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Abstract A multiple auroral onset substorm on 28 March 2010 provides an opportunity to understand
the physical mechanism in generating auroral intensifications during a substorm expansion phase.
Conjugate observations of magnetic fields and plasma from the Time History of Events and Macroscale
Interactions during Substorms (THEMIS) spacecraft, of field-aligned currents (FACs) from the Active
Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) satellites, and from
ground-based magnetometers and aurora are all available. The comprehensive measurements allow us to
further our understanding of the complicated causalities among dipolarization, FAC generation, particle
acceleration, and auroral intensification. During the substorm expansion phase, the plasma sheet expanded
and was perturbed leading to the generation of a slow mode wave, which modulated electron flux in the
outer plasma sheet. During this current sheet expansion, field-aligned currents formed, and geomagnetic
perturbations were simultaneously detected by ground-based instruments. However, a magnetic
dipolarization did not occur until about 3 min later in the outer plasma sheet observed by THEMIS-A
spacecraft (THA). We believe that this dipolarization led to an efficient Fermi acceleration to electrons and
consequently the cause of a significant auroral intensification during the expansion phase as observed by
the All-Sky Imagers (ASIs). This Fermi acceleration mechanism operating efficiently in the outer plasma sheet
during the expansion phase could be a common explanation of the poleward auroral development after
substorm onset. These results also show a good agreement between the upward FAC derived from AMPERE
measurements and the auroral brightening observed by the ASIs.

1. Introduction

A magnetospheric substorm is a major space weather phenomenon, which includes significant disturbances
in the magnetosphere, ionosphere, and upper atmosphere. A magnetospheric substorm typically consists
of three phases: the growth phase, expansion phase, and recovery phase [Akasofu, 1964; McPherron et al.,
1973]. The Dungey cycle describes the circulation of magnetic and plasma energy in the magnetosphere
[Dungey, 1961]. A Dungey cycle includes two reconnection sites, i.e., subsolar magnetopause reconnection
and near-Earth magnetotail reconnection. Subsolar magnetopause reconnection inputs solar wind energy
into the magnetosphere, while magnetotail reconnection releases energy from the magnetosphere to inter-
planetary space and toward the inner magnetosphere. If the dayside and nighside reconnection rates are
equal, the magnetosphere can reach a state of steady magnetospheric convection. If the dayside input energy
is greater than the nightside released energy (usually due to southward turning of the interplanetary mag-
netic field), magnetic and plasma energies would be accumulated in the tail lobe and plasma sheet, forming
a substorm growth phase, characterized by the enhancement of the cross-tail neutral sheet current, as well
as thinning of the plasma sheet [Akasofu, 1972; Hones, 1977; Rostoker et al., 1980; Baker et al., 1985].

Energy accumulation during a substorm growth phase is followed by a sudden energy release, which is named
the substorm expansion phase. During the substorm expansion phase, the near-Earth magnetotail is highly
dynamic, with the magnetic field becoming strongly perturbed [Lui, 1996] and the cross-tail currents being
diverted into the ionosphere from the magnetosphere [Boström, 1964]. During the expansion phase, energy is
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explosively released in the near-Earth region and energetic particles are injected into regions around geosta-
tionary orbit [Liou et al., 2001]. The enhancement of Region 1 FACs is a typical feature for substorm expansion,
which is also well known as the substorm current wedge (SCW) [McPherron et al., 1973].

During a substorm, thin auroral arcs (mostly east-west aligned and narrowed in north-south direction) in the
most equatorward region of the auroral oval are usually formed in the late growth phase, which is followed
by an explosive poleward expansion [Akasofu, 1964; Craven and Frank, 1987]. The poleward auroral expan-
sions often present wave-like features, which are suggested to be associated with plasma instabilities [Liang
et al., 2008; Rae et al., 2009]. Multiple mechanisms are found in generating aurora during a substorm recov-
ery phase and thus produce double auroral oval distribution consisting of a poleward region of discrete oval
and a more diffuse equatorward oval [Elphinstone et al., 1995; Mende et al., 2002]. The trigger mechanisms for
the substorm expansion onset remain very controversial [e.g., Angelopoulos et al., 2008 and Lui, 2009]. Flow
braking in the near-Earth magnetotail and near-Earth instabilities are two of the most prevalent explanations
[Shiokawa et al., 1997; Pu et al., 1997; Birn et al., 1999; Nakamura et al., 2001; Kepko et al., 2001; Ohtani et al., 2002;
Cao et al., 2010; Kalmoni et al., 2015]. Moreover, Hsu and McPherron [2003] indicate that approximately 60%
of all substorms appear to be triggered by a number of events including interplanetary magnetic field tran-
sitions, a reduction in By or a sudden change in the solar wind dynamic pressure, and the remaining 40% are
nontriggered events. Their results imply that substorm expansions may be triggered by multiple mechanisms.
This controversy is the result of limited observations and the superposition of various processes occurring
in the magnetotail at substorm onset, such that conclusively determining how substorm onset occurs is
extremely difficult. However, during a pseudobreakup, the number of physical processes developing at sub-
storm onset is limited, providing an excellent opportunity to study specific driving mechanisms [Pulkkinen
et al., 1998; Rostoker, 1998; Partamies et al., 2003; Yao et al., 2014]. The pseudobreakup usually describes an
event with substorm-like activities (e.g., auroral intensification, field-aligned current formation, and magnetic
dipolarization), however, with much smaller amplitudes and much shorter duration (e.g., a few minutes). A
pseudobreakup is often observed during the late substorm growth phase and thus may lead to misidentifi-
cation of a substorm onset [Pu et al., 2010]. Similar to the pseudobreakup, auroral intensifications during the
expansion phase may also be associated with relatively limited perturbation in the magnetic field and plas-
mas since these are not directly related to any major energy release process and thus are ideal to investigate
fundamental processes related to substorm dynamics.

It has been shown that a substorm may have multiple onsets [Murphy et al., 2014]. This has been estab-
lished from the ground geomagnetic field perturbations observed from the ground [Pytte et al., 1976], auroral
intensifications [Keiling et al., 2008; Pu et al., 2010], global magnetic field dipolarizations in the near-Earth mag-
netotail [Duan et al., 2011; Palin et al., 2015], and substorm injections into geosynchronous orbit [Nagai et al.,
1983]. Previous studies also suggest that multiple auroral intensifications are related to multiple bursty bulk
flows [Nishimura et al., 2012]. However, it has been shown that a single flow burst can only contribute<10% of
the energy (or current) needed for the SCW [Yao et al., 2015; Lui, 2015]. Auroral intensifications after substorm
onset are usually observed poleward of the substorm onset auroral arc [Saito et al., 2010; Tang et al., 2013],
which is cited as evidence for the inside-out substorm model [Lui, 1996, 2004; Henderson, 2009]. Together with
the outside-in model [Baker et al., 1996], this is one of the two most popular substorm models [Ohtani, 2004].
Since multiple onset is a common feature of a substorm, the mechanism for auroral intensification during
expansion phase is thus highly relevant in understanding substorm mechanisms.

The energy of the main electron population associated with auroral brightening is usually in the several keV
range [Albert, 1967], slightly higher than the energy of the main population in the magnetotail [Walsh et al.,
2011]. A mechanism for parallel acceleration is thus required during the precipitation of magnetospheric
electrons into the upper atmosphere to generate aurora. An auroral acceleration region with parallel elec-
tric potential drop is often believed to play an important role in the parallel acceleration of electrons at 1 to
2 RE altitude [Marklund et al., 2011]. Another acceleration process driven by wave-associated parallel electric
fields is often called “Alfvénic acceleration” [Hasegawa, 1976; Chaston et al., 2010]. In addition to the poten-
tial drop acceleration and Alfvénic acceleration, Fermi acceleration is also an important mechanism that can
drive parallel electron acceleration. Although Fermi acceleration is not very often discussed in driving auroral
intensification, it could be important in driving auroral brightening [Sharber and Heikkila, 1972], as it is often
a result of the magnetotail dynamics [Wu et al., 2006]. It is still an open question on how the intense aurora is
generated during substorms.
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In this paper, we present a substorm event on 28 March 2010 with four near-identical auroral intensifications.
For the second, third, and fourth intensifications, the magnetic footprints of the Time History of Events
and Macroscale Interactions during Substorms (THEMIS)-A, THEMIS-D, and THEMIS-E spacecraft (THA, THD,
and THE) were located near the auroral breakup region, and each spacecraft detected magnetic field
and plasma perturbations. Moreover, the Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) satellites were conjugate to the auroral intensification region. Taken together with
THEMIS spacecraft, ground-based magnetometers, and all-sky imagers, this provides a complete picture of
both the magnetosphere and ionosphere during these auroral intensifications. This paper focuses on the
mechanism operating during the second and third intensifications. The coordinated FACs in the magneto-
tail and ionosphere are analyzed, as well as the electron acceleration process that directly causes the auroral
intensifications.

2. Observations

In this section, we detail the analysis with the coordinated measurements from the ground auroral imagers,
ground magnetometers, and the AMPERE and THEMIS spacecraft during 06:20 UT to 06:50 UT on 28 March
2010. The THEMIS mission consists of three spacecraft in the inner magnetosphere at X ∼ −10 RE during the
mission’s magentotail seasons [Angelopoulos, 2009]. In this study, we use plasma measurements from the elec-
trostatic analyzer (ESA) [McFadden et al., 2008] and the solid-state telescope (SST) [Angelopoulos et al., 2009]
and magnetic field measurements from the fluxgate magnetometer (FGM) [Auster et al., 2009]. At 06:30 UT,
THEMIS-A, THEMIS-D, and THEMIS-E were located at [−11.28,−1.96,−0.15] RE , [−11.29,−2.07, 0.40] RE , and
[−11.24,−1.92, 0.32] RE , respectively, in geocentric solar magnetospheric (GSM) coordinates. THA and THE
satellites were mainly separated in the Z direction by a distance of 0.47 RE . Since the THD and THE satellites
were located in close proximity and have similar magnetic field and plasma observations, we only present
observations from THA and THE. Ground auroral cameras, ground magnetometers, and the AMPERE space-
craft provide a cross validation of the field-aligned currents and particle acceleration concluded from the in
situ THEMIS measurements.

2.1. Conjugate Observations From All-Sky Imagers, Ground-Based Magnetometers, and the AMPERE
Mission
Figure 1 shows the auroral observations from ASIs [Mende et al., 2009]. The ASIs provide 256×256 pixel images,
with a temporal cadence of 3 s. Figure 1 shows combined auroral imagers from the Gillam (GILL), Sanikiluaq
(SNKQ), and Rankin Inlet (RANK) stations. Four intensifications are identified at 06:24:33 UT, 06:33:30 UT,
06:37:45 UT, and 06:48:15 UT. Figures 1a–1d present the first clear auroral images occurring within 1 min of
each auroral intensification. It is clear that the auroral intensification develops increasingly poleward succes-
sively from Figures 1a to 1d. The footprints of THA and THE (indicated by the filled circles in each panel) are
derived using the T04s model [Tsyganenko and Sitnov, 2005], which claims to reconstruct the global magnetic
field during substorm periods. As shown in Figures 1a and 1b, the footprints of THEMIS spacecraft were pole-
ward of the auroral breakup region for the first two auroral intensifications and were close to the third and
fourth auroral intensification regions.

The poleward development of auroral intensification is consistent with the magnetic perturbations observed
from ground-based stations collocated with ASIs (Figure 2). As can be seen from Figure 1, RANK is at a higher
latitude than the other two stations. Following the four auroral intensifications in Figure 1, four distinct nega-
tive bays of the H component of the magnetic field are identified at∼06:23:30 UT,∼06:33:30 UT,∼06:37:45 UT,
and ∼06:47:30 UT based on data from these three stations, which represent the formation of a westward
electrojet [e.g., Rostoker et al., 1980]. The first significant negative bay was detected only at GILL station, corre-
sponding to the first localized auroral intensification over GILL ASI station (Figure 1a). The second negative bay
was detected by both GILL and SNKQ, corresponding to the second auroral intensification that was recorded
at both GILL and SNKQ ASIs (Figure 1b). The third magnetic negative bay was detected by GILL, correspond-
ing to the third auroral intensification that was mostly limited in the field of view at GILL ASI (Figure 1c). The
fourth negative bay was detected by RANK, corresponding to the fourth auroral intensification detected by
both RANK and GILL (Figure 1d). The four negative bays are very closely related to the four auroral inten-
sifications, based on timing and locations. Although the geomagnetic negative bay cannot show the same
clear poleward development as the ASIs due to their low spatial resolution, it is very clear that the fourth
negative bay was at a higher latitude than the other three negative bays. Considering that the four auroral
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Figure 1. Auroral sequences from the North American THEMIS All-Sky Imagers (ASIs) at GILL, SNKQ, and RANK on 28
March 2010. The white dashed lines are invariant geomagnetic latitude and longitude. The two horizontal lines are
separated by 5∘ , and the vertical lines are separated by 15∘. The footprints of THA and THE are mapped based on the
T04s model.

intensifications are very localized, and the associated current systems are likely localized as well, it is thus
reasonable to detect the very different geomagnetic perturbations at these nearby stations. Specifically, the
perturbations at SNKQ are generally much smaller than those at GILL, which is consistent with the auroral
activities. For example, the third auroral intensification was mostly recorded by GILL at ∼06:37:30 UT; mean-
while, a significant negative bay was observed by GILL, while only very slight perturbation was detected
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Figure 2. The component geomagnetic fields in a compass-type coordinate system (HDZ) from GILL, SNKQ, and RANK
stations, which are in the same locations as the ASIs in Figure 1. The H component is the horizontal field strength, the D
component is the declination component, and the Z component is the vertical component. The four vertical lines
indicate four negative bays at 06:23:30 UT (GILL station), 06:33:30 UT (GILL and SNKQ), 06:37:45 UT (GILL), and
06:47:30 UT (RANK).

by SNKQ. At 2–3 min after the fourth negative bay recorded by RANK, SNKQ also detected a slight decrease,
which is likely a consequence of the development of the localized auroral structure.

Figure 3 presents the global FAC distribution derived from AMPERE using vector magnetic field measurements
from the Iridium constellation of low-Earth orbiting satellites [Anderson et al., 2000; Waters et al., 2001; Murphy
et al., 2012]. The global FAC distribution estimated from AMPERE is based on a quasi-stationary assumption on
the timescale of spacecraft separation in each orbital track, i.e., ∼10 min. Figure 3 presents the distribution of
current density for 10 min periods from 06:16 UT to 06:56 UT. The data points with current density <0.2 μA/m2

are discarded in Figure 3 to filter out noise. The green dots in Figure 3 represent the location of the GILL auroral
imager/geomagnetic station. An upward FAC collocated at GILL station was significantly enhanced during the
period represented in Figures 3b and 3c, and the footprints of THEMIS spacecraft were also mapped to the
upward FAC region.
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Figure 3. The field-aligned current distribution derived from AMPERE for the four time intervals as indicated in each
plot. The green dot represents the location of GILL station.

The 10 min quasi-stationary assumption is typically not sufficient for substorm studies given that a substorm
current wedge usually significantly develops within a few to tens of minutes [Lui, 1996; Keiling et al., 2009; Yao
et al., 2012]. Therefore, it is not possible to fully determine whether the 10 min resolution upward FAC shown
in Figure 3 is closely related to an auroral intensification since the auroral intensification developed within
1–2 min. To carefully interpret the AMPERE results, Figure 4a presents the 1 min resolution magnetic pertur-
bations along the spacecraft’s trajectory that cross the GILL station (<2∘ from the center), which provides a
strong support to the explanation of FAC in Figure 3. The arrows in Figure 4a show AMPERE geomagnetic
north-south and east-west magnetic field perturbations at 1 min resolution from the premidnight orbital track
(23.1 magnetic local time (MLT)), which also travels through the GILL station. The FAC in Figure 3 is exactly

Figure 4. (a) The 1 min resolution magnetic perturbations along the premidnight orbital trajectory (23.1 MLT) that also
cross the GILL station. The purple rectangle indicates the field of view of GILL station. Different colors represent the
measurements from different spacecraft along the same orbital trajectory. (b) The keogram auroral image of GILL
ASI station.
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derived from the magnetic perturbations in Figure 4a (include all orbital tracks) based on Ampere’s law. The
coverage of a single ASI is approximately circular in geographic coordinates (radius of about 4.5∘). The purple
rectangle in Figure 4a indicates field of view of the GILL station. The trace of AMPERE spacecraft within the
rectangle suggests conjugate measurements between AMPERE and GILL (the same MLT and the same latitude
at the same time). Figure 4b shows the keogram of auroral images from the GILL station. These results indicate
that the magnetic perturbations related to second, third, and fourth auroral intensifications were recorded by
AMPERE spacecraft soon after these intensifications.

2.2. Overview of the In Situ Observations From THEMIS Spacecraft
Figure 5 shows the magnetic field and plasma measurements for this event from THA and THE satellites.
Figures 5a and 5b give the magnetic field components and magnetic field strength at a 3 s resolution in GSM
coordinates. Figures 5c and 5d present the perpendicular components of the ion bulk velocity. The mag-
netic field was >35 nT before ∼06:33 UT at both spacecraft, and dominated by Bx , suggesting that the two
spacecraft were away from the central plasma sheet. Figure 5e shows plasma pressure for both spacecraft.
As given by Figure 5f, the plasma beta (ratio between plasma pressure and magnetic pressure) was between
0.1 and 1, which indicates that both spacecraft were located in the outer plasma sheet [e.g., Baumjohann
et al., 1989]. After 06:33 UT, until ∼06:40 UT, the magnetic field Bx component at THA started to decrease,
accompanied by clear oscillations, while the magnetic field at THE is not obviously perturbed between
∼06:33 UT and∼06:40 UT. Bx at THE slightly decreased after∼06:36:30 UT. At∼06:48 UT, intense perturbations
were detected by THA and THE, which corresponds to the fourth auroral intensification. The present paper
focuses on the measurements between 06:30 UT and 06:40 UT. Overall, the plasma pressure is anticorrelated
with magnetic field strength for both spacecraft. Particularly for THA, the wave-like plasma pressure varia-
tion is highly anticorrelated with the magnetic field strength. The details of these oscillations are presented
in section 2.3.

Figure 5g shows the current density estimated from the magnetic field measured by THA and THE satel-
lites. The current density Jx and Jy in GSM coordinates were derived from Ampere’s law by assuming that the
measured magnetic field consists of two components, i.e., quasi-steady dipole field and a 1-D current sheet
[e.g., Lui, 2011, 2013; Yao et al., 2014]. In the estimation of current density, it is assumed that 𝜕

𝜕z
>

𝜕

𝜕x
,

𝜕

𝜕y
. The

current density is thus simply given by Jx ∼ 𝜕By

𝜕z
and Jy ∼ − 𝜕Bx

𝜕z
. We would like to point out that the assump-

tions applied in the current density calculation may only be valid when both spacecraft were located in the
outer plasma sheet, where Bx is the dominant magnetic field. In the central plasma sheet, the 𝜕

𝜕x
term may be

more significant than the 𝜕

𝜕z
term. On the other side, the current density embedded between THA and THE

with MHD theory (diamagnetic current) can be derived as an independent calculation from the Ampere’s law
[e.g., Yao et al., 2014, equation 4]. Figure 5g shows the diamagnetic current density Jy (from MHD theory) with
the averaged pressure gradient (∇zP) and averaged magnetic field (Bx) between THA and THE. It is clear that
the variation of the diamagnetic current density is very consistent with, however, obviously smaller than the
magnetic derived current density. This might be a consequence of a nonuniform current density distribution
of the current sheet. The current density Jy started to increase (up to ∼6 nA/m2) after ∼06:33 UT, which is
consistent with the magnetic field Bx decrease and plasma pressure increase at THA. The increase of current
density could be due to current sheet expansion or current sheet moving toward the spacecraft. However,
from the measurements at THE, the spacecraft was not moving closer to the central plasma sheet, since the
magnetic field was stable, and plasma pressure (also beta value) showed a decrease after 06:33 UT rather than
the increase as expected if the center of the current sheet was moving closer to the spacecraft. It can thus be
concluded that this localized cross-tail current density enhancement is due to current sheet expansion, which
does not imply an enhancement of the total cross-tail current. The current sheet expansion is also consistent
with the auroral intensification at ∼06:33:30 UT as shown in Figure 1b. After 06:37:00 UT, the current density
Jx is enhanced up to ∼3 nA/m2. Since the magnetic field is still dominated by Bx , Jx thus can roughly repre-
sent the field-aligned current. This enhancement of Jx is likely to be related to the timing of the third auroral
intensification at ∼06:37:45 UT shown in Figure 1c.

2.3. Slow Mode Wave in the Magnetotail: THA Observations
It was shown that the wave-like perturbations were observed in the magnetic field and plasma pressure for
the THA satellite between∼06:33 UT and∼06:40 UT. This section presents the detailed characteristics of these
perturbations in the measurements of THA satellite. Figure 6a presents the magnetic field in the mean field
coordinate system, which is determined using low-pass-filtered data with a shortest period of 600 s. The mean
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Figure 5. Overview of THA and THE observations. (a and b) The magnetic components in GSM coordinates and the total
magnetic strength. (c and d) The ion bulk velocity in GSM coordinates. (e and f) The plasma pressure and beta value of
THA and THE. (g) The current density derived from Ampere’s law and the diamagnetic current (the black line). The two
dashed vertical lines indicate the start of Bx decrease at THA and THE, implying a step-like current sheet expansion.

field coordinate is defined as follows: the direction b is along the mean magnetic field, a points eastward,
and r completes the right orthogonal set. Figure 6b shows band-pass-filtered results of the magnetic field
in the mean field coordinate system. Figures 6c and 6d show the detrended band-pass-filtered plasma and
magnetic pressure variations. Figures 6b–6d have adopted 40 s to 120 s as the band-pass filter, which contains
the period of the main magnetic and plasma pressure perturbations that could be clearly identified by eye
from Figure 5.
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Figure 6. Observations of THA. (a) The magnetic field in mean field coordinate. (b) The filtered magnetic field with
band-pass filter between 40 s and 120 s. (c and d) The filtered magnetic and plasma pressure with band-pass filter
between 40 s and 120 s. (e–g) The electron differential energy flux for parallel, antiparallel, and perpendicular pitch
angle populations. (h) The electron anisotropy index, which is defined by Tperp∕Tpar−1. The dashed vertical lines indicate
the magnetic pressure peaks (plasma pressure troughs, black) and the magnetic pressure troughs (plasma pressure
peaks, red).

The perturbations of plasma pressure and magnetic strength observed by THA satellite could be related to
plasma sheet flapping [Sergeev et al., 2003; Runov et al., 2005; Nakamura et al., 2006] or compressional waves
[Volwerk et al., 2003; Du et al., 2011]. As shown in Forsyth et al. [2009], during plasma sheet flapping, two mag-
netic field components |Bx| and Bz in GSM coordinates should be anticorrelated. In this event, |Bx| and Bz

are correlated, which suggests that the perturbations are likely to be a compressional wave. Since magnetic
strength is out of phase with plasma pressure variation, and the magnitudes of plasma and magnetic pertur-
bation are comparable (i.e.,∼0.05–0.1 nPa), it can thus be concluded that this is a slow mode wave [Nakamizo
and Iijima, 2003]. As shown in Figure 6b, the transverse components of the magnetic fluctuations are smaller
than the compressional component. This indicates that the slow mode wave is the dominant perturbation,
accompanied by small Alfvénic perturbations.

Figures 6e–6g show the spectrum of parallel (0∘ pitch angle (PA)), antiparallel (180∘ PA), and perpendicu-
lar (90∘ PA) differential energy flux of electrons. As indicated by the dashed vertical red lines, the electron
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Figure 7. (a) The same plot as shown in Figure 6a. The three vertical lines indicate the time when Bb is 25 nT. (b) The
parallel differential energy flux for the three given time intervals as indicated by the three vertical lines in Figure 7a.

differential energy flux is significantly enhanced at the magnetic troughs (plasma pressure peak), which is
likely a consequence of modulation of the fluxes by the slow mode wave. Figure 6h shows an index of the
electron anisotropy, which is defined as Tperp∕Tpar − 1. The Tpar > Tperp anisotropy feature became significant
at∼06:36:47 UT, about 50 s before the third auroral intensification. An explanation for this electron anisotropy
increase is presented in section 2.4.

The data plotted in Figure 7a are the same as Figure 6a. The dashed horizontal line in Figure 7a indicates
the value of 25 nT, and the three vertical dashed lines indicate the three time points when Bb was 25 nT. The
three time points were 06:36:20 UT, 06:37:17 UT, and 06:38:11 UT. To examine the electron acceleration
features during the current sheet expansion, we compare the electron differential energy flux distribution for
the three time snapshots indicated by the vertical dashed lines in Figure 7a. As discussed above, the electron
flux is modulated by the slow mode wave; it is thus important to distinguish the acceleration effect from the
modulation effect. The modulation effects (shown in Figures 6d–6f ) at the three time points (the three ver-
tical lines in Figure 7a) with the same Bb value can be considered to be similar, so the electron acceleration
effects could be determined by comparing the flux distribution of parallel electron population as shown in
Figure 7b. The distribution at 06:38:11 UT clearly shows a decrease at low energies (<1 keV) but an increase
at high energies (>2 keV) compared to the two earlier distributions. This is a feature of electron acceleration
[e.g., Angelopoulos et al., 2008]. This significant field-aligned acceleration is consistent with the expectations
of Fermi acceleration as explained in the next section.

2.4. Fermi Acceleration and Auroral Intensification
The physical process leading to the field-aligned acceleration of electrons shown in Figure 7b is discussed in
this section. The magnetic field components from THA satellite are shown in Figure 8a (the same as Figure 5a).
Figure 8b presents the averaged energy flux of parallel, perpendicular, and antiparallel electrons with energy
between 2 keV and 5 keV. It is clear that the energy flux at all pitch angles is peaked at the magnetic troughs,
which are indicated by the dashed vertical lines. However, after the magnetic trough at 06:36:45 UT (indicated
by the solid vertical line), the field-aligned electron population did not immediately decrease, with the drop
of perpendicular population as occurred in the two previous magnetic troughs. Instead, the parallel and
antiparallel populations continued to increase for ∼20 s as indicated by the black arrow in Figure 8b.

Figure 8c shows the magnetic field elevation angle at THA, which is defined as atan(Bz∕Bx). The elevation
angle significantly increases from ∼10∘ before ∼06:37 UT to up to 40∘ at ∼06:38 UT. This elevation angle
change occurs at∼3 min after the start of Bx decrease, which corresponds to the current sheet expansion. The
variation of elevation angle suggests that the global magnetic reconfiguration (i.e., magnetic dipolariation),
THA, thus moved relative to the central plasma sheet during this period. The magnetic dipolarization could
be associated with a shrinking of magnetic field line, particularly for the field lines in the outer plasma sheet
that are thought to be highly stretched prior to substorm onset. The shrinking of a magnetic field line causes
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Figure 8. (a) The magnetic field of THA in GSM coordinates. (b) The averaged electron energy flux between 2 keV and
5 keV, for parallel, perpendicular, and antiparallel pitch angles. (c) The magnetic field elevation angle at THA, which
is defined as atan(Bz/Bx ). The vertical lines in Figures 8a–8c indicate magnetic troughs, which corresponds to the peaks
of perpendicular fluxes, suggesting that the electron fluxes were modulated by the magnetic variation. For the first
two dashed vertical lines, the parallel/antiparallel electron fluxes varied the same as the perpendicular, while after
∼06:36:40 UT (indicated by the solid vertical line) the parallel/antiparallel continues to increase after the magnetic
trough (indicated by the black arrow), suggesting a field-aligned acceleration.

efficient parallel acceleration, i.e., a first-order Fermi acceleration, which is energy dependent [e.g., Parks, 2008,
equation 4.125]. We are not aware of any in situ observations of this energy dispersion effect associated with
Fermi acceleration in previous literature, while the energy-dependent effect could be explained by a simple
picture. For example, the bouncing period for field-aligned electrons with energy at 100 eV is 3 times longer
than those with energy at 900 eV. If the 900 eV electrons take 10 s to finish a bounce, then the 100 eV electrons
need 30 s to finish a bounce. So in this situation, the 900 eV electrons can be accelerated after 10 s, while the
100 eV electron would not be accelerated until 30 s after the magnetic shrink. Figure 9 presents the energy
flux anisotropy, i.e., Eflux(PA: 0∘) − Eflux(PA: 90∘) versus energies. It is clear that the >5 keV populations were
first enhanced, while lower energy populations were enhanced later. This energy dispersion is an important
evidence for Fermi acceleration.

As a supplement to the energy dispersion shown in Figure 9, Figures 10a and 10b show the pitch angle distri-
butions in energy in a spectrum format for two time intervals, i.e., 06:37:05 UT to 06:37:08 UT and 06:37:20 UT
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Figure 9. The energy dispersion associated with the parallel acceleration: Eflux(PA: 0∘) − Eflux(PA: 90∘) versus energies.

Figure 10. The electron pitch angle distribution of THA for two given time intervals. (a and b) The pitch angle
distributions in energy in a spectrum format for two time intervals, i.e., 06:37:05 UT to 06:37:08 UT and 06:37:20 UT to
06:37:23 UT. (c and d) The electron fluxes along (0∘ PA), opposite (180∘ PA), and perpendicular (90∘ PA) to the magnetic
field for the two time intervals.
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to 06:37:23 UT. Figures 10c and 10d show the electron fluxes along (0∘ PA), opposite (180∘ PA), and perpen-
dicular (90∘ PA) to the magnetic field for the two time intervals of Figures 10a and 10b. In the pitch angle
distribution collected between 06:37:05 UT and 06:37:08 UT (Figures 10a and 10c), a clear bistreaming distri-
bution appears at energy above 2 keV, and in the distribution measured between 06:37:20 UT and 06:37:23 UT
(Figures 10b and 10d), a clear bistreaming distribution feature appears at much larger energy range, including
energies between 100 eV and 2 keV. It is clear that this parallel acceleration is energy dependent and started
from high energy.

3. Discussion and Summary

Conjugate measurements from THEMIS spacecraft, AMPERE satellite, geomagnetic stations, and all-sky
imagers have been presented for a substorm event on 28 March 2010 with four near-identical auroral intensi-
fications. The AMPERE observations also show a consistent upward FAC in the auroral brightening region soon
after the second, third, and fourth intensifications. The auroral brightening shows a clear trend of poleward
development, which is consistent with the geomagnetic measurements in the same region. The coordinated
in situ observations of the magnetic field and plasma perturbations from the near-Earth THEMIS spacecraft
have been presented for the second, third, and fourth intensifications. The corresponding magnetotail per-
turbation for the first intensification was not detected by THEMIS because the auroral breakup region was at
a too low latitude, as indicated by the foot points from T04s model in Figure 1.

At ∼06:33 UT, THA detected a Bx decrease and plasma pressure increase, which suggest an expansion of cur-
rent sheet. The corresponding ionospheric electrojet feature and auroral intensification were also detected by
GILL and SNKQ geomagnetic/auroral stations considering that the transit Alfvén time between the near-Earth
magnetotail and ground is usually tens of seconds to 1 min [Lui et al., 2010; Sergeev et al., 2011; Yao et al.,
2013]. Although THA detected the decrease of Bx , the magnetic field did not dipolarize, as indicated by data
shown in Figure 8c. This suggests that the current sheet expansion itself may not contribute significantly to
any current diversion into the ionosphere at the distance of THA/THE probes. Instead, the ionosphere elec-
trojet associated with GILL and SNKQ is likely to be inward of the spacecraft locations in the magnetotail.
In this paper, it is very difficult to determine the exact mechanism for the current diversion as there was no
spacecraft detecting the perturbation in the central plasma in the inner region. Near-Earth plasma instabili-
ties and flow braking might be the potential mechanisms in driving the current diversion [Pu et al., 1997; Birn
et al., 1999; Ohtani et al., 2002]. The reason to suggest inner region rather than outer region is that the auroral
intensification was observed at latitudes lower than those of the spacecraft’s foot points. On the other hand,
the magnetic field strength at THE that could roughly represent the lobe field strength was very stable after
the current sheet expansion. This feature also suggests that the total cross-tail current (the current density
integrated along the Z direction) at this distance was not significantly diverted into the ionosphere. The Bx

component starts to decrease at ∼06:36:30 UT, when the field-aligned currents also start to increase. The time
delay between current sheet expansion and total cross-tail current reduction could be a common feature of
many substorms, as a similar delay can be observed in another event reported by Lui [2011]. During the sub-
storm expansion, the magnetotail current sheet expands and a portion of the cross-tail currents diverts into
the ionosphere to form substorm current wedge. However, the cross-tail current diversion is usually initiated
from a region in the near-Earth plasma sheet then spreads farther tailward [e.g., Lui, 1996]. It is thus very likely
that at a given radial distance, the total line current density (current density integrated along Z direction) may
not be reduced at substorm onset. On the other hand, during substorm onsets, the plasma pressure is sig-
nificantly changed, which causes the redistribution of the cross-tail current density [Yao et al., 2012; Birn and
Hesse, 2013]. This current redistribution is very likely to enhance current density in certain regions, although
the total global current should decrease. Combining the effects from the current diversion into the ionosphere
and current redistribution in the magnetosphere, it is thus reasonable to expect to observe both the cross-tail
current decreases and increases a few minutes after substorm onset. In Lui [2011], the total current density is
irregular within ∼8 min after substorm onset and is then followed by an eventual decrease.

During the current sheet expansion at ∼06:33 UT, a slow mode wave was excited (section 2.3). As shown
in Figure 6, the electron flux was significantly modulated by this slow mode wave. An AMPERE space-
craft also traveled across the auroral intensification region between ∼06:30 UT and 06:33 UT (Figure 4) and
detected large magnetic perturbations corresponding to an upward field-aligned current (Figure 3). Du et al.
[2011] studied the mode conversion between slow mode wave and Alfvén wave; in their paper, they found
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that the wave mode strongly relies on the direction of background magnetic field. They also show that an
Alfvén wave excited in the neutral sheet region would be converted to a compressional wave when this wave
propagates to higher latitude. This is also consistent with theoretical results of Southwood and Saunders [1985]
that the coupling of slow mode and Alfvén wave can occur in the region in which the magnetic field line
is sharply bent (e.g., the central current sheet in the highly stretched magnetotail). However, in the event
reported here, the slow mode appears to have been excited in a less bent magnetic field configuration, where
Bx is dominant. The slow mode wave is also considered as a physical nature of Pi2 pulsation in the magnetotail,
which are suggested to be a key feature of substorm expansion [Kepko et al., 2001; Xing et al., 2015]. The slow
mode wave and upward FAC are likely two independent consequences of current sheet expansion, although
we could not determine the exact mechanism of current sheet expansion.

About 4 min after the current sheet expansion, a magnetic dipolarization was observed by THA, which would
naturally be associated with the shrinking of the magnetic field line length. Meanwhile, field-aligned cur-
rents were also formed as shown in Figure 5g. Although the field-aligned currents were formed at the same
time as Fermi acceleration, this does not imply that the Fermi acceleration generates the field-aligned cur-
rent, although they might both be related by other fundamental dynamics. As was previously mentioned,
the generation of field-aligned current is not investigated in this paper. The magnetic field line shrinkage
causes Fermi acceleration, which leads to the third auroral intensification. Moreover, a clear energy dispersion
feature for the parallel acceleration of electrons has been detected, which is strong evidence for Fermi accel-
eration. It is noteworthy that energy dispersion is a common feature of reconnection acceleration. However,
the reconnection accelerated electron would likely show a time delay between the earthward and tailward
populations, as the tailward electron beam is a reflection of an earthward electron beam at the ionospheric
mirror point. Particularly, we would like to introduce the Cluster observations of X line accelerated electron
beams in the near-Earth magnetotail by Alexeev et al. [2006]. The time delays for electrons with energies at
hundreds eV to keV would be tens of seconds. From Figure 8, we do not find such a time delay between the
enhanced parallel and antiparallel electron beams (at ∼06:37 UT). From a zoom in plot of Figure 8 (not shown
here), a time delay of ∼3 s between the parallel and antiparallel populations can be identified, which is about
a spacecraft spin period (i.e., the temporal resolution of plasma distribution function). This time delay is sig-
nificantly shorter than a keV electron to complete a round-trip from the spacecraft location to the ionospheric
mirror point (∼7 s). Thus, it is most likely that the parallel/antiparallel electron acceleration was a consequence
of Fermi acceleration, although it is difficult to fully rule out the possibility of reconnection acceleration in
consideration of the complexity of magnetic reconnection (e.g., unsteady reconnection). Fermi acceleration
occurring during the magnetic dipolarization in the outer plasma sheet, during expansion phase, could be
an efficient form of acceleration during substorms, which may directly cause a most well-known feature of
auroral substorms, i.e., auroral poleward expansion after substorm onset [Lui et al., 2008; Liang et al., 2008; Rae
et al., 2009; Henderson, 2009]. Although Fermi acceleration associated with magnetic dipolarization is often
discussed [Fu et al., 2011; Birn et al., 2012, 2013], the energy dispersion associated with Fermi acceleration
has not been reported in previous literature that we are aware of. Two potential reasons are suggested here:
(1) to present the energy dispersion feature, a spacecraft must measure an ongoing acceleration; the acceler-
ation would be efficient to electrons with energies at hundreds of eV to a few keV within tens of seconds, and
the dispersion feature would thus disappear, and (2) in the magnetotail, a dipolarization is likely accompa-
nied by many other dynamics that may lead to pitch angle scattering and particle acceleration. The mixture
of multiple processes makes it difficult to identify the energy dispersion associated with Fermi acceleration. In
previous studies, poleward auroral expansions are usually explained as the consequence of tailward propaga-
tion of cross-tail current disruption [Lui, 1991; Jacquey et al., 1993]. The observations show that current sheet
expansion does not necessarily simultaneously cause a dipolarization or current diversion into the ionosphere
at a given distance (e.g., the spacecraft location in this event). Instead, the dipolarization could occur at a few
minutes after current sheet expansion (or the ionosphere electrojet formation), which causes Fermi accelera-
tion and the consequent auroral brightening after substorm onset. This work provides important information
in understanding the relation between auroral brightening and FAC formation. Moreover, the field-aligned
electron distribution observed in the near-Earth magnetotail is not an unusual feature during substorms [Lui,
2004], which is also suggested to be related to the nonlinear consequence of the physical process activated
during current disruption. Considering that the magnetic field measured by the THEMIS spacecraft (∼20 nT) is
much smaller than the magnetic field in the conjugated ionosphere mirror point (∼6 × 104 nT), the loss cone
population (∼1∘) is too small to be resolved by the THEMIS electron instrument.
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In the substorm event on 28 March 2010, coordinated observations between the magnetotail perturba-
tions, the ionosphere FAC, the ground geomagnetic perturbations, and the ground aurora intensifications are
detailed. The simultaneous measurements from instruments magnetically connected from magnetosphere
to ionosphere and ground provide a good opportunity to study the magnetospheric mechanism for the
poleward auroral intensification during substorm expansion phase. In conclusion, by analyzing the conju-
gate observations from in situ and ground measurements, the new findings in this paper are summarized
as follows:

1. The energy dispersion associated with Fermi acceleration was detected during a substorm poleward auroral
intensification when magnetic dipolarization was also detected in the near-Earth magnetotail.

2. Apart from the two prevalent mechanisms of auroral particle acceleration (the parallel electric potential
drop in auroral acceleration region and the Alfvénic acceleration), Fermi acceleration can be another impor-
tant but less discussed mechanism, since it occurs as a very natural consequence of magnetotail current
redistribution and become particularly efficient in the outer plasma sheet region where the magnetic field
is usually highly stretched.

3. The magnetic dipolarization in the outer plasma sheet occurred a few minutes after current sheet expan-
sion, which resulted in a stepwise auroral development.

4. During the plasma sheet expansion, slow mode compressional wave was excited, which modulates the
electron flux, but causes neither significant anisotropy nor acceleration.
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