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[1] In a recent study of ion cyclotron waves generated by the thermal anisotropy of
oxygen ions, it was shown that the heavy ion drift velocity and a large thermal
anisotropy of the heavy ions can destabilize proton-cyclotron waves [Gomberoff and
Valdivia, 2003]. Here this study is extended to alpha particles in order to show that a much
smaller thermal anisotropy is required to trigger strong proton-cyclotron waves. It is also
shown that under some conditions, the alpha particle branch of the dispersion relation
becomes unstable for frequency values beyond the proton gyrofrequency. This instability
occurs for very large alpha particle thermal anisotropy and very low bka = vth

2 /vA
2 , where

vth and vA are the thermal and Alfvén velocity, respectively. The maximum growth rate of
this branch of the dispersion relation occurs for drift velocities of the alpha particles
larger than those that drive the maximum growth rate of the proton-cyclotron instability.
Finally, it is demonstrated that the combined effect of oxygen ions and alpha particles
lead to a complex unstable spectrum, and to an enhancement of the proton-cyclotron
instability. This mechanism is like a cascade effect in which low-frequency ion cyclotron
waves can drive unstable high-frequency ion cyclotron waves through anisotropic heating
and acceleration of heavy ions. These results may be relevant to the understanding of
the heating process of the fast solar wind in coronal holes. INDEX TERMS: 7507 Solar

Physics, Astrophysics, and Astronomy: Chromosphere; 7807 Space Plasma Physics: Charged particle motion

and acceleration; 2164 Interplanetary Physics: Solar wind plasma; 7511 Solar Physics, Astrophysics, and

Astronomy: Coronal holes; KEYWORDS: ion-cyclotron instability, ion drift, thermal anisotropy, qlm cascade

Citation: Gomberoff, L., and J. A. Valdivia, Ion cyclotron instability due to the thermal anisotropy of drifting ion species, J. Geophys.

Res., 108(A1), 1050, doi:10.1029/2002JA009576, 2003.

1. Introduction

[2] It is generally believed that heating and acceleration
of heavy ions in the lower corona is due to resonant
absorption of Alfvén waves [see, e.g., Gomberoff et al.,
1996; Marsch, 1998; Tu and Marsch, 1999; Hu and
Habbal, 1999; Cranmer et al., 1999a, 1999b; Cranmer,
2000; Isenberg and Hollweg, 1983]. However, low-fre-
quency Alfvén waves (0.001–0.1Hz) which dominate the
power spectrum of magnetic fluctuations in the solar wind
for distances larger than 0.3 AU, are not likely to heat and
accelerate the heavy ions to the observed values. On the
other hand, high-frequency Alfvén waves (10–104 Hz)
that might be responsible for ion cyclotron heating and
acceleration of these ions, have not yet been observed
either in the solar wind or in the corona [Cranmer et al.,
1999a, 1999b]. However, there are several proposals as to
how these waves might be generated. Thus, it has been
suggested that high-frequency Alfvén waves can be gen-
erated by a turbulent cascade [see, e.g., Tu and Marsch,
1995]. It has also been suggested that high-frequency
Alfvén waves can be generated by microflares that are

then converted to ion cyclotron waves at higher coronal
altitudes [Axford and Mckenzie, 1992, 1996].
[3] Not only high-frequency waves have not been

observed, but there are other problems with ion cyclotron
heating, such as, the observations on the preferential heating
of O+5 [Kohl et al., 1998, 1999a, 1999b] which are not
satisfactorily explained by this mechanism[Tu and Marsch,
2001]. There are also other approaches to this problem.
These include fast and oblique propagation of ion cyclotron
waves [Leamon et al., 2001; Li and Habbal, 2001; Mar-
kovskii, 2001; Hollweg and Markovskii, 2002], the need to
develop a kinetic treatment [Isenberg et al., 2001; Isenberg,
2001], fastshock heating [Lee and Wu, 2000; Lee, 2001],
turbulence-driven ion cyclotron waves [Li et al., 1999], and
others. Nevertheless, there seems to be some observational
evidence that parallel propagating ion cyclotron waves are
at the origin of ion heating and acceleration [Tu and
Marsch, 2001; Isenberg et al., 2001; Isenberg, 2001].
[4] Observations of heating and acceleration of heavy

ions in the solar corona by SOHO, have shown very large
thermal anisotropy for O+5 ions with values ranging
between 10 < T?/Tk < 100 [Kohl et al., 1998, 1999a,
1999b; Li et al., 1998; Cranmer et al., 1999a, 1999b]. In
a previous paper [Gomberoff and Valdivia, 2003], it was
suggested that the heavy ion drift velocity relative to the
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protons, and large thermal anisotropy can trigger a cascade
of ion cyclotron waves to much higher frequencies. These
waves would then be absorbed by ion species having larger
charge to mass ratio. Ion cyclotron waves due to heavy ion
thermal anisotropy have also been considered by Gary et al.
[2001] and Ofman et al. [2001]. However, these authors did
not include the important effect of heavy ion drift velocity
[see Gomberoff and Valdivia, 2003].
[5] Here we continue to develop this idea by including

anisotropic alpha particles into the problem. It is shown that
due to the much larger density of the alpha particles relative
to oxygen ions in the solar wind, a much smaller thermal
anisotropy is required to trigger large growth rates of the
proton-cyclotron instability [see Gomberoff and Valdivia,
2003]. The observation that a species drift velocity and
thermal anisotropy can lead to an instability beyond the
species gyrofrequency, provides a complementary ion heat-
ing and acceleration mechanism in the solar corona.
[6] We also analyze the very complex situation in which

the unstable spectrum is produced by two thermally aniso-
tropic heavy ion components. The combined effect of two
heavy ion components can trigger very strong ion cyclotron
waves above their corresponding gyrofrequency, and the
minor ions can also contribute to enhance the proton-cyclo-
tron instability produced by just one species [Gomberoff
and Valdivia, 2003].
[7] The paper is organized as follows. In section 2, we

derive the general ion cyclotron dispersion relation for any
number of drifting heavy ion species using the semicold
approximation. In section 3 we derive and discuss the
particular case when the heavy ion species are drifting
alpha particles. In section 4,we discuss the case of two
drifting ion components: O+6 and alpha particles. In section
5, the results are summarized.

2. Ion Cyclotron Dispersion Relation

[8] We consider a plasma in an external magnetic field
B0, composed of electrons, protons, and a number of heavy
ion species drifting relative to the protons, along the
external magnetic field. The jth minor heavy ion species
has normalized velocities, Uj = Vj/VA, where Vj is the heavy
ion velocity normalized to the Alfvén velocity, VA ¼ B0=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4pnpmp

� �q
, with np as the proton density and mp as the

proton mass. The dispersion relation for ion cyclotron
waves moving in the direction of the external magnetic
field, assuming bi-Maxwellian distribution functions, is
[see, e.g., Gomberoff, 1992],

y2
X
j

zjhjAj

Mj

� zjhj x� yUj

� �
�

zjhj
M2

j yb
1=2
kj

Z xj
� �

Gj

8<
:

9=
;; ð1Þ

Gj ¼ Aj 1�Mj x� yUj

� �� �
�Mj x� yUj

� �� 
; ð2Þ

where the sum is over all ion species, including the proton
background. In equation (1), x = w/�p, y = kVA/�p, nj = nj/
np, Aj = T?j/Tk j � 1 is the ion thermal anisotropy, Mj = mj/
zjmp (with mj the ion mass and zj the degree of ionization of
the heavy ion), Z is the plasma dispersion function [Fried
and Conte, 1961], xj = (Mj(x � yUj) � 1)/Mjybkj

1/2, bkj = vth,j
2 /

VA
2 where vth,j

2 = 2KTj/mj is the thermal velocity of ion

components, and K is the Boltzmann constant. In this
equation we have assumed a current-free system, and the
bulk protons has been chosen to be the rest frame [Gomber-
off and Valdiva, 1991]. We shall assume all betas to be
much smaller than 1, so that we can use the semicold
approximation [see, e.g., Gomberoff, 1992]. Thus, using the
large argument expansion of the Z-functions, and assuming
w to be complex, we obtain from the real part of equation
(1) the cold plasma dispersion relation,

y2 ¼
X
j

zjMjhj x� yUj

� �2
1�Mj x� yUj

� � ; ð3Þ

On the other hand, assuming jRe(xj)j � jIm(xj)j, from the
imaginary part of equation (1) we obtain the growth/
damping rate,

g ¼
X
j

ffiffiffiffiffiffiffi
pð Þ

p
zjhj

M2
j yb

1=2
kj

Gj

F x; yð Þ exp �
1�Mj x� yUj

� �
Miyb

1=2
k j

0
@

1
A22

4
3
5 ð4Þ

where

F x; yð Þ ¼
X
j

zjMjhj x� yUj

� �
2�Mj

�
x� yUj

� �
1�Mj x� yUj

� �� �2 : ð5Þ

[9] The sign of the growth (or dissipation) rate is con-
trolled by G, equation (2), and for the case of the proton
background it yields, Gp = Ap(1 � x) � x. If the proton
background has no thermal anisotropy, then the protons
contribute with pure absorption. On the other hand, if Ap > 0
it will lead to instability for x < Ap/(Ap + 1) [see, e.g.,
Gomberoff and Neira, 1983; Gomberoff and Vega, 1987;
Gomberoff and Elgueta, 1991]. Even though these consid-
erations may affect the total growth rate in situations of
interest, we shall take Ap = 0 for the rest of the paper in
order to simplify the problem. Similarly, if the ion drift
velocity is Uj = 0, then the instability occurs always below
the gyrofrequency of the anisotropic specie.

3. Alpha Particles

[10] As pointed out in the introduction, in a previous
paper [Gomberoff and Valdivia, 2003], we studied the effect
of drifting O+6 ions on the ion cyclotron instability triggered
by the thermal anisotropy of oxygen ions. It was shown that
due to the oxygen drift velocity and large thermal aniso-
tropy, proton-cyclotron waves can be generated. Since this
effect depends on the species thermal anisotropy and
branching ratio, the maximum growth rate for O+6 was less
than 10�3 for a thermal anisotropy of AO+6 = 100. Here we
shall study the same effect, but for alpha particles that are
much more abundant than oxygen ions. Therefore, we
expect that much smaller alpha particle thermal anisotropy
is required to trigger proton-cyclotron waves.
[11] Thus, for the particular case of stationary protons and

drifting alpha particles equations (2) and (3) yield,

y2 ¼ x2

1� x
þ 4ha x� yUað Þ2

1� 2 x� yUað Þ ; ð6Þ

SSH 14 - 2 GOMBEROFF AND VALDIVIA: ION CYCLOTRON INSTABILITY



and

gp;a ¼
ffiffiffiffiffiffiffi
pð Þ

p
ha

2yb1=2ka

Ga

F x; yð Þexp � 1� 2 x� yUað Þ
2yb1=2ka

0
@

1
A22

4
3
5

�
ffiffiffiffiffiffiffi
pð Þ

p
x

yb1=2kp

1

F x; yð Þexp � 1� x

yb1=2kp

0
@

1
A22

4
3
5; ð7Þ

with

Ga ¼ Aa 1� 2 x� yUað Þð Þ � 2 x� yUað Þ;

and

F x; yð Þ ¼ 2� xð Þx
1� xð Þ2

þ 8ha 1� x� yUað Þð Þ x� yUað Þ
1� 2 x� yUað Þð Þ2

:

[12] As it is well known, when there is no drift velocity
between the ion species the dispersion relation has two
branches each going asymptotically to the corresponding
gyrofrequency [see, e.g., Gomberoff and Neira, 1983;
Gomberoff and Elgueta, 1991]. In this case, the instability
occurs for frequencies below the thermally anisotropic
species gyrofrequency.

[13] On the other hand, when the ion species are drifting
relative to each other, the situation is different. In Figure 1a
we show the dispersion relation equation (6) for ha = 0.05
and Ua = 0.2. The upper curve of the dispersion relation
corresponds to the proton branch (R2), and the other to the
drifting alpha particles (R1). Note that the latter satisfies
x � yUa ’ 0.5. In Figure 1b we display the corresponding
growth rate, equation (7), for Aa = 6, bka = 0.004 and
bkp = 10�6. As it follows from Figure 1b, the maximum
proton-cyclotron growth rate is now larger than 10�3 for an
alpha particle thermal anisotropy of only Aa = 6 [see
Gomberoff and Valdivia, 2003]. The value bp = 10�6 used
in Figure 1b is unrealistic at the base of the solar corona,
because it would imply a relativistic Alfven velocity. For
this reason in Figure 1c we have increased bp by two
orders of magnitude to bp = 10�4, which is a plausible
value of bp in this region. Due to the larger proton
absorption rate, there is a decrease of the high-frequency
instability range. It is important to emphasize that both
instability regions are solutions of the branch of the
dispersion relation which goes asymptotically to the proton
gyrofrequency (R2).
[14] In order to study the dependence of gmax for the

branch of the growth rate closer to the proton gyrofrequency
(see Figures 1b and 1c), we have constructed a three-dimen-
sional plot of gmax versus Ua and bka (Figure 2a) and gmax

Figure 1. (a) Dispersion relation equation (6), y = kVA/�p versus x = w/�p, for ha = 0.05, Ua = 0.2. The
two relevant roots are marked as (R1) and (R2) respectively. (b) Corresponding growth rate for (R2),
equation (7), for bka = 0.004, Aa = 6, and bkp = 10�6. (c) The same as (b), but for bkp = 10�4.
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versus Ua and bkp (Figure 2b) for Aa = 6. As expected, as
we increase bkp the ion cyclotron waves are strongly affected
by the proton absorption. The maximum growth rate of the
ion cyclotron waves depends strongly on the alpha’s drift
velocity, as shown in Figure 3 at multiple cross-sections of
Figure 2a for fixed bka = 0.001, 0.005,0.01, as indicated in
the corresponding figures.

[15] The bkp of the protons will be chosen very small
to illustrate that the high-frequency waves, close the
proton gyrofrequency, can indeed be generated by the
thermal anisotropy of the drifting minor ions. For Oxygen
ions it has been shown by Gomberoff and Valdivia
[2003], that as we increase bkp the growth rate of the
waves is partially reduced suggesting that the protons are

Figure 2. (a) Three-dimensional plot of gmax versus Ua and bka for the (R2) root, using bkp = 10�6. (b)
Three-dimensional plot of gmax versus Ua and bkp for the (R2) root, using bka = 0.004. We take Aa = 6.
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capable to absorbing these waves. In this paper we are
concerned with characterizing the parameters controlling
the generation of the high-frequency proton-cyclotron
waves in the initial stages, and for that bkp = 10�6 has
been chosen very small in order to emphasize this effect.
Moreover, an exact calculation of equation (1) (to be
published elsewhere) shows that the semicold approxima-
tion gives much too large proton absorption rates close to
w ’ �p. This is to be expected because as bkp increases,
the semicold approximation breaks down for w close to
�p. However, for the purpose of the present paper, the
semicold approximation is perfectly appropriate. After
this linear regime, the evolution of the energy transfer
between ions must be described in a nonlinear fashion,
which requires a different approach that will be published
elsewhere.
[16] We shall now show that the lower branch of the

dispersion relation—the one satisfying x � yUa ’ 1/2
(see R1 in Figure 1a)—can also become unstable, but for
rather large values of the alpha thermal anisotropy, Aa.
In order to illustrate this result, in Figure 4a we have
plotted g versus frequency for Aa = 500, bka = bkp =
10�6, and Ua = 0.6. From this figure it follows that, for
these conditions, the spectrum has a double hump and is
very broad. As the drift velocity goes down, the double
humped spectrum shows now a single peak. This effect
is illustrated in Figure 4b for Ua = 0.45, and in Figure
4c for Ua = 0.24. In Figure 5a we have plotted gmax for
x > 1, as a function of Aa and bka for fixed Ua = 0.5

and bkp = 10�6. As expected, there is a sharp increase of
gmax with Aa ’ 200. In Figure 5b we have done the
same as in Figure 5a, but for gmax as a function of Aa
and Ua, for fixed bkp = bka = 10�6. Here we see an
interesting interplay between the alpha’s drift velocity
and its thermal anisotropy, as it is illustrated in the cross-
sections of Figure 6, for several values of Ua = 0.2, 0.3,
0.4, 0.6, 0.8, which are indicated in the corresponding
figure.

4. Alpha Particles and Oxygen Ions

[17] In Gomberoff and Valdivia [2003], it was contended
that since we are dealing with a linear theory, the combined
effect of many heavy ion species could lead to an important
growth rate of the proton-cyclotron instability. To study this
situation, we add to the model an additional highly aniso-
tropic component, O+6. We note that observations show a
large thermal anisotropy for O+5 ions [Kohl et al., 1998; Li
et al., 1998; Kohl et al., 1999a, 1999b]. However, we
assume a large thermal anisotropy for O+6 as well, because
its branching ratio is much larger than that of O+5 ions [see
Gomberoff and Valdivia, 2003].
[18] The corresponding dispersion relation and growth

rate are given by,

y2 ¼ x2

1� x
þ 4ha x� yUað Þ2

1� 2 x� yUað Þ þ
16hOþ6 x� yUOþ6ð Þ2

1� 16
6

x� yUOþ6ð Þ
; ð8Þ

Figure 3. Cross-sections of Figure 2a for several values of bka = 0.001, 0.005, 0.01.
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and

g ¼ gp;a
F x; yð Þ
�F x; yð Þ

þ 6
ffiffiffiffiffiffiffi
pð Þ

p
hOþ6

16
6

� �2
yb1=2kOþ6

GOþ6

�F x; yð Þ exp �
1� 16

6

� �
x� yUOþ6ð Þ

16
6

� �
yb1=2

Oþ6

 !22
4

3
5; ð9Þ

with

GOþ6 ¼ AOþ6 1� 16

6

� �
x� yUOþ6ð Þ

� �
� 16

6

� �
x� yUOþ6ð Þ

and

�F x; yð Þ ¼ F x; yð Þ þ
16hOþ6 x� yUOþ6ð Þ 2� 16

6

� �
x� yUOþ6ð Þ

� �
1� 16

6

� �
x� yUOþ6ð Þ

� �2�
:

[19] In the case when there is more than one heavy ion
specie, the situation is, of course, more complicated. Since
there are many parameters involved, a systematic analysis is
difficult. In the following we shall illustrate the main
features.
[20] To this end, in Figure 7a we begin by plotting the

dispersion relation, equation (8), when the drift velocity of
the heavy ions is zero relative to the protons. In Figure 7b

we show the corresponding growth rates, equation (9), for
AO+6 = 100, Aa = 6, ba = 0.005, bO+6 = 0.0004, and a very
low bp = 10�6. A very small bkp has been used in order to
illustrate the results by diminishing proton absorption effects.
The first peak is due to the O+6 ions, i.e., the dispersion curve
denoted by the dotted line (R3) in Figure 7a. The second peak
corresponds to the alpha particles, and has been denoted by
the solid line (R2) in Figure 7a.
[21] In the following figures, we vary the drift velocities

of the heavy species without changing the other parameters.
[22] Thus in Figure 8a we show the instability regions for

Ua = 0.2, and UO+6 = 0. The roots are denoted by (R1), (R2),
(R3), and (R4), but only the first three belong to the region
of interest. The unstable roots of Figure 8a correspond to
(R2), solid line, and (R3), dotted line, as indicated there.
The (R2) root is clearly double humped, while the (R3) root
is single humped. Figure 8a is similar to Figure 1b, but with
another peak due to O+6. As UO+6 increases there is a large
increase of the high-frequency band of the (R3) root as
shown in Figures 8b and 8c for UO+6 = 0.1 and UO+6 = 0.15,
respectively. From Figures 8b and 8c one can clearly see
how the O+6 ions start generating the ion cyclotron waves.
The effect of this branch (R3) is due to oxygen thermal
anisotropy and corresponds to Figure 2b of Gomberoff and
Valdivia [2003]. The dispersion relation shown in Figure 8d,
for Ua = 0.2 and UO+6 = 0.1, suggests a complicated
interplay among its different branches.
[23] In Figure 9a we have taken UO+6 = Ua = 0.2, and in

Figure 9b we have increased UO+6 = 0.25. The effect of

Figure 4. (a) Growth rate g versus normalized frequency, x, for Aa = 500, bka = bkp = 10�6, and Ua =
0.6. (b) Same as (a), but for Ua = 0.45. (c) Same as (a), but for Ua = 0.24.
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increasing the drift velocity of O+6 beyond Ua is to stabilize
the waves. The waves generated by the root (R2), solid line,
are completely dissipated and only the (R3) root, dotted
line, survives.
[24] In Figure 10a, we illustrate the behavior of gmax

for the (R2) root, as a function of varying UO+6 for fixed

Ua = 0.2. In Figure 10a we do the same as in Figure 10a,
but for Ua = 0.3. From Figure 10 one can clearly see
the stabilization of the (R3) root of the system for UO+6

� Ua.
[25] Finally, in Figure 11, we illustrate the effect of

increasing Ua while keeping UO+6 = 0.2 fixed. Thus, in

Figure 5. (a) Three-dimensional plot of gmax versus Aa and bka using bkp = 10�6 and Ua = 0.5. (b)
Three-dimensional plot of gmax versus Aa and Ua using bkp = bka = 10�6.
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Figures 11a–11d we have taken Ua = 0.1, 0.15, 0.18, 0.19
respectively. The unstable roots correspond to (R3), dotted
line, in Figures 11a and 11b, and to (R3) and (R2), solid
line, in Figures 11c and 11d. In Figure 11c the unstable root
corresponding to (R2) does not appear, because g < 10�5.
As it follows from Figure 11a, the effect of increasing the
drift velocity of the alpha particles is to stabilize the high-
frequency branch of the spectrum. However, if Ua is further
increased to Ua = 0.15, the high-frequency branch reappears
as shown in Figure 11b. In Figure 11c we have raised Ua =
0.18. As a consequence, there is a large increase in the
maximum growth rate of the high-frequency branch, and
also another root becomes unstable (R2). In Figure 11d, Ua
has been raised a little further to Ua = 0.19, and a new

instability branch appears in between the two larger peaks
of the previous figure. This new instability also corresponds
to the root denoted by (R2).

5. Summary

[26] We have continued the study of the combined effect
of heavy ion thermal anisotropy and drifting velocity on the
ion cyclotron instability. This study was initiated by Gom-
beroff and Valdivia [2003], in an attempt to explain the
proton heating observed at the base of solar coronal holes,
by making use of the large oxygen ion thermal anisotropy
observed there [Kohl et al., 1998, 1999a, 1999b; Cranmer,
2000].

Figure 6. Cross-sections of Figure 5b for several values of Ua = 0.2, 0.3, 0.4, 0.6, 0.8.
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[27] To this end, we have first considered the effect of
alpha particles thermal anisotropy and drift velocity on the
ion cyclotron instability. It is shown that as compared to
oxygen ions, a much smaller thermal anisotropy is required
to trigger a much larger proton-cyclotron instability growth
rate. This effect is illustrated in Figures 1b and 1c. A three-
dimensional study of the maximum growth rate, including

the simultaneous effects of drift velocity Ua, and bka, is
shown in Figure 2. The unstable branch of the dispersion
relation corresponds to the upper branch of Figure 1a,
denoted by R2.
[28] We have also shown that the lower branch of the

dispersion relation, R1, can become unstable for frequencies
beyond the proton gyrofrequency. This occurs for large

Figure 7. (a) Dispersion relation, equation (8), y versus x for hO+6 = 0.0002, ha = 0.05 for UO+6 = Ua =
0. The roots are denoted by (R1), (R2), (R3) and (R4), but only the first three belong to the region of
interest. (b) Corresponding growth rates, equation (9), versus x for AO+6 = 100, Aa = 6, bkO+6 = 0.0004 bka
= 0.005, and bkp = 10�6. The unstable roots are (R2), solid line, and (R3), dotted line.

Figure 8. Growth rate versus x for the case of Figure 7, but for Ua = 0.2 and (a) UO+6 = 0.0, (b) UO+6 =
0.1,(c) UO+6 = 0.15. The unstable roots are (R2), solid line, and (R3), dotted line. (d)The dispersion
relation for the case UO+6 = 0.1.
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values of the alpha particle thermal anisotropy, and very low
values of bka. These results are illustrated in Figure 4.
[29] Finally, we have studied the combined effect of

oxygen ions and alpha particles. Since there are several
parameters involved, a systematic analysis is difficult. In
an attempt to do this, we have done the following. We
have started with a situation corresponding to the three
species at rest relative to each other. In this case, as it is
well known, there are two unstable branches below the
corresponding gyrofrequencies. The corresponding mar-
ginal modes are given by xm, j = (�j/�p)(Aj/(Aj + 1), with
j = O+5, a [see, e.g., Gomberoff and Valdivia, 2003].
This is shown in Figure 7b. We have then increased the
UO+6 drift velocity. As it is expected, a new branch
appears close to the proton gyrofrequency. Then, in
Figure 8 we have considered several values of UO+6

while keeping Ua = 0.2 fixed. The system shows a
complicated interplay among the branches of the disper-
sion relation. Both the (R2) and (R3) roots are now
unstable. The effect of increasing the O+6 drift velocity
beyond the a-particle drift velocity is to stabilize the
waves belonging to the (R2) root. Finally, in Figure 11
we illustrate the behavior of the growth rate for varying
Ua while keeping UO+6 = 0.2 fixed. In this case the
unstable root is (R3) in Figures 11a and 11b, and (R3)
and (R2) in Figures 11c and 11d.
[30] As pointed out above, a systematic study that would

allow for an exact prediction of the effect of changing the

various parameters involved, is difficult. However, one can
conclude that, in general, heavy ion thermal anisotropy and
drift velocity (relative to the protons) can trigger ion cyclo-
tron waves above their corresponding gyrofrequency lead-
ing, thereby, to resonant effects with ion species having
larger charge to mass ratios. Also, the combined effect due
to several heavy ion components can lead to a large
enhancement of the ion cyclotron instability, both for low
and high frequencies. Due to ion cyclotron interaction
heavy ions become anisotropic.
[31] Since high-frequency ion cyclotron waves are not

observed at the base of the corona nor in the fast solar
wind, the results of this paper naturally suggest a possible
cascade mechanism that utilizes low-frequency ion cyclo-
tron waves in the coronal holes to heat anisotropically
larger and larger q/m ions. First, low-frequency ion
cyclotron waves can heat anisotropically ion components
with small q/m ratio. This anisotropy, complemented with
the ion drift velocity, can generate instabilities for larger
frequencies, which in turn can heat anisotropically ions of
larger q/m ratio. Once these last ions are anisotropically
heated, they can generate instabilities of even larger
frequencies, in a process that may repeat until it reaches
the protons. This is the phenomenon that we denominate
a ‘‘cascade mechanism’’, and of course we do not
pretend that this is the unique phenomenon responsible
for the observations, but it may provide a possible
contribution. However, at larger heliocentric distances

Figure 9. (a) Same as Figure 8, but for UO+6 = 0.2. (b)
Same as (a) but for UO+6 = 0.25. The unstable roots are (R2),
solid line, and (R3), dotted line.

Figure 10. (a) The maximum growth rate gmax as a
function of UO+6 for the same parameters as in Figure 9, but
for Ua = 0.2. The same as in (a) but for Ua = 0.3.
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where bp becomes much larger than 10�4, from Figure 2b
it follows that the proton-cyclotron instability is com-
pletely stabilized (for Aa = 6) and, therefore, this is an
unlikely mechanism for proton-cyclotron wave generation
at such distances.

[32] Acknowledgments. This work has been partially supported by
FONDECYT grant 1020152 and FONDECYT grant 1000808.
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