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Abstract

Owing to its low density and high temperature, the solar wind frequently exhibits strong departures from local
thermodynamic equilibrium, which include distinct temperatures for its constituent ions. Prior studies have found
that the ratio of the temperatures of the two most abundant ions—protons (ionized hydrogen) and a-particles
(ionized helium)—is strongly correlated with the Coulomb collisional age. These previous studies, though, have
been largely limited to using observations from single missions. In contrast, this present study utilizes
contemporaneous, in situ observations from two different spacecraft at two different distances from the Sun: the
Parker Solar Probe (PSP; r=0.1-0.3 au) and Wind (= 1.0 au). Collisional analysis, which incorporates the
equations of collisional relaxation and large-scale expansion, was applied to each PSP datum to predict the state of
the plasma farther from the Sun at r = 1.0 au. The distribution of these predicted a—proton relative temperatures
agrees well with that of values observed by Wind. These results strongly suggest that, outside of the corona,
relative ion temperatures are principally affected by Coulomb collisions and that the preferential heating of a-
particles is largely limited to the corona.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Collision physics (2065); Plasma physics (2089)
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1. Introduction

In any gas, neutral or ionized, collisions among constituent
particles allow the exchange of momentum and energy; this
shall gradually increase entropy and drive the system to a state
of thermal equilibrium (Boltzmann 1868). The degree and rate
of exchange of these parameters are determined by the
configuration of the system. The collisions of interest are
Coulomb collisions—*“soft,” small-angle deflections mediated
by the electrostatic force (Livi et al. 1986). This can result in
strong departures from local thermal equilibrium (LTE). When
a medium is in LTE, the velocity distribution function (VDF)
of each particle species is the entropically preferred Maxwell—
Boltzmann distribution, and all particle species also have the
same temperature and flow velocity at any given point in space
(Griem 1963). In contrast, they frequently show temperature
anisotropy (distinct temperatures along axes perpendicular and
parallel to the magnetic field) and/or secondary populations
(such as beams; Marsch & Goldstein 1983). Likewise, different
ion species often have distinct temperatures and velocities.

The particles comprising the plasma of the solar wind do not
have Maxwellian VDFs and are far from thermodynamic
equilibrium. These non-Maxwellian features are a source of
free energy and can drive energy transfer between the fields and
the particles (Fitzpatrick 2014, 2020). Given the solar wind’s
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low density and high temperature (Klein et al. 1985), the
timescale over which Coulomb collisions significantly affect
the plasma is very large. Indeed, this collisional timescale is
often comparable to, or even much larger than, the transit time
of the solar wind through the inner heliosphere (i.e., the
expansion timescale; Verscharen et al. 2019). The solar wind’s
ions primarily consist of protons, with a few percent of -
particles (helium nuclei) and trace amounts of ions with heavier
nuclei (Schmelz et al. 2012). Accounting for the solar wind’s
long collisional timescale, Coulomb collisions could act to
erode non-LTE features within the solar wind, causing
remnants of them to persist through much of the inner
heliosphere and beyond (Livi et al. 1986). These non-LTE
features result from extreme heating/acceleration processes
that preferentially act on some particle species and/or along
some directions (Marsch 2006).

The processes by which collisions bring ion temperatures—
especially those of protons (7},) and a-particles (T,,)—into LTE
has received considerable attention in the study of the solar
wind (see Section 3.3.1 of Verscharen et al. 2019 and
references therein). In situ observations of near-Earth solar
wind have shown that the a-proton relative temperature,

T,
Onp = —, 1
=T (1)
varies widely (Verscharen et al. 2019), though typically

f.p 2 1, which indicates a strong tendency for the preferential
heating of a-particles relative to protons (Kasper et al. 2008).
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Previous statistical studies (e.g., Neugebauer 1976; Von Steiger
et al. 1995; Hefti et al. 1998; Kasper et al. 2008, 2017; Maruca
et al. 2013; Tracy et al. 2016; Wilson et al. 2018; Kasper &
Klein 2019) of measurements from single spacecraft (see
Section 2) have provided strong evidence that after this initial
preferential heating in/near the solar corona the value of 6,,,
changes primarily as a result of gradual collisional
thermalization.

This work uses these ideas to find how the 0, temperature
ratio should evolve as a function of distance from the Sun. It is
the first to analyze contemporaneous observations from two
spacecraft at different distances from the Sun to directly test
this hypothesis. This will allow us to estimate the initial thermal
parameters of the distribution as it leaves the Sun, as well as
evaluate the role that local kinetic processes play in the heating
of ions in the solar wind. Section 2 gives an overview of prior
studies of ion relative temperature and describes the theoretical
framework for this present work. Section 3 presents a
collisional analysis of measurements from the Parker Solar
Probe (PSP), and Section 4 compares that analysis to
observations from the Wind spacecraft. Concluding remarks
are offered in Section 5.

2. Background

Variations in the «-proton relative temperature, 0,
(Equation (1)), have long been associated with the actions of
Coulomb collisions (Neugebauer 1976). Previous studies have
used the concept of the Coulomb number, N, alternatively
referred to as collisional age, though Verscharen et al. (2019,
Section 3.2.6) note that this usage has fallen out of favor:

Ne=-", ©)

VyTe

where r is the distance from the Sun that an in situ
measurement was made, v, is the radial component of the
solar wind velocity, and 7. is the timescale for Coulomb
collisional thermalization. The ratio r/v, is approximately the
expansion time of the plasma from the Sun to the observer, so
N, approximates the number of collisional timescales that have
elapsed in that journey (Verscharen et al. 2019). Plasma with
N.>1 indicates that heavy collisional processing has
occurred, while N, < 1 suggests that collisions have had little
effect (Baumjohann & Treumann 1997). Statistical analyses
from various spacecraft have revealed a strong, anticorrelation
between 0, and N, (Feldman et al. 1974; Marsch et al. 1982;
Kasper et al. 2008, 2017; Maruca et al. 2013; Tracy et al.
2015).

Though useful as a qualitative tool, the Coulomb number
suffers from the tacit assumption that the plasma’s bulk
parameters remain fixed with distance from the Sun. Though
this could arguably be the case with radial speed (v,), the
collisional timescales (7.) vary dramatically. Though formulae
vary for 7. depending on particular conditions, typically

3/2
rox L2, ©)

n

where T is temperature and » is density, both of which decrease
with distance from the Sun (Herndndez & Marsch 1985). To
take into account the radial dependence of 7., some studies
(Herndndez et al. 1987; Chhiber et al. 2016; Kasper &
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Klein 2019) have utilized an integral form of the Coulomb
number called the collisional age:

A= [ L T__dr @)

0 %) v

where ¢ and 1, are the limits for the time over which the
collisions occur, which translate to the distances of r,
representing the distance at which an observation is made, and
ro, representing the center of the heliosphere. In practice, this
integral is carried out over r, where function forms of n(r),
vA(r), and T(r) can be taken from empirical observations or
simulations.

Both Coulomb number and collisional age focus on
determining how extensively an individual parcel of solar
wind plasma has been processed by Coulomb collisions.
Maruca et al. (2013) introduced an alternative approach, since
dubbed collisional analysis, which instead seeks to quantify
how collisions affect the plasma’s departures from LTE. That
original study focused specifically on the a-proton relative
temperature (6,p; Equation (1)) and carried out a “retrograde”
collisional analysis, using a measurement of 6, at r= 1.0 au to
predict its value for r=0.1 au (i.e., “undoing” the effects of
collisions). The derived model gives the radial gradient in 6,
as

deap _ [ Anp )[/U’L/Zz(z(l _ gap)(l + napeap)

dr VrpT;/2 (.ua + Ga'p)3/2

]Atkpa (5)

where
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ap
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(6)

In these equations, A=2.60x 10’ cm®km K325 tau!,
B=1cm >’k 2, Za=4qa/ gp =2 is the a-proton relative
charge, o, = my/ my, ~ 4 is their relative mass, and 1,, = n, / np
is the their relative abundance. The value for Tp3 /2 derives from
the rms speed between the two colliding species with charge
state Z, (Wilson et al. 2018). Though the value of 7, varies
widely in the solar wind, it typically has a value of a few
percent (Marsch et al. 1982; Kasper et al. 2012; Alterman et al.
2018); this model assumed 7)., remained fixed within any
given parcel of solar wind plasma as it expands through the
heliosphere. In contrast, the model allows the other parameters
to vary with r. In particular, Maruca et al. (2013) used the
following radial scaling based on the analysis of Helios
observations by Hellinger et al. (2011):

np(r) o 18, Vrp(r) r~92 and T,(r) r074, 7

This collisional analysis technique in Equation (5) was
applied to 2.1 million measurements of the near-Earth solar
wind in Maruca et al. (2013), in order to produce a prediction
for observations closer to the Sun. This study is the first direct
test of this prediction with an “anterograde” collisional analysis
—one in which in situ measurements closer to the Sun are used
to predict the state of the solar wind farther from the Sun.
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3. Analysis

PSP (Fox et al. 2016) orbits the Sun in highly eccentric
orbits that pass far closer to the Sun than any prior mission.
During each of PSP’s “encounters” with the Sun, its
instruments directly sample the particles and fields of the
nascent solar wind and even the solar corona (Kasper et al.
2021; Livi et al. 2021).

This study’s primary data set was derived from PSP
Encounters 4 (2020 January 23-February 3), 6 (2020 Septem-
ber 22—October 2), and 7 (2021 January 12-23), this being a
result of available data. Each encounter began at a distance
r=20.27 au from the Sun, continued to a perihelion of about
r=0.1 au, and out to r &~ 0.27 au. Measurements of proton and
a-particle densities, velocities, and temperatures were derived
from the ion electrostatic analyzer (ESA) in PSP’s SWEAP
instrument suite (Kasper et al. 2016; Livi et al. 2021). Each ion
spectrum that is fully or mostly observed from this instrument
was fitted with a model consisting of three bi-Maxwellian
VDFs: one each for the proton core, proton beam, and a-
particle core. No a-particle beam data were available and thus
not analyzed. Following the example of Maruca et al. (2013),
we defined T}, and T, to be the scalar temperature of the proton
and a-particle cores, respectively. The scalar temperature of an

733

ion species “i” is

2+ T
- = ®)

where T; | and T are the temperature of the i-particles along
the axes perpendicular and parallel to the ambient magnetic
field. Though higher-order moments are required to fully
describe ion distribution functions, 7, and T;; are often
sufficient to describe the cores of the distribution functions
(Marsch et al. 2006).

Though the ESA’s average measurement cadences during
Encounters 6 and7 were comparable (112s and 125s), its
average measurement cadence during Encounter4 was sub-
stantially faster (6.9s). Though all the encounters were of
approximately the same duration, Encounter4 operated at a
significantly higher cadence than the others. As a result, simply
merging all encounters would have heavily biased the data set
in favor of Encounter4. To ensure that the encounters were
roughly equally represented in the final data set, every 16 data
points from Encounter 4 were averaged to produce an average
measurement cadence (112s), close to that of the other
encounters, ensuring no bias in the final data set favoring a
single Encounter and to achieve an equal number of data points
from each encounter. Prior results without the application of
averaging revealed a heavy bias in the data set toward
Encounter 4, due to the significantly larger number of data
points in that encounter. Encounters6 and 7 contained
approximately 7700 data entries, while Encounter 4 contained
approximately 100,000 entries; after accounting for the cadence
averaging the final data set contained 23,770 entries, roughly
evenly split among the three encounters.

Figure 1 shows the probability distribution of «-proton
relative temperature (0.,; Equation (1)) for this PSP data set.
The data were sorted among 45 bins ranging from 6,, =0 to
10, the count of the number of data in each bin was divided by
the total number of data, and the 0,,-width of the bin to
approximate probability density (Maruca et al. 2011).
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Figure 1. Histogram of observed values of 6,, = % from the PSP data set

(r = 0.1 to 0.27 au). Bin counts have been normalized to approximate
probability density (Section 3).

This PSP data set, like those from prior studies (Marsch et al.
1982; Kasper et al. 2008; Gershman et al. 2012) of the inner
heliosphere, shows a strong tendency for a-particle temperature
to exceed that of the protons. Indeed, 0., > 1 for 98% of the
PSP data set. The underlying data span a range of distances
(r=0.1-0.27 au) rather than coming from a few specific
distances, which would facilitate a more direct comparison.
Additionally, observations were not uniformly distributed in r,
with a mean r-value of 0.18 au. Even so, this range of radial
distances is too small to effectively study the plasma’s radial
evolution.

The utility of Figure 1 for the study of collisional effects is
limited. Particular care must be exercised in comparing the
plot’s two curves. Though Coulomb collisions are expected to
be actively affecting ions in going from the region
r=0.1-0.18 au to the region r =0.19-0.27 au, the solid blue
curve in Figure 1 must not be regarded as the collisionally
evolved version of the dashed black curve. Such a comparison
might be possible for a sufficiently large data set, but all three
PSP encounters used in this study span only about 30 days in
total. In contrast, the corresponding plot by Maruca et al.
(2013, their Figure 1) drew on over 15 yr of Wind measure-
ments and thus may be regarded as less affected by variations
among solar wind streams. Thus, each curve in Figure 1 was
built up from only a few distinct solar wind streams, and the
differences between the two curves represent a convolution of
the effect of collisional thermalization and variations among
streams. For example, Figure 1 does show that the average
fap-value is lower for r = 0.19-0.27 au and for r = 0.1-0.18 au.
While this is consistent with the effects of collisions, 6, does
also vary considerably at a fixed r-value. Likewise, the dashed
curve in Figure 1 does show what appears to be the beginnings
of a bimodal distribution like that seen by Kasper et al. (2008)
and Maruca et al. (2013)—here with a primary peak at 0, ~ 6
and a very weak secondary one at 0,,~2. Even so, it is
difficult to determine whether this quasi-bimodal distribution is
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Figure 2. Histograms of the predicted 6,,-values from the PSP data set based
on collisional analyses extending the measured values to different heliocentric
distances: r = 0.1 au (black dashed), 0.3 au (green dotted—dashed), and 1.0 au
(blue solid).

due to the early effects of collisions or simply variations among
the solar wind streams.

To address these issues, collisional analysis was applied to
the measurements in the PSP data set. For this purpose, a
“datum” from PSP was taken to consist of the set of values of
Vps s Top = Z—“, T,, and 6, = % measured at a given distance

r from the Sun. Each such datum was used as a boundary
condition for Equation (5) to solve for the value of 6, at some
other “target” r-value. Though it was assumed that the a-proton
abundance ratio, 7,,,, remained fixed during the expansion, n,,
vp, and T, were allowed to scale from their measured values
according to the relationships in Equation (7). The differential
equation in Equation (5) was solved numerically for each
datum via Euler’s method with 100 steps.

Figure 2 shows the results of this collisional analysis on the
PSP data set for three different target distances from the Sun:
r = 0.1, 0.3, and 1.0au. The predicted 6,,-values for each
target r-value were binned and normalized in an identical
manner to the measured 0,,-values for Figure 1. For the target
r=0.1au, the collisional analysis was “retrograde,” i.e.,
Equation (5) was used, as by Maruca et al. (2013), to “undo”
the effects of collisions on the plasma. In contrast, for r = 0.3
and 1.0 au, the collisional analysis was “anterograde,” i.e., used
to predict the further collisional evolution of the plasma. These
observations are consistent with prior studies from Maruca
et al. (2013), Kasper et al. (2008), and Wilson et al. (2018),
which observed a double-peaked distribution from Wind with
0ap =1.35 and 3.49.

As r increases, the average value for Gap decreases, and the
formation of a secondary population takes place at 6,,~ 1,
corresponding to LTE. In Figure 2, specifically for r=0.1 au,
there exists a predominate peak at 0, ~ 4.2. Corresponding
peak values for 6, at the target distances are presented in
Table 1 and correspond to the first (X55¢,) and third (X759,)
quartiles. The upper peak moves down as the secondary
population forms, resulting in a prediction of a bimodal
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Table 1
Peaks of 0, for the Probability Distributions in Figure 2

Peaks of 0,

r (au) Lower Upper
0.1 e 42
0.3 1.0 3.8
1.0 1.0 32

distribution at r=1.0au, which is consistent with prior
analyses of 1.0 au observations by Kasper et al. (2008) and
Maruca et al. (2013).

The peaks at 0,,~1 in the r=0.3 and 1.0au curves in
Figure 2 must be regarded as artificially narrow. In
Equation (5), the gradient in the a-proton temperature ratio
(df.p/dr) is the product of multiple factors, all of which are
always strictly positive except one: 1 — 6,,. Consistent with
thermodynamic expectations, this factor ensures that 0,
always converges to unity (i.e., local thermodynamic equili-
brium) in the limit of large r. Even if the real distribution of
Hap-values contained such a narrow peak, it would never be
observed to be so narrow by actual in situ instruments due to
their finite resolution and cadence. For example, Maruca et al.
(2013) estimated just the random error (excluding systematic
errors) in Wind Faraday cup measurements of 7, to be about
15% and T}, to be about 7%.

4. Comparison

To validate the PSP-derived prediction for the r=1.0au
distribution of §,-values, this study utilizes a secondary data
set from the Wind spacecraft (Acuna et al. 1995), which orbits
the Earth-Sun first Lagrange point (L1) at nearly r=1.0au
(Wilson et al. 2018). Faraday cups were used to take in situ
measurements of proton and a-particle parameters. These were
derived from fits of ion spectra from Wind’s Solar Wind
Experiment (Ogilvie et al. 1995); these include but are not
limited to density, speed, and ion temperature.

Wind data were selected to align with the PSP encounters,
each of which occurred over 10 days. To account for the
differences in heliographic longitude between Wind and PSP,
the Wind data set was populated with measurements from a
time period ranging from 10 days prior to each encounter to 10
days after Encounter 4 (2020 January 10-February 14),
Encounter 6 (2020 September 10—October 14), and Encounter
7 (2020 December 30-2021 February 2). This resulted in 30
days (roughly one Carrington rotation) of continuous Wind
measurements for each PSP encounter, giving 47,295 entries
total. Figure 3 shows the distribution of 6,,-values from the
Wind data set, which was generated with identical binning and
normalization to that of Figure 1. The Wind data are shown in
red while the PSP-derived prediction for the lau 0,p-
distribution remains in blue from Figure 2.

The two 1.0 au 0,,-distributions in Figure 3—one measured
by Wind and the other predicted from contemporaneous PSP
measurements closer to the Sun—reveal many qualitative
similarities. Both are strongly bimodal with a taller but
narrower peak at 0,,~1 and a shorter, broader peak at
0op~3 (Table 2). The 0,,~ 1 peak predicted for r=1.0au
from PSP data is significantly narrower than that measured at
r=1.0au with Wind, but, as noted in Section 3, this is to be
expected from the finite accuracy of instrument measurements.
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Figure 3. Histogram of predicted 6,,-values from the PSP data set based on
collisional analyses at r = 1.0 au (blue solid), compared to observed 0,,,-values
from the Wind data set at r = 1.0 au (red dashed).

Table 2
Peaks of 6, for the Probability Distributions in Figure 3
r (au) Upper 0, Peak
Wind 1.0 3.0
Prediction 1.0 3.2

Both peaks have comparable values when compared to the
predictions from Maruca et al. (2013) and Wilson et al. (2018),
studies which used data sets comprising a larger number of
entries.

5. Discussion

This study is the most direct test to date of the collisional
analysis technique—the first to directly compare contempora-
neous spacecraft at two different distances from the Sun. The
similarities between the curves in Figure 3 suggest that the
radial evolution of the 6,, through the inner heliosphere is
dominated by the effects of Coulomb collisions. For this study,
no preferential heating was incorporated into the collisional
model (Equation (5)), instead assuming that thermalization
from Coulomb collisions is the dominating factor when
extending the PSP observations at r <0.27au to r=1.0au.
Had the curves in Figure 3 shown significant discrepancies, it
might have been concluded that some ongoing preferential
heating occurs between r=0.27 and 1.0 au. In actuality, the
predicted and measured curves bear striking qualitative
similarity: a trailing tail, bimodal distribution, sharp upper
peak at 0,,~ 1 and broad lower peak at f,,~ 3, all of which
strongly suggests that preferential ion heating is largely
confined to regions closer to the Sun, i.e., a majority of the
T, /T, values are greater than 1 prior to this distance. This is
consistent with prior predictions (Kasper et al. 2008, 2017;
Maruca et al. 2013; Kasper & Klein 2019): the PSP’s in situ
observations of near-Sun solar wind reveals the near-ubiquitous
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preferential heating of «-particles over protons (i.e.,
0.p > 1; Figure 1).

Even so, for several reasons, the PSP prediction does not
perfectly replicate the Wind measurements. An ideal test of
collisional analysis would compare data taken simultaneously
by two spacecraft in the same steady solar wind stream. For
PSP and Wind, the two spacecraft were never actually radially
aligned. Even when their heliographic longitudes were the
same, they had distinct latitudes. Furthermore, no solar wind
stream is ever truly steady, and this study has not accounted for
any intrinsic error that may be present in the spacecraft
observations. Though this can be partially compensated for by
a statistically large data set consisting of measurements from
many streams, the available PSP observations comprise only a
few orbits of the spacecraft.

As the PSP mission progresses, the data set will grow
substantially, which will allow for more exhaustive studies of
collisional processes. In addition to expanding the robustness
of the present result, future studies could also explore the
effects of Coulomb collisions on other departures from LTE,
including temperature anisotropy, differential flow, and multi-
component VDFs (e.g., beams and cores).
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