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Abstract

A new model for pulsed emission from rotating accreting neutron stars is presented. This model

considers asymmetrically-�lled accretion columns extending above the neutron star polar caps. The

particular geometry which is modelled is expected to result from an accretion 
ow from a disk onto

the magnetosphere of the pulsar, and is described by a few basic parameters. The model uses the

local emission derived from published magnetic-radiative transfer calculations as input. The output

is the x-ray pulse shape at various energies, as a function of the parameters of the polar accretion


ow geometry. The emission is generally of a fan-beam type, which results from emission by the sides

of the accretion column.

1 Introduction:

A binary X-ray pulsar is a rotating magnetic neutron star, which emits x-rays from a bright region

on or near its surface. The energy is derived from gravitational potential energy release of matter

accreted from the companion star onto the surface of the neutron star. The presence of a magnetic

�eld around a neutron star strongly in
uences the accretion 
ow near the neutron star, and for the
strong �elds typical of pulsars (B � 1012Gauss), the in
owing material will follow the �eld lines to

the neutron star surface. The region which is bright in x-rays may be a thin layer, called the polar

cap, near the surface, de�ned by the base of the �eld lines along which matter accretes. There are

generally two polar caps: one for each magnetic pole. Or the bright region may be a signi�cantly tall

layer, called the accretion column. Since the bright region is generally optically thick, the emission

from a polar cap is roughly perpendicular to the neutron star surface and is called a pencil beam,

whereas the accretion column emission is roughly perpendicular to the column or parallel to the

neutron star surface and is called a fan beam. However the latter will only be fan shaped if the

accretion column is su�ciently similar to a cylinder normal to the neutron star surface.

For polar cap emission from the neutron star surface various calculations have been done. Meszaros

& Nagel (1985) perform a radiative transfer calculation for emission by a slab of magnetized plasma,
which can be used to estimate the emission from a polar cap (for the case magnetic �eld perpendicular

to the slab) or from an accretion column (for the case magnetic �eld parallel to the slab). However

in either case, the geometry of a 
at slab does not represent the actual shape of the polar cap or the

accretion column. Leahy (1990) used the results of Meszaros & Nagel (1985) for the local emission

of a slab, by means of an analytic approximation, in a more complex geometry. A model for �lled

or annular polar caps was constructed on the surface of the neutron star, including correct viewing

geometry, such as self-occultation of the emission region by the neutron star surface. The model was

then �tted to the observed pulse pro�les of 15 x-ray pulsars. The results required rather large polar

caps compared to previous estimates. A second study (Leahy, 1991) generalized the model to two

di�erent size �lled or annular polar caps which were o�set from an axis passing through the center of

the star and �t the model to 20 observed pulse pro�les. The new model considerably improved the �ts
of the model pulse pro�les to the observed pulse pro�les. Bulik et al. (1992) used a radiative transfer

calculation, instead of the analytic approximation, for the case of �lled polar caps and applied it to

4U1538-52. Their results agreed with the �ndings of Leahy (1990) and Leahy (1991): they required

rather large polar caps and signi�cant di�erences between the two caps.

Ri�ert et al. (1993) used a similar geometry model as Leahy (1991), but simpli�ed by assuming

the two emission regions to have identical shape and size. An important new factor is that they



took into account corrections from the relativistic light bending near the neutron star. They chose

some speci�c set of cap and ring sizes to do the calculations. Their best �ts to observed pulse

pro�les occurred with smaller sizes compared to the best �ts of the nonrelativistic model of Leahy

(1991). Based on these calculations, they concluded that the relativistic model is more consistent

with the theoretical estimates. Leahy and Li (1995) generalized the model of Leahy (1991) to include

relativistic light bending, thus giving the most physically comprehensive model to date for emission

from polar caps. Fits to pulse pro�les from 7 observed pulsars were carried out, and in most cases

(5 of 7) the polar cap size decreased from the �ts without including light bending. In addition, the

pulsar EXO2030+375, which has been observed to have a pulse pro�le which depends on luminosity,

was studied. The pulse pro�le changes could not be explained using the polar cap model, thus it
was concluded a di�erent pulse shape model was required, such as an accretion column model. This

paper describes such an accretion column model.

2 The Accretion Column Model

A new model is described here for pulse pro�les produced by accretion columns. The model

includes a realistic geometry for the accretion column. The model also includes dependence of the

emission spectrum on local magnetic �eld, and thus on position above the neutron star surface.

The general cause for the origin of the pulse shape from a rotating neutron star is as follows.

Accretion results in (nearly)

constant emission regions at

the magnetic poles of the

neutron star. The emission
regions rotate in and out

of the �eld-of-view of the

observer over one rotation

period of the neutron star.

The geometry is illustrated

in Figure 1. The model pa-

rameters for the overall ge-

ometry are: Ro - radius of

neutron star; d - distance of

neutron star from observer

(this is important only in
determining the 
ux level

of the pulsed emission); �m-

angle between rotation and

magnetic axes; �r- angle be-

tween rotation axis and line-

of-sight. Note that the an-

gle �1 is determined by the

other parameters and the

rotation phase.

The accretion 
ow in the

magnetosphere of an accret-
ing strongly magnetic neu-

tron star is along magnetic

�eld lines. These are taken

Figure 1: The orientation geometry illustrated. The magnetic �eld axis

is the z0 axis, the rotation axis is the z axis, �1 is the angle between the

observer and the magnetic axis, �r is the angle between the observer

and the rotation axis, �m is the angle between the rotation axis and the

magnetic axis, and � is the rotation phase angle. The accretion column

is centered on the magnetic axis.

to be dipolar in form here. Since the matter should be nearly in free-fall (with velocity of order 10%



of the speed of light) prior to its entry into the accretion column, it will be of very low density. When

it reaches the accretion column the matter is slowed suddenly by the accretion shock and settles

slowly onto the neutron star at high density. Thus matter inside the accretion column is generally

optically thick and the top of the accretion column is a sharp boundary. We make the approximation

that the top of the accretion column is at a constant height over the full column. The sides of the

accretion column will be bounded by the magnetic �eld lines which separate the �eld lines which

receive a signi�cant amount of matter from the accretion disk from those �eld lines which do not.

We make the simplifying assumption that these bounding �eld lines join the neutron star surface at

a constant polar angle with respect to the magnetic axis.

The matter is channeled onto the �eld lines from the accretion disk but since the magnetic �eld
for a pulsar is misaligned with the rotation axis, the matter is most likely to become attached to

magnetic �eld line nonuniformly with respect to magnetic azimuth. In the model here, this e�ect

is approximated by having an accretion column which covers only a �nite range of azimuth about

the magnetic axis. The asymmetry in observed pulse pro�les indicates that the �eld is not a pure

magnetic dipole or that the dipole axis is o�set from the center of the neutron star. Thus the model

here allows for the magnetic pole for the second accretion column to be o�set from the line through

the �rst magnetic pole and the center of the neutron star.

Figure 2 illustrates the resulting accretion column geometry. The two accretion columns

have the following param-

eters: �o - polar angle of

the base of the accretion col-
umn (at surface of neutron

star); �off - polar angle o�-

set of the axis of the sec-

ond accretion column; �off
- azimuthal angle o�set for

the axis of the second emis-

sion region; '
(1)
o lower limit

of azimuthal angle for the

�rst emission region; '
(2)
o

- lower limit of azimuthal

angle for the second (o�-

set) emission region; '
(1)
L -

angular extent of the �rst

emission region in azimuth;

'
(2)
L - angular extent of the

second emission region in

the azimuth; R
(1)
L - radial

height of the �rst emission

region; R
(2)
L - radial height

of the second emission re-
gion.

The model here calculates

the angle and frequency (i.e.

energy) dependence of the
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Figure 2: The accretion column geometry illustrated. The boundaries

of the column are dipole �eld lines, the surface of the neutron star and

a maximum altitude above the surface. There is an accretion column at

each magnetic pole, and the sizes of the two columns can be di�erent.
radiation from any given sur-

face element of the accretion column. Meszaros & Nagel (1985) have performed numerical calcula-



tions of radiation transfer in magnetized plasmas for slab geometry with magnetic �eld parallel to

the surface, which is used to approximate the emission from the side of an accretion column. They

calculated the angle and frequency dependence of emission from an optically-thick slab of density

�=0.50 g cm�3, temperature kT=8.0 keV, and optical depth 5�104 g cm�2. For the model here, their

intensity distribution was cubic-spline �tted in two dimensions (angle and frequency). Their emis-

sion calculation scales with magnetic �eld. The scaling is incorporated here, in order to account for

the changing spectrum and angular dependence of the emission with magnetic �eld. This translates

into a change of emission with height, due to the decreasing magnetic �eld of the magnetic dipole �eld.

The above describes brie
y the geometry of the emission surface, and also what is needed to

calculate the emission from any surface element of the accretion column. For each rotation phase
angle of the neutron star one can integrate over the entire surface of the emission region, including

for each surface element only those light rays that reach the observer. In this way e�ects due to

occultation of parts of the emission region either by the neutron star or other parts of the emission

region can be correctly taken into account. Finally, one would like to be able to take a model pulse

pro�le, which depends on a number of parameters, and vary the parameters in order to �t the model

to an observed pulse pro�le. The current model includes a non-linear least-squares �tting routine

and allows this to be done. The model has also been tested for a number of test cases and veri�ed

to yield the correct results.

3 Discussion

A model for accretion column emission has been developed which incorporates realistic geometry

and emission physics. This includes: correct calculation of ray paths from emission region to observer;
partially �lled accretion columns which are bounded on the sides by dipole magnetic �eld lines;

accretion columns at the "north" and "south" magnetic poles which have di�erent boundaries in

height and di�erent boundaries in magnetic azimuth (due to di�erent accretion rates onto the two

poles and di�erent threading of the matter onto the magnetic �eld out in the accretion disk); a dipole

axis which is o�set from the center of the neutron star; a variable emission spectrum depending on

the local value of magnetic �eld.

Currently the numerical implementation of the model has been tested for correctness. The next

phase is applying the model to observed pulse shapes. Due to lack of space the preliminary results are

not presented here. However, this model does appear promising. A key test of this model (and any

pulse shape model) is whether it can provide a simple explanation for pulse shape changes observed

for a single pulsar, such as those associated with luminosity changes.
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