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keV) above their pre-substorm levels. When the fluxes at
different energies increase simultaneously the injection is

International Conference on Substorms in 1996. Progress
has come from a combination of new theories, quantitative
modeling, and observations — particularly multi-satellite
observations. There is now mounting evidence that fast
convective flows are the mechanism that directly couples
substorm processes in the mid tail, where reconnection
occurs, with substorm processes the inner magnetosphere
where Pi2 pulsations, auroral breakups, and substorm
injections occur. This paper presents evidence that those
flows combined with an eathward-propagating
compressional wave are responsible for substorm injections
and discusses how that model can account for various
substorm injection signatures.

1. Introduction

It has long been known that impulsive injections of
plasma and energetic particles may be produced at
geosynchronous orbit during substorms [e.g.. Arnoldy ad
Chan, 1969; Mcllwain, 1974; Belian et al., 1981]. The
injection of energetic particles near the inner edge of the
plasma sheet is one of the most common and reliable
indicators of substorm onset. At geosynchronous orbit
where a large number of well-equipped satellites have
operated, substorm injections are observed in association
with nearly every substorm identified using other
traditional substorm indicators such as auroral breakups,
magnetic bays, or Pi2 pulsations irrespective of the ‘type
of substorm. They are most often studied in association
with isolated substorms where the characteristic signatures
and timings are clear. However multiple injections are also
observed during so-cadled multiple-onset  substorms;
injections are frequently observed in association with
“pseudobreakups’; and rather complex, nearly continuous
injection activity is commonly observed during storm-time
substorms. Therefore particle injections should be
consdered a fundamental characteristic of the substorm
process — one which should be an intimate part of any
successful substorm model.

The characteristic signature of a substorm injection is an
increase in the fluxes of energetic particles (10s to 100s of
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caled “dispersionless’. The region in which the substorm
injection is observed to be dispersionless defines the
“injection region”. After they are injected the particles
undergo energy-dependent gradient-curvature drifts and can
therefore be observed as dispersed injection signatures at
locations outside the injection region. If injected particles
complete one full drift orbit they are referred to as “drift
echoes’. The observation of dispersed injection signatures
(particularly by multiple satellites) is an unambiguous
indication of a substorm injection. In the thin plasma sheet
of the midnight region abrupt changes of particle fluxes are
frequently caused by changes in the local magnetic field.
Those effects are adiabatic, they are only observed in a
locdlized region, and they do not produce a propagating
injection signature.

This paper attempts to collect and synthesize some of the
advances in the study of substorm injections that has
occurred since the Third International Conference on
Substorms (ICS-3) which was held in Versailles, France in
1996. Since that time there have been advances in theory,
modeling, and in observations. Theory and modeling have
produced quantitative and testable predictions that allow
their validity and utility to be tested against competing
theories. Observational advances have been made possible
by an increasing fleet of satellites producing more global
observations, the maturity and availability of historical data
sets, and by new observational techniques such as Neutra
Atom Imaging.

2. Reconnection, Fast Flows, & Substorm Injections

In the 1980's the established view of the substorm
injection process and its relationship to the overal
substorm was based on the “Near-Earth Neutral Line’
model [Hones et al., 1979] and the “Convection Surge’
model [Moore et al., 1981]. In this view reconnection in
the plasma sheet produced a diversion of the cross-tail
current into the ionosphere, precipitation of aurord
particles, heating of the plasma sheet, and a dipolarization
of the magnetic field that convected those hot particles into
the geosynchronous region (Figure 1).
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Figure 1. Schematic of the injection process based on the
neutral line (top) and convection surge (bottom) models. The
processes shown in this figure are described in the text.

However, severa problems with this picture began to
emerge in the early and mid 1990's. Studies of the location
of the reconnection region have shown that it seldom forms
inside of approximately 20 R¢ [Baumjohann et al., 1990;
Nagai et al., 1998]. In contrast the magnetic field lines on
which the aurora breakup typically occurs appear to map
to the region just outside geosynchronous orbit 6.6-10 R,
—which is aso the region where substorm injections, Pi2
pulsations, and the substorm current wedge are observed
[e.g. Elphinstone et al., 1991; Kennell, 1992; Reeves et
al., 1996a; Samson et al., 1992]. Therefore, at the time of
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ICS-3, much of the debate in substorm physics centered on
whether reconnection and plasmoid formation were a cause
or a consequence of inner magnetospheric processes [e.g.
Lui et al., 1990; Lopez et al., 1990; Reeves et al., 1992].

While the debate about the precise onset mechanism
responsible for substorms continues, recent observations
and modeling efforts allow us to construct a new
framework in which to interpret substorm injections ad
their relationship to other substorm processes. Figure 2 is
a schematic diagram that tries to represent a growing
consensus on this framework. We will first try to explain
what it represents and then present evidence for it —
concentrating on how it helps organize the observations of
substorm injections.

Figure 2 shows the equatorial plane with the Sun on the
left. As in the near-Earth neutral line model reconnection
beginsin thetail, at the center of avery thin current sheet,
and beginsto form a plasmoid tailward of the neutral line.
Unlike the near-Earth neutral line model this reconnection
does not necessarily lead directly to any substorm
signatures that are observable on the ground. Instead it
produces strong convective flows that jet eathward ad
tailward from the reconnection region. (The color-coding
represents the electric field strength based on a simulation
by Birn et al. [1998].) When the flows approach the more
dipole-like inner magnetosphere they are forced to slow ad
divert around the Earth. This slowing and diversion
produces both strong inductive electric fields and vortical
flows that in turn produce the field-aligned currents of the
substorm current wedge [Hesse and Birn, 1992; Birn ad
Hesse, 1998]. While the fast flows do produce energization
and transport [Birn et al., 1997, 1998, Birn and Hesse,
1998] they do not appear to propagate into 6.6 Rc. Rather
the braking of the flows appears to produce a compressiord
pulsethat can further energize particles and transport them
deep into the inner magnetosphere [Li et al., 1998].

Neutral Line
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Figure 2. A schematic of the substorm injection. The color-coding represents electric field strength (based on a simulation by
Birn et al. [1998].) In this model reconnection in the mid-tail initiates strong convective flows that jet earthward from the
reconnection region. As the flows are slowed and diverted around the dipole-like inner magnetospheric field lines they launch a
compressional wave which further energizes and injects energetic particles. The diversion of flow aso produces vortices that drive
field-aligned currents. While this model is similar in many respects to the neutral line and convection surge models, the fast flows
play a central role in connecting mid-tail and near-tail substorm processes.
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3. Evidence for Fast Flows and Near-Earth Braking

Perhaps the key feature of this picture of substorms is
the centra role that fast convective flows play in
connecting the mid tail, where reconnection occurs, with
the inner magnetospheric field lines where Pi2 pulsations,
auroral breakups, and substorm injections occur. Evidence
for the existence of fast flows inside of 20 Rg has been
provided by Baumjohann et al. [1990] and Angelopoulos et
al. [1992, 1994, 1996]. These flows were found to be
earthward directed, convective, highly transient, and highly
localized, but not always associated with traditional
substorm signatures. More recently Fairfield et al. [1998a,
1998b] have shown examples of high speed flows measured
by GEOTAIL that are clearly associated with substorms
and, in fact, precede the observation of auroral breakups ad
substorm injections thus establishing that some subset of
fast flows are substorm-associ ated.

The braking of fast convective flows as they reach the
dipole-like inner magnetosphere has been sudied by
Shiokawa et al. [1998] They argue that while fast flows ae
only observed for afew minutes the braking of those flows
causes pressure gradients that can perhaps drive the
substorm current wedge continuously for 1-2 hours. They
also showed that while flows in excess of several hundred
km/s are relatively common, the occurrence frequency drops
dramatically between -19 and 9 R where AMPTE-IRM
made measurements. This is consistent with the study of
Reevese d. [1996h]. They studel dspersionless substam
injecions using LANL geosynchronous and CRRES
energdic patide messurements. They found tha for the
same substaom CRRES would consigently observe the
dspersioness inection sevad minues dte the dspersionless
injection was observed a geosynchronous orbit. A linear fit
betwesn dday time and radd sepadion gave an average
propacgtion velocity of 24 km/sinsiceof 6.6 Rg.

4. Substorm Injection: Energization and Transport

The substorm model described in section 2 is only better
for our purposes if it is more helpful in understanding the
injection process than earlier models. In the neutral
line/convection surge model transport was achieved through
EXB drift and energization was achieved through betatron
acceleration in the dipolarizing field [e.g. Mauk, 1986]
and/or energization near the neutral line [e. g. Baker et al.,
1979]. However, transporting energetic particles from
further than 20 R¢ to less than 6 R¢ without losing them
to gradient-curvature drifts is problematic and attempts to
guantitatively model injections due to betatron acceleration
had not been successful, even when non-adiabatic effects are
conddered [e.g. Delcourt et al., 1990]. The so-cdled
“current disruption” model is not plagued with those
problems because acceleration was postulated to be the
result of an instability operating inside of 10 Rg such as
ballooning [e.g. Roux et al., 1991] or a current-driven
instability [e.g. Lui et al., 1993]. These models are newer

and there have been few attempts to quantitatively mode
the injection process based on their hypotheses, but, as we
will see they do not naturally account for the observed
substorm signatures as well as the fast flow-based model.

Although the fast flow model is heavily based on the
neutral line and convection surge models there are some
fundamental differences. One of the most important results
came from the simulations of Birn et al. [1997, 1998]
which showed that the strongest electric fields in their
MHD simulation were observed not near the neutra line
but rather well earthward in the vicinity of the transition
from tail-like to dipole-like magnetic field lines. Using test
particle tracing in their MHD fields, Birn et al. were further
able to show that this strong electric field region was the
location of particle energization.

Li et al. [1998] have shown that the observed injection
flux profiles can be reproduced using a relatively simple
model in which an earthward propagating pulse of enhanced
magnetic field strength (such as a compressional wave) is
superimposed on the background magnetic field. As the
particles surf this wave they ae both energized ad
transported. In addition to showing remarkable quantitative
agreement with observations this model helps explain how
injections can propagate into the dipolar magnetic fied
regionsinside 5 R [Friedd et al., 1996; Reeves et al.,
1996h].

It isimportant to note that most of the results presented
in this paper do not require reconnection or rule-out current
disruption as the source of substorm onset. Any source that
produces an earthward-propagating, convection-driven
injection front can be expected to produce the same
injection signatures. However, the model of Li et al.
[1998] is in basic contradiction to the current disruption
model. In the current disruption model the dipolarization is
not associated with a compressional wave but rather with a
rarefaction wave that propagates tailward [e.g. Ohtani et al.
1992] where it could possibly cause reconnection as a
consequence. A rarefaction wave cannot produce particle
acceleration through the process proposed by Li et al.

5. The Injection Region and Injection Boundary

Baed on a datistical study of ATS data Mauk ad
Mcllwain [1974] derived an expression for theion injection
boundary given as R, = (122 - 10 Kp)/(LT - 7.3) where R,
is the radius of the boundary as a function of local time
(LT) and magnetic activity (Kp). Konradi et al. [1975]
extended the definition by assuming the boundary could be
reflected about midnight to form a double spiral. As
discussed above, the convection surge model of Moore et
al. [1981] explained this boundary not as a time-stationary
feature but rather as the earthward limit of a propagating
“injection front”.

Lopez et al. [1990] used AMPTE daa to obtain the
similar result R, = (140 - 17 Kp)/(MLT - 10). However
they interpreted the injection boundary quite differently. In
their view the injection boundary was a limit of stability.
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Behind that boundary the tail was assumed to be unstable
and current disruption could produce a substorm injection.
Earthward of that boundary the tail was assumed to be
stable. Thusin their model the injection region had a true
“boundary” in the traditional sense of delimiting two
regions with quite different properties.

A refinement to the injection boundary picture was made
by Reeves et al. [1991] who noted that theion and electron
injection regions could be slightly separated in local time
such that a single satellite in the “injection periphery
region” could observe a dispersionless electron injection
with no ion injection or visa-versa. That result was greatly
extended by Birn et al. [1997]. They found that in addition
to an injection periphery region there were regions in
which both electrons and ions showed dispersionless
injections but that one was ddayed with respect to the
other and that the five regions (ion only, delayed electrons,
simultaneous electrons and ions, ddayed ions, and electron
only) were well-ordered in local time. They explained this
as the result of the eathward propagation of two
azimuthally separated injection fronts for ions and electrons
—ahypothesis that was well born out by their test particle
simulations [Birn et al., 1998].

In fact, it is well-known that electrons and ions have
oppositely directed gradient-curveture drifts, so, if the
earthward injection requires afinite time then separation of
the two species is expected. Thiswas one of the key factors
that implied the source region for substorm injections was
located outside — but not far outside — geosynchronous
orbit. However, another important result of the simulation
of Li et al. [1998] is that the propagating compressional
wave locally reverses the magnetic field gradient and
therefore can reduce or reverse the gradient drift (at least for
90° pitch angles). This process helps keep the ions ad
electrons together asthey are injected earthward and allows
particles to be transported (without significant azimuthal
drift) to 6.6 Rg from talward of 10 R where the
simulations of Birn et al. [1997, 1998] and the
observations of Fairfield et al. [1998a, 1998b] show that
the effects of flow bursts are strongest.

We also note that the separation of the ion and electron
injection regions does not imply that two satellites
separated in radius cannot both observe dispersionless
injections. At any given radius a dispersionless injection
will be observed when the injection front passes that
radius, bringing energized particles with it. Any azimuthal
drift behind the injection front will not cause any redid
energy dispersion. [See Reeves et al., 1996b.]

6. Substorm Injection Energy Cut-Offs

It has long been known that substorm injections tend to
have an upper energy cut-off. Baker et al. [1979] showed
that only 20% of substorm injections included an increase
of electrons with energies greater than =300 keV. As we
have noted, Li et al. have shown that the gradient drift can
be essentially switched off by a compressional wave.

However, that effect will apply to particles of all energies.
Therefore there must, in genera, be a lack of source for
>300 keV particles in the near-Earth tail. This might be
expected if fast flows are responsible for acceleration ad
transport from the mid- and distant-tail. Particles with
sufficiently high energy would gradient-curvature drift out
of the fast flow region before they could gain appreciable
energy or be transported large distances. Quantitative
modeling of the upper-energy cut-off remains an
outstanding problem which could illuminate the connection
between the Birn et al. and Li et al. simulations.

It is less well-appreciated that substorm injections (at
least as seen at geosynchronous orbit) often have a lower-
energy cut-off as well. Figure 3 shows electron fluxes ad
spectra from three instruments on LANL satellite
1989-046. Fluxes and composite spectra from three
instruments are shown: MPA, in blue, covers =0-40 keV;
SOPA, in green, covers 50-700 keV; and ESP, in red,
covers =0.7-8.0 MeV. This interval was during the
November 1993 magnetic storm and is therefore fairly
active. Severa dispersionlessinjections were observed after
1230 UT (LT=UT-11 hrs.) We see that, while the spectra
are continuous, the plasma population below 40 keV at
times appears to behave independently of the population
above 50 keV. In particular the substorm injections at
=1320 and 1510 UT do not appear to extend below 50 keV.

Thislow-energy cut-off can also be understood as a result
of aconvective injection process. At geosynchronous orbit,
under most conditions, a 50 keV electron is stably trapped.
At some lower energy the effect of the cross-tail eectric
field is to transport the electron sunward where it can be
lost to the magnetopause. (See, for example, figures 4.26
and 4.27 from Lyons and Williams [1984].) Night-side
geosynchronous observations with the MPA instrument
often show a population that looks like it has a plasma
sheet source and is probably on open drift trajectories while
SOPA abservations on the same satellite show a trapped
population.

During substorm injections the strong inductive electric
field changes the trapping boundaries in a localized region
near midnight and for time shorter than a drift period. As
shown by the numerica simulations, this allows new
energetic particles from the tail to have access to
geosynchronous orbit. When the inductive electric field is
removed those particles become trapped. Thus, at those
energiesthe injection is really an input of “new” particles
that previously had no access to geosynchronous orbit. At
lower energies though, particles had access to
geosynchronous orbit from the tail both before, during, ad
after the substorm onset. Therefore, while the inductive
electric field might bring particlesin from the tail faster, it
brings them in by the same process.

The lower-energy cut-off is not aways the same. That
may be due to the pre-onset electric fields and location of
the energy-dependent trapping boundaries. The lower-
energy cut-off is also not typically the same for electrons
and ions, which is also expected since the drift paths ad
trapping boundaries are different for electrons and ions.
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Figure 3. Datafrom three LANL particle detectors on geosynchronous satellite 1989-046. MPA, in blue, covers =0-40 keV;
SOPA, in green, covers 50-700 keV; and ESP, in red, covers =0.7-8.0 MeV. Four spectra based on all three instruments are shown
below. During substorm injections it is frequently seen that the electrons with energies of tens of keV show alarge injection while
lower energies remain essentially unchanged. This is attributed to the effect of energy- and species-dependent trapping boundaries.

This hypothesis may explain two other observations.
Substorm injections seen outside geosynchronous orbit by
AMPTE often look quite different from injections seen at
geosynchronous orbit or inside geosynchronous orbit by
CRRES. Dropouts and recoveries to pre-substorm flux
levels are frequently observed. (See e.g. Figure 1 of Lopez
et al. [1990].) Injections that increase the fluxes by severd
orders of magnitude are much less common in the AMPTE
database but are much more common at geosynchronous
orbit. This may be because AMPTE made most of its
observations outside geosynchronous orbit. Likewise,
during storm times, when the convection dectric field is
presumably large and the stable trapping boundaries move
inward, individua substorm injections are sometimes
difficult to identify in the geosynchronous database ad
even the energetic particle population begins to look like
untrapped plasma sheet particles.

7. Conclusions

Since the Third International Conference on Substorms
in 1996 there has been significant and substantive progress
in our understanding of substorm injections and their
relationship to other substorm processes. There is
mounting evidence that fast convective flows are the
mechanism that directly couple substorm processesin the
mid-tail, where reconnection occurs, with substorm
processes the inner magnetosphere where Pi2 pulsations,
aurord  breakups, and substorm injections occur.
Simulations have shown that, when the flows are dowed
and diverted around the obstacle formed by the dipole

region, strong inductive eectric fields form which both
energize and transport particles. This naturally occurs at the
transition between tail-like and dipole-like field lines. In
the dipole region trapped energetic popul ations are enhanced
by fresh energized particles from the tail. Strikingly
different signatures can be seen as a function of radius,
local time, energy, and species. Many of these features can
now be modeed quantitatively by assuming an earthward-
propagating injection front carried by a compressional
wave.

A strong point of this model is that substorm injections
are an integral part of the model just asthey are an integra
part of substorm observations. While many important and
interesting questions about substorm injections remain, the
field can undoubtedly be consdered to be on more firm
observational and theoretical ground than ever before.
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