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Direct comparison of transverse ion acceleration
mechanisms in the auroral region at solar minimum

E. J. Lund,' E. Mobius,*? D. M. Klumpar,® L. M. Kistler,? M. A. Popecki,’
B. Klecker,* R. E. Ergun,® J. P. McFadden,® C. W. Carlson,’
and R. J. Strangeway®

Abstract. Previous studies have shown that most ion conics in the auroral
zone are associated with either broadband extremely low frequency (BBELF)
or electromagnetic ion cyclotron (EMIC) emissions. EMIC emissions, which are
correlated with preferential acceleration of He™, are concentrated in the premidnight
sector; BBELF emissions, which are found at all local times, are not associated
with preferential acceleration of any species. We present a case study of five
auroral passes which include ion conics associated with EMIC and BBELF waves at
different locations. Our data indicate that EMIC waves can be locally important for
accelerating outflowing He™ in the aurora. However, although this study’s design
exaggerates the contribution of EMIC waves to transverse ion acceleration, we find

in each case that BBELF waves produce higher energy fluxes of upflowing ions.
Therefore, events with BBELF emissions dominate the overall ion outflow.

1. Introduction

In the years since Sharp et al. [1977] first deduced the
existence of a mechanism that accelerates lons trans-
versely to the magnetic field at auroral latitudes, ion
conics have come to be recognized as a ubiquitous fea-
ture of the aurora. Since that time many studies have
attempted to determine the mechanisms which create
this heating. Suggested wave modes include heating by
lower hybrid cavitons [e.g., Kintner et al., 1986, elec-
tromagnetic lon cyclotron (EMIC) waves le.g., Erland-
son et al., 1994}, and a variety of broadband extremely
low frequency {BBELF) modes including solitary ki-
netic Alfvén waves [Knudsen and Wahlund, 1998}, ion
acoustic waves [ Wahlund et ol., 1998], inhomogeneous
energy density driven instability [Amatucce et al., 1998;
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Koepke et al., 1999}, and electrostatic solitary waves
[Ergun et al., 1998]. Recently, the following consistent
picture has emerged from rocket and satellite observa-
tions at altitudes below 4200 km [Lynch et ol., 1996;
Knudsen et al., 1998; André et al., 1998; Lund et al.,
19971: most of the transverse ion heating is due to one
r more of the BBELF modes, but EMIC waves also
contribute, particularly on the nightside. While lower
hyvbrid waves may be important at sounding rocket al-
titudes, they are less important above 2000 km.

One important constraint on models of ion outflow is
the species dependence of the transverse acceleration.
For BBELF waves, the surprising answer is that the de-
gree of energization is independent of ion mass [Anudsen
et al., 1994; Norquist et al., 1998; Lund et al., 1997]. By
contrast, when EMIC waves accompany an ion conic,
He™ is most effectively heated [Lund et al., 1998], and
O~ is heated more effectively than H¥ [Erlandson et al.,
1994]. Such a preferential heating is needed to explain
the observed He™ fluxes in a sizeable fraction of the
upflowing ion events examined by Collin et al. [1988.
The X-type He™ distributions observed in the dayside
outer magnetosphere have been interpreted as signe-
tures of preferential heating by EMIC waves [Anderson
and Fuselier, 1994}, and a similar mechanism is believed
to account for anomalously high *He abundances in im-
pulsive solar flares [ Temerin and Roth, 1992; Roth and
Temerin, 1997 .

Because more than one wave mode can accelerate ions
transversely to the geomagnetic field, 2 comparison of
how effectively such acceleration mechanisms operate
under similar conditions can shed light on the relative
importance of these mechanisms. Previous studies of
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O7 outflow [André et al., 1998; Norguist et al., 1998]
have shown that BBELF waves are responsible for most
of the number flux; however, these studies do not inves-
tigate energy fluxes or outflow of lighter ions. Because
EMIC waves can selectively enhance the energies and
number fluxes of certain species [Temerin and Roth,
1992; Lund et al., 1998}, we must ask whether EMIC
waves can dominate the outflow of He™ in particular or
whether BBELF ion conics remain most important in
accounting for the energy fluxes and number fluxes of
outflowing ions. This paper presents a direct compari-
son of transverse heating by BBELF and EMIC waves
under similar conditions. The next section shows an au-
roral pass in which transverse heating by both BBELF
and EMIC waves occurs. Using data from several such
passes, we then compare the relative importance of the
two mechanisms in terms of energies, energy fluxes,
number fluxes, and densities.

2. Data

The Fast Auroral Snapshot Explorer {(FAST) was
launched August 21, 1996, into a 4200 x 350 km or-
bit with 83° inclination. Carlson et al. [1998] give
an overview of the mission. FAST carries the Time-
of-flight Energy Angle Mass Spectrograph {(TEAMS),
which simultaneously measures three-dimensional dis-
tributions of H™, He?*, Het, and OF at 0.001-12 keV
and also provides a mass spectrum over the range 1-
60 amu/q [Mébius et al., 1998].

We examine here the five passes through the auroral
zone which meet the criteria below. All of these passes
are between 2100 and 0100 magnetic local time. The
selected passes contain examples of both BBELF and
EMIC waves associated with lon conics; this condition
was imposed in order to allow a comparison between
the two mechanisms at nearby locations {separation of
less than 53° in invariant latitude, one hour in magnetic
local time, and 200 km in altitude) under as nearly the
same geomagnetic and solar activity conditions as pos-
sible. We further required that the satellite collected
fast survey data (time resolution of 2.5 s for HT and
O% and 5 s for He™ and a Nyquist frequency for §E of
either 1024 or 256 Hz) during both ion conic events. A
summary of the events selected is given in Table 1.

Data from one of these five passes are shown in Fig-
ure 1, which shows two minutes of data from a nightside
(22.9 MLT) auroral pass on January 24, 1997. This
orbit was geomagnetically quiet (Kp = 1—). An ion
conic associated with BBELF waves is seen at 1245:25~
1245:45, and an lon conic associated with EMIC waves
is seen at 1246:10-1246:30. The ion conic with the
EMIC waves is followed immediately by an upward ion
beam; this morphology is not unusual at these altitudes.

In this example the BBELF waves are elecirostatic,
aithough examples of BBELF waves with a magnetic
component exist {not shown}. The BBELF waves co-
incide with bursts of upgoing fleld-aligned electrons,
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which are a candidate for the free energy source of the
waves.

The EMIC waves are seen as a narrowband emission
(Af/f ~ 0.1) at frequencies of 100-150 Hz; the local
proton gyrofrequency, denoted by the black line in the
bottom panel of Figure 1, is ~ 200 Hz. A second band
ofrwaves, which appears at ~ 40 Hz for a few seconds
near 1246:30, is consistent with EMIC waves on the He™
branch of the dispersion relation; similar waves were re-
ported in Viking data [Gustafsson et al., 1990]. These
waves occur along with bursts of field-aligned electrons
at energies below the “inverted-V” peak, but the corre-
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Figure 1. Two minutes of data from a nightside au-
roral pass on January 24, 1997. From top to bottom,
the panels show the electron energy spectrogram (all
pitch angles), the ion pitch angle spectrogram for 3-
25000 eV from an electrostatic analyzer, the H¥ energy
spectrogram, the He™ energy spectrogram, the OF en-
ergy spectrogram, energy flux {excluding the plasma
sheet population) for the three major ion species, num-
ber flux (excluding the plasma sheet population} for
the three major ion species, and the ELF electric field
spectrogram with a line denoting the local proton gy-
rofrequency. Plasma sheet ions were excluded by setting
the upper energy limit of the integrations to the energy
above 100 eV with the lowest energy flux. A BBELF
ion conic 1s seen at 1245:30-1245:50, and an EMIC ion
conic is seen at 1246:10-1246:30 (these intervals are in-
dicated with vertical dashed lines).
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Table 1. Data Used in This Study
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Orbit 1688 1731 1789 1797 1959
Date {1997) Jan. 24  Jan. 28  Feb. 2 Feb. 3  Feb. 18
Kp 1— 4 3+ 0+ 1
BBELF Euvents
Start, UT 1245:25  1210:20 2103:00 1446:00 1426:15
Duration, s 20 60 60 20 13
MLT 22.9 22.4 0.9 22.4 21.4
Altitude, km 4160 4130 3800 3970 3110
Invariant latitude 68.6 64.9 74.5 66.3 69.1
HY energy, eV 430 448 713 721 33¢
He* energy, eV 204 609 821 728 160
O energy, eV 169 958 910 920 115
Ny /N 0.630 0.394 0.244 0.273 0.149
Y 0.193 0111 0.308 0125 0342
ng+/ni 0.185 0.487 0.435 0.595 0.749
EMIC Events

Start, UT 1246:10  1211:30 2102:30 1446:40 1423:40
Duration, s 20 60 60 20 15
MLT 22.9 22.4 0.3 22.4 21.2
Altitude, km 4150 4140 3900 3940 3290
Invariant latitude 89.5 67.0 72.1 67.4 65.0
HY energy, eV 89.6 109 134 59.0 101
He™ energy, eV 605 525 773 124 306
OF energy, ¢V 131 477 205 88.3 105
Ny /N 0.309 0.544 0.318 0.103 0.283
Rges [0 0.097  0.102 0082 0146 0072
ne+ /n: 0.589 0.346 0.592 0.749 0.638

UT, durations, and locations of events are approximate.

lation is not one-to-one. Although some VLF whistler
mode waves are seen at the same time as the EMIC
waves, the EMIC waves are better correlated with the
ion heating; this pattern has also been seen in Freja
data [Erlandson et al., 1994; André et al., 1998].

3. Direct Comparison of Mechanisms

The ratios of the He™ energy to the OF energy fall in
the range 0.64~1.39 for the BBELF events and 1.10-4.62
for the EMIC events, with the latter ratio larger on each
pass. Similarly, the ratios of the He™ energy to the H*
energy are 0.45-1.36 for the BBELF events and 2.10-
6.75 for the EMIC events. For the EMIC events we find
Eye+ > Eg+ > Eys+, consistent with our earlier report
{Lund et al., 1998]; the mass ordering of energies in the
BBELF events, although monotonic, is not consistent
from one event to the next.

Figure 2 shows the relative importance of BBELF
and EMIC waves in ion heating for the events listed in
Table 1. We see that in all five cases, the ratio of energy
fluxes between the EMIC event and the BBELF event is
larger for He* than for HY or O, as would be expected
for preferential acceleration of He™ by EMIC waves.
This pattern, however, does not hold for number fluxes;
in two of the five cases the overall number flux is at
least as high in the EMIC event as in the BBELF event
while the HeT number fux actually drops. This result
is contrary to the prediction of He™ flux enhancements

for the Temerin-Roth acceleration mechanism, although
the range of parameters appropriate in the auroral zone
differ greatly from the range of parameters considered
by Temerin and Roth [1992], which are appropriate for
impulsive solar flares. The EMIC events are also not as-
sociated with enhancements in the relative or absolute
He™ density. This point is illustrated in Figure 3 for the
pass shown in Figure 1; the He™ concentration, shown
by the squares, is enhanced only poleward of the EMIC
event. The discrepancy between these results and the
predictions of Temerin and Roth [1992] could arise be-
cause the acceleration by EMIC waves is occurring at
a higher altitude than the source region of the plasma,
and some transverse ion heating, possibly by lower hy-
brid waves, may occur at these lower altitudes [Lund et
al., 1998].

We also see from Figure 2 that for all five passes stud-
ied, the BBELF event has the higher overall energy flux,
and that the ratio of overall energy fluxes is smaller
than the ratio of overall number fluxes for the EMIC
events compared with the BBELF events. This result
also holds for H* and O separately. The BBELF emis-
sions therefore are more effective than the EMIC emis-
sions at heating H* and OF. This result is expected
since BBELF emissions by definition can be cyclotron
resonant with all three major species at a given alti-
tude and can maintain this resonance over a sizeable
altitude range even if the spectral shape is indepen-
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Figure 2. (top) Ratios of number fluxes in the EMIC
events to number fluxes in the BBELF events for HT,
He™, O7, and all ions for the five orbits listed in Table 1
(bottom} Ratios of energy fluxes for these events. The
fluxes are integrated over time for each event.

dent of altitude. In fact, a previous study of Freja data
[Norguist et al., 1996] showed that as little as 3% of the
energy at the OF gyrofrequency in BBELF emissions
can account for the observed OF energization. EMIC
ernissions, being narrow-banded, can only be resonant
in a narrow aititude range. The fundamental resonance
with He™ seems more efficient than the harmonic res-
onance with OF; indeed, three of the five passes have
a higher He™ energy flux in the EMIC event than the
BBELF event. Since their frequency is below the local
proton gyrofrequency, EMIC waves cannot be cyclotron
resonant with H¥ at or anywhere below the observation
point, so minimal effects on H* are observed.

There are indications that EMIC waves may play a
larger role in transverse ion acceleration during geomag-
netically active periods than during quiet periods. We
have found that the occurrence probability of EMIC ion
conics increases with Kp [Lund et al., 1999] in a manner
consistent with the Kp dependence reported for EMIC
waves alone [Saito et al., 1987]. In addition, of the five

3
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passes examined here, all but the two most magneti-
cally quiet had higher total number fluxes during the
EMIC events than during the BBELF events. How-
ever, a study by Norguist ef al. {1998], which examined
only OF outflow, showed that number fluxes in BBELF
events are also well-correlated with Kp. A more de-
tatled study would be needed to determine which effect
is more important.

Note also that because we have restricted this study
to passes in which both EMIC and BBELF emissions
are associated with ion conics, we have artificially con-
fined this study to the premidnight sector, where EMIC
emissions are most prevalent [Saito et al., 1987; Erland-
son and Zanetti, 1998]. BBELF emissions, by contrast,
are found at all local times [André et al., 1998; Lund et
al., 1997]. While EMIC emissions can be locally impor-
tant for Het outflow in the aurora, a fair comparison

{ the two mechanisms would show an even more lop-
sided dominance of BBELF emissions in transverse ion
acceleration in the aurora.

4. Conclusion

Even though this study’s design overemphasizes the
importance of EMIC waves compared to BBELF waves
in transverse acceleration of ions, we find no clear trend
as to which mechanism is more important locally in
determining He™ outflow, while the BBELF ion con-
ics produce a larger outflow of H¥ and OF, as well as
a larger total ion outflow, than the EMIC ion conics.
Furthermore, we find that, contrary to our expectations
for 2 mass-selecting acceleration mechanism, the EMIC
waves in these events are not correlated with enhanced
He™ densities. Since we have found no preference for
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ion heating by EMIC waves in spite of this bias, we con-
ciude that BBELF waves provide the most important
mechanism for producing ion conics at auroral latitudes.
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