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Abstract Theoretical analysis and numerical simulation results demonstrate that
significant structural evolution occurs to the current sheet in the course of symmetric
magnetic reconnection. Specifically, the current sheet gradually evolves from a
single-peaked Harris-type form into a double-peaked bifurcated structure. However,
restricted by the technical constraints of satellite detection accuracy, this theoretical
evolution has not yet acquired solid observational confirmation in practical space
detection. With the continuous improvement of space exploration technology, the
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Magnetospheric Multiscale mission can deliver high time resolution in-situ
measurements. Relying on such high-quality observational data, researchers have
successfully discovered and recorded more than ten electron diffusion region (EDR)
events in the Earth’s magnetotail in recent years. In this study, we take advantage of
the mature Harris current sheet model to carry out comprehensive and systematic
research targeting 13 typical magnetotail EDR events summarized by Wang et all'l,
The statistical research results show that nine EDR events are well described by a
Harris-type current sheet. These cases feature thin current sheet thickness, with a
minimum thickness of 0.67 electron inertial lengths. Meanwhile, the compression of
current sheet thickness brings obvious growth of electron outflow velocity. The core
reason lies in that thinner current sheet structure can prolong the confinement time
of electrons inside the EDR, allowing particles to obtain adequate acceleration effect.
The remaining four events exhibit clear bifurcated current sheet features, with
double-peaked current density profiles. They possess lower electron outflow velocity
and thicker current sheet structure, with the maximum thickness reaching
approximately 20 electron inertial lengths. Such structural properties imply that these
events are situated at positions far away from the reconnection X point. This study
statistically identifies the relative spatial distribution of the 13 EDR events with
respect to the reconnection X point. The obtained findings can greatly facilitate the
exploration and in-depth comprehension of intrinsic electron kinetic behaviors
evolving within the EDR.

Key words Electron diffusion region, Harris current sheet, Bifurcated current
sheet, Magnetic reconnection
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Fig.1 Schematic diagram of the current distribution during magnetic reconnection. The color represents the
M component of the electron current.
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Fig.2 Observational features of two magnetotail electron diffusion regions: (A) An EDR event reported by Li et al.
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[16]: (B) An EDR event reported by Wang et al.[11. (a) Magnetic field; (b) lon differential energy flux; (c) lon bulk
velocity; (d) Electron differential energy flux; (e) Electron number density; (f) Electron bulk velocity; (g) Current
density; (h) Electric field down-sampled to 30 ms; (i) Non-ideal electric field; (j) Electron pitch-angle distribution.
In panels (a—i), the yellow shaded region indicates the EDR crossing interval. The red and black vertical lines in
(a-j) correspond to the current sheet crossing and the time of the Jm peak, respectively. (k) Electron velocity
distribution functions at the current sheet crossing time in the Vg.p — Vg and (I) Vgxg — Ve planes. Vectors in
the figures are in the local coordinate system, and the black, blue, and green curves represent the L, M, and N

components, respectively.
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Fig.3 Harris current sheet fitting results: Panels (a) and (c) show the scatter distributions of MMS data in the B.2-
Jm plane during the yellow-shaded intervals in Figures 2(A) and 2(B), respectively. The black, red, green, and blue
dots correspond to the results from MMS1-4. The black solid line represents the linear fitting result, with the
fitting function indicated in the lower-right corner of each panel. Panels (b) and (d) show the scatter distributions
of MMS data in the Sign(BL)*B.2-Jm plane during the same intervals in Figures 2(A) and 2(B), respectively. The
red and black solid lines denote the linear fitting results on the —BLand +BL sides, with the corresponding fitting

functions shown in the upper-left and upper-right corners, respectively.
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Fig.4 Statistical results: Panel (a) shows the scatter distribution of 13 EDR events in the CC-Dn/de plane. They can
be divided into two categories: EDR events in the red region can be well fitted by the Harris current sheet model,
corresponding to Harris-type current sheets, whereas events in the blue region deviate significantly from the Harris
model and correspond to bifurcated current sheet structures. Panel (b) shows the scatter distribution of the same 13
EDR events in the VeL/Vae— Dn/de plane, where the color of the data points represents the corresponding CC value.
The open circles represent events consistent with bifurcated current sheets. The statistical results of EDR events
with the (c) Harris and (d) bifurcated current sheet configurations in panel (a), respectively, in BL2/max(BL?)-

Jm/max(JIm) planes.

4 HwEie

AICHET Wang SEUHRGEKT 13 MR T HBIXFE], X AEGA RR LT T 25
(KIBF7C, S Harris HLUR A AR 0 G506 EATTREAT 065, R EA1190 09 Harris FLIRR A0 SOHLIR
Fio RIRErE IR ER X R

WEFCEE KL, Hor 9 AN IHX F451 2 Harris SEi T #8,  FLHii v )5 G,
B/PAEIEE] 0.67 deo FEAE FU A R REAR /DN, BRI S — DI AiE s, R
IBF 0.45 Viaer IR T IR JEEHGE, 7 RE EAI Al O aE i T BIX N, k15
EZHIINIE . AR 4 DT BB L 0 SRR R, B Ja B OO FRRFAL
HA T AR 20 A0, S de BEUSIEME] 20 de, T I L8 L 73 TX 2B B
IBZ B X A HEPE R B A 7E 0.1~0.2 Vae, [FIBTBEEIRE X sz, W H
TUE BN, DL ARHE 5 Fd 3 B B i T RIRSADURF 7 45 SR — 306281,

Wang SEUEILEE HL-7 3 HOX AN SR SIRIE TR 24 B8, JHR eI LS Pk
AMEAEH, T, BB, Zhong FFRPUBF RN, HBLRIBA SN 5 HE T AR AR
FRT UL A e e o LR, SR T 0 e Y, s AR B BRI 20%, 39K T HEk
2, T F I DTRR LT AT DL o A R SR IS, BRI TR A B R AR SR b
Fr B . BT, TP ERATR AT REE B WL X A, MG Harris HLT A R 0UE
o3 ORI IRAL L AR T, ARTR 2% B 3h I AT LR SR M 224k, DA ORI ELA F X
BRI DTk, BeAh, ARIEX L i Ty B X I e R P RS X R AR EIE A, A
Bt — LW E R B IR X R FIALEAC Y BT B B S REAE, T EIB LT X Y
LT IE 3l DL INIE A, AT IR R B B A o O B AT O B, SRAS R i
HREE AR B IR AR



12

SE 30

[11 WANG S, CHEN L J, BESSHO N, et al. Lower-hybrid wave structures and interactions with electrons observed in
magnetotail reconnection diffusion regions[J]. Journal of Geophysical Research: Space Physics, 2022, 127(5):
€2021JA030109. DOI: 10.1029/2021JA030109

[2] BISKAMP D. Magnetic reconnection in plasmas[J]. Astrophysics and Space Science, 1996, 242(1): 165-207. DOL:
10.1007/BF00645113

[3] SHARMA A S, NAKAMURA R, RUNOV A, et al. Transient and localized processes in the magnetotail: a review[J]. Annales
Geophysicae, 2008, 26(4): 955-1006. DOI: 10.5194/ange0-26-955-2008

[4] WANGR S, LU Q M, NAKAMURA R, et al. An electron-scale current sheet without bursty reconnection signatures
observed in the near-earth tail[J]. Geophysical Research Letters, 2018, 45(10): 4542-4549. DOI: 10.1002/2017GL076330

[STLU S, WANG R, LU Q, et al. Magnetotail reconnection onset caused by electron kinetics with a strong external driver[J].
Nature Communications, 2020, 11(1): 5049. DOI: 10.1038/s41467-020-18787-w

[6] EGEDAL J. The adiabatic 1D kinetic equilibrium of the electron diffusion region during anti-parallel magnetic
reconnection[J]. Geophysical Research Letters, 2024, 51(10): €2024GL108895. DOI: 10.1029/2024GL108895

[71 HARRIS E G. On a plasma sheath separating regions of oppositely directed magnetic field[J]. I/ Nuovo Cimento(1955-1965),
1962, 23(1): 115-121. DOI: 10.1007/BF02733547

[81 NAKAMURA R, BAUMJOHANN W, RUNOV A, et al. Fast flow during current sheet thinning[J]. Geophysical Research
Letters, 2002, 29(23): 2140. DOI: 10.1029/2002GL016200

[91 THOMPSON S M, KIVELSON M G, EL-ALAOUI M, et al. Bifurcated current sheets: statistics from cluster magnetometer
measurements[J]. Journal of Geophysical Research: Space Physics, 2006, 111(A3): A03212: DOI: 10.1029/2005JA011009

[10] BURCH J L, MOORE T E, TORBERT R B, et al. Magnetospheric multiscale overvicw and science objectives[J]. Space
Science Reviews, 2016, 199(1): 5-21. DOI:10.1007/s11214-015-0164-9

[11] POLLOCK C, MOORE T, JACQULS A, et al. Fast plasma investigation for magnetospheric multiscale[J]. Space Science
Reviews, 2016, 199(1-4): 331-406. DOI: 10.1007/s11214-016-0245-4

[12] ERGUN R E, TUCKER S, WESTFALL J, ef al. The axial double probe and fields signal processing for the MMS
mission[J]. Space Science Reviews, 2016,199(1-4): 167-188. DOI: 10.1007/s11214-014-0115-x

[13] RUSSELL C T, ANDERSON B J, BAUMJOHANN W, et al. The magnetospheric multiscale magnetometers[J]. Space
Science Reviews, 2016, 199(1): 189-256. DOI: 10.1007/s11214-014-0057-3

[14] BURCH J L, TORBERT R B, PHAN T D, et al. Electron-scale measurements of magnetic reconnection in space[J]. Science,
2016, 352(6290): aaf2939. DOI: 10.1126/science.aaf2939

[15] TORBERT R B, BURCH J L, PHAN T D, et al. Electron-scale dynamics of the diffusion region during symmetric magnetic
reconnection in space[J]. Science, 2018, 362(6421): 1391-1395. DOL: 10.1126/science.aat2998

[16] CHEN L J, WANG S, HESSE M, et al. Electron diffusion regions in magnetotail reconnection under varying guide fields[J].
Geophysical Research Letters, 2019, 46(12): 6230-6238. DOI: 10.1029/2019GL082393

[17] ZHOU M, DENG X H, ZHONG Z H, et al. Observations of an electron diffusion region in symmetric reconnection with
weak guide field[J]. The Astrophysical Journal, 2019, 870(1): 34. DOI: 10.3847/1538-4357/aaf16f

[18] LIW Y, KHOTYAINTSEV'Y V, TANG B B, et al. Upper-hybrid waves driven by meandering electrons around magnetic
reconnection X line[J]. Geophysical Research Letters, 2021, 48(16): €2021GL093164. DOI: 10.1029/2021GL093164

[19] WATERS C L, EASTWOOD J P, FARGETTE N, et al. Bridging in situ satellite measurements and simulations of magnetic
reconnection using recurrent neural networks[J]. Journal of Geophysical Research: Space Physics, 2025, 130(10):
€2025JA034383. DOI: 10.1029/2025JA034383

[20] TANG B B, LIW Y, KHOTYAINTSEV Y V, et al. Fine structures of the electron current sheet in magnetotail guide-field
reconnection[J]. Geophysical Research Letters, 2022, 49(9): €2021GL097573. DOI: 10.1029/2021GL097573

12



13

[211QI'Y, ERGUN R, PATHAK N, et al. Investigation of a magnetic reconnection event with extraordinarily high particle
energization in magnetotail turbulence[J]. The Astrophysical Journal Letters, 2024, 962(2): L39. DOI: 10.3847/2041-
8213/AD24EB

[22] LIU HJ, LI WY, TANG B B, et al. High-speed electron flows in the earth magnetotail[J]. AGU Advances, 2025, 6(2):
€2024AV001549. DOI: 10.1029/2024AV001549

[23] ZHANG X, ARTEMYEV A, ANGELOPOULOS V, et al. Resonant scattering of sub-keV electrons by beam-driven electron
cyclotron harmonic waves[J]. Journal of Geophysical Research: Space Physics, 2025, 130(1): €2024JA033118. DOIL:
10.1029/2024JA033118

[24] ZHONG Z H, ZHOU M, GRAHAM D B, et al. Electromagnetic viscosity supported anomalous electric field in the electron
diffusion region of collisionless magnetic reconnection[J]. Nature Communications, 2025, 16(1): 10519. DOI:
10.1038/s41467-025-65535-z

[25] BIRN J, DRAKE J F, SHAY M A, et al. Geospace environmental modeling (GEM) magnetic reconnection challenge[J].
Journal of Geophysical Research: Space Physics, 2001, 106(A3): 3715-3719. DOI: 10.1029/1999JA900449

[26] KARIMABADI H, DAUGHTON W, SCUDDER J. Multi-scale structure of the electron diffusion region[J]. Geophysical
Research Letters, 2007, 34(13): L13104. DOI: 10.1029/2007g1030306

[27] SHAY M A, DRAKE J F, ROGERS B N, et al. The scaling of collisionless, magnetic reconnection for large systems[J].
Geophysical Research Letters, 1999, 26(14): 2163-2166. DOI: 10.1029/1999g1900481

[28] XIONG Q Y, HUANG S Y, YUAN Z G, et al. Electron backflow motions in th¢ outer electron diffusion region during
magnetic reconnection[J]. Geophysical Research Letters, 2023, 50(21), €2023GL105300. DOI: 10.1029/2023GL105300

[29] DAUGHTON W. Electromagnetic properties of the Lower-hybrid drift instability in a thin current sheet[J]. Physics of
Plasmas, 2003, 10(8), 3103-3119. DOI:10.1063/1.1594724

EE BN

Xa7s 4o, 1998 4 7 AT AR LR, JUA ERRE R F 52 MR
ORI BTG, TG 1 A MR B B B T S T ok
AR

¥ 22 GBEE(EE) B, 1987 4E 11 A A TITHE I, Db ER LR
{ - R R OB T R, A S, BRI N R R R B S
REGSRE. R —SHEE . KERET IR 7%




