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Inferring Magnetospheric Heavy Ion Density using EMIC waves

Eun-Hwa Kiml, Jay R. Johnsonl7 Hyomin Kim? and Dong-Hun Lee®

We present a method to infer heavy ion concentration
ratios from EMIC wave observations that result from ion-
ion hybrid (ITH) resonance. A key feature of the ion-ion
hybrid resonance is the concentration of wave energy in a
field-aligned resonant mode that exhibits linear polarization.
This mode converted wave is localized at the location where
the frequency of a compressional wave driver matches the
ITH resonance condition, which depends sensitively on the
heavy ion concentration. This dependence makes it possi-
ble to estimate the heavy ion concentration ratio. In this
letter, we evaluate the absorption coefficients at the IIH
resonance at Earth’s geosynchronous orbit for variable con-
centrations of He™ and field-aligned wave numbers using a
dipole magnetic field. Although wave absorption occurs for
a wide range of heavy ion concentrations, it only occurs for
a limited range of field-aligned wave numbers such that the
ITH resonance frequency is close to, but not exactly the same
as the crossover frequency. Using the wave absorption and
observed EMIC waves from GOES-12 satellite, we demon-
strate how this technique can be used to estimate that the
He" concentration is around 4% near L = 6.6.

1. Introduction

The presence of heavy ions can have a profound impact
on the time response of the magnetosphere to internal and
external forcing and can play a significant role in plasma en-
try and transport processes within the magnetosphere and
ionosphere. Although satellites have directly detected heavy
ion compositions and densities [e.g., Chappell, 1982; Hor-
witz et al., 1984; Farrugia et al., 1989; Craven et al., 1997;
Bouhram et al., 2005], particle instruments have difficulty
measuring cold plasma because of spacecraft charging ef-
fects and low flux of low velocity particles. Consequently,
significant attention has been given to indirect methods that
employ ULF wave observations, which are affected by the
presence of heavy ions. Field-line resonance eigenfrequen-
cies have been used to estimate magnetospheric plasma mass
densities [e.g., Denton et al., 2004; Menk et al., 2004; Taka-
hashi et al., 2006; Nosé et al., 2011]. Comparison of electron
density (from plasma wave observations) with mass density
inferred from field-line resonance eigenfrequency measure-
ments indicate that the “mean mass” is significantly larger
than the proton mass meaning that significant amount of
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heavy ions may be present [Denton et al., 2004]. However,
Alfvén resonant modes do not contain sufficient constraints
to distinguish between relative concentrations of heavy ions.
On the other hand, because ULF waves at higher frequency,
such as electromagnetic ion cyclotron (EMIC) waves, are
particularly sensitive to heavy ion concentrations they may
be even more useful to constrain heavy ion abundances
through indirect measurement [e.g., Fraser et al., 2005; Sak-
aguchi et al., 2013].

EMIC waves are low frequency waves typically in the Pc
1-2 (0.2-5Hz) frequency range that are excited below the
proton gyrofrequency and are commonly observed in the
plasmasphere and magnetosphere. The polarization of these
waves has been generally reported to be left-hand (LH);
however, right-hand (RH) or linear polarizations have also
been reported [e.g., Fraser and McPherron, 1982; Anderson
et al., 1992; Min et al., 2012] and their origin is not fully
understood. Figure 1 shows an example of the EMIC waves
detected by GOES-12 that exhibit dominant power in linear
polarization. In this figure, EMIC wave activity in the HT
band occurs from 04:00 to 04:50 UT with frequency ranging
from ~0.35 to 0.45 Hz, and the wave polarization elliptic-
ity in the plane perpendicular to the local magnetic fields
indicates that the waves are largely linearly polarized.

Such linearly polarized EMIC waves are interesting be-
cause the wave modes should be predominantly LH or RH
except at the crossover frequency (wer) [Smith and Brice,
1964] or at oblique propagation near the multi-ion hy-
brid resonances [e.g., Lee et al., 2008]. Although linear
polarization can result from refraction [Rauch and Rouz,
1982; Horne and Thorne, 1993], absorption at high lati-
tudes [Horne and Thorne, 1997] likely limits such polar-
izations to higher latitudes. Denton et al. [1996] suggested
that the linear polarization may result from superposition of
two waves, but the mechanism requires multiple waves and
appropriate differences in phase. Alternatively, Lee et al.
[2008] suggested that linearly polarized EMIC waves can
be generated via mode conversion near the ion-ion hybrid
(ITH) resonance location. When the frequency of incoming
compressional waves matches the ITH resonance condition
in an increasing (or decreasing) heavy ion concentration or
inhomogeneous magnetic field strength (By), wave energy
from incoming compressional waves concentrates and mode
converts to EMIC waves. Wave simulations using multi-
fluid code showed that the mode-converted EMIC waves at
the ITH resonance are strongly guided by the ambient mag-
netic field (Bo) and have linear polarization [Kim et al.,
2008, 2013].

Since the incoming compressional fast waves efficiently
convert to the EMIC waves at the ITH resonance and the
ITH resonance frequency is a function of the heavy ion con-
centration ratio nion = Nion/Ne, where Ne(ion) is an electron
(ion) number density, By and field-aligned wave number (k)
[Kim et al., 2008], the sharply peaked dependence of mode
conversion on kj with observed By makes it possible to esti-
mate 7ion [e.8., Kazakov and Fiilop, 2013] from the detected
EMIC waves. Following this line of reasoning, in this letter
we evaluate the general dependence of mode conversion on
kj and show how to infer the heavy ion density using ob-
served EMIC waves. Previously, Lee et al. [2008] and Kim
et al. [2011] had provided estimates of absorption at the ITH
resonance for a given kj, but they did not provide the gen-
eral dependence of absorption in k|, so we first generalize
this work.
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2. Model Description

We estimate the efficiency of mode conversion of a radi-
ally propagating compressional wave at the IIH resonance
using a simplified 1D slab cold plasma model that captures
the essential features of the ITH resonance [Kim et al., 2011].
The slab model is a local approximation where z, y, and z
correspond to radial, azimuthal, and field-aligned coordi-
nates. Wave propagation in the cold, fluid model can be
described by Maxwell’s equations combined with fluid equa-
tions for ions and electrons (ignoring electron inertial effects
and background gradients related to diamagnetic drift and
density compressions) [Kim et al., 2011],

c Y
Y My 1
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w Ox v
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where ny is the refractive index in the azimuthal direction
and €, €, €4, and €5 are the plasma electric tensor compo-
nents in the notation of Stix [Stiz, 1992]. Egs. (1)-(3) have
been solved with a finite difference approach with nonuni-
form mesh [e.g., Johnson et al., 1995; Johnson and Cheng,
1999; Kim et al., 2011]. Eq. (3) exhibits a singularity where

’ﬂi = €s, (4)

which is called the ITH resonance because it occurs between
the two ion cyclotron frequencies. For kH — 0, wi; reduces
to the Buchsbaum resonance frequency (wspb), which satisfies
es = 0.

We solve Eq. (1) in terms of the normalized spatial vari-
able, L = z/Rg, where Rg is the Earth’s radii, and the inner
and outer boundaries such that 6.1 < L < 7.1 and assume
the resonance occurs near Earth’s geosynchronous orbit at
L = 6.6. We adopt an electron-hydrogen-helium plasma in
our model with a constant nue in . The By and N, at the
magnetic equator are assumed to be [Lee and Lysak, 1989]

B
BO = ﬁ7 (5)
L3
No = N,,,DL—;’, (6)

where Bs = 3.1 x 107° T is magnetic field strength at the
Earth’s surface and Ny,p = 10cm 2 is the total density of the
magnetopause at Lmp = 10. Incoming waves are launched at
the lower magnetic field region (i.e., outer magnetosphere)
and the wave solution is decomposed into WKB solutions
to determine reflection, transmission, and absorption coeffi-
cients at the boundaries.
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3. Dispersion Relation

The refractive index perpendicular to Bg of incoming
compressional waves can be derived as

(7)

where subscrithion of | represents the perpendicular B,
thus ni = ni + nf/. The ki = niw/c of incoming com-
pressional waves along L are calculated as a function of k
for nue = 10% as shown in Figure 2, where the resonance
occurs at L = 6.6. Here, wavenumbers are normalized to
ker = kyj(wii = wer), K1y = ko(y/ker, and K is assumed
to be 0. Under the given plasma conditions, Aer = 27 /ker is
0.107 Rg at L = 6.6.

In Figure 2, blank areas represent wave stop gaps where
K% < 0. The boundaries of the wave stop gap are
the resonance at L = 6.6 and cutoffs where K7 = 0.
At the inner boundary at L = 6.1, RH cutoff occurs
(K1 — 0) for K (K1 r=61) — 0) ~ 0.87 and the com-
pressional waves have a cutoff-resonance-cutoff triplet in
x for K > K (K1 1=6.1) and cutoff-resonance pair for
K| < K||(KL,L=6.1). When waves have a cutoff-resonance-
cutoff triplet, absorption at the IIH resonance can occur
both as the wave leaks through the resonance as well as
when the wave reflects off the inner cutoff and propagates
back into the resonance so that the wave absorption can be
as large as 100% [e.g., Kim et al., 2011], which is a charac-
teristic of cutoff-resonance-cutoff conditions [Karney et al.,
1979; Ram et al., 1996; Lin et al., 2010].

Using plasma conditions at L = 6.6 (By = 108nT and
N, = 34.7cm™?), we calculate the ITH resonance frequency,
Qi = wii/wei(L=6.6), Where wei(—¢.6) is proton cyclotron fre-
quency at L = 6.6, as a function of nue and K| in Figure 3a.
This figure clearly shows that € increases when nue and/or
K increase. The value of {); has a significant dependence
on K ranging from Qi ~ Qpp for K| —0to Qi ~ Qe as
KH — 1.

Because (;; is a function of ng. and K|, K| can also be
expressed as a function of nie and €2;; as shown in Figure 3b.
The value of €;; increases monochromatically with ng. and
can be used to estimate nue from Figure 3b, if strong wave
absorption occurs. For example, when the linearly polarized
EMIC waves are observed with Qops ~ Qi = 0.6 and if the
maximum absorption is calculated at K ﬁnax = 0.7, Nre can
be estimated as nue & 44%. In Section 4, we calculate the
wave absorption coefficient (A) as a function of K| and nge
and then A(K” ,Mie). These results are then converted into
A(Q4i, nue) similar to Figure 3.

4. Wave Absorption at the ITH resonance

In Figure 4a, we calculate the absorption coefficient (A)
of the compressional waves as a function of K| and nmue
for no azimuthal wave number (K, = 0). The maxi-
mum value of A (A™*) can be as large as 100% where
K| > K| (K1 =61 — 0). In this region, the waves en-
counter a cutoff-resonance-cutoff triplet, and thus A os-
cillates in both K| Il and mue due to the interference effect
between incoming and reflected compressional waves. For
K| < Kj(K1 =61 — 0), A™™ is near 25% which is the
Budden limit of the cutoff-resonance pair. In Figure 4a, for
K” =1 at Qi = Qer, no absorption occurs, which is con-
sistent with previous calculations [Klimushkin et al., 2006;
Kim et al., 2011].

The edge of AK is clearly visible as a function of nge in
Figure 4a. For nue ~ 1 or 0, the absorption occurs in a rel-
atively wide range of K|, however, for moderate 7me, most
absorption occurs for 0.9 < K) < 1. This range of K| is
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much higher and narrower than the range seen at Mercury
where maximum efficiency occurs broadly for K| = 0.5—0.8
[Kim et al., 2011; Kim and Johnson, 2014].

We convert A(K)|, nue) to A(Ci, nue) as shown in Figure
4b in order to show the frequency range where strong absorp-
tion occurs. The figure clearly shows that most absorption
occurs near ¢y, where K ~1, with narrow AQ and Ange
(the maximum A and Anme are ~2.7% and 2.5%, respec-
tively). In Figure 4b, we infer the He™ concentration ratio
from the observed EMIC waves in Figure 1. Wave frequen-
cies at 4:15, 4:20, 4:25, and 4:30 UT are selected and the
maximum and minimum frequencies at each time are (UT,

min - Omaxy N (4:15, 0.29, 0.3), (4:20, 0.29, 0.34), (4:25,
0.27, 0.35), and (4:30, 0.28, 0.32). We plot the frequency
ranges as a 'horizontal bars and the average values (ﬁobs)
between Q0p7 and Qi as circles. Using the average fre-
quencies, the nue can be inferred to 3.3, 3.4, 4.2, and 3.6
+ 0.7%, respectively. Here, the minimum density ratio can
be estimated by assuming that the average frequency is the
crossover frequency (Qobs & er) and the maximum of npe is
~ 5%. Similarly, Fraser et al. [2005] estimated nge to range
between 6-16% inferred from GOES-8 and 10 observations
of LH polarized EMIC waves.

5. Discussion and Summary

In this letter, we present a method to infer the heavy ion
concentration ratio using observed EMIC waves at Earth’s
magnetosphere. At geosynchronous orbit near L = 6.6, we
show that compressional wave absorption (the linearly po-
larized EMIC wave generation) occurs over a wide range of
heavy ion concentration, while it occurs in a limited range
of field-aligned wave numbers (0.9 < K| < 1.0). In these
ranges of K|, the wavelength parallel to Bg is much shorter
than one Earth radius (0.04Re < A\ < 0.18Rg) and the
ITH resonance frequency is close to the crossover frequency
(4 = Qor). Thus the heavy ion concentration ratio can be
estimated using {2.;. Interestingly, this result was predicted
by Kazakov and Fulép [2013], although their approach does
not provide an accurate estimate of wave absorption [Kim
and Johnson, 2014] because it does not properly describe
the cutoff-resonance-cutoff triplet.

This method should be useful for estimating the global
structure of magnetospheric heavy ion concentrations from
detected linearly polarized EMIC waves as shown in Figures
4. However, because the wave absorption is very sensitive to
plasma conditions, such as density scale length, heavy ion
density ratio, and magnetic field gradient, wave absorption
for different magnetospheric environment should be consid-
ered. For example at Mercury, the value of K| and the
frequency ratio to the crossover frequency with maximum
absorption are 0.5 < K| < 0.8 and 0.5 < Qi /Qer < 0.9 [Kim
et al., 2011; Kim and Johnson, 2014] rather than Qi &~ Qecr
suggested by Kazakov and Fulop [2013].

Moreover, the Buchsbaum resonance and the crossover
frequencies can be used to constrain the upper and lower
limits of the heavy ion concentration as the resonance con-
dition will always occur between these two frequencies. Lee
et al. [2008] suggested that when the incoming waves prop-
agate from the inner magnetosphere and the field-aligned
wavelength is larger than 0.7Rg near the geosynchronous
orbit, the mode conversion at the IIH resonance can occur
near, but not the frequency same as the Buchsbaum reso-
nance. In this case, Mion can be estimated from wpp.

Although we demonstrated how ion density can be in-
ferred from EMIC observations, there are several limitations
in our calculations. The azimuthal wavenumber (K,) is one
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of the important factors that controls absorption, but we
only showed the wave absorption for K, = 0. However, ab-
sorption tends to peak at smaller K, so the results shown
should be reasonable. We have also calculated the wave ab-
sorption coefficient for K, = 0 — 0.3 (not shown here) and
found that the K| window for wave absorption decreases
when K, increases and is less affected by K,. Therefore,
the results shown in Figure 4b are relevant for various K,
cases because we are interested in the range of K| values for
mode conversion.

Our analysis also assumed a constant heavy ion den-
sity concentration, although wave absorption can also occur

GOES-12 FGM B B, Jan/01/2007
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Figure 1. High-time resolution (512ms) Level 2 GOES-
12 magnetic field data show EMIC wave activity in the
H™ band from 04:00 to 04:50 UT over the frequencies of
~ 0.35 to 0.45 Hz. The top and middle panels present
wave power as a function of frequency in the E and N
components of the data, respectively. The GOES satellite
magnetometers conform to the PEN coordinate system,
in which Bp is a magnetic field vector component point-
ing northward, perpendicular to the orbit plane (paral-
lel to Earths spin axis) and Bg points earthward, being
perpendicular to Bp. By completes the Cartesian coor-
dinate and points eastward. Wave polarization ellipticity
in the plane perpendicular to the local magnetic fields (E
and N) is shown in the bottom panel, indicating that the
wave is largely linearly polarized.

K, (,,, = 10%)

=
2
5
(5]
I
3

Figure 2. The refractive index K| = k1 /ker of incom-
ing compressional waves as a function of K“ = kH/kcr
assuming the ITH resonance occurs at L = 6.6 for nge =
10%. Here the horizontal and vertical axes are L and K.
Black solid and dashed lines are cutoffs and resonance
conditions, respectively.
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when plasma contains inhomogeneous heavy ion concentra-
tions. Inhomogeneous heavy ion concentrations in the radial
direction can also modify the radial structure of the ITH res-
onance frequency as well as the wave dispersion relation in
space [Kim et al., 2011]. The ITH resonance occurs between
each pair of ion gyrofrequencies [e.g., Kim et al., 2013], and
inclusion of heavier ions, such as O, can possibly modify
the K| window for wave absorption. Therefore, detailed in-
vestigations of the effect of inhomogeneous heavy ion density
in dipole magnetic field and comparative studies in different
magnetospheres remains as future work.

In summary, we present a method to infer heavy ion
concentrations using detected EMIC waves from satellites.
Because linearly polarized EMIC waves can generated via
mode conversion from the compressional waves depending
on k|, peaked dependence of compressional wave absorp-
tion (thus generation of linearly polarized EMIC waves) en-
ables us to estimate the heavy ion concentration ratio. We
demonstrated that the maximum absorption occurs when
the IIH resonance frequency is close to the crossover fre-
quency at geosynchronous orbit and inferred heavy ion den-
sities around ~ 4% from the observed waves from GOES-12
data.
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Figure 3. The normalized ion-ion hybrid resonance
(Qii = wii/wei) at L = 6.6 as a function of (a) K and nne
and (b) Qi and nme. Dashed lines represent the Buchs-
baum resonance (Q,) or the crossover frequency (Qcr).
The heavy ion density ratio can be estimated using this
figure. For example, when the linearly polarized EMIC
waves are observed with Qops ~ ;i = 0.6 and the maxi-

mum absorption is calculated at K|*** = 0.7, nuc can be

estimated as nue =~ 44% (see green lines).
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Figure 4. (a) The absorption coefficient (A) for K, =0
as a function of K. Dashed lines are K] = 1 where
Qi = Qo or K(K1 =61 — 0) where RH cutoff oc-
curs at the inner boundary; (b) A as a function Qs and
nue converted from (a). The circles signify individual
averaged wave frequencies detected by GOES-12 on 4:15,
4:20, 4:25, and 4:30UT from Figure 1. The crosses are the
maximum and minimum frequency detected by GOES
satellite (2obs) and helium concentration ratio ranges cal-
culated in this letter. Using the average frequencies, the
NHe can be inferred to 3.3, 3.4, 4.2, and 3.6 + 0.7%, re-
spectively. Here, the minimum density ratio can be es-
timated by assuming that the average frequency is the
crossover frequency (Qobs & Qcr).
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