
Chapter 2 

Shape of Pulsar Beams 

Introduction 

Most widely accepted emissiori models assume that pnlsar radiation is emitted over 

a (hollow) cone centered around the magnetic dipole axis. The observed emission is 

generally highly linearly polarized with a syst,ematic rotation of the position angle 

across the pulse profile. This behaviour, following Radhakrishnan & Cooke (1969), is 

interpreted in terms of the radiation being along the cone of the dipolar open field-lines 

cmerging from the polar cap, and the plane of the linear polarization is t.hat containing 

the field line associated with the emission received a t  a given instant. During each 

rotation of tlie star,  the emission beam crosses tlie observers line-of-sight resulting in 

il. pills(+ of emission. The observed pulse profile t,lius corresponds t,o a thin cut across 

the lmim at  a fixed rotational latitude. The inforniat,iori on the h a m  shape as a 

furict,ion of latitude, although generally not measurable directly, may I)e forthcoming 

frorri o1)scrvations a t  widely separated fi-equencies, as emissiori a t  diff(2rerit frequencies 

is 1)elievetl to  originate a t  diflerent, hciglits f ro~n tlie star lcaclirig to clia~iges in 1)eani 

sizc:. For this, the dependence of the ri~tlint~ion f~ . (~ l~ lency  on the height,, the so called 

ra,divs-to-,frequency mappin,g, should 11e known a priori. Alternativelv, i t  is possible 

to ilse tlie da ta  on an ensemble of piilsars sampling a range of impact parameters. 

Ho~vttvcr., it is import,ant that all the ~)111sars in t,lie sample form a liornogeneous set in 

t,ct.tris of' tht: profile types etc. Several ;~tt,ciripts t,o ~riotl(?l tJllc: pillsitr l ~ e a ~ r l  have used the 



lat,t,r?r il,l)~)ro;t(:li. Basetl on their stiidy, Narayan ant1 Vivc?kanand (1983) concluded that  

the beam is elongat,ed in the latitude. Lyne & Manchester (1988), on the other hand, 

have argi~ed that  the beam is esse~itially circular (see also Gil & Han 1096, Arendt & 

Eilelc 1999). Based on the dipole geometry of the cone of open field-lines, Biggs (1990) 

found that  the beam shape is a function of the angle (a) between the rotation and t:he 

magnetic axes. The reasons that all these analyses predict different results could be 

manifold. For example, Narayan & Vivekanand used a da ta  set consisting of only 16 

pulsars and assessed the beam axial ratio on the basis of the total change in the position 

angle of the linear polarization across the piilse profile. Apart from poor statistics, 

their analysis suffered from the large uncertainties in the polarization measurements 

available then. Lyne & Mancliester (1988) used a much larger da ta  set in comparison 

and exarriined tlie distribution of riormalized impact parameter j3, l?!)O/pSO, where 

@go & pgo are the irnpact angle and the beam radius comput,ed for a = 90" calculated 

using ecliiation 2.5 and 2.6. Based on their observation t,liat the distribution of @, 

is 'essentially uniform', they concluded that the beams are circular in shape. The 

al)~)arent, deficit a t  large ,B, is attributed t20 a llirriirlosit,y bias. The nornialized impact 

~)ararrlet,er /)go, however, overestimates the true impact parameter ,B for cu # 90" (refer 

cq. 2.5). Further Lyrie & Mancliester (1988) tiisregarded the sign of ,B and ~onsequent~ly 

[j,, is ovc?restimateci, which is particularly true for large /3 a.nd small cu values. Hence, 

it is wort,lr noting t,hat the deficit in the distribution a t  large [In, is seen clospite the fact 

that  [?,, overestimates the true P / p .  

Biggs (1990) ~ised the same data set as well as tlie /?,, dist,ribut,ion as used by Lyrie 

ant1 Marichester (1988), but drew attent,ion t,o a 'peak' in the distribi~tion a t  low /jn,. 

The sl~apes of the polar cap dcfinetl by t,he region of open ficltl lines, as (lerived by Biggs, 

show t,llilt t,he bear11 is c.ircu1a.r for R I ~  aligric(1 rot,at,or, I~ut, ~irirlergocs co~rll~rcssiori along 

tlie la t i t i~di~ia l  direction with increasing i~lclinat,ion n. 

In this ~ l iapt~er ,  we adclress this clilestion ~vit,hi~i the basic framework adva,nced 

1)y R.ankirr (1993a) which, a t  the least,, is qi~alit,at,ivelv different from t,hat of Lyne 

&: IL1snc:liester (1958). The classification sdlerne (Rankin, 1983a), based on tlie phe- 

norneriology of ~,iilse profiles, polarization arid ot,her flilct,uat,ion propert,ic.s etc., provides 



Figure 2.1: Schematic representation showing the geometry of the pulsar emission 

region. 

a sound basis for explicit distinction between the core and the conal components, with 

each of them following a predictable geometry (see also Oster & Sieher 1976; Gil & 

Krawczyk 1996 for conal beams). Lyne & Manchester (1988), on the other hand, pre- 

fer to  interpret the observed variety in pulse shape and other properties as a result of 

patchy illumination, rather than any particular pattern within the radiation cone. The 

observed differences in the properties of pulse components are then to 11e iinderstood 

as gradual changes as a function of the distance from the center of the basic emission 

cone. Their analysis thus naturally disregards the possible existence of conal features. 

Assuming the possibly confined 'conal-component' geometry and by accounting for 

all the relevant geometrical effects, we re-examine the shape of pulsar beams and their 

frequency dependence. Recently published multifreq~iency polarization data, a t  six 

frequencies in the range between 234-1642 MHz (Gould & Lyne, 1998). has made this 

investiga.tion possible. 



2.2 Data set 

For t,ho 1)reserit irivestigatiori requiring reliable est,iniates of a & I j l ,  WP use the data  

set comprised of only those pulsars whose piilse profiles are identified as 'triple' (T) or 

'niult,ipl(~' (M), as classified by Rankin (1993a, 199313). The reason for thc choice is that  

the T arid M pulsars show a core component in addition to  the conal components, so 

tliat a reliable estimation of the angle (0) between the rotation axis and the magnetic 

axis is possible, using Rankin's (1990) method. Rankin observed that tlie FWHM of 

the core components of pulsars with int,erpulses has remarkable correlation with the 

period of the pulsar giv'en by, 

wliere, TI:,,, is t,hc FWHM of the core-component ikt 1GHz. It was point,ed out by 

Rankin (1990), that  the relation (2.1) can he explained naturally hv invoking the 

notion of dipolar field lines. The opening angle of tlie dipolar field lines p (refer fig 2.1) 

which is the angle between the last open fielcl line and the magnetic axis is given by, 

wliere, r is tlie emission height, measured from the center of the star ant1 tlie parameter 

A takes the value R3/r: with r ,  being the polar-cap radius and R 1,r~irig the stellar 

ratliiis (Gil 1981; I<iizmin & Dagltesaniariskaya 1983). Frorri t,he ope11 fic.ld lines it can 

1 , ~  shown tliat, A = c P / 2 ~ ,  wliere c is tlicl velocity of light arid P is t21c period of tlie 

pulsar. Defining the core-width PTi,,,, ;IS 2p it follo117s that for a neutron star of radius 

10 ltm, iVc,,, in degrees is, 

wlic>re Ill,,,, = 2.49" a t  the stellar siirfkce, i.e. 7% = R, for ii piilsar wit,li P=lsec.  

Corn~)nri~ig equation (2.1) arid (2.3) it is seen that for the relations to be equal the 

vrnission liciglit r slioi~ld l ~ e  equal to the stellar radius R. This suggests tliat tlie core 

(~rriission originates very near the polar cap. The pillsars with intcrpiilses has cu close 



LINE -OF-SIGHT 

Figure 2.2: Schematic representation of the evolution of the pulsar lxam with fre- 

q11ency. 

to  90". However for most of the pulsars cv # 90°, and it can be shown that  2p is related 

to a by, 

W,,,., = 2p - 2 . 4 5 " ~ - ' / ~ /  sin(a) (2.4) 

It  should be noted that  the above relation holds true for small P (refer eq: 2.6). For 

the conal doubles and conal singles, devoid of any core component, the estimates of a, 

are less reliable. The core singles are na.t,urally excluded from this analysis of the conal 

emission geometry. For each pulsar in our selected sample, we define the conal width as 

the separation between the peaks of the outermost conal components. It, is important 

to  note that  the nominally 'central' core component, which is argued to  originate closer 

to  the stellar surface, may riot necessarily be along the cone axis. Such a possibility 

is clearly reflected in many pulse profiles where the core component is displaced from 

the 'cent,er' definable from the conal components. Hence, the location of the core 

coniponent is disrega.rdec1 in our estimation of the conal separation. Columns 1 and 

2 of table 2.1 list t,he name and profile type of these pulsars. Columns 3 to  8 list the 

~itl(:iilr?t,cd widths of the pulsars a t  frequencies 234, 408, 610, 925, 1400, and 1642 MHz 

respectively. Column 9 gives the pulsar period in seconds. Columns 10 and 11 list the 

a a.11d ,j? values of the pulsars taken from Rankin (1993b). 



Figure 2.3: Schematic representation of a,n ellipt,ic pulsar beam of axial ratio R mith 

the longit,udinal and the latitudinal axis as b and Rb resp~ctively. 6r is the width of 

t,he erriission beam cone. See eq. (2.13) for discussion on t,he connection between tthe 

'gap-angle' 8, and 6 r l r .  

Ranl<in (1990) has estimated the inclination angle tu using the r~lilti011 given bv 

ecluat,io~i (2.4) (at a reference freqi~encv 1 GHz). The impact angle /j has beer1 esti- 

rniit,ed 1)aseti on the rotating vector motlel of Radhakrislirian & Cook(, (1969), iisirig 

the relation: 

siri(p) = sin(rv)/(d9/d4),,,, (2.5) 

L L ~ ~ ~ ~ ~ I P  (r/9/(/~),,,, is tlie maximlun riitc3 of cliarigc of the. ~>olarizatio~i i~ngle 9 with 

~ c s ~ ) ( ~ . t  to the 101igit,ude 4.  Note tliat c v  i~11tl /-I ;XI(> tlie gcornetrical p;\~il~licters of the 

star aritl docs not change with frequenrv of observation. 

111 tho following analysis, we treat the different frequency measurements on a give11 

piilsar its ' i~ldepe~ident '  inputs much the same way as the data on differe~it pulsars, since 

t,lie pillsiw 1)eam size is expected to evolve with frecluency. In figure (2.2) the schematic 

cliwgrarrl for the evolution of t,lie pulsar 1,~:1111 mith f'rccliiency is slio~vn. Tliiis, a t  differerit, 



frequencies one obtains independent cuts (at different Pip) across the beam, though ,3 

remains constant for a giver1 pulsar. The information obt,ained is similar to that where 

a given pulsar is cut a t  various p. This increases the number of independent constraints 

by a usefully large factor. In fact, we would like to contrast this approach with the 

one where, for each pulsar, one obtains a best fit frequency dependence of the observed 

widths and then uses the data to obtain the width a t  a chosen reference frequency. 

The latter approach fails to take into account the dependence of the observed widths 

on Pip that is inherent for any non-rectangular shape of the beam. 



Table 2.1: Tlie table lists the pulsar name and the widths measured a t  6 different 

frequencies from the observations of Goiild & Lyne (1998). In several cases the widths 

co~lld not be estimated due either to poor quality profiles or to absence of data. Tlie 

cv, ,O values are taken from Rankin (1990, 1993b). LM indicates that the ,O value (for 

PSR 0656+14 and 1914+09) is taken from Lyne & Manchester (1988). 

Pulsar Profile Width in deg Period a l? 
Bname Class W234 W408 WGIO W925 W1400 Wi642 ( s ~ c )  (deg) (deg) 

2.1 
4 

3.3 
8.2 (LM) 

4.8 

1.9 
7.3 (LM) 

1.3 
-4.6 
-6.4 



Tuhle 2.1 cont.. 
2020+28 M/T 12.9 10.9 10.1 10.1 9.74 9.3 0.343401 
0138+59 M 25.8 20 23.2 20.6 18.7 17.4 1.222948 
0402+61 M 14.2 14.6 10.7 10.3 10 9.6 0.594573 
0523+11 M - 12.4 10.8 12.0 11.6 10.8 0.354437 
0621-04 M 18.5 21.2 18.4 18.0 17.5 - 1.039076 
1039-19 M 15.4 - 11.5 10.7 10 9.6 1.386368 
1237+25 M 10.0 10.3 10.0 9.3 9.0 10.0 1.382449 
1737+13 M - 17.4 17.0 16.1 15.2 13.8 0.803049 
1831-04 M 95.3 97.6 95.3 96.2 93.0 93.0 0.290106 
1857-26 M - 32.5 29.4 26.3 25.5 24.8 0.612209 

2.3 A direct test for the shape of beams 

Fig 2.1 is a schematic diagram illustrating the geometry of pulsar emission cone. The 

eniissiori cone, witth half-opening angle p,, sweeps across the ohservers line-of-sight 

with an impact parameter (distance of closest approach to t,he magnet,ic axis) P. The 

spherical triangle PQS (refer to Fig. 2.1) relates the angles a, /? and the profile half- 

width $, to  the beam radius p, by the following relation (Gil, Gronkowski & Rudnicki 

1984), 

sinyP,/2) = sin2($,/2) sin(a) sin(cy + P) + sin2(/?/2) (2.6) 

The subscript v in p ,  and $, denotes that these quantities depend on freqiiency 11. This 

eclilation assumes that  the cone is circular, in which case p, becomes independent of 

p. In rcality, the beam may not be circular, but rather elliptical with, say, R the axial 

ratio ant1 b the longitudinal semi-axis of the ellipse as shown in Fig. 2.3. It, is easy to  

see t,liat the length of the radius vector r depends on the angle 0 (with the longitudinal 

axis) when R is not equal to  1. The variation of r as a function of 6, for three different 

R valilcs (namely 1, 1.5 and 0.5) are slio\vn as examples in Fig. 2.4. The p,, determined 

ass~iming that  the cone shape is circular (as in Rankin 1993b) is indeed a measure of 

the radi~ls  vector r ,  once the period and frequency dependences are corrected for. Such 

data  on (r,$) spanning a wide enough range in 8 can therefore be exarrlined t o  seek 

a c:onsistent value of the axial-ratio R. However, if R is a function of N, as suggested 



Figure 2.4: The above curves illustrate the rlormalized variation of r nrit,h 8 (refer to 

figure? 2.3) with three different values of R. 

1)v Biggs (1990), t,heli the (r,O) samples ~volild show a spread bolinded 1)y the clxrves 

corresponding to tlie maximum and niiriirnum values of R. 

Slicli an examination of tlie present data suggests a spread below the line for R = 1, 

iridicati~ig that  the beam deviates from circularity ant1 that the spread c.oulcl be ctile to 

the cv dtpendence of R. However, this deviation from circularity is not vory significant. 

We discliss this in detail later in section 2.5. 

TVe liave also examined the p,, vallies obtained 1)y Rankin (1993b) through such a 

test,. However, no significant c-leviation fro111 circular bearns was cviderit. We became 

;uIrare of similar stucly by C.-I. Bjornsso~i (1998), also with a similar conclusion. We 

note that the only difference between our cstilnates of p,, and those of Rankin is in 

thcl clcfiriitiori of the cons1 witltlis. Rariltiri defines the width as the distance betwee11 

tlit. olitcr half-powcr points (rather tlian tlie peaks) of the two corial outriders, and 

thc ~vidths were t,heri 'interpolatctl' to a reference frequency of 1 GHz. Sl~cll estimates 

a r ~  ~)roric to  errors due to  mode ch;inges, differing component shapcs etc., arid to 

thc (+frets of tlispersion & scattering (some of \vliich she :~ttemptecl to itcco~nmodate). 

We ~rie;isure the widt,hs as the peak-to-peak separ;itiorls of the o~i tcr  corii~l components, 

mhic.11 ar.cl lcss sensit,ive to tlie sources ofprror mentioned al)ove. We liave also confirmed 



(in the PSRs B0301+19, B0525+21, B0751+32, B1133+16, B1737+13, I32122+13 arid 

B2210+29 using the data frorn Blaskicwicz et al. 1991) t,hat the 'peal<s' of the conal 

corrlpone~its are synlmetrically placed with rcspect to the "zero-longitutle" (associated 

with the maximum rate cif change of the position angle), which is not always true for 

the outer half-power points. 

The model of the pulsar beam 

We model the pulsar beam shape as elliptical in general and express it analytically as, 

While a, ,L? and 4, can be estimated, directly or indirectly, from observations, R and p, 

are the two parameters which in turn define the beam shape and size- arid the available 

da ta  set of T and M-profiles is expected to sample most of tlie IP/p,I range (0-1) with 

reasonal>le uniformity. The implicit asslimption in this statistical approach is that  a 

coInmon descriptio~i for R & p,, is vltlid for all pi~lsars. The common description should, 

however, account for relevant dependences on quantities, such as frequency, period, a, 

etc. properly. 

2.4.1 Frequency dependence of p, 

The radio emission a t  different frequencies is expected to originate at different alti- 

tildes above the stellar surface, with tlie higher freqliericy radiation associated with 

regions of lower altitude. This phenomenon, known as radius-to-frequency mapping, 

fintls overwhelming support from observations. Tliorsett (1991) has siiggested an em- 

pirical rclat,ion for the observed pulse width as a fi~nct~ion of freclliency, ~vhich seems tjo 

providc adequate description of the observed heliaviour. We adopt a similar relation 

for tlie frequency evollltion of the heam radius p, as follows 

p,, = i,(1 + ~ i - l l - ~ ) ,  (2.8) 

where i, is the value of p, at  infinite freqiiency, 5 the spectral index, ant1 K a constant. 

Notc tlint hot11 C & I( are expected to  have ~os i t ive  values, so that  the minimum value 



of p,, is f i ,  wliic.11 slioiilcl corresl)ontl to  t,hc ol)cning i111glc of t 11e last opcll ficld lines at 

tlie st,(lllilr slirface. 

2.4.2 Period dependence on p,, 

Rankin (1993a) has demonstrated (see also Gil, Kijak & Seiradakis 1993; Kramer et 

sl .  1994) that the beam radius @ varies as P-0.5 (where P is the period of the pulsar in 

scc), a rcsult which is in excellent agreement with that  expected from a dipole geometry 

(Gil 1981). Eq 2.8 thus takes the form 

where p, is the minimum beam radius for P = 1 sec. 

2.4.3 Functional dependence of 3 on a! 

Biggs (1990) has suggested that  R sho~iltl be a function of cv, slich that tlie beam shape 

is circ11l;tr for a = 0 and is increasingly compressed in the latiti~dinal rlirection as 0 

increases to 90". We therefore rnotlel the fiinctional tlepentlence of R 011 cv as R = R,T, 

where R, is the axial ratio of the beam at cv = 0, ancl T is r2 f~inction of cu. According 

to Biggs (1990), R, = 1 and T is given by 

wherc I<,, IC2 are corlstants and cu is in degrees. Biggs finds that  IC1 i ~ n d  are 3.3 

and 4.4, respectively. We, however, treat as free parameters in our model. 

2.4.4 The number of hollow cones 

Bastvl oli the st,l~clv of conal comr)oncnts, Rankin ( 1 9 9 3 ~ )  has argued for two ncstcd 

liollow i.onps of crnissiori-- na~nely, tlie o11t~c.r ; ~ n d  tlic ir~ncr conc. Assl~rning the l~earns 

to 1)c) c.iii.illar in shape, opening 11;ilf anglos of tllr two co~ies at 1 GHz were found to 

4.3" i ~ n d  5.7", respect,ively. 

Di~ring our preliminary exa~nination of the present sarrrple, we 11otic.ecl a need to  

a l l o r r r  fnr. t l l r ~ ~  rnnw nf ~ r n i ~ ~ i n ~ i  TO in(+or~)orate this featurc. in our modcl, we introduce 



Tal~le 2.2: The best,-fit model parameters for the shape of conal beams. The error bars 

correspond t,o a 10 ~incertainty. I< is a constant where the unit of v is in MHz. 

Model parameters 

two ratios, r l  < 1 and r2  > 1, t o  define the size scaling of the inner-most and the outer- 

most cone, respectively, with reference to a 'middle' cone, for which the detailed shape 

is defined. 

Using the model here defined, we need to solve for R,, <, I(, p,, K1, r 1 and 7-2 in 

this three-conal-ring model. The parameter set thus represe~its an 'average' description 

of the beam. 

2.5 Results and Discussion 

An optimized grid search was performed for suitable ranges of the parameter values 

ant1 i11 fine enough steps. The search range for R, was chosen to  lie between 0.1 to  10 in 

stc3ps of 0.02. The range includes the earlier claimed values for Ro which varied between 

-2.5 (Narayan & Vivekanand, 1983) ant1 -0.6 (Biggs, 1990). I< was varied between 0 

to  150 i11 step of 1. The range chosen for I( includes the best fit values estimated by 

Thorsett (1991) in fitting the multifreqllency pulse widths for several pulsars as given 

by the empirical relation, eqixation (2.8). For (, the search range allowed for both +ve 

it~ltl -vcl values lying between -3 to  3 in steps of 0.01. By (Iefinitid'fl, r ,  5 1 and 7-2 2 1. 

The search lange for rl was varied between 0.3 to 1 and 1.2 from 1 to  3.3, l,ot,li in steps 

of 0.01. Note that ,  the ratio of the i111ler-cone and the outer-cone as obtained by Rankin 

(1 993a) is -0.7 whicli is within the search range in our analysis. We have tried several 

cornbinatioris of 1(1,2, in steps of 0.05 starting from = 0 to  IC1,2 = 10. The range 

searched for, includes the values qliot,ecl hy Biggs (1990) as discussed in section 2.4.3. 



ONE QUADRANT OF THE BEAM 

Figliro 2.5: Distribution of tlie (x,v) lo~itt~io11~ of tlic tonal components on a common 

s(.i~lc. Tliv tliree solid lines indicate t,hc thrw emission cones in the ~ l l l i ~ ~ l r i ~ ~ i t  showri. 

Thc c.irc.1~~ with crosses refers to  pulsars with cu values less than 45" and the filled 

circles rvit,li cu greater than 45". 

Thc. 1,t)st fit was ohtairied by ~ni~iimizirig the staricl:trd deviation a, dcfiried by 

wlic3ie D, is the tl(~viiltio11 of t,hc I"' data 1)oirit fro111 tlie ti~itrcst co1ia1 ririg ill tlie ~riotlel 

it~icl denotes the number of degrees of frcedo~n. The factor 18Oln- gives rr, in iiriits 

of clegic,es under tile small-angle al)proxi~riati~n. Tal)le 2.2 lists the pi l~a~iicter  va1uc.s 

wliic.11 (.orrespond to  the best, fit for the eritirc sarril~le set for a, = 0.18°. The la error 

I I ~ I I S  cliiotctl in t a l k  (2.2) arc the statistic:tl error l):trs of thc sample ( l i~ ta  points. The 

n r o r  in ost,imating a, is estimated as (a,/ J N , ~ ~ ) ?  which is - 0.013", for a, = 0.18" 

while Ar,l,,f = 190. Th i~s ,  t,o obtain tlic error bars for a nivcn ~ a r a m e t ~ e r  we have fixed 



Distribution of effective p'/p 

P / P  

Figure 2.6: Histogram of the distribution of effective :. 

the best fit values for the other parameters and varied the parameter of interest, such 

that tlir value of a, increases to 0, + ( n , / , / ~ ~ ~ ~ ) ,  on either side of the Ijest fit values. 

With these best fit values, the eq. 2.9 can now be rewritten as 

wliere p,, is in degrees. This average description for the 'middle' cone applies also to  the 

other two cones when p, is scaled by the ratio r l  = 0.8 or r2  = 1.3 (for the inner and 

the outermost, respectively). Fig 2.5 shows the data (plotted to a common scale) for 

one quadrant of the beam and the three solid curves corresponding to  thc? best fit cones. 

The points in the figure, though corresponding to different pulsars and frequencies, are 

translated to  a common reference scale appropriate for P = 1 sec, 0 = O and v = co. 

We have assumed the period dependence of p, as P-O 5,  whereas Lvne and Manch- 

ester (1988) found a dependence of P-4. Tlle standard deviation a. obtained for the 

former case is 0.18 anrl the latter 0.21. Thus given the statistical la error bar in esti- 

mating no as 0.013 we find that the difference in the standard deviation is a t  the level 

of 2.5-3 rr and we cannot rule out the P-5  law with confidence. We have also checked 

for thc  t l e n ~ n r l ~ n c ~  of R on rv hv lisine 3 silb-sets. each of rance 30" in rv. The best 



fit vi~,lil(?~ for R in the cliff(:rent cv s e g ~ r i ~ ~ l t ~ s  are I%::$, 0.8f 11:; & 0.5% I;:; for cu ranges 

0" - 30°, 3U0 - 60" & 60" - 90°, respectively. This tlc?l>eridence of R, on t v ,  c?veri if i t  were 

signific;lrit, is quite consistent wit,li our v;~liies of Itrl, I(2 (Table 2.2) i1.s well as with 

t,lie.rcsiilt,s of Biggs (1990). However, given the uncertainties in the R e~t~irnates for the 

three ranges, i t  is riot possible presently tto rille out a dependence of R on a. Indeed, 

this part of the goodness-of-fit is negligible, a, (tlie standard deviation) is 0.18" when 

K1 and Ic2 # 0 and 0.2" when Ic1, I(2 = 0. Earlier Narayan & Viv~kanand (1983) 

had argued that  R is a function of the pulsar period. To assess this claim, our sample 

was divided into three period ranges, between 0-0.8 sec, 0.8-1.6 sec and 1 .G-2.5 sec, and 

the R values for each range was computed. We find that the R values in these ranges 

are 0.91% ::;, 0.99% ::; and 0.87f ::; respectively. Given tlie error-bars it is 1)ossible to  

rule out ilny period dependence of the beam. 

The number and thickness of conal rings: As already noted a11(1 can be seen 

in Figure 2.5, we do see evidence for a 1)ossible cone outside the two cones discussed 

by R,;lnkin (1993a). Also, the presence of a 'fi~rt~her inner' cone has been suggested by 

R.;tnl<in cYc R.at1inasree (1997) in tlie cil.sc of PSR. 1929+10. The pu1sa.r~ suggestive of 

t,his outer cone (refer Figure 2.5) are PSR.s 0656+14, 1821+05, 1944+17 and 1952+29 

(at frecli~encies 234 MHz and higher). We have examined the possibility that  these 

cases really belong to  the middle-cone, lxit are well outside of it  due to  an error in the 

assiimect values of a. The a vahies needs to  be changed by 83%, 37%1, 52% and 66% 

respectively for the above cases. Hence tvc rule oiit tlie possibility as tlic implied error 

in ni tiirns out to  he t,oo higli to be likely ~vllereas the error in estimating ct from the 

core-witlt,h rneaslirc:ments is typically 15%. It is iinportililt to point oiit that a noisy 

sanil>lc like the pr~serit  one ~vould iip1)c1Rr increasiligly co~lsiste~it,, jutlging by ttlie ]lest- 

fit c:rit,crion, with moclels t,ha,t include Inore cones. The quest,ion, tliercfore is whether 

wc (:iln c.onst,rain t,lie numbei of cones 11y some independerit nlethod. 111 this context, 

wc! wish t,o discuss t11.e n,oticeable de.ficit of points at high P/p0. Since the deficit reflects 

t,licl ~LI )S (> I~ ( : ( ?  of corial singles a.nd conal clonldes in oilr datil set,, t,lle sizc of the related 

'ga,l)' i1.t large i9 va.liies, can be used to  c:st,irnat,e the possiblc thickness of the c:onal rings. 

Thc. a1,sclnc.e of poi~its a t  82 GO0 (Figilrc. 2.5) silggt.st,s t,lii~.t the (tonal r.irigs a.re rat,her 



thin, since a radial thickness 6r cornparal~le to the ring radius wotlld implv a wider gap 

in 0. To quantify this, we write the following relation, 

(1 - sin 8,) 
61- = 2r 

(1 + sin 8,) ' 

where 8, is the 0 a t  the start of the gap (as illustrated in Fig. 2.3) .  With 8, N 60°, 

Srlr  would be about 20%. The presence of more than one distinguishable peak in the 

distribution of beam radii (shown in the bottom panel of Fig. 2.5) clearly indicates that  

the conal separation is larger than the cone width. This combined with our cone-width 

estimate suggests the number of cones is 3 (for the present range of radii), providing 

an independent support for our model. This picture is consistent with the estimates 

by Gil & Krawczyk (1997) and Gil & Cheng (1999). 

Component separation vs. frequency: It  is interesting to  note that  for certain 

pulsars t,he cone associated with the emission seems to change with frequency. For 

example, tlie conal emission in PSR 1920+21 appears to  have 'switclled' a t  610 R4Hz 

to the innermost cone while being associated with the middle cone a t  ot'her frequencies. 

Rankin (1983b), in a comprehensive st,lldy of the dependence of component separation 

with frequency, invokes deep 'absorption' features to explain the apparent anomalous 

reduction in the component separation in certain frequency ranges. IVe suggest that  

such anomalous reduction in the separations could be due to  switching of the emission 

to  an inner cone at some frequencies. Observatio~is a t  finely spaced frequencies in the 

relevant ranges wollld be helpful to studv this effect in detail. The other pulsars which 

show similar trends are PSRs 1804-08, 2003-08, 1944+17 and 1831-04. It should be 

riotecl that such switching is possibly reflected, also, in mode changes. 

The deficit at low ljllp,: The ahsence of points near ljl = 0 is clearly noticeable 

in Fig. 2.5. Such a 'gap' is also apparent in the clistrihution of @/po plotted in Fig. 2.6. 

The gap was already noted by Lvne & hlancliester (1988). They arg~lcd that  it  arises 

because the rapid position-angle swings (expected a t  small P's) are difficult to  resolve 

d ~ i c  to  intrinsic or instrumental smearing, leading to ilnderestimation of the sweep- 

rates. \Yit,h tlie improved quality of datil no~v available, the iritrinsic smearing is likely 

to he the dominant cause for this circi~rnst,ance. There are a number of rlear instances 

arnone the general uo~u la t ion  of nulsars where t h ~  ~olarizat ion angle traverse near 



tlie central core component is distortetl. PSR. 1237+25 provides a,n extreme examples 

of such tlistortion, arid R.amachandra11 & Deshpande (1997) report promising initial 

ctfi~rts tlo ~notlel its polarization-angle track as clistortetl by a low-y core-l~ea~n. Another 

possibility for the low-Pip, gap is that it could simply be a selection effect caused by 

less iritense emission in the cone center than a t  intermediate traverses. If so, the low 

frequency turn-overs (refer Fig. 1.4) in the energy spectra of pulsars may a t  least be 

partly due t o  this, since a t  lower radio frequencies the Pip, is relatively smaller. 

The sources of uncertainties in the present analysis: The standard deviation 

a, corresponding to  the best-fit model amounts to  about 15% of the conal radius. This 

fractional deviation (comparable t o  the thickness of the cone) is too large to  allow any 

more tletailed description of the beam shape (such as dependence on 0. for example). 

We find it useful t o  assess and quantify the sources of error, partly to help possible 

refinement for future investigations. Tlie tjliree data inputs tJo our arialysis are cv, P arid 

$,,, while the basic observables are the maximurn polarization-angle sweep rate and 

core width, in addition to  tlie measured conal separation. It is easy to see that  the 

errors i11 the core-widths will affect directly both rv and [I estimates. Over the range 

of' 6' s1)anned by tlie present data set the errors in cv are likely to dorni~iate, since the 

x & y (in figure 2.5) a,re almost linearlv proportional to  s in(a) .  Hence, the fractional 

tleviat,ion may be nearly equal to (or define the upper liniit of) the fractfioiial error i11 

sin(tr) and therefore in tlie core-width e~t~imates.  

R,anl<in (1990, 1993b) notes that in several cases the appa,rent, core.-widths might 

suffer from 'absorption' and tlie widt,lis might bc iintlerestimated if tlie eff'ect is not, 

properly accourlted for. Also, i11 some cases, the widths were e~trapolat~etl to  a reference 

frc:qliencv of 1 GHz ilsirig a u-'." (lep~iitlence. There have heeri several sl~ggestions re- 

gartlirig t,hc 'a,ppropriate7 frequency dependence wliicli \\ro11ld give significantly different 

i1.11swers when used for width extrapolation. For example, if our best-fit dependence 

for (:011i11 witlt,h is usetl for tlie core-witlth cxt,ral>olat,ion, the values woi~ltl differ frorn 

R.i~~il<iri's ~s t~i rnat~es  (through extrapola,t,ion) b y  as much as 15%, enough to  explain the 

prc.sent tleviation in some cases. A~lotlier possible source of error is thc uncertainty i11 

t,hc sign of [j (import,ant only for t,he si~i(tv + p)  t,crm in equation 2.7 and hence for 



small a) .  As Rankin points out, it is difficult to determine the sign unambiguously in 

most cases and hence the information is only available for a handful of pulsars. 

Evidence in favour of 'conal' emission: The significant implication of the gap 

a t  02 60" (referred to earlier) deserves further discussion. If the 'conal' components were 

results of a merely patchy (random) illumination across the beam area, (as argued by 

Lyne & Manchester, 1988), then such a gap should not exist. If a single thick hollow 

cone were to be responsible for the conal components, a gap (corresponding to  the 

conal-single types) would still be apparent but then it should be above a cut-off y 

value (refer Fig 2.5) and not in a angular sector like that observed. On the other hand, 

if indeed the conal emission exists in the form of nested conis (as distinct from the core 

emission), then the shape of the gap is a natural consequence of our not including conal- 

single profiles in this analysis. This gap, therefore, should be treated as  an import,ant 

evidence for a pulsar beam form comprised, in general, of nested cones of emission. 

2.6 Summary 

Using the multifrequency pulse profiles of a large number of conal-triple and multiple 

pulsars we modeled the pulsar b.eam shape in an improved way. Our analysis benefits 

from the different frequency meas~rement~s being treated as independent samples, thus 

increasing the number of independerit constrains. The main results are summa,rized 

below. 

1) Our profile sample is consistent wit,h a beam shape that is a function of a, circular 

a t  cu = O and increasingly compressed in the latitudinal direction as n increases, as 

suggested by Biggs (1990). However, the data is equally consistent with the possibility 

that the 1,earri is circular for all values of a. 

2) We identify three nested cones of emission based on a ~iormalized distribution 

of out,er components. The observed gap (02 60") in the distribution independently 

suggests three cones in the form of annular rings whose widths are typically about 

20% of the cone radii. We consider this circlimstarice as an important evidence for the 

nested-cone structure. 



Any f'lirt,her significant progress in siic~h rnotlcling wolil~l nccessaril~. need refined 

estirriatcs of the observables, particularly the core-widths. 


