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1. Introduction

Interest in the dynamic radio sky has recently increased, partially duently wéscovered
objects and patrtially to the exciting prospects opened up with next genenasimaments with
wide fields of view. One class of variable radio sources which has beewrkfor the past 40
years is pulsars, and drawing on our understanding of their dynamicenzdn lead to a better
understanding of new types of transient objects. In this paper, we uteoal model for the beams
of radio pulsars, a model which we believe can account for much of thegshenology seen in
the observations. We use the model to generate a large number of artifitsat profiles and
statistically compare them to recently acquired, high quality pulsar data. Wed#ie simplicity
of the model to be one of its main strengths, in particular for a better theoretiderstanding of
the radio emission process.

Average pulsar profiles, made up from the summation of several thossagld pulses, are
highly stable over decades of observing. Each pulsar has its own upiqfiee consisting of a
(usually small) number of Gaussian-shaped components (Kramer et dl), 9@ even a cursory
examination of the many hundreds of profiles available in the literature shavétty come in a
bewildering variety of forms. This variety owes partly to the shape of theapblsam and partly to
the geometry of the star and the relative orientation to the observer. Umdibety, it is very difficult
to determine the viewing geometry, and therefore also the true pulsar beg®. ddevertheless,
over the years many different attempts have been made to classify the tetgrafiles into groups
with well defined characteristics. Two different ideas have emergeti, wih their own pros and
cons. In the work of Rankin and co-workers (Rankin 1983; RankBB818/itra & Rankin 2002),
emission is recognised as arising from near the magnetic pole of the sta’ @ooission) and in
concentric rings around the pole (‘cone’ emission). This is a naturdaeapon for symmetric
pulse profiles and for profiles with an odd number of components. Inasinttyne & Manchester
(1988) argue that the emission cone is patchy with emission occurringddmalocations in the
beam convolved with an annular ‘window function’. This more obviouslylaixs the asymmetry
seen in many profiles (Han & Manchester 2001).

2. Pulsar phenomenology

Despite the large variety in pulsar profiles, there is a small number of aigeral facts which
any phenomenological model should reproduce. These are

e single component profiles: A large fraction of the observed pulsar profiles consist of a
single component.

e evidence for conal emissionin the profiles that are not single, symmetry is often present
(e.g. PSRs B1133+16 and B0525+21), indicating that the emission origjifiate a ring
centered on the magnetic pole.

o the period-width relationship: Rankin has shown good evidence that the profile width,
depends on the pulsar perid®,asw 0 P~%°, This result implies that the height at which a
pulsar emits is largely independent of its period (Rankin 1993).

e the emission height versus pulse longitudeA small number of authors in the past have
proposed that the emission height at a particular frequency is not comstavaries with
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Table 1: Profile classification for 283 pulsars

logE Single Double Multiple Total

>35.0 54% 38% 8% 26
33-35 47% 23% 30% 93
32-33 48% 22% 30% 74
<32 49% 21% 30% 90

pulse longitude (e.g. Krishnamohan & Downs 1983, Gangadhara & G@ith, Mitra &
Rankin 2002). The combination of these results is a key result which $tbakong-held
assumption that emission at a given frequency arises from a uniformttadigve the pole.

¢ the simplicity of young pulsar profiles: Johnston & Weisberg (2006) showed that the pro-
files of a group of young pulsars can be reproduced simply by postulatsiggle, rather
wide, cone of emission located relatively high in the magnetosphere followiegrier idea
by Manchester (1996). This is in contrast to older pulsars where complgki-component
profiles are often observed.

e that cones are not fully illuminated: The Lyne & Manchester (1988) model for pulsar
beams suggests that the emission within the beam boundary occurs in pétblessentially
random locations.

e that complex profiles have complex position angle (PA) swingst is very noticeable that
many complex profiles often show strong deviations from the standard gptagztor-model
picture. The natural explanation here is that overlapping componeniffeaxedt heights
cause a distortion of the observed PA swing (Karastergiou & Johnsta) 20

o that profiles get wider with decreasing observing frequencyThe so-called radius to fre-
quency mapping (RFM) idea is that lower frequencies are emitted higher im#gme-
tosphere than higher frequencies which naturally results in wider odxbgmofiles due to
the dipolar configuration of the magnetic field lines. Thorsett (1991) postukat@idth-
frequency law which essentially accounts for the fact that pulse widemihygreally occurs
at frequencies below1 GHz; above this value the pulse width is constant.

3. Classification of the profiles

We have recently obtained polarization data on more than 250 pulsars,amsingphiased sample
of pulsars in the southern sky strong enough to give high signal to noidiep in less than 30
minutes at the Parkes radio telescope (Karastergiou et al. 2005; Kgiast& Johnston 2006;
Johnston et al. 2006, Karastergiou & Johnston 2007). We devised &esitapsification scheme
by visual inspection of the profiles. Profiles were classified into ‘singi®uble’ and ‘multiple’
component profiles, and then sorted by their spin down enErgyith the results listed in Table 1.
In Table 1, we see a striking result. The highly energetic pulsars (whéchlso the young and
fast rotating pulsars) have roughly a 60:40 split between single andedooitmponent profiles, and
show very few complex profiles. In contrast, the older, slower spinhi#sg,energetic stars do have
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Figure 1: A cartoon of the proposed model. On the left we show the maitsidung pulsars with emission
arising from a patchy conal ring over a narrow range at higtudes. On the right, the case for older pulsars
is shown. Here, the polar cap is smaller and emission at & @ieguency arises from close to the surface to
a height of~1000 km in a series of discrete patchy rings. The middle pstmalvs the proposed variation in
the minimum emission height with increasing characterisgje, increasing period and decreaging

complex profiles and the split between single, double and multiple componeatpidsoughly
45:25:30. Furthermore, there appears to be a rather abrupt transiteme wbmplex profiles are
formed atE ~ 10°° ergs L. After this transition point, the relative fractions stay constant. In the
following, when we refer to young pulsars, we mean young/short-piiglly-energetic pulsars
on one side of this transition point, as opposed to older, slower and leggedog@ulsars.

4. A simple beam model

In an attempt to understand the observational evidence and reconciledtieel rone models
of Rankin with the patchy models of Lyne & Manchester in a simple way, we [adsta beam
model which has the following ingredients:

e radio emission originates from field lines close to the outer edge of the beamingpan
emission cone;

e the conal beam is patchy;

e the maximum altitude of emission, in all pulsars, is settb000 km at a frequency of
~1 GHz; typical maximum emission heights from the literature range frdfito~1000 km
above the stellar surface (Blaskiewicz et al. 1991, Mitra & Li 2004);

o the minimum altitude of emission is large for young pulsars (similar to the maximum alti-
tude) and small~20 km) for older pulsars;

e emission arising from discrete locations within the entire range of emissiontaésghossi-
ble at a given frequency;
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Figure 2: Artificial beams and profiles generated for a young pulsah pw#riod of 100 ms (left) and an

older pulsar with period of 1000 ms (right). The beam is shénom above the magnetic pole, and the line
of sight is also depicted. Note the narrower patches origigdrom lower altitudes in the beam depicted on
the right. Above the pulse profile, we show the polarizatidroBtained according to the model. Deviations
from the simple RVM are caused by overlapping patches. ltadgizero depicts the magnetic pole crossing.

o the polarization PA of each patch is tied to the magnetic field line at the centret gidtcé.

Figure 1 illustrates the model which naturally reproduces virtually all thergagenal phe-
nomenology outlined in section 2. In particular, in older pulsars, the langgeraf allowable
heights gives rise to apparent “nested” emission zones resulting in a copnpfée. The width of
a patch of emission at a given height is a key parameter for the model. Miten&iRR(2002) mea-
sure component widths as a function of emission height in a variety of doabiponent pulsars.
We use their equation to assign a patch width based on emission height

H
=245As\ | —— 4.1
Wy 5° S”lo-P’ (4.1)

with As= 0.2 andH expressed in km.

5. Results

A large number of numerical simulations have been performed to constrairerttening
free parameters, namely the active altitudes and the patches per emisshin Tie@ge consist of
“creating” patchy beams according to the model. Each beam is then systdipatitavith 300
different lines of sight, spanning a reasonable range ahd. This results in a “clean” profile
for each line of sight, to which an amount of Gaussian noise is appliedebpémsing it through
an automated classification process to determine whether the generatiedipsifigle, double or
multiple. Following this procedure, we check what fraction of the artificiallyayated profiles are
single, double or multiple for a given combination of emitting heights and patardsgight. This
test also results in a predicted beaming fraction, that is the fraction of pul&awould expect to
detect given a certain beam configuration.

5.1 Young, highly energetic pulsars

The observational data suggests that over 50% of the profiles in thisocatmmprise of a
single component. The rest are almost all symmetrical doubles and only ametl number of
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Figure 3: The left panel shows fifteen profiles randomly selected framdatabase of pulsar polarization
data obtained at 1.4 GHz with the Parkes radio telescopeseT$teow the usual variety of phenomenology
such as multiple components and components of various yddtplitude and shape. On the right are fifteen
simulated profiles according to our model. Although a dicew-to-one comparison is not our intention here,
the same sort of profile variety as exists in the real dataeisryt reproduced.

multiple component profiles exist (see Table 1). Evidence that emissiorsfronobjects generally
arises from high altitudes has been presented in Johnston & Weisb@&@) &t we therefore limit
our range of emission heights from 950 to 1000 km. However, the fracfisingle profiles also
forces the total number of patches to be rather small, so that the line of sigihtevsect only one
patch on half of the observed cases. We find the best value to be 1@gpatctotal, at a single
emission height. For this group, we find the beaming fraction to be around 8A@%xample of a
simulated artificial beam and profile from this group can be seen in the ledtpenel of Figure 2.

5.2 Older pulsars

In contrast to young pulsars, this group a large fraction of multiple commqrefiles (see
Table 1) but this fraction does not appear to change Bitln our model, we attribute this diversity
to the wide range of active emission heights at a given frequency. Wehiadve can reproduce
the statistics as long as we permit at least 3 active heights, and a numbdivefpatches per
height roughly ranging from 2 to 7, depending on the number of heightsoain the best match
to the observations when the total number of patchesli&t4 (example, for 4 active heights, 3-5
active patches per height). Pulsars with periods of 0.2 s have a beamitigrirof around-18%,
whereas only~5% of 2 s pulsars would be detected, similar to results obtained from population
studies (Tauris & Manchester 1998). An example of a simulated artificiahtzesd profile from
this group can be seen in the right hand panel of Figure 2.

A visual inspection of the artificial profiles yields a strong affirmation of ddwocone of
emission, with many symmetrical double profiles, as well as other charactshapes often seen
in the data. To illustrate these points, Figure 3 shows a comparison betweatmig selected,
artificial pulse profiles and real observational data.

5.3 Radius-to-frequency mapping - RFM

It is possible to simply add RFM to our model, following ideas from Rankin & Mi#@Q2).
They interpreted the earlier work of Thorsett (1991) and showed tkataight of emission has a
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Figure 4: Three examples of simulated profiles at 10 different obsgriiequencies. As a consequence
of equation 5.1, the pulse profile becomes narrower at highserving frequencies. In all cases there are
substantial profile shape changes between low and highdreigs. The middle and right hand panels show
that the smaller, lower altitude patches seen towards threcef the profile have an apparently steeper
spectral index than the outrider components, similar totwshabserved in the known pulsars. The panel
on the left demonstrates how geometry hampers high frequalmservations, as the line of sight no longer
intersects the pulsar beam.

functional form
Hy = K-v=23 4 Ho, (5.1)

with K andHg picked to ensure little evolution of the profile width abové GHz. In our model,
we computeH, for every created patch. Figure 4 shows three examples obtainedrfanple-
mentation of RFM, where the profile width changes with frequency. Notegharant change of
the component amplitude ratios as a function of frequency, which purelgadetric origin as
originally suggested by Sieber (1997).

6. Conclusions

We have developed a beam model for the radio emission from pulsarse wh@ssion is
generated at more than one discrete height at a given frequencgniliggion occurs in a ring close
to the last open field lines. Emission from a given ring is patchy. Followinghsikte numerical
simulations, we have derived parameters for the model which best req@dbe features of the
observational data. The model yields

o the simple profiles of young, energetic pulsars as opposed to more conmpféggpof the
older population;

e a wide variety of simulated profiles which closely resembles the observations;

e an explanation for the number of single-component profiles through tlohipass of the
ring structure at a given height;

e a complex PA angle profile for complex profiles, as in the observed data,;

o RFM behaviour consistent with the observations;

e beaming fractions as a function of period which are consistent with othdiestu

From a theoretical point of view, the idea that emission arises only fromthedast open
field lines is appealing. Our model requires a successful theory theg gse to emission at many
heights at a particular frequency rather than emission at many locatiavssabe polar gap. As
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the emission properties are tied somehow to the plasma conditions, one couldtpastarying
plasma density along the vertical extent of the emission tube as a possibleatigridor multiple
emission heights.

In summary we have produced a simple beam model of pulsar radio emisdiah @an
generate average pulse profiles in accordance with the most curssrvational constraints. Its
main features are that it postulates emission over a wide range of emissibtshiater than over a
wide range of beam longitudes as in previous models and that it largelyatgsithe observational
data. More details on the model and the simulations can be found in Karast&glohnston
(2007).
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