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by THEMIS and LANL satellites during the 23
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[1] During the encounter of a substorm on 23 March 2007, the THEMIS constellation
observed energetic particle injections and dipolarizations in the premidnight sector. Clear
injection and dipolarization signatures were observed during the main intensification by
three probes (A, B, and D) in the region around 11 Rz and 2100 local time (LT). THEMIS
C, which was leading in the constellation at 8.3 Ry, also observed a clear injection
signature, but the dipolarization was not so clear. From the timing based on these
observations, a fast westward expanding ion injection and dipolarization front was
identified. In combination with the energetic particle observations from Los Alamos
National Laboratory (LANL) geosynchronous satellites, the particle injection seemed to
initiate between 2100 and 0100 LT. This event provides an excellent opportunity to
examine the dipolarization and particle injection processes beyond geosynchronous orbit
and over a wide LT range. We model this injection event by means of test particle
simulation, setting up an initial particle distribution and sending an earthward
dipolarization-like pulse from the tail that also expands azimuthally, then recording the
ions and electrons at the various satellite locations. Most features of the injected particles
are reproduced by the test particle simulation. These include not only the earthward
injections but also the fast westward expansion of the injection, as well as the timing of the
injections as observed among different satellites that made the observations. On the basis
of the observations and the simulation results, we suggest that this substorm injection was

initiated around 2300 LT, farther down the tail, and propagated radially inward and

expanded azimuthally.
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1. Introduction

[2] Injections of energetic particles of tens to hundreds of
keV at geosynchronous orbit are among the main features
during substorms [e.g., Mcllwain, 1974; Kivelson et al.,
1980]. The injections can be observed with or without
energy dispersion, depending on the relative location of
the measurements with respect to the initial injection.
Dispersionless injections indicate that fluxes of particles
with different energies increase at the same time, which are
usually observed in the “injection region near local
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midnight. When injected particles of different energies drift
out of the injection region, energy dispersion is expected
because of their different drift velocities [Mcllwain, 1974;
Mauk and Meng, 1987; Reeves et al., 1996].

[3] In order to explain the injections observed at geosyn-
chronous orbit, the “injection boundary” model was pro-
posed by Mcllwain [1974]. In this model, it was suggested
that a spatial boundary formed during the injection to
separate the newly injected particles from the preexisting
particles. It was assumed that, behind this boundary, par-
ticles were energized together and should be observed
without dispersion. The mechanism of this simultaneous
energization was not addressed by the injection boundary.
This model has been further explored [e.g., Mauk and
Mcllwain, 1974; Konradi et al., 1975; Mauk and Meng,
1987]. However, on the basis of test particle simulation
results [Li et al., 1998], it was suggested that the injection
boundary is not necessary for explaining the dispersionless
injection. In the model by Li et al [1998], dispersionless
injections are well reproduced by an earthward propagating
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electric field pulse. This model was further developed by
Sarris et al. [2002] and Sarris and Li [2005].

[4] The THEMIS mission, consisting of five small satel-
lites and a ground-based observatory network [Angelopoulos,
2008], is designed to answer longstanding questions
concerning the nature of the substorm. On 23 March
2007, two substorm events were observed by THEMIS in
situ during its cost phase and ground-based measurements:
one at 1110 UT, and one at 1119 UT. The event around
1110 UT has already been investigated by several research-
ers [Angelopoulos et al., 2008; Raeder et al., 2008; Keiling
et al., 2008a, 2008b]. Multiple activities in the plasma sheet
are reported by Keiling et al. [2008b], who demonstrated
that several enhancements of energetic particle fluxes ob-
served by THEMIS satellites could be one-to-one correlated
with the intensifications in auroral structures. However, Los
Alamos National Laboratory (LANL) satellites at geosyn-
chronous orbit observed clearly only one injection of
energetic electrons and protons, which was associated with
the most intense auroral intensification around 1119 UT. In
this paper, we will focus on this main intensification and
discuss the energetic particle injection and its propagation.
Data from THEMIS satellites and LANL satellites are
analyzed to characterize this event. A test particle simula-
tion is carried out to model this event. Consistency is
reached between observations and simulation results.

2. Orbit and Instruments

[s] The five THEMIS satellites were successfully
launched on 17 February 2007. During its coast phase from
March to September 2007, the five satellites were placed in
the same orbit with an apogee of 14.7 Ry and a perigee of
1.07 Rg. The locations of the THEMIS constellation and
LANL satellites at 1120 UT on 23 March are shown in
Figure 1. The detailed positions of THEMIS satellites in the
GSM coordinate system are tabulated in Table 1. At that
time, THEMIS satellites were in their inbound orbits.
THEMIS C was leading while THEMIS E was trailing.
The other three probes D, B and A were closely spaced in
between probes C and E. There were two LANL satellites
near the nightside at geosynchronous orbit at that time,
LANL-97A at ~2100 LT and 1989-046 at ~0100 LT.

3. Observations

[6] The observations presented in this paper are from the
fluxgate magnetometers (FGM) [Auster et al., 2008] and
solid state telescopes (SST) [Larson et al., 2009] onboard
five THEMIS satellites and SOPA instruments onboard
LANL geosynchronous satellites [Belian et al., 1992].

[7] The substorm event occurred during the main phase
of a moderate storm with a minimum Dst index of —80 nT.
From ACE solar wind data, an IMF northward turning was
identified at 0925 UT with a dynamic pressure enhance-
ment. This northward turning was later observed by the
Cluster constellation right outside the magnetosheath at
1108 UT.

[8] An overview of THEMIS FGM and SST observations
is shown in Figure 2. From the magnetic field data of D, B,
and A, clear dipolarizations can be identified with the
increase of B, magnitude and the decrease of B, magnitude,
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at the times marked by the solid lines. The time sequence of
dipolarizations is D — B — A, indicating an azimuthal
expansion from east to west. On the basis of the time
difference, the westward propagation speed of the dipolari-
zation signal can be estimated at 150~200 km/s, or
5~8 deg/min.

[9] From SST energetic ion data (63~278 keV) shown in
Figure 2, nearly dispersionless injections can also be seen as
marked by the dashed lines. The time sequence of the
injections is the same as that of the observed dipolarizations.
Angelopoulos et al. [2008] analyzed the motion of the
energized plasma and considered the finite gyroradius
effect. They identified lobeward expansions during the
injections and interpreted that the time delays are partly
due to the lobeward expansion of the hot plasma sheet.
However, the expansions are clearly associated with the
dipolarizations/injections and we will argue here that the
time delays are due to the propagation of the dipolarizations/
injections.

[10] Although THEMIS C also observed the injection, the
injection was only obvious in high-energy channels
(>100 keV). THEMIS C did not observe a clear dipolariza-
tion in the magnetic field data, which may be due to its
location: THEMIS C was 0.05 R lower than THEMIS D in
the GSM coordinate system and about 3 Ry closer to the
Earth, so it is possible that THEMIS C was below the lower
edge of the plasma sheet and did not measure the magnetic
field variations in the plasma sheet. The observation of flux
enhancements only in high-energy channels at THEMIS C
can be explained by the fact that high-energy ions with large
gyroradius can reach THEMIS C, whereas low-energy ions
with small gyroradius cannot [4ngelopoulos et al., 2008].
THEMIS E, which was farther west of D, observed intense
fluctuations in the magnetic field but did not observe the
dipolarization as THEMIS D, B, A did.

[11] Energetic particle data from all available LANL
satellites are shown in Figure 3. From top to bottom, the
data are shown in the eastward LT sequence from midnight
(refer to Figure 1). Midnight was between LANL-97A and
1989-046, and it can be seen from Figure 3 that these two
satellites observed quite different phenomena: The premid-
night satellite, LANL-97A, observed an ion injection with
some energy dispersion at 1120 UT but no electron injec-
tion, whereas the postmidnight satellite, 1989—046, ob-
served a dispersionless electron injection at 1122 UT but
no ion injection. The drift motions of the injected particles
(westward for ions and eastward for electrons) can be
identified from the delay in the appearance of the injection
among these spacecrafts. Drift echoes can also be identified,
primarily in lower-energy channels. On the basis of the
observations, we can conclude that the center of injection
was between LANL-97A and 1989-046. However, the
radial location of the injection initiation cannot be deter-
mined solely on the basis of geosynchronous observations.

[12] Figure 4 shows the timing of ion injections measured
by THEMIS C, D, LANL-97A and electron injection
measured by 1989-046. The injection was first observed
by THEMIS C at 1118 UT. THEMIS D observed it one
minute later at ~1119 UT. Then LANL-97A and 1989-046
measured ion and electron injection at ~1120 UT and
~1122 UT, respectively. The timing suggests an earthward
propagating and azimuthally expanding injection front.
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Figure 1. THEMIS and LANL satellite positions in GSM coordinate system at 1120 UT on 23 March 2007.

[13] This is an excellent event which provides us the
opportunity to observe dipolarization/injections at multiple
points at and beyond geosynchronous orbit. However,
questions that still remain are the following: (1) were the
initial enhancements of protons and electrons measured by
THEMIS and LANL as shown in Figures 3 and 4 from one
single injection? and (2) where were the injections initiated
(their source populations)? We will conduct test particle
simulations to address these questions.

4. Test Particle Simulation

[14] The model in this paper is evolved from Li et al.
[1998] and Sarris et al. [2002] models; the new feature of a
fast azimuthal expansion velocity was not included in the
previous models. An earthward dipolarization of the mag-
netic field will result in an inductive electric field and the
perturbation starts first at near midnight and spreads in
azimuth in both directions. The dawn-dusk component of
the electric field, which also propagates earthward, can
cause the charged particles to move earthward, following
the motion of the E x B drift. In this process, the particles
will be energized through betatron acceleration. In this
paper, the electric field £, is given in a spherical coordinate
system (1, 0, ¢) by the following expression:

E, = —2Eo(1 + cicos(¢ — ¢y) ) exp(—&), (1)

where » = 0 at the center of the Earth, 6 = 0 at the equatorial
plane and ¢ = 0 at local noon, £ = [r — r; + v(r)(t — t,)]/d

determines the location of the maximum value of the pulse;
v(r) = a + br is the pulse front velocity as a function of
radial distance r; d is the radial width of the pulse; ¢; (>0)
and p (>0) describe the LT dependence of the electric field
amplitude, which is largest at ¢,, the LT of the injection
center; t, = (coRg/vo)(1 — cos(¢ — ¢p)) represents the delay
of the pulse from ¢, to other LTs; ¢, determines the
magnitude of the delay; v,, is the longitudinal propagation
speed of the pulse; and r; is a parameter in the simulation
that determines the arrival time of the pulse. In this paper we
present results with ¢ = 165°, Ey = 1.3 X 10 *mVim, ¢, =
1, ¢, =0.5 Rg, a =100 km/s, b=0.0145 5", p = 14, v, =
150 km/s,;r; = 90 Rg, and d = 3.0 x 10* km. The magnetic
field of the pulse is obtained from Faraday’s law [Sarris et
al., 2002]. These parameters create the pulse with the best
agreement with the observed B, signatures, as discussed
below.

[15] Using the above parameters in equation (1) translates
to an earthward propagating pulse generated at 2300 LT.

Table 1. Satellite Locations in GSM Coordinate System at
1120 UT

Ry A B C D E
X —6.96 —6.94 —6.23 —6.93 —6.83
Y 9.4 9.22 5.93 9.04 11.51
z —0.57 —0.58 —0.64 —0.59 —0.46
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Figure 2. THEMIS magnetic field (nT in GSM) and energetic proton flux (63~278 keV, number per

cm? s !

st ' keV ') observations during the 23 March event showing data of (top to bottom) THEMIS

C, D, B, A, and E. Solid and dashed vertical lines mark the beginners of dipolarizations and injections,

respectively.

The radial pulse electric field and pulse magnetic field plus
a background dipole field at the center of the pulse
(2300 LT) at £ = 400 s are illustrated in Figure 5a. The
comparison between modeled and observed B, component
at THEMIS satellite locations are shown in Figure 5b. It
should be noted that the total field in our model is the pulse
field plus a background dipole field and there is no plasma

sheet in our model. Thus the B, and B, components are not
considered and the background B, value in the simulation is
greater than that in the observation. The vertical scales of
each satellite in Figure 5b are the same, but the base value
of modeled B, is greater than the observed base value. The
B. increases in this model at THEMIS D, B, A’s locations
compare reasonably well with the observations as shown in
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Figure 3. LANL energetic (a) electron and (b) proton observations. Shown are (top to bottom) 1989—
046, 1994-084, LANL-01A, LANL-02A, and LANL-97A data. The energy range is 75~500 keV for
electrons and 75~400 keV for protons. Vertical lines mark the injection times at different satellite

positions.

Figure 5b. However, as discussed above in section 3,
THEMIS C was below the plasma sheet and didn’t observed
the dipolarization. THEMIS E was farther away from the
Earth and from the injection center. Our model field there
shows a smaller B, increase, but the timing is still reason-
able. The comparison at geosynchronous orbit are not
included because the GOES spacecraft were far away from
the injection center and LANL spacecraft don’t have mag-
netic measurements, though the direction of the magnetic
field can be derived from the symmetries of the measured
plasma distribution. However, the modeled B, variation at
geosynchronous orbit (from the same model field but with
different parameters) had been compared with GOES mea-
surements for other events, they were in good agreement
[e.g., Li et al., 2003]. We are confident that the magnetic
field direction at LANL spacecrafts, 1989—-046 and LANL-
97A, should become dipolarized when they observed the
dispersionless injections of particles, on the basis of previ-
ous studies [Birn et al., 1997a, 1997b, 1998; Li et al., 1998,
2003]. The booms of the electric field instrument (EFI)
onboard THEMIS were not deployed at that time, so there is
no comparison between the modeled and measured electric
field.

[16] We traced 500,000 protons and 500,000 electrons
initially distributed randomly in the radial distance between

6 Rg and 25 Rg and at all LTs in the equatorial plane with
90° pitch angles. The initial energies are from 6 keV to
418 keV with an increment step of 5%. Particles that reach
as close as 1.0 Rz to the THEMIS and LANL satellite
locations are recorded.

[17] Particle weighting was given as the formation de-
scribed by Li et al. [1998]. The initial radial dependence
was given by Li et al. [1998, equation (2)] with

_ (l’o—ao)”l (aod—ao)"l
f"[ 7 V[ @ ] 2

where ag =3, nl =4, ml = 10, ay,; = 6 for electron and a¢y =
4, nl = 6, ml = 10, apy; = 6 for proton. The initial energy
dependence is given by the kappa distribution with kappa =
2.1 in the region » < 12 Ry estimated on the basis of the
measurements from THEMIS and LANL satellites during
the quiet time before this substorm onset, and kappa = 5.3 in
the region » > 12 Ry, which is the average kappa value
calculated in the previous statistical study on the basis of
ISEE 1 data beyond 12 Ry [Christon et al., 1989, 1991].
[18] By applying the weighting functions described by Li
et al. [1998], particles are assumed to be representative of
ensembles of particles. We subsequently construct particle
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1130 1200

Injection timing between satellites THEMIS C and D, LANL-97A, and 1989—-046 during the

23 March event. The dashed vertical line marks the first injection signature observed by THEMIS C.
Solid vertical lines mark the injection signature observed by THEMIS D, LANL97A, and 1989-046.

fluxes by summing the weighted particles that are recorded
at THEMIS and LANL locations in the simulation. The
results are shown in Figure 6. We can see that the basic
features of this event are reproduced. In the simulation, the
proton injections only appear at THEMIS C, D and LANL-
97A locations, which are west of the center of the pulse,
whereas the electron injection is only measured by 1989—
046, which is located east of the center of the pulse. The
magnitude of flux enhancement is consistent with the
observations. Furthermore, the timing of flux increases
between these satellites in this simulation is about the same
as the observations. Thus we can now answer question 1
raised in section 3 that the initial enhancement of the
particles measured by various satellites widely spread in
radial distance and local times, as shown in Figures 2, 3,
and 4, is from one single injection. We will address question
2 in section 5.

5. Discussion
5.1. Fast Westward Expansion

[19] Before we address the initiation location of the
injection, we would like to discuss the fast westward
expansion of the dipolarization, which is a longstanding
topic in substorm research. Several studies investigated the

expansion speed at geosynchronous orbit [e.g., Kokubun
and McPherron, 1981; Nagai, 1982; Lopez et al., 1990;
Liou et al., 2002]. On the basis of a statistical study of
GOES observations by Liou et al. [2002], the westward
expansion speed was estimated to be 4.9 deg/min (60 km/s
at 6.6 Rg). On the basis of the observations presented here,
the expansion speed is estimated to be 5~8 deg/min, which
is comparable to the values in previous works at geosyn-
chronous orbit, but the linear speed at THEMIS location is
faster, 150~200 km/s. This feature is captured in our model.
The observations of westward expansion are consistent with
the hypothetical earthward propagating and expanding elec-
tric field pulse in this paper.

5.2. Transport of Energetic Particles

[20] In Figure 5a we plot the radial profile of the model
magnetic field. As Figure Sa shows, the pulse field creates a
“well” in this profile as it moves toward the Earth. This
well can affect the gradient B drift of particles. For example,
in the bottom of this well located at ~12 Ry, in this snapshot,
where gradient B is close to 0, the particles will stop their
azimuthal gradient B drift and will be transported toward
the Earth because of the E x B drift. These particles will be
energized by betatron acceleration and injected into the near
Earth region. However, if a particle meets the pulse at or
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Figure 6. Comparison between (left) simulation and (right) observation of particle differential fluxes.
The first four panels represent proton fluxes at THEMIS C, THEMIS D, LANL-97A, and 1989-046,
respectively. The last two panels represent electron fluxes at LANL-97A and 1989-046, respectively.

after the pulse peak, its drift motion will not be affected as
much and it will not be effectively transported by the pulse.
Thus the temporal profile of the pulse field should be
consistent with the temporal profile of particle flux. This
is demonstrated in the modeled flux of THEMIS D, B and
A, as shown in Figure 6, and is consistent with the fluxes
observations at THEMIS D, B and A, as shown in Figure 2.

5.3. Location of Initial Diploarization

[21] When we trace the particles in our simulation, we
find that the maximum initial radial distance of the particles
“measured” at THEMIS D’s location is 20 Ry. This means
the model field used in this paper can bring inward particles
which are as far as 20 Rz. The model field has to initiate
beyond 20 Ry to sweep the particles inward and produce the
injections, which are comparable to the observations. Al-
though the exact value of the maximum initial distance may

vary on the basis of the parameters chosen in the model, we
suggest that the initiation of the dipolarization has to be
farther down the tail for this event.

[22] In order to identify the source locations of the
injected particles, we set different threshold values to the
initial radial distance ry (see equation (2)), as shown in
Figure 7. From top to bottom, the plots in Figure 7 represent
the simulated ion differential fluxes at the THEMIS D
position with the thresholds 7y < 15, 17,21 Rg, respectively.
Figure 7 shows that if there were a lack of source particles at
larger radial distances, a virtual satellite at THEMIS D’s
position would not measure the injection as THEMIS D did.
We see that the injected particles measured by THEMIS D
mainly come from the region beyond 17 Rp.

[23] The comparison between observations and the sim-
ulation results suggests that this simple model can repro-
duce most of the features in this event. On the basis of the

Figure 5.

(a) The profiles of pulse electric field £, (solid line) and pulse magnetic field 5. plus a background dipole field

(dashed line) at 2300 LT at # = 400 s. (b) Comparison between observed and modeled B, component at THEMIS locations.
The magnetic field in the model is plotted as the pulse field pulse a background dipole field. The vertical scales of each
satellite are the same, but the base value of the model field is greater than the observed base value.
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Figure 7. Simulated ion differential fluxes (63~278 keV)

at THEMIS D’s location with particle initial radial distance
thresholds (top to bottom) ro < 21, 17, and 15 Ry.

observation only, we can tell that the injection occurred
between two LANL satellites: LANL-97A and 1989-046,
see Figure 1 for reference. On the basis of several runs of
the simulations, we found that the center of the model field
for this event was best set at 2300 LT, which is considered
to be the center of the injection front of this event. On the
basis of the OpenGGCM simulation with the input of solar
wind observation, Raeder et al. [2008] suggested that the
initial location of this dipolarization was around Xggz =
—20Rg and duskward of the tail center, which is consistent
with our conclusion.

[24] In the outside-in substorm scenario, the reconnection
in the magnetotail generates fast flows moving toward the
Earth. These fast flows brake in the near Earth region and
are responsible for the substorm onset. The earthward
propagation of the pulse field represents these fast flows
from the viewpoint of our model. The magnetic field pulse
increases in the northward component in our model. The
analogous effect during substorms is called a dipolarization.
In the model at any given radial distance the perturbation
starts first at the center of the pulse and later spreads in
azimuth in both directions, This represents the expansion of
the substorm current wedge [Li et al., 1998]. Our simulation
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results imply that this substorm event is in a good agreement
with the outside-in substorm scenario.

5.4. Comparison With Previous Modeling Efforts

[25] Using similar models, several papers have been
published to discuss substorm injection process and com-
pare with measurements at geosynchronous orbit [Li ef al.,
1998, 2003; Sarris and Li, 2005]. Sarris et al. [2002]
simulated an event with an earthward propagation of
injection at and inside geosynchronous orbit. But there
was no direct comparison of simulation results with obser-
vations beyond geosynchronous orbit. Here we simulated
the injections at multiple points at and beyond geosynchro-
nous orbit at different radial and azimuthal locations. The
consistency between observations and simulation results
confirms that the substorm injection not only propagates
earthward, but also expands azimuthally, the latter of which
has not been quantitatively addressed before.

5.5. Caveats

[26] Although the basic features in the observations are
reproduced in our simulation, there are still some details that
cannot be well reproduced. For example, the injection
observed by THEMIS C was less energy dispersive, where-
as the simulation shows some dispersion. There are perhaps
two reasons. The first is that our simulation is based on a
two-dimensional model and only focuses on the particles in
the equatorial plane. The effects in the Z direction are not
included, such as the expansion of the plasma sheet and the
gyroradius effect [Angelopoulos et al., 2008]. The second
reason is that our simulation only models one single
injection associated with dipolarization and assumes a quiet
magnetospheric condition before the injection, which is an
approximation. Keiling et al. [2008b] suggested that there
were multiple particle injections during this substorm event.
Here we only model the major injection, which was the only
one clearly registered at geosynchronous orbit, whereas
other intensifications can also affect the observations.

6. Conclusion

[27] During the substorm event on 23 March 2007,
energetic particle observations from the THEMIS and
LANL geosynchronous satellites show that the particle
injection initiates between 2100 LT and 0100 LT: Ion
injections are only observed west of this region by
LANL-97A and THEMIS satellites, whereas electron injec-
tions are only observed east of this region at geosynchronous
orbit by LANL satellite 1989—046. In addition, from the
timing based on these observations, a fast westward expand-
ing ion injection and dipolarization front is identified.

[28] We model this injection event by means of test
particle simulation, setting up an initial particle distribution
and sending an earthward dipolarization-like pulse that also
expands azimuthally from the tail, then recording the ions
and electrons at the various satellite locations, widely
separated in local time and radial distance. Most features
of the injected particles are reproduced by the simulation.
The timing of the modeled injections at various satellite
locations is consistent with observations, which suggests
that the injection of energetic particles not only propagates
earthward, but also expands azimuthally. On the basis of the
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observations and the simulation results, we suggest that this
substorm injection was initiated around 2300 LT and farther
down the tail.
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