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Electromagnetic modes in cold magnetized strongly coupled plasmas
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The spectrum of electromagnetic waves propagating in a strongly coupled magnetized fully ionized hydro-
gen plasma is found. The ion motion and damping being neglected, the influence of the Coulomb coupling on
the electromagnetic spectrum is analyZgil063-651X98)12704-9
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The aim of this paper is to find the spectrum of electro- (0= Q1) ~ 00y =)

magnetic waves propagating in a strongly coupled magne-
tized fully ionized hydrogen plasnid], without taking into 0o
account the ion motion. We make use of the dielectric tensor 9=} = 23 5 2)
of cold magnetized plasmas constructed in R&fby means (0°=Q7) ~ 0 wg

of the classical theory of moments.

In neglect of thermal motion this dielectric tensor reads Wherewp=(47-rne2/m)1’2 is the plasma frequency, and
=eB/mc is the electron cyclotron frequency. The positive

e, ig 0 magnituded}, and(); take into account the Coulomb cor-
e,,=| —ig & 0], (1) relations between the particles, and are expressible via the
. second frequency moment of the magnetized plasma conduc-
0 0 s q y g p
[

tivity tensor Hermitian parf2], so that

wheree, and e are the transverse and longitudir(@lith , ,
L © )

gﬁggﬁt to the external magnetic fieR), components of the Qi:_pz Sei(q)Q_i W E S.( q) qH

We will consider the damping of the modes in question as
negligibly small. This assumption obviously can be verified
only experimentally. The damping can be essential, and mus,ffa(q) being the partial electron-ion static structure factor,
be taken into account near the cyclotron resonances. Here tl@dq, (andq)) the projection of the vectorq on the direc-
thermal motion of the particles leading to the spatial dispertion perpendicularparalle) to the external magnetic field.
sion must be accounted for also. Thus our results are vali@n analysis of these magnitudes is given in Sec. Ill; here we
only far from the cyclotron resonances and in coupledmention only that in the ideal plasma limit both, and
plasma systems with the plasma paramdtere?/aT=1 —0. We also wish to emphasize that the electron-ion cor-
(—e is the electron charge, is the Wigner-Seitz radius, and relations is the factor which guarantees the existence of non-
T is the plasma temperatyreFor laboratory plasmas this vanishing parametel@, and(};. Notice that the above ex-
condition implies the temperatufie~ 2—3 eV and the num- pressions, Eqs(2) for the dielectric tensor components
ber density of electrona=10?" cm 3. The electrical con- coincide(within the first order in the ratiq/m/M) with that
ductivity o of such systems with strong Coulomb coupling is of the quasilocalized charges model developed by Kalman
of the order opr, so that their effective collisional fre- and Golder{4].
quencyrv=w /4770' is at least an order of magnitude smaller
than wp. Slmllar conditions can also be rc_aallzgd in astro- || \WAVES IN STRONGLY COUPLED MAGNETIZED
physical systemgcrust of neutron stars, the interior of white PLASMAS
dwarfs and large planets with very strong magnetic fields,
etc). Further, we will regard only long wavelength modes If we choose the Cartesian system of coordinates with the
for which the condition of a cold plasnj&] holds. In addi- 7 axis parallel to the external magnetic fie| then the

tion, the frequencies of these modes will be presumed to bgispersion equation of electromagnetic waves propagating in
much higher than the ion cyclotron frequency, so that the ioy magnetized plasma takes the form

motion contribution could be neglected.
The components of the dielectric tensor of a system under

()

4 2.~
consideration were found in Ref2], and within the first ANT+BN"+C=0, “)
approximation in the ratig/m/M (m andM being the elec- .

tron and the ion masses whereN = wq/w is the scalar refraction index,= |k|c, and
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FIG. 1. Squares of refraction indices of strongly coupled mag- FIG. 2. Frequencies of various eigenmodes of strongly coupled
netized plasma vs frequen¢in arbitrary unit$: (1) fast extraordi- ~ and ideal magnetized plasma vs wave vedtorarbitrary units:
nary wave,(2) ordinary wave,(3) slow extraordinary wave, and (1)—(5) see Fig. 1;3) slow extraordinary wave of ideal plasma;

(4,5) strongly coupled plasma whistling sound waves<@<w).  (4) helicon wave of ideal plasmas {09<).
A=e, i’ 0+ cOS 0, (0®)?=0F + Hof + 0 F[(wh+ )
B=—¢,¢|(1+cog 6)—(s2—g?)sir? 4, +403021Y3,  oP'=0. )
CZSH(SJZ__QZ). 6)

The zeros of theN? determine the boundaries between
the domains of propagation for different waves. From Eq.
(4), it follows thatN.. =0, if the coefficientC is equal to

fieldB. _ _ zero. We found three zeros,
Equation(4) has two different solutions,

0 is the angle between the wave vectoand the magnetic

NZ=[-B=*(B2—4AC)Y2)/2A, (6) 0P =H{Fog+[0wf+4(w3+0%)1¥3,

which are usually associated with ordinary and extraordinary

waves: two different kinds of waves of a given frequency 00 =(w2+0?2)12 9)
. . S . : 3 p [ :

and with different refraction indices, which can propagate in

magnetized plasmas. These waves are generally elliptically

polarized, a wave which propagates along the external mag- \with the poles and zeros determined, and taking into ac-
netic field is transverse polarized; the ordinary wave is chargont that N2 (w=0)=1+ wﬁ/QLENg, and the relation

acterized by right-handed circular polarization, and the exy2 (w—x)—1, the refraction indices can be plotted. In Fig.

traordinary wave is left handed polarized. 1, the frequency dependence of the refractive indices for an

The frequencies that satisfy the reIatiMw,E)zo are  angle 0< #< is shown.
traditionally called the plasma resonances. Notice that one of The pranches of propagatidiN?(w)>0] are associated
the refraction indices tends to infinity as the frequency apjth the eigenfrequencies, . The latter are given in Fig. 2
proaches the resonance vaméz —B/A, while the second s wave vector. The modes, are determined by Eq4).
one remains finiteN> = — C/B. A cubic equation with re-  Since in the present approximation Hd) is the fifth order
spect tow? can be obtained from E@5). It determines three equation(with respect tow?), we find five eigenmodes. In
resonance frequencies. This is in contrast to ideal magnetizédeal plasmas in neglect of the Alfwavave only four eigen-
plasmas 2, = =0), where only two resonances exigte  frequencies can be found. From Fig. 2, we observe that in the
neglect the ion motion For the case of near longitudinal case of a strongly coupled plasma the ideal plasma helicon
propagationf<<1, these resonances are wave splits into two branches, which we call the strongly
coupled plasma whistling sound waves. Thus, in a strongly
coupled magnetized plasma, there can exist five eigenmodes:
ordinary and extraordinary whistling sound waves, the slow
extraordinary, the ordinary and the fast extraordinary waves.

1
w(J_P)=§{IwB+[w§+4Qi]1/2},

92 0202 Consider now in more detail the dispersion of the
ngW/wstQﬁ 1+ 5 - Pz B — . (7)  Whistling sou_nd waves at s.mall wave numbers, i.e._, when
2 wp— w0~ Qjog w<wg. In this spectral region the dispersion equation re-

duces to a quadratic equation with respeabto For the case
For the case of transverse propagation we found for thef mode propagation along the external magnetic field, the
refraction indices poles: corresponding solution reads
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In ideal magnetized plasméise., when(), =0) the solu-

(wg-i-ﬂf-i-w%)z wé-ﬁ-ﬂi-ﬂ-wg

(10

tion of Eq.(10) then represents the spiral wave—the helicon

or the whistler—the frequency of which equa§
11

and tends to zero 48| —0.

For the case of strong interaction between the particle

and at small wave numbers, i.e., whén > (wgwo)/ w,, the
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YH4me?

Q2+ YN 19

e(q)=

constructed to satisfy both long- and short-wavelength limit-
ing conditions of the RPA:N3=(4me’nB)~! and y*
=16mne’m/A2.

After a straightforward calculation, we obtain

J2
VB+QS+VB-\Qs

if Q>0
hei(0) = 2ar X

Vs

if Q<0,
(16)

where S=B+ 2A/3, and Q=B—y2A/3, A=4ar /m, «a
=(4/97)Y3=0.521, and B=(m/3)Y3(A/4l')+A/60. The

solutions of Eq(10) describe the ordinary and extraordinary Usual notations are introduced hetg: is the Fermi wave
whistling sound waves propagating in strongly coupled plashumber; rs=a/ag is the Brueckner parameter, i.e., the

mas,

2 2
1 wpwyw,

(4.5 —
vk*x= ,
T2 (w2+02)2

with the whistling sound velocity ;=c(} /\/w2p+ﬂf.
The parametef), will be estimated in Sec. IlI.

lll. ESTIMATE OF THE FREQUENCIES Q AND Q

Wigner-Seitz distanca in the units of the Bohr radiud;
= Be’la, and® = (BEg) 1, Er being the Fermi energy. No-
tice thatr;=1"0/0.543.

In the case of weakly coupled plasmas with-0,

1eVv
hei(0)=3.4 /O = 13.1\/?,

with the temperaturd measured in units of eV. Equation
(16) [or Eq.(17) in the limit of weak couplingtogether with

17)

For our purposes, it is sufficient to make a simple estimatéq. (13) determine the magnitude®, and Q.

of the frequencie€); and (), without including their mag-

netic field dependence, within the random-phase approxima-
tion (RPA), and in the hydrogen plasma model. In this ap-

proximation they coincide,

Qf=02=hg(0)wX3=w2> Sy)/3, (13
G+#0

and are directly related {@] the zero separation value of the
electron-ion correlation functiorhg(0). The electron-ion
structure factor can be estimated in a Coulomb systefflas

4me? Io(q)11;(q)

Se(@)=— .
nBq e(q)

Here I1.(q), II;(q), and e(q) are the static electronic

and ionic polarization operatofseal part$, and the dielec-
tric function, respectively, an@ ! is the system tempera-

(14)

IV. CONCLUSIONS

In this Brief Report the dispersion laws for electromag-
netic waves in cold magnetized plasmas are analyzed. Our
analysis is based on the expression for the plasma dielectric
tensor obtained from the classical theory of moments without
using perturbation parameters. Thus both the cases of weak
and strong Coulomb coupling are regarded. A qualitative dis-
tinction between systems with weak and strong Coulomb
coupling is established in their low-frequency electromag-
netic wave propagation spectra. It is shown that the weakly
coupled plasma helicon branch splits in strongly coupled
plasmas into two whistling sound branches. The coupling
parameters thermodynamic dependence is estimated.
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