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Abstract. The fortunate location of Cluster and the THEMIS
P3 probe in the near-Earth plasma sheet (PS) (at X ~ —7-
—9 Rg) allowed for the multipoint analysis of properties
and spectra of electron and proton injections. The injections
were observed during dipolarization and substorm current
wedge formation associated with braking of multiple bursty
bulk flows (BBFs). In the course of dipolarization, a gradual
growth of the Bz magnetic field lasted ~ 13 min and it was
comprised of several Bz pulses or dipolarization fronts (DFs)
with duration <1 min. Multipoint observations have shown
that the beginning of the increase in suprathermal (> 50keV)
electron fluxes — the injection boundary — was observed in
the PS simultaneously with the dipolarization onset and it
propagated dawnward along with the onset-related DF. The
subsequent dynamics of the energetic electron flux was sim-
ilar to the dynamics of the magnetic field during the dipolar-
ization. Namely, a gradual linear growth of the electron flux
occurred simultaneously with the gradual growth of the Bz
field, and it was comprised of multiple short (~ few min-
utes) electron injections associated with the Bz pulses. This
behavior can be explained by the combined action of local
betatron acceleration at the Bz pulses and subsequent gra-
dient drifts of electrons in the flux pile up region through
the numerous braking and diverting DFs. The nonadiabatic
features occasionally observed in the electron spectra dur-

ing the injections can be due to the electron interactions with
high-frequency electromagnetic or electrostatic fluctuations
transiently observed in the course of dipolarization.

On the contrary, proton injections were detected only in
the vicinity of the strongest Bz pulses. The front thickness
of these pulses was less than a gyroradius of thermal protons
that ensured the nonadiabatic acceleration of protons. Indeed,
during the injections in the energy spectra of protons the pro-
nounced bulge was clearly observed in a finite energy range
~70-90keV. This feature can be explained by the nonadi-
abatic resonant acceleration of protons by the bursts of the
dawn—dusk electric field associated with the Bz pulses.

Keywords. Magnetospheric physics (Magnetotail; plasma
sheet) — Space plasma physics (Transport processes)

1 Introduction

Rapid increase in the northward component of the Earth’s
magnetotail magnetic field (Bz), called dipolarization, is one
of the key processes in tail dynamics. Spacecraft observa-
tions have shown that rapid enhancements in the By field rep-
resent spatial structures — dipolarization fronts (DFs) — which
are typically observed at the leading edge of the earthward-
moving bursty bulk flows (BBFs) (e.g., Angelopoulos et al.,
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1992; Nakamura et al., 2002; Runov et al., 2009). DFs are as-
sociated with electron and ion acceleration (e.g., Apatenkov
et al., 2007; Asano et al., 2010; Zhou et al., 2010; Fu et al.,
2011; Birn et al., 2011; Grigorenko et al., 2017) as well as
with various wave activities, e.g., whistler emissions, lower
hybrid and electron cyclotron waves (e.g., Le Contel et al.,
2009; Zhou et al., 2009; Deng et al., 2010; Khotyaintsev
et al., 2011; Hwang et al., 2011; Vilberg et al., 2014; Grig-
orenko et al., 2016). BBFs with embedded DFs transport en-
ergy and mass from a remote tail source to the near-Earth
plasma sheet (PS), where the high-speed flows are slowed
down and diverted (e.g., Sergeev et al., 2009; Ge et al., 2011
and references therein). This so-called flow braking region
is located in the magnetotail approximately at X ~ —10 Rg
(e.g., Shiokawa et al., 1997).

The energy transported by BBFs dissipates in the flow
braking region through various channels including the adi-
abatic and nonadiabatic energization of particles (e.g.,
Khotyaintsev et al., 2011; Fu et al., 2011; Birn et al., 2013;
Runov et al., 2015; Grigorenko et al., 2016; Khotyaintsev et
al., 2017), the generation of compressional oscillations (e.g.,
Runov et al., 2014), the propagation of Alfvén waves out of
the flow braking region into the auroral region (e.g., Ergun
et al., 2015; Stawarz et al., 2015) and the generation of wave
activity in a wide frequency range. The last may lead to addi-
tional energization and/or particles scattering and losses via
processes of wave—particle interactions (e.g., Le Contel et
al., 2009; Zhou et al., 2009; Deng et al., 2010; Khotyaint-
sev et al., 2011; Panov et al., 2013; Fu et al., 2014; Vilberg et
al., 2014; Zhang and Angelopoulos, 2014; Grigorenko et al.,
2016).

These phenomena have been intensively studied during
recent decades. It was shown that dipolarizations occur at
different timescales and can be roughly classified into two
groups: (i) the propagating isolated DFs observed during
a few minutes (e.g., Nakamura et al., 2002; Runov et al.,
2009; Fu et al., 2011; Schmid et al., 2011) and (ii) the so-
called “secondary” dipolarizations related to the flow brak-
ing and flux pile up in the near-Earth tail (e.g., Nakamura et
al., 2009). The secondary dipolarizations are observed dur-
ing much longer time periods (up to several hours) and usu-
ally are associated with the formation of the substorm cur-
rent wedge (SCW) (McPherron et al., 1973; Sergeev et al.,
2012; Yao et al., 2012). The magnetohydrodynamics (MHD)
simulations performed by Birn and Hesse (2013) showed
that the major SCW and pressure buildup occurred when
the low-entropy flows are braked and the flows are diverted
azimuthally in the near-Earth PS. The simulation results as
well as multi-spacecraft observations showed that the brak-
ing flows are localized in space, while the associated increase
in the Bz magnetic field (the dipolarization) evolves over a
wider spatial range, spreading both azimuthally and radially
(e.g., Nakamura et al., 2004; Birn and Hesse, 2013; Forsyth
et al., 2014; Kronberg et al., 2017). This suggests that the
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SCW consists of multiple small-scale “wedgelets” (e.g., Liu
et al., 2013).

Sudden increases in fluxes of particles with energies of a
few to hundreds of keVs — injections — are typical features of
substorms observed in the near-Earth tail. Case and statisti-
cal studies showed a good correlation between injections and
transient bursts of fast flow as well as earthward-propagating
dipolarizing flux bundles (DFBs) (e.g., Sergeev et al., 2005;
Apatenkov et al., 2008; Runov et al., 2009, 2011; Gabrielse
et al., 2014). Injections are classified as “dispersionless” and
“dispersed” (e.g., Sarris et al., 1976) based on the timing of
the particle flux enhancements in different energy channels.
If a spacecraft is located close to the injection source, the
flux enhancement is observed simultaneously over a wide en-
ergy range, and such an injection is called dispersionless. If
a spacecraft is distant from the source, there is an energy-
dependent delay in the flux enhancement, with more ener-
getic particles arriving first, due to energy-dependent gradi-
ent and curvature drifts, which result in a dispersed injection
observation (e.g., Zaharia et al., 2000).

Injections have been intensively studied at a geosyn-
chronous orbit (e.g., Lanzerotti et al., 1967; Mcllwain, 1974;
Mauk and Mcllwain, 1974; Birn et al., 1997; Sarris et al.,
2002). These studies considered injections as a result of the
earthward motion of the “injection boundary”, which repre-
sents a boundary between cold and hot plasma (e.g., Mauk
and Mcllwain, 1974). Another possibility is a compression-
like wave that heats and transports the plasma as it propagates
from the tail to the inner magnetosphere (e.g., Moore et al.,
1981).

Acceleration mechanisms responsible for energetic par-
ticle injections are studied using spacecraft observations,
MHD simulations and test particle simulations. Birn (1987)
traced particles in three-dimensional MHD simulations of
dipolarization in the magnetotail and showed that particles
are mainly accelerated by the betatron mechanism as they
are transported by a time-dependent dawn—dusk electric field
from the region of a weak magnetic field downtail to a
stronger magnetic field at a geosynchronous orbit. Other
simulations used an azimuthally wide earthward-propagating
electromagnetic pulse to explain geosynchronous injections
(e.g., Zaharia et al., 2000; Ganushkina et al., 2001, 2005,
2013; Sarris et al., 2002; Li et al., 2003). Authors concluded
that injections can be caused by the earthward compression
magnetic field perturbation and its associated electric field
corresponding to a global magnetotail dipolarization.

Injections are observed not only at a geosynchronous orbit
but also in the mid-tail region at X ~ —9-—30 Rg simultane-
ously with DFs (e.g., Runov et al., 2009, 2011). It was shown
that the betatron and Fermi mechanisms can be responsible
for the increases in the suprathermal electron flux at and be-
hind a DF (e.g., Asano et al., 2010; Ashour-Abdalla et al.,
2011; Fu et al., 2011, 2012a; Birn et al., 2013). Gabrielse et
al. (2016) demonstrated that a localized pulse of the induc-
tive electric field associated with the earthward-propagating
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localized DFs or DFBs can accelerate electrons to suprather-
mal energies and, thus, be considered as an important source
of short-lived (< 10 min) injections. This study also showed
that drift paths of energetic electrons are strongly influenced
by the sharp magnetic gradients around a localized DFB.
Birn et al. (2012) showed that not only adiabatic but also
nonadiabatic acceleration processes related to the energiza-
tion of resonant electrons due to the interaction with waves
can operate in the course of dipolarization and flux pile up.

Magnetic dipolarizations are also responsible for the ap-
pearance of energetic (> 50keV) ion fluxes in the near-Earth
tail (e.g., Ipavich et al., 1984; Nosé et al., 2000; Ono et al.,
2009; Keika et al., 2010; Luo et al., 2014; Kronberg et al.,
2014, 2015; Grigorenko et al., 2017 and references therein).
Among the proposed mechanisms, the nonadiabatic ion ac-
celeration by the inductive electric field appearing in the
course of the fast magnetic reconfiguration at a DF was con-
sidered in papers by Delcourt and Sauvaud (1994) and Del-
court (2002). Zhou et al. (2011) traced protons coming from
the solar wind in the time-dependent magnetic and electric
fields obtained from a global MHD simulation of a substorm.
They explained the observation of dispersed ion injections
by acceleration in two sources: (i) around the near-Earth X
line (at X ~ —20 Rg), where particles are mostly acceler-
ated nonadiabatically by strong electric fields (both inductive
and potential), and (ii) in several localized regions between
X = —7 Rg and X = —18 R, where particles were acceler-
ated in nonadiabatic motion under the potential electric field.
The importance of nonadiabatic accelerations of protons in
the course of their trapping by moving DFs was reported
by e.g., Artemyev et al. (2012) and Ukhorskiy et al. (2013).
Authors showed that both trapping and quasi-trapping can
produce rapid acceleration of protons by more than an or-
der of magnitude of their initial energies. Statistical anal-
ysis of Cluster observations at X > —15 Rg performed by
Luo et al. (2014) confirmed that the increase in suprathermal
ion population moving earthward is observed along with the
high-speed bulk flows and DFs. Ono et al. (2009) demon-
strated the importance of the nonadiabatic acceleration of
protons and heavy ions in the course of their resonant in-
teraction with the low-frequency magnetic fluctuations in the
region behind the dipolarization front.

Generally, the adiabatic mechanisms of particle energiza-
tion do not affect the spectral index (y) (e.g., Pan et al.,
2012). Variations in the y value can be either due to the en-
ergy dispersion in particle injections or due to the nonadia-
batic mechanisms of selective (resonant) acceleration and/or
losses of a particular particle population in velocity distribu-
tion function. A comprehensive analysis of injections’ prop-
erties and their spectra, plasma and fields’ characteristics ob-
served in a potential acceleration source — magnetic dipolar-
ization — helps to understand mechanisms of particle accel-
eration and transport.

In the present paper we study the properties and spectra of
electron and proton injections observed in the course of mag-
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netic dipolarization and SCW formation by using the fortu-
nate location of Cluster spacecraft and the THEMIS P3 probe
in the near-Earth PS. We discuss the characteristics of elec-
tron and proton injections associated with the braking and di-
version of multiple BBFs and suggest possible mechanisms
of particle acceleration. In Sect. 2 we described the data used;
in Sect. 3 we presented an overview of the dipolarization
event, its magnetic structure and evolution, as well as the re-
lated ground magnetic activity. In Sects. 3 and 4 we analyzed
properties and energy spectra of injections of suprathermal
electrons and protons observed in the course of dipolariza-
tion, respectively. We discussed the results of observations
and possible mechanisms responsible for particle accelera-
tion in Sect. 6 and made our conclusions in Sect. 7.

2 Data description

The magnetic field observations at the Cluster location are
from the fluxgate magnetometers (FGMs) (spin- and high-
resolution (22.4 Hz) modes are used) (Balogh et al., 2001)
operating on board four spacecraft. lon moments are taken
from the COmposition DIstribution Function (CODIF) in-
strument on board Cluster 4 (C4) (Réme et al., 2001). CODIF
measures proton fluxes in the energy range of 0-38keV.
Fluxes of energetic electrons are measured by the Research
with Adaptive Particle Imaging Detectors (RAPID) spec-
trometers on board four Cluster in the energy range of 20—
400keV (Wilken et al., 2001). For the dipolarization event
analyzed in this paper, the fluxes of energetic protons (40—
1500keV) were measured without gaps in the data only by
the RAPID instrument on board C4. The electric field data
are taken from the Electric Field and Wave (EFW) instrument
(Gustafsson et al., 2001) on board four Cluster spacecraft.
The electric and magnetic field wave spectra measured from
8 to 4096 Hz are provided by the Spatio-Temporal Analy-
sis of Field Fluctuations (STAFF) experiment on board four
Cluster spacecraft (Cornilleau-Wehrlin et al., 1997).

At the location of the THEMIS P3 probe, the ion and
electron moments were calculated by using the reduced- and
burst-mode observations from both the electrostatic analyzer
(ESA) particle spectrometer, which measures plasma over
the energy range from a few eV up to 30keV for electrons
and up to 25 keV for ions (McFadden et al., 2008), and the
Solid State Telescope (SST) energetic particle spectrometer,
which measures electrons and ions in the energy range of 25—
7000keV (Angelopoulos, 2008). The magnetic and electric
field data are taken from the magnetometer (FGM) (Auster
et al., 2008) and from the Electric Field Instrument (EFI)
(Bonnell et al., 2008), respectively. The electric and mag-
netic field wave spectra were obtained from the EFI and the
Search Coil Magnetometer (SCM) (Roux et al., 2008) with
frequencies measured from 1 to 4 kHz. If not specially men-
tioned, we use the geocentric solar magnetospheric (GSM)
coordinate system everywhere in the paper.
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Figure 1. An overview of the dipolarization event observed on
20 July 2013. Panels (a) and (b) show the positions of the Cluster
spacecraft and the THEMIS P3 probe in the near-Earth PS during
the interval of interest in the (XY )gsy and (X Z)gsm planes. Fig-
ure 1c shows the ionospheric footpoint of the P3 probe (marked by
the blue crest) and the locations of the nearest ground magnetic sta-
tions indicated by the colored dots with the corresponding numbers
(for the description of stations, see Table 1). The region of ground
magnetic perturbation is shaded pink. Panels (d) and (e) display
the time profiles of the AL index and the ground magnetic field
component By measured by the stations located near the P3 probe
ionospheric footpoint respectively. Panels (f-h) show three GSM
components of the PS magnetic field (Bz ps, By ps and By ps)
observed by Cluster and the P3 probe. Panels (i) and (j) display
three components of ion bulk velocity observed by the P3 probe
and C4 respectively. The moments of onset-related DF observed by
the P3 probe and C1, C4 and C2 are shown by solid vertical lines
of blue, black, magenta and red color, respectively. The interval of
dipolarization growth is shaded pink. Vertical dotted lines mark the
Bz pulses for which the estimation of spatial scales was made (see
explanations in Sect. 6).
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Table 1. The magnetic coordinates of the P3 probe ionospheric foot-
point and the nearest ground stations.

Nr IAGA code Name Magnetic lat. ~ MLT

P3 probe 71.59 0.25
1. GHD Godhavn 7799  23.69
2. ATU Attu 76.05 23.56
3. STF Kangerlussuaq 75.78  23.79
4. SCO Ittogqortoormiit 74.43 1.86
5.  SKT Maniitsoq 74.04 2351
6. GHB Nuuk 72.96  23.56
7. FHB Paamiut 70.81 23.64
8. NAQ Narssarssuaq 69.41 2392

3 An overview of the dipolarization event observed on
20 July 2013 at 01:35-01:55UT

Figure 1 shows an overview of the dipolarization event ob-
served on 20 July 2013 between 01:35 and 01:55 UT. Fig-
ure la and b display the positions of the Cluster spacecraft
and the THEMIS P3 probe in the near-Earth tail during the
interval of interest in the (XY)gsm and (XZ)gsm planes.
Figure 1c shows the ionospheric footpoint of the P3 probe
(marked by the blue crest) and the locations of the nearest
ground magnetic stations indicated by the colored dots with
the corresponding numbers. The names of these ground sta-
tions along with their magnetic latitudes and magnetic local
times (MLTs) are listed in Table 1. Figure 1d presents the
time profile of the AL index. Figure le shows the time pro-
files of the ground magnetic field components By measured
by the ground stations located near the ionospheric footpoint
of the P3 probe. The numbers of stations are shown in the
right of these panels. For the ground magnetic field observa-
tions the coordinate system “NZE” is used. In this system,
the N axis points to the North Pole (i.e., the BN represents
the horizontal component of the ground magnetic field), the
Z axis is perpendicular to the Earth’s surface and directed
downward and the E axis supplements the right three and is
directed eastward.

Figure 1f-h show three GSM components of the PS mag-
netic field observed in the near-Earth magnetotail by four
Cluster spacecraft and the THEMIS P3 probe. Figure 1i and
j display three components of ion bulk velocity observed in
the PS by the eTHEMIS P3 probe and by C4 respectively.

The dipolarization starts around 01:37 UT. The onset man-
ifests in the observation of a sharp positive Bz jump denot-
ing the arrival of DF, first, to the location of the THEMIS
P3 probe at ~01:37 UT (this moment is marked by the blue
solid vertical line in Fig. 1), then, it arrived at Cluster 1 (C1)
at ~01:37:20 UT and, finally, it reached the location of C4 at
~01:37:35 UT (these moments are marked in Fig. 1 by black
and magenta solid vertical lines, respectively). Because of a
very small distance between Cluster 3 (C3) and C4 satellites
(~a few tens of km), the observations by C3 are very simi-
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Figure 2. A zoom of the Bz (a) and B} (b) fields, ion density
(¢), ion (Pion) and magnetic (Pg) pressure (d) observed by C4 dur-
ing the dipolarization growth. The intervals of strong Bz pulses are
shaded grey.

lar to those obtained from C4 at this timescale, and they are
not shown. The time delays between the observations of the
onset-related DFs by different spacecraft indicate the dawn-
ward propagation of the magnetic perturbation.

At Cluster 2 (C2) the positive Bz field started to grow
gradually a few minutes later than was observed by the other
spacecraft (this moment is indicated by the red solid verti-
cal line in Fig. 1). It is worth noting that C2 was located in
the outer PS at the beginning of dipolarization growth (see
Fig. 1h). This can be a cause why C2 did not record the onset-
related DF.

After the onset, the gradual growth of the Bz component is
observed by all spacecraft during ~ 13 min between ~ 01:37
and 01:50 UT. The interval of dipolarization growth is shaded
pink in Fig. 1. During the gradual growth of Bz, numerous
pulses of positive Bz field were observed. The Bz fluctua-
tions could be related to MHD waves, which are often ob-
served near DFs (e.g., Zhou et al., 2014). But as was re-
ported by Zhou et al. (2014), the amplitude of these waves
<2nT. In our event the amplitude of strong Bz pulses ex-
ceeds 5 nT. Figure 2 displays a zoom of the Bz and B, fields,
ion density, plasma and magnetic pressure observed by C4
during the dipolarization growth. To obtain the time profile
of B}, we subtracted the dipolarization growth B/, (r) from
the observed Bz(t) : B} (t) = Bz(t) — Bz’(¢). The dipolar-
ization growth Bz’(t) was approximated by the linear func-
tion at a large timescale (at 01:37:31-01:47:29 UT): Bz’ (¢)
= Bzo + kt, where Bzp = 5.5. nT is the value of the unper-
turbed B field averaged for 1 min before the dipolarization
onset (at 01:36:30-01:37:30 UT); k = 0.0516 nT s~ ! charac-
terizes the speed of the gradual Bz growth. After the growth
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cessation at 01:47:29 UT the B%(t) = constant = 36.4nT.
The intervals of the strongest Bz pulses with the amplitudes
ABz > 5nT are shaded grey in Fig. 2. It is seen from the
figure that the Bz pulses have the typical characteristics of
DFs, such as the rapid increase of the Bz component pre-
ceded by the negative Bz variation, the decrease in density
behind the front, and the decrease in plasma pressure, while
magnetic pressure increases across the front (e.g., Shiokawa
et al., 2005; Zhou et al., 2009; Runov et al., 2009). Grig-
orenko et al. (2018) studied the magnetic gradients observed
by closely located C3 and C4 in the vicinity of the strongest
B7 pulse detected by C4 at ~ 01:39:41 UT. They have shown
the presence of intense localized and approximately field-
aligned electric currents near the leading and trailing edges
of the Bz pulse. These currents can be a part of a multiscale
electric current system usually associated with DFs (e.g., Fu
et al., 2012; Liu et al., 2013; Balikhin et al., 2014).

The exact moments of the first DF observation by differ-
ent spacecraft (we will call this front the onset-related DF)
are presented in Table 2, where this DF is marked as “DF0”.
Assuming 1-D magnetic structure of DF we calculate the
normal (N) to the DFO by using minimum variance analy-
sis (MVA) (Paschmann and Daly, 1998) applied to the high-
resolution magnetic field observations obtained by P3, C1
and C4 spacecraft. We found that at the P3 location the Np3 =
[0.9, —0.2, —0.4], at the C1 location the Nci = [—0.6, —0.6,
0.5] and at the C3—C4 location the MVA results are very sim-
ilar and give Nc3 c4 =[—0.2, —0.8, 0.5]. At each spacecraft
location the normal to the front was well defined: the ratios
of the intermediate to minimum eigenvalues as well as the
ratios of the maximum to intermediate eigenvalues exceeded
10.0. We estimated the propagation velocity of DFO by us-
ing the magnetic field observations from C3 and C4, which
are located close to each other. The resulting minimum vari-
ance directions obtained at C3 and C4 locations were very
closely aligned to each other. The close alignment of the in-
dividual minimum and maximum variance directions allows
us to treat the DF as a planar structure on spatial scales of the
order of the satellite separation distances. Assuming that the
motion of the leading edge of the DFO0 structure is along its
normal direction Nc3,c4, the time delay between C3 and C4
can be used to identify its velocity. We found that DFO prop-
agated mainly dawnward with |Vjop| ~ 130 km s~!. This be-
havior is typical of the motion of DFs near the flow braking
region (e.g., Ge et al., 2011; Birn and Hesse, 2013.

During this interval, 10 positive Bz pulses with amplitude
> 5nT were observed by P3 and C1 satellites; 7 Bz pulses
were recorded by C4 and C3 and only 3 pulses were ob-
served by C2 (see Fig. 1f). Thus, a number of Bz pulses was
decreasing as the dipolarization propagated dawnward. The
time moments of the Bz pulses (DFs) observed by the cor-
responding spacecraft as well as the directions of normals N
to their fronts are listed in Table 2.

Figure 1i and j show three components of ion bulk veloc-
ity measured by the ESA spectrometer on board the P3 probe

Ann. Geophys., 36, 741-760, 2018
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Table 2. Time moments of the B pulses (DFs) and electron injections observed by the P3 probe and Cluster spacecraft during dipolarization.

Spacecraft Bz pulses Injections

Time moments MVA normals Time moments for Time moments for
65.5keV (P3) 139keV (P3)
68.1keV (Cluster) 127.5keV (Cluster)

P3 DFO: 01:37:00.027 [0.9-0.2 —0.4] Ic1: 01:38:23.302 01:38:23.302
DF1: 01:38:16.875 [—0.8 0.4 0.45] I:2: 01:39:24.781 01:39:24.781
DF2: 01:39:27.576 [0.30.95 —0.1] 1:3: 01:42:01.553 01:42:01.553
DF3: 01:42:04.348 [0.6 0.7 —0.4] Ie4:01:43:12.254 01:43:18.402
DF4: 01:43:05.827 [0.10.96 —0.2] 1:5: 01:45:27.508 01:45:27.508
DF5: 01:45:18.007 1:6: 01:47:48.910 01:47:58.132
DF6: 01:47:54.779

C1 DFO0: 01:37:20.871 [-0.6 —0.6 0.5] Ic1: 01:38:37.766 01:38:37.766
DF1: 01:39:39.933 [0.50.8 —0.3] 1:2:01:39:20.097 01:39:20.097
DF2: 01:40:15.880 [0.8 0.6 0.0] 1:3: 01:40:53.223 01:40:53.223
DF3: 01:40:22.571 [0.6 0.7 —0.4] Ie4: 01:42:30.581 01:42:26.348
DF4: 01:42:23.749 [0.8 —0.6 0.0] 1:5:01:44:20.638 01:44:20.638
DF5: 01:44:43.168 [0.90.40.1] 1:6: 01:45:45.298 01:45:45.298
DF6: 01:45:07.876 [0.96 0.06 —0.3] 1:7: 01:47:09.956 01:46:53.025
DF7: 01:46:38.413

C4 DFO0: 01:37:35.448 [-0.2 —0.8 0.5] Ic1: 01:38:50.996 —
DF1: 01:39:40.908 [0.9 —0.30.1] Ic2: 01:39:36.343 01:39:23.976
DF2: 01:40:19.575 [0.650.7 0.2] 1:3: 01:41:07.038 01:41:07.038
DF3: 01:42:34.355 [0.95 —0.2 —0.3] Ie4: 01:42:29.487 01:42:29.487
DF4: 01:44:43.960 [0.96 0.25 —0.15] 1:5: 01:44:29.039 01:44:24.918
DF5: 01:45:27.088 [0.7 —0.6 —0.25] 1:6: 01:47:38.674 01:47:13.939
DF6: 01:47:24.698 [0.6 0.8 —0.1]

C2 DF1: 01:39:53.064 [00.99 0.15] Ic1: 01:39:48.479 01:39:48.479
DF2: 01:42:19.531 [0.9 —0.3 —0.3] 1:2: 01:42:25.994 01:42:25.994
DF3: 01:43:57.472 [0.8 —0.4 —0.3] 1:.3: 01:48:34.913 01:46:51.284

and by the CODIF instrument on board C4, respectively.
One can see that the dipolarization onset at the P3 location
is associated with the arrival of the earthward BBF (Vx ~
250 km s_l), while at the C4 location, the reflected tailward
flow is observed at the time of the onset. This is in agreement
with the assumption that the onset-related DF arrived at the
Cluster spacecraft after its braking and deflection near the
location of the P3 probe. However, later, at 01:39:40 UT, C4
observed a high-speed flow with Vx ~ 600kms~! and with
the embedded Bz pulse or DF (in Table 2 it is marked as DF1
for C4 data). This flow most likely arrived at the C4 location
directly from a remote source located downtail. Then, after
01:42 UT, and until the end of the dipolarization growth, the
flow oscillations were observed by both P3 and C4. The simi-
lar phenomenon was discussed earlier in detail by e.g., Panov
et al. (2010, 2015) in the context of the oscillatory flow brak-
ing through alternating field-aligned currents.

Ann. Geophys., 36, 741-760, 2018

The onset of dipolarization at P3 and C1-3,4 locations is
observed almost simultaneously with the start of the negative
variation of the horizontal component of the ground mag-
netic field, Bx (see Fig. le) and with the growth of the ab-
solute value of the AL index (see Fig. 1d). These observa-
tions indicate the formation of the SCW (e.g., Birn and Hesse
2013). From Fig. le it is seen that the growth of negative By
started first at Paamiut station (no. 7), i.e., a little duskward
of the P3 ionospheric footpoint (see Fig. 1c and Table 1).
Then, the ionospheric perturbation rapidly expands equator-
ward and poleward (the negative By variations started at sta-
tions no. 6 and no. 8), and, then, the perturbation expanded
towards the post-midnight sector (to no. 4 station) and far-
ther poleward (to no. 2 station). The evolution of the ground
magnetic field perturbation and the dynamics of the dipo-
larization in the near-Earth PS demonstrate similar features.
Namely, the timescale of dipolarization growth in the PS is
similar to the timescale of the growth of the negative value of

www.ann-geophys.net/36/741/2018/
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Figure 3. The dynamics of suprathermal electron fluxes and spectral index y observed by P3, C1, C4 and C2 satellites. In each plot the
following data from a given spacecraft are shown from top to bottom: the time profiles of Bx and Bz magnetic field components, the time
profiles of electron fluxes in several energy ranges and the spectral index y calculated for three energy ranges indicated in the corresponding
panel. The time moment of dipolarization onset at each spacecraft is shown by the vertical dashed and dotted line. The intervals of dispersed
injections are shaded light green and the intervals of dispersionless injections are shaded grey. The moments of peak electron flux observations
in each injection are indicated by vertical dashed lines. The moments of y variations which cannot be explained by the time-of-flight energy

dispersion are indicated by red solid vertical lines.

the horizontal component of the ground magnetic field, By.
Also, both the ground magnetic perturbation and the dipo-
larization in the magnetotail propagate in the same direction,
i.e., towards the post-midnight sector (or dawnward).

Thus, the observations presented in this section show that
the dipolarization in the near-Earth PS is caused by the brak-
ing, diversion and oscillations of multiple BBFs. This results
in a complicated magnetic field perturbation, which includes
several pulses of the Bz field observed in the PS during the
dipolarization growth. Since these pulses had the character-
istics typical of DFs we may assume that they represent the
DFs embedded into the plasma flows. In the following sec-
tions we discuss how this magnetic field perturbation affects
the dynamics and spectra of suprathermal (> 50keV) elec-
tron and proton fluxes observed in the PS during the dipolar-
ization.

www.ann-geophys.net/36/741/2018/

4 Properties and spectra of electron injections
observed in the course of dipolarization and flux pile

up

The onset of dipolarization was followed by the increase in
flux of suprathermal (> 50keV) electrons. To quantify the
spectra of suprathermal electrons we assume that the dif-
ferential flux of electrons (J.) can be described by a power
law in energy (W): Jo~ W™ (e.g., Dieroset et al., 2002;
Imada et al., 2007). In this case the spectral index y can be
calculated according to Eq. (6) in a paper by Kronberg and
Daly (2013):

y = In(Je2/ Je1)
In(Ecfi2/ Eefi1)

Here, the Jo» and J.| are the differential flux of electrons in
the neighboring energy channels. We used the lowest ener-
gies of the corresponding channels as the effective energies
Eef> and Eefyy .

In Fig. 3, we present four plots with observations obtained
by the P3 probe and the C1, C4 and C2 spacecraft. Each plot
contains from top to bottom: the Bz and By magnetic field
components (shown for reference in red and blue, respec-
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tively), electron fluxes at different energy channels and spec-
tral index y calculated for the following pairs of energy chan-
nels: 50.5-68.1keV (blue line), 68.1-94.5keV (green line)
and 94.5-127.5keV (red line). For details of the y calcula-
tion method see Kronberg and Daly (2013).

The beginning of increase in energetic electron flux was
observed by each spacecraft after the onset of dipolarization,
i.e., after the first positive enhancement in the Bz field (at
each plot in Fig. 3, the time moment of the dipolarization
onset is shown by the black vertical dashed and dotted line).
After the dipolarization onset, the behavior of the energetic
electron fluxes resembles the dynamics of the Bz field in
the PS. Namely, a gradual growth of the energetic electron
flux is observed along with the gradual growth of B field at
timescale ~ 13 min, i.e., between 01:38 and 01:50 UT.

During the interval of the flux growth and even after it,
multiple and short (~ a few minutes) flux enhancements are
observed. We considered an enhancement in suprathermal
electron fluxes as an “injection” if the fluxes in two and more
energy channels increased more than 1.7 times. As a result,
we identified six and seven injections at P3 and C1 locations,
respectively, and six and three injections at C4 and C2 loca-
tions, respectively (C3 observations are similar to C4 ones
and are not shown). In Fig. 3, these injections are marked
by numbers at the top of the corresponding plot. The disper-
sionless injections are shaded grey and dispersed injections
are shaded light green. The exact time moments of the elec-
tron flux maximum observed by the P3 probe for 65.5 and
139 keV and by the Cluster spacecraft for 68.1 and 127.5 keV
electrons in each injection are listed in Table 2 along with the
time moments of the Bz pulses or DFs, which were detected
during the dipolarization growth.

The first injection (marked as “I.1” in Table 2) of
suprathermal electrons was observed by the P3 probe at
01:38:23 UT, i.e., at the beginning of the dipolarization
growth just after the Bz pulse, marked as “DF1” for P3 data
in Table 2. This injection was dispersionless, which indi-
cates the close proximity of the spacecraft to the acceleration
source. At the C1 location, the first injection was observed
at 01:38:37 UT, i.e., 14 s later than at the P3 location and af-
ter the onset-related DF (DFO in Table 2). This injection also
was dispersionless. C4 observed the first injection even later
than P3 and C1, at 01:38:50UT, and also after the arrival
of the onset-related DFO at its location. Finally, C2 recorded
the first injection at 01:39:48 UT, when the dipolarization had
started at its location.

Thus, the time delays in observations of the first injection
by different spacecraft indicate the dawnward propagation of
the injection boundary, i.e. in the same direction as the propa-
gation of dipolarization onset. At all spacecraft, the injection
was observed behind the onset-related DF. The following in-
jections detected during the period of gradual dipolarization
growth, i.e., [.2-6 at P3 and Cl1 locations and 1.2—-6 at the
C4 location, were also observed either at or between the cor-
responding Bz pulses (for the exact moments see Table 2).
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The majority of dispersionless injections were observed dur-
ing the first part of the interval of dipolarization growth, i.e.,
between 01:38 and 01:48 UT, when the strongest Bz pulses
were detected. This shows that during this period, electron
acceleration to suprathermal energies occurred very close to
the corresponding satellite.

After the end of dipolarization growth, the injection(s)
were also observed at all spacecraft locations, e.g., I.7 at the
C1 location and 1.6 at the C4 location. Contrary to the pre-
vious ones, these injections were dispersed (see Fig. 3). The
dispersed character of electron injections can be caused by
the gradient drifts from a remote source (e.g., Gabrielse et
al., 2016). Thus, at the end of dipolarization growth, ener-
getic electrons arrived at the spacecraft locations either from
a remote acceleration source or as an “echo” of the previous
injections. The echoes can represent the previously acceler-
ated electron population, which experiences the bouncing os-
cillations along magnetic field lines.

To check the origin of the dispersed injection observed af-
ter the end of dipolarization growth, we roughly estimate a
source location by using the time delays (¢) in observations of
electron flux enhancements at the neighboring energy chan-
nels for injection /.6 at C4. The distance to the source can be
estimated as AR = %At (where V; and V> are electron
drifting velocities calculated for the lowest energies of two
neighboring energy channels). For electron enhancements in
the energy channels 127.5 and 94.5 keV, we obtained the dis-
tance to the source R ~ 70 Rg, and for energy channels 68.1
and 50.5 keV we obtained R ~ 45 Rg. Thus, we may suggest
that the 1.6 injection observed at the end of dipolarization
may represent an echo of the previous injections.

During the dipolarization event the spectral index y of
suprathermal electrons experienced variations as is seen from
the bottom panels of each plot presented in Fig. 3. Gener-
ally, variations of y reflect the differences in energization
and/or losses in a finite energy range of a particle spec-
trum. These differences can be caused by some nonadiabatic
mechanisms, e.g., wave-particle interactions, which lead to
the selective acceleration and/or scattering into the loss cone
of some population in electron energy distribution. Another
cause of y temporal variations is the time-of-flight effect due
to the energy-dependent electron drifts from a remote source.

During the dipolarization event the pronounced y varia-
tions with amplitude |Ay| > 1.0 were mostly observed dur-
ing the dispersed injections, and, thus, were caused by time-
of-flight effects. In such cases the negative y variations were
due to the first arrival of more energetic electrons, while the
positive variations following were caused by the later arrival
of lower energy electrons and simultaneous loss of more en-
ergetic electrons. This pattern is clearly observed for the dis-
persed injections 5 and 7 at the C1 location and 5 and 6 at the
C4 location (see Fig. 3).

However, at some moments within the dispersed injections
the behavior of y cannot be explained by the time-of-flight
effects due to gradient drifts. Also, y variations observed dur-
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ing the dispersionless injections should be caused by other
mechanisms. In Fig. 3 we indicate some of such moments by
red vertical lines.

In the left part of Fig. 4 we show electron fluxes along with
the wave data observed by P3, C1 and C4 within short time
intervals around the moments marked by red vertical lines in
Fig. 3 (no. 4 —for P3, no. 1 —for C1 and no. 4 — for C4). In the
right part of Fig. 4 we plot the electron spectra observed by
the corresponding spacecraft at the time moments indicated
in the panels on the left by the vertical lines of the corre-
sponding color. It is seen that for all intervals shown in Fig. 4
the bursts of high-frequency electrostatic or electromagnetic
fluctuations with frequencies up to electron gyrofrequency,
fce, are observed.

At the P3 location the flattening of the spectrum (indi-
cated by a dashed bar) is observed just after the end of the
bursts of electron cyclotron harmonic (ECH) waves (see the
left part of the “P3 no. 4” plot in Fig. 4). This causes a sig-
nificant decrease in y (Ay ~ 1.0) calculated for 65.5-93 and
93-139keV energy ranges (see Fig. 3). By the end of the in-
terval, the flattening of spectra expanded to the lower energy
range (see the green spectrum at 01:43:30 UT). This spectral
feature was also associated with the ECH bursts.

C1 spacecraft also observed the changes in the electron
energy spectrum in a finite energy range during the dipolar-
ization growth (see the interval “C1 no. 1” in Fig. 4). During
this interval the most prominent flattening of spectra in the
energy range of 68.1-94.5keV was observed at 01:38:20-
01:39:20 UT (compare the red and magenta spectra on the
right of the C1 no. 1 plot in Fig. 4). These spectra were de-
tected just after the bursts of electromagnetic emissions in a
wide frequency range from a few Hz and up to ~ 100 Hz and
after the ECH bursts.

Similar features were detected by C4 during injection no. 4
(see Fig. 4) around 01:44:41 UT. At this time the flattening
of electron spectrum was observed in a wider energy range:
50.5-94.5keV and at the end of the burst of high-frequency
electrostatic fluctuations (compare black and red spectra in
the right part of “C4 no. 4” plot in Fig. 4).

Our observations, thus, show that the y variations, which
were observed in a finite energy range and cannot be ex-
plained by the time-of-flight effects, can be related to bursts
of high-frequency electrostatic or electromagnetic fluctua-
tions. We assume that these fluctuations can contribute to the
modulation of electron energy spectra either via the scatter-
ing of some electron population into the loss cone or via ad-
ditional energization of resonant electrons in a finite energy
range.

5 Properties and spectra of proton injections observed
during the dipolarization

During the dipolarization event, three short (~a few min-
utes) injections of suprathermal protons (> 50 keV) were ob-
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Table 3. Time moments of proton injections observed by C4 during
dipolarization.

Proton Injections at C4

Time moments Time moments Time moments

for 75.3keV for 92.2 keV for 159.7 keV
Ip1: 01:40:09.324  01:40:05.201 01:39:52.834
Ip:01:42:45.978  01:42:45.978 01:42:45.978
1p3: 01:44:53.774  01:44:53.774 01:44: 57.897

served. We identified proton injections as increases in proton
flux in, at least, two energy channels by more than 5 times in
comparison with the value observed before the flux enhance-
ment.

During the interval of interest a continuous set of data
without gaps is provided only by the RAPID instrument on
board C4. Figure 5a shows the time profiles of By and Bz
components observed by C4 for the reference. Figure 5b
presents the time profile of B () calculated as explained
in Sect. 3. Figure 5c—f show the dawn—dusk electric field,
proton fluxes in a few energy channels (27.7, 75.3, 92.2 and
159.7 kev), fluxes of suprathermal electrons for reference and
the time profile of the power of magnetic field fluctuations at
proton gyrofrequency obtained from the wavelet analysis ap-
plied to the high-resolution magnetic field data. During the
dipolarization event the proton gyrofrequency ranged from
0.051 to 0.56 Hz. The interval of dispersed proton injection
is shaded light green and the intervals of dispersionless in-
jections are shaded in grey.

The behavior of suprathermal proton fluxes is differ-
ent from the behavior of suprathermal electrons. While the
suprathermal electrons demonstrate the gradual flux growth
along with the growth of the PS Bz field in the course of
dipolarization (between 01:38 and 01:55UT), the level of
proton fluxes almost does not change at this timescale. The
absence of gradual growth in the energetic protons can be
because of Cluster location dawnward of the main magnetic
field perturbation, i.e., dawnward of the region of strongest
earthward magnetic field gradient. As a result, Cluster ob-
serves the growth of electron flux at a large timescale due to
the dawnward electron drift, while protons, in the course of
their duskward drift, are not recorded by the Cluster space-
craft.

Another difference in the behavior of suprathermal pro-
tons and electrons is a smaller number of proton injections
observed by C4 in comparison with a number of electron in-
jections. Only three short proton injections were detected at
the C4 location. The proton injections were only observed
during the interval of dipolarization growth. The time mo-
ments of the peak flux value observed within each proton
injection (marked by dashed vertical lines in Fig. 5) do not
coincide with the times of peak flux observed in the electron
injections.
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Figure 4. The observations of electron fluxes, spectra and wave activity obtained by P3, C1 and C4 spacecraft. Panels (a—c) show the time
profiles of electron fluxes and frequency spectrograms of the power density of electric and magnetic field fluctuations observed by a given
spacecraft within short time intervals around the moments marked by red vertical lines in Fig. 3. The solid magenta lines in frequency
spectrograms display the time profiles of fce and 2 fce. Panels (d—f) show the electron spectra observed by a given spacecraft at the time
moments indicated in the left plots by vertical lines of the corresponding color. The colored bars shows three energy ranges for which the
spectral index y was calculated. The dashed bars indicate the transient features in energy spectra.

All three proton injections except I3 were detected at the
trailing edges of the corresponding Bz pulses and the asso-
ciated Ey bursts (see Fig. Sa—d and the exact time moments
of proton injections listed in Table 3). Namely, the proton
injection I,1 was observed at 01:40:09 UT just after the Bz
pulse marked as DF1 in Table 2. This injection was dispersed
as was the electron injection /.2 (see Table 2) observed be-
fore this pulse. We can suggest that both electrons and pro-

Ann. Geophys., 36, 741-760, 2018

tons were accelerated by the strong Ey field associated with
the Bz pulse. Electrons, being adiabatic, drifted towards the
leading edge of the pulse due to the gradient drift, and thus,
they were observed before the pulse. Conversely, protons
experienced nonadiabatic acceleration by the Ey field and
propagated towards the duskward (i.e., trailing) edge of the
pulse, and, thus, were observed after the pulse.
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Figure 5. From top to bottom the following data observed by C4
spacecraft are shown: the time profiles of By and Bz components
(a); the time profile of Bz* (b; see explanations in the text), the
dawn—dusk electric field (c¢), proton fluxes in several energy chan-
nels (d), fluxes of suprathermal electrons for the reference (e) and
the time profile of the power of magnetic field fluctuations at proton
gyrofrequency (f). The interval of the dispersed proton injection is
shaded light yellow and the intervals of dispersionless injections are
shaded grey. The moments of peak proton flux in each injection are
shown by vertical dashed lines.

The two following proton injections I,2 and Ip3 are
dispersionless (see Fig. 5c) and observed at 01:42:46 and
01:44:54 UT, respectively (see Table 3). The I,2 injection
was observed behind the Bz pulse (DF3 in Table 2) and the
I3 injection was detected at the next Bz pulse (DF4 in Ta-
ble 2). The intermittency in observations of electron and pro-
ton injections can be caused by the complicated structure of
the flux pile up region consisting of multiple pulses moving
one after another Bz. The presence of multiple localized Bz
pulses results in a complicated multiscale pattern of magnetic
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gradients, which affect electron drift paths and cause the for-
mation of multiple and short electron injections rather than a
monotonic increase in suprathermal electron flux.

Contrary to electrons, proton injections were only associ-
ated with the strongest pulses of the Bz and Ey fields ob-
served during the dipolarization growth (see Fig. 5a—c). It is
also worth noting that proton injections, except the first one,
do not coincide with the peaks of the power of magnetic field
fluctuations at proton gyrofrequency. This means that in this
event the resonant interactions of protons with low-frequency
electromagnetic waves do not contribute much to the proton
acceleration.

Another feature of proton injections is the decreases in
flux of 27.7keV protons observed simultaneously with the
peaks in more energetic proton fluxes. Figure 6 shows proton
fluxes (left plots) and energy spectra (right plots) observed
within each injection marked in Fig. 5 (Ip1-1,3). In the first
injection (I,1) a bump at energy W ~90keV started to be
observed in the proton spectrum at 01:38:22 UT (the yel-
low spectrum in the right of /,1 plot). Later, as the flux of
suprathermal protons increases, the bump still remains in the
spectrum until the end of injection.

A similar feature was observed in the dispersionless in-
jections 1,2 and 3. At the time moment corresponding to
the peak flux the most pronounced bump was observed in
the proton spectra at W ~90keV (see red spectra in the right
of plots Ip2 and I,3 in Fig. 6). The observed transformation
of proton spectra during the injections indicates the selective
nonadiabatic acceleration of some part of the lower energy
proton population up to ~ 90keV, which results in some de-
crease in the lower energy proton flux and in the formation
of a bump near 90 keV.

6 Discussion
6.1 Summary of the dipolarization event features

In the present study we investigate the dynamics and spectra
of suprathermal (> 50 keV) electron and proton fluxes simul-
taneously observed by the THEMIS P3 probe and the Cluster
spacecraft during dipolarization in the near-Earth tail (at X
~ —7-—9 Rg) on 20 July 2013 between 01:35 and 01:55 UT.
In this event the satellites were mainly separated in the Y
direction, which allowed for the multipoint analysis of the
particle fluxes and magnetic fields in the azimuthal direction.
Before discussing the behavior of energetic electron and pro-
ton fluxes and their spectra during the dipolarization we sum-
marize the observed features of this event.

1. The dipolarization was caused by braking and diversion
of multiple BBFs that arrived in the near-Earth tail.

2. The onset of dipolarization propagated dawnward at
Vorop ~ 130km s~ 1.

Ann. Geophys., 36, 741-760, 2018
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Figure 6. The observations of proton fluxes and spectra by the C4 spacecraft. The format is similar to the format of Fig. 4 except for wave

data.

3.

The magnetic field perturbation during the dipolariza-
tion event included a gradual growth of the positive
Bz field, which was observed by all spacecraft at a
similar timescale (~ 13 min), and several strong pulses
of the Bz with amplitude >5nT detected at smaller
timescales (< 1 min) during the gradual Bz growth.

. The strong Bz pulses had characteristics typical of DFs,

such as the rapid increase of the magnetic field Bz com-
ponent preceded by small negative Bz variation, the
decrease in density behind the front and the decrease
in plasma pressure while magnetic pressure increases
across the front (e.g., Shiokawa et al., 2005; Zhou et al.,
2009; Runov et al., 2009) (see Fig. 2).
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5

. The negative variation of the horizontal component of
the ground magnetic field (By) started to be observed
near the THEMIS P3 footpoint simultaneously with the
dipolarization onset at the P3 location. The negative
variation of the By occurred at a similar timescale to
the dipolarization growth in the near-Earth PS. Simi-
larly to the PS dipolarization, the perturbation of the
ground magnetic field propagated dawnward.

A dipolarization in the near-Earth tail can be triggered by

the

development of plasma instability(ies) (e.g., Lui, 1996;

Lui et al., 2008) and/or by the BBF braking (e.g., Sergeev et

al.,

2012 and references therein). In the event analyzed in the

present paper the onset of dipolarization observed by the P3
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Figure 7. A diagram of the observed magnetic structure of the flux
pile up region in the near-Earth PS. An area shaded light pink rep-
resents the perturbed CS. The localized area shaded dark pink dis-
plays a channel in which the multiple BBFs with the embedded DFs
(shown by red ovals) propagate. The direction of DFs’ motion is
shown by red arrows. P3 probe and Cluster spacecraft are shown
by colored dots and their trajectories during the event are shown by
black dotted arrows. Near the P3 and Cluster locations the multiple
BBFs are braked and diverted. The system of field-aligned currents
and westward electrojet is shown by red arrows.

probe and the Cluster spacecraft was associated with the ar-
rival and braking/deflection of multiple BBFs. Multiple Bz
pulses observed after the onset had the characteristics typical
of DFs. All these features are unique to the so-called sec-
ondary dipolarization, the term suggested by Nakamura et
al. (2009) for dipolarizations that evolve in the near-Earth PS
due to the magnetic flux pile up caused by the arrival of mul-
tiple BBFs with the embedded DFs (see diagram shown in
Fig. 7). The dipolarization was followed by the development
of large-scale (both in space and time) perturbation of the
cross-tail electric current and the corresponding formation of
the SCW discussed before by e.g., Lui (2011) and Sergeev et
al. (2012).

6.2 The dynamics and acceleration of suprathermal
electrons during the dipolarization

During the dipolarization the fluxes of suprathermal elec-
trons and protons exhibited different dynamics, suggesting
different mechanisms responsible for their energization. The
beginning of the increase in energetic electron flux, i.e., the
electron injection boundary, was associated with the onset
of dipolarization and it propagated dawnward along with the
dipolarization. After the onset the time profiles of the ener-
getic electron fluxes J. were very similar to the time pro-
files of both the Bz(¢) and the |B| (¢) in the near-Earth
PS. Indeed, the correlation coefficients (CCs) calculated be-
tween J.(¢) at all energy ranges presented in Fig. 3 and the
corresponding | B|(¢) observed during the dipolarization (at
01:37:30-01:50UT) are > 0.8 both at P3 and at Cluster lo-
cations. The time profiles of J. exhibited multiple enhance-
ments (or injections) at short timescales, which were associ-
ated with multiple Bz pulses observed during the dipolariza-
tion growth. The majority of electron injections associated
with the Bz pulses were dispersionless, which indicates the
local electron acceleration at the Bz pulses.

www.ann-geophys.net/36/741/2018/
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Figure 8. Panels (a—c) show the time profiles of the absolute value
of the magnetic field | B|(#) and electron flux Je(¢) at 50.5keV dis-
played along with the linear approximations |B|*(¢) and JJ(¢), re-
spectively (for explanation, see Sect. 6). In (c) the time profiles
of Jei(t)/Je1 and (B;(t)/ B])V"'1 are shown (for explanation, see
Sect. 6.2).

The resemblance between the dynamics of suprathermal
electron fluxes and the Bz (¢) indicates the significant contri-
bution of the betatron mechanism in the electron energization
discussed before by e.g., Asano et al. (2010), Fu et al. (2011),
Birn et al. (2013, 2014) and Gabrielse et al. (2016). To check
this assumption we performed a test on the betatron energiza-
tion of electrons during the dipolarization.

The gradual increase in energetic electron flux (J.) and in
|B| can be described by linear functions: |B|(t) =0.045¢ +
9.5 and J.(¢) = 1127+ 1200. We show these dependencies at
two top panels in Fig. 8 along with the observed time pro-
files. According to the adiabatic theory discussed by e.g.,
Pan et al. (2012), the relation between the electron flux
(Je2) averaged for 1 min after the end of dipolarization (at
01:48-01:49UT) and the electron flux (J,1) averaged for
1 min before dipolarization onset (at 01:36:30-01:37:30 UT)
is Joo/Je1 = (B2/B1)" !, where B and Bj are absolute val-
ues of the magnetic field averaged for the same intervals as
Jez and Je1. We calculate that J,5/Je; ~ 55 and (By/B;)Y *!
~ 58, for y =2.7 (we used y calculated for the energy range
of 50.5-68.1keV and averaged for the interval of the dipo-
larization growth). The similarity of both values means that
the gradual growth of the electron flux observed at a large
timescale is mainly caused by the betatron acceleration.

To check the operation of adiabatic mechanism in the
course of dipolarization we plot the time profiles of
Jei(t)/Je1 and (B; (t)/Bl)”Jrl in the bottom panel of Fig. §;
here J.(t) and Bj(t) are the electron flux in the energy
range of 50.5-68.1keV and the value of magnetic field ob-
served at each time moment during the dipolarization, re-
spectively. It is seen that the increase in the electron flux ob-
served at a large timescale, which includes the entire dipo-
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larization growth, can be roughly explained by the beta-
tron mechanism. However, during the gradual magnetic field
growth there are significant deviations of Jei(¢)/Je; from
[(B;(t)/ B1)]”T!. These deviations can be due to gradient
drifts and/or scattering of electrons into the loss cone.

Gabrielse et al. (2016) showed the importance of gradient
and curvature drifts in the modulation of the energetic elec-
tron flux. In our dipolarization event the presence of multi-
ple localized Bz pulses propagating both in the radial and
azimuthal (dawnward) directions leads to the formation of
complicated spatial distribution of the magnetic gradients in
the near-Earth PS. Thus, the observed complicated dynamics
of the energetic electron fluxes can be a result of combination
of the local betatron acceleration at the Bz pulses and the
electron drifts in the multiscale magnetic structure formed in
the near-Earth PS due to magnetic flux pile up.

The spectral index y calculated for three energy ranges of
suprathermal electrons occasionally experienced pronounced
variations during the dipolarization. Some of these variations
were observed during the dispersed electron injections, and,
thus, they can be related to the time-of-flight effect caused
by energy-dependent electron drifts. Generally the betatron
acceleration does not affect the slope of the energy spec-
trum (e.g., Pan et al., 2012). However, the variations of y
observed during the dispersionless injections cannot be ex-
plained by the time-of-flight effect and should be caused by
the changes in the electron energy distribution in a finite en-
ergy range. The other nonadiabatic mechanisms can be re-
sponsible for these features. Birn et al. (2012) suggested that
an additional energization of some part of the electron pop-
ulation can be due to electron interactions with waves gen-
erated in the course of dipolarization. Panov et al. (2013) re-
ported that the resonant interactions of electrons with high-
frequency electromagnetic fluctuations can provide an addi-
tional scattering of some part of the electron population into
the loss cone. Both electron energization and losses affect
the y. In the dipolarization event analyzed in the present
study those y variations which cannot be explained by the
time-of-flight effect were observed along with the bursts in
high-frequency wave activity representing either the broad-
band electromagnetic emission in frequency range from a
few Hz and up to f¢. (see the intervals C1 no. 1 in Fig. 4) or
the broadband electrostatic fluctuations including ECH (see
the interval P3 no. 4 and C4 no. 4 in Fig. 4). Thus, we may
assume that besides the time-of-flight effects caused by e.g.,
energy-dependent gradient drifts of electrons in the flux pile
up region, the variations of electron energy spectra can be
caused by the interactions of resonant electrons with high-
frequency fluctuations, leading to the additional electron en-
ergization and/or to the scattering of some part of the elec-
tron population into the loss cone. This assumption requires
a quantitative verification, which we are going to perform in
future studies.
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6.3 The dynamics and acceleration of suprathermal
protons during the dipolarization

The dynamics of suprathermal protons during the dipolariza-
tion was drastically different from the dynamics of energetic
electrons. In contrast with electrons the fluxes of suprather-
mal protons (Jp) did not experience the gradual growth dur-
ing dipolarization. The correlation coefficients (CCs) calcu-
lated between J,(¢)at all energy ranges presented in Fig. 5
and the corresponding | B|(¢) observed during the dipolariza-
tion (at 01:37:30-01:50 UT) were < 0.3.

Only three proton injections were identified during the
dipolarization. The first one was not related to the onset of
dipolarization but it was observed after the onset simultane-
ously with the first strong Bz pulse and the associated burst
of the dawn—dusk electric field (Ey) (see Fig. 5). The next
two injections of energetic protons were also only associated
with the strong Bz pulses. As a result a poor correlation be-
tween the proton flux Jp at all analyzed energy ranges and
the |B|(¢) (CC < 0.3) was observed at the C4 location.

Using the timing analysis we estimate the propagation ve-
locity and the spatial scale of the Bz pulses (Lpulse) as well
as the thicknesses of their fronts, Ly, and compare these val-
ues with the gyroradius of thermal protons (pT) observed at
the moment of the corresponding Bz pulse (see Table 4). We
revealed a decrease in propagation velocity of the Bz pulses
as the dipolarization progresses in the PS. The spatial scale
of Bz pulses, Lpuse, is typically of the order of a few pr,
while the L is less than pt for all analyzed pulses. This is
in agreement with previous results reported for the DFs (e.g.,
Angelopoulos et al., 2013; Balikhin et al., 2014).

Since the Bz pulses observed during the dipolarization
growth represent the magnetic structures formed at sub-
proton kinetic scales, it is natural to expect the nonadia-
batic proton acceleration in these structures. This mechanism
was studied before for an isolated earthward-propagating DF
by using the test particle simulations (e.g., Artemyev et al.,
2012; Ukhorskiy et al., 2013). Artemyev et al. (2012), us-
ing the observations of energetic ion spectra by the DOK
instrument (Lutsenko et al., 1998) on board the Interball-1
spacecraft, simultaneously showed the presence of a bulge in
ion spectra at ~ 100 keV with the earthward-propagating iso-
lated DF. The authors suggested that this bulge was formed
due to the resonant nonadiabatic acceleration of ions by the
dawn—dusk electric field associated with the DF. Ukhorskiy
et al. (2013) considered a more complicated acceleration sce-
nario including a full or partial trapping of nonadiabatic ions
in the region of minimum By field preceding a moving DF.
Authors showed that due to the trapping some population of
thermal ions can gain energy up to 100keV if the electric
field associated with the DF is about several mV m™!.

In three proton injections observed in our event a bulge
was detected in the energy range 75.3-92.2 keV. Within each
injection the bulge was observed at the moment of peak in
energetic proton flux and simultaneously with some decrease
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Table 4. Propagation velocity (Vprop) of the Bz pulses (DFs), the spatial scale of the pulse structure (Lg) and the thickness of the fronts
(L) calculated for several Bz pulses observed by C1 and C4 during the dipolarization.

DF nos. (see Table 2) Vprop km g1 Lpylse, km Lp, km
DF2 by C1 DF1 by C4 222 2748 ~6.0p1 366 < pr (pT ~ 465 km)
DF4 by C1 DF3 by C4 110 713~1.5p7 408 < pr (o1 ~460km)
DF5 by C1 DF4 by C4 131 667 ~2.0pr 340 < pr (o1 ~390km)
DF6 by C1 DF5 by C4 52 1065~3.0pr 311 < p1 (o1 ~360km)

in flux of lower energy protons (~27.7 keV; see Fig. 6). The
decrease in 27.7 keV proton flux was related to the decrease
in density of thermal protons behind the DF. However, the
simultaneous increase in energetic proton flux in a finite en-
ergy range, which leads to the bulge formation, suggests the
resonant nonadiabatic acceleration of some part of thermal
proton population.

During the first proton injection the burst of strong Ey
electric field up to ~35mV m~! was observed. This field
correlates with the —(VxB)y field, although it has a larger
amplitude (see Fig. 5). To gain ~70keV a nonadiabatic pro-
ton should pass along the observed Ey field a distance of
AY ~2000km. This spatial scale is comparable with the
spatial scale of the Bz pulse preceding this injection. The
puzzling feature of the first injection is the observation of
energy dispersion. The energy dispersion can be caused by
the time-of-flight effect due to the direct particle propaga-
tion from a remote source, or it can be due to the energy-
dependent gradient drift. The latter is not applicable for nona-
diabatic protons. Assuming the local proton acceleration by
the Ey pulse we may suggest that this dispersion can be due
to the spatial effect related to the peculiarities of interaction
and trapping of protons with different gyroradii (energies) in
the pronounced magnetic dip behind the Bz pulse.

The other proton injections were dispersionless and they
were associated with the bursts of E'y field with much smaller
amplitudes than the first one (~5mV m~! for the second in-
jection and ~ 10mV m~! for the third injection). However,
the proton spectra observed in these injections demonstrate
features similar to the first one: a bulge in the energy range
of 75.3-92.2keV is clearly observed at the moment of peak
flux of energetic protons simultaneously with the decrease
in flux of lower energy protons (27.7 keV). In these cases,
to gain the energy corresponding to the energy of the bulge,
the nonadiabatic protons should pass a distance along the Ey
field of ~1.5-2.5 Rg. These distances are comparable with
the previous estimations of the spatial scale of BBFs in the
Y direction (e.g., Nakamura et al., 2004). Since these proton
injections were observed during the intervals of bulk flow di-
version/oscillation, we can assume that the spatial scales of
the Ey field bursts were comparable with the spatial scale of
the flow channel(s) and, thus, were large enough to accelerate
nonadiabatic protons to ~70-90 keV.
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Finally, we should note that the magnetic structure of dipo-
larization observed in our event is different from the ones
considered in the studies by Artemyev et al. (2012) and
Ukhorskiy et al. (2013). However, if one subtracts a large-
scale Bz variation related to the gradual Bz growth from the
Bz(t) profile observed during the dipolarization, then one
obtains the time sequence of multiple positive Bz pulses with
short duration separated by the negative Bz variations (see
Fig. 5b). This pattern resembles the time sequence of multi-
ple DFs. The process of ion nonadiabatic acceleration in the
course of interactions with such multiple magnetic structures
deserves a separate modeling study.

7 Conclusions

In the present paper we analyzed the properties and spec-
tra of suprathermal (> 50keV) electron and proton injec-
tions observed during dipolarization in the near-Earth PS at
X ~—7-—9 Rg by the THEMIS P3 probe and the Cluster
spacecraft. The dipolarization was associated with braking
and azimuthal diversion of multiple bursty bulk flows with
DFs and it was followed by SCW formation. During the dipo-
larization the fluxes of suprathermal electrons and protons
exhibited contrasting dynamics, suggesting different mecha-
nisms of their energization.

Energetic electron fluxes exhibited a complicated dynam-
ics, which was very similar to the dynamics of the magnetic
field during the dipolarization. The quantitative analysis of
the observed variations of the magnetic field and electron
fluxes demonstrated that at the large timescale, namely, at the
timescale of the gradual dipolarization growth, the increase
in energetic electron flux can be explained by the betatron
acceleration. However, deviations from the betatron scenario
were observed at shorter timescales. These deviations can be
due to the gradient drifts of electrons in the magnetic flux pile
region and/or due to electron scattering into the loss cone.

The spectral index y of suprathermal electrons experi-
enced strong transient variations during the dipolarization
growth. Some of these variations were associated with dis-
persed injections and, thus, can be explained by energy-
dependent drifts of electrons in the magnetic flux pile up
region. However, at some moments the observed y varia-
tions can be related to the nonadiabatic effects of electron
interactions with high-frequency electromagnetic or electro-
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static fluctuations, leading either to the energization of res-
onant electrons in a finite energy range or to the scattering
of some electron population into the loss cone. This assump-
tion requires quantitative verification, which we are going to
perform in future studies.

Contrary to the energetic electrons, the dynamics of
suprathermal protons was not similar to the dynamics of the
magnetic field during the dipolarization. A few proton injec-
tions observed during the dipolarization growth were only
associated with the strong Bz pulses. During these injections
a bulge was clearly observed in the energy spectra of pro-
tons in a finite energy range of ~70-90keV. This feature
can be explained by the nonadiabatic resonant interactions of
some part of the thermal proton population with the fronts
of Bz pulses. In the course of these interactions thermal pro-
tons can be partially trapped behind the fronts and acceler-
ated up to the energies of the bulge by the observed bursts of
the dawn—dusk electric field associated with the Bz pulses.
The suggested mechanism resembles a mechanism of pro-
tons’ acceleration in the course of nonadiabatic interactions
with a moving isolated DF.
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