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Summary of Thesis.

The Molonglo radioc telescope played an important role in
the early days of pulsar astronomy, being used to discover
over 30 pulsars. This thesis describes nearly all facets
of pulsar work at the observatory with which the author was
involved.

The first chapter is a brief review of pulsar astronomy
highlighting important features of pulsaré and the present
understanding of their nature.

Many differeant types of pulsar observations were carried
out at Molonglo and these are discussed in Chapter 2.

Specific details of the pulsar searches made using the
telescope are given in Chapter 3, attention being focussed
.on the search sensitivities and their degree of completenesé.

A new method of determining pulsar declinations was
designed and developed by the author and used to measure
precise declinations for many southern (and a few northern) ‘
pulsars. The technique is described in Chapter 4, giving
details of the equipment and computing methods used. The
declination measurements are listed and discussed in Chapter 5.

Chapter 6 gives the resultis of period measurements of
pulsars which also arise from the technique described in
Chapter 4. Also the results of some pulsar flux density
measurements from the same technique are given.

In Chapter 7 the question of pulsar-supernova associations
is raised, particularly the association suggested by some
position measurements made by the author on a pulsar near a

supernova remnant.



In a similar way Chapter 8 reviews the present situation
regarding the association of pulsars with optical objects,
especially the search for optical pulsations associated
with radio pulsars. As a preliminary step the optical
fields of some southern pulsars, whose declinations have
been measured precisely, are illustrated.

The final chapter of the thesis contains an analysis of
pulsar distributions in luminosity, period and height above
the galactic plane, Implications are drawn from the results
of this analysis which are relevant both to theoretical

consideration of pulsars and to future pulsar surveys.
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Preface.

This thesis is based on work carried out in the
Astrophysics Department of the School of Physics in the
University of Sydney. The thesis covers much of the pulsar
work carried out by the School, since the author has been
involved in almost every aspect of this work from its
inception in early 1968.

A large proportion of the work was done in conjunction
with other people as follows:

a) during 1968, early pulsar searches were carried out by

Dr., A. J. Turtle and the author (leading to the discovery of
two pulsars).

b) during the same period the author was engaged in the design
and construction of the East-West Multibeaming unit under the
supervision of Dr. M. I. Large.

¢) later pulsar searches (Oct. 1968 - early 1970) were carried
out together with and under the direction of Dr. Large (and
occasionally Dr. R. Wielebinski) (27 pulsars).

From that time the author was engaged in research of his own
choosing and design aimed at making accurate and precise
measurements of the positions, periocds and flux densities of
pulsars. As a result of this, some collaborative work was
undertaken with Dr. M. J. Disney of Mt. Stromlo Observatory
on the optical fields of some Southern pulsars. Data obtained
from the measurements was combined with the results of the
pulsar searches to continue the analysis of pulsar distribution
functions in lumirosity, period and z-distance begun by

Dr., Large, taking into account any cbrrelations which might
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exist within the data.

The thesis reviews some important aspects of pulsar
astronomy in Chapter 1, while the specific work carried out
at the Molonglo Radio telescope is detailed in Chapter 2.

The pulsar searches carried out at Molonglo are discussed

in Chapter 3. Chapters 4, 5 and 6 describe the techniques
and the results of the precise measurements of position,
period and flux density for pulsars. Chapter 7 reviews

some suggested pulsar-supernova remnant associations with
particular reference to a proposed association arising from
the position measurements at Molonglo. Optical observations
of the fields of radio pulsars are discussed in Chapter 8§,
with particular mention of the field of the Vela pulsar,
studied by the author in collaboration with Dr. W. B. McAdam,
The analysis of pulsar distribution functions is contained
in Chapter 9 together with some discussion of the implications

of the results.
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Chapter 1

PULSAR ASTRONOMY.




1.1 Introduction.

All branches of science progress by a series of steps as
important breakthroughs or discoveries are made, each step
being followed by a period of time during which the discovery
is investigated, extended and either understood, or at least
modelled, for ease of description., A phenomenon of our times
is the increasing frequency of the steps and the subsequent
flurry of activity as new techniques and ideas are tested, a
new field of speclalization being founded in the process,

Astronomy is no exception to this. For a long time,
“astronomy" implied optical astronomy, then radio astronomy
arrived, followed by infra-red, x-ray and Yy -ray astronomy.
Within radio astronomy the highlights so far have been thse
detection of galactic emission, radio sources, quasars and
pulsars,

It is the last of these which form the basis of this thesis.
This chapter aims at providing a brief outline of the main
characteristics of pulsars and an indication of current

speculation as to their nature,

1.2 Initial Discovery.

In the course of an investigation of interplanstary
scintillation of radioc sources being carried out by researchers
at the Mullard Radio Astronomy Observatory in Britain, signals
similar to interference but of non-terrestrial origin were
detected(1). Absence of any parallax ruled out space probes
as the sources of the signals and it was soon clear that the
signals were of natural origin. They had remained undetected

until this time because most radio astronomers had used long

ro



post-detector time constants in theilr receivers to increase
the signal to noise ratio for continuous radio sources,
effectively integrating out any pulsed signals.

The features of pulsars which were immediately obvious
were the stable pulsar period, the variability of the pulse
amplitudes, and the frequency dispersion of the pulses due to

passage through the ionized interstellar medium.

1.3 Further Discoveries.

After the initial discoverles were announced(1’2)there was
little progress for about six months as various observatories
around the world commenced pulsar searches, During this period
there was much theoretical speculation, but since it was based
on little data no detailed discussion was posgible, It was at
this time that a model was suggested which, in general terms,
still stands as that which best fits the data. That is, that
a pulsar is a rotating neutron star(B).

At this point new pulsars began to be announced at the rate
of about five per month until over thirty had been discovered,
(4=22) the majority of them at Molonglo. In particular, the
Molonglo discoveries clearly indicated that pulsars were
galactic objects since they were clustered along the galactic
plane, During this period also the rotating neutron star
model came to be widely accepted and attempts began to refine
the model to account for the details of the observed emission
from the pulsars. This was given further impetus by the
discovery of the optical pulsar in the Crab Nebula(BB).

Since then pulsars have been discovered at irregular

intervals until the present when the total stands at about



115(24"39). The distribution of discoveries among various

observatories is given in Table 1.1, and illustrated in

Figure 1.1 is the discovery rate.

Table 1.1

Qbservatory Number discovered
Jodrell Bank L0
Molonglo 31
Arecibo 15
Parkes 9
Greenbank 7
Cambridge 6
Bologna 5
Puschino 1
Qoty 1

The searches at Molonglo (see Ch, 3), Cambridge(a) and
Bologna(ho) were carried out by searching for individual pulses
on analogue records, while most of the others used pulse
integration techniques. As a result most of the pulsars
initially found were discovered at the above observatories,
since pulse integration technigues were not very successful on
erratic pulsars, while analogue records were sensitive to
occasional large pulses. However, after most of the strong
pulsars had been found, pulse integration searches using on-line
computers became more important as sensitivity limits were
extended, particularly when some searches were carried out at
frequencies higher than 408MHz, where pulsars tend to be less

erratic,



Figure 1,1 A diagram illustrating the rates at

which pulsars were discovered over the period
1968 to 1974, Most of the early discoveries
were from analogue chart records. Recent
increases have come from searches using on=l1ine

computers and pulse integration techniques.
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1.4 Observed Properties of Pulsars.

The observed properties of pulsars can be divided into two
classes:
a) those arising at the pulsar itself, revealing something of
the nature of the pulsar eg. periodicities, pulse widths and
shapes, polarization and spectra,
b) those caused by the passage of the pulses through the ionised
interstellar medium, These properties carry information about
the matter lying between the observer and the pulsar. Examples

are dispersion measure, rotation measure and scintillation.

1.4.,1 Periodicities.

Several different periodic phenomena have been observed in

pulsar signals., The principal period, P], is that property which

sets pulsars apart from other known radio sOurces(]). P1

ranges from ~ 0,033 seconds to ~ 3.7 seconds and is illustrated
in the records shown in Figure 3.4. Most pulsars show a
(41)’

secular increase in P1 of about 10_15 p P] sec per sec

though for the two pulsars with low values of PT (Crab pulsar

and Vela pulsar) the increase is about 10'13 X P1sec per sec(41).
For these two pulsars discontinuous changes in P1 have also
been observed(qa’AB’qq), these "glitches'" possibly arising
from mechanical alterations of the pulsar surface.
Four other periodicities have been observed for some

pulsars as follows:

P2 -~ the separation of drifting subpulses(qs).

Generally P2 wp
P3 -~ the time taken for the sub-pulse phase to drift by P2



relative to the phase of P1. P3 lies in the range
2 to 20 sec(q6) and may correspond to short term
pulse amplitude variations as pulses of similar
structure recur. However P, is not as stable as

(47,48)

this phenomenon s0 the question 1s still open.
Pl+ -= this c¢an be expressed as a function of P1, P2 and P3
and is the time taken for the sub-pulse phase to
drift by P1 relative to the phase of P1. It may
explain longer term variation of pulse intensity
(~2 to 6 minutes)(47) but its relevance is not
certain(48).
5 == the time over which the drift rate of the sub-pulses
with respect to the phase of P? varies(49). This
is possibly related to various sub-pulse modes
which have been observed(so).
The interest in these pericdicities derives from the belief
that they may be fundamentally related to the emission

mechanisms of pulsars.

1e4442 Pulse Shapes.

For a given pulsar, the integrated pulse profile is

constant(51), except in a few cases(52)

, and can be thought of
as a pulsar signature. In fact it has been suggested(SB’sq)
that the integrated profile may be used to classify pulsars.
The integrated pulse profile is open to several
interpretations(55). It may represent the probability
distribution function for the occurrence of individual pulses
at given longitudes within the pulse window, individual pulses

being in general simple gaussian shapeds. For pulsars with



drifting sub-pulses the integrated profile may represent the
relative strengths of the sub-pulses as they occur at
different positions within the pulse window,.

The integrated profile generally occupies less than 20° of
pulsar longitude (3600 = Pi)’ and is only weakly dependent
on radio frequency, variations s ¥ 022 naving been
reported(56). This has suggested to some that the radiation
is due to relativistic beaming of electrons rather than
something analogous to a simple aeria1(57)@*}/"1).

Observed integrated pulse profiles can be classified as
follows:(55)
~=- single pulse (+ precursor pulses, interpulses, outriders)

-~ double pulse

-~ triple and more complex

Telte s Pulge Height Variations,

Pulsars are known to vary in intensity on timescales
ranging from less than a millisecond(58) (still unresolved
down to 10 microseconds(60)) up to several months(59). Those
variations attributable to the pulsar itself are as follows:

(58)

a) Microstructure

This is a wideband phenomenon, though there is sharp
(60)

structure in its spectrum It requires precise
de~dispersing of the signal for it to be observed and is
accompanied by fast changes of polarization, suggesting its
origin at the pulsar.

b) Periodic Phenomenon with T~2 - 10 pulsar periods.

For some pulsars this is explicable in terms of drifting

sub—pulses(45) though this is not clear in all cases,



¢} Pulss Nulling =- Type_}1f61)

Similar to the above except that P2 is longer than the
integrated pulse profile so that several pulses are absent
- every 10 pulses or so. A broadband phenomenon.

d) Pulse Nulling -- Type I£61)(1:"1 - 10 minutes).

Led to the introduction of Ph(g?) and is semi-periodic,
That it is not due to the medium has not yet been clearly

established,
(62,63) (¢

e) Very Long Term Variations ~ geveral months)

These variations are correlated over a large frequency
range and in some cases are as large as several orders of
magnitude.

f) Large Pulses from the Crab Pulsar

It has been observed that about 1 in 104pulses from the
Crab pulsar is about 1000 times stronger than the average

(64,65)

pulse

lTeltol4 Polarization.

Polarization studies are l1likely to give valuable

information about the emission mechanisms of pulsars,

(66)

Comprehensive studies have been made and the results are
complex, Early studies showed that the linear polarization
angle is variable through the pulse on a short timescale(6?),

(68)

being continuous and repeatable from pulse to pulse, with

occasional 900 changes of position angle at a given longitude
in the pulse(69). Circular polarization has also been
observed(58) often at a high level(70), though with a variable
handiness, to that the integrated value is low(?1). It has

been found that polarization features are attached to the



sub=pulses where they drift--suggesting that they may
(69)

represent the basic emission » Polarization features-
have been observed throughout the radio spectrum, at

(72), and in the optical region(73)

microwave frequencies
for the Crab pulsar, such studies showing that, aftér
correction for Faraday rotation in the interstellar medium
and the ionosphere, the features are correlated over the

(74) (75)

whole spectrum give information about

This may
the position of the magnetic pole of the pulsar and the

disposition of fields around the pulsar.,

TelieD Spectra.
1e4e5.,1 Mean Spectra,

Because of the long timescales on which pulsars are known
to vary, it is difficult to specify a mean flux density at
one particular frequency, let alone specify a spectrum over
a wide range of frequencies. Spectra that have been obtained,
however, show a peak in the emission at about 100-500MHz with

a sharp low frequency cut-off and a steep power law spectrum,

S b”ﬁ & varying from -1 to <4, above these frequencies£76’7?)

At higher frequencies some different emission mechanism
evidently becomes important since for the Crab pulsar the
infra-red, optical and x~ray spectra are related(78’?9’80’81)
while differing from the radio spectrum.

le4e5.2 Dynamic Spectrae
(82)

Early observations showed that pulsars had fine
structure in their spectra and it was found(83) that this was
related to amplitude variations, due to scintillation by the

interstellar medium, which had timescales considerably longer

i1



than the pulsar period. By defining, and measuring,
characteristic bandwidths which reduced the fluctuation
index of pulsars by 50% compared to a narrow bandwidth
receiver, it was found that the characteristic bandwidth
varied as (dm)-a, leading to the conclusion that the
scintillation was caused by scattering along the whole path
from the pulsar, rather than at localized points along the
path. The dynamic nature of the spectral features is seen in
that they persist only for times of the order of 10 - 100
minutes, the timescale for the features increasing with
observing frequency. At LO8MHz the features are typically
0.1 - 20MHz wide.

lelte 6 Dispersion Measure,.

The delay at lower fregquencies compared to the pulse
arrival times at high frequencies was noticed as soon as

4

pulsars were discovere « An expression and explanation
for the effect is given in Appendix 6B. Because of finite
receiver bandwidths used in pulsar searches, it was found

that many searches suffered a loss in sensitivity due to

dispersion broadening(86). This is described in Appendix 3A,

lelte? Scintillation Broadening.

When some very highly dispersed pulsars were discovered
(31,36,37) it was found that pulses which travel through a.
large amount of interstellar medium _ are
broadened by interstellar scattering (scintillation). The
broadening occurs because of different travel times for
different ray paths at the same frequency through the

scattering medium., It has been shown(87) that the exact

12
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shape of the function convolving with the original pulse
will depend on the geometrical conditions of the scattering
(ie, thin screen, or extended medium). Examples of both

4(88,89)

these cases have been foun

1.5 Pulgsar Positions.

Pulsar positions have been measured by two fundamentally
different methods. As with other radio sources, interferometric
measurements(]’9o’91) have been made giving positions to
about * 3 arc sec. Among these are the results given in
Chapter 5 of this thesis. The alternate method is the
measurement of the ecliptic coordinates of a pulsar by
recording the phase and amplitude of the annual variation of
pulse arrival times as the earth moves around the sun(ga).
The phase of the variation gives the ecliptic longitude of
the pulsar while its amplitude gives the ecliptic latitude,
Positions obtained by this method(93’94) are at least an
order of magnitude more precise than the interferometric
positions., However both methods give results consistent
with each other, except for PSRO83%3-45, where there is some

discrepancy. See Chapter 8 for a discussion of this,

1.6 Associations With Other Objects.

A fuller discussion of this is given in Chapter 7. The
situation at the moment is that there is one certain
association, the Crab pulsar with the Crab Nebula, and several
other posgible associations, This question is of interest

for models dsscribing the possible history of pulsars,
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1.7 A Summary of Theoretical Models for Pulsars.

This section will only follow the main lines of thought
concerning the nature of pulsars. Many other subsidiary
ideas have been discussed, but have lapsed as the body of
data increased.

It was clear at the outset(i)that pulsars must be very
dense objects. The lack of optical identifications ruled
out white dwarfs(gs)and this was confirmed when the Vela
and Crab pulsars were found, their periods being too short
to be due to vibrations of a white dwarf star model. The
idea of a rotating neutron star(B)soon came to be widely
accepted as the basic starting point for describing a pulsar,
It was shown(96)that a rotating neutron should possess a
dense co-rotating magnetosphere, the outer layers of which
would be moving at velocities near the speed of light.

The question of how pulses were emitted, led to several
different models at this point.

(97)

One view was that the emission came from electrons
spiralling along curved field lines at the velocity of light
cylinder. Observed polarization characteristics provide
some problems for this model, particularly the occasional
fast position angle changes(69).

Further observations led to the suggestion(68)that an
obligque rotator model may be more successful, with the
characteristics of the radiation being governed by the
geometric configuration of the rotation and magnetic axes

and the line of sight. This model was developed further(98’75)

with the.actual emission mechanism(99,100)arising from y-rays
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annihilating to form e —-- e’ pairs giving a two stiream
instability leading to charge bunching and coherent radio
emission.

A third important emission mechanism suggested is that
of relativistic beaming from a bunch of charged particles
within or near the velocity of light cylinder(101’55’102).
While this model accounts for the frequency independent
pulse widths that are observed and gives reasonable results
for the polarization characteristics, it suffers from the
problem of how to contain dense bunches of energetic
electrons for long periods of time (as suggested by pulsar
sub-pulse structure memory).

In short it can be said that no model satisfactorily

explains all the observed properties of pulsars and further

observations and calculations are obviously required,
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Chapter 2

PULSAR OBSERVATIONS

AT
MOLONGLO .

=



2«1 Introduction.

This chapter describes the various types of pulsar
observations carried cut at Molonglo in which the author had
some part. A detailed description of some specific

measurements made by the author is given in Chapters L4, 5, 6.

2.2 The Telescope.

(1)

The Molonglo Radio Telescope is a Cross-type instrument.
Bach arm of the cross is approximately 1.6Km long, the
East-West arm being 12.8m wide and the North-South arm 11.6m
wide., The East-West arm, consisting of two separate 0.,8Km
aerials, is mechanically steerable in declination from about
= +T9° to the South Pole. The North-South arm is steered
in declination by the introduction of phase gradients along
the arms(a), s0 that it covers the same declination range as
the East-West arm, though it can in fact be steered to & = +30°
‘with considerable loss of efficiency. The telescope cannct
be sfeered in hour angle as it is a transit instrument.

Over the period covered by this thesis, the telescope has
operated at a basic frequency of 4O8MHz, with a wmaximum
available bandwidth of 4MHz on the East-Viest arm and 2.5MHz
on the North-Scuth arm.

Table 2.1 gives the sensitivities and beam dimensions for
various modes of operation of the telescope and the purpose
for which each mode was used, A simplified block diagram of
the system is given in Figure Z2.1.

The North~South aerial has been phased to produce 11 beams
separated in declination by 1.4 sec (z) arc min while the

HDast-West aerial has been phased to produce 3 beams separated



Firure 2.1 block diagram of the overall system.

at the Molonglo Radio Telescope, illustrating

the various beams available., Since the pulsar
searches began, further multipliers have been
added, making it possible to form 35 pencil beans

(11 early, 11 centre, 11 late) for observations

on ordinary radio sources.
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Table 21
Systen Relative Beam Purpose
Sensitivity Dimensions*
E-W fan 1 4° N-8 Search;measurement
beams '
1-5 E-‘” Of P’d. 3 dm.
E arm 0.5 4°N-S Approx.measurement
1]
W arm 3 E-W of &
[ ]
N-S fan Q.2 1.5 sec(z)N=S Accurate measurement
beans 0
4 E-W of &, P
t
Cross Pencil 2.8 sec(z)N=-S Accurate measurement
1
Beams 0.4 2.8 B-W ofk, 8.

¥ 7 is zenith
angle

by 1.4 arc min in hour angle. This means that the telescope
can be operated with up to 11 simultaneous North-South total
power beams, 3 simultaneous East-iWest total power beams, and 33
simultaneous cross pencil beams.

Calibration for the aerial gain is obtained by injecting
the nolse signal from a saturated diode into the centre module

of the Horth=-South, and East-~iiest, arms.

2.3 Pulsar Searches at Molonglo.

2.3.1 Initial Aerial Configsurations.

Several weeks after the discovery of pulsars was announcedg5)
observations of pulsars were commenced at Molonglo, and
search vrogrammes were initiated. Construction of the

Rast~iest Multibeauing system was only just being started,:
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so only one bean from the full BEast«West arm was available,
while the North-South arm, being much less sensitive, was
less suitable for pulsar work at the time.

The following factors were considered in deciding how to
use the East-West arm for pulsar searching:

a) the high sensitivity of the full East-West arm and the
low flux density of the known pulsars,

b) the narrow beamwidth of the full East-West arm and the
erratic nature of the known pulsars,

¢) the difficulty in discriminating between interference and
variable amplitude pulses from a pulsar.

The options available for pulsar searching are given in
Table 2,2, together with inherent advantages and disadvantages
0f each system. The multibeamed system is included for
completeness, though it was not initially available,

The failure of the system using the sumnmation after
detection of signals from N small sections of the aerial can
be attributed to the loss in sensitivity, since N was
sometimes equal to 5 but more often equal to 11. In the latter
case the sensitivity to single pulses was about 5.2db (=JTT)
below the sensitivity for the full East-West arm.

The pulsars discovered using the separate Bast and West
arnms set 2° apart in declination were quite strong(Q), thus
overceoming the 3db loss in sensitivity of this system compared
to the full East~West arm, Using this system, approximate
declinations could be obtained (see later 2.4.1) assisting

in later position measurcements,



System

Advantages

Disadvantages

Pulsars Discovered

Full E W arm
single bean

High sensitivity

Narrocw beam=~pulsars
erratic

No discrinmnination
between pulsarse and
interference

None — not used.

Addition of
detected signals
from small
sections of
aerial.

Wide beam (XN)
Thorough cover of
sky (~1 minute at
each point of sky).
Good for erratic
pulsars

Sensitivily reduced
VIl where N = No. of
snall sections.

No aiscrimination
between pulsars and
interference.

None ~ though used
extensively.

Separate E ang
W arms, set 2
apart in
declination

Beam 2x width of full

aerial beam.
Large coverage,
Initial value for .

Partial discrimination
against interference.

Sensitivity reduced

by 0.5 for individual

pulses,

PSR1749-28
PSR2045-16

tharly!' and
tlate!' EW beams
Multibeamed
system.

High sensitivity

Two independent
observations-helpful
for erratic pulsars,
Good discrimination
against interference

None-for pulsars of
moderate period and
dispersion measure

PSRO031-07,MP0254
PSROLB0-18, PSROG28-28,
PSRO756~40,P5R0816-13,
P3R083%-45,PSRO835-41,
1PO94L0, MPO959, PSR1055-52,
HMP1359, PaR1426-66,
PSR1LLG-6L, PSRIL51-068,
P5R1530-53,PSR1556-4i,
MP1604, PSR1642-03% ,1P1700,
PSR1706-16, PSR1727-47,
PSR17L7-46,P5R1813-04,
P5R1857-26,P5R1911-0L,
PSR1929+10, PSR194L+17,
*PSR1642-0% was announced
in ref.{20). 1t was found
independently during the
Molonglo searches. O
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2e5ecs The Hultibeamed East-West Configuration.

During 1948 a Multibeauming system was added to the
East-Wiest arm., Signals from each of the 22 bays of the
East~-West aerial were combined into pairs (adjoining bays)
and the 11 signals were then combined in such a way as to
produce 3 different phase gradients along the aerial, The
bphase gradients were produced using different lengths of
cable,

The centre heam of the three was equivalent to the normal
beam of the East-West arm, the other two being separated from
it by 1.4 arc min in hour angle.

The two outside beams, called ''early' and "late" beams,
were essentially independent of each other (ie, no overlap
in hour angle) when used as total power beams. They were
used in the main pulsar search carried out at the Molonglo
Observatory from October 1968 till 19?2.(5"13)

The advantages of searching with the early and late beams
are given in Table 2.2, Discrimination against interference
was provided by the delay in hour angle between the two beams
as they swept across the sky. Celestial objects appeared
with a known time delay between the two beams, while
interference occurred simultaneously.

The search using this aerial configuration led to the
discovery of 28 pulsars, listed in Table 3.2. A detailed

discussion of this search is to be found in Chapter 3,

2e¢3.3 The Search in the Galactic Planee.

Early Molonglo discoveries demonstrated conclusively that

pulsars were galactic objects, since'they were clustered near



(6)

the galactic plane » It was exnected that more pulsars
would be found close to the galactic plane(g), but that
they would probably have high dispersion measures because
of high electron densities in the ianterstellar medium and
because they might be at large distances compared to local
rulsars. Since dispersicn measure impcsed limits on the
sensitivity of the M"early-late' heam search, it was clear
that the sensitivity for high dispersion measure pulsars
could be increased by a system which Y"de-dispersed” the
pulsar signal.

The effects of dispersion measure and receiver bandwidth
on the detectibility of pulsars is discussed in Appendix 3A.
The main effect, however, is pulse broadening as the dispersed
pulse passes through the aerial bandwidth. A de-dispersing
system would need to sweep the receiving frequency at a rate
equal to the frequency sweep rate of the dispersed pulse, A
technique, however, which is almost equivalent, is to split
the aerial band into norrow bandwidth channels and sum the
detected outputs of the narrow bands after graded delays have
been applied to them. The two methods are strictly equivalent
in sensitivity improvement when the dispersion is such that
the instantanecus bandwidth of the pulsar Wp)) is greater than
the bandwidth of the narrow bands (Wp is the actual pulse
width of the pulsar and V¥ is the frequency sweep rate due to
dispersion). (See Appendix 34).

In the first "dispersion remover? built(g), the 4liHz
bandwidth was split into two 2MHz bands separated by 2HHz,

the detected signals from each band being added after a delay

32



55

of 45 m sec had been introduced into the signal from the
band of higher received frequency. Depending cn the pulse
width of the pulsar the sensitivity to pulsars with

3pc was dincreased by up to VER

dispersion measure 200 cm
In the second case the 4MHZ band was split into twenty

200KHz bands separated by 200KHz, the detected signals from
each band being progressively delayed before being added.

The dispersion measure of maximum sensitivity could be varied

but was usually set at LOO em™>

pces The increase in sensitivity
was up to V20,

The search system consisted of the two dispersiocn removers
operating in parallel with a normal beam of the East-ijest
arm 1), The two highly dispersed pulsars PSR1154-62 and
PSR1240-«64 were discovered during this search.

This technigue for pulsar searciaing was used at Molonglo
in 1969. Recently (1973), by de-dispersing the output from
the 64M dish in a computer using a two-dimensional Fourier
analysis, observers at Parkes have discovered more pulsars
near the galactic plane(15’16).

A more detailed account of the galactic searches at

Molonglo is given in Chapter 3.

2oy Measurenment of Pulsar Parametlters,

2eliel Position.

2elts1+1 Right Ascensions

The right ascensions of pulsars were generally measured
from transits through the total power fan beams of the
Bast-ilest arm. In most cases the right ascensions were

obtained by fitting the pulses to the beamshape, effects of
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pulse height variations being averaged out by repeated
observationse o~ 1318)

For a few pulsars, the pulses during several transits
were strong enough to be seen in both the early and centre,
or centre and late beams of the East-liest arm vhere these
beams overlapped. The right ascension could be measured by
taking ratios of bulse heights on the overlapping beams.

A conputer programme was written which effectively
applied both these methods to a transit of a pulsar through

the early, centre and late beams using an iterative process.

The results are listed in Table 5,1 in Chapter 5,

2."—}. 1.2 DeClinatiOl’l.

Since the width in declination of the Bast-iest fan beams
is 40, the initial precision with which the declination of
pulsars discovered at Molonglo could be specified was = 2°,
Using the split East-~West configuration, with the East and
Wlest arms separated by 2% in declination, the precision could
be increased to about 095 if a relatively strong pulse happened
to occur during the transit, and to 092 for some strong pulsars.

More preclse declinations could only be achieved using the
fan beams of the North-South arm,

The procedure adopted initially was to search for individual
pulses in the outputs of five adjacent fan beams using an
ultraviolet recorder, The declinaticon of the North-South arm
was stepped in increments of 7 arc min at intervals of
approximately 30 seconds. If pulses were detected on one of
the outputs during the long fan beam transit the precision in

declination for the pulsar increased to about 1 arc min.
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This was a tedious technique, particularly if the initial
precision was low, since many beams had to be searched, often
requiring many transits of the pulsar. The method also
suffered because of the lower sensitivity of the North-South
arm to individual pulses compared with the full East-ilest arm,
even after low noise LO8HHz preamplifiers were installed.
Figure 2.2 shows the sensitivity of the North-South arm, as
a function of declination, compared to the East-liest arm.

The curve includes a cos (z) term (i:zenith angle) due to
aerial foreshortening, and an osciilatory term due to the
back radiation patterns of the dipoles.

For some pulsars an initial declination measurement from
ancther observatory narrowed the search in declination
(particularly from the Parkes Radiotelescope in the case of

(18)).

several Southern pulsars However, for many pulsars the
precigion in the periods was not sufficient for the standard
pulse integration techniques (superposed epoch) used by other
observatories, and other methods had to be used,

A system for measuring pulsar declinations to high precision
(~ 5 arc sec) without a very precise knowledge of the pulsar
period, and which was also matched to the data handling systenm

at Molonglo, was developed and is described fully in Chapter L.

The method is called Beat Period Integration (BPIL).

2elta2 Measurement of Parameters other than Position.

24241 Period.
Pulsar periods were initially measured at Molonglo from
the separation between pulses on a paper cihart record of an

Dast-West fan beam transit. The precision obtained was about



Figure 2.2 The sensitivity of the North-South

Fan beams to individual pulses, compared to the
East-West Fan beams, as a function of declination.
The precise value for the sensitivity of the
East-West Fan beams is indicated only approximately

by the dotted line.
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195, depending on the number of pulses visible,

By recording the pulses on a fast recorder, togetner with
a 50Hz reference signal, the precision could be increased to
about 0,1 ~ 0.5, the improvement being mainly due to the
better resolution of the pulse shapes.

Strong pulsars vnose declinations were known precisely
enough could often be observed as individual pulses on a fan
beam of the North-South arm. Chart measurewments of these
transits gave periods precise to 0.01j%, the improvement being
due to the lons transit time.

More precise periods were obtailned, even for weak pulsars,

by BPI as described in Chapter 4.

2el}e2.2.Disversion Measure,

By measuring the time of arrival of a pulsar pulse at
different cbserving frequencies the dispersion usually
attributed to the interstellar medium can be measured, At
Molongio the range of frequencies for measuring dispersion
measure is limited to 406 - 410MHz, By splitting this band
into two Z2MHz bands centred on 407z and 4O9MHz, approximate
values for dispersion measure were obtained from the
difference between arrival times of individual pulses in the
two bands,

Since the difference in arrival times was generally less
than 50 msec the precision of this measurement was low, Later
neasurenents at other observatories revealed large errors in
values of dispersion measure obtained at Molonglo, probably
caused by the complex dynamic spectra of individual pulses

due to scintillation, as well as the narrowness of the
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observing bandwidth,

2.lie243 Pulse iidth,

Recordings of dndividual pulses were averaged to
determine values of pulse widths. Large uncertainties were
present in the measurements due to poor resolution, poor
signal to noise, uncertainties in dispersidn measure, effects
due to the dynamic spectra of pulses, and scintillation
broadening. Alsc since the telescope is linearly polarized,

errors arose due to the variable polarization within the pulses.

2elte2. Flux Densities or YTypical Pulse linergies!,

Because of the erratic nature of pulsars, and the great
variability of pulse amplitudes, it isldifficult to specify
pulsar flux densities. Integration times over 20 minutes in
length overcoue most scintillation effects for most pulsars(19),
though for many pulsars there appear to be intrinsic luminosity
changes on a time scale much longer than 20 minutes.,

For most pulsars observed at lolonglo the best that could
be done was to assign an energy to "typical strong pulses!
cbserved whenever the pulsar was visible during an East~ilest
arm fan beam transit. An approximate calibration was obtained
from a switched attenuator in signal path.

The pulse energy so derived was rounded and put into one of
the following categories: 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0,

2gz~1. More accurate specification could not be

2.0 x 10"%0gy"

justified.
Later measurecments using BPI cbtained values for pulsar

flux densities averaged over atout 20 minutes, The results are

discussed in Chapter 6.
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Chapter 3

THE MOLONGLO PULSAR SEARCHES.

L2



3.1 Introduction.

The methods of pulsar scarching used at Molonglo have been
described in Chapter 2. The purpose of this chapter is to
- exainine in detaill the extent and sensitivity of the searches
and to discuss the results of the searcnes. Later searches
carried out from other observatories are used to demonstrate
the degree of completeness of the Holonglo searches within

certain defined limits.,

Ze.2 Multibeamed East-West Searche.

3.2+1 The Search Area.

The extent of the search carried out using the early and
late beams of the East-iiest arm is illustrated in Fig. 3.1

and summarized in Table 3.1,

Table 3.1
Total Observable Area 8.7 steradians
Area *Observed more than once 68%
Area *QObserved only once 22%
Area not *QObserved 10%

¥A point was regarded as observed if it lay within +2°
in declination of the declination setting of the

Bast-VWiest beams during a search.

It should be noted that 584 of those parts of the sky not
observed at all lie North of &= +12° and South of b= ~600,
ie, in an area coanstituting 20/ of the total observable sky.
Thig reflects the fact that the search tended to be more

intense near the pgalactic plane, as well as the time-consuming



Figure 3.1 A map showing the extent of the search

using the multibeamed East~West arm of the Molonglo

Radio Telescope. Areas observed once are designated

by S “Ff , while areas observed more than once
by [::::]. The area north of 8 = + 21° was not
searched since it lies outside the range of observable
sky. The galactic plane and the +10° parallels of

galactic latitude are also shown,

Iy
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nature of gearches using a transit instrument at declinations
further South than about -700. The distribution of areas only
covered conce in the search also reveals a greater search

intensity near the galactic plane.

34242 Search Sensitivity.

A zraph showing the sensitivity of the multibeamed East-VWest
search is given in Fig, 3.2. The curves, giving search
sensitivity as a function of period and dispersion measure,

(1)’

were determined empirically and represent the mean pulsar
fluvx density, at a given period and dispersion measure, for a
50/ detection probability by an experienced observer for a
train of pulses plus noise, recorded on a paper chart racorder.
The quantity’So is. the flux density equivalent to the total

26 Wm"a -1

6

system noise, and is about 75 x 10~ Hz ~ at high

=1 on the

galactic latitudes and about 100 x 1070 wWn™2 Hgz
galactic plane. 7The reascns for the rapid fall off in
sensitivity for short periods and high dispersion measures are
described in Appendix 3A.

The only factor not taken into account in these curves, but
present in the search, is the delay between pulses on the early
beam and pulses on the late beam., This additional factor,
which was certainly an aid to detection, is essentially

indeterminate, and s0 has been ignored.

Be2e3 Examination of Chart Records.

During the searches the detected beam oulputs were recorded
on paper charts. The most common chart speed was about
8cu min~', @ roll of chart lasting about 2% hours. Since the

signals were a.c, coupled, the reccerds maintained a constant



Fisure %.2 DBxperimentally derived sensitivity

curves for the search using the multibeamed

was 100 x 10"26 Wm-a Hz-1

26

Bast-West arm. S,

on the Galactic Plane and about 75 x 1072Cym™“Hz™
away from the Plane, The parameter on each curve

is the period in seconds.

1
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d.c, level, s0 the charts could be used several times with
different zero offsets. To improve the response of the pens
to pulses, the signals were passed through pulse lengthening
- circuits matched to the pen response, before application to
the recorder(a).

The charts were generally subjected to cursory examination
at the observatory so that "obvious! new pulsars could be
confirmed, and their properties measured, the following day.
On their return to Sydney the charts were subjected to close
scrutiny, a note bveing made of the positions of suspected
pulsars.

Various criteria were used to decide whether a piece of
record contained a pulsar signal or not., A regular train of
pulses in the early beam, repeated, after a known delay, in
the late beam, was a clear pulsar signal. Also erratically
spaced pulses in both beams with the appropriate delay, was
a fairly clear indication of the presence of a pulsar. The
- presence of several pulses in only one beam, with no
sinultaneous pulses in the other, was also regarded as a
vossible pulsar signal, since interference produced
simultanecus responses in both beams,

No objective lower limit was set to the height of pulses
wnich could be classed as coming from suspected pulsarse
However, a practical lower limit chosen to produce on the
average a suspect every few hours of observing time, was
imposed to restrict the number of suspects so that there was
a realistic chance of re-observing then,

As ean example of this, a well-documented series of chart:
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examinations by Br. Paul Hough of about 600 hours of
recorded data resulted in a suspept list totalling about 300,
with 30 "prime" suspects, of which 5 were ultimately confirmed
-as pulsars(i’a).
A later search for pulsars, carried out using an automated
(3)

»

pulsar logger was found to have approximately the same

search sensitivity as the search under discussion(6), with
discriminators set at about 4o above zero, where owas the
standard deviation of the noise ripple in time constants in
the range of expected pulse widths., Hence the practical limit
applied to the Multibeamed search was probably a little less
than 4o, allowing for the non-inclusion of both beams in the
sensitivity curves,

A typical section of a search chart record is shown in

Fige 3543,

%424 Pulsars discovered during the Multibeamed Search,.

A total of 25 pulsérs were found during the original
multibeamed East-liest search. A further 3 were discovered
using the automated search., All are listed in Table 3.2
together with their periods, dispersion measures and mean flux
densities (at 408MHz). Sowme of the discovery observations are

chowvn in Fig. 3.L.

3.245 Pulsars missed during the Multibeamed Search,

At present (Feb., 1974) there are 52 pulsars South of & = +20°
which were not discovered during the multibeamed search. All
are listed in Table 3.3, together with their periods, dispersion
measures, and mean flux densities (at 408iliz) where measured.

The last column in the table notes the reason why the pulsar
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Figure %.% A copy of a section of a chart made

during the search using the multibeamed East-West
arm. The signal was a.c. coupled to keep the
record moving straight along the chart, permitting
the chart to be re-used several times, The time
is indicated every 30 seconds. OStarting from the
lower edge of the diagram the traces are the
-outputs of the Early beam and the Late beam

alternatively.
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Fizure 3.4 Copies of the discovery transits of

some Molonglo pulsars found during the search
using tne multibeamed East~ilest arm. HNote in
most cases the pulses appearing in both beans,

with an awpropriate delay between the beams,
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Moloneglo Pulsars discovered during Multibeamed Search,.
Pulsar Period Dispersion leasure* 5408+
-3
(s) (e “pc) (fous)
003%1-07 0.943 10.9 0.07
0254=54 O 448 10 0.10
0450-18 0.549 3949 0.07
0628=-28 Te24ly Shaly 023
0736-40 0.375 161 0.15
0818-13 1.238 40Q.9 005
0833=~45 0.089 6942 159
0835-41 04767 147.6 0.16
0940-55 0664 145 0.15
0959-54 14357 120.6 0.10
1055=52 04197 2548 0.10
1530-53 1.369 2l 48 0.08
1556~ 0.257 58,8 0.08
1604-00 O3 107 0.05
1727=47 0.830 121.9 0.20
1747 ~46 0742 2047 0.07
18657-26 Q.612 %6 0.12
191104 0.826 89.4 0.10
1629+10 0,227 3¢l 0,50
1944+17 Qa4 16.3 0.20

*¥Accurate dispersion measures determined by other
observerst!! = 16).

+Mean flux density used in analysis in Chépter 9. Note
that PSROG33-45 has been observed with intensity of

8.0 f.u.(17)
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Table 3,3
Pulsars Not Detected during Multibeamed Search,.
Pulsar Period Qispersion 5408 Reasop for |
: Measure non-discovery
(s) (cm'ch) Folls) '
0301+19  1.388 15,7 30802 ?
7L0=-28 0.167 80 O.24 Historical
0834+06 1,274 12.9 {8:%‘ Historical
0943+10 1,098 15.4 0.01 Historical
0950408 0,253 3.0 {8:% Historical
1133416  1.188 18 0'%5  iistorical
1154~62 0,401 270 0.19 Sensitivity
1221-63 0.216 92 ———— ?
1240-64 0,389 300 Ou14 Sensitivity
1323=62 0,530 313 0.,00* Sensitivity
1354-62 0.456 100 O.0n* Sensitivity
1541409  0.748 35,0 Q45 Historical
1557-50 0,193 270  me—— ?
1558=-50 0,864 165 0,03 Sensitivity
1601=52 0,658 35 0.,08%* Suspect
e gemtiasion
1700-32 1,212 103 0.09 ?
1717-29 0,620 45 0.03 Suspect
1718=32 0O.477 120 0.10 Sensitivity
1730-22 0,872 45 _ 0.03% Sensitivity
1742-30 0,367 84 o e ?
1709-28 0,563 50.9 0.52 Historical




Table 3.3 (contd.)

Pulszars Neot Detected during Multibeamed Search.

Pulsar Period Qispersion 5408 Reason for
leasure nen-discovery
(s) (cm-ch) (fou.)
1754=2L 04234 18841 ————— ?
1813%3~-26 0,593 90 0.03 Sensitivity
1819-22 1.874 140 0.02 Sensitivity
1822~09 0.769 19.3 0.0% Sensitivity
1326=17 0,307 210 0.09 Sensitivity
1831=04  0.290 68 0.08 Sensitivity
1845-04 0.598 14149 0.06 Sensitivity
1845-01 0.659 163 0.06 Sensitivity
1846=06 1.451 152 0.06 Sensitivity
1358+0% 0,655 LO2 0.07 Sensitivity
1900-06 0.452 180 0,02 Sensitivity
1900+01 04729 228 0.10 Sensitivity
1900405 0,747 166 ——— ?
1906+00 1,017 111 0.03 Sensitivity
1907402 0.495 190 0.02 Sensitivity
1007+10 0,284 144 0.06 Sensitivity
1910+20 2,233 84 0.01 Not Searched
1914413 0,282 | 230 | ——— ?
1915+09 1.131 40 ——— ?
1915+15 0,195 97 0.04 Sensitivity
1916+14 0,270 4O ——— ?
1917+00 1.272 85 0.03 Sensitivity
1918+19 0.821 140 0.04 fot Searched
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Table 3,5 (contd.)

Pulsars Not Detected during Multibeamad Search.

Pulsar Period Qispersion 8408 Reasgp for
Measure non-discovery
(s) (cmnspc) (fou.)

1919+14  0.618 100 ——— ?
1924+16 0,580 160 - ?
1929+15 0,314 120 o e ?
1930+20 0.268 200 -—— Not Searched
1933+15 0.967 160 _—— ?
1933+16 0,359 158.5 {8:%8 Historical
2045-16 1,962 11.5 026 Historical

*These are flux densifties measured at 750MHz.



was not gecn during the search. For 11 pulsars there are
"historical" reasons why they were not discovered in the
search. In these cases the pulsars were discovered in other
searches before the Molonglo search covered their position,
Two pulsars also were discoverced during the search of the
zalactic plane (3.3.4)., Of the remaining 39 pulsars, 5

were noted as suspects during searches at Molonglo.

The great majority of the 39 pulsars discovered elsewhere
were found using Fourier transform scarch techniques with on-
line computers and many minutes of integration time(7’8’9’1o).
These technigques are much more sensitive than the lolonglo
search, and are relatively unaffected by dispersion measure,
Fige 3.5 demonstrates that the populations of these pulsars
in luminosity ((dm)B‘S) are similar for the pulsars found in
the HMolonglo seafch and the pulsars missed. Howesver from

Fige 3«6 it can be seen that the pulsars missed extend to much

higher dispersion measures, Since these pulsars are in general

-at greater distances, their observed flux densities are lower,
Hence the major reason why these pulsars were missed was
the low relative sensitivity of the Molonglo search,
rarticularly for pulsars with high dispersion measurese.
To dillustrate this, the sensitivity curves of Fig. 3.2
have been re-drawn as contours of equal search sensitivity in
verilod-dispersion measure space and the pulsars missed in the
scarch plotted on the diagram (Fig. 3.7). It can be seen that

most were wmissed for reasons of sensitivity, including three

listed as suspects, Tour pulsars had a 50/% chance of detection

and were missed, while three ought to have been found, if flux



Fisure 3.5 a) A histogram of the luminosities

of pulsars nissed by the Mclonglo search but
found during other searches.
b) A histogram of the luminosities
of pulsars discovered during the Molonglo search.
Note that the luminosities in both samples

are similar.
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Figure 3,6 Supverimposed dispersion measure

distributions for Molonglo pulsars (shaded)
and those missed by the Molonglo search,
Note the greater extent in dispersion measure

of the latter.
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Figure 3.7 Contours of equal search sensitivity,

derived from the sensitivity curves of Figure 3.2,
with the pulsars missed by the search superimposed
upon them, The different classes of pulsars are
indicated as follows.

O Pulsar ought to have been found

® Pulsar with 50% probability of detection

® Pulsar not strong enough to be scen

A Mean flux density not known

A larger circle about one of the first three

indicators means that the pulsar was listed as a

susvect but not confirmed.
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density were the only factor. One of these was listed as a
suspect but never confirmed, one was found tc have a large
pulse broadening due to interstellar scattering(g), and one,
- quite wealk, was sinply nissed,

Several pulsars recently discovered(18) have been plotted
on the diagram for completeness, though since their fluxes
have not been measured, they could not be assigned to one of
the above classes, It is probable; however, that the same
general remarks apply to them.

An alternative way of representing the same data is shown
in Fig. 3.8 which is a plot of pulsar flux density against
pulsar detectability (a function of period and dispersion
measure). It is equivalent to making flux density a third
coordinate out of the page in Fig. 3.7 and viewing the
distribution from the position of the arrow. From this
diagram it can be seen that an overall increase in sensitivity
by a factor of 10 would have resulted in the discovery of
most of the pulsars missed., The Molonglo pulsars have also
been plotted on this diagram to illustrate their detectability
relative to those pulsars not found,

Based on the forecgcing discussion it is estimated that
apart from some pulsars with large scintillation broadening,
the multibeamed search is complete for pulsars of high enough
sensitivity lying well above the 0,05 f.u. contour in Fig. 3.7.
It is probable, that since most of the missed pulsars lie north
of the galactic centre along the galactic plane, a small
nunber of wealk pulsars of flux density ~0.05 f,u. and lying
along the 0.05 f.u. contour of Fig. 3.7, have also been missed

south of the galactic centre.
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Figure 3,8 This diagram illustrates the relationship

between the mean flux densities of pulsars missed

by the multibeamed search and the search sensitivity
given by the surface defined by the contours of
Figure 3.7. It can be regarded as viewing the
surface and the pulsars from the direction of the
arrow in I'igure 3.7. The classes of pulsars are
indicated as in Figure 3%.7. The pulsars found by the

search, indicated as + are also plotted for comparison.
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2.3 The Search of the Galactic Planee.

%2.%.1 The Search Area,

(1)

The area covered during the search of the galactic
- plane carried out at Holonglo using the two dispersion
removers {(2.3.3) is shown in Fig. 3.9. It can be seen that
the search is essentially restricted to ,b'(TOO, although
there are some excursions outside these limits. It is also
clear that the search did not reach these limits for all
values of 8. The longitude range covered is from &= 2320 to
E:: 450, with some snall areas covered outside this range.
The ragged nature of the edges of the search area is of
course due to the fact that the search counsisted of many drift
scans in risnt ascension.

While there were many isolated parts of the search area
observed more than once, the majority of the area was only

observed once.

3¢3.2 Search Sensitivity.

Sensitivity curves for the galactic plane search are given
in Fig. 3.10. They are formed by combining the sensitivity
curves for the undispersed channel, the two channel dispersion

3

remover (200c¢m “pc) and the 20 channel dispersion remover
(QOOcm"Epc). The interpretation of the diagram is the same

as that for Fig. 3.2.

323%¢5 Bxamination of Chart Records.

Charts from the galactic search were examined in exactly
the same way as charts from the multibeamed search, The charts
examined by Br. Paul Hough(B) included many from this search,

and many of the suspects were found in this search, A typical



e

Fizure %.,9 A map showing the extent of the search

of the Galactic Plane using dispersion removers on
the beans of the East-%est arms of the Molonglo

Radio Telescope.
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Meoure 3,10 Experimentally derived sensitivity

curves for the searcn of the Galactic Plane.,

s, was 100 x 107°%un™2Hz"" rignt on the Plane
and about 75 x 10"26\?111-21{2_1 away from the Plane,
The parameter on each curve is the period in

seconds.

75




35
30

O
(¥p)
-
2
@
I
on
e
>
>
‘0
| o
()]
p)

5
25
13
{0
|
< 10 ' 100 1000

Dispersion  Measure (em? pc)

10000




77

section of a chart record from this search is shown in

Fig. 3.11,

3.3.4 Pulsars discovered during the Search of the Galactic Plane.

Two new pulsars were found during this search of the
galactic plane., They are listed in Table 3.4. The discovery

records are shown in Fig. 3.12.

Table 3.4
Pulsar Period Dispersion measure §L08+
' ~3
(s) (cm “pc) (fou.)
1154-62 Q.401 267 + 2% 0.19
1240-64 0.389 297.4 £ 0,1* O.14

*Accurate dm determined by other observers(14).

TMean flux density used in analysis in Chapter 9.

3e3+5 Pulsars missed during the Search of the Galactic Plane,

All pulsars discovered by observers other than at Molonglo,
which were missed by the galactic plane search but lie within
its area, are listed in Table 3.5.

These pulsars have been plotted in Fig. 3.1% on a
sensitivity contour diagram derived from Fig. 3.10. By a
method similar to the derivation of Fig. 3.8 from Fig. 3.7,

a graph showing the detectability of the pulsars missed in the
search of the galactic pléne, as shown in Fig. 3%.14, can be
derived from Fige 3.13. Only those pulsars for which mean
flux densities are known have been plotted,

It can be seen that there are seven pulsars well above the
line of 50;% detection probability. Two of these were seen as
suspects but never confirmed, Among'the seven are three pulsars

with high dispersion measurves (313, 402, 4q9cm‘3pc), They
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Figure 3.11 A copy of a section of a chart

made during the search of the Galactic Plane,
The time is indicated every 30 seconds.

Starting from the lower edge of the diagram

the traces are the outputs of the direct Early
beam, the Early beam with the multichannel
dispersion remover, and the Centre beam with

the two channel dispersion remover, the sequence

being repeated twice more.
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Fisure 3,12 Copies of the discovery transits of
PSR1154=62 and PSR1240~-64, Note the greater

response of PSR1154-62 in the dispersion removed

channel,
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Fizure 3,13 Contours of equal search sensitivity

derived from the sensitivity curves of Figure 3.10,
with the pulsars missed by the search superimposed
upon them. The different classes of pulsar are

indicated as in Figure 3%.7.




©
O
@ ®
o < ¢
o -
A °c o 3
®
oe & @
@
®
<
| ©
{Ilil
o il = No
aunspaly uoissadsi(d

10

S00

10

70

80

Period

01

0.01



N e

Figure 3.14 This diagram illustrates the

relationship between the mean flux densities of
pulsars missed by the search of the Galactic

Plane and the search sensitivity given by the
surface defined by the contours of Figure 3%.10.

It can be regarded as viewing the surface and

the pulsars from the direction of the arrow in
Figure 3.13, The classes of pulsars are indicated

as in Figure 3.8.
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Table 3.5

Pulsars not detected durinsg Search of Galactic Plane.

Pulsar Period Qispersion 5408 Reasgp for
Measure non-discovery
(s) (en™pe) (foua)
0740-28 0,167 80 O.24 Sensitivity
1221-63 0.216 92 ——— Suspect
1323-62 0530 313 0,09*  peintillation
1354=62 0.456 400 Q.0L* Sensitivity
1557-50 0,193 270 ———— ?
1556-50 0.864 165 0,035% Sensitivity
1601-52 0,658 35 Q,08%* Suspect
T641-45  0.455 149 >1 % poiniiiigtion
1700-%2 1.212 103 0.09 ?
1717-29 0,620 45 0.03 Suspect
1718=32 0477 120 0.10 ?
1720-22 0.872 45 0.03 Sensitivity
1742=-30 04367 8l —— ?
1754=2L  Q.234 188.1 ———— ?
1813-26 0,593 Q0 0.03 Sensitivity
18319-22 1.874 140 0.02 Suspect
1822-09 0.769 19.3 0.03 Sensitivity
1826~17 0.307 210 - 0,09 Sensitivity
1831-04 0,290 63 0.08 vensitivity
1845~04 0,598 41,9 0.06 Sensitivity
1845-01 0,659 163 0.06 Sensitivity
1846=06 14451 152 0.03 Sensitivity
1858403 0.655 102 0.07 Scintillation

brecadened
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Table 3,5 (contd.)

Fulsars not detected during Search of Galactic Plane,

Pulsar Period Digvnersion 8408 Reason for
lMeasure non~-discovery
(s) (cm"spc) (fou.)
1900-06 0.432 180 0,02 Sensitivity
1900+01 0.729 228 0.10 ?
1900+05  0.747 166 ——— ?
1907+02 0.495 190 0.02 Sensitivity

*These are flux densities measured at 750MHz.
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were missed because cof scintillation broadening of the pulses,
so that the pulsed ccomponent was a small fraction of the total
flux. TFor example, the detected signal from EPsR1641-45 was
observed at LOBIHz to be approximately a sine wave with a peak
to peak flux density only 106 of the total flux density of the
pulsar(19).
For three pulsars there are no obvious reasons why they
were missed., A close re-examination of search records covering
the positions of these three pulsars revealed no trace of any
signal which ought to have been, or could possibly be,
ldentified as a pulsar. These pulsars are probably erratic,
emitting no detectable pulses during the times of the transits.
These results show that the search of the galactic plane
was limited essentlally by the sensitivity of the aerial. At
high dispersion measures, scintillation broadening was also a

major factor in limiting the search sensitivity.

34t Conclusions.

Both of the major pulsar searches carried out at Molonglo
were limited by the sensitivity of the aerial. If further
pulsar searches are to be conducted, the search sensitivity
will have to be increased by lower noise preamplificrs or
longer integration tiues.

Within the limits indicated by the sensitivity curves, the
multibeamed search was complete apart frowm the possibility of
exceptions due to very erratic behaviour or high scintillation
broadening. On the other hand, the search of the galactic

plane does not appear to have been complele even after

allowing for those pulsars with high scintillation broadening,
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and it is likely that a few more pulsars within the
sensitivity limits of the galactic search remain to be
found.,

Exawmination of the distribution along the galactic plane
of pulsars missed by the lolonglo searches, indicates that a
significant increase in search sensitivity will lead to the

discovery of a significant number of new pulsars.
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Avnvendix 34.

The Effects of Pulsar Disversion Heasures

and Periods, and the Receiver Bandwidth

on Search Sensitivities.

Definition of terns.

5 mean flux density of pulsar
P period of pulsar

B receiver bandwidth (Gaussian)
Y obs observed pulse width

wp natural pulse width

v frequency sweep rate

D dispersion measure

T total observing time

T observing time constant

Consider the following situation

The r.m.s. uncertainty in determining the level 71 is

Ay.«( B )z

Wors T
W obs -
since 2 o T is that fraction of T for which ¥4 is observed.
P B 4
Similarly Zﬁygx. (P—-héus _T_
P

Hence the r.t.s. uncertainty in Y1 = Yo is
L L L[ f é
« BETEpE [ W + 5o,
L -4 i H
« R? & [
=P (P—%bs)mb;]
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How the actual value of Yy = Yo is
= S5_FP B
Tobs
"Hence the signal-to-noise ratio for the pulsar is

&= 3 B72 T2 Wobs (p - v, )%

. 2 _ .2 B_
Now Wobs‘”p +'t: + (‘v)

Hence the signal-=-to-~noise ratio can be written as
S*TE (G - I+ & ) )

& TAa — —
S/N « BT v — /I + &=+,

/l+-_.;+ Y '

Nl

Now at 4LOSMz
Y = 3180

D (Appendix 6B)

Assuming P = Zpr for simpiicity, we then have
= it 1 2)
/N = SBIT# (20~ /I + fafuoot «(ER}] )

\/l + P"[‘*OO T+ A-oq)]‘

This relationship describes the sensitivity as a function

M-

of bandwidth, period and dispersion measure for a search
procedure consisting of some form of integration.

However the Molonglo search differed in that it was the
detectability of individual pulses which was important. This
can be approximated by setting T = P in the expression for
(S/1) .

Two further effects are also present,

Firstly =2t very lonyg periods, the short transit time of the

- Bast-iiest arm prevents an unlimited increase in sensitivity.



94

Secondly from a model of pulsar pulse amplitude statistics
it is wossivle to determine the effect on the sensitivity to
detection of the number of pulses actually present, related

“ lnversely to the pericd. However, this effect is not
significant compared to the overall dependence on period as
described above.

Hence, ignoring the effect of limited transit times the

(S/N) can be expressed as

/N = 5 8Pt (10- /i v 1 [uooe*s (S]] )
/] +7,-a[4om"+(£%) )
For the Moleonglo search T = 5 x 10"'5 sec and B = 4MHz,
S/N = 5 P* (20~ [l +hafo-01 {25 )
/1 +Fafoor +(L25))

The form of this expression is illustrated in Fig. 3%.15.

L]
—.

whence

o)

It can be seen that it closely resembles the experimentally

derived sensitivity curves shown in Fig. 3.2.




Figure %,15 Theoretically derived sensitivity

curves for a pulsar search sensitive to individual
pulses, The parameter on each curve is the period

in seconds.

95



96

Measure (cm

Dispersion

100

AYIAl1sUaS  aAlDjOY




Chapter 4

BEAT PERIOD INTEGRATION

OF PULSARS.
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4,1 Intrcduction.

A major problem of computerized pulsar data analysis is the
amount of computer storage required. For example, one channel
of data digitized int0-12 bits every millisecond would produce
25 K words (each word = 48 bits) in approximately 100 seconds.

Since the English Electric KDF-9 Computer available for
analysis of Molonglo data has a total available storage of 26 K
words, a.new technique had to be desizned so that many channels
of pulsar data cculd be recorded for up to 20 minutes and
analysed, space also being allowed for the computer programme,

A further constraint imposed was the decision to make the new
system compatible with the recording system already available(1 )
at Molonglo. This involved digitizing the data after integrating
for 3 seconds, rather than at a much higher rate. The decision
was based c¢n the lack of any immediate prospects for an on site
computer and the consideration that the system should interrupt
the general running of the telescope as little as possible.

The technique devised with these constraints, which allows
pulsar observations with no loss of signal to noise, has been

called Beat Period Integration (BPIL).

L.2 The Technique of Beat Period Integration.

The basic principle of this netinod is the gating of the
detected output from the aerial at a frequency slightly different
to the pulsar repetition frequency using a symmetrical zero-mean
gate waveform as shewm in Figure 4. The cutput from the gate
is integrated over an integral rumber of gate periods and the
integrated output read to magnetic tape. The integration is

completed in the computer,



Figure L,1 The Gating waveform used in the

Beat Feriod Integration system. This can
be regarded as the output of the gates for

a steady D.C., input. The value for P_was

) . 1 1T _ 1 )
selected so that T - ?p = 155 55es. where

PU is the pulsar period.

A
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On each detector tanere are, in fact, five separate gates
offset in phase by steps of 0.1 of the gate period. A steady
voltage at the inputs of the five gates would produce the five
outputs shown in Figure 4.1,

The output of a gate when a detected signal is applied to
its input is shown in Figure 4.2 (a).

The gate is designed to remove effects due to the sky
background, or drifting offsets in the detectors, since the
positive and negative parts of the gate will cancel, apart from
a residual noise signal, when integrated over an integral
number of gate periods.

When a pulse 1s present in the positive part of the gate,
the output is as shown in Figure 4.2 (b), and integration over
an integral number of gate pericds will produce a nett positive
voltage.

Similarly, when a pulse is present in the negative part of
the gate, the output is as shown in Figure 4.2.(c) and integration
will produce a nett negative voltage.

Since the pulsar period P? is less than the gate period qg,
the relative phase between the pulsar and the gate will slowly
change, the pulsar pulse advancing through the gating waveform.

The integrated output from each gate will therefore be as

P P

shown in Figure 4.3. The beat periocd P =P5~FR could be set by
=g

an appropriate choice of P_. It was usually kept near 100 seconds,

g
Since this was much greater than the integration time, which was

approximately 3 seconds, there was no loss of sensitivity due to
the integration. This output was digitized and read to magnetic

tape for analysis in the computer,



Fizure 4.2 a) The output of a particular gate
with a depected signal on the input.

b) The output of a particular gate
with a pulsar present, its pulses being in phase
with the + ve part of the gating waveform,

¢) The same output with the pulsar
pulses in vhase with the - ve part of the gating

wavelorm,

102




103

o]
pulsar
Lw] J

—
(o]
—

(b)
(c)




Figure 4,3 The effect of integrating, for an
integral number of gate periods, the outputs
displayed in Figure 4.2. b), c¢). Note the
time scale: P~ 100 seconds. This is the
waveform which is digitized for analysis by

computer.,
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The particular waveform shown has been used before(2 )for
pulsar work., In this case, however, the phase of the output
waveform was measured over 12 heours, and from a knowledge of
the motion of the earth, the pulsar position was obtained
from the phase variation. This is quite different to the use
made of this technique as described in 4.4 for declination

measurements,

4.3 BEquipment,
L,3%3,1 Detectors,

The detectors were of the self-multiplication type(3 ) to
give true power linearity (£2%) over a wide dynamic range., A
circuitdiagram is showvn in Figure 4.4, The R.F. signal was the
5.5 Mz 2nd I.F. of the Molonglo Crosse. The post-=detection

time constant was set at Q.1 msec.

4,3%3,2 The Gating System,

4e3,241 The Period Generator.

The period generator, built by Dr. A. J. Turtle, allowed
any period from 1}Lsec to 1 second, as set up on thumbwheel
switches, to be derived from a standard 1 MHz signal from a
Hewlett-Packard Counter. As used in this system, the period
generator range was equivalent to a range of 1d-ssec to 10 seconds

in gate period,

L4e3.2.2 Control Circuitry.

The control circuitry consisted of a decade counter to control
the gates and a setable counter to control the integration time
and start the digitizing c¢ycle. A block diagram is shown in
Figure 4.5. The setting of the counter (N) was such that

'NPéfvE seconds,



Pigure 4.4 The circuit of the multiplier

type detector used on the beams of the
North-South arm for pulsar work, The four
transistors were mounted on a single chip.

The input to the device was the 5.5MHz 2nd I.F.

The output was fed to a differential amplifier.
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Ficure 4,5 A block diagram of the control

circuitry. This generated the gating control

signals and the integration time.
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Lo3,2.3 ''The Gates,

To produce the gating waveform shown in Figuré Lele, &
transistor gate was inserted at both the inverting and
hon—inverting inputs of a linear operational amplifier. A
block diagram is shown in Figure 4.6, Each gate was opened at
the appropriate time, producing an inverted or non-inverted
signal at the output as shown in Figure 4.2 (a). The gains
through each input were trimmed to make them equal, so that the

steady compconent of the input was filtered out on integration.

Le3.% The Intecrators and Digitizers.

The data channels were integrated and digitized sequentially
using standard equipment at the Observatory, the digital signals
being obtained from the disbharge times of the integrators. The
start of the integration and digitizing cycie was initiated by

a pulse from the control circuitry.

Le3.4 Tape Recording.

Digitized data and information such as the date, time,
declination etc, were read to 1 inch tape con an Ampex continuous
tape recordsr, part of the normal data recording system at the
(1)

Telescopes

An overall block diapgram of the system is shown in Figure L.7.

L.3.5 Calibration System,

In order to calibrate the relative gains of the channels a
switched noise signal was injected into the centre module of the
North-South Arw. The switching signal was a square wave with the
same period as the gates, the calibration signal being on for
"half the period and off for the other half periocd. The phase was

set so that while the signal was on, it was observed through all




Ficure L.6 A block diazram of the gating circuit

used to generate the waveform of Figure 4.1,
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Firure 4.7 A block diagram of the complete

system used for recording data for Beat
Period Integration. The calibration systen

is not shown.
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five gates with the same polarity, providing a coanstant output
after integration in all cnannels, The difference between this
signal and the outvut with no calibration signal gave the
relative talibration factors for each channel,

A sauple of a scet of data obtained by converting the digital
signals of one channel back to analogue for monitoring on a

chart recorder are shown in Figure 4.8,

Lely Data Analysis.

Loltyo1 General Description.

The detected outputs of 5 adjacent Horth-South arm total
power beams were each input to the 5-phase gates, resulting in
25 channels of data to be analysed., By fitting the data to a
theoretical waveform using a least squares iterative procédure,
values for the declination, phase and period of the pulsar could
be obtained. The shape of the fitted function, and the total
power beamshape of the North-South afm, incorporated in the
function, are descrived in Appendices LA and 4B, The iterative
procedure itself is described in detail in Apnendix 4I.

Briefly the Least Squares procedure consists of minimizingl
:g(Y;‘ F‘_)2 ~-where the Y arec the data, F_is the thcoretical
waveform and the summation is carried out over all data points.
The parameters of F availavle for the minimizing process are the
declination, phase and period of the pulsar along with other less
important parameters (offsets etc)s It can be shown(q)that in
the presence of gaussian noise tils Least Squares procedure is
equivalent to the Maximum Likelihood LEstimation of the parameters

gince the likelihood

V) =T (Y i the cet of data
I(_._’__) HF(YK— ,9’\_) (& is the set of

parameters)



Figure 4,8 For monitoring purposes one of the

digital channels was output via a D - A convertor
onto a chart recorder., Illustrated is a transit
of PSRO833-45. The length of the data itself is
about 20 ninutes. The record shows a period of
several minutes during which the equipment was
checked, a calibration period, a period to
establish a zero level for the calibration, and
lastly the data. The spike at the end of each
digital reading was caused by the digital |

transition appearing through the D - A coanvertor,
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2
wh + - ;{oz(y'- FUK))” (Gaussian
here (Y«. ;o() e P"Obab:!rfy -F")

te X(ZIQS_): ETE Z(K XC9)a
k= ao—‘Z(YL Fc)l

N

R,
and maximizing 1n L (or L)is the saume as minimizing{}i(YL— E) &
I

L,4,2 Initial Parameter Values.

Since the thecretical function depends in a complicated
manner on the minimization parameters, there are no explicit

solutions to the Least Squares conditions

——(Z(Y D) = 0
ie jE(Y Sﬁi = 0 (j equations)

Hence the iteration i1s necessary, and this implies the
provision of initial values to start the procedure, Several
methods were applied to obtain these.

a) guessed values were used
b) then better values were determined from the data,
before entering the Least Squares procedure,

The guessed values were not completely random in the cases
of declination and period. However, since nothing was known
about pulsar phase it was eventually found necessary to step
the pulsar phase by O.1 periods until the value of phase was
found for which:E(YL- F;flwas smalleste.

Tvio procedurég were used to determine better initial values.
They were necessary to reduce the number of iterations in the
Least Squares procedure since each iteration occupied about 30sec
of computer time, The "Simplex" procedure, described in

Appendix 4C, was quite successful though slow in some cases,



120

.while the Convolution procedure, described in Appendix LD, was
always fast and successful. The latler eventually éupplanted
the "Simplex" procedure despite the drawback that some analysis
by hand was necessary before the Least Squares procedure was

entered,

4.5 Computing.
4L.5.1 The Computing Facility.

The computer used for analysis of the data was the English
Electric KDF-9Q in the Basser Computing Centre in the Sydney
University. The available store for data and programme was 26 K
words, each word being 48 bits in length. Full floating point
arithmetic was available and a comprehensive subroutine library
was stored on a magnetic tape. The analysis programme itself
was stored on magnetic tape and facilities were provided for

editing and correcting the programme during its development.

4,5.2 The Analysis Programme.

A detailed description and flow chart of the computer
programme is to be found in Appendix 4F, The number of 12 bit
data points used in each transit analysis was 10,000, being
composed of 400 3second samples (=20 minuteé, North-South
Total Power transit time) on 25 channels, This was stored as
quarter words along with other data such as time, date,
declination etc, occupying a total of 4000 words of store., The
complete analysis, programme and data, used 22 K of store, Most
of the computation was done in floating point format for
simplicity, and for compatibility with the library subroutines
available,.

The computing time varied between 5 minutes and 15 minutes,
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depending on how many iterations were necessarye.

L4L.5.3 Programme Input/Qutpute.

Observational data was stored on magnetic tape, as was the
analysis programme itself., Access to the programme was
obtained by reading in a paper tape, while control parameters

as described in Appendix 4F were also read in on paper tape.
The results of each iteration were output on line printer, as
was the final output after the last iteration., The Fourier
transform of the Amplitude Function (Appendix 4A) was also
printed out to help with the detection of periodicities in the

pulsar amplitude. A sample output page is shown in Appendix 4F.
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Appendix LA,

Notatione.

F‘_ = FCK

The Fitted Function and its Derivatives,

Fitted Function L

140000y 10000 all data points
1,4e4, 25 all channels

K=1,¢e00e, 400 all 3sec intervals
Pulsar Amplitude at time t,
The shape of the Fitted Function
The Background level (offset) for channel ¢
The North South Total Power Beam Response
The Result of convolving the Pulsar signal with the
gating systemn.
Pulse Width

Pulsar Period

- Gate Period

Declination Number (See Appendix 4B for Definition)
The North South Fan Beam Transit time,

The Phase of H,x with respect to T

The Difference between the Gate frequency and the
Pulsar Repetition frequency (= Beat freq.)

The time of occurrence of each integration period
The phase of H., with respect to T

The phase of point t, in H., with respect to T.



124

The Functione

The fitting function was given the following form
o= T = A T *+ B

where f =G H

CK cK K

The derivation of Geg is given in Appendix 4B.

It is quoted here for completeness

- L. Y2
Gcn = e 20’1 ch B G E; X‘
i +axs (£, )
where Xew = ‘WL(D D) + 2 sm A cos &
and YK _— (tk _T)COS 6

The function H .y is a series of straight line segments, the
slope and position of which depend on the time t_, the phase qh:
of the channel, the pulse width and the period of the pulsar, and
the difference between the pulsar and gate frequencies.

Typical forms for H., are shown in Figure 4.9.

These forms have been derived by making the assumption that
the pulsar pulses are rectangular. This is of course not correct,
Better approximations would be to regard them as triangular or
gaussian shaped, for example. However, the main effect of making
these approximations would be to reduce the formal errors of the
fit rather than alter the final values of the fitted parameters,
Strictly, a different shape should have been used for each pulsar--
but even then the pulse shapes are variable from pulse to pulse.
It was felt, therefore, that the computational simplicity of the
rectangular pulse approximation outweighed the marginal
improvement to be gained in the formal errors of the procedure,
A further justification for this was the fact that the formal
declination errors were, in general, smaller than the uncertainties

in the pointing calibration of the aerial,



Figure 4.9 Typical forms for Hck‘ Initially

the slant edges of the waveform decrease their
slopes with increasing wp u;til the second
siltuation is reached (wP = T%) at which the
slopes remain constant while the widths of the
non-zero sections increase. Note that this

assumes a rectangular pulsar pulse.
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Pulsar Amplitude Functione.

Because ¢of the variability of pulsar amplitudes over time
scales ranging from a few seconds up to over 10 minutes, it was
- decided to incorporate a variable pulsar amplitude A, into the
fitting procedure. Ak represents the pulsar amplitude averaged
over about 3% seconds. Ak is obtained by carrying out a fit of
the function f. . to the data, at each point ty, across the 25

data channels as follows °
A° - %(YCK_BC)-FGK K= Iy« %00
) > &2
A new value for Ay, was computed after each major iteration

in the programme.

This led to the introduction of LOO more independent parameters
(though dependent on D, P, F, B, ¢ = 1, +..,25) which
considerably slowed the iteration in many cases, particularly in
the parameters qsand F. To overcome this, in all iterations but
the last, each A, was replaced by X where

A ZIQZ‘IAK
K
_ L 0O
iee. A is the RMS of the A,

Although this was recomputed after each iteration, its effect

on the rest of the procedure was negligible,
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Derivatives of the Functilon.

The parameters of the fitting procedure are D,<¢, F, and B,
Derivatives of Fg, with respect to these parameters are required

" in the fitting procedure. They were computed as follows:

e R _ ach = A H &G.C-K
K

(9D T 3D
X Y
e|2F = A H X ___+6aX @ 407 ooy
oD CK I+O~X |+a\.X"
(2) HCK = CK (cbck)
and cnc: LTr F(fu-'—T) ""¢c
aHCK: dHCK _o’qbc“
dtrx I Ttu
2 F 9He
o
S F PHex
==am o 31 + ‘ art
— a1 F SHu(bu—2TE n 1s :n:ie:—g_f’
, Sj%x OHw (P = 2
_ __L__i %;cu
2NE " ST
o F..
Ie_aé- —'—JTII"—F_"- AKGE_K a’_g‘k
o Hew . I & He
(3) St = AT 5355;“
zian;KZTr(tk—T)
— _F JH«
=t 5F
. S Heae — aHu<Cd)h< a"—v‘) —_ =T ——-——c‘)”c“
OF T —Q9fF— Ot
s = tie =T JH
e. .g._F:— —_— AKG—C.K‘ F m(_::‘

The derivatives of H., are tne slopes of the various line

segments composing Hece

(4) The derivatives with respect to the channel offsets are as

follows:
2 Fex c=d

o B4 5 c +£d

Il

[
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Appendix 4B.

The North-South Total Power DBeamshape.

The two coordinates of position in the beam of the North-South
arm are the cone angle around the North-South arm as axis
(90 -4¢), and the cone angle around an axis at right angles to

the North-South arm in an East~West direction (90 -5&).

S
P
qti
&
s}
o )
*
E w
al>
A
09/
N
Notation.
é declination, - ve South, + ve North
A latitude of observatory = =35%51
¢’ complement of Cone angle around N S axis + ve

North of Z, - ve South of 2.

complement of Cone Angle around E W axis + ve

~&-

West of 2, ~ ve East of Z.
Hour angle from meridian
Transit time of source in North-South beam.
Declination number

Wavelength of received signal (0,735 m),

> g 3 MW

Length of Module of North-South arm.
The point P in the diagram is the South Celestial Pole while

X represents some point on the beam. < 1is the zenith.
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‘In the spherical triangle P. H. X,

cos (90°—d )= cos(180+4)cos (a0+5)+ sn(180+D)sin(qo+s) cos H

-l
for small H

H 2
= Sly\(ls-—zx) + = sinA cos §

ie sin ¢ :_':cosAsmS—s.'nAcosS(1__"ia+....)

Now let §~A = Q"o, the value of sthen EHE=0

H*
Then {Sin qS—-squ,,':- T SN A cos &

For the spherical triangle P. A. X.

Sthy _ sin(90°+8$)
sin H sinq0°
.. for small H, ¢

4; =~ Hcoss

With the tapered illumination of the North-Scouth arm the

beamshape in declination can be represented by the modified

. . ~ 1 x*
gausslan - e Zor

T+ X

The denominator in this expression was obtained empirically
by fitting to a computed beamshape.,

The argument X is given by

X = (¢-¢B)cos (}55 where ¢B is the complement of the

cone angle of the beam andt#is the parameter describing position
in the beam. The factor coslib arises from the foreshertening
of the aerial as one noves away from the zenith,

For the Nerth-South arm D
AN 500—
! = s -
SN @ T e
which can be regarded as a definition of D.
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Now ¢“¢B= Q_%3+¢“¢’
= sin —SsinGhg - SIY\C,b-—-—SIHéo

'COSEB cos¢3
= o P 4_01_(03 D)"‘——SMACOSSJ

‘from previous expressions. The subscript B refers to the

direction the beam is pointing.

(€t -1
- D,) + 3

Hence X = sin A cosé

2 (Dg
401_
as H=t ~-T
D, is the declination number of the source at meridian
transit and is equal to D, the parameter of declination in
the fitting programme,
In right ascension,the beamshape of the North-South arm
was assumed to be a gaussian with half-power width 4?2.
@t
e "oy ¥
where ¢ = Hcos§ = (t-T)cos§

Hence the function used to evaluate the beamshape for the

North=South total power fan beams was as follows:

_LXxT LYt
. e e *%
I +ouXx*® 2
= A (t =T
where X--_.S-L_(DB——D) + fE_-Z_smﬂ.c::;ss

and Y = (‘t -—T) cos S
The constants were as follows:

| .
FJor = 7878741 for (t - T)in radians

-

a = 1.03163069 xi10?  for(t - Tin radians

—l%\a_ = 0.00207894667q9
sinA= St (~357s1) = —O- 5808450368
Ja.z::. 516 for (t- T) im raclicauns
Thé beam derivative g%g was derlved from the above expression

~as follows: QG- AN x e_‘;_o: ,zo-ty[ 6O~><4]
oD T 4ol T+AXE o | [+axe
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Appendix 4C,.

The "Simplex' Procedure for Initial Parameter Values.

An initial value for pulsar phase was found by stepping Qb in
increments of % ti1l % (Y, - F. )z was smallest., Using the value
d% from this process and D, and F, input to the procedure the set
(D,,#%, F,) was obtained. From this, three other sets
(Dp + 1, Py )y Doy P+ 1, o)y (Do, ., F, + 1) were formed,
the D,, ¢ and F, having been sultably scaled. These four sets
were regarded as the coordinates of four points in a 3-dimensional
D¢ F space with D,, ¢, ,F, as the origin.

The value of E::(Yt - EL)Z was calculated for all four points
and that point Pp selected for which 2?(Y° - FL)Z was largest,
Using a set of geometric rules in D@ F space the orientation of
the set of four points was determined, and the coordinates of a
new point, Pe' were calculated according to geometric rules, such
that Pe' would be at a position on the opposite side of the plane
defined by the other 3 points. The exact position depended on the
geometric orientation of the points. F, was discarded and Pe'
and the other three points formed the set of four points on which
the procedure was repeated., The geometric rules were such that
each point lay on. a unit 3-dimensional grid in D@F space,

The procedure terminated when it appeared that four points had
been found which straddlied a point where %?(YL - Fe f-was a
minimum,

The scale factors were increased by a factor of 10, the whole
procedure being repeated on a finer scale in normal D,¢n and F
units.

The output parameters from this procedure became the initial

values for the least squares procedure,
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Appendix 4D,

The Convolution Procedure for Initial Parameter Values.

In the case of erratic pulsars it was found that the method
described in Appendix 4C was not reliable, possibly because the
set Ax and ¢'Were not completely orthogonal.

It was suggested by J. Sutton that one could sum the data
along the path of the pulsar through the total power fan beams
for different assumed values of declination, weighting each data
point by the expected beam shape at that point. This sum is a
maximum when the declination chosen coincides with the declination
of the pulsar, This procedure is essentially a convqlution of the
data by the beamshape of the aerial. The principle was extended
to provide initial values oft}')and. ¥ as well as D.

The procedure was as follows:--

Consider the function C., defined by

=~ 5(L~1)+1, 5(¢D+2, ...
C._'K = ; Yew Gew c=5¢ _l ....':SEL—I)+5,_
L'-'l,...’F -—TE_—G—_:?:— K= !,....)400.

Where G., is the beamshape defined in Appendix 4B,

The subscript ¢ is defined to be the integer part of & and is
the phase index of the channel

e . = ¢+ MLV

Clearly the summations in the expression for C_,. are over
channels which have the same phase, but different declinations,

If the Fourier transform of the set C_, for each ¢ is egamined,
it is clear that the following statements will be true:
1) If a pulsar signal is present a peak will occur in the

transform at the frequency corresponding to the beat frequencye.

2) The amplitude of the peak will be proportional to the signal

strength in the set C .
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3) The phase of the signal at the peak in the transform will
be related to the phase of the pulsar signal,

L) If the procedure is repeated using different values of D
in the calculation of G.., the peak in the transform will
be highest for that value of D which is closest to the
actual D for the pulsar.
If the value of phase derived from the tramsform of C_ . is dk

then the calculated phase for channel L = 1 based on CﬁL is
E. = b, ~ AL

10
The mean pulsar phase, averaged over all the data, will then be

=% &

This gives an initial wvalue ¢% for the pulsar signal phase

i

for later analysis. F, is obtained from the position of the
peak in the transform, and D, from 4) above,

A sample of the output from this programme is shown in
Figure 4.1Q, Values for D,ti, ¥, obtained from this output

were input to the least squares procedure.



Fizure 4,10 A sample of cutput from the

convolution procedure for initial parameter
values, Initial values for pulisar phase

and beat frequency are indicated. This is
repeated for different values of declination
until the response is greatest. The

declination number is also indicated.
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Apvendix L.

The Least Squares lterative Procedure,.

lotation.
- o Fitted Function
Yo Data
dj Minimization Parameters

&l
The procedure minimizes %?(Y; - F)
That is, the derivatives of oij(YL ~ thlwith respect to
(5
the &4 are all zero.
If .
:Le.%(Y,_ - FL)«C—JR—J = 0 for all j (1)

F, may be expanded in a Taylor Series

F“ FO Zap(a “0)_,_.0---- (2)
where the superscript zero denotes an initial value.

The derivative may also be expanded

oF. -~ IR’ O*F’ —
5% = 5=, + Z ("‘ ap)+ - (3)
= ;’z — a first order approximation

Bquation (1) may be rewrltten as

OF,
T - D5 - g[zd% S | (e =)
or Z (Y, - FL)"”‘" __2[2 o‘*& IE. }(0(4_-—0(4) (4)

wherezf( )means normallzatlon over all data points(division
by 10,000)
The matrices a, R and S are defined as follows:
a, = a? = 0&,-—°ﬁ; (column vector)
Ry = zg(Yt - Loiiq, (column vector)
5 JdF* JR° (symmetric square matrix)
dKX g Gk,
Equation (4) becomes
R = $(a-2a" (5)
o =l

Hence a-a = S

R _ (6)
that is .o, —0 = g"EJJ (7)
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The &; derived fron (7) are used to recompute the F and

derivatives, and the procedure is repeated.

Formal Standard Errors of Iterated Parameters.,

Define Qg. = a- 20 col vector
yl] = Y. - ¥ 1 vect
[—Aar_l" ;Fo o col vector
d—p-(-j = [33_- it j rows 1 cols
= [ga"f" 3 1 rows j cols
oF°I[ oF1T ‘ _
S = | Ja o J rows J cols
T
IF°
2 - [55] Ay
Now Aa = §—'B
s

Now

y s as S is symmetric
T _ 2
where Oy = g(yt-F,_)
Consider the diagonal elements only.
o , 2 -f
Then <0< ~ay) (o~ > =N Y [—5]
( J J)( 8 J) N 3 = Jjj .
The R.H.5. of this equation is a reasonable estimate of 05‘,5
since after several iterations the values of a\’J ought to vary during

the iterations by amounts of the order of q.;J.

T 1ot rS"
Hence C&J - N 4 __:_-]JJ

This was the relationship used to derive the formal standard




deviations of the iterated parameters.

It should be noted that in this analysis no correlations
between adjacent beams were allowed for, While this was not
- strictly true, the effect of including correlations would have
been the reduction of the formal errors of the analysis, which
was not a sufficiently significant improvement to justify the
extra complications involved.

Initial values for D,¢,F were obtained by other iterative

procedures (Appendices 4C and 4D). Initial values for B. were

determined as follows: 400

B° =k§%"’

c C = 1y.0:925

G oo
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Apvendix 4F. The Avalysis Progranne.

The programme was written in Usercode, the machine
language of the English Electric KDF-9 computer. The.

structure of the programme was as follows:
1. Main Control Programme..

2+ Subroutines
a) Generation of the expected waveform
b) Computation of initial background levels
¢) Generation of amplitude function
d) Generation of the S matrix
e) Generation of the R matrix.
f) Computation of the time of each sample
g) Read the data tape and store the data
h} Computation of the calibration factors for each data
channel
i) Simplex iterative procedure
j) Fourier transform declination search programme
k) Convolution method for obtaining initial values
1) Fetch a data sample from magnetic tape

m) Precession to 1950.0 coordinates

%3, Library subroutines
a) function subroutines eg., sin, cos, \/._, etc.
b) matrix subroutines eg. store allocation,
multiplication, inversion, etc,
¢) fast Fourier transform
d) diagnostic routines for programme development.

It should be noted that subroutines 2(1) and 2(m) were
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written by Dr. D. F. Crawford.

The sequence of operations during the least squares
iterative procedure is illustrated by the fiow diagram in
Fige 4e11. The use of the programme in modes other than
this, eg. for declination searching or initial value
measurements, occurred by means of the specific subroutines
as listed above as well as the basic input and output

subroutines,

Data
The data recorded on magnetic tape for a typical pulsar

transit consisted of

1) ~ 3 minutes introductory recording during which equipment
and control settings were checked

2) ~ % minutes recording with the'calibration signal on

3} ~ 3% minutes recording with the calibration signal off (to
provide a reference level).

L)Y -~ 20 minutes of pulsar transit.

See Tig, 4.8 for an analogue record illustrating these steps.

Control Bbata.

The control data input on paper tape contained the
following information:
® Right ascenéion of pulsar in seconds.
§ Lipproximate declination of pulsar in 0.01 deg.
P Approximate pulsar period in O.1 m sec.
Wy Observed pulse width (m sec).
DBN Declination number of the northernmost beamn.

D, Initial value for declination number (10=2 dec. no.)

dk Initial value for pulsar phase (10‘2r&d)
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Firure 4.11 A Flow Diagram for the main

analysis programme being used.to carry

out the Least Squares Iterative Procedure.
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Input Control Data and

Initial Parameter Values

Locate , Calibrate,

and Read in Data

Compute Compute Compute

¢ Print out A
Compute
| __1 "'1
| Compute S R
l Update Parameters

Last Iteration ?

Yes

Final Parameter

Values

Print out Old and New

Precess Position to Parameter Values

Epoch 1950.0 and Determine

Heliocentric Period

Compute Fourier

Transform of Ax

|Print out Transform |

Print out Results




I

Fo Initial value for beat frequency (10—4 Hz),

n Number of North South beams (s5)

Pg Gate period in 10™%sec.

N Number of gate periods in integration time.
M Data tape number.

DAY |

MONTH | Specifying date of observation
YEAR

DE/DBJ
FLAG -~ O for convolution procedure, 1 otherwise,

ny Number of least square iterations required}

N Position of start of data on magnetic tape.

FLAG == Q0 for Simplex procedure, 1 no simplex,

FLAG -~ 1 for declination search, O for parameter iteration.
R.A. Transit time for East-West Total power beans.,

o Uncertainty in transit time.

Output.

Output was via a line printer as illustrated in Fig. 4.12.
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Fizure L.12 A sample of the output from

the Least Squares Iterative procedure
programme, Not shown are the complete

amplitude function and its Fourier transform.
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Chapter 5

ACCURATE PULSAR POSITIONS.
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5.1 Introduction.

Because of the beamshape of the East-West fan beanm
(Table 2.1), the uncertainties in the right ascensions of pulsars
" discovered at Molonglo were generally about +2° (<30 arc sec)
on discovery, later being reduced to about £1° for most pulsarse.
On the other hand, for the same reason, the uncertainty in
declination was generally about +2° on discovery. For this
reason greater emphasis was given to improving the precision
of declination measurements rather than obtaining more precise
right ascensions. Moreover, the long transit time of a pulsar
in the fan beams of the North-South arm resulted, with the use
of the BPI technique, in higher signal to noise ratios for
declination measurements than could be obtained for right
ascension measurements using the more sensitive Ekast-West arm,

Hence only a few pulsar right ascensions were measured
precisely, as described in 2.4.1.1, The results are given in
5.2. |

The high sensitivity of the BPI technique on the North-South
fan beams, led to its modification for use in searching for
pulsars in declination when the declination uncertainties were
large. Rather than search for individual pulses in the outputs
of the fan beams, full fan beam transits were recorded as
described in 4.2 at declination settings covering the pulsar
position. Instead of applying the least sguares fitting
procedure to all the data, however, a Fourier transform procedure
was applied to the data from each of the five adjacent fan beams.
The transform for each fan beam was output as shown in Figure 5.1.

If the pulsar declination lay within the range of the five fan



Figure 5,1 A sample of the output from the
Fourier Transform declination search procedure,

Note the peak in the transform indicating

that the pulsar was lying between the North-South-

fan beams numbered -2 and -3, -2 being the

closest,

149



2

= W e =

41 = s W - T I P " - T @ - W e = N e -
ol )

= am - = o o a

—— | f. - Jrl-,..., -} Pla < L s e e ien et ek e ekt i
§ 3 . . =4 - S e i _W_
e ——PSR1706-16 =
& 3 ,.d s ,J_- " F?Eﬁ'.-.: S SN =0 & AV, 30 AR T _ e e U 7
Ty Y = Rag gl ¢! Sid dnlidlv 2
T s o T A T wE et .
i ST = TCPE i, ™ i i el e i
— o - e S == e gy SR eSS S =~ L RO = - .
e = & i A O IR L Y i 7
| FREG — -—PERIOD. - B] St B2 wi-B 3 e—duh - B i B
-0+0000000000 ——— - -~ 0e000 — ' 09000 e e 00000 e 0000 - -0.000 - -
0.0003005964 3326,7 - . 934,875 9T B0 e -2 0 IS e T 309 B 849,953 —
- 00006011928 —— -1663,4 1395.504 -} 4T g92]) - - 369 ¢ L9 - —=-1242,372. =} 321 4400 - PR
. 0.,00090178%1 ——1108,9 b A T T | (—— - [P - | 1 I — - 59,080 502,751 , - 4254361
-0,0012023855 — < 831 4T e e P eBB) i 10 27 e i 1 93 0495 L L ] 29187 i | § g 2P -
_0,001502981%9 665,3 e 90551 o 100,691 2754299 - 54,432 529725 ——
.0,0018035783 - ————-.554,5 e 0e2 10 i s . ] 9360 -k . 8K g 24 ) —minliiaie L 3P TTH - Y 15,313 —= 2
. 0,0021041747 475,2 _ =l U N A = 73,103~ b a2 D 19T s 894493 — . _
USRS 0,0024047711 - 415,08 s 404676 i 49§ P D i i 5 g 2B ml L . 274432 il 38 gQ T = % ~
0,0027053474 369.,6. . N & N | —m— 7 [ || | e | - Y L [ee——— 3.062 ——d b o048 i
g .. 0,0030059638 . . 332,77 - 90,383 SRS gy 3y RO . 334916 o USRI )9 4926 C T LTSRN
— 040033065602 ... . 3024 v rn 210876 - 76,103 I3 I T e SRR 1y e i 14,577 —
0.0036071566 . 277.,2 - e 260264 mallictai L § 2696 <l o] 505318 ua . 29.804 __ - 41,704 S ESeer
0,003%9077530 S S i 55.701 17.277 203,307 510062 e T4,252 i
G e 00D <BRIA0d o 27— . 156932 sl 2,280 —J01eB36 L $e560 it {4889 ——
_0,0045089457 ' 221,8 - 29,453 = 5.067 = 254119 L - ISR Ty || (— -
e 0e0048095421 . 207.9 . _ 244751 N e D Teldd¥ i T 29,528 Eredils 6e215
0,0051101385 _  195,7 . . 94230 4,826 : 7622 SRR (I [ -7 S 9.769 pums & BRI
... De0N54107349 184,8 . . 11e120 s B BRI . 24634 e [ TN 1 L 20,972
_0,0057113313_ 17561 .. o as51a L . le792 e . 90035 424523 _ 124911 =
= 0.0060119277 16643 - Sk 10,982 el e § T 081 430737 B i 30 9791 e T TRt 00D
=— 0,0063125240 158,4 = . Be.8008 RS, I N - b IR 28367 _ " 54,082 _Be256
e e QD066 1208 i 18] 2 . 8029 . UNSSOERE - PR ) W SRS 6eD26 ... Te958 __ B.596 o
= 0.,0069137168 . 144,6 8.310 _ G (e T 473588 i - 17822 e 17.821
. UeD0722143132 —e—_ 138,6— 17714 3,040 e i) 270238 s 10563 v Y Y - 1) U A ——
R—— 0.0075149096 133,1. . 30,705 16,954 ) {5 - SRy e e Th 10,024
- 0e0070 550860 - 128,40 J 0BT} a2 002 — = 3365208 e J 6T AT S Y BT LTt
- 040081181023 Ok - % SRS 24,515 2184893 954117 64878
0,0089166987 11848 — —————— 9ebb6 — - —— 24,886 - RS’ & TN N Iy e ot wie 8¢371  _ - BeSOY
: 0,008717295} O, S 44391 — 3,527 : &P 7 S 4,208 0.037
P T T TN el S R . R i e st Y - 8,958 e - e T N oL 24140 R o RSN IR~ RS A SR
0,0093184879 107,23 13,842 194746 o __RaSTS 2106 19,83
4 : e b T A . - N AR RS AN L IR B ¥ A R
PN n f _ u_ 5 e sy Sl SSPRE- - _ . y SR . ' \Ji

R D N = 0w e s o L™
1 I

%

n - 0F T S
5
B

=

= L = ] F 2= - -
ks (=) - | T [ W
= g
f % 1 E'|



151

beams a peak was apparent at the Ifrequency of the beat between
the pulsar and the gating signal. Once the pulsar declination
had been found approximately by this method, further transits
“were recorded, with the pulsar near the centre beam of the five
fan beams, to obtain a precise declination by the least squares
procedure,
The usefulness of this method of searching in declination
was emphasised in the measurement of preliminary precise
declinations (%1 arc min) for PSR1154-62 and PSR1240-6l4,
Because of dispersion broadening in the 4MHz passband of the
telescope, individual pulses from these pulsars are almost
undetectable in the outputs from the Bast-West fan beams. Despite
a slightly narrower passband (2.5MHz) the pulses are completely
undetectable in the outputs of the fan beams of the less
sensitive North-South arm., However by the use of the above
technique a signal to noise ratio of about 15:1 was obtained
for PSR1154-62, and slightly less for PSR1240-64, at the peaks
of the respective Fourier spectra. As a result, precise
declinations (%1 arc min) were obtained for beth pulsax‘s(1 ),
and it was this measurement which led to the suggested
association of PSR1154-62 with a supernova remnant(éz)(7.2).
Precise declinations for 3G pulsars, obtained by the BPI

technique, are given in 5.3.

5.2 Results of Right Ascension Measurements.

5+2+1 Table of Resulis,.

The results of right ascension measurements are given in
Table 5.1, The uncertainties quoted are those derived as

described in 5.2.3.
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Table 5.1
Pulsar No. Transits 1950 Right Ascension Stand. Lrror
0031-07 1 00P31135%1 - 033
0450-18 1 o4 50 20.7 05
0834+06 1 08 34 26.0 Oolt
0959-54 5 09 59 50.9 0.2
1530=~53 1 15 30 1841 0.3
1706-16 1 17 06 32.2 0.2
17L7-46 1 17 47 55.0 , Oult
1749-238 1 17 49 43.4 0.2
1818-04 2 18 18 12.7 0.3
1857-26 3 18 57 40.9 0.3
1911-04 1 19 11 14.2 0.2

5¢2.2 Calibration of Right Ascensions.

The calibration of the East-West arm in right ascension was
obtained by observing standard sources of known position. If
[Xai represents the discrepancy between the observed right
ascension of a calibration source and its standard position,
then, for each day's observation, the mean value of the quantity
Aaxcosd; averaged over about ten sources gave the pointing
correction for the aecrial (& is declination of calibration
source L), For a given pulsar, at declination é; the correction
applied to its observed right ascension was then

Ac, = ( Axicos §, ) sec &

seconds of time.
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5.2.3% Discussion of Uncertainties.

As mentioned in 2.4.1.1. two different methods were applied
to analyse pulses received in the early, centre and late beams
" of the East-West arm., The values for right ascension obtained
by the two methods differed by up to 058 for individual pulsars,
while the formal standard errors for the procedures varied from
0503 tb 0514 for the method using all pulses and from 0316
to 0?49 for the method using only pulses occurring simultanecusly
in overlapping beams. (In Table 5.1 the right ascensions quoted
are obtained by the second method when there is only one transit
and from the mean of results from the first method for more than
one transit).

The uncertainties due to calibration errors vary from 0508
to O?S and represent the standard deviation of the pointing
corrections in each observing session transferred to the
declination of the pulsar,

The final uncertainties quoted for single observations or
used to find weights for each of a set of observations of a pulsar
are derived by adding the squares of the calibration uncertainties
and the fitting procedure standard errors. For those pulsars
with more than one observation the uncertainties quoted are
derived from the scatter about the weighted mean of the

observations.

5.3 Results of Declination Measurements.

5.%.1 Table of Results.

Results of declination measurements on 30 pulsars using the

BPI technique are listed in Table 5.Z2.
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Table 5.2
Pulsar No., Transits 1950 Declination Standard Error
003107 3 -07° 38" 15" 3"
045018 5 -18° o' 18" 2"
0628-28 3 ~28° 34" 03" 2"
073640 " -40° 35' 47" 2"
074,028 1 ~28° 15" 34" 5"
081815 ] -13°% 41" oy 5
0833-45 6 ~45° 00' og" 2"
0835-141 2 -41° 23" 42" 3"
0950+08 2 08° 09’ 55 i
1055-52 2 -52° 10" 16" 3"
1154-62 6 -62° 08' 23" 2"
1240-64 6 -64° 06' 51" 2"
14,26-66 1 -66° 10" 06" 5"
1449-61 3 -64° 01" o1" 3"
1451-68 2 -68° 31’ 33" N
1530-53 3 -53° 24' 17" 3"
1541409 i 09° 38" 46" 6"
1556tk 4 -44° 30" 12" 2"
1642-03 2 ~03° 12' 29" 5"
1706-16 2 ~16° 37" 02" 3"
172747 4 ~47° 42" 22" 2"
1747-146 3 ~46° 56 42" 3"
174,9~28 4 —28° o' 00" 2"
1818-04 2 —oy° 28' s5" y"
1845-01 2 ~01° 27" 30" Y
1857-26 6 -26° o' 51" 2"
1911-04 2 ~04° 45" 46" 5
1933+16 2 16° 10" 13" 5"
1944+17 1 17° 58" 26" g"
204516 2 ~16° 27" 11" 3
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5.3.2 Calibration of Declinations.

The calibration of the pointing of the aerial was
complicated by the discovery, after all the observations were
‘completed, that phase variations had been occurring along the
local oscillator lines of the aerial because of water vapour
condensation in the open lines, This precluded the generation
of calibration curves averaged over whole observing sessions
which is the usual practice at Molonglo. Instead, as described
below, calibration curves were generated showing the pointing of
the aerial as a function of time throughout the observing sessions.
A diurnal pointing variation was allowed for, since it was
indicated by phase measurements on the aerial.

The complete form of the pointing correction was assumed to be

2 z tan z arc sec( 5 ), where z is

A5=Asecz + B sec
the angle from the zenith of the telescope, The first term is
due to phase errors along the aerial, and the second term arises
from the spherical component of ionispheric refraction.

(4)

Based on past experience a fixed.value for B of ~2 arc sec
was assumed for simplicity. |
The quantity
A =A8Scos z -2 sec z tan z
for calibration sources was plotted as a function of time and an
empirical curve was fitted as shown in Figure 5.2.

Hence for a given pulsar a value of A could be cbtained, and

the declination correcticn AS calculated,

5e3%¢3 Discussion of Uncertainties.

As with the right ascension measurements the two sources of

uncertainty in the declination measurements are the fitting errors



Figure 5.2 An empirical declination correction

curve covering an observing session. The points
represent declination errors for calibration
sources. The diurnal variation was suggested by

phase variations observed along the aerial.
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due to noise and the calibration uncertainties. The fitting
errors ranged from 021 (for PSRO833~45) up to 2?8, becoming
even worse when the pulsar was erratic in amplitude.

The calibration uncertainties were derived from the r.m.s.
scatter of the calibration source declination discrepancies
about the empirical calibration curve, and ranged in value from
249 to 6.0, |

The standard errors of the calibration and of the fitting
procedure were combined (by adding variances) to produce the
final deviation for each transit, and hence the weighting to
be assigned to that transit when deriving the mean declination
of the source,

For any given pulsar, it-is possible to derive a standard
error for the mean declination from the scatter of the readings
about the mean. Since all the observations were analysed and
calibrated by the same process, however, a more precise estimate
of the standard error in declination can be obtained by
combining the standard deviations for all the sources(h).

Assuming the standard error is of the form O;-—. K sec z,
the data yielded the result that

GE=) =45 e ol
for a single observation.

Hence for a given source U the standard error of the mean
declination was given by

Ol = 4u5 sec z

d N
where Ni was the number of observations of that source., This is

the standard error quoted in Table 5.2,
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5.4 Comparisons with Other Observations.

5.4.1 Right Ascensions.

To enable direct comparisons of Molonglo right ascension
" measurements with other pulsar right ascension measurements,
the Molonglo results are listed in Table 5.3, together with
the most precise measurements available from other

observatories or previous Molongzglo measurements,

Table 5.3
Pulsar Molcnglo R, A. Previous R. A. result Ref.
0031-07  00%31%2581£0.3 00"31M365, £1%1 5
0450-18 Ok 50 20.740.5 O4 50 22 %2 6
0834+06 08 34 26.0%0.4 08 34 26.15%0.03 5
0959-54 09 59 50.9%0.2 09 59 51 %3 6
1530-53 15 30 18.1%0.3 15 30 23  *I 6
1706-16 17 06 32.,2%0.2 17 06 33.23%0.05 5
1747-46 17 47 55.0%0.4 17 47 58 #1 6
1749-28 17 49 48.420,2 17 49 149.27%0,07 7
1818-04 18 18 12.720.3 18 18 13.61%0.02 5
1857-26 18 57 L40.9%0.3 18 57 4y =2 8
1911-04 19 11 14.2%0.2 19 11 15,1420,02 5

It can be seen that in 5 cases the differences between the
neasurements are significant compared to the combined -
uncertainties of the two measurements. It should be noted .
that in all these cases only one measurement was used to
establish the Molonglo right ascension. Clearly further
measurements are required to resolve the discrepancles. They

werd not undertaken during this programme because of the lower
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priority of right ascension measurements in comparison to

declination measurements.

5.4.2 Declinations.

Molonglo pulsar declination measurements are listed in

Table 5.4 together with the most precise previous measurements
available., It can be seen that for those eleven pulsars whose
declinations had previously been measured to a precision of the
order of or greater than the precision of the corresponding
Molonglo measurement, the difference between the two is within
three times the standard error of the Molonglo measurement,
except for PSRO818-13, In the case of PSR1706-16, this is only

true if one allows for the precision of the previous

measurement. It should alsc be noted that the Molonglo
declination measurement for PSR0O818-13 is based on only one
observation.

Based on these comparisons it can be said that for those
pulsars for which the previous measurements were not precise,
the precise Molonglo declinations are accurate to within three
times the quoted standard errors, except possibly for those
measurements based on one observation, where the uncertainty

may be larger than 3 standard errors.
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Table 5.4
Molonglo Previous
Pulsar Peclination Measurement Ref,
0031-07  -07°38'15 %3 ~07°38'2¢" 32" 5
0450-18  =18%y' 18" 2" ~18%¢y' 14" 220" 9
0628-28  -28°34'03"'x2" -28°34'0801% 105 7
o) 1) [} " 0 t 1t 1]
0736-40  =40°35 47" %2 -40°35"20" 60" 1
0740-28  =28°15'34"'x5" -28°15'16" *20" 9
0818-13  =13%41"04"#5" ~13%1'2208+ 0,2 10
0833-45  -45°00'08"x2" -45°00'05.3% 0wz 11
o) ] 11t L] o) 1 n "
0835-41 ~4172L Le 3 -L1724 B4 42 L
0950+08  08°09'55" 4" 08%09 ' 4he5E 125 7
1055-52  ~52°10" 46" +3" 51%0' 30" 12
1150-62 —62008'23"t2" -62008'36" i60" 1
1240-64  -64°06"51"=2" -61°07" 12" 60" 1
1426-66  =66°10'06"+5" -66°09 515" 60" 1
1449-64  -64°01'01"'%3" -61%2' = 5' 13
145168  =68°31"33" x4 -68°32' &1’ 1
. oL 1. 1 _n 0 t
1530-53 -53724 17 %3 =-55730 £10 6
1541409 09038'46“i6“ 09038'29" iBO" 9
1556-4L  -44°30 12"#2" -44031"30" wy2" 12
0. V_ 1 0. 1_ 1 1
1642-03  -03°12'29"#4 ~03%12"31.1% 0.3
1706-16  -16°37 02"'¢3" ~16%37" 1107 2,7
1727-47  -47°42 22" «2" _47°542" 18" =60" 1
1747-46  =46°56 ' 42" #3" ~46°56" 12" %60 1
1749—28 _28006'00";132" _28006'01" + Ll_" ?
181804  -04°28'55" &Y' ~04°29' 03403+ 043

1845-01  =01°27'30" 4" -01%7" = 11 15



Pulsar

1357-26
1911=04
1933+16
1944+17
2045~16

Table 5.4 {contd.)

Molonglo
Declination

-26004'54"*2"
04045 16" 5"
]6010' 13"*5"
1?058'26"*8"
Oney ¥, . M
-16727 41 +3

Previous
Measurement

_26004'}_‘_9” *20"
[e) 1 It 11
04745 59.4% 046
169 '5848+ 041
1?058'44" tZO"
~16%27" 47" 6+ 8un

162
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6 01 IntrOductiono

In the Least Squares Fitting procedure, the major parameters
apart from the declination are the pulsar phase and the beat
frequency. A subsidiary set of parameters is the amplitude

function. These parameters were used to derive further
properties of the pulsars apart from their declinations.

The beat frequency gave values for the observed periods of
the pulsars, since it arises from the difference between the
pulsar repetition frequency and the known gate frequency. The
amplitude function was used to derive the mean flux density of
the pulsars and also give an indication of variations in the
pulsar flux densities on time scales between 6 seconds and about

10 minutes., Lastly a measurement of pulsar phase, determined,

not by the fitting procedure, but from Fourier transforms of
data from different radic frequency bands, led to the approximate

neasurement of the dispersion measures of several pulsarse

6.2 Period Measurements.

6.2.1 Table of Results,

The pulsar period F; was derived from the beat frequency F

via the relationship
P, = 'T"?hF"FS wherePy is the gating period.

After correction for the motion of the earth (see 6.2.2) the
results were combined to produce mean periods for the pulsars
observed. The results are listed in Table 6.1 together with
several alternate estimates of the period uncertainty, the

derivations of which are given in 6.2.3.
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Table 6.1

Pulsar Period Opm SO Dm lg%éts-:cv::wd::i.ons
0031-07 0.942 92 1 2 >
0450-18  0.548 9415 743 y
0628~28 14244 409 1 8 3
073640 0.374 921 1 1 L
0740-28 0.166 7413 - > 1
081813 1.237 71 - 7 1
0833-145 0.089 2244 40O v Y 6
0835-41 0.751 621 3 5 2
0950+08 0.253 064 80 5 5 2
1055-52 0.197 107 9 2 6. 2
1154=62 0,400 521 1 1 6
1240-64 0.388 479 2 1 6
1426-66 0,785 457 6 6 2
1449-64 0.179 483 53 7 1 3
1451-68 0.263 376 6 3 9 2
1530-53  1.368 85 2 3 3
1541+09 0,748 52 - 3 1
1556144 0.257 061 N 1 4
1642-03 0,387 6882 1 4 2
1706-16 0,653 06 2 1 2
172747 0.829 701 1 4 3"
1747-16  0.742 357 5 12 2"
1749-28 04562 554 7 1 3"
1818-04 0.598 080 T 3 2
1845-01 0,659 y32 6 2
185726 0.612 203 3 3 6
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Table 6.1 (contd,.)

Pulsar Period Om {od>m gg;ervationa
1911-04 0.825 957 - 14 1
1919+21 1337 33 - 2 1
1933+16 0.358 737 - 1 1
1944+17 04440 609 - - 1
2045-16 14961 59 1 2 2

*One or two transits from this sample were outside the
Chauvenet Limits(1 ) for the sample and were hence excluded,
The number indicates how many transits were used in this

analysis.

**The period quoted here is that measured on 16th Feb.,1973,
For a fuller discussion of PSR0O833-45 period measurements

see 6.2.5-
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6.2.2 Correction for the Motion of the Earth.

The periods measured using B.P.I. were corrected for the
Doppler shift due to the motion of the earth about the sun.
No corrections for the rotation of the earth on its axis were
necessary, since the observations were carried out near the
meridian transit of the source. Because of the lack of a
suitable ephemeris, corrections to the barycentre of the
solar system were not possible. However the differences:
between the barycentric and heliocentric periods are
insignificant in comparison to the uncertainties of the period
measurements themselves,

The heliocentric correction was applied as follows

v
Pneuo_ 1+ Ecose

v
PGEO \11 “ et

where PLELK,= heliocentric pulsar period

P.ec = observed geocentric period
c = speed of light
and v cos® = component of the earth's orbital motion in the

direction of the pulsar.

See Appendix 6A for a derivation of this correction.
The term z cos8 was computed as
1 1

C
|r|c(!-..r.) ='I'-I:'I"'c"' (WX +vY + vZ)

where ¥ represents the velocity of the earth,

Ve, ¥y, V2 the components of ¥ in heliocentric equatorial
: coordinates,

£ the position vector of the pulsar,
and X, Y, Z the components of g in heliocentric equatorial

coordinates (approximately equal to the geocentric equatorial

coordinates).
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Vo M .
R \E& were obtained from the

The quantities
precession sub-routine used in the fitting procedure, which
was written by Dr. D. ¥. Crawford.

The position components were calculated as follows

X

= = cosa cosd
iri

Y .

vl = sina cos &
2 = sind

iri

Finally the term 1/! -— g, was calculated using
¥ o= 172 * 1»9‘ +(‘_&.)‘
c* c C c

6.2.3 Discussion of Uncertainties.

The uncertainties quoted under o,in Table 6.1 are standard
errors on the mean period derived from the scatter in the
measured values about the mean., It can be seen that they

5

range from 7 % 1079sec to 2 x 10™7sec, ie over 3.5 orders of
magnitude., Since all the periods were measured by the same
process, the uncertainties should all be consistent, and in fact
can all be used to derive a better estimate of the period
uncertainty for each pulsar,

To determine this it %s first necessary to derive the

functional dependence of the period uncertainties on the

parameters of the pulsar, This can be done as follows

P, = 1 E?E’ Pp = Pulsar Period
-l Py = Gate Period
3P a F = Beat Frequency
— = P,
aF



where op & o, are uncertainties in P and F.

Now  ©Op ¢ ?% where S is the mean flux density,
assuming constant receiver noise. This assumes that the -
uncertainty in F is not affected very much by the shape of
the beat waveform, ie, by wp, but mainly by its amplitude

(more strictly, by the sigfal to noise ratio).

P
Hence Op & "g‘-r'
Therefore the statistic which is normalized to all pulsars
O, S
is —%— .
P

Using the same method as in 5.35.3 (2 ), and eliminating
two pulsars with abnormally high scatter in period the

following result was obtained

6.5\ _
PP>-(2.1=I=03)XTO

where Op is in sec., 9 in flux units, and Pp in seconds.

-6

The relatively small scatter in this result supports the
view that

a) the functional dependence of Op was correct, and

b) the period uncertainties are consistent.

The period uncertainty derived from the above quantity is
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a better estimate than that derived from the scatter of values,

and can also be applied where only one observation was made.
It is derived as follows
oD, = 2.1 x 1070 ﬁP%__ seconds
where n is the number of observations of a given pulsar of
period B and mean flux density S .
This is the quantity listed under <o), in Table 6.1.
A simple check on the validity of the quantity <-—-E-—> can

be made by estimating the uncertainty in tne period of a

- pulsar which is derived from the times of arrival of two pulses,
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one at the beginning of a North South Total power transit and
one at the end.
The r.f. bandwidth B is 2.5 MHz and post detector time
constant T is taken to be 10~ seconds. '
The r.m.s. ripple is
—§2—~ where S, is the
VBt
total detected signal, taken to be 150 flux units approximately.
Wihence
TeMeSe ripple = 043 f.u,
Consider a pulse Just over 3 X r.m.sS., say 1 f.u. peak height.
Then the timing uncertainty for a single pulse is

O~ Q,5 Vip say, where Wp is the observed pulse width,

Whence the uncertainty for a peak height of 5 would be

~ 045 Vi
Se
The uncertainty in time interval over N pulse periocds
(occupying a total time T = 1200 seconds) would then be¢~gll_
4

and the period uncertainty

~ W
Op 5
We 1
If we assume =T ’then
~_1_P . A
%™ %% Sp N
1 P 1 - .
= T as & = _Wp S
s 6 P° P
~2.,1 x 107 as N = 1200
3 D a

or ‘_’Eﬁs— ~ 2.1 x 107,
Hence the uncortainty<<q2%is of the correct order of

 magnitude for a pulsar observation using the fan beams of
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the Horth-South arm,

6.2.4 Comparison with other Measurements.

For comparison the resulis of the period measurements are
listed in Table 6.2 along with precise periods obtained by
other observers.

It can be seen that out of the 31 pulsars, in 19 cases the

periods agree within 2 <:0fa‘, and in 25 the periods agree
within 3<f0};. One pulsar has no uncertainty quoted because of
the lack of a suitable flux densiiy measurement. The remaining
5 have differences greater than 3 o2 .

Hence it can be said that in general the technique of period
measurement using B.P.l. is successful, and is mainly limited
by the transit time in the fan beams of the North=South arm. A
corollary of this is that the case for the accuracy of the other
important parameter in the fitting procedure, the decliﬁation,

is strengthened.

6.2.5 Period Measurements for PSR0833-45,

Period measurements of PSR0833-45 are of particular interest
since the first time derivative of the period is large enough
to produce noticeable changes in period over a short time
interval. This is of course enhanced by the high mean flux

density and short period of the pulsar,.

[ ]
6e2.5.1 Period and P Measurement by Timing over a short interval.

The arrival times of 3 pulses from PSR0O833-45 were measured
from recordings of East-VWest total power transits on 29/5/72,
20/5/72 and 1/6/72, one pulse being measured for each day.

If we call the time of arrival of the second pulse T, then
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Table 6.2
Molonglo Period Other
Pulsar Measurement Measurement* Ref.
003107 0.94292 % 1 0.942 951 >
o450-18 0 548942+ 4 0.548 935 L
0628-28 Te244 409 % § 1204 415 2
0736=40 04374921 % 1 0.374 9186 6
0740-28 0.166 7413 = 3 0.166 751 . 6
0818-13 16237 71 %7 1.238 1 7
0833=-45 0.089 224 400 = 4 ———k%
0835=41 0.751621 = 5 0.751 621 6
0950+08 0.25306480 £ 5  0.253 06504 3
1055=52 0.197 1079 = 6 0.197 106 5 6
1154-62 0.400 521 % 1 0.400 520 3 6
1240-64 0.388 479 = 1 0.388 4790 6
142666 0.785 457 % 6 0.785 442 5 6
1449-64 0,179 48353 + 1 0.179 4835 6
1451-68 0.263 3766 = 9 0.263 376 8 6
1530-53 1.36885% 3 1.368 881 6
1541409 0.74852+ 3 04748 443 8
1556-44 0.257 061 % 1 0.257 0553 6
1642-03 0,387 6882 = 4 0,387 688 8 3
1706-16 0.653 06 = 1 0.653 050 3
1727=47 0.829 701 % 4 0.829 699 6
1747-46 0.742 36 % 1 0.742 351 6
1749-28 De562 554 % 1 0.562 553 >
1818-04 0.598 080 3 0.598 073 3
1845-01 0,659 432+ 1 0.659 428 9
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Table 6.2 (contd,.)

Molonglo Period Other

Pulsar Measurenment Measurement® Ref.
1857-26 0,612203% 3 0.612 209 9
1911-04 0,825 96 % 1 0.825 934 3
1919+21 1,337 33 % 2 1.337 301 3
1933+16 0,358 737 £ 1 0.358 735 3
1904+17 0.440 609 0.440 618 9
2045-16 1.96159 % 1 1.961 567 3

* Uncertainties not quoted. These results have been quoted
to sufficient accuracy to establish their differences from

the Molonglo results.

** See 6.2.5. No result is gquoted here because of the high

value of P for this pulsar,
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the times of arrival of the pulses on the other days
are T = T, + N (P, + AR, + PN)
where N is the number of pulsér pulse periods between the
measurements
P, the pericd measured by BPI on 30/5/72.
AP, the amount by which Ps is in error
ﬁ the period change per period.
It is convenient to define an expected time of arrival by
Te = T + N Po

P §°

Whence T - Tg + AP, N.

The values of N for each pulse (= O for the second) could be
estimated approxinmately from the expression for T and only
needed to be known to about‘t 500.

The quantity T - T was that interval of time less than one
period which remained after an exact number N of periods P
were subtracted from T - Ty «» It was measured to £ 8.1 m sec.

Ffom the expression for T - Tz it can be seen that a least
squares fit of a parabola to the data will yield values for
P and AR .

The following were the results of this calculation

AP@ = 7 n s8€Ce.
P = 314 x 10712 sec/period.

= 3 n sec/daye
The change in the Doppler period correction was found to be
- 8 n sec/day at the time of the observations.

+ « The true value of P for the pulsar was 11 n sec/day, close

to the result(10) of more precise measurements,
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]
6.2+.5.2 Period and P Measurement from Period lMeasurements

over a lonz interval.

Six independent measurements of the period of PSRO833-45
‘using BPI were made over a period of about 520 days. The

results are listed in Table 6.3.

Table 6.3

Date Period

16/9/71 0.089 218 836

3/12/71 0.089 219713
30/5/72 0.089 221 638 x 7
1/6/ 72 0.089 221 652

19/7/72 0.089 222 163

16/2/73 0.089 224 4,00

Assuming the period is of the form
P(t) = P (b)) +P (t=ty),
é least sguares fit to the data in Table 6.3 yielded the
following result
P (t,) = 0.089216611 = 8 sec
t, = JD2441000
p = 10.71 % 0,05 n sec/day.
The value for % is within 3¢ of the result from more

precise measurementss1o)
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6.3 Flux Density leasurements.

6.3.1 Table of Results.

Pulsar mean flux densities derived from observations and

- analysis using B.P.I. are listed in Table 6.3.

Table 6.3
Pulsar Mean Flux Density (nefou,)" Uncertéinty(m.f.u.)
0031-07 78 7
0450~18 81 7
0628-28 185 41
0736=40 152 (0™
0740~-28 170 9
0818-13 37 13
0833=45 1577 250
0835-41 - 155 | 16
0950+08 1732 825
1055=52 100 49
1154=62 175 16
1240=64 137 21
1449-65 269 10
1451-68 125 57
1530=53 89 12
1541+09 ' 71 13
1556=4i 79 13
1642-03 610 8y
1706=16 | 81 9
1727-447 181 32
1747-46 72 uh
1749-28 556 43
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Table 6.3 {contd.)

Pulsar | Mean Flux Density (m.f.u.)  Uncertainty(m.f.u.)

1818-03 | 175 (3™
 1845-01 70 8

1857-26 120 17

1911=04 102 11

1919+21 116 31

1933+16 425 86

2045-16 204 O

* 1 m.foue = 1 milli flux unit

= 10729 yu~2 gz~
** Probably an underestimate., The uncertainties are formal

errors and may not reflect the real NIncertainties.

6.3.2 Discussion of Amplitude Function and Derivation of

Mean Flux Density.

The amplitude function A, described in Appendix LA, was
used to compute the mean flux density as follows,

Let S be the mean flux density, w, the observed pulse width
and P the pulsar period (® Py the gate period). Also let the
integration period be T = NPy

The energy per pulse = S. P
The energy per integration period = N, S. P.
| =35 T

Now the amplitude function Ax is proportional to the energy
received in each integration time
A= ST

A

S )

T
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The constant of proportionality
=KC
where C is the term which gives the sensitivity of the aerial
‘as a function of declination. The constant K was set by
comparing results with other pulsar mean flux density
measurements as described in 6.3.3.
For those pulsars for which w, > gb the value for the mean

flux density was computed as

T . Ax 10w,

This was necessary since for pulsars with large values of
Wp , only the fraction Tgﬁ} of the total pulse energy was
received in any one channel.
As mentioned in 4.5.35 a Fourier transform was computed for
the final set Ay for each pulsar observation. These transforms
were inspected for evidence of periodic flux density variations
on time scales between 6 seconds and ten minutes. DNo well
defined periodicities were observed but the results of these
inspections are given in Table 6.4 for completeness,
Table 6.4
a) No features in Power Spectrum of Pulsar Amplitude
0031-07, 0O450-18, 0736-40, 0740-28, 0833-45, 0835-41, 1055-52,
1154-62, 1240-6L4, 1426-66, 1449-65, 1451=68, 1530-53, 1541+09,
1556-44, 1706~16, 1727-47, 1818-03, 1845-01, 1857-26, 1911=04,
1919+21, 1933+16, 1944+17,
b) Some long term variability ~2 = 10 minutes
0628=23, 1642=03, 1747-46, 2045-16
¢) Erratic or variable over whole spectrum

0818-13, 0950+08, 1749-28.
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6.%43 Discussion of Results.

The uncertainties quoted in Table 6.3 are derived from the
cbserved variations in mean flux density either during a single
Vtransit, or from observation to observation. DIach observational
value was derived after about twenty minutes of integration.

On the basis of the results of Rickett(]1)it is clear that the
decorrelation bandwidths of the Molonglo pulsars will be
considerably less than 2.5 MHz at 408MHz because their

dispersion measures are in general higher than those in his
sample, Hence, with an observing bandwidth of 2.5 MHz at 408 MiHz,
the uncertainties reflect the effects of noise, or variations

in flux density which are intrinsic to the puléar, except where
the dispersion measure is very low.

The flux values quoted in Table 6.3 are uncalibrated both
internally with respect to each other, and externally with
respect to some absolute flux standard.

The lack of internal calibration is not regarded as serious
since the sensitivity of the aerial was essentially constant
over the time of the observations, and any changes which did
occur would in most cases have been averaged out by repeated
observations. It should be noted that the seasitivity of the
aerial does vary with declination as discussed in 2.4.1.2, and
6.3.2, and this effect was taken into account in deriving the
mean flux densities.,

Since no standard pulsar flux scale is available, the
Molonzlo values were roughly calibrated by comparing them with
flux density values obtained at other observatories, as well as

~earlier Molonglo measurements, for about twenty pulsars(4’9’]a'18)
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The results are illustrated in Figure 6.1 and indicate that the
flux scale for the Molonglo measurements can be defined within
about + 3dB.

Hence it can be seen that while the uncertainties listed in
Table 6.% are those derived from the observations, the real
uncertainties which should be attached to the resultis are of
the order of = 3dB, This reflects the need for observations
to be made which not only lead to well calibrated valﬁes for
mean flux densities but also give some indication of the pulse

amplitude statistics.

6.4 Determination of Dispersion Measures using BPI,

6elte1 Reasons for Measurement,

As discussed in 2.4.2.2, early measurements of dispersion
measure made at Molonglo were inaccurate. In fact, in most
cases, the results were systematically low due to inaccurate
knowledge of the observing bandwidths, with large random
uncertainties due to the small time delays to be measured, and
the effects of fine structure in the pulsar spectrum,

The problems were increased for highly dispersed pulsars
where the signal to noise ratio was low because of the dispersion
broadening of the pulse., In particular, for PSR1154-62,
individual pulses were almost undetectable in the noise when
observed through a 2 MHz bandwidth on the East«lWiest arm of the
telescope., Because of the possible association of PSR1154-62
with the Crux supernova remnant(19) an attempt was made to
redetermine the dispersion measure of the pulsar to enable
comparison of the distances of the pulsar and the supernova

remnant from the earth,
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Figure 6.1 A comparison of Molonglo pulsar

mean flux densities obtained using BPI with
values obtained at other observatories or

from previous Molonglo measurements. Points
joined by a line are discrepant values in

the literature. Lines illustrating a %#3dB
uncertainty have been drawn about the line
equating both sets of measurements. The units
denoted (f.u.)* for the Molonglo values were
established from this curve rather than |

absolutely from a standard calibration.
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6elie2 Metnod Used for Determination of Dispersion lieasure.

Since the declination of PSR1154=~62 had been measured
precisely enough to place 1t in a particular fan beam of the
North-South arm, the pulsar could be observed for about 20
minutes. Using the twenty narrow band filters mentioned in
2.3,3, and grouping them in fours, the pulsar was observed
through five channels each with a bandwidth of 0.8 Mz and
separated by 0.8 MHz, the five signals being input to the BPI
systems

For each band, the five phase channels, generated by the
gating system, were added, to concentrate most of the pulsar
energy into an approximately sinusoidal signal at the beat
frequency, and the real and imaginary components of the
Fourier transform of this signal then determined. The phase of
the pulsar signal with respect to the gating signal, for each
frequency band was then derived from the transform, giving in
turn the frequency sweep rate of the pulsar and hence its
dispersion measure.

The theoretical derivation of this can be summarised as
follows:

The output in each channel can be regarded as the low
frequency component of |

cos(:%j +¢3)cos(%r;t +¢ )

where Pg

gating period
Pp = pulsar pefiod
¢3 = gate phase
L
ie. the output can be written as

l
cos[-‘zﬂt( -,!,; —'"FP') + ( by ‘¢py

pulsar phase
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If the signal which is transformed has phase d% then

cﬁ ﬁbg Po
or Ad’ = Ad’s

Now at 408 MHz

dm = = 8180  where X{og is the pulsar
lﬁOB frequency sweep rate at
408 MHz
See Appendix 6B for the derivation of this relationshipe.
ie. dm = - 8180 _At
Buos

- 818Ca_1 o+ P ADe_

21 AByog

8180 _Pe A Qs
- 211 A B,og

How ABm,s: -AB,_E (because the 5.5 MHz I.F. is a lower

sideband)

Whence dm = -818 P. A,
27 Az

13

The pulsar PSR1933+16 was used to calibrate the systen.

This technique is only useful where the uncertainties in
d% are small compared tc the change in q@ across the band, ie.
for strong pulsars, or pulsars with large dispersion measures,

An expression for the uncertainties in each value of <¢y as
determined from the components of the Foﬁrier transform is

derived in Appendix 6C,

6elted Results,

Using P3R1933+16 as a calibrator, the dispersion measure for
PSR1154=-62 was found to be 320 t300ﬁ73pc-ommpared to the previoss
measurement at Holonglo of 270 ¢35cm-3pc. A more recent

'determination(6 ), however, yielded the result 267 iacm"Epc.
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Mo clear explanation is apparent for the inaccuracy of the
BPI technique for dispersion measure, except perhaps the poor
signal to noise ratios in the outer bands, due to the overall
bandwidth of the North-South arm being about 2.5 lMHz rather
than 4 MHz as it is for the East-West arme. Despite the poor
result, the method is mentioned here because, for very highly

dispersed pulsars, useful results could be obtained if no other

methods were available.
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Avpendix 6A Relativistic Doppler Correcticon.

Following the methods illustrated in R. K. Wangsness,
"Introductory Topics in Theoretical Physics", pp25-27.,

‘the relativistic Doppler correction is derived as follows.

3
y o v
f P = Pulsar
]
r/ i 1
Ar Q'= QbserVer
! : .
P P X

In the pulsar rest frame (= rest frame of the sun for this
discussion) the radiation travels from P along r to ¢' where r
is at an angle such that -v cos8 is the component of the
earth's velocity in the direction of the pulsar,

In this frame the observed wave can be written as

U=1"U -i{kr =wt)
- @
r

The observer at Q' however interprets the wave as having
the form
U = U

I‘.

o ~ (' = w't")

where the priwed coordinates refer to the observer's rest
frame,
Since phase number is invariant under a Lorentz
transformation
(kK'r' =w't') = (ke ~wte)
Nowr = x cosB8+ y sin®

and r'= x'cos® + y' sin®’
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v (x - pet) Lorentz
J transformation
b=y (t‘ﬁﬁgg) formulae
Whence, using k =%) = 2n %

v( X cos B c+ v 5in® ~t) = vi( Y {x=- Bcg)cose +y sin @

- vyt - &2,
This is true for all x, y, t, so the coefficients of
these quantities are separately equal

Whence v=vy ( 1+ pcos@)

and cos 9‘= M
1 - f coso

Y 1 -pcoso
This gives the Doppler correction for the frequencies.
Since the proof is not dependent on the nature of the wave it

is also true for a train of pulses, and in particular

P = P'y (1 -pcosb),
Where P = heliocentric pulsar period
P' = geocentric pulsar period
PueLio 1 = < cos@

Cc

Peeo V[———;z-
1 =-32

where ~«v cos® is the component of v in the direction of the

pulsar, or,

PHELIO _ 1+ -g- cos @
PG'EO 1 - 'EZ
c

- where v cos @ is the component of the earth's velocity in the

 direction of the pulsar.
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Appendix 6B Relationship between Dispersiocn lecasure and

Frequency Sweep Rate.

Consider a plane wave travelling towards an observer at
the origin through a medium of refractive index n
The wave will be of the form
U = eri(w'l:'l'nkr)
where k is the wave number in free space.
The refractive index n is of the form

= Ne® i Vo (20 )
g, N W v

where v, is the free electron plasma frequency,

- 8.98 x 10~ n¥ (21 )

The phase term in the expression for the wave is

¢

wt+nker

2nvt+2mv L ( - Veg)

4

[ 2V
where I, is the distance from the source to the

observer.
To determine the frequency drift rate we set the phase equal
to some arbitrary constant, say zero, and see how the time of

arrival of the wave varies with frequency.
e
2V*
Vel
Y3
L$2
At 40@ MHz this reduces to

Yiog = - 8180

N L

l

Q
- X
1§l
I
Ho ol

or

for N = no., electrons in cm™>

L = distance in parsecs

or dispersion measure = - 8180
1
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Avpendix 6C Uncertainties in a Phase Measurement

derived from Fourier Components.

Let the real component of the transform be X
"Let the imaginary component be Y

Let the phase be O

Define o, 0y, ¥, and 0, as the uncertainties in X, ¥, ©
and T =yX +Y*, the power spectrum.

From O = sin' —%

" T, ol
-?-9: Pl x+39= ~Y

Y T XNHY' ' X XEavn

we obtain

Fromr = X1+Y1
we obtain 2¥ = _X v _Y
)i §+Y;; aY V")’.(L_:Y!.
Nov = Ly +
o= (5o 1(5%) o
= Xor+ Yo
*+Y* ov..z
Similarly Og' = (g——*e-)lo,} +(§-;r-) Oy
_ You + X0y
N (x'l-+Y|-)'l- .
=0 as Oy=0y since the noise will
T
have a completely
random phase angle,
Whence 0-9.= %

That is, the uncertainty in phase (in radians) is equal to

the noise/signal ratio of the power spectrum.
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Chapter 7

PULSAR - SUPERNOVA ASSOCIATIONS.
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7.1 Introduction.

Associations of astronomical objects are important clues
for theories concerning the origins and histories of the
objects. The early suggestion that pulsars might be neutron

(1) yas supported by tentative association of PSR0833-45

stars
with the Vela supernova remnamt(2 ) since it has been shown‘ 3)
that neutron stars could be formed when stars of mass greater
than 4.0 times the solar mass undergo a supernova explosion,
At present there is only one completely certain pulsar-
supernova association, that of PSR0532+21 with the Crab Nebula,
The other associations are plausible if pulsars have high
velocities ~ 100 - 400 km s-]. Velocities of this order have
been observed for pulsar scintillation patterns(q'), which can
be interpreted as pulsar motion, and also directly, as pulsar

(5)

proper motion

7«2 The Crux Supernova.

During observations at Molonglo to determine the declination
of P5R1154~62, the extended galactic source G296,8=0.3 was
discovered and investigated(6 ). By comparisons of the flux
of G296.8-0.3 at other frequencies, obtained from 85 MHz,
1420 MHz and 2700 MHz surveys of the regiont’ 1849 4
spectral index of =0.7+0.2 was obtained, indicating a non-thermal
source of radiation. Coupled with the size, position, and
shape of the source, the spectrunm indicated that G296.8~0.3
is a supernova remnant. 408 MHz isophotes for G296.8-0.3 are
shown in Figure 7.1.

Using the relationships derived by Milne(lo), the distance to

_'the remnant was estimated to be about 4.1 kpc and its age about



Ficure 7.1 Isophotes of the Galactic radio

source G296.8-0.3 obtained with the Molonglo

Cross at 408MHz. The isophote interval is

43 K brightness temperature., Isophote 1 is
21 K above the local background temperature.
The positions of the pulsar and the céntroid
of the radio source are marked., The single
closed isophote at the position of the pulsar
is consistent with a Cross observation of the
mean power of the pulsar. The uncertainty in
declination shown for the pulsar is that
derived from the declination search procedure
(see 5.1)., The uncertainty has since been

reduced (see 5.4.2);

196



declination (1950:0)

-62° 06’

-62°12'

-62°18’

right ascension (1950°0)

261



198

25,000 years. On this model the pulsar is about 14 pc from
the centroid of the supernova, travelling at 560 km s;l.
This velocity is higher than those observed or inferred for
several other pulsars, but given the uncertainties in the
distances to G296.8-0,3, its age, and the measured pulsar

velocities, the velocity of PSR1154-62 is not inconsistent

with the wvelocities of other pulsars,

7.3 Other Associationse

Several other possible associations have been mentioned in
the literature. They are PSR1919+21 with the non-thermal shell
source G55.7+3.4¢'17 PSRO611+22 with ICLL43, a supernova
remnant(12), possibly PSRO138+59 with an extended source
nearby,(15) and the highly probable association of PSR0833=45
with the Vela supernova remnantca ). In several of these cases
high transverse pulsar velocities are required if the
association is :c'eaLl(6 ).

On current pulsar models the chances of finding many more
close associations are small, since if period is in fact some
indicator of pulsar age, then, with high transverse pulsar
velocities, it is unlikely that most pulsars would be close in
position to any remmants of the supernova in which they may
have been formed. Furthermore, the supernova remnants may well
have dispersed and become undetectible with present radio
telescopes.

it can be argued, however, that period is not a good
indicator of age, and so, in the search for pulsar-supernova
remnant associations emphasis is needed on finding many weak

supernova remnants, and on measuring pulsar proper motions,'to



199

try to project the present pulsar position back to where it
may have been in the past--possibiy near some supernova

remnant.,

7¢44 The Crab Nebula Pulsar.

The one certain association is that of PSRO531+21 with the
Crab Nebula, the remnant of a supernova explosion in 1054 A.D.

Assuming a velocity ~ 120 km s~1014)

the pulsar, seen optically
as well as over the rest of the spectrum, coincided in 1054 A.D,
with the site of the explosion which formed the remnant. The
pulsar also provides the answer to the problem the Crab Nebula
posed by its X-ray and ultraviolet emission(]ﬁ). The decay
tires of the electrons giving rise to this radiation are -~ 100
years, so some energy source must be present to have enabled
the radiation to have continued to the present. The energy
radiated by the pulsar is sufficient for this, and also
sufficient to explain the outward acceleration of the expanding
shell due to radiation pressure. Finally, it is possible that
wisps of excited gases near the éentre of the nebula may be
related to discontinuous period changes in the pulsar when
large bursts of energy were radiated(16).

Given the large amount of data that has been collected on
the Crab pulsar, as well as the interest it provides by
radiating over almost the whole electromagnetic spectrum
(30 MHz—— Yrays), and being clearly associated with the Crab
Sebula, it is not surprising that for many people it is almost
the only pulsar that exists, and that many empirical and
theoretical relationships in pulsar work are inevitably

_'normalised to fit it. The pitfalls in this are apparent since
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the Crab pulsar may be as singular within the total pulsar
population as the Crab Nebula is among the population of

similar objects in the Galaxy.
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Chapter 8

THE OPTICAL FIELDS

OF
RADIO PULSARS.
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8.1 Introduction,

Just as there have been several attempts to find
associations between pulsars and supernova remnants (see
Chapter 7), so thére has been some interest in trying to
discover optical objects which may either be the pulsars or be
associated with them. This work depends initially on precise
radio positions being determined for the pulsar and optical
photographic plates being searched for possible candidates.

The final stage is time resclved photometry observations of
the possible candidates to determine if the optical emission is
pulsed.

The search for optical pulsars was encouraged by the
discovery of the pulsed optical emission of the Crab pulsar,
but the lack of pulsed optical emission from any of the
candidate objects near PSR0O833~45, the Vela pulsar, has decreased
the likelihood that pulsed optical emission will be observed
for any other known pulsars, This has indeed been borne out
for those pulsérs for which time resolved optical measurements

(1)

have been made

-

8,2 Previous Observations of Pulsar Fields.

Soon after the discovery of pulsars was announced, and their
positions measured, the optical fields were examined(a »3 ).
The rich field of PSR1919+21 makes it very likely that the
(2)

suggested association with an 18™ blue star is probably a
chance association. A tentative candidate for PSRO950-!-08(3 )

was ruled out by later more precise position meal.sx.uc'emraen’cs(L+ » 9 ),
including measurements at Molonglo carried out by the author

‘and Dr. A, J. Turtle., For PSR1133+16 a very faint candidate
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was re.ugg,rg;ested.(L+ » D ), while no candidate for PSRO834+06 was
found(5 ).

Several early attempts were made to detect dptical pulsations
(6,7 but without success, With the exception of the Crab

I\Tebula(8 ) this situation has remained to the present.

8.3 The Field of the Vela Pulsar PSR0833-45.

Since, of all pulsars, PSRO833-45 has properties most
similar to the Cradb pulsar, much attention was given to searches
for optical pulses from objects in the field of this pulsar,.
The time averaged limiting magnitude for pulsed optical
emission was initially set at about 21.5(9 ) for several objects
in the field, being later reduced to about 22.1(10), and then
to about 25(11).

The major problem at the moment is the determination of
the radio position of the pulsar, Several measurements(12’13'14)
exist but they do not agree with each other, although two of
them are consistent within the stated uncertainties., The
various radio positions are illustrated in Figure 8.1 together
with optical objects in the field. It should be noted that
the position as derived.by BPI is different to that previously
published(14), as a result of further measurements and better
calibration., Clearly the difference between the Molonglo
position and that derived from pulsar timing needs to be fesolved.
It should be noted, in this respect, that the positional
discrepancy is almost entireiy in ecliptic longitude, one of
the coordinates obtained in the timing position measurement,

Several searches have already been carried out in blank

fields within the error boxes of pulsar positions to time



Figure 8.1 The optical field of PSRO833-45.

The objects are labelled A to L in conformity
with Figure 1 of ref. 18, The circles

indicating the optical magnitude show the diameter
of the star image on the deep plate of ref, 15.
Error rectangles of 1 standard deviation are

given for the three radic position measurements.

A line of constant ecliptic latitude is drawn

through the pulsar timing position.
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o reach these

averaged limiting magnitudes of about 2?(15). T
limits very small diaphragms need to be used, s0 the positional
uncertainties need to be small to reduce the observing time

‘required for the search, At the present there is a need for

searches in blank fields near the Molonglo and timing positions.,

8.4 Southern Pulsar Fields.

Since there are no optical survey plates, similar to the
SAQ Sky Survey, south of d= —450, there has been little
opportunity for examining the optical fields of Southern
pulsars. However, as a result of precise declination
measurenments by the author for many of the Molonglo pulsars,
using BPI, special plates were taken of the fields of nine
pulsars South of S = —440(]6).

The plates were taken on the Upsalla 50/65 cm Schmidt
telescope on Mt., Stromlo by Dr. M. Disney and Mr. P, Nicholson,.
Bach plate covered a region 395 by 395, with a scale of 120 arc
sec per mm, EXposure times were such that the limiting
magnitudes were between 18 and 19. Using reference stars from
the Smithsonian Catalogue, the positions of candidate stars
near the pulsar position were measured with an r.m.s. uncertainty
of about 0.7 arc sec.

The pulsars whose fields were photographed, together with
the pulsar positions adopted for the examination of the fields,
are given in Table 8.1,

The pulsar fields themselves, with the pulsar position
indicated by 30 error boxes, are illustrated in Figures 8.2,
8.3 and 8.4. The scales in these photographs are ~2 arc sec

per mm., The positions of six stars close to the radio position



Figure 8.2 The optical fields of PSR1055-52,

PSR1154~62 and PSR1240-6L4. 3¢ error boxes
around the radio positions are shown.  Also
listed are the positions of the stars numbered
on each field, to allow further measurements

onn the field.
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Pulsar Position

10855M49%£18  -52°10' 46 3
Star Positions
1. 100554582  -52210 o4
2e 10 55 47.3 =52 10 50
3« 10 55 47.4 =52 10 27
Le 10 55 48.6 =52 10 47

5. 10 55 50.0 =52 11 D1
6. 10 55 52.3 =52 10 46

Pulsar Position

1185455418 6298 23 w2
Star Positions
1. 1185404188  -62°8" 17
2. 11 54 43,7 =62 08 09
3« 11 54 44,9 =62 08 28
Le 11 54 45.3 =62 08 45
Soe T ® 5. 1154 46.4 =62 08 12
| ; '!P";_& ':"1 ."_f' n “‘, 6. 11 54 49.2 =62 08 18

Pulsar Position

12240"20%1®  -64°06 51 %2
Star Positions
1. 12240"1558  -64°06 48
2. 12 40 17.0 =64 07 06
3, 12 40 17.9 =64 06 26
4o 12 4O 18.2 =64 07 26

"




Figure 8.3 The optical fields of PSR1449-64,

PSR1451-68 and PSR1530-53. 3¢ error boxes
around the radio positions are shown. Also
listed are the positions of the stars numbered
on each field, to allow further measurements

on the field.,
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Pulsar Position

14049228418 _64°01 01" 23"
Star Positions
1. 148491782 -64%00'57
2¢ 14 49 19.1 -64 00 37
3, 14 49 20.0 =64 00 51
be 14 49 21.0 =64 01 20
5. 14 49 24.6 =64 01 02
6o 14 49 24.9 =64 00 32

Pulsar Position

14h51m293t13 -68031f33"¢4"
Star Positions
1. 14851M2659  -68°31'55
2. 14 51 27.9 =68 31 39
3« 14 51 29,2 =68 31 31
Le 14 51 29,2 =68 31 43
5 14 51 31.1 =68 31 54
6. 14 51 31.5 =68 31 04

n

Pulsar Position
157308235215 -53%4 17" +3"

Star Positions

1. 15730M17%y  -53%24 01

2. 15 30 21.1 =53 25 09

3¢ 15 30 22.3 =53 24 17

e 15 350 22.9 =53 24 34

De 12 20 255 =535 25 0

6. 15 30 27.2 =53 23 59




Figure 8.4 The optical fields of PSR1556-44,

PSR1727-47 and PSR1747-46. 3¢ error boxes
around the radio positions are shown. Also
listed are the positions of the stars numbered
on each field, %to allow further measurements

on the field.
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Pulsar Position ' -
I
15856M128415  _31°930 12 %2

Star Positions

1. 159560759  -44°30' 14
2. 15 56 11.8 =44 30 27
3« 1556 11.9 =44 29 39
Le 15 56 12.6 =44 30 12
5 15 56 13.8 =44 29 59
6. 15 56 15.9 -4 30 05

Pulsar Position '
| 1 i
170270568618 _p7%,2 22 22

Star Positions

1. 1782785355  —47°41' 59
2e 17 27 540 =47 42 25
3. 17 27 55.0 =47 42 26
Le 17 27 5641 =47 42 28
5. 17 27 57.8 =47 42 11
6. 17 27 5941 =47 L2 30

Pulsar Position

178478585515 —146%56 ' 42" +3"
Star Positions
1. 1784795557 46956 33
2e 17 47 59.2 =46 56 49
5« 17 47 593 =46 56 22
Le 17 47 594 =46 55 55
5¢ 17 48 01.3 =46 56 52
6. 17 48 03.3 =46 56 14

1747 —46
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Table 8.1
Pulsar oL(1950) é(1950)
PSR1055-52 101 55™ 49515 —52° 10" 46 3"
 PSR1154-62 11 54 45 %1 -62 08 23 %2
PSR1240~64 12 40 20 #1 ~64 06 51 #2
PSR1449~64 14 49 22 =1 =64 01 01 %3
PSR1451-68 14 51 29 #1 -68 31 33 &4
PSR1530~53 15 30 23 #1 =53 24 17 %3
PSR1556=114 15 56 12 #1 ~h4 30 12 £2
PSR1727-47 17 27 56 #1 ~47 42 22 #2
PSR1747=46 17 47 58 =1 ~46 56 42 =3

and symmetrical about it, are given for each plate. This was
done because the present uncertainties in the radio positions
do not allow the choice of a unique optical candidate for each
pulsar. Hence from these plates further examination can be
carried out when more precise pulsar positions are available,

It should be noted that no obvious supernovae remnants were
found near the pulsar positions.

After ranking the nine pulsars in order of estimated visual
magnitude using a simple expression for the optical luminosity
and normalising to the Crab pulsar(16), the pulsars 1055=52,
1449-64, 1451-68 and 1556-44 were chosen to be searched for
possible pulsed optical emission using a 1P21 phototube at the
£/18 offset cassegrain focus on thé Mt. Stromlo 30 inch
telescopes

PSR1055-52 was missed because of bad weather, but successful

observations were carried out (by Dr. M. Disney and
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Mr. P. Nicholson) on the other three. The cutput from the
telescope was cycled through 100 bins in a PDP-8 computer
such that several complete pulsar periods were covered by
"the bins. The contents of the bins were examined for pulses
but none were observed,

Because of uncertainties in the pulsar positions, since
removed, a diaphragm of 4O arc sec diameter was used in most
cases, with integration times between 10 minutes and 1 hr.

The resulting time averaged limiting magnitudes for pulsed
optical emission, assuming a duty cycle of 10% and a detection

level of 3¢’ or more, are listed in Table 8.2,

Table 8.2
Pulsar Diaphragm (arc sec) Integration time Limiting
(sec) m
PSR1451-68 40 | 3700 20.4
PSR1449-64 40 5750 2044
PSR1449-64 8 640 2143

PSR1556-4i 40 1900 20.1

Clearly further searches are needed with small diaphragms to
increase the sensitivity. Furthermore, there is a need for
exanination of the field of PSR1055=52, particularly since it
has a general pulse shape and interpulse reminiscent of the

Crab pulsar(1?).
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Chapter 9

DISTRIBUTION FUNCTIONS

FOR THE
LUMINOSITY, PERIOD AND Z-~DISTANCE

OF PULSARS.
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9.1 Introductione.

In order to determine the precise nature of pulsars it

is necessary to analyse the radiation from individual
‘objects and interpret it in terms pf physical models,
hoping to find a model which accounts for all properties
of all pulsars,

It is also possible, however, to consider the distribution
functions for certain pulsar properties, rather than the
properties of individual pulsars, and obtain information
about the general nature of pulsars, Furthermore, by
considering distribution function data and making several
a priori assumptions, one can make statements relevant to
non-static (ie. evolutionary) models of pulsars.

Of the pulsar properties which could be analysed, a
convenlent, and physically significant , set is the
luminosity, the pulse period, and the distance of the pulsar
from the galactic plane (z-distance). Other parameters
include flux density, galactic longitude (or distance from
the galactic centre), P (or P/D). However, flux density
is not only related to the pulsar but also to its distance
from the earth, the galactic longitude or the distance from
the galactic centre will display irregularities due to the
irregular radial density function for the galaxy, while P
has not been measured for many Molonglo pulsars. On the other
hand, the luminosity is a measure of the total radio energy
flux from the pulsar, the periocd is an apparently basic
physical property of the pulsar, while the pdpulation of

" pulsars as a function of z=-distance, will probably be a smooth
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function since it is orthogonal to the radial galactic matter
distribution and because the z-distance distributions for other
galactic objects eg. supernovae remnants, are smooth.

This chapter presents several analyses of distributions
in these parameters, each analysis attempting to accommodate

problems inherent to the preceding analysis.

9,2 Simplified Approach to Luminosity and z-distance

Distributions,.

In order to obtain an impression of the shape of the
distributions in luminosity and z-distance, it is possible
to carry out a simple analysis by essentially choosing data
in which firstly the z-distance is restricted, to give a
luminosity function, and then the distance of the pulsar from
the earth, projected along the Galactic piane, is restricted,
to give the z-distance distribution.

This analysis, suggested by Professor B. Y. Mills, was
carried out in 1970 on the 40 pulsars then known.

The procedure was as follows:

Define
P,(z) P"- (!.;) dl, = no., of pulsars per unit volume,
at z above the plane, with
luminosity between L and L + dL.
(Note: F&(L) assumed independent of z).
Also PA(L) dL = 1
Assume:

le Dispersion measure a fair distance indicator
2. fl (z) and FajL) independent of position in the Galaxy,

ie. that a disc distribution can be assumed (for a given z),
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3, That there is a lower limit to observable pulsar flux

densities, S, a constant.

a) Determination of ﬁkgL)
| v

22 ' 1 a

+

Congider a thin disc centred on the earth and 2z thick.

X..
N
I
o

A pulsar of luminosity L can be seen out to a distance

(radius) a given by

L
a = %
(4175)

Now the number of pulsars with luminosity between L and L + dL

with z distances less than |z| (snall) is

dn = £,(0)P(L) L Tra® . 2z

= P(O)Q(L) 3§ o
50 P'(O) (L) = 2r§ on
Now 0 = [ £,0) (L) aL

= __§°‘f°ﬁ . 9n daL

= "z JIL 3L *

= 25 Zl

Z I, whers the sum is over all pulsars
within z of the plane.
Whence Q,(L) = —! R
ence P;. LZ%‘- 3L

dn

u"%.'" " 9L as Z% is a constant.
By deriving g% from the curve of the integral count n as a
function of L, and dividing by L, the form of (L) was found
to be

(L) = L™ within the uncertainties.
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b) Determination of;fz(z)

d=

N

Z=0

,L
¢

Consider a c¢ylinder as shown with radius a small enough
to ensure that all pulsars within the cylinder will have

been found.

R Lmin %
ie. a{{ ~TTrs )/ Vvhere Lmin is the minimum
Luminosity so far observed.

The number of pulsars between z and z + dz is

= S22
dn = dzﬂa‘%% e.0) (I--LL ;::r(lf)dL)

Where the integral represents that fraction of pulsars below

the limit of detscé.ion. J i
N vl - gn , GT32%
00 = gz "o (1=§, pL)dL)

Now 3—% can be measured from the curve of the integral

count n as a function of z. It is observed to be approximatsly
exponential in form with a % -width of ~ 5 cm-5pc. The term
in brackets in the denominator will vary significantly with 2z,
approaching zero as 2z becomes very large,

As a result, without carrying out the specific calculations,
the form of fh(z)'is thus seen to be similar but wider than
an exponential of width ~ 5 cmfspc., probably with an
elongated tail on the distribution.

This simple approach 1s only able to give an impression of
the distributions. It has the following disadvantages:

1) The minimum observable mean flux density is assumed

independent of any other parameters, such as period, whereas
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by experiment this is known to be false..

2) In deriving each separate distribution, the restrictions
imposed result in the use of only a small number of pulsars.
" As a result the statistical uncertainties in the derived
distributions are large.

3) The two distributions considered are assumed to be
orthogonal, which may not necessarily be the case.

4) The slopes of integral counts are not necessarily good

estimates of the differential distribution.

9.3 The Effects of Search Sensitivities.

G.3.1 The 'Range of the Search'.

The sensitivity curves for the Molonglo search given in
Figure 3.10 are repeated here as Figure 9.1, They show the
sensitivity, for a 50% chance of detection, as a function of
pulsar period and dispersion measure. On the same graph, the
observed flux density as a function of dispersion measure,
for pulsars of different luminosity, appears as a series of
parallel lines of slope 2. This of course assumes that
dispersion measure is a good distance estimator, and in
particular that L = (dm)as. By observing the points of
intersection of these straight lines with the sensitivity
curves it is possible to derive the range out to which a
pulsar of given period and luminosity would be visible,
Hence it is possible to estimate the range of the search,

R (L, P), in units of cm™pe.

The function R (L, P) is plotted against period, for

different values of luminosity in Figure 9.2. The feature

near the top of the diagram arises from the selectivity of
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Figure 9.1 Experimentally derived sensitivity

curves for the search of the Galactic Plane.

26 2 y,=1

1

S, was 100 x 107°° Wm™ on the plane and

about 75 x 10"26 wn2 Hz™ away from the plane,

It was assumed constant at 75 x 10~
in the analysis using these curves. The parameter

on each curve is the period in seconds,
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Figure 9.2 The range of the Molonglo search as

a function of luminosity and period. The range

is given in units of dispersion measure.
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the sensitivity curves near dm ~ 400 cm"3pc and was
smoothed out in the analysis using R (L, P).

It should be noted that while the sensitivity curves
used are those for the search of the galactic plane, they
can be applied to the whole search since those parts of the
curves for low dispersion measures are the same as the curves
for the multibeamed search, and no pulsars of high dispersion

measure lie outside [bl <10%

9.3.2 The Volume Searched.

For each point in L, P, z space it is necessary to calculate
the volume searched for pulsars corresponding to that point
before the distributions in L, P, z can be determined,

>
- . —dz

]

Z

l galad‘ic Plame

Consider a disc shaped element of volume at height z and
with thickness dz.
The volume of this disc is
T'rr2 dz, where r is the radius of the disc
Now for a pulsar of luminesity L, and period P, r will be
such that
- 24+ 22 £ R® (1, P).
Hence the volume searched for a pulsar of luminosity L,
period P and iying between 2z and 2z + dz is
TT(R2 (L, P) - za) dz.
It is important to note that R (L, P), and hence the

volume searched, are dependent on the sensitivity



.characteristics of the search system. Unless these are the
same for different searches, or the effects of their
differences are taken into account, only the data from the
' particular search to which R (L, P) applies can be used to

derive the distribution functions.

9.4 Previous Analysis of L, P, z distributions.

There have been several attempis to derive distributiqnﬁ

(1-5)

functions for pulsars in L, P, z In all cases except
the last, no account was taken of observational selection
effects., Furthermore, in several cases, assumptions were
made about the relationship between period and luminosity
which are not necessarily supported by the data.

(5)

Large , however, in his analysis, made the assumption
that the period-luminosity correlation is small and has a
negligible effect on the derivation of the pulsar
distribution functions. There was some criticism of this
(see discussion following ref. 5), and the analysis to be
presented in this chapter seeks to extend Large's analysis
to cover any possible correlations between the pulsar
parameters,

The method of analysis given by Large is as follows:

The number of pulsars observed in ranges 4L, dP, dz of

luminosity, period and z-~distance can be written as

N (L, P, z) dL dP dz = A(L, P, 2z) (L, P, z)dLdPdz
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where A (L, P, z) dz is the volume of space searched (see 9.3.2)

for pulsars of luminosity L, period P, and lying between z
and z + dz, and FJ(L, P, z) is the pulsar spatial density

function to be determined.



Using the assumption that L, P, z are uncorrelated,

one can separate the variables of O(L, P, z) writing it as
p(L, P,z)= po p (L) (P) 05 (2)
Whence o (L) = SYN(L.PZ)dPdz
{SA(L P2)p,(P)ps2)dPdz

and similarly for (,(P) and O5(z) .

These equations were solved iteratively using the Molonglo
pulsars as data.

The results indicated that the luminosity function could
be represented by |

©,(L) dL & L™* dL

where x varies from ~1.,5 at L = 1 fu(dm)2 to ~3 at
L = 10* fu(dm)®,

The period distribution peaked at about P = 0.5 seconds
and fell off rapidly at P = 2 seconds.

The distribution in z distance could be adequately

represented by an exponential with scale height ~7 cm'5pc.

9.5 Factor Analysis of Pulsar Distributions.

9.5.1 New Data -~ Observed Distributions.

Since 1971, when the analysis by Large was carried out on
the Molonglo pulsars, more recent observations have led to
the measurement of mean flux densities for a large number
of pulsaré (see 6.3). These improved values have been used
in the analysis presented here. However where new values
have not been measured the previously adopted value was
retained.

The observed distributions are illustrated in Figures 9.3,

231
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Figure 9.3 The observed distribution in

luminosity, defined as (Flux density) x
(dispersion measure)a, for the Molonglo

pulsarse..
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Figure 9.4 The observed distribution in period

for the Molonglo pulsars.
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Figure 9.5 The observed z-distance

distribution for the Molonglo pulsars.,
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9,4 and 9.5, based on the pulsar properties listed in

238

0.802

Table 9.1,
Table 9.1
Pulsar " P L §! 08
{degrees) (3) (cm"3pc) ' (me £otls)
0031-07 -69.8 0.943 10.9 72
0254-54 -54.9 Q448 10 100
0450~18 “3l41 0.549 25 74
0628-28 ~16.8 1.244 3hel 228
0736=40 - 9,2 0.375 100 150
0818-13 12.6 1.238 40.9 45
0833~45 - 2.8 0.089 63 1593
0835-41 - 0.3 0,767 120 157
0940-56 - 21 0.664 172 150
0959-54 0.3 1.437 90 100
1055-52 6.6 0.197 40 98
1154=62 - 0.2 0.401 320 186
124064 - 1.5 0.389 270 141
1359~50 11.0 0.690 20 100
1426-~66 - 5.4 0.787 60 150
1449-65 - ok 0.179 90 272
1451-68 - 8.6 0.263 8.6 120
1530~53 1.9 1.369 20 80
1556-44 6.3 0.257 58.8 81
1604~00 35.5 0.413 10,7 50
1642-03 2641 0.388 35.7 629
1700-18 14.0 40 100



Pulsar

- 1706-16
1727-47
1747-46
1749-28
1818-04
1857-26
1911=-04
1929+10
1944+17
2045-16

Note 1)

2)
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Table 9.1 (contd.).

b P dm 5408
(degrees) (8) (cm'ch) (mefeurs)
1347 0.653 25 50
- 7.7 0.830 121 199
-10.2 0.742 40 71
- 1.0 0.563 50.9 519
L7 0.598 84.5 175
=13.5 0.612 32 121
- 71 0.826 89.4 100
- 3.9 0.227 3.2 500
- 3.5 0. 441 35 200
-33.1 1.962 11.5 262

More precise values for dm have been published since
this analysis was carried out.

These values for ELOB are slightly different to
values given in Table 6.3 due to the omission of

the factor Tint in their derivation. The effect

on the distributions is not significant.

9.5.2 Observed Correlations.

The luminosity of a pulsar was defined as

L = §-1+08 X (dm)a

and the Zi distance as

z = dm sin’bnl

The correlation coefficients between L,P and z were

measured to allow estimation of their possible significance.

They are listed in Table 9.2
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Table 9.2. .

Corrln. Coeff, L v. P - o.aq{: 8:;3)
" " P v. z + 0.02(: 8:%2} *
" " z v. L - 0.17[: 8:;8) »

* 959 Confidence limits for 32 pulsars.

From this data it can be seen that only FEP is possibly
significant,'and even this has a 20% chance of being zero.
Because of the large spread of values of L it was declded
to conduct the analysis using the logarithms of L, P, z
as the variables. A second effect of this was to linearize
any quadratic or higher order correlations between L and Pr.

The correlations between these variables are given in

Table 903.
Table 2. 2.
+ 0,17) *
Corrln. Coeff, Log L ve Log P~ 0-17(_ 0,50)
" 1" Log P v. Log z + 0.08(: 8‘%2} *
1 " Log z ve. Log L + 0.06(: 8'%2) *

* g5% Confidence limits for 32 pulsars..

As a result of this change to the logarithms, the

z distance distribution becomes as shown in Figure 9.6.

9.5.3 The Factor Analysis Procedure,

The aim of this procedure was to make it possible to derive
smoothed distributions which took into account any

correlations which may or may not have been present.
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Figure 9.6 The observed z-distance

distribution using equal intervals of log zZ.
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Briefly the procedure was as follows:

a) From the observed distribution of the parameters (their
logarithms in fact) form the variance-covariance matrix
for the data.

b) Derive the eigenvectors of the variance-covariance
matrix and use them to transform the data into statistically
uncorrelated variables as described in Appendix 9A.

¢) Each of the distribution functions in the modified
variables can be smoothed without reference to the others
since they are independent.

d) Since the distributions are in terms of uncorrelated
variables, the complete distribution can now be written
as the product of the three independent distribution
functions in each of these new variables.

e) Calculate the actual distribution by transforming,
point by point, the product of these distribution
functions back into the original coordinates, at the
same time dividing by the volume searched for each point
in L, P, z space,

f) Display the final distribution functions as families of
curves, each function having one of the other two
variables as_parameters.

This can be summarised as follows:

Let n (L, P, z} be the observed distribution of pulsars
in the original coordinates.

This transforms to n (L',P ,z ) in the new coordinates,

which can be written as

n, £ (L) F, (P)£5(2')
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' ] J
since L , P , z are independent.

Now if the real distribution per unit volume is fD(L,P,z)

then
, n(L,P,z)

i

(L, P, 2)
P- " “ V(L,P,2)

t 1 t L} ] L]
ng £, ) g,' () ' (2H

v(L,P,z)
where (L', P', z’) & (L,P,z).

The displays then have the form

'03 (2L, Z P, 2)
The important step in this procedure is the smoothing of
]

' '
£, 15, and f3 as independent functions, so that the effects

of any correlations on the final distributions can be seen.

945.4 The Modified Distributions.,

Since the observed correlations are gquite small the
modified distributions are in fact similar to the original
distributions.

They are illustrated in Figures 9.7, 9.8 and 9.9. The
main effect has been a slight narrowing compared to the
original distributions as might be expected. Also shown in
each diagram is the smooth curve draﬁn through the histogram.
The error bars arise from uncertainties in the measured flux

densities and are described in 9.5.6.



Figure 9.7 The modified luminosity

distribution. The points with error bars
represent the means and standard errors

for the numbers in each class as the flux
densities are randomly altered by O, %3dB.

The smoothed distribution is also shown.
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Figure 9.8 The modified period distribution,

The points with error bars have the same
meaning as in Figure 9.7. The smoothed

distribution is also shown.
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Figure 9,9 The modified z-distance distribution.

The points with error bars have the same meaning

as in Figure 9.7. The smoothed distribution is

alse shown.
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9.5.5 Uncertainties due to Statistical Fluctuations.

Because of the small numbers in the observed distribution,
it is likely that statistical uncertainties are present. To
 estimate the possible magnitude of these one may proceed as
follows:

a) assume that the number of pulsars in each class 1s Poisson
distributed.

If there ar X, pulsars in the class,

b) to find the upper limit, find the mean of the Poisson
distribution which gives a 0.25 probability for points
lying at or below X, ie. for which there is 0,75

probability for polnts X5 * 1 or above,

o0

e-w\ml _
ie. find m for Z xl - 0'75'
A= Kyt ’
¢) to find the lower limit, find the mean of the Polsson
distribution which gives a 0.25 probability for points.

at or above Xge

oo
- 2
ie. find m for Z _g__it_ﬂﬂ_ = 025
W= Ny - *

These values of m, found from tables of the summed Poisson
distribution, give reasonable estimates of the bounds of
statistical uncertainty about Xq within that particular class,.

As a first order approximation, these uncertainties in
the observed distributions may be transferred directly to the

actual distributions with the appropriate scaling factors.

9.5.6 Uncertainties due to Flux Density Uncertainties.

As described in 6.3.3, the Molonglo pulsar flux density
scale can only be specified to within about *3dB. Until

better measurements are made, it is clear that any distributions
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involving flux density will have uncertainties because of
this. In an attempt to discover the magnitude of the
uncertainties due to flux density uncertainties, the
transformation to modified coordinates was carried out
seven times with flux densities produced by randomly altering
the actual values by 0; +%3dB, The results of this Monte
Carlo process are shown in Figures 9.i0, 9.11‘and 9.12 which
illustrate the modified distributions both for the actual
data and the seven trials. The points with error bars in
Figures 9.7, 9.8 and 9.9 represent the means for each class
derived from the seven trials, together with the standard
errors of the means. These standard errors were taken as
giving an estimate of the uncertainties in the distributions
and were carried through to the actual distributions where
they were found to be comparable to the uncertainties due to
statistical fluctuations in the observed distributions.
Hence while better measurements are required for pulsar
flux densities, the present uncertainties do not affect the
errors in the distribution functions by more than a factor

of about J2.

2.5.,7 The Relationship between Dispersion Measure and Distance.

An assumption which has been made throughout this analysis
is that the dispersion measure is a reasonable statistical
indicator of distance. This assumption was also made in the
analysis carried out by Large and was the subject of some
discussion(5).

Two questions need to be considered, They are the width .

of the dispersing layer relative to the z-distance distribution
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Figure 9.10 The modified luminosity distributions

arising from the actual data and the seven Monte
Carlo trials produced by randomly altering the

flux densities by 0, =3dB.
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Figure 9,11 The modified period distributions
arising from the actual data and the seven .

Monte Carlo trials produced by randomly altering
the flux densities by 0, +3dB.
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Figure 9,12 The modified z-distance distributions

arising from the actual data and the seven Monte
Carlo trials produced by randomly altering the
flux densities by 0, *3dB.
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of pulsars, and the effects of H11 regions around hot stars
on observed dispersion measures,

Millss6)assuming an electron density of the form
n(Z):: —‘-:-%z—z-

found that nja ~10 cm"3pc. Itc;an be seen from Figure 9.5,
that this means that most pulsars lie well within the
dispersing layer and that the effect of assuming that the
layer is uniform will not be statistically significant. '

Several investigators(7’8’9)have considered the effects
of clumps of ionized hydrogen on pulsar dispersion measures,
and on the basis of the positions and sizes of known Hil
regions near the sun, have computed pulsar distances
allowing for these regions. Using these distances, a histogram
for the quantity (Distance)+(Dispersion measure) is shown in
Figure 9.13. The mean value of this quantity is Zlcmj, and
the standard deviation for an individual pulsar is 11cm3.
Distances based on this model suggest that there is a strong
possibility'of individual pulsar distances being wrong by
more than a factor of 2 using the simple model. However, the
use of the dispersion measure as a étatistical distance
indicator is still valid as shown by the shape of the histogram.
The overall effect on the luminosity function of the spread
in distance would be comparable to the uncertainties already
present.
| Other workers support the view that most of the dispersion.
measure is due to the interstellar medium rather than H11

regions. This is indicated to a certain extent by the studies



Figure 9,13 A histogram of the quantity

(Distance)«~(Dispersion measure), the
distances being derived taking into account
models for H11 regions about hot stars,

which lie near the paths to the pulsars,
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by Rickett(10)

0of the causes of pulsar intensity variations.
He found that this arose from scattering by small electron
density irregularities along the line of sight to the
pulsar and that it was related to the dispersion measure,
which was presumably arising from the same electrons.

LyneSlI)on the other hand, has shown that the mean value
of [z[, defined by [z]= dm sin | b|, is essentially independent
of the dispersion measure, so that, assuming that the '
z-distance distribution will not depend on distance from the
sun, the dispersion measure is again seen to be a good
statistical distance estimator.

Making the assumption of a uniform dispersing layer,
Mills(12)was led to comment on the possible association of
several pulsars with features in local galactic structure,
further strengthening the case for the use of dispersion

measure to give estimates of pulsar distances with good

statistical reliability.

9.5.8 Computed Pulsar Distribution functions for Luminosity,

Period, and z-distance,

The final distributions were computed as follows:

For given values of log L, log P and log [z, the
corresponding modified coordinates were computed using the
transformation matrix as described in Appendix 9A. For these
modified coordinates, the values for the smoothed modified
distributions shown in Figures 9.7, 9.8 and 9.9 were obtained,
normalised (ie.<32) and multiplied together. This result was

multiplied by n, (32) and divided by the volume searched for
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the particular L, P and z. This result was then multiplied

8
RN
of the sky.

since the Molonglo searches only covered 8 steradians

The results were then plotted as the series of parametric
curves shown in Figures 9.14, 9.15 and 9.16. The
uncertainties in Figures 9.14, 9.15 and .16 are the result
of combining the statistical uncertainties in the observed
distributions with the uncertainties in the modified
distributions due to +3dB uncertainties in pulsar flux
densities.

The luminosity distributions shown in Figure 9.14 give
the number of pulsars per (dm)3 in each logarithmic interval
of luminosity. The three curves plotted are the distributions
for pulsars with periods of about i?o, that for pulsars with
periods of about 0?1, and that for pulsars of all periods.
The distributions have been averaged over all z-~distances.
The first two illustrate the slight correlation that exists
between period and luminosity, but the error bars indicate that
the correlation ought not to be regarded as very significant.
Of the three curves, only the short period distribution shows
any significant curvature. There is some curvature present at
the extremes of the other distributions but, with the error
bars, a straight line fit is sufficient. 7

Summed over all periods the distribution can be written as

(L) dL = L™* 4L

where x = 2, with slight changes to x = 1.75 at L = 1, and
X =2.5atl = 105. This is similar to the results obtained

by Largecs)though with less curvature,
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Figure 9,14 The actual distribution of pulsars

in luminosity. The top curve 1s averaged over

all values of z-distance and summed over all

reriods., Shown also are the curves for pulsars

with periods around 051 and for those with periods
around 150, The error bars combine the uncertainties

due to statistical fluctuations in the observed

distributions and errors due to flux density

uncertainties,
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Figure 9,15 The actual distribution of pulsars

in periocd. Both curves have been averaged over
all values of z-distance., Shown is the period

distribution for low luminosity pulsars, and

the normalised curve for high luminosity pulsars.

The error bars have the same meaning as those in

Figure 9.14.
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Figure 9,16 The actual distribution of pulsars

in z-distance. The curves have been summed over
all values of period. Shown is the z-distance
distribution for all pulsars and the curves for
pulsars of luminosity L = 1, L = 102, L = 107
(with arbitrary scaling in the case of the last
two). The peak in the curve for all L and for

L = 1 is probably spurious as is indicated by

the smooth dashed curve through the error bars.
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The period distribution shown in Figure 9,15, gives the

number of pulsars per (dm)” in each logarithmic interval of
period. The distribution has been summed over all values of
luminosity, though because of the luminosity distribuﬁion,

the shape of the distribution is set by the period
distribution for L = 1. For comparison, the normalized period
distribution for L = 105 has been inserted to illustrate again
the slight correlation of period with luminosity, though
clearly it is not significant.

There are several lnteresting features of this distribution.
Firstly it is apparent that a significant number of short
period pulsars may exist, but are being missed by present
searches, Secondly, the sharp cut off for periods over about
2 seconds is clearly real, and must be significant in terms of
pulsar mechanisms, |

The pulsar distribution in z-distance is not very easily
interpreted from this analysis., The distribution curve shown
in Figure 9.16 for pulsars of all periods and luminosities,
shows a peak at z = 3 cm-spc. This is probably spurious since,
because of the luminosity distribution, it is due mainly to the
z=-distance distribution for L = 1, for which the range R (L,P)
was only 3 cm'3pc. A smooth curve through the error bars is
shown as a dashed line in the diagram. The distributions in z
for L = 103 and L = 105 are also shown (appropriately scaled),
and these show no significant peaks, The most noticeable
characteristic is that the density of pulsars above z = 10—20
cm"ch is very small. The actual shape of the distribution
cannot be determined unambiguously. The difference between

this result and that obtained by Large(5)is probably due toj

two factors.
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Firstly, as a result of improved position measurements, the
observed distributions in z-distance are different, and
secondly, the use of the logarithms of z-distance has tended

to make the shape of the distribution difficult to determine.

9.6 Discussion.

9.6.1 Implications of the Distributions for Further Pulsar

Searches.

The z-dlstance distribution, together with the range
function R (L;P) indicates that at the present, pulsars with
Juminosities equal to 10 fu(dm)2 or less are not being found
much outside a sphere bounded by the edges of the pulsar
z~distance distribution. Hence for pulsars weaker than this
the increase in the volume searched as search sensitivities
are increased, follows a spherical geometry;
ie. |

Volume searched = ~%1T RBI
where R is the range.
Now 1if one defines Smi as the minimum observable mean.

n
flux density of a pulsar in a given search, then R may be

%
L

R = |7/
(Smin ) ’

assuming R is independent of pulsar period., Hence the volume

defined as

searched 1is approximately
4 TY ( L ‘) 2
5 Smin
From this the number of pulsars in each interval dL which

might be expected to be found will be
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—

in

o4 Sm
3 i
*x §.& L&dL
or the number of pulsars in logarithmic intervals will be
proportional to |
sm;r% ¥ 4 (log L).

On the other hand, for higher values of L, the range will
exceed the width of the pulsar z-distribution and the increase
in the volume searched, with increasing search sensitivity;
will follow a c¢ylindrical geometry

ie. Volume searched = 2aT(R®
where a = 10 cm—3pc is the width of the pulsar distribution.

By the same method as before, the number of pulsars in

=1

logarithmic intervals will be proportional to Smin d (log L),

changing possibly at higher values of L ('v105) to being

. "1 -005
proportional to $ 4. L d (log L).

Hence it can be seen that at the present, increases in
-1
min
pulsars of low luminosity compared to pulsars of high

search sensitivity, S , will favour the discovery of
luminosity. However this increase of the numbers of low
luminosity pulsars discovered will only be a slow function of
the increase in search sensitivity. For increases in search
sensitivity up to a factor of about 20, the shape of the
observed luminosity distribution will be essentially unchanged,
Figure 3.5 illustrates this well, showing the luminosity
distribution for pulsars missed by the Molonglo searches but_w
found by the more sensitive Jodrell Bank search, o

G reg

This situation might be altered if high sensitivity sééféhégﬁ
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were carried out at low frequencies, (-~ 100MHz) since
several pulsars have a steep spectrum with a meximum at
frequencies somewhat lower than 408MHz. Naturally the
effects of dispersion would limit this search to close
pulsars, but these are the very pulsars which may have a:
low 1uminosity at 408MHz,

It is clear from the range function, and from the period
distribution function, that relatively small volumes were
searched for short period pulsars. Searches sensitivé at
periods as short as 10 m sec would alter this situation and
determine more precisely the short period end of the
distribution in periods. Also more short period pulsars
would show whether or not there was a significant correlation
between period and luminosity, particularly if the searches.
were carried out at relatively high frequencies, where
dispersion and scintillation broadening are less serious, so
that distant pulsars might be found, possibly with high

lumineosities.

9e6.2 Implications of the Distributions for Theoretical Work -

on Pulsars.

The narrow z-distance distribution, together with the
recent announcement(13)of a high proper motion having been
found for a long period pulsar, puts the assumption that the
period of a pulsar is some measure of its age, in jeopardy.
The linear velocity implied from the proper motion is such
that the pulsar would have 1eft the galaxy in a time much less
than the so0 called '"age'" of the pulsarjbf. Other pulsars are

(Chapter 7)

believed to have high velocities also , and it may



be a general property of pulsars. The restricted
distribution of pulsars above the galactic plane is therefore
contradictory to the assumption that 96 is even related to

the age. It rather suggests that pulsars are much younger
than is presently believed, and that they have been created
with virtually the period distribution presently observed,

The lack of a clear correlation between period and
luminosity may be significant in terms of the coupling
between the mechanically rotating star and the radio emission
mechanism., Clearly this coupling must be loose, and the radio
emission must represent only a small amount of the total
energy lost from the pulsar,

While these conclusions based on the distributions can only
be stated in general terms, they are fundamentally important,
not only for models of pulsars themselves, but also for theorie
c¢oncerning their association with supernovae remnants. Clearly
more searches, and combination of results from various searches
may lead to more precise statements as to the general nature

of pulsars and their relationship to the universe around them.

9.6+.3 Conclusion,

This analysis has answered the major criticisms of previous
analyses and in particular, dealt with the problem of
correlations between the parameters., It is relatively
insensitive to statistical distance errors involved in using
the dispersion measure for distances, and to statistical errors
in the flux densities, and the uncertainties in the final
results are such that the luminosity and period distribuﬁibﬁ§ L

can be considered as well defined. From thiS;analysie'the'
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extent of the z distribution of pulsars is also clearly
defined, though its shape not determined unambiguously.

While the implications of this work for theoretical studies
are of a general nature, they cannot, however, be ignored.

On the question of further observations, the implications
for new searches are specific and important and need to be

considered in planning future pulsar surveys.
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Appendix 9A. The Derivation of Uncorrelated Distributions

by Modi.fying (Rotating) the Coordinate System.

Consider a matrix Q operating on a vector x in a given
set of coordinates. @Qx = K where K is a vector,
Consider a linear transformation of cocrdinate systems
such that |
'

X = 4AX

defines the same vector x in the new coordinate system.

Then
K' = A K.
and
_ -1 v _ a=1 .4
Qx =QA '"x =A K
or (A Q A~y g =k

Hence the matrix A Q A~l (similar to Q for nonsingular A)
has the same efféct in the new coordinate system as Q has
in the original system and s0 represents Q in the new system.

Consider now the variance-covariance matrix of a
distribution in the original coordinate system, defined as

o ol O
V= ol of ofh
o5 e OF
where o = Z(X..—Sf)z ete.,
and O':v = Z(X‘_ ——)?)(Yt —‘)7)' 'e‘.i‘c..,
where X ‘-‘-"-',-TZ“ X,

Then in a new coordinate system V is represented by

1

AV A7 where A is the transformation matrix (ie. for a

vector p, p' = Ap).
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The modified coordinate system is defined by the fact
that the correlation coefficients of the distributions
in this system are zero. This implies that the variance
covariance matrix is diagonal.

1es AV A~ = N

where A = Ao 0

0 A, O

0 o )\3

. =1 T T,
or, defining B=A ' (= A" as A A~ = 1)
VB = BA_

Now write B = (Bl’ Boy BB) where the B are column
vectors, |
Then V By = B N¢ .

ie. the Biare the eigenvectors of V (with eigenvalues A.)

and the required transformation matrix is

A = BTo






