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The generation mechanism of the electromagnetic radiation is studied based on the plasma-maser
interaction among the electrostatic lower hybrid turbulence, accelerated electrons, and extraordinary

mode radiation.

The theory agrees with the most striking new features of the observation of the

auroral kilometric radiation (AKR) in that the AKR bursts are observed at frequencies well above the
local electron gyrofrequency. The theory also explains the close correlation between the lower hybrid
turbulence and the microwave emission reported based on recent computer simulations.

PACS numbers: 52.35.Mw, 52.35.Hr, 52.35.Ra

According to recent progress in plasma turbulence the-
ory, there is a new mode-mode coupling process called the
plasma maser which is effective for energy up-conversion
from the low-frequency mode to the high-frequency mode
[1]. The plasma-maser effect occurs when nonresonant as
well as resonant plasma oscillations are present. The res-
onant waves are those for which the Cherenkov resonance
condition w — k - v = 0 is satisfied, while the nonreso-
nant waves are those for which both the Cherenkov and the
scattering conditions are not satisfied, i.e., & — K - v #
Oand Q — w — (K —Kk)-v # 0. Here, w and Q are
frequencies of the resonant and nonresonant waves, re-
spectively, and k and K are the corresponding wave num-
bers [2]. The plasma-maser process is quite important
in strongly magnetized plasmas, where Q, > w. [3]; {2,
and w,. represent the electron gyrofrequency and electron
plasma frequency, respectively. The energy up-conversion
is quite effective because the standard Manley-Rowe rela-
tion is violated [4].

Recent observations by the Viking satellite [5] have
reported that the sporadic auroral kilometric radiation
(AKR) occurs well above the electron gyrofrequency
together with electrostatic lower hybrid turbulence [6—
9] and upward-going electron beams with broad spectra
(~100 eV to 1 keV). The most striking new features lie
in the fact that the AKR bursts are observed at frequencies
often well above the local electron gyrofrequency up
to 1.2Q,. These events do not satisfy the usual AKR
cyclotron maser theory [10,11], because it predicts AKR
is generated in the RX mode at frequencies just above
the cutoff frequency of this mode, which is very close
to Q, for ), > w,.. Accordingly, an alternative theory
is necessary to explain the above Viking observations of
AKR.

A recent numerical simulation [12] shows that the ac-
celerated electrons by the electrostatic lower hybrid waves
generate electromagnetic radiation at the electron gyrofre-
quency. Unlike the electron cyclotron maser instability
[10,11], which is driven by a loss cone-type anisotropy,
this electromagnetic radiation is driven by an electron dis-
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tribution with a nonthermal tail along the parallel direction
to the external magnetic field. The generation mechanism
of this microwave emission is not yet clear.

In this Letter, we investigate the plasma-maser interac-
tion among the electrostatic lower hybrid (LH) turbulence,
the accelerated electrons, and the electromagnetic radia-
tion. Electrons whose velocity is close to the phase ve-
locity of the LH turbulence are strongly accelerated. The
acceleration occurs in two different ways [13], namely di-
rect current (dc) and alternating current (ac) ones. The
dc acceleration corresponds to the standard quasilinear
process between beam electrons and the LH waves. On
the other hand, the ac acceleration causes plasma-maser
interaction which generates the electromagnetic radiation.
It should be stressed that both accelerations always occur
simultaneously.

Consider a homogeneous plasma in the presence of
an enhanced electrostatic LH turbulence and an external
magnetic field BoZ. The interaction of the turbulence
fields with an electron which leads to X mode radiation
test wave is governed by the Vlasov-Maxwell equations,
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where E,; is the electrostatic LH turbulence field which is
assumed to be in the Z and X direction. Here, SE(r, 1)
and 6B(r, ) are the perturbed electric and magnetic fields
due to the electromagnetic test wave, respectively. The
high frequency electromagnetic X mode propagates in the
X direction, which is perpendicular to By.
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Since the electrostatic LH turbulence is present in the system, the Fourier component of f;, which shows the linear
response to the electrostatic LH field E,(k, w) with wave vector k = (k,,0, k) is given by
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e Q. 9 9
frek, ) = = [ T By (K, 0) —— + E,,;(k,w>-Jf0e, (5)
m kv, Jv | oy
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where J, is the Bessel function, fj, is the unperturbed electron distribution function, and +i0 in the denominator ensures
causality. The symbols L and || represent perpendicular and parallel to the external magnetic field, respectively.

To investigate the problem of the plasma maser from a quasisteady turbulent plasma with enhanced electrostatic LH
wave, we perturb the steady state by introducing high-frequency electromagnetic X mode fields §E(K,()) and § B(K, Q)
in the system with K = (K,,0,0). According to the well-established method, after a lengthy but straightforward
calculation, we obtain the effective dielectric constant of the X mode [D(K, )] in the presence of the electrostatic
LH stationary turbulence as

D(K,Q) = Dy(K,Q) + D,(K,Q), (6)
where Dy(K, ) is the linear dielectric function of the X mode given by
Q [ U_L(J ) af()
=K —-|— <. 7
Dy(K.Q) = K? (C) Z proygetr ©)

Here we discuss the validity of Eq. (7). If we consider the wave propagates perpendicular to BoZ with the isotropic
Maxwell distribution for f., the dispersion relation reduces to
D,, D, 0
—Dyy Dy, 0

0 0 Dy
Although the energetic beam electrons give a current along the field lines, the above Eq. (8) is approximately valid if
the current is weak. Thus, the disturbance can be split into two mixed longitudinal and transverse modes (generalized X
mode) and one pure transverse 0 mode. Furthermore, when c?K? > w?,, D,, is much less than D,, and the dispersion
relation for the X mode is simply given by D,, = 0 [14].

The dominant nonlinear plasma-maser contribution comes from the polarization term [D,(K, £)] which is given by

=0. ®)

pe’

w0 0 2 47 (Q — )
D,(K.Q) = —5 [m_;jIZDO(K‘k’Qw)[(A+B)(C+D)], )

k,w
where
& [ (K /) explils — D]
= “Za f i(1Q, — Q) Mr(k , KLUL/Q )
b=—x
Ja(KiUL/Qe)exp[i(a - b)¢] Jb+l(Kivi/Qe) - Jb—l(KivJ_/Qe)
bQ, — kv — (Q — w) 2
kv 9 kjvy
X o e
[(1 Q-wlov, Q- av” foed (10)
B— i / v, J (K v, /Q.)explils — )] | J, (K v, /Q.) — J—1(K v, /Q,)
b itQ, — Q) 2
g=—x
kv 9 kive 9 S S (Kiv /Qe) + Ji-1(Kiv, /Q) kjvy 1
X<1+Q—w ov Q — w Jy) ! 2 ! Q-wlv,
K J(Kivi/Q,) im
Q — a¢ fle(kaw) ’ (11)
C=A4[Q —Q -w, K—K-k  ©— —w, k— —k], (12)
D =B[Q — QO - w, K — K — k; w — —w, k — —Kk], (13)
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and
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where K| = K; — k;. In deriving Eq. (6), we use [ Here n., n,, T,, and T, are the number densities and

integration along the unperturbed orbit, that is v, = temperatures for the background cold plasma and hot

v, cos ¢, v, = v sin¢, and v, = vy, where ¢ is the component with a shifted Maxweilian which drives the

azimuthal angle. electrostatic LH waves [6-9].

Now we consider the generation mechanism of the The resonant interaction between the LH turbulence
AKR [5]. The electron distribution function is modeled and electrons occurs for the Cherenkov resonance con-
by 3/2 5 2 dition w — kjv) = 0, because w <« .. Thus, we keep

m m(vi + vj) | T .
Foe(¥) = ne p only terms with p = ¢ = 0 in the summation of Egs. (11)
27T, 2T, and (13). The most dominant contribution of Eqs. (10)—

3/2 m{v? + (vy — vo)?} (13)' comes‘from t==*1and b = *1 terms in the sum-
exp| — T . mation. After a lengthy but straightforward calculation,
¢ we get, from Eq. (9), the dominant plasma-maser contri-

(15) bution as
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where Im is the imaginary part, T, = mvj,/2, and 6 = y 12 cK;
== 27 /51 — | =—
ny/ne < 1. . .
For the long wavelength mode, all terms in the sum- 1+ A

mation except n = =1 are small in Eq. (7). Taking the
small argument expansion of the Bessel function, we get

2 2 02
Do(K,Q)=K? — <2> - = “pel) =0. X Z Bilk, o) ( ) 1)
- c c2(Q, + ), — Q) 4n Ty, ki
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a7 In obtaining Eq. (21), the relation E;, (k, w)/E;(k, w) =
For Q = ¢K, > wp. and Q, > w,, which are satisfied k, /ky is used. According to the observations in space
for the AKR, we obtain from Eq. (17) in the vicinity of  [5], we have n, = 8 cm™3, T, = 100 eV, |E; (k, w)| =

Q =0, (Al 50 mV/m, K, ~ 27 X 1075 cm™ !, k;, =~ ky (M/m)"/? =
Q= Q.01 + A). (18) (a)/.ve)(M/m)l/z ~ 2 X 1073, and 6 ~ 107'.  In-

. serting these values in Eq. (21) with A < 1, we find
with 2 v/Q,. =~ 1077, which is strong enough to generate the
e AKR. Although the maximum growth rate occurs for

2 p2p2
2(Q7 — c*K1) Q = Q,, the growth of the AKR is possible at frequen-

and cies above ()., because the plasma maser does not require
Do (K, Q) 26012,393 20 any matching conditions among different wave numbers
EYe) T 202 - Q2) T (19 and frequencies. However, we must acknowledge that
The growth rate of the X mode (y) is given by both expressions for the real frequency [Eq. (18}] and
growth rate [Eq. (21)] are not valid for values of & as
y = _I_m&i‘i_‘})__ (20) high as 0.2. The evaluation of the growth rate using

dDo/9Qa=q, exact solutions of Eq. (17) is left for a future study.
Inserting Egs. (16), (18), and (19) with |w/kj — vol = vy, We now discuss other AKR generation mechanisms.
into Eq. (20), we obtain The cyclotron maser mechanism works if and only if rela-
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tivistic electrons satisfy Q — Kjvy — Q./y = 0, where
y = (1 — v%/c?)~V2. The relativistic correction term
provides a mechanism which couples the perpendicular
electron motion v? with the waves and allows the free en-
ergy perpendicular to the magnetic field to be transferred
to AKR. In contrast to the cyclotron maser, the plasma
maser works even for nonrelativistic electrons, and the
free energy to be transferred to AKR comes from elec-
trons accelerated by LH turbulence along the magnetic
field. According to the observations [5], the very strong
(2100 mV/m) amplitudes of LH emissions are often re-
ported. Under such conditions, AKR generation due to
solitons is attractive. The generation mechanisms of AKR
based on the whistler soliton, upper hybrid wave [15] and
upper hybrid wave, lower hybrid soliton [16] interactions
have been proposed.

Here we consider the numerical simulation [12]. The
LH turbulence are driven by ion ring distribution. The
electron distribution function accelerated by the LH waves
can be modeled by the bi-Maxwellian

1/2
m m
foelv) = N( 27T ) (27TTJ_ )

2 2
mv mv
X exp I:—Ell'—':lexp[—zj,jjl, 22)

in which 7)) and T, (<T)) are temperatures for parallel
and perpendicular directions. Associated with the dc ac-
celeration by the waves, the electron distribution function
is highly anisotropic. Inserting Eq. (22) with Q./wp, = 2
into Egs. (7), (9), and (20), we obtain

v |&¢&JMP(5£>

Q. & 47NTy k,

Accordingly, the extraordinary mode grows and the
growth rate is much enhanced because all the accelerated
background electrons take part in the wave emission.
It should be mentioned that the electromagnetic emis-
sion without electron population inversion [Eq. (22)] is
the most important characteristic of the plasma maser.
Strictly speaking, the analysis including the relativistic
effect can be necessary for the detailed comparison
between theory and simulation results which is left for
future study.

The plasma-maser mechanism can successfully ex-
plain most of the characteristics of the observation by
the Viking satellite and the recent numerical simulation.
First, the theory predicts that the AKR can be generated
by the LH turbulence which causes the effective elec-
tron ac acceleration along the magnetic field. Second, the

(23)

plasma maser is effective well above the local electron
gyrofrequency, because it does not require any matching
conditions between the AKR and LH waves. On the other
hand, the standard cyclotron maser mechanism [10,11]
predicts that the generation is effective only at frequen-
cies just above the cutoff frequency of the X mode which
is very close to £},. Third, the plasma maser predicts that
the accelerated electrons along the parallel direction pro-
duce bursts of high frequency radiation near the electron
gyrofrequency even for the monotonic decreasing electron
distribution function. The free energy for the radiation
exists in the parallel direction, in contrast to the cyclotron
maser mechanism. The plasma-maser instability has a po-
tential importance to interpret numerous observations in
space [1], in the laboratory [17], and in numerical simula-
tions [18].
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