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Abstract

The solar wind undergoes significant heating as it propagates away from the Sun; the exact mechanisms
responsible for this heating remain unclear. Using data from the first perihelion of the Parker Solar Probe mission,
we examine the properties of proton and electron heating occurring within magnetic coherent structures identified
by means of the Partial Variance of Increments (PVI) method. Statistically, regions of space with strong gradients
in the magnetic field, PVI� 1, are associated with strongly enhanced proton but only slightly elevated electron
temperatures. Our analysis indicates a heating mechanism in the nascent solar wind environment facilitated by a
nonlinear turbulent cascade that preferentially heats protons over electrons.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Solar coronal heating (1989); Interplanetary turbulence
(830); Magnetohydrodynamics (1964)

1. Introduction

Within the inner heliosphere, the ion temperature of the solar
wind decays as a function of radial distance as ~ g-T rp p,
where 0.5 γp 1 , (Richardson et al. 1995; Stansby et al.
2018), while the electron temperature decays as ~ g-T re e,
where 0.3 γe 0.7 (Maksimovic et al. 2005; Boldyrev et al.
2020). As a result, the electron and proton temperatures of the
solar wind decay at much slower rates than predicted by
spherically symmetric adiabatic expansion models (i.e.,
T∼ r−4/3). In order to fully understand solar wind dynamics,
supplementary heating processes must be considered
(Matthaeus & Velli 2011). In recent years, a multitude of
mechanisms for transferring turbulent energy into thermal
degrees of freedom in weakly collisional plasmas have been
explored, including wave–particle interactions (Isenberg &
Hollweg 1983; Leamon et al. 1999; Bourouaine et al. 2012;
González et al. 2021) and nonresonant mechanisms such as
stochastic heating (Chandran et al. 2010; Bourouaine &
Chandran 2013). Another potential source of nonadiabatic
heating is the magnetohydrodynamic turbulence in the solar
wind (Coleman 1968). In particular, observational and
numerical studies indicate that plasma heating occurs in an
intermittent fashion and suggest a statistical link between
coherent magnetic field structures (CSs) and elevated tempera-
tures (Osman et al. 2012; Chasapis et al. 2015; Yordanova
et al. 2021; Sioulas et al. 2022a, 2022b). The intermittent
character of turbulence can be attributed to a fractally
distributed population of small-scale CSs, superposed on a
background of random fluctuations that, despite occupying
only a minor fraction of the entire data set (Vlahos et al. 2008;
Parashar et al. 2009; Osman et al. 2012; Wan et al. 2012;
Sioulas et al. 2022a, 2022b) can account for a disproportionate
amount of magnetic energy dissipation and heating of charged
particles (Karimabadi et al. 2013; Sioulas et al. 2020a, 2020b;
Bandyopadhyay et al. 2020).

It is essential that the dominant heating mechanism(s) is (are)
consistent with a broad range of in situ, as well as remote,
observations, including the following: (1) The heating must be
spatially extended out to several solar radii in order to drive
observed wind speeds, (2) the preferential heating of protons is
in the direction perpendicular to the magnetic field, and (3)
protons are preferentially heated over electrons, with heavier
ion heating being even more pronounced.
In this study, we aim to investigate proton versus electron

heating in the nascent solar wind environment. For this reason,
we analyze the Quasi-Thermal Noise (QTN) electron data and
proton data from the Solar Probe Analyzer (SPAN) part of the
Solar Wind Electron, Alpha, and Proton (SWEAP) suite
(Kasper et al. 2016) during the first encounter of the Parker
Solar Probe mission (PSP) with the Sun (Fox et al. 2016). As a
first step, we utilize the Partial Variance of Increments (PVI)
method to identify the underlying coherent structures in our
data set. Subsequently, we carry out a superposed-epoch
analysis to study the effects of CSs on charged particle heating.
We show that both ions and electrons are heated in the vicinity
of CSs; however, the effect is considerably less efficient for
electrons. The structure of this paper is as follows: Section 2
describes the PVI methods, the diagnostic used in this study to
identify coherent structures, and Section 3 presents the selected
data and their processing. In Section 4 we present the results of
this study. Section 5 provides a summary of the results and
conclusions.

2. Background

Since the beginning of in situ observations, it has been
revealed that several types of localized coherent structures
abound in the solar wind (Hudson 1971; Tsurutani &
Smith 1979). A number of recent studies suggest that CSs
are dynamically generated as a by-product of the turbulent
cascade (Matthaeus & Lamkin 1986; Veltri 1999; Sioulas et al.
2022), or/and are of coronal origin being passively advected
by the solar wind (Borovsky 2021). The borders of such
structures have been shown to remain in a dynamic state and
have been associated with strong gradients in turbulent fields,
resulting in local nonlinear interactions and processes such as
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magnetic reconnection or various types of instabilities
(Matthaeus et al. 2015). The PVI method is an analytical tool
for detecting sharp gradients in a turbulent field and can be
estimated as (Greco et al. 2008)
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where |ΔB(t, τ)|= |B(t+ τ)− B(t)| is the magnitude of the
magnetic field vector increments and 〈K〉 represents the
average over a large window, which is a multiple of the
estimated magnetic field correlation time. As the PVI index
increases, the identified events are more likely to be associated
with non-Gaussian structures that lie on the “heavy tails”
observed in the probability distribution function (PDF) of
scale-dependent increments, suggesting that coherent structures
correspond to events of index PVI� 2.5. The most intense
magnetic field discontinuities, such as current sheets and
reconnection sites, can then be identified by further raising the
threshold value to PVI� 4 and PVI� 6, respectively (Servidio
et al. 2009).

3. Data and Analysis Procedure

We have analyzed data from the first encounter E1 of PSP
with the Sun, during the period of 2018 November 1–
November 10. For magnetic field measurements, in order to
obtain high-quality data without interference from instrumental
noise, which could lead to an artificial flattening of the power
spectrum at the highest frequencies, we use the SCaM data
product, which merges fluxgate and search-coil magnetometer
(SCM) measurements from the FIELDS instrument (Bale et al.
2016) by making use of frequency-dependent merging
coefficients, thus enabling magnetic field observations from
DC to 1 MHz with an optimal signal-to-noise ratio (Bowen
et al. 2020). Proton data were obtained from the SWEAP suite
(Kasper et al. 2016), and electron data were derived from the
quasi-thermal noise from the FIELDS instrument (Moncuquet
et al. 2020). Note that the same electron analysis was repeated
by taking into account core temperature data fitted from the
SPAN-e electron VDFS (Halekas et al. 2020), with qualita-
tively similar results.

In order to estimate the PVI time series, SCaM magnetic
field data have been linearly interpolated to a cadence of
δτ= 0.05 s. Subsequently, following Equation (1), the PVI
time series was estimated using an averaging window of
duration d= 8 hr, which was several times the estimated
correlation time of the magnetic field for E1 of PSP (Chhiber
et al. 2020). A lag of δτ= 0.05 s was used in estimating the
PVI time series. Based on Taylor’s hypothesis, we can convert
the temporal to spatial lag. We can then estimate the time-to-
time ratio of the spatial lag to the ion inertial length to obtain
the mean value of the spatial lag in units of the ion inertial
length (di). The obtained di time series, not shown here, is in
agreement with Parashar et al. (2020). Therefore, the mean
value of the spatial lag normalized in units of the di value
corresponds to »ℓ d0.76 i

˜ , with a standard deviation of
±0.18 di. Note that the analysis was also carried out for
various averaging times (from 1 to 12 hr), and it was observed
to have minimal impact on the final result. Finally, the PVI
time series was resampled to the electron time-series cadence of
7 s and proton time-series cadence of ∼28 s in such a way that
for each interval, the mean value of PVI in that interval was
chosen. Note that the same analysis was repeated by choosing

the maximum value of PVI within each interval with
qualitatively similar results. Additionally, the lower-resolution
data for the proton time series do not affect the final conclusion
of this work, as the results presented here are in agreement with
Sioulas et al. (2022b), who studied the correlation between PVI
and proton temperature for the first six encounters of PSP using
high-resolution (0.873 s) proton data from the Solar Probe Cup
Instrument (SPC) data (Kasper et al. 2016).

4. Results

In this section, we investigate the contribution of coherent
structures, identified by means of the PVI method (see
Section 3), to the heating of protons and electrons in the solar
wind. The first step in this analysis is to interpret Tp as a
function of PVI through binned statistics. Figure 1 shows the
average proton (blue) and electron (red) temperature per bin
using 100 PVI bins (i.e., 〈Tp(θi� PVI� θi+1)〉, where θi is the
PVI threshold) plotted against the center of the bin. Uncertainty
bars are also shown, indicating the standard error of the sample
(Gurland & Tripathi 1971). In this case, the uncertainty is
estimated as s ni , where σi is the standard deviation of the
samples inside the bin. The PDFs of the electron and proton
temperatures p(Te) and p(Tp), as well as the PDF of the PVI
index p(PVI), are shown separately in blue and red on the top
and right margins of the plot. In agreement with previous
studies (Osman et al. 2012; Yordanova et al. 2021; Sioulas
et al. 2022a), a statistically significant positive correlation is
observed with a high PVI index and elevated Tp. Nevertheless,
the limited number of observations for PVI� 4 results in the
high variability of Tp on the right-hand side of the figure. More
specifically, the lowest observed PVI values, PVI∼ 10−1, are
associated with a proton temperature of Tp∼ 4 · 105 K, while
for PVI∼ 4, the proton temperature raises to Tp∼ 4.6 · 105 K.
On the other hand, for electrons, only a moderate positive

Figure 1. Binned mean of proton (Tp in blue) and electron temperatures (Te in
red) plotted against PVI. Error bars are also shown indicating the standard error
of the mean, s ni , where σi is the standard deviation of the samples inside
the bin. The PDFs of the electron and proton temperature p(Te) and p(Tp), and
the PVI index p(PVI) are shown separately in red and blue on the top and right
margins of the plot, respectively.
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statistical correlation is observed. In particular, coherent
structures characterized by a PVI index PVI� 1, hardly change
the electron temperature, while for higher PVI thresholds, a
rough statistical trend is observed. Note that several bins with
PVI∼ 10, usually associated with reconnection exhausts
(Servidio et al. 2012), display considerably increased electron
temperatures Te� 3.5 · 105 K. This could indicate that magn-
etic reconnection plays a major role in the electron heating
observed in the solar wind. However, further study is needed to
identify these structures and determine whether magnetic
reconnection is indeed responsible for the observed heating,
and whether other mechanisms are involved.

To gain a deeper understanding of the relationship between the
temperature of the solar wind and magnetic field discontinuities,
we estimate averages of Tj, where j= e and p, the temperature of
electrons and protons respectively, constrained by the temporal
separation between PVI events that belong to a given PVI bin.
This can be formally expressed as (Tessein et al. 2013; Sorriso-
Valvo et al. 2018)

q q qá D ñ = á + D ñ+ T t T t t, , PVI , 2j i i j i1 PVI( ) ( )∣ ( )

where Δt is the temporal lag relative to the location of the main
PVI event taking place at time tPVI, and θ= [0, 1, 2, 3, 4, 6].
Figure 2 illustrates the conditional average of the electron and
proton temperatures in the left and right panels, respectively, at
different spatial lags. Note that temporal lags have been
converted to spatial lags, subject to the validity of Taylor’s
hypothesis (Taylor 1938), ℓ= VSWΔt. For a direct comparison
between different plasma environments and to cast our results
in physically relevant units, spatial scales have been normalized
by the ion inertial length di= VA/Ωi, where W =i

eB

mp
is the

proton gyrofrequency, e is the elementary charge, B is the mean
magnetic field, and mp is the mass of the proton (Huba 2004).
Additionally, for each identified event, the temperature Tj was

normalized by the average value Tj˜ within a window that spans
δℓ= 2 · 105 di and is centered around the discontinuity under
study. This allows us to disentangle our observations from the
effects of transients such as heliospheric current sheet (HCS)
crossings, usually associated with minima in solar wind
temperature (Suess et al. 2009; Shi et al. 2022), switchback
patches observed to enhance the solar wind temperature (Shi
et al. 2022), etc. Additionally, it enables us to get a more direct
estimate of the relative contribution of CSs to the internal
energy of the charged particle species under investigation.
It appears that no significant proton and electron heating of

the solar wind occurs at times when the magnetic field is
relatively smooth, as indicated by the dip in the normalized
mean temperature at lag equal to t= 0 s for PVI� 1. Increasing
the threshold value θ, however, results in a global maximum in
normalized Tj close to zero lag, suggesting that both proton and
electron temperatures will rise in the vicinity of coherent
structures. It can be readily seen, however, that the heating
process is less pronounced in the case of the electrons, because
Te does not considerably deviate from the mean Tẽ. On the other
hand, proton temperature considerably increases near CSs as
illustrated in Figure 2(b), with the enhancement being
progressively more obvious as we consider higher PVI
thresholds. There is a distinct rate of decrease for each bin,
with the steepest gradients in Tp observed around the sharpest
discontinuities, PVI� 6. Tp remains elevated near the main
event, most likely because of the clustering of coherent
structures (Yordanova et al. 2021; Sioulas et al. 2022b).

5. Summary and Conclusions

Using observations from PSP’s first encounter with the Sun,
we investigated the relationship between proton and electron
heating and coherent magnetic structures in the young solar
wind environment. Seeking to better understand turbulent
dissipation in the vicinity of solar wind sources, we have first

Figure 2. Average (a) Te and (b) Tp conditioned on the spatial lag, normalized to the ion inertial length di, estimated separation from PVI events that exceed a PVI
threshold. Note that Tj, j = e, p has been normalized by the average value Tj˜ within a window that spans δℓ = 2 · 105di and is centered around the discontinuity under
study.
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identified coherent structures in our data set using the PVI
method (Greco et al. 2008). Subsequently, the effect of CSs on
the heating of electrons and protons was examined. The
electron temperature here is obtained from QTN spectroscopy
(Moncuquet et al. 2020), which indicates the temperature of the
distribution’s core.

Our preliminary analysis corroborates previous theoretical and
observational works (Osman et al. 2012; Greco et al. 2012;
Servidio et al. 2012; Sorriso-Valvo et al. 2019; Qudsi et al. 2020;
Yordanova et al. 2021; Sioulas et al. 2022b) and indicates that
coherent structures can provide a channel for ion heating in the
young solar wind. However, enhancements in electron temper-
ature are considerably less significant, and it would be challenging
to imagine that intermittent heating could account for the
nonadiabatic cooling profile of electrons in the solar wind.
Qualitatively, the results are consistent with what numerical works
have indicted in the past, namely, enhanced heating of ions
compared to electrons in the vicinity of coherent structures. (see,
e.g., Parashar & Matthaeus 2016). One possible explanation for
the preferential intermittent heating of protons over electrons is the
“helicity barrier” mechanism that prevents turbulence energy
cascade to electron scales so it can effectively heat the electrons
(Squire et al. 2022). In the case where the system is continuously
driven, the large-scale energy will grow in time as the parallel
correlation length decreases (Meyrand et al. 2021). It is through
this growth that turbulent energy is eventually funneled into a
spectrum of high-frequency ion-cyclotron waves (ICWs), which
end up primarily heating the ions.

As a result of our study, we gained a better understanding of
how turbulent dissipation and heating of electrons and protons
occur in the near-Sun solar wind environment. The main finding of
this study is that proton heating from coherent structures in the
nascent solar wind is preferred over electron heating. However, our
results present only a preliminary comparison of electron and
proton heating in the near-Sun solar wind. A complete under-
standing of how particle heating and dissipation occur at inertial
and kinetic scales will require a more thorough statistical analysis
considering a larger and higher-resolution data set. Additionally,
strahl and halo components of the electron distribution function
will need to be studied to provide a more complete understanding
of how different electron populations behave in the vicinity of CSs.

Our results will guide future works that model the heating of
the solar corona and the nascent solar wind environment. Our
results will guide future works that model the heating of the
nascent solar wind environment.
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