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INTRINSIC INTENSITY VARIATIONS AND MODELS OF PULSARS

SYNORS I3

In centrast to the high stability of their pulse
p%;imds, palgars ahow erratic variation of the intensity of
thelr rmdio emission. The intensity wvaristions are produced
gither by causes intrinsic to the gpoaros of endission or by the
propagation effects in the interstellar medium., The intrinsic
intensity variaticns (IIV) mceur over & wide span of time
gcales ranging from a few microseconds to several days. In
this thesis we investigate three different types of IIV
(a) the drifting subpulses, (b) the short term (minutes) and
(e¢) the long term (days) intensity wvariations. Though the
basic idea that pulzsrs are rotating neutron stars is well-
accepted, there is no concurrence about the details of the
mechanism by which the pulses are produced. Bquelly divir-
gent are the wviews about the structure of the central core
and the origin of neutron stars, Our investigations show that
1t iz possible to get useful information on the models by
studying the IIV of pulsars. The observational data used in
this thesis have been obtained using the Ooty radie telescope.

The positions of the subpulses within the main pulse
window drift with time in several pulsars. Eecsuse of the
obgerved stability of this phenomenon at least in a few pul-
sars, a study of the drifting subpulses may. put restrictions
on pofsible models of pulsars. Two of the models, the polar
cap {(P.C.) and the relativistic beaming (R.B.) models, which
have been discussed extensively in the literature, do explain
the basic phenomenon of driftings subpulses, In the P.C. model
the drift is caused by the uniform rotation of the subpulse
producing sparks around the polar cap. In the R.B. model, it
is produced by modulation of the intensity of the source with
a period that is incommensurate with the rotational period of
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the neutron star. In this thesis wgshow that the slope of ths
gubpulac bande has n different dapendence on the subpilse
lTengitude in the two modeld. Tor the Puf, model Ghe mcdulus of
e plope docreages a8 wespn Erom fThe ougrﬁ fior the mid repion
of the averaged pulse, whereas for the H.B. model it increaaes.
From the data on FS5R 003L-0T obfained with the Doty radie
teleascope we hsve shown that the behaviour of the measured
slope sgrecs with the prediction of the R.B. model. We o o
alse, that the behaviour of the driffiing subpulses of a few
other pulsars for which sufficient data is awvailable in the
literature is in conformity with the predictions of the R.3,
model. The disagrecment between fhe data and predicticns of
the P.C. model can be removed if the sparks rotate faster as
they move away from the great circle passing through the
rotational and the magnetie poles of the neutron star. However,
guch an assumption seems contrived and may'hot be justified.

Study of the short term IIV,i.e., those with time
secales of a few minates o roughly an hour, is very important.
If neutron stars poesess central solid ecores they may wobble
or precess fréﬁly and thus produce modulation of the intensity
wlth periods in a range similar to that of the short term I1V.
Such a study is difficult due to the presamce of interstellar
seintillations (I88) wvhich also have silmilar time scales at
metre woivelengthas, In order to overcome this difficulty, we-
have deoveloped ‘s method to separate analytically the autocorre=
lation fanction (ACF) due to IIV and that due %o 188, by
nging multichammel data. The method utilises the differeonce
in the decorrslation freguencies of the IIV and the I53. The
IIV are likely to be practically completely correlated across
the bandwidths that are generally used in observations whereas
the IS8 are correlated only over narrow bandwidths, Hence,the
relative power in the two types of fluctumtions change with
the bandwidth used. The method has been applied successfully
to the intensity data from 24 pulsars which were observed with
the Qoty redice telescope,
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The results show that occurresnce of IIV with time
geales similar to those due to IS3 is very common in pulsars.
Moreover, both the tims scales and the modulation index fox
tho same pulsar vary with time, This may partially account
for the Ynconsgistency of pattern weloeities of I33 that are
deduced from multistation obscrvations by variocus workers.
Our results. regarding short term IIV are discussed below.

Ning out- of the 24 pulsars showed sighificant guasi-
periodic modulations in their IIV. Four of them were cbserved
on meore than one ccemsion a2nd it wms found that the behaviour
of FIV was different on different days. Notably, FSR 1919421
ghowed different behaviour of TIV even on two consecutive
days. If the guasipericdicitiee in the IIV are produced by
the wobble of neutron stars, significant periodic residuals
in the times of arrival nos well as wvaristions of the puiae
shape are expected. DMoreover, the residuals and the varias
tions should be correlated with the phase of the wobble
periodicity. For example, hased en g crude approximation
that the radiating beam of a pulssr could be represented by
a circular gaussian, residuals exceeding 10 ms are sxpected
in the times of arriwval of pulses from PSR 1919+21. For the
other pulsers, the residuals are expected to be less than or
equal to 3 ms, Admittedly, the results of such caleculztions
are uncertain since the nature of the polar diagram of the
radisting beam is uncertain. Ewven then, measurable pericdie
residuals should have been found at leaat for PSR 1919+2l.
But, we hawve not found any residuzls exceediné a fraction of
a ws. In addition, for this and two other pulsars which 5
showed quasiperiodicities in their ILY, there is no signi-
ficant seismic activity on their heutron stﬁrﬂ as inferrad
from the published datzs on the times of zrrival for thosge
pulsars. Henece, excitation of wobble in the presence of
digsipation in the =solid part of the neutron star would be
difficult. From these results we conclude that wobble has
not been detected in any of the pulsaras which were studied by
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ug and that one hng to examine the possibility of oscilla-
tions in the emission mechanism itself to. explain the observed
quasiperiodicities  in the IIV.

We have shown that the observed probability density
distributions of the long term IIV, i.e. those with timg
geales grester than g few days can be described satisfactorily
by %®-distributions. Such distributions are expected if the
intensity fluctuations are due to the fluctuation of the
number of particles radiating coherently in a given reginon.

In deriving the ¥?-distributions, the radiaticn from mnny

such regions is assumed to add up incoherently to preduce the
observed emission. Based on these distributiona we have
giveh, as n functiﬂn of the search number, the cumulative
number of new pulsars expected to be found on repeatedly
searching the same region of the aky with the same sengitivity.
Nenrly 20 % more new pulsars are expected te be found on the
first repeat search, We ahav also that the luminosity '
function deduced from e1ther a single aurvey or surveys with
very different sensitivities, is not affected by the omiasion
of flux vari=zbility in the ecalculation of smelection effects.
However, if surveys over the same region of the shy with
similar sensitivities are combined without taking into acecount
the flux wvariability, then the deduced birth rate of pulsars
could be overestimated by more thah 20 ?b. Llso, we have
outlined ‘o probabiliutic approach for the estimation of
gelection effects zo that surveys could be combined with due
regard to the flux wvariability.

At the end of the thesis the results are summarised
and the 1limitations of the present work are indicated.
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bt The work described in this thesis is based on new
observations of the intensity variations of pulsars made by me
using the Ooty radio telescope, as w2ll as on existing obser-

 intensity fluctuations intrinsie to the source and that of the
dnterstellar seintillations has been'repﬂrfad. The work
-E%rsaented in the thesis has lead to several important conelu-
- gions regarding the models of pulsars. .

g 2) The work reported in this thesis is original. .

eferences have been given at appropriate places in the text,
ghever the work dohe by others has been used.

Ea) The cbservations were made in collaboration with Shri
 ¥.,5alagubramaniagn, However, most of the analysis and inter-
retation described in this thesis have beesn done by me.
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Chapter 1

INTRODUCTION

11 Yulsars

The adceldental discovery of pulsars a decade ago by
the Cambridce radic mastronomers (Hewilsh et al, 1968) was
recelved with much enthusiasm by not only astronomers but
alao physiciats. The discovery was immediately followed by
hectio activity by observers and theoreticians., These
Hfudiaa, egpeclally those of pericds and the period derivat-
ives of pulsars led to the identification of pulsars as
nautron etars = the highly condensed remains of dead stars
whose formation in supernova explosions was postulated as far
back as 1934 (Baade and Zwicky 1934), but which had eluded
the detection untill the discovery of pulsars. Barring the
black holes whosge exlstence is not yet well established, the
neutroa gtars have the highest matter density reaching all
the way up to ~ 1015 £ o’ and magnetic field strength
reaching up to ~ 1012 gauss, The nonavailability eof sich an
exotle state of matter in the terrestrial laborstories has
attracted many investigators from varied disciplines to the
study of pulsars as exemplified by the study of the s=tructure
of the neutron stars. Stable neutron stars have mass in the
range of 0.1 tg 2.5 times the solar mass sgueezed into a :
radius of ~ 10 km, ‘'Glitches' - the sudden changaafin the

pariods of pulsara - gave indications that the protons and
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the newtrons inside a neutron star exist in the superfluid
state (Boym ot al. 1969); Thelr observationz also indicate that
in some neutron stars there could be a solid core (Pines,

Shaham and Huderman 1972).

Neutron stars are presumed to be boPn in supernova
eavents. Only in the case of the Crab and the Vela pulasars, a
gatisfactory physical association between the pulsars and the
aupernova remnants has been established. In the case of =
few other pulsars, associations were suggested mostly based
on the positional coincidence only. As pulsars are high
velocity objects (Manchester, Taylor and Van 19743 Anderson,
Lyne and Peckham 1975; Backer and Sramek 1976) it is diffi-
cult to establish associntions based on positional colinci=-
dence alcne. One way to overcome this diffieculty may be to
egtablish the association between the two populations con a
statistical basis. Several investigators {(Large 1971;
Roberts 1976; Devies, Lyne and Seiradakis 1977, Taylor and
Yanchester 1977; Manchester 1979) have tried to check the
bhypotheais that a1l pulsars are born in surernova events by
tallying their birth rates. Theze inveztipgations were
inconelusive since the ealeulastions of the birth rate of both

the populations are subject to many uncertainties,

The periods of the known radio pulsars range from
G.Dj‘te 4 secs, The high stability of the periocds had
initially given a considerable hope that one would be able to
use them as standard clocks in testing the predictions of the

general theory of relativity. But once elaborate measuremente
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- times of arrival of pulsar signals were done, 1t
elear that the periods were not stable enough to
m the tests, But the recent possible detection of
tatianal ra&iatlon {Taylor Fowyler and HcCulloch 1979)
'tbiﬂ&ny pulEar PER 1913+16 has shown that the lnltlal

=t

sm was not completely unjustified.

Models of Pulsars

. 'Though the basic iden?ifiuatiun of pulsars as

ting magnetised nsutren staré (Gold 1968) is

accepted, tﬁer&-i# no agreement regarding-thﬁ mechanisms
¢ emission and beaming of pulsar Eignéié. The gbserved
I{Ghrightneaﬂ temperatures ~ 1630 i imply that a coherent
f#ﬁh mechanism 1s operative in pulsars. Baaieally thrae
of mechanisms were proposed:

: Direction;ﬂepéndent masing (Ginzburg and

itzev 1969},

ik Curvature radiation on open field lines above
*i“fic polar caps (Radhakrishnan and Conke 19693 Goldreich
nd Julian 1969; Sturrock 1971; Ruderman and Sutherland 1975)
Relativistic compression of radiation which may be
ﬂijiiﬂqtrﬂpiﬂ in the frame of reference in which the source
! rest (Smith 1969, 1970; Zheleznyakov 1971; Zheleznyakov
nd Shaposhnikov 1975) : g

.E*ﬁaﬂt two models i,e. the polar cap (P.C.) and the rela-
stic beaming (R.B.) models are dealt with extensively in

5?{£itarﬁture, Whereas the P.0. modeis try to explain both
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the generation and the pulsation of the radiation, the R.B.
models attempt to explain only the pulsation. Both the
models are able to cxplain some, but not all, of the wealth
of the observed propertics of pulsars(see, for example,
Ginzburg and Zheleznyakov 19753 Fianchestér and Taylor 1977

for excellent reviews).

1.3 Intensity Variations of Fulsars
The erratic wariability of the intensity of pulsars

in contrast to the high stability of their periods is wvery
atriking. The time scales of the intensity wvariations range
from a few microseconds (Hankins 1971) to more than an year
(Helfand, Fowler ané Kuhlman 1977). However, both the upper
and the lﬁwer bounds are limited by the observations and they
mey in fact spen a mach wider range. It is not clear how the
multitude of the types of the intensity varlations are
interrelsted. Piz.l.l shows a scheme to classify the inten~
ity var;ations on o phenomenalogzical basis. They are
arranged suehnthat the time scales increase from the. left to
the rightlﬂf the diagram. However, there iz considerable
uncertainty in the diagram since phenomena 1ikﬁ mode changing

do not have g well-=defined time secale.

The wvariations of the intensity of pulsars can be
classified into two categories: (a) the interstellar scintil-
lations (ISS) and (b) the intrinsic intensity variations(IIV).
They can be distinguished by their decorrelation fregquencies.
The decorrelation frequeuér (2f) is a frequency Interwval over

which the correlation coefficient of the intensity‘ﬂﬂcmuﬂions
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falls t0  half of its maximum value. I53 are caused by

the eleoctron density irregularities in the interstellar
medium. For all pulsars the scintillation is in a regime in
which Af/f <= 1 for an observational freguency(f)} of about a
fow hundred megaherts (see Rickett 1977 for an v:xcéllnnt
review of I35). Scheuer (1968) hﬁd:argued that, whercas the
fluectuations over a fow minutes which are decorrelsted over

a5 Af such that 2f/f << 1 are due to I35, the intensity varia-
tiona which are correlnted over a Af ~ f camntt be duc %o ISS.
Juch varintions are likely to be intrinsie to the source. Let

us mow review, wvery briefly, each type of I1IV.

Amongz the iﬁtrinsic intensity variations, micro-
gtructures hnve the shortest time acales. Specinl techni-
gques are reguired to observe them, If a large bandwidth ia
wsed, the dispersion of the signal across the band smears it.
On the other hand, if a smell bandwidth is used the inverse
relationship between the rise time and the bandwidth limits
the atteinable time resolution., Hankins(1971) has developed
a method to correct for the dispersicn smearing before
detection., Due to the tremendous amount of computer time
reguired, the method had been applied only to a2 limited number
6f low dispersion pulsarz, As they are likely to be the basic
blocks of emission, microstructures may hold the key to the

understanding of the emission mechanism of pulsars.

Drifting aubpulse phenomenon, i.e, a ayatematie
variation of the longitude of a subpulse with the pulse number,

had been detected so far in 18 pulsars (Ritchings and Lyne
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:E@?E]a I+ may exisgt in many mﬁre pulsars, But, unleas a
;guod signal-tosnoise ratio is obtained, it is difficult to
{1ﬁﬂngnise drifting Eubpulses. especially the unatable ones,
Baeker (1973) hed classified all pulsars which produce non-
‘random fentures Iin the power speectra of their 1ntﬁnaitf ag

having generalised driffing subpulsea,

P3Ra GD}l—GTHﬁnd 0B0S4+T4 have wvery stable drifting
gubpuleca ~nd hove béen,-therﬂfora, studied wvery extensivoly.
.Tarlnr et al. (1971) showed that variations of the polarisa-
tion parnmeters in PSR ﬂ809+f4 are well correlated with the
- position within the subpulse ond not with the position within
. the averaged pulse. From this observation they come to an
.:impurtant cﬂncluaiﬂn,_l.e.'thﬂ aymmetry axi# determinlnz the
';hla¥133t1un pruﬁartias-mnvua with the region responsible for
‘generating the éuhpulsgs. Hence, fhe symmetry axls cannot be
 thao magnetic dipole axis. . Later studies (Manchester, Taylor
and Huguenin 1975) showed that in the c¢ase of PSRs 0031-07
_:anﬂ 2016+28 nlso the vnriations of the polarisation parameters
are correlated with the position within the subpulse, and thus
- strengthening the eviaﬂnce for'the conclusion drawn by Taylor

et al. (1971).

Mode changing, 1.&. abrupt changes in the Integrated
pulse profile, was detected first in PSR 1237+25 (Baaker
1970c). Bqually dramatic mode changing was destected later in
PSR 03529+54 (Lyne 1971). 1In both the oases the pulsar stays

in the '"abnormal mode' for a few tens to more than a thouasand

T

pulse perliods. An interesting feature that was noticed in the

| s akis L i
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cage of P3R 1237+25 (Bneker 1970c) wns thnt the switching
from one mode to ~nother iz guite abrupt, taking less than a
pulse pericd. . In other pulsars like PS3Ra 1133416, 2045-16
(Helfand, Monchester and Taylor 1975) and 1700~32
Krishnamohan and Bals:pbram-nian 1976) mede changing is not
a0 dramatic, Lyne (1971) has shown that though the pulse
shape chznges drastically, the polarisation charscteristics
do not chante apprrecianbly during mode changing in PSRs
0529454 and 1237+2%, This, along with the observation of
Hosse, Sieber and Yielebinski (1973) that the nature of mode
changing in PSR 0329+54 depends on the radic freguency of
observations suggests that it is the radiating porticles and
thelr ecoherence that are responsible for mode changine and

not the magnetie field configurstion.

Total pulse intensity varintions do not lecnd
themgelves to an objective sub-classificﬂtiﬂn, unlike in the
case of the fractional pulse intensity wvarintions, Frobably,
only the pulse nulling phencomenon during which practicnlly
no radio emission is detectable (Ritchings 1976) iz an
exception. Other sub-clagsifications nre bssed purely oo the
time sczles involwed in and z5 such may not have mach
physienl significeance, The physieal cnuse underlying all of
them may be the aame, As the maintenanece of eoherencs in
radicemisaion requires apecinl conditions like partiele
buanching, masing or other similar machanisms requiring
ungtable states, it is difficult to maintain the same degree

of cohercnece, rotation after rotation. Any disturbance in
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the degree of c¢oherence would }ead'to intenaity variatiens.
Wﬁereaa the intensity of the Crab pulsar varies nt radio
frequenciea by o factor of nearly thousand (Meiles, Campbell
and Rankin 1970; Argyle and Gower 1972}, it is practieally
eongtant at optical frequéncies (Hegyi, Novick and Thaddeus
1971)y If the emisaion ialéuuscﬂ'hy the anme partieles in
beth the freguency ransges, the Gl i suggest that the
intenslty wariations at radio frequencies are caused by wvari-
_ation in the degree of coherence in the radio emitting

fegion anﬁ not by_thé vnfiatign in the total number of the

radiatins particles,

Most of the pulsars show ﬁulsﬂ to pulse intensity
yariations with a t‘:,rp_:.i‘.c::_al time seale 41‘.1 fow to 1 faw tone of
pulase perioda; Fulse nulling phenomenon which was dateu?ed
first by Backer (1970b), had been studled very extensively by
Ritchings (1976). From ﬁ gtudy of 32 pulsars, Rltchings
(1976) hnd shown that pulse nulling is a characteristic of
the pulsar's old age. - '

Short=term intensity varintions which hﬂvaltypiaal
time secales ranging from a few minutes to a few hours are
difficult to study since the time seales overlap with those
for I33., OSince intrinsic intensity variatinns'{llv] have
been reported in literature for time scalea both higher and
lower than those for 155, they may exist with time aeales
aimilar to those for IS5 also. From the variation of modula=-
tion index with bandwidth, Balasubram~nian (1379) has
recently inferred that intrinsic variations with short time
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scales do exiat in several pulsars. But the method used by
him has limitations since it does not allow guentitative

measurements of the parameters of thesce varintions.

Long=term intensity variations with time scales
gregater than o few days have been studied extensively by
several investigators (Hesse 1972; Huguenin, Toylor and
Helfnnd 1973; McLean 1973; Helfand, Fowler and Kubhlman 1977).
Recent studies (Helfand ‘et al. 1977) have shown that these
variations are fairly well-correlated owver a few hundred MH=.
A periodicity may be expected in the long-term intensity
variations if they are caused by a long=term wobhle of the

neutron star, but none was detected (Helfand et al. 1977).

l.4 The Present Work

: In this thesis we study thres different types Qf
intrinsic intensity wvarintions, namely the drifting subpulses,.
the short-term variantions and the long-term varintions. New
observations are reported for the first two types of wvaria-
tions, Implicntions of the observed behaviour of subpulses

on models of pulsara are presented. The short-term vario-
tions are investigated to detect shﬂrt—term wobble of neutren
gtnrs which may be present. The effect of lohg—-term wvaria-
tiong on the determination of the luminesity function of

pulsars is eXamined in the light of the existing observa-

tional data.

The procedurecs ndopted for the data acquisition and

the preliminary analvsis are described briefly in Chapter 2.
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T I ‘The predictiona of the polar eap and the relativie-
¢ beaming models, resarding the longltudinal dependence of
@ alope of the drifting subpulse bands are worked out in

apter 3. The expected behaviour from the two medels

one direotly from the longltude vs pulse-number dingrams.

* lengltude-resolved Fourier transform method. of Backer
ﬁ;??ﬂa] is ideally suited for such n purpose, The slope was
:#gurad for the subpulsc bands of PSR 0031-07 by uslng this
thod on the data obtained with the Ooty radio telescope.

e modulus of the slope increases aos we gn from the leading
ff‘a to the centre of the pulse and then deereascs as we
pproach the trailing edge. This behaviour is opposite to
ﬁ?fﬁ is expected from the polar cap models, at lenst in the

: n ns developed by Ruderman and Sutherland (1975). But, 1t
%;;rendily in agreement with the predictions of the relati-
-'_s'-u'i;: beaming models. Also, we discuss the compatibility of
known behaviqur of subpulses belonging to o few other

1% sars with tho prodictions of both the models, and show

that they alsoc support our ednclusiuna.

In Chapter 4, we :eview varicus nrguements whieh
ghow that it is not implausible that some neutron stars,
jipeqial;y the heavy ones, have gentral solid cores.  If
:Elid cores do exist, then ons would expect the pericd of

wobble of neutron stars to be in the range of a few minates



12

to roughly an hour. Intrinsic varintions with this range of
time sesles wore not studied e-rlier due to the difficulty in
digtinguishing them from interstellar seintillatiens. We
developed » method to separate the autocorrelation function
{ACF) dus to the intrinsic variations ~nd vhat due to
geintillations, by exploiting the difference in thelr corre-
lation bandwidtha, As a byproduct the method gives the ACF
of IS8 which is not contapinated by the presence of IIV, and
thus ennbles n coppariscn with the predictions of the scin-
tillation theories. The method had heen applied on the
intensity data of 24 pulsars which were observed using the
Ooty radio telescope. Some of the pulsars were observed on
more than one ocension. The results show that wobble of
neutron stars is n very unlikely explanation for the gquasi-
perliodie modulntions which were observed for some of the

pulaars.

In Chapter 5, we exnmine the effect of long-term
intenaity varintionz on pulsar searches and the derived luml-
noglty function. The intensity datz on 5 pulsars published
by Huguenin et a1, (1973) have been uged to obtain the
probability distribution of intensities. We show that
%x?-distributionz deseribe them well. It may be noted thnt
x?-distributions are expscted from the coherent nature of
pulaar radiation. We show that though the number of new
pulsars discovered on repeatedly sezrching the same region
of the sky depends appreciably on the nature of intensity

variations, the luminosity function derived from a single
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3 unaffected by the variations. Also, we describe a

od to combine different sesrches done over a given region
sky so 23 to derive the luminosity function by adopt-—

robabilistic approach to the evaluation of seleetion

The conclueions are summarised in €hapter 6.



Chapter 2

DATA ACQUISITION AND PRELIMINARY REDUSTION

21 The Ooty Radio Telescope

Mozt of the observational data on pulzars that
have been utilised in this thezsia were acquired using the
Ooty radic telescope (Swarup et al. 1971). The recelver
of the telescope has a total bandwidth of 4 MHz centred
a? 8 frequency of 326.5 MHz. A ziven scurce can be
observed continuously for nearly 9.5 hrs by fellowing 1t
in the east-west direction by the machanical.rctation of
the telescope., The declination cavefage of the teleacope
is iﬁﬁu. The telescope provides twelwe aimultaneocus beams,
each of size Eﬁtﬁ:ﬁ sec &, where & is the declination. The
spacing between adjacent beams in declination is 3' zeec &.
Cnly one of the beams is used for studylng the known
pulsara. The output from the beam is connected to a 12
shannel filter bank. The bandwidth of each channel could
be either 300 kHz or 50 kHz. The actual Landwidth that 1is
used is gelectable by a toggle switeh, Nominally, the
central freguency of the adjacent filters differ by an
amount equal to the bandwidth of the filtera, except for
the last two channels of the 50 kHz system. For these
channels, the central frequencies differ from those of the
previous channels by 0,% MHz. A post-deteption RC time
constant of 3 mes was used on each channel, For each
channel there are two parallel outputs available, one going

to a multlplexer connected to an analog to digital
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converter (ADC) and the other t0 a chart recorder. The chart
recorder is used for monitoring purposes only. The ADC 1is
interfaced o an on-line minicomputer, Varian 620/i., The
computer is zlso interfaced with a rubidium time and frequency
gtandard and a six channel digital to analng converter (DAC)

apart from many other standard 1/0 eguipment,

2s2_ _Data fcguisition

To atudy = host of pulsar phenomena, it is desirable
to have a time resolution which is less than the pulse width,
say of about a fow milliseconds. Further, pulsars should be
observed with narrow enough bahdwidth, so that the diapersion
smearing of the signal in the individual channelsz does not
obliterate the details that one iz looking for. For example,
at the operating frequency of the telescope the dispersicn

smearing, at , is given by
&t o~ 0,235 x AT x DM ms

where Af i3 the bandwidth in MHz and DM iz the digpersion

3 3

measure erpressed in pe em °. So, even for a TM ~ 30 pe em -,
one i& forced to use filters of bandwidth ~ 300 kHz to get a
resolution ~ 2 ms, In order to improve the signal-to-noise
ratic as well as to study many phenomena, it is desirable to
acquire date using simultanecusly many narrow band receivers.
To reduce the volume of the data to be handled we utilised
the fact that the typical duty-cycle of pulsars is less than
10 ?Dp Therefore we have sampled with full resclution daring

a time window in which the pulse is expected to be present
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sed the receiver output during the rest of the pulse

d to define a general background level.

The data used in this thesis were acquired using a

leral purpose pulsar data acquisition program. A block

m'is_shawn'in Pig, 2.1, The preset timer generates two
é trains: (a) PT1l, with a variable period %hat can be set
e microgccond accuracy, and (b) PT2, with a period equal
ms. The pulses are Drﬂd;ﬁed by counting down the 1 MHz
that is generated by the fubidiﬁm time and freguency
indard. When the pre-camput%d apparent pgrind of a pulsar
t on the preset timer, the“périod af PT} would corres-
I“Tto the apparent period of the pulsar. The width of the
”ﬂ'pﬁlsﬂ 3¢ PT2 is adjusted, once per pulsar period, such
at there are aiways integral number nf PTE pulses per every
T1 pulse period. This ensures that both the pulse trains
_?synchronoua. One could have achieved the same by leaving
:jtperiai of PT2 flexible. But as the earlier scheme was
wpler, it was adopted. PTl and PT2 were connected to a high
wel and a low level of = priority interrupt module {PIH} of

computer. P71 was alse used to trigzer an oscilloscope

ich was used as a highstime resolution monitoring device.

: To put a data window one shruld know the expected
:?uh of a pulse for a given pulsar. The first phﬁﬁginf the
a acquisition program determines the epoch by parfurﬁing
'ﬂﬂn;line software de-dispersed folding of the data from the
00 kHz filter bank. As the folding progresses, the folded
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output is continually displayed on the oscilloscope. As the
ogcilloscope is triggered with FT1 pulses, the time »ffact of
the folded pulse from the start of the display gives directly
the time offset between the occcurence cof the pulsar pulses
and the PT1 pulses. Onece enniagh signnl-to-noige retio iz
achleved to determine this offset, one could go to the next
phese of the progrom by using one of the sense switches of
the computer. After dumping the feolded output on $o a
magnetic tape, the program requests for information regquired
to place the window. At this point one could choose either
the 300 kHz or the 50 kHz filter bank depending on the
dispersion measure of the pulsar. The program takes care of
the fact that the windows on different channels would not be
gsimunltaneons, because of the dispersion of the pulsar signals.
Typically, thrice the base width of the average pulse is used
a8 the width of the windew, During the prescribed window, the
progran acquiress one intensity walue at every 2 mas interwal
for each of the channels, These wvalues are called 'ON-PULSE'
intensities. The data from the rest ¢f the period are aver—
aged to form a single 'UFF-FULSE' intensity value for each
channel, The 'ON-PULSE' and the 'OFF-PULSE' values are

transferred onto a magnetic tape for later analysis.

While the data acguiszition iz going ﬁn; the program
displays the raw data from the window of one of the receiﬁer
channels on one channel and the de-dispersed and signal
averaged ocutput on the other channel of the pecillogoope. For

a pulse which occurred, N pulse periods earlier, the program
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8 a weight egual to E_I, whare ;I :ia the integer part of
{ Thig 1mposition of a sort uf memory into the averag—
makes sure that we are mcnituriné the quality of the ¥
%t' data and so0 ensures guick detection of any

ancticons.

iming Deta Heduction
;i' In the datn acquired using the above procedure, the
osition of the peak of the pulse within the window may drift
gith time dup to the following reasons: a) error in the
?h¢ ent pericd of the pulsar set by the preset timer could
¢ up to +0,5 us and b) the apparent perisd of the pulsar
[§self changes continuously with time due to the rotation of
: Earth, whereas we use z single period as the apparent
. rind throughout an observing session. As a first step
ards correcting these drift, the average pulse shape is
igﬁrmined once every few hundred pulse periods from the data
i the tape. The arrival time of the pulse within -'I:he'“winrinw,
'ihined ag the interpolated sample number of the half inten-
polint on the leading edge of the pulse, 1s daﬁermined
'j?y gach of the trials. These arrival times are plotted as a
'ihctiun of the pulse number, From several such plots, it was
degar that two gtraight lines are sufficient to represent the
';fival times as a function.of the ﬁulae number during each
sion of cbservation, From these plots, the slope and the
1 arsectiyg peint of the lines are determined for each

ﬁ;aar. Later, these walues are fed into the analysis program
0 take care of the drift of the pulse within the window.



.? Chapter 3 ar

DRIFTING SUBRPULSES

T;ﬁil Introduction

Of the warious types of intensity variastions taking
- place within a pulse window, the drifting subpulse phenomencn
I ag obgerved in P3Rs 0031-07 and 0809474 is the most syste-

? matic one. The phenomenon was first observed by Drake and

- Craft (1968) aos n second periodic pulsation in scquences of

- pulses from P5Rs 1919+21 and 2016+28. Later on 1t was shown
%0 produce well-defined fentures in the power speetra of the
intensity fluctuations of pulsars {(Lovelace and Craft 1968;

- Taylor,Jura and Huguenin 1969; Backer 1970a; Taylor and

* Huguenin 1971}, The twe pulsars, PSRs 0031-07 and 0BO9+T74,
'lﬂhiﬂh have stable subpulse behaviecur have been gstudied
.5éx¥ensi?ely flving 2 wealth of details. The drifting
:'aubpulse behaviour of PSR 00%31-0T7 generally assumes one of
}-%he three distinet modes with different interband spacings P5
T{ln the longitude va pulse=number diagrams; but the drift rate
:hﬂjusts itself such that P, , the spacing between twe
1Eubpu136$ in the same pulse ‘remains approximately consiant
rrirrespective of the walue of P3 (Huguenin, Taylor and

- Troland 1970)., In the case of PSR 0809+74, the drift rate
l:ﬁgﬂ sudden discontinuities (Cole 1970) at the null pulses,but
',ane these jumps are taken care of, the interband spaecing, PE'
j;ﬁ very stable (Page 1973; Unwin et al, 1978), Beecause of the
'prahility of the phenomenon, a study of the drifting subpulses

‘ds likely to help in the selection of a possible model for the
- pulscd emission,
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In the lengitude w2 pulase-number disgrams, the

drifting subpulses occupy sloping bands, We investigate in
the next asection the longitudinaol depﬁndﬁnce of the slope of
the subpulss bands, from geometric consgiderations zlone, as
given by the polar cap and the relativistic beaming models.
To verify the predictions we had observed PSR 0031-0T7 which
shows strong drifting-subpulse behaviour., The observed
longitudingl dependence of the slope agrees better with the
pradictiens of the relativietic beaming model than with the

polar cap model,

Js2 EBxpected Dependence of the Slope of Subpulse Bands on
Longitude
The scale of the lcongitude 18 defined such that one

pulaze periq@ gguals to 3607 of longitude. It should be borne
in mind tﬁﬁt gequal dintervals of longitude during a pulsec
period as observed from the earth need not necessgarily mean
aqual 1nterv1ﬁaﬂbf longitude in o frame co=roftsting with the

nedtron star.

3:.2.1 Folar cap models
In the obligue rotator polar cap medels
(Radhakrishnan and Cooke 1963; Sturrock 1971; Ruderman and

Sutherland 1975) the radiation is generated on the open
magnetic field lines around the magnetic poles. For cur
discussion we consider the moadel by Ruderman and Sutherland
{1975), since as far as subpulse drift is conecrned, their
concelasions are unaltered by the modifications by Cheng and

Ruderman (1977). According to this model a polar
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gnetospheric gap is formed above the magnetic poleas nf a

 difference across the gap could he ~ 1912 Vnlts. The gap

':ﬁﬂntinuélly breaks down, by the formation of zlectron posit=

i&%n paire in lnealised sparka. The electrons flow back o

==

the pulse window. Ruderman and Sutherland (1975) show that

the sparks drift around the magnetic prle with an average

= l

where, ‘v 1is the ‘potential dfcp over the lemgth of n spark,
%@ is the stremgth of the mwagnetic field on the surface of

the neutron star, r, is the radius of the polar cap and ¢

P
= the velocity of the light.

_ To apply the model let us define the gaﬂmetrw.as in
. g+3.1, 80 that the subpﬁlsea march form the teniling to the
leading edge as in the cage of P3Rs 0031-07. Let the great
Fgrcla paasing through thé rntatiﬁnal and fhe magnetic poles
define the reference longitude 2=0°. 1In polar cap models,
the observed longitude of a subpulse and the longitude 3 of
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Fig.3.1l are directly proportional to each cther. The dashed

Emﬁli gemi-cirele is the path of the point of infersection of
the unit sphere and the line of sight between the neutron star
and the cobserver. The small circle is the path of a spark
circulating in a sense opposite to that of the stellar
rotation.’ For clarity, let us enlarge the spherical
triangle formed by the spark position 'S' and the rotational
apd magnetic poles 'R' gnd '"M!' ns shoyn in Fig,3.2, The
angular extent of the subpulse~producing spark and the
difference in the 1latitudes of the line of sight and the
magnetic axis determine the window in which the subpulses are
obgervable. But, ns we are interested only in the longitude
of the subpulse as the subpulse-producing spark rotates with
g oniferm gpeed on the circular spark path, we can ighora the
angular extent of the apark and represent it by a point. We
work out below the predictions of the polar cap model for the
eege in which the subpulses are wizible when —45° < P o+ #5“.
where ¢ 1ieg defined such that it is egqual to gero when a
spark is non the longitude x=0° cn the upper half of the spark
path. But, the results do not differ qualitatively ewen if

some other range- is selected for 9.
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- Applying the four-parts formulan (Smart 1965) to the
sherienl triangle in Fig,3.21, we obtain

cos T cos P = gin r cot f=sin ¢ cot B

On rearronging,

= ERRUR - 11 A
Tan B = SO T Tot b - ¢0s T cos P (3.1)
ilso, we have,
gin -y = M din T {3.2}

gin B

® « 0, we have from Fig.5.2b, again by applying the
four-parts formula,

Zin @
8in P cot r - cos P cos @ (3.3)

Tan 2
48 a spark rotates uniformly on the spark path gircle, @
nges nniformly with fime. Using equrtions (3.1) and (3.2)
when ¢ > 0 nand equation f}.ﬁ} when ¢ < 0, the longitude of
the subpulse a2 a function of ¢ or equivalently the pulse
‘number can be obtained. The plots of longitude wa
pulae-number for a few representntive values of r and B

2 ghown in Fig.3.3. Theae plots represent the theoreti-
ly expected pnth of the subpulses on the.hasis of the
olar cap models. The longitude dependence of the modulus of
glope of the bonds is also shown on the plots. Compared
;0 the central region of the window i.e. 1=DD, the subpulses
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mave slowly in longitude at the edges of the window for =2ll

aggumed ranrea of P . This conclusion of ours is opposite
to the one drawn by Oster ~nd Jieber (1976) following a simi-
lar arrument but o different assumption. Our representation
of 2 subpulse as o point on the spark path circls, in
controst to their consider-tion of an extended zone, cannot
explain the diserepnncy, =ince tho peak of on cbzerved
gubpulaes would have the name longitude a8 the centre of the
nubpulac. The discreopaney is very likely to be gawnsed by the
following ossumption mnde by Uster and Sieber.  They worked
out the resulis, "azsunming the window points to be uniformly
reached in EPl (differing precession speeds !)". The
wording under the quotes is entirely from their paper. We
agsumed  d@/dt to ba o conatant as we do not find any

o priori rezgon for assuming it to be dependent on ¢ .  But
their assumption of differing precession speeds would mean
that d¢/dt iz not a const.nt. None of: the parameters that
determine the speed of drift av , which is direetly propor-
tion~l to d¢/dt , of the sparks in the polar cap model of
Rudermnn 2nd Sutherl-nd (1975) hove -~ny known system:tic
dependence on P . Moreover, nny postulated dependence hns to
ba such that d4¢/dt 1is wvery large near the edges of the
pulse window compared to the centrnl region of the window in
order thot the longitude wva pulse-number dirgrams are
compatible with the observ-tion of Bocker (19702) about the
varintion of TP, nercas the pulse profile of PSR 1919+21 and

our observations to be reported in Section 3.3.3. An ad hoc
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functionnl dependence of Ad9fdt on ¢ would leave the model

very ineffective o2 o geometricnl model, since in that cage
the ‘natare of the longitude ve pulse~-number diagram would be
dnminntéﬁ by the nasumed nature of dp/dt rather than by
the geometry of the situntion. This aspect 1s discussed

further in the last gectinn,

3.2.2  Relativistic beoming model

In relntivistic beaming models (Smith 1969,1970; Zheleznyakov
1971; Zheleznyzkov and Shaposhnikov 1975) a souree which
radistes quasi~igotropiesnlly in = frﬁme of reference comoving

with it, rotates around a central hneutron star with a highly

relativistic velocity (v), The beaming is due to the rela=

tivistic compression of the poloy diagram of the radiation of
the source in a frame of reference in ﬁhich the observer is

at rest, As the radiating source corotntesz with the neutron
atar, the observer would receive one pulse per rotation peried.
Drifting Euﬁpglseé nre generated if intensity of the source is
modulated wiéh a period thet is incommensurz:te with the period
of the pulsar (Zheleznyakov 1971), If o' ia the.angla
between the line of sight and the direction of the weloeity of
the source, the randiation that is emitted when @'=¢n/2 i=
received at the leading and the trailing edges of the pulse
respectively. T be compatible with the suhpuiﬂe drift
direction in PSR 0031-07 (i.e. from tﬂe.trailing to the
lending edge) we assume that the modulation period is such

thaot the value of 8' when the sourece brightens , increases
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every pulee period by #8' . In the comoving frame the
solirae brishtans onee per P+aot'! aces, where at' 1s the
time reguired for the source to move by A@' in ongular
pozition. In a longitude wvs pulse=number dingram, we are
interested in the fractional part of the time interval 1n
whites of the period of the pulsar, Uging the relatiwvistice
Doppler shift formula, the relation betwzen 2t' and the
corregponding time interval +t 1n the obgerver's frame of

referance oan be written as

where § = v/c
and © 18 an angle in the observer's frame of reference

gorresponding to @' ., Their relation 1s given by the aber-

retion formula,

: glhgﬂ}*
A g
Sin 8 = 2= gl Fln

This gives

_ b+cos 8'

Cos & = 14+pPeosg!

50,

.2 at
1- { E%F.‘:‘?...__ 3
At o= 1 + co3 q; at!

(1-g2)7
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ne the above formula along with the information that @
dnereases uniformly with pulse number, nlots of longitude ws
Pulse-number as shown in Fig.3.4 can be constructed. The
ﬁﬁguie also shows, the longitude dependence of the modulus of

the slope of the subpulse bands.

3.3 _Observations of Driftine Subpulses
There are three different methods by which drifting

gubpulzes have been studied. The simplest of them is the

{_;seqtime diagram (Drake and Craft 1968; Taylor and Huguenin
71). We would like to eall such diagrams as longitude vs
ge-number diagrams since we use the word ‘'phase' for the
ase of Fourier components. As subpulses have finite width
limlted signal-to-noise ratlns the guantitative informa-
'nn one can get from such dlagrams is restricted. Problems
due to low signal-to-noise ratics could be partially overcome
ng the two-dimensicnal eorrelation method (Taylor,
nchester and Huguenin 1975). However, this method has
iltations since it gives thé gubpulse properties which are
reraged over all poasible longitudinal pbsitiona for the

bpulsea. The third method, called the longitude-resolved

fourier analysis method (Backer 1970a; Backer, Rankin and
pbell 1975) is free from such a limitation. Although we
50 use the two=-dimensional correlation analysis for monito-
ring purposes as described below, the results obtained by us
2 based on the last method applied to the data on PSR
031-07. The other pulsar with stable drifting subpulses,
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PSR 0809474, i8 not accessible with the Doty radio telescope.
From the raw data which were acquired as explained
in Qﬁapter 2, data array Aik was formed, where 1 1is an
indes for the longitude and k is an index for the pulse
number. In forming AJ, , the observed pff-pulae walue
gubtracted intensities were averaged over all the 12 fregquency

channels to improve the signal-to-noise ratin. Before averag-

ing, the intensities were divided by the off-pulse rms value
of the respective channel to compensate for differing gains

cf the channels.

343s1 Two-dimensicnal correlation analysis
For the purpnse of this analysis consgeutive 128

pulses wers treated as a block, For sach black a msan sub-

tracted array
A = Ak~ < Ak Pk

is formed for each longitude i . The angular brackets
standa for averaging over the index k ., Two-dimenaional

correlation coefficient 'T' 4is computed using the formula,

A TR
Tf-“li-. ."lkj o= var Alk <= J’..ik ﬂi*l‘:_".i...k‘#‘!l.k :"i.k
wirere ‘tk=0,#l....,4#11l. We have restricted ek to 11

pulae pericds because of the limitations imposed by the width

of the line printer paper on which the correlograms ware

displayed.
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=0, $1,...%.,125 samples (= one third of the maximum
-?.hgitude that is available)

:ﬁ;fr var Aik ig the wariance of the array ﬂik .

As is clear from the definition of T , this methed
would give the subpulse properties that are averaged over all
'31-Bsible poaitions for the subpulses within the pulse window.
Eihis ig =o, because of the averaging over i1 , the index for
fiﬂﬁgitudss. Sloping bands in the two-dimensionsl correlo-

‘gYams indicate the presence of drifting subpulses.

Sample correlograms are shown in Fig,.3.5. The spac-
.éng hetween the bands at any particular lag in longitude 18 gz
measure of the P5 of the drifting sabpulses. PSE 0031-07

gs three distinctly different states for its drifting
i}ubpulse behaviour (Huguenin et al. 1970) desighated as
_;tlassas A,B and C. The most predominent state, Class H, has
F?E ~ T opulse perioda. The other two less frequent states,
telasses A and C , have Py ™ 12.5 =and 4 pulse pericds
- respectively. We have computed the correlograms s a means

of monitoring the contamination of the data by subpulse bands

‘having a value of P, other than ~ 7 pulse periods,

We ohserved the pulsar on two different days. Sample
Fr-rrelngrama of the data obtained on beth the dates are given
'in Fig,3.5. The contamination by classes 4 and C in the
‘data taken on 29-06-1976 was negligible. However, the same

?%? not the case with the data on 27-07-1978, since at least
in one of the correlograms -class A dominated the data.
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3.3.2_ Longltude-resolved Fourier analysis

Let us represent an idealised lengitude vws
pulge-humber diasgram as in Piz.%.6 in which the pulse number
k increasses from the bottom to the ton. In real data there
would be subpulse bands instead of the lines shown in the
fisure. Ye are inter=ssted only in tracing out an average
path for the subpulses, averased over all the subpulzse bands
that are present in the data, so that a comparison of its
slope against that prodicted by theories could he made. AS
pointed out ahbove, the longitude-rezolwed PFourier analysis,
which was applied to the study of drifting subpulses first
by Backer (1970a) is a suitable method, since its averages
the properties over different bands without averaging them

over different longitudes.

Although the subpulses form a pulse=train, for
gimplicity let ua represent the time series (T.3) formed by
the intensities at any particular longitude by the function
eos(wt+ ), where 7 is the phase of the function at the time

orlgin, The frequency o« 1is related to P3 through the

equation w = E“ffj- The time paxis could be converted into
an angle axis using the relation that PE pulse periods
correapond to 2n radisns. The angular distance from the time

origin to the nesrest maximam is given by,

o 0, SR o
|+r -

e

The Fourier transform T.3. of the time series (T.8.)
extending over a duration +T is given by
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A plot of Wy against the longitude 1 represents

the path of an average-suhpuise band across the pulse window,
The slope of subpulse bands at a longitude 1 can be computed

from the formula,

Jrais gt
i ‘1
Slope = "?HTEfi pulses/deg. of longltude

vhere,

8y Sr et W
and +f is the subpulse-longitude interval, measured in degrees,
that corresponds to the sampling interval of 2 ms, We have
taken the modulus since the sign of the slope indiecates only
whether the subpulses move from the trailing to the leading
edge or vice-versa. With thig definition of slope, the theo-
retically predicted slope wvs longitude diagrams would be the
gsame irrespective of whether the subpulses move one way or the

other.
Our intereat in the alope instead of the actual

paths of the subpulse bands is due to the ease with which
slopes obtained from different trials on a pulsar could be

cembined.

For the purpose of this analysis consecutive 256
pulses were treated as a block. For each blocek a mean

subtracted array was formesd for each longitude i , giving
Apg il s An

To 1imit the leakage of power from a freguency to the adjacent

fregquencies in the Fourdier tranaform, a cosine taper data
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window was applied (Utnes and Bnochson 1972). The dataz window

users the folldwing weishts,

cos? 2EE por T <t z -8T7/10

I'{'.

[ M

1. for  -87/10 =+ < 81/10
cog? %%E Ebr - BT < %-w O
0 otherwige.

A fast Fourier analysis was performed on the data from which

the power spéctrum
: e -3 2
Pi{f} = By + I

was derlved, Ry and I, denote real and_jmaginﬂry_partszﬂf
the Pourdier component at a frequency f . The existence of a
non—rando; faature in the power spectrum indicates the
presence of a quasiperiﬂdic intensity modulation in the data.
Narrower the feature, more stable is the underlying phenome-—
nomn.

The éxiﬁteﬂce nf'n featura, sither nnrfﬁw or broad,
in the power specfrum does not by itaﬁif indiecate the ﬁreénncc
of drifting subpulses,. From the obserwved behaviour of
ngpulsea in FSRe 1919421 and 2016;28. Bécker {1973) had made
g casg for classifying all pulsars which have non-random
features in their power spectra as having generalised drift=

ing sobpulses, If it is dug to drifting subpulses, a feature
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in the power spectrum at a freguency f3 would imply a

o] j P - -— &
period Py 1}15 -

After identifyins a peak at f, in the power

-

spectrum, the angle "y, is ecalculated using the relation,

et gl

where Rf and If cerrespond to the freguency f3 in the
data at a constant longitude 1 . Sloping lines in phase
(W) wvs longitude diagrams establish the presence of

drifting subpulses.

J:5.3  Results and discussionsg

PSR 0031=07 wns observed on two different days to
study the dependence of the modulus of the slope on the longi-
tude of the subpulse. The pulsar was strong for considerable
duration on both the days. The plot of the slope wvas longi=
tude which was obtained from the observations on 29=-06-1976
iz shown in Fig.3.7. The walue of &'y, that was used in
c¢btaining the slope at each longitude was the arithmetic mean
of the values obtained from 10 different blocks of data on the
same day. For most of the longitudes one or two values of
ﬁnyi differred markedly from the rest of the walues. Teo
siaintain uniformity, we fgnored two values of & Wy which
differred the most from the rest of the wvalues in arriving at
the mean value at each longitude. The error bars shown in

the diagram are the rms errors in estimating the mean value
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from eight measurements, A similar plot obtained from the

cghservation on 27=-07-1978 dis shown in Pig.3. 8.

To werify that no systematic effect has been intro-
duced by ignoring some of the walues of & Wy WO obtaincd

the mean wvalus of at each longitude for the firset and

PR
i b
the laat four unignored values separstely. TFiz.3.9 shous

that the mean wvalues so obtained onre stable parameters.

The behaviour of the slope ie ‘gonsistent on both
the doys of cbgervation. As we go from the leading gdge to
the ftrailing edge of the pulse [i.2. from the left to the
right of the plots), the walue of the slope increases until
we reach the mid pulse region and decreases thereafter.
superposed on the curves are shown the behaviour that is
expected from the polar cap and the relativistic beaming
medels, Tt is c¢lear from the plots that the prediction of

the relaptivistlie beaming model fits the results of our

observetions well,

The plota show that the yredietions of the polar
cap model do not fit the observed dependence., Furely gen=
metric variations like changing the circular path to an
ellipse cannot make the predictions fit the obserwed results.
Such warintions can only steepen or flatten the predicted
curve, but cannot make the walue of the slope larger in the
middle of the pulse compared to those at the edges. As had
been discussed previously the trend of the slope on longitude

can be reversed if the sparks move slower at ) = 0% and
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faster as the value of .3, 1lncreases. One may arguc that the
above may be the case for P3R 0031-0T7 since the dipolar natare
of the magnetic ficld which 13 mssumed in deriving the drift
gpead of sparks is admifttedly too simple and the sctuzl
gonfiguration of the fleld could be such that it leads te the
required variation of the drift spesed. But, there iz evidence
in the literature, though not recognized previousiy that the
behaviour of many other pulsars having drifting subpulses 1is
alao contrary to what is expected from the polar eap model.
Backer {1970a) had noticed that the subpulse separation ¥y
of PSR 1919+21 depends on the longitude. The observed value
of F, at the edge of the pulse is roughly twice its walue
at the mid pulse region, whereas onc would expect from the
model that the value would be larger in the middle of the
pulse compared o those at the edges. In contrast, the
observed behaviour of I‘E ig what is expected from the
relativistic bezming model (Zheleznyakeov 1971). Also, the
nature of longitude wvs phage diagram (which are aguivalent
to our longitude wvs pulse-namber diagrams) of PSRa 1919+21
and 23503430 (Backer 1973}, and 0943+10 (Backer et al. 1975),
which iz flat at the edges and steep in the midpulase region,
cannot be explained on the basis of the polar cap model. But,
it is in agreement with the nature of the longitude vs
pilee—number disgrams derived on the basis of the relativia-
tic beaming model. Though, some of the above mezsurements

in the literature wmay not be statistically very significant,

put together they do add support to our conclusions. In the
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ease of FOR 0209474 no systematic wvaristion of the drift rate

vith longitude was noticed (Page 1973). But, the presencs
of the drift rote dizcontinuities which are knowm to exist
for thie pwlear (Oole 1970; Page 1973) may magk any systema-—

tic trend that may be present.

It may be pogaible to explain all the above obser=
vations on the basis of the polar cap model, if the spinning
of the neutren star distorts the dipolar magnetic field inte
a configuration which ensures that the sparks rotate faster
28 the wvalue of (3t increases, This posasibility deserves a
detniled investigation. But, an ad hoc assumption of such 3

speed variation is not readily justified.



Chapter 4

- NEHTRON STAR WOBBI#® AN SHORT-TERM INTENSITY VARIATIONS
OF PULSARS

?

4.1 Tniroduction

Within the pulse windoew, pulsars show a variety of
intensity variations spread over a large range in time scnles.
The microatructure phenomenon, which ig the fastest of the
varisticns has time scnles as low ng a fow microseconds
(Hankins 1971}, On the other extreme, mode changing which is
the slowest, has time scales in excess of seversl minutgs

(Backer 1970c¢; Lyne 1971).

Bwven after the intensity is first averaged over. .
the whole pulse and then, over many pulses, variations with
time are still seen. Buch variations are unlikely to be
caused by the intensity wariations taking place within the.
window for the following reasons:

s Tt R 3ince microatructure is a wvery fast phenomenon, it
is nnlikely to caunse appreciable variations after the inten-

alty 1s averaged over many pulses,

b) Though the drifting subpulse phenomenon causes
conglderable amount of variations of the total pulse inten;
sity at frequencies lower than about 200 MHz, it does not
eause noticeable variations at higher frequencices for many

pulsars (Taylor, Jurn and Huguenirn 1969; Backer 1970a).

-
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e) The mode change 1s an infreguent phenomenon nccur-
ring at irregular intervals. HMoreover,:abservationally there
15 no obvious dependence of the priese shape on the intensity

of the pulzar.

The inftensity wvariations of the totsl pulsé'cﬂuld
be caused elther by some memory mechmniam in the emission
process or by geometric effects. In the former casz, the
ghergy output in the form of radic pulses changes with time.
In the latter case, the outpit could be a conatant zs the
obgerved intensity varismtions are czused by changes In the
orientation of the emission beam with respect to the line of
gight Jjoining the Earth and the pulsar. It is difficult to
discuss memory mechanism in pulsars as the emission process
itself is not well-understood. In this chapter we examine
one of the geometric means thnt could produce intensity
variations with time seales of several minutes - wobble of.a
heutron star having n s0lid eore. In the next ssction we
ghow that it may be poassible to detect wobble through inten-
?1ty vqriatlﬂns which nre hrnqﬂ band in nature. In practice,
idcntif;ing varintions with a period af several minutes in
the intenaity of pulssrs is difficult gt metre wavelengths
due to the presonce of 1nterstellar sclntlllatiﬂns whlch alao
have slmilar time Eualea- In the later part of the chapter
we develop a method to sepnrate the autocorrelation function
(ACF) of the intrinsic intensity variations from that of the
interstellar scintillations by exploiting the difference in

their decorrelation bandwidths, This procedure, ealled
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'HAMSA! after n fietious bird in Hindu mythology which is
believed to be copable of separnting milk from 2 mixture of
milk and water, was applizd to the intongity variantions cf
24 pulsars that were obiarved at Coty. The reaunlts oare

gdizcuased in the last scection of the chapteri

4,2 Frece Precession or Wobbls of lgutron 3tars

The view that-pulsars ﬁre rotating neutron atars
(Gold 196B) is gencrally aecepted, though the details of the
mechani sm through which the radintion of pulears i3 produced
is not well established. Spinning bodies with finite rigi-
dity deform under the combined action of gravitational and
centrifuzal fnrcn3; The shape of an invieid body ndjuats
it2elf go that the spln =xle 1s aligned with one of the
pfincipﬁl ﬂxeﬁ of moment of inertia. But, in the ease of a
solid body the axes need not be aligned and such a body can
andergo free precessicn or wobble even in the abasence of an
external torgue. Sueﬁ a wobble has been well-sfu&ied in the
gase Of the ®Warth and is ealled the Chandler wobble, after
its discoverer. 3ince neutron gtars have solid erusts and
may have solid cores also, pulsars may alsec sustiain such =a
wobble, Though its detection ie still eclusive, wobble of
neutron stars was postulated to explain many different pheno-

menn, such ag:

a) The drifting subpulse phenomenon of pulsar (Vila
1969). '
b) The supposed pericdicity in the time of arrival

residuzls of the Crab pulsar (Ruderman 1970; Chiuderi and

Cechionero 1970: Burns 1970).
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e) The X—ray emission from Cen XH-3 (Henriksen,
Feldman and Chau 1971,
d) The high=low states of X-ray emission from Her X=1
with a.periodicity of %5 days (Brecher 1972).
@) The intensity modulation of v=rays from CG 19544
with a period of 59z (Maraschi and Treves 1977), and
o The gquagipericdic variation of the period P3 af

PSR 1919+21 with a time scale of 30 min (Wolszezan 1978),

ds we sghnall see later on, if wobbkle of pulasrs 1=
detected, thie freguency of the wobble is likely o indieate
whether solid cores exist in neutron stars or not., Because
of its relevance to the nature of the nuclear foreces =t
very high matter densities, any attempt to deteet neutron

gtar wobble ia worthwhile.

A.,2.1 Structure of neutron stars

The possibility of existence ¢f wobble and its
likely frequency are intimately related to the structure of
neutron stars. Specifiezlly, the shenr modulus and the
wolume of the solid portion of the newutron star influence
the possible fregquency of wobble. DBelow, we review briefly
the relewvant aspects of the structure of o neutron star.
Detniled reviews of the structurs including the guestion of
the existence of a s0lid core were given by Cameron and
Canuto (1974); Baym and Pethic (1975)3 and Puﬂﬂhaﬁé@anﬂe,

Pinea and Smith (197&).

Heutron dtars are highly compact objects with their

mass in the range of 0.1 Mg to ~ 1,5 to 2.5 M@ and radii
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~ 10 km, where HG denotes a solar mass. The centrl deonsi-
ties may rench more than 10t3 v cm_E, i.e. the densities are
gapranuclear. The uncertainty in the upper 1imit on the mass
reflects our ignorance of the equation of state at wery high
densities (Baym and Fethic 1975; Pandharipande et al. 1976).
For the parpose of our discussimm 4 neutron siar may be
gochematiceally represented as in Flg.4.1.  The inner parts of
a neutron star cool to temperatures below a few times lGB Ok
during their ecrly life. Hautron stars con be consideresd

a8 gero tempersture stnrs from the point of wiew of me;ting
of the crystelline crust as melting requires temperature in

10 o

gxcess of 10 4 The superfluidity of the neutron and

the proton gas is also stable since the transition tempera-

i)

tures greatly exceed 107 E. Now we briefly look at each of

the three parts of a neatron astar.

a) Ihe solid crugst: The matter density in the solid
arust ranges from 108 I3 l::mm3 or1 the surface to ~ E..tlzlliil‘1":"l Fig

om™> nt the base of the inner crust, The mntter is composed

of rTelntivistic electron gasm, superfluid neutron gas and
nuclei. The nuclei are in a stable Coulomb lattice. The

shear modulus p of the lzattiece is given by,
B 2 4/3
W EI%% (z0)° n

where ze 1s the charge per nucleus =nd a, is the humber
density of nuclei (Baym nnd Pines 1971). p ~ 1029 dyne am-e

for the outer crust nnd ~ 10°- dyne e o bk base >

Iinner ocrust.
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b) The superfluid part: In this region the density of
matter ronges from ~ 2.¢11Ulq g cm‘j to Pa o whora R is

the density at which se¢lidifiestimrn may tnke place. The
fluid is mainly compozed of ngutrons, mors than 90 ﬂ: by
number donsity. The rest iz mainly composed of protone and

electrons. The inverse beta decay,
no——> Do 4w
=

is forbidden as all the energy afntes allowed for electrons
by the conservation of energy are alrendy occupicd (e.g.
Ruderman 1972), The neutrons 1= well as the proteons are
very likely to be superfluid, whereas the electrons are not
superconducting as their transition temparature is close to
Zzerd, BEven though they are superconducting, the protons
cannot have an apprecinable differential rotation with respect
to the electrons. Any differential rotation would produce
high magnetie fields which would destrny the supcrconduncti-
vity itself (Ruderman 1372).

The success of the two component theory of post-
gliteh healing of pulsars (Baym et al. 1969), in interpreting
the Orab and the Veln pulsar timing dats provides evidence

for the presence of superfluid in neutron stars.

¢) The solid core 7: Our knowledge of core of the
neutron star is the most uncertain, aince phenomenologicnl
nuclean-nucleon potentials that were suecessful a2t subnuclear
dengities may net be valid on extrapolation ot supranuclenr

densities which one shneounterz in neutron stars,
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dolidification of neutron fluid st very high pressure similar
3

was originally suggested based on

.

to the orne undergone by He
the similarity betweoen neuftron-noutron potential and He
atomic potentinls. Both have a short range repulsive core
with an intermsdinte range ottraction {(Anderson and Palmer
1971). Later on many people ealeulnted the detnils using
different potentinls and procedures. Though most of the
investigntors concluded that erystalline solid corzs nre very
likely in at least heavy neutron stars, the estimates of the
density at which solidification starts differed by almost an

14

order of magnitude. They range from 4.2x10M% o 3x10%%

u:!r.'I"3 (Camaron and Canuto 1974).

Evidence for the probable existence of solld cores
in neutron stars comc from tho explanation of the spin-ups of
the Velz pulsar as causcd by coreguakes (Pines, Shaham and
Ruderman 1972), and the explanation of the clock mechaniam
for the 35 day periodicity of Her X=1 @as due to the wobble of
the neutron star (Pines, Pethic and Lamb 1973). Howewver, in
the second case the evidence is net very convineing
(Pandharipande et al. 1976).

4.2.2 Fregueney of wobble

For z perfectly rigid body which 18 axially

gymmetric, the wobble frequency Ew is given by (e.g.

Goldstein 1950),

nw=i‘%neasu
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wvhere Al 4is the excess of the perpendicular moment of
inertia cver the paraxisl moment of inertin I, 0 1is the
angular frequency with which the body is rotating and a 1is
the angle betweoun the spin axls and the axis of the principal

moment of inertia.

4 neutron atar is not a perfeotly rigid body for
two reasons: i) Though thc solid portion of the neutron star
iz wery tough by tarrestrisl stondards, it is not rigid in
the presence of the imwense gravitational force present in
the neutron stars. ii) All stable neutron stars have proton
and neutron superfluid regions below their solid crust. For
a non-rigid body the wobble frequeney (Pines and Shaham
1972a),

e
nw SR, o L

wvhere A and B depend on the gravitational and the elastic
energy stored in the star and g, is a reference cblateness

which corresponds to the oblateness at which the crust or the
core of the star would be strain-free. For a neutron star

s would depend on the oblatenszas at the time of zolidifico=

tion and the subsequent seismic history. For a self-gravitn-

ting incompressible sphere of radius R and crystal volume vc,

and



56

The numerienl wvaluge of 4 and B depend on the assumed
structure. The most recaont estimation of the welues for
these parameters were given by Pandharipande et al., (1976)
for four different interaction models for the neutron matter
and a range of masses for the neutron star, For thoge stars

which do0 not have a 80lid core B =< A and =so,

/0 = 3 Be (4.1)

and for those atars which have a golid ecre B~ 4 and an,

%Jn = E B {4.2)

4

For liquid core stars B/A ranges from 6x10™> to 2x10™% for

stars with mass in the range of 0,29 ME to Mg' As one ean
place limits on the value of e, from the interpretatien of
gliteches, in prineiple, one c¢ould say whether a neutron star
contains n solid corc or not from the wobble freguency since
equations (4.1) and (4,2) prediet frequencies differing by
atleast two orders of magnitude,

4.2.% amplitude, excitation and damping of webblg
The applitude of wobble 13 equal te the angle a

betwsen the principal axis of maximum moment of inertia
and the =pin aXls of the body. For a nsutron eatar,
the wobble amplitude is probably limited by .the maximum

possible storage of the elastic energy. If the amplitude of
the wobble cxeeeds a criticnl wvalue, '8' type gquakes are
likely to GccU¥ (Pines and Shaham 1972b). TFor a neutron star
with a solid core the eritieal angle is ~ £° and for a star

with a liquid core it could be ~ 15° (Pines and Shaham 1974).
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Given #he large possible wobble amplitudes,the observability
of neutron star wobble depends on the mechanisms Ter both
axeiting ond domping the stellar wobble. There are many
different mechanisms for both of them (Goldreich 197C; Chau,
Henrilksen and Rayburn 19713 Heintzmann, Eundt and Schriifer
1973; Pines =znd Shaharm 1974; Macy 1974; Baym, Lamb and Lamb
1976 and the reforences contained therein). Apart from these
mechenlsms most of whieh gpecifically depend on the presence
of high magnetic fields associated with neutron stars, exelt-
ation of wobble may be produced by star quankes similar to the
gxeitation of Chandler wobble by the earth guakes (Mansinha
and Smylie 1968), Elzetro-magnetic torgue mechanisms have
characteristic times comparable to slowing down times,
Crust-liquid coupling would produce wobble dissipation times
~ 3 x 10* yrs for the Crab pulsar and ~ 500 yrs for tho Vela
pulsar (Fines nnd Shaham 1974). But if dissipation by
internal friction in ecrust or core is important, then damp-

ing time comparable to wobble pericds may be realized (Maeay

1974 ).

4,2.4 Intensity variations produced by wobble

The n~ature of intensity varintions coused by wobble
is inéim&tely linked with the pulsar beaming models. As
discussed in section 1.2, there are broadly three different
types of models: 1) direction dependent masing models,
2) polar cap models and 3) relativistic beaming modela, In
polar eap models, the diagram of emission is likely fo be

defined by the configur=ztion of the open fizld lines e¢lrze to
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the neutron star and hence 18 rigidly tied to the crast of

the neutron star. One can understand the qualitative feat-
ures of the intensity variations ceused by the wobble by
referring to Fig.d4.2. Boenpse of the wobble, the centre of
the rndiating source .would describe a circular path, when its
position is projected on to an unit sphere. This path, repre-
santed by the eifﬂlﬂ ¢ dis in addition te the circulnr path
the gource would follow due toe the rotation of the neatron *
star. The dﬁﬂhﬁd'cirélc f is the extent of the rﬁdiatiné
source, agssumed tn be circular for simplicity. If the path L
of the line of sight does not pass thrnuﬂﬁ the eivels C ,

but ié such that #s closest distance h from the circle C

is less than the radius r of the radiating souree, then
there would bé one intensity maximum per wobble period. On
the other hand, if . L passes through the c¢irele € , there
would be two maxima per wobble period. The maxima necd not
be placed symmetrically within the wobble period unless L
passes through the céntre of the elrele C . The depth of
modulation would depend on the relative magnitude of r,C
and h ., It also depandas on whether L passes through the
circie  bor not, 'Smapller §is r  with respect g 0.,
greafer ia the medulation., 4nd ldarger the distance of L
from the centre of the c¢irele ¢ , greater is the modulation.
It may not be meaningful to construct a detailed quantitative
picturc of the intensity wvariations, sinee the basic input,

i.e. the structure of the radiating source itself is unknown.
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If the conventional explanation of glitches that
they nre due to atar quakes is to be applicable to the other
two models, the emitting region in those models also may have
to follow the rotation of the central neutron star aynchro-
nously. Then the nbove treatment holds good for thoss models
also,

The intensity fluctuations produced by stellar
wobble are very likely to be broad band in naturc sinee they
are produced by geomctric effects which are fregqueney indepen-

dent,

Variatlons

As discussed in the previous section, our motivg-
tion for searching for short-tcrm varintions in pulsnr inten-
gitizs was to detect any short-period stellar wobble if it
exists., By short period we mean periods of about a few to a
fow tens of minutes. Interstellar scintillations (ISS) of
pulsar radiation which also have similar time scales (Scheuer
1968; Slec et al, 1974; Backer 1975) makes direct observa=-
tions of such variations very diffieult. As all pulsars are
in the strong scattering regime at metre wavelengths, modula-
tion indices due to scintillation are cleose to one, The
decorrelation frequencies are much smaller than the observa-
tional frequency. The normalised function one would obtain
by crossg-corrclating intensities at ndjacent radio freguen-
gigs is shown schemntieally in Fig.4.3 [Lang 1971

Balasubram=nian 1979). The 1nitinl drop is produced by the-
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decorrelation of the intensity verintions onused by seintil=
lationa, whereas the constant pedastal 4 1s produced by

the intrinsie iﬁtonsity variationa. If the totnl modulation
index is known, it is poasible to estimate the modulation
index separately for the intrinsic varintions and the aaine-
tillations (Sutton 1971), But this procedure does not give
the time senle Tfor the intrinsic intensity vardntions. ror
moat of the pulsars the decorrelation frequoncics at metre
wavelcngths are in the range of o fow Xz to ~ 1 MHz and
lower the dispersion measure of the pulsar, higher 1s the
decorrelntion frequency (Lang 1971; Balasubramsnian 1979). In
principle one could average over many deenrrclation bBandwidtha
to bring down the intensity fluctuations due te seintillations
to as low n level =~z vne desires, but it is diffieult in
practice as the fall in the modulation index with inérensing
bandwidth is very slow (Lee 1976). Por exnmple, the theors-
tically estimated modulation index stays as high as 0.4 even
for an observational bandwidth wﬁieh is 10 times the decorre-
lotion bandwidth., Thus, a method that could separate the IIV
from the ISS is required. 3uch a method is deseribed in the

hext section,

4.3.1 'HAMBA' - A Method to separate the 1LV fr
s RASDA = A

that of ISS

This method is based on the fact that the intcensity
varigtions produced by ISS have small correlatlon frequencies,
whersas those produced by the intrinsie ressons have large

correlation frequenciee compared to the typieal observetional
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bandwidths. For the purposc of this method all intensity
varintions which are completely corrclated over frequenoy
geparantions larger than the decorrelation freguencies due to
I38 are treated ns the intrinelic intonsity vorliations.

The lntensity of a pulsar in the '1 th' channel of

n maltichannegl receiver ecan be written as

1 . .l'
I,(8) = n.{ 1+s;(t) } { 1ep, (%) }

where the steﬂdy-inteﬁaity of the pulsar 'ai' ie modulated

by the time dependent seintillation and intrinsic modulations
'Ei‘ and ‘pi‘ respec#ivaiy. 'ai' may be a funetion of the
channel number, since differcnt channels may have differsnt
overall gnins., Since intrinsie intensity variations are

frequeney independent,

pift} = pE{t] s T pn(t} =. p(t)

where n  1is the totel number of channels. Mean subtracted

intensity,

Ii{t} = '11{ ﬂi{t}*‘l}(t]“‘si{t}‘ﬂ{t} b
Autocorrelation function (ACF) of the intensity I, (t),

< Ii{t} Iift-r-‘l.':l' > ni{.{ si{t}si{tﬂ}} + < p(tip(t+r)>

+{si{t}sif%+1}} < p{t)p(tst) > 3
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where the angular brackets stand for time averaging. Here,
ve used the fact that si{tJ and p(t) are statistieally, inde-

pendent, and hence (Papoulis 1965),

< sl{t} pit+t) > = < ai{t} St p I sl

and

<8, (£)p(t)s; (t+1)plteT=<g(t)s, (t+1) > < plt)p(t+r) >

For brovity, from now onwards we would drop out the arguments

of p{t) and s,(%) i.e.

<p{t)p(t+t)> = <pp> and so on.
The summed up ACP,

2

glﬁliIib = {«£88> + <pp> + <sg> <pp> } S‘ 8y

i=1 i=1

In arriving at the above equation, we assumed that,

€By8,> = $8.8.> = B8

The above assumption is justified because of the following
reason. Though the width {TEJ of the ACF of intensity wvari-
ations due to ISS depends linearly on the radio frequency(f),
the widths of < 8> and ﬂsjsjh would be practically the same
since the difference in the contral frequency of different
channels is negligible comparcd to their central frequencies.

If by brond band intensity {IE} we denote,



i=1

Tl
{IBIE}_ = 2_
L i.

ﬂiﬁj{ {Biaj} + <pPE> + {aiaj} =pp= }

i
et

To progress furthzr, wo make the following two sinplifying

sasumptionsg:

i1} For ISE, the cross—correlation function of
intensities at two closeby frequencies and the ACF at g of
the frequencies differ only by = constant factor. ' The
error introducsd by thia assumpfion iz small as can bg
inferred from the numerically éampufed curvﬁs that ﬁﬂrﬁ

pregented in Figs.5,6 and 7 of Lee (1976).

ii) The multiplicative factor depends on only the
frequency separation and not on the actual frequencies. This

‘aasumption is justified since,
BUW/Ff =e 1
wherce BW is the total bandwidth used for the obscrvations.

Under thesc assumptions,

ﬂﬂiaj} ;.{ss}_ﬂgi_Ji

where c-i-j* 1z the correlntion coafficicnt between the



A=

ST 66

iﬁtensity fluctuations ducs to I35 observed in the 'L th' and
the 'J th' channele for zero time lag. Using the asbove

relation, we get,

e ; i LTS B
{IEIH; = =pp= >.} ﬂiﬂj + ﬂﬁSbtlhdppp]f_}Jaiuj c;imj!
s x 3
On writing,
v GARE R )
al =} 8l
i
k2= ¥ Y ayn,
1]

and K3 = E } aiaj Giiwji
14

we Obtain,

CH = EﬁTiIi} = Kl-pp> + Kl<ass>(l+<pp>)
i

and

CB <Iglg> = K2=pp> + K3esa> (1+<pp>)

where CN stands for the summed up cross-correlntion coeffi-
elenta for the narrow bandwidths =nd O©CB stands for the
eross=correlation coefficients for the broad bondwidth. From

the above two equations we obtain,

_ CB/K3=CH/K1
SPE> TN UROTRE

and
CH/Kl—-<pp>
1+=pp>

I

“ES>
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Onc should remember that CB, CN, <ppr> and <ss> are all

functions of the lag 't' which had been droppod out for

nﬂtatiﬂnnl sonvehichcos,

This method gives, in nddition to the ACF of tha
intrinsic intensity voriaticns (<pp>), the ACF of 185 (<sz=)
after correcting it for the intrinsic wvariations which may be
present in the data., In faet, the originanl motivation for
developing this method was its possible appliention to the
reduction of the I33 data, as the prescnce of intrinsic
variations causes difficulties in interpreting two atation
observntions of pulsars (Slee et al, 1974) and alseo in check-
ing the prodictions of ISS theories ngainst the observational
dnta (Backer 1975; Balasubramanian 1979).

4.3.2 Analysie procsdurs

Az mentioncd in the second chapter, the data were
neguired with 2 sampling period of 2 mas. No information is
lost by averaging the pulse intensities in each channel over
a few tens of pulsec periods, a8 we are interested in varia-
tione having much longer pericdicities. The averaging was
done in two stepa. Firatly, the intensity was averaged sepa=-
rately for each channel over the exzpected pulac width by
using the pulae width and the pulse arrival drift information
ag Obtained by ue from the preanalysis of the data. This
gives 12 data arrays I?{Ki. one for each channcl i, where I
is the averaged intensity for the 'K th' pulse. From these

v2lues the corresponding base level values I:{K} were



Y

BE
gubtracted.  The base level wnhlucs were obtnined by averaging

the recelver output over a duration comparable to the on=pulse
width in the middle of the expected arrival of the adjncent
pulses. This has the same effeet as Dicke switching the
telgscope outnut once per pulse period has on the stability

of the roceiver output. Though it is n slow switehing by
conventional standards, it is satisfretory becausc we nre
intorested in the stability over time scolee on the order of
a few minutes, Secondly, each array was averagcd again to

give,

L

I =Y L)
=1

where I are.the base level subtracted arrays obtained as
described above, k'=q(m-1)+j 2nd q is the number of pulses
over which the intensity was nwveraged., q ig listed in Table
4.1 for each of the 24 pulsars observed at Ooty. The mean
subtracted arravs,

Ii{m} = T;(ml Sy

are formcd, where the mean intensity in each channel

By = {Ii[m}b

In the above equation the angular brackeots stand for averaging
over m . Another sef of arrays Iz{m}, where the super-
gcript ¢ atandg for off-pulsge, were formed in g gimilar
faghion from the samples on eith:r side of the pulse in the

on-pulse window,



THABLE 4.1, Chzervational Detaile and the Results of Application of 'HAMSA' to 24 pulsars
g ?énd Ho. of Sighal=- Data Modulation index Time scnles(mis)
s e — ;
ity 5 I38 IIV I3 IIV

T T % I Y (5) {6) (7} (8) (9) (10y

1 0301419 300 32 1.5 el 0.4 0.2 15.5 90.3

2 i 300 52 4.6 6.7 0.5 el 12.6 1l.58p

) 0ell+22 50 32 2.2 g 0.1 0.2 - 15.Tp

4 RIS 200 64 2 Sk <0.1 L - 132

5 Dg28-28 300 16 il 3.6 0.5 0.3 9.6 61

&6 0740-28 50 Fe i 0.9 .1 |Gl b - 9. 6p

7 0818-13 = 300 16 5.0 1.6 3 0.1 2 5%

B8 H 50 32 2.8 2.1 0.4 2.1 2 17.2p

9 DE234+26 300 52 oD 2:h et a.2 4,6 17.6p
10 0834+06 300 52 14 .4 6.1 0.7 0.3 e &7.5
11 1237+2% 300 32 12.9 5.8 0.6 0.8 12.5 19.2p
12  1604-00 Z00 64 7.4 el 0.5 455 18.9 126
13 1642-03 300 32 23.0 1.5 0.2 <(.05 2.3 =
14  1718-32 50 32 e HRE <0,2 FR - 3T
5 1818-04 50 32 3.5 2.3 <0, 1 0.1 - 11.1p
16 1831 -03 50 32 1.2 1% 0.1 =0,1 - - o
17 183104 50 16 0.7 0.4 <0,2 <0.1 - - il
18  1845-01 50 16 0.65 0.7 <0,2 <0.2 ~ - :
19  1845=04 50 32 i 1,2 Q.7 <gL1 <C,2 - - b

[ e e mad m e e o e s

* Wherever o pégiodicity is suspected the time scETE'IE'F6£ESGEd by the symbol, 'p'.
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The date arrays were subjected to an terntive editing

procedure which corrects for é&dﬁsicﬁdl.interferuncu thnt
may be present in the data. Menn and rma of the raw data
were czlculated, All data points whose deviation from the
mean excesded seven times the rms ware qubétitued by the
menn vnlue of the array. Mean and rms were recalculated
for the modified array and the above pruning process was
continued until no dntum wns found to excced the threshold,
In noe gase it wns found necessary to pruns more than 2 or 3

data points out of an array of o few thousand points.

The uncorrected zero time lag correlation coeffi=
clent betwoen the firast and the i th chnannel iz given by,
Gk

ﬂgw{i—l} = EIE; ﬂIlfm}Ii{m}}

where o, is the rms of the array Ii{m} . Using a similar
gxpression the off-pulse correlaftion coefficienta-cﬂFF{i-lj
are calealated for the arrays I?{E}¢ The presence of the
recelver noilse reduces the observed corrclation cosefficients.

The noise corrected coefficients are given by,

o_0

8 - oy 0 9,
¢ (i-1) = [CﬂH{i-l}-LDFFfl-l]ﬁlU:] g
where a° is the rms of the arrays, Ii(m} and o, 1is

‘the noise corrected rms value of the array Ii{m} :

As an example, the normalised carrelation function

obtained after correeting for the receiver ncise is shown in
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Fig.4.4 for PSR 1919+21 obscrved during June 1976, The

pedastal 4 iz dae to intensity fluetuations which are broad
band in nature and hence intrinsic according to our convel—

tion. The correlntion coefficients due only to I88 arec given

by
1

Coyqy = (O (K-1)=d1/(1-d)

where
k=1 = }i=ji
Though C!i-j5 is free from errcors dus %o the receiver
noise and the intrinzic variations, still it carries ptotiationl
errors dac to the limited duration of the dats uzed in its
ealculntion. The rms error in Cri 3 iz given by (Johnson
and Kotz 1970),
1-p?
= e Tl

Cri-g il

where, X 1is the number of eycles of seintillation in the

datn and p ig the populsation correlation cogfficient

=)
i.e. the ensemble anverage of Cniijy'
Sinece C'(k-l) 4is used for computing the ﬂ]i-jl
with not only 1=k and 3J=1 , but also for all those cii—j\
for which 1i-j = k=1 , it iz necessary that the correlation
coefficicnts used do not carry an error which dependas on the
fact that they hnd been cnlculated specifiecally from the
first nnd the 'k th' data array. The following procedure had

been adopted for doing the above. For boath the filter banks
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used in this work, a set of theoretienl cross-correlation

functions (0CFs) based on the work of Lee nnd Jokipii {19?5}
and Lee (1976} werc producecd for diffcrent assumed decorre-
lation frequencies (for more details,scé Balasubramanian
1979}, In the work reported in this thesias, we used CCPs
appropriate for a gaussian lrregularity spectrum, since the
differcnce between those nnd the ones appropriate for a
Lolmozorov specotrum were very amall, By subjecting the

obzerved values to a x-annlysis agninst each of

© 1131
the theoretical CCFs, a range and a nost probable value of

the decorrelation frequency wore found for sach of the pulsars.
The data arrays Ii{m] for each of the pulsars were subjected
to the method 'HAMSA' (Section 4,5%.1) for each zet of
theoretical correlation coefficients appropriate for ench of

the decorrelation frequencies within the range.

Ta illustrate the ﬁnthﬂd. let us discuss the corre-
lation function of thé intensity of P3R 1919+2]1 cbserved on
24/06/76. Fig. 4.5 gives the modified autocorrelation coeffi-
celents as a function of the lag for a) the on-pulse and b) the
of f=pulse intensities in the narrow band channels and e¢) the
un;pulﬂc and 4} the off-pulse intensities in the broad band
channels, By modified autocorrelation coefficients (MACC) we
mean the autocovariznce wvalues normalised with the sguare of
the mean of the intensity instend of the wariance. With
this convention the MACC for the zero lag gives directly the
square of the modulation index and hence need not be EQuql

to one. For the normalisation of the off=pulss MACCs, we
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uged the corresponding on=-pulsc values sincc the mean values
of the off=pulse intensities are equal to zero. The

off=pulse MACCs are computed only to check the stability of
the receiver. The MACCe arc plotted up to a lag which is

0.4 times the length of the array that is awmilable for ths
analysis, The wertical and the horizontal bars above each
curve give the scale uzed faf thﬁ MACC =and the lag respect-
ively. The modified nutocorrelation function (MACF) for the
norrow band intensity, by itself, suggests that quasiperiecdic
intensity modulations are present in the data since secondary
mexXima are present in the MACF, But it does not indicate
whether the guasiperiedic fluctuations are narrow band or
broad lend in nature. A comparison between the MACFs for the
narrow band and -the broad band infanaities suggest that the
quasiperiodic flgctuit;uns are broad band in naturc as thore
is no rmdgction in the corrclation volue of the secondary
maxima in.thg Mgcﬁ gf the broad band intensity. In contraept,
there iz an aPPrCDiﬁblﬂ.¢EGTCﬂ$E in the amplitude of the
maximum ot the zero lag, showing that there is a narrow band
nonperiodic component present in the MACF. The result of
applying the method 'HAMSA' +to the MACFs is shown in Fig.4.6.
The_HACF of the II?.aS separated out by the methed 'HAMSA'
gives a clear evidence for the presence of quasiperiodic vari-
ations. Therc is no evidence for such quasiﬁerindic variations
in the MACTF of the scintillntions, The MACFs for the neise
were obtained from the ACFz of the off-pulse intensity shown

in Fig.4.5 after subjecting them to the method 'HaM3a'. While
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comparing them with these for the on-=pulae intensities, one

should note that the verticnl scale Tfor the off-pulse MACFs
are a few hundred times smaller than the ecale Tor the

on=pulze MACFs.

The results of analysing the data with threse diffe=
rent decorrelstion frequencies are shown i; Fig.4.7. The
decorrelntion freguency obtained from n w-analyais of the
data for this pulsar wns 3304160 kHz. The differences in
curves g,b,ec in Fig.4.7 are negligible, showing thet 'HAM3A®
is nDtIvery sensitive fn the assumed decorrelation freguency,
once it 1s within the allowed range ns obtained from the

w? =analyais,

4.3.3 HResults and discussions

The ocheervational defails and the results of the
gpplication of the method '"HAMSA' for the 24 pulsars are
listed in Table 4.1. Wherever a2 pulsar was observed on more
than one ceecagion, the entrics in the table were made in
chronclogical order. The S/N listed in Col.5 refers to the
glgnal-to-nolse ratio of the on-pulae intensity aftser the

number of pulses listed in column 4 had been averaged.

To gtart with, let us lock at the MACF of the
geintillation part, A glance at Col.10 shows that IIV with
time scnles of several tehs of minutes are present in the
intenaities of many pulsars. This time scale range is similar
to that for scintillations listed in Col.9. A comparison of

Col.T and Col.B shows that IIV could affect appreciably the



Fig.4.7. Resuliz of analysing the dats with three different decorrelation

froquencies

LAG IN PULSE PERIODS

» (a1 300 ¥Hz , (%) 375 kHz, and (e} 450 kHz,

1
i .\\._./' -
E o SR S L Wil ML o
Ll Pl HH._-"‘M._V_- e
i S b a 07|
el | i e
g >4 ~ 5i2 b
R e,
£ 0 E lllllllllll ! E 5 Hh'*aa &
5 r_“‘-\ """"\ ! o TIPS g .
B G f
s, b N Si2 ¢
E; 9 : \\M_J/”H“ :
- 1] [ _\‘—_—-""x e
; .
& 4
L
E 1 1 1 1 ¥ y L : i e 1 ;
o

fi 9FE3



80
meagurement of I33 paramctors since the modulation indices

dite to IIV are comparable to those dAue to ISS 1ln many cases.
3lee et al. (1974) observed scven pulsars at two stations

and obtained the cross=corrclation furction of the intensi-
ties of the pulsars »t ths two stations. The lag at which
the function peaked varicd for different atreteches of data on
the same pulsar.n In faet, for some pulsare the sign of the
lag also ‘reversed. Frow the present analysis it is clear
that the occurrence of IIV with large modulation indicee and
with time soales similary to thoge for I33 is very common.
Mareover, both the time spales and the modulation indlices
very with time. These results support the suggestion of Slee
et al. (1974) that IIV nmay be partly responsible for the
inconsistent results that were obtalined from the measurement
of I35 pattorn velocitises based on the determination of the
lag at which the eroszs-gorrelation function peaks, The vari-
ability of the time seales of IIV offers a natural explanne
tion for the warinbility of the lag at which the function
peaka, aince the cross ecorrelation function would have a term
which is o result of the multiplication of the correlation
function dag to LIV and that dus to ISS. But, it cannot
explain the reversal of the sign of the lag at which the
erosg-correlation function peaks. It is stralght forward to
extend the method 'HAMSA' to multistation observotions, if

multichannel data are awilable at nll the staticna,

Another parameter whose deftermination is made

difficult by ths prescncs of IIV 1s the time scnlo {TB} for
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geintillations, or a guantity which is inversly proportional
te it, i.e. the scintillotion bandwidth, The time scale for
geintilln i ong fTE) has been taken ag the lag in minutes at
which the autocorrelation function falls to half the peak
value after lgnoring any excess correlation that may be
present at the zoro lag due to the receiver noisc. The
values of T_ that were obtained before and after subjecting
the data %o 'HAMNSA' are plotted as a function of the disper-
sion measare (DM) in Pig.4.8. Definite walues for TE wars
obftnined for only 11 of the 24 pulsars. If a2 pulsar was
observed more than onec, the average valuc of Ta Wwas used.
Our failure o get definite wvalues for TE in reat of the
cases may be dug t0 any one or all of the following reasons:
a) the large DM wanlues of the pulsars, b) the limited dura-
tion of the data on them, and ¢) their poor S/N walues. A
comparison between the figures 4.8(2) and (b) show that the
corralation between I, n~nd IH improves appreciably if the
ACFs are subjected to 'HAMBA' ., From a study of 28 pulsars
with dispersion measure (DM) in the range of 3 to 160 pe
cm*3, Backer (1975) had shownh that the scintillation band-
width depends linezrly on DM. But there was a congiderable
apread in the mesmsured values, about the deduced linear
dependcnce., There is a clear evidence for such a linear
dependence in Pig,4.8k, even though it is based on the Ts
of only 11 pulsars in the limited DM renge of 10 to 50 pe
cm_E. Thus, n significant part of the spread in Backer's

diagram could be due to the presence of IIV.
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Now, let us resturn to the topic of ITIV. Wherever a

guasiperiodicity was suspected on the basis of the MACF of
the intrinsic part, the time senles listed in Col,10 had been
followed by the symbol 'P'. In Figi4,9 the MACF of the
intrinaic part is pregented up to a lag of 0.25 times the
array length that was available for the analysisi/ Quasi-
periodic modulations were seen in the MACFa for the pulaars
0301+19, 0611+22, 0740-28, 0818-13, 0823+26, 1237+25, 1818-04,
1919+21 and 2020+28, PSRe 0301+19, 0611+22 and 0518;13 were
obaerved c¢ach on two different otcasions and PSR 191G9+21 was
observed on four different occasions. The astual dates of
gobservations are marked on the plots of the MACFas. None of
these pulsars showed nny consistent behaviour as far as their
I1IV are conecrned. P3Re 0301+19, 0611+22 and 0818;13 phowed
quagiperiodicity only in th: data taken during one of the
trials. DBut one cannot rule out the poseibility of the
pregence of a very long periodieity in the dats taken during
the pther trial for these pulsara, It is very unlikely that
the observed guisiperiodicities were caused by instrumental
effeetas, since the MACFs obtained from the off-pulse values

did not show any detectable modulations.

In the case PSR 1919421, nonrandom features were
present in two of the four trials, The pulsar was strong on
211 the four ogccasions nnd the modulation indices due to IIV
were all greater than ﬂ;?ﬁ; liotably, the HACFs obtained frém
the data acquired on two adjscent days show diasgimilay

behavicur, For this pulsar the presence of wobbls had been



Page 24

\ G'GEI
A
e e
> 2 /\ ;_a'*-\ h ";‘:;5'%- Q301 +12  04-07-76
1;":; = 1-.-‘!{\ ; l '\f\,ﬁ
5] / Y1/ w
L. Y
L, | : \
g J |
i v
S Ot s
55
3 ﬁ-ﬂ?-] 0301 +18 24-03-7H
Lt | z1e ,.-”/
%—_ [ ‘( ,-"" I
S \\/\-/ \\‘/
e
Lt ]
o]\ 0ol | OBl + 22  |12-03-77
o \ L
g\ g £
= ) ..LE \"\
G v\l / - -
\\f\/\/‘/ |
ﬁ-m?
06ll+22 09-06-7B
’/‘\j‘\\/\f\ 2048 /\
o ,g f""\ a’/\—\
s L L i I d L 1 i L S
O
LAG IN PULSE PERIODS
Pig.4.9a Modified correlation functiema of the intrinsic

intensity wariationn,



COEFFICIENTS

MODIFIED CORRELATION

Toge 85

. _ L Cl'Uﬂi CLzE - 28 1§=0i-T7
i~ 1..‘-\.‘l“”".-.q""""\-.
| T oo

rl B e e I S ——

—— 4 .

e [ 0740 ~28

I
- o ol I ‘v
s | 0BIB — 13
i H"/-\“‘—wﬁ"‘m.... - g 128 59-04 -7
| Hfﬂ “‘--_._..--.._,___,.\ B ST
o e = S s o
::»0-‘:4!1 CBIB~13  12-03-7
ll P e
rf\" 256 |
) { |
\ A \ ,
§ / I \
\ 43 3 S S

frdi | e | 1 ik s L L i i ]
Q

LAG IN PULSE PERIODS

Pig.4.9%



Page BE

\—/\ 0-02 I 0823 426 30-12-T¢

T S T

o X .
B t
.
3 004 |
\\/\L._H 0824 +06 1l -03-78
Si2
U’ b 2 ‘//.\\—-'-""‘-..\ f
\ B 1“\,_&'_____.._-""’
3 \ 1237 + 2% |I-88-76

o2 }
N

MODIFIED CORRELATION COEFFICIENTS

i | A
. i . i
i 1 i i

L AG IN PULSE PERIODS

Fig- ni gﬂ




CORRELATION COEFFICIENTS

DIFIED

-
-

M(

G-Da[
e |____ 1804-00

T e 3t ~12 ~76

B
L “‘“-\

il \\‘
s f’”fL 1718 - 32
'_\(\/P\f,f\/ﬂn\ =56 24 -Q1-T7

A/  ad

\/ ,
W

s me a s 1 e

512

|
! D'UGEL 1815 = 04
\ ~— 10 -08-77

N
4 L\) ‘-\‘H ,fﬁ\\k j/\
N

o
{ AG IN PULSE PERIODS

Figll‘ii gd



MODIFIED CORRELATION COEFFICIENTS

Paga EI

01|

h\\ m / \ IN9+ 21  24-06-78
\_/

0} i SMNSREL. S W= BRSO S
\ 01 919 + 21 18-12 77

o H‘_MJHJ'-JLI—.I—.:—J'—"J-—--:‘H:‘.‘J\J‘— R__'.E"IE S — .
S 919 +2i  04-01- 74

!
H
; O I 519 + 21 02-0i-78
|
¥
1

e et

pa 7
i i i o] b i } l ' PR |
G

LAG IN PULSE PERIODS

Fig.4.9e






90
put forward ns a posaihle explenction for the quasiperiodic

modulntion of the T3 (Wolszezan 1978). To check whether

the IIV is also caused by the wobble of the pulsar, we
obteined the averaze pulsc shape 8 times over different

epochs of the auapectod wobble period. Ho wariation in pulse
shape which depends systasmatleally on the phase with referoncec
%0 the suspected periodicity was noticed. Aleo, no systomat-
le residuals in the times of arrival wera found. On the

basia of the medulstion index of TIV, one would cxpect syste~
matic reaiduals ~ 15 me as well as noticeable changes in the
pulse shape if the emission beam of the pulaar could be
represented by a eircular gaussian. For the other pulsars,
the expected residuals are less than ~ 3 mas, since the modu-
lation indices of their IIV are much lesa. The above estimn-
tea of thoe expected residuals are very uncertain since the
enmis=sion beams of pulsars may not, evén erudely, resemble

gircular gnussians.

As mentioned 1in Section 4.2.3, electromaghnetic
torque mechanisms and the crust-liquid coupling mechanims
have characteristic time scales which are too long to explain
the observed behavicur of IIV. Only disszipation in the solid
part of neutron stars (Maey 1974) pay be ablc to explain the
behaviour of IIV. But this brings in another difficulty, i.e.
the excitation of the wobble, If disaipatiun in the solid
part of neutron stars exists, then any wobble of neutron star
would be dissipnted during time scales comparable to the

wobble period. BSo, the presence of considerable guasiperiodic
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IIV in two out of the four trials on PSR 1919421 as well as

the presence of i1t in wany other pulsars would reqguire a
mechanism for execiting wobble very frequently. Clearly
electromagnetic torgque mechanisms are ruled out sinee thelr
characterigtic times are too long. Also, the gtar quake
mechaniam is ruled out for PSR 1919+21, as it is a seismically
inactive pulsar, az indicated by the absence of significant
residuals in the times of arrival (Gullahorn and Ranlkin 1978).
Thus the abaehce of ayastematic residuals in the arrival times
and variation in pulse shapes along with the difficulty
associated with the excitation of the wobble atrongly suggest
that wobble is unlikely tc be the cause of IIV at least in the
cage of PSR 1919+21, P3Rs 0301+19 and 1237+25 2lso do not
ghow any significant residuals. But the other pulsars with
quagiperiodic IIV, PSRe 0611+22, 0B23+26 and 2020428 have
gignificant residuals and in addition, the first iwo pulsars
show apparent change in frequency over a relatively short time
span {(Gullahorn and Rankin 1978). Such 'glitches' would be
able t0 execife and maintain wobbhle even in the presence of
considerable dissipation as in the case of the Chandler wobble
of the Barth., Thus one cannot rule out wobble as the under-
lying cause for at least these pulsars.

To eonclude, though gquasiperiodic modulations in the
IIV are noticed in snﬁeral pulsars, we do not believe that
they are produced by the wobble of nesutron stars since the
aapporting evidence from times of arrival data for this hypo=
thesis is lacking, Thus, one may have to examine the poasi-~

bility of oscillations in the emission mechanism itself for an
explanation of the guasipericdicities.
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Chapter 5

EFFECT OF LONG-TREM INTENSTTY VARTATICONS
ON PULSAR 3EBARCEES AND IUMINOSITY FUIICTION

2.1  Introduction

Luminosity function (LF¥) is a wery important
property of the population of pulsara sinece it is reguired
for the determination of the birth rate of pulsars, Birth
rates derived on the basis of different pulsar genrches have
been used by several amuthors to check whether all pulsars are
born in supernov events or not (Large 1971: Roberts 1976;
Daviea, Lyne and Selradakis 1977; Taylor and Manchester 1977;
Manchester 1979). By analyaing a sample of 9C pulsars
obtained from the Jodrell Bank survey {Davies, Lyne and
Seiradalkis 1973,1977) and the Arceibo survey (Hulse and
Taylor 1974,1975), Taylor and Manchester {(1977) showed that
the inferred birth rate for pulsars is comparable t¢ or 1g in
excesa of the supernova birth rate obtained from the observa=-
tiens of radio remmants (Ilovaisky and Legueax1972; Clark and
Caswell 1976). They showed that, to be compatible with
piulzar birth rates, all stars with 2 mags greater than about
2.5 My have to end up as neutron stars at the end of their
evolution, These eonclusions were further strengthened by
similar caleulations done by Manchester (1979) on a much
larger sample of 224 pulsars obtained from the second Molonglo

pulsar survey (Manchester et al, 1978).

There are, however, many sourccs of systematic

errors in the derivation of LP. Firstly, the distances
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derived on the basis of dispersion measure of pulsars are

innccurate doe to the presence of l1solsoted dense 1onised
regions in the line of sight., For a few of the pulsars,
distance estimates hesed on either neutral hydrogen abaorp=
tion of pulsar signnls [Gémuz-ﬂénmalea and Huélin 1974

Ables and Manchester 1976) or pulsar supernovn asaocciations
{Ilﬂvaiskg and Legueux 1972) are available. For pulsars
closer than 1 kXpe from the Sun one can follow the method of
Prentice and ter Haar (1969) and correct the obaerved dispor=
8ion measurc for the prescnec of HII regiona surrounding
bright © stars. Though, no such ¢eorrectien is possible
for pulsars farther away than 1 kpe, the errors are not
likely to be large for most of the pulsars. This 1s because
the thickness of the distribution of 0 stars is only a few
ten= of pe, whereas that for pulsara 1s a few hundreds of pc.
Thus most of the line of sight may be free from HII regions.
Secondly, converaion of the ohserved flux into a luminosity
introduces uncertasinties due to the unknown nature of the
gtructure of the radiating heanm of the pulgsars. Thirdly,
pulsar fluxea change from day to day by more than a factor of
ten.

In this chapter we deal with the last mentioned
gource of error, since reasonable amount of data iz awvailable
on the 1nng4tarm intenaity variations. We show that though
the nimber of new pulanrs detected in o repeat survey over a
gi#en region is appreciably affected, the LF derived from a

aingle search 1s insensitive to flux wariations.
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S.2.  long=term Intensity Variations

Long=term intensity variations, by which we mean
the wariations with a time secale of o few days or more, are
significantly correlated over a wide frequency range. The
intensity vories by more than a factor of ten (Hesze 19723
Huguenin, Taylor and Helfand 1973; Helfand, Fowler and
Huhlman 1977). Ye utilise the long sequence of intenaity
data apanning over more than one and half years on five
pulsars that were published by Huguenin et al.(1973), to
obtain the distribution of long=term intensity wariations.
These observations were not affected significantly by inter-
stellar écintillqtiﬂn, singce an observing bandwidth ~ 1 iMHs
and an intéegration time ranging from 2 to 4 hours were used
in obtaining each intensity point., Histograms of the inten-—
sity distributions derived from the above data are shown in
Fig.5.1. They are characterized by a fast rise and a slow
decay, except for EER 221T7+47. It is notable that the digt=
ribution for PSR 2217+47 looks as though it is 3 mirror
reflection of the distribution obzerved for other pulsars. If
the distribution is genuinly different from that for dther '
pulsars, the intensity fluctuations of F3SR 2217+4T should be |

studied carefully in view of the discussion to follow.

Though, there are nany known statistical distribu-
tions which would fit the histogram reasonably well, we
choose the x?-distribution for the following reason. High

brightness temperatures inferred for pulsar radio emission
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would require a cohecrent rodintion mechaniam and so the
luminosity is proportional to N® , where N is the number

of eloctrons radiating coherently, But, there is no o priori
reagon to assume the presence of only one coherently radiating
region per pulsar. If v regions, sach with li; coherently
radianting electrons ars presont, then their radiation would

add incoherently to produce the observed luminosity,

L(t) }v g (%)
i=l

In auch g picture, the wardability with time of the luminosity
and hence the flux is due to the variability with time of the
number of particles radinting coherently in a given region. If
the distribution of the number of particles radiating ccherent
ly in a given region could be assumed to be gaussian, then

1

LI E ) ng (4)

ml

ey

where the constant K' 1z chosen sueh that ny as a function
of time iz a unit normal variable. The wvariation of flux s(t)

is given by,

slt) - i n2 (t) (5.1)

i=l

]
where K = K /42 , adopting the definition L = s8d?, and 4@

ig the distanee of the pulsar. From equation (5.1), it is
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clenr that the flux warintions would Lave a2 % =distribution.

For a :q—distrihutinn, the modulation index,

el 3
8 = B2 - (/)

)

30, from m one ean get the number of degrees of freedom
miguely. Sinee the value ¢of K can be determined from the

relation,

mean of the observed flux = Kw

the distribution of a(t) and hence that of L{t) 4is deter-
mined eompletely, The expected ¥*~distribution appropriate
for the values of w and K obtained from the data for each
pulﬂﬂr,_except for PSR 2217447 are shown by daghed carvea in

Pig,5.1l. They £it ﬁhe higtosrams reasonably well.

In the above picture v would represent the number
of regions radiating independantly only if the averaging time
in obtaining eash intensity point i% less than the character-
istic time during which the number of particles radiating
coherently in each region change. On the other hand, if the
Averaging time is longer than.the characteristic time then
the value of  would depend on the averaging time also. It
would be egual to the number of regions multiplied by the
namber of chﬁrncteristic tines over which the averaging was
done., The valucs of v listed in Table 5.1 are small even
though they are derived from intensity values obtained by

aver a few hours of data. g iz rather surprisin
aging £ h f dat This i th rprizsing
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gince it would 1mply characteristiec times longer than about

ten seconds, whereas intonsity fluctuntions in pulsars are
known to exist down to time seales of the order of a few
microgeconds, - This may imply thet the time seales for the
flugtuntiona af Hi gpan a very wide range, so thoet when
intensitice are aversged over o givenh dur-+ion, time seales

comparable to it stand out,

B3 Effact-qgmsearuhgﬁ for New Fulanrg

. Moat of the extensive searches for pulscre are done
with computer integration techniques (Davies et al. 1973,1977)
Hulse and Taylor 1974,1975; Mancheater ot al. 1978), so that
they have approximrtely the same sensitivity over a wide range
of parameters. Typieally, a few minutez of date acguired with
a receiver bandwidth of a few MHz are ased for searches. Though
the variation of flux due to interstellar scintillation is
considerably quenched as the bandwidth used is large compared
to the seintillation decorrelation bandwldths, intensity
variations dus to intrinsic causes being wideband in nature
are not removed. As we have seen in the previous seetion, the
modulation index can be 0.% to 0.4 even sfter o fow hours of
integration. Such wariations affect the completeness of a
pulsar search sinece a pulsar whose mean flux is above the
detection limit could be missed if the flux at the time of
the search is below the detection limiti and conversly a pulsar

whose mean flux is below the detection limit may be deteéted.

Since pulsars are easentially a disc population

(Manchester and Taylor 1977), the number of pulsars whose mean
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Plux exaeed a given mean Flux 8 iz given by
li(>s,)a 1/8;,

In arrivitg at the above relation nny galactoceht-
ric daependence of the pulsar number donsity has been ignored,
The ohserved relation between the number density of pulaars
and the flux density does not direetly give the relntion
between Hf}am} vs 8, , sincc mean fluxes obtained after
averaging the flux over a long duration are not available for
most of the pulsara. The nuamber of pulsara with a mean flux

betwoon 8, and sm+£13m 1=z given by

In the following discussion we treat the pulsar
pﬂpulmtian'ns though it has a single  , gince ag long a8
there is no corrclation between luminosity and w , the whole
pulsar population could be gplit into subpopulations with
different values of « , for each of which the following
treatment holda good.

At 2 particular instant of time the preobability of
finding a pulsar of mean flux s, between fluxes s and

54+ds is siven by
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_ (/xR —e/?K

o m — ,ﬁs

R : EufE)

f{s,em} ds

where | standa Tor the gamma funetion,

Tke probability that a pulgar with a mezn flux s
would be detectcd in 2 search with a detection limit S, is
given by,

P{EL,sm} = ?b f{s,am} ds
By

The probability that - gulsar with & mean flux s

is not detected in (j-~1) previous senrches done over the

same reglon of the sky with the same sensitivity, but

detected in the 'j th' agearch is given by

P(sp,8,)1 1 = P(s;,s ) }J'l

The nasumption of independence of probzbilitics is justified
gince the correlation time for long-term variation of pulsar
fluxes ig only a few tens of days (Huguenin et al. 1973;

Helfand et al. 1977). The number of new pulsars contributed

by the 'j th' search i3 given by
gjirpf s.) { 1-P(s;,s_ )} P as
8 S15p L' m m
sh Tk

where s, << B » but is not &gusl to gero., In arriving at
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the above expression the presence of the receiver noize was

ignored, gince for a signal--to-noise ratio of 5 to 1 for
detection, the effect of receiver noise on detectability of a
pulsar is =mall compared to that due to ita flux varistions.
The ratio of the number of pulsars detected up to the 'j th!
gearch to the number of pulasarzs detectsble in the absence of
flux variability is ahown in PFig.5.2 for a range of values of
v . The curves do not depend upon the wvalue of sy, » From
the plots it is clear that the flux wariability, though a
nuizance in confirming suspected pulsars, is a blessing in
disguise to the pulsar hunters ! They can hope t¢ detect
pulsars with mean fluxes below the detection limit of the

instrument used, by repeatedly searching the same region !

6.4 Effect on Luminosity Function of Fulsars

Taylor and Manchester (1977) have given a proesdure
tﬁ ealeculate the luminosity function (LF) of pulsars based on
a Monte Carlo approach for the evaluation of selection effects
in pulsar searches. In this section we modify their method
to include the effect of the variability of pulsar fluxes on
LF. Following Taylor and Manchester, the number of pulsars
detectable if a volume V(F,Z,R,L) of the galaxy in the galac-
tocentric radii range dR and the perpendicular distance
range d7 1s searched for pulsars in the period range d4F

and the luminosity range 4L is given by,

N'(P,Z,R,L)dP 47 4R 4L = ¥{(P,Z,R,L) p(F,Z,R,L}dF 4Z 4R 4L,
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where p is the number density of pulsars. As indicated by

observations, the distribuftion of puls=rs with respect to the
paraneteras FL,2,R and L are either not correlated or only

weakly correlated. S0, one can write
K {PFZIH!LJ = ﬂP(r}az{E}pﬂ{q}ﬂL(L]

The wvarleous p8 are defined such that,

§3de-=§0|}&3=9{1{}=1
T gl R
where Ry 1is the galactocentric distance of the Zun. For

conveniencs, the luminosity function is redefined as,

D(L) =T oy (L)

As shown by Taylor and Manchester, there are no
serious selection effects in the observed diatributions of F

and Z and so, .

N(R,L} 3R 4L = A(R,L) PR dHﬂ;{Lj aL/L

whare

A(R,L} dR dL = dR 4L ip gJ V(P,2,R,L)pp(E)p, (2)dF 42
O =0

A{R,L) is efféctively the area of the gnlactic disc in the
range dR at R which has been searched for pulsars of
luminosity I +to L+dlL . Knowing N(RE,L}) =2nd Aa(R,L), one
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can obtain :H{H} and (L) , iteratively starting from an

initinl rness from the equations,

SH{R,L] AL
i () e e e (5.2)

e

VA (R,1) % (L)/L 4L
and
LN (R,L) 4R
J

R S O (5.3)
gn{ﬂ,LJ o (R) dR

{L )

The funetion A(R,L) contains all the selzction
aeffects of =zearches. In the methoed used by Taylor and
Manchester, a given region of the galaxy falling within the
region of the sky surveyed by the search is effectively
gither searched or not for pulsars of luminosity 1L depending
on whether the condition L = L, 1s satisfied or not. Lmin
iz esatimated from,

max 2
Lmin ) d

whers 8t n is the minimum detectable flux of the survey in
that direction of the galaxy and d is the distance o. the

pulasar. The parameter s depends on the sky background

min
temperature and the dispersion measure of the pulsar, Tayler
and lManchzster did not take into account the effect of flux
variation on N(R,L) and a(R,L). %e set up below, a proba-—
bilistic approach for the estiration of them in the prescnce

of flux wariations. The method is applied to the combined
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gample from the Jodrell Bank and the Areelbo searches so that

our results cnn be compared readily with those of Taylor and

Monchestsr (1977).

5.4.1 Corrected luminosity distribution n(i_)

mA—— L s w - u - B M —— L ——

The observed luminosity of n pulsar defined through
the relation L = s d4° varies with time as the flux a
varies with time. The probability distributions of flux and
luminosity have the game form sinee d 1a a constant for a
given pulaar. We are interested in getting the luminosity
distribution n(L_} where, L_ 13 the mean luminocsity of

i
the pulsar defined through

T T b (5.4)

The nuamber of pulsars of mean flux hetween g and Bm+dsm

which have observed flux s 1s given by,

n{am] f{s,am} ds,,

The probability that a pulsar with an observed flux a3 has a
mean flux in the ranee 8, %o s +da, 18 given by,

) f{a,s8_) &
F(s,8,) de, = 1(oy {?-Sm “n (5.5)

g}n{am} f{s,sm} CE
%p

where s, << s; , but is not equal to zero. Through equations

(54) and (5.5), the probability that a giver pulsar has come
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from a given mean luninogity range can be calculsated, By
doing thias for each of the pulsars in n given aample and
summing up the probabilities for each mean luminosity range
cne can buaild up the corrected luminosity distribution n{Lm}.
The result of the appliention of this method to a sample of
90 pulsars that is obtained from the Jodrell Bank survey and
the Arescibo survey is shown in Fig.5%.3. The distances used
wore those given in the compilation by Taylor and Manchester
(1975), where the effeet of the preschnee of Hy; regions on
distance estimates were taken care of for pulsars closer than
1 kpe. The fluxes were taken from Davies et al. (1977) for
the Jodrell Bank gample and from Hulse and Taylor (1975) for
the Arecibo sagple, after multiplying by a factor of two for
the latter survey to take care of a revision of the flux seale
(Taylor and Manchester 1977). Compared to the uncorrected
distribution n(L), the corrected distribution n{Lm} is

smoother and marginally bronder.

5d.2 Corrected area function A(R,L

PSS I e

)

To caleulate A(H,Lm} which contains the aseleation
effects of pulsar searches, a pulsar sample is gioulatid
using a Monte Carlo method. The simulation ia such that
pulsars are distributed uniformly in the galactic plane owver a
40 kpe x 40 kpe area centred on the galaetic centre and have
ait exponentisl distribution in the perpendicular distance with
8 scale height of 230 pc so as to closely mimic the actual

nulsar populatien (Taylor and Manchester 1977).
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For each of the simulated pulsars whose galactic
lonritude and latitude fell within the Jodrell Bank ar the
Arecibo survey, the expected dispersion measure (DM} and the

sky background temperature (7T ) were computed. We used the

aky
value 0.03 cm_ﬁ for the mean electron number density in the
galactic plane and 1000 pe for the scale height of the
electron distribution, since these are the probable values
ag discussed by Taylor and Manchester (1977). The minimum
flux for detection of the pulsar,

s = BELETE (L+Dm/mie_)*

where TR* 8,4 and DHD for each of the survey are given in
Table 5.2. The reduction in sensitivity due teo the displace=

ment of the source from the centre of the telescope's beam is
taken care of by the facter f , which is obtained by simulat-
ing randomly as point within the beam of the surwvey for each
of the simulated pulsars, For the purpose of numerical compu-
tations AIR,Lm} is representad by a 20 x 20 two-dimensional
array of cells, the cell size being 1 kpe by 1 semidecade of
luminosity. The mean flux is calculated for the central
value of the luminosity for sach cell. The probability that

a pulsar having a mean luminosity Lp can be detected in the

SUrvey,

) = e? f{s,sm] ds

=

P{Emin’sm

min

is ecaleculated for each luminosity interwval and the area held
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in the appropriate cell is inereased by the above amount. If

a particular simulation fell in a region of sky that ia
covered more than once in the surveys under consideration,then
the probabilitias Pl' PE wdw e Tor detestion dn Brigls 1.2,

«-2ss Yeapectively are caleulated, From thess probabilities

the probahility for detection in at least ane of the trials,
P=l-[1-Pl}{1-PEJ..... is computed. Suech a situation arises
for a part of the Jodrell Bank survey which was surved twice
by that group with offaet beam positions, and also in the
pcase of the whole of the Arecibo survey asinee that survey
rezion was also covered by the Jodrell Bank survey with much
léss smensitivity. In the later.caae, the final valus nf P
and the value of F for the Arecibo search alene deo not

differ appreciably since the s nf the surveyes differ by

min
almost an order of magnitude. The above metMod of calculat-
ing the area function has the advantage that it allows two
surveys of similar sensitivities done over the mame region of
the sky to be combined and treated as a slngle sample. The
combined sample could be larger than the individual samples
by almoat 20 ?ﬂ. as shown in the previous section, and thus

s better atatistical atablility.

Simulation of pulsar positions and the subsequent
caleulations were repeated enough number of times to give a
ntatiotically stable AfR,Lm} funetion, The A{R,Lm]
function 20 obtained was normslised so that it represents the

affective area in kpcz that has been sarveyed.
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Once the corrected luminosity distribution n(Lmj
and the corrected ares function A{H.lm} are available, g
and :{L] ean be obtained by solving (5.2) =hd (5.3)

iteratively. The s0 obtained was the same, within the

"R
gtatistical errors, as that obtained by Taylor and

tlancheater (1977).

We have cﬂmputeﬁ the LF twice - once assuming
1nng-tefm variability of fluxes and again assuming no wvari-
ability. The LFs go derived did not differ, outside the
grror limits, from which we conclude that the variability of
fluxes of pulsars does not affeet the derived LF, This
conclusion is rigidiy valid when the sample used 1o derive
the LF is from a single survey since, as shoyn in Fig.5.2,
the total number of pulsgars that could be féund in s survey
are the same, whether there is a variability of flux or not.
48 this is true.irreaﬁective of the detection limit, the
number of pulsars detected in a single survey in any flux
density range is not affected by the existence of the wvaria-
bility of .pulsar flux deﬁsitina. Alsc, when the over-
lapping surveys have very different detection limits, asg in
the case of the combined Arecit:, Jodrell Bank sample, there
is practically nco affect on the computed LF. Bﬁt, if the
gurveys have gimilar detection limits, then one may over
estimate the total number of pulsars unless proper
procedure, as outlined in this chapter, is followed in

computing the LF.



Chapter 6 i

SUMHMARY AND COMMENTS

In this chapter we summnarise the principal resalta
rom our anzlyeis of three different types of intrinsie inten-
gity wnrintione of pulsars nsg to what they imply nbout the
models of pulseys, the wobhle of neutron stars and the bhirth
rote of pulazys. These intensity varistions pertoin 40 the
drifting subpulses, and the short-term and the long-term

intenszity worintions.

(1) .. The expected dependence of the slope of the
gubpulse bands on the subpulse longitude for the polar ecap
(P.C.) model as developed by Ruderman pnd Sutherland {(1975)
and for the relativistic bezming (R.B.) model as developed
by Zheleznyakov (1971} have been worked out. The results
show that the slops ié a very useful parameter since the
expected dependences differ for the two models. For the F.C.
model the modulus of the slope decrezses as we go from the
ndoas tﬁ the centre of the average pulse shape whereas for
the R.B. model it inerenses as we spproach the mid pulase
region.

We measured the slope for the subpulses of PSR
0031=-07 observed on two different days by analyaing the data
uzing the longitude-resolved Fourier transfarmﬁmathnd
{Backer 1970a). This pulsar has fhree distinetly different
volues for tpe P3 of its drifting subpulses, the predominant

value being P3 ~ 7 pulse periods., uAs the presence of
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different values for P3 may complieate the interpretation

of the observed slope, we verified that the contomination by

modulntions having a vzlus for F other than 7 pulae

3
pPericds 1s indecd negligible by subjecting the data to a
two~dimensionnal correlation snzlysis. The cbserved longitu-
dinal dependance of the slope of subpulse bands ngrees better
with the predictions of the relativistic beaming model thnn
that of the polar ceap model, We zlso show thet the known
saubpulac behaviour of a few other pulaars alsce agrees with
what is expected from the relativistic beaming model. The
predictions of the polar cap model can be made compatible
with the observations only if =2 clear physieal bnsiz is

found for the speeds of the subpulse-producing sparks to

depend on their positicn on the pnlar.cap.

(2) Sarrently awailable models of neutron stars do not
exclude the possibility of the existence of solid central
cores, If solid cores do exist, the neutron stars may
wobble ﬁith perinﬂieities of a few minutes %o roughly an
hour. Wokble, 1f ﬁraaént, would produce variations of
pulsar intensities due %o geometric effects. But the study
of intrinsic intensity wvariations (1IV) with such time seales
hos been difficult due to the prescnce of interstzsllar
seintillations (ISS), which also have similar time secales.
The IIV are expected to be fully correlated acrose the
bandwiﬂfhs that are used in typical uhséévatiuns; but, the
I35 are correlated over only a few kHz to ~ 1 Mz st metre

wavelengths, depending on the dispersion measure of the
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pulsar. As such, the relative strongth of their fluctuating
power depends on the actual boandwidth used. Ye have deve-
leoped o method to gseparnts out the auntocorrelation funetion
(ACP) due to IIV from that due to IS5 by using multichannel
data of ths intensity of pulsars, Thoe method has been
applied successfully to the data from 24 pulsars obserwved
with 12 channel filter henkg available with the Qoty radio

telescope.

The results show that the presence of IIV with
large modulation indices and time scales similar to those
for IS8 18 very cﬂmmcﬂ in pulsars. Both the modulation
indices and the time scales change with time. This supports
the suggestion of Slee =t al. (1974) that IIV may be parfi—
ally responsible for the inconsistent behaviour of the IS8
pattern velocities deduced from multistation observations.
The time szeales for II3, uncontaminated by IIV, have bean
obtained for 11 of the 24 pulsars. We have shown that the
results support the conclusion of Backer (197%) that the
seintillation bandwidth depends linearly on Dl instead of
HH% ag predicted by IS5 theories. Our results suggest that
a significant part of the apread around the inferred rela-
tionship in the diagran presented by Backer may be due to

the presence of IIV,

Significant quagiperiodic modulations were seen
in the IIV of 9 pulsars. Three of them were observed on two

different daye and cne of them, PSR 1919+21 which has a large



120

modulation index for IIV was cbserved on four different days.
The time scales and the modulation indices obtained on
different days for the same pulsar were different from one
another, In particular, P3R 1919+21 had shown different
behaviour even on two consecutive days. Wobble of the
pulsar had been suggested earlier (Wolszezan 1578) as a
possible explanation of the observed guasipericdic varia-
tiong of the ?3 of this pulsar. If the cbserved gquasi-
periodicities in the IIV are alan gttributed to wobble one
would expect residusls of ~ 15 ma in the time of arriwval
and significant variations in the pulse shape. Although,
theae ecaleoulations are very crnde, a8 we assumed a eircular
gaussian for the shape of the emission beam, still measur-
able periodic residuals should have been present in the
data. But we have not found any sighiflicant residuals
which depend systematically on the phase of the suspected
wobble period, of a magnitude greater than a fraction of a
millisecond., Based on the absence of significant selsmic
activity in FSHs 030C1+19, 1237+25 and 1915+21 as indicated
by the absence of sighificant residuals in their times of
arrival data (Gullahern and Rankin 1978}, we conclude that
wobble is a very unlikely explanation for the quasiperiodi-
clties in the IIV. One has to examine the possibility of
variations in the emission mechanism itself for an explana-

tion of the observed gquasiperiodicities.

{31 We have shown that the probability distribution of

long=term intensity fluctuations derived from the data of
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Huguenin, Taylor and Helfand (1973) can be described by

s2=digtributions. %e have shown also that the A?-distribu-
tions are logically to be expected because of the ccherent

nature of the radiation from pulsars.

Using these distributions we have ghown that
gizable number of new pulsars could be detected on repeatedly
searchinge a piven region of the sky with the same sensitivity.
Tor example, on the first repeat search one ean deteet 20 ?ﬂ
more new pulsars compared to the first search, Flots of the
eumulative number of new pulsars deteotzble as a funetion of
the number of the search are presented,.,” In the above ecalcu-
lations we have assumed that the number of pulsars above a
flux lewvel 8y is proportional to lfam. It ghould be noted
that this assumption ignores ahy dependence of the number

density of pulsars on the galactocentric distance.

Luminosity funetion (LF) is a very important
proeperty of pulsars since it is required for calculating the
bBirth rate of pulsars. Observationally derived birth rates
were used by several investigators to check whether all
palsars are born in supernova events or not. But there are
several effects which make the ralculated LF inaccurate. Ibpg
term infensity variations were suspected to be one of the
important effecrs (Manchester 1979). To examins this, we
adopted a2 probabilistic approach to the detectability of a
pulsar while determining the selection effects of pulsar
searches. The derived %?-distributions were used in calcu-

latine the probability of detection. B¥ applying this
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procedure to the combined sample of the Jodrell Bank and the
Arecibo searches whose selection effects are well documented,
we have shown that the ealculated L7 is unaffected by the
vresence of intensity fluctuations,  However, the two searches
had detectien limits which differ by an order of magnitude,
Bat, when different surveys over the same region of the sky
with similar detection limite are combined to derive the 1IF
and henece the hirth rates, the latter ecounld be overestimated
by more than ED‘%J, unless the probabilistic approach outlined

in the thegis is adopted in ealeulating the LF.

() To summarise, we have made an attempt to use
intensity variations of pulsars to investigate about the
models of pulgars and neatron stars. Our results show that as
far aa drifting subpalses are concerned the relativistic
beaming model is to be preferred over the polar cdp model.:
Quasiperiodic IIV with large modulation indices have baen
chserved in several pulsars. But, they could not be
angeribed to the wobble of neutron stars, since other evidence
to suppert the hypothesis is lacking. Observations of more
pulsars with better time resolution and good signal=-to=noise
ratio are likely to clarify whether low amplitude wobbles

exist in neutron stsrs or not.
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