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The dispersion relations of parallel propagating modes (Langmuir mode, right and left handed circular polarized
waves) in the weak magnetic field limit | — k- v| > Q are considered for ultra-relativistic arbitrary degenerate electron
plasma. The results are presented in terms of moments of Fermi—Dirac distribution. The increase in the electron equilibrium
number density from negative large (weakly degenerate) to positive large (highly degenerate) values of 1 /T; is observed
(where u is the electron chemical potential and T is the electron thermal energy). As a result, shifting of the cutoff
points in all the real dispersion branches towards the higher values and increasing in the band gap between unmagnetized
longitudinal and transverse modes in k-space are examined. Also, the suppression of the weak magnetic field effects in
weakly magnetized right handed and left handed circular polarized waves and a decrease in the longitudinal and transverse
screening effects are observed in the graphical patterns due to an increase in the equilibrium number density.
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1. Introduction

Ultra-relativistic plasmas are formed either in the pres-
ence of strong electromagnetic fields or in extremely high tem-
peratures. Such plasmas are believed to exist in the early uni-
verse or may be present in the neutron stars. Their signa-
tures can also be found in a number of other environments,
e.g., in a supernova explosion, in magnetars, in the accretion
disks around black holes,-?! in high energy electron-radiation
belts spiralling in Jupiter’s magnetic field,*! and in the orbital
tracks of the Van Allen radiation belt around the earth.[*! Ex-
perimentally, they have also been detected in the vicinity of
intense laser fields."!

The ultra-relativistic treatment of the non-degenerate
or degenerate plasma waves can be found in the early
literature. ~ Silin[®! discussed the dispersion properties of
electromagnetic waves for non-degenerate plasma, while
Linhard!”! described them for fully degenerate plasma sys-
tems. The dynamics of highly relativistic non-degenerate
plasma waves in pulsar atmospheres has been a topic of discus-
sion in the recent literature. 319! In each case, the relativistic
Maxwell-Boltzmann-Juttner distribution function!'!! plays a
key role in characterizing the behavior. On the other hand,
Chandrasekhar!'?! demonstrated the internal outward pressure

(proportional to ng/ 3)

provided by the ultra-relativistic degen-
erate electron gas in white dwarf stars using the Fermi—Dirac
equation of state. In recent years, many efforts have been made
to understand the properties of linear and nonlinear waves
in relativistic degenerate plasmas in the dense astrophysical

objects. [13-15]
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Plasma waves may also be discussed for the ideal electron
gas at arbitrary degeneracy and relativity.['® This occurs when
the plasma particle temperature 7" approaches Fermi tempera-
ture Tr and the equilibrium distribution function changes from
Maxwell-Boltzmann to the Fermi—Dirac distribution function.
In this case, the choice of the parameter 1 /T plays a crucial
role, where U is the chemical potential. The parameter is large
and positive in the completely degenerate limit, and is large
and negative in the non-degenerate limit. The literature on the
arbitrary degenerate electron plasma waves is relatively sparse.
Maafal!”l studied the ion acoustic and Langmuir waves with
arbitrary degeneracy of electrons using the linearized classical

18] derived the nonlin-

kinetic theory. Eliasson and Shuklau
ear electron fluid equations for non-relativistic quantum plas-
mas including arbitrary electron degeneracy. Melrose and
Mushtaq!!”! calculated the longitudinal response function for
arbitrary degenerate thermal electron gas. Such arbitrary de-
generacy may also be important in the extreme relativistic
case, e.g., in the earlier work on relativistic degenerate plasma
waves, Melrose and Hayes?%! extended Jancovici’s results!?!]
to the nearly degenerate limit and Tsytovich’s results??! to a
mildly degenerate plasma.

In our earlier calculations, the dispersion properties of
high frequency relativistic parallel and perpendicular prop-

[23,24 [25,26] electron

agating non-degenerate 1 and degenerate
plasma waves have been derived and discussed under a weak
magnetic field condition |@ — k - v| > Q. In the present case,
we aim to investigate the dispersion properties of parallel

propagating plasma waves by considering the following as-
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sumptions: (i) ultra-relativistic ideal electron gas in which the
rest mass energy is much smaller than the thermal energy,
(i) arbitrary electron degeneracy, and (iii) isotropic distribu-
tion. We also discuss our results in the two limiting cases: (i)
the superluminal limit @ > ck that corresponds to the results
near plasma oscillations and (ii) the subluminal limit @ < ck
where the longitudinal fields are screened out and the trans-
verse fields penetrate into the medium. In this paper, we re-
strict ourselves to conditions where the ions behave classically,
which is the case in most astrophysical situations.

The paper is arranged as follows. Section 2 describes the
mathematical derivation and analytical discussion of graphi-
cal results of unmagnetized longitudinal and transverse modes
and weakly magnetized circularly polarized waves using a
generalized ultra-relativistic Fermi—Dirac distribution func-
tion. Section 3 summaries the results and discussion.

2. Dispersion relations of parallel propagating
waves in a weak magnetic field limit

In this section, we present the dispersion properties of
parallel propagating modes (Langmuir mode and right and left
handed circular polarized waves) for ultra-relativistic electron
plasma. Ions are considered as fixed and forming the neutral-
izing background. Knowing the system of kinetic equations
along with Maxwell’s equations, the dispersion relations of
electromagnetic right and left handed circular polarized (R- &
L-) waves and electrostatic (Langmuir) waves are respectively
given by

wz—czkﬁ+nﬂiinxy=o, (1)
o>+ 11, = 0. (2)

The components Iy, Iy, Il,y, and IT; have been calculated
[24,27)

previously

a weak magnetic field limit @ — k- v| > Q :
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where k| is the propagation parallel to the ambient magnetic
field By = (0,0,Boz> , and Q is the non-relativistic cyclotron

frequency. The unit step function H (1 — W) =0 for F“"v > 1

and H (1 — T) =1 in the limit k‘*"v 1. In Egs. (3)=(5), the
pole contributions are explicitly presented in order to get spa-
tial (or temporal) damping (or growth). The components have
been used in calculating the dispersion relations of fully rel-
ativistic high frequency non-degenerate!>*! and degenerate?’!
electron plasma waves and the anomalous spatial damping in
the limit ;%

kv
sion relations of parallel propagating waves in ultra-relativistic

< 1.127281 We now proceed to derive the disper-

electron plasma for arbitrary degeneracy. In this case, the
relativistic factor y = /14 p?/m}c? is approximated to y =~
p/mpc. As a result, the plasma frequency and the cyclotron
frequency become @, = 4”7‘)'6 Cand Q = ‘ £. Also the po-

larization tensor components equations (3)—(5) become
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We now choose the Fermi—Dirac distribution function for
the particles having ultra-relativistic energy E = cp

2 1

fO = (275)3 Z_leCP/Te +1 ) (9)

where 77!

= exp[—u/T] is the fugacity of the electron; U is
the chemical potential, ¢ is the velocity of light in a vacuum,
and T, = kT is the electron thermal energy. Here the cus-
tomary Boltzmann constant kg is omitted as we are working
in cgs units. The equilibrium number density associated with

the Fermi—Dirac distribution function is

8 2dp
Moe(p/Te) = (27r)3/o ecr/Te—k/Te 4|
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2 13
T Tea Lizt), (10)
where we have used
e dxx" .

Here, 1 /T, represented in the subscript of the electron num-
ber density in Eq. (10), is for the arbitrary degeneracy depen-
dence and Li3(y 7,) (= Liz(— eM/Te)) is the Polylog function of
order 3. The Polylog function has the power series expansion
in the non degenerate limit z = e*/% < 1

Li(z i Z7 (12)

and the asymptotic expansion in the completely degenerate
limit z = e#/%e > 1

— lim '(n+1)Liy(—z) =

7—>00

(Inz)". (13)

The expansions (Egs. (12) and (13) may be regarded as alter-
native definitions of Li,(—z), and have been used by a num-
ber of authors (see e.g., Refs. [18] and [19]) to obtain the ap-
proximate results of the waves with arbitrary degeneracy. Un-
der this scenario, different environments for ultra-relativistic
electron plasma gas ranging from under dense to ultra-dense
regimes can be approximated. The chemical potential ( can
be obtained numerically from Eq. (10). To compute the inte-
gral numerically over the Polylog function, we use Mathemat-
ica (V.9), which is capable of calculating generalized Polylog
functions. The approximated values of the ratios u/Ep, T /T,
/T, and z are tabulated below:

1.0 0.64 05 0
0 032039056 078 1 106
& . (14)
u/T, o 20 128 0 —1 —1.83 —2.0

z=et o 738359 1 036 0.16 0.13

L —0.78 —1.83 —2.12
F
T

We have also plotted the normalized equilibrium number den-
sity no(u/1.)/Mo() in Fig. 1 for different p/Te, which shows
a decreasing trend for ut /T, < 0 and vise versa for u/T. > 0.
We now apply the Fermi—Dirac distribution function (Eq. (9))
in the above set of equations (Egs. (6)—(8)) and obtain the fol-
lowing integral results:

0 afo 4 T2 .
29Jo
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where we have used the following expression:

: WO 2 (T j /T
/0 dp p 9p ~ n)p (c> C(n+1) Li,(—e"/™e). (16)

The equilibrium number density Eq. (10) over the volume el-
ement can also be obtained from Eq. (16). Plugging Egs. (15)
and (10) back into Egs. (6)—(8), we obtain
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where e = 37 and W = . Here we have fixed

the electron density ng. given in the definition of electron
plasma frequency for /T, = 0. The Polylog functions writ-

ten in the above components (Egs. (17)—(19)) can be read as
Liyy/re) _ Lip(—et/T) Liy (—el/Te)

Livwr) _
Lizoy —  Liz(=1) and Lizg) —  Lis(=1) - The graph
ical representation of the factors Z#/Te (associated with
unmagnetized IT,, and II,, components) and M (with

the weakly magnetized Il,, component) is given m F1g 2 for
different u/T.. Observe that, for the large negative values
of u/T, (i.e., u/T, < —1), the curves of £ ”/Te (red) and

Livu/re)
Ll3(
tions of non- degenerate (Boltzmann) plasma gas. Merging of

Lisgre) , Elru/me)
Ll;(o) - ng( 0)
be done by fixing the plasma frequency for u/T. = —15 (for
215 ond Iil —15)

3(-15) 13(-1
unity. The prominent difference between the curves starts

(blue) merge together and lead to the d1spers1on rela-

the curves means . Another cross check can

Liy
example). In this case, the ratios Iy approach

30

25¢
20 ¢
15}

T0(u/T,)/ T0(0)

10}
5F

0 -3 -2 -1 0 1 2 3

N/ T.
Fig. 1. (color online) Normalized electron equilibrium number density
0(u/Te)

aq 2 3 B . cto X —
700, as a function of i (where ng(g) corresponds to = ).
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Fig. 2. (color online) T() vs. 1t/ T,, showing the graphical trend of

the Polylog functions 2(“/T€ (red) and 11“/“ (blue) associated with

unmagnetized and weakly magnetlzed tensor components with £ T . At

Liyre) o, Liiu/me)
Ll3(0) - L13(0) .

negative and large value of ﬁe, the curves merge and

from the values u/T, >

Li L

the factor ~24/%) becomes larger as compared to —1&/%) We
3(0) i3(0)

now proceed to derive the dispersion relations of unmagne-

—1 where the numerical strength of

tized and weakly magnetized parallel propagating arbitrary de-
generate electron plasma waves.

2.1. Dispersion relations of ultra-relativistic unmagetized
electron plasma waves with arbitrary degeneracy

First,
relativistic unmagnetized electron plasma waves. We ignore

we present the dispersion relations of ultra-

the contribution of I, associated with an ambient magnetic
field. Using Eq. (16) in Eq. (1) and Eq. (19) in Eq. (2), we
respectively obtain unmagnetized longitudinal and transverse
modes

Ly [, o o+ kje
2kHC w 7kHC

Liz )

iTw [0}
Hil—— ]| =0
+ 2k“C < kc)] ’

2 L)
2 22 wp Li
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iﬂfk”C 602 w
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Figure 3 shows the graphical representation of the principal
part of Egs. (20) and (21) for u/T, = —2 (red), O (green), 2
(black). In all three cases, the upper curves are for transverse

ey

waves while the lower ones are for longitudinal waves. By in-
creasing /T, the following three changes in the behavior of
longitudinal (lower curve) and transverse (upper curve) waves
occur. (i) The cutoff frequencies shift upward, (ii) the band
width between longitudinal and transverse modes in k-space
increases, and (iii) the wave propagation becomes weaker for
larger values of t/T.. In case of highly degenerate plasma

(u/T. > 0), this occurs due to the higher electron density. In

the following, we present the above equations in two limiting
cases.

n/Te=0 ]

L e p/Te=-2

Ok, . . . . . I
0 0.5 1.0 1.5 2.0 25 3.0

ck./w,

Fig. 3. (color online) Longitudinal (lower curves) and transverse (upper
curves) modes for o= —2 (red), O (green), and 2 (black).

2.1.1. Superluminal ®/k; > ¢ and subluminal o /k| < c
limiting cases

It follows immediately that the imaginary parts of

Egs. (21) and (22) vanish for @/kj > ¢ and absorption of

wave is impossible in this case. In this limit, the frequency

spectra can be approximated to give the dispersion relations
near plasma oscillations

L
0 = 2 2T | 3 %, (22)
Liz(0)
L
(1)2 _ (1)2 lZ(/J/TC) 6 kH7 (23)

P Li3(0)

where we have expanded the logarithmic terms up to the sec-
ond order in ckj/®. On the other hand, in the range of small
phase velocities (i.e., in the limit ®/k < c), the waves are
either strongly screened or absorbed. Under this condition,
equation (20) reduces to

o> Li
1_’_37}7 L2(u/Te) [1 (24)

N inw} _0
C kH Ll3< 0)

2kHC

Neglecting the imaginary term under the limit, ® < k¢, we
obtain the following expression of the Debye screening length:

(h) _ ( @ Liy) )1/2
p \30 Liyyr,)

In the case of non-relativistic electron—ion plasma, the screen-

(25)

ing length depends on the particle mass and thermal tempera-
ture. In the ultra-relativistic range, it depends on the thermal
energies which are much larger than the rest mass energy. In
the earlier calculation,?”) it was observed that the screening
length increases with the increase of relativistic effects. In the
present case of ultra-relativistic arbitrary degeneracy, the vari-
ation of screening length (Ap) L in Eq. (25) with respect to
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u/T; is shown in Fig. 4. Th1s can also be considered as the
”(/ ) plotted in Fig. 2. The
physical picture is clear from the ﬁgure that shows the larger

inverse graph (red curve) of

screening length in weakly-degenerate environments as com-
pared to the other ones.

3.0

-3 -2 -1 0 1 2 3
w/Te
Fig. 4. (color online) Normalized Debye screening length ADC_“)" as a

function of %
€

Anomalous skin effects In a collisionless plasma hav-
ing a high frequency in range @, > @ > v (collision fre-
quency), the constant local collisionless skin depth is deter-
mined by electron inertia 8 = ¢/@p.. When the wave phase
speed becomes smaller than the particle thermal speed, then
the conductivity becomes a function of @ throughout the entire
skin layer and is known as anomalous. The relativistic treat-
ment of anomalous penetration depth has been studied for non-
degenerate!?’! and fully degenerate plasmas.[*8! To describe
its behavior for arbitrary degeneracy, we neglect the princi-
pal logarithmic part given in Eq. (21) under the approximation

2kﬁ > 2, wg, and obtain
k2 . .
ki, @ Liwr, (imke
~3 e ) (26)
CO2 2kﬁ Ll3(0) 20
or
3 [0} Liyy T,
13(0)

Equation (27) is cubic in kH and has three roots, two of them
are complex conjugate having the form (4a + ib) and one is
purely imaginary. The space scale of damping (A ) L of elec-
tromagnetic waves obtained from the imaginary part of the two
complex roots in k|| is given by

3 : 1/3

() = ﬁ = (; — L—flm ) L @8)
¢ [ p =20/ Te)

Graphical analysis of Eq. (28) is given in Fig. 5, which shows
the larger penetration depth of the electromagnetic waves in
weakly-degenerate (1t/T, < 0) plasma regimes as compared to
partially or fully degenerate ones. The graphical results also
confirm the pattern observed in our previous study (Fig. 1 in

Ref. [28]). In the following subsection, we proceed to analyze
the parallel propagating electromagnetic waves in a weakly
magnetized plasma.

0 0.2 0.4 0.6 0.8 1.0
w/wp

Fig. 5. (color online) Unmagnetized normalized skin depth MT% Vs.
deriving frequency % for o= —2 (red), O (green), and 2 (black).

2.2. Ultra-relativistic weakly magnetized circular polar-
ized waves with arbitrary degeneracy

Using Eqgs. (17) and (18) in Eq. (2), we obtain the dis-
persion relations of R- & L-waves for a degenerate ultra-

relativistic electron plasma

3 0 wz(Uzw/m)
2C2kﬁ P Ll3(0)

Za)kHC (0] kHC
ik 2
-2 Va(1-2
20 kﬁcz k”C
o Ligr) o { ® ‘w+k||c
— ;@ 1-——1Io
Czkﬁ Liz ) ¢ 2k|c ©—kjc

iﬂkHC 0 (1)2 w .
i aw(l k262>H(1—k6)]—0, (29)

where the F signs are for the R- & L-waves, respectively. In
our earlier calculations,?*?] the suppression of the weak am-
bient magnetic field was observed with the addition of rela-
tivistic effects. In the present case, we observe how the con-
stant ambient field strength is affected by the variation of the
parameter (t/T,. In Fig. 6, the upper/lower parts of red, green,
and black curves show the corresponding representation of
R/L-waves for u/T. = —2,0,2. The difference of the left
(lower) and right (upper) cut-off points (red curves for u /T, =
—2) (though quantitatively small in ultra-relativistic regimes)
is larger in case of weakly degenerate environments as com-
pared to other (partially (green) or strongly (black)) degenerate
ones. This indicates that, the strength of the ambient magnetic
field becomes weaker, as we move from weakly to strongly

degenerate ultra-relativistic electron plasma regions.
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0 0.5 1.0 1.5 2.0 2.5 3.0
ck./wy

Fig. 6. (color online) % Vs. %, showing the behavior of R-wave (up-

per curves) and L-wave (lower curves) for = —2 (red), 0 (green), and
2 (black) at % =0.05.

In the frequency range near the plasma oscillations, i.e.,
2
®* > czkﬁ and ®? ~ wé%, the frequency spectra of the
circular polarized waves in a weak magnetic field limit take
the form
2 _ 2 Liz(u/z,)

— loe oLhwr)
Ll3(0)

6 272
—ckyj £
+SC I 2w P Li3(0)

0] (30)
Ignoring the propagation, the above two equations (Eq. (30))

become cubic in w and have two physical roots given by

0.0 = |2 (Lingu/m) + Lo (Lflw/re) ) R
i30) /2 \Lbr,)

where @ and @' are the oscillations represented as a function
of the parameter u/7T,. The graphical trend of the normal-
ized right handed /@y, (solid lines) and left handed '/,
(dashed lines) oscillations is shown in Fig. 7 for @,/ wp, =0.1
(red), 0.05 (green), and 0.01 (black). Observe that the separa-
tion of the right-handed (solid) and left-handed (dotted) fre-
quency curves due to the variation in the parameter @./®,
being more prominent in the weakly degenerate range (i.e.,
/T, < 0) and goes on decreasing for u /T, > 0.

1.0
7/
7
0.8t 7’
v
V
7/
3 0.6}
I 7
3 ///
0.41 /ii/
0.2>""
-3 —2 —1 0 1 2 3
w/Te

Fig. 7. (color online) Normalized ﬁ, % (right-hand (solid), left-hand
(dashed)) oscillations as a function T% for % =0.01 (red), 0.05 (green),
and 0.1 (black).

Transverse penetration in a weakly magnetized elec-
tron plasma In the following, we examine the behav-
ior of electromagnetic waves in a weakly magnetized ultra-
relativistic plasma in the range of small phase velocities for
arbitrary degeneracy. As done in the previous subsection, we
apply approximation czkﬁ > 0, a)g in Eq. (29), neglect the
principal part, and obtain the following equation quintic in kj:

s 3in[ 005 (Lign)\ | @ o Lign)
ki =7 ki Liso t 500 Liso) .(32)

Previously, the field penetration of the parallel propagating
waves in a relativistic plasma has been discussed using Jut-
tner distribution function>”) and a comparison has been made
with the results obtained in a relativistic degenerate plasma. >8]
Solving Eq. (32) numerically, we obtain five roots, one pure
imaginary and four complex having the form fie,(:lza/ +
ib/), (¢ — id). Like the unmagnetized case (Eq. (28)) dis-
cussed above, the space scale of damping is obtained from
the same positive imaginary parts of the two complex roots,
ie., b = Imk, with weak magnetic field effects in addition.
Figure 8 shows the graphical representation of the normal-
ized penetration depth CJ/LS—& as a function of the normalized
deriving frequency @/, for R- & L-waves, respectively,
for @./w, = 0.1 (black), 0.05 (green), and 0.01 (red) and
u/T. = —=2,0,2. Observe that the skin depth corresponding to
R-wave/L-waves decreases/increases with the increase in the
ratio @./®,. Again the variation of the curves for different
values of @/, is more prominent for u /T, = —2 (weak de-
generacy). Moreover, the penetration length goes on decreas-
ing for larger values of u/T;. Furthermore, the variation of
the electromagnetic wave penetration in the presence of ambi-
ent magnetic fields is quantitatively large in the regimes where
U/T. <0 as compared to other ultra-relativistic regimes.

4.0

3.51

3.0

wWpAsk/ €

2.5¢

2.0

0.8 1.0

Fig. 8. (color online) Normalized R-mode (solid lines) and L-mode

(dashed lines) penetration length )LS"C“’" versus normalized frequency %

for w¢ /@, = 0.01 (red), 0.05 (green), and 0.1 (black).

3. Discussion and summary

We have derived the dispersion relations of parallel prop-
agating electromagnetic waves for ultra-relativistic electron
plasma with arbitrary degeneracy. For this purpose, we have
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chosen the isotropic ultra-relativistic Fermi—Dirac distribution
function. The integral of moments of the Fermi—Dirac distri-
bution function can be expressed in terms of the Polylog func-
tion. To compute the integral numerically over the Polylog
function, we have used Mathematica (V.9) and obtained the
approximated values of the ratios u/Eg, T /Ty, and u/T,.

To examine the behavior of the waves, we first obtain
the equilibrium number density as a function of the parameter
u/T, (Fig. 1) and observe that it increases with the increase
in u/T.. We then define the electron plasma frequency @, by

fixing equilibrium density ng, for /T, = 0. Figure 2 shows

Liz(u/me) Liyw/re)
Li and Lix )

sociated with unmagnetized (II, and Il,) and weakly mag-

a graphical comparison of the factors as-

netized (I1,y) components, respectively, of parallel propagat-

ing waves for different u/T.. It is observed that the range

. . Li
/T, < —1, in which two curves of the factors —2£%) and
Ll3(0>

Li . . . .
% merge together, in fact leads to the dispersion relations
of non-degenerate plasma. The arbitrary degeneracy comes

into play when the separation of the curves starts from the

L .
range U/T. > —1. Moreover, the factor % associated

with the unmagnetized components becomes larger as com-

Livu/me)
Li3(0)

Looking at the dispersion behavior of the principal part of lon-

pared to the factor connected with the ambient field.
gitudinal and transverse waves plotted in Fig. 3, we observe
that, for larger it /T¢, the cutoff frequencies shift upward, the
band width between the modes in k-space increases, and the
wave propagation becomes weaker. On the other hand, in the
range of low phase velocities, the longitudinal Debye screen-
ing length (Fig. 4) and transverse penetration depth (Fig. 5)
decrease for high arbitrary degeneracy in a field free case. This
occurs due to arise in the electron equilibrium number density.

In the presence of a weak ambient magnetic field, the con-
tribution of the tensor component I1y, is encountered and as a
result we obtain the dispersion relation of weakly magnetized
R-& L-waves. Figure 6 shows the difference of right and left
cutoff points for different arbitrary degenerate environments.
This difference, though small in ultra-relativistic regimes, is
quantitatively large for negative large values of i /T, and goes
on decreasing for positive large values. This variation in the
strength of the ambient magnetic field can also be observed in
the no-propagation case (Fig. 7). The large contribution of the
electron cyclotron oscillations can be observed for u /T, = —2.

In the sublumincal case, the field penetration effect in the
presence of weak ambient magnetic field goes on decreasing

in case of a right-hand wave and increasing in case of a left-
hand wave with the increase of the ratio @,/ ®,. Moreover,
the variation of the curves for different @, /@, becomes more
prominent for u /T, = —2 (weak degeneracy).

Depending upon the choice of the parameter i /T, our re-
sults may be useful in various conditions at ultra-high temper-
atures or densities encountered in modern laser experiments
and in various astrophysical situations, for example, stellar,
brown dwarf, and giant planet interiors, or the envelopes of
neutron stars.
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