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Despite heat flux’s role in regulating energy conversion in collisionless plasmas, its properties and evolution
in the magnetosheath downstream of the Earth’s bow shock are scarcely explored. We use Magnetospheric
Multiscale in situ measurements to quantify and characterize the electron heat flux in the magnetosheath. We find
that the heat flux is shaped by the magnetosheath magnetic field as it drapes around the magnetosphere. While
it is affected by solar wind upstream conditions and increases with magnetic field strength, it is not substantially
changed by local magnetosheath processes. Also, the heat flux is limited by whistler instability thresholds.

DOI: 10.1103/hd9q-t7z8

Introduction. Electrons control the thermal energy transfer
in plasmas due to their low mass compared to ions [1], making
the electron heat flux central to the total energy budget. In the
weakly collisional regime, the electron heat flux is suppressed
below the collisional Spitzer-H4rm [2] prediction, as observed
in the solar wind [3] and the intracluster medium of galaxy
clusters [4,5]. Instead, wave-particle interactions are believed
to suppress the heat flux on ion and electron kinetic scales in
heliospheric [6] and astrophysical [7] plasmas.

The electron heat flux ¢, is defined as the third-order mo-
ment of the electron velocity distribution function (eVDF):

g, = ’% /fe<v>|w|2wd3v, (1)

where f,(v) is the eVDF, w = v — V., is the velocity v in the
electron bulk flow (V,.) frame, and m, is the electron mass.
The heat flux can be calculated directly from the eVDF in
spacecraft observations [3,6,8—10]. However, since ¢, is sensi-
tive to noise related to low count rates, detailed calculations of
q, from spacecraft data have mostly been done for case studies
[9,10]. In the solar wind (SW), g, can be obtained by fitting
the eVDF core, halo, and strahl components as drifting bi-
Maxwellians [11,12]. In hybrid simulations, g, can be inferred
through thermodynamic closures such as Landau-fluid-type
closures [13,14]. Data-driven closures using machine learning
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[15] and sparse regression [16] have also been suggested.
However, it remains a challenge to estimate ¢, in spacecraft
data, notably when the eVDF is strongly non-Maxwellian
[17].

Collisionless shocks are associated with strong particle
acceleration and heating in various astrophysical environ-
ments such as supernova remnants [ 18], interplanetary shocks
[19,20], and planetary bow shocks [21,22]. Among these,
the Earth’s bow shock (BS) is uniquely accessible to in situ
measurements of electron dynamics. At the BS, electrons are
accelerated and heated adiabatically, creating separated hot
and cold components. Additionally, nonadiabatic effects due
to, e.g., wave-particle interactions [23] become significant
at high Mach numbers in the de Hoffmann-Teller reference
frame [24]. This heating gives the eVDF in the downstream
magnetosheath (MSH) region a "flat top" shape at low ener-
gies [25], significantly different from the eVDF in the SW.
The heating is also expected to change q,, but the resulting
change in g, across the BS is not known. Moreover, g, may
be altered locally in the MSH by reconnecting current sheets
[26-31], wave-particle interactions [32-36], or magnetic re-
connection at the magnetopause (MP) [10,37]. The relevant
space mission allowing the access to electron scales is the
Magnetospheric Multiscale (MMS) mission [38], equipped
with state-of-the-art instrumentation, permitting the estima-
tion of higher-order moments of the eVDF, such as the heat
flux.

In the SW, g, can be regulated by different wave
instabilities, of which the whistler wave dominates for
Bey = 0.1 [11], where B, =2uon.T, /B> and n, and
T, are the electron density and temperature parallel to
the magnetic field B, and B = |B|. Heat flux insta-
bilities can generate both parallel-propagating [11] and
highly oblique [39] whistler waves, the interplay of which

Published by the American Physical Society
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results in a heat flux reduction [40]. However, the regu-
lation of ¢, in the MSH, a compressible, high-8 region
in contrast to the SW [41,42], remains unknown. Previous
analyses also assumed a SW-type eVDF. Studying the MSH
allows us to investigate the more general applicability of the
scenario where the heat flux is regulated by these instabilities.

Whistler waves are regularly observed in the MSH. While
the most commonly proposed generation mechanism re-
quires a high electron temperature anisotropy [43], whistler
waves are not typically associated with the high electron
temperature anisotropy required to trigger waves [33]. This
can be partly explained by highly non-Maxwellian eVDFs
[32,44,45]. Therefore, heat flux instabilities should be investi-
gated as alternative candidates for whistler wave generation.

To explore the poorly understood nature of electron heat
flux downstream of collisionless shocks, we use measure-
ments from the MMS mission to statistically study the
electron heat flux in the MSH and its evolution from the BS to
the MP. We also explore the effect of local heat flux regulation
by investigating the relationship with whistler waves.

Data and methods. We use MMS data from the 2023
unbiased magnetosheath campaign [32], where 3 min of
burst-mode data were sampled every 9 min providing 14 full
inbound MSH crossings with a total of 13.9 h of data. The
fluxgate magnetometer (FGM) [46] provides the magnetic
field vector B and the fast plasma investigation [47] instru-
ments give the full three-dimensional eVDF every 30 ms. We
use the highest-resolution burst-mode data to avoid effects
of lossy compression of fast-mode data [48]. We preprocess
the electron heat flux to remove nonphysical noise originating
from low-counting statistics. The noise removal algorithm, de-
scribed in the Supplemental Material [49], involves removing
extreme values, correcting for the spacecraft spin tone, and
smoothing the signal with a 1-s window.

Results. Figure 1 shows one of the 3-min intervals from
the MSH. Figures 1(a)-1(d) show B, n., V., and parallel
and perpendicular temperatures (7, 7., with respect to B),
respectively. In the first half of the interval, B and n, display an
anticorrelation typical of mirror-mode waves common in the
quasiperpendicular MSH configuration [50], where the mirror
modes modulate 7,, [51]. Figure 1(e) shows the electron
heat flux ¢, in field-aligned coordinates. The parallel compo-
nent g.; dominates, consistent with approximately gyrotropic
observed eVDFs. We note that g, changes direction in the
vicinity of a sharp B variation at 13:20:50. Figures 1(f) and
1(g) show the two-dimensional (2D) eVDFs f, (v, v1) at
two times: at 13:19:35, there is a parallel heat flux, and at
13:20:33, the heat flux is antiparallel. The associated asym-
metry is visible in f,, especially in Fig. 1(g) where f, is
skewed towards negative v at high energies. Thus, the heat
flux can vary locally in the MSH, and its behavior is not
directly predictable from other moments (n,, V., T,, and T, | ).

We now investigate whether local variations in the heat flux
such as the one shown in Fig. 1(e) accumulate to a significant
change across the MSH. We quantify the large-scale heat flux
with (g.)3min, the mean magnitude of g, in each 3-min burst
interval. Figure 2(a) shows the locations of MMS in the geo-
centric solar ecliptic (GSE) XY plane with color and arrows
indicating (g.)3min and the mean vectors (q,)3min, respectively.
The solid and dotted curves show models of the BS and MP,
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FIG. 1. Three-minute interval from the MSH. MMS measure-
ments of the magnetic field B (a) and the electron moments:
(b) density n,, (c) bulk velocity V., (d) temperatures parallel (7,) and
perpendicular (7, ) to B, and (e) heat flux ¢, in field-aligned compo-
nents. Panels (f) and (g) show 2D eVDFs f, (v, v,;) (averaged over
1 second) taken from 13:19:35 and 13:20:33, respectively, where
V) =v-band v, =v-[bx @xb)], andl;:B/B and e = E/E
are the magnetic and electric field directions, respectively.

respectively, based on average SW conditions (retrieved from
the OMNI database [52]) during the considered intervals, and
the variation of their locations is indicated in gray (see details
in Ref. [53]).The ¢q, direction is tied to the magnetic field lines
which are approximately aligned with the BS surface since the
MSH is observed in a quasiperpendicular configuration [33].
In each orbit, (g.)3min does not change within the MSH with
a few exceptions (e.g., (¢.)3min increasing with BS distance in
orbit 1 and the rotation in orbit 7). The SW conditions, such
as the interplanetary magnetic field direction bgw, are mostly
stable during the individual orbits, while in orbits where IA)SW
rotates this is accompanied with rotation in ¢, (see Supple-
mental Material [49]). For two orbits, 7 and 14, the MSH is
highly compressed, with MSH measurements well within the
average MP. This is due to a high-speed stream (orbit 7) and
a coronal mass ejection (orbit 14). In both cases, (g.)3min iS
3-10 times higher than that in the other orbits.

Figure 2(b) shows that (g.)smin increases with the local
MSH magnetic field strength Bysg. The same dependence
is seen with respect to Bsw (color scale) and with the SW
dynamic pressure (see Supplemental Material [49]). The fit
(black curve) based on the orbit-averages reveals that ¢, is
approximately proportional to Bysy. Interestingly, this scal-
ing with B is similar to previous observations in the SW at
1—5 AU (red circles, Scime et al., S94 [6]).

In Fig. 2(c), we study the g, evolution across the MSH
using (q.)3min Normalized to the mean value in each orbit. We
estimate the location relative to the MP and the BS with the
fractional distance dyp_gs, defined so that dyp_gs = O at the
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FIG. 2. Electron heat flux across the MSH. (a) MMS loca-
tion in each 3-min burst interval in the GSE XY plane [Zgsg ~
(=7, —=5)Rg]. Color indicates (g,)smin and arrows indicate the pro-
jected (q,)amin. Orbits are labeled chronologically 1-14 with blue
numbers. (b) (g.)3min Versus Bysy; the color scale shows Bgw. The
black curve shows the fit g, &~ 3 x 107B'3 based on the orbit-
average values (black crosses). Red circles show approximate values
of B and ¢, from the SW, obtained by reading off the axes in Fig. 13
in Scime et al. (S94) [6]. (c) Evolution of (g,)3min (normalized to the
mean in each orbit) with the fractional distance dyp_gs. The solid
curve shows the median in bins of width 0.2, and the dashed curves
show the 25th and 75th percentiles in the bins. Individual orbits are
shown in red. (d) Overall g, in the MSH; median value shown with a
solid curve, and 25th and 75th percentiles shown in dashed and dash-
dotted curves. The dotted line indicates the estimated uncertainty
0.01 mW /m? (see Supplemental Material [49]). (¢) GSE components
of g,. (f) Alignment of ¢, = ¢q,/q. with the local magnetic field
direction bysy = Busn /Bwmsu (black curve) and the upstream solar
wind magnetic field direction bsw = Bsw /Bsw (red curve).

MP and dyip_gs = 1 at the BS [53,54]. We show the individual
orbits in red and the black curves show the median (solid
curves), 25th and 75th percentiles (dashed curves) in bins of
width dyp_gs = 0.2. While there is a large variation across
different orbits, there is no clear evolution of the normalized
(ge)3min With dvp—ps, indicating that the electron heat flux is
not significantly created or destroyed in the MSH.

Figures 2(d)-2(f) show histograms of g, without time av-
eraging, i.e., obtained from the entire dataset, corresponding
to 1671203 eVDFs. The median g, is 0.021 mW/m? and
50% of the data are within 0.012 and 0.035 mW/m? [see
Fig. 2(d)]. This is slightly higher than reported values of
0.005-0.01 mW/m? in the SW at 1 AU [6,55,56]. The x
component is negative [g., < 0; black in Fig. 2(e)] similar
to the anti-sunward strahl in the SW. Its southward direction
(ge; < 0; red curve) indicates that the heat flux is directed
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FIG. 3. Whistler heat flux instabilities. (a) 2D histogram of
|qeyl/qmax and B with each count corresponding to one 30-ms
electron measurement. (b) Whistler wave occurrence in the S, —
|qey|/gmax Parameter space. We show two whistler instability thresh-
olds: the parallel heat flux instability (solid curve: Gary+ 1994
[11]: eyl /gmax = 0.108,*% for a growth rate y = 1073, where
2, is the angular proton cyclotron frequency) and the oblique heat
flux fan instability (dashed curve: Vasko+ 2019 [39]: |g.|/qmax =
0.20[ B, + 0.25]7%%). (c) Normalized Poynting flux S /|S| of low-
frequency whistler waves (f/ fe. < 0.3) versus g /qmax- (d) Same as
panel (c) but for high-frequency (f/f.. > 0.3) whistler waves.

around the magnetosphere since MMS is located at Zgsg < 0
during the entire dataset (not shown). As expected for approx-
imately gyrotropic distributions, g, is aligned with the local
magnetic field [|q, - i)MSHl ~ 1, black in Fig. 2(f)]. Moreover,
since |q, ~I;SW| is predominantly 1 [Fig. 2(f)] the heat flux
likely follows the magnetic field draping around the magne-
tosphere (see also Supplemental Material [49]).

To understand how the heat flux is regulated in the magne-
tosheath, we compare the heat flux distribution to instability
thresholds for the whistler heat flux instability, which is the
most likely instability since B, 2 0.1 in our dataset [11].
Figure 3(a) shows the B — |g¢||/gmax parameter space,
where gmax = %mene vfh is the free-streaming heat flux [3] and
Vi = /1. /m, is the thermal speed. We show the instability
threshold for parallel propagating waves (solid curves) [11]
and oblique waves (dashed curves) [39], The bulk of the data
is bounded by the parallel threshold and the oblique threshold
provides an upper boundary on the distribution. This suggests
that the whistler instability regulates the heat flux in the MSH.

To further explore the role of whistler instabilities, we
compare the heat flux to whistler wave packets analyzed
previously in Ref. [33]. The wave packets are mainly
found parallel-propagating with respect to B and appear in
two frequency bands; the majority with f/f.. € (0.1,0.3)
and a smaller population with f/f.. € (0.3,0.6), where
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fee = eB/(2rm,) is the electron cyclotron frequency [33]. In
Fig. 3(b) we show the fraction of data points in the MSH
during which whistler wave packets are observed. Whistler
activity is mainly observed for B, > 0.1 as noted in Ref. [33].
Apart from an increased wave activity at the oblique insta-
bility threshold (dashed curve) for B, ~ 10, whistler activity
does not correlate with a high heat flux close to the in-
stability thresholds. However, the whistler wave distribution
follows the parallel whistler instability threshold (solid curve),
suggesting that there is a connection between heat flux and
whistler waves.

In general, due to the asymmetry of the eVDF, whistler
waves produced by the heat flux instability propagate along
the magnetic field in the same direction as the heat flux
[57], while the temperature anisotropy instability generates
both parallel and antiparallel waves. Therefore, we investigate
the wave propagation direction using the Poynting flux S,
which is parallel to the group velocity. Figure 3(c) shows
S;/I8|, the normalized parallel Poynting flux with respect to
B, versus g.||/qmax. for low-frequency (f/f.. < 0.3) whistler
wave packets, i.e., where the majority of the observed waves
are found. The clustering in the top right and bottom left
corners indicates that the wave packets are predominantly
aligned with the heat flux, consistent with the whistler heat
flux instability. On the other hand, the propagation of high-
frequency waves [f/f.. > 0.3; Fig. 3(d)] has less alignment
with qe| -

Discussion. In this Letter, we statistically analyze the elec-
tron heat flux across the MSH, from the BS to the MP. We
find that the heat flux in the MSH shares traits of the heat flux
in the upstream SW, as it is mainly field aligned and has an
anti-sunward component. Some properties are altered; most
notably, the direction follows the field line draping around
the magnetosphere and the magnitude is higher than typical
values in the solar wind, especially when the magnetic field
is strong. Due to the order-of-magnitude variations between
different orbits, the upstream conditions likely impact the heat
flux downstream of the bow shock. Importantly, both cases
of highly compressed MSH show significantly higher values
compared to other orbits.

We find that ¢, increases proportionally to the local mag-
netic field strength Bysy and the upstream Bgw. A correlation
between g, and Bsw has been observed in the SW at 1-5 AU
[6]; however, this was also a radial effect as both g, and B
decrease with distance from the sun. In this work, the reason
for the proportionality is not clear. Possibly the correlation
exists in the SW even at 1 AU. Moreover, considering the
high g, in the MSH compared to that in the SW, it seems that
g. increases at the BS. With the present dataset, we cannot
determine the relative impacts of upstream conditions and
shock acceleration processes. This requires larger datasets as
well as continuous g, measurements from the SW to the MSH.

The magnitude of the electron heat flux remains relatively
steady within the MSH during individual orbits. Although it
can vary locally, the cumulative effect of potential sources and
sinks does not globally affect the heat flux magnitude. One
potential source for heat flux is magnetic reconnection at the
MP [10]. However, we do not observe an increase of heat flux
close to this boundary (dyvp_gs ~ 0). This suggests that the
heat flux created at the MP remains in the vicinity of the MP.

The heat flux is limited by the parallel [11] and oblique [39]
whistler instability thresholds. Since the MSH whistlers tend
to propagate quasiparallel to B [33], the parallel instability is
expected to dominate. However, given the upper bound by the
oblique threshold, there may be impact from both instabilities.
We find that there is no increase in whistler wave activity
when the heat flux is close to the instability thresholds, in-
dicating that the heat flux is not the major source of waves. As
the same instabilities bound the heat flux in the SW [8,11,58],
the fact that the heat flux is constrained by these instability
thresholds can be a remainder of SW dynamics, where the
heat flux has already been actively regulated by the whistler
instability.

On the other hand, a possible whistler-heat flux insta-
bility is supported by the alignment between low-frequency
(f/fee < 0.3) whistlers and the heat flux direction. Also, the
wave occurrence is constrained by the parallel whistler insta-
bility, similarly to what has been observed in the SW [58].
Thus, this instability cannot be ruled out. One possibility is
that the asymmetric features typical of the heat flux instability
exist in the whistler-resonant parts of the eVDF (satisfying
the first-order cyclotron resonance condition, typically a few
times the thermal energy [33]). Thus, the heat flux calcu-
lated from the entire distribution may not necessarily predict
an instability [45]. Also, high (low) electron temperature
anisotropies can trigger (quench) the onset of the whistler
heat flux instability [59,60], which could affect the spread in
wave occurrence. Considering the agreement with instability
thresholds and the directional alignment, we suggest that the
heat flux whistler instabilities play a role in the MSH.

For a reliable estimation of the electron heat flux, the anal-
ysis presented here required removing noise and nonphysical
data spikes and correcting for a spin signal (see Supplemental
Material [49]). Previously, the heat flux had been obtained
from the eVDF with another method [10], by restricting the
energy range and estimating the errors from Poisson statistics.
However, this is more suitable for case studies due to the
heavy processing of the full eVDF at each time step. Our
approach provides an alternative better suited for statistical
studies when a large amount of data needs to be processed.

Conclusions. The electron heat flux is important for un-
derstanding energy conversion in space, astrophysical, and
laboratory plasma. Using 13.9 h of burst-mode data from the
magnetospheric multiscale mission, we statistically study the
electron heat flux downstream of the Earth’s bow shock, how
it evolves inside the magnetosheath, and its potential regula-
tion by whistler instabilities. We find that the magnetosheath
electron heat flux is slightly higher than that in the solar
wind at 1 AU and that it drapes around the magnetosphere
following the magnetic field lines. Its magnitude varies with
upstream solar wind conditions and increases with magnetic
field strength. However, local processes in the magnetosheath
do not substantially change the heat flux during propagation
from the bow shock to the magnetopause. The heat flux is
constrained by the parallel and oblique whistler instability
thresholds, and the alignment of low-frequency whistler wave
propagation with the heat flux direction further supports a
connection between electron heat flux and whistler waves.

Being a statistical study of electron heat flux downstream
of the Earth’s bow shock, our findings should be instructive
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when analyzing heat conduction downstream of astrophysical
shocks such as supernova remnants [61-63], as well as other
collisionless, high-f plasmas which are not accessible for in
situ measurements, including the interstellar medium [64] and
black hole accretion disks [65,66]. Our results thus provide
a valuable contribution to the understanding the global en-
ergy budget in the MSH and can also serve as a reference
for modeling the electron heat flux in high-8, compressible
plasmas.
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