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Instability and propagation of EMIC waves in the magnetosphere
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[1] Electromagnetic ion cyclotron (EMIC) waves are excited near the magnetic equator by
anisotropic ring current ions with energies near a few tens of keV. We investigate the
instability and the path-integrated gain of EMIC waves during wave propagation. Calculations
are performed by a global core density model, a field-aligned density model and particularly
the hot ring current ions modeled by a kappa distribution. Simulating results show that
the instability of EMIC waves is influenced primarily by the parameters of hot ring
current ions, the wave normal angle and the composition of background plasma. A larger
path-integrated gain occurs when the initial wave vector points toward lower L shells.
During the storm main phase, the most common EMIC wave is the He+ band wave which
occurs in the outer magnetosphere beyond the plasmapause with frequency just below the
cyclotron frequency of He+. During the recovery phase, EMIC wave occurs in H+ band and
He+ band with almost the same intensity in cases of interest. The O+ band EMIC waves
are very weak and quite rare. This result presents a further insight into propagation and
instability of EMIC waves under different geomagnetic activities.
Citation: Zhou, Q., F. Xiao, J. Shi, and L. Tang (2012), Instability and propagation of EMIC waves in the magnetosphere
by a kappa distribution, J. Geophys. Res., 117, A06203, doi:10.1029/2011JA017296.

1. Introduction
[2] Electromagnetic ion cyclotron EMIC waves, classified
as Pc1-2 waves (0.1–5.0 Hz), are excited as left-hand polarized waves through wave-particle interaction. It is generally
accepted that the energy for EMIC wave growth is provided
by anisotropic ring current ions, with energies near a few
tens of keV [Mauk and McPherron, 1980; Roux et al., 1982].
Previous works [Cornwall, 1965; Loto’aniu et al., 2005]
indicate that the equatorial region is favored for EMIC
wave generation. EMIC waves basically propagate along
geomagnetic field lines. As the wave propagates to higher
latitudes, the wave normal becomes highly inclined to the
ambient magnetic field and wave energy can be absorbed by
cyclotron resonant interaction with ambient ions [Thorne and
Horne, 1994]. EMIC waves can also be guided by density
gradients at the plasmapause, which keeps the wave normal
angle small and significantly enhances the path integrated
gain [Thorne and Horne, 1997].
[3] EMIC waves can occur in three distinct bands below
the gyrofrequencies of H+, He+ and O+. Here we define
the H+ band with frequencies fHe+ < f < fH+, the He+ band,
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fO+ < f < fHe+ and the O+ band f < fO+. The frequencies
fHe+, fH+ and fO+ are the gyrofrequencies of helium, hydrogen and oxygen respectively. Previous observational work
has demonstrated that He+ band occurs most commonly, with
much higher wave intensity than H+ and O+ bands [Fraser
et al., 2010]. The majority of the EMIC wave events are
observed in the afternoon sector, between 1300 and 2000 MLT
[Fraser and Nguyen, 2001; Meredith et al., 2003]. In this
sector the EMIC occurrence rate increases with the radial
distance (L shell) in the region 3 < L < 9. Based on the
observation of IMAGE-EUV, Fraser et al. [2005] have first
associated EMIC waves with the drainage plumes. Recent
study [Chen et al., 2009] has shown that the drainage plume
is highly structured. This density structure can support wave
guiding and enhance the wave excitation within the plume,
especially at frequencies close to the He+ gyrofrequency.
[4] While EMIC waves may be observed during nonstorm periods, they are found to be most common and most
intense during geomagnetic storms. The EMIC wave occurrence rate can be enhanced by a factor of five during the main
and recovery storm phases, compared with nonstorm quieter
times [Erlandson and Ukhorskiy, 2001]. Recently, Fraser
et al. [2010] have investigated the association of EMIC
waves with the various storm phases by checking 22 storms,
and found that EMIC occurred during the main phases of
13 storms. Halford et al. [2010] have reported that 56.25%
of storm time EMIC waves occur during the main phase,
while 35.57% are observed in the recovery phase.
[5] In recent years EMIC wave has attracted considerable
research interest because it plays an important role in ring
current ion losses and radiation belt electron losses during
geomagnetic storms via wave-particle interaction [Fok et al.,
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to the wavelength, and that the gradients remain continuous.
The code checks the validity of Wentzel-Kramers- Brillouin
(WKB) approximation at every step along the raypath.
[8] We adopt a dipole magnetic field model and a plasma
density model which combines the global core plasma model
[Carpenter and Anderson, 1992; Gallagher et al., 1995,
2000] and the field-aligned density variation model [Denton
et al., 2002]:

Figure 1. The equatorial background electron density
for geomagnetic activity index. (left) Kp = 2, (middle) 4, and
(right) 6.
1996; Jordanova et al., 2001, 2008]. Previous works have
investigated the excitation, propagation properties, energy
transfer and the global distribution of EMIC waves by the
HOTRAY code [Horne and Thorne, 1993, 1994]. However,
their calculations focus on the cases where the energetic ion
distribution follows the Ashour-Abdalla and Kennel distribution. During storm conditions, the injected energetic ions
basically exhibit a pronounced non-Maxwellian high-energy
tail distribution [Lui and Krimigis, 1981; Viñas et al., 2005].
Such a distribution can be well modeled by a generalized
Lorentzian (kappa) distribution [Vasyliunas, 1968; Christon
et al., 1988; Xiao et al., 2008a]. Summers and Thorne
[1991, 1992] have introduced the modified plasma dispersion function based on a kappa distribution function.
Xue et al. [1996a, 1996b] have investigated the growth and
damping of EMIC waves by a kappa distribution. Their results
show that for small wave normal angles the Maxwellian
distribution tends to overestimate the maximum wave growth
rate, while for large wave normal angles the differences
in growth rate between kappa distribution and Maxwellian
distribution are small. Xiao et al. [2007a] have discussed the
instability threshold condition of hot protons by kappa distribution for the EMIC waves. However, as far as we are
aware, a systematic study on instability and propagation of
EMIC waves in the magnetosphere by a kappa distribution
has seldom been reported so far.
[6] In this study, ray tracing calculations are performed
by incorporation of a global core plasma density model
[Gallagher et al., 2000] and a field-aligned density model for
the background particle population [Denton et al., 2002]. The
formulation of [Kennel, 1966] base on a kappa distribution
function is solved to evaluate the growth rate of EMIC waves
and analyze the influence factors on growth rate. The results
of ray trace are applied in the calculation of local growth rate.
The path-integrated gain of EMIC waves is obtained by
integrating local growth rate along the raypath.

2. Ray Tracing Model
[7] We adopt a recently developed program [Zhou et al.,
2010; Xiao et al., 2007b, 2008b] which is based on the
methodology of the HOTRAY code [Horne, 1989]. This program determines the raypath and the wave normal angle by
integrating Hamilton’s equations [Horne, 1989; Suchy, 1981].
The ray tracing method assumes that the plasma density
gradient and the magnetic field gradient are small compared

Nc ¼ Nce ðL=RÞa

ð1Þ

a ¼ 1:66 þ 0:565x  0:465x2 þ 0:0630x3

ð2Þ

x¼8L

ð3Þ

where Nc is the cold electron density, R is the radial distance
from the center of the Earth in unit of the earth radius, L
denotes the maximum radial distance of a magnetic field line
in unit of the earth radius, Nce is the density at the equatorial
point along the field line passing the specific point associated
with the global core density model.
[9] The global core plasma density model incorporates
the plasmasphere and plasmapause density and the trough
density, and considers the effect of Kp index and MLT
on the density distribution [Carpenter and Anderson, 1992;
Gallagher et al., 1995, 2000]. The equatorial background
electron density for different geomagnetic activity conditions
is illustrated in Figure 1. The plasmapause extents to higher
altitudes at afternoon to evening MLT to form a blunt bulge.
As Kp increases the plasmapause moves inward closer to the
Earth and the bulge region rotates sunward (westward).

3. Numerical Results
3.1. Local Growth Rate of EMIC Wave
[10] We calculate the local growth rate of EMIC waves
following the previous works [Kennel, 1966; Chen et al.,
2010].
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where s denotes hot species and the subscript, g s is the local
growth rate due to the contribution of hot species s, R, L, P
and S are Stix notations of the cold plasma wave, n is the
wave refractive index, w is the wave frequency, y is the wave
normal angle between wave vector and filed line, y > 0 or
y < 0 occurs when wave vector points toward higher L shell
or lower L shell in our calculation, respectively. m denotes
the harmonic resonance, Jm are Bessel functions of order m.
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We set the range of m from 10 to 10 in our calculation.
D(0) is the determinant of the cold plasma wave dispersion
relation matrix defined as
Dð0Þ ¼
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and
G2s ¼ Jm

where Fs is the normalized distribution function of hot
species s.
[11] We assume the equatorial distribution function for hot
ion species s as a kappa distribution:


Fs vke ; v?e
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with associated parallel and perpendicular effective thermal
speeds at the equator
qke ¼


  
2k  3 1=2 Tke 1=2
k
ms

ð9Þ

q?e ¼
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k
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ð10Þ

where G is the gamma function, ms is the rest mass of species s,
Tke and T?e are temperatures parallel and perpendicular
to the ambient magnetic field respectively at the equator. The
temperature anisotropy of hot species s at the equator is
Ae ¼

T?e
1
Tke

ð11Þ

When energetic ions move along the Earth’s magnetic field
line, the anisotropy and number density vary with the latitude due to the conservation of the first adiabatic invariant
and total electron energy. Currently, there is lack of direct
observational information about distribution of energetic
ions along the magnetic latitude. We adopt a field-aligned
density model for hot species s [Xiao and Feng, 2006].


Fs vk ; v?



with effective thermal speeds and temperatures parallel and
perpendicular to the ambient magnetic field at the magnetic
latitude l as follows:
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where Nhs is the density of hot species s.
[12] Numerical solutions to equation (4) are obtained in
Figures 1–5 by adopting the typical storm time value of
ion composition of cold plasma: hH+ = 77%, hHe+ = 20%
and hO+ = 3% [Jordanova et al., 2008], and a Sunspot
number = 100, representative of a relatively high solar
activity [Carpenter and Anderson, 1992]. Figure 2 shows the
influence of anisotropy, temperature and density of energetic
protons on the local growth rate of EMIC wave. Simulations
are performed with parameters Kp = 6, L = 6, MLT = 14,
l = 0, y = 0 and k = 2. The growth rate of EMIC wave
increases with three factors above in all three bands. The
Figure 2 (top) shows the influence of anisotropy of energetic
protons on the local growth rate. H+ band instability occurs
only when Ae ≥ 1.2 at Tke = 50 keV and NH+ = 2 cm3. The
Figure 2 (middle) shows the influence of temperature of
energetic protons on the local growth rate, with fixed anisotropy Ae = 1.5 and density NH+ = 2 cm3. The local growth
rate increases with increasing energy under the fixed temperature and density. The Figure 2 (bottom) shows the influence
of density of energetic protons on the local growth rate. If the
density of hot proton is relatively low (e.g., 0.2 cm3), the
instability is very weak even when the anisotropy or temperature is high (e.g., Ae = 1.5 and T ke = 50 keV). Consequently, the suprathermal protons with a high density and a
high temperature anisotropy are essential to the excitation
of EMIC wave.
[13] The local growth rates of EMIC waves at different
equatorial locations (3 ≤ L ≤ 6) are shown in Figure 3 (top).
The growth rate increases with L increasing, consistent with
observations [Fraser and Nguyen, 2001; Meredith et al., 2003].
As shown in Figure 3 (middle), the growth rate decreases
dramatically with increasing geomagnetic latitude, particularly in H+ band. The growth rate at l > 15 is negligible,
indicating that equatorial region is the favorable region
for EMIC wave generation. This is supported by CRRES
and other Poynting flux observations which show a source
region within 11 of the equator [Loto’aniu et al., 2005].
Figure 3 (bottom) shows the growth rate of EMIC waves
for different wave normal angles. As the wave becomes
more oblique there is a progressive decrease in wave growth
rate due to either Landau damping or cyclotron resonant
absorption. Wave damping occurs more significantly in
He+ band and O+ band. For H+ band waves, as the wave normal angle increases, wave growth rate decreases relatively
slowly but the frequency range of EMIC instability becomes
broader.
[14] The observations of ring current [Fu et al., 2002; Nosé
et al., 2005] show that during magnetic storms, the abundance of hot O+ increases dramatically and the growth of
hot He+ is not obvious. Previous studies show that hot O+ (or
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Figure 2. The influence of (top) anisotropy, (middle) temperature and (bottom) density of energetic
protons on local growth rate.
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Figure 3. The local growth rates at (top) different equatorial locations, (middle) different latitude, and
(bottom) for different wave normal angle.
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Figure 4. The influence of density of (top) hot He+ and
(bottom) hot O+ on the local growth rate of EMIC wave.
He+) ions suppress the growth rates at frequencies near
the bi-ion frequency and harmonics gyrofrequency nfO+ (or
nfHe+) by cyclotron resonant absorption [Kozyra et al., 1984;
Thorne and Horne, 1993]. Figure 4 shows the influence of
hot He+ (top) and hot O+ (bottom) on the local growth rate of
EMIC wave. We assume that the parallel temperatures at the
equator of both hot He+ and hot O+ are 50 keV. Hot He+
reduces the growth rate in both He+ and H+ bands but it has
little effect in O+ band. In contrast, hot O+ has little effect in
H+ band, but reduces the growth rate in He+ band. Furthermore, the growth rate in O+ band increases with the increase
in density of hot O+ but remains relatively weak even when
NO+ = 2 cm3, indicating that EMIC waves rarely occur in
the band below the oxygen gyrofrequency.
[15] The growth rate of EMIC waves with different frequencies is presented in Figure 5, with parameters Ae = 1.5,
NH = 2 cm3, NHe+ = 0.1 cm3 and NO+ = 0.5 cm3.

Figure 6. The influence of the ion fractional composition of
cold plasma on growth rate: density variation of (top) He+ ion
and (bottom) O+ ion.
Obviously, He+ band instability region is broadest, suggesting that the most common EMIC wave in the magnetosphere
is He+ band. In addition, the wave instability at lower frequency tends to occur in a larger L-shell region, with a larger
growth rate, consistent with the observation that EMIC waves
occur most common in the outer magnetosphere beyond
the plasmapause.
[16] Since the typical composition of cold heavy ions He+
and O+ lies in the range from 10% to 20% and from 1% to
10%, respectively [Farrugia et al., 1989; Hu and Fraser,
1994], We choose different composition of cold heavy ions
to study the effect of the ion fractional composition on
growth rate, as shown in Figure 6. The presence of He+ ions

Figure 5. Local growth rate of EMIC waves with different frequencies: (a) 0.5 Hz, (b) 1.5 Hz,(c) 3.0 Hz
and (d) 5.0 Hz in the meridian plane of MLT = 14 during Kp = 6. The center of bulge is located at L = 4.0.
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Figure 7. (a) Path-integrated gain and (b) the wave normal
angle versus magnetic latitude. The waves launched at L =
6.0, with a fixed frequency 0.48 Hz (0.22fH +) but different initial wave angles: y0 = 15 (solid), 0 (dashed) and
15 (dotted).
significantly reduces the growth rate in H+ band, but has little
influence on He+ band and O+ band (see Figure 6, top). The
increase in He+ cold population reduces the emission bandwidth of H+ band waves due to an increase in the L mode
cutoff frequency [Horne and Thorne, 1994]. The H+ band
waves between the cutoff frequency and the crossover frequency propagate in the unguided mode [Rauch and Roux,
1982; Horne and Thorne, 1993]. Such unguided waves
have very small wave gains. Strong instability of guided
waves in the H+ band occurs preferentially for a lower He+
concentration [Horne and Thorne, 1994; Xue et al., 1996b].
Similarly, the increase in O+ cold population reduces the
emission bandwidth of H+ band and He+ band waves and
significantly reduces the growth rate in H+ band and He+
band (see Figure 6, bottom).

A06203

equatorial plane. As the waves propagate toward higher
latitudes their wave normal angles increase, allowing wave
damping to dominate over the cyclotron growth. The wave
gains maximize at l = 3.4, 2.4 and 1.5 for y0 = 15 , 0 and
15 respectively. A larger path-integrated gain occurs when
the initial wave vector points toward the lower L shells (y0 =
15 ), probably because the wave propagates less obliquely
than at cases y0 = 0 and y0 = 15 , and correspondingly the
wave damping is less at y0 = 15 . This also occurs in
H+ band and O+ band EMIC waves. He+ band waves suffer
reflection where their frequency matches the local O+  He+
bi-ion frequency. The reflected waves experience significant
cyclotron resonant absorption near the reflection point, as
discussed by Perraut et al. [1984] and Thorne and Horne
[1993].
[19] In Figure 8, we illustrate the path-integrated gain of
EMIC waves launched at equatorial L = 6.0 with frequencies
near peak growth rate in He+ band and H+ band. All waves
are initiated with y = 0. Waves with frequencies around
0.22fH+ and 0.54fH+ approach the maximum gain in He+ band
and H+ band, respectively. He+ band waves are reflected near
the H+  He+ bi-ion frequency.
[20] It should be noted that the calculations above are
carried out only for one-side equatorial wave propagation. The maximum wave gain would be twice if waves are
launched from one side and travel toward the other side of the
equator [Chen et al., 2010]. In Figures 9 and 10 we consider two-side equatorial wave propagations and show the
maximum wave gain of EMIC waves with y = 0 at the
equator as a function of L and frequency in the meridian
plane of MLT = 14 during the storm main phase (Kp = 6) and

3.2. Path-Integrated Gain
[17] In the following, for a direct comparison we shall use
the same storm-time value of ion composition of cold plasma
as above: hH+ = 77%, hHe+ = 20% and hO+ = 3%. The pathintegrated wave gain in dB is calculated by integrating the
local growth rate along the raypath:
 Z

Gain ¼ 20 log10 exp
gdt :

ð15Þ

[18] Figure 7 shows the path-integrated gain and the wave
normal angle as a function of the magnetic latitude l for He+
band EMIC waves launched at the equatorial location L = 6.0
for different initial wave normal angles. The path-integrated
gain increases when the EMIC waves starts out from the

Figure 8. The path-integrated gain of EMIC waves with
different frequencies in (top) He+ band and (bottom) H+
band.
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Table 1. The Parameters of Ring Current Energetic Ionsa
L

NH +
(cm3)

3.64.0
4.24.6
4.85.2
5.45.8
6.06.4

2.0
3.0
3.5
2.5
2.0

3.64.0
4.24.6
4.85.2
5.45.8
6.06.4

1.5
2.2
2.5
2.0
1.8

NHe +
(cm3)

(cm3)

Ae

Main Phase
0.1
0.1
0.1
0.1
0.1

0.8
1.4
1.7
1.2
0.8

1.1
1.3
1.3
1.1
1.1

Recovery Phase
0.1
0.1
0.1
0.1
0.1

0.4
0.7
0.9
0.6
0.4

1.2
1.5
1.5
1.2
1.1

a

For all the hot ions we assume Tke = 50 keV.

Figure 9. The path-integrated gain of EMIC waves as
a function of L and frequency in the meridian plane of
MLT = 14 during the storm main phase.
recovery phase (Kp = 4). The plasmapause locates at L = 4.0
when Kp = 6 and moves outward to L = 4.6 when Kp = 4.
The typical values of hot ions parameters at each location are
listed in Table 1 [Fu et al., 2002; Jordanova et al., 2006;
Chen et al., 2010].
[21] As shown in Figure 9, during the main phase the most
common EMIC waves lie in He+ band just below the cyclotron frequency of He+ both inside and outside the plasmapause. In contrast, H+ band wave exists mainly outside the
plasmapause with a lower wave intensity and a relatively
narrow frequency range. Furthermore, EMIC waves in
O+ band are very weak, below 5 dB.
[22] As shown in Figure 10, H+ band EMIC waves are
significantly enhanced both inside and outside the plasmapause since the temperature anisotropy increases during the
storm recovery phase [Chen et al., 2010]. This implies the
H+ band waves occur more preferably during recovery phase,
consistent with previous statistical study [Fraser et al.,
2010]. However, the wave gains in He+ band and O+ band
vary little during the recovery phase though the temperature

Figure 10. The path-integrated gain of EMIC waves as
a function of L and frequency in the meridian plane of
MLT = 14 during the storm recovery phase.

anisotropy increases. This is primarily because decreases in
densities of ions reduce the growth rate at the same time.

4. Summary and Conclusion
[23] The EMIC waves can be excited in the magnetosphere
by cyclotron resonant instability with anisotropic ring current
ions. These ions basically exhibit a pronounced high-energy
tail distribution which can be well modeled by a kappa distribution. Based on the kappa distribution model, the instability of EMIC waves and the path-integrated gain during
propagation are discussed in detail. The major conclusions
are obtained as follows.
[24] 1. In all three bands, the growth rate of EMIC wave
increases as the anisotropy, the temperature or the density of
energetic protons increases. A higher anisotropy is needed to
excite the H+ band waves than to excite the He+ band waves.
[25] 2. The growth rate of EMIC waves increases monotonically with L shell in the region 3 ≤ L ≤ 6 and decreases
dramatically with geomagnetic latitude. As the wave normal
angle increase, the wave is subject to either Landau damping
or cyclotron resonant absorption, leading to a progressive
decrease in wave growth rate.
[26] 3. As the density of hot He+ increases, the growth rate
in He+ band and H+ band is reduced, but the growth rate in O+
band varies little. As the density of hot O+ ions increases, the
growth rate remains almost constant in H+ band, reduces in
He+ band, and enhances in O+ band.
[27] 4. As the density of cold He+ increases, the growth
rate in H+ band is reduced significantly, but varies little in
He+ and O+ bands. Meanwhile, increase in density of cold O+
ions produces a substantial reduction in growth rate in H+ and
He+ bands.
[28] 5. A larger path-integrated gain occurs when the initial
wave vector points toward the lower L shells (e.g., y0 =
15 ), probably because the wave propagates less obliquely
and correspondingly experiences less damping than the
wave with initial wave vector parallel to the magnetic field
or pointing toward higher L shells. During propagation to
higher latitudes, highly oblique EMIC waves encounter
reflection where the frequency matches the local bi-ion
frequency and correspondingly suffer substantial cyclotron
resonant absorption.
[29] 6. During the main phase, the He+ band wave just
below the cyclotron frequency of He+ occurs most frequently
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in the magnetosphere. During the recovery phase, H+ band
wave is enhanced with approximately the same intensity as
that of He+ band. However, the O+ band waves are found to
be very weak and quite rare.
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2012CB825603, the National Natural Science Foundation of China grants
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