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Abstract

This work studies the effect of earthward electron beam on kinetic Alfven wave in plasma sheet
boundary layer (PSBL). The particle aspect approach is adopted to investigate the trajectories of
charged particles in the electromagnetic field of kinetic Alfven wave. Expressions are found for the
dispersion relation, growth/damping-rate and associated currents in the presence of electron
beam in homogenous plasma. Kinetic effects of electrons and ions are included to study kinetic
Alfven wave because both are important in the transition region. The plasma parameters appro-
priate to plasma sheet boundary layer are used. It is found that downward electron beam affects
the dispersion relation, growth/damping-rate and associated currents in both cases (warm and
cold electron limit).
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1. Introduction

Plasma sheet boundary layer (PSBL) is located at altitudes between the auroral acceleration region at distances
of 1.5 - 3 RE and the more distant portions of the geomagnetic tail where energy conversion processes associated
with reconnection occur. Plasma in the geomagnetic is dynamic and high-speed ion flow is frequently detected
near the boundary of plasma sheet and the lobe [1]-[3]. The plasma exhibits complex distributions with anisot-
ropies and beams [4] [5]. Both earthward and tailward travelling beams and flows have been observed. The
plasma sometimes includes He*" and O" ions [6] [7]. Takada et al. [8] recently reported that the cold ion energi-
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zation occurs simultaneously with large amplitude low-frequency electromagnetic waves accompanied by an in-
tense collimated ion beam.

Kinetic Alfven waves are of great importance in laboratory and space plasmas. These waves may play an im-
portant role in energy transport, in driving field-aligned currents, in particle acceleration and heating, and in ex-
plaining inverted-V structures in magnetosphere-ionosphere coupling and in solar flares and the solar wind [9]-
[11]. Additional support for their role in auroral phenomena comes from global distribution maps at both low
(FAST satellite) and (Polar satellite) altitude show that Alfven waves occur on auroral field lines along the entire
auroral oval [12]-[15].

Hasegawa (1976) [9] first suggested that small-scale kinetic Alfven waves possessed parallel electric fields
and could be an efficient mechanism for accelerating particles on plasma sheet field lines. The kinetic Alfven
waves Hasegawa had spatial scales perpendicular to B such that k; ps — 1, where ps is the ion acoustic gyroradius.
This is the “kinetic” limit of kinetic Alfven waves. Subsequent theoretical investigations [10] focused on kinetic
Alfven waves in the electron inertial limit (k. c/ay — 1) as a mechanism for establishing parallel electric fields
capable of accelerating auroral electrons. Considerable experimental evidence has accumulated from the Viking,
Freja and FAST spacecraft, as well as low altitude sounding rockets, that kinetic Alfven waves in the inertial
limit are an important feature of the altitude range between 1000 km and 2.5 RE. Lysak (1998) [16] and Lysak
and Lotko (1996) [17] have presented a model calculation of the properties of kinetic Alfven waves along a
magnetic flux tube in which the altitude range encompasses both regimes. More recently Chaston et al. (2003)
[18], Chaston (2004) [19] examined the importance of ions and electrons kinetic effects in the acceleration of
electrons in small scale Alfven waves above the auroral oval based on FAST satellite observations. Chaston et al.
(2003b) [18] combined the electron inertial and electron and ion kinetic corrections to the standard MHD Alfven
wave dispersion relation. At high altitudes along auroral field lines in plasma sheet boundary layer, the plasma
gradients are relatively weak and a local theory may describe this wave particle interaction [20]. With this as-
sumption in mind, Kinetic Alfven waves in the presence of electron beam are examined in the present paper.

In recent past, Alfven waves have been analyzed using particle aspect analysis in view of the auroral accelera-
tion process [21]-[26]. This model is extended in the present paper to address the processes that occur above the
auroral acceleration region at altitudes of 4 - 7 RE at plasma sheet boundary layer. The main advantages of this
approach are to consider the energy transfer between wave and particles, along with the discussion of wave dis-
persion and the growth/damping rate of the wave. The method may be suitable to deal with the PSBL, where
particle acceleration is also important along with wave emissions. The results obtained by this approach are the
same as those derived using the kinetic approach.

At high altitudes, the plasma parameters vary slowly, and a local approach can be used to investigate the ki-
netic effects [16] [20]. Thus the purpose of present paper is to apply this particle aspect approach to examine ki-
netic Alfven waves in the presence of electron beam that propagate along the plasma sheet boundary layer with
spatial scale sizes of ~20 km (close to electron inertial scales and ion acoustic gyroradius) in anisotropic mag-
netoplasma, using Polar [13]-[15] [27] [28] satellite data. As for heating/acceleration mechanisms of ions in
PSBL, the effects of electromagnetic waves still remain to be understood.

In this paper, kinetic effects of electrons and ions are included to study kinetic Alfven wave in the presence of
electron beam because both are important in the transition region. The wave propagating obliquely to the ambi-
ent magnetic field By is considered. The whole plasma has been considered to consist of resonant and non-re-
sonant particles. The resonant particles participate in an energy exchange process, whereas the non-resonant par-
ticles support the oscillatory motion of the wave. The organization of the paper is as follows. An introduction is
given in Section 1. Section 2 deals with the theory and results and conclusion are presented in Sections 3 and 4.

2. Theory
2.1. Dispersion Relation

The present work is based upon the particle aspect analysis as adopted by Terashima; Baronia and Tiwari [22];
Shrivastava et al. [24]; Shrivastava and Tiwari [25] [26] and Shrivastava and Shrivastava [29], for the analysis
of waves and instabilities. Detailed mathematical analysis of the kinetic Alfven wave, using particle aspect
analysis, has been presented by Baronia and Tiwari [22]. By following their approach the full dispersion relation
for kinetic Alfven wave in the presence of electron beam in homogeneous plasma with full kinetic effects of ions
and electrons by particle aspect approach is obtained as:
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The dispersion relation of kinetic Alfven wave is similar to that derived by Lysak [16]; Lysak and Song [20]
under the approximation, Vge = 0 using kinetic approach and more accurate that presented by Baronia and Ti-
wari [22]; Dwivedi et al. [23] using particle aspect analysis. Baronia and Tiwari [22]; Dwivedi et al. [23] have
included other wave modes in their dispersion relation thus it is not similar to that derived by Lysak [16]; Lysak
and Song [20] using kinetic approach. Furthermore, Baronia and Tiwari [21] and Dwivedi et al. [23] have not
presented different calculations for warm and cold electron limit, the dispersion relation is derived for warm
electron limit whereas parallel and perpendicular current densities are presented with cold electron limit. The
dispersion relation given in “Equation (1)” for kinetic Alfven waves includes full kinetic effects of ions and
electrons in homogeneous plasma by particle aspect approach and may be very useful for transition region
where both effects are important as observed by Polar/Hydra [30] electric field instrument [31] satellite [13]-[15]
[27] [28].

2.2. Current Density
To evaluate the perturbed current density per unit wave-length, the following set of equations is used as de-
scribed by Baronia and Tiwari [22]; Shrivastava and Shrivastava [29]:

A

=[d Sw27Z'V v, jdv e[(N+n)(V +u)-NV]

0 ®)
J=J, —Je
The current density in z-direction is obtained as:
For warm electron limit (y <1),
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Similarly for the current density in x-direction
For warm electron limit (y «<1),
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Lysak and Song [20] have discussed Kinetic approach to Alfven wave that propagate along plasma sheet boun-
dary layer, as observed by Polar/Hydra [30], electric field instrument [31] satellite data [14] [15] [28] but not
presented any idea about the associated upward and downward currents as also observed by Polar/Hydra [30],
electric field instrument [31] satellite [14] [15] [28]. Perturbed current densities per unit wave-length are ob-
tained here separately for warm (z <1) and cold electron limit (y>1). Thus current densities per unit
wavelength presented in this paper are more accurate as compared to Baronia and Tiwari [22].

/1
JX 8 ¢1¢1{

2.3. Energy Balance and Damping-Rate

The wave energy density per unit wavelength Wy, is the sum of pure field energy and the changes in energy of
the non-resonant particles W, . [22], which is written as

2.2
w, =2 ®)
8n ’
where W, is defined by
W, jdsjznv dv, jdv [(N #n)(V+u) -Nv?] ©)
The energy associated with the ion and electron components of the non-resonant particles, is given as
/1k2t// 2.
i = ]gnl wiz 0 (/ui) (10)
For warm electron limit,
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For cold electron limit,
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where, k =2x/4. It follows from the above that the major part of the energy is contained in the form of oscil-
latory motion of non-resonant electrons; hence

W, ~W ~ﬂ,kél//12>< wFZJe
Yo 16 k(T /m)

For the resonant electrons, it is considered that the main contribution arising from the parallel components of
the velocities, and expand the integrand around V,; = w/k; to obtain an expression for energy. Following the
procedure as described by Baronia and Tiwari [22]; Dwivedi et al. [23], the energy density per unit wave length
of resonant electrons is given as

2.2 2 2
W, =n/1k“l//1 x o, x— 2t exp[ w—ej (13)
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This expression can be utilized for electron acceleration process by kinetic Alfven waves.
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Using the law of energy conservation,

9w, +w,,)=0

dt
Substituting the expressions for the wave and particle energies, the damping rate (for warm electron limit) is
obtained
1 2 2
5 [0)
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In the case of cold electron limit, this relation becomes
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For warm electron limit (;( < 1) , the results are similar as derived by Baronia and Tiwari [22] under the ap-
proximation V. = 0. Baronia and Tiwari [22] have presented only growth-rate of kinetic Alfven wave in their
model whereas the growth/damping-rate of kinetic Alfven wave is obtained in the present paper. In the deriva-
tion of the growth/damping-rate in the present paper, it has been assumed that only resonant electrons participate

in the energy exchange with the wave, whereas the non-resonant ions and electrons support the oscillatory na-
ture of the wave.

3. Results and Discussion

In the numerical evaluation of the dispersion relation, associated currents per unit wavelength, parallel energy of
resonant electrons per unit wavelength and growth/damping rate, the following plasma parameters are used
suitable for the transient region at 4 - 7 RE in plasma sheet boundary layer [12]-[15] [27] [28].

B, =400 nT; ¢/w,, =10 km; k, c/w, =4keV;n, =03cm™; p, =20 km; p, = 0.3km.

Figure 1 shows the variation of kinetic Alfven wave frequency o with k,c/ay. for different values of earth-
ward directed electron beam velocity Vg at the fixed values of V;, Ti/T, and £ (in the case of cold electron limit).
The dispersion relation given in “Equation (1)” is similar to that derived by Lysak [16]; Lysak and Song [20] by
kinetic approach for the warm electron limit under the approximation, Vg = 0. Wygant et al. [28] also used this
type of dispersion relation for the analysis of Alfven waves at transition region by kinetic approach. It is noticed
that the phase velocity of the wave increases with k,c/mp. and Vg is more effective towards the higher perpen-
dicular wave numbers. Electron beam velocity increases the wave frequency for the fixed values of ion beam

0.6
0.5 4
st 04
2 03
T 0.2
0.1 -
. — kic/o,
0.052 ' 0.;7 ' 0.;39 ' 1.;7

‘ —2—Vde=0 —5— Vde=2x10° —5—-Vde=4x 10’

Figure 1. w versus k,c/w, for different V,, at fixed g =

0.001 and the ratio of ion to electron thermal temperature
T,/T, =2, Vg=—1x10° cm/sec.
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velocity directed towards the magnetotail. Over the last decades it has been established that auroral luminosity is
due to the impact of an accelerated electron beam coming towards the earth and at the same events upflowing
ion beam has also been observed towards the magnetotail [32] [33] which is considered in present analysis. It is
also noticed that waves are low-frequency electromagnetic waves and similar as reported by Takada et al. [34].

The electron beam velocity increases the growth-rate ¥ as depicted in Figure 2. This may be due to the en-
ergy exchange process where only resonant electrons are considered to exchange energy with the wave by in-
verse Landau damping processes.

Figure 3 presents the increase of J, and Figure 4 presents the increase of J, with the increase of Vg in the
presence of Vg, Ti/T. and g for the cold electron limit. Both the figures predict that the current is generated by
kinetic Alfven wave which couples to the perpendicular current. It is noticed that J, is in the upward direction
and which is similar as reported by Keiling et al. [15]. It is noticed that the electron beam reduces the upward
field-aligned current in a particular range of k,c/a,. and changes its direction at lower values of K¢/ aye.

4. Conclusion

The present study predicts that downgoing electron beam affects the dispersion relation damping/growth-rate

0.5
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Figure 2. Normalized damping rate versus klc/azpe for dif-

ferent Vg, at fixed g = 0.001 and the ratio of ion to electron
thermal temperature T,/T, =2, Vg =—1 x 10°® cm/sec.
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Figure 3. J, versus klc/a)pe for different Vg at fixed g =

0.001 and the ratio of ion to electron thermal temperature
T./T, =2, Vg =-1x10° cm/sec.
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Figure 4. J, versus kLc/a)pe for different Vg, at fixed g =

0.001 and the ratio of ion to electron thermal temperature
T./T. =2, Vg =-1x10° cm/sec.

and associated currents in both cases (warm and cold electron limit). The field-aligned currents, which are the
critical features of magnetosphere-ionosphere coupling, may reverse their direction while propagating towards
the ionosphere as the magnetic flux tube converges and S becomes higher. The present model is based upon the
evaluation of charged particle velocity and plasma density in the presence of kinetic Alfven wave in the ho-
mogenous plasma which may be useful to estimate particle flux and energy exchange between wave and particle
along with the evaluation of dispersion relation, damping/growth rate and associated currents in the presence of
electron beam.
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