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signature of a plasmoid. The value of Bz measured by s/c 2,
3 and 4 during the tailward flow interval A are mostly
negative with minima of !9, !22, !13 nT, respectively.
[9] During the next crossing, marked ‘‘B’’, s/c 2, 3 and 4

return from SH to NH. It is clearly seen from the Bx traces
of the spacecraft that the current sheet becomes thinner
during the traversal from A to B. During interval B, the X-
component of V? is about zero. Cluster 1, staying in NH,
detects a negative Z component V?z, while s/c 4 in SH sees
a positive V?z in between A and B. The Bz components at s/c
1, 2, and 4 are about zero. In contrast, Bz " 5 nT at s/c 3
with a peak value of 16 nT at 0948:50 UT.
[10] During interval C all four Cluster spacecraft cross

the neutral sheet from NH to SH and detect fast Earthward
proton bulk flows, focused at Bx " 0. The Bz-components
are all positive with a tendency to grow. The maximum
value of Bz is "5 nT. The Z-component of the proton bulk
velocity s/c 1 and 4 changes from negative to positive. The
next SH ! NH crossing (D) is characterized by a large
positive V?x and significant negative V?z, and Bz " 5–8 nT.
[11] The correlation between the magnetic field measure-

ments of the four spacecraft was high (correlation coeffi-

cient 0.82 < R < 0.95). Hence all spacecraft stay in the
same physical region, and the linear gradient and curl
estimator technique [Chanteur, 1998] can be applied.
Figure 2 shows the magnetic field components in the
tetrahedron barycenter (upper panel), the curl B compo-
nents, X and Y GSM components of the magnetic field
curvature vector curv B = (b # r)b, magnetic field
divergence div B, and X- and Z-components of the bulk
proton flow from the mean value of the s/c 1, 3 and 4 CIS/
CODIF measurements. The y-component of curl B has a
maximum value of "16–20 nT/103 km ( jy " 12–
15nA m!2) in the transition region between the tailward
and earthward flow regions. There are significant peaks of
in-plane (X and Z) components of the curl B over crossings
A and B, which may be interpreted as Hall-current
branches: positive X- and negative Z-components in the
NH ! SH crossing during tailward flow (A) and negative
X, and weak positive Z components of the current density
in the crossings C and D associated with strong earthward
ion flow (see the schematic representation of the Hall
current system by Nagai et al. [2001]). It should be noted
that div B, which is a measure of the accuracy of the
calculation, ranges between ±5 nT/103km, except for a
peak up to !10 nT/103 km at 0948:40 UT.

Figure 1. Cluster tetrahedron configuration (a,b) and
measurements: GSM-components (c–e) of the magnetic
field from Cluster/FGM, 1-s resolution, XGSM (f ) and ZGSM
(g) components of perpendicular proton bulk velocity vector
from Cluster/CIS-CODIF, spin resolution, versus UT.

Figure 2. Cluster measurements at the tetrahedron bar-
ycentre. From top to bottom: components of the magnetic
field, components of curl B vector, the magnetic field
divergence, X and Y components of the magnetic field
curvature vector, and proton bulk velocity as a mean value
of s/c 1, 3 and 4 measurements versus UT.
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[12] The X-component of the magnetic field curvature
dominates all four neutral sheet crossings. Moreover, the
tailward flow (A) is associated with a large negative X-
component in the magnetic field curvature, while during the
crossings B, C and D the X-component of the curvature is
positive. Thus, the magnetic field loop associated with
tailward proton flow is open in the tailward direction, and
the loop associated with earthward flow is open toward
Earth. These observations can be interpreted as the tailward
passage of an X-line region over Cluster. The nonzero Y
component of the magnetic curvature vector probably
results from the small tilt of the current sheet with respect
to the ZGSM = 0 plane. The Z-component of the curvature
vector (not shown) is negligibly small.
[13] CIS/CODIF onboard s/c 1, 3 and 4 detected tailward

moving protons of energy 1–10 keV (s/c 1) and !10 keV
(s/c 3 and 4) during crossing A, 0.1–1 keV for s/c 1, which
stays at the level of Bx ! 20 nT, and !1 keV for s/c 3 and 4
during crossing B, and "10 keV during crossings C and D
(not shown). These observations conform to ion flow in the
vicinity of an X-line: cold (lobe) plasma inflow (B) and
accelerated plasma outflow (A, C, D).
[14] Using the calculated curl B, we analyzed the current

sheet structure near the X-line. Figure 3 shows the y-
component of curl B, which results mostly from the
magnetic field gradient along ZGSM, versus Bx in the
tetrahedron barycenter (Bxc). During crossing A, the Y-
component of the current density associated with the tail-
ward ion flow tends to decrease when Bxc ! 0. After
jumping to a large value, which probably is a temporal
effect, jy ! (curl B)y has a local minimum near Bxc ! 0–5
nT in crossing B (Figure 3, thick curve, marked by bullets).
It should be noted that the estimate of curl B during the
interval 0948:25–0948:35 UT, when s/c 2, 3, and 4 are in
SH, and s/c 1 stays in NH, is of minimum accuracy. The
linear estimate of the magnetic field divergence for this
interval yields absolute values of 1–5 nT/103km, an order
of magnitude less then the estimate of curl By , but compa-
rable with the difference between the maximum and min-
imum values of jy in crossing B. Thus, the current density
during this interval has a rather flat distribution with a
tendency to decrease when Bx ! 0.
[15] The value of jy drops to a smaller value between

crossings B and C and exhibits a flat profile (curve marked

by ‘‘+’’ sign) during crossing C. This is associated with
earthward proton flow. In crossing D (curve marked by
‘‘x’’) the jy profile has a pronounced minimum at Bxc ! 0.
[16] Figure 4 shows scatter plots of the out-of-plane By

component versus Bx for crossings A, C and D. During the
NH ! SH crossing A, By changes from being positive at
Bx > 0 (NH) to negative at Bx < 0 (SH). The crossings C
(NH ! SH) and D (NH ! SH) are characterized by
positive By at Bx > 0 and negative By at Bx < 0. These
results are consistent with the presence of Hall currents. A
sketch of the reconnected current sheet structure including
the Hall magnetic field near the X-line is given in the
bottom panel of Figure 4.

3. Discussion

[17] We interpret the Cluster observations of 1 October
2001 at 0947–0951 UT in terms of an X-line in tailward
motion past the spacecraft. The Cluster four-point measure-
ments allow us to calculate the magnetic field curvature and
curl and to analyze the current sheet structure near the X-line.
The actual value of the current density j = m0#1curl B may be
underestimated because the inter-spacecraft separations are
too large in order to detect any small-scale current structures.
[18] The current sheet profiles in the crossings A and D

are consistent with a bifurcated current structure in both
reconnection outflow regions, as predicted by MHD/Hall-
MHD and kinetic simulations of the reconnection process,
as well as some analytical solutions. A double-peak current
structure had already been detected in the distant tail by
Hoshino et al. [1996] from the statistical analysis of Geotail
measurements. It was interpreted there in terms of a pair of
Petschek-type shock waves formed in localized reconnec-
tion. Asano [2001] showed that the cross-tail current has a
bifurcated structure in the post-plasmoid plasma sheet in
agreement with simulation results of Arzner and Scholer
[2001]. Recently, Nakamura et al. [2002], Runov et al.
[2002], and Sergeev et al. [2002] observed bifurcated
current sheets in the Cluster observations. In contrast to
this paper, in those cases the bifurcation could not be
directly attributed to magnetic reconnection.

Figure 3. Current sheet structure in the vicinity of the X-
line: the Y-component of curl B (cross-tail current density)
versus Bx in the tetrahedron barycentre.

Figure 4. The out-of-plane Hall magnetic field component
By versus Bx over neutral sheet crossings A, C and D (upper
panel), and a sketch of reconnected current sheet structure
with Hall currents. $ and % denote the By direction; dotted
line shows schematic representation of the Cluster bar-
ycentre trajectory.
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signature of a plasmoid. The value of Bz measured by s/c 2,
3 and 4 during the tailward flow interval A are mostly
negative with minima of !9, !22, !13 nT, respectively.
[9] During the next crossing, marked ‘‘B’’, s/c 2, 3 and 4

return from SH to NH. It is clearly seen from the Bx traces
of the spacecraft that the current sheet becomes thinner
during the traversal from A to B. During interval B, the X-
component of V? is about zero. Cluster 1, staying in NH,
detects a negative Z component V?z, while s/c 4 in SH sees
a positive V?z in between A and B. The Bz components at s/c
1, 2, and 4 are about zero. In contrast, Bz " 5 nT at s/c 3
with a peak value of 16 nT at 0948:50 UT.
[10] During interval C all four Cluster spacecraft cross

the neutral sheet from NH to SH and detect fast Earthward
proton bulk flows, focused at Bx " 0. The Bz-components
are all positive with a tendency to grow. The maximum
value of Bz is "5 nT. The Z-component of the proton bulk
velocity s/c 1 and 4 changes from negative to positive. The
next SH ! NH crossing (D) is characterized by a large
positive V?x and significant negative V?z, and Bz " 5–8 nT.
[11] The correlation between the magnetic field measure-

ments of the four spacecraft was high (correlation coeffi-

cient 0.82 < R < 0.95). Hence all spacecraft stay in the
same physical region, and the linear gradient and curl
estimator technique [Chanteur, 1998] can be applied.
Figure 2 shows the magnetic field components in the
tetrahedron barycenter (upper panel), the curl B compo-
nents, X and Y GSM components of the magnetic field
curvature vector curv B = (b # r)b, magnetic field
divergence div B, and X- and Z-components of the bulk
proton flow from the mean value of the s/c 1, 3 and 4 CIS/
CODIF measurements. The y-component of curl B has a
maximum value of "16–20 nT/103 km ( jy " 12–
15nA m!2) in the transition region between the tailward
and earthward flow regions. There are significant peaks of
in-plane (X and Z) components of the curl B over crossings
A and B, which may be interpreted as Hall-current
branches: positive X- and negative Z-components in the
NH ! SH crossing during tailward flow (A) and negative
X, and weak positive Z components of the current density
in the crossings C and D associated with strong earthward
ion flow (see the schematic representation of the Hall
current system by Nagai et al. [2001]). It should be noted
that div B, which is a measure of the accuracy of the
calculation, ranges between ±5 nT/103km, except for a
peak up to !10 nT/103 km at 0948:40 UT.

Figure 1. Cluster tetrahedron configuration (a,b) and
measurements: GSM-components (c–e) of the magnetic
field from Cluster/FGM, 1-s resolution, XGSM (f ) and ZGSM
(g) components of perpendicular proton bulk velocity vector
from Cluster/CIS-CODIF, spin resolution, versus UT.

Figure 2. Cluster measurements at the tetrahedron bar-
ycentre. From top to bottom: components of the magnetic
field, components of curl B vector, the magnetic field
divergence, X and Y components of the magnetic field
curvature vector, and proton bulk velocity as a mean value
of s/c 1, 3 and 4 measurements versus UT.
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signature of a plasmoid. The value of Bz measured by s/c 2,
3 and 4 during the tailward flow interval A are mostly
negative with minima of !9, !22, !13 nT, respectively.
[9] During the next crossing, marked ‘‘B’’, s/c 2, 3 and 4
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are all positive with a tendency to grow. The maximum
value of Bz is "5 nT. The Z-component of the proton bulk
velocity s/c 1 and 4 changes from negative to positive. The
next SH ! NH crossing (D) is characterized by a large
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ments of the four spacecraft was high (correlation coeffi-

cient 0.82 < R < 0.95). Hence all spacecraft stay in the
same physical region, and the linear gradient and curl
estimator technique [Chanteur, 1998] can be applied.
Figure 2 shows the magnetic field components in the
tetrahedron barycenter (upper panel), the curl B compo-
nents, X and Y GSM components of the magnetic field
curvature vector curv B = (b # r)b, magnetic field
divergence div B, and X- and Z-components of the bulk
proton flow from the mean value of the s/c 1, 3 and 4 CIS/
CODIF measurements. The y-component of curl B has a
maximum value of "16–20 nT/103 km ( jy " 12–
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and earthward flow regions. There are significant peaks of
in-plane (X and Z) components of the curl B over crossings
A and B, which may be interpreted as Hall-current
branches: positive X- and negative Z-components in the
NH ! SH crossing during tailward flow (A) and negative
X, and weak positive Z components of the current density
in the crossings C and D associated with strong earthward
ion flow (see the schematic representation of the Hall
current system by Nagai et al. [2001]). It should be noted
that div B, which is a measure of the accuracy of the
calculation, ranges between ±5 nT/103km, except for a
peak up to !10 nT/103 km at 0948:40 UT.

Figure 1. Cluster tetrahedron configuration (a,b) and
measurements: GSM-components (c–e) of the magnetic
field from Cluster/FGM, 1-s resolution, XGSM (f ) and ZGSM
(g) components of perpendicular proton bulk velocity vector
from Cluster/CIS-CODIF, spin resolution, versus UT.

Figure 2. Cluster measurements at the tetrahedron bar-
ycentre. From top to bottom: components of the magnetic
field, components of curl B vector, the magnetic field
divergence, X and Y components of the magnetic field
curvature vector, and proton bulk velocity as a mean value
of s/c 1, 3 and 4 measurements versus UT.
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relationship between the magnetic field and the spatial
coordinate with some assumption of parameters. In this
paper, we calculate the scale length by using the four-
spacecraft data instead of any assumption of scale length
or a. As the coordinate transformation for this reconnection
event, we use the relationship of

B ¼ Blobe a
x

lx
ez þ tanh

z

lz

! "

ex

! "

; ð1Þ

where B and Blobe are the local magnetic field observed by
Cluster and the lobe magnetic field, respectively. The
reconnection rate, which is represented by a, is believed to
be % 0.2 for a steady state reconnection model [Shay et al.,
2001]. Our only assumption is the 2-Dmagnetic field model in
the reconnection region, which is described by equation (1). In
general, there are some y dependences in the current sheet
such as kink-mode waves. The typical observed wave-
length in the y direction is 2% 3 RE [e.g., Sergeev et al.,
2003]. However, the maximum distance between the
spacecraft in our observation is % 1700 km which is quite
smaller than the wavelength. Thus the spatial variation
caused by kink mode in the Y direction is thought to be
quite small. Indeed, the normal vectors of current sheet
which calculated by using C2, C3 and C4 is almost same.

Thus we assume that reconnection take place in two
dimensions. How to estimate the parameters such as a, lx
and lz is shown in Appendix A.
[15] Figure 7 shows the best fit parameters of this

magnetic reconnection between 0948:30 and 0949:00. From
top to bottom, Blobe, lz, lx/a, lx and a are shown. During
this time interval, Blobe is almost constant between 24 to
28 nT. From 0948:30 to 0948:40, lz stays near 1200 km.
After 0948:40, the current sheet gets thicker, and at
0949:00, lz is almost 2200 km. Recently, thin current sheet
structures have been well studied [e.g., Nakamura et al.,
2002; Asano et al., 2003; Nakamura et al., 2006] and the
half thickness of the current sheet is often of the order of the
proton inertia length. In this event, Runov et al. [2003]
argued that the current sheet thickness is roughly 500–
600 km from 0948:07–0948:40. In our analysis, the thin-
nest current sheet is 743 km at 0948:16 (not shown here).
Therefore it seems that our analysis of the current sheet
thickness is consistent with Runov et al. [2003]. The
parameters of lx/a and lx show the same trend as lz. The
value of lx is almost 4000 km from 0948:30 to 0948:40 and
grows thicker up to 7500 km at the end of this interval. The
ratio of scale length, a, is almost constant near 0.3 during
this interval, and the value is consistent with recent kinetic
simulation [e.g., Shay et al., 2001]. We may therefore
conclude that reconnection structure self-similarly expands
toward both the x and z direction with the same a % 0.3.
[16] To calculate the spacecraft position, we use the 30-s

moving average value of the magnetic field among C2, C3,
and C4. We put lz, lx/a, and center-averaged Bx and Bz into
equation (1), and derive the center position of the three-
spacecraft triangle in the reconnection region. We know the
relative position of C2, C3, and C4 from the center of the
triangle. Figure 8 shows the relative position of C2, C3, and
C4 in the magnetic reconnection region. From the top, the
results at 0948:32, 0948:40, 0948:48, and 0949:56 are
shown. C1 is located more than 1000 km away from
equatorial plane in the northern lobe region during this
interval (not shown here). The curves show the contour of
the magnetic vector potential.
[17] C2 is located near the plasma sheet boundary layer

on the earthward side during these time intervals. C3 is
located in the central plasma sheet on the earthward side,
and C4 is located very near to the X line during these time
intervals. We can clearly see that the reconnection region
expands toward both the x and z directions with time. We
can also see that the neutral line propagates tailward (at
roughly 100 km/s).
[18] Let us check the validity of our calculation of

spacecraft position. It is useful to compare the magnetic
fields observed by each spacecraft with the magnetic fields
calculated by our analysis. Figure 9 shows both observed
and calculated magnetic field. From top to bottom, Bx2, Bz2,
Bx3, Bz3, Bx4 and Bz4 are shown, respectively. Subscripts
give spacecraft numbers. The thick curves are the magnetic
fields calculated by our magnetic field model, and the thin
curves are the observed magnetic field with 1/22-s time
resolution. The arrows give the energetic electron enhance-
ment time as discussed before. More rapid variations of the
magnetic field can be seen, but the trends are consistent
between observation and estimation. Especially, normal
magnetic field reversal of C2 is delayed from our model.

Figure 8. Relative position of C2, C3, and C4 in the
magnetic reconnection region. The vertical axis gives Z (km),
and the horizontal axis gives X (km). The curves show
contours of the magnetic vector potential. The results at (top
to bottom) 0948:32, 0948:40, 0948:48, and 0948:56 are
shown. C1 is located more than 1000 km away from the
equatorial plane in the northern lobe region during this
interval (not shown here). The square, triangle, and inverted
triangle show the spacecraft position of C2, C3, and C4,
respectively.
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Magnetic reconnection is the underlying process that releases

impulsively an enormous amount of magnetic energy
1

in solar

flares
2,3

, flares on strongly magnetized neutron stars
4

and

substorms in the Earth’s magnetosphere
5
. Studies of energy

release during solar flares, in particular, indicate that up to

50% of the released energy is carried by accelerated 20–100 keV

suprathermal electrons
6–8

. How so many electrons can gain so

much energy during reconnection has been a long-standing

question. A recent theoretical study suggests that volume-

filling contracting magnetic islands formed during reconnection

can produce a large number of energetic electrons
9
. Here we

report the first evidence of the link between energetic electrons

and magnetic islands during reconnection in the Earth’s

magnetosphere. The results indicate that energetic electron

fluxes peak at sites of compressed density within islands, which

imposes a new constraint on theories of electron acceleration.

In situ observations have demonstrated production of energetic
electrons by magnetic reconnection10. However, how electrons can
be accelerated in large numbers to suprathermal energies during
magnetic reconnection remains an outstanding puzzle. In the
context of reconnection in the Earth’s magnetotail, even the largest
possible electron outflow velocity (the upstream electron Alfvén
velocity VAe = B/

p
4⇡men, where B is the magnetic field strength,

me the electron mass and n the plasma density) corresponds to
electron energies of only about 2 keV. Thus, outflows driven by
reconnection can in no way account for the observed suprathermal
energies (of the order of 10–100 keV) of electrons.

State-of-the-art particle-in-cell (PIC) simulations of
reconnection, aiming to address suprathermal electron production,
show that electrons are primarily accelerated at the X line or
separatrices (see Fig. 1) by electric fields11–13. The consequence
of primary electron acceleration at the X line and separatrices
is the emergence of energetic electrons at these sites. The PIC
simulations, although fully self-consistent, are two dimensional.
It is diYcult to see how the mechanism of electron acceleration
identified by these simulations can account for the large number of
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Magnetic field line

Unstable current sheet

Magnetic islands

z

x y

t

Bz
2

3
4

Separatrix

Reconnection X line

1Cluster

Figure 1 Schematic diagrams of magnetic islands in the Earth’s magnetotail.
a, The noon–midnight plane of the near-Earth magnetosphere showing multiple
magnetic islands formed in a two-dimensional cartoon of the unstable magnetotail
current sheet during reconnection. The coordinate system is defined such that x is
towards the Sun, z is normal to the current sheet, and y is directed out of the x–z
plane. b, Signatures of magnetic islands in the z component of the magnetic field
(Bz ) as observed by a spacecraft. The current of the current sheet flows in the
positive y direction, and so do the filamentary currents within magnetic islands. The
positions of the four Cluster spacecraft are sketched to depict the tetrahedron
configuration (the different sizes of the spacecraft represent their displacements in y
as shown in Fig. 3m). The trajectory of the tetrahedron barycentre is represented by
a dashed line to illustrate the relative motion of the spacecraft and island (the island
moves away from the Earth). As a result of this motion, Bz shows a bipolar signature.
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Figure 3 Four-spacecraft views of the three largest energetic electron bursts and their corresponding magnetic islands. a,d,g,j, Differential energy fluxes of electrons
observed by Cluster 1–4, respectively. Two secondary peaks correspond to energetic electrons observed at the electron-current sheets (marked by dotted brown lines, and
labelled as ‘ecs’) where the reconnection X lines reside. b,e,h,k, Three components of magnetic fields showing generic signatures of magnetic islands: bipolar Bz ; unipolar or
double-peaked By . c,f,i,l, Electron densities (black curves) and high-time-resolution electron fluxes for energies greater than 50 keV (ref. 26) (red curves, 4 sample s�1).
Energetic electron fluxes peak at the density compression sites within islands (dotted cyan lines).m, The projection of the relative spacecraft positions onto the y–z (GSM)
plane. n,o,p, A detailed view of Bz , By and the compressed density within a three-dimensional island observed by Cluster 2–4. The By structure observed by Cluster 3
(double peaked) differs from that observed by Cluster 2 and 4 (single peaked), implying that the in-plane current of the island varies significantly over a few hundred
kilometres (a fraction of one ion inertial length) in the out-of-plane direction.

electron bursts, further substantiate the link between energetic
electrons and magnetic islands. Energetic electron fluxes from
all four spacecraft (Fig. 3a,d,g,j) show that the three strongest
bursts were observed only by Cluster 2–4. The flux enhancements
were observed up to the energy of 127 keV. Cluster 1, being the
northernmost spacecraft of the four, detected only a small electron
burst (Fig. 3a) as it crossed the edge of a small island (Fig. 3b).
Three components of the magnetic field recorded during the
highlighted period (Fig. 3b,e,h,k) show decreases in Bx , bipolar Bz

and single-peaked and double-peaked By (signatures of magnetic
islands which will be discussed in the next paragraph). The
out-of-plane magnetic field By observed by Cluster 2 and 4
at around 09:47:40 ut (the red unipolar pulses marked by
dotted cyan lines in Fig. 3e and k) are highly correlated. This
high correlation enables us to estimate the velocity of the
island to be ⇠500 km s�1 away from the Earth, and the size
of the island ⇠2,500 km (see the Methods section), about two
ion inertial lengths. This size is roughly the full width of the
thin current sheet, and is comparable to the inter-spacecraft
separation (⇠2,000 km). For comparison, the gyroradius of

127-keV (highest energy observed) electrons in a 10 nT magnetic
field is ⇠85 km, much smaller than the estimated size of the
magnetic island.

The electron density is highly compressed within islands
(black curves in Fig. 3c,f,i, and l). Such density compression,
bipolar Bz and single-peaked and double-peaked By are all
features of the observed islands (Fig. 3m–p show a multispacecraft
view of a three-dimensional island). These features are generic
signatures of two-dimensional magnetic islands, as demonstrated
by our Hall magnetohydrodynamic simulations of collisionless
reconnection (Fig. 4), and PIC11,17 and hybrid simulations18.
High-time-resolution data of the electron fluxes (16 times
higher resolution than those shown in Fig. 3a,d,g,j) for energies
greater than 50 keV reveal that energetic electron fluxes (red
curves in Fig. 3c,f,i,l) peak at the density compression sites
within islands (dotted cyan lines mark seven magnetic islands
that have the strongest density compression and corresponding
energetic electron fluxes). This key finding establishes a direct
link between energetic electrons and magnetic islands, and
suggests that the dominant acceleration mechanism and the
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Purpose

We try to clarify generation of anomalous 
resistivity in two fluid equations model.

MMS enables us to evaluate two fluid equations.

Magnetospheric Multiscale mission �MMS�
• Explores electron scale physics in magnetic reconnection
• Achieves high time resolution mesurements for plasmas
• Enables us to calculate spatial gradient of plasma moments

10

What generate anomalous 
resistivity?



Calculation method of spatial gradient



Two fluid equations



Analyzed event (2015 , Oct 16)
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Fig. 3. Summary data for two magnetopause crossings of MMS2 on 2015 October 16. The crossings 
are shown by the vertical blue dashed lines. Boundary-normal coordinates (L, M, N) are used with N normal 
to the boundary and away from the Earth, L perpendicular to N and in the plane of reconnection (nearly 
along the magnetospheric magnetic-field direction), and M normal to the L, N plane (generally westward). 
These directions were determined from a minimum variance analysis of the magnetic field data between 
13:05:40 and 13:06:09 UT. The (x, y, z) GSE components of the L, M and N axes are: L = (0.3665, –0.1201, 
0.9226) GSE, M = (0.5694, –0.7553, –0.3245) GSE, and N = (0.7358, 0.6443, –0.2084) GSE. Panel data 
include: (A) magnetic-field vectors, (B) energy-time spectrogram of ion energy flux, (C) energy-time 
spectrogram of electron energy flux, (D) total plasma density, (E) ion flow velocity vectors, (F) magnitudes 
of electron and ion convection velocities, (G) current computed from velocity moments of ions and 
electrons, (H) current computed from ∇ × B, (I) parallel and perpendicular (to B) electron temperatures, 
and (J) electric-field vectors. In the very low-density region to the left of the first vertical blue dashed line 
spacecraft charging effects on plasma moment calculations may affect the data. The diagram to the right is 
the result of a numerical plasma simulation (Movie 1) using parameters from the magnetopause crossing 
centered on 13:07 UT. Spatial coordinates in the diagram are shown both in km and in ion diffusion lengths, 
L(di). Color scale indicates JM current density. 
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Evaluation of two fluid equations

MMS passed though EDR
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Evaluation of collision terms

L

M

N We consider two 
possible reasons. 
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Error bars are evaluated based on the errors in the electric field measurements.

Ion sampling is biased by LHW.

There is momentum exchange between particles and waves and 
also momentum escape carried by waves.
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Observed waves (2015 , Oct 16)
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During this interval, MMS observed  high frequency 
electrostatic waves and lower hybrid waves.
The emission of high frequency electrostatic waves is found 
around the electron cyclotron and ion plasma frequencies.



High frequency electrostatic waves
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The high frequency electrostatic waves have strong 
parallel component and are similar to that reported by 
Ergun et al. [2016], and can be regarded as the acoustic 
mode waves.



Collision term and waves

The intensity of acoustic mode waves is partially 
correlated with the value of electron collision term. 
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Collision term and waves

The lower hybrid wave is supposed to significantly 
affect the motion of electrons and contribute to generate 
the anomalous resistivity.
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Summary
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