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Abstract In this paper the structures with scale of ion inertial length (di) in flux ropes at the

magnetopause are studied based on MMS measurements. The results show that currents (jm) of di

scale are found to exist in many flux ropes with different scales, which flow in the −M direction in

magnetopause local coordinates (i.e., in the same direction of the Chapman-Ferraro current at the

magnetopause) and are carried by electrons’ motion in the +M direction (vem). Within the current

structures, magnetosheath and magnetospheric plasma populations are mixed; the magnetic field has

open topology; ions are non-magnetized, while electrons are frozen-in with the magnetic field lines;

the N -component of electric field (En), which is Hall electric field in nature, substantially enhances

(up to about 20mV·m−1), accompanying with notable fluctuations. Detailed analysis shows that the

current, separation of electrons’ motion from ions and the Hall electric field are closely related to each

other, and obey the general Ohm’s Law. In addition, we have also analyzed the MMS measurements

of magnetic reconnection events at the magnetopause. It is found that structures similar to those

in flux ropes are also present inside the reconnection region in many cases. Their scales are of di

length. The directions (magnitudes) of the Hall electric field EN, current filament jM and electron

velocity veM are as same as (close to) those in flux ropes. On the bases of above observations and

making use of the classical flux rope models, how the di-scale structures in flux ropes are formed is

studied. It is suggested that they are likely to originate from the corresponding structures in the

reconnection region at the magnetopause which play an essential role in the formation process of

di-scale flux ropes.
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0 "#

!�$� (flux ropes) �4!% ) !5
*""#!�$+ (flux tubes), �#$&'6%
(#$7!&),. '%&*!&'$!-$",

#&+%($%!(.$)*�$�, &8)/)
%*�+9+!(.#!&0 -$ Bn ,&'
, (bi-polar) ),, ,-!&-!'-.:(.-
)/1 [1]. Haerendel - [2] * Russell - [3] -
/�2 HEOS 2 * ISEE-1/2 #&;*/)*!
(. MHD 03#�$�, 12&+�$3,-
0 (Flux Transfer Events, FTEs)[3]. Rijnbeek - [4]

)& FTEs4."'(1+2-<, (+9+= 4
!)#&'03+ 1∼2Re. FTEs .53!!(3
,//6*$*-.:(#�5, >&6)&,4,

$90*789? [5−8], : FTEs #05;@Æ6
(#&/)*1A+,6<4-, 8)$2 FTEs#
%1*378B. .92+.,3 4 7+7+34
:4 FTEs #1C*/4: 8DE�$�+3 [3],

9= X  F;+3 [9,10], :;)1< X  F;+
3 [10−12], =556)F;+3 [13,14]. >�: FTEs

#7.8BG9067.>7. 1&< Cluster &
H.?)2,@, ? FTEs 8, ($%!98/)*
.:A103 (di = c/ωpi 9= ωpi +.:-.:
(34, ,:> di ?2+.:03) #:�$�)
,, )&&6*$B:�$;5, B:@*0*3'
<#A; [15−18]. 6$4-, B:+,05<=, (
7>?8I!F;2@6,AC@9+BAC1*D
C D$#:03�$� [19];E8,(D03FC�
$�:G#HB;<68D,&:03#AC�$
� [20,21]. 9=1A+,;@BE3::03�$�
#05;@.

=E NASA !(=03&H (Magnetospheric

Multiscale, MMS) + 2015 > 3 >)2.?, & 4 F
#&(!(.FG#'H:+1C?@, ?A#I3
GH, +$)?8I!F;*BD03 (%/�:0
3) �$�.53,I#E0. .9::03�$�
#/)2JI$=@.J. KB, Eastwood- [22] )

&6<03-/A+ 14.1di * 13.9 di #�$�, &
CJ1K(FEB; (filamentary current), B;)
,C.:!K)E06DL. Hwang - [23] /)*
$<03A+ 78 di #�$�, &MBECC!&G
F7H�LN#. Teh - [24] )&32<M.,&#
:03�$� (3∼11di), &= 4!1-L!&D
''ND#OP (53◦∼66◦). Teh - [25] ()O 14 s

#6<"Q/)*6<-/A+ 5 di * 11 di #�$
�,GE+?%3 (Force-free),@E�MR3 (crater-

like, S!FT:, -.:(HF;D).

9=@.J, %/� Eastwood -#/) [22] 0
*789?. II(!(.:�$�6U*#FE
B;- Cluster (!9 di 03�$�6/)*#*
$B:�$;5 [15−17] ')JDN. Eastwood -J
VW36</)-K, 37-K8ON?J. PLG
:�$�6K(FEB;�P+KQ&H, 9=FE
B;#C 8B,-&-�$�#7.-!F;B
:A;#9M-NO, XI MMS $)1Y, :!(
.�$�.:03#FE),E%N+L-#/)
-K.

1 PZJQQRS

1.1 KL
MMS #&RK'HI3#?A. 9=#!&1

Y4>+ MMS )#!�M!5[ (Flux Gate Ma-

gnetometer, FGM) # burst-mode 1Y, "'I3
+ 10ms[26]. B&1Y4>+ MMS #&)#B:
'$G (Electric Double Probe[27,28]) # burst-mode

1Y, 1YSI3+ 8192 s−1. .:*B:1Y4
>+ MMS )#\;-.:(NT (Fast Plasma

Instrument[29]) # burst-mode 1Y, .:1YI3
+ 150ms, B:1YI3+ 30ms. B;[R"UI
- Eastwood - [22] )D#40, >.:1YCV*
B:1YS), ,OÆ;H#"'IO3. E8, +
4W>S)B&-TYB:;3*S)!&JI#
B::;B&,-]UB&E%:O, :B&1Y
E% 30ms (VN7. !(.EC.: (H+) #A
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103 di A+ 50km, �$�*FE),#%*;
4 � 100km·s−1, ULI3 � 3 km, 9L@: di 0
3#),E%'<-K. 03 � 3 km #), (KB
B:A103 de = c/ωpe ≈ 2 km, ωpe +B:-.:
(34) :.:03),?MT, 9=B@-K.

1.2 ,MNO
1.2.1 PQRSTUXVWXYZ[\]Y

�$�#=!X^-03*NW;3�&_P
37Y1, 8�05&W%O%1#_Z. 2'05
.,3=7404OC�$�#= 4!. :+<
#&/),PI;78#�!&1Y"'QV#;:
4[-K0 (Minimum Variance Analysis, MVA)[30].

Xiao - [31] #05\P, MVA `ÆI+#&X5
R.�$�= #Q7 (E";:4[%*!$ N

aG�$�#=!) *?%&b3#�$� (E"6
'4[#%*!$ M @]\�$�#=!), &S
Qc: MVA �%?0OC�$�#=!. :+=
#&/),;%UI#�BD#&#["40 [32,33].

Y40:Z>=:2#�$�ON'< [22]. Zhou

- [34,35] UI=F7P-K0 (Multiple Triangula-

tion Analysis, MTA) >["dUB7*KQ#Z>
GJ, )&&V[O MVA :. Shi - [36] .,;:
4!L1-K0 (Minimum Directional Derivative,

MDD), I4OC=#&$)*#!),&'>1*
B^4!. XI MDD 40[R�$�#= 4!
"BTe+_"'#1YQV, R*�2=S (� 4

S) /)[RW"=!, 1@G:f'Z>%*#
MBEOC= 4!. 9LJS�$�#=!\1
37UV, RO&I40]Æ1:03�$�. P
L, MDD 40+8, ^, MTA 40, [R*O
C MMS $)#BD03�$�#= 4!.

XI=#&/)8@,I*�$�#NW;3
*^-03. XI["40 [32,33] ", ?=!8_@
,I*),#NW;3,`NW;3+9+�$�=
!#-$`,�$�4."'S@GJ+^-03.

Zhou - [34,35] XI MTA 8@,I*�$�+9+
=!#NW;3. Shi - [37] ( MDD 40#_Z
).,3"&[-40 (Spatio-temporal Difference,

STD),(I*+9+= 4!#NW;3@, `,4
."'S@GJ+�$�^-03.

�%XI de Hoffmann-Teller (HT)-K40 [38]

4TYUaNW(M#%*. BJ�$��^AH
#, WK($<YXM, &6B&GJ+V, SYY
XMZ-.:($/NW [38]. WI H-T YXM#
NW;3 V HT -&(�$�= +94!)#-
$ VHT⊥ @, S@[R�$�^-#03. BJ!)
,+a^AH,W@>X<"Q)I#!% NW;
3 E×B/B2 [M*�$�= #+94!), >J
I#+9-$:"'g-,@,GJI*�$�#^
-03 [39]. E40@,I4@+[R�$�^-0
3#^_40. hY@)&&)J- MDD * STD

40I*#1A[( 10% ,C. PL([R�$�
#=!XNW;3*^-03", `1UI,)27
40, [R)J-L\6#)J [22,24,25] J'[Z.

([RB;FE),03",[)\5FEB;
EC(+9+B;4!)#^-. 9=B;FE)
,03+B:;3+9+B;Y34!)#-$`
,FEB;),4.#/)"'.

1.2.2 PQRabcdef
UI2'#%I40Zb!% GF7H,:+

!(*$B: (> 1 keV): [B:[gP:+ 90◦, ]
P!% �b$c%Ma*!'#LN7H; [B
:[gPaG 180◦, ]P!% �b!'Ma*d
c%#LN7H; [B:[gP+ 90◦Xc!D1i
'!; (bi-streaming) -e, ]P!% �f1#G
F7H [40−42].

1.2.3 hi,M
-K�$�.:03#),",[j\BD03

#-.:(W%O. E"1]C^+ [43]

E+ v ×B =
j

σ
+

j ×B

ne
−

∇ · P e

ne

[
∂j

∂t
+∇ ·

(
jv + vj − jj

ne

)]
. (1)

&6, E * B +B&53*!dP53, v +-.
:(]NW;3, n +1Y3, j +B;Y3. ^ (1)

2+7V1]C^, ^gh$_+Bj_, hZ_
+]U_ (Hall term), h7_+B:F5_$_3
_, h`_+B:A1_, X$_1@LkiBB:
-!&K)#E06DL. :+!(&'?8I-
.:(, j/σ _@,eJ. kNJ'.:$7.-,

j = ne(vi − ve), vi * ve +.:*B:;(]#;
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3. BJ vi/ve � me/mi, v ≈ vi, ^ (1) @f`+

E+ vi ×B ≈ j

σ
+

j ×B

ne
−

∇ · P e

ne

[
∂j

∂t
+∇ ·

(
jv + vj − jj

ne

)]
. (2)

( MHD 03:, ^ (1) ^gc_1@eJ, .:*
B:Æ-!&K). ( di 03:, ?]U_8, ^g
&I6_@,eJ, ^ (2) @5g+

E + vi ×B ≈ j ×B

ne
, (3)

i
E + ve ×B ≈ 0. (4)

E"B:-.:NW-.,.:-!&K)E06D
L (a!g), B:`-!&K). (B:A103
: E + ve ×B �= 0, B:8-!&:K).

2 haalbm

> MMS (!(./)*#�$�j&'03
i-+7b: .:03 (0.5∼5di), Sub-MHD 0
3 (5∼15di) * MHD 03 (> 15di). 9=�2:7
3-0#-K,bc0597703�$�6.:0
3),#/)%*. /)1Y\P, 92<73-0
6B:F5_$_*B:A1_#j\G:, @,e
J, PLd\66.5&)J1Y. 9=8)UI/
/!(laM (GSM) E%1Y-K, k)"8k,
3$B//n5laM (GSE) #)P1A.

2.1 mnXYPQR
(1) 2016-01-10-0 1

2016 > 1 > 10 # 09:09:10UT−09:09:54UT,

MMS#&($c%ceGl5-!(.FGM./
)* 5 <:03�$� [24]. E"#&fo( GSM

laM:+ (8.9, −2.6, −0.8)Re i (8.9, −2.5,

−0.9)Re, 4F#&;D'H+ 56 km. 9 5<�$�
f+$<!(.!F;-0o_E#BRN, /)%
*_P)J.

d 1 +TY MMS1 1Yk,#Y-0/))
J, &6d 1(a) (b) +!&-$, (c) +.:*B
:Y3, (d) +.:*B:g3, (e) (f) +.:*B
:;3-$, (g) +B;-$, (h) +B&-$, (i)

+*$B: (1∼10keV) #[gP-e. d 1 6:
a l, m * n +:P#&md!(. (09:09:47UT)

"Q#!(.<$laM (L,M ,N) 67<la-
$, &6 N e!(.80 4!, L 4!$!d
,>- N +9, M = N × L, 7<<f!$p
.^hlaM [3]. f GSM laM* LMN laM
# MVA 5lpg+ L = (0.08,−0.40, 0.92), M =

(−0.69,−0.68,−0.23), N = (0.72,−0.62,−0.33). h
i( 09:09:41.9UT−09:09:43.1UT /)*#�$�
E%-0-K, &!& Bn -$'*m@c#',)
,, q!&P<;5. E8, fB:#7>;3-e
@\, �$�C!(*!'.-/1-e ((d 2).

d 1 6i D'#"'n:P#&'oj@U@
�Y�$�#MBEC. XI MDD * STD[36,37]

40@,I*, ( GSM laM6Y�$�#= 
4! K = (−0.03,−0.43, 0.90), NW;3 V str =

(−32.03,−61.54,−43.99)km·s−1, )P#^-03A
+ 98.58 km (1.85di), k+ di 03, &!�$A
+ 2.25 kWb.

fd 1 @,U,Y�$�MBE<=,B:
%*. 8.:;3):(A, B:;3l;, n'
/p*qqE^g. 9B&NrjECP<;D,

8n'/p*qqE^g, N 4!#B& En A
o 20mV·m−1. E$p-K@\, Y;5-/p#
B&:P+]UB& (j × B/(ne)). :B;<s;
5, K(-B:;3)J#/p-qqE^g. =(
;5#B;),EC,!&8)( −L * −M 4!,

B;,−M -$+8,B&8)+−N -$,S- J

* B +9. E8, MBECC!(*$B:#[g
PLJ:+ 90◦, !(*$B:b$c%!(!!'
,N, \PY�$�fLN#!% p. [40−42].

d 3k,3 MMS1:Y�$�-08)%*#
bc/))J. &6: d 3(a) +!& Bn -$; (b) +
B;!$; (c)∼(e)+.:*B:;3!$ LMN l
a-$; (f)∼(h) +S)B&X.::;B& −(vi ×
B) *B::;B& −(vi × B) # LMN la-
$; (i)∼(k) +.::;B&*]UB&c-$#:
O; (l) 6 Etot +S)B&#D:, Eecpar +B::
;B&-S)#(%+!&#B&-$D1.B&,

S Eecpar =
√
(V e ×B)2 +E2

‖; (m) +B&(%-

+9!&-$. d66i D'#"n:P�$�
#MBE.

:d 3 E%-K. fd 3(b)∼(e) @,U,, (
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m 1 2016 a 1 j 10 b 09:09:38 UT−09:09:48 UT MMS1 nk����
Fig. 1 MMS1 measurements during 09:09:38 UT−09:09:48 UT on January 10, 2016
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m 2 �r 1 (2016-01-10 09:09:42.810 UT−09:09:42.840 UT) ���o��
q
Fig. 2 Event 1 (2016-01-10 09:09:42.810 UT−09:09:42.840 UT) electron 3D velocity distribution

Y�$�C, B:NW-.:NW<sc., .:
;3_PÆ4B^, B;*B:;3<s;D (l
&� M -$), /pP<, RB;^g#/pdp
-B:;3^g#/pdp)r:P, mEB;8
)fB:ni. TY 1.2.1 6B;),03[R
40@I, ;5#B;),03A+ 1.6 di (:P
#"'n+ 09:09:42.5UT−09:09:42.9UT). �%>
.:03*:+.:03#B;2+FEB; [22].

d 3(b)∼(e) _<=, ;D#B:;3f'-B;$
L#&'03, 6EFE),$$:P, oY3�$
�#DJ-&',RB:NW-.:NW<s-.)
 (FE),ECC. d 3(f)∼(h) \P, .:B-!
&K), B:p()-!&K), J(e="Q'q
:c.. >d 3(l) \P, j\qf#(%B&@, 9
7c.DkI*ss. 9$/)%*]P, �$�F
EB;),C >15 km 03oj=B:F5_$_
3*B:A1<P@eJ. fd 3(i)∼(k) @\, .:
:;B&^g(t, ]UB& (j×B/(ne))#;5-
/pP<,`S)B&#;5*/p-]UB&#)
P^g$$:P,SS)B&#;5*/p-]UB
&9a)9. .:03#B;),XB:;3),-
]UB&)r'#:P9M]PB:-.:NW:
tXB;-]UB&7E'K(Yg9;.

bd 1*d 3 @,U,, (.:03#B;XB
:;3*B&),6, ÆK(:+ di 03#/p*
^g, 9- Eastwood - [22] #05)J$k. O.
:03]:#),9=Bu05. fd 1 *d 3 ,
-,:-K#c<-06Æ@,U*, .:03#B
;XB:;3*B&rhru']:03#^g, >
&>.(M,f'-:03^g)9>vt#/48
B*<P. 9=8)05.:03#),.

(2) 2016-01-10-0 2

($)*,).*# 5 <M.�$�DG,

MMS ( 2016 > 1 > 10 # 09:00:58UT v^m
d!(., b!(Ei!'. Z@( 09:01:00UT−
09:01:25UT M./)*6<:03#�$� [25].

E" MMS #&#fo+ (8.9,−2.7,−0.8)Re

i (8.9,−2.6,−0.9)Re, #&D';D'H+ 55 km.

f GSM laM* LMN laM# MVA 5lpg
+ L = (0.22,−0.07, 0.97), M = (−0.28, −0.96,

−0.01), N = (0.94,−0.27,−0.23).

d 4s=+_+ MMS11Yk,#96<-0
#/))J. 9=*-K 09:00:50UT−09:00:53UT

/)*#�$�, &!& Bn -$'*m@c#'
,),, q!&P<;5; fB:#7>;3-e
@\, !(*!'.-/1-e ((d 5). >i 
EC"'n:P#&'ojt+Y�$�#MBE
C, XI MDD * STD 40@,I* GSM la
M6�$�= 4! K = (0.32, 0.36, 0.87), NW;
3 V str = (−12.23, 13.62,−60.36)km·s−1, )P#^
-03A+ 109.12km (1.93 di), SY*$�k+ di

03, &!�$A+ 5.11 kWb.

fd 4 @,U,, Y�$�MBE<=,--
0 1 )J#B:%*. 8.:;3^g):(A, B
:;3<s;5, /p3w. 9B&NrjEC<s
;D, 8nZ'P<#/p^g, N 4!B& En A
o 20mV·m−1. f@-#-K@\, Y;5*/pB
&:P+]UB&. :B;K(;5),, -B:;
3#;5-/p):P. =(;5#B;),EC,

!&8)( L 4!, B;, −M -$+8, B&8
)+ N -$, S- J * B +9. E8, MBECC
!(*$B:[gPLJ:+ 90◦, !(B:b$c
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m 3 2016 a 1 j 10 b 09:09:41 UT−09:09:44 UT 	 MMS1 nk����
Fig. 3 MMS1 measurements during 09:09:41 UT−09:09:44 UT on January 10, 2016
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m 4 2016 a 1 j 10 b 09:00:40 UT−09:01:30 UT 	 MMS1 nk����
Fig. 4 MMS1 measurements during 09:00:40 UT−09:01:30 UT on 10 January, 2016
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m 5 �r 2 (2016-01-10 09:00:51.626 UT−09:00:51.656 UT) ���o��
q
Fig. 5 Event 2 (2016-01-10 09:00:51.626 UT−09:00:51.656 UT) electron 3D velocity distribution

%!(!!',N.9\PY�$�fLN#!% 
p., ,)%*1- 2016-01-10-0 1 )D.

d 6 k,3 MMS1 : 2016-01-10 -0 2 8)
%*#/))J. fd 6(b)∼(e)@\, B;^gdp
-B:;3^gdp$$:P,`.:;3_PÆ4
B^,mEB;8)fB:ni; -B;$L,B:;
3#^g8K(FE),, 6E),$$:P, 03
)D. [R@IYB;*B:;3),+.:A1
03 (A 1.48 di). fd 6(c)∼(e) @,U,, B:NW
-.:NW<sc.. d 6(f)∼(h) \P, .:B-!
&K), B:p()-!&K), >e="Q'q:
c.. fd 6(i)∼(k) @\, .::;B&^g(t,

]UB&;5<s, /pP<, `S)B&qA-]
UB&#qA$$:P,SS)B&#;5*/p-
]UB&)9. 9=/)%*<=, -0 2 --0 1

$L, B:-.:NW:tXB;*]UB&7E'
8K(Yg9;.

)Y6-0#-K\P, (.:03�$�6,

@/)*<s;5#]UB&*B;-B:NW)
,, &oY3p<�$�#MBEiEDJ-EC.

(97),6, �$�uLfLN#!% p., B
:-.:NW<sc., B;8)fB:ni; .:
-!&:K), B:_Pjw!K)E0; .::;
B&^g(A, `.5suB&, B:F5_$*B
:A1<P@eJ, ]UB&/8)@I. B:;3X
B;-]UB&7EvY9;,,.3.:03�$
�v'#%*. ( MMS DGk'#&:97),
E%ck$). li0597@/)*#.:03
),%1X/4-&W%O<P, :3:!�$�#
7.*?8I!F;#372@f'BE@I.

2.2 Sub-MHD XYPQR
-K MMS ( 2016 > 1 > 10 # 09:01:14UT−

09:01:25UT /)*#-0 (2016-01-10 -0 3). f
d 4 @,U,, Y�$�6!& Bn -$8*m@
c, q!&P<;5; fB:#7>;3-e_@,
U*, !(-!'.-/1-e ((d 7). i EC
"'n:P#&'oj@t+Y�$�#MBEC.

fd 4(i)@,U,,!(*$B:#[gPDJ-:
+ 100◦, m1B:+c!D1-e, 9\PY-06
!% =1f$c%!(M*!'; mJ-f1, f
$c%M*dc%!( [40−42]. XI MDD * STD

40@,I*, Y Sub-MHD 03!�( GSM l
aM6= 4! K = (−0.24,−0.83, 0.51), NW;
3 V str = (−25.15,−21.34,−57.38)km·s−1, )P#
^-03A+ 469.91km (7.77di),k+ Sub-MHD0
3, &!�$+ 97.54 kWb.

fd 4 _@,U*, Y Sub-MHD 03�$�
6'7<B;*B:NW#FE),. (97<)
,6, B;#;5*/pXB:-.:#NW%*Æ
-GY.:03-0 1 * 2 )J. ),C!&8)
( −L * −M 4!, B;, −M -$+8, B&8
)+ −N -$, &qAo*A 30mV·m−1. @6E
1'P</p.

d 8k,3 MMS1: 2016-01-10-0 38)%
*#/))J. fd 8(b)∼(e)@\, B;^gdp-
B:;3^gdp$$:P,`.:;3_PÆ4B
^, mEB;8)fB:ni; B:NW*B;K(
)r:P#7<8)FE),,&031:+.:A
103.I[RB;),03#40@,I*7</
)03, -/+

0.48 di(09t01t15.90UT−09t01t16.15UT),

0.61 di(09t01t18.50UT−09t01t18.80UT),

0.54 di(09t01t18.80UT−09t01t19.20UT).
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m 6 2016 a 1 j 10 b 09:00:50.2 UT−09:00:53.5 UT �r	 MMS1 nk����
Fig. 6 MMS1 measurements during 09:00:50.2 UT−09:00:53.5 UT on January 10, 2016
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m 7 �r 3 (2016-01-10 09:01:20.816 UT−09:01:20.846 UT) ���o��
q
Fig. 7 Event 3 (2016-01-10 09:01:20.816 UT−09:01:20.846 UT) electron 3D velocity distribution

(97<),6, B;#;5*/pXB:-.:#
NW%*Æ--0 1*-0 2)J.fd 8(c)∼(e)@
,U,, (�$�C, B:-.:Dk)p($/N
W,>(FE),C,B:;3wn/p, B:NW-
.:NW<sc.. d 8(f)∼(h) \P, Y Sub-MHD

03�$�C#B:NI$jw3!K)E0, .:
(FE),88D(*!&K),>(FE),C.
:NWP<-!&:t. fd 8(i)∼(k) @\, .::
;B&^g(t, ]UB&/pP<, `S)B&q
A-]UB&#qA$$:P. ,)/))J\P,

-.:03�$�C#),$L,( Sub-MHD 03
�$�C#FE),6, B:NW-.::tXB;
*]UB&7ED'8K(vY9;.

Sub-MHD 03�$�CKQK(.:03#
B;XB&*B:-.:NW:t#),. KB,

Eastwood - [22] u5#6<�$� (03-/A
+ 14.1 di * 13.9di) CJ8Æ/)*[xFE),,

&%*- 2016-01-10#-0 3 )D. ENBqxY.

2.3 MHD XYPQR
2015 > 10 > 12 # 06:25:18UT v^, MMS(

$c%e@l5-FGmd!(., b!(Gx(
Ei!', Z@/)*$< FTE. E"#&fo
+ (8.7, 4.1,−2.3)Re i (8.7, 4.7,−0.2)Re. #&D
';D'H+ 41 km. f GSM laM*LMNla
M# MVA 5lpg+ L = (0.34, 0.19, 0.92),

M = (0.38, −0.93, 0.05), N = (0.86, 0.33, −0.39).

d 9 k,#�_+ MMS1 #&1Y#Y-0/
))J, &y^-d 1 )D. bd 9 6@,o
vU*( 06:25:25UT−06:25:40.5UT "'nC, !
& Bn -$'*m@c#',^g, q!&P<;
5; E8, fB:7>;3-e@\, !(-!'

.-/1-e ((d 10), m`Y-0�$<73
# FTE. @,>i EC:P#&'ojU@�
$�#MBEC. E$pXI MDD * STD 4
0@,I* GSM laM6Y FTE �$�#= 
4! K = (0.41,−0.80, 0.44), NW;3 V str =

(−17.00,−31.34,−118.90)km·s−1, )P#�$�M
BE^-03A+ 918.57km (19.61di), k+ MHD

03. )P#!�$A+ 206.86kWb.

fd 9 @,U,, Y FTE �$�MBEC<=
,,w FTE 0566u52#%*. 8.:;3^
g):(A,B:;3,&2AP<#;5-/p*
qqE^g; 9B;K(.:03),, -B:;3
):P, 8,&[x;5-/p*qq7^g; :B
&NrjEC;D,(B:;3*B;/pN;5l
+<s, N 4!B&-$ En o*A 30mV·m−1, 1
R8n'qqvW. -K@\, Y/p#B&:P+
]UB&. E8, MBECC!(*$B:#[gP
DJ-:+ 90◦, m1+c!D1*'!;-e, ]
PY�$�8)fLN#!% p., !(B:e9
=!% b$c%!(!!',N,D"8K(f1
#!&GF7H.

d 11 + MMS1 :Y-08)%*#/))J,

y^-d 6 *d 8 )D. fd 11(b)∼(e) @\, B;
^gdp-B:;3^gdp$$:P, `.:;3
_PÆ4B^, mEB;8)fB:ni; B:;3
#^g8K(.:03),, -B;),$$:P.

KB, 06:25:31UT−06:25:31.4UT $)*#),, 0
3A+ 1.69 di; 06:25:33.8UT−06:25:34.2UT $)*
#),, 03A 1.99 di. fd 11(c)∼(e) @,U,, ?
FE),N8,B:#(1NW;3D(-.:;3
$k.>(.:03),N, B:;3wn/p, B:
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m 8 2016 a 1 j 10 b 09:01:13.5 UT−09:01:25 UT 	 MMS1 nk����
Fig. 8 MMS1 measurements during 09:01:13.5 UT−09:01:25 UT on January 10, 2016
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m 9 2015 a 10 j 12 b 06:25:20 UT−06:25:48 UT 	 MMS1 nk����
Fig. 9 MMS1 measurements during 06:25:20 UT−06:25:48 UT on 12 October, 2015
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m 10 �r 4 (2015-10-12 06:25:31.025 UT−06:25:31.055 UT) ���o��
q
Fig. 10 Event 4 (2015-10-12 06:25:31.025 UT−06:25:31.055 UT) electron 3D velocity distribution

NW-.:NW<sc.. fd 11(f)∼(h) @,U
,, (Y MHD 03�$�6, ?FE),NB&w
n^g"Q8, .:D(-!&K), `B:O.:
]I$jw!K)E0. fd 11(i)∼(k) @\, .:
:;B&^g(t, ]UB&/pP<, `S)B&
qA-]UB&#qA$$:P,SqqE#/pB
&/4+]UB&. 9=/))J\P, MHD 03
#�$�68K(.:03#B:x;XB;*B
&),, &6B:-.:NW:tXB;*]UB&
7ED'K(Yg9;. 9=),#_P%*- 2.1

* 2.2 y6-K# di 03),)D. mE, b/))
U, .:03XSub-MHD 03* MHD 03�$�
6 di 03),Pk+D$7b3#37),.

3 yp

73-0-K)J\P, (!(.BD03#
!�$�6@,/)* di 03#FE),, &6
B:-.:NW:tXB;*]UB&7ED'K
(Yg9;. (.:03#�$�6, FE),o
Yp<�$�#MBEiDJ-EC; ( Sub-MHD

* MHD 03#�$�6,[xFE),@-_K(
+&MBEC.:MMS!(./)1Y#-K\P,

)Y/)-S�!(.!�$�KQK(#&H.

_+ Cluster&H#$)1Y:!9�$�6#
:03),2'[x05. Eastwood - [44] (F;
o_EFG$<�$�6, /)*03A+ 1 di #5
B&),, 53o*A 100mV·m−1. Chen - [15−16]

( 2001 > 10 > 1 ##rwqs)r', (!
9F;EFG-HB;<CM./)*$MV03
+ 1∼2 di #�$�, )&�$�CJB:�$*Y
3<s;5, )P#FEB;),03:+ 1 di, 4
,�$�C@*K(4.1#B:A;8B. Huang

- [17] (!9F;o_EC/)*:03�$�*
sG#HB;<, 6ECJÆK( M 4!#5B
;, B;D"f'<s#(%*+9+!&#-$.

HB;<*:�$�6*$B:�$<s;D, R
@E#�$qAOGEH. 0 Cluster $)1Y*
I3#<z,,);@Æ6*:FE),E%li0
5. Eastwood - [22] {AXI MMS #HI3$)
1Y, :!(. Sub-MHD �$�#FEB;E%l
i-K, )&&6B:NW*.::t, B:-!&
K), `.:c.!K)E0, 1R/)B& Ex,y

- −(ve×B)x,y a%$k.9=PI MMS 1Y:!
(.BD03�$�#.:03FE),E%L-
05, E$p-K&6B;XB&*B:-.:NW
-.D'#9;,-KFE),#/4-&(.:0
3�$�7.2@6@*/*#F)@I.

+X[R?<, kN-.:(6`' H+ $7
.:, (t^#D03su!& B *suB& E0

:, B:*.:-!&K), $/uB&tt V 0 =

E × B/B2 NW. BJ+9Px!&#4!),&
3 di 03#B& EH, (- EH )D#&'oj
C, B:;3^+ ve = (E0 + EH) × B/B2, &n
i!&$/NW; >.:-B:-., *!&Bq
K), &tt;3`Æ4+ vi = V 0. 9LWC
 3FEB; j = ne(ve − vi) = neEH × B/B2,

&- EH *B:NWf')D#&'03. uuI
* EH = j×B/(ne),f^ (1)@\,Y.:03#<
CB&S+]UB&, &@I�XB:-.:-.,

u EH ×B/B2 tt, C B; neEH ×B/B2. b6
$4--K, (t^#D03su!& B *suB
& E0 E0:, BJ-.:(6,&+9+!&4!
03+ di #B; j = ne(ve−vi),E".:NW-B
:-.1-!&:t, `B:`-!&K), &&'
03- j )D. @I E = −(V e×B) = −(V i×B)+
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m 11 2015 a 10 j 12 b 06:25:23 UT−06:25:42 UT 	 MMS1 nk����
Fig. 11 MMS1 measurements during 06:25:23 UT−06:25:42 UT on October 12, 2015
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(V i−V e)×B = −(V i×B)+j×B/(ne) = E0+EH.

9\P(YB;),6, K( di 03#]UB&. ,
)67-K1@:4h 2y6k,#/)-S, 1R
Æ-?g#7V1]C^^ (3) * (4) )\, ]P(
.:03),6, B:-.:NW#:tXB;*]
UB&khD"K(vY9;. >`TYh 2 y#
/)&H_?0z=&6#mJ9M. )Y-K2
v-!(.i!9#f(E0-f3?9, PY�.
:03),#KQ1C. <h, (?%3 (Force-free)

�$�6, j ×B = 0, ]UB&vw, BK(P;@
05#FE),.

( di 03#�$�6, FEB;yj&MBE
iEoYDJ-EC, @,B), FEB;#/4
- di 03�$�#7.'9, m`@*-!F;
2@K(Yg;M. BJwSQcBGsY, !F
;2@6PYC *K(bJ#B:-.:NW:
tXB;*]UB&-),. jXUG67+a0
# X- F;+3, ?8I!F;) (B:A1E
*.:A1EC, GEz3A+B:A103 (de),

_3A+.:A103 [45], &6.:*B:Æ�a
!g#, !% (9=b9*F@Ma; (&8g#
.:A1EC, .:a!g, >B:*!&K). B
:-.:NW-., Lk]UB;*]U!& BH,

1C bB;<6B6g4!B;<6B#]UB
& EH; ( EH xW:, B:C FA#B&tt
NW. ({(%:2F;+36, BH * EH -/
+`C*',-e [46,47]. (5a:2-$F;6,

BH * EH �%|g+',*<,), [48,49]. MMS

:!(.!F;#/)xS39$)J [50,51]. E
8, (fa:2*fL!&E0:, BH * EH @
-/>4`,*',7H [52,53]. 2015 > 10 > 08

# 11:20:42UT−11:20:45UT MMS md!(.r',

Burch * Phan[54] 8/)*bJ-0. d 12 +_
+ MMS1 1Yk,#-037Y1/))J. f
d 12 @,U,, #&b!'+2$gF;EEi
!(Gx(2@6, /)*]U!&f −M 4!
* +M 4!#{5 (d6zy +L!&#(1
A); D"]UB& (En) 8f −N 4!5+8)4
! +N 4!,53o*A 20mV·m−1. -]UB&)
:P, B: M 4!#;3 veM o*A 2000km·s−1,

−M 4!#B;Y3 jM w; (8)fB:j\).

E8, EH, veM * jM #&'03)D, A+ 1 di

(91 km). d 13 +Y-08)%*#bc/))J.

fd 13@,U,,B;XB:*.:;3,-B&#
%1Æ-�$�-0)J,S)B&8)f]UB&
j\.d 14k,Y-06B:7>;3-e,fd 14

@,U,, (F;EC!(*!'.-/1-e, -
7vz)$k [49]. MMS :!(.F;E=A$)
ÆJI3)J)J [53,55]. 'a:21*L!&N5,

BH * EH |g+',*<,),", ( di 03)Q
c8�BE [51,55]. 9=/)]P(!(.F;2@
6,!';#{F (ram)<PLk!(-!'.-/
1, 1DDA5]UB&, XD.+!(.a:2!
F;#<s%* [56]. d 15 +TYd 12 *d 13 k
,#fa:21*fL!&Qc:!(.F;EE
H. Ergun - [56] 4,, EH #$<F)<P�xW
B:e M 4!u EH ×B tt, C −M (S +Y

i2 out of plane) 4!#B; jM. YB;-!(.
B;<#|Ky–|{Æ (Chapman-Ferraro) B;4
!$k, >53)DI=, &'oj+.:03, Æ
6( X- FG, >(F;:{E8@/)* [53,54].

AI?U#�, MMS (!F;E/)*# EH, veM

* jM #%1-�$�6 EH, vem * jm #/)%
* (r| EH #D:*4!-) )D. fE@,Bb,

PL(�$�6/)*#B; jm -M 4!#B:
tt;3 vem /4+F;E# jM -B:# EH×B

ttNW veM. TY9=#/)1Y0B*uLz
=!(.:03�$�#7.87. h`_+&'
+7 FTEs+3, @,B).:03�$�6FEB
;#7.2@. KB, :+= X- F; [9,10], BJ(
d 15#):4sGNq' X- F;) , WtS7
.:03�$�. (B:NW#BW:, �$�((
%+ X- 4! (S M 4!) )tSJIz|, &6
]UB&Xvem * jm >-PL-0 1* 2#/))
D. qB,:DE�$�+3*;)1< X- F;+
3 [3,11,12] `},m+B:# EH×B tt (veM)ni
!% $/NW, `RB:A1E_3A+ 1 di

[45].

'F;4w;, B:;wD5", ^-03+.:A
1_3#F;!% x, >ey!(.\-( M 4
!6{,F;- (LN (-), 1(&!B;MT:
7.:03�$�, &CJ#]UB&Xvem * jm

8f'PL-0 1* 26#/)%*. BH * EH .
',*<,-e"#)J- BH .`,* EH .'
,"#)J$L. (967+36, di 03�$�C
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m 12 MMS1 nk� 2015 a 12 j 8 b 11:20:42 UT−11:20:45 UT �#��r����
Fig. 12 Magnetic reconnection event observed by MMS1 during 11:20:42 UT−11:20:45 UT on December 8, 2015

#]UB&, vem * jm 14>?8I!F;; !F
;E# EH, veM * jM ( di 03�$�7.2@6
/yF)@I. :+ Sub-MHD * MHD 03�$�
-&CJ.:03),#/49=Bu$2.

f,)-K2v@\,PL/)*#�$�C.
:03FEB;*)P#B:;}T)x/4+?
8I!F;6#]U<P, �F;]UB&#C3,

-!}}~~/# Fermi A; [57] ?9, 8B�F;
B& (Erec) A;#)J. 9=F;B& Erec z4
-B:F5_$a:P_ (SB:^�Æ1) *a 

1B:A1_);M#B&, `K+B:A1EC,

S X- FG, {=B:-!&:t, 10* Erec A
; [58]. E8, 9=:ZAF;*AC!} [19] Bu
-K$2.

4 }p

XI MMS /)1Y:!(..:03 di ),
E%-K05, 8))J}|B:.

(1)BD03�$�CÆ*/)*f' di 03
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m 13 2015 a 12 j 8 b 11:20:42 UT−11:20:45 UT #��r$ MMS1 nk���	����
Fig. 13 Detailed features of the magnetic reconnection event observed by MMS1 during

11:20:42 UT−11:20:45 UT on December 8, 2015
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m 14 �#��r (2015-12-08 11:20:43.705 UT−11:20:43.735 UT) ���o��
q
Fig. 14 Magnetic reconnection event (2015-12-08 11:20:43.705 UT−11:20:43.735 UT)

electron 3D velocity distribution

m 15 �}��	~~�~�#�
Fig. 15 Weak asymmetric reconnection event at

the Earth’s magnetopause

#B;XB:NW*]UB&FE),. :+03A
+ di #�$�, FE),oY3&p<MBEiE
DJ-EC; ( Sub-MHD * MHD 03�$�6,

[x<FE),@-_$K(+MBEC.

(2) �$�6 di 03B;8)e!(.<$l
aM −M 4!, -!(.|Ky–|{ÆB;D!,

fB:ni; &6B:-.:NW<sc., .:-
!&:K), B:_Pjw!K)E0, ( +M 4
!uB&ttNW; B;CJru']:03#)
,, >.:03>.vt(M.

(3) (.:03FEB;*B:NW),6, N

4! (S+9+!(.B;<4!) #B&-$<s
;D, �3o*A 20mV·m−1, 1n'P<#qqE
/p; ;5*qqE/p#B&:P+]UB&. F

EB;XB:*.:NW#c.-]UB&D'{
b7V1]C^, Yg9;.

(4) (!(.!F;E8@/)*-�$�C
C-)J#FE),, &03+ di $C, &6 N

4!#]UB&bB;<6g4!6B, �3o*
A 10mV·m−1; FEB;e −M 4!, 8)fB:
ni; .:a!g, B:_P-!&K), e +M 4
!u EH ×B tt. B;XB:-.:NW#c.*
]UB&D'{b7V1]C^, r)9;.

(5) b&'�$�+7+3,), @,B)�$
�6B:;WXB;*]UB&#.:03FE)
,@*44+?8I!F;EC#)P),, 9=)
,(.:03�$�7.2@6/*F)@I.

(6) (�$�.:03FE),6, !(-!
'-.:(.-)r/1, !&fLN!% p..

.:03�$�CJ'LN#!% ; Sub-MHD

* MHD 03�$�?LN#!% 8, _K(
m$f1!% , ]P9=�$�+~3=AF
; (Multiple-reconnection) 2@ [42]. BD03#�
$�1,.!(-!'-.:(3,*�l#�5.

PL05B�-�$�*!F;6f'B:A
103 de #),*2@. 9+.:03),-B:
A103),D'#;M,-BD03�$�D'
#9;-NO'�E$p05.
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MMS observations of oblique small-scale magnetopause

flux ropes near the ion diffusion region during weak

guide-field reconnection [J]. Geophys. Res. Lett., 2017,

44(13): 6517-6524

[25] TEH W L, NAKAMURA T K M, NAKAMURA R, et al.

Evolution of a typical ion-scale magnetic flux rope caused

by thermal pressure enhancement [J]. J. Geophys. Res.,

2017, 122(2): 2040-2050

[26] RUSSELL C T, ANDERSON B J, BAUMJOHANN W,

et al. The magnetospheric multiscale magnetometers [J].

Space Sci. Rev., 2016, 199(1/2/3/4): 189-256

[27] TORBERT R B, RUSSELL C T, MAGNES W, et al. The

FIELDS instrument suite on MMS: Scientific objectives,

measurements, and data products [J]. Space Sci. Rev.,

2016, 199(1/2/3/4): 105-135

[28] LINDQVIST P A, OLSSON G, TORBERT R B, et al.

The spin-plane double probe electric field instrument for

MMS [J]. Space Sci. Rev., 2016, 199(1/2/3/4): 137-165

[29] POLLOCK C, MOORE T, JACQUES A, et al. Fast plas-

ma investigation for magnetospheric multiscale [J]. Space

Sci. Rev., 2016, 199(1/2/3/4): 331-406
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