
1.  Introduction
Agyrotropic electron distributions are formed when there are electron-scale boundaries in the magnetic field and/
or plasma (Bessho et al., 2016; Gao et al., 2021; Lapenta et al., 2017; Shay et al., 2016; Wetherton et al., 2020). 
Recently, these agyrotropic distributions have been widely reported in observations (e.g., Burch et  al.,  2016; 
Graham et al., 2017; Khotyaintsev et al., 2016; Li et al., 2020, 2021; Tang et al., 2022; Torbert et al., 2018; 
Zhou et al., 2019) and particle-in-cell simulations (e.g., Bessho et al., 2016; Hesse et al., 2014; Ng et al., 2011; 
Shay et al., 2016). These agyrotropic electron distributions, along with other signatures (such as intense current 
density and enhanced energy dissipation), are taken as direct observation indicators of electron diffusion regions 
in magnetic reconnection (e.g., Fuselier et  al.,  2017; Lenouvel et  al.,  2021; Webster et  al.,  2018). Besides, 
these distributions are associated with density gradients reaching beyond the electron diffusion region (Egedal 
et al., 2016, 2018). Further, the agyrotropic electron distributions can be unstable to generate high frequency 
plasma waves (e.g., upper hybrid waves and electron Bernstein waves), which can thermalize electrons through 
wave-particle interactions (Burch et al., 2019; Dokgo et al., 2020; Graham et al., 2017; Li et al., 2020, 2021; Tang 
et al., 2019).

Although agyrotropic electron distributions have been revealed in the vicinity of electron diffusion regions, 
recent studies indicate that the occurrence of agyrotropic electron distributions are not necessarily related to 
the reconnection. They can be formed due to the electron finite gyroradius effect at electron-scale boundaries 
of the non-reconnecting magnetopause (Gao et al., 2021; Tang et al., 2019). The agyrotropic electron distribu-
tions can also be formed due to the direct acceleration of a sufficiently strong and local electric field, that is, its 
electric potential is comparable to or even larger than the electron thermal energy, and its width is shorter than 
the electron thermal gyroradius (Gao et al., 2021). These results suggest agyrotropic electron distributions can 
be frequently formed in space, but they have been reported at the magnetopause and in the magnetotail so far. 
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Whether agyrotropic electron distributions can be observed in the regions other than the magnetosphere remains 
unknown.

There are various kinds of kinetic structures in front of Earth's bow shock, such as hot flow anomalies (HFAs), 
foreshock cavities, foreshock bubbles, and short large amplitude magnetic structures (SLAMS). Many of these 
structures present transient features and are named foreshock transients (FTs). FTs usually include a core with the 
number density and magnetic field strength lower than the background solar wind values and compression edge(s) 
with the density and magnetic field strength higher than the solar wind values (Schwartz et al., 1985, 2000; Zhang 
& Zong, 2020). FTs play a significant role in the mass, momentum, and energy transport from the solar wind 
into the magnetosphere and impact the whole magnetosphere–ionosphere system (e.g., Eastwood et al., 2011; 
Zhang & Zong, 2020; Zhang et al., 2010). Recently, some more complex kinetic-scale processes in FTs have been 
reported, such as magnetic reconnection (Liu et al., 2020), magnetic holes (Huang et al., 2022; Liu et al., 2021) 
and magnetic flux ropes (Bai et al., 2020). In this study, we present the first magnetospheric multiscale (MMS) 
(Burch et al., 2016) observations of the agyrotropic electron distributions in an hot flow anomaly (HFA) and the 
SLAMS. These distributions are generated by a similar process at the non-reconnecting electron-scale boundary 
in Tang et al. (2019). This study provides further evidence that agyrotropic electron distributions are ubiquitous 
in space plasma.

2.  MMS Observations
MMS consists of four identical satellites, providing high-quality plasma and fields measurements. In this study, 
we use particle data from the fast plasma investigation (FPI, Pollock et al., 2016), magnetic field data from the 
fluxgate magnetometer (FGM, Russell et al., 2016) and electric field data from the electric field double probes 
(EDP, Lindqvist et al., 2016; Ergun et al., 2016).

HFAs are transient phenomena with greatly heated plasmas and substantial flow deflections (Turner et al., 2018; 
Zhang & Zong, 2020). Here, we present MMS observations of an HFA on 10 December 2018 (Figure 1a). The 
four MMS spacecraft, located at [9.62, 17.58, 5.04] Earth radii (RE) in geocentric solar ecliptic (GSE) coordi-
nates, are in a tetrahedron formation with an average separation of ∼14 km. MMS 1 encounters the downstream 
edge of the HFA around 04:41:00 UT (marked by the vertical black line in Figures 1b–1g). The spacecraft passes 
through the core of the HFA from about 04:41:08 UT to 04:41:40 UT (marked by vertical dash lines) and crosses 
the HFA shock (marked by the vertical blue line) at 04:41:49 UT. Typical characteristics of the HFA are observed, 
including the decrease of the magnetic field (∼2 nT, Figure 1b) and the ion density (Ni < 1 cm −3, Figure 1c), 
the deflection of the ion flow (Vz > 200 km s −1 and Vx < −200 km s −1, Figure 1d), and the increase of the ion 
temperature (Ti > 1,000 eV, Figure 1e). Using the rotation of the interplanetary magnetic fields (IMF) before and 
after the HFA, we estimate the normal direction of the IMF tangential discontinuity that is responsible for the 
formation of this HFA to be ntd = [0.70, −0.01, 0.71] (GSE). The normal direction of the HFA shock is estimated 
by using the four-spacecraft timing method, leading to nsh = [0.89, 0.44, −0.09]. In the red-shaded time interval, 
MMS observes a strong current sheet (|Jy| > 100 nA m −2, Figure 1f), which is the focus of this study.

A detailed plot of the red-shaded time interval is presented in a boundary-normal (LMN) coordinate system based 
on minimum variance analysis (MVA) of B between 04:41:10.50 UT and 04:41:11.00 UT, given by L = [0.99, 
0.12, −0.10], M = [−0.13, 0.98, −0.10] and N = [0.09, 0.12, 0.99] (GSE, Figure 2). From the four-spacecraft 
timing method, the boundary velocity Vn is ∼250  ×  [0.15, 0.24, 0.96] km  s −1 (GSE), roughly aligned with 
N (the angle is about 8°). Thus, the thickness of the current sheet (between 04:41:10.76 UT and 04:41:10.88 
UT) is about 30 km, which is comparable with the local electron thermal gyroradius (∼18 km). Across this 
electron-scale current sheet, MMS observes a significant gradient of electron pitch-angle spectrum of energies 
between 50 and 130 eV with pitch angles around 90° (Figure 2h), which can be attributed to magnetic curvature 
scattering as the magnetic curvature radius Rc, defined by 𝐴𝐴
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 , is comparable to the local electron 

gyroradius ρe. Figure 2g shows the adiabatic parameter κ 2 defined by κ 2 = Rc/ρe is below 10 or less, implying that 
the electron orbits become chaotic (Büchner & Zelenyi, 1989). Three electron distributions from 04:41:10.798 
UT to 04:41:10.888 UT are presented in the planes perpendicular to the local magnetic fields, showing clear 
agyrotropic features of energies between 50 and 130 eV (Figures 2i–2k). We suggest they are formed by the finite 
gyroradius effect at the electron-scale boundary, where electron energy fluxes present significant gradient at pitch 
angles around 90° (Figure 2h), which is similar to that at the non-reconnecting magnetopause (Gao et al., 2021; 
Tang et al., 2019).
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Another interesting question is whether these agyrotropic electron distributions are accompanied with magnetic 
reconnection. First, the electron outflow jet is reported as a character of magnetic reconnection in the transition 
region of the Earth's bow shock (Gingell et al., 2020; Wang et al., 2019). In this event, there is a peak of the 
electron velocity (>800 km s −1) in the M direction, which is consistent with the magnetic BL change. The VeL 
is almost steady at ∼−500 km s −1, with a root mean square error δVeL at ∼80 km s −1 during the time interval 
in Figure 2c. Close to the BL change, the relative change of the VeL is about 30 km s −1, which is less than δVeL 
and the local Alfvén speed VA (∼50 km s −1, based on BL of 3–4 nT and Ne of 1.4 cm −3). Thus, the outflow 

Figure 1.  MMS1 observations of an hot flow anomaly (HFA) on 10 December 2018. (a) A schematic plot of the HFA 
structure and the magnetospheric multiscale crossing. (b) Magnetic field B. (c) Electron and ion number densities N. (d) 
Ion bulk velocity Vi. (e) Ion parallel and perpendicular temperature T‖ and T⊥. (f) Current density J from the fast plasma 
investigation plasma moments. (g) Ion omni-directional differential energy flux. All vectors are presented in geocentric solar 
ecliptic coordinates. The vertical black line marks the downstream edge of the HFA and the vertical blue line marks the HFA 
shock. The two vertical dash lines mark the boundaries of the HFA core.
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jet is not obvious here. Second, the nonideal energy conversion between the magnetic field and the particles, 
represented by J ⋅ E′ = J ⋅ (E + Ve × B), is enhanced in the previous reconnection events (Gingell et al., 2020; 
Wang et al., 2019; Wilder et al., 2018). In this event, J ⋅ E′ from MMS 1–3 are almost negligible, if considering 
the uncertainties from the electric field (∼3–8 mV m −1 from different MMS spacecraft) and the electron bulk 
velocity (∼5–6 km s −1, Figure 2f). Based on these arguments, we conclude that the observed electron agyrotropic 
distributions generated at the thin electron-scale boundary are not related to on-going magnetic reconnection.

3.  Test Particle Analysis
We use the test particle method to reproduce the agyrotropic electron distributions in this event, and the detailed 
procedure is listed as follows. First, the magnetic field can be roughly taken as a one-dimensional structure based 
on the minimum directional derivative method (Shi et al., 2019). Second, we divide the magnetic field into three 
parts (04:41:10.00 UT–04:41:10.43 UT, 04:41:10.43 UT–04:41:10.81 UT and 04:41:10.81 UT–04:41:11.20 
UT), which are colored in red, green and blue (Figures 3a and 3d). In the red and blue parts, the magnetic field 
is mostly along the L direction, and in the green part, the strength of the magnetic field is small (∼1.5 nT). 
According to the boundary speed Vn, the width of the each part along the N direction is about 100 km. The 
trajectory of a test particle with an initial energy of 105 eV and an initial pitch angle of 135° is also illustrated 
in Figure 3a. It is noted that we include the observed electric field in this test particle simulation. By comparing 

Figure 2.  Agyrotropic electron distribution functions in the hot flow anomaly core. (a) B. (b) Electron and ion number densities N. (c) Electron bulk velocity Ve. 
(d) Electric field E. (e) J. (f) Energy conversion in electron-rest frames J ⋅E′ where E′ = E + Ve × B. (g) Electron adiabatic parameter defined by κ 2 = Rc/ρe, where 
the magnetic curvature radius Rc is calculated by using four-spacecraft magnetic field data, and ρe is the electron gyroradius. Here we show κ 2 of 50, 100 and 200 eV 
electrons. (h) Electron pitch-angle spectrum of energies between 50 and 130 eV. All vectors are in local LMN coordinates. (i–k) Electron distribution function slices in 
the 𝐴𝐴 𝐴𝐴𝐸𝐸⟂

 –VE×B planes at the three times highlighted by the yellow-shaded bar in panels (a–g) and by dots in panel (b). The black dashed lines in panels (i–k) mark E × B 
drift speed. The vertical black line indicates the selected time for the gyrotropic electron distributions in Figure 3b.
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the test particle results without an electric field, we find the difference is not obvious (the source code can be 
found in the Data Availability Statement). This can be attributed to the relatively weak electric field (∼2 mV/m), 
which can only play a limited role (Gao et al., 2021). We find that this test particle travels from the anti-parallel 
direction in the red part to the parallel direction in the blue part, and this can be attributed to the weak magnetic 
field in the green part, in which the magnetic moment is no longer well conserved. Finally, we put 500 electrons 
with initial pitch angles in the range of 105°–180° and initial energies in the range of 50–130 eV in the red part 
and trace their trajectories. Electron pitch angles of all these 500 electrons are overplotted with the observed 
electron pitch angle spectrum (Figure 3e). The electrons are first along the anti-parallel direction in the red part, 
then pitch angle scattered in the green part, and finally along the magnetic field in the blue part. This result is 
consistent with the observations.

Meanwhile, we collect the test particles around 90° (70°–110°) pitch angles at the two selected time intervals 
(shaded in blue in Figures 3d–3e), and overplot their trajectories in velocity space with the observed electron 
distributions (Figures 3b–3c). At 04:41:10.663 UT (marked by vertical black line in Figures 2a–2g), the electrons 
are almost gyrotropic, while at 04:41:10.843 UT, the electron distribution becomes agyrotropic. The test particle 
results consist with observations, supporting the scenario that the agyrotropic electron distribution in the HFA 
core is generated at the electron-scale boundary in the absence of reconnection.

4.  Discussion and Summary
In this study, we have shown MMS observations of agyrotropic electron distributions in an HFA. These agyrotropic 
distributions are generated by electron scattering at a thin electron-scale boundary, which has been reproduced 
by the test particle method. As this generation process is similar to that at the magnetopause, which is not neces-
sarily related to reconnection (Tang et al., 2019), we infer that agyrotropic electron distributions can be widely 
formed in space plasma. Short large amplitude magnetic structures are large amplitude magnetic structures with 
durations of a few seconds (Zhang & Zong, 2020). Here, we present another MMS event of SLAMS (Figure 4). 
Some SLAMS (14:06:28 UT, 14:06:35 UT and 14:06:52 UT) are identified by clear variations of the magnetic 
field and ions (Figures 4a–4f). Again, we focus on the time interval shaded in yellow. A zoom-in plot is presented 

Figure 3.  Test particle results of the agyrotropic electrons inside the hot flow anomaly. (a) Magnetic field geometry and an example of the test particle trajectories. (b, 
c) Observed electron distributions at the shaded time intervals in panels (d, e). The electrons with pitch angle between 70° and 110° in the test particle simulations are 
collected during the same time interval, and their trajectories in velocity space are overplotted in black. The black dashed lines in panels (b, c) mark E × B drift speed. 
(d) B, which is divided into three parts according to the different electron behaviors. (e) Electron pitch angle spectrum, overplotted with pitch angles of test electrons.

 19448007, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
102235 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [11/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

GAO ET AL.

10.1029/2022GL102235

6 of 8

in LMN coordinates based on the MVA method (L = [0.35, 0.29, 0.89], M = [0.51, 0.73, −0.44] and N = [−0.78, 
0.61, 0.11], Figure 4g–4n). There are some fast magnetic rotations in this time interval, and at the time around 
14:06:27.80 UT (shaded in blue), MMS 1 observes a significant gradient of electron energy flux around 90° pitch 
angles and clear agyrotropic electron distributions (Figures 4n and 4o). Similar agyrotropic electron distributions 
have also been found at MMS 2 and 3 (Figures 4p and 4q). As the estimated thickness of this magnetic boundary 
is about 12 km, comparable to the local electron thermal gyroradius (∼5 km), we infer that these agyrotropic 
electron distributions are similarly generated by finite gyroradius effect. At this magnetic boundary, there is no 
obvious electron flows relative to the background (Figure 4i), and the energy conversion rate (J · E′) for MMS 
1–3 (Figure 4l) are still negligible, although both of them change obviously later, corresponding with additional 
magnetic rotations. The reason why agyrotropic electron distributions are relatively rare to be observed in the 

Figure 4.  Agyrotropic electron distribution functions in short large amplitude magnetic structures. Top left: (a) B. (b) N. (c) Vi. (d) T‖ and T⊥. (e) J. (f) Ion energy flux. 
Vectors in (a, c, and e) are in geocentric solar ecliptic coordinates. Top right panels (g–n) show the detailed observations in the interval denoted by the yellow bar in 
(a–e), using the same format as that in Figure 2, and the vectors are presented in LMN coordinates. (o–q) Electron distribution functions observed by Magnetospheric 
Multiscale 1–3 at the boundary denoted by the blue bar in (g–m), and black dashed lines mark the E × B drift speed.
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regions other than the magnetosphere can be attributed to fast plasma flows (such as in the foreshock regions), so 
that the electron-scale boundaries are more difficult to resolve.

In summary, we present two events of agyrotropic electron distributions observed in the foreshock region, that is, 
in an HFA and the SLAMS, respectively. They are generated by electron finite gyroradius effect at electron-scale 
boundaries, which can widely exist in FTs (e.g., turbulent fluctuations in the transient region). Further, in these 
two events, no obvious reconnection signal is observed, meaning agyrotropic electron distributions can be gener-
ated without reconnection. We reproduce the agyrotropic electron distributions at the electron-scale boundary in 
the 2018-12-10 HFA event from the test particle simulation, which confirms this generation process.

Although agyrotropic electron distributions can be generated without reconnection, we note that agyrotropic elec-
tron distributions in reconnection have some unique features. The reconnection electric field can accelerate elec-
trons along the electron meandering orbits to form multiple agyrotropic electron crescents (Torbert et al., 2018), 
and in a single meandering orbit, the electron crescent can be tilted due to the acceleration by the reconnection 
electric field (Bessho et al., 2018). In addition, the reconnection guide field can facilitate agyrotropic electron 
distributions by distorting the electron meandering motion (Tang et al., 2022). All these results suggest that the 
formation of agyrotropic electron distributions in reconnection can be more complex than the simple scenario of 
the finite electron gyration at electron-scale boundaries without reconnection. Nevertheless, the agyrotropic elec-
tron distributions with/without reconnection can be unstable to drive high frequency plasma waves as previously 
reported, and the ubiquity of agyrotropic electron distributions in space suggests they can play a more important 
role to thermalize electrons by behaving as a possible source of free energy.

Data Availability Statement
The MMS data used in this work are available at the MMS Science Data Center (https://lasp.colorado.edu/
mms/sdc/public/about/browse-wrapper). The MMS data analysis is performed with IRFU-Matlab package 
(https://github.com/irfu/irfu-matlab). The Matlab code for the test particles can be found at https://zenodo.org/
record/7639193.
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