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[1] Interplanetary coronal mass ejections (ICMEs) often possess a negative proton
thermal anisotropy, Ap = T?,p/Tk,p � 1 < 0 (Tk, T?: parallel and perpendicular temperatures,
respectively) so that right-hand polarized electromagnetic ion cyclotron waves (EICWs)
may be amplified by a kinetic instability [Farrugia et al., 1998a]. However, in view of the
low proton beta of ICMEs, several physical parameters, besides Ap, need to be in the
right range to excite this instability with significant growth rates. In this paper we present a
parametric study of EICWs aimed at identifying those parameters which are most
influential in fostering the emission of these waves in ICME scenarios. We analyze here
the influence of: (1) thermal and suprathermal protons, (2) thermal alpha particles (as),
and (3) thermal electrons. We solve the dispersion relation of EICWs including protons, as
and electrons, all modeled with bi-Maxwellian distribution functions, and a minority
population of suprathermal protons using a kappa function for the velocity component
along the field. For physical regimes of ICMEs we find that the instability depends
critically on the values of the following parameters: proton beta, proton thermal
anisotropy, relative abundance of the suprathermal protons, a-to-proton relative
abundance, a-to-proton temperature ratio, a particle thermal anisotropy, electron-to-
proton temperature ratio, and thermal anisotropy of electrons. The effect of these
parameters on the instability is either direct (when they increase the number of resonant
particles) or indirect (when they decrease the phase speed of the wave so that more
particles can resonate). Data surveys on EICWs should take into account the whole set of
parameters indicated here, since the expected level of wave excitation results from their
combined action. The study may be useful in understanding the considerable level of
magnetic fluctuations observed in interplanetary CMEs by the Wind spacecraft. INDEX
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1. Introduction

[2] Coronal mass ejections (CMEs) represent gigantic
expulsions of mass and magnetic flux from the Sun. When
observed in the interplanetary medium these objects are
often called ‘‘interplanetary manifestations of CMEs’’
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(ICMEs). ICMEs are characterized by a number of field and
plasma properties. Chief among these are: (1) low proton
temperatures, Tp [see, e.g., Richardson and Cane, 1995, and
references therein]; (2) bi-directional flows (along the field
lines) of suprathermal (energy E > 80 eV) electron fluxes
[Montgomery et al., 1974; Bame et al., 1981; Gosling et al.,
1987]; (3) bi-directional flows along the field lines of
suprathermal protons, of energies in the few keV to �1
MeV range [Gosling et al., 1981; Marsden et al., 1987;
Galvin et al., 1987]; (4) a relative a particle-to-proton
density ratio which is highly variable and may be very
different from the typical 4% observed in the solar wind;
and (5) electron temperatures, Te, which are frequently
higher than proton temperatures (Tp) [Osherovich et al.,
1993; Richardson et al., 1997]. The important subset of
ICMEs known as interplanetary magnetic clouds is distin-
guished by enhanced magnetic field strengths with respect
to ambient values, a large rotation of the magnetic field
vector, and low Tp [Burlaga et al., 1981; Burlaga, 1995].
The majority of the ICMEs have Tk > T?, where k and ?
denote directions parallel and perpendicular to the magnetic
field [Zwickl et al., 1983; Gosling et al., 1987; Galvin et al.,
1987]. Electrons have been noted to show a similar trend
[Pillipp et al., 1987; Gosling et al., 1987]. For a review on
ICMEs, see Gosling [1990] and Neugebauer and Goldstein
[1997], and for a review on magnetic clouds, see Osher-
ovich and Burlaga [1997].
[3] Since the proton thermal anisotropy, Ap = Tp,?/Tp,k � 1,

is frequently observed to be negative, ICMEs may develop
the kinetic instability of electromagnetic ion cyclotron
waves (EICWs) corresponding to the right-hand (RH)
polarized branch of the low frequency dispersion relation.
The possibility that RH-EICWs may be excited in ICMEs,
as a consequence of Ap < 0 was first considered by
Farrugia et al. [1998a]. Preliminary examinations of the
influence of the thermal properties of protons and a
particles, on the EICW instability for ICMEs conditions
was given by Dasso et al. [1999] and Dasso et al. [2002].
Explorative analysis of effects of hot and anisotropic
electrons have been developed in Gratton et al. [1998]
and Dasso et al. [2000]. In particular, an exploration of the
necessary conditions for the development of EICWs inside
the ICME observed by Wind on August 7–8, 1996, was
studied by Dasso et al. [2001].
[4] This paper addresses RH waves in the range of the

cyclotron frequency in solar ejecta, which correspond to
�1 Hz in the spacecraft frame at 1AU. In particular, it is
the purpose of our study to show that, with respect to the
rates predicted by the mere consideration of Ap and bp, the
growth rates of RH-EICWs can be considerably enhanced,
when the values of other parameters mentioned above fall
into certain ranges which might be observed in ICMEs.
Some of the parameters bearing on EICW growth are not
routinely measured. For this reason, we shall carry out
here a parameter study, where each relevant parameter is
varied around a nominal value. We also study the effect of
thermal and suprathermal proton properties on the insta-
bility of EICWs. We examine first the influence of the
thermal properties of protons, modeling the distribution
function ( fp) as a bi-Maxwellian. Next we consider the
effect of suprathermal particles, comparing the intensity of
the wave emission for proton distribution functions with,

and without, energetic components. We focus attention on
suprathermal wings along the background field B0, mod-
elling fp as the sum of two components, a bi-Maxwellian
core and a minority population (with density nm) repre-
sented as the product of a kappa function for the parallel
velocity vk, and a Maxwellian function for the perpendic-
ular velocity, v?. For the distribution function of the a
particles we consider only bi-Maxwellians because the
suprathermal properties of as in ICMEs are not well
known. We study the influence on the waves of three a
parameters, Aa = Ta,?/Ta,k � 1, Ta/Tp, and abundance
ratio, ha = na/np. We model the distribution function of the
electrons ( fe) with bi-Maxwellians also. We examine the
influence of Te/Tp and Ae on the wave excitation.
[5] The list of input parameters that define the distribu-

tion functions of ions (core protons, energetic protons
modeled by a kappa distribution function, and alpha par-
ticles) and electrons arenp,Tk,p,T?,p,k,nm,Tk,m,T?,m,na,Tk,a,
Tk,a, T?,a, Tk,e, T?,e.
[6] We analyze the growth rate sensitivity to variations of

the most important parameters. Since the amplification of
the waves depends on a combination of factors, we consider
the variation of each key parameter separately from the
others, to acquire a deeper insight into the mechanisms that
control this instability. From the theory, then, we determine
the physical conditions that lead to significant wave emis-
sion rates in ICMEs.
[7] The layout of the paper is as follows. In a theoretical

section we derive the dispersion relation of right-hand
polarized EICW. In section 3 we give the results for growth
and damping rates, unstable frequency intervals, obtained
from numerical solutions of the dispersion relation, as well
as approximate formulas for the maximum growth rate
dependence on key parameters. A final section gives a
discussion and our conclusions.

2. Dispersion Relations for EICWs

[8] We study the linear stage of the resonant instability of
right-hand (RH) polarized EICWs propagating parallel to
the magnetic field which is due to negative thermal aniso-
tropy of ions. The resonant instability of EICWs (both for
right and left handed polarization) in space physics was
studied by Kennel and Scarf [1968], in one of the earliest
papers on this topic. There is now a large literature on this
subject, and surveys of its relevance for space physics can
be found, e.g., in the work of Gary [1993], or of Treumann
and Baumjohann [1997].

2.1. Bi-Maxwellian Plasma Components

[9] The dispersion relation for RH polarized EICWs can
be written as

k2c2 ¼ w2�R ð1Þ

where �R is the component of the dielectric tensor
corresponding to the right-hand polarization. It is defined
by the following equation, derived from plasma kinetic
theory [see, e.g., Stix, 1992; Gary, 1993],

�R ¼ 1þ
X
s

w2
ps

w2
Aþ Aþ 1ð Þwþ A�

kwk
Z

wþ �

kwk

� �� �
s

; ð2Þ
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[10] The sum extends over all species, (electrons, protons,
and as); w is the complex angular frequency of the wave [w =
wr + ig]; k is the wave number parallel to the ambient
magnetic field and Z is the plasma Zeta function. In (1), all
species are modeled by bi-Maxwellian distribution functions.
In the same expression, wps and ws are the plasma and
cyclotron frequencies, respectively; wk,s =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Tk;s=ms

p
, is

the thermal speed (temperature in energy units; and ms mass
of the particle); As = T?,s/Tk,s� 1, is the thermal anisotropy; c
is the speed of light. Wave quantities vary as exp[i(kz� wt)],
where the z axis is aligned along the magnetic field.
[11] In the following, we normalize frequencies and

growth rates with the proton cyclotron frequency: x = xr +
ig = (wr + ig)/�p, where �p = eB0/mpc is the proton
cyclotron frequency and B0 is the background magnetic
field. The dimensionless wave number is y = kVA/�p, where
VA = B0/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pnpmp

p
is the proton Alfvén velocity. For a

plasma consisting of protons, as, and electrons, and using
dimensionless quantities equation (1) can be written as

y2 ¼ Ap þ
Ap xþ 1ð Þ þ x

yb1=2k;p

Z
xþ 1

yb1=2k;p

0
@

1
Aþ haAa

þ ha
Aa xþ 1=2ð Þ þ x

yb1=2k;a

Z
xþ 1=2

yb1=2k;a

0
@

1
Aþ Aehem

�1

þ h3=2e m�1=2 Ae x� m�1ð Þ þ x

yb1=2k;e

Z
x� m�1

yb1=2k;e

h1=2e m1=2

0
@

1
A ð3Þ

[12] The following dimensionless parameters have been
introduced: bk,p = bp/(23Ap + 1) (with bp = 8pnpTp/B0

2), bk,a
= bp (Ta/4Tp)/(

2
3
Aa + 1), bk,e = 8pneTk,e/B0

2 = bphe (Te/Tp)/
(2
3
Ae + 1), ha = na/np, he = ne/np, and m = me/mp.
[13] A survey of the literature allows us to collect a set of

observed physical properties of ICMEs, from which we
propose several possible parameter scenarios for the wave
theory. For those parameters insufficiently known from
observations, we complement the information with educated
guesses.
[14] Values of bp have been chosen between 0.1 and 0.6

[Richardson and Cane, 1995, and references therein]. In
particular, interplanetary magnetic clouds, often have
extremely low bps, although from time to time values up
to bp � 0.4 have also been observed in parts of the ejecta
[Farrugia et al., 1998b; Dasso et al., 2001]. The proton
anisotropy, Ap, is very important not only because it
indicates the amount of free energy that drives the insta-
bility, but also because the quantity that characterizes the
proton emission intensity is not bp directly but rather bp,k.
The latter is larger than bp for Ap < 0. We reach values of
Tk/T? as high as Tk/T? � 5 (i.e. Ap � �0.8) [Gosling et al.,
1987]. In fact, magnetic clouds with even higher thermal
anisotropies have been occasionally observed (Tk/T? � 10
[Galvin et al., 1987]).
[15] The abundance of as relative to protons in ICMEs is

frequently larger than typical solar wind values of �3–4%
[Schwenn, 1990, and references therein]. The relative abun-
dance ha is highly variable in different ICMEs, ranging
from 1% to more than 20% [e.g., Gosling et al., 1987;
Galvin, 1997]. Quantity ha, too may vary greatly inside the

same ICME and values of order ha � 0.15, or greater, have
sometimes been reported [e.g., Borrini et al., 1982; Zwickl
et al., 1983]. In the solar wind the thermal velocities of as
and protons are similar, so that the temperature ratio Ta/Tp
� 2–4 [Marsch, 1991]. However, in ICMEs Ta/Tp may be
very different from 4. Part of magnetic clouds with Ta/Tp as
high as 36 have been observed [Burlaga et al., 1998].
However, despite some published studies, there are as yet
no systematic studies of Ta/Tp for ICMEs, and we shall
accordingly vary this parameter. Thermal anisotropy of
alpha particles is very poorly known quantity and we shall
take Aa � Ap. Nevertheless, we shall also study variations
of this parameter.
[16] Quantity Te is generally larger than the Tp [Gosling et

al., 1987; Galvin et al., 1987; Pillipp et al., 1987]. In
particular, in the statistical study by Richardson et al.
[1997] it has been suggested that Te/Tp > 2 is a criterion
to identify ICMEs. On occasion, Te/Tp reaches values as
high as 7–10 [Osherovich et al., 1993]. The parallel
temperature of electrons is generally greater than the per-
pendicular temperature, Te,k > Te,?, so that we can assume
Ae < 0 in our numerical analysis [Gosling et al., 1987;
Galvin et al., 1987; Pillipp et al., 1987; Dasso et al., 2001].
[17] When g 	 wr, an approximation for g is given by

g ’ � wr= �Rð Þ
@
@wr

< w2
r �R

� �  ;
where information on wr (k) is needed and may be obtained
by solving the companion equation

k2c2 ¼ w2
r< �Rð Þ

[18] Expanding the plasma Z functions in equation (3),
one obtains the following expression for the normalized
growth rate, g = gp + ga, where the contributions to g of
protons and as are given, approximately, by

gp¼ �
ffiffiffi
p

p Apþ1
� 

xr þ Ap

� �
exp � xrþ1ð Þ2

y2bk;p

h i
=b1=2k;p

y 2xrV
2
A=c

2�1= 1þ xrð Þ2�ha=2 xr þ 1=2ð Þ2þ1þ 2ha
h i

ð4Þ

and

ga¼�ha
ffiffiffi
p

p Aa þ 1ð Þxr þ Aa=2½ � exp � xrþ1=2ð Þ2
y2bk;a

h i
=b1=2k;a

y 2xrV
2
A=c

2�1= 1þ xrð Þ2�ha=2 xr þ 1=2ð Þ2þ1þ2ha
h i

ð5Þ

[19] Electrons with velocities in resonance with the
EICWs are in the far tails of the bi-Maxwellian distribution,
and therefore the corresponding term ge is neglected here
(but see section 3.3 on their influence on g via an indirect
effect). Note that the denominators of equations (4) and (5)
are positive for xr > 0, thus RH waves are amplified by
protons (assuming Ap < 0) when xr < x*p = � Ap (Ap + 1)�1

and are damped when xr > x*p. The corresponding critical
frequency, x*a that separates the range of dominant emission
(xr < x*a) from that of prevailing absorption (xr > x*a), for as
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is x*a = �1
2

Aa
Aaþ1

. The approximate equations (4) and (5) are
helpful to interpret the results of more precise numerical
solutions of equation (3), and to understand trends in the
changes of g under variations of the parameters.

2.2. Suprathermal Protons

[20] A power law in the tail of the distribution function of
protons ( fp) have been observed (ISEE2 and ISEE3 data) in
post-shock regions associated with solar ejecta material
[Gosling et al., 1981]. The presence of intermittent bidirec-
tional fluxes of high energy protons along the magnetic
lines (see, e.g., the review by Gosling [1990]) is a frequently
observed feature during passages of ICMEs. To study the
effects of energetic protons on the waves, we consider an
additional component of non-Maxwellian protons. We
derive now the dispersion relation for RH waves adding a
minority group of protons with a decreasing power law in
the parallel velocity. For the distribution fm of the minority
protons we assume a product of a kappa-function for vk with
a Maxwellian for v? as follows

fm vk; v?
� 

¼ nmfk;m vk
� 

f?;m v?ð Þ; ð6Þ

with

fk;m vk
� 

¼ � kþ 1ð Þ
p1=2qkk3=2� k� 1=2ð Þ

1þ
v2k

kq2k

 !�k

ð7Þ

and

f?;m v?ð Þ ¼ 1

pq2?
exp �v2?=q

2
?

� 
ð8Þ

where nm is the density of the minority protons, and in
equation (8) q? is the thermal velocity associated with
T?,m = 1

2
mpq?

2 where T?, m is the perpendicular temperature
of the minority protons. In equation (7), � is the gamma
function; k is an integer, called the k-index that defines
the inverse power law; and qk is a parameter that defines
the spread of the k distribution function. The relation
between the second moment of fm with respect to vk and qk
is Tk,m = 1

2
mpqk

2(1 + 3
2k�3

) > 1
2
mpqk

2 for k > 3/2.

[21] Note that when the k index tends to infinity, the k
function tends to a Maxwellian with qk as its thermal
velocity (i.e., limk!1Tk,m = 1

2
mpqk

2). The k-distribution has
a shape similar to a Maxwellian for energies below the
thermal energy, but exceeds the Maxwellian form at higher
energies where the kappa distribution approximates a power
law fk � vk

�2k [Summers and Thorne, 1991].
[22] Waves in space plasmas have been studied in several

papers using kappa functions [e.g., Summers and Thorne,
1991, 1992; Xue and Thorne, 1993]. In most works the
entire proton population has been represented by a k
function. However, in the context of ICME physics, we
prefer to assume a kappa function only for a minority
population of energetic protons, and only for their parallel
velocity component in order to analyze the effect of
energetic tails, keeping control on the relative abundance
of protons that escape along the magnetic lines.
[23] For a plasma composed of a proton core population,

as, and electrons, all bi-Maxwellians, and a fraction of

energetic protons with a distribution function defined by
equation (6), the dispersion relation is obtained by adding
the following term to the right hand of equation (3) (for a
brief derivation see Appendix A),

hm

"
� 1þ k� 1=2

k� 3=2
Ak þ 1ð Þ� k� 1

k� 3=2

� �3=2

Zk�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k� 1

k� 3=2

s
xþ 1

yb1=2k;m

0
@

1
A

= yb1=2k;m

� �
þ k

k� 3=2

� �3=2

Ak þ 1ð Þ xþ 1

yb1=2k;m

Zk

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k
k� 3=2

r
xþ 1

yb1=2k;m

0
@

1
A#: ð9Þ

[24] Here hm = nm/np (with np the density of the bi-
Maxwellian protons) is the relative abundance of the minor-
ity protons; Ak = T?,m/Tk,m � 1 is the thermal anisotropy of
the k-protons; bk,m = 8pnpTk,m/B

2 = bp (Tk/Tp)/(
2
3
Ak + 1),

where Tk = (2T?,m + Tk,m)/3; and Zk is the modified plasma
dispersion function [Summers and Thorne, 1991]. Zk is a
complex rational function and for k = 3, the index used in
this work (in agreement with Gosling et al. [1981]), the
functions needed in equation (9) are Z3(x) and Z2(x), which
are given by

Z2 xð Þ ¼ � 3x2=4þ 9
ffiffiffi
2

p
ix=4� 4

xþ
ffiffiffi
2

p
i

� 3

Z3 xð Þ ¼ � 5x3=6þ 10
ffiffiffi
3

p
ix2=3� 29x=2� 8

ffiffiffi
3

p
i

xþ
ffiffiffi
3

p
i

� 4
[25] We consider parameter scenarios with hm from 0%

up to 15%, Tk/Tp = 2, and Ak = Ap.
[26] We solve exactly the dispersion relations of sections

2.1 and 2.2 using a numerical code to evaluate the plasma
Zeta function, and standard optimization software to com-
pute the roots of the complete dispersion relation. From
these roots we obtain the complex dimensionless frequency
x = xr + ig, as a function of the wave number y, keeping
constant the following input parameters: {bp, Ap}; {hm, Ak,
Tk/Tp}; {ha, Aa, Ta/Tp}; {Ae, Te/Tp}.

3. Numerical Results on the Excitation
of the Waves

[27] For each chosen parameter scenario, we compute the
dimensionless complex frequency x = xr + ig as a function
of the normalized real wave number y, and we present
figures in which the upper panel shows g > 0 (emission) vs
xr, the middle panel gives �g > 0 (absorption) vs xr, and the
bottom panel shows y vs xr.

3.1. Influence of Proton Properties

[28] Here we study the effect of thermal and suprathermal
properties of protons on the wave activity.
3.1.1. Thermal Properties
[29] We consider first variations of bp. Figure 1 shows

results for a case with a moderate negative thermal aniso-
tropy of the protons, such as Ap = �0.67 (i.e., Tk,p/T?,p = 3)
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with thermal velocity and thermal anisotropy of the alpha
particles equal to that of the protons (i.e., Ta/Tp = 4, Aa =
�0.67), low abundance of alpha particles ha = 4%, and
isotropic electrons, i.e., Ae = 0. When the electrons are
isotropic, changes of Te do not affect the EICWs instability
[Gratton et al., 1998]. The curves in Figure 1 are para-
meterized by bp, and the values bp = 0.4, 0.5, and 0.6 are
represented by dotted, dashed, and continuous lines, respec-
tively; the other quantities are fixed.
[30] From the upper panel of Figure 1 we can see that the

maximum dimensionless growth rate g changes by a factor
of about 20 as we raise beta from bp = 0.4 to bp = 0.6. We
may note that for bp = 0.4, the emission rates are larger than
10�5 in the frequency range 0.3�p < w < 1.5 �p, but are
always smaller than 10�4.
[31] To illustrate the meaning of these values, let us

consider a magnetic field = 15 nT (i.e., �p � 1 rad/sec).
Then g = 10�5 gives an e-folding time t = 1/g of about 18
hours. Growth rates in this range are probably too slow to
be physically significant. On one hand, the system always
contains a level of field and particle fluctuations (not

considered in our theory) that may scatter and damp
extremely slow growing processes due to particle-wave
resonance. On the other hand, it is not realistic to expect
that the average background values, assumed constant by
the wave theory, remain unchanged for very long periods of
time because some evolve, for example, with distance from
the Sun.
[32] The maximum growth rate is very sensitive to the

value of bp, with t decreasing from 20 hours to 8 min
(corresponding to g = 1.5 � 10�3) as bp goes from 0.4 to
0.6. Note also that when g = 1.5 � 10�3, t�p/2p = 146, so
that the wave amplitude increases by a factor 2.72 every 146
proton gyrations. Typical growth times of a few minutes
correspond to significant excitation of the instability. Thus,
values of g of �5 � 10�4 (t � 20 minutes), or above, can
be considered as physically interesting. Therefore, for
ICMEs with parameters as considered in Figure 1, EICWs
will be excited when bp ^ 0.5. However, as it will be shown
in next sections, other observed ICMEs properties can favor
the development of the instability, enabling significant
growth rates to be reached with lower values of bp.

Figure 1. Dimensionless growth rate, g, damping rate, �g, and wave number, y, versus dimensionless
frequency, xr, for right-hand polarized EICWs (all rates and frequencies in units of the proton cyclotron
frequency). The dot, dash, and solid lines correspond to the cases with bp = 0.4, 0.5, and 0.6, respectively
(with Ap = �0.67, Ta/Tp = 4, Aa = �0.67, ha= 0.04, and Ae = 0 constants).
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[33] From the middle panel of Figure 1, we may note that
an absorption frequency range begins where the unstable
range ends. The critical normalized frequency, x*r, where g
changes sign, separates the frequencies xr < x*r, for which
there are more ions emitting than waves absorbing, from
frequencies xr > x*r, for which the reverse is true. We note
also that, while the critical frequency for each ion species,
depending on the As alone does not change with beta (see
section 2.1), the combined effect of protons and as deter-
mine a joint x*r that does vary with the beta parameter. In
the majority of the examples studied here, as we move from
lower to higher frequencies, we first find wave excitation
with g > 0, followed by absorption g < 0 as we pass beyond
x*r. After reaching a maximum damping rate, of the same
order of magnitude as the preceding growth rates, jgj
decreases slowly as xr continues to increase. In a few
instances, to be examined later, the behavior for small
values of xr is different.
[34] From the dimensionless wave number, y, shown in

the bottom panel of Figure 1 as a function of xr, we may

note that no change in the phase velocity of the waves can
be perceived as bp varies from 0.4 to 0.6.
[35] In Figures 2a and 2b we examine the effect of changes

in the thermal anisotropy of the ions. Here Ap is varied from
�0.5 to�0.8 (i.e., Tk/T? from 2 to 5). As discussed in section
3.3 we set Aa = Ap, so that the anisotropy of as also changes.
We keep bp = 0.4 constant, at the lowest level considered in
Figure 1, and Ta/Tp = 4, ha = 8%, and Ae = 0 are also fixed
parameters, where the a abundance is twice as large as in the
previous example. Again, for the variations of Ap considered
here no significant change of the wave velocity can be
observed. As can be seen in the top panel, increasing jAj
has a substantial effect on the growth rates: not only g rises by
two orders of magnitude as A changes from�0.5 to�0.8, but
also the unstable frequency range increases by a factor of�2.
The lower frequency of the unstable range, where g = 10�5,
shifts slowly toward smaller frequencies. Maximum growth
rates for a ICME with B� 15 nT, correspond to instability e-
folding times of 6 minutes, 14 minutes, 54 minutes, and 46
hours (the rate for the last time is g < 10�5 [not shown in

Figure 2a. Dimensionless growth rate, g, damping rate, �g, and wave number, y, versus dimensionless
frequency, xr, for right-hand polarized EICWs (all rates and frequencies in units of the proton cyclotron
frequency). The solid, small-dot, big-dot, and dot-dash lines correspond to the cases with A = Ap = Aa =
�0.5, �0.67, �0.75, and �0.8, respectively (with bp = 0.4, Ta/Tp = 4, ha = 0.08, and Ae = 0 constants).
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Figure 2a]) for A = �0.8, �0.75, �0.67, �0.5, respectively.
The middle panel of this figure shows that, as in cases shown
in Figure 1, the absorption band extends prominently beyond
frequencies�5�p, where g > 10�5 for the four studied cases.
[36] We find further that the maximum growth rate

increases exponentially with jAj, i.e., gMax (jAj) = a
exp(bjAj) (Figure 2b). Using the rest of the parameters as
in Figure 2a and doing a least-squares fit, we obtained the
following values: a = 3.9 � 10�9 and b = 16.4.
[37] Runs with Ap = �0.8, �0.75, �0.67, �0.5, but

with Aa = �0.67 fixed and all other parameters same as in
Figure 2a were also made (not shown). The results show
basically similar behavior except for the growth rate curve for
the lowest jApj, (Ap = �0.5), where g now reaches a
maximum value of >10�4 and the unstable range extends
from 0.2 to 1. Furthermore, the frequency where g change its
sign (i.e., x*r) now practically does not change with different
values of Ap. Variations on both, A = Ap = Aa, and only Ap

(keeping Aa fixed), have no significant effect on the wave
speed.

Figure 2b. The maximum growth rate increases exponen-
tially with jAj. gMax (jAj) = a exp(bjAj). With a least-squares
fit we obtained the following values corresponding to the
cases of Figure 2a, a = 3.9 � 10�9 and b = 16.4.

Figure 3a. Dimensionless growth rate, g, damping rate, �g, and wave number, y, versus dimensionless
frequency, xr, for right-hand polarized EICWs (all rates and frequencies in units of the proton cyclotron
frequency). The dash, solid, big-dot, dot-dash, and small-dot lines correspond to the cases with hk = 0,
0.01, 0.05, 0.1, and 0.15, respectively (with bp = 0.4, Ap = Aa = Ak = �0.67, Tk/Tp = 2, Ta/Tp = 4, ha =
0.08, and Ae = 0 constants).
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3.1.2. Suprathermal Properties
[38] We analyze now the effects on the waves of supra-

thermal wings along B0, considering an additional compo-
nent of non-Maxwellian protons as was explained in
section 2.2. Figure 3 shows results for cases with bp =
0.4, Aa = Ap = Ak = �0.67, Ta/Tp = 4, ha = 0.08, isotropic
electrons (i.e., Ae = 0), Tk = 2Tp, k = 3, all of them fixed.
The five curves of the Figure 3a correspond to different
abundance of suprathermal protons (the relative abundance
of minority protons respect to the core proton density)
from 0 to 15%. The dashed, solid, big-dotted, dot-dashed,
and small-dotted lines correspond to the cases with hm = 0,
0.01, 0.05, 0.1, and 0.15, respectively. The growth rates
and the widths of the unstable frequency bands increase as
hm increases, e.g., the maximum g for hm = 5% is 3 times
the g value for hm = 1%, and the width of the unstable
frequency range approximately doubles. Note that when
hm goes from 0 to 15%, gMax goes from �2 � 10�4 to
�5 � 10�3, a 25-fold increase, which is a large effect. The
bottom panel shows that again that the wave speed is
almost unaffected by variation of hm and thus the intensi-

Figure 3b. The maximum growth rate depends linearly on
hm. gMax(hm) = a1hm + b1. With a least-squares fit we
obtained the following values corresponding to the cases of
Figure 3a, a1 = 0.0354 and b1 = 0.0001.

Figure 4. Dimensionless growth rate, g, damping rate, �g, and wave number, y, versus dimensionless
frequency, xr, for right-hand polarized EICWs (all rates and frequencies in units of the proton cyclotron
frequency). The dot, solid, dash, and dot-dash lines correspond to the cases with ha = 0, 0.04, 0.08, and
0.15, respectively (with bp = 0.4, Ap = Aa = �0.67, Ta/Tp = 4, and Ae = 0 constants).
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fication of the instability is only a consequence of add a
few protons in the resonant region of the tail of the proton
distribution function.
[39] Further analysis (Figure 3b) shows that gMax in-

creases linearly with hk as gMax = a1hk + b1, where for
the chosen parameters, a1 = 3.5 � 10�2 and b1 = 1.3 �
10�4. It is possible to fit [not shown] the relationship
between the width of the unstable frequency band (�xr)
and hm by �xr = a2 � b2 exp (�c2hk

d2 where a2 = 4.01, b2 =
2.76, c2 = 45.40, and d2 = 1.22 for the set of parameters
chosen in Figure 3a. The width of the unstable frequency
range saturates near hm = 10%.

3.2. Influence of Alpha Particles

[40] In this section we analyze the effects of properties of
as on the instability. We find that even when the abundance
of as relative to protons is as low as 2%, as can be crucial
for determining the level of the instability of EICWs. The
results of the influence of alpha particle on the growth and
absorption rates of the EICW instability are presented in
Figures 4–6.

[41] Figure 4 shows configurations with different alpha
particle abundances (ha = na/np = 0, 0.04, 0.08, and 0.15)
and bp = 0.4, Ap = Aa = �0.67, Ta/Tp = 4, and Ae = 0,
maintained constants. An increment of ha produces a
growth of the instability rates and shifts the active range
to lower frequencies. When ha = 0.15, the maximum value
of the growth rate is g/�p = 8 � 10�4 which occurs for
wr/�p = 0.56. In accordance with the increment of the
growth rates, the damping rates also increase. Due to the
increment of the inertia of the wave, its speed slows down
when alpha particles are added to the plasma. Thus, the
addition of as has two effects: (1) modifications of the
wave speed, allowing more ions (both protons and alphas)
to be in resonant conditions; and (2) an increase of the
number of resonant as.
[42] We include the contribution of anisotropic electrons

in cases shown in Figure 5 and Figure 6. Figure 5 illustrates
the case where Ta/Tp changes from 1 to 16. The rest of the
parameters are fixed: bp = 0.2, Ap = Aa = �0.75, ha = 0.02
(a low alpha particle abundance), Ae = �1/2, and Te/Tp = 7.
The properties of the as are chosen here according to the

Figure 5. Dimensionless growth rate, g, damping rate, �g, and wave number, y, versus dimensionless
frequency, xr, for right-hand polarized EICWs (all rates and frequencies in units of the proton cyclotron
frequency). The small-dot, big-dot, solid, and dot-dash lines correspond to the cases with Ta/Tp = 1, 4, 8,
and 16, respectively (with bp = 0.2, Ap = Aa = �0.75, ha = 0.02, Te/Tp = 7, Ae = �0.5 constants).
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values of the thermal velocity and abundance reported by
[Burlaga et al., 1998]. The upper panel of Figure 5 shows a
strong increment of the growth rates as Ta/Tp increases. The
maximum rate increases almost one order of magnitude
(from gMax � 10�3 to gMax � 10�2) when Ta/Tp varies
between 4 and 16. Moreover, the frequency at which the
growth rate maximizes shifts to substantially lower values
when Ta/Tp increases. While for Ta/Tp = 4 the frequency
that corresponds to gMax is wr � 1.5�p, when Ta/Tp = 16 it
is wr � 0.25�p. The phase speed of the wave does not
change substantially when Ta/Tp varies. Cases with Ta/Tp =
1 and Ta/Tp = 4 have very similar growth rates, except for
the lower frequencies wr�(

1
4
�p,

1
2
�p). In this frequency range,

the waves are practically stable for Ta/Tp = 1, but they are
unstable for Ta/Tp = 4. For wr �(2.8�p, 3�p), when Ta/Tp =
1, the waves are amplified, but when Ta/Tp = 4 they are
absorbed. These results can be compared with a new
scenario, where all the alpha particles are removed (ha =
0). Here, we find that the new maximum growth rate
reaches just gMax � 3 � 10�4 (not shown), a value which

is lower than the case with ha = 0.02 and Ta/Tp = 1–4. The
ICME scenario studied in Figure 5 contains a very low
alpha particle abundance, even lower than the typical
abundance observed in the solar wind. Thus, in ICMEs
with similar properties, but having a higher alpha abun-
dance, the growth and absorption rates will be increased
with respect to the results of Figure 5, according to Figure 4.
[43] Different curves in Figure 6 illustrate cases where Aa

6¼ Ap. In particular, different examples with values of Aa
from 0 to �0.67, keeping Ap = �0.67 constant, are shown
in this figure. The rest of the parameters are fixed at bp =
0.4, Ta/Tp = 4, ha = 0.08, Ae = �0.17 (Tk,e/T?e = 1.2), and
Te/Tp = 7.
[44] The small-dotted line in Figure 6 represents the case

with Aa = Ap = �0.67, it shows a single and wide unstable
band between 0.16�p and 1.7�p. When Aa is increased (i.e.,
the anisotropy is lowered), a plateau is formed for Aa��0.5
(dash-dotted line) in the growth rate curve (upper panel)
around wr � 0.4�p. When Aa increases further, e.g., cases
with Aa � �0.4 (dashed line), the unstable band tends to be

Figure 6. Dimensionless growth rate, g, damping rate, �g, and wave number, y, versus dimensionless
frequency, xr, for right-hand polarized EICWs (all rates and frequencies in units of the proton cyclotron
frequency). The big-dot, solid, dash, dot-dash, and small-dot lines correspond to the cases with Aa = 0,
�0.3, �0.4, �0.5, �0.67, respectively (with bp = 0.4, Ap = �0.67, ha = 0.08, Ta/Tp = 4, Te/Tp = 7, Ae =
�0.17 constants).
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narrow, and two absorption bands appear (see cases Aa =
�0.4, Aa = �0.3, and Aa = 0 in the middle panel). For the
case containing isotropic as (Aa = 0, shown as a big-dotted
curve) a weak absorption band starts at w� 0.25�p and ends
at w � 0.44�p, followed by an unstable band that goes up to
w � 1.83�p. Finally, a second larger absorption band
extends to frequencies larger than 2�p.
[45] From a theoretical point of view, as discussed in

section 2.1, cases with double absorption bands appear only
when the frequency w*p , where gp changes its sign, is
different from w*a . For protons with Ap = �0.67, w*p /�p =
�Ap/(Ap + 1) = 2, and for alpha particles with Aa = �0.3,
w*a /�p = �1

2
Aa(Aa + 1)�1 = 0.21. Thus, in the case shown

as a solid line in Figure 6, the protons emit waves for wr <
2�p and damp them for wr > 2�p. On the other hand, the
waves are excited by as for wr < 0.21�p, and they are
damped when wr > 0.21�p. Therefore, for frequencies lower
than 0.21�p there is a marginally unstable band (not shown
because g ] 10�5) as a consequence of a weak emission of
waves from both ionic species. For frequencies between
0.21�p and 2�p protons emit waves but as absorb them. In

the frequency range from 0.21�p to �0.53�p, as absorb
more waves than can protons emit and as a consequence an
absorption band appears here (see solid line in the middle
panel of Figure 6). However, for wr between 0.53�p and
1.61�p, the opposite happens and an unstable band appears.
Finally, a second damping band goes from �1.61�p to
beyond 2�p, reaching frequencies larger than 5�p.

3.3. Influence of Electrons

[46] We analyze here the indirect effect of electrons on
the waves activity. The thermal speed of thermal electrons is
not enough to satisfy the resonant condition and, thus, they
can only influence the instability by modifying the reso-
nance conditions of the ions, i.e., lowering the phase
velocity of the wave.
[47] For this study we take as a reference set the values

Ap = �0.75 (corresponding to Tp,k/Tp,? = 4), bp = 0.12, Aa =
�0.75 (=Ap), Ta/Tp = 4, ha = 0.15, Te/Tp = 10, and Ae =
�0.5 (corresponding to Te,k/Te,? = 2). Note that in plasmas
with very low bp, as in our reference set, the development of
this instability is in general not expected. However, we will

Figure 7a. Dimensionless growth rate, g, damping rate, �g, and wave number, y, versus dimensionless
frequency, xr, for right-hand polarized EICWs (all rates and frequencies in units of the proton cyclotron
frequency). The dash-dot, dot, dash, and solid lines correspond to the cases with Te/Tp = 1, 5, 7, and 10,
respectively (with bp = 0.12, Ap = �0.75, Ta/Tp = 4, Aa = �0.75, ha = 0.15, Ae = �0.5 constants).
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show possible ICME scenarios in which the instability is
present even for values of bp as low as �0.1.
[48] To bring out the effect of Te/Tp, in Figure 7a

we compare the reference case with results obtained for
Te/Tp = 1, 5, 7, respectively. The bottom panel shows that
Te/Tp has a considerable influence on the wave speed when
Ae is negative: when Te/Tp increases, the phase velocity
decreases (see lower panel) allowing more ions to travel
with the wave and resonate. Increasing Te/Tp has a sub-
stantial effect on the growth rates. Thus, the maximum
growth rate, gMax, rises by almost two orders of magnitude
as Te/Tp goes from 5 to 10. The unstable frequency range
is thereby also increased when the electron temperature
reaches higher values. In the middle panel we can see that
when Te/Tp = 10, the absorption range, which starts when
the unstable band ends close to 2�p, reaches frequencies
beyond wr = 5�p. Furthermore, the critical frequency when
g changes its sign shifts slowly toward higher frequencies
when the electron temperature increases. Note that for Te/
Tp = 1 the EICWs are stable and, therefore, this condition
is represented by the absence of dash-dotted lines in the
upper and middle panels.

[49] Figure 7b illustrates the behavior of the maximum
growth rate as Te/Tp increases, for the same values consid-
ered in Figure 7a. We find that the maximum growth rate
increases exponentially with Te/Tp in the interval 5 to 10.
Using a least-squares fit, we obtain gMax = A exp(BTe/Tp)
with A = 1.07 � 10�7 and B = 0.83.
[50] We now consider the effect of Ae. Figure 8a shows

results for Ap = �0.75, bp = 0.12, Aa = �0.75(=Ap),
Ta/Tp = 4, ha = 0.15, Te/Tp = 10. We compute solutions of the
dispersion relation for Ae = 0, �0.3, �0.5, �0.55, repre-
sented by dash-dotted, dashed, dotted, and solid lines,
respectively. The bottom panel shows that the wave velocity
is strongly influenced by Ae. In fact, the phase velocity is
strongly affected by a combination of high Te and Tk,e > T?e.
[51] The maximum growth rate when Ae = �0.5 is gMax =

4.2 � 10�4, i.e., �56 times higher than the maximum
growth rate corresponding to Ae = �0.3 (gMax = 7.5 �
10�6). The case Ae = 0 is stable, so that dash-dotted lines do
not appear in the panels for g and �g. A further examination
shows that the maximum growth rate increases more steeply
than exponential with jAej. Figure 8b shows a semilogar-
ithmic plot of gMax versus jAej. Assuming that gMax =

Figure 7b. Maximum dimensionless growth rate, gMax, versus Te/Tp for right-hand polarized EICWs.
gMax increases exponentially with Te/Tp like gMax = A exp(BTe/Tp), with A = 1.07 � 10�7, and B = 0.83,
obtained with a least-squares fit from Figure 7a. The solid line corresponds to the fitting, and the stars are
growth rate values obtained numerically.
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Cexp(DjAejg) with g = 2, and using a least-squares fit, we
obtain C = 4.7 � 10�7 and D = 28.3 for the same values
studied in Figure 8a.

4. Discussion and Conclusions

[52] This study has explored the influence of the proper-
ties of thermal ions (protons and alpha particles), thermal
electrons, and suprathermal protons on the excitation of
right-hand polarized EICWs in ICMEs. We have defined
different parameter regimes consistent with the observed
properties of solar ejecta and we have analyzed the trend of
each parameter on the instability. In a variety of scenarios,
significant EICW growth rates were possible, which lead us
to believe that this kind of wave emission may be significant
in ICMEs. In view of the fact that ICMEs form a hetero-
geneous group of objects, it is possible that right combina-
tions of these properties occur only in some ICMEs, or even
in isolated regions of the same ICME. Thus, even with
respect to EICW activity, ICMEs form a heterogeneous

collection with a wide range of activity levels (amplifying
and damping) ranging from the insignificant to the pro-
nounced.
[53] The presence of a negative thermal anisotropy (i.e.,

Tk > T?) favors the development of the instability; however,
the physical mechanism involved is very different according
to whether Tk > T? applies to ions or to electrons. In the first
case (ions), an enhancement of wave activity is brought about
by the fact that more ions are moving near the resonant
frequency. This is therefore a direct effect. In the second case
(electrons), the enhanced wave activity is achieved through a
slowing down of the waves by the fluid firehose effect,
allowing more ions to resonate with the wave. This we call an
indirect effect. Furthermore, the effects produced by varia-
tion of some ICME parameters imply the presence of the
combined effects, i.e., they increase the number of resonant
ions and also modify the wave velocity. Specifically, bp, Ap,
Ta/Tp, and Aa, have a direct effect, the thermal electrons (i.e.,
Ae and Te/Tp) have a purely indirect effect, and, finally, the
abundance of the minority suprathermal protons (hm) and the

Figure 8a. Dimensionless growth rate, g, damping rate, �g, and wave number, y, versus dimensionless
frequency, xr, for right-hand polarized EICWs (all rates and frequencies in units of the proton cyclotron
frequency). The dash, solid, dot, and dash-dot lines correspond to the cases with Ae = 0, �0.3, �0.5, and
�0.55, respectively (with bp = 0.12, Ap = �0.75, Ta/Tp = 4, Aa = �0.75, ha = 0.15, Te/Tp = 10 constants).
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abundance of alpha particles (ha) have a combined effect
(direct and indirect).
[54] Among the set of parameters that enter in the

dispersion relation, the proton plasma beta and the proton
thermal anisotropy are very often the most relevant proper-
ties that decide whether the instability may be excited or
not. However, we have shown that electrons can efficiently
contribute to EICW emission and absorption. In particular,
we have shown possible ICME scenarios with very low beta
proton values (bp � 0.1), where the instability develops with
significant growth rates which translate to e-folding time of
a few minutes when the rest of the relevant parameters are
in appropriate ranges.
[55] A strong influence of as was found even for config-

urations containing low abundances relative to protons such
as �2%, an abundance lower than that for the typical solar
wind. In particular, the instability of EICWs depends
strongly on the thermal anisotropy of alpha particles, a very
poorly known parameter in ICMEs. Thus, we suggest that
more exhaustive determinations of Aa are needed to allow
us to study in more detail the activity of EICWs in ICMEs.

[56] Since the unstable frequency range is usually fol-
lowed by a damping band with similar rate, non-local
transport phenomena can occur in ICMEs. Waves that are
amplified in a region of a ICME can be damped in another,
if the parameters in each of these regions are the appropriate
ranges.
[57] This paper has analyzed parallel propagation of

EICWs on a homogeneous plasma. However, it is possible
that other modes can be excited from the thermal aniso-
tropy of ICMEs. For instance, recent studies [Daughton
and Gary, 1998; Voitenko and Goossens, 2002] have
shown that in some solar wind regimes (not ICME), and
for appropriate parameters, oblique modes can have larger
growth rates than the parallel EICW mode. Thus, studies
considering linear stage but with non-parallel propagation
can be done in order to decide whether these compete with
RH-EICWs in the extraction of free energy from the
plasma. Also, the propagation of Alfvén waves through
non homogeneous helical magnetic configurations may be
considered in order to gain more insight into the true role
of EICWs in ICMEs.

Figure 8b. Maximum dimensionless growth rate, gMax, versus jAej for right-hand polarized EICWs.
gMax increases more than exponentially with jAej. Assuming gMax = Cexp(D jAej2), a least-squares fit
gives, C = 4.7 � 10�7 and D = 28.3, for the same cases of Figure 8a. The solid line corresponds to the
fitted curve, and the stars to roots computed numerically.
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[58] ICMEs are very non-uniform objects, and variations
of the background plasma/magnetic field influence the wave
characteristics and modify the wave dynamics. In particular,
a cross-field inhomogeneity introduces wave phase mixing
with an increase of the perpendicular component of the
wave vector, bringing about harmonic ion-cyclotron reso-
nances and other finite ion gyroradius effects. Again, a
field-aligned inhomogeneity changes the parallel wave
number, which can detune the wave from resonance, or
even take it out of the unstable region.
[59] In addition, non-linear physical mechanisms of sat-

uration for this instability have to be analyzed for ICMEs
parameter regimes. Hybrid simulations can be proper to
carry out this kind of analysis, due to the electrons do not
resonate with this waves.
[60] To sum up, based on statistical works and some cases

studied, our theoretical results show that some regions of
ICMEs can sustain activity of right-hand polarized electro-
magnetic ion cyclotron waves.

Appendix A: Dispersion Relation for the K

Function Distribution Along the Field

[61] The dispersion relation for right-handed electromag-
netic ion cyclotron waves propagating parallel to the mag-
netic field, can be expressed as k2c2 = w2 �R. From kinetic
theory, the dielectric constant for this waves, �R, can be
expressed as

�R ¼ 1þ
X
s

cs ðA1Þ

with the susceptibilities given by [e.g., Stix, 1992]

cs ¼ p
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where f (vk,v?) is the distribution function for the species s.
When a component of minority suprathermal k-protons with
f as in equation (6) is considered, the susceptibility for this
species, ck, is given by
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[62] Then, after an integration of v? and vk (using the
Landau’s rule), it is possible to obtain,
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w2
p;k

w2

�
�1þ k� 1=2

k� 3=2
Ak þ 1ð Þ � �p

kqk

k� 1ð Þ3=2

k1=2 k� 3=2ð Þ
Zk�1

�
ffiffiffiffiffiffiffiffiffiffiffi
k� 1

k

r
wþ �p

kqk

 !
þ wþ �p

kqk

k
k� 3=2

Akþ 1ð ÞZk
wþ �p

kqk

� ��

ðA4Þ

[63] Finally, and using dimensionless variables, we can
obtain,
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where the relationship (qk/vA,p)
2 = bk,k

k�3=2
k has been used.

[64] Thus, for a plasma containing minority k-protons,
the dispersion relation include the term written in equation
(9), section (2.2), which is directly derived from equation
(A5).
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