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[1] Dipolarization fronts (DFs) are frequently detected in the
Earth’s magnetotail from XGSM=�30 RE to XGSM=�7 RE.
How these DFs are formed is still poorly understood. Three
possible mechanisms have been suggested in previous
simulations: (1) jet braking, (2) transient reconnection, and (3)
spontaneous formation. Among these three mechanisms, the
first has been verified by using spacecraft observation, while
the second and third have not. In this study, we show Cluster
observation of DFs inside reconnection diffusion region. This
observation provides in situ evidence of the second mechanism:
Transient reconnection can produce DFs. We suggest that the
DFs detected in the near-Earth region (XGSM>�10 RE) are
primarily attributed to jet braking, while the DFs detected in the
mid- or far-tail region (XGSM<�15 RE) are primarily attributed
to transient reconnection or spontaneous formation. In the jet-
braking mechanism, the high-speed flow “pushes” the
preexisting plasmas to produce the DF so that there is
causality between high-speed flow and DF. In the transient-
reconnection mechanism, there is no causality between high-
speed flow and DF, because the frozen-in condition
is violated. Citation: Fu, H. S., et al. (2013), Dipolarization
fronts as a consequence of transient reconnection: In situ evidence,
Geophys. Res. Lett., 40, 6023–6027, doi:10.1002/2013GL058620.

1. Introduction

[2] Dipolarization fronts (DFs) [Nakamura et al., 2002;
Runov et al., 2009] are kinetic boundaries [Sergeev et al.,
2009; Fu et al., 2012a] embedded inside high-speed plasma
flows. They have been detected in the Earth’s magnetotail from
XGSM=�30 RE to XGSM=�7 RE in geocentric solar magneto-
spheric (GSM) coordinates [Schmid et al., 2011; Fu et al.,
2012b; Liu et al., 2013], and they play key roles in transporting

energy fluxes [Volwerk et al., 2008; Nakamura et al., 2011;
Hamrin et al., 2013], accelerating electrons [Khotyaintsev et al.,
2011; Fu et al., 2011; Vaivads et al., 2011; Artemyev et al.,
2012a; Zhou et al., 2013; Wu et al., 2013], and ions [Artemyev
et al., 2012b; 2013; Birn et al., 2012] during substorm activity.
[3] It is still poorly understood at present how DFs are

formed. Jet braking [Birn et al., 2011], transient reconnection
[Sitnov et al., 2009; Sitnov and Swisdak, 2011], and sponta-
neous formation [Sitnov et al., 2013] have been suggested
as possible mechanisms in simulations. Jet braking occurs
primarily in the near-Earth magnetotail (XGSM>�10 RE).
The DFs produced by this mechanism propagate tailward or
along the azimuthal direction [Birn et al., 2011; Nakamura
et al., 2011]. Due to the strong interaction between the high-
speed flow and the preexisting plasma, ballooning/interchange
instability [e.g., Pritchett and Coroniti, 2010; Lu et al., 2013]
is frequently reported at DFs in this scenario. Transient
reconnection, triggered by the external perturbation [Sitnov
et al., 2009; Pritchett, 2010; Sitnov and Swisdak, 2011],
changes the topology of magnetic field and then produces the
DFs. In this scenario, DFs are formed in the ion diffusion region
but then propagate outward. The spontaneous formation of DFs
requires an accumulation of magnetic flux at the tailward end of
a 2-D current sheet [Sitnov et al., 2013]. This accumulation of
magnetic flux, seen as a hump in BzGSM, leads to the ion
tearing instability, which then produces the DFs. The last two
mechanisms are quite similar except that one (transient
reconnection) involves X line and reconnection, while the other
(spontaneous formation) does not need an X line.
[4] There have been observational evidences of the first

mechanism (jet braking). The DFs formed via this mechanism
are usually detected in the near-Earth region together with the
rebounce of high-speed flow [Panov et al., 2010; Nakamura
et al., 2013]. For the second (transient reconnection) and third
(spontaneous formation) mechanisms, they have not been
verified yet. Runov et al. [2012] reported a DF event associ-
ated with the reconnection onset. In that event, tailward flow
and earthward flow are observed simultaneously by different
spacecraft, whereas DF is only observed inside the earthward
flow in the near-Earth region (XGSM≈�9 RE). This event
somehow supports the first mechanism ( jet braking) but not
the second one. To examine whether the transient recon-
nection can produce DFs, the observation of DFs associated
with X line or inside ion diffusion region is necessary. We
show such an event in this paper.

2. Observations

[5] The observations were made by Cluster around 13:12 UT
on 18 September 2002. At that time, four spacecraft were
located at XGSM ≈�17.5 RE, YGSM ≈ 4 RE, and ZGSM ≈ 0
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in GSM coordinates (Figures 1a and 1b); their separation
was about 3000 km. C3 and C4 captured a reconnection
event from 13:08 UT to 13:16 UT (Figure 2). We illustrate
this event using the cartoon in Figures 1c–1e. During the
whole period, the BxGSM measured by C3 (green) was
approximately negative (Figure 2b), while the BxGSM
measured by C4 (blue) was positive (Figure 2b). This
means that C3 and C4 passed, respectively, the southern and
northern part of the current sheet (see the Cluster trajectory in
Figures 1c–1e). Since the BxGSM measured by C3 was very
small before 13:10 UT and after 13:14 UT, C3 should locate
near the current sheet center at the initial and final stage of this
passing. Around 13:13 UT, C4 measured small BxGSM compo-
nents (Figure 2b), because the current sheet was flapping at that
time (see the concave part of the Cluster trajectory in
Figures 1c–1e). We do minimum variance analysis for this flap-
ping current sheet (13:13:22–13:14:12 UT) and find that the
maximum variance, indicating the main magnetic field reversal
[Eastwood et al., 2009], is along L= (0.99, 0.13, �0.01) in
GSM coordinates; the minimum variance, indicating the normal
to the current sheet plane, is along N= (0.00, 0.03, 1.00) in
GSM coordinates; and the medium variance is along
M= (�0.13, 0.99, �0.03) in GSM coordinates. Since the main
magnetic field reversal is along XGSM, and the normal to the
current sheet is along ZGSM, we conclude that GSM coordinates
used in this event are appropriate.We examine the flow velocity
in this event and find that the dominant component is along
XGSM but not YGSM or ZGSM (not shown), supporting our use
of GSM coordinates as well.
[6] The C3 measurements during this period can be

divided into two parts: (1) Before 13:12:00 UT, the flow
velocity VxGSM (Figure 2d) and the magnetic field BzGSM
(Figure 2a) were generally negative, while the ByGSM
(Figure 2c) was positive; (2) after 13:12:00 UT, the VxGSM
and BzGSM were positive, while the ByGSM was roughly neg-
ative. The C4 measurements had a similar trend as C3 except
that the transition of VxGSM (BzGSM, ByGSM ) from negative to
positive was found at 13:11:30 UT. During the whole inter-
val (13:08–13:16 UT), the statistical relations among
VxGSM, BxGSM, and ByGSM (see Figure 1f ) satisfy the typical
feature of quadrupole structure [Eastwood et al., 2009;
2010], meaning that C3 and C4 possibly captured a
reconnection event. Here ByGSM should correspond to the
Hall magnetic field inside the ion diffusion region. It
switched from positive to negative in C3 measurements, but
from negative to positive in C4 measurements, because the
two spacecraft were located in the southern (C3) and northern
(C4) part of the current sheet, respectively. In fact, this event
has been identified by Eastwood et al. [2010] as a
reconnection event without guide field.
[7] In this event, C1 did not capture the reconnection

signature because it was far away from the current sheet
(large ZGSM, see Figures 1a and 1b). C2 was near the current
sheet center; however, it had a large separation from C3 and
C4 in YGSM direction. C2 did not capture the reconnection
signature either, probably because the ion diffusion region
was smaller than 3000 km in YGSM direction (Figure 1b).
[8] Interesting finding in this event is that there were two

jumps of magnetic field BzGSM in the ion diffusion region
(Figure 2a). One was embedded inside the tailward flow
(VxGSM< 0, see the left vertical line), while the other was in-
side the Earthward flow (VxGSM> 0, see the right vertical
line). We identify these two jumps as DFs as they satisfy

Figure 1. Cluster tetrahedron location at 13:12 UT on 18
September 2002 in (a) the X-Z plane and (b) the Y-Z plane.
Separations of the four Cluster spacecraft, noted as ΔX, ΔY,
and ΔZ, are also shown in the top. (c–e) Diagrams showing
the evolution of ion diffusion region from 13:08 to 13:16
UT. The color lines indicate the trajectories of C3 (green)
and C4 (blue), with the solid parts represent spacecraft’s
history and the dashed parts represent the locations where
spacecraft will arrive. DF pair is formed in Figures 1c and 1e,
associated with the enhancement of reconnection rate. Color-
coded circle in Figure 1d shows a magnetic island measured
by C3 at 13:12 UT (during the weakening of reconnection).
(f) Out of plane magnetic field By as a function of Bx and Vx.
Red corresponds to By> 0, and purple corresponds to By< 0.
The size of the circle corresponds to the magnitude of By, and
the color of the circle corresponds to the measurements of C3
(green circle) and C4 (blue circle). Spin-resolution data and
GSM coordinates are used in Figure 1.
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the following criteria [see Runov et al., 2009; Schmid et al.,
2011; Fu et al., 2012b]: (1) BzGSM was the dominant compo-
nent of magnetic field; (2) BzGSM increased/decreased more
than 4 nT during several seconds, and simultaneously, the in-
clination angle of magnetic field increased more than 10°; (3)
the maximum inclination angle of magnetic field was larger
than 45°; (4) the maximum flow velocity, |Vi|, was larger than
150 km/s; (5) the plasma beta, ratio of thermal pressure to
magnetic pressure, was greater than 0.5 (Figure 2f, see the
horizontal dashed line). These DF structures are quite differ-
ent from magnetic islands (flux ropes or plasmoids) and trav-
eling compression regions (TCR) because the bipolar
structure in BzGSM is not clear [see Imber et al., 2011]. For
the magnetic island and TCR, the negative and positive
BzGSM should have comparable amplitudes [Sitnov et al.,
2009]. Because C4 passed the margin of the DF structure,
its observation does not strictly satisfy the definition of DF.
[9] Figure 2g shows the plasma density during the whole

interval. Both the density from the PEACE instrument
(Npea) and the density from the spacecraft potential (Npot)
are plotted. The density from C3-PEACE (triangle) has very
low resolution during this period, because parts of the data
delivery time from spacecraft to ground were allocated to
C3-CIS. There is general consistency between Npot and
Npea, meaning that these densities are reliable. Figure 2h
shows the thermal (Pthm), magnetic (Pmag), dynamic (Pdyn),
and total (Ptot) pressure measured by C3. At the BzGSM jumps
(see the vertical dashed lines), the density and thermal pres-
sure decreased, while the magnetic pressure increased
slightly. These are also typical features of DFs [see Runov
et al., 2009]. Note that, at the DF, the total pressure (Ptot) is
not necessary to be balanced (see discussions by Fu
et al. [2012c]).
[10] Now we analyze in detail how spacecraft encounter the

DF structures and how the ion diffusion region evolves during
this period. We find that C3 and C4, separated widely in
XGSM direction (Figure 1a), measured the first DF (left vertical
line in Figure 2) simultaneously. This phenomenon can be
explained by using the cartoon in Figure 1c: C3, located at large
XGSM coordinates, touched the center of the DF, while C4,
located at small XGSM coordinates, touched the north edge of
the DF. The second DF (right vertical line in Figure 2) was
measured first by C4 then by C3. This DF cannot be produced
simultaneously as the first one. If the two DFs are produced
simultaneously and the reconnection X line moves tailward
rapidly [Oka et al., 2011], C3 should measure DF2 earlier than
C4, as C3 had larger XGSM coordinates. We describe the whole
observation as follows: Cluster first measured a tailward DF,
which is produced by an enhancing reconnection (Figure 1c),
then slowly moved to the earthward jet and measured an
earthward DF, which is produced by another enhancing
reconnection (Figure 1e). From the first reconnection enhance-
ment (13:09:47 UT, Figure 1c) to the second reconnection
enhancement (13:13:59 UT, Figure 1e), the reconnection pro-
cess never stops as the quadrupole structure of magnetic field
is always satisfied in this event (see Figure 1f ); only the
reconnection rate changes. Clearly, this is an unsteady
reconnection event. The change of reconnection rate is also
reflected in the Ey measured by C4 (Figure 2e), although this
spacecraft was not in the center of the current sheet. The space-
craft C3, located close to the current sheet center, unfortunately
has no reliable measurements of electric field because one of the
probes was broken.

Figure 2. Cluster observations of DFs inside reconnection dif-
fusion region. (a–c) The Z, X, Y components of magnetic field
from FGM. (d) The X component of flow velocity from CIS
and E×B. (e) The Y component of electric field from EFW.
(f ) Plasma beta. (g) The plasma density from spacecraft potential
(thin line) and from PEACE (thick line and triangles). (h) The
total, thermal, magnetic, and dynamic pressures of plasmas.
Data from C3 and C4 are shown in green and blue, respectively.
In Figure 2e, only the data fromC4-EFWare shown, because the
data fromC3-EFWare not reliable. In Figure 2g, the density data
from C3-PEACE (triangles) have very low resolution, because
parts of the data delivery time from spacecraft to ground were
allocated to C3-CIS. C1 and C2 did not capture the reconnection
signature in this event, so their measurements are not shown.
GSM coordinates are used in Figure 2.
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[11] Both the time-varying inflow speed and the secondary
island near the X line are possible candidates for triggering
the unsteady reconnection (see discussions by Fu et al.
[2013]). In this event, the secondary island was indeed
observed by C3 at 13:12:00 UT near the X line (Figure 1d).
The time-varying inflow speed, however, cannot be verified
in this event, because none of the spacecraft monitor the in-
flow region continuously (Note that only around 13:12:00
UT was C4 located in the inflow region).
[12] In full particle simulation, Sitnov and Swisdak [2011]

found that DFs could be formed as a consequence of transient
reconnection, which is driven by a finite convection electric
field outside the current sheet. In this event, Cluster observed
DFs inside the ion diffusion region, strongly supporting the sim-
ulation results. The detail analysis of this event reveals that the
reconnection is unsteady (transient) type, consistent with the
simulation as well [Sitnov and Swisdak, 2011]. The secondary
island suggested by Sitnov and Swisdak [2011] is also found
in this event (see the black arrow in Figure 2a).

3. Conclusions and Discussions

[13] Up to present, there have been a lot of substructures
observed inside ion diffusion region such as magnetic islands
[Huang et al., 2012], electron holes [Cattell et al., 2005], and
density cavities [Vaivads et al., 2004]. Observation of
dipolarization fronts inside ion diffusion region, to our
knowledge, is the first time. This observation strongly sup-
ports previous simulation results [Sitnov and Swisdak,
2011] that transient reconnection can produce DFs.
[14] The DFs formed inside ion diffusion region are quite

different from those in the near-Earth region because, in the
ion diffusion region, jet braking does not happen. In fact,
some studies even suggest that ions/jets are accelerated
inside the diffusion region due to the bipolar electric field
structure directed normal to the current sheet toward the
midplane of the plasma sheet [see Wygant et al., 2005;
Aunai et al., 2011, and reference therein]. The high-speed
flow [Cao et al., 2006] and the sharp increase of BzGSM are
two important elements for identifying DF. In the near-Earth
region, high-speed flow hits the background dipolar field, and
subsequently, it slows down or even rebounds [Panov et al.,
2010]. During this process, magnetic fluxes pile up gradually
with a front (DF) propagating tailward [Birn et al., 2011;
Nakamura et al., 2011]. The DF is attributed to the flow in this
picture, meaning that there is causality between them. Inside ion
diffusion region, both flow and DF are consequences of
transient reconnection. They appear simultaneously but have
no causality. In fact, inside ion diffusion region, the frozen-in
condition is violated, so the ions (flow) and magnetic field
(DF) should have no relation.
[15] A statistical observation in the magnetotail, given by

Ohtani et al. [2004], shows that the velocity of high-speed
flow almost does not change from XGSM=�30 RE to
XGSM=�15 RE, but decrease rapidly from XGSM=�10 RE

to XGSM=�5 RE (see Figure 5a therein). On the basis of this
statistic, we suggest that the DFs measured by spacecraft in
the near-Earth region (XGSM>�10 RE) are produced by jet
braking because, in this region, the obstruction of high-speed
flow by preexisting plasmas is strong; On the contrary, the
DFs measured in the mid- or far-tail region (XGSM<�15 RE)
are produced by transient reconnection or spontaneous forma-
tion because, in this region, the braking of high-speed flow is

not prominent. It is difficult to distinguish the transient
reconnection from the spontaneous formation, unless the
spacecraft encounter an X line structure. The observational evi-
dence of the spontaneous formation should be invoked in the
future study.
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