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Wave dispersion in gyrotropic relativistic pulsar plasmas
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Wave dispersion in a gyrotropic relativistic pulsar plasma is discussed. A pulsar plasma in general contains
electrons, positrons, and possibly ions. Although electron-positron pairs are dominant in number density,
charge neutrality is generally not satisfied and the gyrotropic terms need to be considered. These gyrotropic
terms can lead to elliptical polarization that may be relevant for the observed circular polarization of pulsar
radio emission. The wave dispersion and polarization are obtained numerically by calculating the response in
terms of the three relativistic plasma dispersion functions. For waves propagating at an obliquéaatigie
ambient magnetic fie)da significant ellipticity requires the plasma to deviate substantially from the neutrality
condition.
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[. INTRODUCTION sion of the gyrotropic terms was recently considered in Ref.
[18] in the low-frequency approximation, corresponding to
The mechanism of pulsar radio emission is not well un-wave frequencies much lower than the cyclotron frequency.
derstood. It is generally thought that the radio emission isThe cyclotron effect needs to be considered for two reasons.
generated in an electron-positron plasma that is created froft) The radio emission generated near the polar cap must
a pair cascade near the pulsar polar tag., Ref[1]). The  propagate outward through a region with a much weaker
plasma, which we call the pulsar plasma, flows along opernagnetic field where the cyclotron resonance condition is
field lines with a bulk relativistic velocity. The specific satisfied.(ii) For some pulsars the radio emission may be
mechanism for production of pulsar plasma involves accelproduced far from the polar cap, near or in the cyclotron
eration of primary electron@r positrons to ultrarelativistic ~ resonance regiofi19,20. Inclusion of the cyclotron reso-
energy along the open field lines by a rotation-induced parhance effects on the properties of the kno@ngndX) wave
allel electric field[2—5]. These ultrarelativistic primary par- modes allows cyclotron absorption to oc¢d®,20, and in
ticles radiate high-energy rays, which decay into electron- principle it can also lead to additional modeis#].
positron pairs in strong pulsar magnetic fields. These pairs In this paper we consider wave dispersion in an intrinsi-
together with primary particles form a relativistic plasma thatcally relativistic, gyrotropic pulsar plasma with the gyrotro-
flows out along the open field lines. pic terms arising from the imbalance between the electron
There are extensive discussions in the literature on th@nd positron number densities. In particular, we discuss el-
wave properties in the pulsar plasifé-14]. However, the liptical polarization resulting from the gyrotropic terms, and
pulsar plasma remains poorly understood. Most of these eawe include the cyclotron resonance and gyrotropic terms. We
lier studies assumed a nongyrotropic plasma, that is, one thgiscuss the possibility that the elliptical polarization due to
contains equal numbers of electrons and positrons with théhe gyrotropic terms can lead to the observed circular polar-
same distribution functions. An important implication of this ization in pulsar radio emission.
assumption is that all relevant waves are linearly polarized In Sec. II, the general formulas for the dielectric tensor in
[7-9]. In practice, charge imbalance must occur, mainly duderms of the relativistic plasma dispersion functioR®DFs
to the primary beanf2—4], or relative motion of electrons are outlined with emphasis on the gyrotropic terms. In Sec.
and positrons, implying that the distributions of bulk elec-!ll, modified power-law distributions are introduced and the
trons and positrons are not identi¢4D]. When the distribu- three RPDFs are evaluated both analytically and numerically
tion functions of electrons and positrons are not the same, thé the plasma rest frame. Wave dispersion and polarization
plasma is gyrotropic, implying that the natural wave modedor a gyrotropic pulsar plasma are discussed in detail in Sec.
are elliptically polarized in general. IV.
Although pulsar radio emission is predominantly linearly
polarized, a significant component of circular polarization is
observed for most pulsafe.g., Ref[15]). One possible in-
terpretation of circular polarization is that it reflects the el- Plasma dispersion can be obtained from the dielectric ten-
lipticity of the natural wave modes due to charge asymmetrysor, which can be derived in the one-dimensional approxima-
[10,16-18. tion for a pulsar plasma. In the strong pulsar magnetic field
Both the cyclotron effect and intrinsic relativistic effect electrongpositrons relax to their ground Landau states. Cy-
were considered in a recent study of wave dispersion in pulelotron absorption involves transitions between the ground
sar plasmas in the nongyrotropic approximati@d]. Inclu-  and first excited Landau states and we include this process in
treating the escape of the radiation. However, the number of
electrons or positrons in the first excited state is assumed to
*Electronic address: g.luo@physics.usyd.edu.au be small and can be neglected.

II. THE DIELECTRIC TENSOR
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The dielectric tensor for relativistic pulsar plasmas can be o
written in terms of three relativistic plasma dispersion func- R(Z)=f F(u)
tions [11,12,14. We summarize here the relevant formulas -
with emphasis on the gyrotropic terms. The relevant reso- " du
nances are described by—kp—sQ./y=0 wjth s=0, S(Z)=f F(U) o——. 8
—1, and 1 corresponding, respectively, to ther&hkov, % v (v=2)
anomalous cyclotron, and normal cyclotron resonance
where (). is the cyclotron frequency. Let=w/k; be the
parallel phase velocityjwe setc=1) andy=Q./k|. There
are two solutions to the cyclotron conditiganomalous or

y(v—2)’ @

The distribution functior=(u) is normalized to 1, where is

the dimensionless momentunu= yv). Calculation of the

response reduces to evaluation of the three RPDFs. The
_ lasma is said to be intrinsically relativistic if in the plasma

normal cyclotron resonangez. =[z+y(1+y?-z3)¥?/(1 P . . .

+y?). There are three parameter regions_of interest, €St frame the Cond't'oév.zz1_<1/7>/<7><21 Is notsatis-

1<z<(1+y?)¥ and z>(1+y?)Y2 The Gerenkov and fied. The cold plasma limit correspondsd@“=0.

anomalous cyclotron resonances can occur in the first region

and the normal cyclotron resonance is allowed in the first Il RELATIVISTIC DISTRIBUTIONS AND RPDFS

and second regions. There is no resonance in the third region. a specific form of plasma distribution is required to

In the fOHOW'Q%Zd'SC“SS'On we consider only the regionsg,ajyate the RPDFs. However, the actual distribution of sec-
with z<(1+y")™" . ondary pair plasmas in pulsars is not well understood, mainly
The dielectric tensor can be written into the foff] because the distribution strongly depends on the model of
primary particle acceleration and the structure of the pair

w,zj 1 1 a(z—2,)?R(z,) formation regior{21-23. Several types of distribution have
Kp=Kp=1-— 12 \y Z+ . 7 | been considered. These include a relativistic Maxwellian dis-
@ “- A 1) tribution (the Jutner distribution [12,24,25, a bell-type dis-
tribution [11], the water-bag distributiof9], and a power-
law distribution. The water-bag distribution has a cutoff, at
K= =Kz vy, say, and this causes the RPDFs to be singulaz at
2 B =vy. The bell-type distributions smooth out the singularity,
__mwpy Y -3 a(z Za)S(Za), (2)  Whose effects are entirely absent only for thétrder distri-
w? (L+y9d== z,-z_ bution.
To calculate the RPDFs we consider the plasma rest frame
2 and introduce a power-law-like distribution given by
KoK @p tané
BT 2 (1+yY) FW=Npy P(¥h=7)%  —Up=usuy, (9
ol — 1 S az,(z—2,)R(z,) 3 whereu,, is the cutoff, withy,= (1+u2)Y?=1/(1-v2)Y2
;, it z,.—7_ BC) We call the distribution a modified power-laiMPL) distri-
bution. It resembles a power-law distribution but gives rise to
o, RPDFs that are continuous at the cutof v, (Fig. 1). The
Koz —K _Inw, ytand E @z,5(z,) @ special casgp=0 corresponds to the soft-bell distribution
’oms 2 (+yH A 2z [11]. The normalization constamt, is given by
-1
[ P32 202
w572 w3 tarfe | /1 > az’R(z,) Np= LU do y P (= y9)| - (10
=1-— +———|({—)+ _— m
Ka=1 w? W) w2 1ty [ \y[ & ozi-z F 0,£1,23 we h
orp=0,%+1,2,3 we have
5

No=15/16u>), 11
where W(z), R(z), and S(z) are the RPDFs,w, 0 (16um) (11
=[4me?(n,+n_)m.]¥% #=(n,—n_)/(n,+n_), the

e Ny=4[—-3 14 2u3)+(3+8u?y?3)arcsinhu,] 2,
angular brackets denote the average over the particle distri- * [ 3Umym Un) + ( Un?m) It

m

bution, andn.. are the positron and electron number densi- (12
ties. We assume that the plasma contains only electrons and N,1=24[umym(8u§]— 10u§1—3)
positrons, and that the wave vector is in the 1-3 plane at an
angle 6 relative to the ambient magnetic field, which is as- +3(8ut+4ui+1)sinh tu,] Y, (13
sumed to be along the 3 axis. The three RPDFs are defined
by 2 -1
N,=|— §um(3+5um)+2yﬁ‘n arctanu,| , (14
[, du
W(z)= f,x': W)= 6) N3=[Umym(3+2u2)—(3+4u?)arcsinhu,] 1. (15
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FIG. 1. The MPL diStributionS(I’elative Sca|§3 A Symmetric FIG. 2. The mean square velocit&ﬁz) VS<'}/> for the soft-bell

distribution with F(u)=F(—u) can be written as(y)=F([1 (solid curve and MPL (dashed curvedistributions.
—1/?1¥2). The dashed curve is a simple power-law distribution

(y~P) with p=2.2. The soft-bell distribution can be regarded as a T . S
special case of the MPL distributionp+0). We assumey,=5.5 The distributions withp>0 appear intrinsically less rela-

. . . . _ . 2

for the soft-bell distribution and/,=20 for the MPL distribution. ~ tivistic than that withp=0. Figure 2 shows plots ofv

In both cases we havey)~2. against(y). For a giver y) the corresponding mean square
speed is generally lower for the distribution wiph=2 than

For a givenp, the two relevant averagéd/y) and(y) can  that for the soft-bell distribution. This “softness” leads to
be written in the forms RPDFs with relatively broader peaksee the discussion in
the following section

1
<;>:Np/Np+lu (16)
A. RPDFs for a soft-bell distribution

Y =Ng/Ng_;. 17
(7)=Np/Np—y The soft-bell distribution j=0) was discussed in detail
The mean square speed is then given Ww?=1 in Refs.[11,12,14. The analytic expressions for two of the

—Np-1/Nps1. RPDFs,W(z) andR(z), are known[14]:
W = 2oL ot 20 (42— 302 202 ) 4 (304 622 12— 30— G022 ] 1O
325 ym(1-29)| "™ 1-7 Om= & Um fme T SUm T BUme Nz Ty
8z (vp—=2°) |omtz|| . 152(up—up)
+_ — —
v =27 Mon—al | Taug -2 19
157? 2 2 2 4 2 4 2 4 2 2 4 4
R(Z):m —2zv[(Tvf—1)—22°(1+5v,) +32°(1+vf) ]+ 2[v (15— 1027+ 32*) — v (6 + 122°— 27%) — 1+ 3z
1+vp, vmtzl] | 158
+622]In1_—vm—8(v2m—22)zln g i +m1&)?n7m(u?n—22)2H(um—z), (19

where y,=(1—2%)Y? for |z|]<1 and forR(z) the relevant region i$z|<1. The properties of\(z) for both Jutner and
bell-type distributions were considered in detail in Rgf2]. The third RPDF,S(z), is derived in a similar way to the
derivation ofW(z) andR(z) [11,12,14:
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FIG. 3. The relativistic dispersion functiohi(z). (a) A soft-bell distribution withy,,=2 ({y)=1.2) and 6(y)=2.2). The curve with the
sharper peak corresponds to the distribution with=6. (b) A MPL distribution of p=2. We choosey,,= 15 andy,,=28 such that y)
~1.9 and 2.2. In contrast t@), here there is no negative peak.

2
5(’)/2’ym)4 2 2 mZ 3(0 -z ) _ 1-vy [14vy
S(Z):T?n 2(3 51) +20 mZ ) v m W(Z)_2N27m 4Um+ Ezln 1—Um
2_ 52 _
i A0 Yyt L Um—7 1572F(27) 2" 1_22 In m+z +4I7TN2’yr2nZ<1 —;”)
(1=vm2) Ymy,+1v +Z‘ 6U5 o " z
20 XH(vm—2), (23
2 2
Notice thatS(z) is continuous az=uv, and as foiR(z) only R(z)=— N27§1|Z_y§{2vm_ 3+0v2 27;2)
the region/z|<1 is relevant for the calculation of the dielec- 2%m Ym
tric tensor. 14 52 7
_ ; 1% Um—
For p=0 Egs.(14) and(15) give X In| 7= m 1- In m
1-v, Ym +z
1 +imNo(v2 = vi)*H(vm—2), (24)
No/N;
4
1+v _ Um Yz
_ 2 4 m S(z)= M 2z y( —arcsinv ) (1——)
12&)%}% (3+2v5,+3v,)In 10, , z 7m m Y
) In (1+Umz)')’27m+lvm_z‘
—6um(1+ug) |- (21 (1-vm2) ¥y, ymt1 Um+Z‘
+iw&(72—72)2H(v ~2) (25)
The average Lorentz factor is given by y, 2" mee

whereu,=zvy,.

S — [umym(8u _10u2 3) The RPDFs are shown in Figs(@ and 4a) for the soft-
aup, bell distribution and Figs. ®) and 4b) for the MPL distri-
bution with p=2. As in the case of soft-bell distributions,
W(z) has a peak at=1. Although(y) has similar values in
these two cases, fgg=2, W(z) has a much broader peak
than forp=0 and the negative peak that is seen in Fig) 3
broadens to become invisibfef. Fig. 3b)].

Analytical forms for the RPDFs can be obtained for a  Figures 4 show that the propertiesS{z) are very similar
MPL distribution with a given integep. Here we consider to those ofR(z) in that both of them are predominantly
only p=2 as an example. The RPDFs are negative and peaked toward=1. One hasS(1)=—-1 and

(7)=No/N_;= 12

+ 3(8um+ 4Um+ 1)sinh tu,]. (22

B. RPDFs for MPL distributions
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FIG. 4. Plots ofR(z) (dashed andS(z) (solid). (a) A soft-bell distribution withy,,=6 (narrow peaksand y,,=2 (wide peaks (b) A
MPL distribution ofp=2 for y,,= 28 (narrow peaksand 2.4(wide peaks In both cases, the two functions are similar in that both of them
are predominantly negative and peaked real for y,,>1. Asz—1 we haveS(z)— — 1. Note that in(b) S(z) for y,,=28 is peaked very

nearz=1 but as in(a) we haveS(z)——1 for z—1.

R(1)=—(y) asz—1 for any symmetric distributioricf.
Egs.(7) and(8)]. Forp=2, the peaks oR(z) andS(z) tend
to be squashed towam= 1.

IV. WAVE PROPERTIES

A. Dispersion relations

the RPDFs. Figure 5 shows dispersion relationsser0.1.
Since the pulsar magnetic field is generally assumed to be a
dipole field, waves propagating initially parallel to the field
line can acquire a finite angle. Thus, in the plasma rest frame
the case of oblique propagation is the more plausible as-
sumption. In Fig. 5 we assumg=0.2 for illustrative pur-
poses.

The dispersion curves have similar features to that for a

Dispersion relations can be obtained as follows.nongyrotropic plasmd14], showing three distinct modes:

Write A= (k?/w?)(kjk;— &) +K]], where K|/ are the
Hermitian parts of the dielectric tensor given by H)
and ki=k;/k. The dispersion relation is then datf)

:(1/6)8ab08ij|AiaAij|C:O, Where&‘ijk is the antisymmet-

ric tensor. An analytic solution to the dispersion equation ca

the LO mode, which has a cutoff at.= w,(y 3)'? the X
mode, which is close to the light line, ancijthe low-frequency
Alfvén mode, which is subject to strong damping at high
frequency. Note that the distribution function in the pulsar
rame is in general asymmetric about the originr=0) and

be obtained only for some special cases such as the stronhat technically the forward and backward waves may be

magnetic field approximation or nongyrotropic approxima-

tion, which were discussed, for example, by Volokighal.
[7]. Here we solve the dispersion equation numerically usin

1

0.8
£40.6
g
8
0.4 =
o
LO A
0.2
0.2 0.4 0.6 0.8 1
ky/o,

FIG. 5. Dispersion relations for a MPL distributiafwith p
=2) of a gyrotropic electron-positron plasma. We assurpe 3,

w,/Qe=0.01, »=0.1, andf=0.2. The nearly straight line below the
LO mode is theX mode.

ated separately. Nonetheless, since only the forward waves
(in the pulsar frameare of interest here, such subtlety will
not be discussed further. Since inclusion of a small charge
symmetryp<<1 introduces terms of the ordef’<1 into
the dispersion relations, it does not affect the dispersion
curves very much apart from change of the cutoff frequen-
cies. However, the gyrotropic effect does change the polar-
ization significantly(see the discussion in the next secfion
The relevant cutoffs, which correspond kp=0, can be
estimated by formally taking the largeandy limits. The
dielectric tensor can be approximated by

2

w
Ki=Kgp=1+ —2 v2)+22
1= R22 2 1+y2[<7 ) Nl
2
—14 22 ) () @9
2l7 '
Inw, yz I o,
Kio=—Kp= = , 2
12 21 wz (1+y2) wQe ( 7)
K wf,tan6< 2 28
= = — v ,
137 R31 Zzﬂi Y
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FIG. 6. Polarization coefficients Vg . The LO mode is approximately longitudinal at smiglli.e.,|L, o|>|T o/>1). Note that for the
X mode bothTy andLy are nonzerdcf. Figs. 7 and 10 below The plasma parameters are the same as in Fig. 5.

K2s=—Kgz=0, (29)
wiz? witart g
Kas=1— W(z)+ 2 —(y?), (30
w? Qg

wherez. —*+1, R(£x1)=F(y)—(y)=F(y), S(*x1)=
F1-(v)=71, and (yp?%)=—(y 1+ (v). Assuming k;

where \j;=(1/2)ejapejrsAralAsp, @and where the dispersion
relation is implicit. For example, choosirjg=2, we obtain

~ (NgjNg g
T2 2 2 !
(A A5 +A5)?

)\u:(l/z)eiabsjrsAraAsb’ (34

=0 we have two equation¥ ;3=0, which determines the provided thain3;+\3;+\5;#0. It is sometimes convenient

usual cutoff of the LO mode, and,;=*=K,,, which deter-

to use

mines all other cutoffs that are affected by the gyrotropic

term. For the LO mode, the cutoff is determined by 1

—(wp/0)?Z°W(z)=0 in the limit z—=. Since z’W(z)
—><'y 3) for z—0 one findsw.= w,(y~3)¥?[12].
There are also cutoff frequencies ab./Q.=

+ 9w,/ Q) (1+ wX( V)05~ = n(w,/0)?, where the
approximation applies fow,(y)/Qe<1. This result is very
similar to that obtained in Ref§26,27] for a cold, asymmet-
ric electron- posﬁron plasma. Foj=0.1, 0,/Q,=0.1, we

havew. /Q, ~10 3.

B. Polarization

tané taﬁa
12— 7+K13 Kot | —z——Kg3|Kp, (39
1 tarf 9
A= EZ_Kll —22_—K33
tang 2
— ?+K13 , (36)
tan@
3= > +Kys K12+ —Kq1]Ks. (37)

The wave polarization vector can be obtained as followsn the nongyrotropic approximatiork(,= K3,=0), one has

using the formal procedure described in R&8]. We write
the polarization vector in the form

_ Lyk+Tyt+ia @1
Mz
where k=(sin6,0,cos), t=(cos6,0,—sind), and a

=(0,1,0). The longitudinal pait,, and the axial ratioly,
are given by

Ny COS0—\s5Sing
=i M M i, (32)
eu-a A2j
‘K Ny SINO+\4 cOSO
Ly =i M Sty (33)
ev-a A2j

N1o,=0, giving Lxy=Tx=0 for the X mode. The wave is

purely transverse with polarization aloagThus, in the one-
dimensional approximation, particles that move strictly along
the field lines cannot interact effectively with this mode
through renkov resonance since the electric field of the
wave is perpendicular to the direction of particle motion. For
the LO mode, owing to the dispersion relating,=0, both

T o andL, o are in general nonzero and hence the polariza-

tion is in thek-t plane.[lt is convenient to obtaiff| o and
L, o by choosingj=1 or 3 in Egs.(32) and(33).] Sincee o
has a component along the ambient magnetic field, these
particles can interact with the subluminal LO mode in the
Cerenkov resonance.

In the gyrotropic case, polarization is in general a mix of

the three components alorkg t, anda and hence the rel-
evant modes are elliptically polarized. Figure 6 shows the
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FIG. 7. Polarization coefficients for the LO axdmodes forp=0.1 and 0.01. The upper and lower panels correspond, respectively, to
the LO andX modes. The parameters are as in Fig. 5. The two modes are approximately orthdgdpgk — 1 (cf. Fig. 9 below.

polarization coefficients for the three modes as a function oélliptically polarized with the ellipticityT, 5. The LO mode
k for »=0.1, Q.= 10‘2wp, and#=0.2. The corresponding is longitudinal at smalk; and becomes transverse as fre-
dispersion relations are shown in Fig. 5. quency increase&f. Fig. 7). Like the LO mode, the Alfve

The LO mode is predominantly polarized in tke plane  mode is predominantly polarized in tiet plane but with a

with a small polarization component alorag The mode is considerably larger component along thdirection than the
LO mode at low frequencies. The upper and lower branches
have different polarization feature®s shown in Fig. 8,
which is obtained using the same parameters as those in Fig.
5); the upper branch has mostly,>L,, while the lower
branch is mainly longitudinal.

In contrast to the nongyrotropic case, tianode has a

« significant longitudinal componentL¢+#0), which de-
“1 -100 creases for increasing/w,. A small electrostatic compo-
[ nent remains even for frequencies much higher thgrcf.

Fig. 7). The X mode is known to have subluminal regions
-150 [14]. The elliptically polarizedX mode has a nonzero com-

ponent parallel to the ambient magnetic field. Therefore,

when gyrotropy is included, th mode can interact with
00l . ‘ , ‘ particles in the @renkov resonance in the same way as for
0 0.1 0.2 0.3 0.4 the LO mode. It is known that the dispersion equation for a
k”/(y)p cold plasma is quadratic in the square of the refraction index,

n2. There is a pair of solutions@ with the polarization

FIG. 8. Polarization coefficients, (dashedlandL , (solid) for coefficients T satisfying the orthogonal conditiof, T_

the Alfven mode. The parameters are the same as in Fig. 5. =—1 [28]. Such a condition is generally not satisfied by a
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3 ' - ' ' ' ' In the low-frequency regiom/w,<1, a sign change oc-
curs inTy at kj=0.4, implying a switch from one sense of
elliptical polarization to the opposite. The frequency at
which the polarization switches sign is not sensitivetaas
shown in Fig. 10. This can be understood from Exl) from
which the condition for sign change Is;,cosf=\3,siné,
that is, K33K1,c0s0=K;;K3,sin 6. Since bothK, and K3,
scale asy [cf. Egs.(2) and(4)], this condition is independent
of 5 for z=1. In the cold plasma approximation, this fre-
quency is just the plasma frequeney, .

C. Origin of the charge imbalance

One plausible mechanism for the origin of the charge im-
balance is due to the presence of primary particles that
have the Goldreich-Julian density particlesng;
=Q-B2wrce~7x10°(0.1 sP)(B/10? G) cm 3, where
Q is the angular velocity of the neutron star aBds the
magnetic field. Thus, one hag~ng42n,=1/2M, wheren,
is the pair number density anéll is the multiplicity. Al-
though the specific value dfl is model dependent, a recent
thermal or a relativistic plasma because the dispersion equ&tudy [21] shows that polar cap acceleration alone may not
tion has more than two solutior(®.g., the four dispersion Produce a largé except for a few young pulsars that have
curves in a certain range &f ; see Fig. 5 However, at high ~extremely strong magnetic fields. Therefore most pulsars
frequencies, there are only two dispersion curves, correlay have a low multiplicity and such charge asymmetry can
sponding to theX and LO modes, respectively. Figure 9 lead to observable elliptical polarization. _
shows that these two modes indeed satisfy the orthogonal Alternatively, charge asymmetry can be due to a differ-
condition for frequencies well above those for which the Al-€nce between the electron and positron distributions. The
fvén mode is present. This result suggests that the dispersidifect associated with the difference in the distributions can
equation at high frequencies can be approximately describee understood by considering the strong magnetic field limit

0.25 0.5 0.7 1.25 1.5 1.75 2

5 1
k"/mp

FIG. 9. Plots ofTxT, ¢ as a function ok for y,=1.5 and 3. As
in Fig. 5 we assume»,/Q.=0.01, =0.2, »=0.1. The orthogo-
nality (TxT_ o= —1) holds for largek; .

by a quadratic equation far® (square of refraction indéx
The ellipticity for both theX and LO modes strongly de-

pends on the propagation angleand the charge asymmetry

7. For a smallg, only a smally is needed to produce nearly

z.~=*1. Then, the gyrotropic components dg,= —K,;
xzp—j and Kyz=—Kgxj, where j=(n,(v),:
—n_{v)_)/(ny+n_), and(v). are the average velocities
for positrons and electrons, respectively. When the two dis-

progressively acquire angles relative to the curved field line§ther[18], the gyrotropic terms are nonzero even #pr0
as they propagate outward. Thus, it is expected that in thé-€., the special case of equal number densities=n_).
plasma rest frame the propagation angle is oblique. Adhe significance of these terms depends on the specific forms

shown in Fig. 7, nearly circular polarization can be obtained®f the distributions, which are not well understood. In gen-
for =0.1 (for #=0.2). eral, when a current is present, the gyrotropic terms \ith

need to be considered.

0.2 V. CONCLUSIONS AND DISCUSSION
0.15 . We have considered wave dispersion of a gyrotropic pul-
0.1}. sar plasma with the emphasis on elliptical polarization. A
charge imbalance in relativistic electron-positron plasmas
0.05 «.\ \ gives rise to an elliptically polarized mode. In deriving the
k< 0 —— plasma dispersion we use the three RPDFs to calculate the
0.01 dielectric tensor. It is assumed that both electrons and posi-
-0.05 trons have the same distributions but different number den-
0.1 sities. For a small charge asymmetp<1, apart from a
n=0.1 change in the cutoff frequencies the dispersion curves remain
-0.15 very similar to those in the nongyrotropic case. However, the
, , , _ polarization can be quite different. The polarization coeffi-
0.2 0.4 0.6 0.8 1 cients for the LO mode an¥ mode are calculated for MPL
k"/(Dp distributions in the plasma frame. The result is summarized

as follows.

(i) The RPDFs for a power-law distribution can be calcu-
lated approximately by using MPL distributions. For a MPL
distribution the RPDFs are continuous at the cutoff

FIG. 10. An enlargement of x of Fig. 6. Note that the sign
change occurs & /w,=0.4, which is approximately independent
of .
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==*p,and this avoids difficulties in numerical calculation of ellipticity due to charge asymmetry provides a possible
the dispersion relations. mechanism for the observed circular polarization. To obtain

(i) As in the nongyrotropic approximation, there are threecircular polarization, one requires either a low multiplicity or
distinct modes: the LO mode§ mode, and low-frequency a small propagation angle. The latter condition may not be
LO mode(or Alfvén mods. All three modes are elliptically satisfied since the propagation angle is generally oblique ow-
polarized with both longitudinal and transverse componentsing to the field line curvature. Thus, the presence of circular
In particular, for theX mode, which is purely transverse in polarization may require a relatively low multiplicity. Obser-
the nongyrotropic approximation, the wave electric field hasvations suggest that the radio emission may involve two or-
a component parallel to the pulsar magnetic field and therethogonal modesX and LO, with the LO mode having a
fore can interact with particles throughe@nkov resonance cutoff w.= wp(y*3>. For the radio emission to be in the LO
in the subluminal region. mode, the frequency must satish> w., implying that low

(iii) The X and LO modes satisfy the orthogonal condi- multiplicities are favoredat least in the propagation regijon
tion, i.e., TxT o= —1, at frequencies higher than the maxi- The low multiplicity is also required to avoid cyclotron ab-
mum frequency of the Alfve mode. The orthogonality im- sorption[29,20. Figure 7 shows that nearly circular polar-
plies that well above this frequency the dispersion equatiolization can be obtained wittM<10 for #=0.2 (in the
is approximately quadratic in, similar to that of cold plas- plasma rest frame These parameters are well within the
mas, with the two solutions corresponding to %and LO  predicted range for polar cap models, e.g., RE14,22.
modes withTyT, o~ —1. In the cold plasma approximation  So far, we have considered only wave properties modified
the orthogonal condition is satisfied for all frequencies. by charge asymmetry due to imbalance in the number densi-

(iv) In the low-frequency regiond/w,<1) the handed- ties of electrons and positrons, within the frequency regime
ness of the elliptical polarization for th¢ mode reverses for of w/kH<(1+y2)1’2. To apply our result to pulsars a further
k|/w,~0.4, irrespective of the charge imbalangeIn the  study of dispersion in gyrotropic plasmas is required, includ-
cold plasma, the frequency at which the polarization sigring the charge asymmetry arising from differences between
reverses reduces to the plasma frequency. More generallihe electron and positron distributions in momenta, as well as
the ellipticity strongly depends on the charge imbalanas  extending the frequency range adkHB(lﬂLyz)l’z.
well as the propagation angle. The polarization becomes
more circular for increasingy or decreasing.

Although pulsar radio emission is mainly linearly polar-
ized a significant component of circular polarization has The authors thank the Australian Research CouAdRC)
been observed for many pulsars. The presence of nonzefor financial support.
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