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ABSTRACT

Aims. We survey the electron heat flux observed by the Parker Solar Probe (PSP) in the near-Sun environment at heliocentric distances
of 0.125-0.25 AU.

Methods. We utilized measurements from the Solar Wind Electrons Alphas and Protons and FIELDS experiments to compute the
solar wind electron heat flux and its components and to place these in context.

Results. The PSP observations reveal a number of trends in the electron heat flux signatures near the Sun. The magnitude of the
heat flux is anticorrelated with solar wind speed, likely as a result of the lower saturation heat flux in the higher-speed wind. When
divided by the saturation heat flux, the resulting normalized net heat flux is anticorrelated with plasma beta on all PSP orbits, which
is consistent with the operation of collisionless heat flux regulation mechanisms. The net heat flux also decreases in very high beta
regions in the vicinity of the heliospheric current sheet, but in most cases of this type the omnidirectional suprathermal electron
flux remains at a comparable level or even increases, seemingly inconsistent with disconnection from the Sun. The measured heat
flux values appear inconsistent with regulation primarily by collisional mechanisms near the Sun. Instead, the observed heat flux
dependence on plasma beta and the distribution of suprathermal electron parameters are both consistent with theoretical instability

thresholds associated with oblique whistler and magnetosonic modes.

Key words. solar wind - Sun: heliosphere - Sun: magnetic topology - instabilities - scattering - conduction

1. Introduction

Solar wind electrons have complex velocity distribution func-
tions (VDFs) that evolve with heliocentric distance under the in-
fluence of competing physical processes, including Lorentz and
gravitational forces, Coulomb collisions, and plasma instabili-
ties. The electron VDFs therefore carry information about these
processes, with implications for the solar wind energy balance
and the physics of the near-Sun environment.

Large scale electric fields enforce the quasi-neutrality (equal
electron and ion densities) and zero current (equal electron and
ion charge fluxes) conditions on macroscopic scales. Nonzero
electric fields naturally arise as a result of the different gravita-
tional forces on electrons and ions (Pannekoek 1922), leading to
a significant potential drop from the corona. This electric poten-

tial may play a role in accelerating the solar wind ions (Lemaire
& Scherer 1971, 1973; Scudder 1992; Pierrard & Lemaire 1996;
Maksimovic et al. 1997), trapping a portion of the electron VDF
(Boldyrev et al. 2020), or driving a portion of the electron VDF
into runaway (Scudder 2019).

Meanwhile, electron gyromotion in diverging solar magnetic
fields results in a mirror force that focuses the gyrating electrons.
Absent of other influences, this would result in VDFs "beamed"
along the magnetic field. However, Coulomb collisions (Scudder
& Olbert 1979a,b; Salem et al. 2003; Stverak et al. 2008; Ho-
raites et al. 2019; Boldyrev & Horaites 2019) and plasma insta-
bilities (Kennel & Petschek 1966; Hollweg & Volk 1970; Gary
et al. 1975, 1994, 1999; Vocks et al. 2005; Stverak et al. 2008;
Landi et al. 2012; Roberg-Clark et al. 2018a; Vasko et al. 2019;
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Verscharen et al. 2019; Innocenti et al. 2020) also act upon the
electron VDFs, typically driving them toward isotropy.

The electron VDFs that result from these competing influ-
ences have significant departures from an isotropic Maxwellian.
Solar wind VDFs typically consist of a thermal "core" popula-
tion with an approximately bi-Maxwellian form, a suprathermal
"halo" also with an approximately bi-Maxwellian form but with
a higher temperature, and a suprathermal magnetic field-aligned
component known as the "strahl" that streams outward from the
Sun (Feldman et al. 1975; Rosenbauer et al. 1977; Pilipp et al.
1987; Maksimovic et al. 2005; Stverdk et al. 2009). To maintain
a balance in current, the core has a sunward drift with respect to
the solar wind protons in order to balance the antisunward strahl
as well as any drift of the halo (Feldman et al. 1975; Scime et al.
1994). The VDF components evolve with heliocentric distance,
with the fractional density of the strahl decreasing and that of
the halo increasing (Maksimovic et al. 2005; Stversk et al. 2009;
Halekas et al. 2020), and the angular width of the strahl increas-
ing (Hammond et al. 1996; Graham et al. 2017; Ber¢ic et al.
2019). These characteristics appear consistent with a scenario
wherein the strahl represents a nearly free-streaming population
escaping from the corona, with the halo generated from it by
collisions or instabilities (Landi et al. 2012; Horaites et al. 2019;
Boldyrev & Horaites 2019; Ber¢i¢ et al. 2020). However, the
strahl and the halo could both instead ultimately arise from a
sunward-directed runaway population (Scudder 2019).

Whatever the cause(s) of the prevailing characteristics dis-
cussed above, they result in significant asymmetry and non-
maxwellianity of the electron VDFs. In other words, the VDFs
have large values of both skew and kurtosis, and they therefore
carry a large magnetic field-aligned electron heat flux Q,, =

f %muzuu f(v)d3u, where || is along the magnetic field direction.
This integral is taken in the solar wind frame, and so all three
components of the electron VDF can contribute (positively or
negatively) to the net electron heat flux.

The electron heat flux has a physical importance for several
reasons. Electrons efficiently conduct heat, and the electron heat
flux therefore contributes to the energy balance in the corona and
the solar wind (Hollweg 1974, 1976; Cranmer et al. 2009; Bale
et al. 2013; Landi et al. 2014; Stverdk et al. 2015), as well as
in other astrophysical contexts such as clouds within supernova
remnants, galaxy clusters, and accretion flows (Cowie & McKee
1977; Bertschinger & Meiksin 1986; Johnson & Quataert 2007;
Ressler et al. 2015; Roberg-Clark et al. 2016). The electron heat
flux has different limiting values in different contexts, with col-
lisional effects limiting the heat conduction in some regimes
(Spitzer & Harm 1953; Salem et al. 2003; Bale et al. 2013;
Horaites et al. 2015), but collisionless effects associated with
plasma instabilities playing a dominant role in other regimes
(Feldman et al. 1974; Gary et al. 1975, 1994; Scime et al. 1994;
Gary et al. 1999; Gary & Li 2000; Saeed et al. 2017; Shaaban
et al. 2018; Roberg-Clark et al. 2018a,b; Lépez et al. 2020). The
relative importance of collisional and collisionless heat flux reg-
ulation mechanisms in the solar wind remains in question, with
some studies suggesting that the electron heat flux approaches
the collisional Spitzer-Harm limit for a substantial fraction of
the time at 1 AU (Bale et al. 2013), but other work raising doubt
as to whether the radial evolution of the distribution follows the
Spitzer-Hirm result (Landi et al. 2014).

The radial evolution of the electron heat flux provides some
insight into the processes that act upon the electron VDFE. A com-
pletely unregulated heat flux would fall off at the same rate as the
magnetic field magnitude, that is to say as ~ 72 close to the Sun
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and as ~ r~! farther from the Sun (Scime et al. 1994). In con-
trast, a fully collisionally regulated heat flux would fall off much
faster, as ~ r> — r~* (Scime et al. 1994). None of the observa-
tions to date appear consistent with either of these limits, with
reported electron heat flux radial profiles of ~ r—3 — r~2# (Pilipp
et al. 1990; McComas et al. 1992; Scime et al. 1994; Stverdk
et al. 2015; Halekas et al. 2020).

Given the observed heat flux radial profiles, considerable at-
tention has focused on collisionless heat flux regulation mecha-
nisms. Ideally, the candidate mechanism(s) would both regulate
the heat flux and account for the radial trends in the strahl frac-
tional density and width and the halo fractional density. Candi-
dates identified to date include a variety of electrostatic instabil-
ities (Gary 1978; Roberg-Clark et al. 2018b; Lopez et al. 2020),
quasi-parallel whistler instabilities (often termed the "whistler
heat flux instability" or WHFI) (Gary et al. 1975, 1994, 1999;
Gary & Li 2000; Saeed et al. 2017; Roberg-Clark et al. 2018b;
Shaaban et al. 2018; Lépez et al. 2019, 2020), oblique magne-
tosonic and whistler instabilities (Vasko et al. 2019; Horaites
et al. 2018; Boldyrev & Horaites 2019; Verscharen et al. 2019;
Lopez et al. 2020), and the firehose instability (Shaaban et al.
2018; Innocenti et al. 2020). While whistler mode waves consis-
tent with the WHFI exist in the solar wind (Lacombe et al. 2014,
Stansby et al. 2016; Tong et al. 2019a,b; Jagarlamudi et al. 2020),
doubt remains as to whether this instability can adequately reg-
ulate the heat flux (Kuzichev et al. 2019; Loépez et al. 2019; Ver-
scharen et al. 2019). Oblique instabilities therefore provide an
appealing candidate to scatter the strahl and regulate the heat
flux. Observations confirm that oblique whistler mode waves
also occur in the solar wind, during time periods with conditions
favorable for instability growth (Breneman et al. 2010; Cattell
et al. 2020). A correlation between sunward electron core drift
and high frequency waves observed by PSP during its early or-
bits may point to another example of instabilities that influence
the near-Sun evolution of the electron heat flux (Malaspina et al.
2020).

Since the net electron heat flux is reliably outward along
magnetic field lines from the Sun, its characteristics are often
utilized to diagnose magnetic field topology. For example, the
observation of sunward electron heat flux (Owens et al. 2017)
generally indicates that magnetic field lines follow an S-shaped
curve or "switchback", as ubiquitously observed within 0.25 AU
of the Sun (Kasper et al. 2019; Bale et al. 2019). Similarly, the
presence of bidirectional electron heat flux indicates magnetic
field lines connected to the Sun at both ends (Gosling et al.
1987).

Conversely, dropouts in the electron heat flux may indi-
cate magnetic field lines completely disconnected from the Sun,
presumably by magnetic reconnection (McComas et al. 1989).
However, not all electron heat flux dropouts indicate discon-
nection (Lin & Kahler 1992), with some heat flux dropouts in-
stead resulting from bidirectional or isotropic suprathermal elec-
tron fluxes (Pagel et al. 2005a,b). Periods with nearly isotropic
suprathermal electron distributions exhibit reduced net heat flux
but no drop in omnidirectional suprathermal flux. Such distri-
butions appear to occur preferentially during periods with high
plasma beta, for example the "heliospheric plasma sheet" (HPS)
regions surrounding the heliospheric current sheet (HCS) and
other magnetic field reversals (Winterhalter et al. 1994; Crooker
et al. 2004), and may result from enhanced scattering processes
(Crooker et al. 2003).

In this manuscript we analyze the electron heat flux mea-
sured within 0.25 AU of the Sun by the Parker Solar Probe (PSP)
(Fox et al. 2016). We utilized observations from the first two PSP
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orbits, as well as the fourth and fifth orbits which for the first
time reached a heliocentric distance of 0.125 AU.

2. Parker Solar Probe electron measurements

To determine the electron properties, we utilized charged particle
measurements from the Solar Wind Electrons Alphas and Pro-
tons (SWEAP) experiment (Kasper et al. 2016), including the
Solar Probe ANalyzers-Electrons (SPAN-E) (Whittlesey et al.
2020), the Solar Probe Cup (SPC) (Case et al. 2020), and the
Solar Probe ANalyzer-Ions (SPAN-I), as well as magnetic field
measurements from the FIELDS experiment (Bale et al. 2016).
To determine the electron core density, parallel and perpendicu-
lar temperatures, and drift speed, we utilized the fitting method-
ology described in Halekas et al. (2020). We simultaneously fit
the core and a low energy population of secondary electrons
from the spacecraft, in the solar wind proton frame, as deter-
mined by SPC (for the first two PSP orbits) or SPAN-I (for the
fourth and fifth orbits). Other authors (Bercic et al. 2020) have
instead elected to simply remove the portion of the measurement
below 20-30 eV, with very comparable results. The SPAN-E
relative sensitivity has been calibrated by enforcing gyrotropy
in the solar wind frame at higher energies where no secondary
electron contamination is present (Halekas et al. 2020), and the
absolute sensitivity has been determined by comparing to results
from quasithermal noise spectroscopy (Moncuquet et al. 2020).

To characterize the suprathermal (noncore) electrons, we uti-
lized numerically integrated moments of the suprathermal resid-
ual of the measured distribution with respect to the best-fit core
model. Rather than explicitly separating the strahl and halo, we
considered the suprathermal population as a whole; however, in
some cases we separated the suprathermal electrons in the mag-
netic field-aligned and antimagnetic field-aligned halves of the
VDF. In contrast to Halekas et al. (2020), which utilized mo-
ment computations in 3-d, we utilized a 2-d integration over a
gyro-averaged distribution constructed by binning the measure-
ments from both sensors in twelve 15° pitch angle sectors. This
method has the advantage of effectively "filling in" gaps in phase
space, by exploiting the gyrotropy of the distribution in the so-
lar wind frame. If the magnetic field rotates during the SPAN-E
measurement, it will affect the binning into a 2-d distribution. At
most times, this does not appear to adversely affect the results,
as demonstrated by the largely well formed pitch angle distri-
butions observed. Gaps in phase space coverage can still occur
when the magnetic field direction lies in a hole in the field of
view, resulting in an underestimation of the heat flux carried by
the strahl for some field orientations (primarily the most radial
fields), but this procedure minimizes such effects. We have not
explicitly excluded such distributions from the following anal-
yses, but we have checked at all stages to verify that their in-
clusion does not affect any of the conclusions. We limited the
integration to electron energies above the core temperature, in
order to avoid the omnipresent secondary electron contamina-
tion at low energy.

Figure 1 shows an illustrative example of our methods. For
this VDF, observed within the inward magnetic polarity sector
on the fourth PSP orbit, we found a best-fit core distribution with
a density of 466 cm™>, parallel and perpendicular temperature
components of 52 and 43 eV, and a magnetic field-aligned sun-
ward core drift of +127 km/s. By performing a 2-d integration
of the residual of the measured VDF with respect to the best-
fit core model (bottom panel of Fig. 1), we found a suprather-
mal electron heat flux of —2.80 x 10~ W/m?. This heat flux is
carried partly by the suprathermal surplus in the antimagnetic

field direction (—1.59 x 10~ W/m?), and partly by a suprather-
mal deficit in the magnetic field direction (—1.22 x 107> W/m?),
both of which contribute to the skew of the VDF and thus to the
net heat flux. We commonly observe a deficit (with respect to a
Maxwellian) in the sunward-going portion of the VDF close to
the Sun (Halekas et al. 2020; Ber¢i€ et al. 2020); this example
has a particularly large deficit. Meanwhile, the core drift carries
a heat flux of 1.14 x 107> W/m? in the magnetic field-aligned
direction, as determined from the core fit parameters. To find
the net electron heat flux, we summed all these terms to obtain
—1.66 x 1073 W/m?. The net heat flux thus involves a combi-
nation of fit-based results (the core) and numerical integrations
(the suprathermal population). We find that the currents carried
by these populations typically balance to satisfy the zero current
condition in the plasma frame, as expected from physical princi-
ples, providing confidence in the overall accuracy of the scheme.

We also grouped these three heat flux terms into components
corresponding to the heat flux carried by the parallel and antipar-
allel (magnetic field-aligned and antimagnetic field-aligned) por-
tions of the distribution, with the entire core heat flux included
with the component corresponding to its sign (+ for parallel,
— for antiparallel). This provides more information than a sin-
gle net heat flux number, especially in cases where there is sig-
nificant heat flux in both directions along the field line, which
cancels out in the net heat flux. In this case, we found paral-
lel and antiparallel heat flux components of —8 x 107> W/m?
and —1.59 x 1073 W/m>. We also discuss the heat flux and its
components as normalized by the saturation heat flux Qy =
%nekBTe V2kgT,/m,, where we utilized the core density and
temperature values to define this quantity. The saturation heat
flux thus represents the heat flux corresponding to the full elec-
tron core thermal energy moving at the electron core thermal
velocity with respect to the plasma frame. This normalization
largely removes the radial variation of the heat flux. It also puts
the heat flux in a convenient form in order to compare it with the-
oretical predictions of both collisionless and collisional heat flux
regulation mechanisms, most of which utilize a similar normal-
ization. For this case Qp = 2.06 x 102 W/m?, implying normal-
ized parallel and antiparallel heat flux components of -0.0039
and -0.077, and a total normalized heat flux of -0.081.

3. Near-Sun heat flux

The first two PSP orbits remained entirely in the inward mag-
netic sector and did not cross the HCS during the near-Sun en-
counter (Badman et al. 2020; Szabo et al. 2020). Figure 2 dis-
plays a selection of relevant solar wind parameters for the first
and second PSP orbits, for time periods near the perihelia (03:27
UT on 06 Nov 2018 and 22:40 UT on 4 Apr 2019). During these
orbits, PSP encountered relatively low-beta plasma with ubiqui-
tous Alfvénic switchbacks near the Sun (Bale et al. 2019; Kasper
et al. 2019), easily visible as brief rotations in the magnetic field
angle and associated increases in solar wind speed. The elec-
tron beta values remained mostly between 0.2 and 1 during the
encounter periods, with only a few brief excursions to higher
beta. The solar wind electron VDFs on these orbits contained a
well-formed strahl that carried a relatively steady electron heat
flux, with a magnitude generally larger at smaller heliocentric
distances as expected, but also anticorrelated with solar wind
speed (Halekas et al. 2020). The electron heat flux on these or-
bits was dominantly carried by the strahl and was unipolar in na-
ture and reliably antiparallel to the magnetic field, as expected in
the inward magnetic field sector. When divided by the saturation
heat flux as described above, the resulting normalized electron
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Fig. 1. Electron velocity distribution function (VDF) measured at
12:40:20 UT on 31 Jan 2020 by the Solar Wind Electrons Alphas and
Protons (SWEAP) experiment on the Parker Solar Probe (PSP). The
top panels show orthographic projections of the VDF at 314 eV (with
blocked and/or contaminated pixels removed), in the solar wind proton
frame. Symbols indicate electron velocities parallel (blue) and antipar-
allel (red) to the sunward magnetic field (diamonds) and the antisun-
ward proton velocity (pluses). The center panel shows a 2-d projection
of the same electron VDF, in magnetic-field aligned coordinates. The
bottom panel shows the difference between the measured VDF and a
drifting bi-Maxwellian fit to the electron core.

heat flux values displays an apparent anticorrelation with beta
for the majority of the two encounters. This persistent anticorre-
lation suggests the operation of collisionless heat flux regulation
mechanisms, nearly all of which are expected to provide heat
flux regulation that depends on beta.

The fourth and fifth PSP orbits took it closer to the Sun than
its first three orbits, to a heliocentric distance of 0.125 AU. These
orbits also differed from the earlier orbits in that they crossed
the HCS near perihelion, rather than remaining in the inward
polarity sector during the primary encounter as in earlier orbits
(Badman et al. 2020; Szabo et al. 2020). As a result, one cannot
easily differentiate between the effects of heliocentric distance
and those due to the very different plasma regimes encountered.
Figure 3 displays a selection of relevant solar wind parameters
for the fourth and fifth PSP orbits, for time periods near the per-
ihelia (09:37 UT on 29 Jan 2020 and 08:23 UT on 7 Jun 2020).
The two encounters have many similar characteristics. Both in-
bound portions occur in the inward polarity sector, in regions
with moderate solar wind speed and many switchbacks. Both in-
bound portions also contain intriguing quasi-periodic structures
with time scales on the order of a day. Both orbits display a
transition to lower speed and generally higher beta solar wind
plasma. Both orbits cross from the inward to the outward polar-
ity sector within a few days of perihelion. On the fourth orbit
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we observe a clear true sector boundary (TSB) consisting of a
single sharp transition between antimagnetic field-aligned strahl
and magnetic field-aligned strahl, colocated with a distinct HCS
crossing. On the fifth orbit, the HCS and TSB are both apparently
obscured by extended high-beta regions, potentially representing
the HPS. Several similar but less extended regions occur before
the HCS crossing on the fourth orbit. These high-beta regions
primarily result from magnetic field decreases, but some also
contain increases in density. Though they may represent tran-
sient structures, their occurrence on these orbits is surprisingly
frequent.

The net electron heat flux on the fourth and fifth PSP or-
bits generally increases in magnitude with decreasing heliocen-
tric distance, as expected and as observed on the first two or-
bits. On the other hand, the normalized heat flux generally de-
creases in magnitude with decreasing heliocentric distance, and
we observe an apparent anticorrelation with plasma beta similar
to that observed in the first two orbits, as one might expect if
beta-dependent collisionless mechanisms regulate the heat flux.

The highest beta values on the fourth and fifth orbits ap-
pear in the regions tentatively identified as the HPS. In these
regions, we also observe an anticorrelation between net electron
heat flux and plasma beta. This could result from the same mech-
anism(s) that lead to the anticorrelation seen in other regions, or
may instead result from the different physical origin and evolu-
tion of the plasma in these unique regions. Intriguingly, though
the net heat flux consistently decreases in high-beta regions, the
heat flux carried by the parallel and antiparallel portions of the
VDF often has comparable magnitudes or in some cases in-
creases in these regions as compared to the surrounding time pe-
riods. The electron pitch angle distributions also become much
more isotropic at these times, implying that the omnidirectional
suprathermal electron flux is also comparable to or higher than in
the surrounding regions. We only interpret cases with a drop in
both net electron heat flux and omnidirectional suprathermal flux
as disconnections. This suggests that most observed heat flux
dropouts near the Sun do not represent disconnections, but rather
enhanced scattering, consistent with the observed bidirectional
or isotropic suprathermal pitch angle distributions, and in accord
with the conclusions of previous studies utilizing data from 1
AU (Crooker et al. 2003; Pagel et al. 2005a,b). We observe one
clear exception on 4 Jun 2020, when both the net heat flux and
its components drop (not readily apparent on the extended time
scale of Fig. 3), suggesting a true disconnection event.

Figure 4 shows an expanded view of the time periods close
to the HCS on both orbits, confirming the close correspondence
between heat flux signatures and plasma beta, in agreement with
observations from the earlier PSP orbits and also previous stud-
ies using data from greater heliocentric distances (Crooker et al.
2003). The very high beta regions may represent the HPS. How-
ever, several such periods occur well away from the main sector
boundary crossing. Transient changes in the location of the HCS
could explain these displaced encounters. However, an HPS
clearly does not always surround the HCS near the Sun, given
that the HCS crossing on the fourth orbit has no such surround-
ing high-beta region. An origin related to reconnection could ex-
plain the sporadic nature of the HPS (Sanchez-Diaz et al. 2019;
Lavraud et al. 2020), and interchange reconnection could poten-
tially explain the observations of HPS signatures far from the
main sector boundary (Crooker et al. 2004). However, the re-
markably extended duration (on the order of a day) of the two
longest encounters on the fifth orbit appears difficult to explain
through such transient mechanisms. Furthermore, most of the
very high beta regions near the Sun, though they have low net
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heat flux, do not appear obviously consistent with disconnec-
tion, given the lack of a decrease (and often an increase) in the
omnidirectional suprathermal electron flux.

We show four selected VDFs representative of plasma
regimes encountered by PSP in Fig. 5. All four distributions
have nearly isotropic core distributions, with at most slight par-
allel anisotropies. VDFs A and B (middle panels of Fig. 5) rep-
resent cases with a moderate net electron heat flux antiparallel
to the magnetic field. These two observations occurred in quick
succession, during a time period with moderate flow speed and
plasma beta, on the inbound portion of the orbit. The two VDFs
have very similar properties, despite almost inverted magnetic
field directions during the observations. Both VDFs contain a
clear antimagnetic field-aligned strahl, with an angular extent of
~ 30 — 45° (narrower at higher energies), and a tenuous and
nearly isotropic halo outside of these angles. During switch-

with bidirectional heat flux (purple), a true sec-
tor boundary (TSB, orange), and a potential dis-
connection event (brown).

backs, as in VDF B, the electron heat flux reliably follows the
magnetic field, allowing us to distinguish these magnetic field
rotations from sector boundary crossings.

VDFs C and D (bottom panels of Fig. 5) represent cases
with very low net heat flux. VDF C comes from the potential
disconnection event identified in Fig. 3. This VDF has low net
heat flux, and also low heat flux components in both the paral-
lel and antiparallel directions. The strong strahl in the antimag-
netic field direction present in VDFs A and B is absent in VDF
C, supporting the tentative identification of complete magnetic
disconnection from the Sun. A weak halo contains suprather-
mal electrons with velocities primarily perpendicular to the mag-
netic field direction, with very little suprathermal flux in either
the parallel or antiparallel direction. The observed perpendicu-
lar halo anisotropy could indicate a "magnetic bottle" geometry
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with higher magnetic field strengths in both directions along the
field line.

Finally, VDF D, from the high-beta region closest to peri-
helion (see Figs. 3 and 4), also has very low net heat flux, but
has large heat flux components in both the parallel and antipar-
allel direction. This VDF has a more significant halo with nearly
isotropic suprathermal electron flux, larger in all directions than
for the other three VDFs, with some indications of weak resid-
ual strahl-like populations parallel and antiparallel to the mag-
netic field. The former suggests that significant scattering has
taken place, and the latter suggests the possibility of magnetic
connection to the Sun at both ends of the magnetic field line. It
is unclear how PSP could remain in a closed magnetic field ge-
ometry for an extended period of time. However, the high-beta
regions might represent a mix of interspersed open and closed
(or recently open and closed) magnetic field lines, as suggested
by Sanchez-Diaz et al. (2019) and Lavraud et al. (2020).

4. Heat flux organization

While time series data suggest a relationship between plasma
beta and electron heat flux, the heat flux (and its components)
also has distinctive correlations with other solar wind parame-
ters. We first investigate radial trends in the electron heat flux
and its dependence on solar wind speed, as shown in Fig. 6. We
compare near-Sun observations from the first two PSP orbits (no
HCS crossings, relatively low plasma beta) with those from the
fourth and fifth orbits (HCS crossings, higher plasma beta). We
do not consider the third orbit, which lacked solar wind velocity
observations for a large portion of the orbit. For both data sets,
we find that the electron heat flux generally decreases with in-
creasing heliocentric distance in all speed bins. Furthermore, the
net heat flux has a clear anticorrelation with solar wind speed, as
reported by Halekas et al. (2020). This trend, not clearly appar-
ent at | AU (Salem et al. 2003), is consistent with expectations,
given the lower heat flux carrying capacity of high-speed flows.
The higher-speed wind generally has lower density everywhere,
and also has a lower electron temperature near the Sun (Halekas
et al. 2020; Maksimovic et al. 2020), both of which lead to a
lower value of the saturation heat flux. When we normalize the
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tical lines indicate high-beta periods with bidi-
rectional heat flux or boundaries thereof (pur-
ple), and a TSB (orange).
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Fig. 6. Electron heat flux as a function of heliocentric distance and solar
wind speed. The top panels show net heat flux magnitudes, and the bot-
tom panels show normalized net heat flux magnitudes, for the first and
second (left panels) and the fourth and fifth (right panels) PSP orbits.
The solid lines and diamonds show median values in five solar wind
speed bins (each 100 km/s in width), and the corresponding dashed lines
show the upper and lower quartiles.

heat flux values by the saturation heat flux, the anticorrelation
with solar wind speed largely disappears. The normalized heat
flux also does not generally decrease with increasing heliocen-
tric distance, and in fact increases with distance close to the Sun
on the fourth and fifth orbits. This apparent radial trend on these
orbits likely results from the presence of high-beta regions near
perihelion. Indeed, all of the observed trends appear consistent
with the operation of a beta-dependent collisionless heat flux
regulation mechanism (or mechanisms) that limits the value of
the normalized electron heat flux.

While the net electron heat flux has some trends with so-
lar wind parameters, more trends appear when we separately
consider the components of the heat flux corresponding to the
parallel and antiparallel portions of the electron VDF. Figure



J. S. Halekas et al.: Electron heat flux in the near-Sun environment

107E 3
o -13 ]
e 10 7¢
>~ C . . B
v o L A. Radial Field -
c F o E
@] — 3 Switechback
= 10 75? B. Switchback -
(@] = =
C C J
= WO”G; Heat Flux Dropout -
- E . ) i
.0 1077 D. Bidirectional Heat Flux i
A E
(O P S S S
—-20 —-10 0 10 20
VH I:/‘ 06 m/S:I
A. Radial Field (B Angle 9.2°) B. Switchback %142" 10
2020-06-0 /17:%1:30 2020-06—-05/17:24:00 10
Q Q
£ £
) ) 1072 —
= ha c
= = ~
y ) / . 2,
-20 10 0 10 20 20  -10 0 10 20 .5
v, [10° m/s] Vi [10° m/s] 10772
C. Heat Flux Dropout (22°) D. Bidirectional Heat Flux 841") 2
2020-06—04,/03:50:30 2020-06—-08/03:04:3 2
. 20F - = E ki
{ ~ ~ { 10—16 [m)
£ 15r , s T ) <« 1 E Fig. 5. Electron VDFs in four different near-
2 iof Y NN 2 Sun regimes. The top panel shows.cuts through
Sosb 4/ U S the four VDFs along the magnetic field axis,
J L J107® and the bottom four panels each show a 2-
-20  -10 0 10 20 d gyrophase-averaged VDF, in magnetic-field
Ve [10° m/s] Vi [10° m/s]

7 shows selected solar wind parameters in a two-dimensional
space formed by the parallel and antiparallel normalized elec-
tron heat flux components, for the same two data sets as in Fig.
6. Electron VDFs with a more significant suprathermal electron
population (higher suprathermal fraction) lie closer to the bot-
tom right of the diagram, while those with nearly Maxwellian
distributions lie closer to the origin. In this space, net heat flux
dropouts show up along the diagonal line, with disconnections
closer to the origin, and bidirectional or isotropic cases closer to
the bottom right. In contrast, distributions with a dominant uni-
directional strahl lie farther from the diagonal.

Consistent with PSP’s location in the inward polarity sector
near the Sun during its first two orbits, the great majority of data
points in the top six panels of Fig. 7 lie below the diagonal line,
with a larger antiparallel heat flux component, and thus a net
antimagnetic field-aligned heat flux. Observations with a more
unidirectional heat flux (strahl dominant over halo) lie farther
to the left, and on average correspond to times with lower nor-
malized density, higher electron temperature, lower flow speed,
lower plasma beta, and more radial magnetic fields (the presence
of switchbacks makes the average field less nearly radial then
the expected Parker spiral direction). Observations with more
equal heat flux components (halo dominant over strahl, heat flux
dropouts, or bidirectional heat flux) correspond to times with
higher normalized density, lower electron temperature, higher
flow speed, higher plasma beta, and less radial magnetic fields.

aligned coordinates.

These time periods may represent regions closer to the HCS or
HPS.

Observations from the fourth and fifth PSP orbits follow
most of the same trends. However, since these orbits crossed
the HCS, points in the bottom six panels of Fig. 7 lie on both
sides of the diagonal line. The regions of parameter space close
to the diagonal have much higher values of normalized density
and plasma beta, corresponding to the high-beta regions near the
HCS encountered on these orbits. The diagonal line lies close to
the separatrix between observations with inward and outward av-
erage radial fields, as expected given the prevailing net electron
heat flux outward from the Sun. As also apparent from Fig. 3,
the outward polarity sector has higher normalized density, higher
plasma beta, and lower average solar wind speeds than the in-
ward polarity sector on these orbits.

5. Heat flux constraints

The observations discussed above demonstrate the clear anticor-
relation between net electron heat flux and plasma beta, which
appears consistent with the operation of beta-dependent colli-
sionless heat flux regulation mechanisms. However, questions
remain as to the relative importance of collisional and collision-
less mechanisms, as well as the specific mechanism(s) at play.
Previous work (Salem et al. 2003; Bale et al. 2013; Horaites
et al. 2015) has indicated that the electron heat flux observed at 1
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the magnetic field. The bottom six panels show
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orbits. Diagonal lines mark equal and oppo-
site parallel and antiparallel electron heat flux
components. Contours enclose the region of pa-
rameter space with an occurrence frequency of

AU follows the Spitzer-Hédrm collisional limit or is bounded by
it for a range of Knudsen numbers. In this limit, the normalized
electron heat flux should be directly proportional to the Knud-
sen number. We repeated the analysis of Bale et al. (2013), who
found that the electron heat flux at 1 AU matches the Spitzer-
Hérm (Spitzer & Harm 1953) expectation for K < 0.3 (more
collisional plasma), but takes on a nearly constant normalized
value of ~ 0.3 for K 2 0.3 (more collisionless plasma). Horaites
et al. (2015) obtained similar results using Helios data from 0.3-
1 AU. Figure 8 shows a comparison for the same two data sets as
in Figs. 6 and 7. Given the smaller temperature gradient scales
close to the Sun, we have almost no data points for K < 0.1. In
the range of parameter space covered by the first two PSP or-
bits, we found heat flux values consistent with previous results
(Bale et al. 2013). The normalized heat flux has a nearly constant
value of ~ 0.1 — 0.3 for K 2 0.2, and decreases for the lowest
sampled values of K, with values consistent with the Spitzer-
Hérm limit for 0.1 < K < 0.2. However, this correspondence
only holds for an electron temperature exponent @ = %, assumed
by Bale et al. (2013) because this value gives a constant con-
ductive luminosity. For a larger exponent (which decreases Ly
and thus increases K) such as @ = 0.5, more consistent with ob-
servational results (Maksimovic et al. 2005; Stverdk et al. 2009;
Halekas et al. 2020), the normalized heat flux remains below
the Spitzer-Hédrm limit for all observed values of K. Meanwhile,
though observations from the fourth and fifth orbits provide very
little coverage of low Knudsen numbers, the great majority of the
observed heat flux values lie below the Spitzer-Hérm limit for all
parameter space sampled, regardless of the assumed temperature
exponent. These results may prove consistent with simulations
by Landi et al. (2014), who argued that, despite the apparent cor-
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more than 10% of the maximum.

respondence at 1 AU, the radial dependence of the electron heat
flux does not follow the Spitzer-Harm prediction for K = 0.01.
To settle this question, one would have to consider the full radial
variation of the heat flux. Regardless of the interpretation, the
PSP observations appear to place the majority of the near-Sun
environment firmly in the collisionless regime.

The net electron heat flux in the near-Sun environment
clearly depends on plasma beta, as discussed several times in
the preceding sections. Figure 9 shows this result directly, for
the same two data sets considered above. As described in Sect.
1, numerous collisionless heat flux mechanisms have been pro-
posed. More than one of these could potentially provide the
plasma beta-dependent heat flux regulation that our results sug-
gest. Furthermore, multiple instabilities could contribute, either
in concert, or in different plasma regimes (Shaaban et al. 2018;
Roberg-Clark et al. 2018a). In Fig. 9, we compared the PSP ob-
servations to two theoretically predicted instability thresholds
from the literature (Gary et al. 1999; Vasko et al. 2019). Both
predictions bound the observations well for both sets of orbits,
particularly given the rather different plasma conditions encoun-
tered. Though many of the characteristics of the later orbits were
very different from those of the earlier orbits, the overall or-
ganization of the net normalized electron heat flux by beta is
very similar for the two data sets, notwithstanding the different
ranges of beta sampled. The oblique whistler instability thresh-
old (Vasko et al. 2019) appears to better bound the majority of
the observations for both data sets. Both of these predictions in-
corporate assumptions about the functional form of the electron
VDFs, such as the thermal velocity of the strahl and the charac-
teristics of the halo. The small fraction of the observations that
lie at or above the predicted thresholds might therefore repre-
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Fig. 8. Normalized electron heat flux as a function of a measure of col-
lisionality. The top panels show 2-d frequency distributions of heat flux
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and the temperature gradient scale Ly) for two values of the electron
temperature exponent @ (i.e. T, ~ Tor®), for the first two PSP orbits
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quantities for the fourth and fifth orbits. Frequency values are column-
normalized to a maximum of unity for each value of K, with the same
color scale as Bale et al. (2013) for ease of comparison. Diagonal lines
mark a 1:1 relationship.

sent truly unstable plasma, or merely VDFs which do not satisfy
the assumptions these calculations incorporated. Detailed calcu-
lations utilizing the actual measured VDFs could help determine
which instability actually limits the electron heat flux in the near-
Sun environment.

Another recent theoretical study (Verscharen et al. 2019)
considered a similar oblique fast magnetosonic instability to that
in Vasko et al. (2019) as a candidate to scatter the strahl. We com-
pared the PSP observations to their calculations, by computing
the fractional density and bulk velocity of the suprathermal elec-
tron population in the direction of the dominant heat flux com-
ponent. Figure 10 shows the results, together with the predicted
instability threshold from Verscharen et al. (2019). We find that
the predicted threshold completely bounds the observations from
the first two PSP orbits (with room to spare), and bounds all but a
tiny fraction of the observations from the fourth and fifth orbits.
As discussed above, this could either indicate that a small frac-
tion of the VDFs from the latter orbits represent unstable plasma,
or that they do not satisfy the assumptions incorporated into the
calculation. In either case, the PSP observations at or near the
instability threshold present an interesting cadre for future study.

6. Conclusions

The observations from PSP reveal a complex and structured
near-Sun environment. The earlier PSP orbits, which remained
in the inward sector and did not cross the HCS during the
near-Sun encounter, encountered relatively low-beta plasma with
ubiquitous Alfvénic switchbacks near the Sun (Bale et al. 2019;
Kasper et al. 2019). The solar wind electron VDFs on these
orbits contained a well-formed strahl that carried a relatively
steady outward heat flux, with a magnitude anticorrelated with
solar wind speed (Halekas et al. 2020). In contrast, the later PSP
orbits, which crossed the HCS near the Sun, contain much more
diverse electron heat flux signatures. On both the earlier and
later PSP orbits, the normalized electron heat flux is anticorre-
lated with plasma beta, suggesting that this is a pervasive feature
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Fig. 9. Beta-dependent electron heat flux constraints. The two panels
show 2-d frequency distributions of normalized electron heat flux and
By from heliocentric distances < 0.25 AU from the first two PSP or-
bits (top panel) and from the fourth and fifth orbits (bottom panel). Or-
ange lines indicate theoretical thresholds for the whistler fan instabil-
ity (Vasko et al. 2019) and green lines indicate an empirical threshold
(solid) and a theoretical threshold (dashed) for the whistler heat flux
instability (Gary et al. 1999).

of the near-Sun solar wind. This global anticorrelation appears
consistent with the operation of collisionless heat flux regula-
tion mechanisms. The solar wind encountered on the later orbits
spans a wider range of plasma beta. The very high beta regions
tentatively identified as the HPS represent a different physical
regime, and the anticorrelation there could result from different
mechanisms. However, the relationship between heat flux and
beta appears to follow the same trends, even in these very dif-
ferent regions. In any case, the apparent regulation of the heat
flux explains the anticorrelation with solar wind speed on all or-
bits, since the higher-speed wind near the Sun has both lower
density and lower electron temperature, leading to a lower satu-
ration heat flux and thus lower heat flux carrying capacity.

The PSP observations appear inconsistent with the opera-
tion of purely collisional heat flux regulation mechanisms, since
for a realistic temperature exponent the observations do not fol-
low the Spitzer-Harm limit for any range of Knudsen numbers
observed, and therefore suggest a primary role for collisionless
mechanisms. Many candidate mechanisms have been proposed,
and multiple instabilities may play a role. However, theoretical
predictions based on oblique whistler and magnetosonic insta-
bilities provide thresholds that very closely bound the PSP ob-
servations of net electron heat flux and strahl parameters on all
orbits to date. PSP measurements should provide the observa-
tions of whistler wave properties needed to confirm or refute the
importance of such oblique instabilities.

The very high beta regions encountered near the HCS, which
may represent the HPS, contain electron VDFs that carry lower
net heat flux. However, the parallel and antiparallel heat flux
components, and the omnidirectional suprathermal electron flux,
remain at a comparable level or even increase in most of these
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Fig. 10. Constraints on electron strahl parameters in the near-Sun envi-
ronment. The two panels show 2-d frequency distributions of normal-
ized strahl velocity and fractional strahl density from heliocentric dis-
tances < 0.25 AU from the first two PSP orbits (top panel) and from the
fourth and fifth orbits (bottom panel). The dashed red line indicates a
theoretical threshold for an oblique fast magnetosonic instability (Ver-
scharen et al. 2019).

regions, seemingly inconsistent with disconnection from the Sun
(with one exception). In a completely open diverging magnetic
field geometry, it appears difficult for a single instability to force
the electron VDF to evolve from one that contains a unidirec-
tional strahl that carries a strong net electron heat flux to one that
contains a bidirectional or isotropic suprathermal population that
carries small or no net heat flux. The observed electron VDFs in
these high-beta regions therefore may require the operation of
multiple heat flux regulation mechanisms or a trapping mech-
anism such as a closed magnetic geometry or an electrostatic
potential (i.e. a different or stronger potential than the normal
interplanetary potential). In some high-beta regions, faint signa-
tures of bidirectional electrons appear, possibly supporting the
existence of such a trapping mechanism. However, the extended
duration of some of the observed high-beta regions may argue
against such a scenario.

The PSP observations suggest that electron heat flux near
the Sun is primarily regulated by collisionless plasma instabili-
ties that depend on plasma beta. This has clear implications for
how heat flows within and outward from the solar corona, and
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for the types of electron VDFs that can exist in different plasma
regimes and at different heliocentric distances in our solar sys-
tem. These results may also have broader implications for the
nature of electron distributions and the associated electron heat
conduction that occurs around other stars and in other astrophys-
ical contexts, including accretion discs around objects such as
black holes.
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