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Abstract

Ion cyclotron waves (ICWs) can play important roles in the energization of plasma particles. Charged particle
beams are ubiquitous in space, and astrophysical plasmas and can effectively lead to the generation of ICWs. Based
on linear kinetic theory, we consider the excitation of ICWs by ion and electron beams in a compensated-current
system. We also investigate the competition between reactive and kinetic instabilities. The results show that ion
and electron beams both are capable of generating ICWs. For ICWs driven by ion beams, there is a critical beam
velocity, vbi

c , and critical wavenumber, kz
c, for a fixed beam density; the reactive instability dominates the growth of

ICWs when the ion-beam velocity v vbi bi
c> and the wavenumber k kz z

c< , and the maximal growth rate is reached
at k k2 3z z

c for a given v vbi bi
c> . For the slow ion beams with v vbi bi

c< , the kinetic instability can provide
important growth rates of ICWs. On the other hand, ICWs driven by electron beams are excited only by the
reactive instability, but require a critical velocity, v vbe

c
A (the Alfvén velocity). In addition, the comparison

between the approximate analytical results based on the kinetic theory and the exact numerical calculation based on
the fluid model demonstrates that the reactive instabilities can well agree quantitatively with the numerical results
by the fluid model. Finally, some possible applications of the present results to ICWs observed in the solar wind are
briefly discussed.
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1. Introduction

Ion cyclotron waves (ICWs) are a kind of left-hand polarized
waves with frequencies below and near the ion cyclotron
frequency ( ciw ) in the plasma frame (Gary 1993). They are the
continuation of sheared Alfvén waves (AWs) at higher
frequencies (near ciw ), and they appear to be the circular (for
parallel propagation) or elliptical (for oblique propagation)
polarized waves associated with magnetic perturbation trans-
verse to the background magnetic field (Zhao 2015). Because
ICWs can play significant roles in the energy transfer between
the wave and the ions through cyclotron resonance (Roberts &
Li 2015), extensive theory and simulation studies in past
decades revealed that ICWs are possibly associated with a
variety of processes and phenomena in space and solar
plasmas, such as generating electromagnetic ion cyclotron
emissions and the anomalous resistivity in the auroral
acceleration region (Ahirwar et al. 2007); preferential heating
of ions in the solar corona (Mecheri 2013); ion heating through
the wave-particle interaction in coronal hole (Mecheri &
Marsch 2007; Isenberg & Vasquez 2011); and accelerating the
electrons up to the relativistic velocity in coronal loops (Li
et al. 1993). Meanwhile, a number of observations have also
shown that ICWs exist ubiquitously in various plasma
environments from laboratory plasma in Tokamak (Adam
et al. 1978) to the ionosphere (Pilipenko et al. 2012), the
magnetosphere (Roberts & Li 2015), the interplanetary medium
(Fraser 1985; Siu-Tapia et al. 2015), and the solar wind (Jian
et al. 2009, 2010; Zhao et al. 2017).

Charged particle beams, which are one of the most
ubiquitous components in cosmic plasmas, can be encountered
in various parts of space and astrophysical plasmas; for
instance, in the auroral energetic electrons in the polar
magnetosphere at an altitude of 1–2 RE (Earth radius)

(Wu 2012); in ion and electron beams in the ionosphere
(Ahirwar et al. 2007; Zheng et al. 2012); in energetic electron
beams in near-Earth reconnection regions (Åsnes et al. 2008);
in energetic ion beams in the storm-time magnetosphere
(Forster et al. 2013); in ion streams (Feldman et al. 1973; Tu
et al. 2004); and in super-thermal ions (Feldman et al. 1974;
Goodrich & Lazarus 1976) in the interplanetary solar wind,
solar flaring-energetic ions and electrons in the solar atmos-
phere (Wu 2012), and various energetic cosmic rays from
supernova blast waves and other astrophysical activities
(Bell 2005). In particular, numerous observations from many
satellites show that these ion and electron beams are frequently
accompanied by ICW activities in space plasma, such as Van
Allen Probe B in the magnetosphere (Khazanov et al. 2017),
and Wind (Gary et al. 2016; Jian et al. 2016) in the solar wind.
This indicates that the non-thermal charged particle beams
possibly supply important driving energy sources to excite the
ICW activities.
The excitation and generation mechanisms have been an

increasingly interesting subject, with extensive observations in
laboratories, space, and astrophysical plasmas. A variety of free
energy can contribute to the generation of ICWs, such as
temperature anisotropy with the perpendicular temperature
larger than the parallel temperature (Gary et al. 1976, 1993);
the loss-cone distribution for the electron and ion velocity
distribution (Ahirwar et al. 2006); the combined loss-cone and
temperature anisotropy distribution of suprathermal ions (Hua
et al. 2011); and the perpendicular pickup ions (Russell &
Blancocano 2007). In addition, the relative drift between
different ion populations also may lead to the effective
excitation of ICWs (Gary et al. 1985), and moreover Winske
& Gary (1986) found that the instability driven by the drift of
heavier ions has a larger growth rate. However, their discussion
is just for non-resonant interaction, that is, the reactive
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instability, which neglects the Landau damping effect. Unlike
the kinetic instability due to the Landau damping effect of
wave-particle resonance, the reactive instability is in nature the
current bunching effect of charged particle streams via the
wave electromagnetic field in the fluid model of plasma as a
continuous medium (Bohm & Gross 1949).

In principle, a charged particle beam with appropriate
parameters in plasmas may simultaneously excite the reactive
and kinetic instabilities. On the other hand, when injected into
the plasma, the charged particle beams also produce a return
current to compensate the beam current in the way to maintain
the compensated-current system in a quasi-neutral state in
both charge and current (van den Oord 1990; Wu 2012).
Some investigations showed that low-frequency (=the ion
gyrofrequency) and high-frequency (near the ion gyrofre-
quency) kinetic AWs can both be excited by ion beams and
currents, or by anisotropic particles distributions (Voitenko
1998; Voitenko & Goossens 2003). In particular, Malovichko
et al. (2014, 2015) recently found that the compensated
currents may effectively drive a new oblique Alfvénic
instability in MHD scales, as well as the kinetic AW
instability in kinetic scales. In this paper, we take into
account the compensating effect of the return current in the
beam-return current system, and study the reactive and kinetic
instabilities of ICWs in the presence of ion and electron
beams. The results show that although the ion and electron
beams both can effectively excite ICW instability, their
parametric properties have obvious differences. In particular,
the reactive instability is significantly different from the
kinetic instability. The results presented in this paper can
be of potential importance for a better understanding of the
excitation and generation mechanisms of ICWs, which are
possibly associated with a variety of processes and phenom-
ena in space and astrophysical plasmas.

This paper is organized as follows. First, based on the
kinetic theory, the basic model of the compensated-current
system and the dispersion relation of ICWs are derived in
Section 2. Then, the reactive and kinetic instabilities by ion
and electron beams; the comparison with the exact numerical
calculations based on the fluid model; and some possible
application to relative observations in the solar wind are
discussed in Section 3. Finally, a summary and conclusion are
presented in Section 4.

2. Basic Model of Compensated-current System and ICW
Dispersion Relation

Consider a compensated-current system magnetized by a
uniform background magnetic field B0 along the z axis,
consisting of four components: the ion and electron beams
with the number densities nbi and nbe, and the beam velocities
vbi and vbe, respectively, propagating along the background
magnetic field, the motionless background ions, and the
background electrons with the drift velocity vde, which
provides the return current to compensate the ion/electron-
beam current and to maintain the current neutrality in the
plasma (van den Oord 1990). For all plasma components, the
unperturbed distribution functions can be expressed by

(Voitenko & Goossens 2003)
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directions perpendicular and parallel to the background
magnetic field, respectively. Taking account of the charge-
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The perturbed distribution function for the species s, fs1, is
governed by the following linearized Vlasov equation
(Wu 2012):
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where E1 and B1 represent the perturbed electric and magnetic
fields, respectively, and ∇and v are the gradient operators in
the position and velocity spaces, respectively.
For quasi-parallel propagating modes with the wave vector

k e ek kz z= +^ ^ (k kz^  ), the kinetic dispersion relation for
left-hand polarized waves can be written in following form
(Aleksandrov et al. 1984):
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where the ε factors are the elements of the dielectric tensor and
k kx=^ and e ex=^ have been used.

Substituting the unperturbed distribution function given by
Equation (1) into Equation (3), the dielectric tensor elements
can be derived from the standard analysis of linear Vlasov–
Maxwell kinetic theory as follows (Lysak & Lotko 1996;
Wu 2012):

n Z

i n Z

1 ,

, 5

xx
s

ps
s

n

n s

s
s n

xy
s

ps
s

n
n s s n

2

2 ,0
1

2
,

2

2 ,0
1

,

å å

å å

e
w

w
x

l
l

x

e
w

w
x l x

= +
G

= G¢

=

=

( ) ( )

( ) ( ) ( )

2

The Astrophysical Journal, 857:108 (11pp), 2018 April 20 Xiang, Wu, & Chen



where

I
k v

Z
t

t
dt

k v n

k v

k v

k v

exp , ,

1 exp
,

2
,

2
. 6

n s n s s s
Ts

cs

s n
s n

s n
z s cs

z Ts
s

z s

z Ts

2 2

2

,

2

,

, ,0

ò

l l l l
w

x
p x

x
w w

x
w

G = - =

=
-

-

=
- -

=
-

^

-¥

+¥

( ) ( ) ( )

( ) ( )

( )

In the above expressions, In sl( ) is the n-order modified-Bessel
function of the first kind, Z s n,x( ) is the plasma dispersion
function, psw and csw are the plasma oscillation frequency and
Larmor gyrofrequency for the sth species, respectively.

Under warm beams, we assume k v 1z Tbi ciw < and
k v 1z Tbe cew  . It is reasonable to employ the large-argument
expansion for the plasma dispersion function Z with n 0¹ ;
consequently, the dispersion relation in Equation (4) reduces to
the following form:
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To consider the effect of Landau damping in the process of
wave-particle interaction, we should keep the imaginary terms
in the plasma dispersion function of Z. In the above expansions
(Equation (8)), the coefficients of A w( ), B w( ), C w( ), and D w( )
can be further expanded by Taylor series formula in the small
parameter ciw w for the low-frequency case of ciw w< as
follows:
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where the parameters A0 to D0, A1 to D1, and B2 to D2 are
presented in the Appendix A.
By use of Equations (8) and (9), Equation (7) can be

rewritten as
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where the parameters Mr i( ), Nr i( ), and Pr i( ) are given in the
Appendix B.
Introducing the complex frequency irw w g= + , the

solution in Equation (10) leads to

Figure 1. Beam density–velocity parametric regimes with (the right-hand side
of the line) and without growth (the left-hand side of the line) for the reactive
instability driven by ion beams, where the fixed parameters 0.36eb = ,
T T 1i e = , and k 0.1z ir = have been used.

M N M N M iM N N M P i N N M P

M M

Re 4 2 4

2
, 11r

ci

r r i i r i r i r r r i r i

r i

2 2

2 2

w
w

=
- - + - - + + +

+

[( ) ( ) ( ) ]
( )

( )

M N M N M iM N N M P i N N M P

M M

Im 4 2 4

2
, 12

ci

r i i r r i r i r r r i r i

r i

2 2

2 2

g
w

=
- + + - - + + +

+

[( ) ( ) ( ) ]
( )

( )

for the real frequency of the wave and
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for the growth rate of the wave, where Re[...] and Im[...]
represent the real and imaginary parts, respectively.
Equation (11) describes the dispersion relation of ICWs in
the compensated-current system including the effects of ion
and electron beams. In particular, the dispersion relation of
AWs, k vz Aw = (where v B n miA 0 0 0m= is the Alfvén
velocity), can be recovered by omitting the effects of electron
and ion beams as well as the Landau damping.

It should be noted that the dispersion relation of the parallel
propagation actually has three modes (Aleksandrov et al. 1984):
one pure longitudinal oscillation and two transverse ordinary
(left-hand polarized) and extraordinary (right-hand polarized)
waves. In the present work, however, we focus on the left-hand
polarized waves, which become ICWs at higher frequencies near

ciw and AWs at lower frequencies ciw . In addition, also we
only concern the growing mode of ICWs with a positive growth
rate ( 0> ), and the damped mode with a negative growth rate has
been neglected.

Ignoring the imaginary part of plasma dispersion function,
Equations (11) and (12) give the real frequency and the growth
rate of the reactive instability as
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respectively, which depends on plasma fluid parameters, such
as the density, the flow velocity, and the thermal speed.

On the other hand, the growth rate of the kinetic instability
can be obtained by the difference between Equations (12) and
(13) as follows:

, 14k
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f
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g
w

g g
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which is contributed by the imaginary part of plasma dispersion
function and can be attributed to the effect of the wave-particle
resonance.

3. Results and Discussion

Energetic ion beams are frequently observed in a variety of
active phenomena in space and astrophysical plasmas (Good-
rich & Lazarus 1976; Goldstein et al. 2000; Tu et al. 2004). In
this section, we consider the instability driven by an ion beam
in the compensated-current system; that is, the plasma consists
of the motionless background ions, the drift background
electrons, and the ion beam. Figure 1 shows the parametric
regimes with and without the reactive instability in the n vbi bi–
parametric plane, where the line represents the critical line
between the stable (the left-hand side) and unstable regimes
(the right-hand side) for the fixed ratio of the electron pressure
to the magnetic pressure 0.36eb = , the ratio of the ion
temperature to the electron temperature T T 1i e = , and the
parallel wavenumber k 0.1z ir = , where vi Ti cir w= is the ion
gyroradius.
From Figure 1, it can be seen that the critical line is

approximately symmetric about the beam density n nbi 0 =
0.5, because the case of n n 0.5bi 0 > in the beam-comoving
frame is equivalent to that of n n 0.5bi 0 < in the background
plasma frame. The critical ion-beam velocity (v vbi

c
A) increases

as the beam density decreases in the regime of n n 0.5bi 0 < or
increases in the regime of n n 0.5bi 0 > . In particular, in the
rather wide regime of n n0.2 0.7bi 0< < , the critical beam
velocity ranges between v v2 3bi

c
A< < ; that is, a few times of

the Alfvén velocity. This indicates that the condition for the
reactive instability of v vbi bi

c> is easily satisfied for major
interesting cases in space and astrophysical plasmas.
Based on Equations (11) and (13), Figure 2 presents the real

frequency (left), r ciw w , and the growth rate (right), cig w ,
versus the parallel wavenumber, kz ir , for the fixed ion-beam
density n n 0.15bi 0 = and the different ion-beam velocity
v v 1bi A = , 3, 3.5, 4, and 4.5, respectively. Similarly, Figure 3
shows the results for the fixed ion-beam velocity v v 3.8bi A =
and the different ion-beam density n n 0.05bi 0 = , 0.1, 0.13,
0.16, and 0.2, respectively. The dashed lines in the right panels
of Figures 2 and 3 represent the growth rates of the kinetic
instability given by Equation (14) and the dashed lines in the
left panels of Figures 2 and 3 do the real frequencies modified
with the Landau damping. From Figures 2 and 3, one can find

Figure 2. Normalized frequency (left) and growth rate (right) vs. the parallel wavenumber for the ion-beam density n n 0.15bi 0 = , where the lines correspond to the
ion-beam velocity v v 1bi A = , 3, 3.5, 4, and 4.5, respectively. In the left panel, the dashed and solid lines represent the dispersion relations with and without Landau
damping, and in the right panel the dashed and solid lines represent the kinetic and reactive instabilities. The parameters 0.36eb = , T T 1i e = , and v v 3.5Tbi Ti = have
been used.
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Figure 3. Normalized frequency (left) and growth rate (right) as a function of the normalized parallel wavenumber k vz Ti ciw for the ion-beam velocity v v 3.8bi A = ,
where the lines correspond to the ion-beam density n n 0.05bi 0 = , 0.1, 0.13, 0.16, and 0.2, respectively. In the left panel, the dashed and solid lines represent the
dispersion relations with and without Landau damping, and in the right panel the dashed and solid lines represent the kinetic and reactive instabilities. The plasma
parameters are 0.36eb = , T T 1i e = , and v v 3.5Tbi Ti = .

Figure 4. Normalized real frequency (left) and growth rate of the kinetic instability (right) vs. the ion-beam velocity for the fixed ion-beam density n n 0.2bi 0 = ,
where the lines correspond to the parallel wavenumber k 0.1z ir = , 0.15, 0.2, 0.25, and 0.3, respectively. The plasma parameters 0.36eb = , T T 1i e = , and
v v 3.5Tbi Ti = have been used.

Figure 5. Normalized real frequency (left) and growth rate of the kinetic instability (right) vs. the ion-beam density for the fixed ion-beam velocity v v 1.5bi A = ,
where the lines correspond to the parallel wavenumber k 0.1z ir = , 0.15, 0.2, 0.25, and 0.3, respectively. The plasma parameters 0.36eb = , T T 1i e = , and
v v 3.5Tbi Ti = have been used.
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that there is a critical wavenumber kz
c below that the reactive

instability has a non-zero growth rate in the low wavenumber
regime of k kz z

c< , implying the excitation of the reactive
instability. In the higher wavenumber regime of k kz z

c> , the
reactive instability does not work, but the kinetic instability has
a non-zero growth rate and becomes the dominant excitation
mechanism for ICWs.

Also, Figures 2 and 3 show that the reactive instability
reaches its maximum at k k2 3z z

c» ; that is, the maximal
growing wavenumber and that the critical wavenumber kz

c and
the growth rate of the reactive instability both increase as the
density and velocity of the ion beam increases. This indicates
that the ion beam with a larger velocity and higher density
leads to a larger critical wavenumber and higher growth rate. In
addition, Figures 2 and 3 show that so far as the ion-beam
velocity exceeds the critical velocity of the reactive instability,
vbi
c , the reactive instability has a growth rate much higher than
that of the kinetic instability because the latter is contributed by
a fraction of particles, i.e., the resonant particles, and the former
can be contributed by almost all particles in the plasma.

In general, however, the reactive instability has a high
critical velocity vbi

c above a few times of the Alfvén velocity vA,
as shown in Figure 1, while the kinetic instability has a lower
critical velocity. Therefore, for the case of slow ion beams with
a beam velocity below the critical velocity vbi

c the kinetic
instability will dominate the growth of ICWs. Based on
Equations (11) and (14), Figures 4 and 5 give the real
frequency and the kinetic growth rate versus the beam velocity
and the beam density, respectively, for the slow ion beams with
the beam velocity of a few times vA, where Figure 4 is for a
fixed beam density n n 0.2bi 0 = , Figure 5 is for a fixed beam
velocity v v 1.5bi A = , and the different lines correspond to the
different wavenumbers k 0.1z ir = , 0.15, 0.2, 0.25, and 0.3.
From Figures 4 and 5, the real frequency of ICWs does not
sensitively depend on the beam velocity and density, but
increases obviously with the wavenumber kz ir as shown in the
left panels. The critical beam velocity of the kinetic instability
increases with the wavenumber kz ir for the fixed beam density
as shown in the right panel of Figure 4. The right panel of
Figure 4 shows that the kinetic instability has even a critical
beam velocity lower than the local Alfvén velocity vA for the
low wavenumber ICWs of k 0.2z ir < and that the maximal
growth rate occurs in the beam velocity v v1 2.5bi A< < for

the wavenumber kz ir from 0.1 to 0.25. On the other hand, for
the fixed beam velocity v v 1.5bi A = the right panel of Figure 5
shows that the kinetic growth rate kg increases with the beam
density.
Energetic electron beams, which are a common and

pervasive phenomenon in space and astrophysical plasmas,
such as in the ionosphere (Zheng et al. 2012) and the
magnetosphere (Åsnes et al. 2008), are one of the most
important sources that drives plasma instabilities. This section
discusses the instability driven by an electron beam in the
compensated-current system, in which the plasma consists of
the motionless background ions, the drift background electrons,
and the electron beam.
Figure 6 presents the parametric regimes with and without

the reactive instability in the n vbe be– parametric plane for fixed
parameter T T 1i e = , where the regimes above and below the
line correspond to with and without growth, respectively. From
Figure 6, one can find that unlike the case of ion beams, the
critical electron-beam velocity of the reactive instability,
v vbe

c
A, monotonically increases as the electron-beam density,

n nbe 0, decreases. In particular, the critical velocity of the
reactive instability driven by electron beams is much higher
than that driven by ion beams for the cases of n n 0.5be 0 < .
For instance, for the case of the beam density n n 0.3be 0 = we
have v v 70be

c
A » . This implies that it is more difficult to excite

the ICW instability by electron beams than by ion beams.
Figures 7 and 8 present the real frequency (left) and growth

rate (right) of ICWs versus the parallel wavenumber kz ir for the
case with the fixed beam density n n 0.25be 0 = and the
different beam velocity v v 5, 70, 80, 90, 100be A = , and for
the case with the fixed beam velocity v v 90be A = and the
different beam density n n 0.05be 0 = , 0.1, 0.2, 0.25, and 0.35,
respectively, where other parameters 0.36ib = , T T 1i e = , and
v v 4Tbe Te = have been used for for the ratio of the ion
pressure to the magnetic pressure, the ion to electron
temperature ratio, and the thermal velocity ratio of the beam
electrons to the background electrons, respectively. The dashed
lines in the left and right panels represent the real frequency
modified with the kinetic effect and the kinetic growth rate,
respectively. Figures 7 and 8 both show that the growth rate of
ICWs excited by the reactive instability driven by the electron
beam monotonically increases with the wavenumber kz ir , and
that the kinetic instability has a negative growth rate, implying
the Landau damping of ICWs. These are considerably different
from the results in the ion beam case presented in Figures 2
and 3. In addition, Figures 7 and 8 also show that growth rate
increases with the electron-beam velocity as well as the
electron-beam density.
Though the use of the dispersion relation solver based on the

fluid model of plasmas (Xie 2014), the exact theoretical results
of the growth rate of the reactive instability in the presence of
ion and electron beams can be obtained via the numerical
calculation. Figures 9 and 10 present the comparison between
the preceding analytical approximation in Equation (13) and
the exact numerical calculation for the ion-beam and electron-
beam driven cases, respectively, where solid and dotted lines
represent the growth rates given by the analytical approx-
imation ( fg ) and the numerical calculation ( fng ), respectively,
and the parameters T T 1i e = , 0.64eb = (Figure 9) and

0.64ib = (Figure 10) have been used. From Figures 9 and
10, as expected, the analytical approximation by Equation (13)
(solid lines) can very well agree with the exact numerical

Figure 6. Beam density–velocity parametric regimes with (above the line) and
without growth (below the line) for the reactive instability driven by electron
beams, where the fixed parameter T T 1i e = has been used.
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Figure 8. Plot of the dispersion relation (left) and growth rate (right) vs. the parallel wavenumber kz ir for the electron-beam velocity v v 90be A = , where the lines
correspond to the electron-beam density n n 0.05bi 0 = , 0.1, 0.2, 0.25, and 0.35, respectively. In the left panel, the dashed and solid lines represent the dispersion
relations with and without the Landau damping, and in the right panel the dashed and solid lines represent the kinetic and reactive instabilities. Other parameters are

0.36ib = , T T 1i e = , and v v 4Tbe Te = .

Figure 9. Comparison of the analytical results with the numerical calculation for the ion-beam driven case, where solid and dotted lines represent the analytical and
numerical result, respectively, and the parameters 0.64eb = and T T 1i e = have been used.

Figure 7. Variation of the dispersion relation (left) and growth rate (right) vs. the parallel wavenumber kz ir for the electron-beam density n n 0.25be 0 = , where the
lines correspond to the electron-beam velocity v v 5be A = , 70, 80, 90, and 100, respectively. In the left panel, the dashed and solid lines represent the dispersion
relations with and without the Landau damping, and in the right panel the dashed and solid lines represent the kinetic and reactive instabilities. Other parameters

0.36ib = , T T 1i e = , and v v 4Tbe Te = have been used.
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results by the dispersion relation solver (dotted lines). Although
some insignificant difference slowly and slightly increases with
the beam density or velocity for the ion-beam driven case
(Figure 9) and with the wavenumber kz for the electron-beam
driven case (Figure 10), they will not affect the analytic results
presented in the preceding two sections, which are helpful for
understanding some observational features in the solar wind.

Recently some typical events of enhanced magnetic fluctua-
tions in the solar wind are identified as ICWs (Gary et al.
2016), in which the beam velocities for the six cases all are
below twice vA, implying that the reactive instability of ICWs
does not work. However, the kinetic instability of ICWs
presented in Figure 4 has a growth rate 2kg ~ to 8 10 ci

2w´ -

for the ion-beam velocity v 1bi ~ to v2 A, and the typical
parameters n n 0.2bi 0 ~ and k 0.2z ir ~ , which is well higher
than that of the temperature anisotropy with a typical value of
10 10 ci

3 4w~- - (Gary et al. 2016). This indicates that the
kinetic instability of the ion beam possibly is responsible for
the generation of the observed ICWs in the solar wind,
although the reactive instability does not work.

4. Summary and Conclusion

In this paper, taking into account ion and electron beams, a
general kinetic dispersion relation for ICWs in the compen-
sated-current system is derived. Based on this dispersion
relation, the competition between reactive and kinetic instabil-
ities is investigated. The results show that the reactive
instabilities of electron and ion beams both can lead to the
development of the ICW instability. However, the reactive
instability of ICWs driven by electron beams requires a very
high critical velocity v vbe

c
A for the beam density

n n 0.5be 0 < ; moreover, the kinetic instability of electron
beams entirely does not work. This indicates that it is very
difficult to excite ICWs by electron beams.

On the other hand, the reactive and kinetic instabilities both
can effectively excite ICWs. However, for the fast ion beam with
the beam velocity larger than a few times of the Alfvén velocity,
that is, v v abi bi

c> ~ few times of vA, the reactive instability
dominates the growth of ICWs in the wavenumber range of

k k0 z z
c< < , where the growth rate reaches the maximum at

k k2 3z z
c , with a typical growth rate ∼one-tenth of the ion

gyrofrequency. The corresponding critical wavenumber kz
c and

the growth rate both increase with the density and velocity of the
ion beam. While for the slow ion beam with the beam velocity
v vbi bi

c< , the kinetic instability can be responsible for the growth
of ICWs, but with a typical growth rate ∼several percent
considerably lower than that of the reactive instability. The
critical velocity of the kinetic instability decreases as the
wavenumber decreases, and even lowers it to below the Alfvén
velocity for the lower wavenumbers of k 0.2z ir < .
In addition, based on the dispersion relation solver

(Xie 2014), the comparison between the exact numerical
calculation to the approximate analytical result have been
carried out to study the growth rate of the reactive instability in
the presence of ion and electron beams. It is found that there is
a very well agreement between the approximate analytical
results given by the kinetic theory and the exact numerical
calculations by the fluid model.
ICWs that are associated with ion and electron beams are

ubiquitous in space and astrophysical plasmas (Jian et al. 2016;
Khazanov et al. 2017). The present results can provide some
reasonable explain for the existence of ICWs by the reactive
instability of the fast ion beams or by the kinetic instability of the
slow ion beams. For instance, the kinetic instability of the slow ion
beams can be responsible for the events of enhanced magnetic
fluctuations observed by Gary et al. (2016) in the solar wind,
which are identified as ICWs, although the reactive instability of
the ion beams does not work because where the ion-beam velocity
is typically less than 2vA (Goldstein et al. 2000; Tu et al. 2004).
The present results can have some implications for understanding
the presence of ICWs and the associated-ICW phenomena in space
and astrophysical plasmas.

This work was supported by NSFC under grants 41531071,
11373070, and 41304136. The authors thank Drs. Q. H. Li,
H. Y. Sun, and J. S. Zhao for their careful reading of the
manuscript and their useful suggestions. We give a special
thanks to the anonymous referee for the valuable suggestions
and comments that helped improve the quality of this paper.

Appendix A
Expressions of A, B, C, and D

With the help of Taylor series formula, the coefficients of A0

to D2 in Equation (9) can be given as follows:

Figure 10. Comparison of the analytical results with the numerical calculation for the electron-beam driven case, where solid and dotted lines represent the analytical
and numerical result, respectively, and the parameters 0.64ib = and T T 1i e = have been used.
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and

Appendix B
Expressions of M, N, and P

Substituting Equations (8) and (9) into Equation (7), the
coefficients in Equation (10) can be rewritten as follows:
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