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Abstract

Within the framework of kinetic theory, the nonlinear interaction of electromagnetic waves
(EMWs) with a degenerate electron-ion plasma is studied to account for the electron quantum
mechanical effects. For this purpose, a specific quantum regime is considered, for which the
degenerate electron Fermi velocity is assumed to be of the order of the group velocity of
EMWs. This eventually leads to the existence of a nonlinear Landau damping rate for the
EMWs in the presence of electron ponderomotive force. The electron—ion density oscillations
may have arisen from the nonlinear interaction of EMWs, leading to a new type of nonlinear
Schrodinger equation in terms of a complex amplitude for electromagnetic pump waves. The
profiles of nonlinear damping rates reveal that EMWs become less damped for increasing the
quantum tunneling effects. The electrostatic response of the linear electrostatic waves is also
investigated and derived from a linear dispersion for the ion-acoustic damping rate. The latter is
a direct function of the electron Fermi speed and does not rely on the Bohm tunneling effect.
The obtained results are numerically analyzed for two microwaves of different harmonics in the
context of nonrelativistic astrophysical dense plasma environments, e.g. white dwarfs, where the
electron quantum corrections cannot be ignored.
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1. Introduction

The interaction of waves with a plasma medium is quite per-
tinent for understanding the basic plasma phenomena [1-4],
e.g. the Landau damping (LD) rates can be studied to show
the linear and nonlinear behavior of plasmas and indicate
the wave damping without any collisions. The concept of
collisionless wave damping was first theoretically presented
by a Russian Physicist, Landau, in 1946 [5]. Eighteen years
later, this effect was verified in laboratory experiments by
Malmberg and Wharton [6]. The investigation of linear and
nonlinear waves and more specifically, the analyses concern-
ing the nonlinear propagation of high-frequency electromag-
netic waves (EMWs) have been carried out for a long period
of time [7—14], investigating novel properties of classical plas-
mas. However, in recent years, the works [15—18] have mostly
been concerned with the LD of electrostatic and EMWs in
the classical regime and only limited investigations have been
analyzed to study the LD in quantum-dense plasmas, where
quantum collective waves and quantum scales become more
important and play a significant role in the behavior of plasma
particles. In fact, degenerate dense plasmas not only have rel-
evance in the laboratory, but in astrophysical environments
[19, 20]. Quantum effects have often been ignored in the study
of nonlinear wave—particle interactions, which may be incor-
porated to investigate the nonlinear LD phenomena [21-26].
Only a few investigations have been carried out with quantum
settings in the context of linear theory. Specifically, the impact
of degeneracy (arbitrary) of electrons has been examined with
regard to the linear LD of electrostatic waves [27], show-
ing the linear LD during an x-ray Thomson scattering exper-
iment [28]. Later, a 1D quantum Liouville-Poisson system
was employed to simulate the nonlinear LD [29], degeneracy
effects and linear LD caused by particle trapping. Moreover,
with utilization of numerical simulations in a 3D form, the
nonlinear LD associated with the plasma waves can carry a
finite orbital angular momentum, which is primarily trans-
ferred to the resonant electrons. In these studies, the plasma
waves are represented in the form of Laguerre-Gaussian pro-
files, and significant modifications occur in the LD [30]. Dir-
ect evidence of LD in a turbulent space plasma [31] suggests
that it has played a significant role in the dissipation process,
in which the energy can be transferred from the electric field
to the electrons. The nonlinear stage of the Langmuir wave
analysis [32] has also determined that Langmuir waves can
carry a finite amplitude and oscillation frequency that are lar-
ger than the damping rate (found in the linear approximation)
and one does not have a damping effect, while only showing
a periodic structure. However, the efforts [33—35] cannot be
ignored in studying the nonlinear LD in a degenerate Fermi
gas. In order to recognize the distinguishing role of quantum
effects [36—40], distinct features of the EMWSs need to be stud-
ied through wave—particle interactions and nonlinear LD phe-
nomena at quantum scales.

Degenerate effects become relevant in plasmas if the elec-
tron thermal energy (kg7,) is comparable to or smaller than

hZ

the electron Fermi energy g, [: e

(37r2ngo) 2/3] , where n,(

(m,) is the electron equilibrium number density (electron
mass). Degenerate species involving nonlocal effects intro-
duce new scales and coupling parameters in a plasma medium.
In this context, a quantum kinetic description is to be con-
sidered to identify the linear and nonlinear LD phenomena.
Various models have been adopted for this purpose in the lit-
erature. However, one of the most appropriate models has been
reported [41] recently for deriving a new class of quantum kin-
etic equations and modeling degenerate Fermi plasmas, rely-
ing on the original framework of kinetic theory. The main
objective is to identify the interaction scales where electro-
magnetic (EM) and electrostatic waves can be coupled in a
degenerate electron—ion (EI) plasma and where the quantum
nature of the plasma species cannot be ignored. A key aspect of
the present analysis is to calculate the singularity present in the
momentum integration. Since the phase speed of the EMWSs
is greater than the speed of light, it results in the suppression
of the singularity in the usual Landau description and accord-
ingly the existing treatment of singularity may lead to linear
damping, which is not valid anymore. Consequently, one may
experience a nonlinear LD of EMWs in degenerate plasmas.
Since the Fermi speed of the plasma species does not reson-
ate with the phase speed of EMWs (the phase speed of EMWs
is often much greater than the speed of light), the Fermi speed
in degenerate plasmas may take the order of the group speed
of the EMWs because the group speed is always smaller when
compared to the speed of light. Hence, the nonlinear coup-
ling of EMWs with a degenerate plasma through the wave—
particle interaction leads to the generation of beat waves hav-
ing frequencies of wy — wj and corresponding wave numbers
of ky — k{, propagating with a group speed and resonating with

a Fermi speed as v, [: lwkz::,él
definition of the nonlinear Li)), where vg, stands for the elec-
tron Fermi speed, as was defined in [24, 42] for classical plas-
mas. Thus, degenerate electrons with an electron Fermi speed
of the order of phase speed of EMWs are the most favor-
able candidates to exchange their energy via the wave—particle
interaction and may lead to the nonlinear LD of EMWs. On the
other hand, if the assumption such as v, = vr, does not remain
valid, then the only linear LD for electrostatic waves occurs,
where the wave phase velocity matches the thermal velocity of
plasma species. Consequently, the LD of the transverse EMWs
cannot be investigated.

When high-frequency EMWs interact nonlinearly with a
plasma medium, the distribution of plasma particles is sig-
nificantly affected, resulting in density oscillations or longit-
udinal waves that propagate along the electric field direction.
Recently, Zhu et al [43] studied the dispersive properties
of the electron waves and challenged the traditional condi-
tions attributed to low-temperature and high-density plasmas.
They obtained an expression for the LD rate by taking into
account the electron waves with quantum correction due to
the Bohm potential at normal temperatures and high densit-
ies. They noticed that the LD rate reduces in the presence
of quantum effects. In the present model, a study of density
oscillations is carried out that gives rise to local and nonlocal
nonlinearities and accounts for the nonlinear LD of transverse

] = vp,. This refers to the new



Plasma Phys. Control. Fusion 64 (2022) 025006

P Maryam et al

EMWs. In our analysis, the density oscillations in a degen-
erate EI plasma are calculated by using the Vlasov equation
for degenerate plasma particles. A new type of kinetic non-
linear Schrédinger equation (KNLSE) is obtained for fermi-
ons by making use of Maxwell equations. It is shown that
quantum mechanical effects significantly modify the wave fre-
quency and group velocity and affect the consequent energy
transfer rate of the modulated EMWs. The nonlinear LD rate
is computed in the presence of electron Bohm potential and
electron degeneracy effects. Two different frequency regimes
are considered to modify the real linear frequencies of elec-
trostatic waves with quantum Bohm potential and reveal the
linear damping of electrostatic waves to be unaffected by the
Bohm tunneling effect.

2. Basic formulation

In order to study the nonlinear interaction of EMWs with a
quantum degenerate collisionless unmagnetized plasma, we
consider the well-known Vlasov equations for the jth plasma
species (j equals e for electrons and i for ions) and account
for the electron quantum Bohm potential and nonrelativistic
ponderomotive force effects. The EM wave is assumed to
propagate along the z-axis, whereas the degenerate species are
modeled with the Fermi—Dirac distribution. This specifically
gives rise to the quantum statistical effects [41] of the degen-
erate plasma species. Thus, the Vlasov equations along with
the charge-neutrality condition for a degenerate EI plasma can
be governed by the following:

(5732 ) )

0% 0By WD
682 0z

(5732

vznel) OVl o, (1)

4me neo 872 ap 4

6@ h2 8 2 a <ﬁ0>
e el . — )
+ ( “oz " Aming 5ZV nll) Ip- & @
and
el = nji, 3

where f, (f;,) is the perturbed electron (ion) distribution func-
tion with electron (ion) Fermi—Dirac equilibrium distribution
function f,0(f;). The angular bracket denotes the averaging
over the spatio-scale and the temporal period of the EMWs
[44]. Here, the potentials have been assumed to be the func-
tion of slow time win and space i—: scales in equations (1)
and (2). The ponderomotive force of the electrons in the non-

relativistic limit can be defined as [45] F,, = —0,P,. with
Q, = #262 |ALo |2 , Where e is the electronic charge, A | g and ¢
are the amplitude of the high-frequency EM pump waves and
speed of light in vacuum, respectively. Note that equation (2)
is a simple equation modified with quantum correction, which
provides information about quantum particles.

Solving equations (1) and (2) by using Zakharov’s
approximation [44], i.e. by making use of the linear-
ization theory and Fourier transformation f, ;i (k,w,v) ~
[ fer,in(r,v, 1) expli(k - r — wr)]drdt, we immediately obtain the
oscillating functions, respectively, as,

22”e1 ,w
fel(k,w)Z{eé(k,w)—épe(k,w) Wk ne (k )}

N 4me ne()
k  Ofwle)
T “
and
_ P2 niy (k,w) k__ 9iole)
ﬁl (kvw) - {e@(k,w) + 4dm; nio } w — kVZ 6pz '
Q)]

It is important to mention here that only the ponderomotive
force of the electrons is taken into account for nonlinear coup-
ling and the corresponding force for ions neglected due to their
large mass. In addition, supposing that degenerate electrons
and ions both follow the well-known Fermi—Dirac distribu-
tions, which can be expressed in terms of the Heaviside func-
tion (or step function) as,

1
€0,i0\€) =
Jeo.io(€) exple — erpe,il /kgTe,i + 1

E@(EFE’,'—E), (6)
where e, = mov3,/2 (e = miv}; /2] being the electron (ion)
Fermi energy, is much larger compared to the thermal energy
[41] of the plasma particles. The conversion of the derivative
of the step function into the delta function can easily be per-
formed through the relation,

2 2
0.0 = —6(cp;—c) = —6 (”F - p) .

2m 2m

Taking into account equations (6) and (7) and keeping in mind
the properties of the Dirac delta function, we may write,
k-P

foe
k : aP — ng’i 5(pFe,t *P) (8)

Next, with the introduction of equation (8) into equations (4)
and (5) and integrating over the velocity, in a spherical polar
coordinate system, we may eventually obtain,

3n.0
net (k,w) = ) {e®(k,w) — Ppe(k,w)}
w w+ kvg,
]l———In—— 9
% ( 2kvE, nw—kwce>7 ©)
and
3)’10,' w w +kVF,'
i(k,w)=— D (k, 1— 1 ,
" l( (U) m,'v%-iFie ( w) ( 2kVFi I]WkVFi>

(10)
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with
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4my, Vi, i 2kvpe; W —kvpe

where vp, ; = 2TF, ; / me ; and T, ; are the EI Fermi temperat-
ures. Equations (9) and (10) show the perturbed EI number
densities incorporating quantum effects and can be used to
investigate the nonlinear LD of transverse EMWs in a degen-
erate EI plasma.

Next, to study the nonlinear LD rate of the EM waves in a
degenerate EI plasma, we need to first expand the density per-
turbations in equations (9) and (10) in the following frequency
regimes:

kvp < w <L kvg,, (1)
obtaining, respectively, the relations,
3”60
e k, = .
rel) T (4 A}
x {e®(k,w) — @pe(k,w)} (1 +iAr.), 12)
and
njo k2
ni (k,w) = Eﬁeqﬁ (13)
where H, (: 2‘}{35{‘6 ) represents the quantum effects caused by

the quantum Bohm potential and A, (: %) the damping
term involving the degenerate electrons, so that A%, < 1. In
deriving equations (12) and (13), we have used expansions of
the logarithmic arguments for x < 1 and x > 1, respectively,
and utilized In[—1] = —ix [42] and In ( 1“) —2 (x—l— 24 )
in equations (9) and (10). It should also be noted that the Bohm
tunneling effect of ions is neglected compared to the tunneling
effect of electrons. Thus, by substituting equations (12) and
(13) into equation (3), we eventually arrive at,

Tre {1+ H2(1 +iAr,)}
3}’[60(1 + iAFe)

e®(k,w) = ni1 (k,w) + Ope (k,w).

(14)

In addition, by substituting equation (14) into equation (13),
we produce,

Ak, &
ratkw) K iAR) e (k,w).
m;

15)

(w? + iw?Ap, — K5V2)

neo

The ion—sound speed is now modified by the electron tunnel-
ing effect and can be expressed in the form v, = ¢,(1 + H2)'/2,
where ¢, = (Tr./ m,-)l/ 2 is the usual Fermi speed for degener-
ate species and n.9 >~ ny.

Back substitution of the quantities, such as —iw = J,, w?=
—0?, and kK> = —9? yields the following relation:

’

Z\m LU
32 Vs Ne0 ZVFealzp ,OOZ/—ZW —co ¢

1 9*®p 1 8 1 ° d7’ 2! ,/aabpe
= 55 % — dz
m; 0z 2m; 02 vre J_o ' =2 J_o ot

Here, the formula % = Lo [ %™ is utilized in obtaining
equation (16), showing the symbol g as the principal value of
the integral. Equation (16) is the generalization of Zakharov’s
set of equations [44], where the third term (in the LHS) and the
last term (in the RHS) govern the nonlinear LD phenomena.
Rewriting equation (16) by introducing a new moving frame
as,

19 net
al‘neo

16)

& =z—v,t with — 4

5 Dpe(z,1)

<v 0
885

= ®pe(&) and ne1 (2,1) = e (§), (17
we obtain
nel +ﬁ /oo dé. nel )
g 75 neo
18 [ dg’

7@ 75 pe I 18
=) T |t 09

3
where v, is the group speed and (= v21v VV—” Mul-

g Fe

tiplying both sides of equation (18) by an operator

(1-80 /7% &)
Bertrand formula [44]:

and using the following Poincare—

= dE < dg"FE) 19
o o] EE2—wmrra a9
we produce a new expression in the following form:
ne1 (§)
neo
1 1 e’
e lmmvg—v@ <1B@/m 5—5) ore(d
™ 3 LB [ dg
+%v§‘p (f)JFEﬁ@ L 5(1) e()- (20)

2.1. Subsonic case

Next, we discuss the electron density oscillations in supersonic
and subsonic regimes. First, in the subsonic regime, i.e. vy >

3
. V
Ve, le. B | = _vm~

the RHS of equation (20) may be neglected. As a result, the
electron density oscillations reduce to,

1 v,  ge’
_ = P,
m; 2VFeV?p/oo g—¢’ ©

< 1, so the second and third terms in

Nel

1
— = [—mivzq)pe(ﬁ) -

neo
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2.2. Supersonic case

In the supersonic regime v, >> v and 3%7% >> 1, equation (20)
reduces to the form,

ne € |AJ_0|2

flet = v N miv§ 2m,c? (22)
Note that in the supersonic regime, the nonlocal nonlinear term
appears and nonlinear LD disappears. It is also clear from the
above equation that the density fluctuations of Fermi electrons
become a function of the amplitude of EM waves and are an
inverse function of the group velocity of the pump EM wave.

3. KNLSE for fermions

It is well-known [46] that mathematical representation of the
EM wave packet having the complex amplitude A, is the
Schrodinger equation, where the scaled Planck constant (#)
and potential energy are interchanged by the propagation num-
ber k(= 27/A) and refractive index, n(= ck/w), respectively.
The Schroédinger equation becomes nonlinear due to the fact
that the refractive index is a function of the wave amplitude.
Hence, the possible competition between the nonlinearity and
diffraction terms may lead to a wide spectrum of effects arising
during the nonlinear interaction of EM waves with the plasma
medium. We need to solve the Maxwell equations in this con-
text to obtain the nonlinear Schrédinger equation in terms of
an EM wave packet having a complex amplitude A | , as

1 4meJ
~VIAL+ SO/AL ==,

(23)

where J is the plasma current density in the presence of a
circularly polarized EM wave pulse. Since in our considera-
tion, we have assumed the amplitude of the EM wave to be
a slowly varying function of space and time coordinates, we
have to substitute A, (x,7) = A o(x,1) expi(koz — wot) in the
above equation to obtain the NLSE for a degenerate plasma
medium as,

2%72

0 0 c
(81‘ +Vg6 >AJ_()(X,t) + 2w0ZAJ_0()C, t) + 52AJ_0()C, t)

He

C"‘pe e

- —A Xt O
2 . J_O( )

(24)

where v, = (koc?/wy) represents the group velocity of the EM
wave, A | o(x, ) is the time- and space-dependent amplitude of
1/2 . .
the EM wave, § = [(w% — kg — wﬁe) / 20.)0] ’ is the nonlin-
ear correction shift of frequency of the EM wave with elec-
2 /2 - . .
tron plasma frequency wy, = (47rneoe /me) . It is pertinent
to mention that as the collisionless degenerate EI plasma under
study is isotropic, the contribution of the electron current dens-
ity is much larger in comparison to the ion—current densit-
ies in equation (24) [44]. Substituting the expression of 7,
into the Schroédinger equation (24), while taking into account

equation (17), we obtain a new NLSE containing both local
and nonlocal nonlinear LD terms, as

o L, 5, w, &
{ZMO et 8752 +o+ 2m,v2 m,c?

<|AL| +lvg p/ gdg |A Lol )}Am(& 1)=0

(25)
The last two terms on the LHS of the above equation appear
due to the nonlinear interaction of EMWSs with the plasma
under consideration such that; the third term is the local non-
linear term, whereas the last term is the nonlocal nonlinear
term governing the nonlinear LD phenomena. To derive the
nonlinear LD rate, we substitute A o= bo—+b; exp[i(k —
wi)]+c.c w1th by being the constant Using the identit-

iesp [~ oog/ —Oandpf (5, expzk(é/—ﬁ):iﬂ,we
finally obtain the following result

(26)

This describes the nonlinear LD of the transverse EM waves
in a degenerate EI plasma, which is significantly affected by
the Bohm quantum correction via the modified sound speed
vs. The nonlinear LD rate is found to be the direct function of
the amplitude of the EM wave.

4. Linear electrostatic waves

In order to study the linear properties of electrostatic waves in a
degenerate EI plasma, we need to first assume that EM waves
are absent and ignore the nonlinear ponderomotive force in
equation (1). By taking into account the collisionless damping
due to wave—particle interaction, we insert the expressions 7,1
and n;; into the charge-neutrality equation (3) to obtain,

3w? kv
e L L
kv F, 2kvp,  w —kvp,

30‘-’5,’ w In w + kvg; —0
kZVIZ;iFl' ZkVF[ w — kVF,' o

+ 27

For high-frequency quantum electron waves, we consider the
electrons following the frequency regime w > kvp, in the
background of static ions. In this case, the series expansion
In(1£) =2(x+ % + % +...) is to be used in equation (27),
which eventually yields,

h2 k4 ) 1/2

3
= KV + — 28
w <w + 5 .t a2 (28)
This clearly indicates that high-frequency degenerate electron
oscillations propagate in a collisionless plasma without deliv-
ering any energy to the medium, so there is no LD in this case.
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Next, we consider the intermediate frequency regime, i.e.
kv < w < kvp, to study the ion-acoustic (IA) waves and
their linear damping rate. Hence, in this case, equation (27)

can be reduced to,
1+iA W
1+ 3 o re) e )
R {1+ B (LA} @

Using w = w, + iw; in equation (29), where |w;| < |w,|, one
can decompose the real and imaginary parts of the frequency,
as

1
wp = 1+ H), (30)
and
T mkvp,
= — 1 MelVEe 31
YT S

where ¢, [= wyiAr.| is ion-sound speed with ion-plasma oscil-
lation frequency w,; and electron Fermi length Ar,. Note that
equation (30) is derived in the long-wavelength limit, repres-
enting the linear dispersion relation of IA waves. However,
equation (31) indicates the linear damping of the IA waves as
a direct function of electron Fermi speed only, so the degener-
ate electrons play a crucial role in absorbing the oscillations,
where the Bohm tunneling effect does not contribute to the
linear damping of IA waves in degenerate EI plasmas.

5. Numerical analyses

In order to illustrate our findings for the nonlinear LD
rate caused by the interaction between transverse EMWs
with a degenerate EI plasma at quantum scales, we solve
equations (22) and (26) numerically for nonlinear and lin-
ear damping responses. We also choose typical quantum
plasma parameters in the atmosphere of white dwarfs, where
the electron density is n, = (10**~10%°) cm™3 [47, 48]
along with other physical constants in CGS units, e.g.
c=2997x 10" cm s7!, m,=9.109 x 10728g, ¢ =4.8 x
10~ 9statcoloumb, h=1.05x 1072 cm?gs™! and kz=
1.3807 x 10716 cm? gs72K~!. In order to satisfy the con-
ditions for nonlinear LD damping of EM waves, i.e. v,[=
wo—wy
ko—kq
harmonics, e.g. microwaves of typical frequencies of the order
of magnitude, wy =40 x 10°Hz and w({ =30 x 10°Hz with
corresponding wavelengths A =2000 cm and A’ = 5000 cm,
respectively. As a result, these frequency ranges lead to group
speed of the order of v, ~ 5.30 x 108 cm s~!. We also take into
account the specific value of electron number density as n,g =
4 x 10** cm™3 to find out the electron Fermi length Ap, ~
5.036 x 10~ cm, electron plasma frequency wp, ~ 1.128 x
10'7 s~! and electron Fermi speed vp, = 5.682 x 108 cm s !,
which is comparable to v, of the EM waves. In a subsonic
regime, the group velocity is always assumed to be much
smaller than the sound speed, i.e. v, < v, and the nonlin-
ear LD rate in this regime can be studied by normalizing

] ~ v, we need to consider EM waves having different

[ret ]

45 x 02

40 x 102

35 x 102 ¢

Ao
50 500 580 580 600

Figure 1. Normalized density fluctuations of degenerate electrons
(’M) are plotted against the amplitude (A¢) of EMWs (as described

Noe
by equation (22)) at a fixed value of group velocity v, = 7.96 X 107
—1
cms™ .

[nel]

50x 1023
45x 1038
40x 103

35x 103

4
75x107 80 x 107 85 x 107 90 x 10¥

Figure 2. Normalized density fluctuations of degenerate electrons
("—‘) are plotted against the group velocity (v¢) of EMWs (as

Ho,

described by equation (22)) at a fixed value of Ag = 1703 cm.

gquation (26) with scaled parameters as ¢ = ¢/vp,, k= kAre,
ko = koApe and g = wy /wpe. The quantum tunneling para-
Rwpe

meter then yields H, = (? 5 k) = 0.176 for electron dens-

meVy,

e

ity n. =4 X 10%* ¢cm—3 and normalized wave number k =
0.503. Thus, the nonlinear LD rate for microwaves in a degen-
erate quantum plasma turns out to be Imw = —6.637 for nor-
malized values of acoustic speed ¥, [= &,(1 + H2)'/?] ~ 0.023
and group velocity v, (= ko /i) ~ 0.016.

Equation (22) is plotted in figure 1 to display the density
oscillations of degenerate electrons in a supersonic regime,
as a direct function of amplitude (Ag) of the EMWs, whereas
the electron density fluctuations are an inverse function of the
group velocity of EMWs, see figure 2. Figure 3 represents
how the normalized nonlinear LD rate (Im@) of microwaves
(of different harmonics) varies with the amplitude (by) of the
EMWs in a subsonic regime, as shown in equation (26), as
a function of Bohm potential that corresponds to the specific
range of electron density concentration (3 —5) x 10** cm 3.
It is evident from figure 3 that the nonlinear LD rate of
microwaves increases as the Madelung term decreases. In
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Im[w]

bo

Figure 3. Normalized NLD rate of microwave Im& (= w/wpe) is
plotted as a function of amplitude (bg) (as described by equation
(26)) for different values of Bohm tunneling potential: H, ~ 0.183
(green curve), 0.176 (red curve) and 0.168 (blue curve).

other words, as we move towards the laboratory plasma para-
meters, the Madelung term will start playing a significant role
in enhancing the nonlinear LD rate of the EMWs. In spite
of the fact that the diffraction (Madelung) term is usually
less than the pressure term in the momentum equation, in our
present consideration this term plays a crucial role in enhan-
cing the nonlinear LD rate of microwaves.

6. Conclusion

We have presented the nonlinear interaction of EM waves
in a degenerate EI plasma by using the kinetic treatment of
quantum species. In such a plasma, the group velocity (v,)
of the EM wave is approximately equal to the electron Fermi
velocity vg,. For nonlinear LD rate of the EM waves, the prop-
erties of the step function and Fermi—Dirac distribution are
utilized to derive the perturbed densities of the degenerate
electrons and ions in the presence of electron ponderomotive
force. It is noted that in a supersonic regime, the kinetic NLS
equation includes only a local cubic nonlinearity and the non-
linear LD term disappears. Furthermore, the density oscilla-
tions of the Fermi electrons become a function of amplitude
of the EM wave, while its inverse relation is shown with the
group velocity of the EM waves in a supersonic regime. For
considering the nonlinear LD in a subsonic regime, we have
also obtained a KNLSEk, which involves both local and non-
local nonlinear terms, where the latter is responsible for the
nonlinear LD rate. Note that in the subsonic regime, the EM
wave damps via the nonlinear LD rate in such a way that the
Bohm potential plays a crucial role in the nonlinear LD rate
of the EM wave. Next, the electrostatic response of the linear
waves is studied accounting for the Bohm tunneling and Fermi
statistical effects. The linear damping rate for the IA waves
reflects that degenerate electrons play a key part in absorbing
the oscillations, but the Bohm tunneling effect does not con-
tribute to the linear damping in degenerate EI plasma. Numer-
ical graphs support our analytical results and may prove use-
ful for understanding the nonlinear damping of the EM waves

in dense astrophysical plasmas, such as white dwarfs, active
galactic nuclei, neutron stars, etc.
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