CHAPTER 6
EVOLVI NG ELONGATED PULSAR BEAMS

6.1 | NTRODUCTI ON

In this chapter we wll attempt to resolve the nost
i mportant uncertainty in our birthrate calculation, viz., the
beam ng fraction 4 which depends upon the shape and size of
t he pul sar bean* Most current t heories of pul sar
el ectro-dynami cs inmplicitly assume that the pulsar beam is a
cone of circular cross-section, particularly when they are
dealing with a dipole magnetic field geometry, W discuss here
a strong inconsistency between this assunption and the currently
avail able polarization data on pulsars, Before proceeding
further, we wi | | briefly outline the essentials of the
pol ari zation nodel proposed by Radhakrishnan and Cooke (1969;
henceforth RC) (based on their early observations on the Vela
pul sar), the main elements of which underlie nost current pulsar

t heori es,

In the RC nodel the source of radiation is believed to be
in the wvicinity of a magnetic pole. Charged particles are
accel erated along the open field lines emanating from the polar
region (Goldreich and Jul i an 1969) and t hese em t

radi o-frequency curvature radiation in the direction of their
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motion., Since curvature radiation is beamed tangential to the
magnetic field, the radiation forms a hollow conical beam
(Komesaroff 1970) directed radially outward from the star and
centred on the magnetic axis, and different parts of the pulse
are emtted from different parts of the polar cap. Curvature
radiation is polarized parallel to the plane of curvature of the
magnetic field and hence the polarization angle variation within
the pulse maps the orientation of the projected magnetic field
at various points in the line of sight within the pul sar beam.
On the basis of the simple polarization angle variation observed
in PSR 0833-45, Radhakrishnan and Cooke (1969) proposed that the
magnetic field at the radiation source is essentially dipolar so
that the field |lines are radial when projected on a plane
perpendicular to the magnetic axis (fig. 6.1) Many iater
pol ari zation studies {(Manchester and Taylor (1977), and notably

Backer and RanKin (1980) have strongly favoured the RC picture

Figure 6.1 shows that, if 28 is the total pol ari sation
angle swing across the pulse, then for a beam of circular

cCross-sect ion,
cos © = \91T\ | T (6N)

wher e Yy is the. latitude off-set between the line of sight and
the magnetic pole and ¥ is the radius of the bea&f I f pul sars
are oriented randomy with respect to Earth, then we expect
\91*lt° be wuniformy distributed between 0 and 1 (neglecting
*The radius depends upon the definition of the boundary of the
beam Throughout this chapter we define the periphery as that
point at which the 400 MHz radio flux falls to 10% of the pulse

peak,



FIG. 6.1 Schematic representation of a circular pulsar beam
of radius r. In the RC model, the projected magnetic
field lines are taken to be radial, as shown. The
dashed line is the path taken by a typical line of
sight at the offset y from the beam centre. The total
swing 2 8 of the position angle of the linearly polarised
component of the radio radiation is determined entirely
by the ratio |y/r| (neglecting the spherical nature of
the problem).
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sel ection and spherical effects for the moment, which means that

y.» + L8 T ) Table 6.1 lists values of 28 for 16
pul sars (fromthe observations of Backer and Rankin 1980) and
shows a serious discrepancy. Equation (6.1) inplies that hal#f
t he pul sars  shoul d have 2,6 values greater t han
1200(=2co§q(0.5)) whereas only 3 out of 16 pul sars show this*
Further, 4 out of 16 pulsars ought to have 28 values |ess than
az,8 but table 6.1 lists 11; 2 pul sars should have
28 < 57.9°but there are 83 only 1 pulsar should have
2 6 < 40.70but there are 6; etcs There is clearly a massive
di screpancy between the observations and the predictions of the
simple RC nodel* It is obvious that no ordinary selection

effect can explain the differences (we discuss this question in

greater detail | ater), For instance the data in table 6.1
suggest that half the observed pulsars correspond to |ines of
sight intersecting the outer one-eighth of the circular beam.
This is unlikely since all avai l able evidence (including the

arguments in section 6.3) point to a beam lumnosity (and pul sar

visibility) that falls away from the centre.

It is possible to argue that, because of the large
di screpancy discussed above, the RC nodel is wong in all
respects* However, conpel ling observational evi dence has

accunmul ated in favour of many aspects of the nodel (e.g.,
Manchester and Taylor 1977), In this chapter we show that all
that is needed is to abandon the circular beam hypothesis. The
observations are consistent with the key features of the RC
mode\ such as (1) radiation from magnetic poles, (2) dipolar
field geonmetry, and (2) polarisation position angle related to

projected field direction, provided we allow for an el ongated
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beam cross-section (in addition to elimnating orthogonal modes
as suggested by Packer and Rankin, (1980)). To obtain numerical

estimates of the elongation we assume the shape of the beam to
be an ellipse* which 1is the nmost direct generalization of a
circle (this leads to a conservative estimate of the Dbeam

el ongation as discussed in section 6.3),

6.2 THEORY

We assume that pulsar beams are elliptical in shape with
the principal axes oriented East-West and North-South with
respect to the rotation axis; i.e., parallel to the local |I|ines
of constant longitude and constant latitude respectively* Let
the dimension of.the sem -axis in the North-South direction be

Y and | et it be Y/ R in the perpendicular direction
(fig. 6.2)y We are interested in westimating the elongation
parameter R , Wwhich we initially take to be the same in all

pul sars in a given sanple

As the pulsar rotates, the line of sight to Earth traces an
East-West line on the pulsar beam 1i.e., a line of constant
latitude (fig. B6.2), |f Y is the off-set between the line of
sight and the magnetic pole, then the total polarisation swing

26 for an elliptic beam in the RC nmodel can be obtained from
N -‘, ‘
2, .2 >
cos 6 = Rl‘lel[ L+ LY/yY (R™-Y) (62
We are here neglecting the spherical effects which are treated
in detail in section 6.5, Let us assume that there is equal

probability of observing pulsars anywhere within the range



~Y/R~

FIG. 6.2 A elliptic pulsar beam similar to Figure 6.1. The
beam elongation is characterized by the parameter R, the ratio
of the semi-major axis (Y) to the semi-minor axis (Y/R).
The beam elongation is along the direction of the local
longitude; @ is the projected direction of the rotation
axis. The line of sight goes East-West with respect
to the pulsar and is parallel to the minor axis of the
beam. For a given R, the polarisation swing 26 is a
monotonic function of the relative offset |y/Y].
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0 <1Y/y]l &) (we discuss the error from this approximtion in the
next section). Let us divide the pulsars into two groups:
group A pulsars with 0&{y/yl€£05and group B pulsars with

o-5<|Yy/yIglr From eq. (6.2) the mean value of co$@ in these two

groups is —~
2 Mo
{cos ), = [(31* R™ -2,] /(R-l[[l) (63
L cos®yy =[zk— L3+R‘)‘"] | CR-VRY. (64
The nmean val ue of cosae is simlarly
2 N A .-t Y . A A .
4cos 8, = é." - Rza u’tM‘ (g%_ ) o (6-5)
1 : -1, ] - = Wy |
{cos 9)5 = _é__ -R?ée_u[‘l'am (RB*)— Tam (,R? )] (6>
e = 1- 1Rr* | D

The vari ance z
64,8

>
and B is given by

on the distribution of ces® in groups A

& = <eosex

. " | .
~&LCcos® : . . 8

)

To estimate R fromthe available data we order the pulsars in
decreasing magnitude of the polarisation angle swing 2. and
divide them into two equal groups - high swing and Ilow swing.
We can identify the high swing pulsars with group A and the iow

swing pulsar with group Bs The msfit factor
2 2. o
< ? c .
S = q\[(o c:.;e A) + (b<6::023) ] , 6V

where A¢ecos®)is the difference between the expected values of
cos® and the values conputed from observations and mm s the

nunmber of pulsars in group A (or B), is clearly a function only
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of the assumed R We estimate R by locating the m nimum

value of § and determne the ¢ bounds by identifying the

points at which stmm.‘.,.

Since all the results are based on the specific elliptic
shape assumed for the beam, this assumption can be checked with
the corresponding (109 pulse widths W, + For an ellipse (of

any R )y the mean widths in the two groups should satisfy

CWiekp = 0-9566 (LYI(RY __ 156 (6-19)
<Wiodg 0:-6144 C2YIR)
In comparison, a rectangul ar beam woul d have

(Vh»h/<vﬁﬂb=‘ while a "diamond'-shaped beam would have a ratio

of 2.0, these results being again independent of R

6.3 ESTI MATI ON OF BEAM ELONGATI ON

The estimation of 28 from polarisation observations is
generally conmplicated by the presence of orthogonal radiation
modes (Manchester et.al . 1975; Backer et.al. 1976) and the-
attendent discontinuous flipping of the mean polarisation angle*
However, Backer and Rankimn (1980) have shown that, when good
data are organized in the form of histograms of the polarigation
angle at various longitudes across the pulse, it is quite easy

to follow the angle variation of a single mode.

We have estimated 29 for 16 pulsars (at 430 MHz) from the
hi stograms given by Backer and Rankin (1980)., We elim nated two
pul sars from their work - PSR 1919+21 Dbecause they find an

unusual pol arisation angle wvariation which 1is not easily
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interpreted, and PSR 1541409 because the polarisation 1is very
weak* For each pulsar we obtained the mean pol arisation angle
of one of the orthogonal nodes as a function of the |ongitude
{in those cases where the other nmode is also strong we conmbi ned
the data on both nodes with a suitable constant angle off-set
bet ween them). W fitted the observed angle variation to the RC
model (Manchester and Taylor 1977, see also chapter 7) and
obtained the polarisation angle swings 2.8 listed in table 6.1.
We note that the accuracy would have been quite adequate even if
we had estinmated %6 directly bﬂ#ye from the published data.

For PSR 1237+25 we have taken 26 to be 1750(instead of a

smal | angle as suggested by the data of Backer and Rankimn 1980)
because several other studies (e.g., Bartel et.al. 1982) show
that the line of sight to earth passes very close to the

magnetic pole.

The pulsars in table 6+1 have been listed in the order of
decreasing =6 and have been classified into two groups, A and
B, of eight pulsars each as discussed in the previous section.,
Table 6.2 shows the mean value of ecos® for groups A and B from
whi ch we deduce that R =3.0% 0.4, (for a mean East-West  full
width of ~15°, the mean North-South full width is ~45°), This
is an extremely large and unexpected el ongation* W note that

circular beams with R=\ are quite clearly ruled out.

Before considering the meaning and consequences of the
large estimate of R , it is necessary to discuss the possible
sources of error and any selection effects whi ch coul d
i nval i date our resul ts* Qur analysis assumes a uniform

distribution of \Yjy| in the range 0 to 1. Since the pulsar



TABLE 6.1

Data for 16 pul sars obtained from Backer and Rankin (1980).
The values of [y/Y[in the fourth colum are computed for R=3,0.

GROUP A
LT EEEEEF P PPRRTIRY

PSR 29 M ly/Y]
1237 +25 175 15,2 0.02
0525+21 152 20.8 0.08
0301+19 136 18,3 0.13
2020+28 97,2 18,2 0.28
D823+26 79,1 10.6 0.38
0834406 61 .4 9,4 0.49
2016+28 58,0 13.8 0.52

CROP E
........................... S SRR PP LR s

PSR 29 Wyy VY17
2303+30 S6,2 7+9 0,53
0950+08 ' 51,0 30.6 0,58
0611+22 40,4 14,2 0.68
1929+10 32,7 22,2 0.75
1604-00 27.0 16.9 0.81
1933+16 25,7 12,1 0.83
19444+ 17 21.6 31,4 0.87

0540+23 21.0 21.8 0.88

n v m ee e Em em en e M Gr AR S M MG G TR W G %G WP M ER AR N AN M B M M B G N S ee m M T T YR M M G e e M N G M M e e e e Em me W e en



Summari zed
table 6.1,

results for

TABLE 612
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<CO5 8)

FOR R=3.0

FOR R=1.0

- e em s e em omm o= m aw

- - . e e e am owm o m o ae =

- - - e o = - e

pul sars of group A and group B in
CROUP A i GROUP B
""" 0567 | 0949
0.549%0,089 | 0,951%0,013
0.250%0,051 | 0.750%0,051
14.8¥ 3.8 1 19:627,9
0.25- _—-: 0.7;—
""" 057 . 0.5
0.25%0.05 1 0.75%0.05
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lum nosity may be expected to vary as a function of |JYypy] this
cannot be strictly true* Narayan and Vivekanand (1983) in a
study of PSR 0950408 found that the pulse intensity for an outer
cut of the beam is significantly less than for an intermediate
cut, In chapter 7 we show evidence for a monotonic fal | off of
radio flux with the latitude offset |Yjy . We make yet another
i ndependent study in section &,5 which again suggests a falling
luminosity, A fall off rather than an increase in the intensity
towards the beam edge is also intuitively appealing. \When this
selection effect is present, smaller values of {y}y]| will be
over-represented, which tends to increase 28 and decrease the
esti mated value of <¢:cse)-“l,6 in the sanmple. Therefore our
estimated value of 3.0 nust be lower than the true value of

R *

It is possible that the pulse strength does not fall
monotonically with increasing \BIYL but peaks at some
intermedi ate value (the "holl ow-cone" model of the pulsar beam
m ght suggést this). To first order this is not expected to
affect the estimate of R + Also the data shows no evidence
for this effect* Firstly the probability of detecting a pul sar
should increase with increasing |Yjy| for group A and decrease
with increasing {Ygyl for group B, Consequent 1y, at the
optimum value of R (= 2.0), the observed value of

<cose)hshculd be larger than the expected value while for group
B the trend should be the other way, Table 6.2 shows that there
is practically no evidence for this* Secondly, the values of
18Iyl of the 1& pulsars, computed using the optimum value of
R (table 6.1), should peak around Yiy=o0-6+ Again there is

no evidence for this. The mean values {Yyy] in groups A and B
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shown in table 6.2 are entirely consistent with the values 0,25

and 0.75 expected for a uniform distribution*

Anot her point concerns the choice of the pulse width, The

2.6 values in tabel 6.1 correspond to the widths W,e (10% of
peak intensity) which are almst equal to the full pulse widths*
One could instead use other measures of widths such as Wgo
the width corresponding to 50% of the peak intensity, or

We the equi val ent  width. Eoth these are smaller than

W,0 and hence lead to smaller values of 26 Therefore,
using these measures of width would only increase the deduced

el ongation R beyond our estimate of 3.0,

Final |y we consider the error from our assumption of an

el 1iptic shape for the beam. From table .2 we see that
<w‘.>ﬂ/<w,,)8 =0,76 * 0.36. The expanded data  set in
section 6.4 al so suggest a simlar value. This is not
consistent with the value of 1,56 expected for an el liptic beam
(section 6.2) but agrees with the value 1.0 for a rectangul ar
beam. Now  for a rectangul ar beam  of axi al ratio
R (=North-South dimension/East-West dimension), cot® is

uniformy distributed between 0 and R and hence

¢cot 8y = 025R & 0-8R Jc1zmyt (W

(CotO)B = ©615R % o-salc_\zm)"‘ (6-\2

From the observed val ues of (cote)a’B in tabke 6.2 we conclude

t hat, if the beam has a rectangular rather than an elliptic
{ vy

shape, then R=4-8_ . which is greater than 3,0.The beam may
O

even be ‘"butterfly" shaped in which case R would be stil
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greater,

One other possible source of error in our analysis is the
negl ect of spherical effects., This is considered in section 6.5

where we show that none of the above conclusions is affected*

From the above discussion it is seen that our estimate of
3.0 for the beam elongation is really a |lower bound. The true
val ue must be larger* Jones (1980) analysed pul sar pol arisation
data by a technique simlar to our arguments in section 6.5 and
concluded that R= 1-5':':1 Since he used hal f-maxi mum intensity
wi dt hs \Wg, , Which are approxi mtely ©-6W,, (for the pulsars
in table 6,1), the corresponding R from our calculations is
5.0%07 ° Jones’ val ue woul d appear to be an underesti mate*
Before closing this section, a word of caution is necessary
concerning the statistical reliability of our results, W have
used 16 observational numbers to estimte R . 't would be
reassuring if our conclusions could be confirmed by a |arger
pul sar sampl e* Meanwhi |l e, considering t he fairly tight
\¢ limts which we obtaih, we believe these results can be

accepted with reasonabl e confidence.

6.4 EVOLUTI ON OF BEAM ELONGATI ON

Kundt (1982) made the interesting suggesti&% that the
el ongation parameter R could evolve during the life of a
pul sar* To investigate this possibility we use an expanded

sample of pulsars* In addition to the 16 pulsars of table 6.1
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we now add another 13 pulsars for which Manchester and Taylor
(1977, t abl es 2 and )] quot e reliable val ues of
20 (at =~ 400 MHz), We also include PSR 0329+54 for which
mul tifrequency observations of ©Eartel et.al., (1982) clearly

indicate that 26 = 180?

Tables 6.3 a,b and ¢ give the data on the above thirty
pul sars grouped into three ranges of the period P, the ten
pul sars in each range being divided into two groups as before.
The values of W, for the new pulsars are from Manchester and
Tayl or (1981) except for PSR 0531+21 and PSR 1508+55 whose
wi dt hs were estimated directly from the original observations of
Manchester (1971), The values of 2 for the Backer-Rankin
pul sars and PSR 0329454 correspond to \W,, The 28 val ues
for the other 13 pulsars are the estimate of Manchester and
Taylor (1977); it is not clear to what width they correspond.
Since the Manchester-Taylor estimates of 26 for nmost of the
Backer-Rankin pulsars agree very well with ours, we presume they
have considered either “W,, itself or something close to it.
Barring two pulsars (viz., PSR 0531+21 and PSR 1919+21) for
which <28 is a little uncertain, we believe the data we wuse
here are quite reliable, though not as uniform as the sanple in

table 6.1,

Using.the method described in section 6,2 we obtain the

following estimates of R in the three period ranges

R= 4.9 to-1 , P<o.38¢ s.

25 £ 05 , 0-3986.< Pg t2s, (€13

- +*2% 0% , L25.%9P
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FIG 6.3 Variation of the elongation parameter R with pulsar period.
The estimated R, along with the 1 error limits, are plotted
against the geometric-mean periods of the pulsars in the three
period ranges discussed in section 6.4. The dashed line is
tho visually ostimatod bost fit and corrosponds to R=1.8 P70.63
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There is virtually no variation of R wth P while the weak
variation wth T and B, is probably due to the variation
with 9 W thus conclude that the beam elongation is
primarily a function of the pulsar period and has essentially no

dependence on other pul sar parameters*

6.5 SPHERI CAL EFFECTS

In the analysis so far we have assumed a planar geometry*
In reality the beam is a cross-section of a cone attached to a
rotating, spherical neutron star. W now make an analysis
including the spherical effects. As mightbe anticipated the
earlier results continue to mold, However, since the analysis
here is different and also makes wuse of a different set of
observational data, vize, ‘de,dQ\wmx’ it confirms that our

picture is internally consistent,

Let o be the angle between the nmagnetic and rotation axis
and ® the latitude off-set between the magnetic axis and the

line of sight (fig. 6.4), Let be the maxi mum off-set at

Emax
which the pulsar is visible., Hence the North-South di mension of
the beam is q'ﬁmax' Let the maxi mum angul ar East-West di mension
of the beam be 'RM“% (which corresponds to aY[R in fig. 6.2).
Assuming an elliptic shape for the beam, the East-West di mension
T(B)Y at any off-set p IS given by
* 1 . :
(Y« (B )y =', (B¢ B, 610
Tw&# &m{
The pulse width W, () measured in degrees of longitude s
given by

WitB) = _T(B) (RV)

Sin(L+P)



FIG. 6.4 [llustration of the spherical geometry of the pulsar
beam. The spherical neutron star spins around the
rotation axis 2 . The magnetic dipole moment u makes
an angle a with respect to @ . The pulsar beam is a
cone centred on the magnetic pole, having an elliptic
cross-section, with angular axial dimensions 28p,;x X 2ypay-
The line of sight L at a latitude offset 8 from u traces
a line of constant latitude a+8.
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Using the spherical weighing factor .lePSLMCd«-Q)for t he
probability of occurrence of a given off-set between @ and

5_\.d,‘3 we calculate the mean pul se width (ww) to be

¥ wmasr
C\Wy = '2.1E‘J d%["ftﬁ)]sim&-\-p]sim(ou-‘%)

Ponax
=TV Twman ﬁmmx (R
4simo sin@ o,

where, taking o . we have
*ﬁ may
LS

= |\ Smd+rBY) = Stwma Sim AL
P=1| dpsintacp) - €\D
= Bnox _ o
The nmean val ue of \si\p\ over all lines of sight is simlarly
Brars
Sy = \ SimPISIMAHP) - =1 sim G20
Alstnply = L | dB|sinplsinuep) - =2 out (629

L
In the above results we have not considered the variation of

luminosity with \B] -

Now, the rate of change of polarfsation angle with pulsar
| ongi tude dbld_q reaches its maxinmum value when the line of
sight is closest to the magnetic pole. At this point we have

{Manchester and Tayl or, 1977, eq. (10-25) )

do = sim ' ' - c21)
|%0lael = 1 52gl I
Combining with equation (6.20) we see that

' 2 $1 ) ' -
Bim Wog = & &"H‘ <|aslq Q\M“) (622)

where we have written the equation for an effective o

|
WAL
the Backer-RanKin pul sars we have used our |east squares fits of

Table 6.3a to 6.3c list |d8(dq]|_ Jfor a | 30 pulsars. For

pol ari sation angle variation, while for the others (including
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PSR 0329+54 and PSR 1237+25) we used the values of Manchester

and Taylor (1977). From eq. (6.22), which makes no assunptions

of the beam shape, and assum ng xc** to be 60', we obtain
ot aq®
2B = ol P <0288 s.
wmayx - 3 !
o +32° ,
= & —2o® , 0-2885.5 P< \2 5. (623
-\-4-°
= g’ | 125 < P
-0 )

Although the analysis made here is not as sensitive as the
met hods of earlier sections, we note that the rapid evolution of
the North-South beam di mension with period persists* Mor eover

by the structure of eq. (6.,22) it is clear that the actual value
of degy that we assume is uninportant as far as the variation

of wax is concerned, Also the above analysis does not make

any assumption on the beam shape,

Using eq. (6.18), which is valid for an elliptic beam, we

can estimate from W , The beamel ongation is then
wmar 0
given by
R = ﬁnna[Ymax 6 -24)

Figure 6.5 shows the variation of (deduced) R with ‘*e}& in

the three period ranges* Since R is seen to be insensitive to

&q&y the evolution of beam el ongation with period cannot be
expl ained by invoking a period evolution of &,*& '

Finally, we consider the variation of lumnosity with
18] Let us divide the pulsars in each of the tables 6.32a to

6.3c into two groups - group A containing the five pulsars with
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FIG. 6.5 iVariation of the estimated beam elongation R with the
meen angle a,gc between the rotation and magnetic axes.
It is reasonagfe to expect that 30° < Gope < 60°. Note
that R is fairly insensitive to aggg in ih the three
period ranges. The actual values of R shown here are
different from (but statistically consistent with) those
in Figure 6.3 because the method of analysis as well as
the data used are not the same.
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- , . ,
the |owest values of \dold‘?\“a;. and gr‘o:.xp B having the five
pul sars with the highest values of \dﬂldq\;w‘(these groups are
evidently different from the weariier groups A and B)., A
compari son of eqs. (6.19) and (6.22) shows that for a given

+ if there is no lumnosity selection effect, the mean

) -\ . .
value of \dO(dq\W“over the range 0 to any B is directly
proportional to the <corresponding probability ' Thus

-1
\A8laq|_is uniformy distributed between 0 and  Sim B o, -
WMay

Therefore 151 Loty
-\
K =<ldeidglwrp = 015 (simp, [25imdery) = 30 (€.29)
L1defd ¢,y 0-25CSim B |26 imAapt)

From the data in tables 6.3a to &.3c we estimte K to be
4.4 * 4 6.6 * 3.0, and 4.0 ¥ 1,2 in the three period
ranges, leading to a weighted mean val ue

K = &4 *e0.9 (626)
A value of w33 inmplies that there is a crowding of l|ines of

sight <close to the magnetic pole and a spreading out farther
away, Thus we find that the beam lumnosity in pulsars falls
with increasing |8l This agrees with other, independent
studi es (Narayan and Vivekanand 1982,1983). The value 4.4 for

is consistent with the .value 3.9 expected for a Gaussian
variation, though other fornms are also possible (for instance,
K =5.5 for an exponential variation and 3.8 for a triangular
fall-off). However, the analysis made here virtually rules out
any question of lumnosity increase outwards fromthe magnetic
pol e, which, as discussed in section 6.1 is the only way to

reconcile the polarisation data with a circular beam



CHAPTER 7
—D —

RELATI VE ORI ENTATION OF L , AND L

7.1 | NTRODUCTI ON

In the previous chapter we derived the inportant result
that the cross-section of pulsar beams is actually el ongated,
and not <circular, and that the elongation decreases with
increasing period, G ven the dimensions of pulsar beams, we can
compute the beamng fraction provided we know the allowed
relative orientations of the rotation axis, the magnetic axis :
and the 1line of sight* In the <context of the RC node
{Radhakri shnan and Cooke 1969), t wo angl es o and

3 (Fig, 7.1) decscribe the pulsar geometry. In this chapter
we estimate the' values of these angles for a number of
i ndi vidual pulsars by analysing the available polarisation data
(mostly from Backer and Rankin (1980%henceforth BR), I'n
particular we investigate the distribution of ol and the sign
of B , because this information is essential’ to conmpute the

beam ng fraction +

There have been very few attempts to estimate these angles
observational ty. Radhakr i shnan and Cooke (1969 ) used
polarisationinformation to place, upper bounds on and

B for PSR 0833-45 ( & < s0%; B < 10°) and al so suggest ed



FIG. 7.1

- O

Q@ , wand L are the direction of the rotation axis,
magnetic axis and line of sight at an instant when

all three are in the same plane. The angles a and 8
are considered positive in the direction away from the
rotation pole. Positive and negative B are called outer
and inner lines of sight respectively.
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t hat p<00for PSR 0531+21 (for this pulsar o o 900 bacause of
the interpulise). Manchester and Taylor (1977, henceforth MT)
made |east squares fits of the observed polarisation angle
variation in four pulsars and gave estimtes of ﬁ (the
quality of the data did not permt simultaneous estimation of

L and B 3 therefore they assumed a mean value of
60° for o ) More recently, Narayan and Vivekanand (1983)
proposed a model for PSR 0950+08 using the polarisation data of
BR (1980) in which they use & =109and =-5, Apart from
these, the only other pulsar where some information is avail able
on the beam geometry is the binary pulsar PSR 1313+16, where, if

one assumes that the rotation axis is normal to the plane of the

orbit, one deduces that o + B = L =47 (Taylor 1980)

We use three essentially independent arguments, aill based
on the RC nodel, and these are presented separateiy (methods A,
B and C), Our discussion makes use of the follow ng: (a) In
the RC model, when the magnetic field lines are projected on the

star surface, they form great circles passing through the

magnetic poles. (b) The line of sight traces a small circle of
o

constant "latitude" 90 - o - p (referred to the rotation axis)

and the polarisation angle at any |ongitude is the angle at

the corresponding point on the surface of the star between the
| ocal magnetic great circle and the line of sight small circle
{c) From (a) and (b), it can be shown (MT) that the gradient of
the polarisation angle & with respect to ¢ at the centre of
the pulse (i.e.,the point of closest approach to the magnetic
pole) is given by

|de/dg)| = \-s-ua-dl-\ ()

central sun P
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The actual sign of dO/dq; has no useful information for our

present purposes.

7.2 METHOD A

From eq, (7.1) it is seen that the value of \dO/dql gi ves
\%\ as a function of ¢ , but does not determ ne the actual
val ues of o and p , hor even the sign of & (for exceptions
see method B below). However the detailed shape of the curve,
which is given by (MT),

tan 6 = . sime Sim@ .2
CoSd COS(tt B) — SIM KOS CAr B)COSQ

has much more information than the <central gradient (fig., 7.2
shows typical examples). A striking characteristic of the
@-¢ curve for positive B (we call this an “"outer" [line of
sight since ? lies outside the angle formed byg and T: ,
fig, 7+1) is its flattening as one moves away from the pulse
centre, with a ,maximumpolarisation swing |ess than 1800, On
the other hand, the 6-9 curve for negative B ("inner” lines
of sight) is nmonotonic, Figure 7,2 shows that the difference
between the curves for +f and -P at a given pul se
longitude increases as & decreases* Because of. these effects,
given accurate observations of €& as a function of @ , it s
possible to estimte & and B by means of curve fitting

procedures,

Table 7.1 shows the results we obtain by least squares fits
on the excel lent data of BR (it is because of the inproved data

that we get tighter estimates on o and B than MT). For
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TABLE 7.1

Estimates of ¢ and $ of seven pulsars, obtained by
least square fits of the data of BR (method A)., Values in
parent heses are doubtful because of the relativiy larger r.m.s.
resi dual s* Where |imts are given on o , the value of

14 corresponds to the extreme value of g

PSR A 4 probability (%) of residual in
. P - P ]

e e e e e m e mm e m e m e mmammmmmm e e e — e e man . ————— S----
0301419 70 £ 11 +3,0, 97% 3% 1,0
0525+21 &20° +0.6 100% 0% 1.4°
0950+08% | £25°  -12° 0% 100% 3.8%
1133+16 (soot 60°) {(+6.0 ) (50%) {50%) 1.7
1929+10 50 £ 61° +32° R 69% 31% 0.7°
2016+28 ¢ 30° +5.7, 100% 0% 1,42
2020428 (425‘) (+2:9) (100%) (0%) 2,1

a

Val ues taken from NV. The r.m.s. error in 8 is larger

because the whole data, including the interpulse, have been

fitted, and not just the npbst accurate data as in other cases,
Simlar values of & and B are obtained even if the main
pul se data al one are considered*
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each pulsar we have conputed the nmean observed 8 as a
function of the pulse [|ongitude from the publ i shed
hi stograns, applying the relavent off-sets (estimated from the
data) in the case of orthogonal polarisation nmodes (this
procedure wds discussed in the chapter 6). In order to include
only the nost reliable data, we have retained only those
| ongi tudes where BR could estimate the polarisation angle in at

| east 15%of the pulses (these longitudes are labelled "2" or

better in the second last colum marked "A" in their
histograms). Table 7.1 gives our estimates of ol and

p for seven puisars. For each pul sar we obtain the best
positive B fit as well as the best negative B Fit, By

using the standard statistical technique of conparing the
residuals in the two cases, we can infer the relative |ikelihood
of occurrence of the two cases. These probabilities have been
tabulated in table 7.1, In the rest of BR's pulsars the
paraneters are too poorly determned to be of interest. The
last colum in table 7.1 gives the r.m.s. di fference between
the observed and fitted polarisation angles* W estimte that
our procedure of conputing values of 6 from ER"s histograns
has contributed an r.m.s. error of about 0.5°to 1,0°, W

therefore consider the results of table 7.1 to be quite reliable

for the four pulsars wth a final r.m,s. of |ess than 1,5%,
The results on PSR 1133+16 are probably sound while those on PSR
2020428 are much less certain* Pulsar 0950+08 has been studied
separately by Narayan and Vivekanand (1983) and their results

quoted here are statistically quite reliable,
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7+3 METHOD B

Since \p\ cannot be less than & (see fig. 7.1),

eq. (7.,1) shows that ‘de \ 2 1,0 for inner lines of sight*
dg !cemtral

Thus any pulsar with a gradient less than 1,0 nmust have positive

p ’ Mor eover, if we assume equal emission from both

magnetic poles, t hen we have the obvioug inequal ity

At P KL 90° tor the main pulse* Combining these results we
can place rigorous upper limts on ¢ for pulsars having
\%%\cuﬂmﬁl.o' Table 7.2 shows four such pulsars among those
observed by BR. The values of the gradient were computed by
| east squares fits on the histograms of BR using all data
corresponding to the symbol "+" or better* Two of the four
pulsars, viz, PSR 1237+25 and PSR 1541+09, display very unusua
6-¢ curves, not consistent with the RC model; this 1is
reflected in the large residuals, However, the results on PSR
0540+22 and PSN 1944+17 are quite unambiguous and inply positive

values of B (outer lines of sight) and the upper limts on

& shown in table 7,2,

7.4 METHOD C

Figure 7.2 shows that the polarisation angle gradient in
the 1interpulse has the same sign as that of the main pul se for
negative p and the opposite sign for positive P ' This
is therefore a very straightforward technique of determ ning the
sign of P (RC 1969; see also Hankins and Cordes 1980),
Thus, in table 7.3, of the five pulsars with polarisation

observations on both mainpulse and interpulse, three have inner



TABLE 7.2

Limts on & for four pulsars estimated by means of method
E. These pulsars have positive values of $ (equal to
90°- & for the extreme value of & ). Values in parentheses
are doubtful because of the relatively large remis. values.

o . .
PSR dé ol residual in
‘a&‘ 0
0540423 0,97 % 0,05 & 44, 1.,1°
1237425 (0.64%0,12) (¢33 4,3°
1541409 (0. 46 % 0,04) ( €25°%) 4,8°
1944417 0.682%0.03 &35° 1.7°

a
Obt ai ned by least squares straight line fits on the data of BR.



PACE 7-6

lines of sight (negative ) and two have outer (positive
& o |t we now assume that the interpulse corresponds to
the point of closest approach to the second magnetic pole, then

we have

(48/44). = —sim (2.9
interpulge Sim (2e+ B)
where the gradient of the main pulse has been taken to be
positive and IS positive or negative as the case may be.
Equation (7.2) is correct even if the radiation in the
interpulse comes from the same pole as the main pulse. Using
eq. (7.1) and eq. (7.3) and the observed polarisation angle
gradi ents at the mainpulse and the interpulse, it IS possible to
estimate both & and P + The results are given in table
7.3. For PSR 0531+21 we confirm the results of RC who estimated
that & »~ 30° and P < 0° In the case of PSR 1055-52, the
magni tude of the interpulse gradient is not clear and hence our
estimates of o and \p] are in considerable doubt, The

negative sign of B IS however quite unambi guous,

7.5 CONCLUSI ONS

From the summari zed results of tables 7.1,7.2 and 7.3 we

conclude the follow ng:

(a) Pulsars 0950+08 and 1929+10 have been analysed by two
met hods, viz., A and C. Tables 7,1 and 7.3 show that in both
cases the results are consistent, confirmng the validity of the

arguments used,
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(b) There is clear evidence for the occurrence of both
inner and outer lines of sight, W note in particular that
positive ? val ues have been deduced using all three
i ndependent arguments A, B and C. Therefore, given the RC
model , outer lines of sight are quite inescapable, The theory
of pul sar el ectrodynam cs developed by Arons and others
(e.g.;Arons 1979), which makes a <clear prediction that only

negative val ues of are a lowed, needs to be reconsidered

(c) Table 7.1 shows a preponderance of pulsars with

positive B + A partial explanation could be that the |east
squares works best in those pulsars having small val ues of
> a positive § is then nmore likely than negative
|4 on solid angle <considerations. Al ternatively, it is

possible that there could be some systematic distortion of the

(assumed) radial field lines leading to a &-Q curve similar
to that expected (in the RC model) for small values of and
positive B (figy 7.2), If so, theresultsof table 7.1 may

be in doubt,

{(d) The various reliable indications in tables 7.1y 7.2 and
7.3 give the magnitude of<\P|>» (including interpulses) to be
~22° (we have used the maxi mum val ue of p where only upper
limts are available; this wll tend to increase our estimate

of (\g\) ) This gives a Dbeam size of \Ek“‘lrv a4’ which is

consistent with 22%stimated in the previous chapter* However,

there appears to be a preponderence of small values of p '

whereas one expects a uniform distribution upto P This
max

could mean that the apparent lumnosity falls of f wi th

i ncreasing \ﬂ[ (al so see argument (f) below)., Alternatively,
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it mght be a consequence of many of the @ val ues being

upper bounds.

(e} The values of ® that we have estimated appear to be

generally rather small, This can be partly accounted for by the
fact that methods A abd B both work best at small L8 (met hod
€, on the other hand, prefers large g ) However, even

after allowing for this, there seems to be a residual preference
for small A . For example, of the total of 18 pulsars
observed by BR, five pulsars (viz., PSRs 0525+21, 0950408,
1929+10, 1944+17, and 2016+28) have & £ 35°. Even if none of
the other 13 pulsars has & « 35°, this is still more than
the 1.9 pulsars expected for a randomdistribution of ® and

B twith [&m“*pv22°). OQur result mght mean that pulsars
work better at small values of & + Alternatively, one could
propose that the pulsar magnetic axis aligns with the rotatiion
axis with age (as suggested by Goldreich 197©), However, we
feel that this is unlikely since the estimated ages (=% PIp )
of the pulsars with small d are not significantly different
fromthe others in the BR sampie. Moreover, four out of the

five pulsars with A & 35°have periods shorter than the

average.

(£) The three pulsars in table 7.3 with very weak radio

interpulses have\ﬁcqr».9m4/§ smpulse
YO

PSR 0531+21 with a P ratio of 1.8 has a fairly strong

\n:B.O. On the other hand,

interpulse. Thus there seems to be some evidence for a
monotonic fall off of the radio flux with the latitude off-set
P bet wen the magnetic pole and the line of sight, The

limted data in table 7.3 suggest the integrated pulse strehgth
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varies approximately as ‘@r ,



