,

c;b ,
1 − Ast,Ast

�vt − vs�2

4vst

2 
 .

�15�

For the derivation and simplification of transport coefficients
�9�–�11� we have also used the recursive formulas
�B3�–�B7�. Another expression for Fa,b,c

�st� could be obtained
from Eq. �B9�,

Fa,b,c
�st� =

e−�vt − vs�
2/4vst


2

Ast
a �1�a,c − b ,

c ,
1 −

1

Ast
,
�vt − vs�2

4vst

2 
 ,

�16�

which may be derived by going through sin2 	 rather than
through cos2 	 in Eq. �8�. The transport coefficients �9�–�11�
clearly conserve the total energy and momentum.

For interspecies collisions we have

Fa,b,c
�ss� = 2F1�a,b ,

c ,
1 − Ass� , �17�

and one recovers the results of Ref. 4 considering that the
Kogan function4,5,7 � defined as

��x� =�
arctan�x

�x
for x 
 0,

1 for x = 0,

tanh−1�− x
�− x

for x � 0,� �18�

is related to the standard hypergeometric function

��x� = 2F1�1, 1
2 ,

3
2 ,

− x� �19�

and using relations �A5�–�A7�. Similarly for vs=vt one re-
covers the results of Ref. 5.

The transport coefficients can be also calculated directly
from the Boltzmann collision integral. This calculation also
leads to integrals in the form of Eq. �8�, cf. Ref. 7, Eqs.
�24�–�26�. It can be easily shown that for bi-Maxwellian dis-
tribution functions with velocities parallel to the ambient
magnetic field one gets the same transport coefficients
�9�–�11� as obtained from the Fokker–Planck to the leading
order �ln �. Note that the Coulomb logarithm used in Ref. 7
is twice the standard one �cf. Refs. 8 and 10�. The agreement
between the �leading order� momentum and energy transport
coefficients obtained from the Boltzmann collision integral
and the Fokker–Planck approximations is in agreement with
the results of Ref. 6 which indicate that large-angle collisions
impact higher order moments.

We have presented a closed form of collisional transport
coefficients in bi-Maxwellian plasmas drifting along the am-
bient magnetic field. These coefficients can be expressed in
the form of double hypergeometric functions. These results
can be further generalized to an inverse-power force interac-
tion and to include a drift velocity perpendicular with respect
to the ambient magnetic field; a presence of the perpendicu-
lar drift velocity leads to triple hypergeometric functions.
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APPENDIX A: HYPERGEOMETRIC FUNCTION

The standard Gauss hypergeometric function can be de-
fined as

2F1�a,b ,

c ,
x� = �

n=0

�
�a�n�b�n

�c�n

xn

n!
, �A1�

where �a�n is a Pochhammer symbol
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present the findings in a single, final plot. The result is
displayed in Figure 7. In the case of collisional relaxation, the
computation is carried out up to Ωpt= 5× 104, which is
identical to Figure 4. For the collective (instability-induced
quasi-linear) relaxation, the quasi-linear Equation (18) for the
velocity moment is solved up to Ωpt= 70. That is, we have
combined two separate sets of ensemble calculations, one in
which only collisional processes are taken into account and
the other in which only collective processes are considered.
One could, in principle, combine both, but for the present
study, we have chosen to separate the two processes. For both
cases, the dynamical paths of the initial ensemble points are
shown with dotted magenta lines, and the final states are
depicted with blue dots. These results are plotted in the
background of the proton distribution in 2D (β∥, T⊥/T∥)
phase space.

Figure 7 thus constitutes the summary of the present
discussion, and the interpretation thereof is as follows: If we
compute the collisional relaxation process over a typical
transit time of the solar wind parcel from its solar source to
1 au, or equivalently up to Ωpt= 5× 104 or so, then we find
that the solar wind protons all accumulate close to the low-β∥
boundary. Likewise, if, for some reason, the solar wind
protons in the vicinity of the Earth’s orbit happen to be in a
state subject to instability excitation, then such a state will
rather quickly relax back to the marginally stable state.
Those solar wind protons that are already located within the
interior of the 2D data distribution do not evolve any further
and remain stationary, unless other effects are taken into
account such as the inhomogeneity-driven adiabatic expan-
sion, the effects of radial expansion, Alfvén-cyclotron
heating, driven turbulence, the influence of secondary
drifting species, etc.

The significance of our finding is that we have clarified the
issue of what defines the outer boundary of the solar wind

proton distribution in (β∥, T⊥/T∥) phase space. That the
high-β∥ boundary to the right is defined by instabilities had
been well known, but the low-β∥ boundary to the left had not
been clearly defined despite some earlier works cited
previously. However, the work by Vafin et al. (2019), which
motivated our research, has shown for the first time that the
collisional relaxation might be the primary mechanism that
accounts for the presence of the low-β∥ boundary. In the
present work, we have provided an additional justification for
Vafin et al.ʼs idea in that we have computed the dynamical
progression of hypothetical proton ensemble points toward
the low-β∥ boundary. We believe that the combined collisions
and instabilities provide the best and most reasonable baseline
explanation. Finally, we remind readers that our baseline
model computation does not take into account other effects
such as the radial expansion or heating by pre-existing
turbulence. Nor does it contain the dynamical influence of
multiple charged-particle species, including the relative drifts
among them. Investigating the influence of these and other
factors is a task for future research.
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Figure 6. The dynamical paths of the initial ensemble points subject to the
quasi-linear relaxation are shown with dotted magenta lines. The final states are
depicted with black dots. In the accompanying animation, the entire dynamic
paths for the ensemble points that are subject to instability excitation and quasi-
linear relaxation, can be seen.

(An animation of this figure is available.)

Figure 7. Combined results of the dynamical ensemble calculation. For the
collisional relaxation, the computation is carried out up to Ωpt = 5 × 104,
which is identical to Figure 4. For the collective (instability) relaxation, the
quasi-linear Equation (18) for the velocity moment is solved up to Ωpt = 70.
For both cases, the dynamical paths of the initial ensemble points are shown
with dotted magenta lines, and the final states are depicted with blue dots.
These results are plotted in the background of the proton distribution in 2D (β∥,
T⊥/T∥) phase space.
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Ωpt = 5× 104 is typical transit time between the solar source to 1
AU.
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Abstract

The frequency distribution of solar wind protons, measured in the vicinity of Earth’s orbit, is customarily plotted in
(β∥, T⊥/T∥) phase space. Here, T⊥/T∥ is the ratio of perpendicular and parallel temperatures, and β∥= 8πnT∥/B

2 is
the ratio of parallel thermal energy to background magnetic field energy, the so-called “parallel beta,” with ⊥ and ∥
denoting directions with respect to the ambient magnetic field. Such a frequency distribution, plotted as a two-
dimensional histogram, forms a peculiar rhombic shape defined with an outer boundary in the said phase space.
Past studies reveal that the threshold conditions for temperature anisotropy–driven plasma instability partially
account for the boundary on the high-β∥ side. The low-β∥ side remains largely unexplained despite some efforts.
Work by Vafin et al. recently showed that certain contours of collisional relaxation frequency, νpp, when
parameterized by T⊥/T∥ and β∥, could match the overall shape of the left-hand boundary, thus suggesting that the
collisional relaxation process might be closely related to the formation of the left-hand boundary. The present paper
extends the analysis by Vafin et al. and carries out the dynamical computation of the collisional relaxation process
for an ensemble of initial proton states with varying degrees of anisotropic temperatures. The final states of the
relaxed protons are shown to closely match the observed boundary to the left of the (β∥, T⊥/T∥) phase space. When
coupled with a similar set of calculations for the ensemble in the collective instability regime, it is found that the
combined collisional/collective effects provide the baseline explanation for the observation.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Interplanetary physics (827); Space plasmas (1544);
Heliosphere (711); Plasma physics (2089)

Supporting material: animations

1. Introduction

The origin and dynamics of solar wind is a subject of
ongoing research, especially in view of contemporary inner
heliospheric missions, specifically Parker Solar Probe (Fox
et al. 2016; Bale et al. 2023; Raouafi et al. 2023) and Solar
Orbiter (Müller et al. 2020; Opie et al. 2022). The charged
particles in the solar wind (protons, electrons, or alpha
particles) are customarily organized as frequency distributions,
or a two-dimensional (2D) histogram of physical states, in the
phase space defined by parallel plasma beta, β∥,s, and the ratio
of perpendicular and parallel temperatures (defined with respect
to the ambient magnetic field B), T⊥,s/T∥,s, where T⊥,s and T∥,s
are perpendicular and parallel temperatures for each species
(labeled s). The parallel plasma beta for species s is defined by
β∥,s= 8πnsT∥,s/B

2, where ns and B stand for the ambient
density for species s and magnetic field intensity, respectively.
A substantial body of literature exists that discusses the
properties of charged particles in the solar wind as they relate to
their distributions in (β∥,s, T⊥,s/T∥,s) phase space (Kasper et al.
2002, 2003; Marsch et al. 2006; Štverák et al. 2008; Bale et al.
2009; Maruca et al. 2011, 2012; He et al. 2013; Matteini et al.

2013; Hellinger & Trávníček 2014; Chen et al. 2016; Klein
et al. 2018, 2019, 2021; Perrone et al. 2019; Huang et al. 2020).
For the rest of the present paper, we will only concern
ourselves with the proton temperatures, densities, and betas.
Henceforth, we omit the subscript s.
An interesting feature associated with the data distributions

in (β∥, T⊥/T∥) phase space is that the outer boundaries in the
high-beta regime, that is, the boundaries to the right, are
partially defined by various threshold conditions for temper-
ature anisotropy instability (Gary et al. 1997, 2001; Marsch
et al. 2004; Hellinger et al. 2006; Matteini et al. 2007;
Yoon 2017; Zhao et al. 2019; Sun et al. 2019, 2020;
Verscharen et al. 2019; Martinović 2021; Xiang et al. 2021)
with the peak broadly located in quasi-isotropic conditions,
T⊥∼ T∥. The outer boundaries in the low-beta regime, that is,
the boundaries to the left, remain largely unexplained, although
several suggestions have been put forward. These include that
based on the propagation effect along the spiraling magnetic
field of the solar wind (Matteini et al. 2012), Alfvén-cyclotron
resonant heating (Chandran et al. 2011; Cranmer 2014; Ozak
et al. 2015), the effects of a relative drift in the proton–proton
system (Ibscher & Schlickeiser 2013, 2014; Ibscher et al. 2013;
Chen et al. 2016), and the result of driven turbulence (Servidio
et al. 2014). Note that the nature of the secondary drifting ion
populations (including both protons and alphas) has recently
been overviewed (Alterman et al. 2018).
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Abstract

Typical solar wind electrons are modeled as being composed of a dense but less energetic thermal “core”
population plus a tenuous but energetic “halo” population with varying degrees of temperature anisotropies for
both species. In this paper, we seek a fundamental explanation of how these solar wind core and halo electron
temperature anisotropies are regulated by combined effects of collisions and instability excitations. The observed
solar wind core/halo electron data in (β∥, T⊥/T∥) phase space show that their respective occurrence distributions
are confined within an area enclosed by outer boundaries. Here, T⊥/T∥ is the ratio of perpendicular and parallel
temperatures and β∥ is the ratio of parallel thermal energy to background magnetic field energy. While it is known
that the boundary on the high-β∥ side is constrained by the temperature anisotropy-driven plasma instability
threshold conditions, the low-β∥ boundary remains largely unexplained. The present paper provides a baseline
explanation for the low-β∥ boundary based upon the collisional relaxation process. By combining the instability
and collisional dynamics it is shown that the observed distribution of the solar wind electrons in the (β∥, T⊥/T∥)
phase space is adequately explained, both for the “core” and “halo” components.

Unified Astronomy Thesaurus concepts: Solar physics (1476); Solar wind (1534); Heliosphere (711);
Interplanetary physics (827)

Materials only available in the online version of record: animations

1. Introduction

Understanding the physics of solar wind is a contemporary
research topic. Ongoing inner heliospheric missions from
NASA and ESA, namely Parker Solar Probe (N. J. Fox et al.
2016; S. D. Bale et al. 2023; N. E. Raouafi et al. 2023) and
Solar Orbiter (SolO; D. Müller et al. 2020; S. Opie et al. 2022),
have unveiled a number of intriguing discoveries (L. P. Chitta
et al. 2023). Among the fundamental science questions these
missions are exploring is the nature of the evolution of the
thermodynamic states of the charged particles that comprise the
solar wind—e.g., the protons, electrons, and helium (or alpha)
particles. One useful means of studying this evolution is
through occurrence distributions—two-dimensional (2D) histo-
grams—of their physical states. A canonical occurrence
diagram uses the phase space defined by the parallel plasma
beta β∥,s and the ratio of perpendicular and parallel tempera-
tures (defined with respect to the ambient magnetic field B),
T⊥,s/T∥,s (J. C. Kasper et al. 2002, 2003; E. Marsch et al. 2006;
S. D. Bale et al. 2009; B. A. Maruca et al. 2011, 2012; J. He
et al. 2013; L. Matteini et al. 2013; P. Hellinger &

P. M. Trávníček 2014; C. H. K. Chen et al. 2016; K. G. Klein
et al. 2018, 2019, 2021; D. Perrone et al. 2019; J. Huang et al.
2020). Here, T⊥,s and T∥,s are perpendicular and parallel
temperatures for each species (labeled s). The parallel plasma
beta for species s is defined by β∥,s= 8πnsT∥,s/B

2, where ns and
B stand for the density for species s and ambient magnetic field
intensity, respectively. The data show that the charged-particle
distributions in this phase space are confined within an area
encompassed by a rhombic-shaped outer boundary. It is well
established that the outer boundaries in the high-beta regime
are partially defined by various temperature anisotropy
instability threshold conditions (S. P. Gary et al. 1997, 2001;
E. Marsch et al. 2004; P. Hellinger et al. 2006; L. Matteini et al.
2007; S. M. Shaaban et al. 2017, 2019a; P. H. Yoon 2017;
H. Sun et al. 2019, 2020; D. Verscharen et al. 2019; G. Q. Zhao
et al. 2019; L. Xiang et al. 2020, 2021; M. M. Martinović et al.
2021), but the boundaries in the low-beta regime are largely
unexplained.
A recent paper by the present group of authors (P. H. Yoon

et al. 2024) extended the earlier work by S. Vafin et al. (2019),
demonstrating that the boundaries associated with the solar
wind protons can be explained by a combination of collisional
and collective (i.e., instability excitation) relaxations. While
S. Vafin et al. (2019) invoked the proton collisional relaxation
frequency, νpp, to show that a certain contour of νpp, when
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ABSTRACT

Context. Determining which mechanisms regulate proton and alpha particle temperature anisotropies in the solar wind is an out-
standing problem in collisionless plasma systems. For decades, the occurrence distributions of the various charged particle species
measured in the near-Earth solar wind have been known to be characterized by peculiar rhombic shapes in (β‖,T⊥/T‖) phase space,
where β‖ is the ratio of parallel (with respect to the ambient magnetic field) plasma thermal pressure and the ambient magnetic field
energy density and T⊥,‖ are temperatures in the perpendicular or parallel directions. Despite this fact, a convincing explanation for the
physical mechanisms producing the low-β edges had not been forthcoming until recently.
Aims. Recent works have provided plausible explanations for the origin of these distributions by invoking the combined effects of
collisions and instability excitation; however, the initial applications were limited to proton and electron plasmas. In the present paper,
the same coupled mechanism is extended to include alpha particles (He++), which dynamically couple to the protons.
Methods. We performed an ensemble simulation based upon the collisional relaxation equation that couples the protons and alpha
particle dynamics in the low-beta regime. We also carried out another ensemble simulation based on the instability-induced quasi-
linear relaxation equation for the high-beta regime.
Results. We find that the combined effects provide a satisfactory first-order explanation of the observed temperature distribution,
resolving one of the long-standing problems in contemporary heliospheric physics.
Conclusions. The findings of the present study demonstrate that the collisional relaxation is adequate to describe the existence of an
outer boundary associated with the proton and alpha particle occurrence distribution in the low-beta regime. For the high-beta regime,
it is known that the instability-induced relaxation is important, and the present ensemble simulation confirms this notion.

Key words. Sun: heliosphere – solar wind

1. Introduction

The main properties of hot and dilute plasmas in space appear to be self-regulated through multi-scale mechanisms, and the desire to
understand these mechanisms has stimulated observational exploration (Kasper et al. 2002; Salem et al. 2003; Štverák et al. 2008;
Bale et al. 2009; Maruca et al. 2012; Huang et al. 2020; Martinović et al. 2021; Salem et al. 2023; Short et al. 2024) as well as the-
oretical and numerical modeling (Marsch et al. 2006; Matteini et al. 2007; Ofman et al. 2014; Innocenti et al. 2019; Micera et al.
2020; Yoon et al. 2024a,b; Echeverría-Veas et al. 2024; Shaaban et al. 2025). Worth mentioning are the macroscopic models that
seek to explain the influence of non-adiabatic expansion of the solar wind (Marsch et al. 2006; Matteini et al. 2007; Innocenti et al.
2019; Seough et al. 2023; Echeverría-Veas et al. 2024), but also the kinetic or small-scale approaches aimed at providing expla-
nations for kinetic anisotropies and departures from quasi-steady states of energy equipartition (Ofman et al. 2014; Maneva et al.
2015; Yoon et al. 2024a; Ofman et al. 2025).
? Corresponding author: yoonp@umd.edu
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Perpendicular Heating

Back to the quasilinear temperature equation in dimensionless
form,

∂

8πnT⊥/B
2︷︸︸︷

β⊥ /∂

Ωp t︷︸︸︷
T = −4

∫
d

kvA/Ω︷︸︸︷
κ zCi

δB2(k)/B2︷ ︸︸ ︷
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(
1 +
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)
,

∂

8πnT‖/B
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β‖ /∂T = 4

∫
dκ zCi WC (κ)

(
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2zCr
κ2

)
,

∂WC (κ)/∂T = 2zCi WC (κ),

0 = κ2 +
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zC −A−

(A + 1)zC − A

κ
√
β‖

Z

(
zC − 1

κ
√
β‖

)
,

A = β⊥/β‖ − 1,

if the initial wave intensity is finite (because of the background
solar wind turbulence),

WC (κ, 0) = W0/(1 + κ2),



and if we include the effect of radial expansion (this is a topic that
deserves a separate discussion but ...),

∂β⊥
∂T

=

expansion︷ ︸︸ ︷
−2Tf β⊥

T 2∗
−4

∫
dκ zCi WC (κ)

(
1 +

zCr
κ2

)
,

∂β‖
∂T

= 4

∫
dκ zCi WC (κ)

(
1 +

2zCr
κ2

)
,

∂WC (κ)/∂T = 2zCi WC (κ),

0 =
κ2

f
+

zC
f
− A− (A + 1)zC − A

κ
√
β‖

Z

(
zC − f

κ
√
β‖

)
,

A = β⊥/β‖ − 1, f =
1

1 + (T/T∗)2︸ ︷︷ ︸
expansion factor

,

then we can explain the perpendicular heating.




