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Abstract. Refraction and polarization transfer in an ultrarelahe open field line tube. With the distance from the neutron
tivistic highly magnetized pulsar plasma are considered. Nornssiéir the tube widens and the gradient decreases. Thus the effi-
waves in the pulsar plasma are linearly polarized however aiiency of refraction is determined by the locus of the emission
cular polarization arises in the polarization limiting region ipoint. Provided that radiation of a given frequency is emitted at
radiation propagates at an angle to the plane of the magnaticorresponding radius (radius-to-frequency mapping) refrac-
field lines. The rays go off this plane due to refraction or (antipn should depend on the frequency. As shown by Lyubarskii
due to rotation of the magnetosphere. We found significant c&-Petrova (1998), the characteristic features of the observed
cular polarization of the outgoing radiation, in some cases wiplulse width versus frequency curves can be explained in terms
the sense reversal near the pulse centre. The frequency depérefraction. In particular, refraction of waves in the open field
dence of the circular polarization qualitatively resembles thie tube can naturally explain the so-called "absorption feature”
observed. The swing of position angle of linear polarization @bserved in some pulsars.
studied allowing for the wave propagation in the polarization- As the waves are propagating through the magnetosphere
limiting region. The influence of refraction on the total-intensityheir polarization also evolves essentially. The plasma embed-
profiles is examined as well. It is shown that refraction can prded in a superstrong magnetic field allows two linearly polarized
vide the angular separation of emitted rays, so that the wholermal waves. One of them (the ordinary mode) is polarized in
morphological classification of pulsar profiles can be explainéite same plane as the wave vector and the local magnetic field
within the frame of the primordial hollow-cone emission modgk x b plane), while the other one (the extraordinary mode) is
taking into account wave propagation in the magnetospherepolarized perpendicularly to this plane. In the emission region,
the scale length for beats between the normal waves is much less
Key words: plasmas — polarization — waves — stars: pulsarsian the scale length for variation in the plasma parameters. So
general the normal waves propagate independently and their polariza-
tion plane is adjusted to the local orientation of ke b-plane.
Since the plasma number density decreases with the distance
. from the neutron star, the scale length for beats increases along
1. Introduction the trajectory. Ultimately the plasma density falls to an extent

Pulsar magnetospheres are believed to be filled with an ultf3at the medium no longer affects wave propagation and the po-
relativistic electron-positron plasma. It streams along the oplgization becomes fixed. Thus the emergent polarization is con-
field lines of the dipolar magnetic field and ultimately leaveditioned by the evolution in the so-called polarization-limiting
the magnetosphere. The plasma is supposed to give rise tg'egion, where geometrical optics fails. The normal waves then
dio emission. Although to date there is no commonly acceptéi@ not have enough time to follow the local orientation of the
mechanism of pulsar radio emission, itis clear that the emissi#ri b-plane and wave mode coupling takes place. This results
of ultrarelativistic plasma should be highly directional. Narrow? the elliptical polarization of the outgoing waves.
ness and stability of the observed pulses imply that radio emis- |f the waves were propagating in the plane of the magnetic
sion originates well within the magnetosphere, where the opé#es, wave mode coupling would not occur at all and polar-
field line tube is sufficiently narrow. Hence, the characteristié&tion would remain unaltered along the trajectory. The wave
of the observed pulses should be conditioned by radio wade coupling introduced by magnetosphere rotation was qual-
propagation in the magnetospheric plasma. itatively considered by Cheng & Ruderman (1979) and Rad-
Given the axisymmetric distribution of the plasma numbédtakrishnan & Rankin (1990). The quantitative treatment of the
density, refraction of ordinary superluminous waves was fouR@larization transfer in the rotating magnetosphere was held by
to be significant in pulsar magnetospheres (Barnard & Aroh¥ubarskii & Petrova (1999). It was shown that the effect can
1986; Lyubarskii & Petrova 1998). Ray deviation appears fgcount for the circular polarization observed in a number of
occur mainly on account of the plasma density gradient acrd¥4sars in addition to the linear one.
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von Hoesbroech, Lesch, Kunzl (1998) argue for another otithe edge (conal emission). Core and conal components of pul-
gin of the circularly polarized component of pulsar radio emisar profiles were found to be quite distinct in both polarization
sion. These authors consider the plasma embedded in a finite spectral properties. The present paper demonstrates that the
magnetic field, the distribution functions for plasma electrormharacteristic features of pulsar polarization can be attributed
and positrons being taken different. Then the normal wavesthe propagation effects in the magnetosphere. Moreover, it
propagating at small angles to the magnetic field are circulaidyshown that the very existence of the separate components
polarized, so that the circularly polarized component of pulsiar total-intensity profiles and their frequency evolution can be
radiation is explained by the dispersive properties of the magmegarded as a consequence of refraction in the magnetospheric
tospheric plasma. However, well inside the magnetosphere ghasma. We proceed from the fact that beyond the edge of the
magnetic field strength is so high that the critical angle for tlapen field line tube as well as near the magnetic axis the plasma
circularly polarized normal modes appear to be too small. number density is negligible. So the plasma density is assumed
In the earlier literature there were a number of attempts tim decrease towards the tube edge and towards the magnetic
interpret the circular polarization of pulsar radiation as a chaaxis. Refraction is known to result in ray deviation in the direc-
acteristic of the emission mechanism (Bjornsson 1984; Micht@n of plasma density decrease. Hence, the rays emitted near
1987; Gil & Snakovski 1990a,b; Radhakrishnan & Rankin 199€he inner boundary of the plasma flow deviate towards the mag-
Gangadhara 1997). However, given that the open field line tubetic axis and can be recognized as core emission, whereas the
is filled with the plasma, the propagation effects cannot be omitys emitted near the outer tube edge deviate away from the
ted. Moreover, it is the wave propagation through the magneaagnetic axis and form conal components. At high frequencies
tosphere that sets up the polarization of outgoing radiation. hefraction is more efficient and component separation should
deed, whatever the emission mechanism, only the normal wallesome more prominent. Thus there is no need to involve two
allowed by the magnetospheric plasma can propagate and ulistinct mechanisms to explain core and conal emission. The
mately escape from pulsars. properties of pulsar integrated profiles can be well interpreted
It should be noted that the sense of circular polarizatiaonterms of the common hollow-cone model with allowance for
resulting from the wave mode coupling due to magnetosphéine propagation effects.
rotation is the same throughout the pulse. Such symmetric polar- In Sect. 2 general equations describing refraction and polar-
ization profiles are really characteristic of a number of pulsaigation transfer are deduced. Sect. 3 contains numerical results
However, polarization profiles of some other pulsars exhibit tlaad their discussion. In Sect. 3.1 the circular polarization pro-
sense reversal, which usually occurs near the pulse centre (kewith the sense reversal is obtained. Its frequency evolution is
e.g., Radhakrishnan & Rankin 1990; Han et. al. 1998). Thisnsidered as well. Symmetrical profiles of circular polarization
phenomenon is commonly attributed to the peculiarities of tlage investigated in Sect. 3.2. The lack of circular polarization in
emission mechanism (see Radhakrishnan & Rankin 1990 anmhal components is also discussed there. In Sect. 3.3 position
references therein). angle swing in the presence of strong circular polarization is
The present paper suggests the interpretation of such aekamined. In Sect. 3.4 it is shown how refraction can cause the
symmetric profiles on the basis of propagation effects. Givangular separation of the components in total-intensity profiles.
that within the open field line tube the plasma is distributethe frequency evolution of such profiles is analysed as well.
nonuniformly in the azimuthal direction, refraction should causéhe results are summarized in Sect. 4.
ray deviation away from the initial magnetic line plane. Then
the k_ X _b-plgn_e_ turns along_the trajectory and causes ti}g General equations
polarization-limiting effect. It is shown that the wave mode
coupling introduced by refraction in the plasma with nona%.1. Refraction in plasma
isymmetric density distribution can explain the observed sense with nonaxisymmetric density distribution

reversal in the p'roflles of circular poIanzaﬂoq. $|nce r.efracu.oaeneral theory of refraction in pulsar magnetosphere was first
depends essentially on the locus of the ray origin and, in partu%f-

lar, on the polar angle of the emission point, significant amoun gveloped by Barnard & Arons (1986). The equations obtained

of circular polarization out of this effect can be achieved Onilv'ere.applied tothe case of an axisymmgtrig plasma density dis-
in the vicinity of the magnetic axis. Yibution. Now we are to examine ref_rac_tlon_ in the more gen_eral
As arule, significant amounts of circular polarization resulg—sse of nonaxisymmetric denS|t_y distribution. Let_ us consider
’ ultrarelativistic highly magnetized electron-positron plasma,

ing from the wave mode coupling are accompanied by a 19 hich is cold in the proper rest frame. The dispersion relation

cant turn of the polarlzat_lon elllpse_. Indeed, the swing of tq‘%r ordinary waves in such a plasma s known to be the following
position angle observed in pulsars in the presence of a str(i;]

circular polarization does not correspond to the single—vectsrge' e.g., review by Lyubarskii 1995):

model (see, e.g., Rankin 1990). , w2
The exhaustive analysis of a comprehensive observatior(dl - ”H) 1 - 23 (1 —n B
material carried out by Rankin (1983) enabled her to assert that I

the emission from the central part of the open field line tuligere ~ is the plasma Lorentz-factof, the plasma velocity in
(core emission) is principally different from that generated at thgiits of ¢, ny = cky/w, ny = cki/w, with k|, k. being

—n? =0. (1)
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y4 axis directed along the magnetic axis (see Fig. 1). The Cartesian
components ob can be written as

n
gfr _ 3 cos _ 3
< b, = 2xc05¢, by, = ZXblnw. (5)
Here it is taken into account that the open field line tube is

narrow, so that the polar angles small. Let the vecton make
the angled with the z-axis and the plane containingand the

W z-axis makes the angle with the x-axis. Given that the ray is
@ y emitted along the magnetic line the anglés expected to be
of the order ofy all over the trajectory. Then one can reduce
Eq. (3) to the form:

X 1dr
= =pn —q,
Fig. 1. The vectorsa andr in the coordinate system considered in the: dt b —4
text
rdyx

Xq
_ o = prjfcos(p — ) —xpn — =,
the wave vector components along and perpendicularly to the!

magnetic field, correspondingly, is the plasma frequency

given by the customary expression: ﬂ%ﬁ = pnyfsin(p — 1)
t )
_ [4mNe? >
wp =\ = @ 1dm _ omN  pomN ©)
cdt or r Ox

where N is the plasma number density, the electron mass.

Eq. (1) yields two ordinary normal waves. One of them is sublu-

minous and therefore does not escape from the magnetosp@réj _ 3qn| 0 — §XCOS((p — )

because of Landau damping. The extraordinary wave has thedt 2r 2

vacuum dispersion law and, consequently, is not affected by re-

fraction. Sowe are interested only inthe ordinary superluminous [ cos(p — ) dIn N Isin(¢y) — @) dln N

- +

wave.. o . . r aX Y 81/1
Since the characteristic scale lengths of the open field line

tube are much larger than the wavelength, geometrical optics

approximation is valid. Wave propagation then can be described-I ——— [x cos(¢ — ¢) — 6],
by Hamilton’s equations, which take the form (Barnard & Arons
1986):
) MOAE _ 9y sins — )
1@ — o0 — ab c dt 4r X
cdt p qn,
Isin(¢p —¢)dIn N  lcos(yp — ) dln N

1dk b dln N B r ox X o
2 = n—1 3
A or '’ 3)
wheren andb are the unit vectors aligned with the wave vector _jy sin(y — o) 9ln N_
and magnetic field, respectively, or

3 9 For the sake of simplicity one can eliminate the time dependence
p=QA+n)7"/d, q=4(1-n)/(f°d), dividing the system equations by the first one and replace one

of them by the dispersion relation (1). Then we find finally:

L=20 )1 = nd)(£2d), 0 =220 —ny), P

r =
dr  pn|—q

Bpm@COS(w — ) = xpny — % ,
d=1+n)’—4(1—n)(1—-n/(2v*)/f?
@ o 3 anG

X =
f=—" (@4 Cdr o 2pn—q

Wp\/’?

The magnetic field is supposed to be dipolar. Let (, o 1 3qn|
1) be the spherical coordinates in the system with the pof?ﬁ‘fﬂ o pnp—q | 2r

Sln(@ - w)v

[0 — x cos(p — )]
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_2cos(y —p) OInN | 2lsin(y —p) Jln N at the angular velocit§2. To the first order ifQ x r|/c the
3rx2 ox 3rxxé oY equation of plasma particle motion can be written as:
dvi (2xr)xB
OlnN [2 370 —4e|lE+4—F2""|.b 9
—1 o [SX cos(vp — ) — 9] } , @) ™ el=t c ’ ©)

1171

whereubi is the velocity along the magnetic line for electrons

n— = —ﬁnsin(w— ) ative.d
Wy = pny—q | 27X . the total derivative; = —iw + vo - V.

and positrons. Note that the left-hand side of Eq. (9) contains

We are particularly interested in polarization transfer in the

_2sin(¢y — ) dIn N 2lcos(¢p — @) Il N

so-called polarization-limiting region, where geometrical optics

3 fails and
3rxg dx 3rxxg oY "
—An-s~1; (10)
C
2 . Oln N ) _ S
—ng sin(t) — ) aor ) here An is the difference between the refractive indices of

the extraordinary and ordinary waveghe characteristic scale

length for change in the plasma parameters; it is expected that
AN ) s ~ rp, With r, being the polarization-limiting radius. At dis-

7 (1  fEr3(14 )2

tances~ r, the refractive index of the ordinary wave differs

from unity by -~ < 1, while the extraordinary wave is the

WTrp

9
= X607 [0% 4 X7 = 2x0cos( — )] = 0.

Here the quantities, x, §, N are normalized by their initial Propagation as a straight-line.
values and itis taken into account thgt= 3y /2; the subscript

vacuum electromagnetic one. Consequently, in the polarization-
limiting region one can neglect refraction and consider the wave

Let us choose the three-dimensional Cartesian system with

"0 refers to the initial values. The set of Egs. (7) describ&3€ z-axis along the wave vector. Then all the perturbed quan-
the wave vector evolution and the trajectory of the ordinafifies should depend only on the z-coordinate. Hence, Egs. (8)

superluminous waves in an ultrarelativistic highly magnetizédld (9) can be rewritten as follows:

plasma with nonaxisymmetric density distribution. 2B, W2 drriw
dz?

£ B4 T [y e (nf —np) ()] =0,

2.2. Polarization transfer in pulsar magnetosphere

2 2 -
Now let us consider the polarization evolution along the wavh £y L+ L+ 477# [jvby + € (ni —n7) (R x 1),] =0,
C

trajectory within the rotating pulsar magnetosphere (for moré?> c?
details see Lyubarskii & Petrova 1999). The wave figidand

H 1 : . 2 47
B are described by Maxwell’s equations: %Ez n Z;w b + ¢ (nF —n7) (2 x1).] =0, (11)
) 4 ,
VxB=-"E+ —j,
C &
dj dinf —n7
—iwe(n] —ny) + bzﬁ +e(2 x r)zM =0,
iw dz dz
V xE=—B, (8)
C
3
my . y
—iw[jp — evp(n] — )] + [vpb, + (Q X 1),
—iwe(nf —ny ) +divj; = 0. eng { ! (i O+ )z]
Herej; is the linearized current density caused by the wave, . _
J1 y y -[d]b—evbd(n?nl)}}
j1=e[vo(nf —n7) +no(vi —vy)], dz d

vg and ng are respectively the velocity and number density .
unperturbed by the wave;: andni the small perturbations — 9, {Embaj + Eyby + Eob, + < <qszy —qy dEl’) } ’
of these quantities for electrons and positrons. Note that in our w dz dz
consideration the slight difference in the unperturbed valuesgfiere
vo andng for electrons and positrons can be neglected.
The plasma is assumed to be cold. The plasma particle mip= e[v,(n] — ny) + no(vy —vy)],
tion in the infinitely strong magnetic field can be examined in
terms of the mechanical bead-on-a-wire model: the particles y, (Q xr)

are constrained to move along the magnetic lines, which rotaté& -
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Above it is taken into account that the scale length for change As long asRz > 1 Eq. (13) can be treated in terms of ge-
in the unperturbed medium parametérsvy andng is much ometrical optics. Then it is not difficult to find that in the coro-

larger than the wavelength.

tating frame wave polarization follows the local orientation of

Asthe refractive indices are very close to unity, the perturbéite k x b-plane. It is quite what Cheng & Ruderman (1979)
quantities corresponding to the wave propagating in the positsadled the 'adiabatic walking’. These authors examined quali-

direction of the z-axis can be presented in the form:

w
Eyye = azy,:(2) eXp(z;z)7

b = a;(2) exp(i=2),

- W
nf —ni =a,(2) exp(zzz)7

with a(z) being the slowly varying amplitudes:

da aw

dz c’

Using the above condition one can rewrite Eq. (11) as

d 2T
;; + - lagbs + ean (@ xx),] =0,

da 2m
T; + ?[ajby + ean (2 x1)y] =0,

47
a, + %[ajbz +ea,(Qxr),] =0,

ean {1 - (Q - r) } - %bz —0, (12)

c

—iw(a; — evpay,) [1 -

2
_ 2e”ng

[Ey(bs + Qy) + Ey(by — Q) + E:b.].

= o’

It should be noted that the waves considered are quasi- transv
ones, since their refractive indices are very close to unity, so t
the z-component of the wave electric field is small,< a,,
ay. Then the set (12) can be easily reduced to the form:

dag .
dz = —iR [(bl + qy)Qaw + (bs + Qy)(by - Qw)ay] )
day ) 2
b —iR [(br + qy)(by — ¢z)az + (by — qz) ay] » (13
where
R = wg

20eP (1= B)2

with w, = /8mnge?/m being the plasma frequency, the

z-component of the plasma velocity in unitscof

tatively polarization evolution in a narrow beam of rays, which
is initially centered on a magnetic line. At the emission point
the average polarization of the beam is zero. However, further
along the trajectory the beam axis deviates from the magnetic
field vector because of field line curvature. This was shown to
result in ordering the polarization angles of beam rays, which
ultimately leads to an almost complete average beam polariza-
tion. Taking into account this fact, we shall consider only the
waves emitted along the magnetic field. Note that we allowed
for the aberration because of magnetosphere rotation (the vector
Q).

Since the plasma density decreases along the wave trajec-
tory, geometrical optics is ultimately violated. Obviously, in the
opposite limiting caseRz <« 1, the wave amplitudes remain
constant. For a more detailed discussion of the characteristic
features of polarization transfer on the basis of Eq. (13) see
Lyubarskii & Petrova (1999).

To proceed further we consider the polarization-limiting ef-
fect for the ordinary waves assuming that due to refraction in
the vicinity of the emission region waves propagate at an an-
gle to the plane of the magnetic lines. It should be noted that,
in agreement with the definition (10), refraction is negligible
in the polarization-limiting region. On the other hand, near the
emission region geometrical optics approximation is appropri-
ate, so that polarization evolution is known. Thus the problems
on refraction and polarization transfer can be treated separately.

Letthe coordinates of the wave packet after a sufficient cease
of refraction bers, x ¢, ¢¢, the wave vector make the andle
with the z-axis and the projection af on the equatorial plane
make the angle ; with the x-axis. Further along the ray trajec-
tory, at larger altitudes in the magnetosphere, rotational effects
become essential. The spherical coordinate system spoken about
is assumed to be chosen in such a way that initially the polar axis
is directed along the magnetic axis and the fiducial direction in
the equatorial plane is that opposite to the projection of the rota-

rse

ion axis (see Fig. 2). Now we turn to the Cartesian system with
the z-axis along the final direction of the wave vector and the
xz-plane initially containing the magnetic axis. The Cartesian
components of the vectarin each point of the wave trajectory
can be found to be:

3 3u—1 Qt . .

by = Xy cos(¥y — ) + 5 0f — 0 — - sinasing,
3 : 0

y = %Xf sin(yy —@y) — > sin « cos @, (14)

where« is the angle between the magnetic and rotation axes,
u=r/rs, t = (r—rs)/c. Above itis taken into account that
well within the light cylinderQ¢ <« 1. The components of the
vectorq can be written as:

r Qr
gz = ——sinacosp, ¢, = —sinasinp. (15)
c ‘ c
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sume that the plasma is distributed in the tube in such a way that
the region near the magnetic axis constrained by characteristic
open magnetic lines is free from the plasma. As the distance
from the neutron star increases, the open field lines diverge and
the plasma flow widens. In addition, the plasma density distribu-
tion is expected to be nonaxisymmetric (Arons & Scharlemann
1979). In agreement with the above considerations, we choose
the following distribution of the plasma number density:

ro\3 _X—x1y/r/ro
Ny (o) ——Y——
N — O(T) (x2—x1)\/r/T0
) xexp(— sin® V), x1vVr/ro < x < x2/T/T0,
0, X<X1\/7'/77'0 and X>X2\/7"/To~

(16)

Fig. 2. Relative orientation of the axes of the coordinate systems usR@call that-, is radius of the emission point, which is assumed

in the text to describe refraction and polarization evolution of the wayg pe well within the light cylinder. Taking into account that
packet. The rotational axis and final wave vector orientation are plotted

as well. The ray trajectory and wave vector deviation on account gfln N _ _3 _ i X
refraction are considered in the systeéfmY.Z,., while polarization o ~  r 2r X — X1VT
evolution is evaluated in th&, Y, Z,,-system. Both systems are fixed

in space and initially the magnetic axis is aligned with theaxis oln N 1

X  x—xiVr’

Provided that in Eqgs. (14)—(15) the rotation effect as well
as the influence of refraction are ignored (i#y, = J; and Oln N — —2sin e cos
Q = 0) the equations of the set (13) are not coupled, so thady
the normal waves propagate independently throughout the §gy 1o 1jing the definitions (4) one can rewrite the set of Egs. (7)
jectory. Polarization-limiting effect occurs on account of thﬁI the following form:
k x b-plane turn along the wave trajectory. The ray can devi-
ate from the initial magnetic line plane because of refractioninly  x . 3(1 +n)3 .
the plasma with nonaxisymmetric density distribution and aléaly ~ 2 B [0 cos(ip =) =]
because of magnetosphere rotation. Given that the azimuthal
distribution of the plasma density has an extremum, the raysdyy  3(1 + )30 .
emitted on the opposite sides of the extremum should devidte g, — — 94 sin(yp — ),
in the opposite directions due to oppositely directed density
gradient. Consequently, théirx b-planes turn in opposite di- 49 6(1 — )N 4(1 +n)nN
rections, so that the circular polarization because of the wayg ~ T Arfe [0 — xcos(p — )] — 3ATfN2Y?
mode coupling should reverse the sense during the pulse. Pro-
vided that refraction is strong ray trajectories curve intensely . .
and quickly escape from the region filled with the plasma, so x cos(p — ) + 2sin(y — p) siny cos , a7)
that magnetosphere rotation does not affect polarization evolu- L X ~ xivr X
tion. Refraction is known to be significant at high frequencies.
For the lower frequencies, which are supposed to originateydt? _ 61 —n)Nx sin(1h — o)
larger distances, refraction ceases, whereas the rotation effeét Arfe 4
becomes essential. Thus the wave mode coupling introduced by
refraction and by magnetosphere rotation can be treated sep- 4y(1 + n)N sin(¢y — ¢)
arately. Note that magnetosphere rotation causes the circular 34, T2 X —xavr
polarization of the sense constant throughout the pulse (Cheng
& Ruderman 1979; Radhakrishnan & Rankin 1990).

8n(l+n)N .
W cos(¥ — ) sin cos v,
3. Observational consequences of propagation effects
3.1. Wave mode coupling introduced by refraction n (1 _ 4N)
fer3s(1+mn)?

According to the standard models of electron-positron cascade,
close to the magnetic axis as well as beyond the edge of the

open field line tube the plasma density is negligible. So we as-—EX%WQ 07 + x* — 2x0 cos(p — )] = 0.
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Here AV
3 _ 41 —n)N 02F
e

the quantities-, x, 6, N are normalized by their initial val-
ues and the terms of the order pt are neglected. Provided
thatyoy < 1 the rays suffer strong deviation towards the mag-
netic axis and ultimately enter the region containing no plasma. |
The polarization-limiting region, where refraction is already in-
significant, butthe influence of the medium on wave propagation , |
is still essential, should lie near the inner edge of the plasma flow
at distances, ~ ro from the neutron star. Hence, neglecting , ‘ ‘ ‘
magnetosphere rotation is really a good approximation in the 4 2 B 2 b 4

A= (1+n)

0,1

A

case considered. a
We assume that initially radiation is emitted along the mag;
netic field. Solution of Egs. (17) yields direction of the out-’ 025
going wave §; andyys. Then we solve Egs. (13) and find the o2
final polarization of this wave. The final circular polarization of 15t
outgoing waves can be characterized by the normalized Stokes ,
parametei/: 005
i(ay,ar — aza’
y = Uy — asey) (18) ’
azay + ayay, -0,05 |-
It is easy to show (e.g., see Fig.10.4 in Manchester & Taylor °**[
1977) that the rays detectable by an observer should satisfy the®5
following relation: 02
0,25 L L L
9? 4 2 0 2 d) 4

t =+ ——= -1 19

an gy ez (19) b
where¢ is the wave vector tilt to the rotation axis. The puls&/ o
phase@®, is then given by the expression: il

_ tanypy
¢ = sin «v (@ =9). (20) 005 F
Since the rays deviate on account of refraction, one cannot

know in advance what initial conditions correspond to the rays
detected by an observer. Soto find the pulse profile we traced th(?0 |
wave vector evolution for the rays emitted all over the openfield
line tube and then chose those satisfying Eq. (19) to calculate the_0 .l
final polarization. The profiles of circular polarization obtained
through numerical solution of Egs. (17) and (13) are presented,, . ‘ ‘ ‘
in Fig. 3. It is clear that the wave mode coupling introduced - -25 0 25 5
by refraction in the plasma with the number density Eq. (16) b e

can produce significant circular polarization. The polarizatiafyg. 3. Profiles of circular polarization resulting from the wave mode
profiles appear to be antisymmetric, with the sense of circebupling introduced by refraction in the plasma with nonaxisymmetric
lar polarization being changed at the pulse centre. In agreemamtsity distributiona x; = 0.0015, b x1 = 0.0025, ¢ x1 = 0.0075;

with the fourth equation of the set (7), it is the azimuthal density= 50, fo = 0.5, = 0.5,£ —a = 0.0035, i%ﬁ =100, x2 = 10x1
gradient that causes the wave vector deviation away from the

initial field line plane, the direction of the deviation being oppo-

site to the gradient. Then the change in the sign of the azimutfal the rays close enough to the magnetic a&is~ xovy < 1.
density gradient leads to the corresponding change in the sidmte that although the rays deviate intensely giyen < 1, the

of thek x b-plane turn, so that the resulting circular polarizavave mode coupling introduced by refraction can be efficient at
tion reverses the sense. With the density distribution Eq. (16)e weaker conditionyyy = 1 as well, so that the width of the
the sense reversal occurs at the pulse centre. Note that onlyahisymmetrical region of the profile appears to be compatible
extremums projected near the pulse centre can cause the obseiti+that observed. The polarization profiles shown in Fig. 3 are
able sense reversal. The point is that refraction is essential agilyilar to those observed for a number of pulsars (see, e.g., Han
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et. al. 1998 and references therein). The sense reversal is reall§/
observed only near the pulse centre.

One more issue worth discussion is the frequency evolution
of such profiles. Let us suppose that the waves are emitted at
frequencies of the order of the characteristic plasma frequencys|-
w ~ wpo4/7- Because the plasma flow widens with the distance,
N  r~3, each frequency originates at a corresponding radius,
v o r~3/2_Openfield lines of the dipolar magnetic field diverge
with the distance so that for a chosen magneticline /r. As
obvious from Eq. (17), the efficiency of refraction is determined®s,, " ; u 2
by the factor xoy) ~2. Hence, with the distance from the neutron o]

starrefraction becomes less efficientand, correspondingly, Wy 4 The profile of circular polarization resulting from the wave mode
mode coupling ceases. Thus, the lower the frequency the smallglpiing introduced by magnetosphere rotation= 50, fo = 0.5,
amounts of circular polarization are achievable. This trendds= 0.5, ¢ — o = 0.048, r;/r, = 0.02, 224 = 100, 1 = 0.01,

2
demonstrated in Fig. 3, where the curves are obtained for the= 7x1, x2 = 10x1 !
case, when the polar anglgs of the boundary magnetic line
are related to each other&ash : 15, that is, the frequency ratio

is 37 : 8 : 0.3. Such frequency evolution of the antisymmetrigf outward density decrease. Numerical solution of Egs. (17)
polarization profiles is compatible with the observed one (segd (13) then yields almost symmetrical profile of circular po-
e.g., the frequency sets of V-profiles for PSR 1451-68 and P&fRzation shown in Fig. 4. Apparently, the wave mode coupling
1857-26 in Rankin 1983). introduced by the magnetosphere rotation can result in signif-
Another striking observational fact is that at sufficiently lovicant amounts of circular polarization, so that the highest ob-
frequencies these antisymmetrical profiles can turn into SYRerved|V|, ~ 60% for PSR 1702-19 (Biggs et. al. 1988), can
metrical ones; then the sense of circular polarization becomgsexplained by the effect. The sense of the circular polariza-
the same all over the pulse, save that the nullingaind small tion remains the same throughout the pulse. The polarization
amounts of the reverse polarization can be met in the wings@bfile in Fig. 4 exhibits a slight departure from the symmet-
the pulse. So the circular polarization profile of PSR 1859+@izal shape. The matter is that rotation of the open field line
given by Radhakrishnan & Rankin (1990) as an example of thighe breaks the symmetry in wave propagation at negative and
antisymmetric species/(= 1412 MHz) appears to be sym- positive azimuths.
metrical at the frequencies 631 MHz (McCulloch et. al. 1978) As can be seen from Eq. (13), the signiéthould depend
and 430 MHz (Rankin & Benson 1981). Similarly, the V-profile)n the signs ob, and b,. According to Eq. (14), the compo-
of PSR 1917+00, which is antisymmetricat= 1400 MHz  nentb,, is purely determined by the magnetosphere rotation, the
(Rankin et. al. 1989), becomes symmetricalat 430 MHz  sign being the same all over the pulse. Now we are to examine
(Rankin & Benson 1981) This testifies for the fact that at |0‘(he behaviour of the ComponeblLt_ As clear from Eq (14), if
frequencies the wave mode coupling introduced by refractigfagnetosphere rotation is sufficiently slow and the ray emitted
is dominated by that introduced by magnetosphere rotation.along the open field line is not affected by refraction, that is,
3x¢/2 = by, b, remains positive in each point of the trajectory.
3.2. Wave mode coupling Given that refraction causes ray deviation towards the magnetic
introduced by magnetosphere rotation axis, 0y < 3xy/2, b, is all the more positive. Strong enough
outward deviation of the ray, however, can provide negative
For the sake of simplicity let us consider the axisymmetric digg|ues of the component, in the vicinity of the starting point
tribution of the plasma density. Then refraction does not cogs straight-line propagationi(~ 1), while at larger distances,
tribute to the turn of thé& x b-plane along the trajectory and,, . 1, 5, becomes positive because of the magnetic line cur-
wave mode coupling occurs only on account of magnetosphgggure. Hence, if refraction is strong and polarization-limiting
rotation. Let radius lies not too far from the emission regiop/r ~ 1, the
ST waves deviating away from the magnetic axis should gain the
No (T )3 %, X1vV7/T0 <X < XeV/T/To,  circular polarization of the sense opposite to that resulting from
— ron3 xar/T/To— — the wave mode coupling in case of wave deviation towards the
N No (70) %’ Xe\/T/T0 < X < X2v/1/T0, axis. Note that if refraction outwards the axis is slightly weaker
0, X < x1y/r/ro and x> x2/7/To, or r, is located slightly furtherp, changes sign at < rp,
(21) SO that the wave has enough time to start acquiring the circu-
lar polarization of another sense. Obviously, this can lead to
that is the plasma is confined between the two open field lin@s essential decrease in the emergent circular polarization. The
and the density decreases towards both boundaries. Theabetve considerations are illustrated in Fig. 5. Take note of the
of equations describing refraction can be easily obtained frarense reversal and depolarization at the wings of the profiles. It
Eq. (17) puttingy = ¢ and replacingy; by x» for the region should be pointed out that both the peculiarities are confirmed

=B
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V rotation effect is weak and the emergent circular polarization
is small. Polarization-limiting effect taking place at large dis-
002l tances,;r, ~ rr, also results in a weak circular polarization,
/\_’ since in the outer magnetosphere the turn ofkhe b-plane

0 along the trajectory ceases. The variety of the maximum values
of circular polarization observed in the symmetrical V-profiles
002 testifies for the variety of conditions in pulsar magnetospheres.
Due to the lack of a reliable expression fgy, it is not pos-
-0,04 sible to say anything about the evolution of the symmetrical
V-profiles with the frequency. Note that in reality both trends
-0,06 - of the frequency evolution are observed (see, e.g., Manchester,
Hamilton, McCulloch 1980).

3.3. The swing of position angle of linear polarization
V oo with allowance for wave mode coupling

The polarization of normal waves originating in the magneto-
0 spheric plasma is certainly connected with the local orientation
of the magnetic field. So the position angle of linear polariza-
tion should vary as the sight line traverses the open field line
0,01 tube. Given that the propagation effects are ignored, the position
angle swing through the pulse is known to be S-shaped (e.qg.,
Manchester & Taylor 1977). Wave propagation in the vicinity

-0,005

-0,015

0027 of the emission region can be treated in terms of geometrical
0,025 - optics. The wave polarization then follows the local orientation
ofthek x b-plane. Barnard (1986) was the first to investigate the
-0,03 | | | | | . . . .
45 3 15 0 15 3 . a5 p influence of this effect on the observed position angle swing. It

was found that given,, ~ r, the total swing through the pulse
%hould be essentially diminished. Note that polarization trans-
- - _ - wrp fer in the polarization-limiting region, where geometrical optics
>JZO1 _ (? 'gl’;:: 1525;1 X?;lg)'(ol%' t7|;fe/ ;im; poégjr}]égérsjs;'lzthaﬁlpproximation is violated, is also expected to result in position
Y1 = 0.003, Yo = 6x1, & — = 0.018 angle variation. Indeed, at distances:, wave polarization has
not enough time to follow th& x b-plane turn and the waves
suffer birefringence. Then the polarization becomes elliptical,

by the observations. Indeed, the lack of circular polarizatioth the polarization ellipse turning along the trajectory. So the

in conal components is a well-known observational fact (Ség?larization—limiting effect influences the position angle swing

e.g., Rankin 1983). The V-profiles, in which the circular pola@s Well as produces the circular polarization in the outgoing ra-

ization changes sense at the periphery are also quite abund#ation. It should be pointed out that irregular position angle

especially in the high-frequency reviews (see, e.g., Rankin 8¥ing and large amounts of circular polarization are really ob-

al. 1989). served together, both being the attributes of the so-called core
Although the theory of polarization-limiting effect becaus@Mmission (e.g., Rankin 1990). In the present subsection we are

magnetosphere rotation is worked out sufficiently minutel@ study the position angle swing across the pulse taking into

(Cheng & Ruderman 1979; Stinebring 1982; Barnard 198&tcount wave propagation in the polarization-limiting region.

Lyubarskii & Petrova 1999), so far there is no reliable estimate !f the position angle, were determined by the orientation

of the polarization-limiting radius. The point s thatturns out  Of the magnetic field, it would be presented as follows (Barnard

to be essentially dependent on a number of parameters, whicfirons 1986; Barnard 1986):

can vary within some orders of magnitude. In addition, the vallegnu —[1—(b- Q)z —(n-b)? - (n- Q)z

of r, depends crucially upon the angle the wave vector makes

with the magnetic field, whichis in turn determined by the strygFQ(n b)(n-Q)(Q- b)]1/2 (b-Q)

ture of the magnetosphere. Unfortunately, up to date there is no

self-consistent _ql_Jantitative description of the rota_ting magne- _ (. b)(n- Q)] . (22)

tosphere containing the plasma. So one cannot firmly speci

the locus of the polarization-limiting radius in the magnetothis can be easily reduced to the form (see also Manchester &

sphere and we treated it as a free parameter. However;jt istaylor 1977):

that conditions the final value of the circular polarization in the sin asin ®

case considered. As, is near the emission region, ~ ry, A4 =

Fig. 5. The profiles of circular polarization given the efficient outwar
refraction at the outer edges of the open field line tube: = 50,

sin € cos o — cos € sin e cos @
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1 90
Psina = —tan . (23) M e
-« -
Generally the position angle should be determined by the di- s - /

rection of the major axis of polarization ellipde beyond the /
polarization-limiting region. Then, taking into account that the /

waves considered are transverse onesli.@ = 0, one can 0 /
rewrite Eqg. (22) as /
/
/
V1I- (192 (n Q) /
t = . 24 /
an j1 ) (24)
Following Landau & Lifshits (1988), one can express the | ==— '"7/ ! !
components of the vectdwia the wave amplitudes, anda,,. 4 2 0 2 4 a

The wave electric field can be presented in the form:

90
E = (aajl + ’L'(lzg)i + (ayl + iayg)j M
45

= (I +ilp)e”*, (25)

whereaz, + iage = ag, ay1 + laye = ay, 11 andl, are the
principal axes of the polarization ellipse, so thdt; +ily)? =
0. Proceeding from the equality:

R{E-L)(E"-12)} =0, (26)

where the complex conjugation is marked by asterisk, it is easy -
tofind the inclination? of the major axid; to the x-axis{an ¢ = ©

lly/llx)-

-45 -

90

2(ax1ay1 + am2ay2)

2 2 2 2
az1 + Azo — ayl B ay2

@) M

tan 29 =

Taking into account that

n-Q =cos ~ cosa,

Q, = —sinacosp — 6 cos a,

Q, = sinasin p,

11 2 C

we obtain finally:

Fig. 6.The swing of position angle of linear polarization with allowance
for wave propagation in the polarization-limiting regiana = 0.5,

b a = 0.05; the rest parameters are the same as on Fig: the
Using in Eg. (27) the limiting values of the wave ampliparameters are the same as on Fig. 4

tudes found through the numerical solution of Egs. (17) and (13)

yields the curves of position angle swing presented in Fig. 6. The

swing without allowance for the polarization-limiting effect iof non-central sight-line trajectories the polarization-limiting
shown by the dashed lines. The swing in Fig. 6a is obtainededfiect something diminishes the total position angle swing. Po-
the same parameters as the V-profile in Fig. 3b. One can see #iitiain angle variation shown in Fig. 6ais similar to that observed
under such condition the polarization-limiting effect does néor some pulsars with the antisymmetric V-profiles (e.g., PSR
alter essentially the character of the swing. Position angle vetb08+55, PSR 2111+46, and PSR 0942-13 (Lyne & Manchester
ation remains quite smooth, the total swing through the pul$888)).

being almost the same. The value of the total swing is close to If one considers another parameter, the influence of
180% implying that the sight line traverses the open field linpolarization-limiting effect on the position angle swing can be
tube close enough to the centre. Obviously, at a fixed £ more significant (see Fig. 6b). One can see that the transition
the smaller the pulse width the larger is the normalized inm the pulse centre becomes more distinct and the total swing
pact parametefa — £|/0q.- As clear from Fig. 6a, in caseexceedsl80%. The latter is really the case in some pulsars.

V1= [cos(p +3) — 0 cot o cos V)2

cos(p + 1) — O cot wcos ¥ (28)

tanp =
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The abrupt change of position angle near the pulse centre ametic axis as well as shifted gaussian beams corresponding to
responding to the sense reversal in V-profile is observed, eapnal emission. Our aim is to suggest the physical basis for
for PSR 1451-68 (McCulloch et. al. 1978). such geometrical considerations. We are to show that refrac-

Fig. 6¢c shows the position angle variation in case of syrtien in the magnetospheric plasma can provide the separation
metrical V-profile. The essential departure from the S-shapg&pulse components. Note that the beam separation on account
corresponds to the peak of V-profile. It should be mentioned refraction should be frequency-dependent.
that as a rule the position angle swing observed in the conal Consider refraction in the plasma with the following density
components of triple profiles is smooth and can be regardeddéstribution:
the S-shaped, whereas the swing in the central components can )
be quite irregular, usually with abrupt transitions, which are not r\3 ( _x=x1v/r/ro T v [T

. . No ( )(, ,>7><1 TSXSXC\/T,

necessarily orthogonal (see, e.g., McCulloch et. al. 1978, Rankin (xe—x1)y/7/70 0 0

et. al. 1989). So in the whole position angle swing presented}h= ro\3 [ x2\/r/ro—x o o

Fig. 6¢ also agrees with the observations. No (52) ((X2—Xc)m> P Xeyfg SXS X2 \/:’
0, X < le and x> X2\/7‘/77"07

3.4. Interpretation of total-intensity profiles (29)

in terms of refraction o . o _
Letthe emission be generated in the region filled with the plasma

The hollow-cone model (Radhakrishnan & Cooke 1969) is corgnd radius-to-frequency mapping be the case. For simplicity
monly accepted as a basis for geometrical explanation of pulga assume that the intensity distribution is uniform. Since the
total-intensity profiles. From the physical point of view, pulsa§lasma number density decreases towards the both boundaries
radio emission is associated with the magnetospheric plas@ghe plasma flow, the transverse density gradient should change
whichis believed to be distributed within the open fieldline tubﬂqe sign_ Then the rays emitted near the inner edge of the p|asma
with the density close to the magnetic axis being negligiblgew should deviate towards the magnetic axis, while those emit-
Given the radius-to-frequency mapping is the case the widgad near the outer tube edge should tend away from the axis.
ing of double profiles with the wavelength as well as the increasfiys, refraction really leads to the angular separation of uni-
of separation between the components are naturally explaifgnly emitted radiation. At high frequencies refraction is more
by the open field line tube widening with the distance from th&ficient (the tube is narrower and transverse density gradient

neutron star. However, as first established by Backer (1976)idnarger) and the component separation should become more
addition to the basic double structure the observed profiles gfstinct.

ten contain the component near the pulse centre, whereas somejsing Eq. (29) in Eq.(7) one can find the total-intensity

profiles exhibit two pairs of almost symmetrical componenisiofiles shown in Fig.7. They are obtained for the set of
near the central component. So the hollow-cone model caligghe widths, that is for the set of frequencies related to each
for modification. other asl : 1.37 : 1.95 : 2.32 : 2.92 : 3.64. Note that
Thorough analysis of the wide observational dataled Rankiie profiles in Fig. 7 are calculated at the assumption of the
(1983) to the conclusion that the emission from the central pagiform intensity distribution throughout the emission region,
of the open field line tube (core emission) differs from that gegsile in reality it is not so. It is apparent that refraction in the
erated at the tube edges (conal emission) in physical propertjgsiiow-cone beam causes the triplicity of the observed profiles,
namely in polarization and spectral behaviour. Later on LyR@ith the component separation becoming more distinct at
& Manchester (1988) argued for a smooth variation of theggyher frequencies. Note that at proper conditions refraction
properties with the distance from the magnetic axis, without rgan split the hollow-cone beam into the five components (see
spect to the concrete components of total-intensity profiles.gfy. 7f). The inner conal components are then formed by the
the previous subsections we demonstrated that the propagagigfy emitted af < y.. The trajectories of such rays intersect
effects in pulsar magnetosphere can account for both consi¢k critical field line, so that the rays get finally into the region
erable circular polarization and irregular pOSition angle SWl%nh the Opposite|y directed density gradient and suffer a
close to the pulse centre, whereas the emission at the wig@ight deviation towards the outer tube edge. It should be
should be characterized by small amounts of circular polarizaentioned that the five-component profiles are the most typical
tion and quite orderly swing. This is well compatible with thymong the observed multiple profiles. Given that the inner
observations. boundary of the plasma flow lies far enough from the magnetic
Now we turn to the spectral properties of pulsar totahxis and the sight-line trajectory across the pulsar beam is
intensity profiles. As found out by Rankin (1983), core comgyfficiently central, the central component can turn into a pair
ponents have a steeper spectrum than the conal ones, sodhaiomponents. So the recently discovered six-component
at high frequencies the conal emission becomes more prog}iof”es of PSR 0329+54 (Kuzmin & Izvekova 1996) and PSR
nent. The frequency evolution of triple profiles was well simu237+25 (Kuzmin et al. 1997) can also be explained in the
lated theoretically in terms of purely geometrical effects (Siebgpirit of the present discussion. Thus the whole variety in the
1997). The author proceeded from the assumption that pulggrphology of pulsar total-intensity profiles can be interpreted
emission beam contained a gaussian beam centered on the fagrms of the common hollow-cone model with allowance for
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Fig. 7. The separation of components in total-
intensity profiles due to refractioa:y: = 0.01,

b x1 = 0.009,cx1 = 0.008,d x1 = 0.0075, e
x1 = 0.007,f x1 = 0.0065; v = 50, fo = 0.5,

d e f E—a=37%xc=6x1,x2=Tx1

8 4 0 4 48 8 -4 0 4 58 8 4 0 4 (8

refraction in the magnetospheric plasma. We also suggested the interpretation of the morphological
features of pulsar total-intensity profiles on the basis of propaga-
tion effects in the magnetosphere. It is shown that refraction in
the plasma, whose number density decreases towards the mag-
netic axis and towards the edge of the open field line tube, can

4. Conclusions account for the angular separation of profile components. The

. . . o : spectral evolution of total-intensity profiles is well explained by
We investigated refraction and polarization transfer in an uItrﬁl{e increasing efficiency of refraction at high frequencies

relativistic pulsar plasma embedded in an infinitely strong mag- In our investigation the plasma was assumed to be cold

netic field. In agreement with the standard models of electroq- o ;
) . although this is not the case in pulsar magnetospheres. It should
positron cascade, the plasma density was assumed to be E%ro

near the magnetic axis and beyond the boundary of the c)p‘?nnoted that the dispersive curves for the waves in the hot

field line tube. In addition, the plasma density distribution wagaomaare qualitatively similar to those in the case of the cold

taken to be nonaxisymmetric. This does not conflict with thojasma_ (Lyubarskii 1995). The quaptltatwe description of the
. waves in the hot plasma requires using the concrete form of the
customary model of magnetosphere structure. With such den-

sity distribution wave mode coupling introduced by refractio article distribution function, which is still obscure. In addition,
he exact distribution of the plasma number density across the

results in an antisymmetric profile of circular polarization with . . ; "
9pen field line tube is also unknown. So the obtained results
the sense reversal near the pulse centre. The observed frequency

. . : : . can-allow some quantitative modification, while the qualitative

evolution of the antisymmetric V-profiles (the increasddf . . : )

. ) . icture is believed to remain the same.
with the frequency) corresponds to the increasing role of refrae:
tion at high frequencies. At low frequencies, which are believed
to originate at high altitudes in the open field line tube, rotatidReferences
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