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ABSTRACT

In this paper the effect of externally injected beam of cold electrons on electromagnetic electron-cyclotron (EMEC) waves
in the magnetosphere has been discussed. The investigation is conducted using the methodology of characteristic solution
and considering kappa distribution function in the presence of AC field. The objective of present study is to examine the
variation in growth rate of EMEC waves when temperature anisotropy, magnitude of AC field and number density of
energetic particles varies. It is inferred that EMEC waves grow more significantly when propagating oblique to magnetic
field direction rather than parallel to magnetic field direction. Also that as the temperature anisotropy and number density
of background plasma increases, growth rate of EMEC waves increases.
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INTODUCTION

A radiation belt is an interior feature of a magnetosphere and comprises a population of energetic, electrically charged
particles (electrons, protons and heavier atomic ions) durably trapped in the magnetic field of the planet. In this context the
term energetic conventionally means kinetic energies E = 30 keV. Each particle therein moves with constant energy and
independently of all other particles along a helical path encircling a magnetic field line. The helix drifts slowly in longitude,
westward for protons and other ions, and eastward for electrons. So as to generate the overall toroidal shape of the
trapping region. The drift velocity is proportional to the particle’s kinetic energy.

The magnetosphere properties are an essential part its gross phenomenological character. They define the external
environment and reflect the internal properties of the planet. The diverse particle phenomena in the Earths magnetic field
have been studied intensively, both observationally and theoretically, since Van Allen’s discovery of their existence in
1958. The physical mechanisms for the creation of magnetospheric phenomena are of an electromagnetic nature. Within
the solar system, the minimum condition for the existences of a planetary radiation belt is that the planet's dipole magnetic
moment be sufficiently great that the flow of the solar wind is arrested before it reaches the top of the appreciable
atmosphere or the surface of the planet. Otherwise, particles are lost quickly by collisions with atmospheric gas or the
solid body of the planet. But even when the foregoing condition is not met, important plasma physical phenomena still
occur.

Higher frequency whistler wave activity has also been observed upstream of the Earth's bow shock by plasma wave
analysis. These waves possess spacecraft frame frequencies from approximately 10 to 100Hz and are generally
synchronous with plasma oscillations at the electron plasma frequency [1-3] and Tokar and Gurnett [4] argued that these
waves, when observed with the shock ramp result from electron beams with high thermal anisotropy and beam velocities
directed towards the magnetosheath [5]. Similar high frequency whistler waves have been observed by ISEE 3 in the
distant upstream plasma [6]. These waves are also coincident with electron plasma oscillations and they possibly result
from streaming electrons with a solar wind, rather than a bow shock origin in accordance with the instability analysis of
Gary and Feldman [7]. Orlowski et al [8] suggest that whistler waves observed in planetary foreshocks may not be the
result of in situ generation, but rather these observations may simply result from propagation away from the shock.

However in the natural space environment, plasma are generally observed to possess a high-energy non-Maxwellian tail
that can be modeled by a generalized Lorentzian (Kappa) distribution function that contains a spectral index k for
characterisation. The Maxwellian and kappa distributions differ substantially in the high-energy tail but differences become
less significant as Kappa increases and approaches Maxwellian distribution function in the limit Kk —> 0. When the
resonant particles that give rise to the growth or damping of the wave, the growth rate of a wave mode in generalized
Lorentzian plasma is significantly different from that in Maxwellian plasma. Kappa distribution has also been used
successfully to analyse planetary magnetospheres, spacecraft data and solar wind. [9, 10]. Hasegawa et al. [11] showed
that plasma in presence of superthermal particles suffer velocity-space diffusion. That in turn leads to power law
distribution at much larger velocity than the electron thermal speed. Therefore, for stability analysis of most of the space
plasma should be performed using Kappa rather than Maxwellian distribution. In recent past, Pandey et al [12] have
studied effect of cold plasma injection on whistler mode instability, and temporal evolution of whistler instability [13]
describing cold plasma by a simple Maxwellian distribution and hot/warm background plasma in the presence of
perpendicular AC field by a generalized distribution function reducible to bi- Maxwellian and loss-cone in the
magnetosphere of Uranus.

MATHEMATICAL FORMULATION:

A spatially homogeneous anisotropic, collisionless plasma subjected to external magnetic field B, =B_é, and an electric
field E, = E_sin(v t)é, has been considered to get dispersion relation. In this case, linearized Vlasov-Maxwell equations,

obtained after neglecting higher order terms and separating the equilibrium and non-equilibrium parts, following the
technique of Pandey [14] and Misra and Pandey [12], are given as below:

v.(a;;°)+;—ss[Eosin(u t)+(vx BO):(a;S/‘)J:O (1)
a1:51 afsl a1:51 _ 2
po +v.( arj+(F/ms)av =S(r,v,t) 2)
o dv
Where force is given as F=m—
dt
F=e[Esint)+(vxB,)] @3)

The particle trajectories are obtained by solving equation of motion defined in equation (3) and S(r,v,t) is defined as:

S(r,v,t):(e/ms)[El+(v><Bl)(a;\5/°J @
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where s denotes species and Ei1, By and fs; are perturbed quantities and are assumed to have harmonic
dependence in E1, B1 and fsi-exp i(k.r — wt).

The method of characteristic solution is used to determine the perturbed distribution function, fs1, which is obtained from
Ed. (2) by

f(r,v,t)= Ts{r0 (r,v,t) v, (r,v,t') t—t'jdt’ ®)
0

The phase space coordinate system has been transformed from (r, v,t) to (ro,vo,t—t’). The particle trajectories which

are obtained by solving eq. (3) for the given external field and wave propagation, K = |_kléX ,0, k”éZJ are:

v 1 . r sinut’ —vsinw t’
xo=x+[—yJ+(—j[vxsmmcst’—vycos,cocst']J{—XJ{mCS 1)2 UST®Ocs } (6a)

2
WO cs (O O —V
v 1 ) r v?cosw .t — m> cosvt’
Y, =Y +( 2 j—(—j[VXCOSO%St' - vysmcocst’]—(—xj{lju e (6b)
(O (O (OFS O =V
z,=2-V,t' (6¢c)

And the velocities are

h vI", (cosut’ —cosw . t’
V,, :VXCOS(DCSt’—VySInu)CSt'—i-{ i S ) (7a)
®L—V
vV, =V, sino.t' +Vv,coso. .t — L 02 —v? (7b)
yo = Vx cs y cs f [} . [} cs
((DCSSInDt —vsine,,t )
V,, =V, (7¢)

Where Oy = E& =cyclotron frequency of species s
m

S

[ &E, _ a.c electric field varying as E = E ,sin(v t)
mS
L = angular a.c frequency

After some algebraic simplifications and integration, the perturbed distribution function is given as:

= ]\ A 2\ i(k.r-ot)
() . o2l b {Elian{[;jU*+D1[;J}—iElY{J'anC1+JnJ;DZ}+E JJ W
1

msCo mn,pg {(D_kllvl\ _(n +q)mcs + pD}L 2 e

Where ei(sme)k = ZJK(K)eike is the Bessel identity. It has been used as an argument of the following functions:
k=—co
k,v k T v k.T',v
)\’1: J_J_’ )\'2: ZL xz, 7\‘3= ZL x2 (8&)
Ocs O —V W —V
1 ( of of,
C, =—( ° j(m—k”v”)+ ~ ki (8b)
v, {ov, oV,
« oI,
U c{(_ﬂ @
Wy —V

W= ( _j[ O - 2 1+{_k;xg Hﬂ_ﬂ} 9
v, \ov, ov OL—V | |A, A
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oI, oI,
o Cl(w; j o0 3
dJ, (A

J:] :d‘]n(}\‘l) Jl — p( 2) (8f)

da, da,
The conductivity tensor is written as: || ¢ ||= _Z( €, j i J’dsv ‘]q()‘3 )Sii 9

M® Jmnes -k v, —(n+q)o, +po
vz A iv,3,B v, 320, - jwA
Ay Ay
ISl=| v, 33, 3,A Vv 3B iv,JJJ,W* (10)
viIPLA VI B v I W
Az(”ju* . (Ple B=J,3,C, +J,J,D, 1
A %
From J =|| g || E1 and two Maxwell’s curl equations for the perturbed quantities, the wave equations can be written as:
k2 —kk—(0?/c?)e(k,0)E, =0 (12)
where e (K, ®)[l=1—(4n/io)| o(k,»)]| = dielectric tensor (13)
4e’n d*vS;
€ (Ko)=1+>2—=>>J (A,)I, (A E (14)
i (ko) s ma’ p (h2)3q( 3)'[0)—k|V||—(n+Q)0%s+pU
The generalized dielectric tensor may be written as:
N?cos®0, +¢,, ap N?cos0,sing, +¢,,
€51 N? +¢,, €53 (15)

N®cos0,8in0, +&5, &, N’sin®0, + .,

After using the limits in above tensor K, =ksin, -0 and k|| = KCos6,, the generalized dielectric tensor becomes
simplified tensor:

-N° +¢,, o 0
— £y T N SR (16)
0 0 €33

For EMEC waves, it is rewritten in more convenient form:

~N*-2¢,,N*+e? +&2,=0 a7
Neglecting the higher order terms of N, the relation becomes:

g, +e, =N’ (18)
Where N is index of refraction.

The unperturbed Lorentzian-Kappa distribution function is:

—(k+1)

n Tk +1 vy 2

Fox = 312 20 312 (e +1) 1+ "2 + Vlz (19)
T Glﬂnk I'(k+1/2) kOH ko’

And associated parallel and perpendicular effective thermal speeds are
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k3T T, " k31T, "
O =|— | = | 0, =|—| | =
k m, k m

S

Applying the approximation in electron-cyclotron range of frequencies. In this case, ion temperature are assumed

T, =T, =T, and assumed to be magnetized with |, +1Y|<<® while electrons are assumed to have T, >T, and

|Kjoy |[<<| ®, @ +i.y|for background plasma. Therefore Equation (19) becomes the following, as a sum of
background and injected cold beam plasma:

2.2 J (). (O, 2 2 2 . 1\
D(k,ﬁ)r-i-i'y):l— k C. +Y p( Z)Zq( 3) 0\)_2|_ (f*)p| Xll (Dp|. (Dr+|'Y(k 1) y
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2
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[le

A==

Z(ct,) = Plasma Dispersion Function

2.2 2
Applying condition —>>1+ ©pi with p=1, n=1 and g=0 we can get the growth rate and real frequency
o )
X ~ ko KgTpu,n eE -
usingngl—X3+X4, K4:—3’ k:M, =M rxs: 0 X4:7U
1_X3 + X4 O Bs s Oce

5=1+£aa+xg

w

O = a8

—= e — (21)
2 2 s, 2
O 1+X4+ k |:(1+X42)k +k(AT—K4)i|—Xle K§+ (5 3)K3
k-32| 2K2 K, Xy, 1-X, )P @+X,)
L2
)(3 — & — k_ xle (1+ X4) + ATBXle (22)
W SB Xle _Xli(1+ X4) 2(1+ X4)(Xle - Xli (1+ X4))

When EMEC waves propagate oblique to magnetic field direction, referring to equation no. (15), the reduced dielectric
tensor in equation (18) becomes:

&, &, = N?c0s®0 (23)

Using equation (23) and equation (19), following the similar approach, the expression of growth rate and real frequency
becomes:
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v E::/o;se ((k(i i)g;;)jm J(AT KK {_ ( Eck:se j}_ZK

v It (24)
2 2 2 _ 2
O 1+X4+kcos 0 (1+X42)k +k—(AT—K4) Xy K2 (& 21)|<3
k-32| 2K} K, Xy, (1-X, ) @+X,)
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W, OB [ X =X(1+X,)  2(1+ X)X, = X;;(1+X,))
DISCUSSION:

Plasma Parameters:

To study the variation of dimensionless growth rate of electromagnetic electron-cyclotron waves consisting of kappa
distribution function, following plasma parameters have been considered By = 1x107'T, Eo = 4 mV/m, kB'ﬂlizlooeV,

kBTHe =5KeV, T,/T; = 1.25, 1.5, 1.75,v = 2KHz, 3KHz, 4KHz and n¢/ny = 10,15,20,30. When oblique propagation of

EMEC waves is studied, the angle of propagation is varied too. According to this choice of plasma parameters, the
discussion of the results is given.

For Parallel Propagation

Figure 1 shows the variation of growth rate with respect to k for various values of temperature anisotropy Ar of
background plasma and other fixed parameters as listed in figure caption. Since At = [(T/T;) — 1], At becomes 0.25, 0.50
and 0.75. For T /T =1.25, 1.5 and 1.75, the growth rate is 0.00516, 0.0075 and 0.0112 respectively. The maxima changes
from k=0.20 to k =0.21 andk =0.22. As the value of At increases, growth rate increases. In this graph the growth rate
increases with increase of temperature anisotropy and maxima is shifted towards the higher k values. It is clear from the
figure that the temperature anisotropy is the main source of energy to drive the excitation of the wave. In figure 2 variation

of dimensionless growth rate with respect to k for various values of AC frequencies is shown with other fixed parameters
as mentioned in figure caption. The growth rate is 0.00516, 0.0060 and 0.0067 for p= 2 KHz, 3 KHz and 4 KHz at
k =0.20, k =0.19 and k =0.18 respectively. It is seen that growth rate increases with increase in AC frequency but maxima
shifts to lower value of wave number. Figure 3 shows the variation of growth rate with k for various values of ratio of

number density of cold electrons to hot electrons. The number density of hot background plasma is assumed variable as
5x10°m™, 2.5x10°m™ and 1.6x10° m™®, thus giving n¢/ny as 10, 20 and 30 (approximately). The growth rate is 0.00516 for

nJ/ny =10 at k =0.20, the growth rate is 0.0071 when n¢/n,, =20 at k =0.28 and growth rate is v/, =0.0087 for nc/ny =30 at

k =0.34. This shows that as the number density of hot electrons decreases, that is, as the ratio of n¢/ny increases from 10

to 30, growth rate increases. The increase in bandwidth and significant shift in k value is also seen in graph from 0.20 to
0.34 for kappa distribution index k= 2. Results can be compared with Pandey et al. [15]

Lorentzian/Kappa plasma series expansion brings change in thermal velocity (perpendicular), affecting terms of
temperature anisotropy. Temperature anisotropy being the primary source of instability gets further modified by Kappa
distribution function, giving rise to further increase in growth rate. The theory of kappa distribution also explains that
suprathermal electron in Kappa distribution modifies the intensity and Doppler frequency of electron plasma lines.
(Reference). The inclusion of temperature anisotropy in Lorentzian (Kappa) plasma can explain the observed higher
frequencies spectrum of whistler waves [16,17].

For Oblique Propagation

Figure 4 shows the variation of dimensionless growth rate with respect to k for various values of temperature anisotropy,
T,/T) -1, and other fixed parameters as listed in figure caption. The growth rate is 0.00513 for T,/T;=1.25 at k =0.20, the

growth rate is 0.0074 when T,/T; =1.5 at k =0.22 and growth rate is 'y/(x)C =0.0108 for T /T =1.75 at k =0.24. As the

temperature anisotropy in the background plasma increases the growth rate of obliquely propagating EMEC waves,
increases. Although the difference in increase of growth rate is less as compared to figure 1 of parallel propagation but the
bandwidth increases in case of oblique propagation. Figure 5 shows the variation of dimensionless growth rate with

respect to k for various values of magnitude of AC frequencies at other plasma parameters being fixed and listed in the
figure caption. The figure shows that for different values of AC frequency the peak value of growth rate appears at wave

number k =0.20. Forp= 2 KHz, 3 KHz and 4KHz, growth rate is y/mc = 0.00513, 0.060, 0.0066 respectively. It is seen

that growth rate increases with increasing value of. The growth rate increases with increase in value of a.c. frequency
due to negative exponential of Landau damping. Also maxima shifts to lower values ofk showing that the a.c. frequency
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modifies resonance frequency. The perpendicular electric field contributes significantly to the emission of VLF
signals and explains the low frequency side of the spectrum. The modification of perpendicular velocity contributes
to energy exchange between electrons, components of the wave electric field and the impressed AC field. Thus leading to

growth or the damping of cyclotron waves. Figure 6 shows the variation of dimensionless growth rate with respect to k
for various values of ratio of number density of cold electrons to hot electrons. The figure explains that for n¢/ny = 10, 20

and 30, peak values occur at k =0.20, 0.28 and 0.34 respectively. For different ratio of number density the growth rate
varies slightly ie. /o, = 0.00513 for ne/ny = 10, y/coc = 0.0070 for n¢/ny = 20 and y/o, = 0.0087 for ne/nw = 30. Second

harmonic generation for higher ratio of cold to hot electrons number density can be seen in this figure. Also the bandwidth
increases significantly when injection of more cold electrons is considered. Figure 7 shows the variation of relativistic

dimensionless growth rate with respect to k for various angles of propagation 0 , at other plasma parameters belng fixed
and stated in figure caption. At k=o. 20, v/, = 0.00513 for = 10° at k= 0.22, /o, = 0.0050 for 0 =20°and at k = 0. 24,
/o, = 0.0049 for §=30°. It is seen that growth rate decreases with increasing value of ratio of 0. This implies that growth

rate increases more when waves propagate parallel to magnetic field direction that in case of oblique propagation.
Study can be compared with Pandey et al. [18]

Case | : Parallel Propagation
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po12 T — =TT =175
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0.3

Fig 1. Variation of Growth Rate and Real Frequency with respect to kK for various values of T, /T, at no=4x10’m™,
U =2Hz and other fixed plasma parameters.
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Fig 2. Variation of Growth Rate and Real Frequency with respect to k for various values of AC frequency D, at
T, /T, =1.25, no=4x10"m™ and other fixed plasma parameters.
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Fig 3. Variation of Growth Rate and Real Frequency with respect to K for various values of n¢/ny at T, /T, =1.25,
no=4x10°m™ and other fixed plasma parameters.

Case Il : Oblique Propagation
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Fig 4. Variation of Growth Rate and Real Frequency with respect to k for various values of T, /T, at no=4x10'm?,

U =2Hz, 0=10° and other fixed plasma parameters.
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Fig 5. Variation of Growth Rate and Real Frequency with respect to k for various values of AC frequency, U, at
T, /T, =1.25, no=4x10"m™, 6 =10° and other fixed plasma parameters
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Fig 6. Variation of Growth Rate and Real Frequency with respect to k for various values of nc/ny at T, /T, =1.25,

No=4x10°m™ and other fixed plasma parameters.

0.006

ooos J

Y/O¢

o002 T

o001 T

D"III||IIIII||I
0 0.05 0.1

0.35

Fig 7. Variation of Growth Rate and Real Frequency with respect to K for various values of oblique angle, 0, at

T, /T, =1.25, no=4x10°m™, U =2Hz and other fixed plasma parameters.
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