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Abstract. The effect of upgoing ion beam and temperature as well as in laboratory plasma. It is found that an inverted
anisotropy on the dispersion relation, growth rate, parallel—V electron beam with an energy of keV can excite electro-
and perpendicular resonant energies, and marginal instabilnagnetic ion-cyclotron (EMIC) waves propagating parallel
ity of the electromagnetic ion cyclotron (EMIC) waves, with to the magnetic field with a frequency below the hydrogen
general loss-cone distribution function, in a I@shomoge-  gyrofrequency. The oxygen and hydrogen EMIC waves ex-
neous plasma, is discussed by investigating the trajectoriesited by the energetic electron beam might explain the low
of the charged particles. The whole plasma is consideredrequency electric and magnetic field noiselQ0 Hz) in the

to consist of resonant and non-resonant particles. The resauroral zone. lonospheric electrons trapped or reflected by
onant particles participate in an energy exchange with theEMIC waves are accelerated to energies of several keV, as
waves, whereas the non-resonant particles support the oscitlescribed by Temerin et al. (1986).

latory motion of the waves. The effects of the steepness of The importance of ion cyclotron waves in auroral physics
the loss-cone distribution, ion beam velocity, with thermal lies in their ability to heat and accelerate ions, and perhaps
anisotropy on resonant energy transferred, and the growtho provide anomalous resistivity, allowing the creation of a
rate of the EMIC waves are discussed. It is found that the efparallel potential drop. Since such processes have global
fect of the upgoing ion beam is to reduce the energy of transimplications for the magnetosphere, these waves have been
versely heated ions, whereas the thermal anisotropy acts ake subject of numerous publications (Kennel and Petschek,
a source of free energy for the EMIC waves and enhance4966; Temerin and Lysak, 1984; Cattell et al., 1991; McFad-
the growth rate. It is found that the EMIC wave emissions den et al., 1998a; Erlandson and Zanetti, 1998) and show the
occur by extracting energy of perpendicularly heated ions inexistence of electromagnetic waves. Chaston et al. (1998)
the presence of an upflowing ion beam and a steep loss-corteave shown that these waves can have a Poynting flux di-
distribution function in the anisotropic magnetoplasma. Therected upward out of the auroral oval, suggesting that the
effect of the steepness of the loss-cone is also to enhance tiveaves observed at higher altitudes may have their source at
growth rate of the EMIC waves. The results are interpretedthe base of the auroral potential structure where they are elec-
for EMIC emissions in the auroral acceleration region. tromagnetic.

Observations suggesting/Henergization by electromag-
getic ion-cyclotron (EMIC) waves in the magnetosphere have
been reported (Mauk et al., 1981; Anderson and Fuselier,
1994; Fuselier and Anderson, 1996). The EMIC waves can
be generated in the equatorial magnetosphere from the ion
cyclotron instability driven by anisotropic (T,/ T ,) ener-
getic (10 keV to 50 keV) proton populations. In the presence

o . of low energy H, these waves will interact resonantly with
Electromagnetic ion-cyclotron (EMIC) waves and the ion HY, heating it perpendicular to the magnetic field direction

beam interactions take place in several space environment?éendrin and Roux, 1980). In past the studies on EMIC
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1983; Gomberoff and Elgueta, 1991; Gomberoff et al., 1996;Dawson’s (1961) theory of Landau damping, which was fur-
Thorne and Horne, 1997; Horne and Thorne, 1997). In thether extended by Terashima (1967), Dwivedi et al. (2002),
present analysis, we have considered orjjytblexamine the ~ Mishra and Tiwari (2006) and Ahirwar et al. (2006).
behavior of EMIC waves for the auroral acceleration process. The method adopted, known as particle analysis, has been
Chaston et al. (2002) have stated that waves with frequenwidely used in the analysis of electrostatic and electromag-
cies in the vicinity of the proton cyclotron frequency and netic instabilities (Tiwari and Varma,1991; Dwivedi et al.,
its harmonics are commonly observed from the Fast Auro-2001a, b, 2002; Duan et al., 2005; Mishra and Tiwari, 2006:
ral Snapshot spacecraft when traversing regions of aurorahhirwar et al., 2006). The relative importance of this ap-
particle acceleration. In areas of upward current, large amproach over fluid and kinetic approachs is also discussed
plitude electromagnetic waves with frequencies within 5% (Varma and Tiwari, 1992, 1993; Tiwari and Varma, 1993).
of the local proton gyrofrequenc®;, and its harmonics are  The main advantages of this approach is to consider the en-
often observed where an upstreaming ion beam exist (Chasergy transfer between waves and particles, along with the dis-
ton et al., 2002). The upgoing ion beams are reported by theussion of waves dispersion and growth/damping rate of the
S3-3 satellite (Shelley et al., 1976; Mozer et al., 1977) andwaves. The method may be suitable to deal with the auro-
by the Polar satellite data (Mozer and Hull, 2001). lons areral electrodynamics where particle acceleration is also im-
often observed to have been accelerated transversely to thsortant alongwith waves emissions. The results obtained by
background magnetic field in the auroral region (Sharp et al.this approach are the same as those derived using a kinetic
1977; Lund et al., 2001). As they drift upward in the di- approach.
verging field, ions exchange some of their perpendicular en- The main feature of our study is to show the effect of an
ergy via the mirror force for energy of motion along the field. upgoing ion beam and thermal anisotropy on EMIC waves
Such distributions, known as ion conics, have their characteryith a general loss-cone distribution function in a Igvho-
istic shape in velocity space (Lund et al., 2001). The associmogeneous plasma and discuss this effect by investigating
ation of ion conics with EMIC waves has been given by var- the trajectories of the charged particles. The term “loss-
ious workers (Thorne and Horne, 1997; Horne and Thornecone” is added, as it has been widely adopted in literature;
1997; Lund et al., 19994, b, c). Here we concentrate upon thenerefore, it is called the general loss-cone distribution func-
excitation of EMIC waves by an upflowing ion beam in the tion, otherwise it is not truly general. More specifically, it
converging magnetic field of the auroral acceleration regionis known as the Dory-Guest-Harris distribution and is the
and the energy exchange of the ions along and perpendiculahost frequently used loss-cone distribution in the plasma
to the magnetic field. S physics literature. Its loss-cone regmﬁ,% >0, is given by
The effect of loss-cone distribution is to enhance the i _ jY/2 (Summers and Thomne, 1995). The applicability

growth rate of EMIC waves, as well as to increase the enerand importance of this distribution have been discussed in de-

8\/':;5(;f;rezrggg;aTrEéot?zr:g\fgreseplreiggzgt;h delzvsg(;épt‘ggtan by Summers and Thorne (1995, and references therein).
y Accordmg to them a loss-cone distribution is a distribution

gfosr?ﬁgsge\,:;hrfcl\gln(;yvtz\p/)isrtg] dtgs \‘2;:8;6: v%gﬁketlaia(tl'j:(;e' hat has a deficiency of particles for small vaIuesVQf or
al., 1999a, 2000, 2001; Chaston et al., 2002) in the anaIy&smaHValues of pitch angle, defined byr=tar- ( ) itis
of the FAST satellite data. The equilibrium dipolar magnetic usually the case that for a loss-cone distribution there is are-
field of the Earth is curved in a meridonial plane and may in- gion of velocity (V,, V) space, such th%ﬂ,—L >0. In prac-
troduce loss-cone effects in the particle distribution functiontice, a geometrical loss-cone region can not be completely
(Varma and Tiwari, 1992; Tiwari and Varma, 1991, 1993; empty (V. =0), on account of particle scattering and colli-
Dwivedi et al., 2001b; Ahirwar et al., 2006). sional processes (Summers and Thorne, 1995). Loss-cone
In most of the theoretical work reported so far, the velocity distributions typically arise when a plasma is confined in a
distribution function has been assumed to be either ideallymagnetic trap (or bottle), such as those occurring in the au-
Maxwellian or bi-Maxwellian, ignoring the steep loss-cone roral ionosphere (Gomberoff and Cuperman, 1981). To our
feature. Plasma in mirror-like devices and in the auroral re-knowledge, however, the general loss-cone distribution has
gion with curved and converging field lines, depart consid-not yet been observed in the auroral acceleration region, but
erably from a Maxwellian distribution and have a steep loss-the converging magnetic field exhibiting mirror-like geome-
cone distribution (Dwivedi et al, 2001a; Duan et al., 2005). try, and the interplay between the magnetic mirror force and
In this paper we will discuss the effect of the general loss-the parallel electric field are the motivations to adopt the loss-
cone distribution function on the EMIC waves in the pres- cone distribution in our study. The various plasma instability
ence of ion beams and thermal anisotropy. The main objecprocesses also may lead to the loss-cone distribution func-
tive of the present investigation is to examine the effect oftion (Horne and Thorne, 2000). Horne and Thorne (1997)
ion beams and thermal anisotropy on EMIC waves at dif-have found a correlation between periods of EMIC waves
ferent loss-cone indices J, in view of the observations in theactivity and pitch angle distributions, which resembles an
auroral acceleration region. The present analysis is based dtX” in velocity space and may be the signature of loss-cone
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distributions. The ion beam measured by Mozer and Hull2 Mathematical considerations
(2001) has been considered to enter the plasma which follows
the loss-cone distribution function. The results are comparedhe waves propagating in the direction of the ambient mag-
with those derived by Kennel and Petschek (1966). Theynetic field along the z-axis are considered. The whole plasma
have stated that for the particle energies greater %ﬁéﬂ has been considered to consist of resonant and non-resonant
the interaction of ion cyclotron noise with ions leads to dif- particles. The resonant particles participate in an energy
fusion in the pitch angle. They observed that the steady-statexchange with the waves, whereas the non-resonant parti-
pitch angle distribution, subject to the boundary condition cles support the oscillatory motion of the waves. The EMIC
that particles are lost from the loss cone, has an almost conwaves are assumed to start at t=0 when the resonant particles
stant anisotropy which has the appropriate sign to be unstaare not yet disturbed. The trajectories of the particles are
ble. The resultant growth rate of the waves is then directlythen evaluated within the framework of linear theory. Taking
proportional to the number of resonant particles. the particle trajectory in the presence of EMIC waves, the
The EMIC waves generated in the equatorial magneto-dispersion relation, the change in the charged particle energy
sphere travel towards the auroral ionosphere in the convergand the growth rate are then derived for different distribu-
ing magnetic field; thus, it is assumed that the distributiontion indices in the presence of upflowing ion beams, in an
may depart from ideally Maxwellian and allow for a general anisotropic plasma by the particle aspect analysis.
loss-cone distribution function (Duan et al., 2005; Mishra The basic mathematical treatment of EMIC waves using
and Tiwari, 2006; Ahirwar et al., 2006). In the past the mir- the particle aspect approach is given by Misra and Tiwari
ror structure for the development of the quasi-static potentia(1979). The left-handed circularly polarized EMIC waves,
drop along auroral field lines has been adopted by varioushaving an angular frequenay, are considered as:
authors (e.g. Schriver et al., 2003). The various plasma in-
stability processes may also lead to the loss-cone distributiors, — B cogkz — wr)
(_I—_|orn_e and Th_orne,_2002). The mirror geomete_ry is thg ]us-By — Bsin(kz — wt). @
tification of their choice and the experimental evidence is not

known, to our knowledge. The ion beam considered doe%Nhen the system is co-moving with the waves, the electric

not follow the loss-cone distribution; it is the background . . L
. . . field vanishes. Thus, the wave magnetic field has the form
plasma of the auroral acceleration which may permit the gen-

eral loss-cone distribution, due to converging magnetic field _

lines. The electron beam may generate the EMIC waves, a8 = Bx[COSkzlx + By[sinkz]y, )
mentioned in the Introduction. The ion beam in the direction

of the wave motion may damp these waves, however, the iopvhere the following transformation has been performed:
beam opposite to the wave motion may excite the waves, as

reported in this paper. In our present paper, we have conside"2"¢ = 2% — (w/ k)t

ered the electrodynamics of the auroral ionospheric region by,wave _ lab _ (w/k). 3

an EMIC wave study. Lund et al. (2000) predicted some ob-

servational evidences through satellite data. Ion_conics Magince cki»>1, the magnetic field amplitude may be re-
enhance the growth rate of EMIC waves at the ionospherigyarded in both systems as identical. Using the equation of
region, which provides the potential of our theoretical modeljon motion in the presence of the wave, Misra and Tiwari
to study EMIC wave characteristics in the auroral acceler-(1979) have derived the ion perturbed velocities as

ation region (Ahirwar et al., 2006). The EMIC turbulence

plays an important role in the loss-cone current potential re- hQ(Vijo— 9)
lationship. It has been suggested that the loss-cone effectéVL = Mio— @—9)
can enhance the anomalous resistivity for a given turbulence o= 1@

level. Since the steep loss-cone distribution in the presence of —eCogkz —wt =y — (kVpy, — (@ = 2)1)]

[coSkz — wt — )

EMIC waves and the ion beam enhances the growth rate, th . —hV,0Q [coskz — wf —

anomalous resistivity and transport resulting from this insta-" "7 kVijo— (@ — Q) e

bility are likely to play a crucial role in the auroral accelera- —s costkz — wt — — (KV[, — (@ — )01, (4)
0 )

tion region. The conversing magnetic field lines in the higher

latitude auroral |onos.phere may be c'on.S|de.red S“'t?‘b'e fo(/vhere V.0, V10 are the initial values of the velocities at t=0,

the use of '_the generalized Ios_s;-cone dlst_rlbuuo_n function. Anz=zo+VHt andy=yo—Qt. £=0, 1 for the non-resonant and

upflowing ion beam, along with energetic particles may ex- resonant particles arid=- is the ratio of electromagnetic to

cite EMIC waves. Both the ion and electrons are assumed to Bo

follow the general loss-cone distribution function. static magnetic field amplitude2=42 is the ion cyclotron
frequency andy is the initial phase in perpendicular velocity

andyo=1y (t=0).
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2.1 Distribution function follow the loss-cone distribution function. A beam of ions
_ _ _ . of very low density, in comparison to the background plasma
To determine the dispersion relation and the growth rate, thejensity streaming with constant velocity along the magnetic

density distribution is defined as field is considered. Thus, a drifting Maxwellian distribution
_ function along the magnetic field for the background plasma
N(y, V)= No]l(VL)fl_[(Vn), (5)  ion density is assumed. The possibilities of EMIC wave ex-

citation and particle heating in such a plasma in the presence
where we consider a general loss-cone distribution functiorof an ion beam are explored. It is a current free plasma.
for f1(V1) as (Gomberoff and Cuperman, 1981; Summers The dispersion relation for electromagnetic ion-cyclotron
and Thorne, 1995; Tiwari and Varma, 1991, 1993; Varmawaves propagating in the direction of the external magnetic

and Tiwari, 1992; Ahirwar et al., 2006) field, in a system consisting of electrons, proton core and
v2/ V2 proton beam is given in Gomberoff and Elgueta (1991);

fL(Vy) = [W] p(__;) (6) Gomberoff (2003). If the beam density relative to core den-
nVey ! ViL sity is small, the dispersion relation reduces to a cold plasma

dispersion relation, as we have adopted. This approach may
o be analogous to the test-particle approach adopted by Dusen-
(Varma and Tiwari, 1992) bery and Hollweg (1981). In this paper we have not consid-
ered the transfer of energy and momentum through EMIC
! 2 k to the ion beam. The non-drifting i ist-
f vV )y=|———)exp—m(V_—Vp)?/2T_}, (7) waves back to the ion beam. The non-drifting ions, consist
IT TII VIV I1 ing of resonant and non-resonant particles, participate in the
where j is the distribution index and measures the steep-energy exchange with the wave. The cold plasma disper-

ness of the loss-cone feature (Tiwari and Varma, 1991, 1993Slon relation approximation is also a good approximation to

Varma and Tiwari, 1992). In the case 6£0 this represents the warm plasma dispersion relation, provided that plasma

a bi-Maxwellian distribution and fal=co this reduces to the .ﬂ<1 (Gomberoff and Elguetq, 1991). Thus, the non-(.dnftmg.

2T ions are treated as anisotropic and the wave growth is possi-

Dirac delta function (Tiwari and Varma, 1993}’721—[:71_[ ble. For the large ion beam density, one must consider the

and VTzl:(]Jrl)flz% are the squares of the parallel and disp(_arsion effects of the beam, which does change the dis-
perpendicular thermal velocities with respect to the externaP€rsion relation (Gomberoff and Elgueta, 1991; Gomberoff,
magnetic field.V,, defines the beam velocity of the particles. 2003). Only when the drift velocity becomes very large, do
The density perturbation associated with the velocity per-theé EMIC and the beam contribution to the dispersion rela-

turbation is obtained as (Misra and Tiwari, 1979; Ahirwar et tion decouple, but then the drifting ions are not influenced
al., 2006) by the original cyclotron wave. In our treatment we have

assumed that the ion beam is not affected by EMIC waves.

and fH(VH), which is defined by the drifting Maxwellian

hVioQkN (V) .
1= 5[COSx —¢ Cosxo+er A sin(x —Ar)], (8) .
[kV[To—(0—£2)] 2.3  Wave energy density and growth rate

wherey =kz—wt—= and A=(kV jo—(0—)).

The wave energy density yVper unit wavelength is the sum
2.2 Dispersion relation of the pure field energy and the changes in the energy of

the non-resonant particlégi, i.e. the total energy per unit
Since the existence of the ion energy anisotropy is an estabwvavelength is given as (Misra and Tiwari, 1979)

2
lished fact and growth is only possible whg‘)/§$>1, we
: , , 711 Wy =U+ Wi, (10)
are interested in the behavior of those particles for which
2
Y£1 1. We consider the cold plasma dispersion relation forwhere the energy of electromagnetic wavds defined by

Vi . . I .
the EMIC waves as (Misra and Tiwari, 1979; Ahirwar et al., the expression (Misra and Tiwari, 1979; Ahirwar et al., 2006)
2006)
U= 1 d (weix) EXEx + |B|? (11)
c?k? _ wlzu‘ (l w)—l ©) ~ \16x do ) (CERELEK ’
w?  \ Q2 Q ’ . _ _ _
whereg;; is the dielectric tensor. After the calculation, the
2 47 Nge? ; electromagnetic wave ener er unit wavelength is given b
wherew?, , =M< is the plasma frequency for the ions. 9 ayp gihisg y

We have considered a background plasma consisting of )
electrons and non-drifting ions relative to the electrons. It,, _ (A% [(29 - w)] (12)
is assumed that ions and electrons of the background plasma 8w Q-o) |
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The change in energy of non-resonant particles in the pres-

ence of an EMIC wave is given by
A

2 00
Wi Z/dZ/dlﬂ/VJ_dVJ_P
0 0

0
00

/ dVI105 (N +n)(V +38V)2 = NV2,

—00

(13)

2.4 Non-resonant energy

Using Egs. (4), (5), (8) and (13) with=0 we find the parallel
non-resonant energy as (Misra and Tiwari, 1979)

—AB% C; 5 [12 <§_ VD>
8 VTzncZklZ_[ 2 Vi
w—Q VD
+ Zo|c - -2

kl_[VT]—[ 2( VTH>:|

and perpendicular non-resonant energy as

A B2 o 20 Vb
Wi, =——_PL I p, 1= Zle - =2
il 287'[ C2k2 |: 4 ( k VTl_[ <§ VTH)

I Il

N Q2 z (¢ - Vp +2C,
2 viy v V2

Vb Q Vb
(Zl (C—vm)—knvmb (“mm(ﬁ’)

W,-H=

(14)

561
: (17)

whereow'=w—k_Vp.

The above expressions represent the exchange of energy
between waves and particles. Thus, the heating and accelera-
tion of plasma patrticles are suitably described by the particle
aspect approach. This approach also resolves the direction
of the accelerations critically; therefore, it may be useful to
explain the charged particle acceleration in the auroral iono-
sphere and plasma-sheet boundary layer with mirror-like ge-
ometries of the magnetic field lines.

Using the law of conservation of energy
d
_(Wr + Ww) = Oa (18)
dt
the growth/damping ratg is derived as (Misra and Tiwari,
1979)

Q Qo Vi (@ —9)?
na [(—Q ) (J+1) VTQE 1} exp|: o2 i|
Z= I ,(19)

14

Q ck_\ 2 2
< ﬂ) (29—w)+; <2S2—a)’)
pi Q—w 2\ Q—o

where w'=w—k Vp and the beam effect () appears

through this term. Those particles with velocities near the
phase velocity of the waves give up an enerdy ® the
waves. Half of this goes to potential energy and the other
half goes into kinetic energy of the oscillation of the bulk of
the particles.

Here it is noticed that the ion bealp has affected the

The perpendicular (transverse) energy and the parallel resgjrowth rate and change in the energy for the electromagnetic
nant energy of the resonant ions are calculated with the heljn cyclotron (EMIC) waves propagating parallel to the mag-

of Egs. (4), (5), (8) and (13), withk=1 as (Misra and Tiwari,
1979)

2
7T3/232(1)pl- le

22wk v
m m

V2 (0 —Q\°
|:(J +1 V2 (T)
T1] !

(@ — )2

WrJ_ -

expl— ] (16)

www.ann-geophys.net/25/557/2007/

netic field with a general loss-cone distribution function. The
result is same as that derived by Kennel and Petschek (1966),
if J=0 and effect of non-resonant particles is excluded. Thus,
the transfer of energy to the particles, along with wave emis-
sion, is suitably described by this method of investigation.

2.5 Marginal instability

For the marginal instability conditiop=0, the maximum sta-
ble frequency is obtained

V2
K Vp=|lwo—Q;|1- ! i .
n J+D V2,

The suitability of the particle aspect analysis to the magneto-
spheric dynamics lies in the evaluation of particle energies,
along with the discussion on wave emission. The particle ac-
celeration and wave emission are both significant to auroral
electrodynamics.

(20)
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025 - studying the effects of thermal anisotropies on EMIC waves

within the effect of a general loss-cone distribution function.
The characteristics of the EMIC waves were derived by

using auroral acceleration parameters (Tiwari and Rostoker,

02 4= 2Vo-3x 10 cmisec 1984; Dwivedi et al., 2002; Mishra and Tiwari, 2006; Ahir-
/‘ war et al., 2006) as
7 J=1Vp=-3x10" cm/sec BO =4300nTrl.4 RE; S21' =412 S_l;

0.15

N

/ o Vrji = 641x 10Pcmys;,  w?; = 1.732x 10Ps 2

Ve, P The effects of the ion beam velocity £, thermal
N A 2
! anisotropy defined by A%g—i with different distribution in-
1 i / K J=1Vp=-2x10"cm/sec ) 711 )
o // . / dicesJ on the waves’ growth rate and resonant energies are
/ S Y e max i amses shown by Figs. 1 to 6.
f“‘j”“”m” Figure 1 shows the variation of the growth ragég;) with

1Wo=-1x10" omisee the wave vector k (cm™?) for different values of ion beam
0.05 - J=0,Vp=-2x10" cm/sec

velocities Vp at J=0, 1, 2, respectively. It is assumed that the

J:f’:vj;‘:o ion beam is directed from the ionosphere towards the magne-

L / oo 1107 o totail and therefore is negative. It is observed that the effect

%ovo of increasing the ion beam velocity is to enhance the growth

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ rate that may be due to the shifting of the resonance condi-
2.095 21 2.105 211 2115 212 2125 213 . . . .

o x 107 cr” tion. The ion beam energy is transferred to the wave, leading

to the wave growth. The effect of higher distribution indices
Fig. 1. Variation of growth rate ¥/Q2;) versus wave vector is to enhance the growth rate. Thus, the mirror-like struc-
k;; cm~1 for different values of ion beam velocity y, and dis-  ture of the magnetosphere with a steep loss-cone distribution
tribution index J=0, 1, 2, A=15. index may be unstable for the EMIC waves emission. The
growth rate increases with kn all cases.
The auroral acceleration region accelerates both ions up-
In this analysis of the parallel propagating electromag-ward along magnetic field lines, and electrons downward,
netic ion-cyclotron wave in the presence of a general lossand is, of course, better known because it creates the visi-
cone distribution function, we have derived the results for able aurora. lons, on the other hand, with a few but interesting
bi-Maxwellian distribution and have replaced the anisotropyexceptions, are mostly accelerated upwards. lons that do pre-
factor Amax:;—i—l of a bi-Maxwellian by the effective cipitate in the energy exchange process are predominantly
u V2 due to the direct injection into the loss cone in the region
anisotropy factorAeﬁ=(1+1)V%—1 in the presence of a which we consider here as the auroral acceleration region.
r f}I’he average properties of upgoing ions, as seen by the DE-1

i
eneral loss-cone distribution, as discussed in Gombero . .
gnd Cuperman (1981); Summers and Thorne (1995). Thussatellltes, were described by Yau et al. (1985). Though au-

the effect of the loss-cone indekis to increase the growth rforal acceleration processes occur to some extent along the

rate, as discussed in past (Ahirwar et al., 2006). In this papeYVhtozﬁtf'ef line, Te;_s,l::e(rjnt(?]ntts frlom 83_3t.’ V'k'fn?hand ?EI
the effects of the ion beam are emphasized in the presence gfietites have establisned that a farge portion of thé particie

o o leration on auroral field lines occurs in an altitude range
a general loss-cone distribution function, in the presence of--Cc )
EI\gIIC waves P of about 1000 km to about 10 000 km. The simple explana-

tion for this is that it is in this region that the relative drift ve-
locities between ions and electrons are maximum, since the
field-aligned currents increase in proportion to the magnetic
3 Results and discussion field but the plasma density is still small. Thus acceleration
is required either to maintain the current, or the large relative
The role of the EMIC wave patrticle interaction in the auro- drift of particles can lead to EMIC instabilities and waves.
ral acceleration region is examined in the present analysis. Figure 2 depicts the variation of transverse resonant en-
In the auroral region EMIC wave instability is determined ergy (W, ) erg cm versus wave vector Kem™1) for dif-
by (1) calculating the growth rates through the dispersion referent values of ion beam velocitiegVat J=0, 1, 2, respec-
lation, using the auroral plasma parameters, (2) calculatindively. The negative ), indicates that the particles’ energy
the effects of the ion beam velocities on EMIC wave amplifi- is transferred to the waves. Thus, wave emissions occur by
cation with a general loss-cone distribution function and (3) extracting energy from the ions moving perpendicular to the
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2.095

J=2Vp=-3x 107 cmisec

J=1Vp = -3x 107 cmisec
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Fig. 3. Variation of parallel resonant energy,\ ergcm versus

o ) ] ~ wave vector k; cm1 for different values of ion beam ¥, and
magnetic field. It is observed that the effect of increasinggistribution index/=0, 1, 2,4=15.

Vp is to enhance the transfer of the particles’ energy per-

pendicular to the magnetic field to the waves. Thus, the per-

pendicular deceleration of ions is noticed through the EMIC  Figure 3 shows the variation of parallel resonant energy
wave by ion beam energy. The effect of increasing valuesW,| erg cm versus wave vectoy, kcm™1) for different val-

of the distribution indices is to increase the reduction in res-ues of ion beam velocities )y at J=0, 1, 2, respectively. It
onant energy. Thus, the steep loss-cone distribution of thés seen that the effect of yis to increase the parallel res-
magnetosphere decreases the transverse resonant energyoimant energy. Thus, the ion beam may enhance the heating
the presence of EMIC waves. Itis also seen that the dé- of resonant ions parallel to magnetic field, too. The effect
creases with the increasing value gf Khus, at higher kthe  of increasing values of the distribution indices is to increase
growth rate and reduction in perpendicular energization arghe parallel resonant energy. Thus, the steep loss-cone distri-
both enhanced, as the ion beam energy is being transferrdoltion of the magnetosphere enhances the parallel resonant
to the waves. The upflowing ion beam may excite the wave gnergy by the EMIC waves. The process occurs at the cost
whereas it grows at the expense of the energy of the perpersf ion beam energy. The enhancement ofjyMiue to steep
dicularly heated ions. The energy transfer to the waves mayoss-cone distribution, has been reported previously by Ahir-
occur due to the cyclotron motion of the ions. The total en-war et al. (2006). The steep loss-cone structures are analo-
ergy of the ions rapidly decreases and they become subject tgous to mirror-like devices with a higher mirror ratio which
the VB or mirror force, by means of which they are ejected may accelerate the charged particles moving along the mag-
from the perpendicular energization. The wave excitation isnetic field (Varma and Tiwari, 1993; Dwivedi et al., 2002).
possible, as the transversely accelerated ions indicate. ThEhus, the ion acceleration along the magnetic field is pre-
transverse acceleration of ionospheric ions is a usual and nodicted by EMIC waves along the auroral field lines.

mal process in the high latitude ionosphere, ongoing at all Upgoing, counterstreaming and downgoing field-aligned
times over a wide area that is approximately coincident withelectron beams are often associated with upflowing ions
the auroral oval. Recently, transversely accelerated ions andith conical pitch angle distribution (i.e. ion conics) over
their association with EMIC waves have been reported bythe auroral region (Lund et al., 1999a, 2000, 2001; Miyake
the analysis of FAST observations (Lund et al., 2000). Theet al., 1998). Field-aligned electron beams are also found
steep loss-cone decreases the heating rate of the transverseljth upflowing ion beams in the auroral acceleration region
accelerated ions through the EMIC instability in the auroral (Hultgvist et al., 1991; Lundin and Eliasson, 1991; Yosh-
acceleration region. ioka et al., 2000). The electromagnetic ion-cyclotron waves
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B
J=2,A=1
J=1,A= hibits anisotropies consistent with pitch angle scattering, by
electromagnetic ion-cyclotron waves propagating away from
04 the Sun. No growth rate is noticed in isotropic (A=1) plasma
even at higher distribution indices
Fig. 4. Variation of growth rate ¥/$2;) versus wave frequency Figure 5 shows the variation of perpendicular resonant en-
(0/2;) for different values of thermal anisotropy (A) and distribu- ergy Wr, erg cm versus/; for different values of thermal
tion indexJ=L1, 2, Vp=—3x10’ cm/s. anisotropies A for a fixed value of ¥=—3x 107 cm/s at/=1
and 2, respectively. It is observed that by increasing the val-
ues of the thermal anisotropies A is to decrease the resonant
generate a field-aligned electron beam (Temerin et al., 1986)ransverse energy by the EMIC waves. The effect of increas-
but they accelerate electrons downward. The electromaging the values of the distribution indices is to decrease the
netic ion cyclotron waves are excited by electron beams ofwr , as well. Thus, the steep loss-cone distribution of the
inverted-V structures (Erlandson and Zanetti, 1998). In themagnetosphere decreases the transverse energy as the wave
present investigation it is noted that EMIC waves are alsofrequency approaches the cyclotron frequency. It is also seen
generated by ion beams opposite to the direction of the propthat the Wi decreases with the increasing valuesvi®;,
agation of the EMIC wave, however, these are damped by iorwhich implies that the energy is transferred from the parti-
beams along the direction of propagation. cles to the EMIC waves. The direction reversal in Wdue
Figure 4 shows the variation of growth rajgQ ver-  to lower A, is also noticed in the figure and that this is due
susw/; for different values of thermal anisotropies A for to the damping of the EMIC waves (Fig. 4). Thus, the per-
a fixed value of \h=—3x10’cm/s at J=1 and 2, respec- pendicular heating of ions in the presence of a EMIC wave
tively. It is seen by this figure that the thermal anisotropiesdepends upon thermal anisotropy of the ions and loss-cone
have enhanced the growth rate of EMIC waves with increas-distribution indices.
ing values of distribution index. The effect of thermal Figure 6 shows the variation of parallel resonant energy
anisotropy during the substorm periods is to enhance théVr; erg cm versusw/2; for different values of thermal
EMIC waves’ emission. The collisionless wave-particle scat-anisotropies A for fixed values of p=—3x 10’ cm/s at/=1
tering by electromagnetic cyclotron fluctuations is a possibleand 2, respectively. It is noticed that the effect of increasing
explanation for these anisotropies. The electromagnetic cythe values of the distribution indices is to increase the par-
clotron frequency has also been observed in the solar windllel resonant energy, along with an increase in A. Thus, the
(Tsurutani et al., 1994; Leamon et al., 1998; Goldstein andsteep loss-cone distribution of the magnetosphere may deter-
Roberts, et al., 1999) as a high-frequency excitation of themine the parallel resonant energy of EMIC waves according
large-amplitude, low frequency electromagnetic fluctuations,to the frequency of the waves. The effect becomes maximum
which are ubiquitous in that medium (Coleman, 1968; Gold- as the wave frequency approaches the cyclotron frequency at
stein et al., 1994). In particular, Marsch and Tu (2001) andhigherJ values. Therefore, the steep loss-cone distribution
Tu and Marsch (2001) have demonstrated that velocity disenhances the waves emission of the EMIC modes, as well
tribution is observed from the Helios spacecraft, which ex-as the heating of the ions parallel to the magnetic field, by

o,
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extracting the energy of the perpendicularly heated ions. The =,
mirroring force may become operative in association with
EMIC waves, in order to control the heating and to emit the
wave. If the A of an ion species becomes sufficiently large, ¢
it will excite an electromagnetic ion cyclotron anisotropy in- | -
stability.
Observations made by the Freja satellites revealed de-5 "] g
tailed characteristics of the ion heating and corresponding§ 14
wave phenomena at an altitude around 1700 km. Norqvistet: |
al. (1996) examined particle and wave data, and discussed the
possible heating mechanism. They concluded that broadband °°] ] /
waves around the ion cyclotron frequencies are the main en- o4/ R > J2At
ergy source for the transversely accelerated ions and that the 3
other mechanisms, such as lower hybride wave or a slowly
varying electric field, are less important at an altitude around  ©

0.745 0.75 0.755 0.76 0.765 0.77 0.775 0.78 0.785 0.79 0795 0.8

J=1, A=5

J=1A =1

1700 km. Here we state that the perpendicular heating is re- o
duced by EMIC waves in the presence of an ion beam in a
mirror-like structure of the auroral ionosphere. Fig. 6. Variation of parallel resonant energy,\\ erg cm versus

Electromagnetic wave ion beam plasma interactions tak&vave frequencyd/S;) for different values of anisotropy (A) and
place in several space and astrophysics environments, aistribution index/=1, 2,Vp=—3x10’ cm/s.
well as in laboratory plasmas. In the linear theory these
waves have been studied both numerically and analytically
(Gomberoff and Elgueta, 1991) in multi-component plasmas. Anderson et al. (1992a), studied the occurrence distri-
The findings of the investigation may be of importance to thebution of EMIC waves in the equatorial magnetosphere.
coronal heating and acceleration of solar wind by electro-They identified two regions, the early afternoon region
magnetic ion-cyclotron waves (e.g. Dusenbery and Hollweg,(L>7, MLT=11:00 to 15:00) and the dawn region XL,
1981; Shukla and Stenflo, 1985; Cranmer and Van BallegooiMLT=03:00 to 09:00), where there is a high occurrence rate
jen, 2003; Hollweg, 2006). It has been predicted that per-of EMIC waves. They suggested that the predominance of
pendicular heating of coronal ions is due to the dissipationL>7 events implies that plasma sheet ion distributions de-
of EMIC wave energy. However, the generation of EMIC velop sufficient temperature anisotropy to generate EMIC
waves has not been predicted yet on a firm basis. Sincavaves on a routine basis in their drift from the nightside to
the mid-1990s, Solar and Helliospheric Observatory has prethe dayside and that the plasma sheet ions open drift paths
dicted remarkable data and given impetus to studies on theéhay present the greatest energy source for equatorially gen-
ion-cyclotron resonance as the principal mechanism for heaterated EMIC waves.
ing the coronal holes, and ultimately driving the fast wind The theory may be useful to study the electrodynamics
(Hollweg, 2006). In the solar corona, the ions are reportedof the auroral ionospheric region. The EMIC turbulence
with higher temperatures than the electrons. The differentiaimay play an important role in the loss-cone current-potential
ion heating could be caused by large amplitude EMIC wavesrelationship. It is also suggested that the loss-cone effect

Amongst the various theories proposed for EMIC wave can enhance the anomalous resistivity for a given turbulence
generation, our model may support the idea that rapid aclevel. Since the steep loss-cone distribution in the presence
celeration of fast solar wind in coronal holes is due mainly of EMIC waves and the ion beam enhances the growth rate,
to the pressure tensor of the hot protons, which is pri-the anomalous resistivity and transport resulting from this in-
marily the magnetic mirror force, if the protons are highly stability is likely to play a crucial role in the auroral accelera-
anisotropic (Hollweg, 2006). Hollweg (2006) has stated thattion region. The converging magnetic field lines in the higher
the non-Maxwellian particle distribution functions observed latitude auroral ionosphere may be considered suitable for
by spacecraft are trying to tell us something about the physic¢he use of a generalized loss-cone distribution function. An
of heating and acceleration closer to the Sun, but their mesupflowing ion beam in a steep loss-cone may excite EMIC
sage has not been decoded. The model proposed by Hollwegaves. The study may also be useful for the experimen-
(2006) of the inward, as well as outward propagating EMIC tal devices with current carrying plasma (Varma and Tiwari,
waves in the presence of ion beams oppositely directed td992). The particle aspect analysis developed may be appli-
the wave propagation direction may be emphasized on theable to laboratory plasma, as well as to estimate the heating
basis of the present findings. The ions may be perpendicrates, along with the study of emissions of EMIC waves.
ularly heated by a low frequency MHD turbulence cascade Destabilizing effects due to the steep loss-cone on differ-
(Shukla and Stenflo, 1985; Cranmer and Van Ballegooijenent instabilities are also reported by various workers (Tiwari
2003), generating the EMIC waves. and Varma, 1993; Varma and Tiwari, 1992; Baronia and
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