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Precipitation of MeV and Sub-MeV Electrons Due to
Combined Effects of EMIC and ULF Waves

X.-J. Zhang!'”’, D. Mourenas?'”', A. V. Artemyev! "' | V. Angelopoulos!, and J.-A. Sauvaud3

Hnstitute of Geophysics and Planetary Physics, University of California, Los Angeles, CA, USA, 2CEA, DAM, DIF,
Arpajon, France, 3Institut de Recherche en Astrophysique et Planetologie, Universite de Toulouse, CNRS, UPS, CNES,
Toulouse, France

Abstract we explore the mechanism of MeV and sub-MeV electron precipitations into the atmosphere
in the outer radiation belt, through quasi-linear pitch-angle scattering by electromagnetic ion cyclotron
(EMIC) waves, when strong compressional Pc4-Pc5 ultralow-frequency (ULF) waves are simultaneously
present. Theoretically, the opposite magnetic field and density modulations produced by such ULF waves
can significantly reduce the minimum electron energy for cyclotron resonance with EMIC waves, and this
could potentially lead to the loss of lower energy (MeV and sub-MeV) electrons. Statistical satellite
observations of simultaneous, intense EMIC and ULF waves reveal the parameter domains most conducive
to such lower energy electron losses, which are shown to be mostly located near the geosynchronous orbit.
Selected events further suggest that such a mechanism could be efficient in the outer radiation belt and
that even larger effects might occur during strong injections from the plasma sheet.

1. Introduction

Dropouts of relativistic electrons are frequent in the outer radiation belt (Boynton et al., 2016, 2017; Green
et al., 2004; Turner et al., 2012). Two different physical mechanisms have been proposed to explain them:
magnetopause shadowing loss enhanced by the outward radial diffusion after a strong solar wind pressure
pulse (Shprits et al., 2006; Turner et al., 2012) and precipitation into the atmosphere through pitch-angle scat-
tering by electromagnetic ion cyclotron (EMIC) waves during disturbed periods (Blum et al., 2015; Bortnik
et al., 2006; Hendry et al., 2017; Kersten et al., 2014; Mourenas et al., 2016; Sandanger et al., 2007;
Summers & Thorne, 2003; Thorne & Kennel, 1971; Wang et al., 2014; Yu et al., 2015; Zhang et al., 2017).
Since quasi-linear diffusion by EMIC waves alone cannot produce dropouts for all MeV electrons, due to a
lack of cyclotron resonance at high equatorial pitch angles (Cao et al., 2017; Kersten et al., 2014; Ni et al.,
2018; Usanova et al., 2014), a combined scattering by EMIC and chorus (e.g., Agapitov et al., 2018) waves
present on the same L-shell has been invoked (Mourenas et al., 2016; Zhang et al., 2017). But this kind of
dropout can only occur above the minimum energy, E,;,, for cyclotron resonance with EMIC waves (Moure-
nas et al.,, 2016; Zhang et al., 2017). E,,,;,, is therefore a key parameter when trying to explain observations of
either partial losses or full dropouts of MeV and sub-MeV electrons associated with EMIC waves.

Various studies have demonstrated that the minimum energy (E_;,) for cyclotron resonance with
hydrogen-band EMIC waves (left-hand polarized and quasi-parallel) is generally ~1-3 MeV (Cao et al., 2017;
Chen etal., 2011; Kersten et al., 2014; Mourenas et al., 2016; Ni et al., 2018; Summers & Thorne, 2003; Zhang
et al.,, 2017), with low E,;, corresponding to typical proton concentrations n, > 0.7 (Kersten et al., 2014).
Helium-band and oxygen-band EMIC waves usually lead to higher E, ;, , especially when taking into account
hot plasma effects (Cao et al., 2017; Kersten et al., 2014; Ni et al., 2018; Summers & Thorne, 2003). How-
ever, electron precipitation associated with EMIC waves has often been observed down to smaller energies,
~0.4-1 MeV (Blum et al., 2015; Hendry et al., 2017; Wang et al., 2014; Zhang et al., 2017). Statistical studies
of relativistic electron dropouts observed at L ~ 4.2 (where L denotes the Mcllwain shell parameter) have
also suggested the presence of EMIC wave-induced losses starting at low energies ~0.6-0.8 MeV (Boynton
et al., 2016, 2017).

An open question, however, is how EMIC waves can contribute to electron losses at sub-MeV energies, that
is, at significantly smaller energy than the minimum energy (E,,;, > 1-2 MeV) of cyclotron resonance with
typical EMIC waves (Cao et al., 2017; Kersten et al., 2014; Mourenas et al., 2016; Ni et al., 2018; Summers &
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Thorne, 2003; Zhang et al., 2017). Chen et al. (2016) have recently shown that intense (~1 nT) helium-band
EMIC wave packets with sharp edges could produce such low-energy electron losses through nonresonant
scattering. But this mechanism requires very sharp wave edges, less than several wavelengths between zero
and the peak wave power, and EMIC wave frequencies close to the helium gyrofrequency, which may not
be very frequent.

Using statistics of Van Allen Probes observations, Xiang et al. (2018) have recently found that the minimum
energy of electron dropouts varies with equatorial pitch angle «, roughly like the theoretically expected
Ein(ay) for cyclotron resonance with hydrogen-band EMIC waves (Cao et al., 2017; Kersten et al., 2014;
Mourenas et al., 2016; Ni et al., 2018; Zhang et al., 2017) at L' < 4(L isthe adiabatically invariant L-shell)
but that it decreases below E,;,(a,) at L" = 5. This indicates that low-energy electron losses related to
EMIC waves are mainly localized at high L" > 5. Another recent statistical study has found that simulta-
neous intense Pc5 ultralow-frequency (ULF) waves at 1-10 mHz and EMIC waves at 0.5-5 Hz can produce
stronger ~0.7- to 2-MeV electron losses than EMIC waves alone, suggesting a possible synergistic effect of
EMIC and ULF waves (Simms et al., 2018). Such ULF waves may be excited by the solar wind through
Kelvin-Helmholtz instability or dynamic pressure variations or internally via resonance with injected par-
ticles, reaching larger amplitudes at higher L (e.g., see ; Chen & Hasegawa, 1991; Kepko & Spence, 2003;
Kivelson & Southwood, 1986; Mathie & Mann, 2001; Menk, 2011). The results from Simms et al. (2018)
seem to imply that ULF waves could decrease E, ;. The possibility that ULF waves could affect E,;,, will be
investigated in the present paper.

In the next section, we provide statistics of simultaneous observations of intense EMIC and ULF waves in the
outer radiation belt, based on data from the Van Allen Probes and Time History of Events and Macroscale
Interactions during Substorms (THEMIS) mission. Then, we discuss analytical estimates of the minimum
energy (E,;,) of electron loss in the presence of ULF and EMIC waves. We show that realistic, intense com-
pressional Pc4-Pc5 ULF waves can indeed reduce E,;, for cyclotron resonance with EMIC waves at high
L =~ 5.5-6.6, enabling hydrogen-band EMIC waves (without sharp edges) to precipitate electrons at low
energies unattainable without ULF waves. Finally, selected conjugate observations of simultaneous EMIC
and ULF waves near the equator and electron precipitations at low altitude are examined. They suggest that

the proposed mechanism may be operating in the outer radiation belt.

2. Relativistic Electron Loss in the Presence of EMIC and ULF Waves

For the sake of simplicity, we consider plasma and hydrogen-band EMIC wave parameters such that
@ppic/ Lepo > 0.85 —1,/2, With gy the EMIC wave frequency, £, the proton equatorial gyrofrequency,
and 7, ~ 0.9-1.0 as usual during hydrogen-band EMIC wave observations (Kersten et al., 2014). For such
conditions, the full dispersion relation of nearly parallel hydrogen-band EMIC waves (Summers & Thorne,
2003) can be simplified, giving a minimum resonant energy (see Mourenas et al., 2016)

V1+K-1

E, . [MeV] ~ — with

Qgeo chzpo(l — wgyic/ Qcpo)(mp /m,) 1)

Qﬁeocoszao w%}MIC(l = Qepo(1 = 1)/ Opnire)

with Q, and £, the electron equatorial cyclotron and plasma frequencies, a, its equatorial pitch angle,
and m, and m,, the electron and proton masses. Since we hereafter investigate the effects of EMIC waves
on electrons over timescales of hours and, therefore, integrated over MLT (magnetic local time), we con-
sider a fixed range of normalized EMIC wave frequencies within wgyc/€2:p0 = 0.35-0.65. This frequency
range is consistent with typical time- and MLT-averaged spectra of intense hydrogen-band EMIC waves
(Meredith et al., 2014; Zhang et al., 2016, 2017). A crucial point here is that compressional Pc4-Pc5 ULF
waves recorded in the inner magnetosphere often produce comparable but opposite variations of magnetic
pressure (~ AB*/B?) and plasma pressure or density (~ AN, /N,) to maintain the local pressure equilibrium
(Chen & Hasegawa, 1991; Li et al., 2011; Li et al., 2017; Xia et al., 2016). Such B and N, variations due to ULF
waves combine constructively in the term K in equation (1), which varies as Q2 / Qgeo, that is, like B?/N.,.
Statistics of Pc4-Pc5 ULF waves have shown mean variations of AB ~ 30 nT in the outer radiation belt dur-
ing geomagnetic storms when Kp = 4—7, sometimes reaching more than 50 nT near L = 6 (Mathie & Mann,
2001; Murphy et al., 2016; Potapov et al., 2006). Significant AB/B ~ 0.1 — 0.5 levels are not uncommon at
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geosynchronous orbit (Rae et al., 2018). Plasma density variations AN, /N, are often found to be opposite in
phase and of the same order as AB?/B?, although occasionally reaching levels of 10 times larger (Li et al.,
2011; Li et al., 2017; Xia et al., 2016).

Equation (1) shows that the minimum energy (E,;,) for cyclotron resonance with EMIC waves decreases

when K « Q2 / Qgeo decreases. This means that intense compressional ULF waves can possibly reduce
E,;, during half of the ULF wave period—when B is diminished and N, is increased. Since the quasi-static
geomagnetic field B is already reduced during strong storms at L > 5 on the nightside, this region could
potentially be more propitious for a strong decrease of B due to ULF waves and a strong synergistic effect of
ULF and EMIC waves on low-energy electron precipitation. In addition, smaller B>/N,, denser injected hot
proton populations, and stronger proton temperature anisotropy lead to higher EMIC wave growth rates and
higher normalized frequencies (Chen et al., 2011; Remya et al., 2018). As a result, Pc5 ULF waves can modu-
late EMIC wave growth, probably accounting for some EMIC wave intensity modulations at Pc5 frequencies
observed in space (e.g., see Mursula et al., 2001; Menk, 2011).

In the present study, we use EMIC and ULF wave measurements from the magnetometer of the Electric and
Magnetic Field Instrument Suite and Integrated Science (EMFISIS) payload (Kletzing et al., 2013) onboard
the Van Allen Probes (Mauk et al., 2013) at L < 6 and similar wave measurements from the fluxgate
magnetometer (Auster et al., 2008) of THEMIS spacecraft that cover higher L-shells (Angelopoulos, 2008).
For the Van Allen Probes data set, the plasma density is calculated from the upper hybrid resonance fre-
quency (Kurth et al., 2015) measured by the Electric and Magnetic Field Instrument Suite and Integrated
Science High-Frequency Receiver or from the spacecraft potential measured by the Electric Field and Waves
instrument (Wygant et al., 2013). For the THEMIS data set, the plasma density is inferred from the space-
craft potential measurements (Bonnell et al., 2008). We take into account only well-defined compressional
Pc4-Pc5 ULF waves observed at a given L-shell in the 5-100 mHz range by one THEMIS spacecraft or in
the 10-100 mHz range by one Van Allen Probe, by imposing the following three requirements: (i) contin-
uous availability of ULF wave measurements over a time period of <20 min centered on the EMIC wave
observation, corresponding to a variation of the spacecraft position smaller than 0.5 Earth radius, (ii) avail-
ability of measurements over at least several ULF wave periods to get well-defined waves, and (iii) presence
of periodical density fluctuations in opposite phase to magnetic ULF fluctuations. The limit of <20 min on
the observation time, together with the requirement of observing at least several ULF wave periods, leads to
a relatively high minimum ULF frequency, ~5-10 mHz. This strict selection procedure can underestimate
the total ULF wave power in the Pc4-Pc5 range, because ULF wave power is often stronger at lower frequen-
cies and because weaker ULF waves may be simultaneously present at different frequencies. Consequently,
it is important to keep in mind that the statistical ULF wave intensities provided below are very conserva-
tive values. Using the above criteria forTHEMIS (in 2007-2011) and Van Allen Probes (in 2012-2015) data,
we have found 31 events (simultaneous observations of hydrogen-band EMIC waves and intense Pc5 ULF
waves) from THEMIS in the L-shell range of 6.0-7.0, 83 events from the Van Allen Probes in the L-shell
range of 5.5-6.0, and 53 events from the Van Allen Probes in the L-shell range of 4.0-5.5.

Figures 1a-1d display the distribution of simultaneous observations (captured by Van Allen Probes or
THEMIS) of hydrogen-band EMIC waves and intense (AB/B > 0.005) Pc5 ULF waves at L = 5.5-7.0 as
a function of MLT, maximum £,,.,/€, ratio (inferred from local plasma density and geomagnetic field
measurements), ULF wave magnetic field variations (AB/B) and density variations (AN, /N,), the corre-
sponding (AN,/N,)/(AB*/B?) ratio, and maximum normalized EMIC wave frequency max(@gyc/Qepo)-
Hydrogen-band EMIC waves with high frequencies max(wgyc/€2cpo) = 0.55-0.60 are often found in the
dusk sector when 2,0,/ Q..o ~ 18-27 (see Figures laand 1d). During periods with Q. /2. ~ 18-27, EMIC
waves are mainly observed together with intense compressional ULF waves such that (AN, /N,)/(AB?/B?) ~
1-3 (see Figure 1c), mainly corresponding to AB/B ~ 0.012 —0.10 in Figure 1b. We shall demonstrate below
that the simultaneous presence of such EMIC and ULF waves in high-density regions can lead to lower E,
levels than if EMIC waves were observed alone.

min

Figures 1e and 1f show the occurrence rate and the weighted (by ULF wave intensity) occurrence rate of
coincident observations of hydrogen-band EMIC waves and ULF waves. The occurrence rate of simulta-
neous ULF and EMIC wave observations is about 0.1% in general at a given L-shell. Based on the present
Van Allen Probes statistics and CRRES statistics of hydrogen-band EMIC wave occurrences (Meredith et al.,
2014; Zhangetal., 2016), it means that ULF waves are probably present roughly 10% of the time when intense
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Figure 1. (a) Measured €2, /€2 ratio (black points) during simultaneous observations of hydrogen-band
electromagnetic ion cyclotron (EMIC) waves (with amplitudes >0.1 nT for the Van Allen Probes and >0.05 nT for
THEMIS) and intense (AB/B > 0.005) Pc5 ultralow-frequency (ULF) waves at L = 5.5-7.0, captured by Van Allen
Probes (in 2012-2015) or THEMIS (in 2007-2011), as a function of MLT. The mean £;,¢o/ ¢ in each MLT bin are
shown by red crosses. (b) Distribution of the same events as in (a), as a function of maximum AB/B and of the
corresponding (opposite in phase) maximum AN, /N,. The dotted white line marks the ratio

A = (AN, /N,)/(AB?/B?) = 1. Mean AN, /N, values in AB/B bins are shown by red crosses. (c) Distribution of the
same events as a function of A = (AN, /N,)/(AB?/B?) ratio and the maximum measured £2pe0/Rce0- Mean A values
are shown by red crosses in €./ bins. (d) Distribution of the same events, as a function of the maximum
normalized EMIC wave frequency max(wgmic/€cpo) and the measured £2,,¢0/£2.¢0- Red crosses show mean
max(wgwpc/Qepo) values in Q4,4 /2o bins. () Distribution of occurrences of simultaneous hydrogen-band EMIC and
ULF wave observations (with error bars in each L-shell bin) as a function of L-shell, based on THEMIS and Van Allen
Probes statistics and calculated as the ratio of times of combined EMIC and ULF wave observations to the total time of
spacecraft observations in a given L bin. Only strong ULF waves with AB/B > 0.005 and EMIC waves with amplitudes
> 0.1 nT are considered. (f) Same as (e) for the distribution of occurrences weighted by ULF wave intensity, (AB?/B?).

(amplitudes > 0.1 nT) hydrogen EMIC waves are present. Both the occurrence rate and the weighted (by
ULF wave intensity) occurrence rate strongly increase as L increases from 4.0-5.5 to 5.5-6.0, respectively, by
factors ~3 and ~10. This suggests a much stronger statistical impact of ULF waves on EMIC-driven electron
precipitation at L ~ 5.5-6.0. Such a stronger presence of intense compressional ULF waves together with
EMIC waves at L > 5.5 might also account for the decrease of the minimum energy of electron dropouts
below the theoretical threshold for EMIC waves alone, observed at L” = 5 but not at lower L" < 4.5 (Xiang
et al., 2018).

Figure 1a shows that events with high ,.,/€.,, leading to lower E;, values, are more abundant on the
nightside and near dusk, probably in association with high-density plasma plumes, strong ion injections,
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Figure 2. Minimum electron resonant energies, E;,,, from equation (1) for cyclotron resonance with parallel left-hand
hydrogen-band electromagnetic ion cyclotron (EMIC) waves in the simultaneous presence of intense compressional
ultralow-frequency (ULF) waves, displayed as a function of AB/B = 0-0.3 for different levels of

A = (AN, /N,)/(AB?/B?) = 1, 3,5 (shown in blue, black, and red, respectively), when E;, = 1,2, or 3 MeV (shown by
dashed, solid, and dotted curves, respectively) without ULF waves. Minimum electron energies, E;;,, obtained
numerically from test-particle simulations in the simultaneous presence of EMIC waves and intense ULF waves at

1.5 mHz, are shown by black stars and triangles, respectively, for E;;;,(AB = 0) = 1 MeV and mean EMIC wave
amplitudes of 0.2 and 2 nT (the EMIC wave amplitude increases from 0.5 to 1.5 times its mean value over A = 0-10°).

or magnetic field line stretching during storms (Remya et al., 2018). The distribution of these events as a
function of the maximum measured AB/B and of the opposite-in-phase maximum AN, /N, is displayed in
Figure 1b.

Equation (1) can be rewritten as 4(E2. + E,;,) = K. Assuming a fixed and finite value of
A = (AN,/N,)/(AB*/B?*) for ULF waves and considering the ratio K(AB)/K(AB = 0) yields a quadratic
equation E2. (AB) + Ey,(AB) — [K(AB)/K(AB = 0)][Epyin(AB = 0)? + Epy (AB = 0)] = 0 for E,y, (AB). In
this equation, the term K(AB)/K(AB = 0) depends only on AB/B and AN, /N,—it is independent of wave
(@gnic/ 2cpo) and plasma (1, £2,,¢0/ 2.e0) parameters (and a,) for fixed values of gy /2o and 17, assumed
independent of AB. Therefore, the above equation provides E,;,(AB) as a function of E;,(AB = 0) what-
ever the wave and plasma parameters. This allows us to plot E,;,(AB) (in the presence of ULF waves) as a
function of (AB/B) in Figure 2, demonstrating that E, ;, can be strongly reduced by intense Pc5 ULF waves.

These results agree with test-particle simulations performed for moderate EMIC wave amplitudes (0.2 nT).

For typical compressional ULF waves amplitudes, AB/B ~ 0.05-0.15, shown in Figures 1b and 1c, and usual
levels of (AN, /N,)/(AB?*/B*) ~ 1-5 at L ~ 6, the minimum electron energy (E,,;,,) for cyclotron resonance
with EMIC waves can be decreased by 20-30%. For higher ULF wave amplitudes, ~20-30 nT, recorded
during storms, corresponding to AB/B ~ 0.2-0.3 at L ~ 6, one can even get an ~50% decrease in E,;,
sufficient to reach 0.5-0.7 MeV.

Results of test-particle simulations (Albert & Bortnik, 2009; Su et al., 2012; Wang et al., 2017) performed
with hydrogen-band EMIC waves of very high amplitude, ~2 nT (Meredith et al., 2014), in the presence
of modulations of B and N, induced by ULF waves are also given in Figure 2. For such high EMIC wave
amplitudes, the resonance width is determined by wave amplitude (e.g., see ; Artemyev et al., 2014; Omura
& Zhao, 2013, and references therein), and an increase of the resonance width with wave amplitude further
reduces E,;, by 10-15% for realistic amplitudes of ~2 nT as compared with weaker average amplitudes of
0.2 nT.

The maximum equatorial pitch angle a; ,,,(EMIC) of electrons at energy E that can reach cyclotron reso-
nance with EMIC waves is given by cos?ay ,,(EMIC) = (E2.  + E;,)/(E* + E), which is proportional to
B?/N, in the EMIC wave region (Mourenas et al., 2016). @, ,,x(EMIC) remains < 50° for E < (1.6—2.0)XE ;.
Therefore, additional pitch-angle diffusion by whistler-mode chorus or hiss waves is generally required at
higher equatorial pitch angles to scatter all MeV electrons toward the loss cone and induce a strong dropout

(Mourenas et al., 2016, 2017; Zhang et al., 2017):
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3. Selected Observations of Relativistic Electron Loss in the Presence of EMIC
and ULF Waves

Figure 3 shows two events with simultaneous intense EMIC and ULF waves, accompanied by signatures of
electron precipitation. Panels (a)-(d) show the first event containing (a) EMIC waves in the hydrogen band
measured by the magnetometer (Kletzing et al., 2013) onboard the Van Allen probes at L ~ 5.5, (b) ULF
waves measured by GOES at a slightly higher L (~6.6) than EMIC waves but such that the typical radial
scale (~1-2 Ry) of ULF waves still encompasses the EMIC wave region (Degeling et al., 2008; Hartinger
et al., 2013), and (c) precipitating electron fluxes measured by POES. Corresponding spacecraft trajectories
in the (MLT, L-shell) space are shown in Figure 3d. Since accurate Pc5 ULF wave measurements require
prolonged observations at an almost fixed L and the orbit of Van Allen Probes generally does not allow such
fixed L measurements, we use measurements from GOES at geostationary orbit, in an (MLT, L-shell) sector
sufficiently close to Van Allen Probes observations (see Figure 3d). The intense hydrogen-band EMIC waves
reach frequencies of gy /€2, ~ 0.5 on different occasions between 11:02 UT and 11:10 UT, allowing them
to interact resonantly with electrons of lower energy (Kersten et al., 2014). During the conjugate observa-
tions between Van Allen Probes and POES, significant and sporadic increases of precipitating (field-aligned)
electron fluxes measured by POES can be seen in Figure 3c after 11:02 UT in the ~300- to 700-keV energy
range, sometimes reaching the level of the trapped fluxes (at 90°). Such sub-MeV electrons could have been
affected by resonant wave-particle interactions and precipitated into the atmosphere, possibly by the com-
bined effects of EMIC and ULF waves (see similar observations from Capannolo et al., 2018). Simultaneously
with EMIC wave observations, some decrease of field-aligned electron (0.5-1.5 MeV) fluxes was observed by
the Van Allen Probes near the equator (not shown): It could also be due to a precipitation induced by EMIC
waves (e.g., see Usanova et al., 2014; Wang et al., 2014). However, there is also an increase of precipitating
fluxes at lower energies ~30-100 keV, suggesting that part of the observed precipitation during this event
might simply be due to the widening of the loss cone caused by the same ULF waves (Rae et al., 2018).

Figures 3e-3h show a second event with simultaneous EMIC and ULF wave observations by THEMIS space-
craft (Angelopoulos et al., 2008) and electron precipitation measured by the low-altitude DEMETER satellite
(Parrot et al., 2006). The DEMETER-THEMIS conjugation time is indicated by a vertical line in Figures 3e
and 3f. It corresponds to interspacecraft separations of ~0.4 in L and ~0.6 hr in MLT- smaller than typical
scales of hydrogen-band EMIC waves and ULF waves (Blum et al., 2017; Degeling et al., 2008; Hartinger
etal., 2013; Lee et al., 2013). The THEMIS magnetometer (Auster et al., 2008) detected hydrogen-band EMIC
waves (extending up to wgyyc/2,, ~ 0.45) and compressional ULF waves (note that the magnetic field
intensity seen below the oxygen cyclotron frequency in Panel (e) actually corresponds to the spectrum of
the compressional ULF waves shown in Panel (f)). During the THEMIS/DEMETER conjugation, the Instru-
ment of Detection of Particles onboard DEMETER (Sauvaud et al., 2006) collected the electron spectrum
(Figure 3g). Due to the Instrument of Detection of Particles viewing angle, this spectrum mostly corresponds
to trapped particles. Therefore, we compare it with two spectra measured at the same MLT and L-shell dur-
ing DEMETER orbits just before and after the conjugation event (as in previous studies; e.g., see Hendry
et al., 2017). In Figure 3g, the electron spectrum collected during the conjugation event has a lower level
(by a factor of 3 to 5) of high-energy (400-1,000 keV) particles, as compared with the preceding and follow-
ing orbits. This could be related to a precipitation driven by electron interaction with EMIC waves in the
presence of ULF waves. The observed precipitation loss, absent below 350 keV and increasing with energy
above 400 keV, seems unlikely to have been produced by the sole ULF wave-induced loss-cone widening
(Rae et al., 2018), which should generally lead to similar losses at all energies.

For the two events in Figure 3, calculations of E,;, show that the extension of EMIC wave-induced pre-
cipitation to such low energies by simultaneous ULF waves would require ~5-10 times larger ULF wave
amplitudes (in the EMIC wave region at L ~ 5.2-5.5) than recorded by THEMIS at L = 5.2 or by GOES at
L = 6.6. However, as noted above, such Pc4-Pc5 ULF waves could not be measured accurately by THEMIS.
Accordingly, their actual amplitudes in the EMIC wave-electron interaction region remains unknown in
both cases and could have been much larger than in Figures 3b and 3f. Rae et al. (2018) have indeed revealed
the presence of at least five compressional ULF wave events per week at L = 6.6, with ULF waves reach-
ing median amplitudes of ~30-40 nT. Ozeke et al. (2014) have further shown that compressional ULF wave
power at L ~ 5.2 is generally half of that at L ~ 6.6. Consequently, the needed ULF waves with peak
amplitudes of ~10-15 nT could really have been present in the EMIC wave region during these two events
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Figure 3. Two events of simultaneous observations of electromagnetic ion cyclotron (EMIC) waves, ultralow-frequency
(ULF) waves, and electron precipitations: (a)-(d) show an event on 28 April 2013, and (e)-(h) show an event on 22 May
2009. (a) EMIC waves observed by the Van Allen Probes (dashed, solid, and dotted lines show proton, helium, and
oxygen gyrofrequencies, respectively); (b) compressional ULF wave observed by GOES 15; (c) precipitating and trapped
electron fluxes observed by POES 16; (d) spacecraft trajectories in the (MLT, L-shell) space; (e, f) EMIC (dashed, solid,
and dotted lines show proton, helium, and oxygen gyrofrequencies, respectively) and ULF waves observed by Time
History of Events and Macroscale Interactions during Substorms (THEMIS) A with the same time axis; the vertical line
shows the time of THEMIS conjugation with DEMETER; (g) trapped electron spectra observed by DEMETER during
conjugation with THEMIS (black curve), as well as one orbit before and after this conjugation (green and red curves);
(h) AE index over the time interval including three DEMETER orbits (for reference, dotted vertical lines mark the
interval in (e) and (f)).

(possibly slightly away from THEMIS orbit in the second case). These two events are therefore nice potential
cases of EMIC and ULF wave-induced precipitation, although they cannot be considered as the definitive
evidence. The entire interval of the second event on May 2009, including the first two DEMETER orbits, is
characterized by a low AE index (see Figure 3h) with neither strong injection nor magnetic field reconfig-
uration that could have affected electron spectra measured by DEMETER. However, the third DEMETER
orbit is accompanied by substorm activity with AE > 300 nT: Some of the differences between the first and
last DEMETER spectra could be due to the magnetic field reconfiguration during the third orbit.

ULF wave amplitudes shown in Figures 3b and 3f do not reach the high levels (~25-35%) of the background
magnetic field reported by Rae et al. (2018) during many events. Conjugate observations of such intense ULF
waves and electron precipitation by GOES or THEMIS can be found, but the majority of such strong ULF
wave observations are accompanied by strong plasma injections with rapid changes of particle fluxes and
magnetic field configuration. During injections (accompanied by current sheet thinning and the following
dipolarization; see, e.g., Runov et al., 2009, and references therein), finding accurate POES conjugations
with equatorial measurements (from GOES or Van Allen Probes) is problematic due to the strongly varying
magnetic field configuration: The results of such conjugate observations should be taken with caution.
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Figure 4. An exemplifying 1-hr interval of increased geomagnetic activity: (a) AE index; (b) electromagnetic ion

cyclotron waves captured by the Van Allen Probe A (RBSP-A); (c, d) magnetic field measured by GOES 13 and 15 (left
axes) and the Van Allen Probe A (right axes); (e) compressional magnetic field fluctuations in the ultralow-frequency
(ULF) range; (f and g) POES observations of precipitating and trapped electron fluxes.
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One such event is shown in Figure 4. This 2-hr time interval is characterized by an elevated AE index
(>400nT) and a series of plasma injections. The near-midnight magnetic field measured by GOES 15 shows
several strong B, perturbations (dipolarizations) preceded by |B,| increase (current sheet thinning). Simi-
lar B, perturbations are observed by GOES 13 (see Figures 4c and 4d). The low-frequency compressional
part of these perturbations can be considered as intense ULF waves (see Figure 4e), reaching ~50% of the
background field. However, such perturbations contain rapid B, changes around the injection front (the
so-called dipolarization front; see Runov et al., 2009), which differs significantly from usual ULF waves.
These intense injections continuously transport hot plasma sheet ions into the inner magnetosphere, where
this anisotropic population often generates EMIC waves. During this entire 2-hr interval, the Van Allen
Probes observed EMIC waves in the helium and hydrogen bands near dusk (see Figure 4b). POES crossed
this MLT sector two times, each time observing a rapid increase of precipitating electron (>0.7 MeV) flux
(at 08:04:20 and 09:44 UT). We cannot ascertain the conjugation of POES (around L ~ 4-4.5) and Van Allen
Probes (near L ~ 5.5-6) observations during this event. Nevertheless, the existing stretched geomagnetic
field line configuration (i.e., the increased |B, | observed by GOES) suggests that POES is likely at a signif-
icantly higher L-shell (closer to L =~ 5.5-6) than estimated in a dipolar magnetic field. Unfortunately, the
adiabatically invariant shell parameter L" evaluated using empirical magnetic field models does not allow
to evaluate this effect, because such magnetic field models are not parameterized by AE and do not yet take
into account substorm-/injection-driven magnetic field changes.

The event shown in Figure 4 suggests that the effect of ULF waves on electron precipitations induced by
EMIC waves could become much stronger during disturbed times. Plasma injections can enhance ULF wave
activity (Runov et al., 2014) and simultaneously provide the free energy for EMIC wave generation. Based on
the simple estimates provided in section 2 for ordinary ULF waves, such large magnetic fluctuations could
potentially lead to a reduction of the minimum energy E,;, of electrons that can be precipitated via resonant
interactions with EMIC waves down to ~0.25 to 0.5 times the usual (i.e., without ULF waves) E,;,. However,
such strong injections modify the geomagnetic field topology, seriously complicating the interpretation of
electron precipitation recorded by satellites at low altitudes. During important geomagnetic storms with
Dst < —100 nT, the steady magnetic field strength can also be strongly reduced near local midnight at L > 5,
lowering E,;, when EMIC waves are present in this sector (Kang et al., 2015).

min
To demonstrate the potential importance of ULF wave effects on electron precipitation by EMIC waves, we
finally compare the events shown in Figure 3 with another, similar event of EMIC wave observations at
similar normalized frequencies and with similar amplitudes but this time without significant ULF waves.
Figure 5 shows the Van Allen Probe (RBSP-A) observations of hydrogen-band EMIC waves, without any
significant conjugated increase of precipitating fluxes of less than 1-MeV electrons, in stark contrast with the
two events in Figure 3. No significant compressional ULF waves were detected during this period, allowing
EMIC waves to scatter only high-energy (>1-2 MeV) electrons, without affecting lower energy electron
fluxes.

4. Discussion and Conclusions

In this paper, we provided statistics of simultaneous observations of intense EMIC and compressional 5-100
mHz ULF waves in the outer radiation belt, based on measurements from Van Allen Probes and THEMIS.
We have shown theoretically that realistic compressional ULF waves, with AB/B ~ 10%, relatively fre-
quent in this region, could significantly reduce the minimum energy E,;, for cyclotron resonance with
hydrogen-band EMIC waves at L ~ 5.5-6. This would allow for EMIC wave-induced electron precipitation
at energies at least 20-30% smaller than without ULF waves.

We found a strong peak in the weighted (by ULF wave intensity) occurrence rate of such simultaneous EMIC
and ULF wave observations at L ~ 5.5-6.0. We conjecture that such a strong peak could potentially lead
to a much stronger impact of ULF waves on EMIC-driven electron precipitation at these L-shells. It could
partially explain the electron losses observed at energies below the theoretical threshold E,;, for EMIC
waves alone (Xiang et al., 2018). The same effect could also account for a statistical increase of “0.7-2 MeV
electron losses when both EMIC and ULF waves are present, as compared with EMIC waves alone (Simms
et al., 2018).

We examined several events with simultaneous EMIC and ULF wave observations near the equator (cap-
tured by Van Allen Probes and GOES) and conjugate sub-MeV electron precipitation at low altitude
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(recorded by POES or DEMETER). The existence of such observations partially supports our speculation
that the proposed mechanism of ULF wave influence on EMIC wave-driven electron loss could be operat-
ing in the outer radiation belt. Such a mechanism could account for some observations of electron losses at
lower energies (sub-MeV) than the threshold energy E,;, for cyclotron resonance with EMIC waves alone.
We caution, however, that such events only show that EMIC and ULF waves can be simultaneously present
with electron precipitation at low energies but do not provide definitive evidence for the presence of this
effect. A real proof for the effect of ULF waves on E, ;, would require events during which ULF waves are
turned on and off while EMIC waves remain unchanged, with low-energy electron precipitation occurring
only when ULF waves are present. No such event has yet been found, although we showed one event with
similar EMIC waves but much weaker ULF waves, which did not lead to any measurable low-energy electron
precipitation.

One additional event, occurring during successive injections from the plasma sheet, suggests that the asso-
ciated complex and strong (~50%) decreases of the background magnetic field, in the dusk sector near L = 6,
could produce even stronger effects on EMIC wave-induced electron loss than usual Pc5 ULF waves. Such
injections also provide significant amounts of hot, anisotropic plasma sheet ions that can generate intense
EMIC waves. A previous statistical study (Rae et al., 2018) has shown that such strong magnetic field fluctu-
ations are frequent during disturbed periods at geosynchronous orbit. Based on simple estimates provided
in this paper for usual ULF waves, such large magnetic fluctuations could lead to a significant reduction (by
~50-70%) of the minimum energy of electrons that can be resonantly scattered by EMIC waves. However,
more work is needed to accurately estimate the effects of magnetic fluctuations on EMIC wave-electron
interaction during such highly dynamical periods.
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