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Abstract In this study, we investigate detailed electron dynamics in strong guide-field reconnection

(the normalized guide field is ~1.5). This reconnection event is observed by the Magnetospheric Multiscale
(MMS) spacecraft at the center of a flux rope in the magnetotail. With the presence of a large parallel electric
field (E;) in the electron current sheet, electrons are accelerated when streaming into this E; region from one
direction, and decelerated from the other direction. Some decelerated electrons can reduce the parallel speed to
~0 to form relatively isotropic electron distributions at one side of the electron current sheet, as the estimated

I > kTe!H, where Te.ll
magnetic field. Therefore, a large E, is generated to balance the parallel electron pressure gradient across the

acceleration potential satisfies the relation e® is the electron temperature parallel to the
electron current sheet, since electrons at the other side of the current sheet are still anisotropic. Based on these
observations, we further show that the electron beta is an important parameter in guide-field reconnection,
providing a new perspective to solve the large parallel electric field puzzle in guide-field reconnection.

Plain Language Summary Magnetic reconnection is a universal process that rapidly converts
energy from the magnetic field to plasma. The energy conversion at kinetic scales is of particular interest

to researchers, as it is directly related to reconnection process in the central diffusion region. In general, the
reconnecting magnetic fields do not have to be antiparallel, and an additional magnetic component known as
the guide field (B,) can appear in the direction perpendicular to the reconnecting plane. Recently, observations
from Magnetospheric Multiscale (MMS) mission show a large electric field parallel to the local magnetic field,
which is several times larger than the reconnection electric field, can appear in guide-field reconnection, and
impact electrons significantly. However, the generation of this large parallel electric field in strong guide-field
reconnection is still not fully understood. In this study, we suggest that the electron beta (ratio of the electron
thermal pressure to the magnetic pressure) is an important parameter in guide-field reconnection. Only within
some proper electron beta range, a parallel pressure gradient across the electron current sheet can form to
balance the large parallel electric field.

1. Introduction

Magnetic reconnection is a fundamental process with explosive energy conversion from magnetic fields to plas-
mas and rapid reconfiguration of magnetic field lines. In general, the reconnecting magnetic fields do not have
to be antiparallel, and an additional magnetic component known as the guide field (B,) can appear in the direc-
tion perpendicular to the reconnecting plane. With the increase of B, the guide field can gradually magnetize
electrons in the central diffusion region (e.g., Le et al., 2013), resulting into the transition from antiparallel to
guide-field reconnection (Swisdak et al., 2005). In guide-field reconnection, B, can cause the diamagnetic drift of
the X-line, which may eventually suppress reconnection (e.g., Phan et al., 2013; Swisdak et al., 2003). The recon-
nection current sheet is deflected by the J; X B, force (J is the current along the reconnecting direction, Goldman
et al., 2011; Tang et al., 2022), and the Hall field structure is accordingly distorted (Eastwood et al., 2010). The
reconnection electric field becomes parallel to the guide field in the vicinity of the X-line, which leads to the
shift of the local energy conversion location to the magnetic field reversal points (Genestreti et al., 2017) and
the significance of parallel energy dissipation (Wilder et al., 2018). In addition, this parallel electric field (E;)
can accelerate electrons from one direction, and decelerate electrons from the other direction, forming a density
cavity on one edge of the exhaust (Eastwood et al., 2018) and electron beams that are unstable for electron beam-
type instabilities (e.g., Drake et al., 2003; Khotyaintsev et al., 2020; Tang et al., 2020).
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Recently, with the high resolution data from Magnetospheric Multiscale (MMS) mission (Burch et al., 2016), it is
found that E, tends to increase with B o which can be several times larger than the reconnection electric field (E)
(Wang et al., 2021; Wilder et al., 2017, 2018). This large E, is balanced by the electron pressure gradient in an
MMS event study (Wilder et al., 2017). As revealed from a kinetic simulation of moderate guide field reconnection,
E, is suggested to be balanced by the parallel electron pressure gradient caused by a transition between isotropic
and anisotropic electrons at the two sides of the electron jet (Wetherton et al., 2022). However, the generation of
this E, in strong guide-field reconnection is still not fully understood. Meanwhile, E, is related to an acceleration
potential (@), whose magnitude is key to impact electrons. Wilder et al. (2017) suggests that the electrons can be
accelerated by @, when passing through it from one direction, and the accelerated electrons can be immediately
reflected after exiting the acceleration region due to the developed electron streaming instability, but the detailed
electron reactions to this acceleration potential is still lacking due to the limited spatio-temporal resolution of data.

Reconnection at the center of a magnetic flux rope is typical for guide-field reconnection, which occurs when a
thin current sheet is formed due to the magnetic flux compression from two sides (Kacem et al., 2018; @ieroset
etal., 2016, 2019). In this study, we focus on such a reconnection event in the magnetotail as previously reported
by X. Li et al. (2022), and show detailed electron reactions to a large acceleration potential (@, ~ 2 kV), as the
scale length (i.e., the electron inertial length) in the magnetotail is relatively large. We also propose a quantitative
relation for @, and finally indicate that the electron f (ratio of the electron thermal pressure to the magnetic

pressure) can be an important parameter to generate a large E in the guide-field reconnection.

2. Observation

We present MMS observations at Earth's magnetotail on 02 August 2020, and we use magnetic field data from
the fluxgate magnetometer (Russell et al., 2016), electric field data from the electric field double probes (Ergun
et al., 2016; Lindqvist et al., 2016), and particle data from the fast plasma investigation (Pollock et al., 2016).
Figure 1 provides an overview of the Earth's magnetotail between 16:35:00 UT and 17:30:00 UT from MMS 1.
At this time, the four MMS spacecraft are located at [—-28.09, —2.70, 3.51] Earth radii (Ry) in geocentric solar
magnetospheric (GSM) coordinates, and the spacecraft are in a tetrahedron formation with ~36 km separation.
MMS 1 is initially located at the north side of the plasma sheet characterized by a large positive By, then crosses
the plasma sheet for several times with the sign change of By, and finally return to the northern side of the plasma
sheet (Figure 1a). The ion density (Figure 1b) and energy spectrum (Figure 1d) also present typical signatures of
the plasma sheet, and clear magnetic field fluctuations (Figure 1a) suggest this plasma sheet is highly turbulent.
The X-component of V,  reversals from negative (tailward) to positive (Earthward) during this time interval
(Figure 1c), which is taken as an indicator for ongoing magnetic reconnection that is retreating tailward. A sche-
matic of the MMS trajectory relative to magnetic reconnection is shown in Figure 2a.

During the tailward ion flow (shaded in yellow in Figures la—1c), MMS observes a magnetic bipolar structure
around 16:56:15 UT (Figure 2b). By reconstructing this structure from the Grad-Shafranov method (Sonnerup
et al., 2006; Zhang et al., 2007), a magnetic flux rope is revealed (Figure le). The size of this flux rope along
the MMS trajectory is about 5,000 km or 6.9 ion inertial lengths (d,) based on the local ion number density at
~0.1 cm~3 (Figure 1f). The two edges of this flux rope can also be inferred from variations of electron pitch angle
spectrum (Figure 1i), showing consistent results with reconstructions. The reconstructed magnetic flux rope is
not cylindrical, which is significantly compressed along MMS trajectory. This can be attributed to the difference
of the flow speed at the two sides of the B, reversal (Figure 1g). More detailed descriptions of this event have
been presented in X. Li et al. (2022). We note that due to this compression effect, a thin current sheet, featured by
large electron flows (Figure 1h), is formed at the center of the flux rope, which is the focus of this study.

A zoom-in of this current sheet is presented in boundary-normal (LMN) coordinates (Figure 3), which is deter-
mined by a hybrid variance analysis method. First, the out-of-plane direction (M) satisfies that M || (B, + B,)
x (B, — B,) x (B, — B,), where B, and B, are the averaged magnetic field at the two sides of the current sheet.
Here, we use B, = [3.06, 15.08, 2.46] nT from the time interval from 16:56:14.20 to 16:56:14:40 UT, and B,
([-2.71,9.54, —11.25] nT) is taken from 16:56:14.90 to 16:56:15:10 UT. The normal direction (N') is along the
minimum variance direction of the current density (16:56:14.40 to 16:56:14:90 UT), and L = M X N'. Finally,
N completes the right-handed system. In GSM, it gives L. = [0.08 0.37 0.92], and M = [-0.00 0.93-0.37] and
N =[-0.99 0.03 0.07], respectively. The advantage of this hybrid method is that we can get almost equal B,, at
the two sides of the current sheet. The electron velocity and the electric field are presented in the ion-rest frame,
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Figure 1. Overview of the Earth's magnetotail on 02 August 2020 from MMS 1. Panels show (a) magnetic field, (b) ion
number density, (c) ion bulk velocity, (d) ion omnidirectional differential energy flux. Zoom-in of (¢) magnetic field, (f)
electron number density, (g) ion bulk velocity, (h) electron bulk velocity and (i) electron pitch angle spectrum. All vectors are
shown in geocentric solar magnetospheric coordinates.

as the ion flow speed is large and steady during this time interval (not shown). Actually, the speed of this current
sheet along the normal direction (V) is ~900 km s~! from the four-spacecraft timing analysis of B, . During this
current sheet crossing, MMS observe clear bipolar Hall electric fields (Figure 3b) and fast electron bulk flows
in the +L direction (Figure 3e), which are consistent with reconnection (X. Li et al., 2022). The background B,,
(~13 nT) is about 1.5 times larger than the reconnecting B, (~8-9 nT, Figure 3a), indicating a strong guide field
(Bg/BL ~ 1.5). The measured maximum parallel electric field E) during the current sheet crossing is about
7.5 mV m~!, and its mean value (averaged between the shaded magneta and cyan region) is about 4 mV m~!.
Although the observed E; is much larger than the estimated reconnection electric field (E; ~ 0.1V, ; B, _ ~ 0.
4 mV m™), we note the E, measurements have large uncertainties (shaded in green in Figure 3c), and additional
evidence are provided later from electron observations. The width of this current sheet, estimated from the peak
values of Ey, is about 270 km. In this event, the ion inertial length is about 520 km, while the electron inertial
length is about 13 km, suggesting the current sheet is between ion and electron scales, allowing us to investigate
detailed electron dynamics in guide-field reconnection.

Due to the presence of E;, electrons undergo acceleration/deceleration once entering the E region (Figure 2c).

I
Electron pitch angle—energy distributions around the B, reversal are presented (Figures 2i—2n). From the left

WANG ET AL.

30f9

85U80|7 SUOWILIOD BAIRR1D 9|qedldde ay) Aq peusenob a2 sajone O ‘8N o SaINn 1oy A%eiq1T8UlIUO A8 ]I U (SUOTPUOD-PUE-SWBI WD A3 1M AReq1[Bu [UO//:SchL) SUORIPUOD pue swiie 1 a1 aes *[£202/90/62] Uo Akeiqiauluo A8|im ‘ekog ulre Aisieniun eesddn Aq 9v0E0T 19€202/620T OT/I0p/00" A8 | ARq 1 jpul juo'sqndnBe//sdiy wouj pepeojumoq ‘0T ‘€202 ‘20087Y6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2023GL103046

4000 ©

12 3000

MMS1 '

2
MMS2 1A%,
MMS3 @X\ 9
MMS4

10 2000

000
B, (nT) 0 1000 2000 3000 4000 5000
x (km)

Figure 2. Schematic of MMS observations in the Earth's magnetotail on 02 August 2020. Panels show (a) a cartoon of the
magnetotail reconnection and the MMS trajectory relative to reconnection, (b) the magnetic flux rope reconstructed from the
Grad-Shafranov method, and (c) two-dimensional schematic of the guide-field reconnection at the flux rope center. In panel
(b), the colored contours present the reconstructed out-of-plane B, component, and the yellow arrows show the in-plane
magnetic field vectors along the MMS path. In panel (c), the orange line shows the MMS trajectory in reconnection, and

the black lines are magnetic field lines. The red/purple arrows presents the accelerated/decelerated electrons entering the E
region from two sides.

to right, electrons that are anti-parallel to the magnetic field are gradually accelerated to form electron beams
around 180° pitch angles (shaded in cyan). Meanwhile, the parallel electron beam that enters the E region from
the right would be decelerated, leading into the increase of electron pitch angles, and the formation of nearly
isotropic electron distributions at the left side (shaded in magenta). The disappearance of the parallel electron
beam suggests the potential drop (@) inside the E region is sufficiently large in magnitude, that is, it is larger

than the electron thermal energy (e®, > KT, ), so that electrons can effectively reduce the parallel speed and even

=
turn around to generate isotropic electron distributions. Once electrons become more isotropic, a density peak
would appear (Figure 3d) and the isotropic electrons are convected away with the magnetic field lines to form

electron outflows (Figure 3e).

To further confirm the electron dynamics observed in the guide-field reconnection, quantitative evidence are
presented in Figure 4. It is noted that MMS 3 shows a last-in-first-out feature during the current sheet crossing
and the magnetic B,, dip is shallowest at MMS 3 (Figures 4a and 4c), indicating that MMS 3 is the closest space-
craft to the reconnection X-line. However, only high-resolution electron data from MMS 1 and 2 are available
during this time interval, which are presented in this figure. Figure 4d shows electrons are roughly magnetized
in this event as the magnetic curvature radius is much larger than the electron thermal gyro-radius and Figure 4e
shows the electron firehose condition is not satisfied as the ratio of Ho(Py — P )/B? is small. Therefore, we
conclude that the parallel electric field is the primary factor for electron dynamics. We also calculate the elec-
tron partial density at different pitch angles, that is, 0—45° (Figure 4i), 45°-135° (Figure 4h) and 135°-180°
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Figure 3. MMS 1 observations of guide-field reconnection at the center of a flux rope. From the top, panels are (a) B, (b) the burst mode E, (c) E, in the fast mode, (d)

n, )V, (T, and T

e’

(g) electron omnidirectional differential energy flux and (h) electron pitch angle spectrum. E and V, have been transferred into the ion-rest

frame, and all vectors are shown in LMN coordinates. (i—n) electron pitch angle-energy distributions at six consecutive sampling time as indicated by black arrows.

(Figure 4j). Their sums are presented with dashed lines in Figure 4g, which are nearly identical with published
data (solid lines in Figure 4g). It is shown that the electron density near 90° pitch angles increases between the
shaded magenta and cyan region, responsible for the variation of the total density. This result suggests that @,
can sufficiently decelerate the parallel-moving electrons, and even reduce the parallel speed of some electrons to
~0. We directly infer @ by comparing the electron phase space density at 180° pitch angles at the time shaded in
magenta and cyan (Figure 4k) from Liouville's theorem. The dotted green line, which is energy shifted from the
red, is the best fit of the black line. The shifted energy is taken as @, which is approximately 2 kV. The accuracy
of this @, is limited by the finite electron energy resolutions, whose uncertainty is about 0.77 kV if we take the
averaged half-width of the used energy channels as errors. Nevertheless, this @, is larger than the electron thermal
temperature (Figure 3f). With e®, > kT,

el
region from the right side (Figure 4i), and the electron density at the anti-parallel direction increases from the left

the density of parallel electrons decrease after they enter into the @,

to right after the energy gain from @, (Figure 4j).

As @, is the primary factor for electron dynamics in guide-field reconnection, we then derive a functional form
of @, here. First, we make two assumptions: (a) E, is almost in the M-N plane (Figure 41), so @, is scaled as
o, = IE”dl ~ (E )Ly, where Ly, is the length of the @, region in the M direction, and (E,) is the mean value of
Eacross the current sheet; and (b) the reconnection structure is stable, so that the following geometry relation,
written as t—;’l ~ ]';—’: ~ RB—IZL, is satisfied, where Ly is the length of the @ region in the N direction, and R is the
normalized reconnection ratio. Meanwhile, if taking the ratio between (E,) and Ey as f, (E,) is expressed as
(Ey) ~ f* Ep ~ xRV, ; B;. Combining the relations above, we have
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Figure 4. MMS observations of guide-field reconnection. Panels are (a) the total magnetic field (By), (b) The magnetic B
component, (¢c) The magnetic B,; component, (d) ratio of the magnetic curvature radius and the electron thermal gyro-radius,
(e) the electron firehose parameter, (f) the parallel electric field, (g) the total electron density and (h—j) the partial densities at
different pitch angles. Colors indicate observations from different MMS spacecraft. (k) MMS 1 observations of the electron
phase space density at 180° pitch angle adopted from the magenta and cyan region in the above panels. (1) Schematic of the
2D structure of the observed guide-field reconnection in the M-N plane.
@) ~ (Ej)Lm ~ f % VainBgLn. (1
This equation indicates that @, is related to B, but not to the reconnection ratio R. Furthermore, if taking Ly as
the width of the electron current layer in reconnection, Ly is 3 ~ 5 times of the electron inertial length (d,) based
on previous studies (W.-Y. Li et al., 2021; Tang et al., 2022), or similarly the electron thermal gyro-radius (p,) in
strong guide-field reconnection (Ly ~ 30-70 km). The ratio between the inferred E, and E; (f) is about 4 ~ 13,
consisting with MMS observations.
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3. Discussion and Summary

In this study, we have investigated detailed electron dynamics in guide-field reconnection, which is observed at
the center of a flux rope in the magnetotail. Due to the presence of a large E; in the vicinity of the reconnection
region, electrons are accelerated/decelerated when entering the E; region from different directions. As the related
acceleration potential (CDH) is found to satisfy ed>” > kTe I’
speed to ~0 to form more isotropic electron distributions at one side of the electron current sheet, and therefore

some electrons can significantly reduce their parallel

create a density peak inside the electron current sheet. By deriving a function for @, we infer the magnitude of E

is 4 ~ 13 times of Eg, consistent with MMS observations. As the large E is only ol”)served in the electron current
sheet, the related @, is integrated in a limited region accordingly. Thus this @, is different with the acceleration
potential derived from an analytical model on the electron anisotropy (Egedal et al., 2013; Le et al., 2009), which
is present over large spatial scales in reconnection. This potential can effectively accelerate electrons along sepa-
ratrices (Norgren et al., 2020) and modify the plasma density structures in guide-field reconnection (Wetherton

et al., 2021). The relation between these two parallel potentials should be explored in the future.

Then the question comes to why there is a large E in guide-field reconnection. In a kinetic simulation of recon-
nection with a moderate guide-field, a large E”, which is cocurrent with the electron current sheet, is generated
to balance the parallel electron pressure gradient of the two electron populations across this current sheet: one is
relatively isotropic, and the other is anisotropic (Wetherton et al., 2022). In the moderate guide-field reconnection
(the normalized guide field is ~0.5), the electron firehose condition is marginally approached, responsible for the
unmagnetized isotropic electron population. However, it is not the case for the strong guide-field reconnection
here (the normalized guide field is ~1.5), as the electron firehose condition is not satisfied (Figure 4e), and elec-
trons are roughly magnetized throughout the current sheet (Figure 4d). But relatively isotropic and anisotropic
electron populations at the two sides of the electron current sheet are still observed (Figure 3h), which can lead a

large E, in a similar way. We further test this mechanism by checking the relation Ejj ~ JI ~ ee L We find 2el
(AP, i~ 0.028 nPa, and n, ~ 0.17 cm=3) is about 1.01 keV, which is comparable with ed, 2.0+ O 77 keV). The
discrepancy can be attributed to several reasons. First, we assume E is mostly in the M-N plane to get the checked
relation above, but E|| is not always in this plane from observations (Wilder et al., 2018). Second, the full pressure

tensor effects are not included (Wetherton et al., 2022).

Based on MMS observations, the necessary condition for the generation of relatively isotropic electron distribu-
tions at one side of the electron current sheet in strong guide-field reconnection is e®, > kT, . Considering the
derived function of @, the thickness of the electron current sheet (Ly is g times of d, or p,), and the magnitude
of the normalized guide field (B g/BL = a), we have

[me  fg e
2 m (4] (3
mi /14 a2 =/ ¢ @

The choosing of §, and \/E at the right side of the equation depends on the scaling of L. This equation shows
that the electron S, is an important parameter for the generation of relatively isotropic electron distributions in
strong guide-field reconnection. In this event, the left side of Equation 2 is estimated from 0.58 to 2.14, and $, is
about 0.71, showing that Equation 2 is well satisfied. We note f, here is locally adopted at the electron current
sheet, which is different from the asymptotic f, in the inflow region, but it still indicates that only in a proper g,
region, a large parallel electric field can appear. Recently, direct scaled comparisons of guide-field reconnection
have been performed between ground experiments and in situ space observations (Fox et al., 2018). Although
they have shared many common features, the large parallel electric field generated in the ground experiments
is much smaller than that in MMS observations, and Fox et al. (2018) has proposed several possibilities, which
includes the plasma beta effect, to explain this discrepancy. Our analysis shows that Equation 2 could be appli-
cable to explain the puzzling issue of the absence of a large parallel electric field in guide-field reconnection in
ground experiments (Fox et al., 2018).

Data Availability Statement

MMS data are available at the MMS Science Data Center (https://lasp.colorado.edu/mms/sdc/public/about/
browse-wrapper/). The MMS data are analyzed using the IRFU-Matlab package (https://github.com/irfu/
irfu-matlab).
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