
1. Introduction
Dipolarization front (DF), a transient Bz-pulse (e.g., Ohtani et al., 2004; Runov et al., 2009, 2011; Sergeev 
et al., 2009), is the significant dynamic region in the Earth's magnetotail (Angelopoulos et al.,  2013; Fu 
et al.,  2011, 2012a; Huang et al.,  2015; Nakamura, Baumjohann, et al.,  2002; Nakamura, Matsumoto, & 
Fujimoto, 2002). The DF is frequently observed at the leading edge of the reconnection fast flow, which is 
also named bursty bulk flow (BBF) (e.g., Angelopoulos et al., 1992, 1994; Baumjohann et al., 1989, 1990; 
Zhang et al., 2009, 2010; Zhang, Dai, et al., 2015; Zhang, Wang et al., 2015; Zhang, Baumjohann, et al., 2020; 
Zhang, Liu, et al., 2020). It is the main source region for wave emission (e.g., Breuillard, et al., 2016; Deng 
et al., 2010; Divin et al., 2015) and ion/electron acceleration (Fu et al., 2011, 2012; Lu et al., 2016; Runov 
et al., 2011, 2013; Ukhorskiy et al., 2018; Zhou et al., 2018).

Statistical properties of the plasma and field at the DF have been extensively studied from different satel-
lite investigations in the Earth's magnetotail by Geotail (Ohtani et al., 2004), Wind (Sigsbee et al., 2005), 
THEMIS (Runov et al., 2011), Cluster (Fu et al., 2012b; Schmid et al., 2015), and magnetospheric multiscale 
(MMS) (Schmid et al., 2019; Zhang, Baumjohann, et al., 2020). The main characteristics of the DF are as 
follows: (1) sharp Bz-increase at the DF, with a typical thickness at ion-scale from dip to top; (2) small Bz-dip 
preceding the DF; (3) magnetic pileup region (MPR) (a gradual decrease of Bz) behind the DF (e.g., Sitnov 
et al., 2013); (4) pressure balance with the background (Ohtani et al., 2004; Schmid et al., 2015).

Two main mechanisms have been proposed to explain the DF generation. One focuses on the Bz-reversal. 
Accordingly, the DF is interpreted as the secondary reconnection signature either caused by plasmoid/flux 
rope in the reconnection exhaust region (e.g., Lu et al., 2015; Pritchett, 2001) or steepened wave front excited 
from reconnection region during the nonlinear stage of tearing instability (Sitnov et al., 2009, 2014). The 
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other concerns the DF-carrying fast flow. Hence, the DF is regarded as a vertical current sheet or tangential 
discontinuity to separate the reconnection jet from the ambient plasma sheet in the background (e.g., Pan 
et al., 2015; Runov et al., 2011; Schmid et al., 2019; Sergeev et al., 2009).

Associated studies show strong duskward current at the DF (e.g., Fu et al., 2012a; Runov et al., 2011; Sergeev 
et al., 2009). The duskward current concentrates in the Bz-dip region. The duskward current is postulated 
to close via the field-aligned current at the DF and form the “wedge-shaped” current system (e.g., Panov 
et al., 2019; Sun et al., 2014; Yao et al., 2013). Behind the DF the current undergoes a drastic reduction by 
65% of the peak current density at the front (Lui, 2016). DF-carried current is characterized by positive E·J 
(E·J > 0). This reveals the nature of the DF as the dissipation region (conversion of the BBF kinetic energy 
to wave/particle energy) (Runov et al., 2011).

In the present study, we perform a case study on the evolution of the current sheet at the DF embedded in 
the BBF on July 31, 2017 with MMS observation. The special significance of this event is that MMS1 stays 
within the cross-tail current sheet (|Bx| < 5 nT) during the whole observation interval. With high-resolu-
tion field and plasma measurement of MMS, the evolution of the cross-tail current sheet in the different 
DF regions, including magnetic-dip, front, and MPR, is identified. The observed current sheet evolution is 
consistent with the scenario of a roll-up current sheet at the DF. The roll-up current sheet comprises the 
depression of the current sheet at the dip and elevation of the current sheet at the front. To give an intuitive 
impression on MMS observation, a cartoon of the geometry of the roll-up current sheet and its evolution 
at the DF embedded in the BBF is shown in Figure 1. In this picture, the current sheet roll-up comprises a 
depression (downward displacement of the current sheet) and an elevation (upward displacement of the 
current sheet) (Panel B). The elevation and depression are antisymmetric in the roll-up. Roll-up current 
sheet at the DF could be deformed (Panel C). Due to the pushing of the fast earthward-traveling BBF, the 
elevation at the front could be steeper than the depression near the dip. The normal direction is downward 
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Figure 1. Schematic diagram of the geometry of the roll-up current sheet at the DF embedded in the earthward 
traveling BBF (GSM coordinates). (a) Extended cross-tail current sheet. (b) Roll-up current sheet: antisymmetric 
depression and elevation. (c) Current sheet roll-up at the DF embedded in the BBF: asymmetric depression and 
elevation. BBF, bursty bulk flow; DF, dipolarization front.
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(


1n ) for the depressed current sheet (DCS) and upward (


2n ) for the elevated current sheet (ECS). MMS ob-
servation shows that the ECS at the front is characterized by the strong parallel current (J//) and positive 
E·J. Investigation of the pitch angle distribution (PAD) reveals the difference between ion and electron 
dynamics in the roll-up current sheet.

2. Instrumentation
MMS comprises four identical spacecraft in an adjustable pyramid-like formation (Burch et al., 2016). The 
four MMS spacecraft is equipped with fluxgate magnetometers (FGM) (Russell et al., 2016), Fast Plasma 
Investigation (FPI) (0.01–30 keV/q) (Pollock et al., 2016), and 3-D (Lindqvist et al., 2014). MMS provides 
fast-mode data, with a time resolution of 0.125-s for FGM, 4.5-s for FPI, and 0.03-s for EDP. The geocentric 
solar magnetospheric coordinate system (GSM) is used (unless otherwise specified).

MMS provides high-resolution (temporal and spatial) magnetic and plasma measurement. The four MMS 
satellites are flown in tetrahedral formation with relative distances of 10–160 km. Due to its small satellite 
distance, MMS has a special advantage in curlometer measurement. The curlometer analysis was original-
ly developed to compute the curl of the magnetic fields from 4-point measurement (Dunlop et al., 2002). 
Four-point curlometer method has been successfully used to compute the curl of the magnetic as well as 
velocity field measured by MMS spacecraft (Zhang, Baumjohann, et al., 2020; Zhang, Liu et al., 2020). Small 
satellite-distances and high-resolution ensure the accuracy of the curlometer measurement by MMS. In this 
study, four-point curlometer method is used to calculate the electric current density (   J B). The timing 
method (Schwartz et al., 1998) is used to evaluate the width of the DF and elevation angle of the roll-up 
current sheet at the DF.

3. Event Overview
3.1. MMS Orbit and Formation

Trajectory of MMS1 is shown in Figure 2. From 20:50 to 21:10 UT, MMS1 is initially positioned at (−21.9 RE, 
10.4 RE, 3.9 RE) and slowly moves downtail.
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Figure 2. MMS1 orbit from 20:50 to 21:10 UT on July 31, 2017. (a) Trajectory in X-Y plane. (b) Trajectory in X-Z plane. 
(c) MMS formation at the DF. DF, dipolarization front; MMS, magnetospheric multiscale.
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The MMS constellation at 20:58:51 UT is shown in Panel C. At this time, MMS is crossing the Electric Field 
Double Probe (EDP) DF (red mark in Panels A and B). The satellite separation distances between the four 
satellites are below 20 km.

3.2. The Embedded Current Sheet in the BBF

Evolutions of the field and plasma from 20:50 to 21:10 UT on July 31, 2017 are shown in Figure 3. Dur-
ing the whole time, MMS1 stays within the current sheet (|Bx| < 5 nT and Btotal < 10 nT). The current 
sheet is slowly flapping, signified by the repetitive Bx-reversal during non-BBF interval. Earthward BBF 
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Figure 3. The current sheet at the dipolarization front (DF) embedded in the bursty bulk flow on July 31, 2017 
observed by MMS1. (a) Three components of the measured ion velocity. (b) V// and V⊥. (c) Bx and By. (d) Bz and 
Bz0 (background field by a 10-min low-pass filter). (e) Measured Ex and Ez. (f) Measured Ey, background Ey0, and 
convective E (calculated by V × B). (g) Ion density. (h) Ion temperature. (i) Plasma β (the ratio of plasma to magnetic 
pressure). (j) Parallel (P//) and perpendicular (P⊥) Poynting flux (calculated by perturbed fields  Δ ΔP E B). MMS1 
is located around (−21.9 RE, 10.4 RE, 3.9 RE) (GSM). BBF starts at 20:57:30 UT and ends at 21:04 (marked by the two 
gray vertical lines). MPR is between the two red vertical lines. MMS, magnetospheric multiscale; MPR, magnetic pileup 
region.
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appears at 20:57:30 UT and lasts to 21:04 UT. The peak of the Vx is close 
to 450 km/s. Before BBF, the current sheet has small By as well as Bz. 
Both strengths are ∼2.5 nT. The background current sheet is quiet. No 
significant wave activity is seen. After entering into the BBF, the E and 
B perturbations in the current sheet are substantially enhanced. Bx 
strongly fluctuates and the current sheet embedded in the BBF is highly 
turbulent.

The DF emerges at 20:58:51 UT, at the leading edge of the BBF. The DF 
is preceded by the negative dip of (−1.5 nT) and followed by the wide 
Bz-enhancement. The Bz-jump at the front is close to 14 nT (dip to top). 
The peak of the Vx is in the middle of the MPR. Behind the MPR, the 
Vx of the BBF suddenly drops from 450 km/s to 300 km/s. Then, the Vx 
slowly decreases till the end of the BBF. The Bz-jump is accompanied by 
an Ey–jump of 5 mV/m. At the front, the ion density has a prominent 
decrease from 0.4  cm-3 to 0.25  cm-3. The observed Ey-jump and n-de-
crease are consistent with the characteristics of the DF (Lui, 2016; Shi 
et al., 2014).

From Panel F, at the DF, the kinetic E overwhelms the convective E (cal-
culated by V × B). Poynting flux is substantially enhanced which indi-
cates increased wave emission at the DF. Parallel Poynting flux (P//) and 
perpendicular Poynting flux (P⊥) are roughly the same. Outside the DF 
regions, the Ey in the embedded current sheet distinctly decreases and 
wave emission prominently decays. Ponying vector is predominantly per-
pendicular. At 21:04 UT, the BBF ends. With the disappearance of the 
BBF, the E perturbation dies out. Wave activity completely ceases in the 
post-BBF current sheet.

4. Extended Evolution of the Cross-Tail Current 
Sheet at the DF Regions

Extended evolution of the current J (calculated by   B) in the different 
DF regions between 58:43.630 and 58:57.630 UT are presented in Fig-
ure 4. The evolution of the magnetic field is also presented. At the inter-
face between dip and front, there are two strong J-spikes. The amplitudes 
of the J-spikes are ∼40 nA/m2 and ∼90 nA/m2, respectively. Both spikes 
are dominated by Jy component. Both Jy is mainly duskward (Jy > 0). The 
former has a significant parallel component. The latter is predominantly 
perpendicular to the magnetic field B. Neither agrees with the flux rope 
hypothesis, in which the current is parallel to the magnetic field at the 
core of the flux rope where the Bx is bipolar (e.g., Eastwood et al., 2016).

The current is very variable at the DF. The magnitudes of parallel and perpendicular currents are roughly 
the same. Without considering the contribution of the Jy-spike, the magnitude of J, on average, is about 
10 nA/m2 in the Bz-dip, 30 nA/m2 in the front, and 5 nA/m2 in the MPR. The front is characterized by the 
positive E·J. The peak value of E·J reaches 210 PW/m3. In the dip and MPR, E·J is variable. No clear pref-
erence is seen.

With six strong DFs (δt.> 30 s and δB.> 10 nT) detected by Time History of Events and Macroscale Interac-
tions during substorms (THEMIS), Runov et al. (2011) studied magnetic and electric field variations during 
DF crossing. Their superposed epoch result reveals the DF as the Joule dissipation region (E·J > 0). Coin-
cident with the result of Runov et al. (2011), we also find positive E·J at the DF. But, their current density 
at the front is 20 nA/m2. This is a bit lower than the MMS result (∼30 nA/m2). Considering much larger 
satellite separation distances between THEMIS satellites, the difference is acceptable.
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Figure 4. Extended evolution of the current sheet at the DF between 
20:58:43.630 and 20:58:57.630 UT. (a) Bx and Bz. (b) By and total B. (c) 
Vz. (d) Three components of the current density calculated by   B. (e) 
J// and J⊥. (f) E•J. (g) Magnetic vector in X-Y plane. (h) Magnetic vector 
in X-Z plane. Black vertical lines separate the four different stages. Red 
vertical lines denote the twice current sheet-crossing. DF, depolarization 
front.
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From 58:43.630 to 58:57.630 UT, MMS1 crosses the center of the current 
sheet twice (marked by the two vertical lines). Combined Bx and Bz var-
iations experience four different stages. At stage I, MMS1 is positioned 
above the current sheet (+Bx/+Bz). In stage II, MMS1 enters into the 
magnetic dip region (+Bx/-Bz) where the Vz is negative. Simultaneous 
negative Vz and Bz indicate that the current sheet at the dip is depressed 
(displaced toward negative Z) in the GSM coordinate system. In stage III, 
MMS1 crosses the center of the current sheet and enters into the front 
region (-Bx/+Bz). Meanwhile, the Vz changes to be positive. Simultaneous 
positive Vz and Bz agree with the elevation (displaced toward positive Z) 
in the GSM coordinate system of the current sheet at the front. Shortly 
in stage IV, MMS1 crosses the center of the current sheet once again and 
enters into the MPR (+Bx/+Bz).

The current sheet depression at the dip (-Bz/-Vz) and elevation at the front 
(+Bz/+Vz) is consistent with the scenario of current sheet roll-up (car-
toon image in Figure 6g).

5. Current Sheet Roll-up at the DF
5.1. Hodogram

Magnetic hodogram for Bx and Bz is presented in Figure 5. From dip to 
front the magnetic field has a rotation over the center of the current sheet 
(marked by the dashed vertical line). The hodogram has an asymmetric 
S-shape, with a dip at the right-handed and front at the left hand. MMS1 
firstly crosses the DCS, then the ECS. The Bz exhibits a slow and small 
increase while crossing the DCS, but a rapid and large increase while 
crossing the ECS. Hence, the roll-up current sheet at the DF is asymmet-
ric. The elevated current sheet at the front is steeper than the depressed 
current sheet near the dip.

5.2. Elevation Angle

At the DF, the MMS tetrahedron has a scale of 19 km (∼0.1 di) with a duration of a few seconds in the data. 
With joint observation by MMS1 and MMS3, the Timing method is used to evaluate the elevation angle 
(θEA) (with respect to the equator plane) of the roll-up current sheet.

Simultaneous observations of MMS1 and MMS3 during the interval of 20:58:32.167 and 20:58:57.168 
UT are presented in Figure 6. At 58:51, the DF was firstly detected by MMS1 (Panel C). 0.18 s later, the 
DF was then detected by MMS3. The distance between MMS1 and MMS3 is about 19.7 km in the Z di-
rection (∆z), and 1.0 km in the X direction (∆x). Assuming the delay of the DF from MMS1 to MMS3 is 
attributed to the tilt of the current sheet, the θEA can be evaluated by tan(∆z/∆x) (∆x = Vx × ∆t) (Panel 
F). The averaged x component of the ion velocity Vx at MMS 1 and 3 is 225 km/s. Simple calculation 
yields that the θEA is ∼26°. Taking into account the difference of the Vx at MMS1 and MMS3, the devia-
tion of ∆x is 9 km. This leads to the underestimation of the θEA. With modified ∆x, the θEA is promoted 
to 32°.

6. Pitch Angle Evolution in the Roll-up Current Sheet

Ion and electron pitch angle distribution (PAD) at the DF has been extensively studied. Main ion/electron 
PADs have five categories (e.g., Birn et al., 2014; Fu et al., 2011; Liu et al., 2020; Runov et al., 2013; Zhao 
et al., 2019 [and references therein]): (1) isotropic distribution (showing electron pitch angles uniformly 
from 0° to 180°; (2) pancake distribution (showing electron pitch angles primarily at 90°); (3) cigar distribu-
tion (showing electron pitch angles primarily at 0° and 180°); (4) butterfly distribution (showing electron 
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Figure 5. Hodogram of roll-up current sheet. The interval is from 20:58:43 
to 20:58:57 UT. The elevated current sheet (ECS) has a rapid/large Bz-
increase while the depressed current sheet (DCS) has a relatively slow/
small increase.
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pitch angles primarily at 45° and 135°); (5) the rolling-pin distribution, showing electron pitch angles pri-
marily at 0°, 90°, and 180°.

Evolutions of ion PAD during the interval from 20:58:43 to 20:58:57 UT are shown in Figure 7. Apparent-
ly, ion PADs at low-energy (1,291–1,709  eV), medium-energy (2,263–6,955  eV), and high-energy (above 
6,955 eV) channels have different evolutions in the roll-up current sheet. Main ion populations are detect-
ed at medium-energy and high-energy channels. Ions of low-energy only become significant in the MPR, 
mainly around 0° in the PAD.

As the main population, the PAD of medium-energy ions shows significant evolution in the roll-up cur-
rent sheet. In the dip (region II), the PAD is a thick pancake. At the beginning of the front (region III) 
it becomes isotropic, then it evolves into a pancake. After entering into MPR (region IV), the ion PAD is 
clearly a pancake. In contrast to the medium energy channel, ions at high-energy channel are 0°–90° in 
the region I (before the dip) and 90°–180° in the dip. From front to MPR, ion PAD evolves to be pancake 
distribution. There is a narrow band at 180° in the PAD. This band is formed mainly by the ions at the 
highest energy channel.
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Figure 6. Evaluation of the elevation angle of the current sheet at the front by MMS1 and MMS3 joint observations 
using Timing method. (a) Vx. (b) Bx. (c). Bz. (d). Z-distance between MMS1 and MMS3. (e) Vx difference between 
MMS1 and MMS3. (f) Projection of elevation angle evaluation (with respect to the equator plane). (g) Cartoon of the 
trajectory of MMS1 in the roll-up current sheet GSM. The yellow line marks the trajectory of MMS1. The short blue 
line with an arrow denotes the direction of the magnetic field line. GSM, geocentric solar magnetospheric coordinate 
system; MMS, magnetospheric multiscale.
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Electron PADs at different energy channels are presented in Panels E to G. Medium-energy electrons 
(2,000–6,600  eV) dominates the evolution of the PAD in the roll-up current sheet. The PAD of me-
dium-energy is isotropic in the dip. In the front region, the medium-energy electron PAD becomes a 
rolling-pin distribution. In the MPR, it is pancake-like. Electrons of low-energy (below 2,000 eV) and 
high-energy (above 6,600 eV) are fewer but clear structure can be seen in them as well. The PAD of the 
low-energy electrons in the roll-up current sheet has clear evolutions from cigar distribution in the dip 
(region II) to pancake at the beginning of the front (region III). Relatively, the evolution of the PAD of the 
high-energy electrons in the roll-up current sheet is not obvious.
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Figure 7. Ion and electron pitch angle distributions in the roll-up current sheet. (a) Corresponding magnetic field 
evolutions by MMS1. (b) Ion PAD at low energy channel. (c) Ion PAD at medium energy channel. (d) Ion PAD at high 
energy channel. (e) Electron PAD at low energy channel. (f) Electron PAD at medium energy channel. (g) Electron PAD 
at high energy channel. The color scales are the same for all the ion panels, and electron panels (except high-energy 
electron in Panel G which flux is much lower than the others). MMS, magnetospheric multiscale; PAD, pitch angle 
distributions.
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As a whole, ion and electron PADs have different evolutions in the roll-up 
current sheet from dip to front. Despite their different evolutions, both 
PADs have a pancake distribution in the MPR.

7. Discussion
While crossing the roll-up current sheet, MMS1 could record the change 
of the normal direction from downward at the DCS (


1n ) to upward at the 

ECS (


2n ) (see Panel C in Figure 1). Using the minimum variance analy-
sis on magnetic field (MVAB) method (Sonnerup & Scheible, 1998), we 
analyze the normal direction of the roll-up current sheet. The results are 
shown in Table 1. As expected, the 


1n  is downward at the depressed cur-

rent sheet (negative Bz) and upward at the elevated current sheet (positive Bz). Hodogram pair (Figure 8) 
confirms the good quality of the MVAB method. The obtained normal direction of the elevated/depressed 
current sheet is reliable. This confirms the current sheet rollup at the DF.

It is unavoidable that the roll-up current sheet would interact with the BBF. The interaction of the roll-up 
current sheet at the DF with the BBF could substantially change the flow structure of the BBF. First, the 
roll-up current sheet may cause BBF deceleration downstream of the DF. After colliding with the DF, the 
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No. Interval
Normal 

direction (λ1, λ2, λ3)
|Bn/
B|

1 20:58:41:06 to 20:58:44:50 (0.6, 0.8, −0.1) (0.6, 0.2, 0.1) 0.3

2 20:58:45:75 to 20:58:49:44 (0.8, 0.5, 0.2) (24.1, 6.3, 0.3) 0.1

Note: 1 and 2 corresponds to the depressed current sheet near the dip and 
elevated current sheet the front, respectively.
Abbreviation: MVAB, minimum variance analysis on magnetic field.

Table 1 
MVAB Results of the Normal Direction of the Roll-up Current Sheet

Figure 8. Hodogram pair for roll-up current sheet crossing by MMS1 spacecraft (same format as Figure 8.2 in 
Sonnerup and Scheible [1998]). Upper and bottom correspond to the crossing of the depressed and elevated current 
sheet crossing-interval, respectively. Crossing-intervals are listed in Table 1. MMS, magnetospheric multiscale.
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BBF slows down. This accounts for the decelerated BBF downstream of the DF (see Figure 2a). Second, the 
roll-up current sheet at the DF enables deflection/diversion of the BBF. This would change the properties 
of the vorticity field of the BBF, and furthermore, affect the evolution of the BBF turbulence. Third, the 
roll-up current sheet could be Kevin-Helmholtz (K-H) unstable during the nonlinear stage of the evolution 
(e.g., Hu et al., 2014; Mao et al., 2016). The large-scale K-H vortex could stretch the current sheet and cause 
the current sheet thinning. Once the thin current sheet is locally disrupted (tear-mode instability), the flow 
could be broken into smaller segments.

Several different mechanisms could cause the cross-tail current sheet roll-up, such as the current sheet 
flapping motion (Erkaev et al., 2009; Sergeev et al., 2006), the current sheet kink/sausage (e.g., Karima-
badi et al., 2003; Volwerk et al., 2003), ballooning/interchange instability induced current sheet bending 
(Panov, Nakamura, et al., 2012, Panov, Sergeev, et al., 2012; Pritchett & Coroniti, 2010). In addition, the 
shear flow driven K-H instability also contributes to the current sheet roll-up (e.g., Dai et al., 2011; Morando 
et al., 2017; Yoon et al., 1996). The shear flow-related K-H vortex/vorticity is responsible for the roll-up at 
the dayside magnetopause (Hasegawa et al., 2004, 2006; Kavosi & Raeder, 2015). Which mechanism is more 
favorable to roll up the current sheet embedded in the BBF needs to be further studied.

8. Conclusions
MMS observation reveals the current sheet roll-up at the DF. The roll-up current sheet consists of the de-
pression at the dip and elevation at the front. The current sheet roll-up at the DF is asymmetric, with a 
steeper elevation at the front than depression at the dip. Strong duskward and predominantly perpendicular 
J spike (∼90 nA/m2) concentrate at the interface between the dip and the front. Without considering the 
contribution of the Jy-spike, the magnitude of J, on average, is about 10 nA/m2 in the dip, 30 nA/m2 in the 
front, and 5 nA/m2 in the MPR. The front leads to positive E·J. In the dip/MPR, no such feature is seen. Ions 
and electrons exhibit different PAD evolutions in the roll-up current sheet, including their energy-depend-
ence and distributions in each DF region. Despite their difference, both PADs have a pancake distribution 
in the MPR. This MMS observation suggests the potential significance of the current sheet roll-up on BBF 
evolution, including decelerating flow and changing flow structure.

Data Availability Statement
The data of the MMS satellite is available from https://lasp.colorado.edu/mms/sdc/public/.
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