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Linear modes in the rotating neutron star polar-cap electron-positron plasma
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Linear modes in the rotating neutron star polar-cap electron-positron plasma are considered. Due to the like
dynamical behavior among species, linear modes in electron-positron plasmas have some specific features.
Rotation of a neutron star generates additional effects on the plasma in the polar-cap region. These effects are
different for waves propagating at different angles to the ambient magnetic[f663-651X97)06105-9

PACS numbgs): 52.60:+h, 52.25-b, 52.35.Mw, 52.35.Sb

I. INTRODUCTION continuity and momentum equations for each species,
supplemented by Maxwell's equations. In the momentum
Pulsars are the source of pulsed cosmic radio emissioalance equation, we introduce the Coriolis forom(2
They were discovered in 1967 and almost immediately assoxv) for plasma rotation with rotation frequenay,. We
ciated with rotating neutron stars. Such stars originate fronalso introduce a phenomenological damping faro& ¢ pro-
the catastrophic gravitational collapse of ordinary stars oportional to the mass and velocity of the charge and to an
some specific mass, which have exhausted their nuclear fuadffective damping frequency. We assume that pressure
In neutron stars, the gravitational forces are brought to equiP4(s=e,e") is isotropic and satisfieB,=n.T, whereng is
librium by the pressure of strongly compressed neutron mathe number density of specias and T is the species tem-
ter. Although the mass of the stars is on the order of solaperature. With the rotation we only consider the Coriolis
mass, their radius is only about 10 km. The density arises oforce, neglecting the centrifugal term, as plasma is consid-
the order of 16* gm/cn? and conservation of magnetic flux ered to be very close to the rotational axis. In the Maxwell
creates a superstrong magnetic field on the order 8f 10 system, the rotational effects come through the current;
gauss. On the other hand, conservation of angular momeiherefore, modification of the field equations is not consid-
tum makes the neutron star a highly rotating object. ered, since the plasma rotation is much smaller than the cy-
The most remarkable property of radio pulsars is the verclotron frequency.
high stability of the frequency of succession of radiation The equations considered are, therefore,
pulses. It is natural to assume that the high coherence and
directivity of observed pulsar radio emission is due to the ns . .
presence of a magnetic field and plasma in the vicinity of the WﬁLV ‘Ngvs=0, 1)
neutron stai(i.e., pulsar magnetospherie which the emis-
sion is generated. It is suggestdd-3] that cascade genera-
tion pf ee" plasma occurs in the polar-cap regior] of the. (0,+ U*S_V*)ljszq_s E+ 9s (JSX §O)+2(ajo>< I;s)+V175
rotating neutron star. The process of electron-positron pair
creation and annihilation also occurs in relativistic plasma at
high temperatures. The pair production, which is one of the —
most effective means of producing an electron-positron mny
plasma, involves high-energy processes under extreme astro-
physical conditions, such as solar flares, pulsars, black holes, . 4x R
the jet phenomena associated with active galactic n{i]ei VXB=— > Qs+ — — 3
and in the early universgs]. ¢ s
In this paper, we study the linear modes in the rotating

Vs, @

and strongly magnetized electron-positron plasmas. We in- . 1 9B
vestigate the rotational effect on the normal modes in a mag- VXE=— c o’ (4)
netized plasma. We know that the rotational axis and the
magnetic axis are not aligned; therefore, the inclination angle
also plays a vital role in the pulsar-magnetosphere plasmas. ﬁ-E=4wz e, (5)
Il. BASIC EQUATIONS
V.B=0, (6)

We consider two fluid magnetohydrodynamiMHD)
equations to describe the rotatieg' plasma in the polar- N
cap region of the neutron star. The equations are the usulineréds denotes the charge-e or e for s=e, e" respec-

tively), v the fluid velocity, c the speed of lightm the
electron-positron mass, arifl, B the electric and magnetic
*FAX: 00 880 2 865750. Electronic address: bou@driktap.tool.nifields, respectively.
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FIG. 1. Schematic view of a magnetized neutron star with a
dipole momentﬁ whose axis makes an anglewith the rotation
axis @y, the closed magnetic field linds extending out to a radius
ro representing either the light cyllindéisolated neutron stamor
the Alfven surfacein the accretion flow of a companiarg,, is the
polar-cap angle; lines insidé, will be open and reach outside the
light cylinder.

lll. DIELECTRIC TENSOR FOR THE ROTATING
eet PLASMA
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and fork,=0, from equation of motiori2), we easily get

We consider the neutron star to be an inclined rotator, as

shown in Fig. 1. The magnetic axis makes an inclination

angle @ with the rotation axis. The highly magnetized* Qs 1 i ,
plasma generated in the polar-cap region also rotates with the Usy™ Q,z W2\ (= Qos Ex—TONE+Q05,F).
star within the light cylinder. For a plane-wave propagation (11)

of the form
ei(lZF— ot)

(7
from Egs.(1) and(2), we find
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where
T
A=1+ivio, vZ =,
m
L ab
Qos=Qos— 200, Qos= r;c'

For simplicity, we consider the magnetic field in the polar
cap region to be along theaxis, i.e.,Bo=Byz, and the wave
propagation vectork to be on theX,z plane, i.e., k

={k,,0,k,}. We also consider the rotational frequeney
={wy,0,w0;} Where wp=wgSine, wy,=weCose. Then,
from Eq. (8) one can easily find particle velocities along the
X andz directions:

with

From the relation

R . Ami N
DzeijEj:E+72s JsNeV's, (12)

with v defined by Eq(9)—(11), we determine the dielectric
tensor for the rotating magnetized plasma to be

Eij = (13)

1- 2
% QOsx_)\kzvts
2>\2—Q()§ K22 1-[(K- 9402 (Kw®\2)]}
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€yz= | N Here,wp=(87-re2no)/m andv;=T/m. As plasma is consid-

2y2_ 02
s o(@\ =) ered to be isotropic, sb,=T,=T is considered. From Max-

well equations3)—(6), we have the wave equation
€7x— €xz»
2

kikj— k5+ 26,J(wk)E =0. (16
ezy=i2S —
Let k,=k sing, k,=k cosd, whered is the angle between the
Qb [ (K2 (@) K- Qg wave vectork and the magnetic fiel®,. Then, defining
2_(1,2~2 2 :
wz)\z_QOS Uts \M1- [(k 905)2/(k2 2)\2)]} N“=(k<c?)/(w*), we have the wave equations

€xx— N%cog 6 €y €zt N?sind cosp
€,,=1— > “’2;235 €yx eyy—N? €yz
s WA extNsing cosd) €,y €, N?sing
0?\2— 05 ,— NKZv Ex
N2 Q- KB 1 [(R- G5 (RPN I} “\2)=e an

z
14
IV. WAVE PROPAGATION PARALLEL

The obtained dielectric tensor is more simplified for
TO THE MAGNETIC FIELD

electron-positron plasma near the polar region. As the neu-
tron star magnetic field is superstrong-10'” gauss), we First we consider the simplest case of wave propagation
consider the cyclotron frequency to be much higher than th@jongB,z. So in this cased=0 (i.e.,k,=0). Let us consider
plasma rotation, i.e.|(q¢?>|we|?. So we assume that that the inclination angler is very small(i.e., wox~0). In

|Qoe?=w? and K-Qgs)?=k2w? [where w.=(eBy)/mc] this particular case the wave equatid7) may be written as

and we neglect the damping effect, i.a.=1. Thus for

— N2 i
ee’ plasma near the polar cap of the neutron star, we have etx—N '9 0\ [Ex

—ig e-N? 0] E,|=0, (18
€ :1—w_‘2’ w? = Kvi— 4w, 0 0 7
xx 0® 0?—wi— Ko {1-[(K0d)/(Kw?)]} where
. wj 2[1- (Ko 2)/w2]w02—[(2k ko ?) 0] woy _1- ©p
Exy ® wz—w {1 [(k2 )/(kzwz)]} ‘ w2_w§'
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A. The Langmuir mode 0 0.5

1
The mode n=0=1—[w’(w?~k?{)] represents the &t
electrostatic Langmuir wave witB,# 0 along the magnetic
field. The dispersion for the plasma mode is the usual rela- FIG. 2. Refractive indices of electromagnetic waves propagating
tion along the magnetic field in the rotating electron-positron plasma.
The dimensionless parameters arg/ w.=0.1, wo/w.=0.01. The
o(K)=w,(1+ %kz)\%), (19 thin curve represents the right-polarized wave and the thick curve
represents the left-polarized wave.
where we assume that/w5=(T/m)/w;=3\3 and k?\3
<1. Here we see that plasma rotation does not have a sigositron can resonate with the wavedaf— w.. Thus both
nificant effect on Langmuir waves along the magnetic field.the modes are extraordinary wavgsmodes.
But, for wy#0, we see thal,#N,. So the waves’ re-
B. The transverse mode fractive indices differ in this case, as shown in Fig. 2.
Now, let us investigate both the right-hafdmode and
t-hand (I mode polarized waves in the rotating plasma.
For this, we rewrite Eq923) and (24) as

The dispersion relation for the transverse mode along thf:ef
magnetic field is described by the equation

(e+x—N?)(e—N?)—g?=0. (20 K22 . B2 .
If we define P .t (26)
=e+y+
€&=€TXTQ, 21) where
€—=—€—0, 2
I J w§<1—ﬂ), for r mode,
the dispersion relatiof20) can be written as T.2= @
P 2w
(N?—¢)(N2—€)=xg. (22) wp| 1+ 70) for | mode.

The right-hand side of Eq(22) is related to the rotation i
(wg) of the plasma and to the inclinatidey) of the rotating Then from Eq.(26) we find
neutron star. These two features have significant effects on 2—%[k202+6p2+w§i \/(k202+23p2+w§)2—4k2c2w§].

the dispersion of transverse plasma modes propagating alonfj’ B 27)

the magnetic field. For simplicity, let us consider the modes
very close to the polar axi§.e., a~0, which giveswg,~0

and wg,~ wq). In this case, from Eq22) we find that 1. High-frequency modes

) Equation (27) describes two branches of modes, high-
5 wp 2wg frequency(+ sign) and low-frequency— sign) waves. First,
Nr=e=1- 02— 2 ( ) ' (23 \we consider the plus sign. Then, in the long-wavelength limit
¢ (k—0) we find

w2

2wq 2
NZ=g=1——"— |1+ —) (24) k2C?w?
0~ wg w w(k)Z(wpz-i'wg)l/ 1_2(00;)—2‘*'60(:)2_24_‘” , (28
We see that, without plasma rotatioand=0), one may eas- o o
ily recover the earlier resulf6—8§] while in the short-wavelength limitk(—«) we have
2 7 2
2_ N2 “p oK) =ke| 1+ = —bs + - (29)
Ni=N3=1-—5—, (25 2 k’c '

c

which describes that, in electron-positron plasma, both thdf should_be noted that for high-frequency waves,(w)
right-hand and left-hand circularly polarized waves are de<<1, Sow2= w3 in this case. Thus, plasma rotation does not
scribed by the same dispersion relation and both electron arsignificantly affect the waves in the upper branch.

o Nl
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2. Low-frequency modes

Now we consider the low-frequency branch, taking the
minus sign in Eq(27). First, we do an analysis in the long-
wavelength limit. Fokk— 0, we find

2 212\ 12,2
+[1+ /c9) ]k +
\/wo [ (UA2 )2] VAT Wo for r mode, 3
. 1+ (va/co)
= T T VTR - o ”
0 A2 "% for | mode.
(30 0 0.5 1 15 2
For wg=0 (no rotation, we get the usual low-frequency K
branch
FIG. 3. The dispersion relation for the transverse collective
kc mode propagating parallel to the magnetic field. In the high-
(k)= m- (31 frequency regiméthin curve both the right- and the left-polarized

waves have the same dispersion. But in the low-frequency regime

. (thick curve, the right- and left-polarized waves split for smaller
But for plasma rotation¢,# 0), we see that the modes are |

different. In the long-wavelength limit, fdk=0, we find

(5) A long-wavelength low-frequency transverse mode

2w f with the frequency close to plasma rotation may propagate
—— - for r mode, s
w=3 1+ (va/co) (32 along the magnetic field.

0 for | mode,
V. WAVE PROPAGATION PERPENDICULAR

which shows that in the rotating plasma a right-polarized TO THE MAGNETIC FIELD
long wave and an extremely low-frequency mode exist. Now we consider the wave propagation perpendicular to

2 202 con !
. FoIrEa (;%nse r;_lagmaw§>wc), we havevy/c*<1. SO, e magnetic field. We assunte={k,0,0. Then fore,e*
rom Eg. (30) we fin plasma close to the polar axise., a—0 or wy,—0), the

JaIT ko2 wave equations may be written as
wytkvatwg, for r mode,
(k) Voi+k?vi—we, for | mode 33 € ig1 0 Ex
—ig, €,—N? 0 E, | =0, (35)
In the short-wavelength limit, i.ek— o, we find 0 0 7—N?/ \ E,
0=, (39 where

which shows that, for largdt, both modes behave similarly wf)
and plasma rotation does not have a significant effect. &=1 2_w2_k20t2’

The dispersion relatiofw vs k) is schematically shown in ¢
Fig. 3. It shows that high-frequency waves are not influenced w2
very much by plasma rotation but the low-frequency mode e=1-— P 5,
with a larger wavelength splits up into two branches. w0

Thus, we perform a simple analysis of modes propagating 5
along the magnetic field, close to the polar axis in a rotating _2wg “p
pulsar plasma. Obviously, it is useful to outline the main 9=, 02— wi—k%?’
features of a rotating plasma with those in the nonrotating
plasma. One finds the following features in the rotating 2w, wf)
electron-positron polar-cap plasma. 92=T prapys

(1) The Langmuir mode is not affected by plasma rota- ¢
tion. 2

(2) Both the right and left circularly polarized waves have p=1— “’_g
resonances near the cyclotron frequency. w

(3) For high-frequency waves, plasma rotation has no sig- ) 2 o )
nificant effect on wave propagation. Ni=7=1-(wy/w®) represents the transverse wave with

(4) For |0W_frequency modes in the |Ong_Wave|ength re_the electric field para"6| to the ambient magnetic field
gime, plasma rotation plays a significant role. The pIasmz(EIIIgo butkL Bo). In this mode, magnetic field has no effect.
dispersion relation for right-circularly-polarized waves dif- So this is the usual, ordinary, or | mode.
fers from that of left-circularly-polarized waves. The other dispersion relation is described by the equation
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VI. WAVE PROPAGATION AT AN ARBITRARY ANGLE
TO THE MAGNETIC FIELD

To investigate the wave propagation at an arbitrary angle
2 to the magnetic field, it is convenient to consider the direc-

" tion of wave vectok along theZ direction, i.e.,k={0,0k}
1 /—_—_ and Bo={B,,0,By,}, Where Bo,=Bgsind, By,=Bcos.

For waves propagating very close to the polar axis=0,
0 which giveswg,=0) in the cold plasma approximatiomi
=0), one may obtain the following equations:

2
N~ €xx — Exy — €xz Ex
_ 2_ _ _
0 0.5 1 1.5 2 eyx  N°—€yy —€,|| Ey|=0. (39
(4)"/(.)" — €zx — €zy — €72 E,

()

FIG. 4. Refractive indices of electromagnetic waves propagatindn the system of axes with axis parallel tok, the third line

perpendicular to the rotating electron-positron plasma. The vaIueQf matrix equation (39) 'S_ Indep_endent ofN“. So the
of dimensionless parameters am@,/w,=0.1, wo/w,=0.01, Z-COmponent of the electric field is dependent on the other

(k2v?)/@2=0.001. With the usual cutoff as>= w? there occurs an ~ tWO, i.€.,
extra cutoff atw?= w’+ w)+ k%] due to plasma rotation.

1
E,=— — (&,E;+ €,,Ey). (40
€22
2 0192 L. .
N3= €~ € The remaining two equations are
2 2 2 _ N2
. W, 14 4w0 wy 7xx— N Mxy 5 (EX):(), (41)
wz—wg w? wz—wg—wg—kzvtz ' Tyx nyy~ N7/ Ey
(36)  where
Refractive indices of these modes are shown graphically in 1
Fig. 4. Mxx= €xx™ " Exz€zx
We see that plasma rotation does not affect the ordinary 2z
modes, but it affects the extraordinary mode in the low- 1

frequency regime. With the usual cutoff frequency st
= w?, there occurs an extra cutoff ai?=w;+ wi+k%?]
entirely due to the rotationufy) of the plasma. From the first

Mxy= Exy— E_ZZ €xz€zy)

line of Eq. (35), we get the ratio of the longitudinal to the _ 1
Nyx=— €yx— — €yz€zxs
transverse components, yXoEYX e Y
Ed_ |91 _|22% 5 I 1
E, |ed | 0 w?—oli-wl-K]’ TyyT €y T €2y (42)

In general, rotation of the star is much less than the waveyjth

frequency, i.e.,0o/w<1. So, essentiallyE,—0, E,#0.

Again, for > w., the longitudinal componenb, is also €= € COZ O+ 7 SIIFH,
small. On the other hand, at the frequency

0= (03 w2t k22)1?, (39) S~ 19 C0%,

there is a resonance, which implies tH&,/E,|—= or €xz= €2x= (€= 77)sinf cosy),
E,—0, i.e., the wave becomes purely longitudinal.

Thus we find some specific features of transverse modes Eyy= &
propagating perpendicular to the magnetic field in a rotating o
electron-positron plasma. €y;= — €;y= —10 SIng,
(1) Both the ordinary and extraordinary modes can exist
in the rotating electron-positron plasma. €,,= € Sif6+ 7 cosé.
(2) The cutoff frequency for the extraordinary mode is
shifted due to the rotation of plasma. The ratio of|E,/E,| gives the degree of the ellipticity of the

(3) Both the ordinary and extraordinary waves are linearlynormal modes. With the quantities given in E42), after
polarized. some calculation, one may find
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Ex| ¢y i2wg ws (1 wg) 9
E, ) wz—wg w? o
o 1
(k¢ 0?) —{[(0*— 02— 03) (0’ — 05— K2 ) /[ (0®— K?]) (0 — 0 — 0])SiP 0+ (0?— 02) (0?— w;—k?])cog 0]}
(43
VIl. SUMMARY AND DISCUSSION For waves propagating perpendicular to the magnetic field

we find: The following.

We have studied the linear modes in a strongly magne- (1) Both th di d extraordi d ist
tized and rotating electron-positron plasma. The study is re- B0 € ordinary and extraordinary modes can exis
ven in the rotating electron-positron plasma.

lated to plasmas in the polar cap region of a rotating neutroff .
star. We know that, in general, electron-positron plasma even (2) With the usual cutoff there occurs an extra cutoff due
in the nonrotational case differs significantly from the usualt© the rotation of the plasma.

(1) Due to the same charge-to-mass ratio of the electroRolarized. _ _
and positron, the dynamical behavior is the same. Finally, we study the modes propagating at an arbitrary

(2) Due to the same time scales, in the thermal equilib-angle to the magnetic field. We derive an expresgigq.
rium both species have the same temperature, in contrast t43)] that describes the ellipticity of the normal modes. We
the electron-ion plasma, where different temperatures may bind that the ellipticity is mostly defined by the rotation of the
maintained. plasma. In the nonrotational plasma it is simply zero, while it

(3) In the presence of a magnetic field, the electron andncreases with the increase of the rotatias,) of the star.
positron perform a gyromotion at the same frequency and thghe ellipticity of the modes is also related to the angle propa-
plasma couples to the left- and right-circularly-polarizedgation ¢ with respect to the ambient magnetic field. For
waves equally. waves propagating along the magneting fielt=Q), the

Now, in case of plasma rotation and strong magnetizatior||ipticity is maximum, while for waves propagating perpen-
of the pulsar plasma, we find some specific features of lineagjcyjar to the magnetic fieldd= 7/2), the ellipticity is zero.
modes in the electron-positron plasmas. For waves propagafis means that waves propagating perpendicular to the
ing along the magnetic field we find the f(_)llo_v\_/ing. magnetic field are linearly polarized.

Lar(gmpulﬁsgq?j L?::Jﬁ?rquuoeensc;?:azz\\l/zrzesﬁgzlgzm effect on Thus, the specific features of linear modes in the rotating
. . - and strongly magnetized electron-positron plasma in the po-

(2) Both the right- and left-circularly-polarized waves . !

lar cap region of a neutron star are revealed. More detailed

have resonances near the cylotron frequency. T . . -
(3) For low-frequency modes in the long-wavelength re_descnp'uon may be obtained using the kinetic approach.

gime, plasma rotation plays a vital role. Plasma dispersiorll\lonl'ne"’lr modes are S|mllgrly important. We wish to study
relations for right-circularly-polarized waves differ from that 2nd report on these cases in the future.
of left-polarized waves.
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