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Abstract. Refraction of radio waves in the ultrarelativistic highly magnetized pulsar plasma is considered. The
influence of the effect on the observed pulsar spectra is studied. It is shown that refraction can cause a marked
redistribution of the intensity in the emission beam. For a given sight-line trajectory across the beam this affects not
only the apparent profile morphology but also the total intensity detected. As refraction is frequency-dependent,
it can modify the pulsar spectrum. The spectral changes are peculiar to both the core and conal components.
For the typical parameters of the magnetospheric plasma the effect is found to be efficient at the frequencies
above 1 GHz. It is demonstrated that refraction can lead to the high-frequency steepening of the core-component
spectrum with the subsequent flattening at still higher frequencies. In addition, the effect can account for the
inversion of the intensity ratio of the conal components and the consequent break in the spectra of the conal-double
pulsars. The high-frequency features of the pulsar spectra are compared with the other observational consequences
of refraction. The conclusion is made that at the frequencies above 1 GHz the properties of pulsar radiation are
mainly determined by the propagation effects in the magnetospheric plasma.
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1. Introduction

Nowadays pulsars are observed over three decades in radio
frequency, from a few times 10 MHz to a few times 10 GHz,
and their radio spectra show the following features (e.g.
Malofeev 1999). At the intermediate frequencies, from a
few hundred MHz to a few GHz, the spectra are typically
represented by a power law with the spectral index ∼1−2.
At the lower frequencies one observes a turn-over in the
spectrum of some pulsars. At the higher frequencies the
power law often steepens, with the spectral index being
∼2−3. At extremely high frequencies (∼30 GHz) in some
pulsars that are still observable, the spectrum tends to
flatten or even shows a turn-up (Wielebinski et al. 1993;
Kramer et al. 1996).

Of course, pulsar spectra are primarily determined by
the emission mechanism, but they can also be affected by
the propagation effects in the magnetospheric plasma and
the effects of observational geometry. In the absence of a
commonly accepted concept of the radio emission mecha-
nism, it is reasonable to examine the role of these effects
in the formation of the observed spectra in order to ascer-
tain what features are actually intrinsic to the emission
mechanism.
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The low-frequency turn-over in the pulsar spectrum is
often attributed to the propagation effects, e.g. to free-free
absorption (Malov 1979) or induced scattering (Lyubarskii
& Petrova 1996) of the radio waves by the particles of the
magnetospheric plasma. As is shown by Sieber (1997), the
high-frequency break in the spectrum can be caused by
geometrical effects. In that paper an artificial emission
beam composed of three Gaussian components was con-
sidered. Given the non-central cut of the emission cone by
the sight line, the high-frequency shrinkage of the cone im-
plies that increasingly greater part of the emission beam
becomes invisible, so that the core component weakens as
compared to the conal outriders and the total spectrum
can steepen. It is essential that the difference in the spec-
tral behaviour of the profile components can be explained
regardless of the properties of the emission mechanism.
Note that an idea of a single emission mechanism for all
the profile components indeed seems to be preferable (e.g.
Lyne & Manchester 1988).

Furthermore, the component structure of complex pro-
files is not necessarily the attribute of the emission mech-
anism itself: The rays can group into separate compo-
nents owing to refraction in pulsar plasma. It has been
already demonstrated that taking into account refraction
allows to explain the diversiform morphology of the ob-
served pulse profiles within the frame of a primordial
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hollow-cone emission model (Petrova & Lyubarskii 2000;
Petrova 2000). Note that the hollow-cone model is be-
lieved to be physically grounded, if the emission process
is associated with pulsar secondary plasma. Indeed, close
to the magnetic axis the field lines of a dipolar field are
nearly straight and the electron-positron cascade does not
develop, so that there is the lack of plasma in the central
part of the open field line tube (Arons & Scharlemann
1979). Smooth variation of the plasma number density
across the tube implies that the density should decrease
towards both the magnetic axis and the tube edges.

Refraction acts to decline the rays in the direction of
the plasma density decrease. Therefore the rays emitted
in the inner part of the tube deviate towards the mag-
netic axis and form the core component, whereas those
originating in the outer tube part deviate outwards and
form a pair of conal outriders. Thus, it is refraction that
hides the rays in the central part of the emission beam,
which is invisible given the non-central sight-line trajec-
tory. Provided that the radius-to-frequency mapping is
the case, at higher frequencies refraction becomes stronger
(e.g. Lyubarskii & Petrova 1998). Then the grouping of the
core rays is reinforced and the resultant spectrum is even
steeper than the spectrum, which is determined purely by
the geometrical effects.

At still higher frequencies the inner rays can intersect
the magnetic axis and come into the region with the op-
positely directed transverse plasma density gradient. Here
they turn round and start deviate in the opposite direc-
tion. For most of the rays the final directions group near
the “turning point”. As the frequency increases, the turn-
ing point tends to move away from the magnetic axis,
so that ultimately most of the rays leave the central in-
visible part of the emission cone and become observable.
Obviously, this should result in some flattening or even
a turn-up in the pulsar spectrum. In the present paper
it is demonstrated that refraction of radio waves in pul-
sar plasma (along with the effects of observational geom-
etry) really can account for the high-frequency features
observed in the spectra of the core-dominated pulsars.

It should be pointed out that the high-frequency spec-
tral breaks are peculiar not only to the core-dominated
pulsars: They are often connected to the inversion in the
intensity ratio of the conal components (for the examples
and references see Sect. 4). Note that the theory of the
electron-positron cascade above the polar cap of a pulsar
allows, in principle, a non-axisymmetric distribution of the
secondary plasma, which can underlie the difference in the
intensities of the conal components at a fixed frequency
(e.g. Arons 1993). At the same time, the distinction of
the component spectra remains obscure. Indeed, continu-
ity of the plasma flow in the tube implies that the plasma
number density decreases as r−3, independently of the az-
imuthal coordinate. Given the radius-to-frequency map-
ping, the radial decrease of the density is reflected in the
frequency evolution of the intensity emitted. Hence, the
inversion of the intensity ratio of the conal components is
hardly attributable to the emission mechanism.

In the present paper we consider refraction in the
plasma with a non-axisymmetric density distribution and
suggest an explanation for the intensity ratio inversion on
the basis of this phenomenon. Provided that the azimuthal
density distribution has extremums, the rays are refracted
towards the minima. This results in ray grouping in cer-
tain domains of the emission cone, the effect being more
prominent at higher frequencies. (Note that such a patchy
structure of the emission cone has an observational sup-
port, e.g. Lyne & Manchester 1988). The original intensity
is the highest in the regions of the plasma density max-
ima, whereas refraction acts to group the rays near the
density minima. As refraction is frequency-dependent, the
resultant structure of the emission beam can evolve signif-
icantly. Moreover, the emission patches move because of
the tube shrinkage, so that for a fixed sight-line traverse
the intensity ratio of the conal components can vary essen-
tially. It will be shown below that the inversion in the in-
tensity ratio of the conal components and the consequent
spectral break can indeed be attributed to refraction in
the plasma with a non-axisymmetric density distribution.

Within the frame of our explanation of the high-
frequency features of pulsar spectra, the frequency of the
spectral breaks, typically about 1 GHz, is interpreted as a
characteristic frequency, at which refraction becomes suf-
ficiently strong. It should be mentioned that for a num-
ber of pulsars the break in the spectrum almost coin-
cides with the breaks in the frequency dependencies of
the pulse width and linear polarization (McKinnon 1997).
Both these dependencies can also be explained in terms of
the propagation effects, with the break frequency having
exactly the same physical meaning (Lyubarskii & Petrova
1998; Petrova 2001).

The present paper continues the investigation of the
observational consequences of refraction in pulsar mag-
netospheres. It is shown that refraction together with the
effects of observational geometry can account for the high-
frequency features in pulsar spectra. In Sect. 2 we write
the ray equations for the case of an axisymmetric plasma
density distribution. The behaviour of rays is discussed
and the resultant spectra are presented. Refraction in the
plasma with a non-axisymmetric density distribution is
considered in Sect. 3. It is demonstrated that the effect
can drive the frequency evolution of the component in-
tensity ratio in a double profile and cause a break in the
overall spectrum. The simulated spectra are discussed in
Sect. 4. The results are summarized in Sect. 5.

2. The effect of refraction on the spectra
of core-dominated pulsars

Let us consider refraction in an ultrarelativistic electron-
positron plasma embedded in a superstrong magnetic
field of a dipolar structure. For this problem the assump-
tions concerning the magnetic field are reasonable. Firstly,
the existence of non-dipolar components in the magneto-
sphere has no direct observational support (Arons 1993).
Secondly, refraction is efficient only at distances of the
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order of the emission radius, i.e. sufficiently deep in the
magnetosphere, so that rotational distortion of the mag-
netic field structure is insignificant. For the sake of clarity,
the plasma is assumed to be cold in the proper rest frame.
Although this is not the case in real pulsars, the results
are qualitatively the same. Then the dispersion relation of
the plasma takes the form (e.g. Lyubarskii 1995):

(
1− n2

){(
1− n2

‖

)(
1−

ω2
p

ω2γ3(1− n‖β)2

)
− n2

⊥

}
=0.(1)

Here n is the refractive index, n‖ = ck‖/ω and n⊥ =
ck⊥/ω, k‖ and k⊥ are the wave vector components parallel
and perpendicular to the magnetic field, respectively, γ is
the plasma Lorentz-factor, β the particle velocity in the
units of c, ωp the plasma frequency,

ωp =

√
4πNe2

m
, (2)

where N is the plasma number density, e and m are the
electron charge and mass.

The ultrarelativistic highly magnetized plasma de-
scribed by Eq. (1) allows three natural waves. The first
parentheses correspond to the extraordinary wave. It has
the vacuum dispersion law and therefore does not suffer
refraction at all. (Note that the vacuum dispersion im-
plies that direct generation of the extraordinary waves in
the plasma is questionable). The expression in the curly
brackets describes two ordinary waves. Given the oblique
propagation with respect to the magnetic field, one of the
ordinary waves is subluminous, while the other is super-
luminous. Although the subluminous waves can be easily
generated (e.g. as a result of the two-stream instability
in the plasma), they cannot leave the magnetosphere be-
cause of Landau damping. Therefore we are interested in
refraction of the ordinary superluminous waves.

Direct generation of these waves in any conceivable
plasma process seems to be impossible. However, they
can arise as a result of induced scattering of the sublu-
minous waves off the plasma particles. At the conditions
relevant to pulsar plasma the scattering appears to be
rather efficient (Lyubarskii 1996). The resultant superlu-
minous waves acquire the frequencies of the order of the
local Lorentz-shifted proper plasma frequency,

ω ∼ ωp
√
γ. (3)

Despite the recent progress in the understanding of the
physics of the polar gap, the distribution of the num-
ber density of the secondary plasma is not obtained yet.
Therefore, we apply to the qualitative considerations. The
lack of plasma at the centre of the open field line tube
and beyond its boundaries suggests some decrease of the
plasma number density towards the magnetic axis and
tube edges. At the same time, continuity of the plasma
flow within the tube results in radial number density de-
crease ∝ r−3 along any field line. Let us choose the po-
lar coordinate system (r, χ) whose axis coincides with the
magnetic axis. Then the dipolar field line is given by the

equation: χ = χ0

√
r/r0. Keeping in mind all this, we take

the plasma density distribution in the form of the two
symmetrical Gaussians centered at the characteristic field
lines (χ = ±χc at r = r0):

N = N0

(r0
r

)3

exp

−ε
(
|χ| − χc

√
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χc

√
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)2
 · (4)

Here ε is a constant of order unity. The density distri-
bution is axisymmetric, i.e. it is the same in each cross-
section containing the magnetic axis. Thus, the “hollow
tube” is assumed. Using Eqs. (2) and (4) in Eq. (3), one
can see that a sort of radius-to-frequency mapping is the
case: along a fixed field line ω ∝ r−3/2 .

In the problem considered all the scale lengths are
much greater than the wavelength, so that the geometrical
optics approximation is appropriate. Then the ray propa-
gation is described by the Hamilton equations, which can
be reduced to the form (Eq. (9) in Petrova 2000):
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where

A ≡ (1 + η)3 − 4(1− η)N
f2

0

, η ≡ 2γ2(1− n‖)

and the quantities r, χ, θ, N are normalized by their initial
values; θ is the wavevector tilt to the magnetic axis, f ≡
ω/(ωp

√
γ) and the subscript “0” refers to the quantities

at the initial point. The rays are supposed to be emitted
along the magnetic lines, so that θ0 = 3χ0/2.

The set of Eq. (5) describes the ray trajectory and
the wavevector evolution in the course of refraction. The
wavevector deviation is determined by the variation of the
refractive index along the trajectory. In our case this vari-
ation is due to the magnetic line curvature (the first term
in the right-hand side of the second equation in the set (5))
and also due to the variation of the plasma number density
(the second term). Note that as the open field line tube
is narrow, the transverse scale length is much less than
the radial one, so that the transverse density gradient is
much more significant. Its contribution is ∼(χ0χc)−1γ−2.
Therefore refraction is more efficient for the rays emitted
closer to the magnetic axis (at smaller χ0) and at lower
altitudes (for a fixed characteristic field line, smaller χc

imply smaller emission altitudes r0). It should be noted
that the equations of the set (5) do not depend on r0 ex-
plicitly. Given that f0 is a constant of order unity, only χc

is related to the frequency of the ray: χc ∝ r1/2
0 ∝ ν−1/3.

At high enough frequencies it is the transverse den-
sity gradient that determines refraction. Ray behaviour is
qualitatively dependent on the sign of this gradient. Let us
consider the inner rays (i.e. the rays emitted in the region
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|χ| < χc). From the second equation of (5) it is clear that
they start deviate towards the magnetic axis (for more de-
tails concerning ray trajectories and wavevector evolution
see Petrova 2000). Figure 1 shows the numerically calcu-
lated final wavevector tilts as functions of the initial one
for the three values of χc (χc = 0.04, 0.03 and 0.02), i.e. for
the three frequencies related to each other as 1:2.4:8. The
initial tilts are equidistant, so that visible nonuniformity
in the distribution of the labels along the curves testifies
to the concentration of rays on account of refraction. The
dashed lines bound the region in the central part of the
emission cone, which is invisible because of the non-central
sight-line trajectory. One can see that refraction tends to
place the rays into the invisible region, the effect becom-
ing more prominent at higher frequencies. For the rays
emitted at smaller χ0 refraction is particularly strong. It
makes them come into the opposite half of the tube, turn
round and start deviate in the opposite direction. As is ev-
ident from Fig. 1, at higher frequencies the turning point
of the rays shifts outwards, so that ultimately a great deal
of rays can become visible.

Thus, refraction leads to a significant redistribution of
rays within the emission beam. The final intensity profile
and spectrum are determined by both the initial angular
intensity distribution and the ray grouping because of re-
fraction. Here we consider a uniform distribution of the
intensity within the hollow cone,

I(θ0) = 1,
3
4
χc ≤ |θ0| ≤

3
2
χc, (6)

and the Gaussian distribution similar to that of the plasma
number density:

I(θ0) = exp

[
−ζε

(
2|θ0|/3− χc

χc

)2
]
,

3
4
χc ≤ |θ0| ≤

3
2
χc, (7)

with ζ being a constant of order unity. Energy conserva-
tion along the phase trajectories of the rays implies that
in any axial cross-section of the open field line tube

Ir0(θ0)dθ0 = Ir(θ)dθ, (8)

where Ir(θ) is the angular distribution of the intensity at
the distance r. Using Eqs. (5) in (8) one can find the final
intensity distribution. The influence of refraction on the
morphology of pulse profiles is studied in Petrova (2000).

The spectra resulting from the numerical calculations
on the basis of Eqs. (5)–(8) for the observational geometry
specified in Fig. 1 are presented in Fig. 2. The dashed line
shows the original spectral slope. According to the the-
ory of induced scattering (Lyubarskii 1996), it is taken to
be −4/3. One can see that taking into account refraction
together with the effects of observational geometry can
modify the original spectrum significantly. As refraction
becomes more efficient at higher frequencies, the increas-
ingly strong grouping of the rays in the central invisible
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Fig. 1. The influence of refraction on the wavevector orienta-
tion in case of the axisymmetric plasma density distribution.
The final wavevector tilt, θ, is plotted as a function of the ini-
tial one, θ0, for the various values of χc: χc = 0.02 (×), 0.03 (·)
and 0.04 (+); γ = 30, f0 = 0.5, ε = 3, θ0 ≤ 3χc/2. The
dashed lines bound the range, which is invisible in the case of
non-central sight-line trajectory across the emission beam (the
impact angle is assumed to be 0.02).

part of the emission cone leads to a break in the resul-
tant spectrum. At still higher frequencies, when increas-
ingly great number of rays leave the invisible region, the
spectrum suffers flattening. These features appear to be
more prominent for the uniform distribution of the in-
tensity emitted, however, they are still observable for the
Gaussian distribution with ζ = 2. The quantitative results
presented in Fig. 2 depend on the chosen plasma density
distribution and the distribution of the plasma particles in
energy. Hence, these spectra only illustrate the qualitative
features introduced by refraction given the appropriate
plasma parameters. Slight changes in the assumed plasma
parameters as well as the original intensity distribution
are expected to result in some variation of the final spec-
tral slopes. In particular, the flattening of the spectrum
may grow into a turn-up. Note that a certain diversity in
the observed pulsar spectra testifies to an actual diversity
in the parameters of the magnetospheric plasma.

In our calculations the frequency of the spectral break,
νc, corresponds to the emission altitude, r0, at which the
polar angle of the characteristic field line χc = 0.06. The
value of νc can be find as follows. It is convenient to nor-
malize the plasma number density at the characteristic
field line by the Goldreich-Julian charge density:

N =
κB

ecP
, (9)

where κ is the multiplicity factor of the secondary plasma
at this field line, B the strength of the ambient magnetic
field, P the pulsar period. The characteristic field line lies
within the open field line tube, so that u ≡ χc/χt <∼ 1;
here χt ≡

√
r0/rL is the polar angle of the last open field
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line at r0, rL ≡ 5× 109P cm is the light cylinder radius.
Using Eqs. (2) and (3) and recalling thatB ∝ r−3, we find:

νc = P−2u3

(
f0

0.5

)( r?
106 cm

)3/2

×
(
κ

104
· γ

30
· B?

1012 G

)1/2

GHz, (10)

where the subscript “?” refers to the values at the neutron
star surface.

As follows from Eq. (10), at typical values of the pa-
rameters, νc ∼ 1 GHz. One can see that the explicit period
dependence of νc is rather strong, however, the other quan-
tities in Eq. (10) (except r? and B?) can depend on the pe-
riod implicitly. It should be pointed out that the observed
dependence, νc ∝ P−1/2 (Malofeev & Malov 1980; Malov
& Malofeev 1991), can be obtained, if one assumes that
the location of the characteristic field line is independent
of the tube width, i.e. u ∝ P 1/2. At present it is difficult
to conclude whether this assumption is reasonable. Note
that the pulsar period can affect the development of the
electron-positron cascade, so that the quantities κ and γ
can also be period-dependent.

One more issue should be noted here. Within the scope
of the present consideration, the core-dominated pulsars
are those, in which most part of the emission originates in
the region of the inward plasma density decrease (i.e. at
|χ| < χc). As the observed profile shape can be strongly
influenced by refraction, this definition may differ from
the customary one, which is based on the observed profile
morphology.

3. The influence of refraction on the spectral
behaviour of conal components

Now let us turn to the problem of refraction in the case
of a non-axisymmetric distribution of the magnetospheric
plasma. The theory of pair creation above the polar cap of
a pulsar does not exclude such a distribution (e.g. Arons
1993). For the sake of clarity we take the following distri-
bution law for the plasma number density within the open
field line tube:

N = N0

(r0
r

)3

exp

−ε
(
|χ| − χc

√
r/r0

χc

√
r/r0

)2


× exp
[
µ cos2(ψ + ψc)

]
, (11)

with

µ =
{

1, −π/2 ≤ ψ + ψc ≤ π/2,
0, π/2 < ψ + ψc < 3π/2. (12)

Here the spherical coordinate system (r, χ, ψ) is chosen;
its polar axis coincides with the magnetic axis, while the
meridional plane at ψ = 0 contains the rotational axis
of a pulsar. Equations (11) and (12) imply that in one
half of the tube the plasma density distribution coincides
with that considered in the previous section (cf. Eq. (4)),

whereas in the other half the azimuthal density distribu-
tion has a maximum, which is shifted from the fiducial
plane by ψc. One can see that along any fixed field line
the number density decreases as r−3, so that the conti-
nuity condition is satisfied. Let the wavevector direction
of the outgoing rays be characterized by the polar and
azimuthal angles, θ and φ. Then the rays are detectable
by an observer on condition that (Manchester & Taylor
1977):

tanφ = ±
√

θ2

(α− ξ)2
− 1, (13)

where α is the angle between the magnetic and rotational
axes, ξ the wavevector tilt to the rotational axis.

Given the non-axisymmetric plasma density distribu-
tion (11)–(12), the ray equations take the form (cf. Eqs. (7)
and (17) in Petrova & Lyubarskii 2000):
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4
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2

×[χ2 + θ2 − 2χθ cos(φ− ψ)] = 0.

Here the quantities r, χ, θ and N are normalized by their
initial values; A and η are defined after Eq. (5). As the
rays are emitted along the magnetic lines, θ0 = 3χ0/2 and
φ0 = ψ0. In the absence of the azimuthal density gradient,
i.e. if µ ≡ 0, Eq. (14) certainly turns into Eq. (5). Indeed,
in this case ψ ≡ φ ≡const. The azimuthal density gradient
makes the wavevector deviate from the initial plane of the
magnetic lines (see the third addend in the next to the
last equation of the set (14)). The consequent difference
between ψ and φ implies that the trajectory goes off the
initial plane as well (see the second equation in Eq. (14)).
The wavevector and trajectory both deviate in the same
direction, oppositely to the azimuthal density gradient, i.e.
in the direction of the plasma density decrease. Refraction
again appears to be more efficient for the rays emitted at
smaller polar angles and at lower altitudes (i.e. at higher
frequencies).
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Fig. 2. The core-component spectra calculated accounting for
refraction. The parameters are the same as in Fig. 1 and the
intensity is normalized arbitrarily. The original intensity dis-
tribution is given by Eq. (6) (points) and Eq. (7) at ζ = 2
(asterisks). The dashed line shows the original spectral slope
−4/3.

Figure 3 demonstrates the final structure of the emis-
sion beam at the two frequencies, that are related to each
other as 1:4.6 (Figs. 3a and 3b, respectively). The final
wavevector tilts are calculated numerically on the basis of
Eq. (14). In each of the figures the rays are emitted at
three polar angles, χ = χc, 1.25χc and 1.5χc, and they
are initially equidistant in the azimuthal coordinate. One
can observe that refraction leads to redistribution of the
rays in azimuth: they tend to concentrate away from the
density maximum. In Fig. 3a the effect is barely distin-
guishable, while in Fig. 3b it is visible clearly. Thus, ray
grouping becomes more prominent at higher frequencies.

As the density maximum is shifted from the fiducial
meridional plane ψ = 0, the concentration of rays on both
edges of the sight-line trajectory is different, especially
at higher frequencies. This should reveal itself in the dis-
tinction of the intensities of the resultant conal compo-
nents. Note that the component, which is more distant
from the density maximum, is enhanced, while the other
weakens. At the same time, the original intensity is ex-
pected to be higher close to the plasma density maxi-
mum. Hence, refraction acts to reverse the intensity ratio
of the components.

To study the spectral behaviour of the conal compo-
nents in more detail it is necessary to trace the evolution of
the intensity distribution in the emission beam on account
refraction. The original intensity distribution is taken in
the form

I(θ0, φ0) = exp

[
−ζε

(
2|θ0|/3− χc

χc

)2
]

× exp[µ cos2(φ0 + ψc)],
3
2
χc ≤ |θ0| ≤

9
4
χc, (15)
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Fig. 3. Redistribution of rays in azimuth as a result of refrac-
tion in the plasma with the non-axisymmetric density distribu-
tion (11): a) χc = 0.05, b) χc = 0.03; γ = 30, f0 = 0.5, ε = 1,
χ0 = χc, 1.25χc and 1.5χc. The diamond denotes the location
of the maximum of the plasma density (θ = 3χc/2, φ = −ψc).
An arbitrary sight-line trajectory is shown by the dashed line.

which is similar to the plasma density distribution (11).
Owing to refraction the trajectories of the rays in the
phase space (r, θ, φ) can diverge or converge as r increases.
Since the energy is transferred along the phase trajectories
of the rays, for any initial point (r0, θ0, φ0) the evolution of
the intensity Ir0(θ0, φ0) with r is determined by the defor-
mation of the elementary area θ0dθ0dφ0, that is bounded
by the phase trajectories of the nearby rays:

Ir0(θ0, φ0)θ0dθ0dφ0 = Ir(θ, φ)θdθdφ. (16)

Hence,

Ir(θ, φ) = Ir0(θ0, φ0)
θ0

θ

[
∂(θ, φ)
∂(θ0, φ0)

]−1

, (17)

where

∂(θ, φ)
∂(θ0, φ0)

≡ ∂θ

∂θ0
· ∂φ
∂φ0
− ∂θ

∂φ0
· ∂φ
∂θ0

(18)

is the Jacobian describing the transition from the coor-
dinates (θ0, φ0) to the coordinates (θ, φ). It can be found
through numerical calculation of the ray tracings on the
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basis of Eq. (14). Then from Eq. (17) we can obtain the
final intensity distribution in the emission beam, If(θ, φ).
The total intensity detected by an observer is given by the
integral∫
If(θ, φ)dθ, (19)

which is taken over the sight-line trajectory across the
emission beam.

The spectra calculated on the basis of Eqs. (14)–(19)
for the viewing geometry shown in Fig. 3 are plotted in
Fig. 4. One can see that at the frequencies ∼νc the inten-
sity ratio of the components is reversed. At the lower fre-
quencies the component intensities are mainly determined
by the original intensity distribution. So the component,
which is located closer to the density maximum (points),
is stronger. At the higher frequencies the intensity distri-
bution appears to be essentially affected by refraction. As
the sight-line trajectory passes through the region of ray
concentration, the second component (pluses) is consid-
erably enhanced in intensity and becomes the dominant.
This is accompanied by a significant flattening of the com-
ponent spectrum (see Fig. 4). At the same time, the spec-
trum of the first component is steeper than the original
one. Indeed, the lack of rays close to the plasma density
maximum becomes more prominent with the frequency. At
still higher frequencies the sight-line trajectory shifts away
from the region of ray concentration because of the shrink-
age of the emission cone. Then both intensities rapidly de-
crease (while the amplitude ratio remains the same) caus-
ing the break in the total spectrum. Thus, the inversion of
the intensity ratio of the conal components and the break
in the overall spectrum can both be explained by refrac-
tion in the plasma with a non-axisymmetric distribution.

The results obtained in the present section concern not
only the double profiles. They are also applicable to the
outer conal components (i.e. those emitted at χ > χc)
of the more complex profiles. Then the total spectrum is
the sum of those shown in Figs. 2 and 4. Note that the
non-axisymmetry in the plasma density distribution can
affect the core components as well. It is expected to result
in an asymmetry of the core component with respect to
the profile centre. As the effect is usually superposed on
the geometrical effect discussed in the previous section, it
is difficult to generalize the features of the resultant core
spectra in this case.

4. Discussion

Refraction of radio waves in pulsar plasma causes a
marked redistribution of the intensity in the emission
beam. Then for a given sight-line trajectory the inte-
gral intensity of the profile can be changed considerably,
though the total energy of the emission beam certainly
remains the same. As refraction is frequency-dependent,
it affects the pulsar spectrum. Above it has been demon-
strated that the spectral changes can be peculiar to both
the core and conal components.
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Fig. 4. The spectra calculated accounting for refraction in the
plasma with the density distribution (11). The parameters are
the same as in Fig. 3; + and ·— the conal component spectra,
∗ — the overall spectrum. The dashed line shows the original
spectral slope −4/3.

The observational data allow us to divide the pul-
sars with the spectral breaks into several groups accord-
ing to the frequency behaviour of the profile shape (the
comprehensive data on pulsar spectra are presented in
Malofeev et al. 1994, Malofeev 1999; the corresponding
profiles at different frequencies can be found in Kuzmin
& Losovskii 1999 (100 MHz), Lyne & Manchester 1988
(up to 1.4 GHz), Seiradakis et al. 1995 (1.4, 4.75 and
10.55 GHz) and von Hoensbroech 1999 (5 GHz)). The first
group contains the core-single pulsars (e.g. PSR 0823+26,
PSR 1706-16 and PSR 1839+56) with the persistent
morphology over a wide frequency range. The pulsars
PSR 1929+10 and PSR 2021+51, which exhibit a turn-up
at extremely high frequencies (Kramer et al. 1996), also
seem to enter into this group. The second group is rep-
resented by the triple pulsars with a significant change of
the amplitude ratio of the core and conal components with
the frequency (e.g. PSR 2045-16 and PSR 2111+46). Here
one should also consider the double-profile pulsars, which
are classified as core + 1/2 cone according to the polar-
ization data (e.g. PSR 0355+54 and PSR 0450+55); these
profiles also show a marked evolution of the intensity ratio
of the components. For the two above mentioned groups
of pulsars the spectral break is likely to occur due to con-
siderable steepening of the core-component spectrum at
high frequencies, so that their spectra can be modelled by
Fig. 2 of the present paper.

The next group is composed of the double-conal pul-
sars with a marked frequency evolution of the compo-
nent intensity ratio (e.g. PSR 0148-06, PSR 0525+21,
PSR 0834+06 and PSR 1133+16). Their spectral evolu-
tion is similar to that simulated in Sect. 3 (see Fig. 4).
The last group consists of the pulsars, in which both
the steepening of the core-component spectrum and the
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inversion of the intensity ratio of the conal components
seem to contribute essentially (e.g. PSR 0450-18, PSR
1237+25, PSR 1642-03 and PSR 1821+05). Then the
overall spectrum is believed to be the sum of the compo-
nent spectra plotted in Figs. 2 and 4. Thus, the features
of the pulsar spectra are coupled to the profile morphol-
ogy and its frequency evolution. Within the frame of our
model this relation is explained naturally: both the spec-
trum and the profile shape are affected by refraction.

Note that the main features of the observed frequency
evolution of the pulse width (Rankin 1983) can also be at-
tributed to refraction (Lyubarskii & Petrova 1998). At low
frequencies the pulse width, w, is determined by the width
of the open field line tube and therefore decreases with the
wavelength, whereas at high frequencies it is affected by
refraction and remains nearly constant. As a rule, such
a dependence w(ν) is characteristic of the double-conal
pulsars (e.g. PSR 1133+16 and PSR 0525+21). The fre-
quency of the break in w(ν) often coincides with that
in the total-intensity spectrum (McKinnon 1997), both
effects being the consequences of refraction. Some pul-
sars exhibit quite another dependence w(ν): At the fre-
quencies ∼100 MHz–1 GHz the power law is damaged by
the so-called “absorption feature” (Rankin 1983). Such
a behaviour of the pulse width is usually met in the
core components (e.g. PSR 1642-03, PSR 1706-16 and
PSR 1933+16). The “deficit” of pulse width can also be
explained by the peculiarities in the behaviour of the core
rays on account of refraction (Lyubarskii & Petrova 1998),
i.e. exactly in the same manner as the “deficit” in the total
intensity of the core components (see Sect. 2). However,
these dependencies bear only qualitative resemblance. The
observations show that the “absorption features” in w(ν)
and in the spectrum are considerably shifted in frequency.
The point is that the observed pulse width is determined
by the final intensity in the profile (it is measured at
the one-half of the maximum intensity). Hence, strictly
speaking, it depends on the original intensity distribution
and ray grouping, rather than by the behaviour of a cho-
sen “boundary” ray. For the same reason there are some
counter-examples of the relation between the profile mor-
phology and the form of w(ν).

One more observational consequence of refraction con-
cerns the degree of linear polarization in the observed pul-
sar radiation. It has been already shown (Petrova 2001)
that refraction can cause the quasi-longitudinal propaga-
tion of the waves with respect to the magnetic field. Then
the ordinary superluminous waves are partially converted
into the extraordinary ones. The resultant superposition
of the orthogonally polarized modes is believed to under-
lie the high-frequency depolarization of pulsar radiation.
The frequency dependence of linear polarization usually
has the break, which accords with the breaks in the total-
intensity spectrum and w(ν) (McKinnon 1997).

The properties of the observed radiation at the low and
high frequencies appear to be somewhat different (Xilouris
et al. 1996), though the emission mechanism is believed to
be the same. One can expect that at high enough frequen-

cies (>νc), where refraction is significant, it is the plasma
density distribution that determines the observed charac-
teristics of pulsar radiation. The observational data testify
to the correlation of the profile morphology, the spectral
index and the degree of linear polarization with the accel-
erating voltage in the polar gap (von Hoensbroech 1999).
The older and less energetic pulsars usually have the dou-
ble conal profiles, the steeper spectra and low polariza-
tion. The core components are peculiar to young highly
energetic pulsars; the conal outriders in the triple profiles
are characterized by much flatter spectra and high polar-
ization. Hence, one can conclude that the process of pair
creation and the consequent distribution of the secondary
plasma depend considerably on the pulsar parameters (in
particular, on the period and period derivative). Note that
the correlation of the characteristics of pulsar radiation
with the accelerating potential is prominent only at the
high enough frequency, ν = 4.9 GHz; at ν = 1.4 GHz it is
weak, while at ν = 0.4 GHz it is absent at all. The point
is that at low frequencies, ν < νc, the characteristics of
pulsar radiation are mainly determined by the radio emis-
sion process rather than by refraction. Although in this
case they also can depend on the pulsar parameters, this
dependence may be not so straightforward.

It is interesting to note that at ν <∼ νc the profile com-
ponents are usually comparable in intensity. As is demon-
strated in the present paper, they can have different spec-
tra because of refraction, and therefore at extremely high
frequencies, ν � νc, only the component with the flattest
spectrum can be detectable. The observations show that
at ν ∼ 10–30 GHz the profiles indeed have a simple form
(e.g. Xilouris et al. 1996).

5. Conclusions

We have considered refraction of the ordinary superlu-
minous waves in an ultrarelativistic highly magnetized
plasma of pulsars. The effect appears to be determined by
the plasma number density gradient across the open field
line tube. Both the wavevector and ray trajectory tend to
deviate in the direction of the plasma density decrease.
Strong enough refraction causes the grouping of the fi-
nal wavevector orientations in those parts of the emission
beam, which are projected to the minima of the plasma
number density. The higher the frequency – the stronger
refraction. It is found that for the typical parameters of
pulsar plasma refraction leads to a significant redistribu-
tion of the intensity in the emission beam at the frequen-
cies above 1 GHz. This should affect the observed pulsar
spectrum.

It is demonstrated that refraction acts to place the
core rays (i.e. those emitted at θ0 < 3 = χc/2) into
the central part of the emission beam, which is invisi-
ble given the non-central sight-line trajectory, so that the
spectrum of the core component steepens. At still higher
frequencies the rays can leave the invisible region and
the spectrum flattens. Then the intensity tends to the
values corresponding to the extrapolation of the original
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low-frequency spectrum. Thus, the high-frequency spec-
tral features of the core components can be attributed
to refraction. Furthermore, refraction in the plasma with
a non-axisymmetric density distribution can influence
the spectral behaviour of the outer conal components.
Provided that the azimuthal density distribution has an
extremum, which is shifted from the central plane con-
taining the magnetic and rotational axes, refraction can
change the spectra of the conal components in a differ-
ent manner. The spectrum of the component, that origi-
nates in the region of the higher number density, becomes
steeper, whereas the spectrum of another component flat-
tens. Given that the higher number density entails the
higher original intensity, the ratio of the component in-
tensities can reverse with the frequency. This is followed
by the break in the overall spectrum of the double-conal
pulsar.

The observational consequences of refraction in the
magnetospheric plasma concern not only the pulsar spec-
tra. Refraction can also modify the pulse width and cause
the high-frequency depolarization in the observed radi-
ation (Lyubarskii & Petrova 1998; Petrova 2001). The
spectral break often concurs with the breaks in the fre-
quency dependencies of the pulse width and linear po-
larization (McKinnon 1997), indicating that the underly-
ing phenomenon is the same. Within the frame of these
views one can conclude that at the low enough frequencies,
<1 GHz, the characteristics of pulsar radiation are mainly
determined by the radio emission mechanism, while at
the higher frequencies refraction plays the dominant role.
Hence, the high-frequency properties of pulsar radiation
reflect the distribution of the plasma number density
across the open field line tube. This is confirmed by the
observed correlation of the profile morphology, the spec-
tral index and the degree of linear polarization at high
frequencies with the accelerating voltage in the polar gap
(von Hoensbroech 1999).
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