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Electron firehose instabilities can be excited at dipolarization fronts and in the
magnetic reconnection outflow in the terrestrial magnetotail, but their
occurrence rate in the plasma sheet is unclear. Here, we investigate the
characteristics of electron firehose unstable conditions in the magnetotail
plasma sheet based on observations of the Magnetospheric Multiscale
mission. We find an Alfvénic magnetic field fluctuation accompanied by a
strong field-aligned current during a flapping motion. This fluctuation occurs
where the local plasma is electron firehose unstable, indicating that the electron
firehose instability in the plasma sheet can occur in the region besides
dipolarization fronts and magnetic reconnection outflow. We statistically find
that the local plasma near the neutral sheet has a small probability with the
maximum value <1.4% to be electron firehose unstable, which mainly occurs in
the central plasma sheet with BXY/BL < 0.3. The maximum probability of Tef > 0
(electron firehose unstable condition) is ~1.36% (1.32%) at BXY/BL ≈ 0.05 (0.15)
during fast (non-fast) flows. During fast flows, the plasma near the neutral sheet
tends to have a higher probability of Tef > 0 when the local VT is larger. During
non-fast flows, the plasma near the neutral sheet tends to have a higher
probability of Tef > 0 when Te is larger. The probability of Tef > 0 shows a
dawn-dusk asymmetry during fast flows and non-fast flows. In addition, the
probability of Tef > 0 during fast flows tends to be larger when the ambient BZ is
weak, which shows opposite characteristics during non-fast flows. These findings
help to assess the importance of the role of electron firehose instabilities in the
magnetotail plasma sheet.
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1 Introduction

Fast flows are essential to the transport of mass, magnetic flux, and energy in the
terrestrial magnetotail [1, 2]. They might originate from magnetic reconnections [3, 4] or
interchange instabilities [5]. Temperature anisotropies can be caused during fast flows [6,
7], which are able to provide free energy to excite various instabilities [8–11]. For example,
ion firehose instabilities can be driven when Ti,|| > Ti,⊥, where Ti,|| and Ti,⊥ are the parallel

OPEN ACCESS

EDITED BY

Andrey Samsonov,
University College London, United Kingdom

REVIEWED BY

Anton Artemyev,
University of California, Los Angeles,
United States
Nikolai Erkaev,
Institute of Computational Modelling SB RAS,
Russia

*CORRESPONDENCE

Guoqiang Wang,
wanggq@hit.edu.cn

Pingbing Zuo,
zuopb@hit.edu.cn

RECEIVED 10 June 2024
ACCEPTED 13 September 2024
PUBLISHED 26 September 2024

CITATION

Wei J, Wang G and Zuo P (2024) Study of the
characteristics of electron firehose unstable
conditions in the terrestrial magnetotail
plasma sheet.
Front. Phys. 12:1446646.
doi: 10.3389/fphy.2024.1446646

COPYRIGHT

© 2024 Wei, Wang and Zuo. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 26 September 2024
DOI 10.3389/fphy.2024.1446646

https://www.frontiersin.org/articles/10.3389/fphy.2024.1446646/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1446646/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1446646/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1446646/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2024.1446646&domain=pdf&date_stamp=2024-09-26
mailto:wanggq@hit.edu.cn
mailto:wanggq@hit.edu.cn
mailto:zuopb@hit.edu.cn
mailto:zuopb@hit.edu.cn
https://doi.org/10.3389/fphy.2024.1446646
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2024.1446646


and perpendicular ion temperatures with respect to the ambient
magnetic field [10, 11]. Such instabilities also exist in the solar wind
[12–15] and the terrestrial magnetosheath [16, 17].

Ion firehose instabilities include parallel and oblique modes [10,
11, 18–20]. In the terrestrial magnetotail, parallel firehose
instabilities are more likely to occur near the neutral sheet [21],
and can generate Pi2-band (40–150 s) Alfvénic fluctuations during
fast flows [22, 23]. [24] further found that the parallel firehose
unstable condition can affect the wave power of the Pi1-band
(10–40 s) and Pi2-band fluctuations during fast flows. The
probability of the plasma being parallel firehose unstable
condition tends to be larger for the faster flow, and is positively
correlated with the wave power of the Pi1/2-band fluctuations [24].
Oblique firehose instabilities can generate compressional
fluctuations, which are linear-polarized and have a zero
frequency [10]. A flapping motion of the current sheet was
reported to might originate from the oblique firehose instability
during a fast flow [19]. Later, [25] statistically found that both
probabilities of the fast flows accompanied by large-amplitude
neutral sheet oscillations and the plasma being oblique firehose
unstable condition near the neutral sheet tend to be larger for faster
flows. In addition, the oblique firehose unstable condition can affect
the period of these oscillations. These results support that oblique
firehose instabilities are a generation mechanism of some
flapping motions [25].

Similar to ions, electron firehose instabilities driven by electron
temperature anisotropy also have two modes based on linear theory
and 2D Particle-In-Cell (PIC) simulation [26–29]. The parallel
electron firehose mode is a parallel propagation with respect to
the ambient magnetic field and is non-resonant with respect to
electrons, while the oblique electron firehose mode is characterized
by a lower instability threshold and higher growth rate, which is a
non-propagated and is resonant with both electrons and ions [27,
29]; [26, 30, 31]. In the magnetotail, electron firehose instabilities
can be excited at dipolarization fronts [32] and in the magnetic
reconnection outflow [31]. These instabilities are believed to lead the
electron to isotropization by cooling (heating) the electron in the
parallel (perpendicular) direction with respect to the ambient field
[31–33]. The magnetotail current sheet can become thin to the sub-
ion scale [34, 35]. Energy conversion processes take place in the thin
current sheet, where the anisotropic electrons can excite electron-
dominated instabilities [34–36]. The occurrence rate of electron
firehose instabilities helps to evaluate their impact on electrons in
the plasma sheet, however, it is still unclear.

In this study, we statistically investigate the electron firehose
unstable conditions in the plasma sheet using the data obtained from
the Magnetospheric Multiscale (MMS) mission. We first show a
magnetic field fluctuation event associated with the electron firehose
instability in the plasma sheet, then statistically analyze the
probability of the plasma being electron firehose unstable during
fast flows and non-fast flows.

2 Observation

The MMS spacecraft, launched on March 2015, consists of four
identical probes with an interspacecraft distance of 10–400 km [37].
In the present study, only the magnetic field and plasma data of the

MMS1 probe from 2015 to 2022 are used without other statement
since the interspacecraft distances among the probes are very small
compared with the thickness of the plasma sheet. The used magnetic
field data with a resolution of 16 Hz are from the fluxgate
magnetometer (FGM) instrument [38], and the used plasma
moment data with a resolution of 4.5 s are from the Fast Plasma
Investigation (FPI) instrument [39].

2.1 An event associated with electron
firehose instabilities

Figure 1 shows the magnetic field and ion moments observed by
MMS1 between 15:00 and 16:00 UT on 20 July 2017. The
MMS1 probe is located at [-23.3, 7.0, 3.0] RE in the geocentric
solar magnetospheric (GSM) coordinate system at 15:30 UT. The
ion beta βi, ratio of the ion thermal pressure to the magnetic
pressure, is >0.5 during the whole interval, indicating that this
probe is in the plasma sheet [40]. Figure 1A shows that BX had a
maximum variation from ~9.4 nT to −21 nT in the interval of 15:
21–15:33 UT, and the sign of BX has one reversal. Such a large
variation of BX meets the expectation of a flapping motion of the
current sheet [41–43]. At ~15:24:20 UT, BX suddenly changes from
~4 nT to −4 nTwith almost unchanged of BT. Figure 1D, E show that
Vi,X and Vi,Y are dominant and the maximum value of the total ion
velocity is ~216.9 km/s, suggesting that the sudden change of BX
occurs during a weak fast flow.

Timing analysis can be used to determine the propagation
velocity along the normal direction of a one-dimensional current
sheet [44, 45]. Assuming that the magnetic field fluctuation between
15:24:10 and 15:24:30 UT is one-dimensional, its propagation
velocity is ~39.7 km/s determined by timing analysis. Thus, its
length is ~794 km along the normal direction. At this time, the local
ion gyroradius ρi is ~1001.9 km estimated by using the ambient ion
temperature (~2.37 keV) and BT (~4.96 nT). Thus, the size of the
magnetic field fluctuation is ~0.79 ρi along the normal direction,
indicating that this fluctuation is sub-ion scale.

Figure 2 shows the electron moments in the interval of 15:23–15:
26 UT. BX changes up to ~9.3 nT between 15:24:10 and 15:24:30 UT,
while BT is almost a constant, indicating that this fluctuation has an
Alfvénic characteristic. The electron number density, velocities, and
perpendicular temperature (Te,⊥) have no significant change during
the whole interval in Figure 2, while the parallel electron
temperature (Te,||) has a significant change. Te,|| is > Te,⊥ between
15:23 and 15:25 UT. The electron temperature anisotropy can excite
electron firehose instabilities [27, 31, 33]. Based on the linear
dispersion theory, the threshold of electron firehose instabilities is
derived to be Tef =

Te,‖
Te,⊥

− 1
1−1.29/β0.97e,‖

when the instability growth rate is
larger than 0.001, which applies when the parallel electron beta βe,|| is
in the range of 2–25 [27, 31]. Tef > 0 denotes that the local plasma is
electron firehose unstable, which means that this condition is able to
excite electron firehose instabilities [27, 31]. Figure 2G shows that
Tef is >0 during the magnetic field fluctuation between 15:24:06 and
15:24:38 UT, and is <0 outside this fluctuation, indicating that this
fluctuation might be generated by the electron firehose instability.

Figure 3 shows the current density between 15:23 and 15:26 UT,
which is calculated by the curlometer technique [46]. It is regarded
as reliable when the ratio of |∇·B| to |∇×B| is <0.2 [43, 47]. Thus, the
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current density is reliable in the interval 15:24:11.2–15:24:25.1 UT.
The total current density tends to be larger with the maximum value
of ~26.2 nA/m2 when the MMS1 probe is closer to the neutral sheet.
As shown in the shaded area, the parallel current density is
dominant in this interval, indicating that the magnetic field
fluctuation is accompanied by a strong field-aligned current.
Field-aligned currents play a significant role in the process of the
ionosphere-magnetosphere coupling [48–51]. In addition, electron
firehose instabilities can cause the electron to be isotropic [31, 32].
To evaluate the importance of electron firehose instabilities in the
plasma sheet, a question is raised, namely, what is the probability of
the plasma being electron firehose unstable in the plasma sheet.

2.2 Electron firehose unstable conditions
during fast flows and non-fast flows

To figure out the details of the electron firehose unstable conditions
during fast flows and non-fast flows in the plasma sheet, we first select
the fast flow events at XGSM < −10 RE and |YGSM| < 12 RE using the
following criteria, which are modified based on the selection criteria of
bursty bulk flows proposed byAngelopoulos et al. [40]. A fast flow event
is defined to be a segment of the continuous ion flow with a magnitude
of |Vi| ≥ 100 km/s, during which |Vi| exceeds 150 km/s at least one
sample. If two adjacent events are observed within 2 min, they are

regarded to belong to the same fast flow event. In total, 5,675 fast flow
events are selected.

Figure 4 shows the distribution of the data points in the space of
(βe,||, Te,||/Te,⊥) during the fast flows (a) and non-fast flows (b),
where both the bin sizes of the logarithm of βe,|| and Te,||/Te,⊥ are
0.02. About ~79.3% (84.8%) of the data points are observed at Te,||/
Te,⊥ > 1 during the fast flows (non-fast flows). The gray dashed line
denotes the threshold of the electron firehose instability,
i.e., Te,‖

Te,⊥
� 1

1−1.29/β0.97e,‖
. The plasma is electron firehose unstable when

the data points are above the dashed line. As shown in Figure 4,
electrons have a very low probability of being firehose unstable,
although the electrons with parallel temperature anisotropy
dominate in the plasma sheet.

In the magnetotail, firehose instabilities are believed to be more
likely to occur near the neutral sheet [21, 24, 52]. We consider the
parameter BXY/BL as the relative distance away from the neutral
sheet [53], where BXY =

�������
B2
X + B2

Y

√
, and BL is the magnetic field

strength in the magnetotail lobe determined by assuming that the
lobe magnetic pressure is equal to the sum of the magnetic and ion
thermal pressures in the plasma sheet.

Figure 5 shows the percentages of 2 ≤ βe,|| ≤ 25 (a) and Tef > 0 (b)
at different values of (BX/|BX|)·BXY/BL with a step length of
0.05 during all the fast flows (black) and non-fast flows (orange).
In Figure 5A, the percentage in each bin is determined by the
data counts with 2 ≤ βe,|| ≤ 25 divided by the total counts in that bin.

FIGURE 1
A fast flow event observed by MMS1 between 15:00 and 16:00 UT on 20 July 2017. From top to bottom: (A) the magnetic field in GSM, (B) the
magnetic field strength, (C) ion velocities in GSM, (D) the total ion velocity, (E) the parallel (black) and perpendicular (red) ion temperatures, (F) ion beta.
The gray region indicates the interval of a fast flow event.
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(BX/|BX|)·BXY/BL < (>) 0 denotes that the satellite is located on the
south (north) side of the neutral sheet. One can find that the electrons
with 2 ≤ βe,|| ≤ 25 mainly occur in the region within BXY/BL < 0.3. The
percentages of 2 ≤ βe,|| ≤ 25 during the fast flows are approximately
symmetrically distributed relative to (BX/|BX|)·BXY/BL = 0, and have the
maximum value at BXY/BL ≈ 0.15 instead of BXY/BL = 0. The
characteristics of the percentages of 2 ≤ βe,|| ≤ 25 during the non-
fast flows are similar to those during the fast flows. Since the threshold
of the electron firehose instability Tef (=

Te,‖
Te,⊥

− 1
1−1.29/β0.97e,‖

) is applicable
under the condition of 2≤ βe,||≤ 25 [27], we determine the probability of
the plasma with Tef > 0 by only considering the plasma under the
condition of 2 ≤ βe,|| ≤ 25 in our rest of paper.

Figure 5B shows that the percentages of Tef > 0 during the fast
flows (non-fast flows) have the maximum value at BXY/BL ≈ 0.05
(0.15). In each bin, the percentage is determined by the data counts
with Tef > 0 and 2 ≤ βe,|| ≤ 25 divided by the total counts with 2 ≤
βe,|| ≤ 25 in that bin. The maximum percentage of Tef > 0 during the
fast flows is ~1.36%. And the plasma during the fast flows tends to
have a higher probability of Tef > 0 when closer to the neutral sheet.
By contrast, the percentage of Tef > 0 during the non-fast flows has
the maximum value of ~1.32% at BXY/BL ≈ 0.15.

Figure 6 shows the percentages of Tef > 0 during the fast flows at
different values of (BX/|BX|)·BXY/BL under different conditions of the
local ion speed VT. At BXY/BL < 0.05, the maximum percentages of
Tef > 0 are ~1.23%, 1.45%, and 1.86% when VT is in the range

of <100 km/s, 100–400 km/s, and >400 km/s, respectively, indicating
that the plasma near the neutral sheet tends to have a slightly higher
probability of being electron firehose unstable with the increase of
the local VT. The percentage of Tef > 0 has the maximum value at
BXY/BL ≈ 0.05 when VT < 100 km/s. Under the condition of the local
VT > 400 km/s, the percentage of Tef > 0 has the maximum value at
BXY/BL ≈ 0.1. Obviously, the local VT can affect the electron firehose
unstable conditions during fast flows.

Figure 7 shows the percentages of Tef > 0 during the fast flows (a)
and non-fast flows (b) at different values of (BX/|BX|)·BXY/BL under
different conditions of the electron number densityNe. Figure 7A shows
that the percentage of Tef > 0 has no significant change when Ne is in
different range during the fast flows. As shown in Figure 7B, the
maximum percentages of Tef > 0 are ~2.58%, 1.07%, and 1.31% at BXY/
BL < 0.2 when Ne is in the range of <0.2 cm−3, 0.2–0.4 cm-3,
and >0.4 cm−3 during the non-fast flows, respectively. Under the
condition of Ne < 0.2 cm−3, the percentage of Tef > 0 has the
maximum value at BXY/BL ≈ 0.15.

Figure 8 shows the percentages of Tef > 0 during the fast flows (a)
and non-fast flows (b) under different conditions of the electron
temperature Te. During the fast flows, the percentage of Tef > 0 has
no significant change when Te is in the range of <0.8 keV,
0.8–1.4 keV, and >1.4 keV, respectively. During the non-fast
flows, the maximum percentages of Tef > 0 are ~0.97%, 1.51%,
and 1.89% at BXY/BL < 0.15 when Te is in the range of <0.8 keV,

FIGURE 2
From top to bottom: (A) themagnetic field in GSM, (B) themagnetic field strength, (C) electron number density, (D) electron velocities in GSM, (E) the
total electron velocity, (F) the parallel (blue) and perpendicular (red) electron temperatures, (G) the threshold of the electron firehose instability. The gray
region indicates the interval of the magnetic field structure.
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0.8–1.4 keV, and >1.4 keV, respectively, indicating that the plasma
in this region tends to have a slightly higher probability of being
electron firehose unstable with the increase of Te. Under the
condition of Te > 0.8 keV, the percentage of Tef > 0 has the
maximum value at BXY/BL ≈ 0.15.

According to the distribution of the percentages of Tef > 0 in
Figure 5, one can find that electron firehose instabilities aremore likely to
be excited at BXY/BL < 0.3 during the fast flows and non-fast flows. Next,
we only analyze the characteristics of Tef > 0 within BXY/BL < 0.3 in
Figure 9 as well as in Figure 10. Figure 9A shows that the percentages of
Tef > 0 are ~0.65%, 0.90% and 0.66% (0.67%, 0.86% and 0.79%) during
the fast flows (non-fast flows) at −15 < XGSM < −10 RE, −20 <

XGSM < −15 RE and −30 < XGSM < −20 RE, respectively. The
percentages of Tef > 0 at −20 < XGSM < −15 RE is somewhat larger
than that at −15 < XGSM < −10 RE and −30 < XGSM < −20 RE. Figure 9B
shows the percentages of Tef > 0 are ~0.80%, 0.74%, and 0.55% (0.87%,
1.38% and 0.38%) during the fast flows (non-fast flows) at 4 < YGSM <
12 RE, −4 < YGSM < 4 RE and −12 < YGSM < −4 RE, respectively. This
suggests that both electron firehose unstable conditions during the fast
flows and non-fast flows have a dawn-dusk asymmetry.

We regard the smoothed BZ with a temporal window of 20 min as
the ambient BZ. Figure 10 shows that the percentages of Tef > 0 during
the fast flows (blue) are ~0.79% and 0.65% when the ambient BZ
is <3 nT and >3 nT, respectively. This indicates that the probability of

FIGURE 3
(A) The magnetic field in GSM, (B) the parallel and perpendicular components of the current density, (C) the total current density and (D) the ratio of
|∇·B| to |∇×B| between 15:23 and 15:26 UT.

FIGURE 4
Number of data points in the space of (βe,||, Te, ||/Te,⊥) during the fast flows (A) and non-fast flows (B). The color bar denotes the number of data
points. The gray dashed line in each panel denotes Te,‖

Te,⊥
� 1

1−1.29/β0.97e,‖
.
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the electron firehose unstable condition is somewhat larger when the
ambient BZ is <3 nT than that when the ambient BZ is >3 nT. One may
expect that the waves generated by electron firehose instabilities during
fast flows are more likely to occur during the stretch process of the
plasma sheet than that during the dipolarization process. By contrast,
the percentages of Tef> 0 during the non-fast flows (orange) are ~0.68%
and 0.88%when BZ is <3 nT and >3 nT. This indicates that the ambient
BZ has an opposite effect on the electron firehose unstable condition
during the non-fast flows.

3 Summary and discussion

Using the MMS1 data from 2015 to 2022, we investigate the
electron firehose unstable condition in themagnetotail plasma sheet.
Our findings are as follows:

a. A magnetic field fluctuation accompanied by a field-aligned
current is found during a flapping motion. The fluctuation
occurs near the neutral sheet, where the local plasma is electron
firehose unstable, suggesting that this fluctuation might be
generated by the electron firehose instability.

b. According to the theory of [27], the plasma being electron
firehose unstable (Tef > 0) mainly occurs within BXY/BL < 0.3.
The probability of the plasma with Tef > 0 tends to be larger
with a maximum value of ~1.36% when closer to the neutral
sheet during the fast flows. By contrast, the maximum
probability is ~1.32% at BXY/BL ≈ 0.15 during the non-
fast flows.

c. During the fast flows, the plasma near the neutral sheet tends to
have a higher probability of Tef > 0 when the local VT is larger.
During non-fast flows, the plasma near the neutral sheet tends
to have a higher probability of Tef > 0 when Te is larger.

FIGURE 5
Percentages of 2 ≤ βe,|| ≤ 25 (A) and Tef > 0 (B) at different values of (BX/|BX|)·BXY/BL during all the fast flows (black) and non-fast flows (orange). The
step length of (BX/|BX|)·BXY/BL is 0.05.

FIGURE 6
Percentages of Tef > 0 at different values of (BX/|BX|)·BXY/BL during the fast flowswhen the local VT is in the range of <100 km/s (black), 100–400 km/s
(cyan), and >400 km/s (orange), respectively.
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d. Within BXY/BL < 0.3, the probability of Tef > 0 shows a dawn-dusk
asymmetry during the fast flows as well as during the non-fast
flows.During the fast flows, the probability of Tef> 0 is larger when
the ambient BZ is <3 nT than that when the ambient BZ is >3 nT,
which shows opposite characteristics during the non-fast flows.

Flapping motions are a large movement of the current sheet in the
north-south direction [41, 43]. Field-aligned currents are reported to
occur near the neutral sheet during flapping motions [54, 55]. Some
flapping motions can create Pi2 (period: 40–150 s) pulsations on the
ground via field-aligned currents flowing into the ionosphere along the
magnetic field line [42, 56]. During flappingmotions, the current carriers
of the current density are dominant by electrons [55], and some field-
aligned currents can be explained by the chaoticmotion of electrons near
the neutral sheet [51]. So far, the origin of thefield-aligned current during
flapping motions is still not fully understood. Figure 1 shows a magnetic
field fluctuation observed at the neutral sheet during a flapping motion.
We find that this fluctuation is sub-ion scale, and accompanied by a
strong field-aligned current. This sub-ion scale fluctuation is Alfvénic,

and occurs in the region where the local plasma is electron firehose
unstable. These results suggest that this Alfvénic fluctuation is possibly
generated by the electron firehose instability, which might be the origin
of the field-aligned current during the flapping motion in Figure 1.

In the central thin current sheet, electrons have a weak temperature
anisotropy with Te,||/Te,⊥ ≈ 1.06, and Te,||/Te,⊥ is mainly in the range of
1–1.2 [57]. Here, we mainly focus on the electrons with 2 ≤ βe,|| ≤ 25,
which mainly occur at BXY/BL < 0.3. The average Te,||/Te,⊥ of these
electrons during the fast (non-fast) flows is ~1.07 (1.09), and ~61.6%
(62.6%) of these electrons have the value of Te,||/Te,⊥ in the range of
1–1.2. Our findings suggest that the electrons at the central current sheet
have a weak parallel temperature anisotropy regardless of whether the
current sheet is thin or not. Although the probability of Te,||/Te,⊥ > 1 for
the electrons with 2 ≤ βe,|| ≤ 25 is up to ~73.4% (78.9%) during the fast
(non-fast) flows, these electrons have a very low probability of being
firehose unstable (see Figure 4).

Fast flows can cause plasma temperature anisotropies to excite
various instabilities, such as mirror instabilities and ion firehose
instabilities [10, 11, 20]. Similar to ions, the plasma near the neutral

FIGURE 7
Percentages of Tef > 0 at different values of (BX/|BX|)·BXY/BL during the fast flows (A) and non-fast flows (B) when Ne is in the range of <0.2 cm−3

(black), 0.2–0.4 cm−3 (cyan), and >0.4 cm−3 (orange), respectively.

FIGURE 8
Percentages of Tef > 0 at different values of (BX/|BX|)·BXY/BL during the fast flows (A) and non-fast flows (B)when Te is in the range of < 0.8 keV (black),
0.8–1.4 keV (cyan), and >1.4 keV (orange), respectively.
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sheet has the maximum probability of being electron firehose unstable
overall during fast flows (see Figure 5). Thus, one may expect that
instabilities in the plasma sheet are more likely to occur during fast
flows. However, Figure 5B shows that the probability of the plasma
being electron firehose unstable during the fast flows is very close to that
during the non-fast flows. This suggests that fast flows have no
significant contribution to the excitation of electron firehose
instabilities in the plasma sheet. The plasma tends to have a slightly
higher probability of being electron firehose unstable with the increase
of Te during the non-fast flows (see Figure 8). According to the
definition of Tef, Tef tends to be larger with the increase of Te if we
assume that the other plasma parameters are constant. This might
explain why the electrons during the non-fast flows tend to have a
higher probability of being firehose unstable when Te is larger.
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FIGURE 9
(A) Percentages of Tef > 0 within BXY/BL < 0.3 during the fast flows (blue) and non-fast flows (orange) at −15 < XGSM < −10 RE, −20 < XGSM < −15 RE

and −30 < XGSM < −20 RE, respectively. (B) Percentages of Tef > 0 within BXY/BL < 0.3 during the fast flows (blue) and non-fast flows (orange) at 4 < YGSM <
12 RE, −4 < YGSM < 4 RE and −12 < YGSM < −4 RE, respectively.

FIGURE 10
Percentages of Tef > 0 under the condition of BXY/BL < 0.3 during
the fast flows (blue) and non-fast flows (orange) when the ambient
BZ < 3 nT and BZ > 3 nT, respectively.
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