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ABSTRACT

The region in which pulsars radiate is very important to constrain pulsar emission mechanisms. A three-dimensional (3D) method to
calculate emission heights is developed in this paper. As an example, radiation regions for different components at different frequencies
have been calculated for PSR B2111+46. Emission components at seven frequencies are fitted with Gaussian components, then the
radiation heights for emission components are calculated. We found that different emission components, even if at the same radio
frequency, are radiated from different heights. This is probably a common phenomena and challenges any emission mechanisms. The
inverse Compton scattering emission model for pulsar radio emission can explain these results well.
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1. Introduction

Almost forty years have passed since pulsars were discovered.
However, how pulsars radiate is still an unsolved question. Many
radiation models have been suggested for radio emission, such
as Ruderman & Sutherland (1975), Qiao & Lin (1998), Melrose
& Gedalin (1999), Lyutikov et al. (1999), Gil & Sendyk (2000),
and so on. The determination of where pulsar radio emission is
produced is very important to constrain any theories.

The heights of the emission region have been estimated
with different methods (Cordes 1978; Blaskiewicz 1991; Phillips
1992; Gil & Kijak 1993; Kijak & Gil 1997; Gupta & Gangadhara
2001; Gupta & Gangadhara 2003; Dyks et al. 2004; Gangadhara
2005). In this paper we present a three-dimensional method to
calculate the emission height. If we have two geometric parame-
ters for a given pulsar with a known period, P, namely the incli-
nation angle @ between the rotation axis and the magnetic axis,
and the view angle ¢ of the line of sight from the rotation axis,
then the heights for any emission components at any frequen-
cies can be calculated. The emission components at different
frequencies can be separated by Gaussian fitting developed by
Wau et al. (1992) and Kramer (1994). We revisit PSR B2111+46
here, separate its components at seven frequencies, and calculate
the emission heights at these frequencies.

The structure of this paper is as follows: In Sect. 2 the com-
ponent separation by Gaussian fitting to the average pulse pro-
files of PSR B2111+46 is presented. The method to calculate
the emission height is developed in Sect. 3, and applied to PSR
B2111+46 in Sect. 4 with detailed discussions on the inverse
Compoton scattering (ICS) model and the RS (Ruderman &
Sutherlan 1975) model. Conclusions and discussions are sum-
marized in Sect. 5.
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2. Component-separation by Gaussian fitting
to profiles of PSR B2111+46

Usually a pulsar profile has many components, and each of them
is assumed to have a Gaussian shape (Wu et al. 1992, 1998;
Kramer 1994; Kramer et al. 1994; Kuzimin & Izvekova 1996;
Xu & Wu 2003). This is natual if one consideres the Gaussian
shape of subpulses and statistical properties of individual pulses.
So the fitting function for a pulse profile can be written as the
sum of several individual Gaussians, as follows:
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where [; is the amplitude of the ith Gaussian component, p; is the
peak position, and wj is the full width at half maximum. These
parameters can be determined from the Gaussian fitting by using
the numerical method of downhill simplex algorithm (Caceci &
Cacheris 1984). The root mean square (rms) value of the fitting
is given by

N
rms = [Z(y'j - yj)2} /N. 2)
=

Here y/]. is the data point of an observed profile. N is the total
number of data points. For a good fit, the residual curve of the
on-pulse part should be noiselike, and the rms value should be
close to that of the off-pulse part.

The profiles of PSR B2111+46 at seven frequencies,
408 MHz, 610 MHz, 925 MHz, 1.408 GHz and 1.64 GHz (Gould
& Lyne 1998), and 800 MHz and 1.33 GHz (Arzoumanian
et al. 1994), were obtained from the European Pulsar Network
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database (Lorimer et al. 1998). We took several steps to fit the
profiles:

(1) Separate the on-pulse and off-pulse parts. The on-pulse win-
dow is defined for the pulse part that is greater than 30 (the
standard deviation) of the off-pulse noise. Here the o is ini-
tially calculated from the whole pulse phase data. But later o
is repeatedly calculated after the pulse of >30 is taken out,
until the on-pulse part is no longer increasing.

Fit the Gaussian components to the on-pulse part using
Eq. (1), and calculate the residual curve.

Compare the residual value to the off-pulse data. If there is
any peak larger than about 30", we add another new compo-
nent, here o is the standard deviation of off-pulse data. Such
a procedure is repeated until the rms values of the on-pulse
residual curve and off-pulse data are comparable.

)
3)

The profiles of PSR B2111+46 appear to have three peaks. We
used three Gaussian components to fit them. The residuals have
much larger o than that of off-pulse, so it is necessary to add
components, until five components are involved (see Fig. 1 and
parameters in Table 1). That is to say, this pulsar is of the M-type,
not of the T-type suggested by Rankin (1993). The positions
of these components are coincident with each other at seven
frequencies, and these components evolve smoothly with fre-
quency.

In Table 1, p;y ~ ps are the peaks of the components of
pulses, and w; ~ ws and I} ~ Is are full width and intensity of the
Gaussian components, respectively. The uncertainties given for
these parameters are estimated by the bootstrap method using
“dirty” initial inputs, and the final results are converged in the
ranges given in the tables. Using the core-double conal model,
it is natual to think that p;, ps correspond to outer conal com-
ponents; py, ps4 correspond to inner conal components; and pj3
corresponds to the core component. The peak-peak separations
of outer conal components and inner conal components can be
obtained from component locations (i.e., p1, ps or pa, ps). The
core component is set at a phase of zero (¢ = 0) in all the seven
frequencies. E;/E; is the relative energy for ith conal component
to the total energy, and its evolution with frequency is shown in
Fig. 2.

3. Three-dimensional calculations of the pulsar
emission height

The magnetic field of a pulsar is assumed to have a dipole shape.
The direction of radiation is tangential to the magnetic field lo-
cated at an emission point. We assume that the emission beam is
symmetric to the plane that contains the rotation axis € and mag-
netic axis u (hereafter the Q- plane, see Fig. 3). We temporarily
use the last open magnetic field line to calculate the emission
height, and will also do it for field lines footed at 75% of the
polar caps radius.

In the framework of the core-conal model, as suggested by
Rankin (1983) and demonstrated in Fig. 3, @ is the magnetic
inclination angle and ¢ is the inclination angle of the observer’s
line of sight to the rotation axis, so that the impact angle 8 =
{ — @, 8, is the inclination of radiation direction to the magnetic
axis, y is the angle between the magnetic field plane and the
Q-p plane, and ¢ is the azimuth angle around the rotation axis.
According to spherical geometry, we can obtain two equations,
as follows:

3)

cos 8, = cosacos + sina sin { cos ¢,
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cos{ = cosacos , — sina sin G, cos . 4)
In fact, @ and { can be estimated from pulsar polarization data,
and the half width ¢ between peaks of two conal components can
be measured from profile data or the results of Gaussian fitting.
Then the beam angle 6, can be figured out using Eq. (3). Then we
can also get cosy by Eq. (4), i.e., determine the magnetic field
line from which the radiation comes. A given magnetic field line
in dipole follows

r=Re sin’ 6,

&)

where r is the polar radius (counted from pulsar center to an
emission point, see Fig. 4), 6 is the polar angle of the emission
point, and R, is the maximum radius of this magnetic field line,
which is the function of ¢ and «. If 8 and R, can be fixed, then
one can get r, i.e., the emission height. Now let us try to fix 6
and R, for the last open field lines that we temporary assumed
for emission geometry.

First of all, at the tangent point of the field line, the polar
angle 6 and the beam angle 6, can be related by (Qiao & Lin
1998)

3sin26
1+ 3cos26

From this equation, 6 can be determined when 6, is calculated
using Eq. (3).

To calculate R., we find the projection of r to the equator
plane (i.e., the X-Y plane, see Fig. 4) perpendicular to the rota-
tion axis as

tan@, =

(6)

[ =R.sin’0 \/1 — (cos a cos § — sin @ sin @ cos ¥)2. @)
Obviously, / reaches the maximum value when the polar ra-
dius r passes the tangent point M to the light cylinder. Here
R\ = cP/2n is the radius of the light cylinder of this pulsar, ¢
is the light velocity, and P is the period of a given pulsar (see
Fig. 4). At the point M, d//df = 0, one can find

Acot’ Gy + Beot? Gy + Ccoty + D = 0, (8)
where A = 4sin’eq, B = 5sin2acosy, C = 4sin®a —
6(sin2 @ cos? v - cos? @), and D = —sin 2@ cos ¥, and 6y is the

polar angle at point M. So cot 6y can be numerically figured out
using Eq. (8). Then R, is:

Ric(1 + cot? 6y)3/?

\/1 + cot? By — (cos a cot By — sin a cos )2

R. 9

Given the values of R, and ¢, a magnetic field line can be uni-
formly defined, i.e., the magnetic field line for the emission can
be ascertained. In summary, if one finds the half width ¢ between
two peaks from pulse profile, and obtains the inclination angle «
and the impact angle 8 from pulsar polarization, then the emis-
sion height can be conclusively ascertained by equations above.

4. Emission height of PSR B2111+46
and the ICS model

In the last section we developed a geometrical method to cal-
culate the emission height. Now, we apply the method above to
PSR B2111+46. The inclination angle « and the impact angle 8
are 9° and 1.4° according to Rankin (1993), or 11.6° and —1.0°,
respectively, according to Gould (1994). We calculate the emis-
sion height at both the last open field line and the field line footed
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Fig. 1. Gaussian fitting to profiles of PSR B2111+46 at seven frequencies. Data were taken from the European Pulsar Network database (Lorimer
et al. 1998). Original profiles at 408 MHz, 610 MHz, 925 MHz, 1.408 GHz, and 1.64 GHz were published by Gould & Lyne (1998), and these
at 800 MHz and 1.33 GHz by Arzoumanian et al. (1994). Pulse intensity is in arbitrary units with the peak scaled to 100, and the profiles were
centered at the central peak.
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Table 1. Gaussian fitting parameters of different components of

PSR B2111+46 at seven frequencies.

Frequency pi(®)

I;

wi(®)

Ei/E,

-355+0.1

=-3.1+4.7
0
11.2+44
28.9+0.1

408 MHz

22.9+0.1
18.5+4.7
82.8+42
6.5+4.7
7.6+0.2

12.1 £0.1
209 £3.8
10.2+0.3

9.6 £3.7
10.6 + 0.7

0.17 £ 0.01
0.23 £0.08
0.51 £0.05
0.04 £ 0.03
0.05 +0.01

-329+0.1

=77+13
0
12.6 + 0.1
26.2+0.1

610 MHz

403+0.2
246+1.5
802+3.3
146+14
144 +£0.2

123 +0.1
248 +1.5
11.1+£0.2

95102
12.8 £0.2

0.21 £0.01
0.26 £ 0.02
0.38 £0.02
0.06 + 0.01
0.08 £ 0.01

-31.5+0.1
-129+ 1.1
0
122 +£0.3
243+04

800 MHz

59.4+0.5
283+2.0
92.1 £4.8
19.6 +2.1
22.0+04

13.2 +£0.1
17.7+1.9
13.3+0.5
95+ 1.1
16.3 £0.7

0.26 £ 0.01
0.16 £ 0.02
0.40 £ 0.03
0.06 + 0.01
0.12 £ 0.01

-31.0+0.2
-13.6+14

12.8 +0.3
248 +0.2

59.5+25
27.6+1.6
88.5+£5.6
243+1.38
242 +04

124 £0.3
21.9+4.5
13.3+0.6

9.4+09
121 +£0.4

0.24 £0.02
0.20 £ 0.04
0.39 £ 0.04
0.08 + 0.01
0.10 £ 0.01

-28.8+0.2
-13.1+0.8
0
11.2+0.7
23.4+0.5

1.33 GHz

86.5+2.2
37.7+32
89.3+52
31.6 49
335+1.9

14.1+£0.2
169 +2.7
14.1 £ 0.7
124+ 1.6
14.8 + 0.6

0.30 £ 0.02
0.16 £ 0.03
0.31 +0.03
0.10 £ 0.02
0.12 +0.01

-28.1 £0.1
-14.0+£0.6
0
11.7+04
22.7+0.3

1.408 GHz

91.6 £0.6
324+33
98.3+23
239+5.1
38.0+£0.7

13.8 +0.1
122+1.2
153+ 1.0
9.1+1.1
14.7+0.3

0.32+0.01
0.10 £ 0.01
0.38 +0.03
0.06 +0.01
0.14 £ 0.01

-284+0.3
-163+1.8
0
113+1.3
23.6 £ 0.6

i
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2

925 MHz 3 0
4
5

1
2
3
4
5
1
2
3
4
5
1
2

1.64 GHz 3
4
5

81.5+6.5
473+4.2
81.9+6.9
29.0+79
38.1+£25

13.9+£0.3
19.6 +2.7
153+1.3
133 +2.6
154 +0.6

0.26 +0.03
0.22 £ 0.04
0.29 £ 0.04
0.09 +0.03
0.14 £ 0.01

at 75% of the radius of polar cap. The pulsar period is 1.015 s
and its radius is assumed to be 10 km.

With the 3D method above, the beam angle 6, and radio
emission height r can be worked out using Eq. (3)-(9), as
listed in Table 2. The emission heights are very low in the
pulsar magnetosphere, no less than 1% of the radius of the light
cylinder (R, = 48462.7 km), The heights calculated with «, 8 of
Gould (1994) are larger than those with @, 8 of Rankin (1993).
In general, the emission height of the outer conal components is
about a few hundred km, but that of the inner conal components
is about a few tens of km, and that of the core component is
very small, only about ten kilometers above the surface. The
emission height for the outer conal decreases when the radiation
frequency increases, which is good, in accordance with the
“radius-to-frequency mapping” (Ruderman & Sutherland 1975;
Cordes 1978; Phillps 1992). However, this is not the case for
the inner cone. The emission height of inner cone increases with
frequency. As we will see below, this can be explained by the
inverse Compton scattering (ICS) model.

Qiao (1988a,b) first advanced the ICS model. The main idea
of this model is as follows: low frequency photons were assumed
to be created near the polar cap region by periodic breakdown of
the inner gap (Ruderman & Sutherland 1975). They propagated
outwards to the emission region of interest, and were inverse
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component.
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Fig. 3. The geometry of pulsar emission. We define ¢ = 0 at the Q-u
plane. C is a point that we observed the emission when the line of sight
impacts the beam from A to B.

Compton scattered by the high energy secondary particles that
were produced by the gap (see Fig. 5). The up-scattered radio
photons, i.e., the observed radio emission are related to the in-
coming photons by (Xia et al. 1985; Qiao 1988a,b; Qiao & Lin
1998):

w =2y?wo(1 —cos b)), (10

(1)

M
cosf; = N

where M = 2r cos 6—R[3 cos @ sin @ sin 6. cos(y—r.)+(3 cos” 6—
1)cos6.],and N = (1 + 3 cos? 6)/2(r> + R* — 2rR[cos 6 cos 0 +
sin @sin 6 cos(¥ — ¥.)]}'/2. Here 6; is the angle between the di-
rection of particle motion and the incoming photon, wy is the
photon angular frequency, assumed to be 10° Hz, = v/c =~ 1,
v is the Lorentz factor, ¢ and ¢ are the azimuth angle of the
magnetic field line and the spark point, and 6, ~ (27R/Pc)'/? is
the polar cap angle of a last open field line (Qiao & Lin 1998).
The Lorentz factor of particles are assumed to follow (Qiao &
Liu 2001):

r—R
v =voexp(- 7). (12)
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Table 2. Emission heights of different components of PSR B2111+46 at seven frequencies calculated with the 3D geometrical method.

a=9,8=14° a=116°,8=-1°

Frequency Ap(°) 0.(°) r(km)* r(km)? 6,(°) r(km)?
644+02 55+01 1999+0.6 3550+15 62+0.1 446.6+20
408 MHz 143+6.6 19=+04 223+6.6 397x116 1.7+05 33.7+152
0 1.4 13 23 1.0 11.7
592+0.1 5101 171.2+04 3048+0.7 57=+0.1 380.8+09
610MHz 203+13 22=x0.1 319+ 1.8 56.7+3.2 22+0.1 56.0 4.2
0 1.4 13 23 1.0 11.7
558+04 49+01 1539+x15 2740+26 54+0.1 3405+35
800 MHz 25.1+12 25+0.1 41.8+2.0 745+37 2.6+0.1 79.3 +4.8
0 1.4 13 23 1.0 11.7
559+03 49+01 1544+10 2748+20 54+0.1 341.6+26
925MHz 264+15 26=x0.1 45.0+2.6 80.0+4.8 2.7=x0.1 86.5+£6.3
0 1.4 13 23 1.0 11.7
522+0.6 4.6+01 137.0+2.0 2432+37 51+x0.1 3002+49
133 GHz 243+1.1 25+0.1 402+ 1.8 713+33 25+0.1 75.1+4.3
0 1.4 13 23 1.0 11.7
509+03 45+01 130.7+09 2325+1.8 50=+0.1 2862+24
1408 GHz 257+0.7 26=+0.1 434+1.2 77.0+22 2.7+0.1 82.6 £33
0 1.4 13 23 1.0 11.7
520+0.7 4.6+0.1 1357+23 2415+43 51+0.1 298.0+57
1.64GHz 27.6+22 27+02 48.1+4.2 853+74 28+02 93.4+9.7
0 1.4 13 23 1.0 11.7

@ The maximum radius of the last open field line; * 75% of the polar cap radius.
Z(Q) u A M

A

Observer

X

Fig. 4. The geometry of a last open field line.  and 6 are the polar radius
and polar angle, respectively. M is the tangent point of the field line to
the light cylinder. / is the projection of polar radius r to the equator
plane. @, ¥ has the same meaning as in Fig. 3. The radius of the light
cylinder is Ry.

where 7y is the initial Lorentz factor, and « is a factor for the
energy loss of particles. We will also try the linear decay of the
Lorentz factor later. The emission frequency and emission height
can be figured out in the ICS model by Egs. (10)—(12). In Fig. 6,
the lines are calculated for the last open field line in the Q — u
plane and we use the Lorentz factor above. In Figs. 7 and 8, data
points are re-calculated for the field lines footed at 75% of the
polar radius cap in the Q — u plane, and the ICS model for the
emission region calculation had a linear decay of the Lorentz
factor as follows:

B | r—R
7—')’0 K Re k]

13)

Magnetic Field Line

Pulsar

Fig. 5. Geometry for the inverse Compton scattering model. The low-
frequency photons of wy produced at sparking point S 1 are upscattered
by high-energy particles at point P and created the outgoing photons of
' that we observed as the radio emission. Here, 6; is the angle between
the direction of particle motion, i.e., tangential direction of the magnetic
field, and the incoming photon. S1 and §2 are two sparking points on
the polar near (but not or) the footpoints of the field lines.

where 1y is the initial Lorentz factor, « is a factor for the energy
loss of particles, and R, is the maximum radius of the magnetic
field line. The sparking on the polar cap is assumed to produce
photons of a few frequency of 10° Hz. Two sparking points (S1,
S2 in Fig. 5) from two sides of the magnetic axis are chosen
near to (but not or) the footpoints of field lines in the Q — u
plane. Each of them were labeled with three different line styles,
which represented emission regions for three components. Other
possible sparkings should produce emission between these two
curves. It is clear that in the framework of the ICS model, we can
explain the relation between the emission height and radiation
frequency, especially the abnormal widening of the inner cone
with increasing frequency.
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The Lorentz factors we used for fitting are 30000 and
10000, larger than those of given by the RS model, which
set the Lorentz factor for the secondary particles as about 800
(Ruderman & Sutherland 1975). From both the theoretical and
observational points of view, the results we obtained are reason-
able. Theoretically, in the RS model, the Lorentz factors of pri-
mary particles are 10°. This value is required from the pair pro-
duction, and assumed for all primary particles. In fact, not all
pairs were produced at the bottom of the gap, and the primary
particles cannot gain such a large Lorentz factor. Therefore, par-
ticles following from the polar gap, including the secondary par-
ticles, should have a Lorentz factor lower than 10°. Ruderman
& Sutherland (1975) took a Lorentz factor of secondary parti-
cles as 800 to produce radio emission by the curvature radia-
tion mechanism. If the sparking in the gap is dominated by the
ICS process, then the Lorentz factor of the secondary would be
3.5 x 10 (Zhang et al. 1997). If some pairs are produced at
the bottom of the gap, the Lorentz factor could be larger, up to
the values we are using for the modeling. Anyway, the range
for Lorentz factors are model-dependent at present. From the
observational point of view, our fitting results are also reason-
able. The microstructures of a sub-pulse often are only a few

N Fig. 8. The same as Fig. 7, but the data were

N calculated with @ = 11.6°, 8 = —1.0° from

e \m Gould (1994) and the ICS model with yy =
10000, « = 195.

microseconds wide (Bartel & Hankins 1982; Hankins et al.
2003). If this comes from particle emission, it should mean that
the Lorentz factor of particles should be about 10*, and that the
emission region should be about a kilometer (in size).

Energy losses due to the ICS process on thermal surface
X-rays can be rapid, but are extremely sensitive to the particle
Lorentz factor in the resonant scattering regime. For the thermal
resonant ICS gap, the Lorentz factor of the primary is about 10°,
and in this case, —y o B(z)?>/y (Zhang et al. 1997); here z is the
height above the surface. This means that the energy loss is very
fast. In the non-resonant region, —y o v*/B(2)? (Zhang et al.
1997). In our case the Lorentz factor reaches 10%; it is not so far
from the resonant point. According to the calculation, when the
Lorentz factor is as large as this, the difference of energy loss
is not so big (see Xia et al. 1985). We did not make an accurate
calculation for —y in this paper. It can be a parameter adjusted by
the observations, and can constrain the theoretical parameters.

5. Conclusions and discussions

We separate the components of PSR B2111+46 at seven fre-
quencies by using Gaussian fitting. Strong evidence shows that
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pulsar profiles have five components, evolving with frequency.
Using the peaks separation of these components, the radio
emission regions in the pulsar magnetosphere for seven frequen-
cies have been found by assuming dipole structure of magnetic
field. Our geometrical calculations were made for the last open
field line and the field line footed at 75% of the polar cap ra-
dius. If the field line is closer to the center of the polar cap, the
emission height should be even higher than our results. In our
calculation, the separation of two outer-conal components or the
two inner-conal components, i.e., the open angle of the conal
beam, have been used. The retardation and aberration are related
to the displacements between the core and the middle-point of
conal pairs (see Xu et al. 1997), which are not important for our
calculation.

For the outer conal beam, the emission frequency decreases
when the emission height increases. For the inner conal beam,
in contrast, the emission frequency increases with height. The
inner cone emission should come from a region closer to the
neutron star surface. The radio emission of different components
at a given frequency can be emitted from different heights. These
can be easily explained by the ICS model.

Acknowledgements. We are grateful to the anonymous referee for the help-
ful comments and suggestions. We also appreciate particular valuable discus-
sions with X. J. Wu. Authors are supported by the National Natural Science
Foundation of China (Nos. 10521001, 10473015, 10373002, and 10403001).

References

Arzoumanian, Z., Nice, D. J., Taylor, J. H., & Thorsett, S. E. 1994, ApJ, 422,
671

Bartel, N., & Hankins, T. H. 1982, ApJ, 254, L35

Blaskiewicz, M., Cordes, J. M., & Wasserman, 1. 1991, ApJ, 370, 643

531

Caceci, M. S., & Cacheris, W. P. 1984, Byte, 9, 340

Cordes, J. M. 1978, ApJ, 222, 1006

Dyks, J., Rudak, B., & Harding, A. K. 2004, ApJ, 607, 939

Gangadhara, R. T. 2005, ApJ, 628, 923

Gangadhara, R. T., & Gupta, Y. 2001, ApJ, 555, 31

Gil, J. A., & Kijak, J. 1993, A&A, 273, 563

Gil, J. A., & Sendyk, M. 2000, ApJ, 541, 351

Gould, D. M. 1994, Ph.D. Thesis, University of Manchester

Gould, D. M., & Lyne, A. G. 1998, MNRAS, 301, 235

Gupta, Y., & Gangadhara, R. T. 2003, ApJ, 157, 869

Hankins, T. H., Kern, J. S., Weatherall, J. C., & Eilek, J. A. 2003, Nat 422, 141

Kijak, J., & Gil, J. 1997, MNRAS, 288, 631

Kramer, M. 1994, A&AS, 107, 527

Kramer, M., Wielebinski, R., Jessner, A., Gil, J. A., & Seiradakis, J. H. 1994,
A&AS, 107,515

Kuzmin, A. D., & Izvekova, V. A. 1996, Astron. Lett., 22, 394

Lorimer, D. R., Jessner, A., Seiradakis, J. H., et al. 1998, A&AS, 128, 541

Lyne, A. G., & Manchester, R. N. 1988, MNRAS, 234, 477

Lyutikov, M., Blandford, R. D., & Machabeli, F. 1999, MNRAS, 305, 338

Melrose, D. B., & Gedalin, M. E. 1999, ApJ, 521, 351

Phillips, J. A. 1992, ApJ, 385, 282

Qiao, G. J. 1988a, Vist. Astron., 31, 393

Qiao, G. J. 1988b, in: High Energy Astrophysics, ed. G. Borner (New York:
Springer-Verag), 88

Qiao, G.J., & Lin, W. P. 1998, A&A, 333, 172

Qiao, G.J. Liu, J. F. Zhang, B., & Han, J. L. 2001, A&A, 377, 964

Rankin, J. M. 1983, ApJ, 274, 333

Rankin, J. M. 1993, ApJS, 85, 145

Ruderman, M. A., & Sutherland P. G. 1975, ApJ, 196, 51

Wu, X. J., Xu, W., & Rankin, J. M. 1992, in The Magnetospheric Structure and
Emission Mechanisms of Radio Pulsars, ed. T. H. Hankins, J. M. Rankin, &
J. A. Gil (Zielona Géra, Poland: Pedagogical Univ. Press), IAU Coll., 128,
172

Wu, X.J.,, Gao, X. Y., Rankin, J. M., & Malofeev, V. M. 1998, ApJ, 116,1984

Xia, X. Y., Qiao, G.J., Wu, X. J., & Hou, Y. Q. 1985, A&A, 152, 93

Xu, R. X., Qiao, G.J., & Han, J. L. 1997, A&A, 323, 395

Xu, X. B., Wu, X. J. 2003, Science in China, Series G, 46, 104

Zhang, B., Qiao, G.J., & Han, J. L. 1997, ApJ, 491, 891



