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Abstract

We analyzed 20 reconnection events observed by the Magnetosphere MultiScale mission,
ﬁnding that in a subregion of the magnetospheric inﬂow, the electron temperature parallel to the
magnetic ﬁeld (Te||) decreases toward the separatrix with increasing densities. Such Te|| variation is not
consistent with the heating through the parallel potential mechanism for magnetospheric electrons.
Associated with the change in Te||, low-energy gyrotropic magnetosheath-like electrons are observed.
These electrons may come from the magnetosheath, penetrate to the magnetospheric side possibly due to
waves in the lower hybrid frequency range, and do not experience as much energization as those from
deeper in the magnetosphere. In addition, as Te|| decreases, the high-energy ﬁeld-aligned phase-space
densities decrease or ﬂuctuate signiﬁcantly over time. Wave-particle interaction might produce energy
conversion and cause the high-energy phase-space density variations.

1. Introduction
Magnetic reconnection is an important mechanism for plasma transport and energization. Electrons and ions
from two sides of the inﬂow region mix in the outﬂow region, and the magnetic energy is partially converted
to plasma kinetic energies. Heating of electrons starts from the reconnection inﬂow region, i.e., on not yet
reconnected magnetic ﬁeld lines [Chen et al., 2008], and will inﬂuence energization and pitch angle scattering
in the exhaust [e.g., Egedal et al., 2009; Bessho et al., 2015; Lavraud et al., 2016].
Inside the ion diffusion region in asymmetric reconnection, electrons moving in the inﬂow region follow
magnetic moment (μ) conservation and are accelerated by the parallel potential (Φ∥) toward the reconnection site, where Φ∥ is the integral of E|| along the magnetic ﬁeld to inﬁnity [Egedal et al., 2011]. Le et al. [2009]
derived electron distributions in the reconnection region according to Liouville’s theorem for symmetric
reconnection. The resulting ﬁeld-aligned electron distribution has a ﬂat-top-like shape with constant
phase-space densities (f) below the shoulder energy equal to eΦ∥, where e is the electron charge [Egedal
et al., 2010]. Based on the derived distributions, the electron parallel temperature in the inﬂow region follows
the scaling law:
T e∥ ∝ n2 =B2
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(1)

where n is density and B is the magnetic ﬁeld strength. The scaling law has been shown to apply in the
magnetospheric inﬂow region during asymmetric reconnection for two-dimensional (2-D) particle-in-cell
(PIC) simulations, and Te|| as well as n of magnetospheric origin inﬂow electrons increases toward the
current sheet [Egedal et al., 2011]. The electron density enhancement near the reconnection site inside
the ion diffusion region is associated with drawing in magnetospheric electrons along magnetic ﬁelds
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Figure 1. MMS4 crossing of the parallel electron heating region in the magnetopsheric side inﬂow that cannot be
explained by the typical parallel potential alone (marked by the green bar), on 6 December 2015. (a) Omni-directional
electron energy ﬂux overplotted with the spacecraft potential (black). In the marked interval, (b) the electron density
decreases, while (c) the parallel electron temperature for <2 keV populations increases. (d) The peak (location 1) to the end
(location 2) of the electron bulk ﬂow is close to the separatrix. (e) Magnetic ﬁeld. (f) Electric ﬁeld with much ﬂuctuation in
the marked interval. (j) Parallel electric ﬁeld (red) and its uncertainty (blue). The vertical dashed lines 2–4 mark the time
for electron distributions shown in Figure 2.

and is needed to maintain the charge neutrality as magnetosheath ions penetrate deeper to the
magnetospheric inﬂow region than electrons due to the ﬁnite gyroradius effect [Shay et al., 2016;
Phan et al., 2016].
The Magnetosphere MultiScale (MMS) observation shown in this paper examines whether the parallel potential mechanism for magnetospheric electrons alone explains the electron heating in the magnetospheric
inﬂow region. We will show that in a sublayer close to the separatrix, Te|| decreases with increasing density
toward the separatrix, in contrast with that predicted by Egedal et al. [2011]. Our work provides observation
constraints on the heating mechanism(s) for magnetospheric inﬂow electrons.

2. Data
The observations are from the Magnetosphere MultiScale (MMS) burst-mode measurements. Electron data
are from Dual Electron Spectrometers (DES) onboard Fast Plasma Investigation (FPI) package for an energy
range of 10 eV to 30 keV, with 30 ms time resolution [Pollock et al., 2016]. The 128 samples/s magnetic ﬁelds
are taken from FluxGate Magnetometers [Russell et al., 2016]. The 8192 samples/s electric ﬁelds are from axial
and spin-plane double-probe ﬁeld sensors [Torbert et al., 2014]. The analysis uses the LMN coordinate system,
where L is along the outﬂow direction, pointing toward the reconnecting magnetic ﬁeld on the magnetospheric side; N is normal to the current sheet toward the magnetosheath; and M ﬁnishes the right-handed
LMN coordinate.
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3. Observations
3.1. Event on 6 December 2015
We ﬁrst analyze the parallel electron heating in a reconnection event observed by MMS on 6 December 2015,
reported to be 1–2 ion inertial lengths (di) downstream of the X line by Khotyaintsev et al. [2016]. The spacecraft moved from the magnetosheath to the magnetosphere (Figure 1). Near the end of the interval, relatively
steady density (Figure 1b) and magnetic ﬁeld (Figure 1e) are observed, which represent the magnetospheric
upstream conditions of the reconnection. In this upstream region, the electron energy ﬂux (Figure 1a) shows
that in addition to high-energy ring current electrons above 2 keV, another population below ~200 eV exists.
These low-energy electrons could be originally from the magnetosheath and were transported to the magnetospheric side during earlier or distant reconnection, acting as the magnetospheric inﬂow for the ongoing
reconnection (e.g., discussed in Le Contel et al. [2016], Graham et al. [2016a], and Phan et al. [2016]). Around
the magnetospheric inﬂow region between locations 1 and 4 (marked as red numbers at the bottom of the
ﬁgure), the partial moment Te|| of electrons with energies below 2 keV is higher than both inside the current
sheet and upstream magnetosphere (Figure 1c). When calculating the temperature, the effect of the spacecraft potential (black curve overplotted in Figure 1a) is accounted for through subtracting the potential from
electron energies. As n increases (Figure 1b) and B decreases (Figure 1e) from locations 4 to 1, Te|| exhibits a
peak at location 3 (23:38:34 UT) and decreases toward location 1 rather than monotonically increasing toward
the separatrix, which appears to be inconsistent with the predicted scaling law Te|| ∝ n2/B2(equation (1)).
Below we analyze the electron heating regions (1–4) in more details. Electric ﬁelds (Figure 1f) and their parallel component (Figure 1g) exhibit signiﬁcant ﬂuctuations in the intervals 1–3, which will be discussed later.
The magnetospheric separatrix is close to the peak of the electron jet (Figure 1d) at location 1
[Khotyaintsev et al., 2016]. Figure 2a shows the electron distribution at location 1 in the v∥ v⊥1 and


^ b^
^ v , v⊥2 is along
v⊥1 v⊥2 planes cut at the bulk velocity in the third direction, where v⊥1 is along b
^ v , and ^v is the bulk velocity direction. The dotted lines mark the bulk velocities in each direction.
b^
Outﬂowing (mainly along L) magnetosheath electrons with high phase-space densities (f) have v|| < 0.
The resulting distribution is nongyrotropic with asymmetry along v⊥1 relative to the bulk velocity, due
to ﬁnite Larmor radius effects (either during meandering or magnetized gyration) close to their accessible magnetospheric boundary as well as acceleration by EN [Bessho et al., 2016; Shay et al., 2016], which
leads to large bulk VM.
During the intervals 2–4, the spacecraft was in the magnetospheric inﬂow region, and no outﬂowing magnetosheath electrons with high f at v|| < 0 and nongyrotropic distributions exist. Figure 2b shows distributions at
locations 2–4 with 1-D distributions along the parallel and antiparallel directions in Figure 2c. The 1-D distributions for each energy channel between 40 eV and 2 keV and their ratios (f||+/f|| plotted in the logarithm
scale) between the parallel and antiparallel directions are shown in Figures 2d–2f. Distributions shown in
Figures 2b–2f are accumulated over ﬁve frames in time (0.15 s) to reduce the statistical uncertainties
(overplotted as errorbars on the data points in Figure 2c). Energies are subtracted by the average spacecraft
potential during the accumulation time, and distributions are interpolated to the energy channels before the
spacecraft potential correction to create Figures 2d–2f. The black curve overplotted in Figure 2f is Te|| for
<2 keV electrons. From locations 2 to 4, distributions are gyrotropic, and balanced distributions between
the parallel and antiparallel directions (the ratio f||+/f|| is close to unity; Figure 2f) support that the spacecraft
was in the inﬂow region.
The evolution of the distributions suggests that the Te|| variation during the intervals 2–4 is due to both
mixing and energization/cooling. Figure 2c shows that the distribution above ~30 eV at location 2 has a ﬂat
shape with shoulder energies where f has a sharp fall-off (around 200 eV). Distributions at locations 3 and 4
have decreasing slopes above ~30 eV and also have shoulder energies around 900 eV and 300 eV, respectively. The f below 30 eV may contain the photoelectrons induced by DES instruments, so we focus our
discussion on electrons above 30 eV. Particles are expected to convect with the magnetic ﬁelds toward the
current sheet; therefore, we will discuss in order from locations 4 to 2.
From locations 4 to 3 with increasing densities, high-energy f (above ~500 eV, close to and above shoulder
energies) as well as shoulder energies increases, as shown in Figures 2c–2e (the blue arrows in Figure 2e illustrate this trend). Low-energy f (below 300 eV, green and yellow curves) at each energy channel roughly
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^ b^
^ v , v⊥2 is
Figure 2. (a) Electron distributions in the v∥ v⊥1 and v⊥1 v⊥2 planes for location 1, where v⊥1 is along b
^ v , and ^v is the bulk velocity direction. (b) Distributions for locations 2–4. The center time of each distribution is
along b^
indicated at the top of each panel (Figures 2a and 2b). (c) 1-D ﬁeld-aligned distributions for locations 2–4. (d and e)
40–2000 eV parallel and antiparallel electron phase-space densities, with selected energy channel centers listed on the
right. Fluxes for low-energy electrons (below ~300 eV) decrease toward the peak Te// location 3, while those for high-energy
electrons (~300 to 2000 eV) increase toward the Te// peak. (f) Ratio between the parallel and antiparallel ﬂuxes, roughly
balanced in the magnetopsheric inﬂow region (2–4). Black curve: Te// for <2 keV electrons. Data in Figures 2b–2f are
accumulated over ﬁve time frames to reduce the statistical uncertainties (overplotted in Figure 2c). (g) Illustration of
locations 1–4 relative to the separatrices (black arrows showing magnetic ﬁeld directions).

remains constant over time (orange arrows illustrate this trend), with a slight decrease barely more signiﬁcant
than the statistical uncertainties (Figure 2c). The trend of increasing Te|| with increasing n and decreasing B is
consistent with the parallel potential heating for magnetospheric electrons in the magnetospheric inﬂow
region demonstrated in previous 2-D simulation studies [Egedal et al., 2011]. In terms of the distribution
features, the consistency is in the aspect that the density and parallel temperature are increased by
addition of high-energy heated magnetospheric electrons, implying that these electrons originate far from
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the X line and are energized by the parallel potential along their trajectories, and the parallel potential depth
increases toward the separatrix. However, we also notice the following features in the interval 4 to 3 that are
not quite consistent with the existing parallel potential heating prediction from 2-D PIC simulation: (1) below
the shoulder energy, f decreases with energies, deviating from the simulation prediction of a ﬂat-topped distribution [e.g., Egedal et al., 2010]. (2) Te⊥ increases from 4 to 3, which can be seen from the blue curve in
Figure 1c and the perpendicular thermal spread in distributions in Figure 2b, and it is inconsistent with the
μ conservation since B decreases.
Locations 3 to 2 mark the region where the Te|| and n variation trends are inconsistent with the scaling law. As
Te|| decreases, low-energy f increases and high-energy f decreases. If the distribution and the shoulder energy
are still controlled only by the parallel potential, the decrease of high-energy f implies a decreasing depth of
the parallel potential toward the separatrix. Previous 2-D PIC simulations [e.g., Egedal et al., 2011] did not
show such a variation of Φ||. In the magnetospheric inﬂow region beyond access of exhaust electrons
via the ﬁnite gyroradius effect, 2-D simulations predicted that f at energies below the shoulder energy does
not change, even though the shoulder energy changes with Φ||, inconsistent with the observation. Because of
the decrease of the high-energy f, the increase of low-energy electrons is associated with the increase of the
density and the decrease of Te|| for the whole distribution.
The additional low-energy electrons may come from the magnetosheath during the ongoing reconnection
due to transport by wave ﬂuctuations in the lower hybrid frequency range. The broadband waves propagating mainly in the out-of-plane direction in the lower hybrid frequency range (as shown in the wave power
spectrogram in Khotyaintsev et al. [2016]) might be one possible cause for their penetration to the magnetospheric inﬂow region, as discussed in Khotyaintsev et al. [2016] with observations and Le et al. [2017] with 3-D
simulations. The time domain electric ﬁeld data are shown in Figure 1f, and intense ﬂuctuations in the
intervals 2–3 are observed. Since lower hybrid turbulence could exist near the magnetospheric separatrix
both close to the X line and at least tens of di downstream [e.g., Price et al., 2016], magnetosheath electrons
that penetrate to the magnetospheric inﬂow region at varying distances from the X line may experience varying degrees of acceleration by the parallel potential. Electrons crossing to the magnetospheric side close to
the observation location may not be much energized, because they do not experience a signiﬁcant parallel
potential drop. The decreasing Te|| with increasing amounts of low-energy electrons suggests that many
newly penetrated magnetosheath electrons enter the magnetospheric inﬂow region not far from the
observation location and are not as efﬁciently heated by the parallel potential as magnetospheric electrons,
causing the total Te|| to violate the scaling law of equation (1).
Note that although Te|| continues to decrease from locations 2 to 1, it is not considered as a violation of the
scaling law. Nongyrotropic outﬂowing magnetosheath electrons with small v|| < 0 exist between 1 and 2, and
their increasing f toward the midplane leads to Te|| decrease. The existence of nongyrotropic outﬂowing magnetosheath electrons suggests that the spacecraft was close to the separatrix region within the scale of magnetosheath electron Larmor radii (illustrated in Figure 2g). Such a Te|| decreasing layer with ﬁnite Larmor
radius effects also exists in 2-D PIC simulations, e.g., the separatrix region with the bulk VeL away from the
X line and reduced Te|| shown in Figure 2 in Chen et al. [2016]. Thus, even in 2-D reconnection, the Te|| scaling
law does not apply to such a boundary layer, and this region is not considered as a violation of the scaling law.
3.2. Event on 30 October 2015
Figure 3 shows another example where Te|| decreases with increasing densities toward the separatrix in the
magnetospheric inﬂow region. This event has been analyzed in Graham et al. [2016a], and the parallel heating of electrons was attributed to the parallel potential heating mechanism. Just like event 1, Te|| decreases
with increasing densities toward the separatrix between locations B and C (Figures 3e and 3f), coexisting with
wave ﬂuctuations (Figures 3i and 3j). The spacecraft crossed on L side of the X line. Starting from location D,
the distribution (Figure 3k) is a superposition of antiparallel outﬂowing magnetosheath electrons and parallel
inﬂowing electrons from the magnetospheric inﬂow region that extend to higher energies. Thus, the spacecraft is inferred to be on the exhaust side of the separatrix, with a net VeL < 0 (Figure 3g), higher antiparallel f
at low energies (below 100 eV) and higher parallel f at high energies (above 100 eV) (Figure 3d). The ﬁrst time
such distribution features occur is one time frame after C, while these features repeatedly appear and disappear during the interval between C and D. Thus, the interval between C and D is identiﬁed as the separatrix
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Figure 3. MMS4 crossing of a reconnection region on 30 October 2015. (a) Omni-directional electron energy ﬂux.
(b–d) Same formats with Figures 2d–2f. (i and j) The dominant ﬂux direction between the parallel and antiparallel
reverses over time for above 100 eV electrons in the magnetospheric inﬂow region with existence of the electric ﬁeld
ﬂuctuations. (e) Electron temperature with Te// ﬁrst increases and then decreases at (f) the increasing densities. (g) Electron
velocity. (h) Magnetic ﬁeld. The solid vertical lines mark the separatrix region, with (k) an example of distribution (D).
(l–n) 1-D and 2-D cuts of distributions in the inﬂow region.
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Table 1. Event List of Electron Parallel Heating in the Magnetospheric
Inﬂow Region Close to the Separatrix, With High-Energy (Hundreds of eV
to ~2 keV) Electron Flux Variations That Cannot be Explained by the
a
Typical Parallel Potential Alone
No.

UT (Yyyymmdd-Hhmm)

cot cot(θB/2)

(2.1)

(2.2)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

20151006-1518
20151008-0948
20151018-1512
20151023-1527
20151030-0515
20151101-1508
20151111-1235
20151119-1041
20151205-2339
20151206-2338
20151208-0006
20151208-1120
20151211-1216
20151212-0003
20151213-0041
20151214-0117
20151214-2254
20160104-0111
20160204-2125
20160222-2314

0.47
0.30
0.19
0.22
0.46
0.29
0.21
0.96
0.15
0.25
0.14
0.36
0.38
0.19
0.72
0.41
0.11
0.76
0.19
0.41

Y
Y
–
Y*
–
–
–
–
–
Y
Y
–
–
Y
Y
–
–
–
Y
–

–
–
Fluctuations
Fluctuations
Reversals
Fluctuations
Reversals
Reversals
Reversals
–
–
Reversals
Fluctuations
–
–
Reversals
Reversals
Reversals
–
Reversals

region. The spacecraft is inferred to
be in the magnetospheric inﬂow
region before C, and the regions B
and C also violates the Te|| scaling
law (equation (1)). Based on the
timing analysis reported in
Graham et al. [2016a], the length
scale between locations B and C
corresponds to about 0.7 di.

The most prominent difference
between this event and the ﬁrst
one is that high V|| phase-space
densities are imbalanced and the
dominant side (V|| > 0 or V|| < 0)
switches (Figures 3b–3d). Since
the spacecraft is on the L side of
the X line and in the magnetospheric inﬂow region, according
to the Hall current structure predicted by 2-D simulations, f in the
direction toward the X line (parallel
in this case) may be slightly higher
a
cot cot(θB/2): cotangent of half the magnetic ﬁeld shear angle, reprethan that in the opposite direction,
senting the guide ﬁeld level relative to the reconnecting component
(2.1): Feature (2.1) listed in section 4. Existence of an interval of increasing
leading a bulk velocity toward the
high-energy ﬂuxes with increasing Te|| and decreasing total densities,
X line (VeL > 0) [e.g., Chen et al.,
where parallel and antiparallel ﬂuxes are balanced (“Y”) or with higher
2016, Figure 2d]. Such imbalance
ﬂuxes toward the reconnection site as expected in the inﬂow region
(“Y*”) (2.2): Feature (2.2) in section 4. Existence of asymmetric high-energy
is observed at location A (red color
ﬂux ﬂuctuations between the parallel and antiparallel directions, with
in Figure 3d). However, the imbal(“Reversals”) or without (“Fluctuations”) reversals of their ratios over time.
ance unexpectedly changes to be
dominant in the antiparallel direction around 05:15:45–05:15:46.5 UT (blue color in Figure 3d). Figure 3l plots examples of 1-D distributions
at locations A and B to show the imbalance in f. 2-D cuts of distributions for A–C are shown in Figure 3n.
The imbalance during A–C is not negligible, as the ratio f||+/f|| is greater than 2 or less than 1/2, which leads
to a current density along L up to 1.4 μA/m2 and alters the Hall current and ﬁeld pattern. Figure 3m shows 1-D
distributions at locations B and C. As Te|| generally decreases from B to C, the major change in distributions is
the increase of low-energy f; high-energy f ﬂuctuates, leading to small-amplitude Te|| variations. In short,
although distributions B and C are quasi-ﬂat-top (above 10 eV), discrepancies of electron heating features
from the parallel potential mechanism lie in the decreasing Te|| trend, increase of low-energy f rather than
high-energy f, and the ﬁeld-aligned distribution imbalance with reversals of the direction with dominant f.

4. Summary
In this study, we have analyzed the parallel heating for gyrotropic electrons below ~2 keV in the magnetospheric inﬂow region near the separatrix. As demonstrated by the two events shown above, in a subregion
of the inﬂow close to the separatrix, Te|| decreases toward the separatrix with increasing densities, and thus,
the adiabatic Te|| scaling law (equation (1)) is violated. Such Te|| variation cannot be explained by the heating
mechanism of the parallel potential for magnetospheric electrons that were shown in two-dimensional
simulations alone [e.g., Egedal et al., 2011]. Broadband electromagnetic wave ﬂuctuations in the lower hybrid
frequency range exist in this subregion. Further in the magnetospheric inﬂow region, the trend of Te||, density,
and high-energy f variations agree with the parallel potential mechanism prediction, while the distribution
shape and Te⊥ variation still exhibit noticeable differences from the parallel potential theory.
Corresponding distribution features along the decreasing Te|| toward the separatrix include the following: (1)
more low-energy (below ~300 eV) electrons are mixed in. (2) High-energy electron (a few hundred eV to
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~2 keV) distributions may either (2.1) exhibit the same trend with Te|| with quasi-balanced distributions
between the parallel and antiparallel directions (e.g., 2015–12-06 event) or (2.2) exhibit ﬂuctuating phasespace densities that are imbalanced between the parallel and antiparallel directions, where the direction with
dominant ﬂuxes may reverse over time (e.g., 30 October 2015 event).
Based on our investigation of MMS observations during the ﬁrst dayside magnetopause season (September
2015 to March 2016), the subregion of decreasing Te|| and increasing densities with gyrotropic
magnetosheath-like electrons is commonly observed. Twenty events are listed in Table 1 as examples,
and electron heating and distribution features are brieﬂy described. The subregion extends further to
the magnetospheric side than the separatrix region on the scale of order di. There are 8/20 events with feature (2.1) and 13/20 events with feature (2.2). The event base spans a range of the guide ﬁeld level of about
0.1 to 1 of the reconnecting component, suggesting that the existence of such a subregion is insensitive to
the guide ﬁeld strength. Here the guide ﬁeld level is estimated by the cotangent of half magnetic ﬁeld shear
angles between the magnetosheath and magnetosphere (cot cot(θB/2)), equivalent to |BM/BL| assuming that
the X line is along the bisection between the upstream magnetic ﬁelds [Hesse et al., 2013].

5. Discussions
The above summarized features in the Te|| decrease subregion may be related to wave activities near the
separatrix region, e.g., in the lower hybrid frequency range. The addition of low-energy electrons could be
due to waves transporting magnetosheath electrons to the magnetospheric inﬂow region. The energization
by the parallel potential mechanism depends on the parallel potential drop along the trajectory. If the transport location of magnetosheath electrons is close to the observation location, the parallel potential drop
experienced by these penetrated magnetosheath electrons along the magnetic ﬁeld in the magnetospheric
inﬂow region would be small, and these electrons cannot obtain as much energy as magnetospheric origin
electrons from far upstream. Graham et al. [2016b] estimated that the diffusion coefﬁcient of lower hybrid
waves is strong enough to enable penetration of magnetosheath electrons to the magnetospheric inﬂow
region and pointed out that the parallel electron heating cannot be explained by trapping of magnetospheric
electrons by the parallel potential alone.
If the parallel potential is the only heating mechanism, decreasing f at high energies toward the separatrix
(like in event 1) indicates decreasing depth of the parallel potential. The penetration of low-energy electrons
may be one factor to change the parallel potential structure. As shown in 2-D symmetric simulations, E|| in the
inﬂow region is mainly supported by the electron parallel pressure gradient along magnetic ﬁelds [Haggerty
et al., 2015]. Thus, addition of low-energy electrons may reduce the ﬁeld-aligned pressure gradient and E||,
leading to shallower parallel potential depth close to the separatrix. Consequently, the upper energy limit
(the shoulder energy of a distribution) for trapped and heated magnetospheric electrons decreases, so does
the high-energy f. Further work is needed for detailed analysis on whether and how the parallel potential
structure would be modiﬁed.
In addition to allowing magnetosheath electron transport, wave-particle interaction may produce parallel
acceleration/deceleration, as another possible mechanism to change high-energy distributions besides the
parallel potential structure modiﬁcation. For example, obliquely propagating waves with E|| ﬂuctuations
may lead to Landau resonance with electrons, producing distributions with a shoulder extending to parallel
phase velocities [Cairns and McMillan, 2005]. The resonance depends on the propagation direction and might
lead to distributions with imbalanced f between the parallel and antiparallel directions. Existence of signiﬁcant E|| ﬂuctuations for the two events is shown in Figures 1g and 3j. Graham et al. [2016a] suggested that
lower hybrid waves are much less important than the parallel potential in producing parallel electron heating.
However, the wave analysis therein was based on perpendicular electric ﬁelds, and the possibility of Landau
resonance with E|| is yet to be explored. Distributions with signiﬁcant anisotropy may excite instabilities,
which in turn reduce the anisotropy [e.g., Gary and Nishimura, 2003]. The magnetospheric inﬂow region
has low electron β (βe∥ < 1 for the presented two events), so wave excitation due to the ﬂuid electron ﬁrehose
instability that requires βe∥ > 2 is ruled out. The condition for kinetic electron ﬁrehose instability T e⊥ =T e∥ < 1
S=βαe∥ is also far from satisfaction, where S and α are constants according to the linear theory and simulation
results [e.g., Gary and Nishimura, 2003]. It is still an open question whether some type of wave-particle
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interactions other than the ﬁrehose instability could cause the continuous Te|| decrease toward the separatrix.
The effect of waves will be quantitatively studied in future work.
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