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Abstract. The term “dispersionless injection” refers to a class
of events which show simultaneous enhancement (injection) of
electrons and ions with different energies usually seen at or near
geosynchronous orbit. We show that dispersionless injections can
be understood as a consequence of changes in the electric and mag-
netic fields by modeling an electron injection event observed early
on January 10, 1997 by means of a test-particle simulation. The
model background magnetic field is a basic dipole field made asym-
metrical by a compressed dayside and a weakened nightside. The
transient fields are modeled with only one component of the elec-
tric field which is westward and a consistent magnetic field. These
fields are used to model the major features of a dipolarization pro-
cess during a substorm onset. We follow the electrons using a rela-
tivistic guiding center code. Our simulation results, with an initial
kappa electron energy flux spectrum, reproduce the observed elec-
tron injection and subsequent drift echoes and show that the ener-
gization of injected electrons is mainly due to betatron acceleration
of the preexisting electron population at larger radial distances in
the magnetotail by transient fields.

Introduction

A common feature of magnetospheric substorms is the discrete
injection of energetic electrons and ions of tens to hundreds keV
often observed at geosynchronous orbit [Mcllwain, 1974]. De-
pending on the local time of the measurement, these injections can
appear to be dispersionless, indicating that fluxes of electrons and
ions of different energies are enhanced at the same time. Because
of this intriguing characteristic and its intrinsic role in substorms,
the dispersionless injection associated with substorms remains an
outstanding problem in magnetospheric physics.

Mcllwain [1974] proposed a so-called “injection boundary” model
of dispersionless injections. The injection boundary model sug-
gests that during the injection process a spatial boundary is formed
that separates newly injected or energized plasma from the pre-
existing, undisturbed plasma. This model has been further explored
[e.g., Mauk and Mcllwain, 1974; Konradi et al., 1975; Mauk and
Meng, 1987].

Another key observational characteristic of substorm injections
was discussed by Moore et al. [1981]. They investigated injec-
tions using two radially displaced satellites: ATS-6 and SCATHA.
They found that dispersionless injections and associated magnetic
signatures occur earlier at the outer satellite. Russell and McPher-
ron [1973], using ATS-1 and OGO 5 data, estimated a propagation
speed of 150 km/s between 9 and 66 & the compressed mag-
netic field configuration. To explain these observations, Moore et
al. [1981] proposed an “injection front” model in which an in-
jection corresponds to a compressional wave front that propagates
earthward from a disturbance occurring in the magnetotail. Par-
ticles are transported toward the Earth by such a compressional
wave. Betatron acceleration, by moving electrons and ions into a
stronger magnetic field, yields the necessary energization as had
been discussed earlier [e.g., Kivelson et al., 1973]. Recently,
Reeves et al. [1996] using CRRES and LANL geosynchronous
energetic particle data found that the average propagation speed in-
side geosynchronous orbit was 24 km/s.

Birn et al. [1997, 1998] have investigated both proton and elec-
tron acceleration and injections on the basis of geosynchronous
observations and of test-particle orbits in the dynamic fields of a
three-dimensional MHD simulation of magnetotail neutral line for-
mation and dipolarization. Their test particle simulation can ex-
plain major features of the initial rise of the particle injection at
geosynchronous orbit. They found most energization occurs due to



betatron acceleration as particles are transported into a strong mag-
netic field region by a time dependent electric field, predominantly
in the dawn-to-dusk direction. Such simulations and observations
near geosynchronous orbit [Shepherd et al., 1980; Aggson et al.,
1983; Rowland and Wygant, 1998], suggest that the driving force of
the injections are transient electric fields, pointing predominantly in
the dawn-to-dusk or westward direction when close to the magnetic
equatorial plane.

To understand how dispersionless injections may be produced,
we simulate an injection by tracing particles under analytical model
fields. The time varying fields in our model propagate toward the
Earth from the magnetotail and represent the major feature of a
dipolarization process at a substorm onset [Baker et al., 1996].
Such a test particle simulation can help us understand how electric
and magnetic fields change during substorm onset and how such
changes can produce dispersionless injections.

We illustrate our model by simulating an electron injection ob-
served early on January 10, 1997. We address the following ques-
tions: (1) Where do the electrons come from? (2) Is it necessary to
invoke the injection boundary model to explain the observed disper-
sionless injections? and (3) What is the cause of the often observed
double-peak structure (a dip or dips within the first enhancement)
of injected electrons [Belian et al.,1984]?

Model

Our field model is similar to the one in Li et al. [1993], which
was developed to model the sudden compression of the magneto-
sphere by a strong interplanetary shock. Here, however, the time
varying fields are instead associated with a dipolarization, dur-
ing which the northward magnetic field in the magnetic equatorial
plane increases due to a temporally and spatially varying electric
field predominantly pointing westward. In our model the perturbed
fields propagate from the tail toward the Earth. The electric field
is modeled as a time dependent Gaussian pulse with a purely az-
imuthal electric field component that propagates radially inward at
a constant velocity, decreases away from midnight, and is partially
reflected near the plasmapause. The modeled magnetic field dipo-
larization, which is determined from Faraday’s law, occurs first at
longitudeqy (midnight) and subsequently at other longitudes. Ex-
plicitly, in the usual spherical coordinatés®, ¢), wherer is mea-
sured from the center of the Earth, apd= 0° is at local noon,
positive eastward, the electric field is given [Li et al., 1993] by:

Ew = —&Eo(1+C1cog @~ o))P(exp(—&%) —czexp(—n?)), (1)
where the terms in the square brackets are associated respectively
with the incoming pulse and reflecting pulse. In&& [r +vp(t —
ton)]/d, N = [r —Vo(t —tph) —rq)]/d, Vo is the pulse propagation
speed, andl is the width of the pulseg;(> 0) and p(> 0) de-
scribe the local time dependence of the electric field amplitude,
which is largest aip; tph = tj 4 (C3Re /Vo) (1 — cof@— @)) repre-
sents the delay of the pulse frapg to other local timesgs deter-
mines the magnitude of the delags determines the partial reflec-
tion of the pulseyry = 7Rg indicates that the reflection occurs at
r = 3.5Rg; andt; determines the location of the pulse at the start of
the simulation. In this letter we present results vEg¥0.5 mV/m,
c1=1,c0=0.4,c3=4.0,p=3,¢p = 1807, vp=100 km/st;=2550
s, andd=16,000 km.

The magnetic field of the puls8,,, is obtained from Faraday’s
law and satisfiegy, - (Be + Bw)=0 ands; - (B + Bw)=0, where
Be is the Earth’s background time independent and asymmetric
magnetic field.

The asymmetry is achieved by sending a pulse field, similar to
the one described above but starting from noon and with no reflec-
tion into a reduced dipole fieldBf = 31000x 0.7 nT at the equator
of the surface of the Earthl=2.22 mV/m,c; = —1.,¢c, = 0,c3 =
0.4,p=1,¢p = 0°, Vp=100 km/st;=-2550 s, andl=16,000 km).

The result is a strengthened dayside and weakened nightside mag-
netic field, which is 105 nT at local noon, 75 nT at midnight, and 90



nT at dawn and dusk at geosynchronous orbit, comparable to aver-
age GOES magnetic field measurements [H. Singer, private comm.,
1998].

Figure 1 shows the time-dependent fields in the equatorial plane
(whereB; = —Bg) at geosynchronous orbit. There is an increase
followed by decrease of th#&, but the net result is an increase after
the pulse passes. There is also a decay of the fields away from
midnight to simulate a dipolarization that usually occurs within a
limited local time zone [Baker et al., 1996].

We superpose this time varying field on the background mag-
netic field and follow electrons using a relativistic guiding center
approximation for electrons witly) =0, [Northrop, 1963; Li et

al., 1993]

Results and Discussions

Figure 2(a) shows the trajectory of two electrons witA plich
angle at the equator. The wave pulse starts at abdgt 4®m
midnight att = 0. Before the arrival of the wave fields, the elec-
tron only performs a gradient-B drift. When the wave arrives, the
electron encounters an oppositely-directed magnetic field gradient
due to the wave field, which can reduce or even reverse the local
magnetic field gradient, such that the electron can drift in the op-
posite direction (westward). Meanwhile, each electron also moves
radially inward because of the x B drift. As each electron moves
closer to the Earth, the background magnetic field starts to domi-
nate and the electron again drifts eastward. As soon as the wave
fields are no longer present, the electrons perform only a gradient-
B drift but in a stronger magnetic field region closer to the Earth.
Fig. 2(b) shows the time history of the radial distance and kinetic
energy of the two electrons. Taking the “red” electron as an exam-
ple, after the electron encounters the incoming wave fieltls-&5
min, marked by the dashed line, it moves quickly inward and is en-
ergized to 160 keV. Later the electron also encounters the partially
reflected wave fields (in which the electric field is reversed, point-
ing eastward) at= 38.5 min, marked by the dotted line, and moves
outward and is de-energized to 136 keV. After 50 min, marked
by the dash-dot line, the electron performs only gradient drift mo-
tion again but with a net energy gain of 110 keV. The “green” elec-
tron encounters the wave fields a little earlier because it is initially
farther out and happens to encounter less of the reflected wave field
and has a net energy gain of 199 keV. These two electrons have dif-
ferent initial conditions but they are energized and brought inward
by the same wave fields and arrive at the same locatieng.6Rg
and@= 24(C) at about the same timeé+£ 40 min).

To compare with observed dispersionless injections, we perform
a multi-particle calculation. Fig. 3 represents such a comparison.
The left column is an example of an energetic electron injection
observed by LANL sensors (omni-directional) on three satellites
at geosynchronous orbit with a time resolution of 10 s [Belian et
al., 1992]. The injected electrons detected by spacecraft 1 (1990-
095) appear dispersionless. As these electrons drifted, they were
detected by spacecraft 2 (1991-080), but by this time they started
to show some dispersion as more energetic electrons arrived ear-
lier. Even later, they were detected by spacecraft 3 (1994-084) with
even more dispersion. The same electrons continued to drift around
the earth and were detected by the three spacecraft again despite
some losses or new injections. This feature is called a “drift echo”
[Lanzerotti et al., 1967]. The right column shows our simulation, in
which the detectors’ response and actual location and motion have
been incorporated. The dispersionless feature, drift echo, double-
peak feature, even the width and shape of the fluxes are more or
less reproduced.

We followed 777,690 electrons as they drifted in the combined
pulse and background fields, recording their energy, arrival time,
radial distance, and initial conditions as they passed various local
times. We distributed initial test-particle electrons in the equatorial
plane at distances from=5-16.9%¢ in increments of 0.0Rg, in
azimuth every %, and at energies between 10 and 662.64 keV in



increments of 1%. All electrons had 9fitch angles. In the post-
processing stage each electron was given a weight which depended
on the assumed initial distribution in energy and radial distance [Li
et al., 1993]. The initial energy distribution was a kappa distribu-
tion [Vasyliunas, 1968] withk = 3 andEp = 0.5 keV. These pa-
rameters are typical for a moderately active plasma sheet [Christon
et al., 1991] and similar to the ones used by Birn et al. [1998]. The
initial radial dependence was ?iven by

ro—ao)" . -(aod—a0)"
fr= (o200 (B —20)7) @
"o Qod
whereag = 3,nl =4, ml = 10,apq = 6, and
fr = frxexp(—r3/7.5%) (3)

whenrg is greater than 1Rg. Thus, given an initial electron dis-
tribution, we can obtain electron fluxes and distributions at any
location and time and can compare the simulation results with
the LANL observations. The electron fluxes were summed over
+0.2Rg at r=6.6=¢ and plotted with a time resolution of 51 s. The
electron fluxes were also given a 3-hour e-folding time decay to
simulate the loss after the injection. There are no new injections
in the simulation. The small fluctuations in the simulated results
are due to the statistics of the finite number of electrons. The sim-
ulated injection occurs approximately 14 minutes after the pulse
passes 20Re. Substorm effects are thought to propagate some-
what faster from 2@Rg to 6.6 Rg. In our model, we use a constant
pulse propagation velocity of 100 km/s, which is a compromise be-
tween the faster propagation speeds at larger radial distances and
the smaller propagation speeds at smaller radial distances [Reeves
et al., 1996].

The initial radial distribution for the simulation in Fig. 3 is given
by (2) and (3) and displayed as the red shade area in (al) of Fig. 4.
Panel (a2) of Fig. 4 is the simulation result at spacecratft 1 using the
same fields but with an extra initial distribution shown as the green
shade area in (al) of Fig. 4. With these additional electrons the dips
between the “double peaks” in (al) of Fig. 3 are mostly filled. In or-
der to determine the initial radial location of the electrons that con-
tribute to the injected flux, we can divide the initial distribution and
show only the electrons which had certain initial radial distances. In
(b1) and (b2) of the Fig. 4 we show electrons with initigkc 11Rg
andrg > 11Re respectively. We see a more obvious double-peak
feature in (b1), which is in fact a common feature in observations.
These comparisons suggest that the double-peak features such as
those shown in (al) of Fig. 3 are due to the lack of electrons with
appropriate initial energies at larger radial distances. We can further
separate the initial radial distribution in our simulation and obtain
the results shown in (cl), (c2), (d1), and (d2). Itis clear that more
than 90% of the enhancement is due to electrons originally from
ro > 9Re. On the other hand, electrons initially located closer to
geosynchronous orbit contribute to the initial enhancement. The
observed dispersionlessly-injected electrons at geosynchronous or-
bit come originally from a continuous spatial region: mostly from
a few Rg away but a smaller part originate within a coupleRef
as well. Since we have achieved good agreement with data without
invoking an injection boundary model, these results suggest that
there is no need to impose such a model to explain the observed
dispersionless injections.

Whether or not dispersion is seen in the initial rise of the elec-
tron flux depends on whether the incoming pulse or the gradient
drift dominates the changes in the electron flux. At midnight (or
the local time centered on the direction of the pulse arrival) the
pulse moves all energy particles inward simultaneously and thus
no dispersion is seen in the initial rise of the electron flux. At other
local times the higher energy electrons already affected by the pulse
at midnight may arrive before the pulse itself or the pulse may be
weak away from midnight. In this case the gradient drift will dom-
inate and dispersion will be seen in the initial arrival of electrons
of different energies. The same considerations apply to ions except
that ions drift in the opposite direction.



Summary and Conclusions

Dispersionless injections can be understood as a consequence
of a simple model of transient electric and magnetic fields associ-
ated with dipolarization during a substorm. When an electron en-
counters the propagating fields, its gradient-B drift is dominated by
the transient magnetic field and Esx B motion, which is energy-
independent, is directed toward the Earth. The betatron acceler-
ation by the transient fields leads to energization of the electron.
While our model of the transient fields is simple, it likely repre-
sents the components that are most responsible for the energization
and transport of the electrons.

Based on our simulation results, we conclude:

(1) the source of electrons in dispersionless injections at geosyn-
chronous orbit is mostly from more than a f& away. Electrons
which originate closer make a smaller contribution but produce the
initial enhancement.

(2) There is no spatial boundary in the initial electron distribu-
tion. The dispersionless injection is caused by an electric field and
a self-consistent magnetic field that propagates through the plasma,
convecting the plasma inward. Thus there is no need to invoke an
“injection boundary” to explain the observed dispersionless injec-
tion unless the electric field itself is considered a “boundary” but it
moves and passes through the plasma.

(3) The often-observed double-peak feature in the first peak of
a drift-echo event is due to the decrease in the appropriate phase
space density of electrons at large radial distances [Li et al., 1993],
which suggests that the plasma distribution in the magnetotail is
usually, neither spatially nor temporally, uniform.

Though our perturbation field model, which consists of only one
component of the electric field, is only designed to have the neces-
sary electrodynamics to explain dispersionless injections and drift
echoes, the model, nevertheless, implicitly contains much of the
phenomenology often mentioned in the description of the onset of
substorms in the magnetotail [Baker et al., 1996]. From Faraday’s
law we can calculate the corresponding perturbation in the mag-
netic field. The perturbation in the magnetic field consists of an in-
crease followed by decrease but with the net result that after the per-
turbation is over the magnetic field is larger. The analogous effect
during substorms is called a “dipolarization” since by increasing
the northward component of the magnetic field the dipolarization
makes the magnetic field at the equator more like an unperturbed
dipole field. Though we don't need to calculate the perpendicu-
lar current for our test particle simulations, by using Ampere’s law
and assuming no variations in the ‘z’ direction we can determine
the perpendicular current in the equatorial plane. This current also
fluctuates but the net result is a current in the direction opposite
to the normal cross-tail current. The analogous effect during sub-
storms is called a “current disruption”. Though field-aligned cur-
rents are not part of the model, the electric field in the model should
map to the ionosphere where part of the current should close. The
analogous effect during substorms is called the “diversion of the
cross-tail current”. This field-aligned current is presumably carried
by Alfven waves which are thought also to be responsible for the
Pi2 waves seen at substorm onset. In the model at any given radial
distance the perturbation starts first at midnight and later spreads in
azimuth in both directions. The analogous effect during substorms
is called the “expansion of the substorm current wedge”. From the
electric and magnetic fields in the model we can calculat&th@®
convective flow. Had we chosen a faster propagation velocity far-
ther out in the magnetosphere, te B convective velocity would
have been faster and could have been called a “bursty bulk flow”.
In the model théE x B velocity is, however, only about 70 km/s but
in the data flows over 1000 km/s have been seen in the magnetotail
[Fairfield et al., 1998].

Thus our model, simple as it is, allows us to picture many of
the phenomena thought to occur at substorm onset in the magneto-
tail. By varying parameters or superimposing impulses, many dif-
ferent possible fluctuations can be modeled. However one should
also realize that there is little plasma physics in the model. The



only plasma effect comes from the small propagation velocity of
the assumed perturbation since in vacuum an electromagnetic per-
turbation would propagate at the speed of light. The assumed con-
stant velocity in the model is approximately equivalent to assum-
ing a constant magnetosonic velocity. Thus we cannot comment on
the initiation of substorms on the basis of the model. However,
the model is consistent with the idea that a perturbation farther
out in the magnetotail propagates inward, perhaps in the form of
“bursty bulk flows”, and produces a dipolarization and other asso-
ciated phenomena, including dispersionless injections, seen at the
radial distance corresponding to geosynchronous orbit.
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Figure 1. Modeled electric fieldE,, and magnetic field3,,
in the equatorial plane at geosynchronous orbit at different
locations.

Figure 1. Modeled electric fieldEy, and magnetic fieldd,, in the equatorial plane at geosynchronous orbit at different
locations.

Figure 2. (a) trajectory of two electrons with 9pitch an-

gle initially placed in the equatorial plane with = 12Rg,

Wp = 26 keV, andgp = 12C° (red) andrg = 14Rg, Wp = 25

keV, and@ = 135 (green). The dotted circle represents
r=6.6 Re. (b) radial distance (solid curves) and kinetic en-
ergy (dashed curves) represent the time history of the two
electrons.

Figure 2. (a) trajectory of two electrons with 9(itch angle initially placed in the equatorial plane with= 12Rg,
Wp = 26 keV, andpy = 120 (red) andrg = 14Re, Wp = 25 keV, andg = 135 (green). The dotted circle represents r=6.6
Re. (b) radial distance (solid curves) and kinetic energy (dashed curves) represent the time history of the two electrons.

Figure 3.  Differential fluxes of electrons from LANL
observations in the early Jan. 10, 1997 in the left col-
umn; number 1, 2, and 3 correspond to spacecraft 1990-
095 (LT=UT-2:30), 1991-080 (LT=UT+4:42), and 1994-
084 (LT=UT+6:54) respectively. The simulation results are
shown in the right column.

Figure 3. Differential fluxes of electrons from LANL observations in the early Jan. 10, 1997 in the left column: number
1, 2, and 3 correspond to spacecraft 1990-095 (LT=UT-2:30), 1991-080 (LT=UT+4:42), and 1994-084 (LT=UT+6:54)
respectively. The simulation results are shown in the right column.

Figure 4. (al) initial radial distribution, the red shade area
comes from egs. (2) and (3) and is the initial radial distribu-
tion for the simulation in Fig. 3; the red shade plus the green
shade comes from eq. (2) only and is the initial radial dis-
tribution for the simulation for (a2), at spacecraft 1 position.
The rest of panels are simulation results from designated re-
gions (as labeled) for the same initial distributions.

Figure 4. (al) initial radial distribution, the red shade area comes from egs. (2) and (3) and is the initial radial distribution
for the simulation in Fig. 3; the red shade plus the green shade comes from eq. (2) only and is the initial radial distribution
for the simulation for (a2), at spacecraft 1 position. The rest of panels are simulation results from designated regions (as
labeled) for the same initial distributions.
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