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Abstract

The low-frequency electromagnetic Kinetic Alfvén (KAW) wave is among the most
significant waves in the Earth's magnetospheric plasma environment. This study investigates
the generation process of high-frequency electrostatic and non-resonant upper-hybrid (UH)
waves at the expense of kinetic Alfvén waves in the Earth's auroral zone. The plasma
particles that sustain long-term phase alignment with the kinetic Alfvén wave turbulent field
are accelerated. The accelerated plasma particles may transfer energy and momentum to the
unstable high-frequency wave via a modulation field. Considering a Maxwell-Boltzmann
distribution function and using the Vlasov-Poisson system of equations, fluctuating parts of
distribution functions resulting from the resonant KAW, modulated wave, and nonlinear
upper-hybrid wave are estimated. Data available from various space probes in Earth's
magnetosphere are used to calculate the growth rates of the upper-hybrid wave from
nonlinear dispersion relations. The calculations demonstrate that the amplification of upper-
hybrid wave is possible at the expense of kinetic Alfvén wave turbulent energy.
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1. Introduction

Alfvén wave is one of the most common electromagnetic phenomena in Earth's
magnetospheric plasma environment. In a recent study, it has been demonstrated in a
laboratory experiment by direct measurement using LAPD (Large Plasma Device) the
mechanism of energization of electrons by Alfvén wave under conditions relevant to the
auroral zone [1]. The team has claimed that the work has provided a direct and definitive
experimental confirmation of the causal relationship between Alfvén waves and
accelerated electrons, mainly responsible for the aurora formation. Here, a study on the
nonlinear interaction of electrostatic upper-hybrid (UH) wave with kinetic Alfvén wave
(KAW) turbulence present in magnetized plasmas has been carried out using the plasma-
maser mechanism. The KAW accelerates the thermal particles traveling along the wave
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through resonant interactions. The energized particles transfer their energy and
momentum to UH waves through a modulated field.

Originally, Hasegawa [2] introduced the KAW in the study of space plasma physics.
Information from satellites/spacecraft like FAST, Freja, Cluster, and Polar observations
establish that KAWs exist in magnetospheric plasma environments and play a vital role in
the acceleration of particles in the auroral zone [3-6]. In a conventional plasma, the
velocity of KAW can easily be controlled as it is less than the velocity of light (c)
[7]. Also, the KAW can propagate along and across the magnetic field. As a result,
collision-less damping occurs because of its coupling with electrostatic waves. From their
works on the plasma maser effect, Saikia et al. [8] and Deka [9] have suggested that the
up-conversion process is very effective in the presence of electromagnetic low-frequency
KAW turbulence compared to electrostatic turbulences. Also, KAWSs play significant
roles in plasma particles' heating, acceleration, and transport processes in magnetized
plasmas [10].

On the other hand, high-frequency electrostatic UH wave fluctuation is a common
feature in the inner region of the Earth's magnetosphere environment and the Van Allen
radiation belt [11,12]. EXOS-D satellite observations confirm the presence of upper
hybrid waves at the height of over 1000 km in the auroral zone and that these waves are
continuously related to electromagnetic radiation in the auroral ovals [13]. Space
observations have revealed the existence of the Alfvén wave and UH wave instabilities
associated with auroral emissions in the lo plasma torus of Jupiter and many other
planetary magnetospheres [14,15].

The auroral zone is full of intense plasma activities. The strong magnetization ensures
that this zone is low beta plasma. Here electron plasma frequency can be much less than
the electron gyrofrequency, i.e., @ << Q.. Parallel electric fields, low-density plasmas,
strong gradients in density, temperature, and magnetic fields are some of the
characteristics of this region enough to attract the attention of researchers [16]. In a recent
study using the plasma-maser mechanism, Deka and Gogoi [17] found that energy up-
conversion of plasma wave is possible in the mid-altitude ionospheric plasma region.

The plasma-maser is a mode-mode interaction process identified by many authors as
an effective tool for studying plasma wave instabilities in space [18-21]. In this energy up-
conversion process, energy from the resonant (low-frequency) wave is transferred to the
non-resonant (high-frequency) wave even if the frequency difference is high. This process
requires only a small anisotropy of resonant waves or particles to work. Both resonant and
non-resonant waves must be contained in the system for the plasma-maser effect to occur.
In plasma physics, a wave is a resonant wave if the Cherenkov resonance condition

Q— k. % = 0 is met, and a wave is a non-resonant wave if the scattering and Cherenkov
requirements are not met. ie, Q— w— (K- k).# #0 and Q— K. # 0, Where o
and k stand for the resonant wave's frequency and wave number, respectively, Q and K
stand for the non-resonant wave's equivalent.

In the magnetosphere, most wave energy is found in low-frequency turbulent fields
like MHD waves and drift waves [22,23]. So, we can expect numerous radio phenomena
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in space to be described based on the plasma-maser effect. Plasma-maser effect predicts
the possibility of generating high-frequency electrostatic waves from low-frequency
waves.

Due to its long parallel wavelength, KAW turbulences may play a more effective role
in anomalous transport phenomena for the excitation of non-resonant high-frequency
waves in a space plasma environment. For some of its special properties, KAWSs can
interact with other waves more effectively than non-dispersive MHD Alfvén waves [24].
In this study, it is observed by applying observational data that excitation of UH wave is
possible while KAW can undergo damping.

2. Formulation of the Problem

We consider magnetized plasmas and derive the dispersion relation of the upper hybrid mode
wave in the presence of kinetic Alfvén wave turbulence. Let the propagating vector of KAW
be k = (ky,0,k;), the wave field E, = (E,,0, E, ), and magnetic field B, = (0, By, ,0)
The Maxwellian particle distribution function in the magnetized plasma is given as

foe @) = (l)% exp [~ 7 (vF + vf)| @)

2T,

Where e refers to electron, f;, is the space and time average part of the distribution, || and
1 mean parallel and perpendicular to the external magnetic field, respectively, T, stands
for electron temperature.

The interaction of low-frequency KAW and high-frequency UH wave turbulence is
governed by the Vlasov equation:

C+vi- £ (EB+ D). 2] RaeGit) =0 @

ot or me c
Eis self-consistently determined by the Poisson equation:
V. E(#t) = —4ne [ f(7,D,t) dD (3)

Where ¥ stands for three-dimensional volume element in velocity space.
The unperturbed particle distribution function for electrons, the unperturbed electric
and magnetic fields are taken as

-

Foe = foe + €fie +€2f29'
EOZ = EEZ + EZEZ ,
and §Ol = EEO + Gzﬁl . (4)
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Fig. 1. Geometry of model.

In Fig, K = (K,,0,0) is the propagation vector of the upper hybrid wave, k=
(k. ,0,k;) isthe propagation vector of KAW.

Here, f;. and f,, are the fluctuating parts and is e a small parameter of the turbulence.
Using these in equation (2) and linearizing to the order of ¢ we get

0, -3 e (7, VxB -, vxE, o

Ervs s (B 0) 5] A® =1 (Br =) 5 foe (5)
We use the Fourier transforms
F(#v,t) = Yk w F(E, w) exp[i(E.? - wt)] , (6)
to find the fluctuating parts of the Iow—frequency turbulent field £, , as

!Ze 3foe®)
fre(k,w) = —=|= ) Zoe =] Xad (7)
e Jalan) gt exp{z(a )0} vy oy

Where, X,/ = Y, Py , o , 10" is the small imaginary

part.

Now we perturb the quasi-steady state by the test non-resonant U.H. wave field u&ﬁh
with propagating vector K= (K,,0,0) electric field Sﬁh = (0Ey, 0, 0) and a frequency
Q. Thus, the total perturbed electric field, magnetic field, and particle distribution function
due to this perturbation are

SE = uSE, + uedEy, + ue?dE, 8)
8B = pedByp, )
8 = udfy, + uesfy + ue’af, (10)

Using equation (8) and equation (10) in a total electrostatic field E + 6E, magnetic
field B + 6B, and distribution f + 6f in (2) and linearizing to the order of u, ue, and
ue® we get
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8B a 5B [7] = a
PSfin == (8 + 2250 ). Zf + 2 (8B, + 2280 ). L6, + 6E, - =f,, (11)
P8fy = 2B, = fo (12)

= B a 5B 7]
PAf = Z(B+28). o, + 2 (6B, + 2200 ). 251, (13)

_ 0 > 0 e (= ¥ xB a . .
Here, P = P A ;(E + = ) p= and second-order quantities are ignored,
considering the random phase approximation principles.

We use Fourier transforms and integrate along the unperturbed orbit to find the fluctuating
parts §f,, over the particle trajectories [25]. Here

5f (R,0) == [°, 5EhM [i{K, (x' — x) — Qt}]dt

_ _i_e te 0foe(®)
- m 6Eh K,v, 0v, Y (14)
_ Je(@)] () expli(t' ~t)6} _ kKivy
= Zee! tQe - Q & = Qe
In a similar way, we calculate 6 f;;, and Af and use Ampere's equations
- 190 = 4 - > N — g N
VX 8By =~ -=8E, +-], J = —en[¥ 3 finj (K—k)dv.
to get the Fourier component of the mixed mode as follows:
=2 7 id4men(N—w) =T\ g
6Elh(K - k) = - —CZkJ_Z—(.Q—(u)Z f U"(Sflh(K - k)dv
Which gives
B_R)= — _ @@ Pl 2B, 2
6Elh(K k) - M{c2k, 2~ (0-w)?} f Vi [K vy avl ”'( ) { (U” vy " av")}
pRe ki a
+El||(k) {61]“ KJ’_V_L Z ( ” ; - J‘ 617”)} 6fh (K k)
pQe 73 7 =
+ e 8E) H fre(K = )| 2y dv (15)
_ w3e(2-w) ky 8 tn, d
Where, M = 1+ CZkJ_Z_(-Q_(")va“prI [(IK k| ovy  |K-K|vy aVJ_)
|K-K]| i d -
to (mym— v a—v”) foe @) Zyp ¥ (16)
(@) (@) exsli0'-p)} i, ,
Zpp' = e and K1 = Ky —k,

3. Nonlinear Dispersion Relation

We use the Poisson equation to get Fourier components of the nonlinear dielectric
constant of the UH wave turbulence as
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8E (K,0) = 2 [[6fy (K, 2) + AF (K, 0) | dv .
From this, we derive the dispersion relation of the electrostatic upper hybrid wave as
en(K, Q) = €o(K, Q) + €4(K, Q) +¢,(K, Q). 17)

Where €, €4 and €, are the linear part, direct coupling part, and polarization coupling
part, respectively.
€y IS given by

- a)ze e -
eo (K,0) = 1-22 [2e 2 £ (5) Vyprdi (18)

1 K, v, 0v,

Also,
es(K,Q) = wpe (%)sztt’ [Eu,f—vi {%—% (v”%— v, 6%")}

+Ey (k) {B_v” - % (Vu % —vL a%")}] Zpp

plle 0 2 k d a
|| o s Bl — o (v - via_v">}
tRe k o d
+El”(k) {BU” Kyvy (Ij_ ( " BV - UJ'B_UH)}] Ytt Kiv) 6UJ_f0€( )
e KXo (o Eua (R 0) 5=+ En (B ) 52) foo ()| (19)
And
w3 e wze(n_“’)
&=~ (m) S ey X M (Ax D)+ (B 0)} (20)

Where, terms A, B, C, D are:
A=[Ye [EIL(E) th;l {avl N ZL( Uigo, — lav”)}
+Ey (k) {am I:: ( Uign, ai)}]
|~ )+ ] Ll KU
B=[Yu [thfl |§:§|% - |1?k-"z| 6117” - f-_ EJ (""%_ Vi aiv")]xad
X (klv Ev (K, “’) +El|l(k ) 5 )fOe(v)] av’

C=[Zpy [% PPN E.(k ){aul -4 (Uu%— vy 6iv||>}

e d a
+Ey (k) {6v| b (Vua— VL5, }] Ve Ko avlfo.e(v)dv

KJ_UJ_ [
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pe 0 afe 7 d
D= prp’ [KJ’_—UJ_ a {Xad (m Eu(k,w) v, + El”(k (l)) )fOe(U)] dU
In evaluating the above relations, we have considered the fact ® << Q so that the terms
containing higher orders of € can be ignored.

4. The Plasma-maser Interaction

We estimate the growth rate of the U.H. waves with the help of the following formula:

R > o 52
y(8a) _ [ mea(Ra)+ imep (.0) +20

0 650 (K.{Z)

(21)
o,

The third part of the formula given by equation (21) is due to the reverse absorption
effect. In an open system, the electron distribution function is controlled externally by
particles from outside, and the contribution from the reverse absorption effect is zero.

Considering the condition w = kv, for plasma-maser and assuming Kv, > 02, we
first calculate €, which is the linear part of the dielectric constant of the U H wave. We
consider the fact that for UH wave turbulence, the most dominant contribution to Bessel's
function is achieved from the terms a,a’ = 0, t,t',p, p’ = 1. From equation (18), we
have,

- 203, 2
& (K.02) = ﬂ;‘f}z s o (22)

[00) 2 e

Where 4, = fo ]1(“)2 fOe(UJ_)ZT[VJ_va_ ,ordy = Iy(Boexp (= Be), Pe = fnlgg )

I,(B.) is modified Bessel function.

e _ g Whe A1) _ _400fe M
Thus, (K 0) = (1 2 a2 Be) (02-02)" B’

The dispersion relation of the non-resonant wave can be deduced from equation (22) as

y!
02 =02+ 2wk 7.
e ve g,
eBy

where Q, = — is the cyclotron (angular) frequency.

Now we calculate the growth rate due to the polarization coupling term. Here, in this
problem, we have considered E; >> E[J. Thus, we get

5748 _ wlzw wpe(-Q ‘U)|EIJ_|
imey (K, 0) = 7% (£ ) S g ey (4 X ImD) + (C x ImB) } (23)
First, we calculate M from equation (16) for the small arguments w and k, tothe lowest
order as
-1 ~ 1
M(R-k){c2k ?~(0-w)2} — c2k}

(24)
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Integrating A, B, C, and D in equation (20) by parts and with the help of small argument
expansion of
Bessel function, we have

(2-02)* |Ki—kil ' (22-0
_ 2VmEy (KK (Ki—ky) _ w?
ImB = (Dz—[)g)ve |k||| |K1—ky| (vek”) exp {( k||2v§)}’

Ey(R)KL 2VT ([ o _w?

02-0% v§|k”| (vek”) exp {( k||217§)}.

From equation (23), using the dispersion relation Q% — Q2 = 2w, 4 and considering
dominant terms only, Ime,, due to polarization coupling term is obtained as,

= q) = )’ 0pe@- W Ef(Rw) (i-k)? (1) (@ (ko _ v
Imep(K, Q) = 4V (m) (02-02) G [kyl[R=K] (ug) (k") (k") exp{( ug)} (25)
The normalized turbulence energy of KAW (Wr) is given by

= ol () (<) g 0y

16mnT, lemnTe \kj

Ep (Rw) Ky (Ki—ky)? Ki(Ki—k
_ (ko) Ki(Ki—ky) _ Ki(Ky J.) lJ_(k w)

and ImD =

Where Q is related to the amplitude of the electric field components of KAW and
Ey(®) _ _ kiTe pq _ PR DLt
ElJ.Ué) - ki T; [1 IO (ﬁi)exP ( .Bz)] kL Q .

Here, T; and I, are ion temperature and modified Bessel function, respectively.

From equation (21) and equation (25), the growth rate y—g is given by

B E (5) B () i e (2 () (@) gmew (D)) @6
Where v, represents the velocity of KAW.

In a similar manner, considering contributions from dominant terms only, the imaginary
part Ime,; from equation (19) is obtained as

- _ K’ “’4e k| Q v 2 v v2
Imeq (K’“Q) - 4\/_ ki (02 22) |k::| Wr (Q+1)2 (TA) (v:) exp {(_ é)} ! (27)
From equation (21) and equation (27) the growth rate X2 is given by
Y ﬁe K| w? Q k va\2 (va\2 (v vZ
BV W g () () () ew{(-3)) @)

5. Results and Discussion

It is observed that the growth of the upper hybrid wave is possible through the plasma
maser mechanism at the cost of KAW turbulence energy. Both the direct coupling term
and polarization coupling term contribute to the growth. In the present case, the
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polarization term comes out to be mainly responsible for the destabilization effect in
plasma-maser interaction. The dominant role of polarization coupling terms over direct
coupling terms was also observed in previous studies, elucidating unstable electrostatic
wave generations through theoretical methods [9,20].

It is well established in the study of space plasma that Alfvén wave fluctuations
accelerate energetic electrons, either as field-line resonances in the Earth's dipolar
magnetic field or as waves propagating towards the auroral ionosphere [2, 26]. They are
instrumental in the aurora formation process. In most studies involving the plasma-maser
effect, electrostatic turbulences are considered for investigating interactions in magnetized
and unmagnetized plasma. But magnetohydrodynamic (MHD) waves have long parallel
wavelengths. Hence, they are the dominant source of turbulence energy in space plasma
environments [8]. In this paper, KAWSs have been considered, which can interact with
other waves even more efficiently than MHD Alfvén waves [24]. For instance, whistler
wave, electron wave, and ion-acoustic wave turbulence are all amplified in the presence of
kinetic Alfvén wave turbulence. [9,27]. Given its significance, Hasegawa and Mima [28]
suggested that the presence of KAW in plasma might be regarded as a universal property
of large-scale plasmas.

Also, the observational data from the EXOS-D satellite confirmed that upper hybrid
waves exist at the height of over 1000 km in the auroral zone [13]. The UH wave is
directly connected to electromagnetic radiation while propagating through the plasma
environment in an inhomogeneous region. It is to be noticed that auroral plasma is a
mixture of cold ionospheric plasma (T.1eV) and hot magnetospheric plasma (T100 eV.).
The orbit of the satellite Freza covered the lower part of the auroral acceleration region
(600 -1750 km). Thus, information from Freza can be applied to study the interactions of
magnetospheric and ionospheric (50 - 1000 km) plasma and the resulting energization.

Data are available from the Freza satellite at an altitude near 1700 km in the high
latitude magnetosphere in the northern hemisphere auroral oval are considered for this
empirical study. The typical plasma parameters of the Earth's aurora region and that of the
topside polar ionosphere are applied to estimate growth rates [29,30].

(a) Parameters for auroral altitude (of 1700 km): v,~4.2 X 107cm/s, v4~9-25 X
108m/s, ky ~124x1077/cm, K, ~2110®cm™, k, ~3-1%x107%/cm, (b)
Plasma parameters of the topside polar ionosphere (from Freja).  wpe~(1—4) X
10%s71,0,~5 x 10%s~1, Also, (c) we have reasonably assumed K, — k, ~3 x 1078 as
K, >>K, —k,.andQ, ~ Q

Using these data and equation (26), the growth rate of the polarization coupling term is
obtained as

T~ 107wy, (29)
And from equation (28), the growth rate of direct coupling term is obtained as

> 107wy, (30)
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6. Conclusion

The results show that both direct coupling and polarization coupling contribute to the
amplification process of UH waves at the cost of KAWSs. Further, the contribution of
polarization coupling is prominent over direct coupling, and the growth rate is also
sufficiently high for amplifying the high-frequency non-resonant wave. Thus, this study
implies that the plasma maser effect may be one of the possible mechanisms for predicting
the instability of high-frequency electrostatic and electromagnetic waves in Earth's
magnetospheric plasma.
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