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A S e a r c h f o r TeV Gamma Ray E m i s s i o n from X-ray B i n a r y S t a r s 

by C h r i s t o p h e r C.G. Bowden 

Ph.D. T h e s i s , U n i v e r s i t y o f Durham, 1993 

ABSTRACT 

This work i s concerned w i t h the d e t e c t i o n of pulsed TeV gamma ray 

emission from a number of X-ray binary systems by the use of the atmospheric 

Cerenkov technique. Chapters 1 and 2 give an overview of the development of 

gamma ray astronomy, w i t h emphasis placed on progress made i n the detection of 

TeV gamma rays by t h e i r Cerenkov r a d i a t i o n i n the atmosphere. Chapters 3 and 4 

describe the U n i v e r s i t y of Durham atmospheric Cerenkov telescopes, which were 

used t o make the observations reported i n t h i s work, and the standard data 

processing and analysis procedures adopted. 

The main part o f the t h e s i s deals w i t h the a p p l i c a t i o n of these 

techniques t o observations of f i v e X-ray b i n a r i e s . A f t e r a review of the 

p r o p e r t i e s of such objects i n Chapter 5, Chapters 6 and 7 deal s p e c i f i c a l l y 

w i t h the r e s u l t s f o r two of the systems considered t o be among the most l i k e l y 

candidates t o give a detectable TeV photon f l u x ; Centaurus X-3 and Vela X-1. A 

study of a l l data recorded on Cen X-3 over the course of s i x years suggests 

the presence of a weak gamma ray f l u x pulsed at the X-ray period. Previous 

reports of stronger emission near the ascending node of the o r b i t are 

confirmed here. For Vela X-1, the analysis of a dataset recorded during a 

s i n g l e dark moon i n t e r v a l reveals evidence f o r two short outbursts of pulsed 

TeV gamma ray emission. Chapter 8 reports the series of observations made of 

SMC X-1, 4U1626-67 and X0G21-72, and upper l i m i t s are placed on the TeV gamma 

ray emission from each. 

F i n a l l y , the r e s u l t s reported here are compared w i t h the p r e d i c t i o n s of a 

number of t h e o r e t i c a l models, some of which are found t o give good agreement 

w i t h the l i m i t s and detections derived i n t h i s work. A discussion of the 

s t a t u s of t h i s f i e l d and f u t u r e observational prospects i s also given. 
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PREFACE 

The observations described and analysed i n t h i s t h e s i s were c a r r i e d out 
using the U n i v e r s i t y of Durham Mark 3 and Mark 4 atmospheric Cerenkov 
telescopes a t N a r r a b r i , New South Wales, The author p a r t i c i p a t e d i n the 
c o l l e c t i o n o f data using these instruments f o r a t o t a l o f f i v e dark moon 
i n t e r v a l s . He also assisted w i t h the con s t r u c t i o n and t e s t i n g o f the recently 
deployed Mark 5 telescope, and inv e s t i g a t e d the p o t e n t i a l use of a Cerenkov 
pulse t i m i n g f a c i l i t y i n t h i s telescope. He was part of the team responsible 
f o r the ro u t i n e pre-processing of the data c o l l e c t e d from each of the 
telescopes on i t s r e t u r n t o Durham, 

The author has made d e t a i l e d studies t o search f o r evidence of pulsed TeV 

gamma ray emission i n the data recorded on a number of X-ray binary systems 

and pulsars, and was wholly responsible f o r the analyses of the f i v e X-ray 

b i n a r i e s presented i n t h i s t h e s i s . He c a r r i e d out a f u l l reanalysis and 

updating of the large set of observations recorded on Centaurus X-3, This 

included the f i r s t a p p l i c a t i o n of the technique previously developed t o 

search f o r a s i t e o f gamma ray emission displaced from the X-ray source i n a 

binary system. He also made a d e t a i l e d study of the data recorded on Vela X-1 

in 1991 February which led t o the discovery of two bursts of pulsed gamma ray 

emission from t h i s o b j e c t . The Durham databases on SMC X-1, 4U1626-67 and 

X0021-72 were a l l updated and reanalysed by the author i n order t o enlarge and 

improve upon previous r e s u l t s . Where necessary, the author has tested and 

modified the software used i n these analyses, and was responsible f o r the 

comparison of the r e s u l t s w i t h the t h e o r e t i c a l p r e d i c t i o n s given i n Chapter 9. 

None o f the work presented i n t h i s t h e s i s has previously been submitted 

as p a r t of the f u l f i l m e n t o f a degree course i n t h i s or any other u n i v e r s i t y . 
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CHAPTER 1 - INTRODUCTION 

1.1. The Origins of Astrophysical Gamma Rays 

1.1,1. Gamma Radiation as an Astrophysical Tool 

I n a l l a s t r o p h y s i c a l d i s c i p l i n e s , the basic aim i s t o in v e s t i g a t e how the 

laws of physics apply t o s i t u a t i o n s i n v o l v i n g extremes i n temperature, 

pressure and density only found i n c e l e s t i a l objects. High energy astrophysics 

i n p a r t i c u l a r allows the study of processes which are completely beyond the 

reach of labor a t o r y measurements. Despite the low f l u x of gamma ray photons as 

compared w i t h those of lower energy, the high energy content of each photon 

means t h a t a large p r o p o r t i o n of the t o t a l energy emitted by a source may be 

contained i n t h i s range of i t s spectrum. Thus a vast amount of information 

d i r e c t l y r e l a t e d t o the basic mechanisms powering an astrophysical object may 

be gathered from observation of i t s gamma ray emission. 

S i t u a t i o n s of p a r t i c u l a r i n t e r e s t and relevance t o the f i e l d of gamma ray 

astronomy include the study of massive black holes i n a c t i v e g a l a c t i c n u c l e i , 

observations of high energy emission influenced by the intense g r a v i t a t i o n a l 

and magnetic f i e l d s o f compact o b j e c t s , and the o r i g i n of the ubiquitous 

cosmic rays. The l a t t e r problem has exi s t e d since the discovery of the cosmic 

r a d i a t i o n during the balloon f l i g h t s o f Hess (1912), and may be solved by 

observations of the sources of the highest energy gamma rays which are 

produced by i n t e r a c t i o n s o f r e l a t i v i s t i c charged p a r t i c l e s . These gamma rays 

provide unique i n f o r m a t i o n on the processes which are involved i n cosmic ray 

production since only they are undeflected i n the magnetic f i e l d s of 

i n t e r s t e l l a r space, and hence preserve d i r e c t i o n a l information on t h e i r 

emission s i t e . This t h e s i s i s concerned w i t h an attempt t o discover such 

sources v i a t h e i r gamma ray production i n the TeV energy range. 

1.1.2. Gamma Ray Production Processes 

1.1.2.1. Nuclear C o n i s i o n s 

The emission of gamma rays from nuclear c o l l i s i o n s a r i s e s from the decay 

1 



of the unstable n e u t r a l p i mesons, which along w i t h t h e i r charged counterparts 

are produced i n such i n t e r a c t i o n s . Many other strange p a r t i c l e s r e s u l t from 

these energetic c o l l i s i o n s but the pions are by f a r the most abundant. The 

decay of the ne u t r a l pion r e s u l t s i n the production of two gamma rays, each 

w i t h energy Wo=68 MeV, i . e . h a l f the pion's rest energy. Since i n the 

observer's r e s t frame the i n i t i a l pion may have any v e l o c i t y , the re s u l t a n t 

gamma rays may have energies between 

Wo 
(1-13) 1 / 2 

and Wo 
(1+3) 

(1+P) L (1-3) 
where the i n i t i a l pion v e l o c i t y was 3c (e.g. Garmire and Kraushaar, 1965). 

The pions w i l l be produced w i t h a large range of v e l o c i t i e s , a n d hence the 

gamma ray energy spectrum from such a process w i l l show a peak at Wo. 

I n the context of astrophysics, t h i s process may occur anywhere where 

protons accelerated t o high energies are i n c i d e n t on a t a r g e t m a t e r i a l , and 

hence the gamma rays produced may act as a good t r a c e r of the cosmic ray or 

matter d e n s i t y . Pion production may also r e s u l t from the a n n i h i l a t i o n of a 

nucleon w i t h an antinucleon, a process which r e s u l t s i n a more sharply peaked 

gamma ray energy spectrum as the pion produced i s usually at rest i n the 

centre of mass frame. A considerably less important process i s the production 

of n e u t r a l pions i n proton - photon c o l l i s i o n s , due t o the low f l u x of 

p a r t i c l e s w i t h s u f f i c i e n t energy t o enable such a process t o occur, 

1.1.2.2, Bremsstrahlung 

The passage of an e l e c t r o n near a charged p a r t i c l e r e s u l t s i n the 

emission of electromagnetic r a d i a t i o n o f energy up t o t h a t of the electron's 

i n i t i a l value. For r e l a t i v i s t i c e l ectrons t r a v e r s i n g an ionised region of 

space, t h i s can r e s u l t i n the production of high energy gamma rays i f the 

d e f l e c t i o n caused by the i n t e r a c t i o n i s of s u f f i c i e n t magnitude. The i n t e n s i t y 

spectrum of r e l a t i v i s t i c bremsstrahlung photons i s independent of energy up t o 

the value where a l l o f the electron's k i n e t i c energy i s given up i n the 



i n t e r a c t i o n , i . e . E=(7-1).mec2 where y i s the r e l a t i v i s t i c f a c t o r . The o v e r a l l 

energy spectrum w i l l show the same power law dependence as t h a t of the 

e l e c t r o n energy spectrum. 

1.1.2.3. Synchrotron Radiation 

Synchrotron r a d i a t i o n , or magnetobremsstrahlung, occurs when a 

r e l a t i v i s t i c e l e c t r o n i s d e f l e c t e d i n the presence of a strong magnetic f i e l d . 

The e l e c t r o n loses energy by s p i r a l l i n g around a f i e l d l i n e and the r e s u l t a n t 

emission i s s t r o n g l y beamed i n the d i r e c t i o n of the forward component of i t s 

motion. I n the case of a non-uniform magnetic f i e l d , the emission i s also 

known as curvature r a d i a t i o n . 

The magnetic f i e l d required t o produce gamma rays by t h i s process i s at 

lea s t 1012 Gauss, which i s commonly achieved i n pulsar magnetospheres. 

However, i n such intense f i e l d s , the r e s u l t a n t photon f l u x i s l i k e l y t o be 

very s t r o n g l y absorbed by e l e c t r o n - p o s i t r o n production (see Chapter 5). Thus 

synchrotron emission has more importance t o gamma ray astronomy as an 

i n d i c a t o r o f the presence of r e l a t i v i s t i c e l e c t r o n s i n weaker f i e l d s . The 

de t e c t i o n of t h i s emission at lower energies i n d i c a t e s t h a t other gamma ray 

production processes i n v o l v i n g these high energy electrons are v i a b l e . 

1.1.2.4. The Inverse Compton Effect 

R e l a t i v i s t i c e l e c t r o n s which may produce only low energy electromagnetic 

r a d i a t i o n i n weak magnetic f i e l d s v i a the synchrotron process described above 

have an a l t e r n a t i v e means of producing high energy gamma rays. This e f f e c t 

a r i s e s from t h e i r imparting energy i n a Compton s c a t t e r i n g i n t e r a c t i o n t o a 

photon w i t h an energy of as low as a few eV, such as a s t a r l i g h t photon. An 

in c i d e n t photon w i t h energy of t h i s order may be scattered i n t h i s inverse 

Compton process by an e l e c t r o n of energy 10 GeV t o produce a photon w i t h 

energy 1 GeV (F e l t e n and Morrison, 1963). The r e s u l t a n t d i f f e r e n t i a l energy 

spectrum from t h i s process has a power law form, resembling t h a t a r i s i n g from 

bremsstrahlung. 



1.1.2.5. Gamma Ray Line Emission 

Gamma ray l i n e astronomy i s possible i n the MeV range through the 

r a d i o a c t i v e decay of isotopes such as ^^Hi, ^''Co and ^°Fe, which are important 

i n the study of nucleosynthesis i n supernovae. The 0-511 MeV l i n e a r i s i n g from 

e l e c t r o n - p o s i t r o n a n n i h i l a t i o n has yielded valuable evidence on the production 

of positrons i n a c t i v e g a l a c t i c n u c l e i , and the presence of r e l a t i v i s t i c 

e l e c t r o n s i n these o b j e c t s . 

Schematic i l l u s t r a t i o n s o f some of these production processes are given 

i n Figure 1.1. 

1.1.3. Gamma Ray Absorption Processes 

1.1.3.1. Pair Production in Charged P a r t i c l e C o l l i s i o n s 

Just as gamma rays may be produced as a r e s u l t of el e c t r o n - p o s i t r o n 

a n n i h i l a t i o n , so they may also be absorbed as a r e s u l t of pa i r production i n a 

c o l l i s i o n w i t h a heavy nucleus. This process has a threshold gamma ray energy 

o f 2mec2, r i s i n g t o 4mec2 i n the case of a c o l l i s i o n w i t h an el e c t r o n . 

F o rtunately, the mean f r e e path f o r a gamma ray between such c o l l i s i o n s i s of 

the order of Mpc f o r t y p i c a l i n t e r g a l a c t i c d e n s i t i e s , and >10 g a l a c t i c r a d i i 

f o r t y p i c a l i n t r a g a l a c t i c d e n s i t i e s . Hence absorption by t h i s means i s only 

s i g n i f i c a n t i n l o c a l i s e d regions of much higher density. 

1.1.3.2. Compton Scattering 

Gamma rays may lose energy i n c o l l i s i o n w i t h i n t e r s t e l l a r electrons. 

However, t h i s i n t e r a c t i o n i s characterised by the Thomson cross-section, and 

the p r o b a b i l i t y o f i n t e r a c t i o n decreases w i t h increasing e l e c t r o n energy. Even 

f o r t y p i c a l g a l a c t i c and i n t e r g a l a c t i c e l e c t r o n d e n s i t i e s of n o n - r e l a t i v i s t i c 

e l e c t r o n s , the mean f r e e path of t h i s process i s of such magnitude as t o 

render i t unimportant. 

1.1.3.3. Pair Production in Photon-Photon C o l l i s i o n s 

Two photons of energies Ei and E2 are capable of p a i r production i n a 

head-on c o l l i s i o n i f the t o t a l energy E iE2 i n the centre of mass frame exceeds 

2mec2. For a photon of energy 100 GeV, t h i s process can occur i n a c o l l i s i o n 
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F i ^ r e 1.1: Illustration of processes relevant to the production of 
high energy gamma rays in astrophysical sources. 



w i t h a s t a r l i g h t photon. I t i s also predicted t h a t gamma rays w i t h energies of 

>10 TeV may p a i r produce on c o l l i s i o n w i t h the ubiquitous photons of the 

cosmic microwave background. This i s an important consideration i n TeV gamma 

ray observations of d i s t a n t a c t i v e g a l a c t i c nuclei (e.g. Punch et a l . , 1992) 

when an absorption d i p may be detectable given s u f f i c i e n t telescope/detector 

s e n s i t i v i t y . 

The t y p i c a l mean f r e e paths f o r a gamma ray i n the absorption processes 

described above are shown g r a p h i c a l l y i n Figure 1.2 (from Ramana Murthy and 

Wolfendale, 1986). This c l e a r l y shows the penetrating nature of astrophysical 

gamma rays, and underlines t h e i r usefulness i n gaining information on sources 

obscured by the absorption processes which are most s i g n i f i c a n t at lower 

energies. 

1.2. I n t e r a c t i o n o f Cosmic Gamma Rays w i t h the Atmosphere 

1.2.1. The Cerenkov E f f e c t 

The r a d i a t i o n emitted by a charged p a r t i c l e t r a v e r s i n g a medium w i t h a 

v e l o c i t y greater than the phase v e l o c i t y o f l i g h t i n t h a t medium can be 

thought of as an electromagnetic counterpart of acoustic and mechanical shock 

waves. This f i r s t d e t a i l e d experiments conducted i n t o t h i s e f f e c t were those 

by Cerenkov (1937). The c l a s s i c a l electromagnetical theory i n t e r p r e t a t i o n of 

t h i s was provided by Frank and Tamm (1937). Subsequent quantum treatments of 

the process showed t h a t only t r i v i a l m o d i f i c a t i o n s were required (e.g. Cox, 

1944). An e x c e l l e n t q u a l i t a t i v e explanation of the e f f e c t was presented by 

J e l l e y (1967) and i s summarised here. 

The simplest explanation of Cerenkov r a d i a t i o n r e l a t e s t o the concept of 

retarded e l e c t r i c p o t e n t i a l . Consider an e l e c t r o n a t a poi n t ei t r a v e l l i n g 

through a d i e l e c t r i c medium. At a poi n t S, away from the e l e c t r o n path, the 

lo c a l p o l a r i s a t i o n vector P w i l l be d i r e c t e d towards a poi n t e i ' , and a b r i e f 

time l a t e r when the e l e c t r o n has t r a v e l l e d t o a po i n t 6 2 , the p o l a r i s a t i o n 

vector a t S w i l l p o i n t t o a p o s i t i o n ez' (see Figure 1.3a). By resolving the 
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p o l a r i s a t i o n vectors a x i a l l y and r a d i a l l y w i t h respect t o the e l e c t r o n t r a c k , 

i t can be seen t h a t w h i l s t the r a d i a l components cancel at distances much 

greater than t h a t of S, the a x i a l components w i l l not, and t h e i r v a r i a t i o n 

w i t h time at a given p o i n t i s the f i r s t d e r i v a t i v e of a d e l t a f u n c t i o n (see 

Figure 1.3b). The a x i a l d i p o l e so created w i l l give an angular d i s t r i b u t i o n of 

r a d i a t i o n r e l a t e d t o sin^e, where 0 i s the angle between the axis of the track 

and the axis on which r a d i a t i o n i s detected. 

By considering a Huygens' c o n s t r u c t i o n of the 'wavelets' created by a l l 

elements of the t r a c k , i t i s seen t h a t since the p a r t i c l e t r a v e l s f a s t e r than 

the phase v e l o c i t y of l i g h t on the medium, c o n s t r u c t i v e interference w i l l only 

occur at a c e r t a i n angle t o i t s path (see Figure 1.4). This corresponds t o the 

plane wavefront BC, where the p a r t i c l e has t r a v e l l e d from A t o B i n the time 

taken f o r l i g h t t o t r a v e l from A t o C. I f the p a r t i c l e has a v e l o c i t y pc and 

the r e f r a c t i v e index of the medium i s n, then i t i s simple t o show t h a t the 

Cerenkov angle Gc i s defined by 

ec = cos-1 ( V p n ) . (1.1) 

Thus f o r a given r e f r a c t i v e index n, there i s a threshold p below which 

Cerenkov r a d i a t i o n w i l l not occur, and r a d i a t i o n w i l l i n any case only occur 

at frequencies f o r which n>1. By a x i a l symmetry, the r a d i a t i o n w i l l be spread 

over the surface of a cone of half-a n g l e G. 

Cerenkov's i n i t i a l experiments were c a r r i e d out using s o l i d s as the 

l i g h t - p r o d u c i n g media, but the d e t e c t i o n of s i m i l a r r a d i a t i o n i n l i q u i d s and 

gases i s also possible, the only d i f f e r e n c e being the increased threshold 

energy and the smaller Cerenkov angle due the lower r e f r a c t i v e index. 

Instruments using s o l i d s , l i q u i d s or gases t o detect the passage of a s i n g l e 

p a r t i c l e a l l have uses i n p a r t i c l e physics. More important t o the present work 

i s the use of the atmosphere i t s e l f as a detector of Cerenkov r a d i a t i o n from 

the passage o f high energy cosmic rays. Experiments designed t o detect such 

r a d i a t i o n are b r i e f l y discussed i n Chapter 2. 
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Figure 1.4 : Demonstration of coherence of Cerenkov radiation 
by the use of Huygens' construction. 



1.2.2. Cosmic Ray Induced A i r Showers 

To understand the phenomenon of Cerenkov r a d i a t i o n from cosmic rays, the 

i n t e r a c t i o n s o f a high energy p a r t i c l e i n the upper atmosphere must be 

discussed. Cosmic ray protons and photons w i l l produce somewhat d i f f e r e n t 

showers, but the Cerenkov emission from each share many important features 

(e.g. Longair, 1992). 

A gamma ray i n c i d e n t on the top of the atmosphere w i l l r a p i d l y undergo an 

encounter w i t h an atomic nucleus r e s u l t i n g i n the production of an el e c t r o n -

p o s i t r o n p a i r . Each of t h i s p a i r may emit high energy photons by 

bremsstrahlung, which may themselves produce another e l e c t r o n - p o s i t r o n p a i r , 

and so the electromagnetic cascade of electrons and photons develops. 

For u l t r a - r e l a t i v i s t i c p a r t i c l e s , the i n t e r a c t i o n lengths f o r p a i r 

production and bremsstrahlung are very s i m i l a r . For an i n i t i a l gamma ray 

energy Eo, the f i r s t p a i r produced w i l l each have energy Eo/2, w h i l s t one 

i n t e r a c t i o n length l a t e r each of the r e s u l t a n t electrons and photons w i l l have 

energy Eo/4, and so on. Therefore, at an atmospheric depth of n i n t e r a c t i o n 

lengths, the t o t a l number of photons and electrons i s 2" w i t h an average 

energy Eo/2". The cascade development ceases when the e l e c t r o n energies drop 

below a c r i t i c a l value Ec where i o n i s a t i o n losses dominate. The maximum 

development of the shower thus occurs when the average energy per p a r t i c l e has 

t h i s c r i t i c a l value. The t o t a l number of photons and electrons i s then « 

Eo/Ec, and no mesons or other nuclear debris are produced. 

A shower produced by a primary nucleon i s i n i t i a t e d by a nuclear 

c o l l i s i o n , producing a cascade of secondary nucleons and mesons, p a r t i c u l a r l y 

charged pions. Successive nuclear c o l l i s i o n s may continue the development of 

the cascade u n t i l the average energy per p a r t i c l e drops below t h a t required 

f o r m u l t i p l e pion production ( ^ l GeV). The neutral pions have a very short 

l i f e t i m e against gamma ray decay i n the atmosphere and thus i n i t i a t e secondary 

electromagnetic cascades. The m a j o r i t y of the charged pion f l u x decays t o 

produce charged muons w i t h accompanying neutrinos. The lower energy component 



of the charged muons can decay t o produce electromagnetic cascades at a 

greater atmospheric depth, w h i l s t much of the higher energy content survives 

t o at l e a s t ground l e v e l . Thus the number of electrons produced i n the 

hadronic shower increases e x p o n e n t i a l l y before a rapid d e c l i n e , and the low 

energy muon f l u x v a r i e s i n a s i m i l a r way. I n c o n t r a s t , the high energy muon 

content decreases much more slowly. 

The o v e r a l l p i c t u r e i s t h e r e f o r e one of a shower c o n s i s t i n g of a large 

number of secondary showers, the c e n t r a l nucleon and meson core being 

surrounded by a more scattered electron/photon component, c o n t i n u a l l y 

replenished by meson decay. Nevertheless, due t o the high energies involved, 

a l l of the shower components w i l l t r a v e l i n a well defined group around the 

c e n t r a l a x i s . 

1.2.3. Cerenkov Radiation from Cosmic Ray A i r Showers 

I t has already been shown t h a t the c h a r a c t e r i s t i c s of the Cerenkov 

r a d i a t i o n produced by the passage o f a charged p a r t i c l e i n a medium w i l l 

depend very l a r g e l y on the physical p r o p e r t i e s of t h a t medium and i n 

p a r t i c u l a r the r e f r a c t i v e index. For Cerenkov r a d i a t i o n i n the atmosphere, the 

e f f e c t s of the exponential increase i n density w i t h atmospheric depth must 

also be allowed f o r . 

A i r at S.T.P. has a r e f r a c t i v e index of 1 00029, and thus f o r u l t r a -

r e l a t i v i s t i c p a r t i c l e s , f o r which p«1, the maximum Cerenkov angle Gmax i s very 

small, about 1-3°. Expressing the r e f r a c t i v e index n as ( l + i i ) , then since •n<<1 

i t i s r e l a t e d t o the maximum Cerenkov angle as 

Gmax « (2T I ) I/2 radians . (1.2) 

The r e f r a c t i v e index of the atmosphere i s p r o p o r t i o n a l t o the lo c a l density 

and hence pressure. Since the pressure v a r i e s e x p o n e n t i a l l y w i t h height h, 

measured from sea l e v e l , the r e f r a c t i v e index w i l l vary as 

n = 0.00029 exp (-h/ho) , (1.3) 

where ho i s the atmospheric scale height (s;7-1 km). The r e f r a c t i v e index w i l l 



also vary w i t h wavelength. The Cerenkov angle varies w i t h density p as 

e(p) = 0(po) (p/po)i/2 , (1.4) 

w h i l s t the t h r e s h o l d k i n e t i c energy Emin f o r Cerenkov r a d i a t i o n varies w i t h 

d e n s i t y as 

En.in(p) = E m i n(po) (po/p )1 /2 . (1.5) 

The v a r i a t i o n o f Emin can also be expressed by r e l a t i n g i t t o the local value 

of Ti from equation 1.2, i . e . 

Emin(Tl) = m0C2 ((2T|)--'/2 -1) , (1.6) 

where mo i s the p a r t i c l e ' s r e s t energy. At sea l e v e l , the threshold energy 

f o r Cerenkov emission by an e l e c t r o n i s 21 MeV, by a muon 4-4 GeV and by a 

proton 39 GeV. A l l of these values are well above the p a r t i c l e s ' rest energies 

and hence Cerenkov emission w i l l only be expected from an u l t r a - r e l a t i v i s t i c 

p a r t i c l e 0 «1). However, given the required energies and the number spectra of 

each, the m a j o r i t y o f the Cerenkov emission w i l l a r i s e from the electrons i n 

the shower (Boley, 1964). 

The expression of Frank and Tamm (1937) f o r the rate of energy loss by 

Cerenkov r a d i a t i o n may be expressed i n terms of photon production N per u n i t 

length x given by 

dN 
— = 2na 
dx 

1 1 
Sin2eniax , (1.7) 

X^ Xz 

where a=1/137, and X^ and Xz ( i n cm) are the l i m i t s of the wavelength band 

being considered. Approximating s i n Gmax as Gmax, and t a k i n g the wavelength 

range 350-500 nm, then the photon y i e l d i s 

dN 
— w 390 92 « 780 -n photons cm-i , (1.8) 
dx 

f o r an u l t r a - r e l a t i v i s t i c p a r t i c l e . By s u b s t i t u t i n g f o r TI from equation 1.3, 

the photon y i e l d can be r e l a t e d t o height h above sea le v e l as 

dN 
— s; 23 exp (- h/ho) photons m-i , (1.9) 
dx 

Another useful q u a n t i t y i s the path length L traversed by the p a r t i c l e 



i n the atmosphere, expressed as a column density. This i s calculated by 

i n t e g r a t i n g the exponential decrease i n density w i t h height above sea level 

from i n f i n i t y t o a height h. Thus the dependence of the Cerenkov angle w i t h L 

i s the same as t h a t w i t h d e n s i t y , i . e . Graax a p i / 2 « iU2^ The t o t a l path 

length of the atmosphere i s about 10" kg m-2. 

Figure 1.5 shows the v a r i a t i o n of e l e c t r o n threshold energy f o r Cerenkov 

emission, photon y i e l d and Cerenkov angle w i t h atmospheric height and path 

le n g t h . I t can be seen t h a t the threshold energy decreases as the p a r t i c l e s 

penetrate f u r t h e r and w i t h i t the photon y i e l d and hence i n t e n s i t y of the 

r a d i a t i o n . The o v e r a l l i n t e n s i t y w i l l t h e r e f o r e depend on the st a t e of 

development o f the electron-photon cascade. For a gamma ray of energy 300 GeV, 

the maximum development i s reached at a depth corresponding t o about 8 

r a d i a t i o n lengths (Longair, 1992) where i o n i s a t i o n losses begin t o dominate 

bremsstrahlung losses, as governed by the c r i t i c a l energy of a i r , 83 MeV. 

Since the r a d i a t i o n length i n a i r i s 365 kg m"̂ , t h i s s i t u a t i o n occurs at an 

atmospheric depth of about 3000 kg m-2, i . e . a v e r t i c a l height of 10 km. 

The Cerenkov l i g h t w i l l penetrate t o ground l e v e l , while the electrons of 

the cascade are t o t a l l y absorbed, and f o r a 300 GeV photon primary, several 

m i l l i o n v i s i b l e photons w i l l be produced i n a wavefront w i t h a temporal 

thickness o f approximately 10 ns. The precise form of the Cerenkov emission as 

viewed from ground l e v e l w i l l however be af f e c t e d by several f a c t o r s inherent 

t o the use of the atmosphere as a source of emission. Only small e f f e c t s are 

induced by f a c t o r s such as absorption, r e f r a c t i o n , and dispersion ( J e l l e y , 

1967), leaving the s i n g l e most important c o n t r i b u t i o n t o s c a t t e r i n g of the 

Cerenkov l i g h t t o be t h a t a r i s i n g from the Coulomb i n t e r a c t i o n s of the charged 

p a r t i c l e s i n the shower w i t h those i n the atmosphere. This e f f e c t i s also 

modified and enhanced by the influence of the geomagnetic f i e l d (Browning and 

Turver, 1977). 

Rossi and Greisen (1941) showed t h a t the mean Coulomb s c a t t e r i n g angle 0s 
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f o r e l e c t r o n s w i t h momentum p can be expressed as 

<0s2> = ( Es2 / p232 ) t , (1.10) 

where E s i s a constant 21 MeV, p i s the e l e c t r o n momentum and t the path 

length measured i n u n i t s o f r a d i a t i o n length. For t y p i c a l r e l a t i v i s t i c shower 

e l e c t r o n s , t h i s expression can be reduced over a s i n g l e r a d i a t i o n length t o 

<es>rms ~ E s / E radians . ( 1 . 1 1 ) 

For an e l e c t r o n w i t h energy 100 MeV, the s c a t t e r i n g angle i s »12°. 

F o r t u n a t e l y , a t higher energies, the Coulomb e f f e c t s are not so important, 

e.g. f o r e l e c t r o n energies of a few GeV at the height of maximum cascade 

development, the Cerenkov angle i s almost i d e n t i c a l t o the t y p i c a l Coulomb 

s c a t t e r i n g angle. The net e f f e c t i s t o produce a set of c o n t r i b u t i o n s from 

many scattered e l e c t r o n s at various small angles t o the shower ax i s , a l l 

d i r e c t i n g some p r o p o r t i o n of t h e i r Cerenkov emission i n t o the s o l i d angle 

viewed by a detector on the ground. 

The o v e r a l l r e s u l t i s the spreading of the l i g h t over the shower 

wavefront, producing a d i f f u s e and almost uniform l a t e r a l photon d i s t r i b u t i o n 

out t o a radius of a150 m from the shower axis ( f o r a v e r t i c a l l y incident 

shower) corresponding t o the f r o n t surface of the cone of Cerenkov emission 

w i t h h a l f - a n g l e 1 - 2 ° . Beyond t h i s radius, the i n t e n s i t y r a p i d l y decreases due 

to the various c o n t r i b u t i o n s from the electrons scattered f u r t h e r away from 

the shower a x i s . This d i s t r i b u t i o n on the ground i s generally r e f e r r e d t o as 

the Cerenkov l i g h t pool. I n the c e n t r a l regions of t h i s l i g h t pool f o r the 300 

GeV photon primary discussed above, the photon density i s about 10 m-2. This 

w i l l increase f o r a higher energy primary since more e l e c t r o n - p o s i t r o n p a i r s 

w i l l be produced before the maximum shower development i s reached, and t h i s 

maximum w i l l be at a greater atmospheric depth. 

Although such a small l i g h t f l u x a t f i r s t seems d i f f i c u l t t o detect 

against the background f l u x o f v i s i b l e photons from the night sky, which i s 

about 10^2 m-2s-^sr-'', a number of f a c t o r s work i n the favour of a p o t e n t i a l 

observer. The key t o observation of the Cerenkov l i g h t from i n d i v i d u a l a i r 
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showers l i e s i n the large area of the Cerenkov l i g h t pool, «10" m̂ , which i s 

equivalent t o the e f f e c t i v e area of a detector placed anywhere w i t h i n t h i s 

region on the ground. Further a i d comes from optimal reduction of the angular 

acceptance of the d e t e c t o r , and s e l e c t i o n of a gate time matched t o the 

d u r a t i o n of the b r i e f Cerenkov " f l a s h " . The p r a c t i c a l techniques of gamma ray 

astronomy v i a the atmospheric Cerenkov technique are described i n the next 

chapter ( s e c t i o n 2.3). 
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C H A P T E R 2 - G A M M A R A Y A S T R O N O M Y 

2.1. Early Proposals 

The importance of the de t e c t i o n of astrophysical gamma rays arises from 

the f a c t t h a t they combine the d i r e c t i o n a l and temporal information on t h e i r 

p o i n t of o r i g i n w i t h a close r e l a t i o n t o the processes u l t i m a t e l y responsible 

f o r the production of r a d i a t i o n over a wide range of energies. This enables 

researchers t o come as close as possible t o some of the raw mechanisms of 

energy production i n the universe. 

The p r a c t i c a l p o s s i b i l i t y of gamma ray astronomy was f i r s t o u t l i n e d i n a 

specu l a t i v e paper by Morrison (1958). He concentrated on the energy range from 

aO-2-400 MeV, p o i n t i n g out t h a t lower energies would be less penetrating and 

less d i r e c t l y r e l a t e d t o t h e i r o r i g i n , w h i l s t higher energies would l a r g e l y 

r e s u l t from secondary i n t e r a c t i o n s of cosmic ray p a r t i c l e s . Measurements from 

the top of the atmosphere had already indicated t h a t only about 1% of the 

p a r t i c l e f l u x above 0-5 GeV was due t o gamma ray quanta. 

The gamma ray f l u x due t o an elementary volume w i t h source strength S at 

a distance r i s simply expressed as S/r^. i f r i s measured i n cm, S has the 

dimensions cm-^s-""sr-i. The d i r e c t i o n a l f l u x J f o r a detector of s o l i d angle n 

i s then the i n t e g r a l o f the source f l u x over the volume intercepted by n, i . e . 

r r S 
J = I dn - r2 dr . (2.1) 

J J r2 

Since most a s t r o p h y s i c a l objects w i l l have an apparent angular size well 

below the s o l i d angle of p r a c t i c a l d e tectors, the received f l u x becomes 

1 f 
J = - S dV , (2.2) 

r2 ^ 

w i t h V corresponding t o the e n t i r e volume of the region of observation. J i s 

thus expressed i n photons cm-^s'^. This usually has t o be folded w i t h the 

det e c t o r ' s angular response f u n c t i o n t o give an instrument-dependent 

d i r e c t i o n a l f l u x (Garmire and Kraushaar, 1965). 
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Estimates of photon f l u x e s i n the range 10-100's of MeV f o r the Crab 

Nebula and several e x t r a g a l a c t i c sources were i n the range of a IO-2 cm-2s-S 

a l e v e l believed t o be detectable given the a p p l i c a t i o n of th e n - e x i s t i n g 

technology i n high a l t i t u d e balloon f l i g h t s . Unfortunately, as Morrison 

himself had the f o r e s i g h t t o warn, these estimates turned out t o be gr e a t l y 

o p t i m i s t i c and orders of magnitude too large, but the seed was sown t o spur 

e f f o r t i n the f i e l d . 

I n the l i g h t of e a r l y experimentally derived l i m i t s , revised f l u x 

estimates were l a t e r published. For example, Garmire and Kraushaar (1965) 

surmised t h a t the m a j o r i t y of the gamma ray f l u x from the Crab Nebula would 

a r i s e from meson decay, w i t h an estimated f l u x above 100 MeV of ̂ lO-s cm-2s-''. 

2.2. Advances Through S a t e l l i t e Experiments 

2.2.1. The Need f o r Space-based Observations 

Almost a decade of f r u s t r a t i o n followed the i n i t i a l estimates of 

astr o p h y s i c a l gamma ray f l u x e s . Despite the great e f f o r t put i n t o employing 

s c i n t i l l a t o r s , nuclear emulsions and spark chambers i n h i g h - a l t i t u d e balloon 

f l i g h t s , no substantiated sources were detected ( f o r a review see Fazio, 

1970). 

A f t e r the r e a l i s a t i o n of the inadequacy of these techniques i n the face 

of a gamma ray f l u x which was both much lower than predicted and heavily 

contaminated by the atmospheric background, e f f o r t was d i r e c t e d i n t o the 

c o n s t r u c t i o n of more s o p h i s t i c a t e d instruments which could be operated above 

the Earth's atmosphere. These would have the b e n e f i t s of a g r e a t l y reduced 

gamma ray background and a g r e a t l y increased exposure time. An ea r l y s a t e l l i t e 

f l i g h t , t h a t o f Explorer XI i n 1961, had measured the t o t a l cosmic gamma ray 

f l u x as (3-3 ± 1-2) X lO"'* cm-2s-'' i n the range 300-700 MeV (Kraushaar et a l . , 

1965). With a keener eye on the gamma ray sky, the determination of d i s c r e t e 

sources of t h i s f l u x would soon become a r e a l i t y . 
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2.2.2. OSO-3: Detection o f a High Energy Cosmic Background 

The f i r s t experiment t o y i e l d p o s i t i v e r e s u l t s was a package contained i n 

the T h i r d O r b i t i n g Solar Observatory (OSO-3), which was i n use i n 1967/68 

(Kraushaar e t a l . , 1972). This consisted of a m u l t i l a y e r C s l / p l a s t i c 

s c i n t i l l a t i o n d e t e c t o r counter, a d i r e c t i o n a l Cerenkov counter and a Nal 

energy detector. The instruments were operated i n coincidence together, but i n 

anti-coincidence w i t h a s h i e l d o f s c i n t i l l a t i o n detectors i n order t o reduce 

the e f f e c t s o f the i s o t r o p i c cosmic ray background. This d i s c r i m i n a t i o n 

technique revealed t h a t cosmic ray induced events were SJIO" times more common 

than gamma ray events. A t o t a l o f 621 gamma ray events were recorded i n the 

energy range s:50-1000 MeV which showed a marked concentration i n the g a l a c t i c 

plane. Most of the sky was scanned and no evidence was found f o r any d i s c r e t e 

sources w i t h a f l u x greater than a few x lO-s cm"2 s"''. 

2.2.3. SAS-2 : I d e n t i f i c a t i o n o f Discrete Sources 

The Second Small Astronomical S a t e l l i t e (SAS-2) was i n o r b i t f o r 8 months 

in 1972/3 and c a r r i e d the f i r s t s a t e l l i t e - b o r n e gamma ray telescope capable of 

determining d i s c r e t e source p o s i t i o n s ( K n i f f e n e t a l . , 1977). The hub of the 

experiment was a d i g i t i s e d spark chamber which was t r i g g e r e d by four 

s c i n t i l l a t i o n d e t e ctors. This was s u f f i c i e n t t o give an angular r e s o l u t i o n of 

2-3°. The energy threshold was about 30 MeV. 

During the course of the observations, about 60% sky coverage was 

achieved, and «8000 gamma ray events recorded. I n a d d i t i o n t o the detection of 

d i f f u s e emission from the g a l a c t i c plane, s i x l o c a l i s e d (>35 MeV) gamma-ray 

sources were i d e n t i f i e d , summarised as f o l l o w s : 

( i ) The Crab Pulsar - a pulsed 33 ms signal was found w i t h a f l u x above 35 

MeV of «8 X 10-6 cm-^s - i . The unpulsed f l u x was about 60% of t h i s , 

decreasing at higher energies. A strong i n t e r p u l s e was also noted and the 

o v e r a l l l i g h t curve was consistent w i t h those seen at other wavelengths. 

( i i ) The Vela Pulsar - t h i s was the strongest source seen w i t h a t o t a l f l u x 

above 35 MeV of s:3 x lO'^ cm-2 s"''. A cle a r double-peaked l i g h t c u r v e was 
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recorded, out of phase w i t h radio and o p t i c a l r e s u l t s , implying a d i f f e r e n t 

production mechanism. 

( i i i ) Two other radio pulsars - PSR's 1747-46 and 1818-04 - were detected 

at a f l u x l e v e l o f «2 x ^0-^ cm"2 s"'' above 35 MeV,just above the threshold 

o f d e t e c t i o n . Like the Vela pulsar, both l i g h t curves showed an o f f s e t from 

the phases of the radio peaks. 

( i v ) Cygnus X-3 : a 4-8 hour l i g h t curve was i d e n t i f i e d i n keeping w i t h 

t h a t seen at X-ray energies. The f l u x above 100 MeV was «4 x 10"^ cm-2 s-\ 

s i m i l a r t o the Crab pulsar at these energies. An assumed distance of >10 kpc 

gave an estimated l u m i n o s i t y of >^0^^ erg s"''. 

(v) Y195+5 - t h i s was the f i r s t i d e n t i f i c a t i o n at any energy of the 

mysterious source l a t e r t o become known as Geminga (Thompson et a l . , 

1977). A 7CT s i g n a l was found near the g a l a c t i c a n t i c e n t r e , consistent w i t h a 

poi n t source origin.The f l u x above 100 MeV was (4-3 ± 0-9) x 10-^ cm-^s"'', 

and the spectrum appeared harder than any other known source. 

2.2.4. COS-B : F i r s t E x t r a g a l a c t i c Source I d e n t i f i c a t i o n 

A f t e r the short but successful f l i g h t of SAS-2, a s i m i l a r s a t e l l i t e was 

required t o reap the a d d i t i o n a l b e n e f i t s t h a t a longer exposure time would 

b r i n g . The COS-B s a t e l l i t e achieved t h i s by keeping an o r b i t i n g gamma ray 

telescope a c t i v e f o r over 6 years a f t e r launch i n 1975. The experiment 

consisted of a 16-level spark chamber, t r i g g e r e d by a stack of s c i n t i l l a t i o n 

and Cerenkov counters (Taylor and W i l l s , 1981). The energy threshold was «70 

MeV w i t h energies measurable up t o 300 MeV, though events were detected up t o 

«5 GeV. The angular r e s o l u t i o n was «2°. Over 2 x 10^ c e l e s t i a l gamma rays were 

recorded over the course of the mission, v a s t l y improving our view of the 

universe at these energies. 

25 d i s c r e t e sources found were detected, most l y i n g very near the 

g a l a c t i c plane, c l e a r l y i n d i c a t i n g t h e i r i n t r a - g a l a c t i c nature (Bignami, 

1984). Many of the d i s c r e t e sources were c o r r e l a t e d w i t h large HI complexes 
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such as the rho Ophiuchi cloud, A knowledge of the amount of material 

contained w i t h i n these clouds, obtained from other wavelengths, could be 

combined w i t h the knowledge of t h e i r gamma ray emission t o give an idea of the 

cosmic ray d i s t r i b u t i o n i n the Galaxy. Apart from rho Oph i t s e l f , which 

required a s i g n i f i c a n t l o c a l enhancement of the cosmic ray f l u x , the cosmic 

ray density throughout the Galaxy was found t o be remarkably uniform. The was 

an important r e s u l t , suggesting an e x t r a g a l a c t i c o r i g i n of cosmic ray protons. 

Of the other d i s c r e t e sources, only the Crab and Vela pulsars were 

i d e n t i f i e d w i t h known g a l a c t i c objects. The gamma ray f l u x e s and pulsed l i g h t 

curves f o r these pulsars were v i r t u a l l y i d e n t i c a l t o the r e s u l t s obtained by 

SAS-2. No source was located at the p o s i t i o n of Cygnus X-3 (e.g. Bennett et 

a l . , 1977). The source seen there e a r l i e r by SAS-2 was a t t r i b u t e d t o 

i n t e r s t e l l a r gas i n the Cygnus region although t h i s i n t e r p r e t a t i o n has been 

re f u t e d ( F i c h t e l , Thompson and Lamb, 1987). 

Two f u r t h e r i n t e r e s t i n g d i s c r e t e sources were detected. F i r s t l y , Geminga 

(2CG195+04). The advance made i n l o c a t i n g the p o s i t i o n of the source enabled 

the discovery of a counterpart a t both X-ray and o p t i c a l wavelengths (Bignami, 

Caraveo and Lamb, 1984; Caraveo et a l . , 1984). This paved the way f o r l a t e r 

important discoveries about the nature of the object (see Section 2.2.5.2). 

The most s u r p r i s i n g r e s u l t was the discovery of the f i r s t e x t r a g a l a c t i c 

gamma ray source, the quasar 3C273 (Swanenburg et a l . , 1978; Bignami et a l . , 

1981). The gamma ray f l u x recorded from t h i s o b j e c t , 0-6 x lO"" cm-2 s"'' above 

100 MeV, implied an i n t r i n s i c l uminosity of 2 x 10''̂  erg s-^. This importance 

of t h i s d e t e c t i o n then was r e l a t e d t o the f a c t t h a t the gamma ray emission 

c o n s t i t u t e d the vast m a j o r i t y of the information a v a i l a b l e on the energetics 

of t h i s d i s t a n t source . 

2.2.5. The Compton Observatory 

2.2.5.1. Instrumentation 

The Compton Observatory ( p r e v i o u s l y the Gamma Ray Observatory, GRO) was 

proposed as the second component of NASA's Great Observatories programme. The 
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aim was t o provide greater s e n s i t i v i t y t o d i s c r e t e sources, d i f f u s e emission 

and gamma ray l i n e emission than any previous experiments. I t was realised 

t h a t i t was not possible i n a given range of the wide gamma ray spectrum t o 

improve energy and angular r e s o l u t i o n without l o s i n g o v e r a l l s e n s i t i v i t y , and 

so a set of complementary instruments were designed t o provide optimal 

coverage, (Gehrels, Chipman and K n i f f e n , 1993 and r e f s . t h e r e i n ) . I t was also 

considered advantageous t o use d i f f e r e n t d e t e c t i o n techniques best suit e d t o a 

p a r t i c u l a r part of the energy range. Four self - c o n t a i n e d instruments were 

f i n a l l y included i n the spacecraft. The gamma ray spectrum was spanned from 50 

keV t o 30 GeV, almost s i x decades i n energy, and c o n t i n u i t y between the four 

experiments was achieved by overlapping of t h e i r energy thresholds (see Table 

2.1). The Compton Observatory was launched i n 1991 A p r i l and i s s t i l l f u l l y 

o p e r a t i o n a l a t the time o f w r i t i n g . The mission l i f e t i m e i s c u r r e n t l y expected 

t o be at leas t 3 years. 

( i ) Oriented S c i n t i l l a t i o n Spectrometer Experiment (OSSE) 

Operating i n the range 0-1-10 MeV, t h i s instrument consists of four 

i d e n t i c a l large area Nal s c i n t i l l a t i o n detectors. These are used as coaxial 

p a i r s , one of each p a i r observing the source, the other monitoring the 

background, interchanging at short time i n t e r v a l s so as t o minimise 

background v a r i a t i o n s . The primary purpose i s t o obtain high r e s o l u t i o n 

energy spectra of sources, but some r e s o l u t i o n can be s a c r i f i c e d t o enable 

f a s t t i m i n g of pulsar s i g n a l s . 

( i i ) Imaging Compton Telescope (COMPTEL) 

This instrument was designed t o produce a d e t a i l e d sky survey of gamma ray 

sources i n the range 1-30 MeV.The experiment comprises two detector arrays. 

I n the upper d e t e c t o r , gamma rays are Compton scattered i n a l i q u i d 

s c i n t i l l a t o r , and the scattered photons are absorbed 1-5 m below in a 14-

element Nal c r y s t a l detector. This can be compared t o an o p t i c a l camera, the 

upper detector r e p l a c i n g the lens, the lower replacing the f i l m . The energy 
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loss and p o s i t i o n o f each i n t e r a c t i o n are measured, enabling good angular 

and energy r e s o l u t i o n . 

( i i i ) Energetic Gamma Ray Experiment Telescope (EGRET) 

EGRET operates i n the energy range 20 MeV t o 30 GeV. Like several previous 

s a t e l l i t e - b o r n e gamma ray experiments i t i s based around a m u l t i - l a y e r spark 

chamber which detects gamma rays v i a t h e i r e l e c t r o n - p o s i t r o n p a i r 

production. An Nal energy counter i s placed beneath the spark chamber. 

Strong sources can be located t o w i t h i n less than 10 arc minutes at GeV 

energies. This i s the best angular r e s o l u t i o n of any gamma ray experiment of 

i t s type, and a r i s e from i t s large e f f e c t i v e area, 1600 cm^ at 500 MeV 

( c . f . COS-B maximum e f f e c t i v e area of 50 cm^ at 500 MeV) as shown in Figure 

2.1. Sources may be detected t o a threshold two orders of magnitude below 

the f l u x from the Crab. 

( i v ) Burst And Transient Source Experiment (BATSE) 

The purpose of BATSE i s t o provide continuous a l l - s k y coverage of gamma ray 

bursts and other t r a n s i e n t sources. The experiment consists of 8 i d e n t i c a l 

instruments mounted on each corner of the spacecraft. Each contains a large-

area Nal s c i n t i l l a t i o n d e t e ctor, optimised f o r s e n s i t i v i t y and d i r e c t i o n a l 

response, and a s m a l l e r , t h i c k e r Nal s c i n t i l l a t i o n calorimeter t o give good 

energy r e s o l u t i o n over a wide range. Detection of a burst i n the f i e l d of 

view of the other onboard experiments t r i g g e r s them t o record more d e t a i l e d 

data. A valuable secondary c a p a b i l i t y i s i t s a b i l i t y t o record v i r t u a l l y 

continuous data on strong pulsed sources from any part of the sky. 

2.2.5.2. H i g h l i g h t s o f Results 

Before i t s launch, the Compton Observatory was expected t o provide an 

unp a r a l l e l e d q u a n t i t y and q u a l i t y of information on the gamma ray universe. In 

i t s 2 years of operation t o date, t h i s has proven t o be the case, w i t h many 

important discoveries having been made. For an overview of the r e s u l t s , the 

reader i s r e f e r r e d t o the proceedings of the Compton Observatory Workshops. In 

19 



Ant i -Coinc idence Dome 

Spark C h a m b e r 

Trigger Te lescope 

Cerenkov Counter 

Energy Calor imeter 

SAS-2 COS-B 
1 m 

A n t i - C o i n c i d e n c e 
S c i n t i l l a t i o n Dome 

T i m e - o f - F l i g h t 
C o i n c i d e n c e 

S y s t e m 

N a l (Tl) Energy 
Measu remen t 
Coun te r 

C l o s e l y Spaced 

S p a r k Chambers 

Widely S p a c e d 
Spark C h a m b e r s 

Pressure V e s s e l 

E l e c t r o n i c s 

Gas Rep len ishment 
S y s t e m 

EGRET 
Figure 2.1 : A scale diagram showing the relative dimensions of SAS-2, 
COS-B and E G R E T . All three share the same detection principle and the 
extra sensitivity offered by E G R E T is clear. 

(from Kanbach et al. 1990) 



t h i s s e c t i o n , three r e s u l t s of p a r t i c u l a r i n t e r e s t are mentioned. 

( i ) Geminga - Measurements using the s o f t X-ray s a t e l l i t e ROSAT eventually 

revealed the existence of pulsations from the X-ray source i d e n t i f i e d as the 

counterpart t o Geminga (Halpern and Holt, 1992). The pulsar period was 

found t o be 237 ms w i t h a p r o b a b i l i t y o f ̂ ^0-* f o r chance occurrence. 

This enabled a search of the EGRET gamma ray database t o be made. A sample 

of data i n the energy range 100-500 MeV, recorded only 60 days a f t e r the 

ROSAT observations, yield e d an unambiguous signal of n e g l i g i b l e chance 

p r o b a b i l i t y at 237 ms (Bertsch et al.,1992). Unlike the X-ray l i g h t curve, 

the >300 MeV l i g h t curve was found t o be double-peaked. The f l u x >100 MeV 

was a;4 x 10-^ cm-^s"'', which combined w i t h measurements of the spin-down 

rate showed t h a t the source distance was around 100 pc making t h i s one of 

the clo s e s t neutron s t a r s known. Subsequent reanalyses have shown t h a t 

the 237 ms p e r i o d i c i t y could also be i d e n t i f i e d i n the databases of SAS-2 

(Mattox e t a l . , 1992) and COS-B (Bignami and Caraveo, 1992). 

( i i ) New Gamma Ray Pulsars - Among the most important discoveries made t o 

date by the Compton Observatory are those of two previously unseen gamma ray 

pulsars, which have been i d e n t i f i e d w i t h the radio sources PSR 1509-58 and 

PSR 1706-44 (Wilson e t a l . , 1993a; Thompson et a l . , 1992). These pulsars 

were f i r s t discovered by BATSE and EGRET res p e c t i v e l y - the COMPTEL 

instrument has only detected the former (Bennett e t a l . , 1993). Both have 

been found t o have a l i g h t curve c o n s i s t i n g o f a si n g l e broad peak, and 

di s p l a y energy spectra harder than t h a t o f the Crab. These were also two of 

the sources predicted t o be detectable as gamma ray pulsars due t o t h e i r 

high magnetic f i e l d s and r e l a t i v e l y young ages. 

( i i i ) QSO's - A f t e r the COS-B det e c t i o n of 3C273 as a high-energy gamma ray 

source, i t was hoped t h a t the Compton Observatory would provide more 

evidence of e x t r a g a l a c t i c sources. EGRET has done t h i s by detecting not only 

3C273, but also dis c o v e r i n g emission from many more radio-loud QSO's 

in c l u d i n g 3C279 (Hartman e t a l . , 1992). The i n t e n s i t y of t h i s source was 
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(2-8 ± 0-4) X 10-6 cm-^s"'' at energies above 100 MeV, which indicated 

t h a t t h i s source could have been detected by SAS-2 or COS-B. The f a c t t h a t 

n e i t h e r d i d implies s i g n i f i c a n t source v a r i a b i l i t y . I t s great distance makes 

i t the most luminous gamma ray source known w i t h a luminosity of s;10''8 

erg s-^ between 100 MeV and 10 GeV. 

2.3. Astronomy using the Atmospheric Cerenkov Technique 

2.3 . 1 . Extending the Gamma Ray Spectrum 

The merits and p o s i t i v e r e s u l t s gained from s a t e l l i t e - b o r n e gamma ray 

detectors have now been reviewed. Various c e l e s t i a l sources have been found t o 

emit gamma rays up t o energies of tens of GeV. However, at higher energies the 

f l u x o f gamma rays diminishes t o an extent whereby the c o n s t r a i n t s on the size 

of an o r b i t i n g detector make observations impracticable. I n a d d i t i o n , the 

spark chamber technique i s d i f f i c u l t t o implement at such high energies as the 

e l e c t r o n - p o s i t r o n p a i r separation angle becomes very small. Fortunately, the 

very t h i n g which made space-based telescopes d e s i r a b l e , namely the Earth's 

atmosphere, becomes a detector i t s e l f a t these high energies v i a the Cerenkov 

r a d i a t i o n produced by the f l u x of cosmic p a r t i c l e s (see Chapter 1). Cerenkov 

astronomy i n the region of 10^2 eV primary photons i s o f t e n r e f e r r e d t o as TeV 

or Very High Energy (VHE) gamma ray astronomy. I t i s defined simply by the 

primary gamma ray energy range («10ii t o lO^* eV) w i t h i n which Cerenkov l i g h t 

showers are detectable using s p e c i a l l y designed large aperture o p t i c a l 

telescopes at ground l e v e l . 

This i s d i s t i n c t from PeV or U l t r a High Energy astronomy where the 

primary p a r t i c l e s are s u f f i c i e n t l y energetic (>10''* eV) t o produce secondary 

shower p a r t i c l e s which are d i r e c t l y detectable by extensive a i r shower arrays. 

The primary energy t h r e s h o l d accessible by t h i s technique decreases w i t h 

height above sea-level since the lower the energy of the p a r t i c l e , the shorter 

w i l l be i t s path length i n the atmosphere. For recent reviews of t h i s 

i n t e r e s t i n g f i e l d , the reader i s d i r e c t e d t o Yodh (1992) and Protheroe (1987). 

2 1 



2.3.2. O r i g i n s o f Cerenkov Astronomy 

I t was f i r s t suggested by Blackett (1948) t h a t the background l i g h t of 

the n i g h t sky as viewed from the surface of the Earth should contain a 

c o n t r i b u t i o n a r i s i n g from the v i s i b l e Cerenkov r a d i a t i o n produced by cosmic 

p a r t i c l e s . The p r o p o r t i o n of the background due t o t h i s process was estimated 

t o be about 10-"*. The f i r s t measurements of t h i s l i g h t were made by Galbraith 

and J e l l e y (1953). Based on the assumption t h a t the temporal and s p a t i a l 

p r o p e r t i e s of the Cerenkov l i g h t pool would have some s i m i l a r i t i e s w i t h those 

already measured f o r extensive a i r showers (Cranshaw and Galb r a i t h , 1954), 

they used f a s t e l e c t r o n i c s i n conjunction w i t h a small l i g h t c o l l e c t o r and 

p h o t o m u l t i p l i e r t o detect the b r i e f pulses of l i g h t a t a rate of several per 

minute ( J e l l e y , 1987). Later work showed t h a t the l a t e r a l extent of the l i g h t 

pool at ground l e v e l was >100 metres f o r a primary p a r t i c l e of energy 10^^ eV, 

and the t y p i c a l d u r a t i o n of a pulse was s:10 ns ( G a l b r a i t h and J e l l e y , 1955). 

The a p p l i c a t i o n of t h i s technique t o detect gamma ray induced a i r showers 

as d i s t i n c t from those induced by hadronic primaries was f i r s t suggested by 

Zatsepin and Chudakov (1962). The great advantages o f f e r e d by the technique 

are the large e f f e c t i v e c o l l e c t i n g area afforded by the size of the Cerenkov 

l i g h t pool ( a t 10* m̂ , much la r g e r than any s i n g l e detector) and the r e l a t i v e 

s i m p l i c i t y and co s t - e f f e c t i v e n e s s of the equipment. The disadvantages are the 

d i f f i c u l t i e s i n d i s t i n g u i s h i n g between photon or proton primaries, and the 

requirement f o r a c l e a r , moonless observation s i t e , t o avoid the hindrances of 

poor c l a r i t y and sky noise. 

Much e f f o r t was put i n t o attempts t o detect the photon element of the 

cosmic ray f l u x by the use of Cerenkov telescopes. Perhaps the most exhaustive 

studies i n the e a r l y days of the 1950's and 1960's were c a r r i e d out by the 

AERE/UCD group i n both the Republic of I r e l a n d and Malta (see Fruin et a l . , 

1964; Fegan et a l . , 1968) and by the Lebedev I n s t i t u t e group i n the Crimea 

(Chudakov et a l . , 1965). Many prospective d i s c r e t e source p o s i t i o n s were 
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observed i n an e f f o r t t o locate an enhanced Cerenkov f l u x due t o an excess of 

gamma ray showers. No s i g n i f i c a n t f l u x e s were detected. For the Crab Nebula, 

the Lebedev group derived an upper l i m i t of 5 x l O - i ^ cm'̂ s"'' f o r energies 

above 5 TeV. A number of other supernova remnants and radio sources were 

selected as candidate t a r g e t s , again w i t h nothing more than an upper l i m i t 

r e s u l t i n g . Despite the lack o f p o s i t i v e r e s u l t s i n t h i s d i r e c t i o n , much 

info r m a t i o n was gained on the nature of Cerenkov shower development and on the 

o p t i m i s a t i o n of the equipment used. 

2.3.3. Detectors o f Atmospheric Cerenkov Lig h t 

Although the photon density from an i n d i v i d u a l Cerenkov l i g h t shower i s 

low, t y p i c a l l y 50 m"2 w i t h i n 100 m of the shower axis f o r a 1 TeV primary, i t 

i s the very b r i e f d u r a t i o n of the observed f l a s h which enables i t s detection. 

The average ni g h t sky background photon f l u x i s about 10^2 m-̂ s"'" s r - ^ , and a 

l i g h t d e t e c t o r w i t h a time constant or gating pulse matched t o the sslO ns 

d u r a t i o n of a Cerenkov f l a s h can e a s i l y measure the enhancement due t o such an 

event. The most obvious technique i s also the simplest and most commonly used, 

i . e . employing a l i g h t c o l l e c t o r ( i n v a r i a b l y a large m i r r o r ) t o focus l i g h t 

onto a p h o t o m u l t i p l i e r tube connected t o e l e c t r o n i c equipment f o r measurement 

of the anode curr e n t v a r i a t i o n s (see Figure 2.2). On such a short timescale, 

the only background f l u c t u a t i o n w i l l be the random change i n night sky 

brightness. This, however, w i l l be a f u n c t i o n of m i r r o r s i z e , f i e l d of view, 

the p h o t o m u l t i p l i e r tube's quantum e f f i c i e n c y and the i n t e g r a t i o n time of the 

system. I f a Poissonian d i s t r i b u t i o n i s assumed, the n i g h t sky noise N i s then 

N a ( B.r.e.t.A ) i / 2 , (2.3) 

where B i s the i n t e n s i t y of the background, r i s the s o l i d angle viewed, e 

the quantum e f f i c i e n c y , t the gate time, and A the area of the m i r r o r (Weekes, 

1988). The actual a i r shower signal i s p r o p o r t i o n a l t o the product of A and e, 

so the r a t i o of signal S t o noise N i s given by 

S/N a ( Ae / Brt ) i / 2 . (2.4) 

The energy threshold f o r shower de t e c t i o n i s inversely p r o p o r t i o n a l t o S/N, 

23 



Fast Timing Electronics 
Matched to Cerenkov Pulse 

Photomultiplier 
Tube 

To Counting 
Electronics 

/ \ 

/ \ 

/ \ 

/ \ 
Cerenkov 
Photons 

Reflector Dish 

Figure 2.2 : Illustration of the basic atmospheric Cerenkov telescope system. 
At least 2 systems are usually operated in fast coincidence in order to reduce 
the background of night sky noise. 



and thus t o achieve the minimum threshold the value of Ae/rt must be 

maximised. 

( i ) M i r r o r area, A. 

I n the e a r l y days of Cerenkov astronomy in the 1950's, a large supply of 

war surplus s e a r c h l i g h t m i r r o r s was a v a i l a b l e , as used i n the i n i t i a l 

experiments of J e l l e y and G a l b r a i t h . Since the Cerenkov l i g h t f l a s h has a 

t y p i c a l angular spread of 1-2°, the r e s o l u t i o n of these m i r r o r s was q u i t e 

adequate, but t h e i r diameter (1-5 m) too small f o r anything more than 

p r e l i m i n a r y i n v e s t i g a t i o n s . Increasing the m i r r o r area can then be done i n 

two ways. The f i r s t i s t o co-mount an array of small m i r r o r elements, and 

the second t o produce a large s i n g l e r e f l e c t o r . I n p r a c t i c e , the former has 

been more commonly used, due t o the relaxed r e s o l u t i o n c r i t e r i o n and the 

r e l a t i v e s i m p l i c i t y of o b t a i n i n g or producing a large number of small 

m i r r o r s (0-5-2 m diameter). 

There are two other ways of increasing the e f f e c t i v e c o l l e c t i n g area and 

hence reducing the threshold energy. The f i r s t i s t o place more than one 

telescope dish/detector on the same mount ( w i t h i n «10 m of each other) and 

accept only events which are seen by a l l components w i t h i n *10 ns. This 

reduces the background caused by instrumental e f f e c t s and sky noise 

considerably. I t has been shown t h a t the background reduces w i t h an 

increasing number of dishes, but three together o f f e r the greatest 

e f f i c i e n c y before an e f f e c t i v e plateau i n the increased r e j e c t i o n i s reached 

(Braz i e r et a l . , 1989). For a f i g u r e of merit Q defined as Ŝ /N where S i s 

the rat e of photon t r i g g e r s and B the t o t a l background r a t e , three dishes 

o f f e r a Q value of up t o 10 compared w i t h a s i n g l e dish (Patterson and 

Hi l i a s , 1989). A second method i s t o increase the number of independent 

telescopes sampling the Cerenkov l i g h t pool. Although n independent 

telescopes do not o f f e r as great an increase i n e f f i c i e n c y as n co-mounted 

telescopes, they do o f f e r f u r t h e r p o s s i b i l i t i e s i n background r e j e c t i o n 
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techniques. 

( i i ) P h o t o m u l t i p l i e r quantum e f f i c i e n c y , e. 

The Cerenkov spectrum has i t s i n t e n s i t y p r o p o r t i o n a l t o X'^, and the most 

s u i t a b l e p h o t o m u l t i p l i e r s w i l l t h e r e f o r e be those w i t h peak response in the 

blue or near-UV regions of the spectrum. B i a l k a l i phototubes are commonly 

employed and have a peak response at 3900 Angstroms where e»30%. 

( i i i ) F i e l d of view, r. 

The primary requirement of the f i e l d of view i s t h a t i t must be large 

enough t o gain maximum information on the observed Cerenkov l i g h t f l a s h . 

However, widening the f i e l d of view has the e f f e c t of increased acceptance 

of unwanted background l i g h t , so t h a t most detectors used have f i e l d widths 

optimised t o xQ•5-^°. This means t h a t the response of the r e f l e c t o r t o a 

p o i n t source at i n f i n i t y should be of a s i m i l a r order. The e f f e c t s of coma 

can also be s i g n i f i c a n t f o r l a r g e r f i e l d s of view. I n p r a c t i c e , the f i e l d 

o f view i s defined by the size of p h o t o m u l t i p l i e r tube used and the focal 

r a t i o of the r e f l e c t o r . 

( i v ) I n t e g r a t i o n time, t . 

I t i s obviously b e n e f i c i a l t o keep the i n t e g r a t i o n time as short as 

possible i n order t o reduce the acceptance of background noise, and 

simulations have suggested t h a t photon induced showers have shorter 

timespans than those induced by hadronic primaries. Thus the gate time 

should be matched c l o s e l y t o the predicted 3-5 ns d u r a t i o n of a photon 

induced shower, but i n p r a c t i c e 5-10 ns i s a more common f i g u r e due t o 

l i m i t a t i o n s imposed by the high frequency performance of the e l e c t r o n i c s and 

the physical size of the detector. 

Based on these broadly defined d e t e c t i o n p r i n c i p l e s , the telescopes used 

f o r Cerenkov astronomy have become gradually more so p h i s t i c a t e d and s e n s i t i v e . 

This progress can be d i v i d e d i n t o three major generations of experiments, as 

summarised i n Table 2.2. 
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TABLE 2 . 2 - The development o f the techniques o f Cerenkov astronomy 

1st Generation 1953 - l a t e 1970s 

Characterised by simple Cerenkov telescopes, o f t e n a 

small array of 1.5 m m i r r o r s , operated i n simple 

d r i f t - s c a n mode. No sop h i s t i c a t e d r e j e c t i o n of the 

hadronic background. Searched f o r c l a s s i c a l sources, 

e.g. Crab, Cas A, Cyg A, M87. 

2nd Generation Mid 1970s - e a r l y 1990s 

Spurred by the dete c t i o n of gamma ray sources from 

s a t e l l i t e measurements. Characterised by improved 

hadronic background r e j e c t i o n , based on f a s t t i m i n g 

or crude measurement of the l i g h t d i s t r i b u t i o n . 

Energy threshold reduced by b u i l d i n g l a r g e r arrays. 

More targeted observations, e s p e c i a l l y COS-B sources, 

X-ray b i n a r i e s and AGN's. Development of the imaging 

technique culminated i n the Crab Nebula detection. 

3rd Generation Early 1990s - ? 

Emphasis on imaging f o l l o w i n g i t s successful 

implementation. Construction of arrays of N large 

imaging telescopes t o e x p l o i t stereoscopy. Primary 

aims include the reduction of energy thresholds t o 

10s of GeV and f o l l o w up of Compton Observatory 

di s c o v e r i e s . 



2.3.4. Simulations o f Cerenkov Radiation from A i r Showers 

The aim of simulations of the Cerenkov l i g h t produced i n a shower i s t o 

p r e d i c t the expected l a t e r a l and angular d i s t r i b u t i o n s o f the r e s u l t a n t 

photons which w i l l help define the required parameters of the detectors used. 

Factors which must be taken i n t o account include the primary energy, the 

impact parameter. Coulomb s c a t t e r i n g of the e l e c t r o n s , geomagnetic e f f e c t s and 

f l u c t u a t i o n s between i n d i v i d u a l showers. 

Early a n a l y t i c a l simulations of the Cerenkov showers produced by 

p a r t i c l e s w i t h energies i n the TeV range, such as those of Zatsepin and 

Chudakov (1962) and S i t t e (1962), revealed several noteworthy features of the 

r a d i a t i o n d i s t r i b u t i o n . As i n t e r e s t developed i n t h i s f i e l d , the p o s s i b i l i t y 

o f using the atmospheric Cerenkov technique t o detect gamma rays was of great 

i n t e r e s t but these e a r l y simulations were pe s s i m i s t i c about the p o s s i b i l i t y of 

d i s c r i m i n a t i n g between showers i n i t i a t e d by photon or proton primary 

p a r t i c l e s . 

I n l a t e r s i m u l a t i o n s , the Monte Carlo technique has dominated. This i s 

well s u i t e d t o c a l c u l a t i n g the angular and l a t e r a l d i s t r i b u t i o n s of l i g h t i n 

i n d i v i d u a l showers by considering the propagation of many i n d i v i d u a l photons. 

Discrepancies between d i f f e r e n t treatments can r e s u l t from assuming d i f f e r e n t 

atmospheric models and d i f f e r e n t penetration depths f o r a given primary energy 

(e.g. Rieke, 1969; Castagnoli e t a l . , 1972) Such techniques have been able t o 

provide promising channels f o r d i s c r i m i n a t i o n between showers produced by 

primary photons or hadrons (Turver and Weekes, 1978). 

I n general, the l a t e r a l photon density d i s t r i b u t i o n f o r a gamma ray 

shower at ground l e v e l i s predicted t o show a r e l a t i v e l y f l a t shape up t o 

about 100 m from the main shower a x i s , w i t h a s u b s t a n t i a l drop f u r t h e r away 

(see Figure 2.3). An important e f f e c t t o consider i s t h a t of the geomagnetic 

f i e l d . The e l e c t r o n cascade i n the e a r l y stages of shower development i s 

broadened by the f i e l d i n t e r a c t i o n , and t h i s has greatest s i g n i f i c a n c e at high 

a l t i t u d e s (hence low d e n s i t i e s ) where the e l e c t r o n mean fr e e path i s longest 
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( P o r t e r , 1973; Browning and Turver, 1977). The f l u c t u a t i o n s i n i n d i v i d u a l 

showers are increased by t h i s e f f e c t , being most prominent at large distances 

from the shower a x i s . This can have the e f f e c t of r e q u i r i n g an increased f i e l d 

o f view and hence r a i s i n g the threshold energy (Bowden e t a l . , 1992a). 

The r e l a t i o n s h i p of the shape of the shower t o the impact parameter as 

measured from the axis of the detector has been found t o be f a i r l y consistent. 

A l l simulations i n d i c a t e t h a t a shower landing on and p a r a l l e l t o the detector 

a x i s w i l l produce a concentric c i r c u l a r i n t e n s i t y p r o f i l e , becoming more 

elongated as the displacement from the axis increases as shown i n Figure 2.4 

(Rieke, 1969), The shower core l o c a t i o n i s generally not coincident w i t h the 

p o s i t i o n of maximum i n t e n s i t y i n the l i g h t pool. 

2.3.5. Observational Modes 

2.3.5.1. D r i f t Scans 

The d r i f t scan technique i s one of the simplest t o o l s i n Cerenkov 

astronomy, and has been widely used, p a r t i c u l a r l y i n the e a r l y days of source 

searches (e.g. J e l l e y , 1967). I t r e l i e s on the detec t i o n of an o v e r a l l excess 

of Cerenkov showers coincident w i t h the p o s i t i o n of a candidate source. The 

oper a t i o n a l method i s s t r a i g h t f o r w a r d . The detector a t t i t u d e i s maintained at 

a constant z e n i t h and azimuth angle f o r a s u i t a b l e period of time w h i l s t the 

source p o s i t i o n t r a n s i t s through the f i e l d of view. An equal angular distance 

e i t h e r side o f the source i s usu a l l y observed, the f u l l width of the scan 

being dependent upon the angular response f u n c t i o n of the detector. A 

disadvantage of t h i s technique i s t h a t i t r e l i e s i m p l i c i t l y on stable 

atmospheric and instrumental c o n d i t i o n s . This dependence may be reduced by 

using a s i m i l a r d e t e c t o r , o f f s e t i n azimuth by several degrees t o provide a 

check on e x t e r n a l e f f e c t s (e.g. Stepanian e t a l . , 1975). I n a d d i t i o n , f u r t h e r 

background r e j e c t i o n techniques, s i m i l a r t o those d e t a i l e d i n the f o l l o w i n g 

s e c t i o n s , may be implemented t o reduce the hadronic background and improve the 

l i k e l i h o o d of d e t e c t i n g a gamma ray s i g n a l . 
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2.3.5.2. On/Off Tracking 

C l e a r l y , any TeV gamma ray telescope may be used i n the d r i f t scan mode 

t o search f o r d.c. excesses from a source p o s i t i o n . An a l t e r n a t i v e technique 

i s t o repeatedly change the f i e l d of view between the object region and an 

off- s o u r c e t e s t region and hence look f o r a d.c signal from the source. There 

are two ways of approaching t h i s task. One i s t o simply a l t e r the p o i n t i n g of 

the detector's f i e l d o f view f o r a given time i n t e r v a l and a l t e r n a t e on- and 

off- s o u r c e observations. The Whipple group use 28-minute scans i n t h i s mode 

(Cawley e t a l . , 1989). A disadvantage of t h i s method i s t h a t the important on-

source time i s d i l u t e d . The second method avoids t h i s problem by using an 

e x t r a d e t e c t o r i n the f o c a l plane w i t h a preset angular o f f s e t . The on- and 

off-source p o s i t i o n s are then c o n t i n u a l l y viewed by one detector or the other. 

This w e l l - e s t a b l i s h e d technique of "chopping" on a timescale of 2-5 minutes 

has been f r e q u e n t l y used by the Durham and Haleakala groups (see Chapter 3). 

2.3.5.3. Continuous Tracking 

The t r a c k i n g mode requires the source t o be c o n t i n u a l l y monitored by 

si d e r e a l s t e e r i n g of the detector over the course of an observation. For 

economy and ease of c o n s t r u c t i o n , most Cerenkov telescopes use computer 

c o n t r o l l e d a l t - a z i m u t h mountings rather than the eq u a t o r i a l type. The be n e f i t 

of the t r a c k i n g mode i s i t s p r o v i s i o n of maximum uninterrupted on-source time, 

which i s p a r t i c u l a r l y useful f o r l a t e r pulsar t i m i n g analyses. 

2.3.6. Fast Timing o f the Cerenkov Radiation Wavefront 

Monte Carlo simulations may be used t o p r e d i c t not only the l a t e r a l and 

angular s t r u c t u r e of a Cerenkov shower wavefront, but also i t s temporal 

c h a r a c t e r i s t i c s . The Cerenkov l i g h t produced during the development of a 

shower emanates from d i f f e r e n t heights i n the atmosphere, but the change i n 

r e f r a c t i v e index w i t h a l t i t u d e means t h a t the time delay between the f r o n t and 

back o f the wavefront i s v i r t u a l l y cancelled. The Coulomb s c a t t e r i n g of 

el e c t r o n s and s c a t t e r i n g of the emitted l i g h t means t h a t on reaching the 

ground, the v i s i b l e photons have been formed i n t o an almost plane wavefront. 
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D i r e c t measurements may be made using a widely separated array of detectors t o 

sample across the f u l l extent of the shower. These have shown t h a t a more 

accurate 3-D representation of the wavefront i s t h a t of a f l a t t e n e d cone w i t h 

the c e n t r a l shower axis a t the vertex (Orford and Turver, 1976), There are two 

aspects of the temporal p r o f i l e of the shower which may be e x p l o i t e d 

experimentally. 

By use of an array of detectors of t o t a l dimensions comparable w i t h t h a t 

o f the Cerenkov l i g h t pool, f a s t t i m i n g on the scale of al ns can be employed 

t o measure the a r r i v a l time of the l i g h t f r o n t at each element. Reconstruction 

of the time sequence of a r r i v a l at each detector may then be used t o 

accurately reveal the l o c a t i o n of the shower source on the c e l e s t i a l sphere. 

This i s a technique more commonly employed i n PeV p a r t i c l e detector arrays, 

e,g. the GREX array at Haverah Park (Lambert et a l . , 1987), than Cerenkov 

telescope systems since the centre of an extensive a i r shower i s f a r b e t t e r 

defined than t h a t of a Cerenkov l i g h t pool. 

However i t has also been su c c e s s f u l l y used at TeV energies by the 

U n i v e r s i t y of Durham telescopes at Dugway (see Chapter 3) and by the 

U n i v e r s i t y of Potchefstroom group (de Jager et a l . , 1986). Two more advanced 

detecto r systems based on t h i s technique have recently been deployed at Themis 

in the French Pyrenees - ASGAT (Goret, 1991) and THEMISTOCLE ( B a i l I o n e t a l . , 

1991). 

The most recent a p p l i c a t i o n s of f a s t - t i m i n g information have been based 

on a d i f f e r e n t technique. A proton-induced Cerenkov shower contains a 

s i g n i f i c a n t component of penetrating muons which r a d i a t e Cerenkov l i g h t much 

nearer ground l e v e l (alOO's of metres) than the e l e c t r o n component (Grindlay, 

1971). This r e s u l t s i n the shower f r o n t being much more chaotic i n i t s 

temporal s t r u c t u r e than t h a t of a gamma ray induced shower, which arises 

s o l e l y from r e l a t i v e l y well-behaved e l e c t r o n cascades, the l i g h t from which i s 

sca t t e r e d and the p r o f i l e 'smoothed' by the time of reaching the ground. Fast 
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t i m i n g studies of the t i m e - p r o f i l e o f a Cerenkov f l a s h can ther e f o r e be used 

t o attempt t o d i s c r i m i n a t e the smooth, b r i e f gamma ray induced pulse from the 

n o i s i e r , longer proton induced pulse. 

This technique was in v e s t i g a t e d by Tumer et al.(1990) and yielded 

t e n t a t i v e p o s i t i v e r e s u l t s f o r a d.c. f l u x from the Crab Nebula based on human 

s e l e c t i o n of gamma ray candidates from a l i b r a r y of video records of many 

Cerenkov pulses. More r e c e n t l y , the Adelaide group have used an a priori 

automated s e l e c t i o n procedure t o succe s s f u l l y apply the technique of r i s e time 

measurement t o observations of Hercules X-1 (Roberts et a l . , 1993). A pulse 

shape measuring f a c i l i t y has also been included as part of the U n i v e r s i t y of 

Durham Mk.5 Cerenkov telescope (see Chapter 3 ) , 

2.3.7. F i e l d o f View Reduction : The Guard Ring Technique 

As discussed b r i e f l y i n Section 2,3,2,2, the f i e l d o f view of a Cerenkov 

telescope should correspond as c l o s e l y as possible t o the angular extent of a 

Cerenkov f l a s h i n order t o reduce background l i g h t w h i l s t d e r i v i n g maximum 

in f o r m a t i o n on the gamma ray shower. Having an optimal f i e l d of view centred 

on the source d i r e c t i o n ensures t h a t the maximum b e n e f i t i s derived from the 

excess of Cerenkov showers expected t o be induced by a gamma ray f l u x from the 

source. This i s due t o the background of cosmic ray proton-induced showers 

showing an i s o t r o p i c d i s t r i b u t i o n and hence no preference f o r an o r i g i n at any 

p o s i t i o n on the c e l e s t i a l sphere. Even i f the d,c. excess from the source 

p o s i t i o n i s then i n s u f f i c i e n t t o y i e l d a s t a t i s t i c a l l y s i g n i f i c a n t d e t e c t i o n , 

the prospect of the i d e n t i f i c a t i o n o f a weak pe r i o d i c signal i n the d i r e c t i o n 

of a p u l s a t i n g source makes t h i s a worthwhile method, 

A refinement t o the method described above i s t o in v e s t i g a t e the f a c t 

t h a t proton-induced showers have a s u b s t a n t i a l muon content which reveals 

i t s e l f by production of Cerenkov l i g h t much nearer ground le v e l than the 

e l e c t r o n cascade, due t o the greater penetration depth of the muon f l u x . The 

e f f e c t s o f t h i s are most prominent 1-2° from the shower axis due t o the change 

i n Cerenkov angle and production height f o r o p t i c a l emission from t h i s more 

30 



p e n e t r a t i n g component. Therefore, even f o r a shower o r i g i n a t i n g from the on-

source d i r e c t i o n , the d e t e c t i o n of a s u b s t a n t i a l amount of l i g h t at t h i s angle 

from the main shower axis i n d i c a t e s a greater l i k e l i h o o d of the shower being 

due t o a proton primary. I n a d d i t i o n , the d e t e c t i o n of a f a i n t Cerenkov f l a s h 

from the source d i r e c t i o n may be due t o a large f l a s h o r i g i n a t i n g j u s t outside 

the f i e l d o f view, which i s u n l i k e l y t o be due t o a gamma ray from the source. 

Both of the f a c t o r s o u t l i n e d above may be e x p l o i t e d by the deployment of 

a number of secondary p h o t o m u l t i p l i e r tubes w i t h an angular o f f s e t of 1-2° 

from the tube viewing the source i t s e l f . The term "guard-ring" f o r t h i s 

c o n f i g u r a t i o n was o r i g i n a l l y coined by Grindlay, Helmken and Weekes (1976), 

who used a set of 6 off-source p h o t o m u l t i p l i e r s t o provide an anti-coincidence 

system f o r Cerenkov flashes w i t h greater angular extent than expected f o r a 

TeV gamma ray from the source d i r e c t i o n . I n f a c t t h i s e a r l y work was p r i m a r i l y 

aimed at pr o v i d i n g a crude image of the Cerenkov shower w i t h a view t o 

r e j e c t i n g the more extended images t y p i c a l o f hadronic showers (see Section 

2.3.3.4). The Durham group's use of t h i s guard-ring c o n f i g u r a t i o n has been 

aimed purely at a r t i f i c i a l l y reducing the f i e l d of view of the on-source 

detect o r by r e j e c t i n g Cerenkov events which produce a s i g n i f i c a n t amount of 

off-s o u r c e l i g h t . This approach has proved t o be hig h l y successful and i s 

discussed i n more d e t a i l i n Chapter 3. 

2.3.8. Development o f the Imaging Technique 

The technique of d i r e c t l y imaging Cerenkov flashes has become a subject 

of great i n t e r e s t i n recent years. The measured shape and photon density of a 

Cerenkov shower are r e l a t e d t o the primary energy, the angle of incidence, the 

i n t r i n s i c shower T i g h t d i s t r i b u t i o n , the v a r i a t i o n of Cerenkov angle w i t h 

h e i g h t , t h e impact parameter w i t h respect t o the detector, among other f a c t o r s . 

Simulations i n d i c a t e t h a t showers a r r i v i n g on and p a r a l l e l t o the o p t i c axis 

of a de t e c t o r d i s p l a y a c i r c u l a r image, w i t h i n t e n s i t y decreasing 

c o n c e n t r i c a l l y (e.g. Rieke, 1969), the shape becoming more elongated i n the 
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f o c a l plane as the impact parameter and angle of incidence increase. 

With t h i s elongation comes an important f a c t o r v i t a l t o the imaging 

technique. Even from the e a r l y days when an image i n t e n s i f i e r was used t o view 

large showers by H i l l and Porter (1961), i t was r e a l i s e d t h a t the o r i e n t a t i o n 

of an e l l i p s o i d a l Cerenkov f l a s h could contain information on i t s projected 

source l o c a t i o n . However, given the u n c e r t a i n t i e s i n the precise angular 

d i s t r i b u t i o n s o f l i g h t produced i n Cerenkov showers (see Figure 2,5, and 

references t h e r e i n ) , the e f f o r t and s o p h i s t i c a t i o n required t o study a large 

number v i s u a l images, and the high energy threshold c h a r a c t e r i s t i c of the 

image i n t e n s i f i e r s (>10''5 eV), no d e t a i l e d imaging could be c a r r i e d out. 

The key t o the p r a c t i c a l use of imaging techniques l i e s i n the f a c t t h a t 

w h i l s t proton-induced showers, being i s o t r o p i c i n o r i g i n , w i l l give r i s e t o 

elongated flashes aligned completely randomly i n the f i e l d of view, gamma ray 

showers from a d i s c r e t e source at the centre of the f i e l d of view should show 

a c l e a r o r i e n t a t i o n towards the source p o s i t i o n . This i s aided by the 

expectation t h a t the hadronic content of proton-induced showers causes the 

shape of the images t o be much more i r r e g u l a r and extended than images of a 

gamma ray induced shower, Monte Carlo simulations by Plyasheshnikov and 

Bignami (1985) demonstrated t h a t f o r TeV gamma ray showers, a quasi-uniform 

d i s t r i b u t i o n o f o r i e n t a t i o n s i s expected out t o an o f f - a x i s distance of a:50 m, 

p a r t l y due t o t h e i r near c i r c u l a r shape and p a r t l y due t o large f l u c t u a t i o n s 

i n the l i g h t received near the centre o f the shower. However, beyond t h i s 

distance the f l u c t u a t i o n s decrease t o a le v e l where the d i s t r i b u t i o n i s 

dominated by showers aimed towards the centre of the f i e l d i , e , the on-source 

p o s i t i o n . I t was suggested t h a t showers near the centre of the f i e l d of view 

could be r e j e c t e d , as wel l as those beyond about 150 m, the distance where the 

f l u c t u a t i o n s were minimised. Given a high r e s o l u t i o n detector and good o p t i c s , 

gamma ray s e l e c t i o n was proposed t o be f e a s i b l e ( H i l i a s , 1985), The techniques 

used have r e c e n t l y been su c c e s s f u l l y applied and are discussed i n Chapter 10. 
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C H A P T E R 3 - THE DURHAM GAMMA RAY T E L E S C O P E S 

3.1. Philosophy and Development 
3.1.1. Design Philosophy 

The design of the U n i v e r s i t y of Durham group's ground-based gamma ray 

telescopes has been based on a number of basic p r i n c i p l e s , and has been 

s t e a d i l y reviewed and improved as a r e s u l t of experimental experience. This 

chapter provides a b r i e f summary of the development of gamma ray detection 

techniques by the Durham group, and includes a d e t a i l e d report of the 

p r o p e r t i e s of the Mark 3 telescope, used i n the observations analysed i n l a t e r 

chapters. 

One common element of a l l the telescopes designed by the Durham group has 

been the operation of a multiple-coincidence system f o r the i d e n t i f i c a t i o n of 

genuine Cerenkov showers. This ensures t h a t the lowest possible threshold 

energy i s reached by overcoming the problem of accidental events being 

induced by rapid v a r i a t i o n s i n the background night sky i l l u m i n a t i o n , noise i n 

the p h o t o m u l t i p l i e r tubes, and spurious events generated by the passage of 

muons through the glass of the tubes. By assuming a constant acceptable 

accidental coincidence rat e of 3 hr-'', c a l c u l a t i o n s have been performed t o 

f i n d which number of dishes n operated i n n - f o l d coincidence give most 

e f f i c i e n c y f o r a s p e c i f i e d t o t a l r e f l e c t o r area (Brazier e t a l . , 1989). The 

c a l c u l a t i o n s were c a r r i e d out f o r a coincidence gate time of 5 ns and 

experimentally-determined values of the noise rate and p h o t o m u l t i p l i e r gain. 

The r e s u l t s are shown i n Figure 3.1. I t can be seen t h a t the o v e r a l l count 

r a t e f o r a constant accidental rate increases w i t h n, but soon reaches a 

plateau. By consideration of the s o p h i s t i c a t i o n and cost of a system w i t h a 

given number of r e f l e c t o r s , a 3- f o l d coincidence was selected as most 

e f f i c i e n t and cost e f f e c t i v e , coming w i t h i n 15% of the t h e o r e t i c a l maximum 

de t e c t o r e f f i c i e n c y . 

The greatest problem i n Cerenkov gamma ray astronomy i s the r e j e c t i o n of 
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the i s o t r o p i c charged p a r t i c l e cosmic ray background, l a r g e l y c o n s i s t i n g of 

protons, i n order t o improve the s i g n a l t o noise r a t i o f o r the d e t e c t i o n of 

TeV gamma rays. The consistent approach of the Durham group t o overcoming t h i s 

problem has been t o spe c i f y an optimal f i e l d of view around the observed 

source which r e s t r i c t s the angular acceptance f o r i n c i d e n t p a r t i c l e s and thus 

increases the detected r a t i o o f gamma ray t o proton primaries. This arises 

from the f a c t t h a t showers i n i t i a t e d by gamma rays from a point source should 

show a s i g n i f i c a n t c l u s t e r i n g around the source p o s i t i o n . Simulations and 

observations of Cerenkov l i g h t showers have suggested a f i e l d of view of about 

1° as best f o r t h i s technique (Dowthwaite, 1984; Macrae, 1985), The background 

of proton-induced showers w i t h random a r r i v a l d i r e c t i o n s and angles should be 

scattered across the f i e l d o f view, and the larger angular extent of these 

o f f - a x i s showers suggests a f u r t h e r r e j e c t i o n technique (see section 3,2,6), 

3.1.2. Development o f the Durham Telescopes 

The e a r l y U n i v e r s i t y o f Durham telescopes a t Dugway reduced the f i e l d o f 

view by combining a narrow angular acceptance w i t h l o c a l i s a t i o n of the a r r i v a l 

d i r e c t i o n w i t h i n the aperture by the use of f a s t t i m i n g of the a r r i v a l of a 

Cerenkov shower wavefront across a small array of i d e n t i c a l telescopes (the 

Mark 1 telescope). Experience w i t h an updated telescope (the Mark 2) suggested 

t h a t , given the a v a i l a b l e resources, the concentration of e f f o r t i n t o the 

production of a s i n g l e , h i g h l y s e n s i t i v e narrow aperture telescope would be a 

more productive path t o the improvement of background r e j e c t i o n . Two s i m i l a r 

telescopes of d i f f e r i n g sizes (the Marks 3 and 4 ) , were b u i l t and deployed at 

d i f f e r e n t s i t e s . The l a t e r use of the two i n tandem at the same s i t e provided 

valuable experience of the response of a system of two large telescopes t o 

Cerenkov showers. E f f o r t has rece n t l y been d i r e c t e d i n t o adapting and 

co n s t r u c t i n g a p a i r of large telescopes of s i m i l a r c a p a b i l i t i e s t o achieve 

e x t r a s e n s i t i v i t y i n Cerenkov shower d e t e c t i o n . The promising r e s u l t s gained 

by the Whipple group using the high r e s o l u t i o n imaging technique have 
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demonstrated the successful use of t h i s method. A low energy threshold and a 

unique stereoscopic imaging c a p a b i l i t y are the aims of the Durham group's p a i r 

of s i m i l a r telescopes. I t i s expected t h a t they w i l l d e l i v e r s i g n i f i c a n t 

advances i n revealing the TeV gamma ray sky. These prospects are discussed 

f u r t h e r i n Chapter 10. 

3.1.3. The Dugway Experiments 

The f i r s t gamma ray telescopes designed and b u i l t by the U n i v e r s i t y of 

Durham group were s i t e d at the Dugway Proving Grounds i n Utah, U.S.A. (40° N, 

113° W, 1450 m above sea l e v e l ) and operated from 1981 t o 1984. The f a c i l i t y 

consisted of fou r independent telescopes (the Mark 1 telescope) arranged w i t h 

one a t each corner of a 125 m e q u i l a t e r a l t r i a n g l e and the other at the centre 

(Dowthwaite, 1987). Each telescope consisted of three paraxial 1-5 m 

s e a r c h l i g h t m i r r o r s i n a Cassegrain o p t i c a l system which increased the 

e f f e c t i v e f o c a l length from 0-6 m t o 1-5 m. A 125 mm p h o t o m u l t i p l i e r tube was 

placed 8 cm behind the Cassegrain focus of each r e f l e c t o r , and b a f f l e s were 

used t o s h i e l d the tubes from d i r e c t n i g h t sky i l l u m i n a t i o n and t o define a 

geometrical aperture of 1-75°. Computer c o n t r o l l e d alt-azimuth mounts were 

used t o give a s t e e r i n g accuracy of 0-1°. 

When a t h r e e - f o l d coincidence was detected in at least one of the 

telescopes, data were recorded on the time of the event, the p h o t o m u l t i p l i e r 

responses, and the r e l a t i v e a r r i v a l times (accurate t o <1 ns) of any signals 

seen i n the other telescopes. M u l t i p l e telescope responses enabled f a s t - t i m i n g 

analyses t o f u r t h e r reduce the e f f e c t i v e angular aperture around a source. The 

energy t h r e s h o l d was estimated t o be s;1000 GeV. The aggregate count rate was 

about 50 minute-i at the z e n i t h , w h i l s t each telescope counted at a maximum 

rat e of 15 minute-''. 

I n 1983, one of the f o u r telescopes of the array was s u b s t a n t i a l l y 

upgraded t o become the Mark 2 telescope. I t s s e a r c h l i g h t m i r r o r s were replaced 

by 21 purpose-built s o l i d aluminium m i r r o r s of 0-6 m diameter and 55% 

r e f l e c t i v i t y . These were arranged i n three hexagonal groups of seven m i r r o r s , 
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each forming a paraboloidal r e f l e c t i n g dish of f o c a l length 1-9 m, A 46 mm RCA 

8575 p h o t o m u l t i p l i e r tube was placed at the prime focus of each dish t o give a 

f i e l d of view of 1-25°, This telescope counted at a rate of * 11 minute-^, 

w i t h an energy th r e s h o l d of «800 GeV and was of s u f f i c i e n t q u a l i t y t o allow 

some s i g n i f i c a n t analyses t o be made on data from t h i s detector alone, A l a t e r 

v e r s i o n , the Mark 2a, was constructed using l i g h t w e i g h t high r e f l e c t i v i t y 

m i r r o r s manufactured by the same technique employed i n the f l u x c o l l e c t o r s of 

the Mark 3 telescope (see section 3.2.2.2). 

3.2. The Narrabri Experiments 

3.2.1. Choice o f S i t e 

Before the mid-1980's, the southern skies had been given l i t t l e a t t e n t i o n 

i n TeV gamma ray astronomy, despite containing such p o t e n t i a l l y i n t e r e s t i n g 

o b j e c t s as the Vela pulsar, the g a l a c t i c c e n t r a l regions and Centaurus A. 

Therefore, a Southern Hemisphere l o c a t i o n was desired f o r the deployment of a 

new, more s e n s i t i v e telescope. A s i t e was chosen i n the P i l l i g a State Forest 

near Narrabri i n N.S.W,, A u s t r a l i a , which was previously occupied by the 

U n i v e r s i t y of Sydney's gia n t cosmic ray a i r shower array, SUGAR. The p o s i t i o n 

of the s i t e i s 149° 49' E, 30° 29' S and 260 m above sea l e v e l . The telescopes 

which have been deployed there are shown i n Figure 3,2 and a schematic plan of 

the c u r r e n t layout i s given i n Figure 3,3, 

A u s t r a l i a ' s eastern inland areas are a popular choice f o r o p t i c a l 

astronomy due t o the high p r o p o r t i o n of c l e a r nights (^50% as measured at the 

Anglo A u s t r a l i a n Telescope, 100 km south of N a r r a b r i ) , the moderate and 

i n f r e q u e n t r a i n f a l l , and the darkness and c l a r i t y of the r u r a l skies, coupled 

w i t h the good l o g i s t i c a l f a c i l i t i e s of the region. A disadvantage of the 

c l i m a t e i s the frequent occurrence of convectional e l e c t r i c a l storms in the 

hot summer months. The t h r e a t of l i g h t n i n g s t r i k e s from lo c a l storms on the 

equipment used i n the Durham Cerenkov telescopes means t h a t precautions must 

o f t e n be taken t o i s o l a t e the s e n s i t i v e e l e c t r o n i c systems. Problems also 
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Figure 3.2 : The Durham atmospheric Cerenkov telescopes at Narrabri 
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a r i s e from d i s t a n t n i g h t - t i m e storms which may damage the f r a g i l e 

p h o t o m u l t i p l i e r tubes by o v e r i 1 l u m i n a t i o n , or at a more subtle l e v e l may give 

r i s e t o spurious coincidences i n the recorded data. The former problem i s 

countered by suspending an observation i f l i g h t n i n g becomes too i n t r u s i v e , and 

the l a t t e r by c a r e f u l data checking techniques. 

3.2.2. The Mark 3 Telescope 

3.2.2.1. Telescope Mounting and Steering 

The Mark 3 telescope was i n s t a l l e d at Narrabri i n 1986 September, A 

summary of i t s p r o p e r t i e s i s given here, and f u r t h e r d e t a i l s may be found in 

reports by Chadwick (1987) and Brazier et a l , (1989).The c e n t r a l support f o r 

t h i s telescope i s a modified m i l i t a r y surplus alt-azimuth gun mounting. This 

c e n t r a l p i l l a r supports the aluminium box-section s t r u c t u r e which forms the 

holders of the three f l u x c o l l e c t o r s (see section 3.2,2,2), and i s set in a 

9 m2 concrete base. 

The a l t - a z i m u t h s t e e r i n g i s provided by d.c, servo motors, w i t h angles 

being sensed by 12-bit d i g i t a l s h a f t encoders w i t h a r e s o l u t i o n of 5 arc 

minutes. Every 100 ms the p o s i t i o n i s compared w i t h the t a r g e t d i r e c t i o n s f o r 

the source being viewed and any e r r o r s are passed v i a d i g i t a l - t o - a n a l o g u e 

converters t o the motors f o r s u i t a b l e c o r r e c t i o n . The maximum slew rate of the 

s t e e r i n g assembly i s 1° s-^, and v e l o c i t y feedback i s used t o damp the motion 

thus avoiding overshoot and damage t o the telescope s t r u c t u r e . 

Any s l i g h t n o n - v e r t i c a l i t y of the azimuth axis i s measured and 

compensated f o r i n the s t e e r i n g software. Direct and continuous confirmation 

of the telescope's p o i n t i n g i s a v a i l a b l e by the use of a CCTV camera 

p a r a x i a l l y mounted beneath the c e n t r a l d i s h , w i t h the centre of the telescope 

f i e l d of view marked on a t e l e v i s i o n screen against the background st a r f i e l d , 

3.2.2.2. Flux C o l l e c t o r s 

The o p t i c a l system of the Mark 3 telescope i s based on three paraxial 

f l u x c o l l e c t o r s , each of e f f e c t i v e area 11 m̂  and f o c a l length 2-45 m. The 
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o v e r a l l surface of each i s approximately paraboloidal and formed from a 

hexagonally based arrangement of small c i r c u l a r r e f l e c t o r s . The centre 

c o l l e c t o r i s made up o f 44 r e f l e c t o r s , while the outer c o l l e c t o r s each have 

43. Each small r e f l e c t o r has a spherical surface of 0-6 m diameter. The design 

requirements f o r these m i r r o r s were t h a t they be of s u f f i c i e n t o p t i c a l q u a l i t y 

f o r Cerenkov astronomy, l i g h t w e i g h t i n c o n s t r u c t i o n f o r easy mounting on a 

supporting s t r u c t u r e , o f low cost, and r e l a t i v e l y easy t o manufacture i n large 

numbers. 

The method of m i r r o r manufacture followed t h a t used i n the construction 

f o r the U.K. James Clerk Maxwell Telescope by the Rutherford Appleton 

Laboratory. The core m a t e r i a l i s a 25 mm t h i c k aluminium honeycomb of c e l l 

s i z e 8 mm and f o i l thickness 0-4 mm. A former of the required spherical 

curvature was machined from s t e e l and polished t o the required tolerance. 

C i r c u l a r sections of the honeycomb were cut and pressed against t h i s former 

before t h e i r back surfaces were bonded t o a f l a t 1-4 mm t h i c k dural plate and 

t h e i r edges t o a r o l l e d dural r i n g f o r e x t r a r i g i d i t y . The same former was 

used t o curve the f r o n t r e f l e c t i n g surface, made from 0-5 mm t h i c k Alanod 410G 

Special aluminium sheet, anodised i n manufacture t o give a nominal 84% 

r e f l e c t i v i t y . This was then bonded t o the honeycomb/dura1 backing and the 

edges trimmed. A cross-section of a completed segment i s shown i n Figure 3.4. 

For a r a p i d production r a t e , the sections were cured at 150°C f o r two hours. 

Each completed m i r r o r f a c e t weighed about 3-5 kg. 

The s t r u c t u r e used t o merge these facets i n t o a large paraboloidal dish 

was constructed from welded box-section aluminium . Each m i r r o r was mounted on 

t h i s s t r u c t u r e at three p o i n t s on i t s backplate t o allow easy adjustment f o r 

the f i n a l o p t i c a l alignment. 

Since some of the sections placed near the outer p o r t i o n s of each dish 

were required t o produce an image i n the f o c a l plane some distance from t h e i r 

o p t i c a x i s , they were constructed w i t h a longer f o c a l length (2-60 m) t o give 

an image size comparable w i t h t h a t produced by the more c e n t r a l sections 
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( f o c a l length 2-45 m). Tests showed t h a t the spread of f o c a l lengths of the 

m i r r o r segments vari e d by only ±0-02 m from the desired values. F i e l d t e s t s on 

a s t e l l a r image i n the f o c a l plane showed a l i n e a r size of <10 mm g i v i n g an 

angular spot siz e <0-2°. The r e f l e c t i v i t y was shown t o be over 75% i n the 

wavelength range 300-500 nm, and no noticeable loss i n performance has been 

observed i n almost a decade of operation since t h e i r i n s t a l l a t i o n . 

A common problem during observations i s t h a t of condensation, since the 

m i r r o r surfaces have a temperature at least 3-5° below ambient due t o t h e i r 

becoming r a d i a t i o n coupled w i t h the cold n i g h t sky. During the coolest winter 

n i g h t s , or a f t e r heavy summer r a i n , the temperature of the m i r r o r s o f t e n f a l l s 

below the dewpoint,and condensation can occur, which adversely a f f e c t s the 

r e f l e c t i v i t y and hence threshold energy and count rate. Various remedies f o r 

t h i s problem were t e s t e d ; an e x c e l l e n t s o l u t i o n was found t o be the spraying 

of the m i r r o r s at dusk w i t h a high q u a l i t y w e t t i n g agent. This has been 

successful i n preventing d r o p l e t formation f o r up t o 12 hours, and gives 

m i r r o r performance equal t o t h a t on dew-free nights. A f u r t h e r problem on the 

coldest n i g h t s i s t h a t of hoar f r o s t forming on the m i r r o r surfaces when t h e i r 

temperatures f a l l t o several °C below f r e e z i n g . Although t h i s f r o s t may be 

t e m p o r a r i l y removed by methanol spraying, the i c i n g soon becomes too great and 

the poor r e f l e c t i v i t y brings observations t o an end. 

3.2.2.3. L i g h t Detector Packages 

The most s u i t a b l e form of detector f o r Cerenkov astronomy i s determined 

by the spectrum of the r a d i a t i o n , which peaks at blue/UV wavelengths, and the 

very short d u r a t i o n of the l i g h t pulse. P h o t o m u l t i p l i e r tubes are very well 

s u i t e d t o recording such a phenomenon, but f u r t h e r demands are also placed on 

them by the requirements f o r a low noise rate despite the high anode currents 

r e s u l t i n g from i l l u m i n a t i o n from the background n i g h t sky, and stable 

behaviour of gain w i t h changing i l l u m i n a t i o n . A f t e r t e s t s on a number of tubes 

both i n the la b o r a t o r y and i n the f i e l d , the 46 mm diameter RCA 8575 was 
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selected as an acceptable compromise of good s t a b i l i t y and reasonable noise 

r a t e , combined w i t h a photocathode m a t e r i a l of high quantum e f f i c i e n c y which 

showed no e f f e c t s of ageing even a f t e r extended use i n the Mk.2 telescope 

(Chadwick, 1987). 

The 21 p h o t o m u l t i p l i e r tubes used i n the Mark 3 telescope are arranged in 

three groups of 7 tubes contained i n c y l i n d r i c a l p l a s t i c holders at the focus 

of each parabolic r e f l e c t o r . Each group i s hexagonally packed so t h a t the 

centre tube i s surrounded by a r i n g of 6 others, as shown i n Figure 3.5. The 

i n d i v i d u a l tubes are held i n w a t e r t i g h t modules which are shielded both 

magnetically and e l e c t r o s t a t i c a l l y . 

The tubes i n corresponding p o s i t i o n s i n each of the three detector 

packages are operated i n t h r e e - f o l d f a s t coincidence, w i t h each set of three 

being defined as a separate recording channel. A l i g h t pulse detected above a 

preset t h r e s h o l d w i t h i n a gate time of 5 ns in each of the three tubes making 

up a channel t r i g g e r s the recording of a Cerenkov "event". The arrangement of 

tubes i s such t h a t the source being observed i n the centre channel i s 

surrounded by 6 o f f - a x i s channels which record information on the extent of 

the l i g h t pool and/or the background noise r a t e . 

Given a f o c a l length of 2-45 m, the tube diameter of 46 mm corresponds t o 

1-1° FWHM i n the f o c a l plane. However, t h i s was d i r e c t l y measured by noting 

the anode c u r r e n t v a r i a t i o n as a s t a r t r a n s i t e d the f i e l d of view, and found 

t o be 0-9° FWHM. The o f f - a x i s channels were o r i g i n a l l y o f f s e t by 2° from the 

centre, but t h i s was reduced t o 1-5° i n 1991 March a f t e r simulations indicated 

t h a t t h i s smaller spacing would increase the e f f i c i e n c y of the background 

r e j e c t i o n technique (see section 3.2.2.8). 

3.2.2.4. Automatic Gain Control 

For a f a s t response t o the r i s e t i m e of a Cerenkov pulse (a:1 ns), a 

p h o t o m u l t i p l i e r tube must be maintained at a high voltage per stage and thus 

t o avoid exceeding the anode current l i m i t the signal i s taken from the 11*^ 

dynode i n the chain. I n c l e a r c o n d i t i o n s , a d i s c r i m i n a t i o n l e v e l set at 50 mV 
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r e s u l t s i n a noise r a t e of «30 kHz i n each tube and a t y p i c a l anode current of 

25 |xA. Combined w i t h the gate time o f 5 ns, t h i s noise rate r e s u l t s i n a 

t h r e e - f o l d " a c c i d e n t a l " r a t e due t o noise of only ^3 hr"''. 

The e n t r y of a s t a r i n t o the f i e l d o f view, or some other external cause 

of an increase i n the cathode i l l u m i n a t i o n , s i g n i f i c a n t l y increases both anode 

cu r r e n t and noise r a t e . Other f a c t o r s which may have a s i m i l a r e f f e c t , a l b e i t 

on a longer timescale, include v a r i a t i o n s i n the temperature of the dynode 

chain, i n the magnetic f i e l d present around the tubes, and i n the voltage 

supplied t o each. However, these may be countered by a c a r e f u l choice of 

dynode chain design, p h o t o m u l t i p l i e r tube housing, and voltage supply. An 

increase i n the cathode i l l u m i n a t i o n may occur over seconds rather than hours, 

and t h i s may cause the gain t o vary r a p i d l y by up t o 5-10%. For a cosmic ray 

i n t e g r a l s p e c t r a l index of -1-6, t h i s causes a change i n count rate of a few 

%, s i m i l a r t o the excess sig n a l expected from a gamma ray source. 

The tubes' anode cu r r e n t s are maintained against such short-term 

v a r i a t i o n s by employing an LED i n a feedback loop t o i l l u m i n a t e the face of 

the tube. This added brightness keeps the anode current constant t o w i t h i n the 

l i m i t s whereby the d e t e c t i o n of a gamma ray signal of 2-3% of the t o t a l count 

r a t e would not be a f f e c t e d . For the RCA 8575, t h i s requires an anode current 

held constant t o w i t h i n ^^%, i . e . about 1 piA. A drawback of t h i s brightness 

c o n t r o l mechanism i s t h a t the noise rates i n each tube are marginally 

increased, but t h i s i s not a problem since the t h r e e - f o l d coincidence i n each 

channel e l i m i n a t e s v i r t u a l l y a l l but Cerenkov l i g h t flashes. 

3.2.2.5. Data Recording E l e c t r o n i c s 

The e l e c t r o n i c s systems i n the Mk.3 telescope were described i n some 

d e t a i l by Chadwick (1987). The d.c. component of the anode current i n each 

p h o t o m u l t i p l i e r tube i s recorded, w h i l s t the a.c. component i s magnified (xlO) 

by a LeCroy 612A a m p l i f i e r . The output s i g n a l s are encoded by a charge-to-time 

converter, which d i g i t i s e s the charges recorded w i t h i n a 30 ns gate, and a 
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d i s c r i m i n a t o r u n i t , which i d e n t i f i e s any pulses exceeding a 50 mV threshold 

value. A pulse above threshold i s passed t o the relevant t h r e e - f o l d 

coincidence u n i t , one a l l o c a t e d t o each of the 7 recording channel, and tested 

f o r a coincidence w i t h i n <10 ns. I f such an event i s seen, the channels 

responding are passed t o a r e g i s t e r u n i t which stores the " f i r e p a t t e r n " , and 

the charge-to-time converter i s accessed t o give d e t a i l s on the i n d i v i d u a l 

tube responses. 

The system f o r recording data i s b u i l t around a Motorola 68000 based 

microcomputer designed by the U n i v e r s i t y of Durham Microprocessor Centre, 

which i s coupled w i t h a CAMAC system t o give a data logger characterised by 

great speed and v e r s a t i l i t y and a low dead-time («350 ixs). Data recording i s 

assigned 1 Mb of RAM and w i t h each event occupying 64 bytes, up t o 16000 may 

be stored i n a b u f f e r before t r a n s f e r t o magnetic tape. This enables bursts of 

events at a rat e i n excess of the t r a n s f e r rate t o tape t o be held i n memory. 

The format of each record includes d e t a i l s of the responses in each channel 

and other relevant information (see Chapter 4, section 4.1.1). System and 

environmental info r m a t i o n are broadcast at 2 s i n t e r v a l s and recorded on tape 

once a minute as a "housekeeping block". 

A l o c a l area network of 8 microcomputers give the user access t o a l l of 

the necessary areas, i n p a r t i c u l a r the c e n t r a l c o n t r o l and data recording 

system and the telescope s t e e r i n g . Dedicated displays show the current status 

of the anode cu r r e n t s and noise rates i n each p h o t o m u l t i p l i e r tube, the three­

f o l d coincidence rates i n each channel and the time h i s t o r y of these 

coincidence rates. D e t a i l s of the weather are also displayed and an alarm 

screen i s used t o provide audiovisual warnings of any unusual or dangerous 

changes i n the telescope environment, e.g. high wind, no events being recorded 

i n a minimum preset i n t e r v a l , or an e r r o r i n s t e e r i n g . 

3.2.2.6. Timekeeping 

For an experiment where the p e r i o d i c analysis of pulsar signals i s of 

high p r i o r i t y , accurate timekeeping i s e s s e n t i a l . Since some pulsars have 

42 



periods as short as «1 ms, and a series of observations may be made over an 

i n t e r v a l of several months, i t i s desirable t o have a clock w i t h a d r i f t rate 

known t o b e t t e r than ^1 ms month"''. An Efratom FRK-L rubidium c r y s t a l 

o s c i l l a t o r i s used i n the Mark 3 telescope f o r t h i s purpose and provides a 10 

MHz output. This time base i s scaled, and the scalers are latched on the 

recording of an event t o provide a time r e s o l u t i o n of 1 ixs. The housing of the 

clock i s magnetically shielded f o r p r o t e c t i o n against the possible presence of 

high f i e l d gradients i n the c o n t r o l room which could a l t e r the c r y s t a l ' s 

resonant frequency. A b a t t e r y backup i s maintained which i s s u f f i c i e n t f o r 10 

days' operation i n the event of a power cut. 

The Rb clock was i n i t i a l l y synchronised against an o f f - a i r radio signal 

i n 1987 January, and then compared d a i l y during observing sequences against an 

A u s t r a l i a n t i m i n g standard radio s i g n a l . U n c e r t a i n t i e s i n the precise t r a n s i t 

time from the radio t r a n s m i t t e r used (see below), l a r g e l y due t o v a r i a t i o n s i n 

the height of the ionospheric r e f l e c t i n g medium, set a l i m i t t o the p r e c i s i o n 

w i t h which the r e l a t i v e t i m i n g accuracy could be known. The measured d r i f t 

r a t e was 0-027±0-007 s day-^. Following a r e s t a r t of the Rb clock i n 1990 

J u l y , a d r i f t r a t e of 0 05354 ms day-'' has been measured. 

In 1992 A p r i l a receiver f o r the Global P o s i t i o n i n g S a t e l l i t e system 

(GPS) was i n s t a l l e d at the Narrabri s i t e , and t h i s i s now used t o provide 

accurate reference time s i g n a l s . Measurement of time at each of the telescopes 

on the s i t e i s now c a r r i e d out by comparing the output of the Rb clock 

(maintained against the GPS standard t i m i n g s i g n a l ) w i t h t h a t from the 

i n t e r n a l clocks of the relevant CAMAC logging systems. 

The a v a i l a b i l i t y of absolute time i s p a r t i c u l a r l y useful when attempting 

absolute phase analysis from a given pulsar ephemeris. This was i n i t i a l l y 

measured against the standard signal broadcast by the A u s t r a l i a n radio service 

VNG, whose t r a n s m i t t e r was o r i g i n a l l y s i t u a t e d at Lyndhurst, V i c t o r i a and 

l a t e r moved t o L l a n d i l o , New South Wales. The t r a n s i t times from these s i t e s 

43 



t o the Anglo A u s t r a l i a n Observatory, 100 km from the Narrabri s i t e , were 

p r e c i s e l y known by use of a portable Cs clock. The time d i f f e r e n c e between the 

clocks at each s i t e were such t h a t the u n c e r t a i n t i e s i n these values were 

greater than the e x t r a t r a n s i t time required t o reach the Narrabri s i t e . 

I n 1991 January, a Rb clock was used as a portable system f o r comparison 

w i t h a UTC standard clock at the A u s t r a l i a n National Radio Observatory at 

Parkes, N.S.W.. The o f f s e t s of the portable Rb clock r e l a t i v e t o the Parkes 

standard and the f i x e d Rb clock at Narrabri were measured. The t r a n s i t time 

from L l a n d i l o t o Narrabri was obtained w i t h great accuracy (the value derived 

was 2-69±0 03 ms). The reception of a GPS standard UTC t i m i n g signal means 

t h a t absolute t i m i n g information i s now a v a i l a b l e on a regular basis and t o an 

accuracy of much b e t t e r than 1 

3.2.2.7. Observational Modes 

The techniques of d r i f t scanning and t r a c k i n g are used w i t h the Mk.3 

telescope as w i t h many other Cerenkov telescopes (see Chapter 2) . The vast 

m a j o r i t y of observations from Narrabri are made in t r a c k i n g mode, p r i m a r i l y 

f o r a n a l y s i s of p e r i o d i c s i g n a l s from pulsars. The most important 

c h a r a c t e r i s t i c of the Mk.3 telescope when operating i n these modes i s i t s use 

of the guard r i n g technique t o suppress the cosmic proton background (see 

secti o n 3.2.2.8). 

The other mode used f o r the Mk.3 telescope's observations i s on- and o f f -

source t r a c k i n g , also known as "chopping". This has the c a p a b i l i t y of long 

exposures on a source, coupled w i t h the means t o detect a d.c. s i g n a l . The 

centre channel and an o f f - a x i s channel i n the same h o r i z o n t a l plane are used 

a l t e r n a t e l y t o poi n t at a source f o r an i n t e r v a l of two minutes before the 

telescope i s slewed i n azimuth (which takes ^5 s) and the roles of the channels 

are switched - the channel previously viewing the source becomes the o f f -

source channel and vice versa. By combining the two sets of on-source data a 

period search may be c a r r i e d out, and by searching f o r a count-rate excess i n 

the on-source channel, a d.c. signal may also be hunted. The use of data from 
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channels viewing at the same zen i t h angle allows the e f f e c t of the zenith 

angle dependence of the count rate t o be eliminated. 

3.2.2.8. The Guard Ring Technique f o r Background Rejection 

The basic premise f o r gamma ray event s e l e c t i o n i n the Durham telescopes 

i s the expectation t h a t the gamma ray events o r i g i n a t i n g from a point source 

on the telescope axis should show a strong concentration i n a f i e l d of view of 

about 1° around the c e n t r a l a x i s . The random background of cosmic proton 

events are expected t o be i s o t r o p i c i n o r i g i n , and should t h e r e f o r e show no 

preference f o r any p o s i t i o n o f o r i g i n on the c e l e s t i a l sphere. 

Thus the f i r s t step i n r e j e c t i n g the proton background i s the choice of a 

minimum acceptance angle whereby the gamma ray signal i s not reduced. This was 

designed t o be 1-1° FWHM f o r the c e n t r a l channel of the Mk.3 telescope, and 

was l a t e r measured experimentally as 0-9° FWHM. Whilst t h i s measure cannot 

d i r e c t l y d i s c r i m i n a t e between gamma ray and proton primary p a r t i c l e s , the use 

of a narrow f i e l d of view immediately r e j e c t s many of the showers which cannot 

be due t o gamma rays o r i g i n a t i n g from the d i r e c t i o n of the source being 

studied. 

The next step i s the operation of the "guard-ring" of 6 outer channels i n 

anti-coincidence w i t h the c e n t r a l on-source channel. An on-axis gamma ray 

event from the source being viewed should not cause any response i n the guard-

r i n g , the channels of which are separated from the centre by an appropriate 

angular distance (2° before 1991 March, 1-5° from 1991 March). A background 

proton event o r i g i n a t i n g towards the edge of the f i e l d of view of the on-

source channel may also cause a t h r e e - f o l d coincidence i n t h i s channel, but i s 

also l i k e l y t o spread s u f f i c i e n t l i g h t i n t o one or more of the guard-ring 

channels t o cause a coincidence. This would enable i t t o be i d e n t i f i e d as an 

unwanted contaminant and re j e c t e d from the f i n a l dataset (see Figure 3.6). 

This hardware-based r e j e c t i o n system has th e r e f o r e been r o u t i n e l y used 

f o r data from the Mk.3 and Mk.4 telescopes t o select only those events with no 
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Figure 3.6 : An illustration of the principle of background rejection 
via the guard-ring technique. 



s i g n a l above th r e s h o l d i n any of the guard-ring channels. With the guard-ring 

spacing a t 2°, t h i s r e j e c t e d =40% of the events i n v o l v i n g a response i n the 

c e n t r a l channel, and t h i s r e j e c t i o n increased t o «60% w i t h the i n t r o d u c t i o n of 

the optimised c l o s e r spacing of 1-5°. I n both cases, most of the gamma ray 

candidate events were apparently retained, r e s u l t i n g i n an improvement by a 

f a c t o r o f around 2 t o 3 i n the signal t o noise r a t i o . 

There are some disadvantages of t h i s technique which are worth noting. 

F i r s t l y , the si g n a l t o noise r a t i o has an absolute maximum value corresponding 

t o the r a t i o o f gamma rays t o protons as observed even i n the small f i e l d of 

view of the c e n t r a l channel. Secondly, the steeply decreasing energy spectrum 

o f the p a r t i c l e s being detected means t h a t many of the Cerenkov flashes w i l l 

be r e g i s t e r e d only j u s t above the threshold of a given channel. I f t h i s i s the 

centre channel, then even an extended shower image at the edge of the f i e l d , 

i n d i c a t i v e of an off-source proton, i s u n l i k e l y t o cause a signal t o be 

detected above th r e s h o l d i n any one of the guard-ring channels. Therefore a 

bias towards f a i n t Cerenkov flashes of any o r i g i n w i l l be introduced, though 

t h i s may a c t u a l l y favour gamma ray s e l e c t i o n . T h i r d l y , at large zenith angles, 

the apparent s i z e of the Cerenkov f l a s h decreases i n size due t o the greater 

distance of a shower's maximum development from the observer. A smaller f l a s h 

from any primary p a r t i c l e makes i t less l i k e l y t o be detected across two 

channels, and so proton r e j e c t i o n i s less e f f i c i e n t . This e f f e c t i s somewhat 

countered by the increased s c a t t e r i n g of the Cerenkov l i g h t during i t s journey 

through a l a r g e r atmospheric depth t o the telescope (observations using the 

Mk.5 telescope have shown t h i s e f f e c t t o be only s l i g h t ) . The experimentally 

measured z e n i t h angle dependence of the background r e j e c t i o n i s shown i n 

Figure 3.7. 

3.2.2.9. A Refined Background Rejection Technique 

There i s a s o l u t i o n t o the problem discussed above of the biasing of the 

guard-ring r e j e c t i o n technique towards f a i n t flashes which do not reach the 

th r e s h o l d d i s c r i m i n a t i o n l e v e l i n any channel but the centre. By ca r e f u l study 
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(from Brazier, 1991) 



of the spectrum of pulse amplitudes (charge integrated over time) registered 

by each p h o t o m u l t i p l i e r tube, the r e s u l t a n t d i s t r i b u t i o n s may be normalised 

r e l a t i v e t o one another (see Chapter 4).The si g n a l s recorded below the 

thr e s h o l d l e v e l i n each o f f - a x i s channel may be inv e s t i g a t e d t o form the basis 

of an a p o s t e r i o r i r e j e c t i o n technique (Brazier, 1991). 

By studying the s i g n a l s recorded i n the guard-ring channels i n an event 

which has caused an above-threshold response i n the centre channel only, a 

f u r t h e r r e j e c t i o n l e v e l i s possible. Bearing i n mind t h a t the aim i s t o remove 

the bias towards the s e l e c t i o n of f a i n t showers, the key t o t h i s technique i s 

the measurement of the r e l a t i v e , rather than absolute, responses i n the outer 

channels. The c r i t e r i o n used i s t o r e j e c t any event which has a response i n 

any of these channels greater than a preset percentage of the response 

measured i n the centre channel. This enables Cerenkov flashes of any i n t e n s i t y 

t o be t r e a t e d w i t h equal weight i n the r e j e c t i o n procedure. The only 

l i m i t a t i o n f o r the very low responses i s then determined by the inherent 

p h o t o m u l t i p l i e r tube noise. 

Although a m i n o r i t y of events w i l l s c a t t e r l i g h t i n t o three or more 

channels, the hardware s e l e c t i o n already c a r r i e d out favours events w i t h a 

s i g n i f i c a n t response i n only one o f f - a x i s channel. About 80% of events are 

found t o be of t h i s nature a f t e r the hardware s e l e c t i o n . Therefore, the least 

complicated procedure, t h a t which r e j e c t s an event based on the r e l a t i v e 

amplitude of the highest guard-ring response rather than the t o t a l guard-ring 

response, i s q u i t e acceptable. The a p p l i c a t i o n of t h i s r e j e c t i o n technique as 

par t of the r o u t i n e procedure of processing of data recorded using the Mk.3 

telescope i s described i n Chapter 4. 

3,2.2.10. Telescope Performance 

P r i o r t o the i n s t a l l a t i o n of the Mk.3 telescope a Cerenkov event count 

r a t e of about 75 minute-'' per channel was predicted. I n operation, t h i s rate 

was found t o be i n good agreement w i t h t h a t observed, and subsequent 
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improvements i n the o p t i c a l alignment, operation of the p h o t o m u l t i p l i e r tubes, 

and recording e l e c t r o n i c s have enabled count rates i n excess of 120 minute-^ 

per channel t o be recorded i n the z e n i t h . The dependence of count rate C on 

the z e n i t h angle Z has been found t o be approximately 

C(Z) = C(0) cos" Z , (3.1) 

where the experimentally observed index n=2-3 ±0-5. 

The energy t h r e s h o l d of the e a r l y Durham telescopes at Dugway could be 

c a l c u l a t e d by accurate measurement of the e f f e c t i v e area and acceptance angle 

v i a i n t e r - t e l e s c o p e coincidences. A combination of simulations w i t h these 

experimental measurements allowed an 800 GeV threshold t o be assigned t o the 

Mk.2. telescope (Chadwick et a l . , 1985). This was scaled using the appropriate 

parameters t o give an i n i t i a l t hreshold of 300 GeV i n the z e n i t h f o r the Mk.3 

telescope, increasing t o about 400 GeV at a z e n i t h angle of 50° (Brazier et 

a l . , 1989). The estimated threshold has since been reduced t o around 250 GeV, 

i n l i n e w i t h the increased count rates a t t a i n a b l e . The systematic uncertainty 

i n these threshold values i s estimated t o be >50 GeV. 

3.2.3. The Mark 4 Telescope 

3,2,3.1. Design and Operational H i s t o r y 

The Mark 4 telescope was o r i g i n a l l y designed as a smaller, portable 

counterpart t o the Mk.3 telescope. With the success of the Dugway experiments 

i n d e t e c t i n g TeV gamma ray sources such as Cygnus X-3, i t was f e l t t h a t a more 

s e n s i t i v e Northern Hemisphere telescope was a worthwhile investment, 

e s p e c i a l l y when based on experience gained from the s i m i l a r Mk.3 design. This 

smaller telescope was f i r s t deployed i n 1988 A p r i l at the Observatorio del 

Roque de los Muchachos on La Palma i n the Canary Islands (17° 53' W, 28° 46' 

N, 2500 m above sea l e v e l ) . A f t e r two successful seasons of operation, i t was 

t r a n s p o r t e d i n 1990 A p r i l t o a p o s i t i o n 100 m south of the Mk.3 telescope at 

the Narrabri s i t e . 

The designs of the Mk.4 f l u x c o l l e c t o r s and p h o t o m u l t i p l i e r packages are 

e s s e n t i a l l y i d e n t i c a l t o those of the Mk.3. The major d i f f e r e n c e i s the number 
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o f small 0-6 m m i r r o r s , manufactured as f o r the Mk.3, which form each 

parabolic d i s h . A t o t a l o f 54 are used t o give each dish an e f f e c t i v e 

c o l l e c t i o n area of 6 m̂ . The support s t r u c t u r e i s somewhat l i g h t e r and less 

s t r o n g l y supported than t h a t of the much heavier Mk.3 and t h i s gives the Mk.4 

i t s p o r t a b i l i t y . 

Since the Mk.4 telescope's r e l o c a t i o n t o the Narrabri s i t e , i t has often 

been operated i n tandem w i t h the Mk.3 telescope (see section 3.2.3.2). When 

both have been used t o view the same source near the z e n i t h , the count rate of 

the Mk.4 has been found t o be about 60% t h a t of the larger telescope as would 

be predicted by s c a l i n g the r e l a t i v e areas of the f l u x c o l l e c t o r s . Assuming a 

cosmic ray sp e c t r a l index o f -1-6 and a Mk.3 telescope threshold of 250 GeV, 

t h i s suggests an energy threshold of about 450 GeV. 

3.2.3.2. Simultaneous Observing w i t h Mark 3 and Mark 4 Telescopes 

When both Mk.3 and Mk,4 telescopes are viewing the same obj e c t , the 

pr o p o r t i o n o f Cerenkov events seen by both can measured by i d e n t i f y i n g the 

coincidences i n event a r r i v a l times r e g i s t e r e d by each telescope. The f r a c t i o n 

of common events has been experimentally shown t o be of the order of 15-20% 

f o r a source at a ze n i t h angle less than about 50" (e.g. the simultaneous 

observations o f Vela X-1 discussed i n Chapter 7). At greater z e n i t h angles, 

t h i s p r o p o r t i o n increases due t o the elongation of the Cerenkov l i g h t pool on 

the ground and the north-south alignment of the two telescopes. The high 

number of common events then makes the less s e n s i t i v e Mk.4 telescope most 

useful i n independently confirming v a r i a t i o n s i n count r a t e , and s h o r t - l i v e d 

bursts of events from a source under observation. The value of i t s presence i n 

t h i s respect was amply i l l u s t r a t e d when both telescopes independently recorded 

a strong burst of events from the d i r e c t i o n of AE Aquarii (Bowden et a l . , 

1992b). The datasets recorded contemporaneously by Mk.3 and Mk.4 on the same 

source may be combined t o produce a s i n g l e enhanced dataset by i d e n t i f y i n g 

common events and i n c l u d i n g the Mk.3 event record only i n the f i n a l dataset. 
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3.2.4. The Mark 5 Telescope 

3.2.4.1. A New Atmospheric Cerenkov Telescope 

The Mark 5 telescope was developed as a h a l f - s c a l e prototype t o 

i n v e s t i g a t e the various c a p a b i l i t i e s of a large Cerenkov telescope. I t s design 

combines a l i m i t e d imaging c a p a b i l i t y w i t h the b e n e f i t s derived from a t r i p l e 

f a st-coincidence t r i g g e r i n g system. I t was i n s t a l l e d at the Narrabri s i t e i n 

1992 A p r i l , 100 m east of the Mk.3 telescope. The design of the telescope i s 

b r i e f l y summarised here and i n Bowden et a l . (1991a). Further d e t a i l s w i l l be 

presented by Dickinson ( i n p r e p a r a t i o n ) . 

3.2.4.2. Flux C o l l e c t o r s and Telescope S t r u c t u r e 

The three f l u x c o l l e c t o r s are each parabolic i n form, each w i t h a 

c o l l e c t i n g area of 9-2 m̂ . Each c o l l e c t o r i s made up of twelve i d e n t i c a l 

wedge-shaped segments o f area 0-83 m̂  and f o c a l length 3-32 m, weighing 12 kg 

each. These were constructed using the method given i n section 3.2.2 f o r the 

c i r c u l a r segments i n the Mk.3 and 4 telescopes. Each f r o n t r e f l e c t i v e surface 

was clamped t o the former and shaped by vacuum suction. A f t e r bonding t o an 

aluminium honeycomb core and backplate each segment was cold-cured t o ensure 

the q u a l i t y o f the f i n a l m i r r o r surface. The o p t i c a l q u a l i t y of each f i n i s h e d 

segment i s s u f f i c i e n t t o give an image of an i n f i n i t e p o i n t source of <0-2° 

FWHM. The f l u x c o l l e c t o r s are placed on an aluminium box-structure backing, 

w i t h each segment mounted at three points t o allow f o r ease of alignment. A 

new a l t - a z i m u t h mount was designed f o r the p o i n t i n g of the telescope, which i s 

based on a purpose-built system of d.c. servo-motors d r i v i n g gears on the 

a l t i t u d e and azimuth axes. The telescope a t t i t u d e i s constantly sensed by 

absolute 11-bit o p t i c a l s h a f t encoders. 

3.2.4.3. L i g h t Detector Packages 

The l e f t and r i g h t f l u x c o l l e c t o r s each focus l i g h t onto a detector 

package i n the f o c a l plane made up of 7 p h o t o m u l t i p l i e r tubes w i t h a c t i v e 

diameters of 46 mm. The 3-32 m f o c a l length means t h a t each tube has an 

angular acceptance of 0-7°; the axis of each i s separated by 1-0°. A Winston 
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cone i s placed around each tube face t o act as a l i g h t guide thus increasing 

the e f f i c i e n c y of l i g h t c o l l e c t i o n . The c e n t r a l detector package i s an imaging 

"camera", c o n s i s t i n g of 19 hexagonally packed 23 mm p h o t o m u l t i p l i e r tubes, 

each used as a separate " p i x e l " , surrounded by an outer r i n g of larger tubes. 

The centre 19 provide a coarse (0-5° per p i x e l ) image of the Cerenkov l i g h t 

f l a s h . The routines used t o compensate f o r the varying l e v e l s of thresholds 

and gains across these imaging tubes w i l l be described elsewhere (Dickinson, 

i n p r e p a r a t i o n ) . 

3.2.4.4. The Pulse Timing F a c i l i t y 

A f o u r t h parabolic f l u x c o l l e c t o r has been positioned above the centr a l 

d i s h f o r use i n temporal pulse-shape studies of Cerenkov events. Constructed 

from 12 segments, i t has a smaller area of 6 m̂  but i t s f o c a l length of 3-32 m 

i s i d e n t i c a l t o the l a r g e r dishes. A s i n g l e 125 mm f a s t p h o t o m u l t i p l i e r tube 

i s p o s i t i o n e d c e n t r a l l y i n the fo c a l plane. I f a t h r e e - f o l d coincidence i s 

detected i n the main telescope, the signal from t h i s large tube i s passed t o a 

pulse d i g i t i s e r u n i t which provides f a s t a n a l o g u e - t o - d i g i t a l conversion f o r 

the t o t a l response plus up t o 13 por t i o n s of the pulse each l a s t i n g several ns 

and overlapping by 1 or 2 ns. From these processed s i g n a l s , the shape of the 

Cerenkov f l a s h can be reconstructed, based on i t s r i s e t i m e , duration and 

amplitude, and a d i s c r i m i n a t i o n based on the expected d i f f e r e n c e s of photon 

and proton showers may be attempted. Results w i l l be reported elsewhere. 

3.2.4.5. Performance o f the Mk.5 Telescope 

In the observations made w i t h t h i s telescope t o date, t h r e e - f o l d 

coincidence rates of >120 minute"'' have f r e q u e n t l y been achieved, suggesting 

an energy threshold very s i m i l a r t o t h a t of the Mk.3, i . e . about 250 GeV. The 

data are i n i t i a l l y stored on a lo c a l hard disc d r i v e before t r a n s f e r t o a 

demountable 44 Mb hard disc f o r t r a n s p o r t a t i o n t o Durham. As i n the Mk.3 

telescope, timekeeping i s maintained by an loc a l Efratom FRK-L Rb clock, which 

sends 1 MHz pulses t o the CAMAC system t o be scaled and latched when an event 
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i s recorded. 

The anode cu r r e n t s and noise rates from each p h o t o m u l t i p l i e r tube, the 

t h r e e - f o l d coincidence rates f o r each recording channel, and other system and 

environmental data are recorded by purpose-built e l e c t r o n i c systems and 

displayed on monitor screens. The a d d i t i o n of the Mk.5 telescope t o the 

f a c i l i t y a t Narrabri has brought about the c o n s t r u c t i o n of a master c o n t r o l 

room where operational and environmental data from a l l of the telescopes i n 

use are c o n s t a n t l y monitored i n real time v i a broadcasts from each over the 

l o c a l area network. 
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CHAPTER 4 - DATA PROCESSING AND ANALYSIS 

4.1. Data Processing 
4.1.1. Format o f Records 

A fundamental p a r t of the operation of the U n i v e r s i t y of Durham 

atmospheric Cerenkov telescopes i s the maintenance of a continual record of 

systematic and environmental information which may l a t e r be cross-checked w i t h 

any abnormalities i n the data recorded on the detected Cerenkov l i g h t . To t h i s 

end, three separate computer f i l e s are formed containing the essenti a l 

i n f o r m a t i o n p e r t a i n i n g t o each observation. 

At the beginning of each ni g h t of operation i n A u s t r a l i a , a r u n - s t a r t 

f i l e i s recorded. This contains a b r i e f d e s c r i p t i o n of the relevant weather 

d e t a i l s , the names of the observers, the appropriate c i v i l and J u l i a n date, 

and i n f o r m a t i o n on the sta t u s of the telescope. This w i l l normally be the only 

r u n - s t a r t f i l e recorded f o r t h a t date. 

Since the telescope i s generally used t o observe two or three objects i n 

the course of a f u l l n i g h t , a source-start f i l e i s also produced at the 

i n i t i a l i s a t i o n o f each independent observation. This consists of the name of 

the source and i t s coordinates on the c e l e s t i a l sphere, the s t a r t time of the 

observation, s t e e r i n g i n f o r m a t i o n , and any comments made by the observers. 

The c e n t r a l data f i l e c onsists of the records of the Cerenkov l i g h t 

events detected by the telescope. Each event record has a size of 128 bytes 

(or 64 bytes i f recorded during the dead time of the system) and holds 

temporal, d i r e c t i o n a l and amplitude information f o r each Cerenkov f l a s h , as 

f o l l o w s : 

(a) the Universal Time of each recorded t o an accuracy of 1 (xs, 

(b) the p h o t o m u l t i p l i e r channels w i t h responses exceeding the preset 50 mV 

th r e s h o l d , as well as an i n d i c a t i o n o f the channel which was viewing the on-

source p o s i t i o n , 

( c ) the d i g i t i s e d responses recorded by each p h o t o m u l t i p l i e r tube w i t h i n 
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the 30 ns gate time, as scaled by a n a l o g u e - t o - d i g i t a l converters w i t h 11-bit 

r e s o l u t i o n , 

(d) the t a r g e t and actual s t e e r i n g p o s i t i o n s of the telescope. 

I n a d d i t i o n t o t h i s i n f o r m a t i o n , d e t a i l s of the instantaneous rate of the 

s i n g l e - f o l d responses and anode currents i n each p h o t o m u l t i p l i e r tube are 

recorded at i n t e r v a l s of one minute. 

The data f i l e s from the Mk.3 telescope are recorded on magnetic tapes 

w i t h a storage capacity of 67 Mb. Data from the Mk.4 and Mk.5 telescopes are 

recorded on l o c a l hard discs f o r l a t e r t r a n s f e r and storage on portable discs. 

On r e t u r n t o Durham, the r u n - s t a r t , source-start and prime data f i l e s are 

t r a n s f e r r e d t o a c e n t r a l hard disc f o r r o u t i n e pre-analysis processing. The 

three relevant f i l e s f o r each source observation are processed i n such a way 

as t o form two complementary f i l e s . The f i r s t contains information from the 

background monitoring of the anode currents and s i n g l e - f o l d responses f o r each 

p h o t o m u l t i p l i e r tube i n a d d i t i o n t o d e t a i l s of the weather and the performance 

of the telescope s t e e r i n g throughout the observation. This 'housekeeping' f i l e 

i s archived f o r l a t e r reference. 

The second processed f i l e i s the l a r g e r and more important, and contains 

the key i n f o r m a t i o n e x t r a c t e d from each Cerenkov event record. This ASCII 

format prime data f i l e includes the a r r i v a l time of the event, a l i s t of 

channels t r i g g e r e d by a si g n a l above the 50 mV threshold, the on-source 

channel, a marker representing the telescope w i t h which data was being 

recorded, and the pulse height i n t e g r a l s from each p h o t o m u l t i p l i e r tube 

expressed i n decimal form. An example of the format of an actual event record 

i s shown i n Figure 4.1. 

4.1.2. Correction o f Event Times 

4.1.2.1. Adjustment f o r Motion w i t h i n the Solar System 

Once processed t o the required format, each event i n the prime data f i l e 

contains an a r r i v a l time of the event measured w i t h respect t o the reference 
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Channels triggered 
(selected from C, 1,2,3,4,5,6) 

Telescope used 
(13 for Mk.3 or 14 for Mk.4) 

Event time (s) On-source channel 
(C for centre) 

106302.060852 

10 0 5 5 0 2 3 
14 2 2 9 3 3 2 
19 0 7 0 4 1 0 

Pulse integrals for 
photomultiplier tubes 

C to 6 on left-hand dish 

As above for central dish 

As above for right-hand dish 

Figure 4.1: An example of the format of an actual event record 
from a datafile generated by a Mark 3 telescope observation. 



frame of the telescope. However, t h i s frame i s not s t a t i o n a r y w i t h respect t o 

t h a t of the source being observed, which i s presumably the o r i g i n of the gamma 

ray photons which are being sought. Therefore, a set of cor r e c t i o n s must be 

made t o allow f o r the Doppler s h i f t i n g e f f e c t s introduced by the r e l a t i v e 

v e l o c i t y o f the detector and regain the r e l a t i v e t i m i n g information present i n 

the f l u x of c e l e s t i a l photons at the time of t h e i r emission. 

The t r a n s f o r m a t i o n t o the barycentre of the Solar System i s c a r r i e d out 

using the JPL DE2000 Earth ephemeris (Standish, 1982). The f i r s t c o r r e c t i o n i s 

made t o compensate f o r the motion of the telescope around the centre of the 

Earth w i t h respect t o the d i r e c t i o n o f the source being observed. The 

component of the Earth's o r b i t a l motion w i t h respect t o the source d i r e c t i o n 

i s also allowed f o r by f u r t h e r c o r r e c t i n g the detector p o s i t i o n t o the 

barycentre of the Solar System. The f i n a l stage involves t a k i n g account of the 

r e l a t i v i s t i c e f f e c t s introduced by (a) the high v e l o c i t y of the Earth's motion 

around the Sun, and (b) the d i f f e r e n c e i n g r a v i t a t i o n a l p o t e n t i a l between the 

p o s i t i o n o f the telescope and the barycentre. 

4.1.2.2. Adjustment f o r Motion w i t h i n a Binary System 

The actual s i t e of emission of gamma ray photons may have a s i g n i f i c a n t 

o r b i t a l v e l o c i t y w i t h respect t o the s t a t i o n a r y reference frame of a binary 

system. Since the components may have masses considerably greater than t h a t of 

the Sun, the o r b i t a l v e l o c i t i e s o f each may be considerably greater than those 

found i n the Solar System, making the c o r r e c t i o n s t o the rest frame of the 

binary system of great importance. 

The c o r r e c t i o n t o the barycentre of the binary system requires knowledge 

of a set of parameters, known as the o r b i t a l ephemeris. For high mass X-ray 

b i n a r i e s , the X-ray source i s a neutron s t a r o r b i t i n g a non-degenerate primary 

s t a r o f 10-20 times greater mass, and t h e r e f o r e the barycentre of the system 

w i l l be near t o the centre of the more massive primary. I n low mass X-ray 

b i n a r i e s , the compact obj e c t i s o f t e n the more massive of the p a i r and i s thus 

very near t o the barycentre, d e s c r i b i n g only a very small o r b i t . The elements 

55 



e s s e n t i a l t o the barycentring procedure are : 

(a) the projected semi-major axis of the o r b i t of the X-ray source ( a s i n / 

where / i s the angle between the pole of the o r b i t and the l i n e o f s i g h t ) , 

(b) the binary o r b i t a l period, Pb, and i t s long-term f i r s t d e r i v a t i v e , i f 

known, 

(c) a reference epoch To r e f e r r i n g t o the time of passage through a 

p a r t i c u l a r o r b i t a l phase ( u s u a l l y mid-eclipse of the X-ray source), 

(d) the e c c e n t r i c i t y , e, of the o r b i t ( i n which case the reference epoch 

may be taken as p e r i a s t r o n passage, the time of closest approach of the X-

ray source t o i t s companion s t a r ) . 

The c o r r e c t i o n t o be made i s b r i e f l y discussed here f o r the case of a 

c i r c u l a r o r b i t . Note t h a t m o d i f i c a t i o n s must be made f o r an eccentric o r b i t , 

but the greatest e c c e n t r i c i t y f o r any of the high mass X-ray b i n a r i e s 

discussed i n the present work i s only 0-08 (Vela X-1), so t h a t the devi a t i o n 

from the treatment f o r a c i r c u l a r o r b i t i s only small. 

The motion i n the l i n e o f s i g h t t o the observer of an object i n a binary 

o r b i t w i l l cause a Doppler s h i f t t o be introduced i n t o the r e l a t i v e emission 

times of the photons. This s h i f t may be eliminated by a d j u s t i n g the s i t e of 

emission of the photons t o the plane perpendicular t o the l i n e of s i g h t which 

contains the barycentre of the system. This may be done by simply c a l c u l a t i n g 

the l i g h t t r a n s i t time from the source t o t h i s plane. Given the value of the 

o r b i t a l period and a reference epoch, the contemporary o r b i t a l phase <p, as 

measured w i t h respect t o a value of 0 at mid-eclipse, may be cal c u l a t e d . 

Knowledge of the value of a s i n 7 allows the l i g h t t r a n s i t time t t o be 

expressed as : 

t = asin 7 . cos(p . c"'' , (4.1) 

where c i s the speed o f l i g h t (which i s u n i t y i f a s i n 7 i s expressed i n the 

conventional n o t a t i o n of l i g h t seconds). The geometry of the c o r r e c t i o n i s 

shown i n Figure 4.2. This t r a n s i t time i s subtracted from the a r r i v a l time of 
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an event corresponding t o the source being located a t a phase cp. The f u l l set 

of events may be s i m i l a r l y transformed t o an o r i g i n a t the barycentre of the 

o r b i t . A technique which extends t h i s c o r r e c t i o n t o search f o r any gamma ray 

emission s i t e displaced from the X-ray source i s described i n Section 4.2.3. 

4.1.3. Preparation o f Processed Data f o r Analysis 

4.1.3.1. Normalisation o f Pulse I n t e g r a l s 

Once the data have been converted t o a format s u i t a b l e f o r analysis, and 

the event times have been corrected f o r the motions of the source and the 

d e t e c t o r , the records of the pulse i n t e g r a l s f o r each event may be used t o 

p r e f e r e n t i a l l y s e l e c t those most l i k e l y t o o r i g i n a t e from gamma ray 

prog e n i t o r s . To obt a i n f u l l b e n e f i t from the a v a i l a b l e information on the 

pulse i n t e g r a l s , i t i s necessary t o normalise the spectra of these values from 

each p h o t o m u l t i p l i e r tube t o enable the consistent a p p l i c a t i o n of the r e l a t i v e 

response r e j e c t i o n technique. 

By t a k i n g a large dataset of a l l events recorded during a s i n g l e 

observation ( t y p i c a l l y tens o f thousands) the d i s t r i b u t i o n of the pulse 

i n t e g r a l s may be constructed f o r each i n d i v i d u a l p h o t o m u l t i p l i e r tube. This 

spectrum i s found t o be smooth and single-peaked w i t h most events having a 

pulse i n t e g r a l value below «20, caused by the coupling of the general 

f a i n t n e s s of the Cerenkov f l a s h w i t h the f a c t t h a t not a l l of the recorded 

events w i l l give a sign a l above the 50 mV threshold i n every i n d i v i d u a l tube. 

Figure 4.3 shows t y p i c a l pulse i n t e g r a l spectra f o r two of the p h o t o m u l t i p l i e r 

tubes recording data during an observation of Vela X-1. The pulse i n t e g r a l 

values are simply the decimal forms of the 8 - b i t numbers re g i s t e r e d . 

Each such spectrum may be defined by a pedestal o f f s e t and a gain, 

c h a r a c t e r i s t i c of the p h o t o m u l t i p l i e r tube used. Whilst some v a r i a t i o n i s seen 

i n the gains between d i f f e r e n t tubes, the quantised nature of the d i g i t i s e d 

pulse i n t e g r a l s makes i t d i f f i c u l t t o c o r r e c t the shape of the d i s t r i b u t i o n 

and i n any case the v a r i a t i o n i s only »]5% ( B r a z i e r , 1991). More important t o 

the n ormalisation of the spectra i s the simpler c a l c u l a t i o n o f the pedestal 
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o f f s e t . The peak of the d i s t r i b u t i o n corresponds t o the mode and t h i s i s 

chosen as pr e f e r a b l e t o any other estimate of the average since i t i s not 

weighted by i r r e g u l a r i t i e s i n the d i s t r i b u t i o n . Lightning-induced events may 

saturate the p h o t o m u l t i p l i e r tubes and hence cause a spurious peak at the 

highest 8 - b i t pulse i n t e g r a l value of 255. A l t e r n a t i v e l y a large number of 

f a i n t events may be recorded below the o r i g i n of the pulse i n t e g r a l scale, 

being r e g i s t e r e d as zero, i f the mode i s only several b i t s from t h i s zero 

value. To e l i m i n a t e f a l s e o f f s e t s due t o these e f f e c t s , the range of pulse 

i n t e g r a l s used t o measure the mode extends only from 1 t o 99. 

Since very few events are found t o have pulse i n t e g r a l s below a value of 

3, the pedestal o f f s e t i s defined as (mode - 3) f o r a d i s t r i b u t i o n derived 

from a given observation. A set of pedestals i s cal c u l a t e d f o r every 

p h o t o m u l t i p l i e r tube f o r each observation and the appropriate values are 

subtracted from each of the pulse i n t e g r a l s i n order t o normalise the r e l a t i v e 

d i s t r i b u t i o n s . Figure 4,4 shows the same datasets as used f o r Figure 4,3 a f t e r 

the a p p l i c a t i o n of t h i s technique, and i t i s seen t h a t the modes of each 

d i s t r i b u t i o n are now aligned. Typical experimentally derived pedestal values 

are i n the range -1 t o 10. Whilst the e f f e c t on the d i s t r i b u t i o n may appear 

only s l i g h t , the use of t h i s technique i n conjunction w i t h a r e l a t i v e response 

thr e s h o l d of ̂ 50% or less can r e s u l t i n a reduction of 5-10% i n the number of 

events accepted as compared w i t h the same s e l e c t i o n applied without the 

normalisation technique. 

In the present work, the normalisation technique using pedestal values i s 

applied f o r the f i r s t time t o the f u l l database on SMC X-1 and X0021-72, and 

also t o recent observations of Centaurus X-3 and Vela X-1. 

4.1.3.2. Background D i s c r i m i n a t i o n and Event Selection 

The dataset i s optimised f o r analysis purposes by i n i t i a l l y r e j e c t i n g 

those events which have caused a response above threshold i n any off-source 

channel. This requires the a p p l i c a t i o n of the hardware s e l e c t i o n technique 
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discussed i n Chapter 3, and i s c a r r i e d out in the software system by checking 

the p o r t i o n o f each event record which l i s t s the channels which have 

r e g i s t e r e d a t h r e e - f o l d coincidence above threshold. Only events which show 

such a response i n the on-source channel alone are accepted f o r i n c l u s i o n i n 

the f i l t e r e d dataset. For the data recorded by the Mk.4 telescope, the 

hardware s e l e c t i o n represents the f i n a l stage of data processing since the 

e l e c t r o n i c systems used f o r measuring pulse i n t e g r a l s do not allow f u r t h e r 

s e l e c t i o n . 

Once the pulse i n t e g r a l records from each event recorded by the Mk.3 

telescope have been normalised using the method described i n the previous 

s e c t i o n , the data are subjected t o f u r t h e r s e l e c t i o n by the a p p l i c a t i o n of the 

r e l a t i v e response t h r e s h o l d technique. The algorithm used f o r s e l e c t i o n based 

on the r e l a t i v e response of the guard-ring tubes i s very simple : 

Accept IF (On-source response) x T% > (Each off-source response), 

where T i s the preset threshold percentage. The problem i s then the s e t t i n g 

of the t h r e s h o l d percentage. S e t t i n g a threshold percentage of zero would 

severely c o n s t r a i n events t o those w i t h no scattered l i g h t i n any outer 

channel, and i n p r a c t i c e a threshold of <10% r e j e c t s almost a l l events due t o 

the low noise l e v e l present i n each photomultipl i e r tube. As the size of the 

dataset i s reduced as T decreases, an optimum T must be found where the events 

c o n t r i b u t i n g t o a genuine gamma ray signal form a maximum proportion of the 

t o t a l data. A spurious si g n a l not rejected by the hardware s e l e c t i o n would be 

expected t o weaken under the r e l a t i v e response s e l e c t i o n being part of a noise 

background w i t h no gamma ray c h a r a c t e r i s t i c s . 

The decrease i n the apparent size of the Cerenkov f l a s h w i t h increasing 

z e n i t h angle has been shown t o have l i t t l e e f f e c t on the r e l a t i v e response 

r e j e c t i o n technique ( B r a z i e r , 1991) probably due t o the hardware s e l e c t i o n , 

which does depend s l i g h t l y on ze n i t h angle, having already been c a r r i e d out. 

The favoured percentage thresholds f o r a number of sources have been estimated 

by applying the technique at d i f f e r e n t threshold r e j e c t i o n l e v e l s t o datasets 
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found t o show some evidence of p e r i o d i c gamma ray emission under the hardware 

s e l e c t i o n . Enhancement of the p e r i o d i c signal has been c o n s i s t e n t l y 

demonstrated, w i t h the favoured thresholds usually i n the range 30-50%. 

This event s e l e c t i o n technique i s the r e f o r e r o u t i n e l y applied t o a l l 

observations made w i t h the Mk.3 telescope. A new object under observation, or 

one f o r which no strong p e r i o d i c gamma ray signal has ever been i d e n t i f i e d , i s 

r o u t i n e l y assigned a percentage r e j e c t i o n threshold equal t o t h a t f o r one of 

the t h r e s h o l d - t e s t e d sources at a s i m i l a r z e n i t h angle. Once the data from 

each observation have been selected i n t h i s way, a search f o r evidence of a 

TeV gamma ray sign a l i n the dataset may be c a r r i e d out using the techniques 

d e t a i l e d i n the next s e c t i o n . A flowchart summarising the main stages of data 

processing i s given i n Figure 4.5. 

4.2. Analysis Techniques 

4.2.1. S t a t i s t i c a l Tests 

4.2.1.1. Choice o f Appropriate Treatment 

A l l o f the objects studied i n the present work are X-ray pulsars w i t h 

reasonably well-known pulse periods. These d i f f e r from the more common radio 

pulsars i n a number of respects. Whilst i s o l a t e d radio pulsars, such as the 

Crab pulsar, may be studied almost c o n t i n u a l l y and show an extremely steady 

time s i g n a l , some more r e l i a b l e than the best t e r r e s t r i a l atomic clocks, the 

pulse sequences from X-ray pulsars may show s i g n i f i c a n t v a r i a t i o n on 

timescales of hours or days, the period increasing or decreasing i n an 

unpredictable manner (e.g. Nagase, 1989), I t i s th e r e f o r e not possible t o 

derive the expected period f o r a given observation w i t h any great p r e c i s i o n , 

due t o the t r a n s i e n t nature of X-ray s a t e l l i t e observations as much as t o the 

t r a n s i e n t behaviour of the X-ray emission. Thus i t i s simply not possible t o 

gain and u t i l i s e absolute phase information on the p e r i o d i c signal from these 

o b j e c t s , which i s a disadvantage i n the e f f o r t t o increase the s t a t i s t i c a l 

s i g n i f i c a n c e of a d e t e c t i o n . 
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Another f a c t o r t o be taken i n t o account i s the generally broad nature of 

the peaks seen i n the l i g h t curves of X-ray pulsars. Duty cycles are t y p i c a l l y 

of the order of 20-60% and show considerable v a r i a t i o n w i t h energy, fre q u e n t l y 

s w i t c h i n g t o a multi-peaked s t r u c t u r e . Therefore any s t a t i s t i c a l t e s t designed 

t o detect such an i r r e g u l a r p e r i o d i c pulse should be the most powerful in 

recovering a s i g n i f i c a n t signal from a time sequence w i t h i n which the 

behaviour of the s i g n a l cannot be predicted. 

The method used f o r t e s t i n g f o r p e r i o d i c i t y when a known period with a 

known absolute reference phase i s believed t o be present i s simple "epoch-

f o l d i n g " . This requires a set of "bins" representing r e l a t i v e phase i n t e r v a l s 

t o be defined, whereupon each event i n the time series may be assigned t o a 

p a r t i c u l a r phase i n t e r v a l so as t o produce an o v e r a l l l i g h t curve. This may be 

t e s t e d f o r u n i f o r m i t y by the a p p l i c a t i o n of one of two methods. Pearson's y} 

t e s t may be used t o evaluate the d e v i a t i o n of the number of counts i n each 

from the respective expectation values (Leahy, Elaner and Weisskopf, 1983). 

A l t e r n a t i v e l y i f the width and precise p o s i t i o n ( i . e . absolute phase) of the 

expected peak i n the l i g h t curve are known then a very powerful binomial t e s t 

may be c a r r i e d out t o compare the frequency of events i n the preselected 

" p r e f e r r e d b i n " w i t h those i n the rest of the l i g h t curve. However, in the 

case where the expected period i s unknown, such a binning procedure can only 

be c a r r i e d out i n a r b i t r a r y fashion, possibly s p l i t t i n g a peak between two or 

more adjacent bins. With the number of bins also becoming a f r e e parameter, 

the s t a t i s t i c a l s i g n i f i c a n c e of any signal d e t e c t i o n must i n e v i t a b l y be 

reduced. 

4.2.1.2. C i r c u l a r S t a t i s t i c s 

The p r e f e r r e d method of searching f o r an imprecisely known period i n a 

sample of data i n the f i e l d of TeV gamma ray astronomy has been t o apply 

c i r c u l a r s t a t i s t i c s . The primary assumption required i s t h a t the parent 

population from which a sample dataset i s drawn does not contain a periodic 
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s i g n a l and hence the d i s t r i b u t i o n of events around the perimeter of a c i r c l e 

corresponding t o the f o l d i n g of a c y c l i c a l period i s random and uniform 

(Batschelet, 1981). A t e s t f o r a p e r i o d i c signal i n a sample dataset may then 

be c a r r i e d out by searching f o r a preferred d i r e c t i o n i n the c i r c u l a r 

d i s t r i b u t i o n o f event times as folded f o r a given pulse period, and attempting 

t o prove t h a t a preassigned l e v e l of s i g n i f i c a n c e has been exceeded. This 

requires the simple d e f i n i t i o n of a n u l l hypothesis Ho, v i z . t h a t the parent 

population from which the sample i s drawn i s uniformly d i s t r i b u t e d , which may 

be r e j e c t e d i f the p r o b a b i l i t y of occurrence P of the r e s u l t a n t t e s t s t a t i s t i c 

i s below the preassigned c r i t i c a l l e v e l of s i g n i f i c a n c e a (us u a l l y r e q u i r i n g a 

3CT e f f e c t , i . e . a p r o b a b i l i t y of 1-348 x lO'^ f o r a Gaussian d i s t r i b u t i o n ) . 

Whilst the P-values r e s u l t i n g from many independent t e s t s , e.g. a series 

of successive observations, may not i n d i v i d u a l l y exceed the c r i t i c a l l e v e l , a 

combination of P i , ,Pn f o r n independent t e s t s may provide an improved 

chance of s i g n i f i c a n c e . Under the n u l l hypothesis Ho, such p r o b a b i l i t i e s may 

be combined by c a l c u l a t i n g the q u a n t i t y N defined by 

k 
N = -2 E In Pi , (4.2) 

i = 1 

which i s e x a c t l y d i s t r i b u t e d as yj^ w i t h 2k degrees of freedom (Fisher, 1954). 

4.2.1.3. The Rayleigh Test 

We require then a c i r c u l a r s t a t i s t i c a l t e s t which i s "uniformly most 

powerful" i n the case where the shape of the expected l i g h t curve i s unknown. 

The s t a t i s t i c most commonly used i s derived by the Rayleigh t e s t , described i n 

some d e t a i l by Mardia (1972). This t e s t i s based on the c a l c u l a t i o n of the 

r e s u l t a n t vector formed from a set of vectors each c a r r y i n g equal weight but 

p o i n t i n g t o a d i r e c t i o n i n c i r c u l a r vector space corresponding t o t h e i r time 

of occurrence i n the phase cycle f o r the exact period T being tes t e d . The 

vector f o r the i*^*^ event w i l l p oint i n the d i r e c t i o n 0i as defined by 

9i = 271 . (1/T) . t i (mod 2n) , (4.3) 

where t i i s the time of occurrence of the i * ^ * ^ event i n the time series. 
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C l e a r l y 0i must also be adjusted i f the time d e r i v a t i v e s of the period T are 

known. Hence f o r a time s e r i e s containing n events, the r e s u l t a n t vector R may 

be c a l c u l a t e d as 

R2 r C2 + S2 , (4.4) 

where C and S are the r e s u l t a n t orthogonal components of each of the n events 

defined by 

n 
C = (1/n) E cos 01 , (4.5) 

i = 1 

and 
n 

S = (1/n) S s i n 01 . (4.6) 
i = 1 

The product nR2 i s a s y m p t o t i c a l l y d i s t r i b u t e d as ^ i t h 2 degrees of freedom 

f o r the approximation of the s t a t i s t i c at large values of n, which i s exp(-

nR2). More accurately, the p r o b a b i l i t y may be derived from 

P (nR2 > K) = exp(-K). A , (4.7) 

where 

(2K-K2) (24K-132K2+76K3-9K4) 
1 + (4.8) 

4n 228n2 

which reduces t o exp(-nR2) i f n i s large, as i s i n v a r i a b l y the case i n TeV 

gamma ray datasets. Notice t h a t R corresponds t o the f r a c t i o n of the events i n 

the dataset which c o n t r i b u t e t o any d e t e c t i o n of a pulsed s i g n a l . 

The Rayleigh t e s t may be understood as the convolution of a sine wave 

modulated at the t e s t period w i t h the phased event d i s t r i b u t i o n , and as such 

i s most s e n s i t i v e t o a broad single-peaked l i g h t curve, i . e . a unimodal 

d i s t r i b u t i o n . I n the case of a double-peaked l i g h t curve w i t h a separation of 

180°, i . e . a bimodal d i s t r i b u t i o n , much of the power in the fundamental period 

may be l o s t , c o n t r i b u t i n g instead t o the second harmonic. A weak i n t e r p u l s e 

w i l l allow a d i l u t e d s i g n a l t o remain detectable. Therefore, when the Rayleigh 

t e s t i s applied t o the search f o r a pulsar w i t h period T, i t i s common 

p r a c t i c e t o t e s t f o r the r e j e c t i o n of the n u l l hypothesis of u n i f o r m i t y of 
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phase at both T and T/2 where a double-peaked l i g h t curve i s thought l i k e l y . 

For a broad l i g h t curve, the Rayleigh t e s t has the great advantage t h a t no 

a r b i t r a r y binning of data i s required. 

I t i s conventional when applying c i r c u l a r s t a t i s t i c a l methods t o allow 

f o r the f a c t t h a t the assumption of a uniformly d i s t r i b u t e d parent population 

requires t h a t an i n t e g r a l number of periods be f i t t e d i n t o the f u l l length of 

the dataset. This i s not always the case i n astronomical a p p l i c a t i o n s , e.g. a 

2 hour observation of a pulsar such as Vela X-1 w i t h a period of several 

hundred seconds w i l l only cover a small number of cycles, making i t highly 

l i k e l y t h a t the event d i s t r i b u t i o n w i l l contain a remainder unevenly 

d i s t r i b u t e d through the f i n a l cycle. To avoid a spurious r e j e c t i o n of the n u l l 

hypothesis of a uniform phase d i s t r i b u t i o n , Poincare's c o r r e c t i o n i s applied 

t o t r u n c a t e the length of the dataset t o an i n t e g r a l number of cycles of the 

t e s t period. 

4.2.1.4. Other Tests 

Whilst the Rayleigh t e s t i s t h a t most f r e q u e n t l y used f o r the type 

astronomical a p p l i c a t i o n s which are the subject of the present work, other 

r e l a t e d c i r c u l a r s t a t i s t i c a l t e s t s have also been used i n some cases due t o 

having a t t r i b u t e s more s u i t e d t o a p a r t i c u l a r s i t u a t i o n . 

The Hodges-Ajne t e s t (Hodges, 1955; Ajne, 1968) i s o f t e n simpler t o 

c a l c u l a t e though not as uniformly powerful as the Rayleigh s t a t i s t i c . I t i s 

most useful f o r very broad l i g h t curves, when the points on the c i r c u l a r 

d i s t r i b u t i o n are d i v i d e d i n t o two bins of phase width 0.5, separated by a 

diameter of the c i r c l e . This diameter i s rotated i n order t o f i n d a p o s i t i o n 

where a maximum number of p o i n t s are located on one side. I f t h i s anisotropy 

i s s i g n i f i c a n t , u n i f o r m i t y of phase may be rejected and directedness i s found 

i n the d i s t r i b u t i o n . A modified version may be used t o s p l i t the c i r c l e i n t o 

much smaller bins i n order t o t e s t f o r a narrower l i g h t curve (Cressie, 1977). 

Another t e s t which has been applied i s the Zn^ t e s t , a m o d i f i c a t i o n of 

the Rayleigh t e s t which searches f o r harmonics i n the d i s t r i b u t i o n ( i . e . T/2, 
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T/4, ) t o the n^^ harmonic. The s t a t i s t i c i s d i s t r i b u t e d as with 2 

degrees o f freedom and i s dependent on the duty cycle of the pulsar being 

studied (Buccheri et a l . , 1983). Protheroe's t e s t (Protheroe, 1985) uses the 

Tn s t a t i s t i c t o detect a suspected narrow l i g h t curve by searching f o r a 

grouping i n the d i s t r i b u t i o n of events as revealed by the separation of 

adjacent p a i r s . I t i s l i m i t e d by being a s p e c i f i c t e s t r e q u i r i n g p r i o r 

knowledge of the shape of the l i g h t curve. 

4.2.2. P e r i o d i c i t y Searching 

4.2.2.1. Consequences o f Searching f o r Unknown P e r i o d i c i t y 

Whilst the discussion of Section 4.2.1 concentrated on the a p p l i c a t i o n of 

a c i r c u l a r s t a t i s t i c a l t e s t t o search f o r a s i n g l e given period (or i t s 

harmonic spectrum) i t was also pointed out t h a t many X-ray pulsars do show 

p r e d i c t a b l e pulse behaviour, a f a c t o r which such t e s t s cannot i n t r i n s i c a l l y 

a l low f o r . U n c e r t a i n t i e s w i l l also e x i s t i n the c a l c u l a t i o n of the time 

d e r i v a t i v e of the pulse period, and i n the o r b i t a l ephemeris used i n 

c o r r e c t i n g the emission time f o r each event. To compensate f o r such problems, 

i t i s necessary t o conduct the t e s t f o r u n i f o r m i t y of phase over a range of 

t e s t periods. However, t o avoid the i n t r o d u c t i o n of a large number of degrees 

of freedom, the sampling i s r e s t r i c t e d t o a minimum set of t r i a l periods which 

are c a l c u l a t e d as f o l l o w s . 

For a pulsar w i t h a estimated period Ti , the phase d i f f e r e n c e , A(p between 

the f i r s t and l a s t events i n a dataset spanning a time D i s 

A(p = D/Ti . (4.9) 

I f a small increment i s added t o T i , the phase d i f f e r e n c e i s decreased 

s l i g h t l y . Eventually, such increments lead t o a value T2 where the r e l a t i v e 

phase of the f i r s t and l a s t events has slipped by a f u l l cycle. The periods T i 

and T2 are then not coherent and are said t o be independent t r i a l periods. The 

d i f f e r e n c e between the two i s o f t e n r e f e r r e d t o as the Fourier i n t e r v a l . 

For the general case where a range of periods i s t o be tested between T i 

65 



and T n, the number o f independent t r i a l periods required i s given by 

NP = ( D / T i ) - ( D / T n ) , (4.10) 

and the Fourier i n t e r v a l between adjacent independent periods can then be 

shown t o be 

AT = ( T i ) 2 / D , (4.11) 

provided T i and Tn do not d i f f e r too g r e a t l y (which i s desirable i f the 

number of degrees of freedom i n a period search i s t o be minimised). In 

p r a c t i c e , a range of no more than 3 t r i a l periods e i t h e r side of the c e n t r a l 

period T i i s t e s t e d , and each Fourier i n t e r v a l i s oversampled 3 times t o allow 

f o r a s i g n a l f a l l i n g i n a gap between adjacent values. 

4.2.2.2. Observational L i m i t a t i o n s 

Observations c a r r i e d out using the atmospheric Cerenkov technique can 

only be made under c l e a r weather con d i t i o n s during the hours of astronomical 

darkness. Coupled w i t h the e f f e c t of atmospheric absorption at large zenith 

angles, the length of a t y p i c a l on-source exposure i s l i m i t e d t o only several 

hours. To i d e n t i f y a weak but p e r s i s t e n t gamma ray signal above the i n t r u s i v e 

background of cosmic ray p a r t i c l e s i t i s usually necessary t o combine a series 

of observations. 

4.2.2.3. Searching f o r an Incoherent Pulsed Signal 

Where the behaviour of a pulse period i s poorly known over a timescale of 

several days, or a combination of independent datasets recorded over a span of 

several months or years i s t o be made, i t i s most useful t o merge the 

observations without the use of r e l a t i v e pulse phase information ( i . e . 

i n c o h e r e n t l y ) and the best method of doing t h i s i s t h a t mentioned i n Section 

4.2.1.2. Equation 4.2 showed t h a t a set of n independent p r o b a b i l i t i e s of 

u n i f o r m i t y of phase could be combined t o produce a r e s u l t a n t s t a t i s t i c 

d i s t r i b u t e d as w i t h 2n degrees of freedom. In the relevant s i t u a t i o n here, 

the set of n independent p r o b a b i l i t i e s corresponds t o the the set of values 

r e s u l t i n g from the a p p l i c a t i o n of the Rayleigh t e s t t o search f o r a uniform 

phase d i s t r i b u t i o n at a given independent t r i a l period i n n independent 
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observations. The n u l l hypothesis may be rejected i f the r e s u l t a n t of n non-

s t a t i s t i c a l l y s i g n i f i c a n t phase d i s t r i b u t i o n s gives a s i g n i f i c a n t e f f e c t at 

the constant t r i a l period. Note t h a t the e f f e c t i v e u n c e r t a i n t y i n the period T 

recovered has a contemporary value p r o p o r t i o n a l t o 1/D where D i s the average 

d u r a t i o n of the i n d i v i d u a l datasets used. 

For the implementation of an incoherent combination over a range of t e s t 

periods, the set of values chosen must form a constant matrix t o be applied t o 

each dataset. The choice of a set of t r i a l periods may be made i n one of two 

ways. Where the approximate predicted period Tx i s not expected t o change by 

an amount greater than one Fourier i n t e r v a l during the f u l l span of the 

dataset, the matrix i s simply c a l c u l a t e d by sampling over two t o three 

independent t r i a l periods e i t h e r side of T x . This i s the technique most 

commonly used and requires no a d d i t i o n a l c a l c u l a t i o n s . However, i n the special 

case where a period has been found t o wander unpredictably over a long 

timescale at lower energies, knowledge of i t s behaviour enables a matrix of 

t r i a l periods t o be set up w i t h reference t o an o r i g i n at the approximate 

contemporary period, each independent t r i a l period having a f i x e d o f f s e t from 

t h i s o r i g i n . This method was applied i n the present work t o the f u l l dataset 

recorded on Centaurus X-3 (see Chapter 5). 

4.2.2.4. Searching f o r a Coherent Pulsed Signal 

Where the behaviour of a pulse period may be well predicted over a span 

of several days, as i s c e r t a i n l y the case f o r radio pulsars but requires some 

assumptions f o r most X-ray pulsars, the observations may be combined by 

applying the Rayleigh t e s t and r e t a i n i n g the r e l a t i v e pulse phase information 

between each event ( i . e . c o h e r e n t l y ) . This i s a powerful technique of 

recovering a p e r s i s t e n t pulsed signal and simply requires a range of 

independent t r i a l periods t o be defined as f o r a s i n g l e dataset. Since the 

e f f e c t i v e d u r a t i o n of the dataset i s much longer than t h a t of a s i n g l e 

observation ( t y p i c a l l y 50-100 t i m e s ) , the Fourier i n t e r v a l between t r i a l 
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periods i s g r e a t l y reduced and a much more accurate determination of any 

detected period i s possible. The much smaller Fourier i n t e r v a l necessitates 

the use of a known period d e r i v a t i v e since coherence of phase i s otherwise 

l i k e l y t o be l o s t over the course of a dataset spanning several days. 

The disadvantages of t h i s coherent technique include the f a c t t h a t i f a 

period i s not s u f f i c i e n t l y well known, a large number of degrees of freedom 

are used i n sampling over a range of very narrow Fourier i n t e r v a l s . A l i a s i n g 

of the recovered period i s also introduced due t o several c h a r a c t e r i s t i c 

p e r i o d i c cycles being present i n the combined data: 

(a) the d u r a t i o n of each observation (several hours), 

(b) the t y p i c a l 24-hour i n t e r v a l between observations, 

( c ) any longer gaps induced due t o poor weather or equipment f a i l u r e . 

This causes "envelopes" t o be introduced i n t o the periodogram (see Figure 

4.6) which disguise the precise p e r i o d i c s i g n a l . However, the nature of the 

search f o r coherence i n the gapped dataset does not produce spurious strong 

s i g n a l s due t o random phase alignment, a point discussed by Bowden et a l . 

(1991b) i n response t o the o b j e c t i o n s put forward by Lewis et a l . (1991). I t 

should also be noted t h a t t h i s technique i s r o u t i n e l y used as a t e s t f o r phase 

coherence i n a combined dataset, and i s not simply an a d d i t i o n a l t e s t t o be 

c a r r i e d out i f evidence f o r an incoherent signal i s not found. 

4.2.3. Searching i n O r b i t a l Parameters 

4.2.3.1. Ca l c u l a t i o n s f o r O r b i t a l Corrections 

The adjustment of times t o the barycentre of a binary s t e l l a r system was 

discussed i n Section 4.1.2.2, where i t was shown t h a t f o r a c i r c u l a r o r b i t the 

c o r r e c t i o n was simple (equation 4.1). I t i s c l e a r t h a t the e f f e c t of the 

c o r r e c t i o n depends g r e a t l y on the o r b i t a l parameters of the system, the pulsar 

p e r i o d , and the length of the dataset. For many compact X-ray binary systems 

c o n t a i n i n g a pulsar w i t h a period of a few seconds or less, the c o r r e c t i o n i s 

very s e n s i t i v e t o the assumed o r b i t a l parameters and a small s h i f t could cause 

the loss of a s i g n a l . 
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However, where such a system has an accurately measured o r b i t a l ephemeris 

t h i s s e n s i t i v i t y may be turned t o the b e n e f i t of the observer as i t becomes 

possible t o gain info r m a t i o n on the s p a t i a l p o s i t i o n of the s i t e of photon 

production. This i s p a r t i c u l a r l y useful i n TeV gamma ray astronomy since as 

shown i n Chapter 9, the o r i g i n of the TeV photons may be s u b s t a n t i a l l y 

displaced from the X-ray source ( i , e . the neutron s t a r ) . Therefore i t i s 

possible t o apply a technique which i s analogous t o t h a t used i n X-ray 

astronomy, where the c y c l i c a l Doppler s h i f t i n g of an approximately defined X-

ray pulse period reveals the nature of the underlying o r b i t a l motion which i s 

responsible (e.g. Rappaport and Joss, 1983). The procedure described here was 

developed and f i r s t applied by Mannings (1990). 

The technique i s based on a d j u s t i n g the assumed p o s i t i o n of the proposed 

TeV gamma ray pulsar by applying the Rayleigh t e s t f o r u n i f o r m i t y of phase 

over a f i x e d matrix of values of a s i n / and Acp where Acp i s the o f f s e t i n 

o r b i t a l phase from the ephemeris p o s i t i o n of the X-ray source. The adjustment 

i s based on equation 4.1, which may be restated i n terms of asini and o r b i t a l 

phase o f f s e t as f o l l o w s : 

r n 2nV 
t = t ' - asin 7 . s i n - + 

L 2 Porb 

where t i s the time of emission i n the rest frame of the binary, t ' i s the 

event a r r i v a l time r e g i s t e r e d by the observer (measured w i t h respect t o a 

value of zero a t the epoch of X-ray mid-eclipse) and Porb i s the o r b i t a l 

p eriod. The Doppler s h i f t c o r r e c t i o n i s made t o a l l of the event times using a 

f i x e d p a i r o f values of a s i n / and ec l i p s e epoch. I n the present procedure 

these p a i r s of values are varie d i n such a way as t o define a matrix of 

s p a t i a l p o s i t i o n s . 

Now i n the same way t h a t a set of independent t r i a l periods e x i s t f o r a 

given observation, so there are also d i s t i n c t t r i a l values f o r these o r b i t a l 

elements. The i n t e r v a l s i n between can be thought of as areas i n the o r b i t a l 

69 

(4.12) 



plane w i t h i n which the c o r r e c t i o n s made t o the event times are 

i n d i s t i n g u i s h a b l e . The spacing of the t r i a l values depend on the values of the 

elements themselves, the dura t i o n of the dataset, the o r b i t a l phase range of 

the observation, and the t r i a l pulsar period. For a l l of the X-ray bin a r i e s 

w i t h w e l l known ephemerides which are analysed l a t e r , the spacing between 

independent i n t e r v a l s i s greater than the e r r o r s i n those parameters derived 

from X-ray measurements, and thus the o r i g i n a l c o r r e c t i o n i s s u f f i c i e n t t o 

recover p e r i o d i c i t y at the X-ray source p o s i t i o n . This means t h a t the precise 

p o s i t i o n of the neutron s t a r i s we l l known, so t h a t the relative p o s i t i o n of a 

TeV gamma ray emission s i t e may be inv e s t i g a t e d by c a r e f u l choice of the t r i a l 

o r b i t a l values. I t can be shown (Mannings, 1990) t h a t the independent sampling 

i n t e r v a l s i n the parameters t e s t e d , i . e . Aasin? and A(p, may be expressed as 

f o l l o w s : 

T 
Aasin7 = , (4.13) 

si n (pi - s i n <pf 

and by s o l v i n g f o r A(p i n 

qi sin2(A(p) + qz sin(A(p) + qa = 0 , (4.14) 

where ( i ) q^ = + , qz = -2AB, qs = A2 - C2, 

and ( i i ) A = (T/asin/) - s i n (pf + sincpi, 
B = cos (pi - cos (pf , 
0 = s i n (pi - sin(pf, 

and (pi and (pf are the i n i t i a l and f i n a l o r b i t a l phases as measured w i t h 

respect t o the ascending node, and T i s the t r i a l pulsar period. 

The magnitudes of the sampling i n t e r v a l s i n asin? and ecl i p s e epoch 

minimise at the nodes and conjunctions of the o r b i t r e s p e c t i v e l y . These 

i n t e r v a l s are s e n s i t i v e t o both the range and p a r t i c u l a r value of o r b i t a l 

phase sampled i n the observation. Whilst the matrix of t e s t values i n the 

o r b i t a l parameters could be optimised f o r each o r b i t a l p o s i t i o n f o r each 

binary observed, ease of c a l c u l a t i o n has d i c t a t e d t h a t a f i x e d matrix of 

values i s set up appropriate t o the o r b i t a l parameters of a given binary and 

appl i e d t o a l l observations, i r r e s p e c t i v e of the o r b i t a l phase. The values of 
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the independent s p a t i a l sampling i n t e r v a l s f o r a 5-hour observation of each of 

the high mass X-ray b i n a r i e s analysed i n t h i s t h e s i s are given i n Tables 4,1 

and 4,2, 

In order t o reduce the e f f e c t o f the unavoidably high number of degrees 

of freedom introduced by searching f o r an o r i g i n w i t h no p r i o r knowledge of 

i t s p o s i t i o n , only one Fourier i n t e r v a l i s used i n the t e s t f o r u n i f o r m i t y of 

phase. Some of the TeV gamma ray observations of X-ray pulsars have suggested 

t h a t the gamma ray period may be displaced from the X-ray period (e.g. Her X-1 

( r e f s . i n Weekes, 1988); Vela X-1 (North e t a l . , 1989)). I f these e f f e c t s are 

caused by Doppler s h i f t i n g due t o a displacement of the emission s i t e , t h i s 

o r b i t a l searching technique w i l l recover the o r i g i n a l p e r i o d i c i t y and remove 

the need f o r a wider search range. 

4.2.3.2. Presentation o f Results o f O r b i t a l Searching 

The r e s u l t o f the o r b i t a l searching technique i s a set of values of the 

chance p r o b a b i l i t y of non-uniformity of phase at the t r i a l periods as 

ca l c u l a t e d a t each p o i n t i n the matrix of values of asin / and Acp. The favoured 

method of d i s p l a y i n g these values f o r i n t e r p r e t a t i o n i s t o construct a contour 

chart on which equal l e v e l s o f chance p r o b a b i l i t y are j o i n e d and p l o t t e d w i t h 

respect t o orthogonal axes representing the values of asin / and A(p. Each 

contour i s marked w i t h the appropriate value of -l o g i o ( R a y l e i g h p r o b a b i l i t y ) 

f o r i t s p o s i t i o n . I n a l l of the diagrams of t h i s type given i n the l a t e r 

chapters, the i n t e r v a l between these contours of -log i o ( R a y l e i g h p r o b a b i l i t y ) 

i s 0.5. The p o s i t i o n of the X-ray source i s placed near the centre of the 

contour p l o t since i t represents the reference p o s i t i o n from which the o r b i t a l 

o f f s e t s are measured. Obviously, i f the range of o r b i t a l phases sampled i s 

lar g e , t h i s technique of representing i n a rectangular frame the r e s u l t s 

c a l c u l a t e d i n polar coordinates i s l i m i t e d i n i t s use f o r s p a t i a l 

i n t e r p r e t a t i o n . The most important p o i n t t o be noted i s t h a t a p o s i t i o n t o the 

l e f t o f the X-ray source p o s i t i o n represents a s i t e t r a i l i n g the neutron s t a r 
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TABLE 4.1 

Sampling i n t e r v a l s i n a s i n / a t the nodes o f the o r b i t 
( c a l c u l a t e d f o r a 5-hour observation) 

Binary 
System 

Pulsar 
Period 

(s ) 

O r b i t a l 
Period 
(d) 

A as i n 7 

asin 7 

Vela X-1 283 8.96 « 1200% 

Centaurus X-3 4.82 2.09 20% 

SMC X-1 0.71 3.89 5% 

TABLE 4.2 

Sampling i n t e r v a l s i n e c l i p s e epoch at conjunction 
( c a l c u l a t e d f o r a 5-hour observation) 

Binary 
System 

Pulsar 
Period 
(s) 

O r b i t a l 
Period 
(d) 

asin 7 
A(p 

271 

Vela X-1 283 8.96 113 > 100% 

Centaurus X-3 4.82 2.09 39.6 10% 

SMC X-1 0.71 3.89 53.5 3% 

(from Mannings, 1990) 



i n i t s o r b i t . I t i s also important t o r e a l i s e t h a t the asin / : Acp plane i s not 

the precise o r b i t a l plane but rather the plane i n t e r s e c t i n g the o r b i t which 

contains the l i n e o f s i g h t t o the observer. A c i r c u l a r o r b i t w i l l have an 

e l l i p t i c a l p r o j e c t i o n i n t h i s plane, and f o r a binary system viewed near t o 

face-on, very l i t t l e i n formation can be gained from t h i s type of analysis. 

This p o i n t i s discussed f u r t h e r i n Chapter 8 w i t h respect t o 4U1626-67. 

An a l t e r n a t i v e method of d i s p l a y i n g the r e s u l t s o f the o r b i t a l searching 

technique has re c e n t l y been developed. This uses the r e s u l t s from a modified 

process which speeds up the c a l c u l a t i o n across the matrix of t e s t values by 

t e s t i n g f o r u n i f o r m i t y of phase at a si n g l e t r i a l period and f a c t o r i s i n g the 

c o r r e c t i o n t o be made t o each event time. This i s most useful f o r the analysis 

of data from m i l l i s e c o n d pulsars i n close binary systems where the amount of 

computing time required can otherwise be p r o h i b i t i v e . Whilst not necessary f o r 

datasets recorded on t y p i c a l X-ray pulsars, which are less demanding due t o 

the l a r g e r sampling i n t e r v a l s , t h i s can be used i n a purely i l l u s t r a t i v e way 

t o demonstrate the v a r i a t i o n s i n chance p r o b a b i l i t i e s and sampling i n t e r v a l s 

across the f u l l o r b i t . 

4.2.4. C a l c u l a t i o n o f Flux L i m i t s and Source Luminosities 

The a p p l i c a t i o n o f the Rayleigh t e s t t o data from TeV gamma ray astronomy 

gives one of two r e s u l t s : 

( i ) the n u l l hypothesis Ho, t h a t the sample i s drawn from a parent population 

w i t h a uniform phase d i s t r i b u t i o n , cannot be re j e c t e d , 

( i i ) the n u l l hypothesis Ho may be rejected and the p r o b a b i l i t y t h a t the 

non-uniform phase d i s t r i b u t i o n occurred by chance i s P. 

The consequence of case ( i ) i s t h a t only an upper l i m i t may be placed on 

the pulsed gamma ray f l u x from the source, defined by the parameters of the 

dataset. The consequence of case ( i i ) i s t h a t an approximate pulsed f l u x of 

gamma ray photons from the source may be ca l c u l a t e d , o f s u f f i c i e n t magnitude 

t o produce the observed signal d e t e c t i o n . I n each case knowledge of the source 

distance and cosmic ray s p e c t r a l index allows an estimate of the source 

72 



l u m i n o s i t y t o be made. 

I t i s conventional t o express gamma ray f l u x e s i n u n i t s of photons cm-2 

s"''. Since the cosmic ray background spectrum i s known, and the Rayleigh t e s t 

y i e l d s an estimate of the f r a c t i o n a l strength of a detected s i g n a l , the 

measurement of the threshold energy of the telescope enables the gamma ray 

f l u x t o be c a l c u l a t e d . The known background spectrum i s expressed i n terms of 

cm"2s-isr"'' and hence by measuring the rate of t h r e e - f o l d coincidences 

recorded by the Cerenkov telescopes used i n the present work (see Chapter 3 ) , 

and making estimations of the e f f e c t i v e c o l l e c t i n g area and the detector's 

f i e l d o f view, a value f o r the threshold energy can be calc u l a t e d . Such 

measurements have enabled the threshold energy of the Mk.3 telescope t o be 

estimated as 250 GeV, a value which has decreased as improvements have been 

made t o the telescope's performance. Above t h i s threshold energy, the cosmic 

ray counting rat e i s a;6.6 x lO'^ cm'^s"'', assuming an i n t e g r a l spectral index 

of -1,6 (Craig, 1984). The Mk.4 telescope has been estimated by s i m i l a r means 

t o have an energy threshold of 400 GeV, and a cosmic ray count rate of « 3,0 x 

10 -9 cm-^s-i, 

I t i s then simple t o convert a s i g n i f i c a n t d e t e c t i o n of a pulsed gamma 

ray s i g n a l i n t o a photon f l u x , by merely m u l t i p l y i n g the pulsed f r a c t i o n by 

the o v e r a l l cosmic ray counting r a t e . For example, a 1% pulsed signal 

corresponds t o a f l u x o f 6.6 x 10"'"'' photons cm"2 s"'' above an energy of 250 

GeV i n the Mk.3 telescope. Where a s i g n i f i c a n t d e t e c t i o n i s not achieved, i t 

i s standard procedure t o quote a 3(T upper l i m i t as the signal strength which 

would have produced a chance p r o b a b i l i t y of 1.348 x 10-^ f o r u n i f o r m i t y of 

phase i n the dataset. Using the Rayleigh t e s t t o derive a r e s u l t a n t signal 

s t r e n g t h R from a set of N event a r r i v a l times, we have 

P(uniform phase d i s t r i b u t i o n ) = exp (-NR2) , (4,15) 

and s e t t i n g P = 1.348 x lO'^ and rearranging f o r the 3CT l i m i t , we derive 

R2 z (1/N) . In (1.348 x 10-3) . (4.16) 
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In t h i s way R can e a s i l y be c a l c u l a t e d f o r any dataset containing N event 

times combined w i t h phase coherence. The value of P should f i r s t be adjusted 

t o allow f o r the degrees of freedom used i n the analysis. 

Knowing a value or upper l i m i t f o r the photon f l u x F, i n cm-2s-'', i t i s 

possible t o c a l c u l a t e the source luminosity L, assuming i s o t r o p i c emission, by 

L = 47rX2 . F . E A , ( 4 . 1 7 ) 

where X i s the source distance (cm), and E A the average photon energy. I f the 

d i f f e r e n t i a l photon spectrum i s of the form 

S ( E ) = B . E - ^ , ( 4 . 1 8 ) 

then f o r a mean photon energy of E o , the luminosity i s 

1- Z 
L = 47rX2 . F . Eo . . ( 4 . 1 9 ) 

2 - Z 

The u n c e r t a i n t y i n the derived luminosity arises from a number of 

f a c t o r s . The source distance i t s e l f i s u n l i k e l y t o be known t o b e t t e r than 

± 1 0 % , w h i l s t the est i m a t i o n of the f l u x of pulsed gamma ray photons i s based 

on the Rayleigh t e s t which i s a poor i n d i c a t o r of the signal strength (Mardia, 

1 9 7 2 ) . The energy threshold Eo of the telescope can only be estimated t o a 

p r e c i s i o n of s:50 GeV. 
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CHAPTER 5 - X-RAY BINARY SYSTEMS 

5.1. I n t r o d u c t i o n 

The aim of t h i s chapter i s t o provide a very b r i e f overview of the 

development of observational and t h e o r e t i c a l work on X-ray sources i n binary 

s t e l l a r systems. This i s followed by an account of how gamma rays may be 

produced and absorbed i n such o b j e c t s , and f i n a l l y some of the candidate 

sources from which TeV gamma ray emission has been detected are reviewed. 

This wide f i e l d has been e x c e l l e n t l y reviewed by Nagase (1989), and by a 

number of authors i n the works edit e d by Lewin and van den Heuvel (1983) and 

by Ogelman and van den Heuvel (1989). I n the f o l l o w i n g three chapters, more 

d e t a i l e d reviews are presented of the X-ray observations r e l a t i n g t o the X-ray 

b i n a r i e s under i n v e s t i g a t i o n a t TeV photon energies. 

5.2, Observational C h a r a c t e r i s t i c s 

5.2.1. Discovery o f C e l e s t i a l X-ray Sources 

The f i r s t discovery of a c e l e s t i a l X-ray source outside the solar system 

was t h a t o f Scorpius X-1 i n 1962, Several other sources were discovered i n the 

same decade, a l l having X-ray l u m i n o s i t i e s i n the region of 10^^ erg s"'' (10* 

times the t o t a l power output of the sun) assuming an o r i g i n w i t h i n our galaxy. 

S h k l o v s k i i (1967) was the f i r s t t o propose t h a t a possible explanation f o r 

t h i s emission was t h a t o f an accr e t i n g compact object i n a mass-exchanging 

binary system ( i n s p i r e d by the explanation of dwarf novae outbursts put 

forward by Crawford and K r a f t , 1956), w i t h energy released from the i n f a l l of 

mat e r i a l i n t o the deep g r a v i t a t i o n a l p o t e n t i a l w e l l . 

5.2.2. High Mass X-ray Binaries 

The hypothesis of acc r e t i o n as the energy source could not be confirmed 

u n t i l Cygnus X-1 was found t o be a compact object i n a binary o r b i t around an 

ea r l y - t y p e supergiant, and Centaurus X-3 was found t o dis p l a y X-ray pulsations 

and accompanying evidence of Doppler s h i f t i n g due t o o r b i t a l motion (see 
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Chapter 6 ) . The high X-ray l u m i n o s i t i e s of these objects could then be 

a t t r i b u t e d t o the release of energy from the accr e t i n g material i n a small 

volume at the surface of the degenerate s t a r , where temperatures of over 10^ K 

could e a s i l y be reached. The X-ray luminosity L37 i n u n i t s of 10^7 erg s"'' i s 

given by 

L 3 7 = 1.33 Mi7 M* Re-'' erg s-i , (5.1) 

where M17 i s the rate of accr e t i o n of matter ( i n u n i t s of 10^^ g s - i ) , M* the 

mass of the compact obj e c t i n solar masses, and Re the radius of the compact 

ob j e c t i n u n i t s of 10^ cm (Rappaport and Joss, 1983). 

Around 30 of these X-ray sources have been associated w i t h high mass (>10 

Mo) blue supergiant primaries. Due t o the large size of the supergiant 

compared w i t h o r b i t a l radius of the compact o b j e c t , regular eclipses of the X-

ray f l u x are o f t e n seen enabling f u r t h e r information t o be gained on the 

o r b i t a l motion of the system, A subgroup of the high mass X-ray b i n a r i e s has 

been i d e n t i f i e d where the primary s t a r i s a main sequence Be s t a r , i . e . 

s p e c t r a l type B w i t h emission l i n e s i n d i c a t i v e of a strong s t e l l a r wind, more 

compact than the evolved supergiants i n the t y p i c a l high mass systems. These 

sources have long o r b i t a l periods (10s of days or more) and show only 

t r a n s i e n t X-ray emission. 

Figure 5.1 shows the d i s t r i b u t i o n of the high mass X-ray b i n a r i e s on the 

c e l e s t i a l sphere i n g a l a c t i c coordinates. This reveals a marked concentration 

towards the g a l a c t i c plane i n d i c a t i v e of a Population I o r i g i n . The young 

neutron s t a r s i n these systems are believed t o have high magnetic f i e l d s of 

>10i2 G, The p u l s a t i n g behaviour i s t h e r e f o r e e a s i l y explained on the basis of 

a high r a t e of mass t r a n s f e r (^lO^^ g s-^) channelled by the strong magnetic 

f i e l d onto a small region at the magnetic poles, which are displaced from the 

axis of r o t a t i o n . Typical c h a r a c t e r i s t i c s of a sample of the systems 

co n t a i n i n g X-ray pulsars are given i n Table 5.1. 

5.2.3. Low Mass X-ray Bi n a r i e s 

Another class of X-ray source was discovered which displayed s l i g h t l y 
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Figure 5.1 : A sky map in galactic coordinates showing the distribution 
of the high mass X-ray binary systems on the celestial sphere. All of the 
objects included here have been identified with optical counterparts. 
Several soiu*ces shown at the lower right of the pictvu-e are located in 
the Magellanic Clouds. The marked concentration of the remainder 
toward the galactic equator is indicative of a Population I origin. 

(from van Paradijs, 1989) 



TABLE 5.1 - A sample l i s t o f 16 o f the binary X-ray pulsars f o r which the 
physical parameters are reasonably w e l l measured (based on Nagase, 1989). The 
s e l e c t i o n i s intended t o show the v a r i a t i o n s between such objects and i s 
arranged i n order o f decreasing pulse period. 

Key t o abbreviations : XRB=X-ray binary 
HM=High Mass system 
LM=Low Mass system 
Be=System w i t h primary s t a r of sp e c t r a l class Be 

Object Pulse Period 
(seconds) 

O r b i t a l Period 
(days) 

Distance 
(kpc) (erg ' s - 1 ) 

Type 
XRI 

A0535-66 0.069 16.66 50 1 X ( 0 3 9 Be 

SMC X-1 0.710 3.892 65 5 X 1038 HM 

Her X-1 1.24 1.700 5 2 X 1037 LM 

4U0115+63 3.61 24.31 3.5 1 X 1037 Be 

Cen X-3 4.82 2.087 8 1 X 1038 HM 

1E2259+58 6.98 < 0.08 3.6 5 X 1035 LM 

4U1626-67 7.66 0.0288 6-10 1 X 1037 LM 

LMC X-4 13.5 1.408 50 6 X • 03 8 HM 

EXO2030+37 41.8 46 ? 5 1 X 03 8 Be 

A0535+26 104 I l l 2.4 2 X • 03 7 Be 

GX1+4 114 304 ? 9 1 X • 03 8 LM 

GX304-1 272 133 2.4 1 X • 03 6 Be 

Vela X-1 283 8.96 1.9 5 X • 0 3 6 HM 

4U1907+09 438 8.38 7 4 X - 03 7 HM 

4U1538-22 529 3.73 7 4 X • 03 6 HM 

GX301-2 696 41.5 1.8 3 X - 03 6 HM 



lower X - r a y l u m i n o s i t i e s , no evidence of pulsations or eclipses, and only 

i n t r i n s i c a l l y very f a i n t o p t i c a l counterparts. The evidence f o r the binary 

nature of these systems i s t h e r e f o r e less c e r t a i n . The o p t i c a l spectra are 

b l u i s h , showing no evidence of the absorption l i n e s seen i n s t e l l a r spectra 

(Lewin and Joss, 1983). I n a very few sources t h i s spectrum has been seen t o 

fade at times, t o reveal an underlying s t e l l a r spectrum t y p i c a l of a cool 

main-sequence dwarf (e.g. Aql X - 1 , Cen X - 4 ) . Whilst t h i s i s the only d i r e c t 

evidence f o r the accepted model of a neutron s t a r a c c r e t i n g from a dwarf 

companion, the observations of most of these systems are explained well i f the 

dwarf i s of mass 0.1-1 Mo and f i l l s i t s c r i t i c a l Roche p o t e n t i a l lobe. The 

m a t e r i a l donated t o the neutron s t a r i s believed t o form a an accretion disc 

which provides most of the o p t i c a l emission from the system. A v i s u a l 

comparison of the models of high and low mass X-ray b i n a r i e s i s given i n 

Figure 5.2. 

The d i s t r i b u t i o n of these sources i n g a l a c t i c coordinates i s shown i n 

Figure 5.3. Most are scattered around the g a l a c t i c plane, p a r t i c u l a r l y towards 

the c e n t r a l bulge, and a s u b s t a n t i a l f r a c t i o n are found t o be located i n 

g l o b u l a r c l u s t e r s . This i n d i c a t e s t h a t these systems are of Population I I , and 

t h a t both components are advanced i n t h e i r e v o l u t i o n , the ageing neutron s t a r 

having a magnetic f i e l d which has decayed t o SJIO^ G. Many of these low mass X -

ray b i n a r i e s are found t o show X - r a y burst behaviour, w i t h recurrence 

timescales of the order of months or years, believed t o be due t o 

thermonuclear detonation of m a t e r i a l on the neutron s t a r surface. Such bursts 

are not seen from X - r a y pulsars due t o the stronger magnetic f i e l d s i n these 

o b j e c t s which funnels the a c c r e t i o n flow i n t o a smaller area at the magnetic 

poles. This gives greater e f f i c i e n c y of energy t r a n s p o r t , and thus greater 

p r o t e c t i o n against the build-up of i n s t a b i l i t i e s at the surface. 

5.2.4. Cataclysmic Variables 

A t h i r d class of s t e l l a r X - r a y sources was discovered i n the l a t e 1970's 
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- Companion evolved to fill 
critical Roche potential lobe 

- Orbital Period 2-10 days 
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- Eclipses probable 
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Roche lobe overflow, or both 

High Mass X-ray Binary 
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Population II Low Mass X-ray Binary 

Figure 5.2 : Schematic dia^frams of the two major types of 
X-ray binary systems. The relative scales are not equal. 

(after van den Heuvel, 1983) 



Figure 5.3 : A sky map in galactic coordinates showing the distribution 
of the low mass X-ray binary systems on the celestial sphere. All of the 
objects included here have been identified with optical coimterparts. 
The sources marked by crosses are those located i n globular clusters. 
The remainder show a scatter in galactic latitude and a concentration 
toward the central galactic bulge, indicative of a Population I I origin. 

(from van Paradijs, 1989) 



which showed evidence of a much lower X-ray luminosity of S J I O ^ O - I O ^ ^ erg s-i 

and s u b s t a n t i a l emission at s o f t X-ray energies. These were i d e n t i f i e d w i t h 

the cataclysmic v a r i a b l e s (CVs), which had long been studied f o r t h e i r 

outbursts at o p t i c a l energies (e.g. L i e b e r t , 1980). Cataclysmic variables are 

believed t o contain a degenerate helium s t a r (a white dwarf) accreting 

m a t e r i a l from a main sequence dwarf companion, w i t h most of the o p t i c a l 

emission a r i s i n g from an a c c r e t i o n disc (Cordova and Mason, 1983; Pringle and 

Wade, 1985). The outbursts seen i n these systems are believed t o be due t o a 

temporary enhancement i n the a c c r e t i o n rate propagating through the disc and 

onto the white dwarf (King and Shaviv, 1984). A number of these systems are 

found t o show o p t i c a l p u l s a t i o n s w i t h a period of 10s of seconds, which are 

ascribed t o the r o t a t i o n of a s t r o n g l y magnetised white dwarf w i t h a surface 

f i e l d of *107 G. 

5.2.5. Accretion i n X-ray Binary Systems 

5.2.5.1, S t e l l a r Wind Transfer and Roche Lobe Overflow 

The concept of e q u i p o t e n t i a l surfaces defined by g r a v i t a t i o n a l and 

r o t a t i o n a l forces on a t e s t p a r t i c l e i s a valuable t o o l when considering mass 

t r a n s f e r between the components of a binary system (Savonije, 1983). That 

surface of equal p o t e n t i a l energy which contains the inner Lagrangian balance 

p o i n t Li defines the Roche lobe of each o b j e c t , w i t h i n which the g r a v i t a t i o n a l 

p o t e n t i a l f i e l d i s dominated by the relevant component. For a binary system 

c o n s i s t i n g of the masses Mi (non-degenerate s t a r ) and M2 (compact o b j e c t ) 

separated by a distance a then we have 

Rc/a « 0.38 + 0.2 logio(Mi/M2) f o r 0.3<(Mi/M2)<20 , (5.2) 

Rc/a « 0.462 ( M i / M 2 ) i / 3 f o r (Mi/M2)<0.8 , (5.3) 

where Rc i s the radius of a spherical volume equal t o the volume of the Roche 

lobe (Paczynski, 1971). 

Most high mass binary systems w i l l be born w i t h the non-degenerate s t a r 

contained well w i t h i n i t s Roche lobe so t h a t material can only be accreted 

onto the compact obj e c t from the s t e l l a r wind of the evolving primary ( c . f . Be 
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binary systems). However, i f the s t a r expands t o an extent whereby i t s 

atmosphere begins t o overflow i t s Roche lobe, a large increase i n the rate of 

mass t r a n s f e r r e s u l t s as the gas pressure at Li drives material i n t o the Roche 

lobe of the compact o b j e c t . Roche lobe overflow i s expected t o be the dominant 

mass t r a n s f e r process i n low mass X-ray b i n a r i e s as a consequence of the much 

smaller separation of the components and the lack of a s u b s t a n t i a l s t e l l a r 

wind from the surface of a main sequence dwarf s t a r (though some " s e l f -

e x c i t e d " wind mechanism may occur as material i s driven o f f by X-ray 

reprocessing). 

These two regimes of mass t r a n s f e r may be di s t i n g u i s h e d i n high mass 

b i n a r i e s i f knowledge of the physical parameters of the system can be used t o 

p r e d i c t the X-ray luminosity (from equation 5.1) on the basis of the expected 

r a t e of mass ac c r e t i o n from a s t e l l a r wind or from Roche lobe overflow 

(Savonije, 1983; Henrichs, 1983). The r a d i i of many of the supergiant stars i n 

t y p i c a l high mass X-ray b i n a r i e s are reasonably well known from eclipse 

measurements. By comparing these r a d i i w i t h the estimated c r i t i c a l Roche lobe 

siz e s , a good agreement w i t h t h e o r e t i c a l estimates of the consequent X-ray 

l u m i n o s i t i e s i s found. 

5.2.5.2. Formation o f an Accretion Disc 

An ac c r e t i o n disc may form provided t h a t the i n f a l l i n g gas has a 

s u f f i c i e n t l y high angular momentum t o avoid d i r e c t i n f a l l on the compact 

ob j e c t (Petterson, 1983). I f t h i s i s so, the accr e t i n g material may enter a 

Keplerian o r b i t w i t h i n which i n t e r a c t i o n w i t h other p a r t i c l e s can cause the 

slow d r i f t o f gas towards the ac c r e t i n g object (viscous spreading). I n 

a d d i t i o n t o t h i s requirement, the s p e c i f i c g r a v i t a t i o n a l p o t e n t i a l energy of 

the m a t e r i a l i n the gas stream must be at least twice the s p e c i f i c k i n e t i c 

energy (0.5 V r e i ^ where V r e i i s the v e l o c i t y r e l a t i v e t o the compact o b j e c t ) . 

Disc formation i s dependent on the r e l a t i v e masses and separation of the 

binary components and i s generally expected i n the case of Roche lobe 
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overflow. I n the case of ac c r e t i o n from a s t e l l a r wind, a temporary disc may 

form given a change i n the v e l o c i t y and density of the s t e l l a r wind. Many 

d e t a i l e d disc models have been developed and the i n t e r a c t i o n of the inner disc 

w i t h the magnetosphere of the compact object was considered i n a series of 

papers by Ghosh and Lamb (1978, 1979a,b) and l a t e r by other authors (e.g. 

Wang, 1987; Anzer and Borner, 1983). These considerations are discussed where 

relev a n t i n Chapters 6-9. 

5.2,5,3, Accretion Torques Acting on a Compact Object 

The formation of an ac c r e t i o n disc r o t a t i o n r o t a t i n g i n the same sense as 

the a c c r e t i n g o b j e c t means t h a t a r e s e r v o i r of angular momentum i s a v a i l a b l e . 

In a simple p i c t u r e , t h i s e x t r a angular momentum may be t r a n s f e r r e d t o the 

s t e l l a r surface by steady a c c r e t i o n leading t o a gradual reduction i n the 

r o t a t i o n period o f the X-ray pulsar ( i . e . a spin-up). However, more complex 

torques can act due t o the i n t e r a c t i o n of the accretion flow w i t h the 

magnetosphere of the neutron s t a r (e.g. Ghosh and Lamb, 1978; Henrichs, 1983). 

The i n t e r a c t i o n of the magnetic f i e l d o r i g i n a t i n g at the surface of the 

compact obj e c t w i t h the r o t a t i n g a c c r e t i n g material w i l l s i g n i f i c a n t l y a f f e c t 

the r o t a t i o n rate of the s t a r . The precise value of spin-up then depends on 

the p o s i t i o n of the c o r o t a t i o n radius, where the Keplerian o r b i t a l angular 

v e l o c i t y of the a c c r e t i n g m a t e r i a l i s equal t o the angular v e l o c i t y of the 

pulsar. The net torque may even act t o slow down the compact object's r o t a t i o n 

under c e r t a i n c o n d i t i o n s . 

Observations of pulsars a c c r e t i n g p r i m a r i l y from a s t e l l a r wind (e.g. 

Vela X-1, GX301-2) have revealed a much more random behaviour of the spin 

period. Varying rates of spin-up or spin-down are found t o a f f e c t the pulsar 

period on unpredictable timescales r e f l e c t i n g the v a r i a t i o n s i n the magnitude 

and d i r e c t i o n of the ac c r e t i o n torque due t o the s p h e r i c a l l y i n f a l l i n g 

m a t e r i a l . A p i c t u r e of the expected d i s t r i b u t i o n of material i n a binary 

a c c r e t i n g from a s t e l l a r wind i s given i n Figure 5.4. 

Since the response of a compact object t o a given angular momentum 
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t r a n s f e r w i l l d i f f e r depending on whether i t i s a neutron s t a r or a white 

dwarf, i t i s i n s t r u c t i v e t o compare the maximum predicted spin-up rate f o r a 

source w i t h a given X-ray luminosity. Since equation 5.1 re l a t e s the mass 

acc r e t i o n ra t e t o the lum i n o s i t y , the rate o f period change can be determined 

from 

P/P = 7.1 X 10-5 1 4 5 - 1 ^ 3 o 2 / 7 M*-3/7 (Re.La?)^/^ p y r - 1 , (5.4) 

where P i s the period d e r i v a t i v e ( i n s y r - ^ ) , I 4 5 i s the moment of i n e r t i a i n 

10*5 g cm2 and 1x30 the magnetic moment i n 10^° G cm^. This r e l a t i o n s h i p was 

used by Rappaport and Joss (1977) t o demonstrate t h a t the binary X-ray pulsars 

are almost c e r t a i n l y neutron s t a r s . Figure 5.5 shows the r e s u l t of the 
• 

standard technique of p l o t t i n g P/P against P.L^/^ w i t h the best f i t l i n e s 

shown f o r the predicted physical parameters of neutron s t a r s and white dwarfs. 

5,3. TeV Gamma Ray Production i n X-Ray Binaries 

5,3.1. I n t e r a c t i o n o f P a r t i c l e s w i t h Target Material 

Gamma ray photons w i t h energy of » 1 TeV can be produced i n X-ray binary 

systems e i t h e r by decay of a neutr a l pion or as a r e s u l t of one of the 

electromagnetic energy loss processes a c t i n g on energetic electrons ( p a i r 

a n n i h i l a t i o n , inverse Compton or curvature r a d i a t i o n ) as discussed i n Chapter 

1. 

Neutral pion decay i s the favoured explanation f o r the flu x e s of TeV 

gamma rays observed from such objects. This process w i l l be i n i t i a t e d by the 

i n t e r a c t i o n of a proton or neutron of energy « 10^3 eV or more wi t h t a r g e t 

n u c l e i present i n the system v i a a reac t i o n such as 

p + N > n° + TT+z- + other hadrons 

2 7 V < l*/-

e + / - V + V 

(Gorham and Learned, 1986). Due t o the large number of secondary p a r t i c l e s 

produced i n a d d i t i o n t o the p a i r of gamma rays, these photons w i l l carry only 

< 10% of the energy of the primary nucleon. Note t h a t the l i f e t i m e of the 
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n e u t r a l pion i s so short t h a t i t has e s s e n t i a l l y no chance of i n t e r a c t i o n 

before decaying t o produce the gamma ray p a i r . 

The processes by which p a r t i c l e s may be accelerated t o such high energies 

are discussed i n Chapter 9. Assuming a beam of protons or neutrons can be 

produced, the requirement f o r the subsequent emission of a detectable f l u x of 

TeV gamma rays i s the presence of t a r g e t material i n the system w i t h 

s u f f i c i e n t column density t o give a high p r o b a b i l i t y of i n t e r a c t i o n f o r the 

i n c i d e n t p a r t i c l e s . I n conjunction w i t h t h i s requirement i s the necessity t h a t 

the r e s u l t a n t gamma rays are not completely absorbed before they can escape. 

This problem was i n v e s t i g a t e d by Stenger (1984) who considered the energy 

loss from a proton beam i n t e r a c t i n g w i t h material and lo s i n g p a r t i c l e s v i a 

both i n t e r a c t i o n and decay. The q u a n t i t a t i v e r e s u l t s were dependent on four 

parameters - ( i ) the i n t e n s i t y of the proton beam at 1 TeV, ( i i ) the proton 

s p e c t r a l index, ( i i i ) the matter density, and ( i v ) the integrated path length. 

Using a d i f f e r e n t i a l s p e c t r a l index of -2.3, the optimal value f o r gamma ray 

production was found t o be 50 g cm-2, as shown i n Figure 5.6. The decline i n 

the f l u x of gamma rays at higher column d e n s i t i e s r e s u l t s from energy losses 

due t o the electromagnetic i n t e r a c t i o n of photons w i t h the material traversed 

a f t e r t h e i r production. For these denser t a r g e t s , f u r t h e r photon production 

w i l l r e s u l t from p a i r a n n i h i l a t i o n i n the r e s u l t a n t cascade and i f the energy 

of the o r i g i n a l proton i s s u f f i c i e n t l y high, TeV gamma rays could s t i l l escape 

v i a t h i s secondary mechanism. The high Lorentz f a c t o r of the primary p a r t i c l e 

means t h a t the d i r e c t i o n a l spread of the secondary photons and other p a r t i c l e s 

w i l l be small, t y p i c a l l y s:10-3 radians. Thus w h i l s t a t a r g e t w i t h low column 

den s i t y w i l l favour the escape of the gamma rays immediately r e s u l t i n g from 

pion decay, a spectrum of less energetic photons can r e s u l t from a t h i c k e r 

t a r g e t . 

5.3.2. Energy Loss Processes 

In Chapter 9 i t i s shown t h a t a c c e l e r a t i o n of p a r t i c l e s t o very high 
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Figure 5.6 : Gamma ray production efficiency e as a function of the 
integrated path length, or coliunn density z, in a given medium. 

Proton differential spectral index a is assimied to be -2.3. 
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Photon production efficiency e is defined as the ratio of the rate of 
production of photons via neutral pion decay in a given energy band 
to the rate of incidence of the incoming protons, i.e. 
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(after Stenger, 1984) 



energies v i a a c c r e t i o n - d r i v e n processes i n X-ray b i n a r i e s i s most e f f i c i e n t 

when the maximum amount of accre t i o n power may be d i r e c t e d i n t o the p a r t i c l e s . 

This i s possible when the a c c e l e r a t i o n occurs very close t o the surface of the 

neutron s t a r , but as has already been mentioned there are two problems w i t h 

such a scenario. 

The f i r s t i s the l i m i t a t i o n set by the Alfven radius of the magnetosphere 

where the i n f a l l o f a c c r e t i n g material i s halted due t o the pressure exerted 

by the neutron s t a r magnetic f i e l d . This region i s where p a r t i c l e acceleration 

by disc dynamo a c t i o n or plasma i n s t a b i l i t i e s may be i n i t i a t e d . For a neutron 

s t a r w i t h a t y p i c a l f i e l d of 10^2 Q the Alfven radius i s too large f o r a 

s u f f i c i e n t amount of the a c c r e t i o n luminosity t o be released t o account f o r 

the high energy p a r t i c l e a c c e l e r a t i o n . The second problem i s the absorption of 

gamma ray photons i n the very strong magnetic f i e l d near the pulsar surface. 

Sturrock ( 1 9 7 1 ) showed t h a t gamma rays of energy Eg ( i n eV) may produce an 

e l e c t r o n / p o s i t r o n p a i r i n the presence of a magnetic f i e l d w i t h a 

perpendicular component Bp ( i n Gauss) where 

B P . E g > 1 0 1 8 . 6 . ( 5 . 5 ) 

Since neutron s t a r s have a d i p o l a r magnetic f i e l d , i t i s more useful t o 

consider another expression (Hardee, 1 9 7 7 ) g i v i n g the maximum value of Bpmax 

which w i l l be encountered by a photon emitted at a radius r g and a polar angle 

9o w i t h respect t o the polar coordinate system of the magnetic f i e l d : 

Bpmax * 0 . 0 8 . B s . ( R s / r g ) 3 . G o , ( 5 . 6 ) 

where 9o<<1, and Bs and Rs are the surface magnetic f i e l d and radius of the 

neutron s t a r r e s p e c t i v e l y . The equations 5 . 5 and 5 . 6 may be combined t o 

produce a value of r g f o r which the o p t i c a l depth f o r e+/- p a i r production by 

the photon i n the magnetic f i e l d has a value of u n i t y (Mastichiadis, 1 9 8 7 ) : 

rmax = 2 . 7 x 103 . (Eg . B i 2.Oo)^ / 3.Re cm . ( 5 . 7 ) 

For example a gamma ray of energy 1 TeV which i s emitted at a polar angle of 

ss5° must be produced at lea s t 12 neutron s t a r r a d i i from the pulsar surface i n 

order t o pass through an o p t i c a l depth of u n i t y before escaping the 
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magnetosphere given a lO^^ G surface f i e l d and a s t e l l a r radius of 10^ cm. 

Other absorption processes also operate on p a r t i c l e s and photons due t o 

the intense X-ray f l u x near the a c c r e t i n g poles of the neutron s t a r . At the 

TeV energies considered here, the primary energy loss mechanism f o r gamma rays 

i n a s o f t e r photon f i e l d i s e*^~ p a i r production. This can occur i f the energy 

a v a i l a b l e from the photon c o l l i s i o n i n the centre of mass frame exceeds 2mec2. 

For gamma rays w i t h energy >1015 gV i n t e r a c t i n g w i t h an X-ray photon f i e l d , 

double p a i r production w i l l dominate. The cross section f o r s i n g l e p a i r 

production i s a f u n c t i o n of the q u a n t i t y so given by 

so = E g . E x . ( 1 - c o s a) , ( 5 . 8 ) 

where E g and E x are the energies of the gamma ray and X-ray photon 

r e s p e c t i v e l y expressed i n u n i t s o f meC^ and a i s the angle between t h e i r 

t r a j e c t o r i e s before c o l l i s i o n (TT f o r a head-on c o l l i s i o n ) . The gamma rays may 

be absorbed i n the X-ray photon f l u x from the neutron s t a r i t s e l f , which w i l l 

be strongest above the poles where the ac c r e t i n g column cannot act as a s h i e l d 

(Leung, Cheng and Fung, 1 9 9 3 ) , or from the inner regions of the accretion 

d i s c . Less severe a t t e n u a t i o n w i l l occur i n the s o f t e r photon f l u x e s from the 

remainder of the a c c r e t i n g m a t e r i a l and the companion s t a r . The r e s u l t a n t e+/' 

p a i r s may also a n n i h i l a t e t o produce f u r t h e r gamma rays which l a t e r produce 

f u r t h e r e+/" p a i r s and an electromagnetic cascade w i l l develop . 

The protons accelerated i n the v i c i n i t y o f the neutron s t a r can also lose 

energy by i n t e r a c t i o n w i t h the X-ray photon f l u x , predominantly by photopion 

production ( M a s t i c h i a d i s , 1 9 8 7 ) . The m a j o r i t y of the pions produced w i l l be 

n e u t r a l , which decay t o produce gamma ray photons, i f the proton energy Ep 

s a t i s f i e s the c o n d i t i o n 

Ep > 1.5 X 1 0 1 * E k e v - 1 ( 1 - C 0 s a ) - 1 , ( 5 . 9 ) 

where E k e v i s the X-ray photon energy i n keV. This i s t h e r e f o r e most 

important at proton energies i n excess of lO^^ gv. Photopion production may 

continue u n t i l the energy of the proton f a l l s below the threshold Ep or the 
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mean f r e e path exceeds the size of the system. Many of the gamma rays 

produced by the pion decay i n these regions of high X-ray f l u x w i l l give r i s e 

t o e+/" p a i r s as described above. 

5.4. X-ray Bi n a r i e s as TeV Gamma Ray Sources 

5.4.1. I n t r o d u c t i o n 

This s e c t i o n summarises TeV gamma ray observations of three of the X-ray 

b i n a r i e s regarded as pr o v i d i n g the most convincing evidence f o r emission at 

these energies. The prospects f o r TeV gamma ray production i n such systems are 

discussed i n Chapter 9, Chapters 6,7 and 8 deal s p e c i f i c a l l y w i t h TeV gamma 

ray observations of Centaurus X-3, Vela X-1, SMC X-1, 4U1626-67 and X0021-72 

where an appropriate review of the p r o p e r t i e s of each system i s given. 

5.4.2. Cygnus X-3 

Cygnus X-3 has long been regarded as one of the most unusual objects i n 

the galaxy showing great v a r i a b i l i t y i n i t s emission from radio t o UHE 

energies ( f u l l reviews are given i n Weekes, (1988) and Bonnet-Bidaud and 

Chardin (1988)), though f r u s t r a t i n g l y no o p t i c a l counterpart has been 

i d e n t i f i e d . Recent observations by the Compton Observatory's EGRET instrument 

have detected weak emission from the d i r e c t i o n of Cyg X-3 at energies >100 MeV 

(Mattox e t a l . , 1993). One common fac e t over the numerous p o s i t i v e detections 

i s i t s 4-8 hr p e r i o d i c i t y , which i s generally accepted t o be due t o o r b i t a l 

motion i n a low mass X-ray binary system. This was f i r s t detected at TeV 

energies by the Crimean group (Vladimirsky, Stepanian and Fomin, 1973; l a t e r 

observations by t h i s group have been reviewed by Weekes (1985)). Several 

groups have since s u c c e s s f u l l y i d e n t i f i e d t h i s p e r i o d i c i t y , w i t h a peak at 

o r b i t a l phase 0-2 or 0-6 and a gamma ray f l u x v a r i a b l e around 10-i° cm-^s"''. 

Possibly the most important TeV measurements of t h i s system came from the 

Durham telescopes a t Dugway. I n a seven minute burst of emission at o r b i t a l 

phase 0-625, evidence was found f o r p e r i o d i c i t y a t 12-59 ms (Chadwick et a l . , 

1985). This prompted reanalysis of other data, which led t o the discovery of 
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another p e r i o d i c outburst at p r e c i s e l y the same window i n the 4-8 hr cycle. 

Subsequent evidence f o r t h i s f a s t pulsar a c t i v i t y came from observations made 

by the Durham group from La Palma i n 1988 (Brazier et a l . , 1990a). Although 

other groups have reported d e t e c t i o n of a s i m i l a r p e r i o d i c i t y w i t h marginal 

s i g n i f i c a n c e , the 12-59 ms pulsar awaits s u b s t a n t i a t i o n . The best independent 

c o n f i r m a t i o n came from observations made at 100 TeV energies by the Adelaide 

group (Gregory et a l . , 1990). These revealed evidence f o r 12.59 ms p e r i o d i c i t y 

i n a 600 s phase window centred 1000 s e a r l i e r than t h a t predicted by the 

e a r l i e r Durham rep o r t s . The Durham group were r o u t i n e l y observing Cyg X-3 from 

La Palma i n 1989 and some of the data were recorded very near t o the times of 

the Adelaide observations. I n a search f o r 12.59 ms p e r i o d i c i t y i n the phase 

window defined by the near-simultaneous Southern Hemisphere observations, two 

datasets were found t o show s i g n i f i c a n t evidence f o r the existence of the 

pre d i c t e d pulsed emission (Bowden et a l . 1992c). 

5.4.3. Hercules X-1 

Hercules X-1 i s a low mass X-ray binary containing a 1-24 s pulsar. As 

w e l l as a 1.7 d o r b i t a l period, a 35 day modulation of i n t e n s i t y has also been 

noted. TeV gamma ray emission was f i r s t noted from t h i s system i n the form of 

a three minute outburst seen by the Durham group at Dugway (Dowthwaite, 

1984a). Periodic analysis of t h i s burst revealed a signal at the well-defined 

X-ray period, and the peak f l u x was 1-2 x 10"^ cm'̂ s"'' above 1 TeV, This was 

seen as the 35 day i n t e n s i t y cycle was switching t o an "on" s t a t e . No f u r t h e r 

o utbursts were seen i n t h i s experiment, but l a t e r observations from La Palma 

by the same group revealed a burst at a s i m i l a r phase i n both the o r b i t and 

the 35 day cycle ( B r a z i e r et a l . , 1990b). 

The Whipple group also observed a number of outbursts generally l a s t i n g 

>28 minutes ( i . e . the d u r a t i o n of an on-source scan) and w i t h a f l u x strength 

of 2-3 X 10-10 cm-2s-'' above 250 GeV (e.g. Gorham e t a l . , 1986). One of these, 

on 1984 A p r i l 4, was found t o be simultaneous w i t h an observation by the 

Durham group at Dugway and the 28 minute extracted datasets from each both 
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showed evidence f o r weak p e r i o d i c i t y a t 1.24 s (Chadwick et a l . , 1987). 

Another s i g n i f i c a n t r e s u l t from the Whipple observations was the observation 

o f an outburst on 1985 June 16 when the neutron s t a r was eclipsed. This 

d i r e c t l y suggested t h a t the emission s i t e was not co-located w i t h the neutron 

s t a r . A number of outbursts showed a p e r i o d i c i t y s i g n i f i c a n t l y shorter than 

the precise X-ray period and t h i s was also the case f o r an outburst of 

pe r i o d i c TeV gamma ray emission l a s t i n g about 15 minutes observed by the 

Haleakala group (Austin e t a l . , 1990). No explanation could be found f o r t h i s 

e f f e c t . 

5.4.4. 4U0115-h63 

4U0115+63 i s a high mass X-ray binary containing a 3.6 s pulsar in a wide 

24 d o r b i t . I t s X-ray emission i s sporadic, suggesting t h a t mass t r a n s f e r i n 

the system i s unstable (Rappaport e t a l . , 1978). The Durham group were the 

f i r s t t o detect TeV gamma ray emission from 4U0115+63. Observations spanning 7 

days made at Dugway i n 1984 revealed a steady 3.6 s p e r i o d i c i t y w i t h a chance 

p r o b a b i l i t y of 10-^ a f t e r a l l o w i n g f o r a l l degrees of freedom (Chadwick et 

a l . , 1985). This gamma ray signal c o n s t i t u t e d 2% of the cosmic ray background, 

corresponding t o a f l u x above 1 TeV of 7 x I Q - i i cm-2s-''. A recent reappraisal 

of the event s e l e c t i o n used f o r t h i s dataset resulted i n a s l i g h t l y more 

s i g n i f i c a n t r e s u l t . Further evidence f o r t h i s emission came from l a t e r data 

recorded by the Durham group using the Mk.4 telescope on La Palma where a 

steady f l u x o f 4 x 10-''° cm-^s"'' was measured above 400 GeV over several days 

(Br a z i e r e t a l . , 1990b). 

An e a r l i e r d e t e c t i o n of TeV emission from t h i s object may have been 

achieved by the Crimean air-shower group (Stepanian, Vladimirsky and Fomin, 

1972), who detected a l o c a l i s e d 3-9CT excess over several nights of d r i f t - s c a n 

measurements intended t o search f o r emission from the g a l a c t i c plane. This 

excess was found t o o r i g i n a t e at a p o s i t i o n less than 1° from 4U0115-H63 in the 

c o n s t e l l a t i o n of Cassiopeia, but the association was not made at the time and 

87 



the source was l a b e l l e d Cas T-1. The signal was v a r i a b l e , but indicated a f l u x 

of about 3 X 10"lo cm-^s-^ above 2 TeV. The Durham group's detection of TeV 

gamma rays from 4U0115+63 led Lamb and Weekes (1986) t o propose t h a t t h i s was 

the same source as seen previously by the Crimean group. Subsequently, Neshpor 

and Zyskin (1986) demonstrated the existence of 24 d p e r i o d i c i t y i n the 1972 

Crimean database and a t t r i b u t e d t h i s t o o r b i t a l modulation at the source. No 

d e f i n i t e independent confir m a t i o n of a steady TeV gamma ray f l u x from 4U0115 

has been found, but b r i e f episodes of emission pulsed at the X-ray period were 

reported by the Whipple and Haleakala groups (Lamb et a l . , 1987; Resvanis et 

a l . , 1987). 
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CHAPTER 6 - TeV GAMMA RAY OBSERVATIONS OF CENTAURUS X-3 

6.1. The Centaurus X-3 Binary System 

6.1.1. Discovery of a Pulsa t i n g C e l e s t i a l X-ray Source 

The c e l e s t i a l X-ray source known as Centaurus X-3 was discovered as a 

r e s u l t of rocket borne observations made i n 1967 (Chodil e t a l . , 1967a). A 

s i g n i f i c a n t f l u x of «3 x 10"^ erg cm-^s-i from the object was recorded i n the 

energy range 2.1-9.5 keV. The major subsequent breakthrough came i n 1971 as a 

r e s u l t o f data taken by the UHURU s a t e l l i t e . The emission from Cen X-3 was 

found t o be 70% pulsed between 1-20 keV at a period of s:4.8 s as shown i n 

Figure 6.1 (Giacconi e t a l . , 1971). This was the f i r s t observation of a 

r e g u l a r l y p u l s a t i n g X-ray o b j e c t . I n a d d i t i o n , d i s t i n c t high and low i n t e n s i t y 

l e v e l s were noted, w i t h an order of magnitude decrease occurring i n less than 

an hour. A s i g n i f i c a n t .change i n the 4.8 s period i n data taken 3 months apart 

could only be explained by Doppler s h i f t i n g as a r e s u l t of the source moving 

i n a binary system of unknown dimensions. 

The binary nature of the object was confirmed and made q u a n t i t a t i v e from 

f u r t h e r observations by UHURU (Schreier et a l . , 1972a) and OSO-7 (Baity et 

al.,1974). A 2.1 d p e r i o d i c i t y was seen i n both the i n t e n s i t y v a r i a t i o n s and 

in the s i n u s o i d a l Doppler s h i f t i n g of the pulse period. In the higher 

i n t e n s i t y l e v e l s , the emission was found t o be 80-90% pulsed, but t h i s dropped 

t o <20% i n the lower s t a t e s , leading t o the suggestion t h a t an e c l i p s i n g 

b inary X-ray source was responsible. A compact object r o t a t i n g every 4.8 s was 

postulated t o be eclipsed every 2 days by the passage behind a large companion 

s t a r . Preliminary estimates of the radius and mass of the companion based on 

the gradual onset of the e c l i p s e hour) and i t s duration (^20% of the 

o r b i t ) pointed t o a ea r l y - t y p e supergiant. 

6.1.2. Determination o f the Nature o f the System 

A w e l l - d e f i n e d X-ray p o s i t i o n enabled a search t o be made f o r the o p t i c a l 

counterpart and t h i s was duly found t o be an 07 supergiant, V779 Cen, now 
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Figfure 6.1 : The discovery of 4.8 s pulsations from Cen X-3 in data recorded 
by the UHURU satellite in 1971 April (energy range 2.0-6.0 keV). The time 
resolution is 0.384 s. 

(from Giacconi et al., 1971) 



b e t t e r known as Krzeminski's s t a r a f t e r i t s discoverer (Krzeminski, 1974). The 

i n t e r s t e l l a r reddening of t h i s s t a r suggests i t t o be at a distance of 8 kpc. 

The i d e n t i f i c a t i o n also enabled the masses of the components and f u r t h e r 

o r b i t a l parameters t o be measured (e.g. Avni and Bahcall, 1974; Fabbiano and 

Schreier, 1977; Kelley et a l . , 1983). The o r b i t was found t o be nearly 

c i r c u l a r (e=0.0004) w i t h a projected semi-major axis of 39.7 I s . 

Monte Carlo simulations based on the measured o r b i t a l parameters have 

enabled l i m i t s t o be placed on the masses of the components (Rappaport and 

Joss, 1983). The neutron s t a r mass i s 0.5-1.7 Mo, w h i l s t the primary has a 

mass of 17-25 Mo and a radius of 10-15 Ro (95% confidence). The i n c l i n a t i o n 

angle i s estimated t o be >63°. The large catalogue of X-ray observations of 

t h i s source has enabled continual refinement of the accuracy of the o r b i t a l 

ephemeris (e.g. Kelley et a l . , 1983; Nagase et a l . , 1992). 

The X-ray l i g h t curve of the 4.8 s p u l s a t i o n has usually shown a s i n g l e 

asymmetric peak throughout the observed energy range (e.g. Ulmer, 1976). 

However, a double pulse s t r u c t u r e has occasionally been observed at lower X-

ray energies (<10 keV), the two peaks separated by 0.5 i n phase, w i t h the 

i n t e r p u l s e becoming the dominant peak (Tuohy, 1976; Schreier et al.,1976; 

Nagase e t a l , 1992). No o p t i c a l pulsations have been detected (Lasker, 1974). 

6,1.3. X-ray Observations of D i s t i n c t I n t e n s i t y States 

As well as the v a r i a t i o n i n i n t e n s i t y a r i s i n g from the e c l i p s i n g nature 

of the system, unpredictable longer term f l u c t u a t i o n s are also observed. These 

have been seen as gradual increases or decreases i n the average f l u x l e v e l 

d u ring observations l a s t i n g several o r b i t a l cycles (e.g. Baity et a l . , 1974) 

or as a s e r i e s of successive "high" and "low" states i n longer sets of 

observations. A study of UHURU data recorded between 1970 December and 1973 

June established the basic c h a r a c t e r i s t i c s of each i n t e n s i t y s t a t e (Schreier 

e t a l . , 1976). A t y p i c a l high s t a t e was defined by a count rate of 150 s'l (E 

= 2-6 keV) and lasted from one t o four months. A t y p i c a l low s t a t e showed a 
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count rat e below 20 s-^, s i m i l a r t o the le v e l i n mid-eclipse, and lasted f o r a 

shorte r time than most high s t a t e s , two weeks t o two months. I n a high s t a t e , 

the l u m i n o s i t y i n X-rays, Lx i s observed t o be about 5 x 10^^ erg s"'', f o r a 

source distance of 8 kpc (e.g. Nagase et a l . , 1992). 

Of a d d i t i o n a l i n t e r e s t were the i n t e r v a l s of t r a n s i t i o n between the two 

st a t e s , which last e d 3 t o 5 o r b i t a l cycles. A t y p i c a l t r a n s i t i o n from low t o 

high i n i t i a l l y saw a "spike" i n i n t e n s i t y appear near o r b i t a l phase 0.5. This 

gr a d u a l l y heightened u n t i l s a t u r a t i n g near the usual high-state i n t e n s i t y , 

extending from o r b i t a l phase 0.12 t o 0.88, A t y p i c a l t r a n s i t i o n from high t o 

low was more rapid but showed much less s t r u c t u r e ; simply a gradual reduction 

i n i n t e n s i t y over the course of 3 t o 4 o r b i t a l cycles. 

6.1.4. Measurements o f the Pulsar Period 

The observed spin-up of the pulsar period since i t s i n i t i a l measurement 

has provided compelling evidence f o r the presence of an accretion disc in the 

system. Since the discovery of the 4.8 s puls a t i o n s , the period has been 

observed t o show i n t e r v a l s of spin-up w i t h s u b s t a n t i a l l y d i f f e r i n g rates, from 

-1 X 10'•'2 ss"'' t o -1 X 10"''° ss"'', occasionally l a r g e r on a time scale of a 

few days. Short i n t e r v a l s o f spin-down l a s t i n g f o r several weeks have also 

been observed (e.g. Fabbiano and Schreier, 1977). The pulse period h i s t o r y i s 

given i n Figure 6.2. 

A large number of X-ray observations were made i n the 1970's so t h a t the 

pulse period was we l l - d e f i n e d and the rate of change c l o s e l y monitored by a 

number of s a t e l l i t e s (UHURU (e.g.Schreier et a l . , 1972a), Copernicus (Tuohy 

and Cruise, 1975), ARIEL-V (Pounds et a l . , 1975), SAS-3 (Kelley et al.,1983), 

OSO-7 ( B a i t y e t a l . , 1974), COS-B (van der K l i s , Bonnet-Bidaud and Robba, 

1980) and HEAO-I (Howe e t a l . , 1983)). Fewer X-ray s a t e l l i t e s were deployed i n 

the 1980's and consequently observations have been more sparse (e.g. Hakucho 

(Murukami e t a l . , 1983), GINGA (Nagase, 1989), Roentgen-KVANT (Gilfanov et 

a l . , 1989)). Hence less information on the d e t a i l e d v a r i a t i o n of the pulse 

period has been a v a i l a b l e . The implementation of the Compton Observatory, i n 
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p a r t i c u l a r the BATSE instrument, has enabled long-term study of the 

unpredictable v a r i a t i o n s i n the pulse period t o be v i a b l e once more (Finger et 

a l . , 1992, 1993). 

6.1.5. C o r r e l a t i o n of Changes i n I n t e n s i t y and Pulse Period 

Whilst the observed spin-up of the pulse period suggests an accretion 

disc i s imparting angular momentum t o the neutron s t a r , the rates observed are 

less than would be expected on the basis o f the simple d i s c model o f Pringle 

and Rees (1972) - only about 10% of the torque a v a i l a b l e from accretion on 

t h i s model appears t o c o n t r i b u t e t o spinning up the pulsar (Gursky and 

Schreier, 1975). This s t r o n g l y suggests t h a t a d d i t i o n a l braking torques must 

be present i n the system, and t h i s would also explain the i n t e r v a l s of spin-

down which have been observed (Fabbiano and Schreier, 1977). 

A model of an a c c r e t i o n disc accounting f o r the a d d i t i o n a l e f f e c t s of the 

magnetic f i e l d coupling w i t h the a c c r e t i o n flow near the neutron s t a r (Ghosh 

and Lamb, 1978) has produced good c o r r e l a t i o n w i t h the e f f e c t s observed i n Cen 

X-3. As f i r s t d e t a i l e d by Fabbiano and Schreier (1977), the long term period 

change may be understood by a n a t u r a l e q u i l i b r i u m between the Alfven radius ra 

and the c o r o t a t i o n radius rco. The neutron s t a r would t h e r e f o r e be expected t o 

spin-up most r a p i d l y when the accretion rate i s high. A higher accretion rate 

would cause greater absorption of X-rays near the pulsar, thus an i n t e r v a l of 

ra p i d spin-up would be expected t o c o r r e l a t e w i t h a low i n t e n s i t y s t a t e , 

p a r t i c u l a r l y i n the t r a n s i t i o n t o a low s t a t e . Some observations have 

suggested t h a t t h i s does indeed appear t o be the case i n Cen X-3 (e.g. van der 

K l i s , Bonnet-Bidaud and Robba, 1980; Howe et a l . , 1983). More recent BATSE 

r e s u l t s show a complex v a r i a t i o n of the pulse period w i t h an i n t r i g u i n g 

r e l a t i o n t o the most s i g n i f i c a n t changes in the X-ray luminosity as shown in 

Figure 6.3 (Finger e t a l . , 1993). 

6.1.6. Models of Accretion i n the System 

The actual mode of a c c r e t i o n has been the cause of some conjecture. 
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Observations of the s t e l l a r wind driven o f f by Krzeminski's s t a r have shown 

t h a t a c c r e t i o n of t h i s wind would be unable t o account f o r more than 10% of 

the observed L x (Lamers, van den Heuvel and Petterson, 1976). The a l t e r n a t i v e 

i s Roche lobe overflow, w i t h a gas stream t r a n s f e r r i n g matter i n t o an 

a c c r e t i o n d i s c . Analysis o f published o p t i c a l l i g h t curves has suggested t h a t 

(a) the primary s t a r i s close t o f i l l i n g i t s Roche lobe and i s t i d a l l y 

d i s t o r t e d , (b) an a d d i t i o n a l l i g h t - s o u r c e i s present i n the system (Tjemkes, 

Zu i d e r w i j k and van P a r a d i j s , 1986). However, a si m u l a t i o n of the system which 

reproduced the general shape and spectral v a r i a t i o n of the l i g h t curve by 

i n c l u d i n g a r e a l i s t i c a c c r e t i o n d i s c model, w i t h a radius o f «10 I s , produced 

too much l i g h t from the d i s c . Nagase et a l . (1992) have demonstrated t h a t 

t h e i r observations of the time v a r i a t i o n i n the strength of the 6.4 keV Fe 

emission l i n e from Cen X-3 suggest an o r i g i n i n a reprocessing s i t e <1 Is from 

the neutron s t a r . Later work has shown t h a t t h i s l i n e i s pulsed at the 4.8 s 

period o f the neutron s t a r and most l i k e l y a r ises i n a s h e l l of material at 

the Alfven radius rather than over a s u b s t a n t i a l area of the inner disc (Day 

et a l . , 1993) . 

For the formation of such an a c c r e t i o n disc v i a Roche-lobe overflow, the 

a c c r e t i n g matter must be captured i n the g r a v i t a t i o n a l f i e l d of the neutron 

s t a r . M a t e r i a l w i t h too l i t t l e s p e c i f i c angular momentum may f a l l d i r e c t l y 

onto the neutron s t a r , while m a t e r i a l w i t h too much k i n e t i c energy may e i t h e r 

escape through the outer Lagrangian p o i n t or return t o the companion 

(Petterson, 1983). A neutron s t a r provides a small t a r g e t f o r the accreting 

m a t e r i a l so t h a t much of the gas f l o w i n g through the inner Lagrangian point 

w i l l overshoot leaving only a f r a c t i o n o f the m a t e r i a l t o c o n t r i b u t e t o disc 

formation (Petterson, 1978). Disc formation i s much more l i k e l y i f the non-

degenerate companion i s i n v i r t u a l c o r o t a t i o n , as i s the case i n Cen X-3. The 

uncaptured gas-stream can form a f a n - l i k e s t r u c t u r e f l o w i n g out of the neutron 

s t a r ' s Roche lobe the presence of which could be revealed by strong absorption 

of the X-ray source between o r b i t a l phases 0.5 and 0.8. 
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6.1.7. Observations o f B r i e f I n t e n s i t y Dips 

The presence of dips i n the X-ray i n t e n s i t y during the o r b i t a l phase 

cycle has f r e q u e n t l y been observed. These were apparent in UHURU observations 

of the high i n t e n s i t y s t a t e , o ccurring between o r b i t a l phases 0.65 and 0.80 

(Schreier et al.,1976). A lesser d i p was also noted between 0.4 and 0.5. Data 

from OSO-7 also suggested the presence of dips at s i m i l a r o r b i t a l phases 

( B a i t y e t a l . , 1974). Copernicus observations reported a 70% decrease in 

i n t e n s i t y at phase 0.51, followed by an increase i n f l u x from 0.53-0.83, 

i n t e r r u p t e d by several declines, l a s t i n g f o r 1-2 hours (Tuohy and Cruise, 

1975). Sets of three dips were seen at s i m i l a r phases i n observations taken 3 

months apart. ARIEL-V data f u r t h e r confirmed the presence of these reductions 

i n the f l u x (Pounds et a l . , 1975) which were again observed in the range 0.5-

0.8. The i n t e n s i t y was reduced t o 20% of the maximum as compared w i t h the 

resi d u a l 5-10% l e v e l detected during e c l i p s e . I n a l l cases the dips were only 

seen d u r i n g high i n t e n s i t y s tates (see Figure 6.4). 

6.1.8. Absorption O r i g i n o f I n t e n s i t y Dips 

Explanations of these dips i n i t i a l l y concentrated on the l i k e l i h o o d o f an 

ac c r e t i o n wake forming behind the neutron s t a r (Jackson, 1975; Fabbiano and 

Schreier, 1977). The rapid onset of the d i p was a t t r i b u t e d t o absorption i n 

the dense shock f r o n t of the a c c r e t i o n wake. The subsequent dips and secondary 

maximum were a t t r i b u t e d t o absorption i n f u r t h e r s t r u c t u r e p a r a l l e l t o the 

shock f r o n t . 

These observations could also be lin k e d w i t h the onset of a change 

between i n t e n s i t y s t a t e s . The sharp absorption seen at phase 0.51 i n the 

Copernicus data (Tuohy and Cruise, 1975) was followed by a markedly slower 

egress from the e c l i p s e s t a t e , i n d i c a t i n g an increased s t e l l a r wind density, 

and hence a denser shock f r o n t . Fabbiano and Schreier (1977) postulated t h a t a 

low i n t e n s i t y s t a t e was associated w i t h a high s t e l l a r wind density heavily 

absorbing the neutron s t a r ' s emission. An i o n i s a t i o n zone around the neutron 
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s t a r was considered t o expand once the wind density reduced and form a narrow 

"cone" through which X-ray emission could become v i s i b l e f i r s t at phase 0.5. 

As the wind density continued t o decrease so the range of o r b i t a l phases f o r 

which emission would be seen would also increase u n t i l the process was 

reversed by an increased s t e l l a r wind. 

The basic idea of absorption causing the dips i n emission has been 

supported by X-ray s p e c t r a l data showing a lar g e r value f o r the low-energy 

c u t - o f f during dips and low i n t e n s i t y s tates (e.g. Fabbiano and Schreier, 

1977; Nagase at al ,1992). I t has already been noted t h a t the spin-up rate of 

the neutron s t a r increases during low i n t e n s i t y states i n d i c a t i n g increased 

aiccretion and c o r r e l a t e d absorption. However, Petterson (1978) has pointed out 

t h a t due t o the high speed and low density of the s t e l l a r wind, the model 

described i n the previous paragraph cannot f u l l y account f o r e i t h e r the 

observed amplitude of the absorption dips or t h e i r extension beyond phase 

0.75. I t appears l i k e l y t h a t the s t a t e of material i n t h i s system i s complex, 

w i t h gas streams from the primary forming a f a n - l i k e s t r u c t u r e around a stable 

a c c r e t i o n d i s c . At lea s t 90% of the accretion-induced X-ray luminosity must 

a r i s e d i r e c t l y from Roche lobe overflow from Krzeminski's s t a r (Lamers, van 

den Heuvel and Petterson, 1976). 

6.1.9. Inform a t i o n Gained from O r b i t a l Period Changes 

The f a c t t h a t Cen X-3 dis p l a y s strong evidence f o r an accretion disc 

i m p l i e s t h a t the companion s t a r i s close t o c o r o t a t i o n (Petterson, 1978). This 

suggests t h a t angular momentum must have been t r a n s f e r r e d between the o r b i t 

and the r o t a t i o n of Krzeminski's s t a r (Sparks, 1975), a conclusion supported 

by the c i r c u l a r i s a t i o n of the o r b i t (Murukami et a l . , 1983). The r e s u l t of 

t h i s would be a long-term decrease i n the binary o r b i t a l period. Early 

observations d i d not provide conclusive evidence f o r t h i s hypothesis (e.g. 

Fabbiano and Schreier, 1977). A measurable rate of o r b i t a l period decay was 

f i r s t reported by Kelley et a l , (1983). The temporal baseline used by Kelley 

et a l . was doubled i n length by Nagase et a l . (1992), who included eclipse 
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measurements from the Hakucho, Tenma and Ginga spacecraft. This enabled the 

o r b i t a l period d e r i v a t i v e t o be p r e c i s e l y determined as -(1.738 ± 0.004) x 

10-6 y r - 1 . Cen X-3 was the f i r s t X-ray binary f o r which a f i n i t e rate of 

o r b i t a l period decay was measured, and recent observations have shown t h a t 

Hercules X-1 (Deeter e t a1., 1991) and SMC X-1 (Levine et a l , 1993) show a 

s i m i l a r phenomenon. 

6.2. Previous TeV Gamma Ray Observations 

6.2.1. Observations by the Durham Group 

Given i t s southerly d e c l i n a t i o n of -60°, Centaurus X-3 has only recently 

become subject t o long-term observation w i t h the expansion of southern 

hemisphere TeV gamma ray f a c i l i t i e s . The f i r s t d e tection of Cen X-3 at TeV 

energies was reported by the Durham group (Carraminana et a l . , 1989a; Brazier 

et a l . , 1990c) based on data recorded using the Mk.3 telescope at Narrabri (as 

described i n Chapter 3). The t o t a l dataset comprised 58 observations, recorded 

between 1987 January and 1989 June. A f t e r applying a standard data s e l e c t i o n , 

the datasets were t e s t e d f o r p e r i o d i c i t y over a f i x e d range of t r i a l periods, 

centred on the X-ray period appropriate t o the midpoint of the dataset, and 

combined incoherently. No s i g n i f i c a n t p e r i o d i c e f f e c t was noted. The data were 

then s p l i t i n t o 10 subgroups divide d by o r b i t a l phase. Of the 10, only t h a t 

corresponding t o 12 observations i n the phase range 0.75-0.85 was found t o 

show evidence f o r emission at the X-ray period. The chance p r o b a b i l i t y of t h i s 

e f f e c t was estimated as 6 x 10"^. The strongest emission at the expected X-ray 

period appeared t o come from 8 observations made i n the phase range 0.77-0.82. 

The peak f l u x at energies >300 GeV was 6 x lO-^o cm-^s"''. 

6.2.2. Observations by the Potchefstroom Group 

The Potchefstroom group have reported r e s u l t s which may confirm the 

existence of TeV emission. Their i n i t i a l analysis of 35 observations recorded 

between 1986 May and 1989 A p r i l (North et a l . , 1990), concentrated on d i v i d i n g 

the observations by o r b i t a l phase. Only the i n t e r v a l 0.7 t o 0.8, containing 3 
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observations, was found t o show s i g n i f i c a n t evidence f o r emission, with a 

chance p r o b a b i l i t y of 3 x lO"^. This corresponded t o a photon f l u x of 

«1 X 10"•'0 cm-^s-i above 1.9 TeV. A f a c t o r weighing against t h i s claim of 

emission was the period i d e n t i f i e d f o r TeV emission of 4.175 ± 0.010 s. This 

was almost 5 independent sampling i n t e r v a l s (0,005 s) below the contemporary 

X-ray periods subsequently i d e n t i f i e d (Nagase, 1989; Nagase et a l . , 1992) and 

the implied period d e r i v a t i v e was much larg e r than any ever seen at X-ray 

energies. 

A l a t e r study by the Potchefstroom group took a d i f f e r e n t approach (North 

e t a l . , 1991a). The database was extended t o include data from 1990, r e s u l t i n g 

i n a t o t a l of 41 observations being used. Ignoring the previous d i v i s i o n of 

data i n t o 10 segments, the hypothesis tested was t h a t TeV gamma ray emission 

only occurred when an a c c r e t i o n wake of the type observed w i t h ARIEL-V (Pounds 

e t a l . , 1975; Jackson et a l . , 1975) passed through the l i n e of s i g h t . 

In p r a c t i c a l terms, t h i s meant d e f i n i n g the "wake" passage as o r b i t a l 

phase 0.52-0,76 and forming two datasets, one "in-wake" and one "out-of-wake". 

9 of the 41 observations were recorded i n the s p e c i f i e d phase range. Both 

datasets were teste d f o r p e r i o d i c i t y on a night-by-night basis, using the 

appropriate X-ray periods, and the r e s u l t s combined incoherently. Only the i n -

wake dataset showed evidence f o r a p e r i o d i c s i g n a l ; the s i g n i f i c a n c e was 

estimated as 2 x 10-2, g of the 9 observations i n the wake were found t o 

c o n t r i b u t e t o t h i s s i g n a l , but 3 observations recorded j u s t above phase 0.76, 

j u s t beyond the defined a c c r e t i o n wake p o s i t i o n , were also found t o contain a 

p e r i o d i c s i g n a l . The periodograms and phase r e l a t i o n of the emission are shown 

i n Figure 6.5. The f l u x from the in-wake dataset was calculated t o be 

3.9 x 10-11 cm-2s-i. 

6.2.3. Results o f Other TeV Gamma Ray Observations 

The e a r l i e s t observations of Cen X-3 at TeV energies were made in 1972 

A p r i l (Grindlay et a l . , 1975). A 3 hour dataset was recorded at energies >0.6 
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TeV, r e s u l t i n g i n an upper f l u x l i m i t of 4.3 x lO-n photons cm-^s-i. Further 

an a l y s i s yie l d e d no evidence f o r a pulsed signal or any enhancement associated 

w i t h the o r b i t a l phase. 

The Adelaide group have reported t h e i r r e s u l t s from data recorded i n 1991 

February-April at energies >0,6 TeV (Thornton et a l . , 1991), 11 observations 

were made between o r b i t a l phases 0.77 and 0.83. The observations were analysed 

f o r p e r i o d i c i t y at the X-ray period and the r e s u l t s combined incoherently. No 

s i g n i f i c a n t s i g n a l was seen, nor was any improvement gained by subdividing 

i n t o smaller segments. However, given the s e n s i t i v i t y of the telescope used, 

i t was concluded t h a t a decrease i n luminosity of only 50% from e a r l i e r 

p o s i t i v e r e s u l t s would e x p l a i n t h i s n u l l r e s u l t . 

The JANZOS c o l l a b o r a t i o n have reported the r e s u l t s of 5 observations of 

Cen X-3 made i n 1988, 2 of which were near the ascending node of the o r b i t a l 

cycle ( A l l e n et a l . , 1993). No p e r i o d i c signal or d.c. excess was found at 

energies >1 TeV and an upper f l u x l i m i t o f 4 x lO-n cm-^s-i was derived. 

Again, t h i s was consistent w i t h a l l of the detections and upper f l u x l i m i t s 

p r e v i o u s l y reported. 

6.3. The Durham Cen X-3 Database 

6.3.1. Observations and Data Reduction 

This study i s concerned w i t h the analysis of the large dataset c o l l e c t e d 

using the U n i v e r s i t y of Durham Mk.3 telescope at Na r r a b r i , N.S.W., where 

observations of Centaurus X-3 have been made i n every year since i t s 

i n s t a l l a t i o n . The telescope has been used t o observe atmospheric Cerenkov 

flashes from the d i r e c t i o n of Cen X-3 on over 100 separate ni g h t s , spread over 

19 dark moon i n t e r v a l s , from 1987 January t o 1992 May. Most of the 

observations were made w i t h the telescope i n t r a c k i n g mode but 17 were 

recorded w h i l s t the telescope was i n chopping mode t o search f o r a d.c. excess 

i n the s i g n a l . 

For t h i s a n a l y s i s , the event times recorded were reduced t o the solar 
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system barycentre and also corrected f o r the o r b i t a l motion i n the binary 

system using the o r b i t a l elements given i n Table 6.1. The detection of pulsed 

TeV emission from Cen X-3 would require the appropriate 4.8 s p e r i o d i c i t y t o 

be established w i t h i n the data, and thus the database f i r s t had t o be reduced 

t o contain only those n i g h t s of f i n e weather. No s i g n i f i c a n t i n t e r r u p t i o n s due 

t o cloud passing through the f i e l d of view were allowed since the could 

introduce spurious p e r i o d i c i t i e s i n t o the counting r a t e . On checking weather 

records and the count-rate h i s t o r i e s f o r each observation, a number were 

deemed too poor t o be used at a l l , and a f u r t h e r 7 had short s p e l l s of bad 

weather at the beginning or end of the run extracted and discarded. The dates 

and d e t a i l s of the 109 observations passed as s u i t a b l e f o r analysis are given 

i n Table 6.2. 

6.3.2. Se l e c t i o n of Data f o r Analysis 

The data accepted f o r analysis purposes was subjected t o the standard 

event r e j e c t i o n procedures. Only events which produced a response i n the on-

source channel unaccompanied by any of the off-source channels were accepted 

f o r i n c l u s i o n i n the f i n a l dataset. I n a d d i t i o n , the records from the guard-

r i n g of p h o t o m u l t i p l i e r tubes were studied i n order t o apply the r e l a t i v e 

response technique. A previous analysis has determined the e f f e c t of the 

r e l a t i v e response t h r e s h o l d s e l e c t i o n i n the case of Cen X-3 (Brazier, 1991), 

The greatest enhancement of a possible gamma-ray signal was achieved when the 

off- s o u r c e channels were r e s t r i c t e d t o a response of no more than 30% of the 

c e n t r a l on-source channel. 

This s e l e c t i o n was t h e r e f o r e used on a l l of the tracked data used i n t h i s 

work w i t h the exceptions of (a) the data recorded i n 1992, which f o r technical 

reasons were r e s t r i c t e d t o the basic s e l e c t i o n of a centre channel response 

only, and (b) the data recorded w i t h the telescope i n chopping mode. The 

l a t t e r category of data could not be selected using the r e l a t i v e response 

technique as the source was viewed a l t e r n a t e l y by the on-source tube, f u l l y 

surrounded by the guard-ring, and an outer off-source tube, w i t h only a 
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TABLE 6.1 - O r b i t a l ephemeris f o r Centaurus X-3 

Epoch of mid-eclipse ^ ; JD 2448562 .156702 ± 0 .000071 

a s i n 7 b : 39.636 ± 0 . 0 0 3 Is 

O r b i t a l Period Porb * : 2 .08706533 ± 0 .00000049 d 

Porb = : ( - 0 . 9 9 3 ± 0 , 0 0 2 ) x lO'S 

Porb/Porb ^ : ( - 1 . 7 3 8 ± 0 . 0 0 4 ) X 10-6 y ^ - l 

a - Finger e t a l . , 1993 ; - Kelley e t a l . , 1983; 

- Nagase et a l , , 1992 



TABLE 6.2 - Catalogue o f Mk.3 telescope observations o f Cen X-3 

Observation Duration Events O r b i t a l Phase 
Date (hours) Selected at Midpoint Notes 

28 01 87 2.5 2339 0,28 
29 01 87 2,3 2745 0.76 
30 01 87 1,7 1284 0.23 
31 01 87 2.5 2113 0,72 
01 02 87 2,5 1964 0,20 
02 02 87 2,5 2636 0,69 
03 02 87 2.6 2790 0.16 
04 02 87 2,5 2884 0.63 
06 02 87 2,5 2279 0.59 
07 02 87 2.0 3241 0.08 

29 04 87 3.0 2674 0.80 
03 05 87 3.0 2344 0.72 

19 05 87 2.0 1773 0.33 
20 05 87 3.5 2995 0.83 
21 05 87 3.0 1468 0.32 
22 05 87 4.0 4672 0.78 
23 05 87 3.3 4086 0.25 
24 05 87 3.5 3088 0.74 
25 05 87 3.5 4932 0.21 
26 05 87 3.5 2571 0.69 
27 05 87 3.5 4253 0.17 
28 05 87 4.0 3841 0.66 
29 05 87 3.5 4268 0.13 
30 05 87 3.7 3454 0.62 
31 05 87 3.3 3418 0.09 

17 01 88 2.0 2684 0.89 Chopped 
18 01 88 3.3 5411 0.36 Chopped 
19 01 88 3.0 6043 0.84 Chopped 
20 01 88 3.5 6501 0.32 Chopped 
21 01 88 2.7 5159 0.80 Chopped 
22 01 88 2.7 5221 0.28 Chopped 
24 01 88 2.7 5637 0.24 Chopped 
25 01 88 3.6 5698 0.69 Chopped 

15 02 88 3.5 7425 0,77 Chopped 
17 02 88 4.2 8715 0,73 Chopped 
19 02 88 4.3 8379 0.69 Chopped 
24 02 88 5,4 6345 0.08 Chopped 
25 02 88 4.5 6304 0.57 Chopped 
26 02 88 3.4 5273 0.05 Chopped 
28 02 88 1,6 1665 0.03 Chopped 

11 05 88 3,5 2526 0.86 
13 05 88 3,5 7770 0.82 Chopped 
15 05 88 4,0 1162 0,80 
19 05 88 3,0 788 0.77 



TABLE 6.2 (continued) 

Observation 
Date 

Duration 
(hours) 

Events 
Selected 

O r b i t a l Phase 
at Midpoint Notes 

05 06 88 3.3 2059 0.85 
07 06 88 3.1 6261 0.82 

06 01 89 3.0 2011 0.98 
09 01 89 2.0 2329 0.43 
14 01 89 4.0 5174 0.80 
16 01 89 3.0 3444 0.78 

01 03 89 3.7 3240 0.77 
27 04 89 3.0 2951 0.06 
28 04 89 4.2 5060 0.55 
29 04 89 4.0 4012 0.06 
30 04 89 2.0 3133 0.52 
01 05 89 2.0 2701 0.01 
02 05 89 4.0 3036 0.49 
03 05 89 3.0 3495 0.96 
04 05 89 3.0 , 3481 0.44 

28 05 89 5.0 5186 0.92 
29 05 89 4.7 3681 0.40 
01 06 89 3.0 1779 0.85 
07 06 89 1.7 2306 0.71 

29 01 90 2.0 1305 0.91 
30 01 90 4.0 3553 0.36 
31 01 90 4.5 2737 0.84 

22 02 90 4.6 1994 0.37 
23 02 90 2.0 1753 0.84 
24 02 90 1.7 2517 0.31 
25 02 90 1.7 2877 0.78 
26 02 90 1.7 2882 0.27 
01 03 90 3.0 2073 0.70 
04 03 90 2.5 2517 0.16 

14 05 90 1.0 412 0.08 
15 05 90 2.7 690 0.56 
21 05 90 2.5 354 0.43 

10 01 91 1.5 186 0.63 
11 01 91 2.0 380 0.13 
14 01 91 4.7 2073 0.58 
15 01 91 3.0 960 0.07 
17 01 91 2.5 1286 0.03 
18 01 91 3.0 2184 0.51 
19 01 91 3.4 2159 0.99 

Chopped 



TABLE 6.2 (continued) 

Observation Duration Events O r b i t a l Phase 
Date (hours) Selected at Midpoint Notes 

08 02 91 3.0 758 0.50 
10 02 91 1.7 629 0.52 
11 02 91 2.5 1402 0.01 
19 02 91 4,5 2617 0.79 
21 02 91 3.0 1333 0.80 

11 03 91 1.5 252 0.40 
12 03 91 5,2 1379 0.87 
13 03 91 5,3 1375 0.30 
14 03 91 4,3 964 0,79 
16 03 91 5.2 1049 0,74 
17 03 91 8,6 2102 0,25 
18 03 91 8,4 1787 0,73 
19 03 91 4, 1 839 0,19 
20 03 91 8.3 1409 0.70 
21 03 91 4,3 974 0.15 
22 03 91 3,5 933 0.65 
23 03 91 1.0 214 0.14 

28 02 92 1.6 1228 0.97 
02 03 92 1.3 1374 0.42 
07 03 92 3,9 3583 0.79 
09 03 92 2.0 2204 0.79 
10 03 92 1.7 1523 0.27 

26 05 92 2.7 2868 0.11 
28 05 92 5.3 5193 0.07 
29 05 92 4.3 4223 0.54 
31 05 92 5.2 5772 0.50 

TOTALS : 356.3 321033 



p a r t i a l guard-ring. The lower r e j e c t i o n r e s u l t i n g from the incomplete guard-

r i n g would r e s u l t i n too great a d i f f e r e n c e i n count-rates between the two 

tubes. Events recorded i n t h i s mode were selected provided t h a t they t r i g g e r e d 

a response i n the on-source channel alone. 

The f i n a l t o t a l o f 109 observations used i n t h i s analysis consisted of 

356 hours of on-source time, producing 321000 events which were selected by 

the above procedures. 

6.4. Testing f o r U n i f o r m i t y o f Phase i n I n d i v i d u a l Observations 

6.4.1. S e l e c t i o n o f Period Search Range 

The data from each i n d i v i d u a l n i g h t were teste d f o r u n i f o r m i t y of phase 

by employing the Rayleigh t e s t . The 4.8 s pulsar i s known t o be spinning up 

although occasional i n t e r v a l s are known t o occur i n which the rate of spin-up 

s i g n i f i c a n t l y decreases or even changes t o spin-down. These i n t e r v a l s occur 

unpredi c t a b l y and t h e r e f o r e a unique secular period d e r i v a t i v e cannot be used 

t o p r e c i s e l y l i n k observations made over the course of a year or more. 

Fort u n a t e l y , several X-ray measurements of the pulsar period were made between 

1987 and 1992 (see Figure 6.2) and t h e r e f o r e the expected period could be 

reasonably estimated t o an accuracy of ±0.5 ms f o r any date i n the range of 

t h i s study. 

For a t y p i c a l observation l a s t i n g *3 hours, the independent sampling 

i n t e r v a l when searching f o r a 4.8 s period i s «2 ms so t h a t the expected 

p e r i o d i c i t y may be recovered w i t h i n a s i n g l e t r i a l period i n t e r v a l . However, 

unless a gamma-ray sig n a l i s present w i t h a strength of at least several per 

cent of the remaining proton background, i t i s u n l i k e l y t h a t a s i n g l e 

observation would be s u f f i c i e n t f o r any emission t o be detectable. 

6.4.2. I d e n t i f i c a t i o n o f Datasets Showing Evidence of Emission 

Of the 109 observations used here, 3 showed evidence f o r non-uniformity 

o f phase at the c o r r e c t contemporary period w i t h an uncorrected p r o b a b i l i t y 

<10-3 t h a t the sign a l occurred by chance. These were 1987 May 22, 1988 January 
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21 and 1991 March 13 (see Table 6.3). The corrected p r o b a b i l i t i e s are also 

given f o r the observations l i s t e d i n Table 6.3, i . e . a f t e r allowing f o r 3 

degrees of freedom used i n oversampling the t r i a l period i n t e r v a l and 109 f o r 

the number of observations analysed. None of the three are s u f f i c i e n t on t h e i r 

own t o provide evidence f o r a 3a signal d e t e c t i o n . 

The observation producing the most s i g n i f i c a n t r e s u l t , t h a t of 1988 

January 21, was made w i t h the telescope i n chopping mode. The corresponding 

off-source data recorded on the same channels w h i l s t p o i n t i n g 2° from the 

source d i r e c t i o n have been analysed and show no evidence f o r any s i m i l a r 

p e r i o d i c i t y . The atmospheric c l a r i t y on t h i s date was not stable enough on a 

timescale of a few minutes t o allow a d i r e c t comparison of the on- and o f f -

source count rates t o be made. 

6.4.3. Search f o r "Bursts" o f Periodic Emission 

Each of the three datasets i d e n t i f i e d i n the previous section was also 

studied t o determine whether the weak p e r i o d i c signal was i n the form of 

continuous steady emission, or characterised by one or more bursts of 

a c t i v i t y . The data from each were s p l i t i n t o segments 2400 seconds long, 

consecutive bins beginning 800 s a f t e r t h a t immediately before, i . e . stepping 

o n e - t h i r d of a bin at a time. The period search was taken over the same range 

as f o r the whole dataset, though the independent sampling i n t e r v a l was wider 

due t o the short e r timespan. No evidence was found f o r any s i g n i f i c a n t short­

l i v e d enhancement i n the p e r i o d i c signal during any of the observations. 

6.4.4. A Search f o r O r b i t a l Phase Dependence 

The r e l a t i o n s h i p of the observed chance p r o b a b i l i t y of TeV gamma ray 

emission t o the o r b i t a l phase of the relevant observation was also studied. 

The chance p r o b a b i l i t y of u n i f o r m i t y of phase w i t h i n 1 ms of the calculated X-

ray period f o r each n i g h t was found f o r each dataset and the r e s u l t s p l o t t e d 

against the o r b i t a l phase of the observation i n question (Figure 6.6). I t i s 

c l e a r t h a t the most s i g n i f i c a n t r e s u l t s coincided w i t h the passage of the 
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TABLE 6.3 -- Observations showing strongest evidence f o r 
non-unifonnity o f phase at the X-ray period 

Observation 
Date 

Chance P r o b a b i l i t y 
[ raw ( c o r r e c t e d ) ] 

Signal 
Strength 

P* 
(ms) 

1987 May 22 5.4 X 10-5 (1.7 X 10-2) 4.6 % 4823 ± 1 

1988 Jan 21 1.9 X 10-5 (6.2 X 10-3) 4.6 % 4823 ± 1 

1991 Mar 13 6.7 X 10-4 (2.2 X 10-1) 7.3 % 4820 ± 1 
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neutron s t a r through the nodes of i t s o r b i t , although t h i s i s p a r t l y explained 

by the f a c t t h a t more observations were taken near the nodes a f t e r encouraging 

r e s u l t s from e a r l y analyses. 

As described i n section 6.2.2, the Potchefstroom group have reported the 

r e s u l t s o f t h e i r 41 observations of Cen X-3 i n which they tested the 

hypothesis t h a t TeV emission only occurred between the phases 0.52-0.76. Their 

conclusion was t h a t t h i s was the case, though only at a s i g n i f i c a n c e of 2.4CT. 

The p o s i t i o n o f the ac c r e t i o n wake which they assumed t o be the most l i k e l y 

source o f TeV gamma ray emission i s marked by the grey area i n Figure 6.6. I t 

can be seen t h a t the lowest l e v e l s o f chance p r o b a b i l i t y i n the present 

observations coincide w i t h the t r a i l i n g edge of the accretion wake being i n 

the l i n e o f s i g h t t o the observer, which was not i n f a c t well defined by the 

A r i e l - V X-ray measurements. Given an average observation length corresponding 

t o s:0.06 i n o r b i t a l phase, the r e s u l t s reported here would be consistent w i t h 

a TeV gamma ray production s i t e w i t h i n the proposed accretion wake. However, 

as o u t l i n e d i n section 6.1.8 i t appears more l i k e l y t h a t the absorption near 

these phases i s caused by streams of gas much narrower than the proposed 

a c c r e t i o n wake. Such m a t e r i a l would make a f a r more i n t e r m i t t e n t and lo c a l i s e d 

t a r g e t f o r TeV gamma ray production and would account f o r the nature of the 

o r b i t a l modulation suggested here. 

6.5. P e r i o d i c Analysis o f Combined Observations 

6.5.1. Combination o f E n t i r e Dataset 

A combination of the complete set of observations of Cen X-3 was made i n 

order t o search f o r unambiguous evidence of a gamma-ray signal w i t h the same 

p e r i o d i c i t y as t h a t seen at X-ray energies. Since the dataset consists of 109 

observations from s i x years of observing, the e f f e c t of the gradually changing 

X-ray pulsar period had t o be taken i n t o account and s u i t a b l e c o r r e c t i o n s 

included. This was done by studying the h i s t o r y o f the pulsar period and hence 

assigning t o each n i g h t a d i s c r e t e value f o r the expected p e r i o d i c i t y which 
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was assumed t o be c o r r e c t t o w i t h i n 0.5 ms of the genuine contemporary period. 

Since the pulsar period has never been observed t o change by more than 

0.5 ms w i t h i n a timescale of a month, the data from each dark moon i n t e r v a l , 

which normally spanned about 2 weeks, were assigned a s i n g l e candidate period, 

as l i s t e d i n Table 6.4. The t e s t f o r u n i f o r m i t y of phase was then applied over 

a constant matrix of candidate periods defined at 0.5 ms i n t e r v a l s e i t h e r side 

of the contemporary period Px, A l l 109 r e s u l t s at each period value were 

combined using the f o r m u l a t i o n given i n equation 4,2 t o produce a s t a t i s t i c 

w i t h 2x109 degrees of freedom. 

The r e s u l t a n t periodogram (Figure 6,7) showed a minimum chance 

p r o b a b i l i t y of 1 x 10-^ at a t r i a l period 0,5 ms longer than the contemporary 

period, w i t h i n the bounds of the e r r o r introduced by the uncertainty i n the 

periods used. Given the lack of data manipulation or o r b i t a l phase s e l e c t i o n 

involved, and the adherence t o as close a period t o the X-ray measurements as 

poss i b l e , t h i s r e s u l t i s modified by the 3 degrees of freedom which were used 

in oversampling the t r i a l period range, and the p r o b a b i l i t y of chance 

occurrence t h e r e f o r e increases t o 3 x 10-^, This i s marginally below the level 

required f o r a 3CT d e t e c t i o n of a pulsed signal but represents the clearest 

evidence t o date f o r a p e r s i s t e n t 4,8 s p e r i o d i c i t y i n the Durham database. 

Given the uncorrected chance p r o b a b i l i t y of 4.5 x 10-'' which would have 

produced a 3(T d e t e c t i o n , and the t o t a l o f 321000 events used i n t h i s analysis, 

the upper l i m i t on the pulsed signal s t r e n g t h may be set at 2.1%. This 

corresponds t o a time-averaged pulsed f l u x above 300 GeV of 1.0 x 10-1° s s - i . 

A f t e r s c a l i n g t o allow f o r the energy threshold of the Mk.3 telescope, t h i s 

l i m i t i s below the values reported by the Potchefstroom and JANZOS groups, 

which were a claimed d e t e c t i o n and upper l i m i t r e s p e c t i v e l y . 

6,5,2. Combination o f Data from Single Dark Moon I n t e r v a l s 

6.5.2.1. Incoherent Combinations of the Data 

Since the e f f e c t i v e d u r a t i o n of an incoherently merged dataset i s s i m i l a r 

t o t h a t of a s i n g l e n i g h t , the independent sampling i n t e r v a l remained at s;2 
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TABLE 6 .4 - Contemporary Cen X-3 pulse periods 

Month of Observation Period (ms) 

1987 -
- January 
February 
Apri 1 

• May 

4823.0 

1988 -
- January 
February 
May 
June 4822.5 

1989 - January 
• March 

1989 -
• A p r i l 
May 
June 4822.0 

1990 - January 
• February 

1990 May 4821.5 

1991 January 4820.5 

1991 - February 
March 

4820.0 

1992 -
- February 
March 

- May 
4818.0 
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ms, and thus the same sampling range i n period could be used as t h a t f o r a 

s i n g l e n i g h t . The use of a short-term period d e r i v a t i v e was not required. A l l 

of the 16 dark moon i n t e r v a l s c o n s i s t i n g of 3 or more nights were merged i n 

t h i s way. Only two datasets, the 8 nights recorded i n 1988 January and the 13 

nig h t s of data from 1991 March, showed evidence f o r a pulsed gamma ray signal 

at the expected period, w i t h raw chance p r o b a b i l i t i e s o f 7 x 10"* and 4 x 10"^ 

re s p e c t i v e l y . These f i g u r e s increased t o 3 x IO-2 and 2 x 10"'' a f t e r allowing 

f o r degrees of freedom used (3 f o r oversampling and 16 f o r the number of 

i n t e r v a l s t e s t e d ) . 

Since the 1988 January data were recorded i n the chopping mode, the o f f -

source data were also test e d f o r u n i f o r m i t y o f phase. No evidence f o r a signal 

a t the pulsar period was found. The on-source channel recorded 0.6% more 

events than the off-source channel though the s i g n i f i c a n c e of t h i s excess was 

only 1.3a (42624 events on-source compared w i t h 42359 o f f - s o u r c e ) . 

6.5.2.2. Coherent Combinations 

For a coherent combination of a number of observations, the length of the 

independent sampling i n t e r v a l i n period becomes much shorter than t h a t f o r a 

s i n g l e observation (see Chapter 4 ) . A strong p e r i o d i c signal w i l l be revealed 

w i t h minimal a l i a s i n g due t o the 24-hour p e r i o d i c i t y i n the data. A l l of the 

coherently merged datasets were t h e r e f o r e analysed over a preset period range 

1 ms e i t h e r side of the contemporary X-ray pulse period. 

The pulsar period d e r i v a t i v e must be used t o corre c t f o r the accumulated 

pulse phase d i f f e r e n c e induced when merging times recorded over a timespan of 

s;10 days. Up t o 1990, the period d e r i v a t i v e used was the lower value of 

-8 X lO"''^ ss"'', but as prescribed by contemporary s a t e l l i t e observations the 

more rapid rate of -4 x IO-11 s s - i was used f o r 1990 and 1991 data. By 1992, 

the BATSE instrument was producing a near continuous contemporary record of 

the pulsar period h i s t o r y and appropriate values of the period d e r i v a t i v e were 

used; -2 x lO-^o ss-^ f o r 1992 February and +7 x lO-^^ ss-^ f o r 1992 May 
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(Finger e t a1., 1992). 

The data from two dark moon i n t e r v a l s were found t o show some evidence 

f o r a pulsed s i g n a l at the expected pulsar period; 1987 May and 1991 March as 

shown i n Table 6.5 and Figures 6.8a,b. Both datasets included one of the 

strong observations l i s t e d i n Table 6.3 which w i l l obviously r e i n f o r c e any 

weaker p e r s i s t e n t s i g n a l . A f t e r c o r r e c t i o n f o r the degrees of freedom used i n 

the Rayleigh t e s t (5 f o r oversampling i n t r i a l period and 16 f o r the number of 

datasets t e s t e d ) n e i t h e r month gave a r e s u l t s i g n i f i c a n t at the 3cr l e v e l . The 

dataset of 1987 May enabled the placing of an upper l i m i t on the photon f l u x 

of 7.5 X 10-1° cm-2s-i above 300 GeV. For the smaller dataset of 1991 March 

the upper l i m i t was 1.4 x ^0-'^° cm-̂ s"'' at photon energies above 300 GeV. 

One p o i n t t o note about the r e s u l t f o r 1991 March i s t h a t when the 

i n i t i a l a n alysis was made, i n mid-1991, the signal discovered was at a period 

too short (4820.8 ms) t o be consistent w i t h the X-ray s a t e l l i t e measurements 

then being used t o define the expected pulsar period. However, contemporary 

20-60 keV observations l a t e r reported by the Compton Observatory BATSE group 

(Finger e t a l , 1992) revealed the pulsar t o be spinning up r a p i d l y once more. 

The pulsar period was shown t o be v a r i a b l e about a value of 4820.0 ms in mid-

1991. Despite the low s i g n i f i c a n c e of the TeV gamma ray r e s u l t reported here, 

t h i s could be viewed as independent confirmation of the pulsar's behaviour. 

Although t h i s was the best evidence f o r emission from any of the datasets, i t 

d i d not appear t o coincide w i t h the renewed spin-up of the pulsar, which began 

in l a t e 1989. The observations made i n 1990, 1991 pre-March and 1992 show no 

s i g n i f i c a n t p e r i o d i c emission. 

6.5,3. Combination o f Data Grouped by O r b i t a l Phase 

6,5.3,1. D i v i s i o n i n t o 10 Phase I n t e r v a l s 

The 109 observations of Cen X-3 were spread randomly throughout the 2.1 

day binary cycle. V i r t u a l l y 100% o r b i t a l phase coverage was achieved since a 

t y p i c a l observation l a s t i n g JS3 hours covered a range of s;0.06 in phase. With a 

database of t h i s nature i t was possible t o search f o r o r b i t a l phase 
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TABLE 6.5 - Coherent combinations o f data showing evidence 
f o r non-uniformity of phase 

Observation 
Month 

Chance P r o b a b i l i t y 
[ raw ( c o r r e c t e d ) ] 

Signal 
Strength 

P* 
(ms) 

1987 May 

1991 March 

9.9 x lO-" (7.9 X 10-2) 

1.6 X 10-* (1.3 X 10-2) 

1.2 % 

2.6 % 

4822.7 ± 0.3 

4820.8 ± 0.3 
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Figure 6.8a : Rayleigh probability versus trial period for a coherent 
combination of the 13 Mk.3 telescope observations of Cen X-3 
recorded during 1987 May. 
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Figure 6.8b : Rayleigh probabihty versus trial period for a coherent 
combination of the 12 Mk.3 telescope observations of Cen X-3 
recorded dxiring 1991 March. 



dependence, as i s o f t e n seen at X-ray energies, i n any gamma-ray emission. 

The data were d i v i d e d i n t o sections corresponding t o 10% of the o r b i t , 

i . e . beginning w i t h phases 0 . 0 5 t o 0 . 1 4 , 0 . 1 5 t o 0 . 2 4 , and so on, ending w i t h 

0 . 9 5 t o 0 . 0 4 ( w i t h respect t o phase 0 . 0 0 at the time of mid-eclipse of the X-

ray source). Each observation was assigned an o r b i t a l phase corresponding t o 

the midpoint time of the observation, as given i n Table 6 . 2 . The number of 

datasets i n a given phase bin vari e d between 7 and 2 2 . This was p a r t l y due t o 

some t a r g e t t i n g of nights when the pulsar was near the ascending node of i t s 

o r b i t , a f t e r the ni g h t of 1987 May 22 ( a t o r b i t a l phase 0 . 7 8 ) was o r i g i n a l l y 

found t o show some evidence of TeV emission. 

Since the data i n any given phase bin were spread over several years, the 

change i n pulsar period during t h i s i n t e r v a l had t o be allowed f o r . As before, 

t h i s was done by determining the appropriate contemporary period Px f o r each 

observation t o w i t h i n 0 . 5 ms. The combined p r o b a b i l i t i e s were calculated over 

a constant matrix of periods at 0 . 5 ms i n t e r v a l s w i t h Px taken as the o r i g i n . 

A l l 10 segments were analysed i n t h i s way, and one was found t o show evidence 

f o r a strong p e r i o d i c si g n a l - 0 . 7 5 t o 0 . 8 4 , as shown in Table 6.6a and Figure 

6 . 9 . Two of the three observations previously i d e n t i f i e d i n Table 6 .3 were 

contained i n t h i s phase b i n ; 1987 May 22 at phase 0 . 7 8 and 1988 January 21 at 

phase 0 . 8 1 . A f t e r c o r r e c t i o n f o r the degrees of freedom used i n the search, 3 

f o r oversampling and 10 f o r the number of segments t e s t e d , the p r o b a b i l i t y of 

t h i s e f f e c t o c c u r r i n g by chance was 1.6 x lO-^, i . e . marginally less 

s i g n i f i c a n t than a 3cr d e t e c t i o n . The r e s u l t a n t 3CT upper l i m i t which can be 

placed on the long term photon f l u x i n t h i s phase i n t e r v a l i s 1 .2 x 

1 0 - c m - 2 s - i above 300 GeV. 

6.5.3.2. Further Study o f Optimum Emission Phase 

To t e s t f o r f u r t h e r l o c a l i s a t i o n i n the optimal phase of the emission, 

s u b d i v i s i o n s of width 0 . 0 5 and stepped by 0 . 0 1 were selected from the phase 

bin 0 . 7 5 - 0 . 8 4 . Two of these subdivisions were found t o show stronger signals 
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TABLE 6.6a - Tests f o r u n i f o r m i t y o f phase i n the 
grouped by o r b i t a l phase 

data 

Range of 
Phases 

Chance P r o b a b i l i t y 
[ raw ( c o r r e c t e d ) ] 

Number of 
Observations 

Events 
Recorded 

0.05-0.14 4. 2 X 10-1 (1.0) 12 34 342 

0.15-0.24 2, 7 X 10-2 (8.1 X 10-1) 9 25 190 

0.25-0.34 3. 6 X 10-2 (1.0) 11 31 787 

0.35-0.44 1. 9 X 10- (1.0) 8 22 075 

0.45-0.54 3. 2 X l o - i (1.0) 8 20 089 

0.55-0.64 3. 4 X 10-2 (1.0) 8 22 930 

0.65-0.74 2. 6 X l o - i (1.0) 15 48 942 

0.75-0.84 5. 3 X 10-5 (1.6 X 10-3) 22 77 620 

0.85-0,94 2. 4 X 10-1 (1.0) 7 16 918 

0.95-0.04 1. 2 X 10- (1.0) 9 21 140 

TABLE 6.6b - Subdivision o f data a t ascending node 

O r b i t a l Phase 
Range 

Chance Probabi1ity 
[ raw ( c o r r e c t e d ) ] 

Number of 
Observations 

0,76-0.80 1.3 X 10-3 (2.0 X 10-1) 15 

0.77-0.81 4.1 X 10-6 (6.3 X 10-1) 15 

0.78-0,82 1.8 X 10-5 (2.7 X 10-3) 15 

0.79-0.83 5.3 X 10-4 (8.0 X 10-2) 12 

0.80-0,84 1.6 X 10-1 (2.4 X 10-2) 11 





than any other (see Table 6.6b) and the presence of s i n g l e observations 

showing evidence f o r a strong signal i n these smaller bins was checked. 

The strongest phase i n t e r v a l s were 0.77-0.81 and 0.78-0.82, which both 

contained two of the strong observations from Table 6.3, 1987 May 22 and 1988 

January 21. Each segment contained 15 nights in t o t a l , so the loss of one 

strong observation from the s e l e c t i o n s had a l i m i t e d e f f e c t , and several other 

s e l e c t i o n s also showed a lesser p e r i o d i c s i g n a l . The phase bin 0.77-0.81 

showed a pulsed si g n a l at the expected period w i t h a chance p r o b a b i l i t y of 

6.3 x 10"'* a f t e r c o r r e c t i o n f o r a l l degrees of freedom (3 f o r oversampling i n 

t r i a l p eriod, 10 f o r i d e n t i f y i n g the optimal phase segment and 5 f o r the 

s u b d i v i s i o n w i t h i n t h i s i n t e r v a l ) as shown i n Figure 6.10. This corresponds t o 

a pulsed si g n a l s t r e n g t h of 2.9% w i t h i n t h i s i n t e r v a l , and a photon f l u x above 

300 GeV of 1.4 x 10"•'° cm-2s-''. At a distance of 8 kpc, the gamma ray f l u x 

from Cen X-3 i s 4.1 x 10^5 erg s-i i n t h i s optimum phase region. This r e s u l t , 

using data selected from the complete updated catalogue of observations from 

1987-1992, confirms the optimum phase i n t e r v a l i d e n t i f i e d at an e a r l i e r stage 

i n the Durham observations of Cen X-3 reported by Carraminana et a l . , (1989a). 

This r e s u l t i s compared w i t h those from other observations at TeV energies in 

the spectrum of Cen X-3 given i n Figure 6.11. 

6.6, Testing f o r Displacement o f a TeV Gamma Ray Production S i t e 

6,6.1. Determination o f Sampling I n t e r v a l s 

Pulsed TeV gamma-ray emission from a high mass X-ray binary would be 

expected t o show the same p e r i o d i c i t y as the X-ray emission, i n t h a t both 

would be produced by processes associated w i t h the r a p i d l y r o t a t i n g compact 

ob j e c t . However, both need not necessarily a r i s e from i d e n t i c a l points in the 

system (as discussed i n Chapter 9) and i f the physical o r i g i n s of each are 

s u f f i c i e n t l y separated then c o r r e c t i n g f o r o r b i t a l motion using the X-ray 

ephemeris may be erroneous when searching f o r pulsed gamma-ray emission. The 

a p p l i c a t i o n of the o r b i t a l searching technique described in Chapter 4 i s 
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required. The independent sampling i n t e r v a l s i n the two o r b i t a l parameters 

used, asin? and e c l i p s e epoch, vary w i t h o r b i t a l phase f o r any given system 

(Mannings, 1990). I n the case of a 5-hour observation of Cen X-3, these 

i n t e r v a l s minimise at ^20% f o r asin? at the nodes, and ^3% f o r epoch s h i f t at 

conjunction. Both of these values represent a distance of x8 I s , s i m i l a r t o 

the size of the Roche lobe of the neutron s t a r . Such a search i s therefore of 

marginal importance f o r the analysis of data from a s i n g l e observation. For 

datasets merged so as t o r e t a i n phase info r m a t i o n , these i n t e r v a l s are reduced 

and the o r b i t a l parameter search i s a valuable and necessary t o o l . 

6.6.2. Analysis o f I n d i v i d u a l Observations 

For i n d i v i d u a l observations, the sampling i n t e r v a l s i n the o r b i t a l 

parameters are large and the simplest technique i s the method of f a c t o r i s i n g 

the time c o r r e c t i o n s when using a s i n g l e well-known t r i a l period. This routine 

was developed f o r c a r r y i n g out d e t a i l e d searches f o r favoured emission s i t e s 

i n close b i n a r i e s c o n t a i n i n g a m i l l i s e c o n d pulsar, but i s also a useful 

i l l u s t r a t i v e t o o l f o r a l a r g e r , slower binary such as Cen X-3. 

Therefore, t h i s technique was applied t o each of the observations l i s t e d 

i n Table 6.3 which showed evidence f o r p e r i o d i c i t y . A l l 3 were at one or other 

of the nodes of the o r b i t so t h a t the s e n s i t i v i t y i n asin? was much greater 

than t h a t f o r any epoch s h i f t . The r e s u l t s are shown i n Figure 6.12, and 

demonstrate t h a t f o r each dataset, the neutron s t a r p o s i t i o n i s superimposed 

on a band of low values of the p r o b a b i l i t y of u n i f o r m i t y of phase at the t r i a l 

p e riod. Most i n t e r e s t i n g l y , i n each case the lowest chance p r o b a b i l i t i e s are 

seen t o occur i n a short range of epoch s h i f t s , corresponding t o a s i n g l e 

sampling i n t e r v a l , at a p o s i t i o n t r a i l i n g the neutron s t a r i n i t s o r b i t . This 

suggests t h a t emission i s most l i k e l y t o occur when the accretion wake i s 

aligned i n the l i n e of s i g h t t o the observer. In section 6.4.4 a s i m i l a r 

conclusion was reached, although the s p a t i a l l y resolved data given here lend 

much f i r m e r support, and c l a r i f y the physical s i t u a t i o n . 
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Figure 6.12 : Orbital searching 
applied to the Cen X-3 data from 
the three observations showing 
strongest evidence for a pulsed 
signal (Table 6.3). The grey 
scale on the left shows the 
threshold chance probability 
in each interval. The crosshair 
axes show the values of a sin/ 
in light seconds. 

The size of the primary star is 
indicated by the black circle at 
the centre of each diagram, and 
the neutron star's Roche lobe by 
the smaller black circle placed at 
the appropriate orbital phase. 
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6.6.3. Analysis o f Combined Datasets 

6.6.3.1. I n d i v i d u a l Dark Moon I n t e r v a l s 

The data from observations i n each s i n g l e dark moon i n t e r v a l were 

combined coherently, r e t a i n i n g r e l a t i v e pulse phase information, and analysed 

f o r p e r i o d i c i t y over a f i x e d range of the two o r b i t a l parameters used. The 

range i n a s i n / was from 30 t o 50 l i g h t seconds, w i t h a step size of 2 I s , and 

the epoch of mid-eclipse was va r i e d by 25% of the o r b i t a l period, stepped by 

5%, e i t h e r side of the ephemeris value. For s i m p l i c i t y , these ranges and step 

sizes were used f o r each of the datasets, regardless of the exact phase of the 

observations. The range of periods used f o r t e s t i n g f o r p e r i o d i c i t y was e i t h e r 

0.5 or 1.0 ms e i t h e r side of the approximate contemporary X-ray value f o r each 

month, depending on the e f f e c t i v e d u r a t i o n of the dataset. For 1987 January, 

the range was 4822-4824 ms, and t h i s decreased t o 4817-4819 ms by 1992 

February. The pulsar period d e r i v a t i v e s used were as f o r the t e s t s d e t a i l e d i n 

se c t i o n 6.5.2.2.. 

The r e s u l t s were p l o t t e d as contours j o i n i n g l e v e l s of equal chance 

p r o b a b i l i t y of u n i f o r m i t y of phase at the t r i a l period. The months showing the 

most s i g n i f i c a n t p e r i o d i c s i g n a l s (defined as having a raw chance p r o b a b i l i t y 

<10-") are given i n Table 6.7a, along w i t h the approximate o r b i t a l p o s i t i o n at 

which the relevant minimum occurred (N.B, the X-ray ephemeris p o s i t i o n of the 

neutron s t a r corresponds t o a s i n / = 39.6 I s and epoch s h i f t = 0.0%). The 

contour p l o t s are shown i n Figures 6.13a-d. The degrees of freedom used were 5 

f o r oversampling i n t r i a l p eriod, 16 f o r the number of datasets tested and s:50 

in o r b i t a l sampling. As a r e s u l t , none of the datasets analysed here provided 

evidence f o r p e r i o d i c emission at the 3CT l e v e l . 

On the basis of t h i s small sample of datasets, conclusions drawn about 

any o f f s e t i n the sources of the X-ray and gamma ray emission can only be 

t e n t a t i v e . The less s e n s i t i v e parameter was asin 7 and no p r e f e r e n t i a l values 

were found. However, the favouring of an epoch s h i f t of between -10% and -20% 

suggested a genuine e f f e c t and implied t h a t the s i t e of gamma-ray production 
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TABLE 6.7a - A p p l i c a t i o n o f o r b i t a l searching t o the 
coherent combinations o f data from w i t h i n 
i n d i v i d u a l dark moon i n t e r v a l s 

Observing Raw Chance a s i n 7 Epoch No. of 
Month Probabi1ity ( I s ) S h i f t Nights 

1987 January 10- > p > 10-"- 5 «44 s;-20% 10 

1988 January 10- 5 > p > 10-6-5 «37-48 s:-10% 8 

1989 A p r i l 10- * > p > 10-*•5 «38 «-15% 8 

1991 March 10- "•5 > p > 10-5 »:46 «-15% 12 

TABLE 6.7b - D i v i s i o n o f data from i n d i v i d u a l dark moon 
i n t e r v a l s 

Observing 
Month 

Raw Chance 
Probabi1ity 

asin 7 
( I s ) 

Epoch 
S h i f t 

No. of 
Nights 

O r b i t a l 
Phase 

1987 May < 10-4 3 9 - 4 2 s;0% 6 / 1 3 3 0 . 6 2 - 0 . 8 3 

1988 January < 10-5 3 8 - 5 0 ~ - 1 0 % 4 / 8 a 0 . 6 9 - 0 . 8 9 

1989 A p r i l < 10-4 4 1 - 4 3 « -15% 4 / 8 a 0 . 9 6 - 0 . 0 6 

1991 March j 
< 10-5 

< 1 0 - " - 5 

3 1 - 3 9 

3 8 - 4 6 

R:0% 

«-15% 

6 / 1 2 a 

a 

0 . 1 4 - 0 . 4 0 

[ a - Number of ni g h t s i s given as number s e l e c t e d / t o t a l number] 
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t r a i l s the neutron s t a r i n i t s o r b i t , consistent w i t h an o r i g i n i n an 

ac c r e t i o n wake. 

6.6.3.2. Dark Moon I n t e r v a l s Divided by O r b i t a l Phase 

Since the o r b i t a l period of Cen X-3 i s 2.09 days, each dark moon 

i n t e r v a l , spanning «10 days on average, sampled opposing sides of the o r b i t . 

By s e l e c t i n g a l t e r n a t e n i g h t s only ( i f an observation was made) two datasets 

each covering an o r b i t a l phase range of =0.2 were formed f o r each dark moon 

i n t e r v a l . I f the s t r e n g t h of the signal was r e l a t e d t o the o r b i t a l phase, as 

has been suggested already, then one of each p a i r of datasets might have been 

expected t o d i s p l a y more s i g n i f i c a n t p e r i o d i c i t y than i t s counterpart. In t h i s 

o r b i t a l searching a n a l y s i s , two opposing sides of the o r b i t may be d i r e c t l y 

compared because the independent sampling i n t e r v a l s i n the parameters w i l l be 

i d e n t i c a l f o r both. 

The subsets of each dark moon i n t e r v a l were combined w i t h phase coherence 

and analysed using the o r b i t a l searching technique described previously. 

Although most of the datasets displayed some asymmetry i n the r e s u l t s from 

e i t h e r side of the o r b i t , only f o u r showed weak evidence f o r a peri o d i c signal 

i n one or the other (see Table 6.7b and Figures 6.14a-d). The peri o d i c signal 

i n the data from 1987 May, one of the dark moon i n t e r v a l s i d e n t i f i e d i n the 

anal y s i s made without o r b i t a l searching, was demonstrated t o show clear 

o r b i t a l phase dependence. The data recorded i n 1991 March displayed weak 

evidence f o r p e r i o d i c i t y a t two d i s t i n c t p o s i t i o n s , separated by only one 

sampling i n t e r v a l i n both phase and asin/. 

I n the s i m i l a r a n a l y s i s of data from the complete dark moon i n t e r v a l s , i t 

was noted t h a t an epoch s h i f t of ==-20% was preferred. I t might therefore have 

been expected t h a t d i v i d i n g the months according t o o r b i t a l phase would reduce 

any " i n t e r f e r e n c e " between the opposing sides of the o r b i t and confirm more 

c l e a r l y the s h i f t already i d e n t i f i e d . I n f a c t , despite the preference f o r a 

s i n g l e region of the o r b i t , the r e s u l t s from both 1987 May and the lower of 

110 



2 
u. 3 _C 
O 

o 

I 

D 
IT) OS 
OS 

1; 
£̂  
=! 
o 
V X 

o 

35 X 
© 

o 

a 
"3 

«5 
•si o 

3 

5 X C5 

1 

I 
00 

o o 

I .so 

bo's T 

2 .OO 
7. 

3 



00" z 

lA 00-2 

3 .00 

2.00 

< 

00 • e. 3 .00 
00- z 

.5 
3̂ 



p r o b a b i l i t y minima from 1991 March were consistent w i t h no epoch s h i f t being 

required t o recover a p e r i o d i c s i g n a l . The other r e s u l t s , i n c l u d i n g the weaker 

of the two minima seen i n 1991 March, l e n t support t o the o r i g i n at a p o s i t i o n 

t r a i l i n g the neutron s t a r i n i t s o r b i t , but none were more than one sampling 

i n t e r v a l from a zero s h i f t . The negative epoch s h i f t (and hence possible 

a c c r e t i o n wake o r i g i n ) could not t h e r e f o r e be confirmed, although i t was 

notable t h a t no anomalous p o s i t i v e s h i f t was seen i n any of the r e s u l t s . 

As f o r the displacements i n asin/, i t was possible t o d i r e c t l y determine 

the independent sampling i n t e r v a l i n t h i s parameter from the p r o b a b i l i t y 

contour p l o t s . This was found t o be s;5 Is f o r the observations at the nodes of 

the o r b i t and even l a r g e r f o r the 1989 A p r i l observations made near eclipse. 

Hence, as i s c l e a r from Table 6.7b, a l l of the weak signals found here were 

j u s t c o n s i stent w i t h an o r i g i n at the radius of the o r b i t of the X-ray source, 

where a s i n / i s 39.6 I s . 

The actual s i z e of the a c c r e t i o n disc i s believed t o be less than 10 Is 

(see s e c t i o n 6.1.6) but the presence of streams of gas i n the system i s 

i n f e r r e d from the observations of i n t e n s i t y dips. The actual dimensions of 

these streams are very uncertain but they would t r a i l the neutron s t a r i n i t s 

o r b i t and could c e r t a i n l y e x p l a i n the s p a t i a l l y resolved r e s u l t s reported 

here. 

6.6.4. O r b i t a l Searching i n the Optimum Phase I n t e r v a l 

The phase i n t e r v a l 0.77-0.81 has been shown i n section 6.5.3.2 and i n the 

previous Durham analyses t o be the region of the o r b i t where the pulsed TeV 

gamma ray emission i s most s i g n i f i c a n t . Here f o r the f i r s t time the o r b i t a l 

searching technique has been applied i n a search f o r a displacement of the 

emission s i t e from the X-ray source. The 15 observations were combined 

incohe r e n t l y by applying the Rayleigh t e s t at a s i n g l e t r i a l period only, i . e . 

the contemporary X-ray period (from Table 6.4), and over the range of 25-55 Is 

i n a s i n / and -20% t o +15% i n epoch s h i f t . The t e s t at only the X-ray period 

allows greatest s e n s i t i v i t y of the o r b i t a l searching technique t o any period 
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s h i f t induced by a p h y s i c a l l y displaced gamma ray emission region. Since the 

data were recorded at the ascending node and the average length of each 

dataset was 3.3 hours, the sampling i n t e r v a l i n asin? was =10 Is and t h a t i n 

epoch s h i f t «10%. These estimates suggest t h a t 3 t r i a l i n t e r v a l s were sampled 

i n each parameter. 

The r e s u l t a n t set of p r o b a b i l i t y contours i s shown i n Figure 6.15, w i t h 

the approximate extent of the accretion disc superimposed. The strongest 

evidence f o r pulsed emission i s seen t o correspond t o a p o s i t i o n at the edge 

of the a c c r e t i o n disc t r a i l i n g the neutron s t a r , i . e . where the gas stream 

from the primary would be expected t o flow i n t o the disc. The minimum 

uncorrected chance p r o b a b i l i t y i s 5.6 x 10"^, which i s increased t o 2.5 x 10"^ 

a f t e r allowance f o r a l l degrees of freedom (50 f o r i d e n t i f y i n g the phase 

i n t e r v a l , and 9 f o r the number of s p a t i a l sampling i n t e r v a l s ) . The degrees of 

freedom introduced by the o r b i t a l sampling th e r e f o r e reduce the s i g n i f i c a n c e 

of the displacement of the TeV gamma ray emission s i t e t o below the 3cr l e v e l . 

Although the apparent l o c a t i o n of the gamma ray source i s w i t h i n the sampling 

i n t e r v a l o f the X-ray ephemeris p o s i t i o n , the strength of the signal suggests 

t h a t t h i s may be a genuine displacement. 

6.6.5. Combination o f Data Recorded i n a Single Year 

Having selected groups of observations taken over several years on the 

basis of o r b i t a l phase, data from each calendar year was also combined 

incohe r e n t l y . The change i n period w i t h i n each year ( a c t u a l l y 5-6 months owing 

t o the duty cycle of the observations) was obviously much less than t h a t 

accumulated over several years. The change was s t i l l large enough t o make 

combination as a s i n g l e dataset meaningless without more precise knowledge of 

the contemporary pulsar period d e r i v a t i v e . Merging without the use of r e l a t i v e 

pulse phase infor m a t i o n meant t h a t the independent sampling i n t e r v a l i n period 

was large enough t o envelop the f u l l period s h i f t which would occur i n 5-6 

months. 
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The data recorded i n each year were tested f o r u n i f o r m i t y of phase over 

the t r i a l period range 4815-4825 ms and the ranges of o r b i t a l parameters used 

were as f o r the datasets grouped by o r b i t a l phase, i . e . 20-60 I s i n asin? and 

±50% i n epoch s h i f t . 

The best r e s u l t came from the 1987 data, which showed an uncorrected 

chance p r o b a b i l i t y minimum of =10-* at asin? «48 I s and an epoch s h i f t of 

5%, as shown i n Figure 6.16. The large number of degrees of freedom used does 

not provide evidence f o r a signal below the 3a l e v e l . Since h a l f of the 1987 

observations were made i n May of t h a t year, which has already been noted as 

being one of two datasets showing weak evidence f o r pulsed emission without 

the use of o r b i t a l searching, the data from 1987 was also s p l i t i n t o two; the 

group recorded i n 1987 May and a l l other data recorded i n t h a t year. An 

uncorrected p r o b a b i l i t y minimum of sjIO"" was found i n the 1987 May data at the 

same p o s i t i o n as t h a t f o r the whole year. No peak was found at the same 

p o s i t i o n i n the remainder of the year's data, which suggested t h a t emission 

from t h i s o b j e c t was not p e r s i s t e n t on a timescale of more than a month i n 

1987. 

6.7. Recent Observations 

TeV gamma ray observations of Cen X-3 from Narrabri have continued i n 

1993. The aim of the observing programme was t o concentrate on recording data 

at the nodes of the o r b i t , as these o r b i t a l phases have provided the best 

evidence f o r pulsed TeV gamma ray emission i n the past. I n 1993 March, the 

Mk.3 telescope was used t o make 5 observations of Cen X-3 under conditions 

s u i t a b l e f o r p e r i o d i c a n a l y s i s . Four of the observations were made near the 

ascending node and the other a t the descending node. The s e l e c t i o n used f o r 

the Mk.3 telescope data was the requirement of a centre-channel response only, 

which l e f t 15700 events f o r an a l y s i s . The appropriate period f o r study was 

judged from an e x t r a p o l a t i o n of the recent pulse period h i s t o r y t o be 

4817.5 ms. No p e r i o d i c s i g n a l was i d e n t i f i e d , and the 3CT f l u x l i m i t was 1.1 x 
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10-10 cm-^s-i above 300 GeV. 

Data were also recorded i n 1993 March using the Mk.5 telescope and the 

imaging c a p a b i l i t y o f t h i s instrument may provide valuable r e s u l t s on Cen X-3 

i n the f u t u r e . The r e s u l t s of these observations w i l l be presented elsewhere. 

6.8. Conclusions 

The aims of t h i s study were t o e s t a b l i s h the emission of TeV gamma rays 

from Centaurus X-3, and i n p a r t i c u l a r whether any emission was confined t o a 

p a r t i c u l a r phase of the o r b i t , or s p a t i a l p o s i t i o n i n the binary system. The 

c l e a r e s t r e s u l t came from the combination of the e n t i r e dataset w i t h use of 

knowledge o f the contemporary X-ray period. The study of the f u l l dataset 

y i e l d e d evidence f o r a p e r i o d i c signal marginally below the level of a genuine 

3cr d e t e c t i o n . D i v i s i o n of the data confirmed t h a t the strongest evidence f o r 

gamma ray emission pulsed a t the X-ray period arose from the subset of data 

recorded i n the phase i n t e r v a l 0.77-0.81. 

Of the i n d i v i d u a l observations, only three were found t o display weak 

evidence o f a si g n a l at the c o r r e c t period and each was made at one or other 

o f the nodes of the o r b i t . The 1992 and 1993 data, analysed here f o r the f i r s t 

time, showed no evidence f o r a p e r i o d i c s i g n a l . I n the analysis of data from a 

dark moon i n t e r v a l combined without the use of phase information, 1987 May and 

1991 March were found t o give the best evidence f o r p e r i o d i c emission and on 

clo s e r examination, the m a j o r i t y of the signal was found t o ar i s e from a 

number of nig h t s recorded near one of the nodes of the o r b i t . 

The i n v e s t i g a t i o n t o search f o r a displacement between the s p a t i a l 

p o s i t i o n s of the o r i g i n s of X- and gamma-ray emission gave i n t e r e s t i n g 

r e s u l t s . Whilst the data from the i n d i v i d u a l dark moon i n t e r v a l s showed a 

preference f o r a TeV emission s i t e t r a i l i n g the X-ray emission by some 20% i n 

phase, i n d i c a t i v e of an o r i g i n i n the region of X-ray absorption, the most 

s i g n i f i c a n t r e s u l t from the phase i n t e r v a l 0.77-0.81 suggested a s i t e at the 

very edge of the ac c r e t i o n disc. 
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A number of the r e s u l t s given here have been only s l i g h t l y less 

s i g n i f i c a n t than the l e v e l required f o r a genuine 3a signal detection. This 

suggests t h a t an improved detector system w i t h e i t h e r a lower threshold energy 

and/or a b e t t e r bac"kground r e j e c t i o n technique could produce a s i g n i f i c a n t 

d e t e c t i o n of pulsed emission. By simply e x t r a p o l a t i n g the cosmic ray 

background i n t e g r a l s p e c t r a l index of -1.6, the Durham Mk.6 telescope w i t h a 

thr e s h o l d of s:100 GeV w i l l produce a 600% increase i n count rate over the 300 

GeV th r e s h o l d Mk.3 telescope ( f o r Cen X-3 observations) w i t h l i m i t e d 

background r e j e c t i o n (see Chapter 9). A d d i t i o n a l l y , the proportion of photons 

recorded should increase at the lower threshold energy (Weekes and Turver, 

1977). The 2.1% upper l i m i t on the p e r s i s t e n t f l u x given here could be lowered 

and perhaps a p o s i t i v e s i g n a l d e t e c t i o n achieved w i t h i n a si n g l e dark moon 

i n t e r v a l producing a f u l l dataset of several x 10^ events. A l t e r n a t i v e l y , a 

s i m i l a r improvement could be gained by increasing the gamma ray t o proton 

r a t i o i n the dataset using e f f e c t i v e r e j e c t i o n techniques. This should be 

achievable w i t h the Mk.3a and Mk.5a telescopes operating as a stereo p a i r and 

the Mk.6 i n imaging mode (see Chapter 10). 

Allowing f o r the sampling i n t e r v a l s used i n the s p a t i a l l y resolved 

a n a l y s i s , the r e s u l t s are consistent w i t h an o r i g i n i n the material causing 

the X-ray absorption dips. This i s s t r o n g l y supported by the evidence t h a t the 

ascending node i s the most region f o r gamma ray emission. The models of TeV 

gamma ray production i n an X-ray binary are discussed i n Chapter 9. A beam of 

charged p a r t i c l e s produced near the neutron s t a r could c o l l i d e w i t h the gas 

streams i n the system t o form neu t r a l pions which decay t o give a f l u x of TeV 

gamma rays. A balance must then be found between the ma t e r i a l i n the stream 

being s u f f i c i e n t l y dense t o account f o r the gamma ray production, but also 

tenuous enough t o allow the photons t o escape without terminal absorption. 

This also leaves the question o f a means of accelera t i o n of the p a r t i c l e s i n 

the v i c i n i t y o f the neutron s t a r . 
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CHAPTER 7 - TeV GAMMA RAY OBSERVATIONS OF VELA X-1 

7.1. Vela X-1 - A S t e l l a r Wind Accreting X-ray Binary 
7.1.1. The Vela X-1 Binary System 

The c e l e s t i a l X-ray source known as Vela X-1 (or 4U0900-40) was 

discovered as a r e s u l t o f a rocket-borne experiment i n 1966 (Chodil et a l . , 

1967b), During a survey of the g a l a c t i c plane i n the energy range 4-25 keV, a 

weak f l u x o f «0.2 photons cm-2 s"'' was detected from t h i s o b j ect. L i t t l e 

f u r t h e r i n f o r m a t i o n was gained u n t i l the valuable measurement of a 9 day 

p e r i o d i c i t y i n the v a r i a b l e X-ray f l u x recorded by the OSO-7 s a t e l l i t e (Ulmer 

e t a l . , 1972) which was ascribed t o o r b i t a l motion of the X-ray source. 

Further measurements by UHURU gave a more precise value f o r the o r b i t a l period 

o f 8.95 d (Forman et a l . , 1973), and showed t h a t i n a d d i t i o n t o the regular 

e c l i p s e s by a companion s t a r , the f l u x was also v a r i a b l e by a f a c t o r of «30 on 

timescales of a few hours. An accurate p o s i t i o n a l determination allowed an 

o p t i c a l counterpart t o be i d e n t i f i e d - the 80.5 l b supergiant HD77581. Radial 

v e l o c i t y measurements f o r t h i s s t a r confirmed t h a t the 8.95 d p e r i o d i c i t y was 

due t o o r b i t a l motion (V i d a l e t a l . , 1973), The next important step i n 

rev e a l i n g the nature of t h i s system was the discovery of X-ray pulsations w i t h 

a period o f 283 s i n observations made by the SAS-3 s a t e l l i t e (McClintock e t 

a l , , 1976), 

The X-ray l i g h t curve of t h i s slow pulsar has a double-peaked s t r u c t u r e , 

each peak o f s i m i l a r magnitude and separated by 0.5 i n phase. I t remains 

s i m i l a r i n observations made up t o hard X-ray energies of around 80 keV (see 

Figure 7,1), At energies below «20 keV, the two main peaks each decompose i n t o 

a p a i r o f sharp, asymmetric peaks (e.g. Raubenheimer, 1990), The s p l i t t i n g of 

each of these main peaks has been a t t r i b u t e d t o a cy c l o t r o n resonance i n a 

strong magnetic f i e l d o f 2-5 x 10^^ Q (Harding et a l . , 1984). To detect X-ray 

emission from both poles o f the pulsar, the angle between the spin axis of the 

neutron s t a r and the l i n e o f s i g h t must be >85°, and f o r the emission t o be so 
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s t r o n g l y modulated, a pulsed f r a c t i o n of 45-65% being reported by Staubert et 

al . ( 1 9 8 0 ) , the viewing angle must be near the magnetic axis ( R i f f e r t and 

Meszaros, 1988), The angle between the r o t a t i o n and magnetic axes of the 

neutron s t a r i s believed t o be >65"'. 

The knowledge gained from observations of the o p t i c a l counterpart allowed 

the d e r i v a t i o n of many o f the physical parameters of the system. The t y p i c a l 

X-ray l u m i n o s i t y of the source i s of the order of 10^6 erg s-S rather low f o r 

an X-ray binary suggesting a low rate of accr e t i o n of material onto the 

compact o b j e c t . The primary i s estimated t o have a mass of 20-25 Mo and a 

radius of s:30 Ro (Rappaport and Joss, 1983), The X-ray source i s almost 

c e r t a i n l y a neutron s t a r , i t s mass of 1.9 Mo placing i t among the more massive 

o b j e c t s o f i t s type. 

During e c l i p s e s of the X-ray source, the X-ray f l u x reduces t o below 10% 

of the normal amount and the pulsed f r a c t i o n decreases t o zero (Becker et 

al,,1978). The spectrum of the residual emission during an e c l i p s e i s the same 

as t h a t of the uneclipsed source, implying t h a t the X-rays seen at t h i s phase 

are scattered by the extended atmosphere and s t e l l a r wind of the primary, 

causing t h e i r p e r i o d i c modulation t o be l o s t . 

7.1.2. Pulsar Period Measurements 

Most a c c r e t i n g pulsars i n X-ray binary systems di s p l a y a long-term 

decrease i n t h e i r pulse period due t o the a d d i t i o n of angular momentum by 

ac c r e t i n g m a t e r i a l (see Chapter 5) . Although the exact rate of spin-up i s 

o f t e n v a r i a b l e , the general sense i s retained. Vela X-1 i s unusual i n t h a t 

w h i l s t f o r 5 years a f t e r the discovery of the pulsar i t s 283 s period 

g r a d u a l l y reduced, from 1979 onwards a steady and almost uninterrupted 

increase has been seen. This spin-down continues t o the present day, w i t h the 

pulsar now r o t a t i n g more slowly than at any time since i t s discovery (Lapshov 

e t a l . , 1992), 

The long-term h i s t o r y of the pulsar period i s shown i n Figure 7,2. The 
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f i r s t instance o f a spin down i n t e r v a l was s h o r t - l i v e d (Ogelman et a l . , 1977), 

at a rate of 2.4 x 10-^ ss-^. The current trend f o r a spin-down was f i r s t 

observed i n Hakucho measurements made i n 1980 (Nagase et a l . , 1981). Further 

observations using t h i s s a t e l l i t e revealed an i n t e r v a l l a s t i n g f o r «1 year 

where the pulse period remained nearly constant (Nagase et a l . , 1984a), before 

the spin-down resumed w i t h an average value of 1-2 x 10"9 ss~^. 

Of equal i n t e r e s t are the unpredictable rapid v a r i a t i o n s i n the spin 

p e r i o d , where the sign of the period d e r i v a t i v e has been observed t o reverse 

on timescales of only a few hours (e.g. Nagase e t a l . , 1984a; Boynton et a l . , 

1986). The maximum short-term period change has been as great as x lO-^ 

ss"'" (Van der K l i s and Bonnet-Bidaud, 1984). Such v a r i a t i o n s have been 

i n t e r p r e t e d as random walk behaviour (Boynton e t a l . , 1986) where a succession 

of unresolved p e r t u r b a t i o n s form a power spectrum of f l u c t u a t i o n s concentrated 

at low frequencies ( i . e . "red n o i s e " ) . Taking such f l u c t u a t i o n s i n t o account, 

Deeter et a l . (1987) produced an accurate X-ray ephemeris which i s used i n the 

present work. 

7.1 .3. I n t e n s i t y Dips and Spectral Measurements 

Vela X-1 shares w i t h many other b i n a r i e s the c h a r a c t e r i s t i c of dips i n 

i n t e n s i t y apparent i n the o r b i t a l phase l i g h t curve. Like the observations of 

varying spin-up and spin-down, these provide valuable evidence on the nature 

of a c c r e t i o n i n the system. Results from A r i e l - V (Eadie et a l . , 1975), 

Copernicus (Charles e t a l . , 1978) and OSO-8 (Becker e t a l . , 1978) showed t h a t 

these dips occurred predominantly between phases 0.6 and 0.8 and wandered i n 

phase between successive cycles. The Copernicus observations also demonstrated 

the hardening of the X-ray spectrum i n these dips, suggestive of p h o t o e l e c t r i c 

absorption. 

The m a t e r i a l causing these dips i s believed t o be par t of a gas stream 

which t r a i l s the neutron s t a r a f t e r f l o w i n g through the inner Lagrangian point 

(e.g. Molteni et a l . , 1982). This was confirmed by Tenma observations where 

absorption was found t o be an order of magnitude greater (5 x 10^3 H cm-2) at 
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the phase i n t e r v a l 0.6-0.8 than a t the phase i n t e r v a l 0.2-0.4 (Nagase et a l . , 

1984a). A c o r r e l a t i o n was found between the secular period change and the 

phase dependence of the X-ray spectrum as f i r s t noted by Hayakawa and Nagase 

(1982). 

A d e t a i l e d study of EXOSAT spe c t r a l measurements of Vela X-1 showed t h a t 

the underlying n e u t r a l absorption increased by a f a c t o r of 10 from phase 0.2 

t o 0.85 w i t h a base l e v e l o f 3 x 1022 H cm-2 (Haberl, 1989). A h i g h l y v a r i a b l e 

component was also found which repeatedly lasted 10s of minutes w i t h NH ~5 x 

1023 cm"2. I n t e r v a l s of greatest absorption were found t o l a s t f o r several 

hours and were not accompanied by an increase i n the scattered low energy 

component, suggesting an o r i g i n i n t e m p o r a r i l y stable m a t e r i a l near the 

neutron s t a r . These were held t o represent times where the flow of accreting 

m a t e r i a l t e m p o r a r i l y s e t t l e d i n t o a d i s c - l i k e p a t t e r n , where maximum spin-

up/down would be expected. Later observations using GRANAT (Lapshov et a l . , 

1992) revealed a 10 hour i n t e r v a l where the f l u x dropped t o only of the 

normal non-eclipsed value f o r about 10 hours. Rather than invoking a large 

absorber, w i t h the column density required t o be K^02* H cm-2, t ^ - j s d i p was 

a t t r i b u t e d t o a temporary decline i n the accretion r a t e associated w i t h a 

change i n the v e l o c i t y and den s i t y of the s t e l l a r wind. 

7.1.4. Accr e t i o n i n Vela X-1 

The long o r b i t a l period and wide separation of the components i n Vela X-1 

make i t a strong candidate f o r a system where the dominant acc r e t i o n o f 

ma t e r i a l i s from the s t e l l a r wind rather than Roche lobe overflow. However, 

the d e t a i l s o f the a c c r e t i o n process are uncertain i n view of the varying 

i n t e r v a l s o f spin-down and spin-up of the pulsar. 

The v e l o c i t y o f ma t e r i a l leaving the surface of the primary may be as low 

as 10 km s"'', based on Ginga r e s u l t s reported by Lewis e t a l . (1992), and 

im p l i e s , given the o r b i t a l v e l o c i t y o f a;275 km s'S t h a t the radius containing 

the densest parts of the atmosphere must be well w i t h i n the Roche lobe. 
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Although the primary does not f i l l i t s Roche lobe, s i g n i f i c a n t mass flow may 

s t i l l occur though the inner Lagrangian p o i n t , and hence account f o r the gas 

streams t r a i l i n g the neutron s t a r observed as i n t e n s i t y dips (Petterson , 

1978). The a c c r e t i o n r a t e i n f e r r e d from the average X-ray luminosity of a few 

X 1035 erg s"'' i s «4 x 10"^° Mo yr"'' i n d i c a t i n g t h a t only a small f r a c t i o n of 

the t o t a l mass outflow i s captured by the neutron s t a r . A stable accretion 

disc i s u n l i k e l y t o form but strong accretion torques must act on the neutron 

s t a r t o produce the r a p i d period changes discussed i n section 7.1.2. 

Matsuda, Inone and Sawada (1987) have successfully modelled the random 

walk behaviour of the pulsar period changes by p o s t u l a t i n g a " f l i p - f l o p " wind 

a c c r e t i o n flow onto the compact ob j e c t . I n t h i s p i c t u r e , a conical accretion 

shock or a retrograde r o t a t i n g disc may form f o r a short time depending on the 

sound speed and composition of m a t e r i a l at the surface of the primary. Given 

the lack of a c o r r e l a t i o n of spin change and X-ray luminosity, a change i n the 

sense of d i r e c t i o n of the a c c r e t i n g m a t e r i a l i s an a t t r a c t i v e p r o p o s i t i o n . 

(Nagase et a l , 1984a). For an a c c r e t i o n surface h i g h l y i n c l i n e d t o the o r b i t a l 

plane, as predicted f o r Vela X-1, Wang and Frank (1981) have shown t h a t spin-

up or spin-down may occur depending on whether the o r b i t a l v e l o c i t y of the 

neutron s t a r exceeds i t s l o c a l azimuthal v e l o c i t y w i t h respect t o the wind 

from the primary. Such changes could be induced by the frequent temporary 

enhancements i n mass-flow rate t y p i c a l o f a massive early - t y p e s t a r . 

Several observations have suggested t h a t the pulsar magnetic f i e l d i n 

Vela X-1 i s very high (>10^3 Q) i n c l u d i n g the c y c l o t r o n resonance i n the 

pulsed f r a c t i o n o f emission (Staubert e t a l . , 1980) and simulations of the 

pulse p r o f i l e s at low energies (e.g. Meszaros and Bonazzola, 1981). This 

implies t h a t the i n t e r a c t i o n of the magnetosphere w i t h the accreting material 

may be very important, as discussed by Borner et a l . (1987). Rather than 

angular momentum being t r a n s f e r r e d d i r e c t l y t o the neutron s t a r , changes occur 

due t o a disc formed around the closed magnetosphere near the radius of 

c o r o t a t i o n . The r e l a t i v e l y s t a b l e m a t e r i a l s i t u a t e d here may cause plasma 
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i n s t a b i l i t i e s leading t o blobs of matter separating and fl o w i n g t o the neutron 

s t a r surface. This model was used t o explain a t u r n - o f f of the X-ray source as 

well as an unusual f l a r e , both seen by the Tenma s a t e l l i t e . The t u r n - o f f of 

the X-ray emission seen by GRANAT (Lapshov et a l . , 1992) may also be ascribed 

t o t h i s phenomenon. 

7.2. Previous Observations o f TeV Gamma Rays from Vela X-1 

The f i r s t reported d e t e c t i o n o f TeV gamma rays from Vela X-1 was made by 

the Potchefstroom group (North e t a l . , 1987). Based on 11 observations i n 

1986, the 26 hour dataset showed evidence f o r p e r i o d i c i t y a t 282.80 s wi t h a 

chance p r o b a b i l i t y o f 7 x 10"* and a signal strength of 3.IX. This 

corresponded t o a photon f l u x o f (2.0 ± 0.4) x l O - i ^ cm-^s-^ above 1 TeV. No 

o r b i t a l modulation was observed, but a p e r i o d i c burst of gamma rays was 

discovered i n an observation made at o r b i t a l phase 0.91. This burst lasted f o r 

4 pulsar r o t a t i o n s w i t h the f i r s t peak reaching a leve l 5.7 standard 

d e v i a t i o n s above the l o c a l background (see Figure 7.3). Further analysis of 

t h i s observation revealed a 19 minute i n t e r v a l o f emission at the pulsar 

period where the pulsed s i g n a l s t r e n g t h was a 18% of the cosmic ray 

background. The period i d e n t i f i e d i n a l l observations was s i g n i f i c a n t l y 

s h o r t e r than the contemporary X-ray period and t h i s discrepancy was a t t r i b u t e d 

t o the TeV gamma ray production o c c u r r i n g where a charged p a r t i c l e beam 

i n t e r a c t e d w i t h the limb of the primary. The s h i f t i n the detected pulse 

period a t TeV energies was suggested t o a r i s e from the lower v e l o c i t y of t h i s 

emission s i t e w i t h respect t o the observer. 

Later observations by t h i s group showed evidence f o r the discovery of 5 

bursts l a s t i n g several pulsar r o t a t i o n s and spread between o r b i t a l phases 0.96 

and 0.29 (Raubenheimer et a l . , 1989). Steering of the charged p a r t i c l e beam 

mentioned above was required t o account f o r the observation of these bursts 

d u r i n g the X-ray e c l i p s e of the pulsar. A l a t e r study of a l l of the 

Potchefstroom data recorded between 1986 and 1990 found a signal strength of 
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Figure 7.3 : Count rate of the TeV gamma ray observation made by 
the Potchefstroom group on 1986 May 4. The dashed curve represents 
a fit to the data excluding the outburst. The vertical dashed lines 
correspond to the positions of predicted gamma ray minima. 
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(3.2 ± 0.4)% when the e n t i r e dataset was combined and tested f o r p e r i o d i c i t y 

at the X-ray value only (North e t a l . , 1991b). This represented a f l u x of 

6.6 X l O - ^ i cm-2s-'' above 1.1 TeV. Assuming a distance of 1.9 kpc t h i s gave a 

TeV gamma ray lu m i n o s i t y of (1.1 ± 0.2) x lO^" erg s"''. 

The Durham group confirmed the p e r s i s t e n t pulsed emission a f t e r analysis 

of three separate datasets recorded i n 1986, 1987 and 1988 (Carraminana et 

a l . , 1989b). A t o t a l o f 34 observations were made g i v i n g a t o t a l o f 103 hours 

of data. A p e r i o d i c i t y t e s t c a r r i e d out on the f u l l dataset revealed a pulsed 

s i g n a l c o n s istent w i t h the X-ray period a t a chance p r o b a b i l i t y of 1.1 x 10"*. 

The si g n a l s t r e n g t h was (1.0 ± 0.2) % of the background g i v i n g a f l u x of 

photons above 300 GeV of (6.6 ± 1.4) x l O - i ^ cm-2s-'' and a source luminosity 

o f (1.0 ±0.2) X 103" erg s-^. No strong p e r i o d i c e f f e c t s were noted i n any of 

the observations taken near the time of X-ray e c l i p s e i n c l u d i n g a search f o r a 

sig n a l at 283.1 s i n overlapping segments of data l a s t i n g f o r 2 or 5 pulsar 

r o t a t i o n s . The 1988 March-May data was recorded i n the "chopping" mode and 

revealed evidence f o r a d.c. excess of (1.2 ± 0.8) %, which was of s i m i l a r 

magnitude t o the pulsed si g n a l s t r e n g t h . 

No other convincing detections of Vela X-1 have been reported at TeV 

energies, w i t h upper l i m i t s f o r p e r s i s t e n t emission s i m i l a r t o the fl u x e s 

reported above being given by the JANZOS group ( A l l e n e t a l . , 1991) and the 

Adelaide group (Thornton e t a l . , 1991). Gamma rays w i t h energies greater than 

10^5 ev were reported t o have been detected from t h i s object using the 

Buckland Park a i r shower array (Protheroe, Clay and Gerhardy, 1984). The 

emission was found t o be modulated w i t h the o r b i t a l period, the most 

s i g n i f i c a n t e f f e c t o c c u r r i n g i n an o r b i t a l phase range 10% wide centred on 

phase 0.63. The time-averaged f l u x above 3 x lO^s eV was »^0-^^* cm-^s-'*. 

7.3. Recent TeV Gamma Ray Observations o f Vela X-1 

7.3.1. The 1991 February Durham Dataset 

Vela X-1 was observed on 8 occasions between 1991 February 12 and 22 
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using the Mk.3 and Mk.4 telescopes at Nar r a b r i . A summary of these 

observations i s given i n Table 7.1. I n t o t a l , 31.7 hours of data were 

recorded, w i t h weather co n d i t i o n s being good f o r a l l of the observations, and 

e x c e l l e n t f o r the f o u r e a r l i e s t . 

The a r r i v a l times of the recorded events were r o u t i n e l y adjusted t o the 

s o l a r system barycentre using the Earth ephemeris of Standish (1982), and t o 

the barycentre of the Vela X-1 binary system using the X-ray ephemeris of 

Deeter e t a l . (1987) given i n Table 7.2. A l l 8 of the observations were made 

simultaneously w i t h two telescopes, and t h e r e f o r e the records from each could 

be combined t o provide a large dataset f o r p e r i o d i c analysis. To avoid 

d u p l i c a t i o n of an event recorded by both telescopes ( i d e n t i f i e d by 

simultaneous a r r i v a l times at Mk.3 and Mk.4 telescopes accurate t o w i t h i n 

several ixs), the Mk.3 record only f o r "common" events was included i n the 

f i n a l data together w i t h a l l events seen independently i n e i t h e r telescope. 

The percentage of the t o t a l dataset due t o events recorded by both telescopes 

was found t o be 18 ± 2 %, a value which remained constant throughout. 

The combined data were then subjected t o the standard guard-ring 

s e l e c t i o n processes. Events recorded by e i t h e r telescope were accepted i f a 

response was seen i n the on-source channel alone. I n a d d i t i o n the events 

recorded by the Mk.3 telescope were f u r t h e r selected using a preset r e l a t i v e 

response t h r e s h o l d o f 35% i n the sign a l from the off-source channels. This 

r e l a t i v e response t h r e s h o l d was also applied t o the events seen by both 

telescopes as the Mk.3 event record was included i n the complete dataset. A 

t o t a l o f 36550 on-source events were accepted using these standard s e l e c t i o n 

c r i t e r i a . A dataset was also formed by using only the observations by the more 

s e n s i t i v e Mk.3 telescope which comprised 27496 events. 

7.3.2. U n i f o r m i t y o f Phase i n the Combined Dataset 

The combined dataset from the Mk.3 and Mk.4 telescopes was analysed by 

applying the Rayleigh t e s t f o r u n i f o r m i t y of phase over a small range of t e s t 
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TABLE 7.1 - Observations o f Vela X-1 i n 1991 February 

-EVENTS RECORDED-
Date 

12 02 91 

13 02 91 

14 02 91 

15 02 91 

16 02 91 

18 02 91 

20 02 91 

22 02 91 

TOTALS 

Duration ( h r s ) Mk.3 Mk.4 Total O r b i t a l Phase 

3.7 

4.2 

4.1 

4.2 

3.3 

4.1 

4.0 

4.1 

31.7 

4239 

4450 

4523 

2799 

2521 

2816 

1935 

4213 

27496 

2984 

3267 

3424 

2657 

2308 

1626 

2023 

3092 

21381 

5433 

5786 

5968 

3860 

3445 

3510 

2847 

5701 

36550 

0.574-0.591 

0.668-0.687 

0.763-0.782 

0.864-0.884 

0.977-0.993 

0.238-0.257 

0.476-0.495 

0.672-0.691 

TABLE 7.2 - O r b i t a l ephemeris f o r Vela X-1 

Epoch of Mid-eclipse 

O r b i t a l Period 

a s i n 7 

E c c e n t r i c i t y 

Longitude of Periastron 

JD 2444279.0466 ± 0.0037 

8.964416 ± 0.000049 d 

112.98 ± 0.35 I t s 

0.0885 ± 0.0025 

150.6 ± 1.8° 

(from Deeter e t a l . , 1987) 



periods near a contemporary X-ray pulse period measurement from GRANAT data i n 

1991 February of 283.260 ± 0.013 s (Lapshov et a l . , 1992). The hypothesis t o 

be test e d was t h a t pulsed TeV gamma ray emission was detectable at the same 

period. For a pulsar w i t h a period of t h i s length, the simple Rayleigh t e s t 

may produce spurious p e r i o d i c e f f e c t s i f the length of the dataset i s not 

s u f f i c i e n t l y greater than t h a t o f the period searched f o r . I n order t o avoid 

t h i s problem a modified Rayleigh t e s t was used i n c l u d i n g a c o r r e c t i o n t o 

e l i m i n a t e end e f f e c t s i n the data. Without the use of r e l a t i v e phase 

i n f o r m a t i o n , the average length of a s i n g l e observation («14000 s) made the 

independent sampling i n t e r v a l much la r g e r than the un c e r t a i n t y i n the X-ray 

period given above. The lowest chance p r o b a b i l i t y f o r u n i f o r m i t y of phase i n 

the dataset, 6 x 10-2 a f t e r c o r r e c t i o n f o r the degrees of freedom used i n 

oversampling the t r i a l period i n t e r v a l , was found a t at a pulse period of 286 

± 3 s. A s i m i l a r r e s u l t was found f o r the dataset recorded using the Mk.3 

telescope alone. 

The datasets were also combined r e t a i n i n g phase coherence and tested f o r 

u n i f o r m i t y o f phase near the X-ray period. The contemporary pulse period 

d e r i v a t i v e o f 1.3 x 10-^ ss"'' d i c t a t e d by the GRANAT r e s u l t s was used t o 

maintain phase i n the 10-day i n t e r v a l . The combined Mk.3 and Mk.4 data showed 

a minimum chance p r o b a b i l i t y f o r u n i f o r m i t y of phase at a t r i a l period of 

283.4 ±0.1 s. The corrected Rayleigh p r o b a b i l i t y was 6 x IO-2, a f t e r allowing 

f o r degrees of freedom, (see Figure 7.4a). Analysis of the Mk.3 dataset alone 

produced a s i m i l a r r e s u l t a t a t r i a l period of 283.4 ± 0.1 s w i t h a corrected 

chance p r o b a b i l i t y o f 2 x IO-2 (see Figure 7.4b). Therefore no evidence was 

found f o r a s i g n i f i c a n t s i g n a l pulsed a t the X-ray period i n the TeV gamma ray 

dataset. 

Assuming an energy threshold f o r the Mk.3 telescope of 250 GeV at the 

z e n i t h , a 3o- upper l i m i t f o r the photon f l u x above t h i s energy may be placed 

at 1.1 X 10-'"' cm-2s-^. The Adelaide group's upper l i m i t f o r t h e i r 

observations of Vela X-1 i n 1991, i n c l u d i n g 1991 February, was 7.5 x 10-^ 
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Figure 7.4a : Rayleigh probability versus trial period for the 1991 February 
Vela X-1 dataset recorded by the Mk.3 and Mk.4 telescopes. The data were 
combined coherently. 
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Figure 7.4b : Rayleigh probability versus trial period for the 1991 February 
Vela X-1 dataset recorded by the Mk.3 telescope alone. The data were 
combined coherently. 



cm-2s-i above 600 GeV (Thornton e t a l . , 1991). Assuming an index of -1.6 f o r 

the i n t e g r a l cosmic ray energy spectrum, the upper l i m i t reported here scales 

t o 3 X l O - i i cm-2s-'' at energies greater than 600 GeV, and i s thus e n t i r e l y 

c o n s i s t e n t w i t h the Adelaide r e s u l t s . 

7.3.3. A Search f o r S e n s i t i v i t y t o the Assumed O r b i t a l Parameters 

As discussed i n Chapter 4, the o r b i t a l searching technique i s most useful 

when analysing observations of a f a s t pulsar i n a close binary system, f o r 

which great s e n s i t i v i t y t o the time c o r r e c t i o n s i s achieved as the independent 

sampling i n t e r v a l s i n asin? and e c l i p s e epoch are small. Vela X-1 was shown t o 

be very i n s e n s i t i v e t o such c o r r e c t i o n s w i t h the sampling i n t e r v a l s being 

l a r g e r than the size o f the o r b i t . The c a l c u l a t i o n s i n Chapter 4 were made f o r 

a dataset l a s t i n g only several hours. 

For a t e s t of u n i f o r m i t y of phase i n the 1991 February dataset r e t a i n i n g 

r e l a t i v e phase i n f o r m a t i o n , the e f f e c t i v e length of the dataset made these 

i n t e r v a l s much smaller. Whilst no evidence f o r a signal pulsed at the X-ray 

period was found i n se c t i o n 7.3.2, a weak p e r i o d i c e f f e c t was noted at a 

longer period of a286 s. I f t h i s genuinely arose from a gamma ray signal being 

Doppler s h i f t e d by the motion of the emission s i t e at the limb of the primary 

s t a r , as suggested by North et a l . (1989) t h i s o r b i t a l searching technique 

should be able t o recover the o r i g i n a l p e r i o d i c i t y and i n d i c a t e such a 

displacement. The technique was t h e r e f o r e applied t o search f o r any weak 

dependence on the assumed s p a t i a l p o s i t i o n of the emission s i t e . The period 

range used i n the search was 283.1 t o 283.5 s, w i t h a spin-down rate of 

1.3 X 10-9 ss-1. The r e s u l t i s shown i n Figure 7.5 and i t i s c l e a r t h a t there 

i s l i t t l e dependence on the o r b i t a l parameters and the s i g n i f i c a n c e of the 

weak p e r i o d i c e f f e c t i s not improved. The most favoured p o s i t i o n i n the o r b i t 

c l o s e l y f o l l o w s the X-ray source and i s consistent w i t h an emission s i t e i n 

accreted m a t e r i a l t r a i l i n g the neutron s t a r . No evidence was found f o r an 

emission s i t e at the limb of the companion s t a r , where the value of asin? i s a 
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the Mk.3 telescope observations of Vela X-1 in 1991 February. The data 
were combined coherently and tested for vuiiformity of phase over the 
period range 283.1-283.5 s. 
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7.3.4. Analysis o f I n d i v i d u a l Observations 

Whilst the evidence f o r p e r i o d i c i t y gained from analysis of the combined 

dataset was not compelling, the r e s u l t s were consistent w i t h those from the 

previous more extensive Durham observations and were s u f f i c i e n t t o warrant a 

search f o r p e r i o d i c emission on shorter timescales. Therefore the 8 

observations were also studied i n d i v i d u a l l y using the data recorded by the 

Mk.3 telescope. 

The Rayleigh t e s t f o r u n i f o r m i t y of phase was applied over a small t r i a l 

p e riod range centred on the appropriate X-ray period of 283 s. One 

observation, taken on 1991 February 13, was found t o show evidence f o r 

p e r i o d i c emission at 284 ± 3 s w i t h a signal strength of 3.8% of the cosmic 

ray background and a p r o b a b i l i t y of chance occurrence of 1.8 x 10-3 (gee 

Figure 7.6). A f t e r c o r r e c t i n g f o r degrees of freedom used i n discovering t h i s 

emission (8 f o r the number of observations t e s t e d , and 3 f o r oversampling 

w i t h i n the t r i a l period range) t h i s chance p r o b a b i l i t y increased t o 4.3 x 

10-2. No evidence f o r a s i m i l a r p e r i o d i c e f f e c t was found i n any of the o f f -

source c o n t r o l data which were recorded simultaneously. The o r b i t a l phase 

range corresponding t o t h i s observation was 0.672-0.691. The 3a upper l i m i t t o 

the gamma ray f l u x which would have r e s u l t e d i n a s i g n i f i c a n t detection on a 

timescale of several hours was set at 3 x 10-cm-^s-^ f o r energies >250 GeV. 

7.3.5. I d e n t i f i c a t i o n o f Bursts o f Periodic Emission 

7.3.5.1. Discovery o f Burst Behaviour 

Following the discovery t h a t any p e r i o d i c emission was probably confined 

t o the n i g h t of 1991 February 13, a search f o r f u r t h e r l o c a l i s a t i o n of the 

p e r i o d i c emission was c a r r i e d out. The r e s u l t s from the Potchefstroom group 

suggested a timescale f o r enhanced emission of ^1800 s (Raubenheimer et a l . , 

1989) and t h e r e f o r e t h i s observation was subdivided i n t o 1800 s segments. The 

segments were overlapped by 300 s t o optimise the s e n s i t i v i t y t o the duration 

of «5 pulsar r o t a t i o n s . The Rayleigh t e s t was used t o search f o r u n i f o r m i t y of 
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phase at the X-ray period i n each segment. 

The r e s u l t s showed evidence f o r a strong pulsed TeV gamma ray emission i n 

an 1800 s i n t e r v a l near the end of the 4.2 hr observation. The periodic 

o u t b u r s t was found t o occur at UT 17:25:17 - 17:55:16 w i t h a p r o b a b i l i t y of 

chance occurrence of 1.5 x 10-5. During t h i s i n t e r v a l 381 Cerenkov events were 

r e g i s t e r e d and the pulsed si g n a l s t r e n g t h was 17% of the cosmic ray background 

(see Figure 7.7a) corresponding t o a photon f l u x of approximately 8 x 10-i° 

cm-2s-'' at energies above 300 GeV (a higher threshold due t o the larger zenith 

angle o f the burst observation). Assuming a source distance of 1.9 kpc and a 

cosmic ray i n t e g r a l s p e c t r a l index of -1.6, the gamma ray luminosity reached 

s;1.3 X 1035 erg s-^ dur i n g t h i s burst. A f t e r a l l o w i n g f o r the 28 degrees of 

freedom used i n i d e n t i f y i n g t h i s i n t e r v a l or "burst" of TeV gamma ray 

emission, w i t h an e x t r a 3 f o r oversampling of the t r i a l period range, the 

corrected chance p r o b a b i l i t y was 1 x 10-3, 

The a c t i v e i n t e r v a l was then removed from the t o t a l dataset f o r t h i s 

observation and the remaining data were tested f o r u n i f o r m i t y of phase at the 

pulsar period. A p e r i o d i c e f f e c t was found a t 284 ± 3 s w i t h a chance 

p r o b a b i l i t y o f 3 x IO-2 and a sign a l s t r e n g t h of 2.8% of the background. This 

provided weak evidence f o r the presence of a TeV gamma ray signal pulsed at 

the X-ray period throughout the observation. 

No off-source data were found t o show evidence of a s i m i l a r p e r i o d i c 

s i g n a l (see Figure 7.7b), and the a u t h e n t i c i t y o f the e f f e c t i s discussed i n 

d e t a i l i n section 7.5. The corresponding i n t e r v a l was i d e n t i f i e d i n the 

dataset recorded by the Mk.4 telescope and a weaker signal a t pr e c i s e l y the 

same period was found. Despite being consistent w i t h a chance o r i g i n the 

si g n a l s t r e n g t h of 9% of the background corresponded e x a c t l y t o the e f f e c t 

seen by the Mk.3 telescope scaled t o the lower energy threshold and poorer 

s e n s i t i v i t y o f the Mk.4 telescope. 

According t o the X-ray ephemeris of Deeter e t a l . (1987), t h i s outburst 
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Figure 7.7a : Rayleigh probability versus trial period for the Vela X-1 
"biu-st" dataset recorded using the Mk.3 telescope on 1991 February 13. 
The periodogram shown is for the data recorded in the on-soiu-ce channel. 
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Figure 7.7b : Rayleigh probabiUty versus trial period for the off-source 
dataset recorded using the Mk.3 telescope dming the "burst" interval 
analysed in Fig. 7.7a above. 



occurred between o r b i t a l phases 0.681 and 0.683 as measured w i t h respect t o 

mid-eclipse of the neutron s t a r . Although none of the other 7 observations 

made i n 1991 had been found t o show evidence of p e r s i s t e n t emission on a 

timescale o f several hours, t h i s candidate phase i n t e r v a l allowed a targeted 

search f o r a p e r i o d i c s i g n a l i n a s p e c i f i e d 1800 s i n t e r v a l . The o r b i t a l 

period o f the neutron s t a r i n Vela X-1 i s very close t o 9 days (8.9644 days). 

This means t h a t an 1800 s i n t e r v a l a t a s i m i l a r o r b i t a l phase may be a v a i l a b l e 

i n data recorded 9 days before or a f t e r 1991 February 13. 

7.3.5.2. Discovery o f a Second Burst 

The f i n a l observation of Vela X-1 i n t h i s dark moon i n t e r v a l was made on 

1991 February 22, 9 days a f t e r the strong p e r i o d i c emission seen on 1991 

February 13. Based on the exact o r b i t a l period, an 1800 s window on t h i s date 

was i d e n t i f i e d where emission was expected. The appropriate segment of data 

was ex t r a c t e d based on t h i s p r e d i c t i o n , w i t h event a r r i v a l times from 16:33 t o 

17:03 UT (± 1 minute). The Rayleigh t e s t was applied t o t e s t f o r u n i f o r m i t y of 

phase at the X-ray pulsar period. This gave a n u l l r e s u l t , but as f o r the 

i d e n t i f i c a t i o n of the burst of 1991 February 13 a set of successive 1800 s 

segments overlapping by 300 s were also tested. These commenced 1800 s before 

16:33 UT. 

One 1800 s segment cont a i n i n g 555 events and beginning only 1600 s before 

the p r e dicted i n t e r v a l , was found t o show a pe r i o d i c signal w i t h a signal 

s t r e n g t h of 16% of the cosmic ray background (see Figure 7.8a). A f t e r 

c o r r e c t i o n f o r the degrees of freedom used i n l o c a t i n g t h i s a c t i v e i n t e r v a l 

(12) and i n oversampling the t r i a l period range ( 3 ) , the p r o b a b i l i t y of t h i s 

e f f e c t o c c u r r i n g by chance was 1.6 x 10-5. j ^ e s t a r t and end times of t h i s 

second burst were determined t o be 16:06:50 and 16:36:47 UT, and i t th e r e f o r e 

overlapped the predicted a c t i v e i n t e r v a l by about 200 s. This corresponds t o a 

d i f f e r e n c e i n o r b i t a l phase between the midpoints of the two bursts of 0.002. 

The o r b i t a l phase range of the burst of 1991 February 22 was 0.679-0.681. 

The data recorded by the off-source channels during t h i s outburst were 
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"biu-st" dataset recorded using the Mk.3 telescope on 1991 February 22. 
The periodogram shown is for the data recorded in the on-source channel. 
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Figure 7.8b : Rayleigh probability versus trial period for the off-source 
dataset recorded using the Mk.3 telescope dining the "burst" interval 
analysed in Fig. 7.8a above. 



checked and no evidence f o r a p e r i o d i c signal was found (see Figure 7.8b). I t 

may be noted t h a t a strong p e r i o d i c signal was found i n the off-source data at 

a period o f 450-500 s. This e f f e c t i s r e l a t e d t o the 1800 s duration of the 

dataset and occurs w i t h a much lower pulsed strength i n some of the other 

segments. The data segment from the Mk.4 telescope corresponding t o t h i s burst 

was ex t r a c t e d and a weak p e r i o d i c signal was found at pre c i s e l y the period 

i d e n t i f i e d by the Mk.3 telescope; the signal s t r e n g t h was approximately 8% of 

the cosmic ray background. The TeV gamma ray emission from Vela X-1 detected 

by the Mk.3 telescope during these burst i n t e r v a l s i s compared w i t h other TeV 

gamma ray observations i n the spectrum shown i n Figure 7.9. 

7.3.5,3. R e l a t i v e Pulse Phase o f the Burst Emission 

The TeV gamma ray l i g h t curves f o r the two bursts are shown i n Figure 

7.10. I n a d d i t i o n t o the bursts, a l i g h t curve i s also shown f o r the weak 

p e r s i s t e n t p e r i o d i c e f f e c t on 1991 February 13. Each i s constructed using the 

283.260 s period from the contemporaneous GRANAT measurements w i t h respect t o 

a time o r i g i n at UT 12:00 on 1991 February 12. A l l show the s i n g l e broad peak 

expected as a r e s u l t of the i d e n t i f i c a t i o n by the Rayleigh t e s t . 

I n a p r e l i m i n a r y analysis of the 1991 February dataset (Bowden et a l . , 

1991c, 1992d) i t was shown t h a t the pulsed emission i n both bursts did appear 

t o show r e l a t i v e phase alignment w i t h respect t o the TeV gamma ray period 

estimated from the data recorded on 1991 February 13 excluding the burst 

segment. The s p e c i f i c hypothesis t e s t e d here i s whether the gamma ray emission 

from both bursts were aligned i n phase w i t h respect t o the more accurate 

contemporaneous X-ray period measurement (Lapshov e t a l . , 1992). Absolute 

phase infor m a t i o n from the GRANAT measurements i s not known, and therefore the 

phase linkage between the bursts i s based on the peak of the l i g h t curve f o r 

the 1991 February 13 data excluding the burst. Whilst the burst emission on 

t h a t date does show the same absolute phase at the 283.26 s period, the burst 

9 days l a t e r c l e a r l y does not. 
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This non-alignment need not be seen as an argument against the v a l i d i t y 

of the si g n a l d e t e c t i o n s . Timing u n c e r t a i n t i e s may induce a su b s t a n t i a l e r r o r 

i n the predicted p o s i t i o n o f the peak of the l i g h t curve. These may arise from 

the e r r o r i n the X-ray period measurement (±0.013 s ) , the e r r o r induced by the 

r e s o l u t i o n o f the TeV gamma ray l i g h t curve (±5%), and the lack of knowledge 

of the behaviour of the pulse period d e r i v a t i v e . The l a t t e r f a c t o r i s known t o 

be h i g h l y v a r i a b l e . The steady d e r i v a t i v e was estimated as 1.3 x IQ-^ ss-^ 

from the GRANAT data but on short timescales, t h i s can increase t o as much as 

3 X 10-8 (Nagase e t a l . , 1984a). Combining these three f a c t o r s , the e r r o r 

i n the predicted phase of the l i g h t curve peak accumulated over 9 days may be 

shown t o be +0.35/-0.20, i . e . s i m i l a r t o the s h i f t between the peaks seen 

here. The lack of phase alaignment i s t h e r e f o r e not s u r p r i s i n g . I n the 

previous linkage of the bursts based on the TeV gamma ray period, the large 

e r r o r i n t h i s period was not allowed f o r and would i n f a c t increase the 

estimated phase e r r o r given above. 

X-ray measurements of Vela X-1 using the Gamma-1 s a t e l l i t e showed t h a t 

the major peak o f the double-peaked l i g h t curve could switch between 

successive o r b i t s perhaps due t o a change i n the accretion rates at each 

magnetic pole (Loznikov, Konorkina and M e l i o r a n s k i i , 1992). S i m i l a r random 

behaviour could cause a s u b s t a n t i a l change i n the apparent phase of the s i n g l e 

peak of the TeV gamma ray l i g h t curve. 

7.3.6. Tests f o r A u t h e n t i c i t y o f the Bursts 

7.3.6.1. Possible Causes o f Spurious P e r i o d i c i t y 

When analysing data obtained by use of the atmospheric Cerenkov technique 

i n a search f o r a period as long as t h a t o f Vela X-1, i t i s always a challenge 

t o prove t h a t the p e r i o d i c i t y i s not due t o some kind of atmospheric 

f l u c t u a t i o n s which may e x i s t on t h i s timescale. The extensive supplementary 

i n f o r m a t i o n a v a i l a b l e a t the Narrabri telescopes allows c a r e f u l checking of 

the a u t h e n t i c i t y o f the e f f e c t . As previously s t a t e d , the weather conditions 

and atmospheric c l a r i t y were e x c e l l e n t f o r the observation of 1991 February 

130 



13. The second burst on 1991 February 22 occurred only alOOO s before the 

passage of high cloud through the f i e l d o f view. Although no cloud appears t o 

have occluded the source p o s i t i o n during the burst i n t e r v a l (a conclusion 

based on the records of weather and d i r e c t count r a t e ) the p o s s i b i l i t y must be 

s e r i o u s l y considered. 

Apart from t h i s e x t r i n s i c e f f e c t , the i n t r i n s i c e f f e c t of v a r i a b i l i t y 

induced by unstable p h o t o m u l t i p l i e r tube behaviour may be discounted from the 

comprehensive and continual monitoring of t h e i r performance. I n neither 

observation do the h i s t o r i e s of p h o t o m u l t i p l i e r tube anode current and noise 

r a t e show any sign o f anomalous behaviour. 

7.3.6.2. Count Rate H i s t o r i e s During Bursts 

Beyond these considerations, the information required t o demonstrate the 

a u t h e n t i c i t y o f the bursts was the knowledge t h a t the e f f e c t s are confined t o 

the source p o s i t i o n and r e s u l t from increases rather than decreases i n the 

count r a t e from t h a t d i r e c t i o n . Using a technique s i m i l a r t o t h a t described by 

the South A f r i c a n group i n the report of the 1986 Potchefstroom analysis 

(North e t a l . , 1987), the on-source count-rates of the 1800 second bursts of 

1991 February 13 and 22 were p l o t t e d i n segments of 113.2 seconds ( i . e . 2/5 of 

the pulsar period) stepped f o u r times i n order t o smooth the e f f e c t s of 

s t a t i s t i c a l f l u c t u a t i o n s . 

The r e s u l t s , shown i n Figures 7.11 and 7.12, d i r e c t l y revealed periodic 

enhancements of « 20% i n the count rates recorded during each burst 

observation. Also given are the combined count rates i n the three off-source 

channels s t a b i l i s e d by the automatic gain c o n t r o l system (see Chapter 3 ) . 

These were derived i n p r e c i s e l y the same way as those f o r the on-source 

channel t o look f o r any unusual behaviour i n the count rates during each 

bu r s t . No s i g n i f i c a n t a c t i v i t y was discovered i n any channel which c o r r e l a t e d 

w i t h t h a t seen i n the on-source dataset (see Figures 7.11 and 7.12). I t was 

shown i n sections 7.4.1 and 7.4.2 t h a t no signal pulsed at the period of Vela 
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Figure 7.11 : Count-rate histories for the on- and off-soxu-ce datasets 
recorded using the Mk.3 telescope during the burst interval on 1991 
February 13. The data are divided into 113.2 s segments and stepped 
in 4 overlapping stages. 
The arrows show the peaks predicted on the basis of the pulsed light 
curve obtained at a period of 283.260 s in aU of the data from this date 
excluding the burst interval (c.f. Figure 7.10). 
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X-1 was present i n t h i s off-source data. 

By d e f i n i n g the phase o f the peak of the gamma ray l i g h t curve f o r the 

p e r s i s t e n t emission i n the dataset of 1991 February 13 excluding the burst 

segment, an independent set of times were predicted where the peaks of the 

emission modulated at 283.26 s i n the burst on t h i s date were expected t o 

occur. Each peak i n the burst emission on t h i s n i g h t was found t o correspond 

w e l l w i t h a predicted maximum. The e x t r a p o l a t i o n of the same l i g h t curve t o 

the burst observation 9 days l a t e r gave a poor agreement w i t h the observed 

peaks, which may be explained by the points discussed i n section 7.4.3. 

7.3.6.3. Analysis o f Events Comprising Bursts 

The next step i n the study of the bursts was t o determine whether the 

events forming the peaks seen i n the on-source count rate of each burst 

demonstrated any unusual c h a r a c t e r i s t i c s , p a r t i c u l a r l y i n d i c a t i o n s of a change 

i n the energy spectrum. F i r s t , each dataset was s p l i t i n t o three subgroups of 

approximately equal size by s e l e c t i n g events based upon the amount of charge 

measured i n each recording channel. The three subgroups then contained events 

selected on the basis o f a measure o f primary p a r t i c l e energy. Count rate 

p l o t s were produced i n i d e n t i c a l fashion t o those f o r the t o t a l datasets f o r 

each burst (see Figures 7.13 and 7.14). Whilst v a r i a t i o n s were cl e a r between 

the d i f f e r e n t energy ranges, no obvious dependence emerged. Several of the 

i n d i v i d u a l peaks were found t o be formed l a r g e l y of events from one of the 

three d i v i s i o n s but no consistent preference was i d e n t i f i e d . The events from 

the highest energy range produced the most sharply peaked d i s t r i b u t i o n , 

p a r t i c u l a r l y f o r the second burst observation. The Rayleigh t e s t f o r 

u n i f o r m i t y of phase was also conducted at the pulsar period i n each of the 

energy ranges. For each burst the highest energy range gave marginally the 

la r g e s t s i g n a l w i t h a pulsed st r e n g t h of «20 %, compared w i t h <16 % f o r the 

other d i v i s i o n s . 

A method was also developed whereby a simple spectral analysis could be 

performed on the events i n each burst. The charge r e g i s t e r e d by the 
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p h o t o m u l t i p l i e r tubes i n the on-source channel ( i . e . the time i n t e g r a l of the 

Cerenkov l i g h t pulse height) f o r each event was used t o construct a spectrum, 

w i t h higher r e g i s t e r e d charge corresponding t o a higher energy primary as 

mentioned above. I n a d d i t i o n t o each burst dataset, a c o n t r o l group of events 

was e x t r a c t e d from the data recorded immediately before each burst, containing 

the same number of events as the relevant burst. The spectra produced f o r the 

datasets before and during each burst observation are shown i n Figures 7.15 

and 7.16. No obvious d i f f e r e n c e s are apparent between the data recorded before 

and during e i t h e r b u r s t . 

When an excess o f events was detected from the d i r e c t i o n of AE Aquarii by 

the Mk.3 telescope (Bowden e t a l . , 1992b) a comparison o f the "hardness" r a t i o 

o f the events comprising the burst w i t h a group sampled before and a f t e r 

revealed a c l e a r s h i f t towards higher energy primary p a r t i c l e s i n the burst 

i n t e r v a l . For the Vela X-1 bursts reported here, the spectra of the events 

recorded immediately before each burst were divide d i n t o two segments of 

approximately equal size by s e l e c t i n g an a r b i t r a r y pulse i n t e g r a l threshold. 

The r a t i o o f the number of events recorded w i t h pulse i n t e g r a l s below or above 

each t h r e s h o l d (corresponding t o lower and higher primary p a r t i c l e energies) 

were c a l c u l a t e d f o r each set of events and found t o be 0.95 ± 0.10 and 0.95 ± 

0.08 f o r 1991 February 13 and 22 r e s p e c t i v e l y . The burst datasets were then 

analysed s i m i l a r l y and the r a t i o s found t o be 0.88 ± 0.09 and 1.07 ± 0.09 

r e s p e c t i v e l y . There was t h e r e f o r e no s i g n i f i c a n t d i f f e r e n c e i n the "hardness" 

o f the burst events on e i t h e r date. 

7.3.6.4. Search f o r an On-source Excess i n the Count Rate 

A f i n a l check was c a r r i e d out i n order t o t e s t whether the two bursts 

i d e n t i f i e d by t h e i r c h a r a c t e r i s t i c p e r i o d i c i t y also displayed evidence of an 

enhancement over the l o c a l background counting r a t e . 

The data from 1991 February 13 and 22 were subjected t o a r a t i o m e t r i c 

a n a l y s i s . This involved t e s t i n g f o r an excess of counts i n the c e n t r a l (on-
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source) channel as compared w i t h two of the off-source channels. To gain as 

r e l i a b l e an estimate as possible of the underlying trend i n the count r a t e , 

large segments o f data were selected from the events before and a f t e r the 

burst seen on each observation and used t o define the underlying r a t i o of on-

source/off-source count rates which would be expected during each burst w i t h 

respect t o each of the off-source channels selected. For 1991 February 13 t h i s 

required three datasets of length 3900 s p r i o r t o the burst and one of length 

1350 s immediately afterwards. S i m i l a r l y , f o r 1991 February 22 two 3500 s 

datasets were used p r i o r t o the burst. On t h i s date the passage of cloud 

s h o r t l y a f t e r the burst meant t h a t two datasets of unequal lengths, 1200 s and 

2700 s, and separated by a gap o f 1800s t o r e j e c t the cloud obscuration, were 

selected. 

I n each independent segment the number of counts i n the on-source channel 

and each of the two off-source channels were i n d i v i d u a l l y recorded and the 

appropriate r a t i o s c a l c u l a t e d . Linear f i t s t o the v a r i a t i o n i n the r a t i o of 

the counts i n the on-source channel t o the counts i n each of the two o f f -

source channels were then made w i t h regard t o the time elapsed. 

Having determined the background on-/off-source r a t i o s expected during 

each b u r s t , the experimental r a t i o s were found by analysing segments of data 

112 s long and s l i d i n f o u r 28 s steps. This technique was derived from the 

way i n which the count rates i n each channel were previously calculated f o r 

the burst i n t e r v a l s (see Section 7.5.2). A t o t a l of 65 data segments were used 

t o f i n d the values of the counts i n each channel over the 1800 s of each 

b u r s t , w i t h every f o u r t h value being independent. The r a t i o s were then 

determined and t h e i r v a r i a t i o n s over the course of each burst are shown i n 

Figures 7.17 and 7.18. 

The r e s u l t s demonstrated t h a t the p e r i o d i c e f f e c t s i n the on-source 

count-rate i n each burst were accompanied by cl e a r excesses i n the r a t i o of 

t h i s count-rate t o those of both off-source channels, as compared w i t h the 

r a t i o s p r edicted by the independent analysis of the data surrounding each 
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i n t e r v a l . The comparison o f the on-source count rate w i t h those of the o f f -

source channels i n d i c a t e d a stronger excess w i t h respect t o one (#1 i n Figures 

7.17 and 7.18) than the other. This was simply due t o the lower absolute count 

r a t e of t h a t channel. Two conclusions could be drawn about the a u t h e n t i c i t y of 

each burst : 

( i ) t h a t the p e r i o d i c e f f e c t was only present i n the on-source channel, 

which had already been es t a b l i s h e d , 

( i i ) t h a t the observed p e r i o d i c i t y was almost e n t i r e l y due t o a p e r i o d i c 

excess i n the on-source count rate r e c u r r i n g at i n t e r v a l s of s:300 s. I t i s 

not due t o a s e r i e s of p e r i o d i c d e f i c i t s . 

7.4. Discussion 

I n summary, the present work has demonstrated weak evidence f o r 

p e r s i s t e n t emission but strong evidence f o r the presence of outbursts of TeV 

gamma ray emission from Vela X-1 l a s t i n g several pulsar r o t a t i o n s and 

apparently r e l a t e d t o the p o s i t i o n of the neutron s t a r i n i t s o r b i t . This adds 

t o the r e s u l t s of the previous more extensive Durham observations which found 

evidence f o r a p e r s i s t e n t s i g n a l but no evidence f o r outbursts of the type 

seen here and also reported by the South A f r i c a n group. This demonstrates t h a t 

the d e t e c t i o n of the weak p e r s i s t e n t pulsed emission requires a very large 

dataset. The r e l a t i v e l y small size of the dataset analysed here has a much 

lower s e n s i t i v i t y t o a p e r s i s t e n t s i g n a l than the more extensive e a r l i e r work. 

Nevertheless, there appears t o be a strong p o s s i b i l i t y t h a t p e r i o d i c bursts of 

emission may be detected from the region of the o r b i t around the ascending 

node and the X-ray e c l i p s e . 

The observation of two bursts p e r s i s t i n g over several pulsar r o t a t i o n s at 

s i m i l a r values of o r b i t a l phase resembles the reports of bursts detected by 

the Potchefstroom group. The major d i f f e r e n c e i s the d i f f e r i n g o r b i t a l phase 

of burst behaviour. The bursts i d e n t i f i e d by the Potchefstroom group occurred 

i n observations made near t o e c l i p s e ingress and egress of the X-ray source 
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and were thus i n t e r p r e t e d as r e q u i r i n g a t a r g e t at the limb of the primary 

s t a r . Despite the low angular v e l o c i t y o f the pulsar i n Vela X-1, i t s high 

magnetic f i e l d o f perhaps >10^3 Q makes i t possible t h a t a dynamo mechanism 

may be capable of producing a h i g h l y energetic p a r t i c l e beam i n the 

magnetosphere of the neutron s t a r . 

The bursts reported here were detected at an o r b i t a l phase of 0.68, well 

removed from the p o s i t i o n o f X-ray e c l i p s e . I f i t i s assumed t h a t the 

o p e r a t i v e gamma ray production process involves magnetic s t e e r i n g of the 

p a r t i c l e beam from the pulsar onto i n t e r v e n i n g matter i n the system, then an 

a l t e r n a t i v e t a r g e t t o the atmosphere of the primary i s required. As was 

discussed i n Section 7.1, absorption dips are f r e q u e n t l y observed i n the X-ray 

emission between o r b i t a l phase 0.5 and the e c l i p s e , suggesting the presence of 

s i g n i f i c a n t amounts of ma t e r i a l f l o w i n g from the primary t o the compact object 

i n a d d i t i o n t o the sph e r i c a l s t e l l a r wind. I t i s also believed t h a t conditions 

may sometimes be favourable f o r an ac c r e t i o n disc t o form. Either one or both 

of these could provide a s u i t a b l e t a r g e t f o r TeV gamma ray production, and the 

v a r i a b l e matter d e n s i t i e s estimated from X-ray measurements could explain the 

sporadic nature of detections a t TeV energies. I n t h i s context i t i s 

p a r t i c u l a r l y i n t e r e s t i n g t o note t h a t the observation by GRANAT of a prolonged 

d i p i n the X-ray i n t e n s i t y (see section 7.1.3) was made over the o r b i t a l phase 

range 0.68-0.80 only 5 o r b i t a l cycles before the f i r s t o f the TeV gamma ray 

bursts reported here. 

The weaker long-term emission may be a t t r i b u t e d t o i n t e r a c t i o n of the 

p a r t i c l e beam w i t h the more tenuous but ever-present s t e l l a r wind. These 

considerations are i n v e s t i g a t e d f u r t h e r w i t h relevance t o the Vela X-1 system 

i n Chapter 9. 

Whilst the X-ray emission shows a double-peaked s t r u c t u r e at high 

energies, due t o the favourable alignment of the r o t a t i o n and magnetic axes 

a l l o w i n g both polar regions t o be v i s i b l e , the TeV gamma ray emission shows 
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only a s i n g l e peak. No power has been observed i n the second harmonic i n any 

of the detections reported. An i n t e r e s t i n g comparison may be made wi t h regard 

t o the observation of a large but b r i e f X-ray f l a r e by the Tenma s a t e l l i t e 

(Tanaka, 1984). This outburst occurred at o r b i t a l phase 0.19 and lasted f o r 

about 4 pulsar r o t a t i o n s during which time the i n t e n s i t y o f the f i r s t peak 

increased by a f a c t o r of 5 w h i l s t the other remained near i t s normal quiescent 

l e v e l . Borner e t a l . (1987) ascribed t h i s behaviour t o an azimuthal 

i n s t a b i l i t y i n the closed magnetosphere tr a p p i n g a large amount of accreting 

matter over one magnetic pole and p r o h i b i t i n g i t s t r a n s p o r t t o the other. The 

r e s u l t i n g enhanced emission then showed a s i n g l e peak s t r u c t u r e and a s i m i l a r 

mechanism could e x p l a i n the nature of at leas t the short-term TeV gamma ray 

emission. 

The a r c h i v a l Durham data recorded on Vela X-1 has previously been checked 

f o r signs of burst behaviour near t o the time of X-ray e c l i p s e and no evidence 

f o r t h i s was found (Carraminana et a l . , 1989b). The discovery reported here of 

bursts a t o r b i t a l phase 0.68 suggested another search f o r emission at t h i s 

p r e f e r r e d region of the o r b i t would be j u s t i f i e d . Four observations were made 

at a s i m i l a r phase i n 1987 and 1988 but un f o r t u n a t e l y none were made under the 

cl e a r sky con d i t i o n s which would allow a t e s t f o r p e r i o d i c i t y . 

An ongoing i n v e s t i g a t i o n of phase-related emission i s made d i f f i c u l t by 

the long o r b i t a l period of the system and the l i m i t s imposed on TeV gamma ray 

observations by the lunar cycle. Nevertheless, the encouraging r e s u l t s gained 

i n 1991 February suggest t h a t such a search may well be worthwhile. 
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CHAPTER 8 - TeV GAMMA RAY OBSERVATIONS OF OTHER X-RAY BINARIES 

8.1. TeV Gamma Ray Observations o f SMC X-1 
8.1.1. SMC X-1 : A High Mass X-ray Binary 

8.1.1.1. Early X-ray Results 

The X-ray source SMC X-1 was discovered by Price et a l . (1971) and i t s 

binary nature revealed by UHURU observations (Schreier e t a l , , 1972b) in which 

an o r b i t a l period o f 3.89 days was detected. The o p t i c a l counterpart was 

i d e n t i f i e d as Sanduleak 160, a BOIb supergiant i n the Small Magellanic Cloud 

(Webster e t a l . , 1972). Op t i c a l and X-ray studies show t h i s s t a r t o have a 

mass of 5:17 Mo and a radius Ro, and t o be underluminous f o r i t s spectral 

type (Rappaport and Joss, 1983). Like Krzeminski's s t a r i n Centaurus X-3 t h i s 

f e a t u r e i s believed t o be a d i r e c t r e s u l t o f mass t r a n s f e r from the primary 

s t a r i n an a c c r e t i n g binary. 

The d u r a t i o n o f the X-ray e c l i p s e was found t o be a stable 0.6 days (e.g. 

Davison, 1977) corresponding t o an ec l i p s e l a s t i n g from o r b i t a l phase 0.93-

0.07. SMC X-1 i s one of the b r i g h t e s t s t e l l a r X-ray sources known, w i t h an 

average l u m i n o s i t y i n the range 1-35 keV of a;6 x lO^^ erg s-^ f o r an assumed 

distance o f 65 kpc (Lucke et a l . , 1976). However, the short-term luminosity 

may vary between 10^^ and lO^s erg s - i . This large f l u x o f X-rays i s 

incompatible w i t h a model powered by s t e l l a r wind a c c r e t i o n , and the high 

required r a t e of mass a c c r e t i o n onto the neutron s t a r may only be explained by 

Roche lobe overflow. 

8.1.1.2. Pulsar I d e n t i f i c a t i o n and Spin-up Measurements 

The important discovery of the pulsar i n SMC X-1 resulted from a p a i r of 

X-ray observations c a r r i e d out i n 1973 and 1975 (Lucke et a l . , 1976). Fourier 

a n a l y s i s of data recorded i n the energy range 0.18-10 keV revealed s i g n i f i c a n t 

pulsed power at 0.72 and 0.36 s. These were found t o be the fundamental and 

f i r s t harmonic of a 0,717 s period, the l i g h t curve showing two d i s t i n c t broad 

peaks w i t h the i n t e r p u l s e strengthening towards higher energies. The t o t a l 
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pulsed f r a c t i o n was found t o vary between 30% and 40% (e.g. Davison, 1977; 

Henry and Schreier, 1977). 

The secular spin-up rat e o f the 0.71 s pulsar has been remarkably uniform 

since i t s discovery, as shown i n Figure 8.1. Whilst some s c a t t e r i s seen i n 

the e a r l y measurements w i t h l a r g e r e r r o r s , by only using the set of values 

since the period determination by SAS-3 ( P r i m i n i , Rappaport and Joss, 1977) a 

well-behaved period d e r i v a t i v e may be ca l c u l a t e d . Further accurate 

measurements by the GINGA s a t e l l i t e have re c e n t l y been reported which allow a 

yet more precise determination t o be made (Levine e t a l . , 1993). The lack of 

any observed spin-down i n t e r v a l s suggests an almost complete absence of 

braking torque on the neutron s t a r and t h a t a random accretion process from an 

ea r l y - t y p e s t e l l a r wind cannot be operating. 

8.1.1.3. Flux V a r i a b i l i t y 

Like Hercules X-1 and Centaurus X-3, the X-ray f l u x from SMC X-1 i s 

f r e q u e n t l y found t o vary over timescales of hours or days. Extended low states 

l a s t i n g several o r b i t a l cycles have been noted by a number of observers (e.g. 

Tuohy and Rapley, 1975; Bonnet-Bidaud and van der K l i s , 1981). The evidence 

f o r the presence o f absorbing m a t e r i a l during these i n t e r v a l s i s provided by 

the much slower t r a n s i t i o n s t o and from the e c l i p s e s t a t e . Varying absorbing 

column d e n s i t i e s were noted by Davison (1977) t y p i c a l of the behaviour of 

massive X-ray b i n a r i e s . I n a d d i t i o n t o these low s t a t e s , b r i e f X-ray f l a r e s 

have also been observed. EXOSAT observations reported by Angeli n i (1989) 

demonstrated the existence of a series of quasi-periodic o s c i l l a t i o n s at a 

t y p i c a l frequency of «0.01 Hz, most s t r o n g l y manifested i n the form of a 100% 

increase i n emission l a s t i n g only 80 seconds. No evidence was found in the 

EXOSAT data f o r any p e r i o d i c long-term v a r i a b i l i t y on timescales of 16-60 days 

of the type t e n t a t i v e l y i d e n t i f i e d by Gruber and Rothschild (1984). 

8.1.1.4. Modes o f Accre t i o n i n SMC X-1 

The presence of an acc r e t i o n disc i n SMC X-1 has been i n f e r r e d from a 
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number of observations. The steady spin-up rate and very high luminosity both 

suggest t h a t a large r e s e r v o i r o f s t e a d i l y a c c r e t i n g material must be 

a v a i l a b l e . The o r b i t a l separation, component masses and primary s t e l l a r radius 

are a l l compatible w i t h the dominant mode of a c c r e t i o n being Roche lobe 

overflow. As o u t l i n e d by Bonnet-Bidaud and van der K l i s (1981) the most l i k e l y 

p i c t u r e of SMC X-1 i s one where the m a j o r i t y of the mass t r a n s f e r and X-ray 

absorption i s due t o t h i s mode of a c c r e t i o n . Some of the secondary phase-

dependent absorption probably arises from the s t e l l a r wind from Sk 160 whose 

outer layers may only j u s t extend beyond the Roche lobe (Levine et a l , , 1993), 

D i r e c t evidence has also been provided by a number of o p t i c a l 

observations and l i g h t - c u r v e models. Van Paradijs and Zuiderwijk (1977) showed 

t h a t the o p t i c a l minimum at X-ray e c l i p s e was much deeper than expected 

implying the existence o f a l a r g e , b r i g h t l i g h t source surrounding the neutron 

s t a r , A strong d i p was also seen at o r b i t a l phase 0,6 possibly a r i s i n g from 

the a c c r e t i o n stream. The appearance of the maximum near 0.75 was found t o be 

n o t i c e a b l y i r r e g u l a r due t o increased absorption by a c c r e t i n g material 

t r a i l i n g the neutron s t a r . Later modelling by Tjemkes, Zuiderwijk and van 

P a r a d i j s (1986) supported these conclusions, producing a l i g h t curve i n good 

agreement w i t h the observations and based on an accretion disc of radius s:12 

Is and temperature 3 x 10" K. 

U n t i l r e c e n t l y , Cen X-3 was the only high-mass X-ray binary known t o show 

a decay i n i t s o r b i t a l period (see Chapter 6 ) . Early observations gave weak 

evidence f o r a s i m i l a r e f f e c t i n SMC X-1 (Davison, 1977), but t h i s was not 

confirmed u n t i l recent work by Levine e t a l , (1993). This phenomemenon was 

i n t e r p r e t e d as a r i s i n g from t i d a l i n t e r a c t i o n s i n the system w i t h the 

e v o l u t i o n a r y expansion o f Sk 160 maintaining the asynchronism between i t s 

r o t a t i o n r a t e and the o r b i t a l period. I n a d d i t i o n t o increasing i t s moment of 

i n e r t i a and thus decreasing i t s r o t a t i o n r a t e , t h i s expansion also drives the 

overflow from Sk 160 through the inner Lagrangian point as the Roche lobe 

descends i n t o i t s atmosphere. 
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8.1 .2. Previous TeV Observations 

8.1 .2.1. Early Work by the Durham Group 

The Durham group's observations of SMC X-1 at TeV energies were f i r s t 

reported by Brazier e t a l . (1990d). This analysis was based on data recorded 

w i t h the Mk.3 telescope between 1986 and 1988 and concentrated i n i t i a l l y on 

the 1987 J u l y dataset, f o r which a contemporaneous X-ray period was a v a i l a b l e 

(Takeshima, 1987). A f t e r a weak signal was found at the c o r r e c t period when 

the f u l l dataset was combined incoherently. An o r b i t a l s h i f t of 2 Is and 0.02 

i n phase was found s u f f i c i e n t t o give a corrected chance p r o b a b i l i t y of 3 x 

10-5 f o r the d e t e c t i o n of a signal at the co r r e c t period. A s i m i l a r e f f e c t was 

also found when the dataset was combined maintaining r e l a t i v e phase 

i n f o r m a t i o n , g i v i n g a s i g n a l s t r e n g t h of 2.2% of the cosmic ray background. 

This s i g n a l was found t o be most s i g n i f i c a n t at the nodes of the o r b i t (phases 

0.25 and 0.75). The same optimised o r b i t a l parameters were found t o give 

s i g n i f i c a n t evidence f o r p e r i o d i c emission i n two datasets from other dark 

moon i n t e r v a l s . Combining the r e s u l t s from a l l 8 datasets gave an o v e r a l l 

Rayleigh p r o b a b i l i t y o f 10"^ f o r the signal at the X-ray period occurring by 

chance a f t e r a l l degrees of freedom were allowed f o r . 

8.1 .2 .2 . O r b i t a l Searching i n the Durham Database 

A more d e t a i l e d assessment of the 1986-1989 Durham database was presented 

by Mannings (1990). The work on SMC X-1 was based upon 94 observing nights 

using the Mk.3 telescope from 1986 October t o 1989 December t o t a l l i n g 315.6 

hrs of observation. The s e l e c t i o n procedure employed t o improve the r a t i o of 

events a r i s i n g from gamma-rays t o those caused by cosmic protons was a 

r e s t r i c t i o n t o those t r i g g e r i n g the centre channel only plus the a p p l i c a t i o n 

of a r e l a t i v e response threshold (see Chapter 3 ) . Based on these c r i t e r i a , a 

t o t a l of almost 330 000 events were accepted. 

The method f o r sampling over a range of values of semi-major axis and 

epoch of mid-eclipse i n t e s t i n g f o r p e r i o d i c i t y , as described i n Chapter 4, 
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was o r i g i n a l l y developed s p e c i f i c a l l y f o r the study of SMC X-1. A l l of the 

1986-1989 data were subjected t o a d e t a i l e d uniform analysis. 

The r e s u l t s showed t h a t only two of the eleven sequences, 1987 July and 

1989 September-October, showed evidence of pulsed emission, w i t h raw chance 

p r o b a b i l i t i e s being 5.0 x lO-^ and 5.4 x 10-^ re s p e c t i v e l y . I n each case, the 

minimum p r o b a b i l i t y occurred near t o the assumed p o s i t i o n of the neutron s t a r . 

No such s i g n a l s were detected i n the off-source channels f o r those months. 

A f t e r a l l o w i n g f o r the f a c t t h a t 11 sequences had been analysed and as a 

r e s u l t o f a ser i e s of si m u l a t i o n s , the p r o b a b i l i t y o f chance occurrence 

increased t o «10^. S i m i l a r l y , a corrected chance p r o b a b i l i t y of »5% was 

derived f o r the 1989 September-October data. 

A l l o f the 20 i n d i v i d u a l observations comprising these two datasets were 

t e s t e d independently t o search f o r gamma ray emission on shorter timescales. 

Three were found t o show s i g n i f i c a n t evidence f o r a p e r i o d i c s i g n a l ; 1987 July 

23, 1987 Ju l y 29, and 1989 October 2. Their midpoint phases were 0.72, 0.25 

and 0.71 r e s p e c t i v e l y , i . e . a l l near the ascending or descending node. Tests 

were c a r r i e d out t o discover whether the apparent emission was produced i n 

bursts on timescales of 5-10 minutes, as seen at TeV energies from the X-ray 

b i n a r i e s Cygnus X-3, Vela X-1 and Hercules X-1. The r e s u l t s showed t h a t the 

s i g n a l i n each observation was uniform i n strength. 

However, a f t e r a l l o w i n g f o r the many degrees of freedom used i n sampling 

over t r i a l periods and o r b i t a l parameters, the s i g n i f i c a n c e of the detected 

s i g n a l s were reduced t o the l e v e l o f a chance o r i g i n (s:5-10% p r o b a b i l i t y of 

chance occurrence). Therefore, t h i s rigorous study could only y i e l d an upper 

l i m i t on the time-averaged f l u x o f TeV gamma-rays from SMC X-1 of 1.5 x 10^7 

ergs s-^ above 400 GeV, somewhat l a r g e r than the l i m i t s quoted f o r s i m i l a r 

g a l a c t i c sources due t o i t s much greater distance. Nevertheless i t was s t i l l 

f e l t t h a t t e n t a t i v e evidence had been gained f o r TeV gamma ray emission from 

t h i s binary. 
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8.1.3. Further Studies 

8.1.3.1. A Search f o r O r b i t a l Phase Dependence 

The most promising r e s u l t of the work o u t l i n e d i n Section 8.1.2 was the 

p o s s i b i l i t y t h a t emission was confined t o the region of the ascending and 

descending nodes. I f confirmed, t h i s could allow a targeted observing 

programme t o r a p i d l y improve the s i g n i f i c a n c e of a pulsed signal detection. 

Therefore, the main t h r u s t of the present work was t o search f o r o r b i t a l phase 

dependence i n any TeV gamma ray emission detected from SMC X-1. As part of 

t h i s study, the r e s u l t s of the observations made i n 1990, 1991 and 1992 are 

included here f o r the f i r s t time. The analysis was b a s i c a l l y s i m i l a r t o the 

previous work, and i s described i n d e t a i l l a t e r , but some modifications i n the 

data s e l e c t i o n were implemented. 

8.1.3.2. Sele c t i o n o f Data 

The weather records and count-rate h i s t o r i e s f o r each observation were 

examined i n order t o choose a database of consistent q u a l i t y . I n those cases 

where the run was i n t e r r u p t e d due t o cloud or demisting of the telescope, an 

ex t r a c t e d dataset was used. Of the 1986-1989 database, one dataset used i n the 

previous work was r e j e c t e d , w h i l s t several others which had not been used 

before, although o f acceptable q u a l i t y , were added. The f i n a l t o t a l was 132 

observations, w i t h an average d u r a t i o n of 3.2 hours. A catalogue of these 

observations i s given i n Table 8.1. 

The event s e l e c t i o n used i n the present analysis d i f f e r e d from t h a t used 

i n the previous work i n two ways. As before, only events t r i g g e r i n g the on-

source channel alone were selected. However, recent analyses of data recorded 

on several objects have suggested t h a t the favoured r e l a t i v e response 

th r e s h o l d l e v e l f o r an obj e c t viewed 45-50° from the z e n i t h at Narrabri i s 45% 

(B r a z i e r , 1991). This was the le v e l chosen f o r use here, though some 

i n v e s t i g a t i o n of the e f f e c t of d i f f e r e n t l e v e l s of the r e l a t i v e response 

t h r e s h o l d was also c a r r i e d out. I n a d d i t i o n improvements i n the technique of 

applying pedestal c o r r e c t i o n s t o each recording channel p r i o r t o the data 
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TABLE 8.1 - Catalogue of observations of SMC X-1 

(Mk.3 telescope used unless otherwise stated) 

D s e r v a t i o n Duration Events O r b i t a l Phase 
Date (hours) Selected a t Midpoint 

24 10 86 2.0 2969 0.79 
25 10 86 2.8 3407 0.04 
26 10 86 3.4 4073 0.29 
27 10 86 3,9 3281 0.55 
28 10 86 1.6 2300 0.81 
30 10 86 2.1 2685 0.33 
01 11 86 3.5 8544 0.83 
02 11 86 1.7 6205 0.08 
03 11 86 3.3 7573 0.34 
04 11 86 2.4 4636 0.61 

21 07 87 2.9 1664 0.21 
22 07 87 3.5 1485 0.46 
23 07 87 4.3 4490 0.72 
24 07 87 4.1 4022 0.97 
25 07 87 3.3 1004 0.22 
26 07 87 1.5 1340 0.49 
28 07 87 2.8 2386 0.00 
29 07 87 4.3 1503 0.25 
31 07 87 4.9 4405 0.77 

20 08 87 2.9 2252 0.89 
21 08 87 2,8 2805 0.15 
22 08 87 2,9 2881 0,41 
23 08 87 2.7 3138 0,66 
24 08 87 3.2 2629 0,92 
25 08 87 3.2 3329 0.18 
26 08 87 3.3 3648 0.43 
28 08 87 3.3 2721 0.95 

14 09 87 2.3 1750 0.30 
15 09 87 3.3 3657 0.55 
16 09 87 3.3 3072 0.81 
17 09 87 2.2 1183 0.07 
18 09 87 3.7 3639 0.32 
19 09 87 3.8 2652 0.58 
20 09 87 3.7 1147 0,84 
21 09 87 3.8 2747 0,09 
22 09 87 3.8 2883 0.35 
23 09 87 2.8 2073 0.61 
24 09 87 3.3 1386 0.87 
25 09 87 3.2 2131 0.12 
26 09 87 2.0 1346 0.40 
27 09 87 4.3 2545 0,63 

Notes 



TABLE 8.1 (continued) 

bservation Duration Events O r b i t a l Phase 
Date (hours) Selected at Midpoint 

10 10 87 1.7 1303 0.94 
11 10 87 2.9 1607 0.21 
12 10 87 4.0 1884 0.47 
14 10 87 4.3 3017 0.98 
16 10 87 5.2 3749 0.53 
17 10 87 4.0 3602 0.76 
18 10 87 4.0 3460 0.01 
19 10 87 4.3 2329 0.29 
20 10 87 5.7 6865 0.54 
22 10 87 2.9 3516 0.03 
23 10 87 3.9 3381 0.30 
24 10 87 3.8 2009 0.56 
25 10 87 2. 1 2874 0.81 

13 11 87 1.9 1626 0.69 
17 11 87 3.1 1354 0.72 
18 11 87 3.1 3079 0.98 
19 11 87 3.1 3375 0.23 
20 11 87 2.2 1770 0.50 

14 07 88 3.3 4809 0.44 
16 07 88 3.4 4413 0.96 
17 07 88 3.4 5083 0.21 
18 07 88 3.4 5379 0.46 
20 07 88 3.3 1119 0.98 

04 09 88 3.8 1140 0.78 
07 09 88 4.0 4062 0.53 
09 09 88 4.5 4756 0.04 
10 09 88 6.4 7797 0.31 
12 09 88 6.0 5616 0.83 
13 09 88 5.2 11918 0.07 
14 09 88 4.8 8044 0.33 
16 09 88 5.2 5748 0.86 

01 10 88 2.6 2928 0.68 
02 10 88 2.7 4170 0.96 

22 09 89 5.3 6811 0.15 
23 09 89 3.8 4018 0.41 
24 09 89 2.4 3114 0.66 
26 09 89 2.6 2705 0.17 
28 09 89 4.2 6339 0.69 
29 09 89 4.0 6423 0.95 
30 09 89 5.1 2117 0.20 
01 10 89 4.7 6943 0.46 
02 10 89 5.6 7907 0.71 
03 10 89 4.3 5320 0.97 
04 10 89 2.3 2783 0.24 

Notes 



TABLE 8,1 (continued) 

)bservation Duration Events O r b i t a l Phase 
Date (hours) Selected at Midpoint Notes 

20 10 89 1.0 1404 0.35 
22 10 89 5.8 2870 0,85 
23 10 89 2.3 1754 0.09 
25 10 89 3.8 3939 0.61 
29 10 89 2.8 2923 0.66 
30 10 89 2.8 2273 0.92 
02 11 89 1.7 1163 0.68 
18 11 89 3.3 3963 0.78 
19 11 89 4.1 5476 0.04 
23 11 89 3.3 3772 0.06 
25 11 89 3.4 2771 0.58 
29 11 89 3.0 3003 0.61 
01 12 89 1.8 2267 0.12 

14 09 90 3.0 4127 0.91 Mk.4 only 
15 09 90 2.8 3498 0.17 Mk.4 only 
16 09 90 3.7 4178 0.42 Mk.4 only 
17 09 90 3.4 5693 0.68 Mk.3/Mk.4 
18 09 90 2.7 4122 0.93 Mk.3/Mk.4 
19 09 90 2.5 3071 0.19 Mk.3/Mk.4 
20 09 90 2.5 3031 0.44 Mk.3/Mk.4 

10 10 90 1.8 1828 0.56 Mk.4 only 
11 10 90 2.7 4627 0.82 Mk.3/Mk.4 
12 10 90 3.3 5970 0,08 Mk.3/Mk.4 
13 10 90 3.9 6294 0.34 Mk.3/Mk.4 
16 10 90 2.8 3981 0.10 Mk.3/Mk.4 
17 10 90 1.4 1221 0.35 Mk.3/Mk.4 
18 10 90 3.6 4402 0.61 Mk.3/Mk.4 
20 10 90 1.3 2988 0.13 Mk.3/Mk.4 
22 10 90 2.5 5777 0.64 Mk.3/Mk.4 
23 10 90 2.5 5311 0.90 Mk.3/Mk.4 

10 11 90 2.5 2240 0.50 Mk.3/Mk.4 
12 11 90 4.0 3927 0.02 Mk.4 only 
14 11 90 2.0 1655 0.52 Mk.4 only 
17 11 90 2.0 2991 0.30 Mk.3/Mk.4 
18 11 90 2.0 2828 0.55 Mk.3/Mk.4 

10 01 91 2.0 1194 0.17 
18 01 91 1.9 1865 0.23 Mk.3/Mk.4 

25 08 92 5.2 1952 0.59 
20 09 92 2.7 2286 0.25 
21 09 92 2.0 1452 0.50 
25 09 92 1.5 1563 0.53 
26 09 92 3.1 3527 0.79 



TABLE 8.1 (continued) 

Observation Duration Events O r b i t a l Phase 
Date (hours) Selected at Midpoint Notes 

TOTALS : 425.2 450098 

16 10 92 2.4 2399 0.90 
23 10 92 2.1 1525 0.69 
25 10 92 3.5 2425 0.23 
26 10 92 2.7 1860 0.49 
27 10 92 1.5 864 0.76 



s e l e c t i o n were employed. S i g n i f i c a n t d i f f e r e n c e s resulted i n the number of 

events selected here compared w i t h the e a r l i e r work due mainly t o the use of 

t h i s new s e l e c t i o n procedure. 

For those observations when SMC X-1 was being monitored by both Mk.3 and 

4 telescopes, the datasets from each were combined i n the usual manner t o 

avoid d u p l i c a t i o n of event records. Observations of SMC X-1 were also 

o c c a s i o n a l l y made using the Mk.4 telescope alone. The data from t h i s telescope 

were selected on the basis of a t r i g g e r i n the on-source channel alone. No 

r e l a t i v e response t h r e s h o l d s e l e c t i o n was employed. I n summary then, the t o t a l 

number of events selected i n t h i s analysis was 450 098, from 425 hours of on-

source observing time. 

8.1.3.3. Test Ranges i n Period and O r b i t a l Parameters 

Each n i g h t ' s data was studied over approximately one sampling i n t e r v a l i n 

period and s l i g h t l y l a r g e r i n t e r v a l s i n the orbital.parameters asin? and mid-

e c l i p s e epoch. The period appropriate t o each night was predicted, as i n the 

previous work, by e x t r a p o l a t i o n from s i x X-ray measurements, from SAS-3 i n 

1976 t o Mir-KVANT i n 1989 as given i n Table 8.2. A lea s t squares f i t t o these 

measurements produced the f o l l o w i n g formula: 

P* = 717.8401 - [1.0408 X 10-3(JD - 2 440 000)] ms , 

so t h a t f o r any given J u l i a n Date the corresponding X-ray period could be 

found. This f i t corresponded t o a long-term period d e r i v a t i v e of -(1.205 ± 

0.009) X 10"''̂  ss'S or a change of »0.01 ms i n 10 days. The expected X-ray 

period was then c a l c u l a t e d f o r each observation t o 0.01 ms accuracy. Each 

value was v a l i d f o r an i n t e r v a l of 10 days. The independent sampling i n t e r v a l 

f o r a 710 ms period i n a 3.2 hr observation i s ±0.044 ms. To allow f o r the 

v a r i a t i o n s i n period and d u r a t i o n , a uniform sampling i n t e r v a l of ±0.05 ms was 

used f o r the 1986-1989 data. Since the 1990-1992 data were taken >18 months 

a f t e r the l a t e s t accurate X-ray measurements then known (Gilfanov e t a l . , 

1989), the i n t e r v a l was widened t o ±0.10 ms t o allow f o r any unexpected period 
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TABLE 8.2 - X-ray pulse period measurements f o r SMC X-1 

Epoch (JD 2440000+) Period (ms) Reference 

2836.6823 714.88585 ± 0.00004 P r i m i n i , Rappaport 
and Joss (1977) 

3000.1562 714.7337 ± 0.0012 Davison(1977) 

3986.407 713.684 ± 0.032 Darbro et al.(1977) 

6942.02676 710.551 ± 0.005 Takeshima (1987) 

7452 

7591 

710.0972 ± 0.0022 

709.9830 ± 0.0030 
• Gilfanov et a1. 
-1 (1989) 



s h i f t s . 

The extent o f the a c c r e t i o n disc believed t o surround the neutron s t a r i n 

SMC X-1 can be represented i n the 2-dimensional plane of the o r b i t by an 

e l l i p s e w i t h approximate p r i n c i p a l axes from 41-66 I s i n asin? and 0.965-1.035 

i n phase, as derived from o p t i c a l observations (Tjemkes, Zuiderwijk and van 

P a r a d i j s , 1986). The extent of the a c c r e t i o n disc i n t h i s plane i s shown i n 

Figure 8.2. The o r b i t a l ephemeris used t o c a l c u l a t e the p o s i t i o n of the X-ray 

source was the same as t h a t used i n the previous work by Mannings (1990) and 

i s given i n Table 8.3. To allow f o r TeV gamma-rays t o be emitted from any 

l o c a t i o n i n the d i s c , the search ranges i n these two parameters were 38-80 Is 

and 0.95-1.05 r e s p e c t i v e l y . The sampling step sizes used were 2 Is i n asin? 

and 0.01 i n epoch s h i f t . 

8.1.3.4. I n i t i a l Results 

A s e r i e s of contour p l o t s were formed which showed the chance p r o b a b i l i t y 

of u n i f o r m i t y of phase i n the appropriate t r i a l pulse period i n t e r v a l as 

corrected f o r each assumed p o s i t i o n of o r i g i n i n the SMC X-1 system. For each 

r e s u l t a n t p l o t , the minimum chance p r o b a b i l i t y at any o r b i t a l p o s i t i o n over 

the range t e s t e d was i d e n t i f i e d and the r e l a t i o n of these minimum 

p r o b a b i l i t i e s t o the midpoint o r b i t a l phase of the observation i s shown i n 

Figure 8.3. At f i r s t i n s p e c t i o n , no c l e a r o r b i t a l phase dependence can be 

discerned. A tendency may be noted f o r the most s i g n i f i c a n t r e s u l t s t o occur 

i n the h a l f of the o r b i t a f t e r phase 0.5. A t o t a l of 66 observations ( i . e . 

50%) were made i n each h a l f , but f o r datasets showing a signal w i t h an 

uncorrected chance p r o b a b i l i t y lower than lO-^, 2 were recorded before phase 

0.5 and 8 l a t e r . The p r o b a b i l i t y of t h i s imbalance occurring by chance i s A%. 

8.1.3.5. C a l c u l a t i o n o f Number o f T r i a l s 

The p r o b a b i l i t i e s given are uncorrected f o r the degrees of freedom used 

i n the a n a l y s i s . A number of f a c t o r s must be taken i n t o account t o c a l c u l a t e 

the t r u e s i g n i f i c a n c e of each raw chance p r o b a b i l i t y . The f i r s t consideration 

i s the t o t a l number of datasets used, 132. The lower dotted l i n e i n Figure 8.3 
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Figure 8.2 : An illustration of the extent of the accretion disc around 
the neutron star in the plane used for orbital searching in SMC X-1. 



TABLE 8.3 - O r b i t a l ephemeris f o r SMC X-1 

Epoch o f X-ray Mid-eclipse : JD 2447534.59 ± 0.01 

O r b i t a l Period : 3.89212 ± 0.00010 d 

asin 7 : 53.46 ± 0.05 Is 

E c c e n t r i c i t y : 0 (< 0.0007) 

Porb : 0 

(from Mannings, 1990, and references t h e r e i n ) 
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corresponds t o the expectation threshold below which a l l of the observed 

p r o b a b i l i t i e s are consistent w i t h a chance occurrence on t h i s basis alone. A 

f u r t h e r f a c t o r of 3 must also be included f o r oversampling w i t h i n the t r i a l 

period range used f o r the Rayleigh t e s t f o r u n i f o r m i t y of phase. However, 

f u r t h e r p e n a l t i e s were imposed by the use of a number of independent sampling 

i n t e r v a l s i n the o r b i t a l parameters. 

The method of searching over a range of values of semi-major axis and 

e c l i p s e epoch was described i n Chapter 4, along w i t h an estimation of the size 

of independent sampling i n t e r v a l s i n each parameter f o r an assumed 5-hour 

observation. However, the average du r a t i o n of the datasets analysed here was 

only 3.2 hours n e c e s s i t a t i n g a c o r r e c t i o n t o these sampling i n t e r v a l s . For SMC 

X-1, the sampling i n t e r v a l i n asin? maximised at 5% at the nodes of the o r b i t . 

This i n t e r v a l i s i n v e r s e l y p r o p o r t i o n a l t o ( s i n Gi - s i n 0 f ) where 0i and Of 

are the angles measured from the ascending node of the i n i t i a l and f i n a l 

o r b i t a l phase. For small angles, the d i f f e r e n c e between these sines w i l l be 

d i r e c t l y r e l a t e d t o the length of the observation, and t h e r e f o r e f o r a 

3.2 hour dataset the sampling i n t e r v a l i n asini increases t o 8%. This 

corresponds t o an average of 5 I s over the range t e s t e d , 38 - 80 I s , and hence 

8 independent sampling i n t e r v a l s . For adjustments i n e c l i p s e epoch, the size 

of the sampling i n t e r v a l minimises at conjunction at a value of 0.6% f o r a 5 

hour observation. The adjustment f o r a 3.2 hour observation i s s i m i l a r t o t h a t 

discussed f o r a s i n / and r e s u l t s i n a value o f 1%, thus g i v i n g a t o t a l of 10 

independent sampling i n t e r v a l s f o r the range used of ±0.05 i n phase. 

The discussion above was based on the minimisation of the sampling 

i n t e r v a l i n the parameter a s i n / or e c l i p s e epoch at the nodes or at 

conjunction r e s p e c t i v e l y . At any phase i n between, the t o t a l number of 

i n t e r v a l s sampled w i l l be the product of the number teste d i n a s i n / and 

e c l i p s e epoch independently. There i s e s s e n t i a l l y no s e n s i t i v i t y t o a s i n / at 

conjunction and the sampling i n t e r v a l i n e c l i p s e epoch increases by a f a c t o r 
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of «10 at the nodes and so only one sampling i n t e r v a l need be allowed f o r . The 

o r b i t a l phase dependences o f the size of the sampling i n t e r v a l s i n these two 

parameters are 90° out of phase and both decrease sharply near t h e i r 

respective minima (see Chapter 4 ) . The numbers of independent i n t e r v a l s tested 

over a constant range peak sharply i n a s i m i l a r fashion. As a conservative 

estimate averaged over the o r b i t , the t o t a l number of independent sampling 

i n t e r v a l s i s taken as 10, i . e . the number at conjunction where the i n t e r v a l i n 

e c l i p s e epoch i s smallest. 

8.1.3.6. Assessment o f True S i g n i f i c a n c e o f Results 

The t o t a l number of degrees of freedom used i n o p t i m i s i n g the o r b i t a l 

parameters when t e s t i n g f o r p e r i o d i c i t y i s «3 x 10 (30) i n t h i s treatment. 

Combined w i t h the a n a l y s i s o f 132 separate datasets, t h i s gives a t o t a l o f 

3920 degrees of freedom. The upper dotted l i n e i n Figure 8.3 shows the 

expectation value corresponding t o t h i s number of degrees of freedom. Only 5 

observations were found t o show any evidence f o r p e r i o d i c i t y at a level of 

p r o b a b i l i t y not c o n s i s t e n t w i t h expectation. A l i s t o f these observations i s 

given i n Table 8.4 and the p r o b a b i l i t y contour diagrams are shown i n Figures 

8.4a-e. One of the datasets was recorded a t the descending node of the o r b i t 

w h i l s t the other f o u r f e l l between phases 0.58 and 0.86, the wide region of 

the o r b i t surrounding the ascending node where temporary X-ray absorption 

f e a t u r e s are o f t e n seen and thus a promising s i t e f o r TeV gamma ray production 

v i a n e u t r a l pion decay. 

The 5 observations were also used t o produce i l l u s t r a t i o n s o f the 

v a r i a t i o n o f the chance p r o b a b i l i t y contours across the f u l l range of the 

o r b i t by using the technique of applying the Rayleigh t e s t at a si n g l e t r i a l 

p e r i o d. The r e s u l t s are shown i n Figures 8.5a,b. The small size of the 

independent sampling i n t e r v a l s i n the o r b i t a l parameters i s c l e a r when 

compared w i t h the s i m i l a r work c a r r i e d out on Centaurus X-3 i n Chapter 6. I t 

can also be seen t h a t the favoured p o s i t i o n s f o r a TeV gamma ray production 

s i t e are s u b s t a n t i a l l y displaced from the neutron s t a r p o s i t i o n indicated i n 
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TABLE 8 .4 - Observations showing a weak p e r i o d i c signal 

Date Phase -log(P) % Signal asin / Epoch S h i f t 

29 07 87 0.25 3.87 7.7 55-60 0.0 - +0.05 

25 11 89 0.58 4.53 6.1 69-80 -0.04 

26 09 92 0.79 3.69 4.9 40-55 -0.02 - +0.05 

16 09 87 0.81 3.74 5.3 75-80 -0.05 - -0.02 

16 09 88 0.86 3.70 3.8 65-70 -0.04 - 0.03 
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in Figs. 8.4a-c. 
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probability in each interval. 
The crosshair axes show the 
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Figure 8.5b : Orbital searching 
applied to the SMC X-1 data from 
the three observations analysed 
in Figs. 8.4d and c. 
The grey scale on the left 
shows the threshold chance 
probability in each interval. 
The crosshair axes show the 
value of asini in It s. 

1988 Sept 16 P h a s e e.8=X-ra« e c l i p s e 

2.78E-4 
l.BeE-4 

The size of the primary star is 
indicated by the black circle at 
the centre of each diagram, and 
the neutron star's Roche lobe by 
the smaller black circle placed at 
the appropriate orbital phase. 

e.s 



each ( w i t h the exception of the data from 1987 July 29). 

However, even the most s i g n i f i c a n t r e s u l t from any dataset, t h a t of 1989 

November 25, has a corrected p r o b a b i l i t y o f « 10% of a r i s i n g purely by chance. 

Allowing f o r the degrees of freedom used i n the analysis technique employed 

here, a 3o- d e t e c t i o n of a p e r i o d i c signal i n a s i n g l e dataset recorded by the 

Mk.3 telescope alone would require a p e r i o d i c signal w i t h an uncorrected 

Rayleigh chance p r o b a b i l i t y o f 3 x 10-7. y^e average size of dataset f o r the 

Narrabri database on SMC X-1 i s «3400 events, and such a signal i n a dataset 

o f t h i s s i z e would c o n s t i t u t e 6.6% of the cosmic ray background, corresponding 

t o a photon f l u x o f »:3 x 10"^° cm-^s-i above an energy threshold of 300 GeV. 

No such s i g n a l was seen, and assuming a d i f f e r e n t i a l cosmic ray spectral index 

o f -2 .6 and a distance o f 65 kpc t h i s places an 3a upper l i m i t on the maximum 

day-to-day source l u m i n o s i t y of a6 x lO^'' erg s-^ at energies >300 GeV. I t i s 

worth n o t i n g t h a t one of the observations i n Table 8.4, t h a t of 1987 July 29, 

displayed a p e r i o d i c si g n a l s t r e n g t h of 7.7%, but the small size of the 

dataset (1500 events) made the d e t e c t i o n less s i g n i f i c a n t . A pulsed signal of 

t h i s s t r e n g t h would have produced a raw p r o b a b i l i t y of chance occurrence of 2 

X 10-8 i n a dataset twice as large. 

8.1.3.7. A New O r b i t a l Ephemeris 

The o r b i t a l c o r r e c t i o n s c a r r i e d out i n t h i s work were made w i t h reference 

t o the set o f parameters given i n Table 8 .3 . Since the completion of the 

a n a l y s i s presented here, t h i s ephemeris has been superseded by one based on a 

combination o f new mid-eclipse determinations by the GINGA s a t e l l i t e and the 

most precise of the s i m i l a r measurements made by other experiments (Levine e t 

a l . , 1993; see Table 8 . 5 ) . The most important f e a t u r e of t h i s updated 

ephemeris i s the i n c l u s i o n o f a rate o f o r b i t a l decay, as discussed i n Section 

8 .1 .1 .4 . This means t h a t the o r b i t a l period assumed when making adjustments t o 

the epoch of mid-eclipse shows a steady decrease w i t h time. The e f f e c t on 

a s i n / i s less c e r t a i n . Whilst a f u l l statement of the impact of t h i s new set 
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TABLE 8.5 - A new o r b i t a l ephemeris f o r SMC X-1 

Epoch of X-ray Mid-eclipse : JD 2442836.68277 ± 0.00020 

O r b i t a l Period : 3.89229118 ± 0.00000048 d 

a s i n i : 53.4876 ± 0.0004 I s 

E c c e n t r i c i t y : 0 (< 0.0004) 
• 

Porb/Porb : -(3.36 ± 0.02) x 10-6 yr-1 

(from Levine e t a l . , 1993) 



of parameters on the r e s u l t s reported here i s beyond the scope of the present 

work, some p r e l i m i n a r y assessments may be made. 

Most i m p o r t a n t l y , the bulk of the a r c h i v a l X-ray data u t i l i s e d by Levine 

e t a l . were also used i n pr o v i d i n g the set of parameters assumed here, so t h a t 

the new ephemeris i s f a r from independent. As an example, a comparison was 

made f o r the time of mid-eclipse on 1992 September 26, one of the l a t e s t dates 

o f a Durham gamma ray observation and t h e r e f o r e one by which time any c y c l i c 

e r r o r would have accumulated t o a maximum. The d i f f e r e n c e i n c a l c u l a t i o n of 

the exact epoch of e c l i p s e passage between the two ephemerides was 0.021 days. 

This corresponds t o only 0.5% i n o r b i t a l phase. The dataset recorded on t h i s 

n i g h t was subjected t o the same analysis technique as d e t a i l e d i n Section 

8.1.3 using the new ephemeris and the comparison between t h i s and the o r i g i n a l 

contour diagram used i n t h i s work i s shown i n Figure 8.6. Cl e a r l y , the new 

ephemeris narrows the range from which emission may a r i s e . 

A more s e n s i t i v e t e s t was c a r r i e d out by combining 8 observations made 

between 1992 September 21 and October 27 w i t h the r e t e n t i o n of pulse phase 

coherence i n order t o search f o r a p e r i o d i c signal using the two d i f f e r e n t 

ephemerides f o r the c o r r e c t i o n o f the 16000 recorded event times. The 

ephemeris of Levine e t a l . was found t o reduce the chance p r o b a b i l i t y of a 

si g n a l a t 709.56 ±0.1 ms by a f a c t o r o f 10 ( t o 3.6 x 10**) as compared w i t h 

the r e s u l t from the ephemeris previously used. No o p t i m i s a t i o n of o r b i t a l 

parameters was c a r r i e d out. The signal s t r e n g t h was 2.3% of the cosmic ray 

background so t h a t i f genuine, a p e r s i s t e n t pulsed photon f l u x o f al x l O-io 

cm"2s-'' above 300 GeV was detected. This corresponds t o a luminosity of *2 x 

1037 erg s"'' at these energies. The prospect of reanalysis of the Durham 

database using t h i s updated ephemeris t h e r e f o r e holds much promise. 

8.1.4. Discussion 

SMC X-1 i s a powerful but very d i s t a n t v a r i a b l e X-ray source. At 65 kpc, 

i t i s at l e a s t 10 times more remote than most g a l a c t i c X-ray b i n a r i e s . Even i f 

i t were an order of magnitude more luminous at TeV energies as the strongest 
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of the l o c a l source candidates, i t would s t i l l have an inc i d e n t f l u x an order 

of magnitude lower. Previous analysis of the Durham TeV database could not 

y i e l d s i g n i f i c a n t r e s u l t s i n the l i g h t of the the large number of degrees of 

freedom required. The present work, which was aimed at a l l e v i a t i n g the problem 

by r e v e a l i n g any o r b i t a l phase dependence i n the s i g n a l , has not been able t o 

o f f e r any improvement. Although 4 of the 5 favoured observations of the 132 

analysed are a t phases considered most s u i t a b l e f o r TeV gamma ray emission 

they do not comprise a s u f f i c i e n t l y strong case t o make SMC X-1 a p r i o r i t y 

o b j e c t f o r f u t u r e t a r geted observing. However, a thorough reanalysis of the 

e x i s t i n g data using the new o r b i t a l ephemeris may allow the improvement of 

some of the weak sign a l detections reported here. I f these are genuine gamma 

ray s i g n a l s from SMC X-1, the s e n s i t i v i t y o f t h i s binary t o the assumed 

o r b i t a l parameters should ensure t h a t t h i s new ephemeris provides much f u r t h e r 

i n f o r m a t i o n on a displacement of the emission s i t e . More d e t a i l e d t e s t i n g f o r 

some o r b i t a l phase dependence by s e l e c t i n g observations grouped by phase, as 

was done f o r Cen X-3 e a r l i e r , may also be a worthwhile route. 

I t would seem t h a t the best hope f o r gaining proof of TeV gamma ray 

emission would be t o make a l i m i t e d number of observations during an X-ray 

high s t a t e o f the system using e i t h e r a yet more r e f i n e d technique of 

photon/proton d i s c r i m i n a t i o n or a telescope w i t h a s i g n i f i c a n t l y lower energy 

t h r e s h o l d . For instance, a detector energy threshold of 75 GeV, as expected t o 

be achieved by the Durham Mk.6 telescope, would allow a photon f l u x almost an 

order of magnitude lower than one at the threshold of the Mk.3 telescope t o be 

detected, assuming an i n t e g r a l s p e c t r a l index of -1.6. This would reduce the 

high upper l i m i t p r e v i o u s l y derived f o r the TeV gamma ray luminosity of SMC 

X-1 (s:103^ erg s-M t o a value more i n keeping w i t h the l u m i n o s i t i e s 

c a l c u l a t e d f o r s i m i l a r sources i n our galaxy. An object as elu s i v e as SMC X-1 

i s c l e a r l y a spur t o such advances. 
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8 . 2 . TeV GAMMA RAY OBSERVATIONS OF 4U1626-67 

8 . 2 . 1 . 4U1626-67 : A Low Mass X-ray Binary 

8 . 2 . 1 . 1 . The 7 .7 s Pulsar 

The X-ray source 4U1626-67 was found t o contain a 7.68 s pulsar as a 

r e s u l t o f SAS-3 observations made i n 1977 (Rappaport e t a l . , 1977). The pulsar 

l i g h t curve showed a broad s i n g l e peak w i t h a pulsed f r a c t i o n of 7%, doubling 

i n s t r e n g t h a t higher energies (> 12 keV), where a 180o phase s h i f t was also 

found t o occur. The pulsar period has since been monitored by various 

experiments and o r i g i n a l l y showed a steady spin-up rate of s:-5 x lO - ^ i s s - i 

(Nagase, 1989). However, a b r i e f spin-down i n t e r v a l was noted by Eisner e t a l . 

(1983) and more recent observations by the Compton Observatory indicated t h a t 

the source entered a spin-down phase i n 1991 w i t h an average period d e r i v a t i v e 

o f +5.5 X 10-11 s s - i which was found t o be stable on a timescale of at least a 

year (Wilson e t a l . , 1993b). The period h i s t o r y i s shown i n Figure 8.7. 

8 . 2 . 1 . 2 . Binary Motion i n 4U1626-67 

No evidence f o r binary motion has ever been found from X-ray 

measurements, a l l o w i n g l i m i t s t o be placed on the possible size of any o r b i t 

present. The X-ray source can only have a very compact o r b i t w i t h a projected 

semi-major axis of <0.01 I s (Levine e t a l . , 1988; Shinoda e t a l . , 1990). This 

requires the system t o have a small i n c l i n a t i o n t o the l i n e of s i g h t and the 

neutron s t a r t o be the more massive member of the binary p a i r by a f a c t o r of 

around 10. 

The o p t i c a l counterpart was i d e n t i f i e d as an magnitude blue s t a r by 

McClintock e t a l . (1977). O p t i c a l p u l s a t i o n s i n phase w i t h the pulsar's X-ray 

modulation were discovered by I l o v a i s k y , Motch and Chevalier (1978) and a set 

of d e t a i l e d observations by Middleditch e t a l . (1981) revealed a sideband w i t h 

about 25% of the s t r e n g t h of the main o p t i c a l pulse and at a s l i g h t l y longer 

period. The main o p t i c a l pulses were i n t e r p r e t e d as a r i s i n g from X-ray 

reprocessing i n an ac c r e t i o n disc w i t h i n 0.5 I s of the neutron s t a r . The 

secondary pulses were proposed t o be due t o s i m i l a r reprocessing i n the 
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atmosphere of the o r b i t i n g non-degenerate companion s t a r thus explaining the 

Doppler s h i f t i n the observed period of the r e s u l t a n t pulsations. The short 

o r b i t a l period required was uncertain but continued o p t i c a l observations 

suggested a value near 2485 s. To expl a i n these r e s u l t s the mass of the 

companion s t a r must be less than 0.1 Mo, the separation o f the two components 

only »̂  I s and the value o f asini f o r the companion s t a r «0.4 I s . The 

r e s u l t i n g model of the system i s shown schematically i n Figure 8.8. 

8.2.1.3. Further X-ray Results 

The X-ray l u m i n o s i t y i s «1 x 10^^ erg s-^ f o r a source distance of 8 kpc 

(White e t a l . , 1983). Cyclotron resonance features i n the X-ray spectrum 

i n d i c a t e a surface magnetic f i e l d o f a6 x 10^2 Q (Pravdo e t a l . , 1979). 

F l a r i n g behaviour on timescales o f * 1000 s and Q.P.O.s at a period of a;25 s 

have been observed at X-ray energies ( L i e t a l . , 1980; Shinoda et a l . , 1990) 

and these are believed t o be r e l a t e d t o phenomena w i t h i n d i f f e r e n t regions of 

the a c c r e t i o n disc around the neutron s t a r . I t has been suggested t h a t low 

mass X-ray b i n a r i e s o f s i m i l a r nature t o 4U1626-67 may o s c i l l a t e between 

episodes of high X-ray l u m i n o s i t y , where Roche lobe overflow i s driven by a 

s t e l l a r wind s e l f - e x c i t e d by X-ray reprocessing, and low X-ray luminosity, 

where mass loss causes the companion t o shrink w i t h i n i t s Roche lobe u n t i l 

o r b i t a l decay d r i v e s the components closer (Joss, Avni and Rappaport, 1980). 

Spin-down episodes may occur i n the low luminosity phase due t o the reduced 

a c c r e t i o n r a t e . 

8.2.1.4. I n i t i a l TeV Gamma Ray Observations 

The f i r s t observations o f 4U1626-67 at TeV gamma energies were made by 

the Durham group (Bra z i e r e t a l . , 1990d). A series of datasets were recorded 

using the Mk.3 telescope between 1987 A p r i l and 1989 May g i v i n g a t o t a l of 110 

hours on-source time. Each observation was tested f o r u n i f o r m i t y of phase at 

the contemporary X-ray pulsar period, and only one, 1987 June l ^ t . was found 

t o show evidence f o r such p e r i o d i c i t y . More i n t e r e s t i n g l y , t h i s 9 hour 
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observation was d i v i d e d i n t o 621 s segments t o t e s t f o r modulation of the 

s i g n a l w i t h the 2485 s o r b i t a l period and a preference f o r a s i n g l e quarter of 

the o r b i t was noted w i t h a chance p r o b a b i l i t y of *:10-5. 

8.2.2. The 1987 Durham Dataset 

8.2.2.1. Analysis o f the F u l l Dataset 

The purpose of t h i s p a r t of the present work was t o provide a consistent 

r e a n a l y s i s of the 1987 data i n the hope of improving upon the i n i t i a l 

promising r e s u l t s . Between 1987 A p r i l and J u l y , the Mk.3 telescope recorded 20 

separate datasets on 4U1626-67. The data were f i r s t studied t o select only 

those observations made under good observing c o n d i t i o n s , and where necessary 

poor segments of data w i t h i n a s i n g l e n i g h t were discarded. This resulted i n 

16 datasets being used f o r t h i s work. The observations are l i s t e d i n Table 

8.6. 

The standard data s e l e c t i o n was applied, i . e . accepting only events which 

t r i g g e r e d the on-source channel alone, and a 45% r e l a t i v e response was applied 

t o the off-source channel responses a f t e r c o r r e c t i o n f o r pedestal o f f s e t s . I n 

t o t a l , 80052 events were selected from the 69 hours of observation. Each 

dataset was t e s t e d f o r p e r i o d i c i t y using the Rayleigh t e s t f o r u n i f o r m i t y of 

phase over a small range about the predicted X-ray period at t h i s time of 

7.6644 ± 0.0004 s. Only one, 1987 June 1 as i d e n t i f i e d i n the o r i g i n a l work, 

revealed any s i g n i f i c a n t p e r i o d i c i t y . A signal was found at 7.664 ± 0.003 ms 

w i t h a chance p r o b a b i l i t y of 4 x 10-^ and a strength of 3.3% of the cosmic ray 

background. A f t e r allowance f o r degrees of freedom (20 f o r the number of 

observations, and a f a c t o r of 3 f o r oversampling i n t r i a l period) t h i s chance 

p r o b a b i l i t y increased t o 2.4 x 10-3. jh-jg observation was studied i n more 

d e t a i l , as described l a t e r . 

The datasets w i t h i n each dark moon i n t e r v a l were combined without use of 

r e l a t i v e phase infor m a t i o n and t e s t e d f o r u n i f o r m i t y of phase at the 

appropriate period range. No evidence of a p e r i o d i c signal was found. The data 

were also combined coherently and t e s t e d f o r u n i f o r m i t y of phase over the 
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TABLE 8.6 - Catalogue o f Mk.3 telescope observations o f 4U1626-27 

Date Duration (hours) Events Selected 

23 04 87 3.2 3152 
26 04 87 2.4 2884 
29 04 87 3.6 4022 
03 05 87 4.8 6729 
04 05 87 5.2 7346 

01 06 87 6.1 9048 

22 06 87 7.3 8892 

01 07 87 1.6 1812 
02 07 87 5.3 4694 
03 07 87 3.0 2568 
04 07 87 2.6 2599 

25 07 87 6.0 7544 
26 07 87 5.4 5363 
28 07 87 6.3 7003 
29 07 87 4.1 4280 
31 07 87 2.5 2116 

04 05 92 2.5 2481 
05 06 92 5.2 5792 
06 05 92 4.2 4342 
09 05 92 1.6 2137 

23 05 92 4.2 4065 
24 05 92 1.8 2112 
26 05 92 1.9 2838 
27 05 92 6.7 8477 
30 05 92 6.2 6272 
03 06 92 4.0 5368 
04 06 92 3.4 4915 

TOTALS : 111.1 128851 



period range 7 6 6 4 . 4 7 - 7 6 6 4 . 7 3 ms using a small range of period d e r i v a t i v e s from 

- 5 . 5 X 1 0-11 t o - 5 . 7 5 X lO'H s s - i . A f t e r a l l o w i n g f o r a l l degrees of freedom 

used, no evidence was found f o r a p e r s i s t e n t s i g n a l , s e t t i n g a 3CT upper l i m i t 

on the photon f l u x above 3 0 0 GeV of 6 x lO-n cm-2 s - i i n the 1987 July data. 

8 . 2 . 2 . 2 . The Observation o f 1987 June 1 

The observation taken on 1987 June 1 was over 9 hours long and made under 

e x c e l l e n t observing c o n d i t i o n s . Due t o a s t e e r i n g f a u l t , only the f i r s t 6 . 1 

hours o f the dataset were used f o r the p e r i o d i c analysis. As a co n t r o l check 

on the o r i g i n a l event f i l e , the off-source data were tested f o r evidence of a 

p e r i o d i c s i g n a l and the r e s u l t s compared w i t h those from the on-source 

dataset. The on-source dataset contained 1 0 9 8 6 events which t r i g g e r e d the on-

source channel only and showed evidence f o r p e r i o d i c i t y at 7 6 6 5 ± 3 ms wi t h a 

chance p r o b a b i l i t y o f 1 . 1 x 10-3. NO s i m i l a r e f f e c t was seen i n the data 

recorded on any of the three off-source channels which were operating at t h a t 

time (see Figure 8 . 9 ) . 

The combination of a long observation and a short o r b i t a l period of 2 4 8 5 

s meant t h a t the 1 9 8 7 June 1 dataset spanned almost 9 f u l l binary o r b i t s . As 

in the o r i g i n a l a n a l y s i s , the data were checked f o r o r b i t a l modulation. This 

was done by s p l i t t i n g the o r b i t i n t o 6 2 1 s quarters and l a b e l l i n g the 

ex t r a c t e d segments 1 t o 4 c y c l i c a l l y , w i t h an o r i g i n at the time of the f i r s t 

event recorded. Due t o the short du r a t i o n of each se c t i o n , the range of 

periods sampled was increased t o 7 . 0 - 8 . 5 s. Although no s i n g l e segments showed 

evidence f o r strong p e r i o d i c i t y , there was a suggestion from the o r i g i n a l 

a n a l y s i s t h a t the quarters l a b e l l e d " 2 " contained best evidence f o r o r b i t a l l y 

modulated emission. These segments were merged both w i t h and without use of 

r e l a t i v e phase infor m a t i o n and te s t e d f o r u n i f o r m i t y of phase. No evidence f o r 

s i g n i f i c a n t p e r i o d i c i t y was found using e i t h e r technique. 

8 . 2 . 2 . 3 . O r b i t a l Parameter Searching 

Since the p r e v i o u s l y reported a n a l y s i s , the technique of opti m i s i n g the 
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l o c a t i o n o f a TeV gamma ray emission s i t e i n a binary system has been 

developed as d e t a i l e d i n Chapter 4. This was applied t o 4U1626-67 t o t e s t 

whether any improvement i n the s i g n i f i c a n c e of the p e r i o d i c signal detection 

was possible. Any an a l y s i s i n v o l v i n g c o r r e c t i o n of the times by allowing f o r 

displacement t o the barycentre of the binary system i s d i f f i c u l t f o r t h i s 

o b j e c t due t o i t s uncertain o r b i t a l c h a r a c t e r i s t i c s , i n p a r t i c u l a r the 

complete lack of any X-ray e c l i p s e . Since the system i s believed t o be viewed 

almost face-on, the e f f e c t o f the o r b i t a l c o r r e c t i o n s are minimal given the 

slow pulse period of 7.7 s. Nevertheless, knowing an approximate value of the 

o r b i t a l period allows an a r b i t r a r y " e c l i p s e " epoch t o be set and used as a 

reference time. This was defined as 12 h UT on 1987 May 31^*, I n a l l o r b i t a l 

searching analyses, the range i n a s i n / was 0.5 t o 10.0 I s i n 0.25 Is steps and 

the f u l l range of o r b i t a l phase was covered from 0.5 t o 1.5 i n 0.05 steps. 

The dataset f o r 1987 June 1 was tested f o r u n i f o r m i t y o f phase at each of 

the o r b i t a l p o s i t i o n s d e t a i l e d above over the period range 7.660-7.670 s. The 

Rayleigh p r o b a b i l i t y o f 10-* r e s u l t i n g from the e a r l i e r simple analysis of 

t h i s dataset was recovered w i t h i n a:0.6 Is of the p o s i t i o n o f the X-ray source 

(see Figure 8.10). No f u r t h e r s p a t i a l r e s o l u t i o n was possible, and no 

enhancement i n the s i g n a l was found t o be displaced from t h i s p o s i t i o n . The 

r e s u l t was t h e r e f o r e c o n s i s t e n t a TeV gamma ray emission s i t e located w i t h i n 

the a c c r e t i o n d i s c . 

The set of segments corresponding t o the quarters of the o r b i t l a b e l l e d 

"2" as described above were combined r e t a i n i n g r e l a t i v e phase information and 

analysed i n the same way as was the f u l l dataset. The lowest uncorrected 

chance p r o b a b i l i t y f o r u n i f o r m i t y of phase (3 x 10"*) was found by c o r r e c t i n g 

t o a s i n / of 6-8 I s . However, given the number of independent sampling 

i n t e r v a l s used, t h i s r e s u l t was not s t a t i s t i c a l l y s i g n i f i c a n t . Even i f the 

gamma ray production s i t e were i n the atmosphere of , t h e companion s t a r , the 

value of a s i n / derived f o r the o r b i t of t h i s s t a r from o p t i c a l work i s only 

ft!0.4 I s , too small t o be d i s t i n g u i s h e d from the p o s i t i o n o f the X-ray source 
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using t h i s technique. A s h i f t of 6-8 I s i n t h i s treatment corresponds t o a 

physical displacement i n the o r b i t a l plane of S520 Is given an i n c l i n a t i o n of 

«20o. 

8.2.3. The 1992 Durham Dataset 

I n t e r e s t i n the observation of 4U1626-67 at TeV energies was rekindled by 

the Compton Observatory r e s u l t s o u t l i n e d i n Section 8.2.1.1 which showed t h a t 

the 7.7 s pulsar had entered a mode of p e r s i s t e n t pulsar spin-down f o r the 

f i r s t time since i t s discovery. 4U1626-67 was observed using the Mk.3 

telescope during two consecutive dark-moon periods i n 1992 May and June. A 

t o t a l of 42 hours of data were recorded; the observations are l i s t e d i n Table 

8.6. 

E x t r a p o l a t i n g from the period h i s t o r y observed by the Compton 

Observatory, which covered 12 months up t o 1992 February, the pulsar period 

was p r e d i c t e d t o be 7.6627 ms f o r 1992 May, increasing t o 7.6629 ms f o r 1992 

June using a spin-down rate of 5.5 x 10-^i ss-^. Each of the i n d i v i d u a l 

observations were t e s t e d f o r u n i f o r m i t y of phase at the predicted pulsar 

period and no evidence f o r p e r i o d i c i t y was found. I n the observation c a r r i e d 

out on 1992 May 27, a s i g n a l was found at a period of 7.657 ± 0.002 s, 50 ms 

sho r t e r than the expected X-ray period, w i t h an uncorrected chance p r o b a b i l i t y 

o f 2 X lO"'*. The o r b i t a l parameter searching technique was used t o discover 

whether t h i s s h i f t could be l i n k e d w i t h a l o c a t i o n i n the binary other than 

the X-ray source p o s i t i o n . No improvement was found by c o r r e c t i n g the event 

a r r i v a l times t o o r b i t a l p o s i t i o n s between a s i n / of 0.2 and 3 I s and stepping 

through the f u l l o r b i t a l phase range. 

I n a d d i t i o n the data from w i t h i n each dark-moon i n t e r v a l were combined t o 

t e s t f o r p e r s i s t e n t p e r i o d i c emission. The Rayleigh t e s t f o r u n i f o r m i t y of 

phase was applied t o each dataset both w i t h and without use of r e l a t i v e phase 

in f o r m a t i o n and no evidence f o r a p e r s i s t e n t signal at the X-ray period was 

found. I n a d d i t i o n , the e n t i r e 1992 dataset spanning 30 days was combined w i t h 
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phase coherence retained and tested f o r u n i f o r m i t y of phase. No evidence f o r 

p e r i o d i c i t y was found, a l l o w i n g a 3a upper l i m i t t o be placed on the photon 

f l u x above 300 GeV of 6 x lO'H cm-2s-i. 

8.2.4. Discussion 

The data analysed here have not provided evidence f o r the emission of TeV 

gamma rays from 4U1626-67. For a source distance of 8 kpc, the f l u x l i m i t s 

reported here represent an upper l i m i t on the p e r s i s t e n t TeV gamma ray 

lum i n o s i t y of ̂ 6 x lO^^ erg s - i . The observation of 1987 June l ^ t was the only 

s i n g l e observation i n which a sign a l modulated at the pulsar period was 

detected, and the s i g n i f i c a n c e of t h i s d e t e c t i o n i s weakened by the number of 

degrees of freedom subsequently accumulated i n searching through the e n t i r e 

dataset. 

Whilst the strong magnetic f i e l d o f the neutron s t a r and the presence of 

a s u b s t a n t i a l amount o f a c c r e t i n g m a t e r i a l may make conditions favourable f o r 

the production of TeV gamma rays v i a neu t r a l pion decay i n the accretion disc, 

i t i s believed t h a t we observe the system nearly face-on. This c o n f i g u r a t i o n 

makes the d e t e c t i o n o f a beam of pulsed high energy gamma rays d i f f i c u l t t o 

ex p l a i n i f the source i s i n t a r g e t m a t e r i a l i n the plane of the system, and 

would account f o r the f a i l u r e t o detect a s i g n i f i c a n t f l u x o f such photons. I n 

a d d i t i o n , w h i l s t the 1992 observations were aided by the knowledge of near 

contemporary X-ray period measurements, the i n t e r v a l of pulsar spin-down could 

correspond t o a reduction i n the a c c r e t i o n rat e i n the system, thus reducing 

what t a r g e t m a t e r i a l may be a v a i l a b l e as a gamma ray production s i t e , and 

hence the o v e r a l l gamma ray f l u x . 

8.3. X0021-72 : A Globular Cluster X-ray Source 

8.3.1. X0021-72 : Low Mass X-ray Binary or Cataclysmic Variable? 

The very high number density of s t a r s i n a t y p i c a l globular c l u s t e r makes 

f o r frequent i n t e r a c t i o n s . Such c l u s t e r s , w i t h ageing s t e l l a r populations, are 

thus an idea l s i t e f o r the formation of low mass X-ray b i n a r i e s v i a 
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g r a v i t a t i o n a l capture (Fabian, P r i n g l e and Rees, 1975). S t e l l a r X-ray sources 

discovered i n nearby g l o b u l a r c l u s t e r s have been divide d i n t o two groups on 

the basis of a c l e a r p a r t i t i o n i n t h e i r t y p i c a l l u m i n o s i t i e s , as shown in 

Figure 8.11 (Hertz and Grindlay, 1983a). The b r i g h t sources, w i t h l u m i n o s i t i e s 

i n the range I O ^ ^ - I Q S S erg s"'", are generally thought t o be accreting neutron 

s t a r s w i t h c h a r a c t e r i s t i c s s i m i l a r t o the LMXRBs which populate the main body 

of our galaxy. The dim sources have l u m i n o s i t i e s from lO^^ t o lO^* erg s - i , 

which are more t y p i c a l of cataclysmic v a r i a b l e s , i n which material accretes 

onto a white dwarf. However, the very b r i g h t e s t of these dim sources do not 

s i t comfortably w i t h i n t h i s c l a s s i f i c a t i o n (Charles, 1989). 

One of these anomalous objects i s X0021-72 s i t u a t e d near the core of 47 

Tucanae, one of the nearest g l o b u l a r c l u s t e r s at a distance of only 4-6 kpc 

(Hertz and Grindlay, 1983b). The f l u x from X0021-72 was found t o be v a r i a b l e 

on timescales of hours t o days from E i n s t e i n observations i n the range 0-2-40 

keV ( A u r i e r e , Koch-Miramand and O r t o l a n i , 1989). The t y p i c a l source luminosity 

v a r i e d from s:7 x 10^3 t o 3 x 10^* erg s"^, w i t h an average value over 4 times 

b r i g h t e r than any g a l a c t i c cataclysmic v a r i a b l e . However, t h i s i s s t i l l an 

order of magnitude below the f a i n t e s t of the b r i g h t globular c l u s t e r X-ray 

sources. This o b j e c t has been suggested t o be a s o f t X-ray t r a n s i e n t i n 

quiescence (Verbunt, van Paradijs and Elson, 1984; Charles, 1989) but the 

i d e n t i f i c a t i o n i s by no means c e r t a i n . 

The observations of X0021-72 by the E i n s t e i n s a t e l l i t e also revealed the 

presence o f weak but s i g n i f i c a n t p ulsations at a period of 120-2 s i n a data 

segment l a s t i n g 2-2 hours. A weaker but more p e r s i s t e n t p u l s a t i o n was also 

seen a t 4-580 s. The s t r e n g t h and coherence of the 120 s modulation was 

t y p i c a l of the weak p e r i o d i c i t i e s seen at 10s of seconds i n a number of CVs 

(Cordova and Mason, 1983) but the le v e l of the steady luminosity would require 

such a source t o be observed i n semi-permanent outburst. The recent 

i d e n t i f i c a t i o n o f a possible o p t i c a l counterpart (Paresce, de Marchi and 

Ferraro, 1992), a f a i n t blue v a r i a b l e s t a r w i t h a spectrum and i n t e n s i t y 
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compatible w i t h a CV ac c r e t i o n d i s c , has not f u l l y resolved the problem. The 

r a t i o o f X-ray t o o p t i c a l luminosity i s much larg e r than f o r most CVs, though 

the o p t i c a l brightness seems too low f o r even an edge-on view of a low mass X-

ray binary. 

8.3.2. Previous TeV Gamma Ray Observations 

S h o r t l y a f t e r the announcement of the discovery of 120 s X-ray pulsations 

from X0021-72, a p r e l i m i n a r y analysis by the Potchefstroom group revealed a 

s i m i l a r p e r i o d i c i t y i n t h e i r TeV gamma ray observations o f the source (de 

Jager e t a l . , 1990). Only weak evidence was found f o r p e r s i s t e n t emission over 

109 days of observing the source at photon energies >2-8 TeV, but one of the 

datasets was found t o show evidence f o r u n i f o r m i t y of phase at 120-1 ±0-2 s 

w i t h a chance p r o b a b i l i t y o f 3-7 x 10-*. The source luminosity was estimated 

as 2 X 1035 erg s-^ above 2-8 TeV, a f a c t o r of 10 greater than the X-ray 

l u m i n o s i t y , which could only be achieved i f the system were a low mass X-ray 

binary. 

A previous analysis of TeV gamma ray observations of 47 Tucanae using the 

Durham group's Mk.3 telescope found no evidence f o r 120 s pulsed emission from 

X0021-72 (Mannings, 1990). From 33 observations, 112 hours of data were 

recorded and tes t e d f o r u n i f o r m i t y of phase at 120 s. No evidence f o r such 

p e r i o d i c i t y was found i n any i n d i v i d u a l dataset and a upper l i m i t on the 

p e r s i s t e n t l u m i n o s i t y above 0-4 TeV was set at 7 x lO^* erg s-K A reanalysis 

o f t h i s data i s presented here, i n v o l v i n g both a more r e f i n e d data s e l e c t i o n 

and the i n c l u s i o n o f several new observations. 

8.3.3. A Search f o r Pulsed TeV Gamma Ray Emission from X0021-72 

8.3.3.1. S e l e c t i o n o f Data from the Durham Mk.3 Telescope 

The Mk.3 telescope has f r e q u e n t l y been used t o make TeV gamma ray 

observations o f 47 Tucanae i n a search f o r the photon f l u x which may a r i s e 

from the large number of m i l l i s e c o n d pulsars expected t o be present i n such a 

glo b u l a r c l u s t e r (e.g. Usov, 1983; Bailyn and Grindlay, 1990). Only those 
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datasets recorded i n the t r a c k i n g mode were used i n the present analysis since 

the 120 s p e r i o d i c i t y of X0021-72 would be l o s t i n the powerful a r t i f i c i a l 

s i g n a l induced by the 2 minute channel-interchange i n t e r v a l which 

characterises the chopping mode. In a d d i t i o n t o t h i s consideration, only those 

datasets recorded under c l e a r and stable weather conditions were used so as t o 

avoid spurious p e r i o d i c i t i e s being induced by external e f f e c t s , w i t h extracted 

segments of high q u a l i t y data being selected where necessary. 

The event r e j e c t i o n procedure used i n the previous analysis of X0021-72 

(Mannings, 1990) was t o accept only events which t r i g g e r e d the on-source 

channel alone, and include no off-source channel responses exceeding a 

r e l a t i v e response t h r e s h o l d . X0021-72 i s very near t o SMC X-1 in the sky and 

i s viewed over a very s i m i l a r range of z e n i t h angles. Therefore as f o r the 

reana l y s i s of data recorded on SMC X-1 which was reported i n Section 8.1, the 

present work used the improved data s e l e c t i o n d e t a i l e d by Brazier (1991). This 

was based on a r e l a t i v e response threshold of 45% and the implementation of 

the pedestal technique (see Chapter 4 ) . The new s e l e c t i o n resulted i n 165 544 

Cerenkov events being selected from 116 hours of observations, comprising 40 

i n d i v i d u a l datasets as l i s t e d i n Table 8.7. 

The purpose of t h i s work was t o use the Rayleigh t e s t t o search f o r 

evidence t h a t the 120 s and 4.58 s p e r i o d i c i t i e s seen at X-ray energies are 

also found at TeV gamma ray energies. Whilst i t i s h i g h l y l i k e l y t h a t X0021-72 

i s i n a binary system, no o r b i t a l parameters are known (although the possible 

o p t i c a l v a r i a b i l i t y on a timescale of ^6 hrs i n the s t a r i d e n t i f i e d by 

Paresce, de Marchi and Ferraro (1992) would be consistent w i t h the o r b i t a l 

period expected i n the CV model of the source) and i t i s not the r e f o r e 

possible f o r the event a r r i v a l times t o be corrected t o the rest frame of t h i s 

binary system 

In a low mass binary, the o r b i t a l v e l o c i t y of the X-ray source i s 

u n l i k e l y t o be much greater than Vx *105 m s"'', and w i l l be less i f the 

compact ob j e c t i s s i g n i f i c a n t l y more massive than the dwarf companion s t a r . 
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TABLE 8.7 - Catalogue o f Mk.3 telescope observations o f X0021-72 

Date Duration (hours) Events Selected 

20 06 88 2.0 2550 
21 06 88 1.9 2499 

09 07 88 3.1 3246 
10 07 88 2.0 1840 
11 07 88 3.4 3605 
12 07 88 3.3 3314 
13 07 88 3.7 3185 
19 07 88 3.1 5246 

02 10 88 2.8 2267 
03 10 88 1.6 3014 
04 10 88 4.3 8773 
07 10 88 3.3 6262 
08 10 88 2.1 4419 
09 10 88 3.5 8896 
10 10 88 3.4 7608 
11 10 88 3.3 3315 
12 10 88 3.5 7033 
13 10 88 3.8 6079 
14 10 88 2.0 3124 

21 10 89 3.1 4520 
27 10 89 4.0 3769 
28 10 89 ( i ) 1.5 1826 
28 10 89 ( i i ) 1.5 1750 
30 10 89 2.5 1454 
01 11 89 4.5 5526 

20 11 89 2.0 3137 
21 11 89 3.9 5793 
22 11 89 2.8 4112 
27 11 89 2.5 3564 
28 11 89 3.0 3922 
30 11 89 2.8 3754 

20 07 90 3.7 5752 
21 07 90 4.1 6998 
11 09 90 1.4 1617 
14 09 90 4.7 5290 
15 09 90 2.0 2953 
16 09 90 3.2 4348 
17 09 90 3.0 4498 

08 11 90 3.1 3268 

12 08 91 1.8 1417 

TOTALS : 116.1 165544 



The maximum Doppler s h i f t o f a pulsar period P which may r e s u l t from o r b i t a l 

motion o f the X-ray source i s s:P(vx/c), where c i s the v e l o c i t y of l i g h t . This 

s h i f t may be compared w i t h the independent period sampling i n t e r v a l , AP=P2/T, 

f o r a t y p i c a l Mk.3 telescope observation l a s t i n g a time T seconds. The average 

value of T i n the present analysis i s 2-9 hours. For a 120 s period, the 

o r b i t a l Doppler s h i f t expected i s «0 04 s, w h i l s t the independent period 

sampling i n t e r v a l i s «1-4 s, thus making the baryce n t r i c c o r r e c t i o n 

unimportant. For a period of 4-58 s however, the maximum Doppler s h i f t i s of 

very s i m i l a r size t o the independent sampling i n t e r v a l (« 2 ms) so t h a t some 

smearing of the p u l s a t i o n s could occur. 

8.3.3.2. U n i f o r m i t y o f Phase i n I n d i v i d u a l Datasets 

Each dataset was t e s t e d f o r u n i f o r m i t y of phase over the period range 

115-125 s, a range of « 3-8 independent sampling i n t e r v a l s , which allowed f o r 

a period d e r i v a t i v e of up t o ±1-5 x 10-^ ss"'' t o have been present since the 

1979 X-ray observations. The o r i g i n a l i d e n t i f i c a t i o n of t h i s period a c t u a l l y 

placed a short-term upper l i m i t of 10"^ ss-^ on the value of the period 

d e r i v a t i v e , and i t i s u n l i k e l y t h a t a long-term value greater than lO-^ ss-^ 

would be seen i n such a low mass binary. No evidence f o r p e r i o d i c i t y was found 

i n any of the datasets test e d i n t h i s way a f t e r a l l o w i n g f o r the 600 degrees 

of freedom used (40 observations, 5 f o r the average number of independent 

sampling i n t e r v a l s t e s t e d and 3 f o r oversampling i n p e r i o d ) . A per i o d i c signal 

c o n s t i t u t i n g 5-6% of the cosmic ray background would have been required f o r a 

s i g n i f i c a n t d e t e c t i o n i n one dataset. Given the average dataset size of 4100 

events, t h i s allowed a 3o- upper l i m i t of 3 x 10"^° cm-^s'^ t o be placed on the 

peak photon f l u x from the source on a timescale of several hours at energies 

above 300 GeV. 

A s i m i l a r procedure was followed t o t e s t f o r u n i f o r m i t y of phase at 4-580 

s. The period search range was 4-575-4-585 s, spanning an average of 5 

independent sampling i n t e r v a l s as f o r the p e r i o d i c i t y search at 120 s. No 
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evidence was found f o r 4-58 s p e r i o d i c i t y i n any of the datasets tested 

a l l o w i n g the same 3cr upper l i m i t o f 3 x lO-^o cm-^s-i t o be placed on the 300 

GeV photon f l u x pulsed at t h i s period. For a source distance of 4-6 kpc and an 

i n t e g r a l cosmic ray s p e c t r a l index of - 1 . 6 , t h i s corresponds t o a 300 GeV 

lumi n o s i t y <3 x 10^5 erg s-K 

A search f o r p e r i o d i c a c t i v i t y on shorter timescales was also c a r r i e d out 

by d i v i d i n g each dataset i n t o a series of 1800 s segments, w i t h each 

successive segment beginning 600 s l a t e r . No s i g n i f i c a n t evidence was found 

f o r short l i v e d enhancements i n the p e r i o d i c emission a t e i t h e r 120 s or 4-58 

s i n any of the datasets t e s t e d . 

8.3.3.3. U n i f o n n i t y o f Phase i n the Combined Dataset 

A f t e r d e r i v i n g a l i m i t on the le v e l of the emission on short timescales, 

a search was made f o r the p e r s i s t e n t emission of pulsed TeV gamma rays from 

X0021-72 on timescales of weeks and years. This task was c a r r i e d out by the 

use o f the Rayleigh t e s t t o t e s t f o r u n i f o r m i t y o f phase over a constant 

matrix of t r i a l periods i n every one of the 40 observations l i s t e d i n Table 

8 . 7 , which span a t o t a l o f 3 years. Due t o the un c e r t a i n t y i n the o r b i t a l 

c o r r e c t i o n s and the possible presence of an unknown period d e r i v a t i v e , the 

r e s u l t a n t chance p r o b a b i l i t i e s at each t r i a l period were then combined without 

the use of r e l a t i v e phase information. 

This procedure was followed t o search f o r p e r i o d i c emission at both 120 s 

and 4 -58 s. The r e s u l t i n g periodogram f o r the former t e s t between 115 and 125 

s i s shown i n Figure 8 . 1 2 , w i t h a peak being seen at 118 ± 1 s. The 

p r o b a b i l i t y o f t h i s p e r i o d i c i t y o ccurring by chance i s 2-1 x 10-3 m u l t i p l i e d 

by a f a c t o r o f 15 t o allow f o r oversampling i n the 5 independent t r i a l period 

i n t e r v a l s used. The corrected p r o b a b i l i t y i s 3-2 x 10"2 and thus does not 

c o n s t i t u t e a 3CT d e t e c t i o n , but remains a t a n t a l i s i n g i n d i c a t i o n o f only a 

s l i g h t decrease i n the period since the 1979 X-ray discovery of t h i s 

p e r i o d i c i t y ( A u r i e r e , Koch-Miramond and O r t o l a n i , 1979) . The 1989 TeV gamma 

ray d e t e c t i o n by the Potchefstroom group indicated t h a t the period had not 
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changed over the 10 years elapsed since the o r i g i n a l i d e n t i f i c a t i o n , and thus 

c o n t r a d i c t s the possible si g n a l seen here. This i s discussed f u r t h e r i n 

s e c t i o n 8.3.3. The corresponding periodogram f o r the 4.58 s search i s given i n 

Figure 8.13. Although the most s i g n i f i c a n t peak i s seen at p r e c i s e l y 4-580 s, 

the p r o b a b i l i t y of t h i s s i g n a l o ccurring by chance i s s!0.3 (2-2 x 10-2 

m u l t i p l i e d by 15 degrees of freedom as described above) and i s thus consistent 

w i t h a random o r i g i n . 

The value of chance p r o b a b i l i t y which would have led t o a 3CT detection of 

a pulsed f l u x w i t h i n 5 independent sampling i n t e r v a l s of e i t h e r of the X-ray 

periods t e s t e d here was 9-0 x lO-s. For a p r o b a b i l i t y d i s t r i b u t i o n derived 

from a combined database of 40 independent observations and 165000 events, 

t h i s l e v e l of chance p r o b a b i l i t y requires a pulsed signal strength of 2 0%. 

This corresponds t o a 3CT upper l i m i t on the pulsed photon f l u x above 300 GeV 

w i t h i n the t r i a l period ranges t e s t e d of a:10 x 10-1° cm-^s-i. For a source 

distance of 4.6 kpc and a d i f f e r e n t i a l s p e c t r a l index of -2.6, t h i s y i e l d s a 

time-averaged upper l i m i t on the source luminosity above 300 GeV of 9.4 x 10^* 

erg s-^. 

The longest timespan w i t h i n a dark moon period f o r which data has been 

recorded on X0021-72 i s 12 days. The independent t r i a l period sampling 

i n t e r v a l f o r a search at 120 s i n a dataset of t h i s d u r a t i o n i s s;14 ms so t h a t 

pulse phase coherence may be maintained i f the lo c a l period d e r i v a t i v e does 

not exceed 1-3 x 10-^ s s - i . The Rayleigh t e s t was t h e r e f o r e applied t o t e s t 

f o r u n i f o r m i t y of phase at s:120 s i n the data from each dark moon i n t e r v a l 

w i t h the r e t e n t i o n of r e l a t i v e pulse phase information. 

The strongest evidence f o r a p e r i o d i c i t y i n t h i s range was found i n the 

dataset from 1988 J u l y , i n which an uncorrected chance p r o b a b i l i t y of 4-2 x 

10-* was found f o r the d e t e c t i o n o f a s i g n a l pulsed at 118-6 ± 0-2 s w i t h a 

s t r e n g t h 2-3% of the cosmic ray background (see Figure 8.14). However the 

chance p r o b a b i l i t y must be adjusted f o r the degrees of freedom used (5 f o r the 
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number of dark moon i n t e r v a l s t e s t e d and 70 f o r the number of independent 

t r i a l periods searched). The corrected p r o b a b i l i t y o f 0-15 i s consistent w i t h 

chance occurrence, and the 3cr upper l i m i t on the f l u x above 300 GeV i s 1.2 x 

10-1° cm - 2s - ' ' . 

The same procedure as above was also used t o t e s t each combined dataset 

f o r u n i f o r m i t y o f phase between 4-577 and 4-582 s, f o r which pulse phase 

coherence could be maintained f o r a period d e r i v a t i v e o f <2 x lO'^^ ss-^. 

Given the number of degrees of freedom used i n t h i s a n a l y s i s , none of the data 

from a s i n g l e dark moon i n t e r v a l were found t o show s i g n i f i c a n t evidence of 

pe r i o d i c emission. The data recorded i n 1988 October showed the lowest 

uncorrected chance p r o b a b i l i t y o f 5 x 10"* at 4-5775 ± 0-0002 s. 

8.3.4. Discussion 

I n summary, the many observations of 47 Tucanae made using the Mk.3 

telescope have not been able t o y i e l d conclusive evidence f o r the observation 

of pulsed TeV gamma rays from X0021-72. The upper l i m i t on the time-averaged 

source l u m i n o s i t y above 300 GeV was set at 9 .5 x 10^^ erg s'^. The new 

observations included since the previous work have not been s u f f i c i e n t t o 

reduce the upper l i m i t derived from the previous work (Mannings, 1990) by a 

s i g n i f i c a n t amount, though t h i s new work has f o r the f i r s t time placed an 

upper l i m i t on the TeV gamma ray f l u x pulsed at 4 .58 s. The Potchefstroom 

group reported a time-averaged luminosity of 2 x 10^5 erg s-^ f o r the 120 s 

pulsed emission above 2-8 TeV. Using an i n t e g r a l spectral index of - 1 , 6 , t h i s 

would correspond t o a source luminosity above the 300 GeV threshold of the 

Mk.3 telescope of 7 x lO^^ erg s-^, a f a c t o r o f 60 above the l i m i t reported 

here. A s i m i l a r discrepancy was found i n the maximum day-to-day pulsed 

l u m i n o s i t y . 

The most i n t e r e s t i n g r e s u l t reported here was the possible i d e n t i f i c a t i o n 

o f a p e r s i s t e n t 118 s p e r i o d i c i t y i n the TeV gamma ray f l u x . Whilst t h i s was 

of low s t a t i s t i c a l s i g n i f i c a n c e , the secular spin-up rate of - 5 x 10-^ ss"'' 

required t o produce t h i s period s h i f t since the 1979 observations may be used 
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t o speculate on the nature of the source. Assuming the average X-ray 

lumi n o s i t y o f 10^* erg s-'' i s due t o the accretion of material a t a constant 

r a t e onto the compact o b j e c t then equation 8.1 (Henrichs, 1983) may be used t o 

p r e d i c t the spin-up r a t e expected f o r a magnetised white dwarf or neutron s t a r 

o f one s o l a r mass : 

P 
- - = 1-6 X 101* . . (R6.L37)-6/7 . p-1 (8.1) 

P 

where P i s the period i n seconds, 145=1/(10*5 g cm^), R6-R/(^0^ cm) and 

L37=L/(103^ erg s - ^ ) . Taking t y p i c a l values f o r the r a d i i o f each class of 

compact o b j e c t , the spin-up rate predicted f o r a 120 s period i s s:3 x 10-1* 

s s - i f o r a white dwarf and «1 x 10-i° ss'^ f o r a neutron s t a r . Therefore 

n e i t h e r model i s consistent w i t h the spin-up rate derived from the present 

work. A much higher X-ray luminosity ( a lO^^ erg s - i ) could produce the 

proposed spin-up f o r an a c c r e t i n g neutron s t a r , but i n a s o f t X-ray t r a n s i e n t 

t h i s l u m i n o s i t y would not be expected t o p e r s i s t f o r a s u f f i c i e n t amount of 

time (Lewin and Joss, 1983). I t should also be noted t h a t the 120 s period 

determined from the E i n s t e i n X-ray measurements was based on a dataset 

spanning only 2.2 hours and thus the accuracy of t h i s value can only be ± 1.8 

s (from equation 4.10). I t i s possible t h e r e f o r e t h a t the present observations 

could be l i n k e d w i t h the 1979 X-ray pulsar observations w i t h the use of a much 

smaller period d e r i v a t i v e . 

A promising channel f o r f u t u r e work could r e s u l t from the determination 

o f the o r b i t a l parameters by X-ray or o p t i c a l observations. A confirmation of 

the possible 6 hour p e r i o d i c i t y would be the f i r s t step i n t h i s d i r e c t i o n and 

could enable the o r b i t a l parameter searching technique d e t a i l e d i n Chapter 4 

t o l o c a l i s e any s i t e of TeV gamma ray emission. To t h i s end, new measurements 

of the 120 s or 4.58 s p e r i o d i c i t i e s of the source would g r e a t l y reduce the 

number of degrees of freedom used i n t e s t i n g f o r these uncertain periods. 
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CHAPTER 9 - MODELS OF TeV GAMMA RAY PRODUCTION I N X-RAY BINARIES 

9.1. P a r t i c l e A c c e l e r a t i o n Near Compact Objects 
9.1.1. Requirements o f Acc e l e r a t i o n Processes 

X-ray b i n a r i e s have now been established as the l a r g e s t category of TeV 

gamma ray sources i n observations c a r r i e d out by numerous research groups. 

This was an unexpected discovery and has led t o the development of a number of 

models t o ex p l a i n the s u r p r i s i n g c h a r a c t e r i s t i c s of high energy emission from 

these o b j e c t s , e s p e c i a l l y Cygnus X-3 and Hercules X-1. As a r e s u l t of 

f o l l o w i n g i n the wake of the observational evidence, a l l o f the models are 

subject t o the subsequent c o n s t r a i n t s and requirements placed on any cr e d i b l e 

explanation o f the type o f processes at work. A set of such considerations 

have been given by Hi l i a s (1987) and Cheng e t a l . (1990) and are summarised as 

f o l l o w s . 

( i ) To produce TeV gamma rays by ne u t r a l pion decay, the accelerated 

nucleons must have energies of at lea s t alO^s gV. 

( i i ) The gamma ray lumi n o s i t y has sometimes been found t o exceed the 

Eddington l i m i t on the luminosity o f an accre t i n g object. Thus i f the source 

i s powered by ac c r e t i o n a means must be found whereby much of the 

g r a v i t a t i o n a l i n f a l l energy may be d i v e r t e d from thermal processes. 

( i i i ) The gamma ray lumi n o s i t y comprises a s i g n i f i c a n t part of the t o t a l 

power output i n a l l energies, so the t o t a l energy budget of the source must 

be s a t i s f a c t o r i l y modified. 

( i v ) Any s i t e o f gamma ray production by neutral pion decay must be at a 

distance o f le a s t « 10^ m from the neutron s t a r i n order t o avoid absorption 

by p a i r production i n i t s intense magnetic f i e l d . 

( v) An explanation must be found f o r the observations o f o r b i t a l phase 

dependence i n the gamma ray s i g n a l , suggesting t h a t the p a r t i c l e beam 

i n t e r a c t s w i t h t a r g e t m a t e r i a l at only c e r t a i n s i t e s i n the system. 

Detections o f gamma ray emission during an ec l i p s e of the X-ray source must 
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also be accounted f o r . 

( v i ) A gamma ray production mechanism must account f o r the pulsar 

behaviour at TeV energies w i t h a period i d e n t i c a l t o t h a t seen at much lower 

energies despite the d i f f e r e n t processes involved. 

Acceleration i n pulsar magnetospheres i s a h i g h l y e f f i c i e n t means of 

producing high energy p a r t i c l e s and TeV gamma rays as a r e s u l t of the power 

a v a i l a b l e from r o t a t i o n a l energy loss i n a r a p i d l y r o t a t i n g i s o l a t e d pulsar. 

The pulsar r a d i a t i o n mechanism was o r i g i n a l l y derived by Goldreich and J u l i a n 

(1969) and l a t e r m o d i f i c a t i o n s have been made t o postulate TeV gamma ray 

emission from m i l l i s e c o n d pulsars (Usov, 1983). A model of TeV gamma ray 

production i n the outer magnetospheric gaps was proposed by Cheng, Ho and 

Ruderman (1986) which removed the problem of the high X-ray f l u x which i s 

pred i c t e d as a consequence of a production s i t e nearer the magnetic poles. 

Such X-ray f l u x e s are not detected from t y p i c a l i s o l a t e d pulsars. 

Goldreich and J u l i a n considered the c o r o t a t i n g plasma w i t h i n the l i g h t 

c y l i n d e r of the neutron s t a r , w i t h i n which a steady s t a t e of charge separation 

i s achieved when E.B=0. The charge density po i s given by 

po = , (9.1) 

2:TC 

where Q» i s the angular v e l o c i t y o f the s t a r and B the magnetic f i e l d , and i s 

zero a t n u l l charge surfaces where Q».B=0. 

The outer gaps i n the magnetosphere occur where the charge-separated 

plasma flows along open f i e l d l i n e s , producing plasma voids where E.B/0 near 

the n u l l charge surfaces (Cheng, Ho and Ruderman, 1986). The p o t e n t i a l drop 

developed i n these regions can accelerate electrons t o u l t r a r e l a t i v i s t i c 

energies w i t h subsequent gamma ray emission and p a i r production maintaining 

the c u r r e n t flow. 

The maximum a c c e l e r a t i n g e l e c t r i c p o t e n t i a l $ f o r a charged p a r t i c l e i n 

the magnetic f i e l d o f a pulsar spinning w i t h angular v e l o c i t y Q. i s given by 
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Bo R3 fl2 
# = , (9.2) 

c2 

where Bo i s the surface e q u a t o r i a l magnetic f i e l d and R the radius of the 

neutron s t a r . For t y p i c a l neutron s t a r values of 10^2 G and 10^ cm, the energy 

required f o r TeV gamma- ray emission i s simply not a v a i l a b l e i n a slow X-ray 

binary pulsar. 

The a c c e l e r a t i o n o f t h e r m i o n i c a l l y emitted electrons by the strong 

e l e c t r i c f i e l d component p a r a l l e l t o the open magnetic f i e l d l i n e s emanating 

from the magnetic poles was suggested t o be a basis f o r the emission of TeV 

gamma rays by Cohen and Mustafa (1987). However, the absorption of such high 

energy photons by p a i r production i n the magnetic f i e l d and i n the hard X-ray 

f l u x from the a c c r e t i n g polar cap makes such a mechanism u n l i k e l y t o occur 

with o u t the i m p o s i t i o n of r e s t r i c t i v e c onditions h i g h l y s e n s i t i v e t o the 

c o n f i g u r a t i o n of the electromagnetic f i e l d s . The ro l e of e l e c t r o n acceleration 

i n p r o v i d i n g a c o n t r i b u t i o n t o the gamma ray f l u x e s observed from X-ray 

b i n a r i e s seems confined t o much lower photon energies. 

9.1.2. Dynamo Mechanisms Derived from Accretion Processes 

A possible source of the very high energy p a r t i c l e a c c e l e r a t i o n i n an X-

ray binary i s the r a d i a l p o t e n t i a l gradient induced i n a r o t a t i n g conducting 

a c c r e t i o n d i s c . Chanmugam and Brecher (1985) were responsible f o r a model 

based on a uni p o l a r inductor mechanism, whereby the magnetic f i e l d of the 

neutron s t a r penetrates i t s surrounding a c c r e t i o n disc. The d i f f e r e n t i a l 

r o t a t i o n o f the Keplerian disc was proposed t o "wind up" and amplify the 

p o l o i d a l magnetic f i e l d , w i t h a component perpendicular t o the disc of Bz(r) a 

r - ' ' / 2 where r i s measured from the neutron s t a r , r e s u l t i n g i n a p o t e n t i a l drop 

between the inner and outer edges of the disc of 

(GM)i /2 
V = . B 2 ( n ) . r i i / 2 . l n ( r o / r i ) , (9.3) 

c 

where M i s the mass of the neutron s t a r , and r i and ro ( i n cm) are the inner 

and outer r a d i i o f the disc r e s p e c t i v e l y . For a magnetised neutron s t a r w i t h a 
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d i p o l a r f i e l d a ligned w i t h i t s spin a x i s , n corresponds t o the Alfven radius 

r A of the magnetosphere : 

n = rA = 3.5 X 108 B i2*/7 R6^o/7 (M/Mo)i/7 L37-2/7 , ( 9 . 4 ) 

where B12 i s the neutron s t a r ' s surface magnetic f i e l d i n u n i t s of 10^2 Q, RB 

i t s radius i n u n i t s of 10^ cm and L37 i t s photon luminosity i n u n i t s of 10^^ 

erg s-^ r e s u l t i n g from conversion of g r a v i t a t i o n a l p o t e n t i a l energy at the 

s t e l l a r surface. 

For a t y p i c a l surface f i e l d o f 10^2 G, the voltage drop at r i can be 

found using B z ( r i )=Bi2 (R/n ) 3 . For the r e s u l t a n t B 2 ( r i ) of s:1.7 x 10^ G, a 

maximum p o t e n t i a l of 1.3 x I C ^ v r e s u l t s f o r an outer disc radius of lO^^ cm. 

For a d i p o l e f i e l d described by 

B z ( r i ) . r i i / 2 a B i2-3/7 , (9.5) 

i t can be seen t h a t lower surface f i e l d s w i l l give higher p o t e n t i a l drops i n 

the inner regions of the d i s c . 

This model p r e d i c t s a TeV gamma ray f l u x o r i g i n a t i n g where the p a r t i c l e 

beams i n t e r a c t e i t h e r w i t h the atmosphere of the primary s t a r or wi t h 

c i r c u m s t e l l a r m a t e r i a l i n the system. Pulsed emission would r e s u l t i f the 

magnetic and r o t a t i o n axes are not aligned. However, the d i r e c t i o n of p a r t i c l e 

a c c e l e r a t i o n i s out of the plane of the disc where most t a r g e t material f o r 

gamma ray production i s expected t o reside. A neutron s t a r surface magnetic 

f i e l d s t r e n g t h of 1012 G makes the Alfven radius too large f o r a s u f f i c i e n t 

amount of acc r e t i o n l u m i n o s i t y t o be extracted before a c c e l e r a t i o n occurs t o 

produce TeV gamma rays ( H i l i a s , 1987). I n a d d i t i o n , the maintenance of the 

f u l l vacuum p o t e n t i a l above the disc i s u n l i k e l y i n the presence of strong 

e l e c t r i c f i e l d s t o draw plasma from the disc plane (Harding, 1990). 

An a c c e l e r a t o r gap model was developed by Cheng and Ruderman (1989, 1991) 

which d i f f e r e d from the model of Chanmugam and Brecher described above by 

considering the p o t e n t i a l drop induced when the inner p a r t of the accretion 

d i s c r o t a t e s f a s t e r than the neutron s t a r magnetosphere. The n u l l charge 
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region (Q*.B=0) i n t h i s s i t u a t i o n extends from being a surface t o form a 

region o f empty plasma where E.B/0 known as the accelerator gap. This i s 

analogous t o the outer gap model f o r an i s o l a t e d pulsar. The acceleration 

process may be explained as f o l l o w s . 

The a c c r e t i o n disc i s assumed t o be a p e r f e c t conductor such t h a t E.B=0 

a t a l l p o i n t s on i t s surface. For the case where the disc and neutron s t a r are 

i n c o r o t a t i o n w i t h the pulsar magnetic and r o t a t i o n axes aligned the 

magnetospheric c o n f i g u r a t i o n i s s i m i l a r t o t h a t w i t h i n the l i g h t c y l i n d e r of 

an i s o l a t e d pulsar, i . e . 

a X r 
E = X B . ( 9 . 6 ) 

c 

I n the case where the disc spins more r a p i d l y than the s t a r , the 

magnetosphere i s d i s r u p t e d along the n u l l charge surfaces and divides i n t o 

t h r e e d i s t i n c t charge-separated regions (see Figure 9 . 1 ) . The innermost region 

corotates w i t h the neutron s t a r , w h i l s t f u r t h e r out i n the disc each charged 

p a r t i c l e corotates w i t h the disc m a t e r i a l l i n k e d by f i e l d l i n e s which do not 

cross the n u l l surfaces. 

The intermediate region i s composed of a plasma gap where E.B /0. With 

^ii>i> and the magnetic f i e l d l i n e s i n t e r r u p t e d by t h i s gap, no current flows 

between the disc and the s t a r . For an inner disc radius n , the p o t e n t i a l drop 

developed i n the l i m i t where I i j ( r o ) > > i > i s 
V ( r ) = 4 X 1 0 i ' ' . r 8 5 / 2 . B i 2 . ( M / M o ) i / 2 . R 6 3 . ( i - ( r i / r ) 5 / 2 ) , ( 9 . 7 ) 

where r e / I O ^ cm i s the inner radius of the d i s c . V ( r ) has a maximum value at 

the c o r o t a t i o n radius rco given by 

rco = (GM/Q»2)i/3 , ( 9 . 8 ) 

The magnetic f i e l d l i n e s passing through the inner disc may be p u l l e d i n by 

the inward flow of matter t o form a small t r a n s i t i o n region beginning at r i 

and ending w e l l w i t h i n rco where the maximum voltage V ( r ) i s increased over 

the value at r c o . 

I f the c u r r e n t o f p o s i t i v e ions from the s t a r t o the disc induced by t h i s 
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/ a-B = 0 

Figure 9.1 : An illustration of the three distinct regions formed in the 
magnetosphere of a rotating neutron star accreting from a disc in the 
situation where the inner disc rotates faster than the star. These are 

(i) the innermost (dotted) region which corotates with 
the neutron star. 

(ii) the outermost (hatched) region which corotates with 
the local Keplerian velocity of the disc, 

(iii) the region empty of plasma (unshaded) which forms 
between regions (i) and (ii) where E.B=0 only at the 
boundaries. This is the accelerator gap where a 
potential drop develops parallel to the magnetic field 
lines. 

(from Cheng and Ruderman, 1989) 



p o t e n t i a l i s balanced by an equal and opposite flow of electrons from the 

d i s c , then the p o t e n t i a l drop across the gap i s steady. However, any pa i r 

production f o l l o w i n g inverse Compton s c a t t e r i n g of s o f t photons emitted from 

the region of the neutron s t a r causes an e x t r a charge flow i n each d i r e c t i o n 

thus reducing the o v e r a l l e l e c t r i c p o t e n t i a l and s e t t i n g a l i m i t on i t s value 

p a r a l l e l t o the magnetic f i e l d l i n e s . This l i m i t may be relaxed i f the region 

of the acc e l e r a t o r gap above the accr e t i o n flow i s shielded by absorption of 

the X-ray f l u x from the neutron s t a r (see Figure 9.2). 

Since the p o t e n t i a l drop Vg i n the gap cannot reach the perf e c t Keplerian 

value of equation 9.7, an increasing current density J i s induced due t o the 

d i f f e r e n c e between the two. U l t i m a t e l y the JxB torque may approach the rate of 

angular momentum f l o w i n t o the region. A n a t u r a l e q u i l i b r i u m i s reached as the 

dis c reduces i t s angular v e l o c i t y fld(r) from the Keplerian value u n t i l the 

cu r r e n t flow s t a b i l i s e s w i t h the induced f i e l d equal t o the maximum possible. 

The maximum a c c e l e r a t i o n voltage a f t e r a l l o w i n g f o r p a i r production can be 

estimated as 

Vppi = 6 X 1 0 i 2 . L 3 7 . E x - i . B 1 2 - 1 / 2 . R 6 - 1 V o l t s , (9.9) 

where Ex i s the t y p i c a l X-ray energy i n u n i t s of 0.1 keV. The corresponding 

power i s given by 

P = 7 X 1034.13-1 .L37.Bi2-'»/7.(M/Mo)-i/7.R6-3/'' erg s-i , (9.10) 

where p = 2ro/rA ~ 1. The maximum power output i s unchanged i f the 

ac c e l e r a t o r gap i s s t r o n g l y shielded from the X-ray f l u x and i t s associated 

p a i r production, but the maximum voltage i s increased t o t h a t achieved i n a 

s t a t i c gap s i t u a t i o n : 

Vgap = 4 X 101".3-5/2.(M/Mo)1/"'.R6-4/7.L375/^Bl2-3/7 VoltS. (9.11) 

Only protons and p o s i t i v e ions can be accelerated t o gain the f u l l energy 

eVgap due t o the e f f e c t s on electrons of inverse Compton s c a t t e r i n g and 

curvature r a d i a t i o n i n the magnetic f i e l d . The u l t r a - r e l a t i v i s t i c p a r t i c l e 

beam can be d i r e c t e d i n t o the disc along the magnetic f i e l d l i n e s where TeV 
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Figure 9.2 : An illustration of the "shielding" of the accelerator gaps 
from the hard X-ray flux emitted by the shock heating of the accretion 
at the magnetic poles of the neutron star. The shielding occiu-s due 
to Compton degradation of the X-ray photons as they traverse the 
accretion flow itself (depicted by the heavy black line). Low energy 
gamma ray emission may occm* outside the gaps in the hard X-ray zone 
as a resxilt of secondary pair production. 

(from Leimg, Cheng and Fxmg, 1993) 



gamma rays may be produced e i t h e r by neutral pion decay or through a p a r t i a l l y 

developed e l e c t r o n / p o s i t r o n cascade. 

Whilst t h i s model i s r e a l i s t i c a l l y l i m i t e d t o the production of lO^s eV 

p a r t i c l e s , l a r g e r voltages and p a r t i c l e energies may be generated i n a 

magnetic reconnection event. I t was suggested by Cheng and Ruderman (1991) 

t h a t neutrons produced i n the p h o t o d i s i n t e g r a t i o n of accelerated nuclei could 

allow energy t o be transported f u r t h e r from the region of strongest magnetic 

f i e l d t o avoid absorption of the r e s u l t a n t TeV gamma ray f l u x . A problem 

remains i n d e r i v i n g maximum a c c e l e r a t i o n p o t e n t i a l from neutron s t a r s w i t h 

high magnetic f i e l d s and correspondingly large Alfven r a d i i . 

9.1.3. Ac c e l e r a t i o n i n Accretion Shocks 

Another means of e x t r a c t i n g high energy p a r t i c l e s from the process of 

ac c r e t i o n i s by a c c e l e r a t i o n i n a d i f f u s i v e shock formed where the accretion 

flow i s channelled onto the neutron s t a r w i t h a v e l o c i t y much greater than i t s 

thermal v e l o c i t y . The a c c e l e r a t i o n i s most l i k e l y t o occur v i a a Fermi 

mechanism, s i m i l a r t o t h a t widely suggested t o accelerate cosmic ray p a r t i c l e s 

i n the magnetic f i e l d s o f the i n t e r s t e l l a r medium (e.g. B e l l , 1978; E l l i s o n 

and E i c h l e r , 1985; E i c h l e r and Vestrand, 1985). I f the shock v e l o c i t y may be 

approximated by the f r e e f a l l v e l o c i t y a t a given distance from the s t e l l a r 

surface, then proton energies of SJIO^^ eV may be reached. 

To avoid the d i f f i c u l t y o f the escape of e i t h e r high energy protons or 

photons from a production s i t e i n the very high magnetic f i e l d near the 

neutron s t a r , Kazanas and E l l i s o n (1986) proposed t h a t neutrons could r e s u l t 

from nucleon c o l l i s i o n s or photodissociation of '•He nuclei t o give an 

i s o t r o p i c f l u x o f very high energy p a r t i c l e s . By escaping the regions of 

strongest magnetic f i e l d , these p a r t i c l e s could i n t e r a c t t o produce gamma rays 

i n t a r g e t m a t e r i a l w e l l outside the a c c r e t i o n zone. 

Further problems w i t h t h i s scenario were pointed out by Hi l i a s and 

Johnson (1989). As the a c c r e t i n g plasma i s channelled along the narrowing 

f i e l d c o n f i g u r a t i o n towards the magnetic poles, the magnetic energy density 
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increases from being s i m i l a r t o the gas energy density at the Alfven radius t o 

a value several orders of magnitude greater. Thus the f i e l d i s too r i g i d t o be 

shocked or d i s t u r b e d by the a c c r e t i n g m a t e r i a l , and w i t h no small-scale 

deformation possible the p a r t i c l e s cannot be r e f l e c t e d and Fermi acceleration 

t o TeV energies i s not possible. Only energies below a GeV may be acquired by 

p a r t i c l e s whose gyroradius resonates w i t h any small wavelike perturbations i n 

the f i e l d caused by the i n f a l l i n g gas. 

To achieve e f f i c i e n t a c c e l e r a t i o n , a region of weaker magnetic f i e l d must 

be found. A shock could occur f u r t h e r from the neutron s t a r i f a j e t of 

protons i s d i r e c t e d i n t o m a t e r i a l at the Alfven radius and elsewhere i n the 

system. Such a model was developed by K i r a l y and Meszaros (1988) who 

considered the formation of a r e l a t i v i s t i c p a r t i c l e j e t ejected along the 

magnetic axis as a r e s u l t of r a d i a t i o n pressure a c t i n g on the material 

impacting on the s t e l l a r surface. Where t h i s j e t i n t e r a c t s w i t h the material 

c o l l e c t e d at the magnetosphere boundary, a shock may form w i t h subsequent 

a c c e l e r a t i o n of p a r t i c l e s on the i r r e g u l a r i t i e s introduced i n t o the weaker 

magnetic f i e l d at t h a t radius (see Figure 9.3). I f the material where the 

shock i s formed i s near c o r o t a t i o n w i t h the neutron s t a r the pulse coherence 

of the p a r t i c l e beam w i l l be retained i n the gamma rays produced by decay of 

the beam. This i s helped by the f a c t t h a t photons emitted p a r a l l e l t o the 

magnetic f i e l d l i n e s are less l i k e l y t o be absorbed. 

9.1.4. Other A c c e l e r a t i o n Models 

A number of other models have been proposed t o attempt t o circumvent some 

of the problems encountered by the a c c e l e r a t i o n processes described so f a r . 

These are generally based on the energy which may be d i r e c t l y a v a i l a b l e from 

magnetic i n s t a b i l i t i e s , reconnection and turbulence i n the a c c r e t i n g plasma 

w i t h i n the neutron s t a r magnetosphere. A t y p i c a l model of t h i s type i s t h a t 

suggested by Wang (1986) i n which sporadic accele r a t i o n occurs when an 

unsteady a c c r e t i o n flow causes plasma i n s t a b i l i t i e s at the magnetospheric 
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Corotating Shell of Material 
at Magnetospheric Boundary 

Hard X-rays from 
Magnetic Pole 

Figure 9.3 : Formation of a collisionless shock where protons ejected 
from the magnetic poles traverse material corotating with the neutron 
star at the magnetospheric boundary. The protons are accelerated by 
repeated coherent scattering in the corotating infalling plasma until 
they are of sufficient energy to escape and interact with material elsewhere 
in the system. This diagram shows a view where the axis of rotation is 
directed into the plane of the paper at a steep angle to the magnetic axis. 

(after Kiraly and Meszaros, 1988) 



boundary. 

A d e t a i l e d and a t t r a c t i v e model was proposed by Katz and Smith (1988) 

which avoids some o f the problems of those previously discussed. This 

considered protons trapped i n the closed f i e l d l i n e s near the neutron s t a r , 

confined i n t h i s region by magnetic m i r r o r i n g at each pole,which could be 

accelerated gradually w i t h low f r i c t i o n a l and c o l l i s i o n a l energy losses due t o 

the low p a r t i c l e d ensity as compared w i t h the accretion flow. 

A c c e l e r a t i o n occurs due t o r e f l e c t i o n from Alfven waves propagating from 

two sources. The a c c r e t i n g plasma may cause disturbances i n the open f i e l d 

l i n e s on a l i n e a r scale approximately equal t o the Alfven radius rA which can 

thus extend as f l u c t u a t i n g f i e l d s throughout the closed magnetosphere. 

R e l a t i v i s t i c Alfven waves may also propagate up the accretion column as a 

r e s u l t of the "splash" of a c c r e t i n g m a t e r i a l onto the neutron s t a r surface. A 

TeV gamma ray f l u x may f o l l o w the escape of the protons from the closed 

magnetosphere due t o a c r i t i c a l increase i n t h e i r g y r o r a d i i on the f i e l d 

l i n e s . Most of the energy of a c c r e t i o n could be d i r e c t e d i n t o t h i s process due 

the o r i g i n of the Alfven waves i n plasma very near the neutron s t a r surface. 

Katz and Smith also predicted t h a t s o f t X-ray synchrotron emission from the 

accelerated protons may be detectable. 

More r e c e n t l y , a l a r g e l y q u a l i t a t i v e v a r i a t i o n on the disc dynamo model 

was described by Lamb, Hamilton and M i l l e r (1993). They argued against the 

a c c e l e r a t o r gap model proposed by Cheng and Ruderman (1989, 1991) due t o the 

l i k e l i h o o d of charged p a r t i c l e s being p u l l e d from the accretion disc and 

reducing the vacuum e l e c t r i c p o t e n t i a l f i e l d . Instead, the Keplerian r o t a t i o n 

of the disc winds up the magnetic f i e l d of the slower spinning neutron s t a r t o 

an extent whereby magnetohydrodynamic (MHD) i n s t a b i l i t i e s i n j e c t plasma from 

the inner disc i n t o the magnetosphere above. The d i f f e r e n t i a l r o t a t i o n of the 

d i s c r e l a t i v e t o the s t a r induces an EMF which drives e l e c t r i c currents i n the 

magnetosphere d e r i v i n g energy from the loss of angular momentum of the disc 

plasma (see Figure 9.4a), The e l e c t r i c p o t e n t i a l generated i s 
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Figure 9.4a : Generation of an EMF in the inner accretion disc caused 
by the differential orbital motion of the plasma. The EMF gives rise to 
a current flow across the magnetic field within the disc and a ciurent 
flow aligned with the field lines in the magnetosphere, indicated by 
the shaded arrows. 

star Disk 

Figure 9.4b : An equivalent circuit showing the EMF generated (Eg ), 
the circuit inductance L , and the resistances R j and R of the disc 
and star respectively. ^ 

(from Lamb, Hamilton and Miller, 1993) 



E g e n = I Q i ^ r8-5/2 ( M / M o ) i / 2 Volts , (9.12) 

where re i s the magnetospheric radius i n u n i t s of 10^ cm and M̂ O i s the 

s t e l l a r magnetic moment i n u n i t s of 10^° G cm^. The current f l o w i n g i n the low 

resistance c i r c u i t between the disc and s t a r w i l l grow expon e n t i a l l y u n t i l MHD 

i n s t a b i l i t i e s terminate the increase (see Figure 9.4b). Rather than the E.M.F. 

being shorted out, p a r t i c l e s could be accelerated by the strong currents 

aligned w i t h the magnetic f i e l d due t o the t w i s t i n g of these f l u x l i n e s . 

Plasma i n s t a b i l i t i e s formed i n the current loop may generate up t o lO^i 

erg s - i , w i t h the opposing legs of the c i r c u i t a c c e l e r a t i n g both protons and 

ele c t r o n s towards the disc where they may produce TeV gamma rays by pion decay 

or bremsstrahlung r e s p e c t i v e l y . 

9.2. Geometry f o r TeV Gamma Ray Production i n a Binary System 

9.2.1. A v a i l a b i l i t y o f Target M a t e r i a l f o r Proton I n t e r a c t i o n 

Once a proton beam i s accelerated t o energies of >10 TeV, i t i s capable 

of producing a s u b s t a n t i a l f l u x of TeV gamma rays i f i t can emerge from the 

region of the neutron s t a r and i n t e r a c t w i t h t a r g e t material present i n the 

system. Since most o f the m a t e r i a l w i l l be confined t o near the o r b i t a l plane, 

i t i s advantageous i f the assumed model i s capable of d i r e c t i n g the p a r t i c l e 

beam i n t o the region of optimal column density. A proton beam i s therefore 

p r e f e r r e d as the magnetic f i e l d near the neutron s t a r can d i r e c t the beam i n t o 

the a c c r e t i o n disc m a t e r i a l as shown i n Figure 9.5 ( H i l l a s and Johnson, 1991). 

A neutron beam produced by the p h o t o d i s i n t e g r a t i o n of accelerated nuclei near 

the neutron s t a r o f f e r s the advantage of maintaining pulse coherence due t o 

i t s lack of dis p e r s i o n i n the magnetic f i e l d as compared w i t h a proton beam 

co n t a i n i n g p a r t i c l e s w i t h a wide range of energies. 

Various a c c r e t i o n disc models have been developed and these can be 

combined w i t h d i r e c t X-ray observations t o provide values f o r the expected 

column d e n s i t y which would be encountered by a p a r t i c l e beam d i r e c t e d i n t o the 

dis c . A standard model due t o Novikov and Thorne (1972) gives a value f o r the 
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Figure 9.5 : A schematic diagram of the trsgectories of protons guided 
in a spiral along the magnetic field lines originating at the neutron star. 
The magnetic field is distorted by the presence of the conducting 
accretion disc and accretion column (dotted region). The arrowed lines 
show the trajectories for protons with energy <100 TeV, 300 TeV and 
1000 TeV reading from top to bottom respectively. 

(from Hillas and Johnson, 1991) 



column d e n s i t y Z i n the inner regions of an accretion disc: 

Z = 700 3-5/2 L 3 7 2 7 / 3 5 Bl2-''2/35 Mo-3/35 Rg-e/? g cm" 2 . (9.13) 

Due t o the unstable nature of many accre t i o n d i s c s , p a r t i c u l a r l y i n 

s p h e r i c a l l y a c c r e t i n g systems, varying matter d e n s i t i e s can c e r t a i n l y occur i n 

the disc which may a l t e r the column density towards the optimal value f o r 

gamma ray production of «50 g cm-2 (Stenger, 1984). Such behaviour would also 

account f o r the t r a n s i e n t nature of some of the observed emission. Another 

t a r g e t which has been f r e q u e n t l y proposed f o r gamma ray production i s the 

atmosphere of the companion s t a r (e.g. H i l l a s , 1984). This i s more l i k e l y i n 

low mass X-ray b i n a r i e s since the much greater photon f l u x from the supergiant 

primary s t a r s i n high mass b i n a r i e s makes i t more d i f f i c u l t f o r gamma ray 

photons t o escape from the atmosphere without severe energy loss v i a p a i r 

production. Other production regions which have been proposed are the 

a c c r e t i o n wake which t r a i l s the neutron s t a r i n a system of unstable 

a c c r e t i o n , and bulges i n the outer part of the accretion disc formed where the 

gas stream from the primary impacts on the edge of the disc (Protheroe and 

Stanev, 1987). 

9.2.2. O r b i t a l Phase Dependence o f Emission 

As has already been mentioned, a p a r t i c l e beam of energy >10i3 eV which 

i n t e r a c t s w i t h t a r g e t m a t e r i a l w i l l produce a shower of pions and subsequent 

gamma rays w i t h an angular spread of only a few mi H i radians. Thus t o be 

detected by an observer, the material responsible must be very near t o the 

l i n e o f s i g h t , a c t i n g i n e f f e c t as a giant s c i n t i l l a t i o n screen. I t i s then 

c l e a r t h a t i n the case of a t a r g e t i n the primary s t a r ' s atmosphere or an 

ac c r e t i o n wake, which have permanent p o s i t i o n s i n the system, the strength of 

emission should be c o r r e l a t e d w i t h the o r b i t a l phase of the neutron s t a r . The 

geometries f o r these t a r g e t s are shown i n Figure 9.6. For a t a r g e t i n the 

atmosphere of the companion, the phases of emission should be symmetric about 

mid-eclipse (though see section 9.2.3.3) and confined t o t h a t h a l f of the 

176 



c o 

I 
< 

§ 

8 

(30 

o 

0̂  0 0 

1^ J -

11̂  I O 
^_ O CO 
O « h QO 
rN O V 

t i l l 
nu 

0 w 
1^ 

00 

00 'tJ 

O « fl 00 

rill 

? § g 

00 

-0 

i 

OD 

(0 

* « 

11 
00 
O 

00 

§ 

O 

a 

id I 
00 



o r b i t around the e c l i p s e . A t a r g e t i n an accretion wake, gas stream or i n 

bulges a t the edge of the disc should produce gamma rays during the passage 

through the ascending node of the o r b i t , corresponding t o the i n t e r v a l s of X-

ray absorption f r e q u e n t l y observed there. I n the case of a t a r g e t i n the 

ac c r e t i o n disc i t s e l f , there i s no reason why any phase dependence should 

occur, other than absorption of the signal during X-ray e c l i p s e . 

A caveat on these conclusions was provided by Moskalenko and Karakula 

(1993). These authors discussed the phase dependence of emission induced by 

absorption i n the photon f i e l d of the primary s t a r . I n general i t i s expected 

t h a t the emission w i l l be confined t o the i n t e r v a l where the gamma ray 

production region i s between the observer and the luminous s t a r ( i . e . e i t h e r 

side of i n f e r i o r conjunction a t phase 0.5) w i t h the precise i n t e r v a l depending 

on the parameters of the o r b i t . However, these r e s u l t s w i l l undoubtedly also 

be modified by absorption of the v i s i b l e photons i n the t a r g e t material 

responsible f o r the gamma ray f l u x . 

9,2.3. P a r t i c l e Beam Steering 

The m o d i f i c a t i o n of the gamma ray emission by st e e r i n g of the beam of 

energetic charged p a r t i c l e s i n the magnetic f i e l d of the primary s t a r has been 

studied by a number of authors (see below). Whilst the magnetic f i e l d s of the 

non-degenerate s t a r s i n X-ray b i n a r i e s are not known, they may be estimated t o 

be t y p i c a l l y o f the order of 0.01 t o 1 G f o r e a r l y type supergiants, and up t o 

103 G f o r l a t e type dwarfs. Over the path traversed by a proton outside the 

neutron s t a r magnetosphere, f i e l d s of t h i s strength are s u f f i c i e n t t o deviate 

the proton t r a j e c t o r y by a s i g n i f i c a n t amount. The weaker f i e l d present i n a 

high mass binary i s compensated by the much longer path of the proton beam i n 

these systems. 

Beam s t e e r i n g was o r i g i n a l l y proposed t o explain the observation of 

bursts of gamma rays from Hercules X-1 w h i l s t the X-ray source was in eclipse 

(Gorham and Learned, 1986; Gorham et a l . , 1987; Dowthwaite et a l . , 1984a) as 

shown i n Figure 9.7. The curvature of the proton beam i s given by the 
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Figure 9.7 : Modified trajectories of protons steered in the magnetic 
field of the primary star in the Hercules X-1 binary system. The 
situation shown is that where the gamma rays produced at either 
limb of the primary star will be visible at the Earth. The protons 
originate at the neutron star and have energies ranging from 0.4 TeV 
at the left to 140 TeV at the right. The latter higher energy photons 
experience least deflection. 

(from Gorham and Learned, 1986) 



g y r o r a d i i o f the p a r t i c l e s i n the d i p o l a r f i e l d o f the primary s t a r , w h i l s t 

the r a d i a l d i r e c t i o n i s given by the Lorentz force vector. The d e f l e c t i o n 

experienced by a p a r t i c l e i s in v e r s e l y p r o p o r t i o n a l t o i t s energy and thus low 

energy p a r t i c l e s may have t h e i r d i r e c t i o n s reversed back towards the neutron 

s t a r imposing a low energy c u t - o f f i n the spectrum of gamma ray emission. I n 

a d d i t i o n , a p a r t i c l e beam i n c l u d i n g a wide spectrum of energies may be 

de f l e c t e d by d i f f e r i n g amounts so t h a t pulse phase coherence i s reduced and 

any remaining gamma ray e c l i p s e can become h i g h l y asymmetric. S i m i l a r 

considerations were applied by Mannings ( 1 9 9 0 , 1992) t o explain observations 

of bursts from Vela X-1 around the time of ecl i p s e (North e t a l . , 1 9 8 9 ) . 

9.3. A p p l i c a t i o n t o the Present Observations 

9.3.1. I n i t i a l Considerations 

To assess how the models of TeV gamma ray production may be applied t o 

the X-ray b i n a r i e s discussed i n Chapters 6 t o 8 , i t i s necessary t o determine 

the r elevant parameters and assumptions required t o perform some of the 

c a l c u l a t i o n s involved. These considerations are given here, p r i m a r i l y w i t h 

relevance t o Centaurus X -3 , Vela X-1 and SMC X - 1 , 

I t i s evident from the work described i n section 9 . 1 on theories of 

p a r t i c l e a c c e l e r a t i o n t h a t much depends on the c o n f i g u r a t i o n and strength of 

the neutron s t a r ' s magnetic f i e l d . Whilst the canonical value of 10^2 Q f o r 

the f i e l d s t r e n g t h provides a good s t a r t i n g p o i n t , d i r e c t information on the 

magnetic f i e l d i s l i m i t e d mainly t o observations of c y c l o t r o n features i n the 

X-ray spectra of these binary systems, which may be both weak and t r a n s i e n t . A 

secondary method of e s t i m a t i n g the magnitude of the f i e l d i s t o use the 

knowledge of the behaviour of the pulsar period (e.g. Henrichs, 1983; Fabbiano 

and Schreier, 1 9 7 7 ) . The r e l a t i o n s h i p of the Alfven radius ra and the 

c o r o t a t i o n radius r c o was discussed i n Chapter 5 . B r i e f l y , where the accretion 

r a t e i s s u f f i c i e n t t o make r a < r c o , the accr e t i n g material inside rco tends 

t o drag the f i e l d l i n e s along thereby increasing the spin-up rate and 
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e v e n t u a l l y reducing rco u n t i l an e q u i l i b r i u m i s restored. The e q u i l i b r i u m 

s t a t e then corresponds t o a near constant spin-up rate and the surface 

magnetic f i e l d may be estimated from combining equations 9.4 and 9.8. 

The X-ray l u m i n o s i t y Lx derived from a c c r e t i o n i s another important 

parameter and i s u s u a l l y a v a r i a b l e q u a n t i t y . The mean luminosity i s assumed 

here unless otherwise s t a t e d , as contemporary luminosity measurements are 

r a r e l y a v a i l a b l e . This l u m i n o s i t y i s assumed t o r e s u l t from the conversion o f 

g r a v i t a t i o n a l p o t e n t i a l energy of the i n f a l l i n g m aterial at the neutron s t a r 

surface, a process w i t h an e f f i c i e n c y of s:10%. 

Some models f o r the a c c e l e r a t i o n of p a r t i c l e s v i a the a c t i o n of a dynamo 

mechanism tapping energy from the inner regions o f the disc require the 

e v a l u a t i o n of the inner and outer r a d i i of the disc. Where such models are 

applied here, the inner radius i s taken as the Alfven radius of the neutron 

s t a r magnetosphere and c a l c u l a t e d using equation 9.4. The outer radius i s 

subject t o much more u n c e r t a i n t y but may be reasonably estimated from the size 

of the Roche lobe of the neutron s t a r , as indicated from measurements and 

s i m u l a t i o n s of the o p t i c a l l i g h t curve (e.g. Tjemkes, Zuiderwijk and van 

P a r a d i j s , 1986). The extent of the Roche lobe may be estimated using equation 

5.3. 

9.3.2. TeV Gamma Ray Production i n Centaurus X-3 

9.3.2.1 A c c e l e r a t i o n o f P a r t i c l e s 

The observations of Centaurus X-3 described i n Chapter 6 enable some 

speculations t o be made here on the nature o f high energy p a r t i c l e production 

i n the system. The pulsar period behaviour has been found t o show i n t e r v a l s of 

both spin-up and spin-down on short timescales w i t h i n the confines of an 

unpredictable long term spin-up. This suggests t h a t the neutron s t a r i s 

r o t a t i n g a t a period very near t o i t s e q u i l i b r i u m value w i t h the precise 

period being very s e n s i t i v e t o changes i n the unsteady accretion r a t e . A 

n a t u r a l explanation of t h i s would be t o suppose t h a t the Alfven radius of the 
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magnetosphere i s u s u a l l y j u s t w i t h i n the c o r o t a t i o n radius. Assuming t h a t the 

average lu m i n o s i t y of ̂ 5 x 10^7 erg s - i i s the f l u x emitted when the accretion 

rate i s r e l a t i v e l y s t a b l e , the surface magnetic f i e l d required t o maintain the 

p o s i t i o n o f the Alfven radius ra w i t h i n rco i s <3 x I C ^ G. A s i m i l a r 

conclusion was reached by van der K l i s , Bonnet-Bidaud and Robba (1980). A 

value of 3 X 10^2 G i s used i n the c a l c u l a t i o n s made here. 

Other physical parameters of Cen X-3 are given i n Table 9.1, the values 

being taken from the review by Nagase (1989) and cal c u l a t e d using expressions 

given i n t h i s chapter. Within the l i m i t s of the assumptions made, these may be 

used f o r comparison w i t h the r e s u l t s of the analysis reported i n Chapter 6. In 

p a r t i c u l a r , we seek an explanation of the gamma ray luminosity of x lO^^ 

erg s - i (>300 GeV) detected i n the o r b i t a l phase range 0.77-0.81. An upper 

l i m i t o f 2 X lO^s erg s"'' above 300 GeV was placed on the p e r s i s t e n t emission 

from t h i s source. A scale diagram of the system showing the optimal phase 

range f o r gamma ray emission i s shown i n Figure 9.8. 

I n i t i a l l y the p o s s i b i l i t i e s f o r a c c e l e r a t i o n of p a r t i c l e s t o very high 

energies must be considered. Given the probable existence of a stable 

a c c r e t i o n disc i n the system, the range of models f o r an accretion disc dynamo 

mechanism must be studied. The major requirement i s t o ensure t h a t a 

s u f f i c i e n t a c c e l e r a t i o n voltage can be generated. Table 9.2 gives the maximum 

ac c e l e r a t i o n voltages which may be derived from the models used t o provide the 

expressions given i n equations 9 .3, 9.9, 9.11 and 9.12. I t i s clear t h a t a l l 

three models used are capable of producing the p o t e n t i a l drop required, as 

would be expected from t h e i r design requirements given the t y p i c a l parameters 

found i n Cen X-3 . The models of Chanmugam and Brecher (1985) and Cheng and 

Ruderman (1989, 1991) depend g r e a t l y on the maintenance of a f u l l vacuum 

e l e c t r i c p o t e n t i a l i n the absence of thermal plasma in the a c c e l e r a t i n g 

region. For the c o n d i t i o n s found a t the inner regions o f the d i s c , t h i s i s 

u n l i k e l y , as in d i c a t e d by s a t e l l i t e observations of s t r o n g l y pulsed Fe l i n e 

emission o r i g i n a t i n g i n a reprocessing s i t e w i t h i n the magnetospheric boundary 
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TABLE 9.1 - Parameters of the Cen X-3 binary system 

Eclipse Semi-angle : 3 5 ° - 40° 

I n c l i n a t i o n : 75° ( + 1 2 ° / - 1 3 ° ) 

S t e l l a r Separation : 43 ,9 ( + 3 . 0 / - 2 . 3 ) I s 

Companion Radius : 28 .3 ( + 4 . 6 / - 3 . 5 ) I s 

Primary Mass : 19.8 ( + 4 . 5 / - 2 . 7 ) Mo 

Neutron Star Mass : 1.06 ( + 0 . 5 6 / - 0 . 5 3 ) Mo 

X-ray Luminosity : 10^' - lO^^ ergs s"'' 

Corotation Radius : 4 .4 x 10^ cm 

Neutron Star Magnetic F i e l d : * 3 x 10^2 G 

Alfven Radius : 4 .2 x 10^ cm f o r 5 x lO^^ erg s-^ 

3.4 X 108 cm f o r lO^s erg s - i 

Roche Lobe Radius : « 8 I s 
f o r Neutron Star 

Values f o r o r b i t a l and s t e l l a r parameters are taken from 
Table 4 of Nagase (1989) and references t h e r e i n . 

The c o r o t a t i o n radius, Alfven radius and Roche lobe radius 
were c a l c u l a t e d using equations 9 .10 , 9.4 and 5 . 3 . 

The above also applies t o Tables 9 .3 and 9 . 5 . 
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Figure 9.8 : Illustration of the Centaurus X-3 binary system 
showing the relative sizes of the components. The interval of 
strongest evidence for TeV gamma ray emission is indicated 
between orbital phases 0.77 and 0.81. 

The size of the Roche lobe of the neutron star is calculated 
using the expression from Paczynski (1971) given in the text. 
This indicates the likely maximum extent of the accretion 
disc and the region around which an accretion wake or a 
temporary gas stream may form. 



TABLE 9.2 - P a r t i c l e a c c e l e r a t i o n i n Centaurus X-3 

(assuming 3 x 10^^ Q surface magnetic f i e l d ) 

Low I n t e n s i t y High I n t e n s i t y 
(L37 = 5) (L37 = 10) 

Magnetic F i e l d 
at ra 3.8 x 10" 7.6 x 10* 
(Gauss) 

Maximum Accretion 
Power at ra 1.2 x 1035 2.9 x 1035 
(erg s - i ) 

Column Density of 
Accretion Disc 1.8 x 103 3.7 x 103 

(g cm-2) 

Maximum Voltage 
i n CB Model 6.3 x 10^* 1.1 x 10^5 

( V o l t s ) 

Maximum Voltage 
i n CR Model 8.0 x lO^" 1.3 x 10^5 

( V o l t s ) 

Maximum Voltage 
i n CR Model w i t h 1.7 x 10^3 3.5 x 10^3 
Pair Production 

( V o l t s ) 

Maximum Power 
i n CR Model 2.9 x 1035 7.2 x 1035 
(erg s - i ) 

Maximum Voltage 8.7 x 10^3 1.4 x lO^* 
in LHM Model 
( V o l t s ) 

Key t o Abbreviations f o r Acceleration Models 

CB : Chanmugam and Brecher, 1985 

CR : Cheng and Ruderman, 1991 

LHM : Lamb, Hamilton and M i l l e r , 1993 

This key i s also used i n Tables 9.4, 9.6, 9.8 and 9.9 



(Day e t a l . , 1993). The model of Lamb, Hamilton and M i l l e r (1992) p r e d i c t s 

lower voltages i n the magnetospheric current loop but these are s t i l l able t o 

give the p a r t i c l e energies required t o generate TeV photons, e s p e c i a l l y i n 

i n t e r v a l s o f high X-ray luminosity. 

The strong magnetic f i e l d makes shock a c c e l e r a t i o n processes u n l i k e l y . 

The mechanisms of Katz and Smith (1988) and K i r a l y and Meszaros (1988) could 

be v i a b l e , provided t h a t the c o n f i g u r a t i o n of the innermost magnetic f i e l d i s 

s u i t a b l e . 

The observed power of 4 x 10^5 erg s"'' i n TeV gamma rays provides some 

problems i n i t s explanation. I t can be seen from the t a b l e t h a t t h i s i s i n 

excess of the maximum ac c r e t i o n power a v a i l a b l e at the Alfven radius, and 

comparable t o the power produced i n the accelerator gap model of Cheng and 

Ruderman i n which the energy i s released about twice as near t o the s t e l l a r 

surface. A more d e t a i l e d c a l c u l a t i o n of the Alfven radius f o r a disc accretor 

may y i e l d a s l i g h t l y lower value of ra (e.g. K i r a l y and Meszaros, 1988) and 

thus l u m i n o s i t i e s i n excess of lO^^ erg s-^ may be a t t a i n a b l e . Nevertheless, 

t h i s s t i l l causes problems f o r some o f the models since the e f f i c i e n c y o f 

photon production v i a pion decay i s only s:10% of the primary p a r t i c l e f l u x 

(e.g. Cheng and Ruderman, 1991) and e l e c t r o n p a i r cascades can r a p i d l y degrade 

the photon energy below TeV energies. I t i s necessary t o invoke e i t h e r strong 

beaming of the emission or an ac c e l e r a t i o n zone nearer the neutron s t a r , as 

suggested by K i r a l y and Meszaros (1988). The l a t t e r would produce an i s o t r o p i c 

p a r t i c l e f l u x and hence reduce the luminosity a v a i l a b l e f o r subsequent pion 

decay i n t a r g e t m a t e r i a l ( H i l i a s and Johnson, 1991). 

9.3.2.2. Gamma Ray Production i n Target Material 

Consideration of the nature of the p a r t i c l e beam requires a number of 

poi n t s t o be made. F i r s t l y , gamma rays of energy 1 TeV must be generated at 

le a s t 20 neutron s t a r r a d i i from the s t e l l a r surface so as t o avoid p a i r 

production i n the transverse magnetic f i e l d (equation 5.7). Although t h i s 
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allows a production s i t e w i t h i n the magnetosphere, the hard X-ray f l u x from 

the neutron s t a r makes t h i s u n l i k e l y . Equation 5.9 shows t h a t the low 

ac c e l e r a t i n g voltages i n Cen X-3 reduce the l i k e l i h o o d of photopion production 

from the high energy protons. 

The problem of the high r e s u l t a n t luminosity may be avoided i f the 

p a r t i c l e beam i s steered along the magnetic f i e l d l i n e s i n t o t a r g e t material 

i n the plane of the system as described by H i l l a s and Johnson (1991). Whilst 

the a c c e l e r a t o r gap model of Cheng and Ruderman assumes a v i r t u a l l y 

u n d i s t o r t e d f i e l d , H i l l a s and Johnson considered the m o d i f i c a t i o n by the 

conducting disc which steers p a r t i c l e s almost p a r a l l e l t o i t s plane. This of 

course assumes t h a t the beam i s composed of protons. A neutron beam could give 

the advantage o f reducing the problems of the production of coherent pulses 

and the narrow phase range i n which emission i s observed, both of which 

re q u i r e a narrow beam, but would have d i f f i c u l t y i n being d i r e c t e d i n t o the 

disc plane unless nuclear p h o t o d i s i n t e g r a t i o n should occur i n t r a n s i t . Given 

two p a r t i c l e beams each o f s o l i d angle Q., the p a r t i c l e luminosity may be 

reduced by a f a c t o r Q/2n, and the t o t a l f l u x t o around 1033 erg s"'' i n a w e l l -

c o l l i m a t e d beam. 

As regards the l i k e l y t a r g e t f o r gamma ray production at o r b i t a l phase 

0.77-0.81, the options seem t o be the a c c r e t i o n d i s c , an accretion wake or a 

gas stream. The geometry r u l e s out production at the limb of the primary. 

There i s also no support f o r such a production s i t e from the s p a t i a l l y 

resolved a n a l y s i s reported i n Chapter 6. Table 9.2 gives the t y p i c a l column 

de n s i t y c a l c u l a t e d f o r the inner a c c r e t i o n disc from equation 9.13. For Cen X-

3 t h i s i s found t o be of the order of 2000 g cm-^, but a l l o w i n g f o r the r - ^ / ^ 

dependence i n t h i s value from the standard disc model (Shakura and Sunyaev, 

1973) t h i s d e n s i t y i s reduced t o a more promising «100 g cm-2 -jn the outer 

regions. A gamma ray beam steered i n t o t h i s disc at a s u f f i c i e n t distance from 

the s t a r would however encounter a greater thickness of material due t o the 

i n c l i n e d angle of incidence. 
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Ginga observations of a pre-eclipse d i p (Nagase et a l . , 1992) showed t h a t 

the absorbing m a t e r i a l had a column density of «1024 H cm-2 corresponding t o a 

grammage of a1-10 g cm-2. The l a t t e r value could give TeV gamma ray production 

w i t h an e f f i c i e n c y o f ̂ 30% t h a t of the optimal 50 g cm-2 (see Figure 5.6) and 

temporary enhancements could occur due t o e i t h e r an increased accretion rate 

or the passage of a shock f r o n t through the l i n e of s i g h t . However as 

Petterson (1978) pointed out, the absorption seen beyond phase 0.75 argues 

against the a c c r e t i o n wake model, favouring instead a gas stream as the cause 

of the absorption. 

The width of the i n t e r v a l 0.77-0.81 corresponds t o a p r o j e c t i o n of 3 Is 

perpendicular t o the l i n e o f s i g h t , or ^6 Is allowing f o r the average length 

of an observation used i n t h i s work. Thus an unstable or uncaptured gas stream 

from the primary could account f o r the observed emission i f i n t e r a c t i n g 

anywhere w i t h the edge of the disc. Note also t h a t the dips t y p i c a l l y l a s t f o r 

up t o «0 .05 i n o r b i t a l phase and thus gamma ray emission would be expected t o 

l a s t throughout a s i n g l e TeV gamma ray observation rather than appear as a 

shor t e r b u r s t . Gamma ray emission may "t u r n on" near phase 0.75 as the 

m a t e r i a l i n the l i n e o f s i g h t becomes s u f f i c i e n t f o r a detectable TeV photon 

f l u x t o be generated. This assumes a somewhat u n r e a l i s t i c step f u n c t i o n change 

i n column de n s i t y between a tenuous gas stream and a much denser disc. Since 

the s t a t e o f a c c r e t i n g m a t e r i a l i s l i k e l y t o be hig h l y complex, material i n 

the general region of the disc could have a range of d e n s i t i e s between those 

of the stream and the d i s c , perhaps g i v i n g r i s e t o weak p e r s i s t e n t emission 

from m a t e r i a l located away from the disc plane. 

9.3.3. TeV Gamma Ray Production i n Vela X-1 

9.3.3.1. P a r t i c l e A c c e l e r a t i o n 

Vela X-1 d i f f e r s from Cen X-3 i n a number of respects, p a r t i c u l a r l y the 

much lower X-ray l u m i n o s i t y due t o acc r e t i o n from the s t e l l a r wind. Another 

f a c t o r of great relevance here i s the surface magnetic f i e l d of the neutron 
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s t a r . I t was pointed out i n Chapter 7 t h a t d i r e c t observations have indicated 

t h a t t h i s f i e l d i s somewhere i n excess of 10^3 Q, and here the f i e l d i s 

estimated f o r the present a p p l i c a t i o n . 

Table 9.3 gives the range of physical parameters f o r Vela X-1. The long 

pulsar period sets the value of the c o r o t a t i o n radius rco at s:8 x 10^ cm. The 

behaviour of the pulse period suggests t h a t the Alfven radius ra i s l i k e l y t o 

o s c i l l a t e about t h i s value depending on the actual nature of mass accretion. 

Borner et a l . (1987) discussed how mat e r i a l a c c r e t i n g s p h e r i c a l l y onto the 

magnetosphere could s e t t l e i n t o a d i s c , removing angular momentum from the 

neutron s t a r and thus causing a long term spin down unless disrupted by the 

passage of a density enhancement i n the wind. Such an argument f o r the 

formation of a temporary disc i n t h i s s p h e r i c a l l y a c c r e t i n g system was 

supported by the work of Matsuda, Inuoe and Sawada (1987) and Haberl and White 

(1989). As seen i n Table 9.3 f o r t y p i c a l X-ray l u m i n o s i t i e s of Vela X-1, a 

f i e l d of s:5 X 10''3 G i s required t o b r i n g ra near t o r c o , and t h i s value i s 

used here. A scale diagram of the system i s shown i n Figure 9.9. 

The bursts discussed i n Chapter 7 required a photon f l u x above 300 GeV of 

K^ X 1035 erg s"'' at the source, l a s t i n g f o r about 30 minutes. The long term 

emission p r e v i o u s l y reported by the Durham group corresponded t o a source 

l u m i n o s i t y of «3 x 103* grg s"''. As a disc may be present i n the system, the 

maximum voltages generated i n the disc dynamo models were cal c u l a t e d and are 

l i s t e d i n Table 9.4 f o r two states of X-ray luminosity. I t can be seen t h a t 

the voltages are r e l a t i v e l y low, two orders of magnitude below those found f o r 

Cen X-3, but may be able t o produce a f l u x of TeV protons e s p e c i a l l y i n the 

highest l u m i n o s i t y s t a t e s . The p a i r production l i m i t placed on the Cheng and 

Ruderman model rules out the maintenance of a plasma gap w i t h a p o t e n t i a l drop 

s u f f i c i e n t t o generate TeV protons, leaving the current loop model of Lamb, 

Hamilton and M i l l e r as the most p l a u s i b l e . 

The very strong magnetic f i e l d near the neutron s t a r makes shock 

a c c e l e r a t i o n processes h i g h l y u n l i k e l y . The j e t model of K i r a l y and Meszaros 
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TABLE 9.3 - Parameters o f the Vela X-1 binary system 

Eclipse Semi-angle : 33° - 36° 

I n c l i n a t i o n : 83° ± 6° 

S t e l l a r Separation : 122.8 (+2.1/-1.9) Is 

Companion Radius : 78.9 ± 2.5 I s 

Primary Mass : 23.0 (+1.2/-0.9) Mo 

Neutron Star Mass : 1.77 ± 0.21 Mo 

X-ray Luminosity : 1035 _ i o 3 6 ergs s"'' 

Corotation Radius : 7.9 x 10^ cm 

Neutron Star Magnetic F i e l d : « 5 x 10^3 G 

Alfven Radius : 8.4 x lO^ cm f o r 5 x 1035 erg s"'' 

6.9 X 109 cm f o r 1036 erg s - i 

Roche Lobe Radius : « 24 Is 
f o r Neutron Star 



HD77581 

Phase 0.68 

Approximate size 
of Roche Lobe 

50 Its 

Figure 9.9 : Illustration of the Vela X-1 binary system showing 
the relative sizes of the components. The positions of the neutron 
star and its Roche lobe are shown at the orbital phase at which 
the bursts identified in the present work were detected. 



TABLE 9.4 - P a r t i c l e a c c e l e r a t i o n i n Vela X-1 

(assuming 5 x 10^3 Q surface f i e l d ) 

Low I n t e n s i t y High I n t e n s i t y 
(L37 = 0.05) (L37 = 0.1) 

Magnetic F i e l d 
at ra (Gauss 84 150 
(Gauss) 

Maximum Accretion 
Power at ra 6.0 x 103i 1.5 x 1032 
(erg s - t ) 

Column Density of 
Accretion Disc 6.7 13.4 

(g cm-2) 

Maximum Voltage 
i n CB Model 5.4 x 10^2 9.2 x 10^2 

( V o l t s ) 

Maximum Voltage 
i n CR Model 9.6 x 10^2 1.6 x 10^3 

( V o l t s ) 

Maximum Voltage 
i n CR Model w i t h 4.2 x lO^o 8.5 x 10^° 
Pair Production 

( V o l t s ) 

Maximum Power 
i n CR Model 1.5 x 1032 3.6 x 1032 
(erg s-') 

Maximum Voltage 
i n LHM Model 1.0 x 10^2 1.7 x 10^2 

( V o l t s ) 



requires a s h e l l o f m a t e r i a l i n c o r o t a t i o n w i t h the neutron s t a r , which i s 

d i f f i c u l t t o maintain given the unstable a c c r e t i n g process. The strong f i e l d 

may lend support t o the plasma turbulence models o u t l i n e d by Katz and Smith 

(1988), Wang (1986) and Lamb, Hamilton and M i l l e r (1993) due t o the large 

amount of energy which would be a v a i l a b l e from a magnetic reconnection event, 

e s p e c i a l l y on short timescales. 

I t may be noted from Table 9.4 t h a t the l u m i n o s i t i e s a v a i l a b l e from 

a c c r e t i o n a t the Alfven radius are at lea s t two orders of magnitude below even 

the lowest steady s t a t e value reported at TeV energies. Thus s u b s t a n t i a l 

beaming must be invoked, or an ac c e l e r a t i o n s i t e much nearer the s t e l l a r 

surface. Wang (1986) demonstrated t h a t long wavelength plasma disturbances, 

e.g. a Rayleigh-Taylor i n s t a b i l i t y , at the magnetospheric boundary could allow 

plasma t o penetrate much deeper than the Alfven radius and thus gain more 

energy f o r a c c e l e r a t i o n on the reconnection of current sheets i n the plasma. 

This complex procedure may be r e l a t e d t o the explanation of a single-peaked X-

ray out b u r s t as put forward by Borner e t a l . (1987) who suggested t h a t a 

concentration of a c c r e t i n g m a t e r i a l could be trapped over one of the magnetic 

poles by an azimuthal i n s t a b i l i t y sustained f o r several pulsar r o t a t i o n s . 

9.3.3.2. Production o f TeV Photons 

The s i t e o f gamma ray production i n Vela X-1 should be at least s:60 

neutron s t a r r a d i i from the s t e l l a r surface t o avoid p a i r production i n the 

magnetic f i e l d (from equation 5.7). This i s well w i t h i n the magnetosphere so 

t h a t coherent pulses could be produced here, but as f o r Cen X-3 the intense X-

ray f l u x from the neutron s t a r makes such pr o x i m i t y t o the neutron s t a r 

u n l i k e l y . 

The maintenance of pulse coherence i s easier f o r t h i s system than most 

due t o the period of 283 s and the long duty cycle. A proton beam should be 

able t o produce the observed p u l s a t i o n without recourse t o neutral p a r t i c l e 

production. Mannings (1992) showed t h a t TeV gamma ray observations of t h i s 
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source i n e c l i p s e supported the model of a charged p a r t i c l e beam being steered 

i n t o the limb of the primary s t a r . As f o r Cen X-3 the model of H i l l a s and 

Johnson (1991) f o r the s t e e r i n g of the p a r t i c l e beam by the neutron s t a r f i e l d 

i n t o the o r b i t a l plane can also be applied t o Vela X-1. The problem of 

divergence of t h i s beam due t o the energy range of the p a r t i c l e s i s reduced 

here since as discussed e a r l i e r , the maximum voltage a v a i l a b l e f o r 

a c c e l e r a t i o n may only be x^0^^ V r e s u l t i n g i n a narrow range of energies 

s u f f i c i e n t t o give high energy gamma ray production. This argument also 

favours gamma ray production d i r e c t l y from pion decay rather than through an 

electromagnetic cascade which would r a p i d l y degrade the photon energies. 

Possible t a r g e t s f o r gamma ray production i n t h i s system are as normally 

postulated f o r X-ray b i n a r i e s . As can be seen from Table 9.4 the column 

de n s i t y of the inner disc i n the high luminosity s t a t e i s a20 g cm-2. Allowing 

f o r the i n c l i n e d path of the proton beam, required t o d i r e c t TeV photons i n t o 

the l i n e o f s i g h t , a column density approaching the optimal 50 g cm-2 ôay 

e a s i l y be achieved. As pointed out by Cheng and Ruderman (1991) t h i s indicates 

t h a t Vela X-1 could be a p e r s i s t e n t source of gamma ray emission, as seen by 

the Potchefstroom and Durham groups, f o r as long as an accretion disc e x i s t s . 

The bursts seen by the Potchefstroom groups could be explained by the passage 

of the proton beam through a low energy window i n the disc and i n t o the limb 

of the primary. 

To e x p l a i n the t r a n s i e n t high luminosity bursts reported here requires a 

more t r a n s i e n t t a r g e t . At a phase of 0.68, a t a r g e t i n a gas stream, shock 

f r o n t or a bulge i n the outer disc would a l l be possible. The o r b i t a l 

searching technique applied i n t h i s work i s unable t o achieve s u f f i c i e n t 

s p a t i a l r e s o l u t i o n t o determine the precise s i t e of emission. Very high 

absorbing d e n s i t i e s of 102<-1025 H cm-2 (grammages of 2-20 g cm-2) have been 

postulated t o account f o r the dips seen around the region of the ascending 

node (e.g. Staubert e t a l . , 1980; Nagase et a l . , 1984a; Lapshov et a l . , 1992) 

and would be acceptable as a t a r g e t f o r TeV gamma ray production by pion 
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decay. Whilst these dips may also a r i s e from a quenching of the accreting 

m a t e r i a l by a reduction i n the s t e l l a r wind flow, without measurements of an 

accompanying decrease i n the pulse period, n e i t h e r of the two p o s s i b i l i t i e s 

can be discounted. The v a r i a b l e low energy X-ray c u t - o f f i n Vela X-1 tends t o 

support an absorber as the cause (Staubert e t a l . , 1980). A GRANAT observation 

of a severe i n t e n s i t y d i p l a s t i n g f o r several hours on 1991 January 9 was made 

at an o r b i t a l phase of « 0 . 7 3 , only 4 o r b i t a l cycles before the f i r s t of the 

bursts reported here, suggesting t h a t a quasi-stable absorber may have been 

present i n t h i s i n t e r v a l f o r at leas t «40 days. 

I t may also be noted t h a t the o r b i t a l phase 0.68 corresponds almost 

e x a c t l y t o the time of passage of the neutron s t a r through apastron ( i t s most 

d i s t a n t p o s i t i o n from the primary s t a r ) . Given the low e c c e n t r i c i t y of 0.08, 

some kind of t i d a l resonance e f f e c t , w h i l s t an i n t e r e s t i n g channel f o r f u r t h e r 

i n v e s t i g a t i o n , would seem d i f f i c u l t t o demonstrate. 

9.3.4. TeV Gamma Ray Production i n SMC X-1 

The steady spin-up of the SMC X-1 pulsar period since i t s discovery 

suggests t h a t the neutron s t a r i s re v o l v i n g i n i t s e q u i l i b r i u m s t a t e w i t h a 

good balance of ra and rco being maintained a t the magnetospheric boundary. 

The high average X-ray lu m i n o s i t y of «5 x lO^s erg s"'' i s a t t r i b u t e d t o the 

e f f i c i e n t t r a n s f e r o f m a t e r i a l through the disc onto the neutron s t a r . 

Combining t h i s value of Lx w i t h the balance of ra and rco y i e l d s a surface 

magnetic f i e l d f o r the neutron s t a r very near the canonical 10^2 Q. The high 

d e n s i t y o f the inner disc may a f f e c t the process of r e s t o r a t i o n o f e q u i l i b r i u m 

r o t a t i o n . A value of 1 x 10^2 G i s used i n t h i s treatment. The other physical 

parameters given i n Table 9.5 are from Nagase (1989) and the equations given 

i n t h i s chapter. 

Unlike Cen X-3 and Vela X-1, no s i g n i f i c a n t f l u x o f TeV gamma rays has 

been detected from SMC X-1. I n t h i s work a l i m i t of ss6 x lO^'' erg s"'' was 

placed on the photon l u m i n o s i t y above 300 GeV observed i n any of the 132 

187 



TABLE 9.5 - Parameters o f the SMC X-1 binary system 

Eclipse Semi-angle : 2 6 . 5 ° - 2 9 ° 

I n c l i n a t i o n : 6 5 ° ( + 1 2 ° / - 9 ° ) 

S t e l l a r Separation : 6 2 . 9 ( + 4 . 9 / - 4 . 7 ) I s 

Companion Radius : 3 7 . 8 ( + 7 . 8 / - 8 . 0 ) I s 

Primary Mass : 1 6 . 8 ( + 4 , 2 / - 3 . 5 ) Mo 

Neutron Star Mass : 1 . 0 6 ( + 0 . 3 3 / - 0 . 3 1 ) Mo 

X-ray Luminosity : 1038 _ 1939 ergs s-^ 

Corotation Radius : 1 .2 x 10^ cm 

Neutron Star Magnetic F i e l d : « 1 x 10^2 G 

Alfven Radius : 1 .1 x 10^ cm f o r 5 x 1038 erg s-^ 

Roche Lobe Radius : ^ 1 2 I s 
f o r Neutron Star 



observations made. The e a r l i e r work by Mannings (1990) placed a l i m i t of 1.5 x 

1037 erg s-^ on the f l u x recorded on a timescale of »s10 days. Due t o the 

remoteness of t h i s o b j e c t these l i m i t s are an order of magnitude or more 

greater than the f l u x e s detected at the Earth from any g a l a c t i c TeV gamma ray 

sources, but i n ne i t h e r l i m i t i s the X-ray luminosity exceeded. I t i s 

t h e r e f o r e i n t e r e s t i n g t o c a l c u l a t e the f l u x e s predicted by the production 

models described i n t h i s chapter. Table 9.6 l i s t s the acc e l e r a t i n g voltages 

which are predicted by the ac c r e t i o n based models. I t i s apparent t h a t a l l , 

even the p a i r production l i m i t e d voltage from Cheng and Ruderman (1991), are 

capable of producing protons w i t h the required energy. Allowing f o r the 

e f f i c i e n c y o f photon production v i a pion decay, gamma ray energies of around 

10 TeV can be reached. 

The a c c r e t i o n l u m i n o s i t y a v a i l a b l e at the Alfven radius i s s;5 x 1036 erg 

s-'', increasing t o K^o3^ erg s-'' i n the model of Cheng and Ruderman, which i s 

below the l i m i t s derived by TeV gamma ray observations. Again, beaming of the 

gamma ray f l u x could reduce the actual l u m i n o s i t i e s required. Allowing f o r 

the distance t o SMC X-1, the actual photon f l u x at the Earth would be somewhat 

lower than t h a t expected from Cen X-3 ( a t a distance of 8 kpc compared w i t h 

the 65 kpc of SMC X -1) . 

A s i t e f o r TeV gamma ray production must be well removed from the inner 

regions of the a c c r e t i o n disc due t o the intense X-ray f l u x from the neutron 

s t a r and the high column density of the mater i a l i n the inner disc (>10'' 

g cm-2). Even at the outer regions of the 10 I s di s c , the density i s only 

reduced t o s:300 g cm-2. ̂  p a r t i c l e beam could t h e r e f o r e only produce a 

detectable f l u x o f gamma rays i f d i r e c t e d i n t o material of lower density well 

out of the disc plane. I n high X-ray i n t e n s i t y states of t h i s system, 

absorption dips are not seen (e.g. Bonnet-Bidaud and van der K l i s , 1981). 

Therefore the column density of mat e r i a l i n the system may not oft e n be 

s u i t a b l e f o r TeV gamma ray production. 

The pulse period of 0.71 s i s one of the shortest i n any X-ray binary 
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TABLE 9.6 - P a r t i c l e a c c e l e r a t i o n i n SMC X-1 

(assuming 1 x 10^2 G surface f i e l d ) 

L37 = 50 

Magnetic F i e l d 
at ra 7.5 X IQS 
(Gauss) 

Maximum Accretion 
Power at r a 4.6 x lO^^ 
(erg s - i ) 

Column Density of 
Accretion Disc 1.4 x 10"* 

(g cm-2) 

Maximum Voltage 
i n CB Model 7.3 x lO^s 

( V o l t s ) 

Maximum Voltage 
i n CR Model 6.6 x 10^5 

( V o l t s ) 

Maximum Voltage 
i n CR Model w i t h 3.0 x lO^^ 
Pair Production 

( V o l t s ) 

Maximum Power 
i n CR Model 1.1 x 10^^ 
(erg s - i ) 

Maximum Voltage 
i n LHM Model 8.1 x lO^* 

( V o l t s ) 



system and i f t h i s i s t o remain as a coherent pulse at TeV energies the 

divergence of the proton beam must be minimised. The divergence of the beam 

w i n increase w i t h the distance from the neutron s t a r and hence a neutron beam 

would be a more favourable option i n t h i s system. The high X-ray f l u x would 

a s s i s t i n t h i s respect by enabling more e f f i c i e n t p h o t o d i s i n t e g r a t i o n of the 

accelerated n u c l e i . 

9.3.5. TeV Gamma Ray Production i n Low Mass X-ray Binaries 

9.3.5.1. 4U1626-67 

In the case of 4U1626-67, d i r e c t observations of the X-ray spectra and 

pulse p r o f i l e s have suggested t h a t t h i s system contains a neutron s t a r w i t h a 

surface f i e l d o f «5 x 10^2 G ( K i i e t a l . , 1986; Pravdo et a l . , 1979) . 

Measurements of the pulse period behaviour of t h i s object suggest t h a t the 

i n t e r a c t i o n of the a c c r e t i n g m a t e r i a l w i t h the magnetosphere i s well-balanced 

The assumption of a neutron s t a r surface f i e l d of 5 x 10^2 Q allows the near 

balance of rco and ra expected i n such circumstances i f the source luminosity 

i s taken t o be 3 x 10^7 erg s-^. The o r b i t a l parameters of t h i s system are 

poorly defined, and the values r e l a t e d t o the o p t i c a l determination of the 

o r b i t a l period ( M i d d l e d i t c h e t a l . , 1981) are given i n Table 9 . 7 . The 

ac c r e t i o n disc radius i s t h a t estimated by McClintock et a l . (1980) from 

o p t i c a l reprocessing o f the X-ray pulse. 

The a c c e l e r a t i n g voltages possible f o r the accretion driven acceleration 

processes are given i n Table 9 . 8 . Proton energies of more than s:10i3 eV can be 

reached i n a l l of these models g i v i n g the p o s s i b i l i t y o f TeV gamma ray 

production i n optimal circumstances. The long term upper l i m i t on the power 

emitted a t photon energies above 300 GeV was set at 1 x 10^5 erg s-^ in 

Chapter 8. I t can be seen from Table 9 .8 t h a t t h i s i s comfortably higher than 

the maximum power a t t a i n a b l e from a c c r e t i o n at the Alfven radius or from the 

a c c e l e r a t o r gaps, so t h a t a more s e n s i t i v e observation would be required t o 

detect an i s o t r o p i c gamma ray f l u x . Since the magnetosphere i s l i k e l y t o be 
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TABLE 9.7 - Parameters o f the 4U1626-67 binary system 

I n c l i n a t i o n : 18° (+I80/-70) 

S t e l l a r Separation : 1.14 ± 40 I s 

Neutron Star Mass : %1.4 Mo 

Companion Star Mass : «0.08 Mo ( i f main sequence dwarf) 

X-ray Luminosity : ^3 x lO^'' ergs s"'' 

Corotation Radius : 6.4 x 10^ cm 

Neutron Star Magnetic F i e l d : s;5 x 10^2 G 

Alfven Radius : 6.7 x 10^ cm f o r 3 x lO^^ erg s-^ 

Accretion Disc Radius : R:0.5 I s 

Values f o r o r b i t a l and s t e l l a r parameters are taken from 
Model 1 o f Middl e d i t c h et a l . (1981). 

The c o r o t a t i o n radius and Alfven radius were ca l c u l a t e d 
using equations 9.10, 9.4 and 5.3. 

The a c c r e t i o n disc radius i s t h a t estimated by McClintock 
e t a l . (1980). 



TABLE 9.8 - P a r t i c l e a c c e l e r a t i o n i n 4U1626-67 

(assuming 5 x I C ^ G surface magnetic f i e l d ) 

L37 = 3 

Magnetic F i e l d 
at ra 1.6 x 10" 
(Gauss) 

Maximum Accretion 
Power at r a 4.5 x lO^" 
(erg s - i ) 

Column Density of 
Accretion Disc 900 

(g cm-2) 

Maximum Voltage 
i n CB Model 1.8 x I Q i " 

( V o l t s ) 

Maximum Voltage 
i n CR Model 4.6 x lO^" 

( V o l t s ) 

Maximum Voltage 
i n CR Model w i t h 8.0 x 10^2 
Pair Production 

( V o l t s ) 

Maximum Power 
i n CR Model 1.1 x 1035 
(erg s-^) 

Maximum Voltage 
i n LHM Model 5.0 x 10^3 

( V o l t s ) 



near t o c o r o t a t i o n w i t h the pulsar, the model of K i r a l y and Meszaros (1988) 

could be invoked t o produce a j e t of accelerated protons t o i n t e r a c t w i t h 

m a t e r i a l at the magnetospheric boundary. Such a model would also have the 

advantage of d i r e c t i n g the gamma rays out of the plane of the system, which i s 

i n c l i n e d a t >70° t o our l i n e of s i g h t . 

This high i n c l i n a t i o n also rules out gamma ray production i n a gas 

stream, the limb of the companion or any other material present i n the plane 

o f the system. The a c c r e t i o n disc would be a possible production s i t e were the 

proton beam t o be i n c i d e n t at a steep angle. I t i s l i k e l y t h a t only the 

highest energy protons would achieve t h i s ( H i l l a s and Johnson, 1991). The 

column de n s i t y of the inner disc i s 500-1000 g cm-2, and hence TeV gamma ray 

production could only occur near the edge of the disc where the column density 

drops t o s:20% of t h i s value. Given the high i n c l i n a t i o n such a production s i t e 

would have a projected distance of only 0.1 Is from the neutron s t a r and thus 

the s h i f t would not be detectable using the o r b i t a l searching technique. 

9.3.5.2. X0021-72 

Given the lack of knowledge of any of the precise physical parameters of 

the X0021-72 system, as wel l as the lack of a p o s i t i v e signal detection at TeV 

photon energies, the a p p l i c a t i o n of gamma ray production models t o t h i s object 

can only be spec u l a t i v e . As was discussed i n Chapter 8, i t i s not cle a r 

whether t h i s anomalous source i s a cataclysmic v a r i a b l e , a low mass X-ray 

binary or a s o f t X-ray t r a n s i e n t . The suggestion of a spin-up of the 120s 

pulsar between the 1979 X-ray observations and the TeV gamma ray observations 

reported here could only be explained by a neutron s t a r a c c r e t i n g from a 

st a b l e d i s c . The spin-up rate i s subject t o considerable u n c e r t a i n t y , and 

o p t i c a l observations suggest t h a t a s t r o n g l y magnetised white dwarf i s a 

b e t t e r candidate f o r the a c c r e t i n g o b j e c t . 

Therefore, as f o r the other objects studied i n t h i s chapter, a range of 

models were applied t o t h i s system but assuming three d i f f e r e n t compact object 

candidates, each of mass 1.4 Mo - (a) a neutron s t a r w i t h a 10^2 G surface 
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f i e l d , (b) a neutron s t a r w i t h a 10^ G surface f i e l d , and (c) a white dwarf 

w i t h a 10'' G surface f i e l d . The r e s u l t s are l i s t e d i n Table 9.9. B r i e f l y , i t 

can be seen t h a t the model best capable of producing high energy protons i s 

case ( a ) , i . e . a low mass X-ray binary containing a 10^ G neutron s t a r . I n 

t h i s case, a l l of the a c c r e t i o n d r i v e n models p r e d i c t t h a t proton energies of 

around 10 TeV are a t t a i n a b l e . Thus a weak f l u x of TeV gamma rays could be 

detected i f d i r e c t e d i n t o an ac c r e t i o n d i s c , which has a column density of x40 

g cm-2 i n t h i s s i t u a t i o n thereby being s u i t a b l e f o r gamma ray production v i a 

pion decay. 

Case (c) p e r t a i n i n g t o a white dwarf i n a cataclysmic binary i s another 

p o s s i b i l i t y , but gives maximum proton energies an order of magnitude lower 

than found f o r case ( b ) . The l u m i n o s i t i e s i n each are i n the region of 10^3 

erg s - ^ and t h e r e f o r e s i g n i f i c a n t beaming would be required t o give a signal 

d e t e c t i o n a t the l e v e l of the upper l i m i t of ̂ lO^s erg s"'' imposed by the TeV 

gamma ray observations given here. I t may also be noted t h a t some of the shock 

a c c e l e r a t i o n models could be f e a s i b l e i n the a c c r e t i o n column of a white dwarf 

where the magnetic energy density may be low enough t o allow the formation of 

shocks i n the flow of mater i a l onto the polar cap. 
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TABLE 9.9 - P a r t i c l e a c c e l e r a t i o n i n X0021-72 

Case A Case B Case C 

Maximum Accretion 
Power at ra 1.6 x 1031 3.0 x 1033 5 .3 x 1032 
(erg s - i ) 

Column Density of 
Accretion Disc 1.6 37 0.22 

(g cm-2) 

Maximum Voltage 
i n CB Model 3.2 x 10^2 3 .9 x I Q i * 1.2 x 10^2 

( V o l t s ) 

Maximum Voltage 
i n CR Model 6.6 x 10^2 3 .4 x IQ i " 1.7 x 10^3 
( V o l t s ) 

Maximum Voltage 
i n CR Model w i t h 1.8 x 10^° 1.8 x 10^2 5.7 x lO^ 
Pair Production 

( V o l t s ) 

Maximum Power 
i n CR Model 3.8 x 1031 7 .3 x 1033 1.4 x 1033 
(erg s-^) 

Maximum Voltage 
i n LHM Model 7.2 x 10^1 3.7 x 10^3 1.9 x 10^2 

( V o l t s ) 

Case A : Neutron s t a r , mass 1.4 Mo, B - f i e l d 10''2 G 

Case B : Neutron s t a r , mass 1.4 Mo, B - f i e l d 10^ G 

Case C : White dwarf, mass 1.4 Mo, B - f i e l d 10^ G 



CHAPTER 10 - DISCUSSION AND FUTURE WORK 

10.1. The Status o f X-ray B i n a r i e s as TeV Gamma Ray Sources 

This t h e s i s has provided updated analyses of TeV gamma ray observations 

of f i v e X-ray b i n a r i e s . Centaurus X-3 and Vela X-1 have been found t o show 

s i g n i f i c a n t evidence f o r pulsed emission at a s p e c i f i c o r b i t a l phase, near the 

ascending node i n each case. These two binary systems j o i n the three discussed 

i n Chapter 5 (Cyg X-3, Her X-1 and 4U0115+63) t o form the group of X-ray 

b i n a r i e s f o r which a s u b s t a n t i a l amount of evidence f o r TeV gamma ray emission 

has been accumulated. The three other systems analysed i n Chapter 8 have not 

been found t o show evidence f o r such emission, but the discussion in Chapter 9 

has put forward some explanations as t o why emission may be weaker or more 

d i f f i c u l t t o detect from these objects. 

Four of the f i v e candidate X-ray binary TeV gamma ray sources show some 

o r b i t a l phase dependence i n the st r e n g t h of t h e i r gamma ray s i g n a l . The 

exception i s 4U0115+63, which i s a much wider Be binary f o r which the detected 

s i g n a l has been steady over a timescale of a:10 days (only a l i m i t e d sample of 

the 24 day o r b i t a l p e r i o d ) . I n t e r a c t i o n of an accelerated proton beam wi t h 

s p h e r i c a l l y a c c r e t i n g t a r g e t m a t e r i a l i n t h i s system w i l l be much less 

dependent on the o r b i t a l phase than i n the other more compact binary systems. 

Both Cen X-3 and Vela X-1 have been found t o show some evidence f o r weaker 

p e r s i s t e n t emission, and both are believed t o accrete from both a s t e l l a r wind 

and Roche lobe overflow. The most compact of the systems, Cyg X-3 and Her X-1, 

show gamma ray s i g n a l s very s t r o n g l y modulated w i t h o r b i t a l phase. Promising 

recent r e s u l t s from the cataclysmic v a r i a b l e AE Aquarii (Bowden et a l . , 1992; 

Meintjes e t a l , , 1993) suggest t h a t such compact b i n a r i e s may become important 

t a r g e t s i n a search f o r sporadic TeV gamma ray emission. 

The observation of a sporadic gamma ray signal should not be taken as an 

i n d i c a t i o n o f a spurious o r i g i n . Measurements using the Compton Observatory 

have demonstrated t h a t high energy astrophysical phenomena are o f t e n t r a n s i e n t 
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i n nature. As discussed by Hi l i a s and Johnson (1991) the probable beaming of a 

high energy proton f l u x i n t o a t a r g e t i n a binary system w i l l produce a narrow 

gamma ray beam. This photon beam w i l l be t r a n s i e n t l y detected when the t a r g e t 

m a t e r i a l i s present i n the l i n e o f s i g h t . Any wandering or precession of the 

neutron s t a r magnetic poles, as i s believed t o occur i n Her X-1, could f u r t h e r 

reduce the chance of d e t e c t i o n . 

The u t i l i t y o f the analysis technique which i n v e s t i g a t e s the p o s s i b i l i t y 

o f weak p e r i o d i c emission from various s i t e s i n a binary system has been amply 

i l l u s t r a t e d i n t h i s work. The r e s o l u t i o n presently a t t a i n a b l e i s s u f f i c i e n t t o 

d i s c r i m i n a t e between a gamma ray production s i t e i n the gas stream, accretion 

disc or the limb of the companion s t a r i n some systems. This technique may 

also remove the apparent problem posed by s h i f t i n g of the observed period from 

the X-ray period reported f o r some observations (e.g. Her X-1). The continued 

use of t h i s t o o l by the Durham group should provide f u r t h e r valuable r e s u l t s 

i n the f u t u r e . I t i s i n e v i t a b l e t h a t searching i n period and o r b i t a l 

parameters, as i s necessary f o r X-ray b i n a r i e s (as opposed t o searching i n 

period only f o r i s o l a t e d p u l s a r s ) , w i l l use many degrees of freedom. This 

r e s u l t s i n the t r u e s i g n i f i c a n c e of any det e c t i o n being much less than t h a t of 

the uncorrected value. Knowledge of accurate contemporary pulse periods (e.g. 

from BATSE monitoring) reduces t h i s e f f e c t and i f a displaced emission s i t e i s 

i d e n t i f i e d i n one dataset, the hypothesis t h a t t h i s s i t e i s responsible f o r 

emission i n others should be adhered t o so as t o f u r t h e r reduce the searching. 

10.2. I m p l i c a t i o n s f o r Future Work 

The most obvious route t o rapid progress i n the f i e l d of TeV gamma ray 

studi e s of X-ray b i n a r i e s w i t h e x i s t i n g techniques would seem t o be the 

t a r g e t i n g o f f u t u r e observations at preselected i n t e r v a l s i n o r b i t a l phase. 

The r e s u l t s could e i t h e r confirm the present suspicion of phase dependence i n 

the emission from a number of sources or perhaps demonstrate t h a t the theories 

put forward t o date t o ex p l a i n the emission are not c o r r e c t . The nature of 
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such targeted observing would vary from source t o source. For example, work 

c a r r i e d out on Cygnus X-3 has suggested t h a t only a very narrow phase i n t e r v a l 

should be selected t o search the data f o r a 12.59 ms pulsar s i g n a l ; such a 

precise p r e d i c t i o n may not be possible f o r other systems. 

I f the phase dependence of the emission at TeV energies i s indeed due t o 

the presence of varying amounts of t a r g e t material then X-ray observations may 

provide the key. These have shown t h a t the b r i e f i n t e r v a l s of absorption i n 

most systems vary i n phase between 0.5 and 0.8 and, i f present at a l l , only 

maintain t h e i r p o s i t i o n over a few o r b i t s . Therefore only a general d e f i n i t i o n 

of an optimum i n t e r v a l can generally be made, e s p e c i a l l y i n systems where the 

precise nature of a c c r e t i o n i s uncertain. For example, observations of Cen X-3 

reported here show t h a t a l i k e l y s i t e f o r gamma ray production i s i n a bulge 

at the edge of the a c c r e t i o n disc and th e r e f o r e the s p e c i f i c a t i o n of the phase 

i n t e r v a l 0.77-0.81 i s v i a b l e . Despite the success of the p r e d i c t i o n made here 

of a detectable pulsed si g n a l from Vela X-1 at phase 0.68, t h i s could not have 

been achieved on the basis of the X-ray data alone. For t h i s source. X-ray 

absorption i s seen anywhere between phases 0.5 and 0.9 but c a r e f u l monitoring 

could reveal the most l i k e l y p o s i t i o n o f the densest absorbing m a t e r i a l . 

I t would also help g r e a t l y i f these targeted observations could be 

c a r r i e d out simultaneously by independent TeV gamma ray groups, although 

experience has shown t h a t d i f f e r e n c e s i n weather and longitude at various 

s i t e s make such p r o j e c t s d i f f i c u l t . The simultaneous, a l b e i t f o r t u i t o u s , 

d e t e c t i o n of a burst of pulsed gamma rays from Her X-1 i n by two groups i n 

1985 (see Chapter 5) showed the promise of such a coordinated e f f o r t . 

Further assistance i n assessing the l i k e l i h o o d of gamma ray emission from 

X-ray b i n a r i e s should come from s a t e l l i t e r e s u l t s . The close monitoring of 

pulsar behaviour by the Compton Observatory's BATSE instrument has already 

provided valuable knowledge f o r studies of Cen X-3 and 4U1626-67 and more w i l l 

s u r e l y f o l l o w . The EGRET instrument i s capable of de t e c t i n g the synchrotron 
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r a d i a t i o n a t MeV-GeV energies which i s predicted as a consequence of the model 

of Katz and Smith (1988) f o r example. F a i l u r e t o detect any such emission 

would allow more r e f i n e d l i m i t s t o be placed on accelera t i o n models. Non­

thermal r a d i a t i o n from the accelerator gaps was predicted by Leung, Cheng and 

Fung (1993). A photon excess may occur at very low and medium X-ray energies 

(<300 eV and >30 keV f o r Cen X-3) which could be detected by ROSAT. 

Apart from these considerations, f u r t h e r improvements t o the s e n s i t i v i t y 

of ground-based techniques are the key t o more and b e t t e r source detections i n 

t h i s f i e l d . Contemporary progress i n instrumentation and analysis w i l l be 

discussed i n the f i n a l two sections. 

10.3. Recent Advances i n Ground Based Gairana Ray Astronomy 

10.3.1. Gamma Ray Se l e c t i o n using Cerenkov Shower Imaging 

The technique of imaging Cerenkov a i r showers could be said t o have come 

of age i n the l a s t f i v e years. I t s success has pointed the way t o the design 

of the next generation of Cerenkov telescopes. The pre l i m i n a r y work i n t h i s 

area was b r i e f l y discussed i n Chapter 2. Computer simulations played a p i v o t a l 

r o l e i n e s t a b l i s h i n g t h i s technique. The most i n f l u e n t i a l simulations w i t h 

regard t o Cerenkov imaging techniques were those c a r r i e d out by H i l l a s (1985). 

The e f f o r t was d i r e c t e d i n t o t e s t i n g the c h a r a c t e r i s t i c s of a i r showers 

produced by TeV protons and photons and the response t h e i r r a d i a t i o n would 

generate i n the Mt. Hopkins 10 m Cerenkov telescope (Cawley et a l . , 1989). 

Given the approximately e l l i p t i c a l shape of the shower images f o r gamma 

rays a set of parameters was defined, associated w i t h the projected shape of 

the shower, and hence i t s angular extent and o r i e n t a t i o n w i t h respect t o the 

centre of the f i e l d o f view. The most important of these " H i l l a s parameters" 

are depicted i n Figure 10.1. A d i s c r i m i n a n t approach t o the p a t t e r n 

r e c o g n i t i o n of the images drawn from the two populations of primary p a r t i c l e s 

was u t i l i s e d . I t was shown t h a t a high l e v e l of d i s c r i m i n a t i o n should be 

a t t a i n a b l e , corresponding t o a 98% r e j e c t i o n of the proton background and a 
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60-70% r e t e n t i o n o f gamma rays from a source at the centre of the f i e l d o f 

view of an imaging telescope. 

10.3.2. A Telescope I n c o r p o r a t i n g a Cerenkov Imaging Camera 

The detector package placed at the focus of the 10 m r e f l e c t o r at the 

Whipple Observatory contains a hexagonally close-packed array of 

p h o t o m u l t i p l i e r tubes, d e f i n i n g a set of p i x e l s . This "camera" package 

o r i g i n a l l y contained 37 tubes of 0.5° aperture, as used i n H i l l a s ' o r i g i n a l 

s i m u l a t i o n s , but has since been upgraded t o consist of 109 smaller tubes of 

0.25° aperture (Cawley e t a l . , 1989). I n operation, the source region and an 

off-source c o n t r o l region are viewed i n the 10 square degree f u l l f i e l d f o r 

a l t e r n a t e 28-minute i n t e r v a l s . 

Before a n a l y s i s o f the data, the s i g n a l s recorded i n each tube f o r each 

event are compensated t o allow f o r the c h a r a c t e r i s t i c response of each tube 

and the o f f s e t or pedestal value inherent t o each d i g i t i s e r . The corrected 

s p a t i a l l y resolved image of each Cerenkov shower i n the fo c a l plane i s used t o 

c a l c u l a t e a set of H i l l a s parameters and enable gamma ray s e l e c t i o n . 

10.3.3, TeV Gamma Ray Sources Observed using Shower Imaging 

10.3.3.1. The Crab Nebula 

A f t e r many years of observation by various groups, the unambiguous 

d e t e c t i o n of a TeV gamma ray f l u x from the Crab Nebula by the Whipple 

c o l l a b o r a t i o n has established t h i s object as possibly the f i r s t 'standard 

candle' of TeV gamma ray astronomy. The imaging technique was successful i n 

de t e c t i n g a d.c. si g n a l from the Crab Nebula at a s i g n i f i c a n c e of 9CT using 

the o r i g i n a l 37-element Whipple camera (Weekes et a l . , 1989), This i n i t i a l 

d e t e c t i o n r e s u l t e d s o l e l y from the use of the simple Azwidth parameter (see 

Figure 10.1) t o p r e f e r e n t i a l l y s e l e c t gamma ray induced showers. The same 

technique was used t o analyse the 1988-89 dataset recorded using the improved 

109-element camera, A 20a- d e t e c t i o n r e s u l t e d , which corresponded t o a d.c. 

f l u x o f 7 X 1 0 - c m - 2 s-1 above 400 GeV (Vacanti et a l . , 1991). The strength 

of t h i s s i g n a l was s u f f i c i e n t t o warrant o p t i m i s a t i o n of the data preparation 
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as applied t o the Crab Nebula dataset (Punch et a l . , 1991). The re s u l t a n t 

'Supercut' procedure r e s u l t e d i n a 34CT de t e c t i o n f o r the 1988-89 data, and a 

45cr d e t e c t i o n f o r the f u l l 1988-91 dataset (Lang e t a l . , 1991). Both of these 

s i g n i f i c a n c e s are somewhat overstated due t o t h e i r containing the dataset from 

which the extended s e l e c t i o n was derived. 

Some support f o r the d.c. signal from the Crab Nebula has come from 

r e s u l t s w i t h considerably lower s t a t i s t i c a l s i g n i f i c a n c e reported by other 

research groups (Weekes, 1993). The spectrum of high energy gamma ray emission 

from the Crab Nebula i n c l u d i n g these r e s u l t s i s shown i n Figure 10.2. 

Despite the strong evidence f o r TeV gamma ray emission from the Crab 

Nebula, no evidence f o r emission pulsed at the 33 ms period of the Crab Pulsar 

has been found i n the Whipple dataset. An upper l i m i t f o r the pulsed emission 

above 400 GeV was 1-4 x 10-''2 cm-2 3-1, less than 2% of the d.c. signal 

(Vacanti e t a l . , 1991). The strongest evidence f o r pulsed emission at TeV 

photon energies came from the Durham group who detected a signal p r e c i s e l y i n 

phase w i t h the radio and o p t i c a l main pulse (Dowthwaite e t a l . , 1984b).This 

r e s u l t was based on over 100 hours of observations and the estimated photon 

f l u x was (7-9 ±0-8) X 10-''2 cm-2 3-1 above 1000 GeV. Pulsed TeV gamma ray 

emission a t a s i g n i f i c a n c e of 4.3CT was rece n t l y reported i n a preliminary 

a n a l y s i s of 40 hours of observations by the Tata I n s t i t u t e group (Acharya et 

a l . , 1993). The r e s o l u t i o n o f the d.c. and pulsed proportions of the TeV gamma 

ray s i g n a l i s an important and outstanding problem. 

10.3.3.2. Markarian 421 

The d e t e c t i o n of the gia n t e l l i p t i c a l BL Lac galaxy Markarian 421 has 

made i t the f i r s t e x t r a g a l a c t i c TeV gamma ray source, and only the second i n 

a l l , t o be discovered v i a the Cerenkov imaging method (Punch et a l . , 1992). 

Using the same s e l e c t i o n procedure suc c e s s f u l l y applied t o the Crab Nebula, a 

d.c. s i g n a l was found from Mkn 421 at a s i g n i f i c a n c e of 6-3a, g i v i n g a f l u x 

of 1-5 X 10-''1 cm-2 s"'' above 500 GeV. Mkn 421 i s the nearest a c t i v e galaxy 
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(2=0.031) t o have been detected by the Compton Observatory's EGRET experiment 

( L i n e t a l . , 1992), and i s thus le a s t a f f e c t e d by absorption of TeV photons on 

the cosmic i n f r a - r e d background (Stecker, de Jager and Salamon, 1992). 

10.4, Future Work 

10.4.1. L i n k i n g Space-Based and Ground-Based Observations 

A number of ground-based p r o j e c t s are c u r r e n t l y under development and the 

c u r r e n t s t a t e of progress i n the techniques of the f i e l d may be gauged from 

re p o r t s presented at the 23*"'' ICRC at Calgary (1993) and at the Palaiseau and 

Calgary workshops (Vacanti and Fleury, 1993). A major o b j e c t i v e of f u t u r e work 

in high energy gamma ray astronomy must be the b r i d g i n g of the gap i n energy 

th r e s h o l d between observations made using s a t e l l i t e s and those made from the 

ground using the atmospheric Cerenkov technique. At present the EGRET 

instrument on the Compton Observatory measures the highest photon energies yet 

detected by spark chamber experiments of ̂ 50 GeV. The f l u x of photons at t h i s 

energy detected by t h i s technique i s van i s h i n g l y small, and i s u n l i k e l y t o be 

increased by t e c h n i c a l advances i n the foreseeable f u t u r e . Therefore the onus 

res t s on lowering the energy threshold of atmospheric Cerenkov i n s t a l l a t i o n s . 

As event s e l e c t i o n procedures i n many p r o j e c t s become more complex, the 

energy t h r e s h o l d i s not g r e a t l y reduced due t o l i m i t a t i o n s on the counting 

r a t e f o r even an optimised s i g n a l . Most of the proposed experiments involve 

r e f i n e d imaging techniques operating at >1 TeV. The s i n g l e most important 

requirement t o reduce the threshold i s t o increase the e f f e c t i v e c o l l e c t i n g 

m i r r o r area, i . e . the "brute f o r c e " approach. A p a r t i c u l a r l y useful aspect 

complementing the move t o lower energies comes from the decreasing proportion 

o f hadronic showers which are detected at energies below «100 GeV (Weekes and 

Turver, 1977). As o u t l i n e d i n Chapter 2, the use of a s i n g l e large dish i s 

less e f f e c t i v e than the sharing of the r e f l e c t o r area over two or three dishes 

operated i n f a s t coincidence. The Durham group have demonstrated the 

e f f e c t i v e n e s s of a t h r e e - f o l d coincidence system over a long period of time. 
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and t h i s has p r o v i d e d t h e l o w e s t energy t h r e s h o l d reached t o d a t e (*200 GeV 

f o r t h e Mk.3a and 5a t e l e s c o p e s ) 

10.4.2. S t e r e o s c o p i c O b s e r v a t i o n s 

W i t h t h e e s t a b l i s h m e n t o f h i g h r e s o l u t i o n shower imaging as a v a l u a b l e 

t o o l i n Cerenkov astronomy, much a t t e n t i o n i s b e i n g p a i d t o t h e e x t r a c t i o n o f 

maximum i n f o r m a t i o n f r o m each d e t e c t e d e v e n t . One p r o m i s i n g and novel approach 

i s t h e use o f two o r more t e l e s c o p e s i n tandem t o r e c o r d s i m u l t a n e o u s s i m p l e 

images o f a Cerenkov f l a s h f r o m d i f f e r e n t l o c a t i o n s i n t h e l i g h t pool a t t h e 

ground. T h i s p r o c e d u r e i s b e i n g developed by t h e Durham group and w i l l r e q u i r e 

a g r e a t d e a l o f i n v e s t i g a t i o n and r e f i n e m e n t . 

10.4.3. The Durham Programme f o r t h e 1990s 

10.4.3.1. The Mark 3a/Mark 5a S t e r e o P a i r 

The c u r r e n t p l a n s o f t h e Durham group f o r f u t u r e i n s t r u m e n t a t i o n u t i l i s e 

b o t h o f t h e o p t i o n s f o r improvement d i s c u s s e d i n t h e p r e v i o u s s e c t i o n i n o r d e r 

t o a c h i e v e t h e goal o f a gamma ra y o b s e r v a t o r y capable o f c a r r y i n g o u t a 

d e t a i l e d s t u d y o f Cerenkov e v e n t s o v e r t h e range 50-2000 GeV (Bowden e t a l . , 

1993). The f i r s t s t a g e i n t h i s new p r o j e c t was t h e c o n s t r u c t i o n o f t h e Mk.5 

t e l e s c o p e f o r s i m p l e imaging (see Chapter 3 ) . A second key p a r t o f t h e 

o p e r a t i o n i s a l s o i n p l a c e f o l l o w i n g t h e r e c e n t r e f u r b i s h i n g o f t h e Mk.3 

t e l e s c o p e . I n 1993 A p r i l t h e c e n t r a l Hm^ t e s s e l a t e d r e f l e c t o r was r e p l a c e d by 

a 10m? p a r a b o l i c d i s h i d e n t i c a l t o t h o s e used i n t h e Mk.5 t e l e s c o p e . The a r r a y 

o f 7 p h o t o m u l t i p l i e r t u b e s v i e w i n g t h e c e n t r a l d i s h was r e p l a c e d by a package 

o f 31 c l o s e l y packed t u b e s o f 0.5° a p e r t u r e , once a g a i n i d e n t i c a l t o t h a t 

v i e w i n g t h e c e n t r e d i s h i n t h e Mk.5 t e l e s c o p e . As a r e s u l t , t h e m o d i f i e d Mk.3a 

and Mk.5a t e l e s c o p e s now possess i d e n t i c a l performance i n c l u d i n g modest 

imaging c a p a b i l i t i e s . The p a i r o f t e l e s c o p e s are shown i n F i g u r e 10.3. The 

t r i p l e f a s t c o i n c i d e n c e t r i g g e r i n g system has been measured t o g i v e a t o t a l 

c o u n t r a t e o f s:300 m i n u t e " a t t h e z e n i t h s u g g e s t i n g an e s t i m a t e o f 250 GeV 

f o r t h e t h r e s h o l d energy. 

A key a s p e c t o f t h e o p e r a t i o n o f t h e two imaging t e l e s c o p e s i n tandem i s 
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The Mark 3a Telescope 

\1 . 

The Mark 5a Telescope 

Figure 10^: The stereo imagiiig pair of atmospheric Cerenkov telescopes 
operated by the Durham group at Narrabri since 1993 April. 



t h e i d e n t i f i c a t i o n o f common e v e n t s , which comprise of t h e t o t a l number 

when t h e t e l e s c o p e s a r e o p e r a t i n g i n t h e z e n i t h . For t h i s subset o f s t e r e o 

d a t a , i n f o r m a t i o n i s e x t r a c t e d on t h e lower moments o f t h e l i g h t s i g n a l , i . e . 

t h e b r i g h t n e s s o f t h e l i g h t f l a s h , t h e p o s i t i o n o f t h e image c e n t r o i d and t h e 

r.m.s. spread o f t h e l i g h t i n t h e f o c a l p l a n e. For a gamma ray induced shower, 

a good c o r r e l a t i o n i s p r e d i c t e d between t h e b r i g h t n e s s , p o i n t o f impact on t h e 

ground, d e p t h o f p r o d u c t i o n i n t h e atmosphere and a n g u l a r spread as measured 

by b o t h t e l e s c o p e s . T h i s i n f o r m a t i o n can be d e r i v e d even i f o n l y a small 

number o f t h e p i x e l s i n t h e imaging camera a re t r i g g e r e d and hence a low 

energy t h r e s h o l d can be r e t a i n e d ; a;350 GeV f o r an o b s e r v a t i o n i n t h e z e n i t h . 

S i m u l a t i o n s f o l l o w e d by i n i t i a T s t u d i e s o f t h e p r o t o n background have 

i n d i c a t e d t h a t up t o 9 9 % r e j e c t i o n o f t h e p r o t o n background s h o u l d be p o s s i b l e 

w h i l e r e t a i n i n g t h e m a j o r i t y o f t h e gamma r a y s . T h i s g i v e s a 3cr s e n s i t i v i t y 

o f 2.5 x l O - ^ i cm-^s-'' f o r t h e f l u x above 350 GeV i n a 30 hour o b s e r v a t i o n o f 

a d.c. s o urce ( o r 1.5 x 10"''^ cm-^s-i f o r a t y p i c a l p u l s e d s o u r c e ) . Both 

t e l e s c o p e s can a l s o o p e r a t e as s t a n d - a l o n e s i m p l e imaging cameras t o c a r r y o u t 

e f f i c i e n t 31 p i x e l imaging o f Cerenkov showers above a t h r e s h o l d o f »250 GeV. 

10.4,3.2. The Mark 6 Telescope 

I n a d d i t i o n t o t h e f a c i l i t y d e s c r i b e d above, a major e f f o r t i s underway 

t o c o n s t r u c t a new l a r g e t e l e s c o p e . T h i s w i l l be i d e n t i c a l i n mechanical 

d e s i g n t o t h e Mk.5 b u t doubled i n s i z e , g i v i n g 4 t i m e s t h e m i r r o r c o l l e c t i n g 

a r e a . Each p a r a b o l i c d i s h has an area o f 42 m̂  and i s c o n s t r u c t e d o f 24 

segments, g i v i n g a FWHM image s i z e s p e c i f i e d as «0.1°. To a s s i s t t h e r e d u c t i o n 

o f t h e energy t h r e s h o l d , measures w i l l be t a k e n t o i n c r e a s e t h e l i g h t d i r e c t e d 

i n t o t h e p h o t o m u l t i p l i e r t u b e s by t h e use o f Winston cones and t o e l i m i n a t e 

s c a t t e r e d l i g h t f r o m t h e sky and ground by t h e use o f s h i e l d i n g about each 

d i s h and d e t e c t o r package p a r a l l e l t o t h e o p t i c a x i s . 

The two o u t e r d i s h e s w i l l be viewed by c l u s t e r s o f 19 0.5° a p e r t u r e 

p h o t o m u l t i p l i e r t u b e s , c o r r e s p o n d i n g p a i r s o f which a r e used t o d e f i n e an 
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e v e n t t r i g g e r i n c o n j u n c t i o n w i t h a response i n a 109 p i x e l (0.25°) camera 

v i e w i n g t h e c e n t r e d i s h . I n v e s t i g a t i o n o f t h e performance o f a range o f 

t e l e s c o p e s o f e v e r i n c r e a s i n g s i z e have shown t h a t under o p t i m a l c o n d i t i o n s , a 

t h r e s h o l d o f <75 GeV s h o u l d be reached. For a 30 hour o b s e r v a t i o n o f a d.c. 

s o u r c e , t h e 3CT f l u x l i m i t w i l l be 5 x 10-1° cm-^s-^ above 75 GeV (3 x lO-^o 

cm-^s-i f o r a p u l s e d f l u x ) even b e f o r e any event s e l e c t i o n i s a p p l i e d . The 

c e n t r a l h i g h r e s o l u t i o n camera w i l l a l s o be used t o t r i g g e r i n d e p e n d e n t l y , as 

i s t h e case f o r t e l e s c o p e c o m p r i s i n g a s i n g l e 60 d i s h and a 109 p i x e l 

camera used by t h e Whipple group. The t h r e s h o l d f o r t h i s method o f h i g h 

r e s o l u t i o n imaging i s e s t i m a t e d t o be s:500 GeV g i v i n g a 3cr d.c. f l u x l i m i t o f 

2 X 10-''^ cm-^s-i f o r a 30 hour o b s e r v a t i o n . I f c o n s t r u c t i o n and deployment 

proceed as p l a n n e d , t h e i n s t a l l a t i o n a t N a r r a b r i w i l l be completed i n mid-1994 

and w i l l c o n t a i n a t e l e s c o p e a t t h e c u t t i n g edge o f new t e c h n i q u e s i n 

a t m o s p h e r i c Cerenkov astronomy. 

10.4.3.3. The Expected Performance o f t h e System 

As an example o f t h e p r e d i c t e d c a p a b i l i t i e s o f t h i s improved system, 

F i g u r e 10,4 shows t h e t h r e s h o l d d e t e c t i o n l i m i t s a p p r o p r i a t e t o t h e 

i n s t r u m e n t s d e s c r i b e d above as compared w i t h t h e f l u x expected from 

e x t r a p o l a t i o n o f t h e spectrum o f t h e quasar 3C279 as d e t e c t e d by EGRET 

(Hartman e t a l . , 1992). I t i s c l e a r t h a t t h e new Durham t e l e s c o p e s w i l l 

p r o v i d e v a l u a b l e i n f o r m a t i o n on t h e n a t u r e o f t h e h i g h energy e m i s s i o n from 

t h i s c l a s s o f o b j e c t . The use o f t h e new i n s t r u m e n t s w i l l a l s o a l l o w 

s u b s t a n t i a l improvement t o o b s e r v a t i o n s o f X-ray b i n a r i e s . C o n s i d e r i n g Cen X-3 

f o r example, a t a d i s t a n c e o f 8 kpc, t h e c u r r e n t l i m i t on t h e p e r s i s t e n t 

p u l s e d l u m i n o s i t y above 300 GeV i s «3 x lO^s e r g s"'' from o v e r 300 hours o f 

on-source t i m e . The s t e r e o imaging c a p a b i l i t y o f t h e Mk.3a/5a s t e r e o p a i r w i l l 

e n a b l e t h i s upper l i m i t t o be reached f r o m o n l y 30 hours o f v i e w i n g . 

10.5. F i n a l Words 

The c u r r e n t p l a n s f o r t h e expansion o f a t m o s p h e r i c Cerenkov f a c i l i t i e s 
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a r e more a m b i t i o u s t h a n e v e r b e f o r e . A t such stages i n t h e development o f an 

o b s e r v a t i o n a l f i e l d , t h e r e p o r t i n g o f new r e s u l t s on sources i n e v i t a b l y t a k e s 

a back s e a t t o measurements and p r e d i c t i o n s o f t h e c a p a b i l i t i e s o f t h e new 

t e c h n i q u e s . W i t h t h e s k i l l and enthusiasm b e i n g d i r e c t e d i n t o t h i s area by so 

many r e s e a r c h groups, t h e n e x t 2-3 years s h o u l d p r o v i d e a r i c h h a r v e s t o f 

e x p e r i m e n t a l i n f o r m a t i o n , new o b s e r v a t i o n a l d a t a and consequent advances i n 

t h e i n t e r p r e t a t i o n o f t h e r e s u l t s . I n r e g a r d t o t h e p r e s e n t work on X-ray 

b i n a r i e s , i t i s t o be hoped t h a t i n c r e a s e d awareness o f t h e importance o f TeV 

gamma r a y o b s e r v a t i o n s w i l l encourage t h e o r e t i c a l work t o p r o g r e s s and make 

q u a n t i f i a b l e p r e d i c t i o n s on t h e n a t u r e o f t h e h i g h energy e m i s s i o n . 

I t has a l s o f r e q u e n t l y been found t h a t unexpected d i s c o v e r i e s dominate as 

t e c h n i q u e s i n a r e s e a r c h f i e l d p r o g r e s s r a p i d l y . The d e t e c t i o n o f Mkn 421 by 

t h e Whipple group and t h e e x c i t i n g r e s u l t s from o t h e r a c t i v e g a l a c t i c n u c l e i 

g a i n e d by measurements u s i n g t h e Compton O b s e r v a t o r y suggest t h a t t h i s c l a s s 

o f s o u rce may h o l d many i n t e r e s t i n g d i s c o v e r i e s i n s t o r e . The p r o p a g a t i o n o f 

TeV photons f r o m a c t i v e g a l a x i e s a c r o s s i n t e r g a l a c t i c space may be a t e s t o f 

t h e s t r e n g t h o f t h e cosmic i n f r a - r e d background, s i n c e a c u t - o f f i s p r e d i c t e d 

i n t h e energy s p e c t r a o f such sources a t S J O . I - I O TeV ( S t e c k e r , de Jager and 

Salamon, 1992). T h i s i s an area where ground-based o b s e r v a t i o n s c o u l d make a 

s i g n i f i c a n t c o n t r i b u t i o n t o t h e w i d e r f i e l d o f a s t r o p h y s i c s , p o s s i b l y even 

l e a d i n g t o a new measurement o f Nubble's c o n s t a n t . The o b s e r v i n g programme 

pl a n n e d by t h e Durham group w i l l p l a c e some emphasis on measurements o f TeV 

gamma r a y e m i s s i o n f r o m a c t i v e g a l a c t i c n u c l e i and i n v e s t i g a t i o n o f t h e 

c o s m o l o g i c a l i m p l i c a t i o n s . 

The o p p o r t u n i t y f o r a l i n k w i t h t h e i m p r e s s i v e amount o f h i g h energy 

measurements by t h e Compton O b s e r v a t o r y must be used t o i t s f u l l advantage. As 

a r e s u l t t h e f i e l d o f TeV gamma ray astronomy s h o u l d be d e s e r v e d l y r e c o g n i s e d 

as an i n v a l u a b l e c o n t r i b u t i o n t o t h e u n d e r s t a n d i n g o f t h e h i g h e s t energy 

r a d i a t i o n processes i n a s t r o p h y s i c s . 
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