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Abstract

A generation mechanism for kinetic Alfvén waves
(KAWSs) by ion-beam and velocity shear is discussed.
For this, a three-component plasma model, consisting of
cold background ions, hot electrons, and hot ion beams is
considered. The model is very general in the sense that all
of'the three species have drifting Maxwellian distributions,
nonuniform streaming, and velocity shear, and can be applied
to magnetospheric regions where velocity shear is present.
The effects of the ion beam alone and the combined effect
of the ion beam as well as the velocity shear in exciting
the kinetic Alfvén waves are discussed. It is found that
the ion beam alone can excite these kinetic Alfvén waves.
However, in the presence of an anti-parallel ion beam and
positive shear, the wave growth is much larger as compared
to the ion-beam case alone. For a set of plasma parameters,
waves are excited for Az <1 for the case of the ion beam
alone, whereas for the combined case (an anti-parallel ion
beam and positive velocity shear), these waves are excited
for Az >1.The present model is applied to the polar cusp/
auroral region of the Earth’s magnetosphere, and it can
explain several characteristic properties of the observed
ultra-low-frequency waves. The mechanism presented
here can excite the kinetic Alfvén waves up to a frequency
of ~ 65 mHz, which can explain the ultra-low-frequency
waves observed in the auroral/polar cusp region.

1. Introduction

I‘ inetic Alfvén waves (KAWSs) are low-frequency
electromagnetic waves that propagate nearly
perpendicular to the ambient magnetic field, and have an
electric-field component along the ambient magnetic field.
The acceleration of charged particles in space plasmas is
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related to the presence of parallel electric fields. Due to the
presence of a parallel electric field, kinetic Alfvén waves
play a major role in the transfer of energy to particles and
auroral acceleration of the electrons [1-5]. In the low- S

plasmas, this parallel electric field arises in the magneto-
hydrodynamic (MHD) waves under two aspects. First,
when electron inertia is taken into account, the shear Alfvén
waves will come into the picture and will satisfy conditions
in a region where ~ with £ being the (thermal pressure/
magnetic pressure) [3]. Second, when the ion gyro radius is
taken into account, kinetic Alfvén waves will play a major
role and satisfy conditions in a region where £ >> m, /m;

[6]. Atthe auroral altitudes of4-5 Ry ,where istheradius
of the Earth, the shear Alfvén wave plays a major role [7],
and beyond that, the kinetic Alfvén waves are important.
Observationally, kinetic Alfvén waves appear as broadband
enhancements in electric and magnetic field wave power
thatbecome increasingly electrostatic athigher frequencies
[8-11]. These waves have been reported inside the
plasmasphere in conjunction with, and modulated by, ultra-
low-frequency (ULF) oscillations driven by an impulsive
solar-wind pressure enhancement, and are identified as
Doppler-shifted kinetic Alfvén waves. Furthermore, kinetic
Alfvén waves may significantly impact particle dynamics
in the inner magnetosphere through enhanced ion transport
and heating [2, 12]. Observations carried out onboard the
S3-3, DE1, AUREOL 3, VIKING, CLUSTER, THEMIS,
VanAllen Probes, and MMS spacecrafthave given evidence
for intense electromagnetic turbulence in the solar wind
and magnetosphere [13-20].

Ultra-low-frequency waves have been observed in
various regions of the Earth’s magnetosphere, e.g., the
magnetopause, magnetosheath, plasma-sheet boundary
layer (PSBL), polar cusp, and on auroral field lines for
decades [8, 21-26]. These ULF waves can be generated
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by several mechanisms [8, 21, 22, 24]. Instabilities/waves
such as the Kelvin-Helmbholtz (K-H) instability [21,27, 28],
kinetic Alfvén waves [1, 3, 5, 29-31], field-line resonance
[28], etc., are some of the phenomena that can explain the
generation of ULF waves. More recent observations in the
terrestrial magnetosphere and reconnection region have
shown that kinetic Alfvén waves facilitate the generation
of ULF waves and wave-particle energy exchange [20,
32]. Lakhina [31] discussed the excitation of kinetic
Alfvén waves by velocity shear and explained the observed
generation of ULF waves by kinetic Alfvén waves. lon
beams have also been observed in various regions of the
magnetosphere such as the plasma-sheet boundary layer,
polar cusp, auroral zone, etc. [24,27]. Here, we are proposing
a three-component plasma model for the excitation of
kinetic Alfvén waves by ion-beam and velocity shear as a
possible mechanism for the generation of ULF waves in the
Earth’s magnetosphere. The combined effect of ion-beam
and velocity shear in exciting the kinetic Alfvén waves for
resonant instability has been studied. This model is able to
explain some of the observed characteristics of ULF waves
in the magnetosphere.

2. Theoretical Model for Kinetic
Alfvén Waves Excited by lon-
Beam and Velocity Shear

A three-component theoretical plasma model is
considered, having background ions, beam ions, and
electronsasits species. All the three species have nonuniform
streaming  along the ambient magnetlc field By = ByzZ,

q;
where X =x+v, / W, 5 O = is the gyro frequency

Y m jc

of the jth species, ¢; and m; are the charge and mass of
the jth species, c is the light speed, and the subscript is
e, i,or B forelectrons, ions, and beam ions, respectively.
The equilibrium charge neutrality is obtained from the
relation , where N; represents the number density of
the jth species. To proceed further, we have assumed a
drifting Maxwellian distribution, given by

foj = (7} )_3/2 N ,-exp{—{ﬁ -1 )] } /af} (1)

where v| =, [vf + vf, and v = v, define the perpendicular
and parallel velocity components with respect to the ambient

21,
— is the thermal speed of the jth
m

J
species, and 7; is the temperature of the jth species.

magnetic field, a; =

Since we are assuming alow-beta plasma (thermal pressure/
magnetic pressure) for our study, the wave is assumed to
be magnetically incompressible. This means that the z
component of the wave’s magnetic field, B, , is zero. This
fact allows us to use the two electric potentials to describe
the wave’s electric field, as done by Hasegawa [1]. The
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electric field of the electromagnetic wave can thus be
written as

E=-V, g+Ez, )

where Ej=-Vy . The basic equations used for our
calculations are Poisson’s equation and the z component
of Ampere’s law. Respectively, they are given by

V24 + 47zz 3)

ovig 4r 0
+VIE =225 4
. 1B = at%:q “4)

Here, n; and J; are respectively the perturbed number
and the z component of the current densities, and can be
computed from the expressions

nj = [, 5)

3
szzj‘d Vejvzfij,

where f}; is the perturbed distribution function, which
can be obtained from the linearized Vlasov’s equation
using a local approximation ( L,k >>1). Here, k is the
wavenumber and L, =V (dVp /a’x)_1 is the velocity
gradient scale length. For this, the perturbation is assumed
tobe of the form f;; = exp(ikly+ikHz—ia)t),where W is
the frequency of the wave, and k and k arerespectively
the parallel and perpendicular components of the wave
vector k . The generalized perturbed distribution can now
be written as [33, Equation (4.169)]

fi(r, vt)——_ dt (E'V')k—E(V'-k)

Vyfy (v) o) ©)

which has to be integrated along the unperturbed
orbits. Following the standard procedure and algebraic
manipulations, the perturbed distribution function for low-
frequency kinetic Alfvén waves can be written as [31,34]

l(n—m)é’

> 3

_‘]
m} n=—0m=—0 (k”V —w+nao,

ol ms)

)

x(k M b+ kL) Q)
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where coefficients M ; and L; can be expressed as

M. = l_kHVz aij nag; n 1 aij +af0j nwcij (8)
/ w 6Vl kivl a)/ ox 6\/2 kLa)

1 =k %o; ney
J w 6\@ klvl

L L% (g%, (9)
@, Ox @ )ov,

Here, J, (éj) and J, (fj) are the Bessel functions
of the order n and m, respectively, with the arguments
g = (k vy / oy ) .Forthe calculation of velocity integrals,
we use cylindrical coordinates, i.e., v = (v s 9,vH> , where
6 represents the angular coordinate of the velocity vector.
Substituting f| j from Equation (7) into Equation (5) and
evaluating the integrals, we obtain the perturbed number
density, n;, and the parallel component (z component) of
the current den51ty, sz . Furthermore, these number and
current densities are substituted into Equations (3) and (4),
respectively, to get the following:

D D
[ i} 12}((5}:0 (10)
Dy Dy \y
where the coefficients are given by the expressions
@
Dllsz_ 1+ pj 1 ) (11)
Z k? La 0 ( )

2
Dy =kj|1

””Z © 1sk , (12
Z\“ [’H“J[ "|] "

PJ J tL
kﬂh 1+Z = S p (13)
kJ_ [
2 2
)y, | bjw @
Dyy = —kyk? 1+Z Z’[ J
Zki kai ke
ky ky
[1 S; |J+Sj 5 ” (14)

1/2

4z N ]ej .

_— is the plasma frequency,
mj

where @ =(
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o= (a)—k”Vj) is the Doppler-shifted frequency of the
Jthspecies, and b; = I, (ﬂjexp(—ﬂj) , where Ioﬂg/ij) is
the zeroth-order modified Bessel function. The coefficients
D, are obtained by assuming low-frequency waves (
a)i < o ) propagating nearly perpendicular to By, i.e.,

k” <<kj . We get the following generalized dispersion
relation from Equation (10) by equating the determinant

of the coefficients of ¢ and w to zero:

R EEE)

20 @pi @
+%"k2aj2- w(l b; )

2 _
Z . ( @ }[l—sjk—i}rsjk—i
ki k||a kjer; ki ki

(15)

2
Z ;’J;(l—, byz2 ;”bfsjkl 0-
ko ko ke Tk Ry

3. Resonant Instability of
Kinetic Alfvén Waves

In this section, we study the resonant instabilities of
the kinetic Alfvén waves excited by hot-ion beams and
velocity shear. The dispersion relation is here restricted
to a hot-ion beam with drift velocity Vp and shear in the
flow of § =Sy, whereas other species have V; =0=V,
S; =0=3S,. Under the assumptions of a hot-ion beam,
o<ka,, 4, <1, hot electrons a)<<kHa A, <<1,
and cold background ions, @w? > kH a , the dlspersmn

relation obtained from Equation (15) is given by

b.N; 2 N, 1-b
e 1+a1— w —_lAqO
Ne Kfvi Ne %

2 2
® ®° N;1-b
Cr+i(l+4q)C —L—LA(Cyr +iCy)

2 2 R 1 1~ R 1

Cs{ kv Ne
207 (1-5)N; (16)
G N,

where
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by k
o = Nb Pbs ki (17)

NE ZAB k”
go=1+8. M1 Sky (18)

Ni mB blkH

o (1-b
PR/ B), (19)
N; Tz o (1-b;)
T

Ch 1+1]\$BT6[1)B (1—“’]{“’—%5%””@,{ 21

w w
5 3/2 1/2
o ) 22
kHae kHae Ne TB m,
— _2
w(l—Sliexp - Z)z . (22)
@ ki kiag

The expression C; here represents the damping telz/rzms due
to hot electrons and beam ions, and ¢; =(7,/m; )"~ is the

1
ion acoustic speed, v, = (Bg / 47N, eml-) is the Alfvén

velocity,and f; = (87rNeY}/B§) and fBp = (87rNeTB/Bg)
are the ion and beam plasma betas, respectively. In the
absence ofionbeam ( Ny = 0 ) and neglecting the damping
due to electron and beam ions, we will reach the usual
dispersion relation for kinetic Alfvén waves in a two-
component plasma, as obtained by Hasegawa and Chen
[1] and Lakhina [31]. We can write the general dispersion
relation, Equation (16), as a combination of real and
imaginary parts:

DR(w,k)+iD1(a),k)=0 (23)
where
4 (1-b;
KivalNe A
20

o + N; bB;

— £ - (l + al) 5 (24)
vy Ne 2
2 2 (1-h,
Dy (k)= -3~ |1+a - ;"2(1 )N, cs (29
KV kiva A Ne

N. T, N, bf
o Ny e  Nibibi (26
\ { L ){T s q}} 26)

The real frequency can be obtained by equating
Dp (@,k)=0, which contains both shear and beam
velocity. Inthe absence of streaming, V3 = 0 ,and assuming
C; =0, one can also obtain the real frequency from
Equation (24) for non-resonant instability [31].

The growth/dampingrate, y , ofthe resonantkinetic Alfvén
waves can be obtained from Equations (24) and (25) as

o Dy (o,.k)
aDR(a)r,k)
Ow,
2 (1-h
:a)f 1+a1 (;}"2( l)ﬁA C[
kivy 4 N,

% %G 1[ AL qu @7
kHVA TB /11 TB Ne Te 2/11
where
Ni ’ biﬂi (l_bl)(l )AC (28)
=+ | ELt—(1+a .
2o N, > P 1 R

This is a general expression for the growth/damping rate of
the kinetic Alfvén waves in the presence of ion beam and
velocity shear. It has been obtained after making use of the
assumption @ = @, +iy, where @, is the real frequency
and y < @, is the growth/damping rate.

The numerical computations were next carried out for
real frequency, Equation (24), and growth/damping rate,

e Radio Science Bulletin No 370 (September 2019)
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Figure 1a. The resonant instability of kinetic Alfvén

waves driven by an ion beam alone: the normallzed

IS

realfrequency, o, /0. ,asafunctlon of Ag = lO;B
Npg

for ~8.= 0.4, f = 0.001, k” — 0,04, 5=0,andtr

Vp L
0 5,0.7, and 0.9, respectively.

ap

Equation (27), for the relevant plasma parameters. We made
sure that all the assumptions that were made in arriving
at the theoretical results were satisfied. The normalization
procedure that we adopted for our numerical computations
were as follows: frequencies, @, , were normalized with
respect to the cyclotron frequency of the ion beam, w,
temperatures with theion beam temperature, 7 ; streaming
velocity, Vg , with the thermal speed of the ion beam, ap
. The normalized real frequency and the growth rates of
the resonant instability as calculated numerically from
Equation (24) and Equation (27), respectively, were plotted
against Ag = kiaé ZwZB (the square of the perpendicular
wave number normalized with the gyro radius of the beam
ions). From the numerical analysis, it was found that for the
resonant instability of the kinetic Alfvén waves, Cp >0
and C; <0 shouldbesatisfied. Fromthe condition C, >0
an upper limit for the velocity shear was obtained from
Equation (20) as

k
Sy = —'[1+£T—3] . (29)
ki Np bgT,

The C; <0 contains terms corresponding to ion beam
as well as velocity shear, and hence it was difficult to
analytically obtain a combined threshold or upper limit
for which growth of the wave occurred. However, in the
absence of velocity shear (i.e., S = 0), from the condition
C; <0, we obtained an expression for the threshold value
of'ion beam velocity above which the growth of the waves
was possible. This is given by

3/2 1/2
N, T,
Ve = @° 1+_6L(_BJ [&J . (30)
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Figure 1b. The resonant instability of kinetic Alfvén

waves driven by anionbeam alone: the normallzed

k2
growth rate, y/w. ,as a functlon of Az = lC;B
Ny 2w,
for ~B =04, 4 =0.001, k” =0.04, S=0, ahd
1
for —==0.5,0.7, and 0.9, respectively.

“B

Figures la and 1b represent the normalized real
frequency and the normalized growth rate as functions of
the square of the normalized perpendicular wave number,

g = kio;B in the absence of velocity shear (§ = (). The
20
waves were excited by an ion beam alone. It was observed

that when the ion-beam velocity was increased from Vs _

ap
0.5t00.9, thereal frequency marginally increased, whereas
the growth rate significantly increased. The growthrate first
increased up to a certain extent, reached its maximum value,
and then fell back. The value of Az for which the growth
rate was maximum is called Ag,,,. . It was observed that
withanincrease inbeam velocity, the Ap,,,, shifted towards
higher values, i.e., higher wave numbers. The extent of
wave numbers for which kinetic Alfvén waves were excited
also increased with an increase in ion-beam velocity. It is
emphasized here that in the absence of velocity shear, an
ion beam alone can excite the kinetic Alfvén waves with
reasonable growth rate. The threshold value of the beam
velocity was found to be Vg /ap ~ 0.42, below which no
growth was possible.

In Figures 2a and 2b, plots of normalized real
frequency and growth rate in the presence of finite shear
(§=04) and the ion beam streaming parallel to the
ambient magnetic field (positive velocity) are shown. The
. . . Vi
ion-beam velocity was increased from —2- = 0.15 t0 0.45.

ap
It was observed that with an increase in beam velocity in
the parallel direction, the real frequency increased, although

. . v,
marginally. However, there was slight growth at —£- = 0.15
Op
which diminished with the further increase in ion-beam
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Figure 2a. The resonant instability of kinetic Alfvén
waves driven by an ion beam and velocity shear: the
normalized real frequency, o, /@, z , as a function of

N
for ~£ =04, g =0.001, k” = 0.04

20)2 e 1

Vg
$=04, and for —£=0.15, 0.25, 0.35, and 0.45,
respectively. @B

kJ_aB

Ap =

velocity considered here. The waves were thus being damped
at higher values of ion-beam velocity. This indicated that
positive shear with parallel streaming of ions will have a
stabilizing effect on the kinetic Alfvén waves. Due to the
damping of the wave, there may be a transfer of energy
from the wave to the particles, and hence energy transfer
to the particles. Positive velocity shear along with parallel
streaming of the ion beam therefore creates a favorable
condition for energy transfer to the particles.
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Figure 3a. The resonant instability of kinetic Alfvén
waves driven by an ion beam and velocity shear: the
normalized real frequency, ®, /@3 , as a function of

Ag = kiO;B for M2 _04, 5 =000, 2L 004
§=04, and for —£ =-0. 15, -0.25, -0.35, and
Up

—0.45 , respectively.
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Figure 2b. The resonant instability of kinetic Alfvén
waves driven by an ion beam and velocity shear: the
normahze;i growth rate, y/w. , as a functlon of
K2 N,

g =125 for “B—04, B,=0.001, A .04
250 Ne kJ_

vy
§=04, and for —=0.15, 0.25, 0.35, and 0.45,
respectively. @B

In Figures 3a and 3b, the variation of the normalized
real frequency and growth rate with the normalized
perpendicular wave number in the presence of positive shear
(§=0.4) and the ion beam anti-parallel to the ambient

Vg
magnetic field are shown for —==-0.15 to -0.45.
ap
With the increase in beam velocity in the anti-parallel
direction, the real frequency marginally decreased, whereas
the growth rate slightly increased. The growth rate fell off

1.8
1.6
1.4

1.2

.‘dch
—

0.8
0.6
0.4
0.2

Figure 3b. The resonant instability of kinetic Alfvén
waves driven by an ion beam and velocity shear:

the normalized growth rate, 7/ w,p » as a function
2.2

k
of g =25 for Ne _ 0.4, 8 =0001, A 004
Za) Ne kl
§$=04, and for —£2 =-0. 15, -0.25, -0.35, and
B
—0.45, respectively.
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Figure 4a. The resonant instability of kinetic Alfvén
waves driven by an ion beam: the normalized real

202
frequency, @, /@ ,as afunction of Az = LO;B for
N k 200

B _ [ Ve _ _ “
—==04,, —=0.04, —=—=0.5, §=0.0, and for
Ne ky ap

B; =0.001 and 0.1, respectively.

sharply with Az . The growth rate was significantly higher
than for the case of the ion beam alone (Figure 1b) and
for the ion beam and positive velocity shear (Figure 2b).
This indicated that an ion-beam streaming anti-parallel to
the ambient magnetic field in the presence of a finite shear
can excite kinetic Alfvén waves with a larger growth rate
compared to other two cases discussed above. From the
above analysis, it was evident that in the presence of a
finite shear, the ion-beam streaming should be anti-parallel
to the ambient magnetic field to make the condition more
favorable for excitation of kinetic Alfvén waves.

0.028

0.026

0.024

0.022
o

0.02

O)r! ®,

0.018

0.016

0.014

0.012

Figure Sa. The resonant instability of kinetic Alfvén
waves driven by an ion beam and velocity shear: the
normalizeg real frequency, @, /@, ,asafunction of

K’ N 14 ki
Ap =108 for “B 0.4, 78— 025, 1 ~0.04
ZCOCB Ne ap kL

S=0.4,and for 5, =0.001 and 0.1, respectively.
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Figure 4b. The resonant instability of kinetic Alfvén
waves driven by an ion beam: the normalziz%d
k
growth rate, 7/%)03 , as a function of Ap = L%
N V, 2,
for ~B.=04,, kl=o.04, 7B _05, S=00 4Rd

N, a
for ﬁie:0.001 an& 0.1, respeclgively.

In Figures 4a and 4b, the variations of the normalized
real frequency and growth rate with Ap for different p;
values (shown on the curves) are depicted for the plasma
parameters of Figure 1 and Vg /ap =0.5. Here, waves
were excited by ion-beam streaming alone. It was seen that
the effect of f; was negligible on the real frequency of the
kinetic Alfvén waves. However, the growth rate of the wave
decreased with a decrease in f; without any change in the
Ap range for the set of parameters considered here. It was
noticed that the waves were excited for Az <1.
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Figure 5b. The resonant instability of kinetic Alfvén

waves driven by an ion beam and velocity shear: the

normalized growth rate, y/w.z , as a function of
_kiag Ng _ Ve _ R _

Ap = —=04, —==-0.25, k——0.04

2(0623 e Ap L
§=0.4,and for §; =0.001 and 0.1, respectively.

for
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T,Tg=0.001

Figure 6a. The resonant instability of kinetic Alfvén
waves driven by an ion beam and velocity shear: the
normalnze;l real frequency, @, /@, ,as a functlon of

r Mo g4, VB _ 05, A o.04
2(00 e aB kl

§=04, B,=0.001, and for 7;/Tz =0.001, 0.002,
and 0.008, respectively.

Here we show the effect of f; on the waves in the
presence of both a finite positive shear (S =0.4) and

anti-parallel streaming of the ion beam (V—B =-0.25).
B

The normalized real frequency and growth rate are shown
in Figures 5a and 5b for values of f; =0.001 and 0.1.
Other plasma parameters were as in Figure 3. A significant
enhancement was observed in both the real frequency and
growth rate with a decrease in the f; value, and the wave
could also grow for a larger range of wave numbers. The
decrease in f; had a reverse effect on the growth rate of
kinetic Alfvén waves for the combined case of an ion beam
and velocity shear as compared to the ion-beam case alone.
In this case, the waves were excited for

In Figures 6a and 6b, we show the effect of the
temperature variation, 7; /T , on the real frequency and
growth rate of kinetic Alfvén waves for the parameters of
Figure3 and Vs

2B
growth rate increased with an increase in the temperature’s
T; /Ty values.

=—0.25 . Thereal frequency as well as the

4. Discussion and Conclusions

This paper discussed a three-component plasma
model for the excitation of kinetic Alfvén waves by ion
beam and velocity shear. It was observed that an ion beam
solely streaming parallel to the ambient magnetic field could
excite kinetic Alfvén waves for a significant growth. The
ion beam streaming anti-parallel to the ambient magnetic
field in the presence of a finite positive shear will also
excite kinetic Alfvén waves more efficiently as compared
to the ion-beam case alone.

24

0.6

Figure 6b. The resonant instability of kinetic Alfvén
waves driven by an ion beam and velocity shear: the
normahzed growth rate, y/w, , as a function of

ABfki‘zB for Y8 04, V8 — 025, ML _ 04
2a)cB Ne ap kJ_

§=04, £ =0.001, and for 7; /T =0.001, 0.002,
and 0.008, respectively.

An enhancement in the growth rate of kinetic Alfvén
waves was observed with a decrease in f; value for a
combination ofanti-parallel streaming ion beam and positive
velocity shear, whereas a reverse trend was obtained in the
absence of shear and ion-beam streaming parallel to the
magnetic field, i.e., a reduction in the growth rate of kinetic
Alfvén waves was found. For the case of anion beam alone,
these waves were excited for Az <1. On the other hand,
for the case of combined sources (an anti-parallel ion beam
and velocity shear), these waves were excited for 15 >1.
An increase in temperature, 7; /T , had a positive impact
on the real frequency and growth rate of kinetic Alfvén
waves, 1.¢., both increased with an increase in temperature.

For our computational purposes, we considered some
typical plasma parameters observed on the auroral/polar-
cusp field lines at an altitude of SRy to 7R, , where Rp
is the radius of the Earth [22, 23, 31]. The values reported
were ion-beam densities Ny /N, =(0.01to 0.2) ; beam

speed Vg /ag <2; az)CB ~(2.2-3) Hz, more common at
n

auroral altitude; whereas we used Ny /N, =(0.1t0 0.4),

Vg ag =(-0.51009), g =(0.001t00.1), = =25

and §=(0.1to 0.4) for our numerical experiments. For
the temperature of the species we assumed the following:
for the hot electrons, T, ~100eV ; for the background cold
ions, T; ~10eV ;and forthelonbeam Ty = 1keV to 2keV .

For the case of the excitation of the kinetic Alfvén
waves by the ion beam alone, the normalized peak
growth rate was found to be 0.00009 at Az =0.33,
and the corresponding real frequency peak was 0.008,
whereas the wave was excited for Az =(0.1t01.5).
The corresponding un-normalized growth rate and real
frequency were 0.00023 Hz and 0.02 Hz, respectively.
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The un-normalized real frequency had a range of 10 mHz
to 40 mHz, and the corresponding growth rate fell in the
range of 0.013 mHz to 0.23 mHz for the whole range of
our computations. The transverse wave number was found
to be in the range &k, = 0.02km™" to 0.04km™'. The
corresponding perpendicular wavelength fell in the range
314 km to 157 km. The parallel wave number, which can
be obtained from the relation & /k; =0.04, was found
to be kj ~0.08x10km™" to 0.16x10 *km™", and the
parallel wavelength value was 78x10% km to 39x10?

km. In the presence of finite shear and anti-parallel ion-
beam streaming, the peak of the normalized growth rate
significantly increased in comparison to the ion-beam
case alone, and was found to be 0.0018 for Az =1.0.
The corresponding real frequency was found to be 0.015,
whereas the kinetic Alfvén waves were excited in the Ag

range of 1.0 to 8.0. The respective un-normalized growth
rate and real frequency had values 0f0.0045 Hzand 0.04 Hz,
respectively. The un-normalized real frequency fell in the
range of37.5 mHzto 65 mHz, and the growthrate had arange
of 0.9 mHz to 4.5 mHz. The perpendicular wavenumber
was found to be 0.03km™!' to 0.10km™'. From this, the
perpendicular wave length was obtained to be 209 km to
62 km. The respective parallel wave number was found
tobe 0.12x102km ' to 0.4x102km ™!, which gave the
parallel wavelength values as 52 x 10% km to 15x10% km.
The numerically calculated perpendicular wavelengths of
62 km to 314 km matched well with the observed values
of 20 km to 120 km in the auroral region [8].

Thetheoretical model developed here provides insight
into the generation mechanism of kinetic Alfvén waves
by an ion beam alone, as well as by both the ion beam
and velocity shear. Our model can excite kinetic Alfvén
waves up to a frequency of ~10 mHz to ~ 65 mHz for
the auroral-region parameters. It can explain some of the
characteristics (perpendicular wavelengths) of observed
ULF waves in the Earth’s magnetosphere [8].
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