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ABSTRACT 

Recent developments i n the a p p l i c a t i o n of the atmospheric Cerenkov 

technique to 7-ray astronomy are reviewed here. These include new methods 

of s i g n a l t o noise enhancement and the increasing d i v e r s i t y of s t e l l a r 

systems p o s i t i v e l y i d e n t i f i e d as Very High Energy 7-ray sources. 

Four Cataclysmic Variable systems were observed using the U n i v e r s i t y 

o f Durham Atmospheric Cerenkov telescopes during the course of 1990 and 

1991. The s t a t i s t i c a l a n alysis performed i n the search f o r a 7-ray s i g n a l , 

above a threshold energy of approximately 0-4 TeV, from three of these 

o b j e c t s , H0253+193, EF Er i d a n i and VW Hydri, i s described here. The r e s u l t s 

of t h i s b r i e f survey are discussed i n the context of current ideas as to 

the mechanisms by which Very High Energy 7-rays may be emitted from 

a c c r e t i n g binary s t a r systems of t h i s type. 

The a n a l y s i s techniques applied t o Cataclysmic Variable data were 

extended to an x-ray binary system, Sgr X-7. For comparison, the analysis 

of data recorded on two radio pulsars, PSR 1855+09 and PSR 1509-58, having 

more accurately known pulse signatures than the ac c r e t i n g systems i s also 

described here, together w i t h t h a t of the globular c l u s t e r 47 Tucanae, 

which may emit a steady 7-ray f l u x ; an upper l i m i t i s placed upon the l e v e l 

of Very High Energy 7-ray emission from t h i s o b j ect. 

Extension of the Very High Energy 7-ray source catalogue w i l l require 

a f u r t h e r improvement beyond the cur r e n t s i g n a l t o noise r a t i o s of 

atmospheric Cerenkov telescopes. Some features c h a r a c t e r i s t i c of the 

atmospheric Cerenkov emission t r i g g e r e d by Very High Energy 7-rays as 

opposed to other cosmic ray p a r t i c l e s , which could be e x p l o i t e d i n an 

attempt t o reduce i n t e r f e r e n c e from the l a t t e r , are reviewed. The f i r s t 

attempt to ob t a i n d i r e c t i o n a l information from the r e l a t i v e time of a r r i v a l 

of a Cerenkov f l a s h a t the telescopes a t the U n i v e r s i t y of Durham Southern 

Hemisphere s i t e , and thus i s o l a t e an a n i s o t r o p i c 7-ray f l u x i s reported 

here. 
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PREFACE 

The analysis of data obtained using the U n i v e r s i t y of Durham 

Atmospheric Cerenkov telescopes i s presented here. The author made a 

s p e c i a l study of the f e a s i b i l i t y of o b t a i n i n g information as t o the 

d i r e c t i o n of o r i g i n of a f l a s h of Cerenkov l i g h t from the d i f f e r e n c e i n 

i t s a r r i v a l time at separate telescopes, w i t h a view t o improving the 

s i g n a l t o noise r a t i o of the atmospheric Cerenkov technique. 

The author assessed the t h e o r e t i c a l basis f o r according Cataclysmic 

Variables the status of Very High Energy 7-ray source candidates, and 

compared the r e s u l t s of her analysis of observational data on three such 

systems w i t h t h e i r expected behaviour. She also undertook the analysis of 

f o u r datasets, t o which her own observations had c o n t r i b u t e d ; those 

p e r t a i n i n g t o the x-ray binary Sgr X-7, the globular c l u s t e r 47 Tucanae and 

the pulsars PSR 1855+09 and PSR 1509-58. 

I n a d d i t i o n , the author c o n t r i b u t e d to the r o u t i n e operation and 

maintenance of the Mark I I I and Mark IV telescopes during a t o t a l of seven 

dark Moon periods from 1990 to 1993, and assisted i n the commissioning of 

the Mark V telescope a t Bohena Settlement, New South Wales. The author was, 

i n p a r t , responsible f o r the design and t e s t i n g of a p h o t o m u l t i p l i e r based 

de t e c t o r package f o r use i n the Mark V telescope. She also shared i n 

r o u t i n e data processing tasks and the m o d i f i c a t i o n of various analysis 

programs. 

None of the work presented i n t h i s t h e s i s has been submitted 

p r e v i o u s l y f o r admittance t o a degree i n t h i s or i n any other 

u n i v e r s i t y . 
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CHAPTER ONE 

An I n t r o d u c t i o n t o Gamma Ray Astronomy 

1.1 preamble 

Ninety years have passed since Rutherford and Cooke (1903) f i r s t 

discovered t h a t the discharge time of a gold l e a f electroscope could be 

prolonged by encasing i t i n metal. The ra p i d r a t e of discharge i n open 

surroundings was a t t r i b u t e d t o the agency of some form of penetrating 

r a d i a t i o n . Within a decade of t h i s f i n d i n g , Goekel (1910) and Hess (1911) 

had observed the same phenomenon during balloon borne experiments. I t was 

noted t h a t the discharge time of an electroscope reached a maximum at 

approximately 1 km above sea l e v e l , then f e l l s t e a d i l y as the balloon 

continued t o r i s e . The "recovery" at high a l t i t u d e s was a t t r i b u t e d to 

pe n e t r a t i n g r a d i a t i o n of an e x t r a t e r r e s t r i a l o r i g i n . I t i s now known t h a t 

the "cosmic rays" studied by Goekel and Hess were h i g h l y energetic, charged 

p a r t i c l e s . The mean energy of cosmic rays accelerated w i t h i n the galaxy i s 

- lO'* eV and t h e i r energy density at Earth i s "1 eV cm"^ (Sil b e r b e r g , Tsao & 

Letaw, 1993). I n f a c t , t h e i r energy density i s approximately equivalent to 

the g a l a c t i c energy density of s t a r l i g h t , of the thermal gas i n the i n t e r 

s t e l l a r medium (ISM) and of g a l a c t i c magnetic f i e l d s , yet the precise 

o r i g i n of cosmic rays s t i l l remains a mystery. 

The cosmic ray f l u x i n the v i c i n i t y of Earth consists p r i n c i p a l l y of 

charged p a r t i c l e s , of which the m a j o r i t y are protons, electrons and l i g h t 

nuclear fragments, which are susceptible t o ac c e l e r a t i o n by e l e c t r o 

magnetic f i e l d s . These p a r t i c l e s are d e f l e c t e d during t h e i r passage through 

the background magnetic f i e l d o f the galaxy ( o f s t r e n g t h -3(jiG). The 

d i r e c t i o n s from which a l l but the most energetic p a r t i c l e s are seen t o have 

come t h e r e f o r e bear no r e l a t i o n t o t h e i r place of o r i g i n , and the o v e r a l l 



f l u x appears i s o t r o p i c . Only 7-rays (photons of energy greater than 

0-511 MeV, the r e s t mass energy of the e l e c t r o n ) , which make up 

approximately one ten thousandth of the cosmic ray number density, and a 

very few l o n g - l i v e d n e u t r a l p a r t i c l e s can be traced t o t h e i r o r i g i n a t a 

d i s c r e t e " p o i n t source". 

The measured nuclear composition and energy spectrum of cosmic rays 

can be used t o c o n s t r a i n models of s t e l l a r e v o l u t i o n and nucleosynthesis 

and of shock wave propagation i n the ISM. Conversely, Gamma Ray Astronomers 

seek t o study only the small photonic component of the cosmic ray f l u x . 

Photons r e t a i n not only d i r e c t i o n a l i n f o r m a t i o n , leading t o the 

i d e n t i f i c a t i o n of a source of 7-rays w i t h an obje c t observed at other 

wavelengths, but also the temporal c h a r a c t e r i s t i c s associated w i t h a 

s p e c i f i c a c c e l e r a t i o n mechanism and source geometry. 

Most of the processes of 7-ray production described i n the f o l l o w i n g 

pages are i n e x t r i c a b l y l i n k e d to the presence of energetic, charged 

p a r t i c l e s . Any c e l e s t i a l body which e x h i b i t s continuum emission at 7-ray 

wavelengths i s almost c e r t a i n l y c o n t r i b u t i n g t o the un i v e r s a l f l u x of 

charged cosmic ray p a r t i c l e s . Gamma Ray Astronomy therefore has a v i t a l 

r o l e t o play i n e s t a b l i s h i n g the fundamental o r i g i n of cosmic rays. 

1.2 7-ray production mechanisms 

A number of production mechanisms must be invoked i n order t o account 

f o r the strong f l u x of cosmic 7-rays a r r i v i n g a t Earth. Radioactive decay 

may c o n t r i b u t e 7-rays c a r r y i n g a s p e c i f i c energy i n the range 1 MeV to 

100 MeV. However, the r a d i o a c t i v e n u c l e i which give r i s e t o t h i s d i s c r e t e 

7-ray l i n e emission are confined t o regions where nuclear reprocessing has 

re c e n t l y occurred. For example, Kurfess e t a l . (1992) have observed 7-ray 

l i n e emission from the remnant of the supernova SN1987A which i s 

c h a r a c t e r i s t i c of the decay of s^Co. 

The spectrum of black body r a d i a t i o n cannot extend beyond the low 



energy 7-rays produced i n the aftermath of a supernova event, where shock 

heating may r a i s e the l o c a l temperature t o 10^" K. Some more prevalent 

7-ray continuum emission mechanisms are presented below. 

1.2.1 p a r t i c l e - electro-magnetic f i e l d i n t e r a c t i o n s 

A p a r t i c l e of charge q which enters an electro-magnetic f i e l d a t an 

oblique angle experiences an a c c e l e r a t i o n , a, and ra d i a t e s energy i n the 

form of electo-magnetic waves at a ra t e given by: 

dE q2|a|2 
— = eqn. 1.2a 
d t 67t6oc3 

(Longair, 1981). Since the a c c e l e r a t i n g force i s a f u n c t i o n of charge but 

not of mass, of two p a r t i c l e s both c a r r y i n g charge q, the less massive w i l l 

experience the greater a c c e l e r a t i o n . For t h i s reason, models of 7-ray 

emission are o f t e n s i m p l i f i e d by the omission of a l l p o t e n t i a l l y r a d i a t i n g 

p a r t i c l e s other than el e c t r o n s and positr o n s . A survey of some of the most 

common a s t r o p h y s i c a l p a r t i c l e - electro-magnetic f i e l d encounters f o l l o w s . 

( i ) bremsstrahlung r a d i a t i o n 

When one charged p a r t i c l e enters the Coulomb f i e l d of another at a 

r e l a t i v e v e l o c i t y v, i t experiences an e l e c t r o - s t a t i c a t t r a c t i o n or 

re p u l s i o n which causes i t t o change d i r e c t i o n . As i t i s accelerated i t 

r a d i a t e s according t o equation 1.2a (a d e t a i l e d treatment has been 

presented by Longair, 1981). The spectrum of emitted r a d i a t i o n i s l e v e l 

u n t i l a frequency of v = 7v/b i s reached (where b i s the perpendicular 

distance from the o r i g i n a l path of the f i r s t p a r t i c l e t o the second and 

7 = (1 - ( v / j , ) 2 ) - i / 2 ) above which i t r a p i d l y declines. 



( i i ) magneto-bremsstrahlung r a d i a t i o n 

I f a p a r t i c l e of charge q, mass m and v e l o c i t y v enters a uniform 

magnetic f i e l d B (G), i t experiences a Lorentz force i n the d i r e c t i o n of 

V X B, g i v i n g an a c c e l e r a t i o n o f : 

a = V X B 
7 m 

where 7 i s the Lorentz f a c t o r of the i n c i d e n t p a r t i c l e . The p a r t i c l e i s 

t h e r e f o r e constrained t o f o l l o w a h e l i c a l path about B. 

I f 7 « 1, then the photons emitted are much less energetic than the 

r a d i a t i n g p a r t i c l e . According t o Longair (1981), the frequency of the 

" c y c l o t r o n r a d i a t i o n " obtained approximates to v = 2-8 MHz G'̂  and i t does 

not extend t o the 7-ray region. 

I f the incoming p a r t i c l e i s t r a v e l l i n g a t a r e l a t i v i s t i c speed such 

t h a t 7 can no longer be approximated t o 1, then 7-rays may be obtained. 

This i s "synchrotron r a d i a t i o n " . 

( i i i ) curvature r a d i a t i o n 

As a charged p a r t i c l e loses energy v i a magneto-bremsstrahlung 

r a d i a t i o n , the gyro-radius of i t s motion about a magnetic f i e l d l i n e 

dwindles u n t i l v i s aligned w i t h B. I f the f i e l d l i n e i s curved, then the 

d i r e c t i o n of motion of a p a r t i c l e which f o l l o w s i t w i l l vary accordingly. 

P a r t i c l e s accelerated i n t h i s fashion emit photons of "curvature r a d i a t i o n " 

of energy E c u r v given by: 

E c u r v « 3hc73/47irc eqn. 1.2b 

where rc i s the radius of curvature of the f i e l d l i n e and 7 i s the Lorentz 

f a c t o r of the charged p a r t i c l e (Ramana Murthy & Wolfendale, 1986). 



( i v ) inverse Compton s c a t t e r i n g 

None of the above mechanisms i s s u f f i c i e n t , i n i t s e l f , t o supply the 

f l u x of 7-rays observed at Earth which have energies of 10^2 and above. 

The low energy 7-ray photons which are obtained can however be boosted t o 

t h i s energy range through electro-magnetic coupling t o r e l a t i v i s t i c 

p a r t i c l e s . 

A photon of energy Eph which encounters a r e l a t i v i s t i c e l e c t r o n of 

energy Ee = 7 mo c^, w i l l , on average, leave the c o l l i s i o n s i t e w i t h an 

energy of ̂ /a 7^ Eph (Lang, 1986). The number of photons scattered per u n i t 

time i s p r o p o r t i o n a l t o the energy density of the i n c i d e n t photon f l u x . 

1,2.2 meson decay 

Unstable secondary mesons can be produced as a r e s u l t of c o l l i s i o n s 

between h i g h l y energetic cosmic ray nucleons, the most common i n t e r a c t i o n 

i s : 
p* + p+ -> p+ + p+ + JTO 

Neutral pions of Lorentz f a c t o r 7 i n an observer's r e s t frame appear 

t o decay a f t e r 7(10"^^) s, the p r i n c i p a l decay mode being: 71° -> 7 + 7 

(branching r a t i o ~99% ( G r i f f i t h s , 1987)). The threshold energy f o r the 

above r e a c t i o n i s 1-2 GeV and there the pion w i l l decay t o two photons each 

of 75 MeV energy. 

C o l l i s i o n s between protons of energy > lO^" eV and photons of the 

2.7 K cosmic microwave background (MWB) may also c o n t r i b u t e t o the 

production of if decay 7-rays. The f o l l o w i n g photo-pion production 

mechanisms are supportable: 

p* + MWB -> n + jr+ 

p+ + MWB -> p W Jt<' 

p+ + MWB -> p* + 

The n e u t r a l pions produced i n the second r e a c t i o n above can decay t o give 

7-rays of energy 2: 10^^ eV. 



1.3 c e l e s t i a l o r i g i n s 

The production of an intense 7-ray f l u x through meson decay or as 

Bremsstrahlung r a d i a t i o n can occur only i n regions having a high density of 

matter. The magneto-bremsstrahlung r a d i a t i o n mechanism by d e f i n i t i o n 

r e quires a strong magnetic f i e l d . These conditions may be met near the 

surface of a degenerate s t a r or i n the v i c i n i t y of an a c t i v e g a l a c t i c 

nucleus (AGN). 

The electro-motive force experienced by charged p a r t i c l e s at the 

surface of a r o t a t i n g degenerate s t a r can cause them to flow outwards along 

the d i r e c t i o n of i t s d i p o l e f i e l d . According t o equation 1.2b, an e l e c t r o n 

f o l l o w i n g a magnetic f i e l d l i n e having a radius of curvature comparable t o 

ten times the radius of ( i ) a neutron s t a r or ( i i ) a white dwarf, would have 

t o c a r r y an energy of ( i ) 35 TeV or ( i i ) 300 TeV i n order t o emit a photon 

of curvature r a d i a t i o n of energy E c u r v = 10^2 eV. The r e l a t i v i s t i c p a r t i c l e 

f l u x which i s c o n t i n u a l l y replenished from the s t e l l a r surface can sustain 

the inverse Compton s c a t t e r i n g of these photons and of any l o c a l synchrotron 

r a d i a t i o n . 

I n the ISM, inverse Compton s c a t t e r i n g o f f r e l a t i v i s t i c cosmic ray 

p a r t i c l e s may convert a photon of the 2-7 K microwave background to a 10 MeV 

7-ray or an o p t i c a l photon t o a 100 MeV 7-ray. 

1.3.1 7-ray absorption 

Two photons of energy E i and E2 r e s p e c t i v e l y can combine to form a 

p a i r of leptons i f they s a t i s f y the c o n d i t i o n : 

2 m2c4 
E l > 

E 2 ( l - c o s ( e ) ) 

where m i s the mass of each daughter p a r t i c l e ( g e n e r a l l y an e l e c t r o n and a 

p o s i t r o n are considered) and 0 i s the angle between the photons' pre-



c o l l i s i o n t r a j e c t o r i e s (Ramana Murthy & Wolfendale, 1986). According to t h i s 

r e l a t i o n s h i p , a 7-ray having an energy of 1 TeV or above can be l o s t through 

the i n t e r a c t i o n : 

7 + MWB -> e* + e-

as i t passes through the 2-7 K microwave background. The photon number 

dens i t y of the microwave background i s s u f f i c i e n t l y low (-400 photons cm"3 

(Protheroe & Stanev, 1992)) t h a t l i t t l e a t t e n u a t i o n of any 7-ray f l u x occurs 

over i n t e r s t e l l a r distances. However, the s u b s t a n t i a l f l u x of v i s i b l e l i g h t 

produced w i t h i n a binary s t a r system where mass t r a n s f e r i s t a k i n g place, 

may hinder the escape of 7-rays by promoting p a i r production. The 7-ray f l u x 

from AGN which l i e many megaparsecs from Earth i s s i g n i f i c a n t l y attenuated 

by t h i s mechanism. Protheroe & Stanev (1992) considered a scenario i n which 

the e l e c t r o n - p o s i t r o n p a i r s produced i n the ISM inverse Compton s c a t t e r 

i n f r a - r e d background photons (from nearby galaxies or r e d - s h i f t e d o p t i c a l 

emission from d i s t a n t sources). They concluded t h a t the 7-ray spectra of AGN 

would thus be enhanced i n the 1 GeV region. 

A 7-ray photon of energy Ei (eV) can p a i r produce i n conjunction w i t h 

a v i r t u a l photon of a magnetic f i e l d of str e n g t h B (G), provided t h a t 

El a 4 X 1018 B-i (Manchester & Taylor, 1977). At a distance r from a 

compact s t a r of radius rs and magnetic d i p o l e f i e l d s t rength Bs, 

B = B s ( r s / r ) 3 . Therefore, 7-rays produced w i t h i n "3 rs of a white dwarf 

(Bs a 108 G) or 60 ra of a neutron s t a r (Bs a 10^2 G) may be re-absorbed v i a 

t h i s mechanism. 

Photons of energies >> 1 MeV i n t e r a c t w i t h matter p r i n c i p a l l y 

through p a i r production w i t h v i r t u a l photons i n the Coulomb f i e l d s of 

n u c l e i . A 7-ray f l u x w i l l be attenuated by a f a c t o r of two by t h i s process 

a f t e r i t s passage through a column depth of baryonic m a t e r i a l of "40 g cm"^. 

This thickness i s o f t e n exceeded i n the environs of accr e t i n g s t e l l a r 

b i n a r i e s , so t h a t the duty cycle of t h e i r 7-ray emission can reveal the 

l o c a t i o n of matter w i t h i n such a system. 



1.3.2 favoured sources 

I n general terms, a l l astronomical objects which r a d i a t e at longer 

wavelengths, p a r t i c u l a r l y i n the X-ray region, i n a manner which i s 

i n d i c a t i v e of a v i o l e n t r e d i s t r i b u t i o n of matter and/or energy, are 

p o t e n t i a l t a r g e t s f o r Gamma Ray Astronomers. These objects range from nearby 

AGN, through binary systems i n which a degenerate s t a r i s accreting matter 

from i t s companion, to supernova remnants and s i n g l e , r a p i d l y r o t a t i n g , 

magnetised, degenerate s t a r s . For example, many X-ray b i n a r i e s emit 

p o l a r i s e d l i g h t which i s a t t r i b u t e d t o synchrotron r a d i a t i o n by r e l a t i v i s t i c 

p a r t i c l e s which may, i n due course, take p a r t i n inverse Compton s c a t t e r i n g 

and produce 7-rays. The X-ray b i n a r i e s Cyg X-3, Her X-1, Vela X-1, 4U0115+63 

and Cen X-3 have been seen t o emit 7-rays of energy ~1 TeV. Other 

confirmed sources include the Cataclysmic Variable AE A q u a r i i , the Crab 

Pulsar and the Crab Nebula (see Chadwick, McComb & Turver (1992) and 

references t h e r e i n ) . 

I f the low energy photon emission from an object e x h i b i t s a w e l l -

documented t i m e - v a r i a b i l i t y , then a s i m i l a r p e r i o d i c i t y may be searched f o r 

i n 7-ray data, as an a i d t o the i d e n t i f i c a t i o n of a weak source. I f no such 

t r i a l p e r i o d i s a v a i l a b l e , then a longer exposure w i l l be required before a 

7-ray s i g n a l i s d i s t i n g u i s h a b l e from the cosmic ray background f l u x . For 

t h i s reason, systems which support beamed emission from a r a p i d l y spinning, 

degenerate s t a r dominate the l i s t of cosmic 7-ray sources which have been 

detected by independent observers. 

1.4 ob s e r v a t i o n a l methods 

A v a r i e t y of photon - matter i n t e r a c t i o n s are e x p l o i t e d , each e n t a i l i n g 

a d i f f e r e n t d e t e c t o r c o n f i g u r a t i o n , i n order t o scan the 7-ray spectrum from 

10^ eV t o 1018 eV and above. The number density of cosmic 7-rays f a l l s o f f 

as the energy per photon r i s e s . The most penet r a t i n g photons are therefore 



s t u d i e d from the ground, rat h e r than v i a s a t e l l i t e or balloon borne 

instruments of r e s t r i c t e d s e n s i t i v e area. The l a t t e r are used t o detect 

those low energy 7-rays which would be r a p i d l y absorbed by Earth's 

atmosphere. The 7-ray region i s subdivided i n t o energy bands which r e f l e c t 

the coverage which may be obtained by each observational technique (see 

f i g u r e 1.4). 

1.4.1 s a t e l l i t e and balloon borne instruments 

The f i r s t w e l l - s u b s t a n t i a t e d d e t e c t i o n of cosmic 7-rays ( a t an energy 

> 100 MeV) was obtained using the OSO-III s a t e l l i t e , which recorded an 

enhanced f l u x d e n s i t y i n the d i r e c t i o n of the g a l a c t i c centre (Kraushaar et 

a l . , 1967). S a t e l l i t e and balloon experiments designed t o detect 7-rays of 

energy 1 MeV t o 30 GeV generally carry some combination of the s c i n t i l l a t i o n 

d e tectors and spark chambers described below. 

( i ) Low Energy 7-ray detectors 

Those 7-ray photons of energy less than 10 MeV i n t e r a c t w i t h matter 

p r i m a r i l y through Compton s c a t t e r i n g , f o r example by g i v i n g up energy t o an 

e l e c t r o n according t o : 

7 + e" -> 7 + e" 

An incoming 7-ray can thus l i b e r a t e an e l e c t r o n from i t s l a t t i c e p o s i t i o n , 

to create an e l e c t r o n - hole p a i r i n a semiconductor. This mechanism forms 

the basis f o r s o l i d s t a t e 7-ray detectors of small s e n s i t i v e area but high 

s p e c t r a l r e s o l u t i o n , i n which the charge d e l i v e r e d i s trapped i n 

a r t i f i c i a l l y maintained p o t e n t i a l w e l l s , then read out using charge coupling 

techniques. 

I f high s p e c t r a l r e s o l u t i o n i s not a prime consideration then 

s c i n t i l l a t i o n d etectors can be employed. When a 7-ray e j e c t s an e l e c t r o n 
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from an atom of s c i n t i l l a t i n g m a t e r i a l , the fluorescent l i g h t , which i s a 

by-product of t h i s i o n i s a t i o n , i s sampled by a photo-sensitive transducer. 

C r y s t a l s of Nal or Csl, or organic s c i n t i l l a t o r s i n l i q u i d or p l a s t i c form 

are most f r e q u e n t l y used. S c i n t i l l a t o r s can be produced w i t h a l a r g e r 

surface area and are g e n e r a l l y more robust than s o l i d s t a t e devices. See 

H i l l i e r (1984, 55) f o r an in-depth comparison of the two techniques. 

The m u l t i p l e Compton s c a t t e r i n g of low energy 7-rays precludes any 

attempt t o i d e n t i f y t h e i r d i r e c t i o n of incidence at a detector from the path 

which they, and the e l e c t r o n s which they l i b e r a t e , f o l l o w w i t h i n i t . Their 

approximate p o i n t of o r i g i n on the sky i s i n f e r r e d from the instrument's 

aperture, which may be subdivided by a matrix of c o l l i m a t o r s . 

Electrons s c a t t e r e d by a photon of energy > 3 MeV do r e t a i n the 

approximate d i r e c t i o n of motion of the incoming 7-ray. I n Compton 

telescopes, the l o c a t i o n s of the i n t e r a c t i o n s of such a photon during i t s 

passage through several separate layers of s c i n t i l l a t i n g m a t e r i a l are 

measured, together w i t h the energy deposited i n each t i e r , so t h a t i t s 

d i r e c t i o n of incidence can be reconstructed. 

( i i ) High Energy 7-ray detectors 

For photons having an energy i n the range 10 MeV to 1 GeV, p a i r 

production supplants Compton s c a t t e r i n g as the p r i n c i p a l absorption process. 

Spark chambers are used to detect 7-rays v i a the charged daughter p a r t i c l e s 

which they produce w i t h i n a slab of dense t a r g e t m a t e r i a l (e.g. c r y s t a l l i n e 

Nal or C s l ) . Each chamber i s f i l l e d w i t h an i n e r t gas (e.g. Neon or Argon) 

and contains a s e r i e s of p a r a l l e l metal p l a t e s connected to a high voltage 

supply, i n t e r l e a v e d w i t h s i m i l a r p l a t e s maintained at earth p o t e n t i a l . The 

charged p a r t i c l e s i o n i s e the gas through which they pass. Breakdown between 

adjacent p l a t e s occurs along the t r a i l of r e s i d u a l ions, so t h a t the 

p a r t i c l e s ' paths can be traced through the electrode stack as the e l e c t r i c a l 

discharge gives r i s e t o a succession of v i s i b l e sparks. The sparks are 

10 



r e g i s t e r e d by f a s t p h o t o m u l t i p l i e r s . Spark chambers can be made s u f f i c i e n t l y 

small t o be deployed i n a three dimensional array, behind the t a r g e t slab 

forming the window of a telescope, thus al l o w i n g the d i r e c t i o n of incidence 

of the 7-ray t o be determined. 

( i i i ) the Compton Gamma Ray Observatory 

The Compton Gamma Ray Observatory (CGRO), which was launched i n A p r i l 

1991, comprises the most comprehensive s u i t e of s a t e l l i t e borne 7-ray 

d e t e c t o r s c u r r e n t l y i n operation. Targeting by CGRO has provided the impetus 

f o r contemporaneous ground-based 7-ray observations of various objects, such 

as PSR 1509-58 and the glob u l a r c l u s t e r 47 Tucane (see chapter seven). The 

four instruments c a r r i e d on-board the s a t e l l i t e are l i s t e d below 

( i n f o r m a t i o n taken from Schonfelder, 1989). 

Name Detector type Energy 
range 

Dedicated t o : 

BATSE 8 un-collimated Nal ( T l ) 
s c i n t i l l a t i o n detectors 

20 keV 
to 

100 MeV 

a l l sky monitoring 
of bursts and 
t r a n s i e n t sources 

OSSE s c i n t i l l a t i o n spectrometer 
- four Nal/Csl detectors 
plus tungsten c o l l i m a t o r s 

100 keV 
to 

10 MeV 

studying spectra & 
t i m e - v a r i a b i l i t y 
of d i s c r e t e sources 

COMPTEL imaging Compton telescope 
- a l i q u i d s c i n t i l l a t o r 
above Nal blocks 

1 MeV 
to 

30 MeV 

dete c t i o n of poin t 
sources t o high 
s p e c t r a l r e s o l u t i o n 

EGRET spark chamber above a Nal 
absorber ( t o give energy 
r e s o l u t i o n ) 

20 MeV 
to 

30 GeV 

lo c a t i o n of poin t 
sources to high 
angular r e s o l u t i o n 

1.4.2 atmospheric p a r t i c l e cascades 

A cosmic 7-ray, of energy -1 TeV or above, which enters Earth's 

atmosphere, w i l l encounter atmospheric n u c l e i and undergo p a i r production as 

per s e c t i o n 1.3.1. The charged daughter p a r t i c l e s (which r e t a i n most of 
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t h e i r parent's momentum) may then go on to emit secondary 7-rays as 

bremsstrahlung r a d i a t i o n lower i n the atmosphere. A cascade of charged 

p a r t i c l e s and high energy photons i s formed, which continues to branch out 

u n t i l the the energy per p a r t i c l e i s low enough f o r i o n i s a t i o n t o supplant 

bremsstrahlung r a d i a t i o n as the dominant energy loss mechanism. The 

Extensive A i r Shower (EAS) p a r t i c l e s produced by a primary 7-ray of energy 

> lO^* eV may survive t o ground l e v e l . Less energetic showers which 

d i s s i p a t e i n the middle atmosphere are studied v i a the photons of v i s i b l e 

l i g h t , emitted by the charged p a r t i c l e component, which do reach ground-

based detectors. A i r shower propagation i s reviewed f u r t h e r i n section 5.1. 

( i ) Very High Energy 7-ray detectors 

During t h e i r passage through the atmosphere, charged p a r t i c l e s moving 

at r e l a t i v i s t i c speeds t r i g g e r a f l a s h of blue Cerenkov l i g h t , which i s 

h i g h l y c o l l i m a t e d along t h e i r d i r e c t i o n of motion. Atmospheric Cerenkov 

Telescopes c o n s i s t of mirrored dishes which c o l l e c t t h i s l i g h t at ground 

l e v e l and focus i t onto an array of p h o t o m u l t i p l i e r tubes. The a r r i v a l 

d i r e c t i o n a t Earth of cosmic 7-rays of energy - l O ^ i eV to 10̂ ^̂  eV can be 

s p e c i f i e d t o w i t h i n 1°. This technique i s described i n d e t a i l i n chapter 

two. 

( i i ) U l t r a High Energy 7-ray detectors 

A i r shower p a r t i c l e s which reach the ground are recorded using 

extensive arrays of s c i n t i l l a t i o n detectors. At a mountain a l t i t u d e of 

~2 km, an a i r shower generated by a s i n g l e cosmic 7-ray of energy 100 TeV 

may contain -lO'' el e c t r o n s and p o s i t r o n s , spread over an area of 10^ m̂  

(Carraminana, 1991). The combination of a i r shower p a r t i c l e a r r i v a l times, 

recorded by d i f f e r e n t detector modules, i s used t o determine the p o i n t on 

the sky from which the primary p a r t i c l e came (see f o r example Edwards, 1990), 
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A cosmic 7-ray having an energy i n excess of I Q i ' eV can be 

detected v i a the f l u o r e s c e n t l i g h t emitted by atmospheric n i t r o g e n , when i t 

i s i o n i s e d by secondary p a r t i c l e s of u l t r a high energy. An array of 

p h o t o m u l t i p l i e r tubes d i r e c t e d towards the sky i s used t o record the 

p a r t i c l e t r a c k s . A d e t e c t i o n , by t h i s method, of 7-rays of energy 5x10^' eV 

from the x-ray binary Cygnus X-3 was reported by Cassiday et a l . (1989). I n 

common w i t h Atmospheric Cerenkov Telescopes, the Nitrogen Fluorescence 

Technique i s only operable on c l e a r , moonless n i g h t s , whereas EAS p a r t i c l e 

d e t e c t o r arrays p o t e n t i a l l y have a 100% duty cycle. 
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CHAPTER TWO 

The Atmospheric Cerenkov Technique 

This chapter contains a summary of the Cerenkov r a d i a t i o n mechanism, 

notes on the emission of Cerenkov l i g h t i n Earth's atmosphere and a b r i e f 

d e s c r i p t i o n of the atmospheric Cerenkov technique employed i n the study of 

cosmic 7-rays. 

2.1 Cerenkov r a d i a t i o n mechanism 

Swamped by the more conspicuous e f f e c t s of fluorescence and 

phosphorescence, the production of a pale blue l i g h t i n transparent media 

i n the v i c i n i t y of r a d i o a c t i v e substances was not studied i n earnest u n t i l 

s i x t e e n years a f t e r i t s appearance i n 1910 i n the radium f i l l e d glass 

p h i a l s of Marie Curie (described i n E. Curie, 1938, 173). M a l l e t (1926) 

est a b l i s h e d t h a t t h i s emission was c o n s i s t e n t l y of a blue-white hue i n a 

v a r i e t y o f c l e a r l i q u i d s and was continuous i . e . i t contained no spe c t r a l 

l i n e s c h a r a c t e r i s t i c of atomic e x c i t a t i o n . Cerenkov (1934, 1937) f o l l o w i n g 

an e n t i r e l y independent i n v e s t i g a t i o n , determined t h a t u n l i k e fluorescence 

t h i s e f f e c t could not be suppressed by the i n t r o d u c t i o n of chemical 

i m p u r i t i e s i n t o the t r a n s m i t t i n g l i q u i d . He also discovered t h a t a magnetic 

f i e l d could i n f l u e n c e the s i t e of the l u m i n o s i t y . Thus i f a 7-ray source 

was i n use, the l i g h t emission must be due to the presence of charged 

secondary p a r t i c l e s . Cerenkov's r e s u l t s , although l i m i t e d by the 

s e n s i t i v i t y of h i s l i g h t d e tectors, confirmed the t h e o r e t i c a l explanation 

of the phenomenon put forward by Frank and Tamm (1937). This c l a s s i c a l 

electrodynamical treatment has only r e c e n t l y been found to have been 

presaged by the work of Heaviside (1892). The term "Cerenkov r a d i a t i o n " was 

coined when Ginsburg (1940) published a quantum mechanical treatment of the 

r a d i a t i o n process. 
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A summary of the c l a s s i c a l mechanism f o r Cerenkov r a d i a t i o n f o l l o w s . 

The quantum mechanical i n t e r p r e t a t i o n d i f f e r s from the c l a s s i c a l , i n t h a t 

i t includes the e f f e c t upon the motion of the parent p a r t i c l e of momentum 

conservation during the emission of a photon, a n e g l i g i b l e consideration 

f o r the purposes of t h i s study. A d e t a i l e d d e s c r i p t i o n may be found i n the 

review by J.V. J e l l e y (1958) or i n Wilson & Wouthuysen (1967). 

The passage of a charged p a r t i c l e through a d i e l e c t r i c medium r e s u l t s 

i n the temporary p o l a r i s a t i o n of i t s c o n s t i t u e n t atoms or molecules. This 

p o l a r i s a t i o n w i l l be symmetric about the p o s i t i o n of the p a r t i c l e i f i t s 

motion i s s u f f i c i e n t l y slow, and t h e r e f o r e at a large distance there w i l l 

be no net f i e l d . 

I f the v e l o c i t y of the p a r t i c l e i s comparable t o the phase v e l o c i t y of 

l i g h t i n the medium, then the influence of the p a r t i c l e w i l l be apparent 

a f t e r i t has moved on, as i l l u s t r a t e d f o r an e l e c t r o n i n f i g u r e 2.1a. A 

p a t t e r n of p o l a r i s a t i o n i s set up which i s symmetric about the l i n e of 

passage AB, but which i s asymmetric along i t s length. Thus at poi n t C, some 

distance away, an instantaneous d i p o l e f i e l d e x i s t s which induces a 

retarded e l e c t r i c p o t e n t i a l V(r,0,(p,t) which w i l l propagate outwards l i k e a 

shock wave. Generally, d e s t r u c t i v e i n t e r f e r e n c e occurs between waves 

centred on d i f f e r e n t p o i n t s along the p a r t i c l e t r a c k . However, some 

c o n s t r u c t i v e i n t e r f e r e n c e i s possible, as i l l u s t r a t e d i n f i g u r e 2.1b. I t i s 

assumed t h a t any d e c e l e r a t i o n which the charged p a r t i c l e may experience, 

through i o n i s a t i o n or Bremsstrahlung r a d i a t i o n , i s n e g l i g i b l e compared w i t h 

the phase v e l o c i t y of the electromagnetic shock wave. I f the wave traverses 

the distance PX i n the time At i n which the p a r t i c l e moves from P t o P', 

then a plane wavefront i s preserved along the l i n e P'X. Since t h i s p a t t e r n 

i s a x i a l l y symmetric a hollow cone of l i g h t i s produced. The semi-apex of 

t h i s cone i s defined as f o l l o w s . From f i g u r e 2.1b: 

cosG = c/n X At 

P X c X At 
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cosG = On)-i eqn. 2.1a 

where n i s the r e f r a c t i v e index of the d i e l e c t r i c and p i s the f r a c t i o n of 

the speed of l i g h t a t which the p a r t i c l e i s t r a v e l l i n g . This equation 2.1a 

i s the Cerenkov r e l a t i o n and 9 i s commonly known as the Cerenkov angle. 

C l e a r l y , i f 3 < ^/n Cerenkov r a d i a t i o n i s not observed. This i s always 

the case f o r X-ray wavelengths and above, at which the r e f r a c t i v e index i s 

less than u n i t y . Cerenkov r a d i a t i o n i s u s u a l l y manifest i n the v i s i b l e and 

u l t r a - v i o l e t wavebands. The maximum possible Cerenkov angle, 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 ( i . e . P ~ 1 ) , i s a mere 14° i n a i r at S.T.P. as 

opposed t o 41-5° i n water. 

As i n d i c a t e d above, f o r s u b s t a n t i a l coherent r a d i a t i o n , the k i n e t i c 

energy loss of the p a r t i c l e must be s l i g h t . Frank & Tamm (1937) derived 

an expression f o r the energy loss by Cerenkov r a d i a t i o n of a p a r t i c l e of 

charge ze, which may be reduced t o : 

z2e2 
dE = s i n 2 ( e ) 0) d<o d l eqn. 2.1b 

c2 

where dE (J) i s the amount of energy radiated from an element of the 

p a r t i c l e t r a c k of len g t h d l (m) i n an angular frequency bandwidth 

d(o ( r a d s-^) centred upon <a (Protheroe, 1977). Thus t a k i n g the above value 

of G a i r , f o r wavelengths i n the v i s i b l e range from 350 nm t o 550 nm, a rate 

of emission of 5x10"^'' Jm"^ i s obtained. This i s roughly equivalent t o the 

emission of 20 o p t i c a l photons per metre of t r a c k , which i s a poor y i e l d 

when compared w i t h the 15,000 photons per metre p r e d i c t e d , by the same 

method, f o r Cerenkov r a d i a t i o n i n water. This being the case, i t i s hardly 

s u r p r i s i n g t h a t the f i r s t p o s i t i v e d e t e c t i o n of Cerenkov r a d i a t i o n i n a i r 

d i d not occur u n t i l 1954 ( A s c o l i B a l z a n e l l i & A s c o l i , 1954). 
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2.2 Cerenkov r a d i a t i o n as a trace of cosmic rays 

The d e t e c t i o n of Cerenkov l i g h t i n gases was made possible by the 

development of the p h o t o m u l t i p l i e r . Photographic methods r e q u i r i n g long 

exposures t o a high l i g h t i n t e n s i t y q u i c k l y became obsolete, together w i t h 

p h o t o s e n s i t i v e Geiger counters which su f f e r e d from a low energy e f f i c i e n c y 

and the tendency t o respond to randomly i n c i d e n t p a r t i c l e s as w e l l as to a 

Cerenkov beam. The high gain, wide e f f e c t i v e bandwidth i n the v i s i b l e 

r e g i o n , d i r e c t i o n a l response and s t r a i g h t f o r w a r d e l e c t r o n i c s of the 

p h o t o m u l t i p l i e r made the observation of Cerenkov l i g h t a p r a c t i c a b l e t o o l 

i n the f i e l d of high energy physics. 

2.2.1 i n t e g r a l Cerenkov detectors 

The Cerenkov r e l a t i o n i s the key t o a simple t e s t of the v e l o c i t y of a 

charged p a r t i c l e , as Cerenkov l i g h t i s observed only at p a r t i c l e speeds 

greater than an e a s i l y q u a n t i f i a b l e threshold value. Since the threshold 

v e l o c i t y i s dependent upon the r e f r a c t i v e index of the t r a n s m i t t i n g medium, 

a block of d i e l e c t r i c m a t e r i a l viewed by a p h o t o m u l t i p l i e r can be used to 

d i s c r i m i n a t e between slow moving p a r t i c l e s and f a s t e r ones f o r which 

c o n d i t i o n 2.1a i s f u l f i l l e d . A layered t a r g e t of v a r i e d composition i s used 

t o place bounds upon the v e l o c i t y of a t r a n s i e n t p a r t i c l e . I t may consist 

of a gas a t a range of pressures or of sheets of c l e a r p l a s t i c , f o r 

t h r e s h o l d v e l o c i t i e s approximating to the speed of l i g h t or to two t h i r d s 

of t h i s value r e s p e c t i v e l y . G a s - f i l l e d Cerenkov threshold detectors have 

proved t h e i r worth i n s a t e l l i t e experiments, being w e l l adapted t o 

d i s c r i m i n a t e between cosmic ray electrons and the s i m i l a r l y energetic yet 

slower moving background nucleons. 

A s u i t a b l y shielded d i e l e c t r i c and p h o t o m u l t i p l i e r assembly can be 

used t o measure the amount of l i g h t emitted i n a Cerenkov event. The sum of 

the energy thus deposited, combined w i t h a v e l o c i t y estimate, can be used 
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t o determine the charge upon the i n c i d e n t p a r t i c l e according to equation 

2.1b. I n s a t e l l i t e and balloon borne cosmic ray experiments, a Cerenkov 

counter i s o f t e n run i n conjunction w i t h a spark chamber array, from which 

the d i r e c t i o n of incidence of a p a r t i c l e and hence i t s exact path length 

through the d i e l e c t r i c can be determined. 

The use of Cerenkov detectors i s not l i m i t e d t o the study of charged 

primary p a r t i c l e s . The energy of an uncharged p a r t i c l e may be i n f e r r e d from 

the Cerenkov r a d i a t i o n of the charged daughter p a r t i c l e s which i t produces 

on c o l l i s i o n w i t h a s u i t a b l e t a r g e t m a t e r i a l . For example, i n the 7-ray 

telescope flown on board the OSO-III s a t e l l i t e , an incoming gamma ray was 

immediately converted t o an e l e c t r o n - p o s i t r o n p a i r w i t h i n a Csl t a r g e t 

c r y s t a l . These charged fragments then encountered the cl e a r p l a s t i c 

d i e l e c t r i c of a Cerenkov counter (Longair, 1981). 

The a b i l i t y t o determine v e l o c i t y independently of momentum i s unique 

t o Cerenkov counters. For most other a p p l i c a t i o n s , the s c i n t i l l a t i o n 

counter i s a v i a b l e a l t e r n a t i v e . Both techniques have the capacity f o r 

spectrometry by absorption, and measurement of p a r t i c l e f l u x i r r e s p e c t i v e 

of energy. Their uniform response over areas i n excess of 1 m2 makes them 

s u i t a b l e f o r use i n ground-based u l t r a high energy cosmic ray detectors, 

since an experiment seeking t o determine the t o t a l energy of a p a r t i c l e 

r e q u i r e s the volume of the detector t o be such t h a t the p a r t i c l e 

e f f e c t i v e l y comes t o r e s t w i t h i n i t . 

Cerenkov emission i s weaker than the l i g h t emitted i n a s c i n t i l l a t o r , 

although i t i s not re-absorbed i n the t a r g e t medium and p h o t o m u l t i p l i e r s 

may be placed so as to take f u l l advantage of i t s d i r e c t i o n a l i t y . Cerenkov 

dete c t o r s are o f t e n p r e f e r r e d f o r f i n a n c i a l reasons, as s c i n t i l l a t i o n 

g e n e r a l l y requires a r e f i n e d medium, whereas Cerenkov emission can be 

observed i n r e a d i l y a v a i l a b l e m a t e r i a l s and i s not a f f e c t e d by small 

i m p u r i t i e s . A case i n p o i n t i s the Deep Underwater Muon And Neutrino 

Detector (DUMAND) p r o j e c t , the aim of which i s t o detect cosmic neutrinos 
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of TeV energies v i a the charged muons produced i n t h e i r i n t e r a c t i o n s i n sea 

water. These muons cause Cerenkov emission themselves and may also i n i t i a t e 

a shower of e l e c t r o n s . The prototype detector consisted of a 250 m x 250 m 

x 500 m array of 756 p h o t o m u l t i p l i e r packages, suspended i n the ocean o f f 

Hawaii a t a depth of 4 5 km (Stenger, 1983). 

2.2.2 Cerenkov l i g h t from extensive a i r showers 

So f a r , t h i s discussion has concentrated upon Cerenkov detectors i n 

which the d i e l e c t r i c medium i s an i n t e g r a l p a r t of the detection device. 

For cosmic rays of energies i n the TeV region, which are too rare t o be 

studied by small aperture s a t e l l i t e s and not s u f f i c i e n t l y energetic to 

reach ground based d e t e c t o r s , i t i s the Earth's atmosphere which acts as a 

medium f o r Cerenkov emission. 

The t h r e s h o l d energy f o r the Cerenkov e f f e c t i n a i r may be 

c a l c u l a t e d f o r a p a r t i c l e of known mass using the Cerenkov r e l a t i o n . From a 

comparison of the threshold energies of the most abundant extensive a i r 

shower (EAS) p a r t i c l e s , e lectrons (21 MeV), muons (4-4 GeV) and protons 

(39 GeV), i t i s c l e a r t h a t e l e c t r o n s w i l l c o n t r i b u t e the most Cerenkov 

l i g h t . Boley (1964) s t a t e s t h a t 85% of sea l e v e l EAS electrons l i e above 

the 21 MeV threshold. 

I t was B l a c k e t t (1948) who f i r s t p redicted the existence of Cerenkov 

r a d i a t i o n produced by the passage of cosmic rays through the atmosphere. He 

estimated t h a t t h i s phenomenon must c o n t r i b u t e one ten thousandth of the 

t o t a l n i g h t sky brightness. I t was a f o r t u i t o u s encounter i n 1958 between 

B l a c k e t t and the cosmic ray p h y s i c i s t s G a l b r a i t h and J e l l e y which prompted 

the l a t t e r t o make the f i r s t observations of atmospheric Cerenkov l i g h t 

( J e l l e y , 1987). They constructed a detector l i k e t h a t o u t l i n e d i n f i g u r e 

2.2 ( a f t e r J e l l e y , 1958, 213) having a f i e l d of view of 0 13 steradians. 

A f t e r simultaneous observation w i t h t h i s " l i g h t bucket" and an array of 

geiger counters, they reported t h a t 44% of the recorded l i g h t flashes were 
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c o i n c i d e n t with a geiger counter p a r t i c l e response. 

Returning to the concept of the Cerenkov cone, the ra d i u s of the 

l i g h t r i n g on the ground may be estimated using equation 2.1 and a value of 

r e f r a c t i v e index appropriate to the assumed a l t i t u d e of maximum emission. 

The v a r i a t i o n i n r e f r a c t i v e index with height (h) i s de s c r i b e d by: 

n(h) = 1 + (no - l)exp(-h/ho) 

where no i s the r e f r a c t i v e index of a i r a t S.T.P. and ho i s the s c a l e 

height of the atmosphere. Simul a t i o n s suggest that the number of e l e c t r o n s 

i n a shower reaches a maximum a t a height (h) of approximately 8 km. The 

corresponding Cerenkov angle i s 0-9°. Thus the emission from a length Ah of 

the a i r shower a x i s w i l l i l l u m i n a t e a r i n g of r a d i u s 0h « 125 m and width 

eAh. 

G a l b r a i t h and J e l l e y measured the coincidence r a t e between two l i g h t 

bucket d e t e c t o r s as a f u n c t i o n of the angle between t h e i r o p t i c axes. They 

found an angular dependence, which was c o n s i s t e n t with Cerenkov emission i f 

the e f f e c t i v e angle 0 was allowed to have diverged, by up to a f a c t o r of 

ten, due to the pe r t u r b i n g e f f e c t of coulomb s c a t t e r i n g between the shower 

e l e c t r o n s and atmospheric n u c l e i . One contemporary experiment, i n which 

c o i n c i d e n t events between an EAS a r r a y and a z e n i t h p o i n t i n g 

p h o t o m u l t i p l i e r were recorded, showed t h a t f l a s h e s could be observed as f a r 

as 30° away from the shower a x i s . I n another, Cerenkov l i g h t was focused 

onto an image i n t e n s i f i e r and photographed. The r e s u l t a n t images were 

b r i g h t c i r c u l a r and e l l i p t i c a l spots of 2° to 5° i n diameter. These r e s u l t s 

demonstrate t h a t although Coulomb s c a t t e r i n g can produce l a r g e angle 

d i s p e r s i o n , the l i g h t i n t e n s i t y i s c o n s i d e r a b l y g r e a t e r towards the shower 

a x i s and may thus be brought to a t i g h t l y focused image. 

During t h e i r experiments, G a l b r a i t h and J e l l e y observed that the l i g h t 

f l a s h count r a t e f e l l i n the presence of high cloud. T h i s was a s i g n t h a t 

under c l e a r s k i e s a s i g n i f i c a n t amount of the observed Cerenkov l i g h t had 
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i t s o r i g i n i n the higher regions of the shower. Thus, Cerenkov r a d i a t i o n 

c ould provide new information on the h i s t o r y of an e x t e n s i v e a i r shower, 

which could not be deduced from p a r t i c l e s detected at ground l e v e l , most of 

which come i n t o e x i s t e n c e only i n the f i n a l stages of shower development. 

An atmospheric Cerenkov instrument i s often used as a supplement to an 

a r r a y of p a r t i c l e d e t e c t o r s . The amount of Cerenkov l i g h t i s a r e l i a b l e 

i n d i c a t i o n of the energy of a cosmic ray p a r t i c l e , whereas the number and 

energy of EAS p a r t i c l e s a t ground l e v e l i s high l y dependent upon the depth 

of the shower maximum i n the atmosphere. The r a t i o of Cerenkov r a d i a t i o n to 

secondary p a r t i c l e s can be used to estimate the mass of a primary p a r t i c l e , 

and so to d i s t i n g u i s h between nucleon and photon i n i t i a t e d cascades. The 

d i r e c t i o n a l information obtained from a Cerenkov f l a s h can be used to 

c a l i b r a t e the response of a p a r t i c l e a r r a y , thus a l l o w i ng i t to function as 

a p o i n t source d e t e c t o r . 

2.3 astronomy by the atmospheric Cerenkov technique 

The development of atmospheric Cerenkov d e t e c t o r s c oincided with the 

d i s c o v e r y of r a d i o p u l s a r s . Knowing th a t radio emission was a s s o c i a t e d with 

charged p a r t i c l e a c c e l e r a t i o n , p h y s i c i s t s s e t out to d e t e c t these p o t e n t i a l 

p o i n t s o u r c e s of cosmic r a y s . 

I n order to r e t a i n d i r e c t i o n a l information, a charged cosmic ray 

p a r t i c l e must t r a v e l a t a speed s u f f i c i e n t f o r i t to pass through g a l a c t i c 

and l o c a l magnetic f i e l d s without s i g n i f i c a n t d e v i a t i o n . T h i s i s remotely 

p o s s i b l e a t u l t r a high e n e r g i e s , but p a r t i c l e s of TeV e n e r g i e s and below 

appear i s o t r o p i c a l l y d i s t r i b u t e d . A VHE astronomy of d i s c r e t e sources must 

t h e r e f o r e r e l y upon the d e t e c t i o n of n e u t r a l p a r t i c l e s and 7-rays. 

S t u d i e s of the f r a c t i o n a l e l e c t r o n composition of e x t e n s i v e a i r 

showers suggested t h a t one i n three hundred was i n i t i a t e d by a high energy 

photon. I t was thought t h a t i f these 7-ray induced showers could be 

p r e f e r e n t i a l l y s e l e c t e d , then the d i r e c t i o n a l c a p a b i l i t y of a Cerenkov 
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d e t e c t o r would allow o b s e r v e r s to pin-point the astronomical source. So, 

the f i r s t atmospheric Cerenkov t e l e s c o p e s were commissioned, and the 

s t r u g g l e towards an e f f i c i e n t method of background r e j e c t i o n began. 

2.3.1 t e l e s c o p e design 

Atmospheric Cerenkov t e l e s c o p e s , although s p o r t i n g many and v a r i e d 

refinements, are based upon the simple G a l b r a i t h and J e l l e y l i g h t bucket, 

mounted i n much the same fa s h i o n as the d i s h e s of a radio telescope. L i g h t 

i s r e f l e c t e d from a mirrored s u r f a c e on to a d e t e c t o r package of one or 

more p h o t o m u l t i p l i e r tubes. The p h o t o m u l t i p l i e r response i s d i g i t i s e d and 

recorded f o r a n a l y s i s a t a l a t e r date. 

The d u r a t i o n of an atmospheric Cerenkov pulse i s equivalent to the 

d i f f e r e n c e i n ground a r r i v a l times between l i g h t emitted at the top of a 

shower, and any p a r t i c l e s remaining above the Cerenkov threshold. T h i s 

delay (At) i s given by: 
h h 

At = 
c/n ^ X c 

f o r Cerenkov r a d i a t i o n i n i t i a t e d a t a height h by a p a r t i c l e t r a v e l l i n g a t 

a f r a c t i o n P of the speed of l i g h t . 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 

p u l s e d u r a t i o n i s of the order of a few nanoseconds. Thus, the choice of 

p h o t o m u l t i p l i e r i s r e s t r i c t e d to those having a s h o r t r i s e time find r a p i d 

recovery. I f the response of the photocathode i s gradual, the r e s u l t a n t 

v o l t a g e may never reach an instantaneous value s u f f i c i e n t to f i r e the 

p u l s e d i s c r i m i n a t i n g system. The system dead time, t h a t i s the time taken 

f o r the p h o t o m u l t i p l i e r and recording e l e c t r o n i c s to r e t u r n to t h e i r 

r e c e p t i v e s t a t e , must be minimised to achieve a high pulse count r a t e . 

The b r i g h t n e s s of the night sky i s s u f f i c i e n t to swamp the response of 

a p h o t o m u l t i p l i e r to Cerenkov f l a s h e s , u n l e s s i t i s run a t a very low gain. 

To achieve a g r e a t e r s e n s i t i v i t y , s e v e r a l p h o t o m u l t i p l i e r s may be run i n 

unison, such t h a t only l i g h t p u l s e s which f i r e more than one tube are 
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recorded and the m u l t i p l e t r i g g e r s must occur w i t h i n a predetermined gate 

time e.g. 10 ns. Such a system may be run a t a higher gain as s t a t i s t i c a l 

f l u c t u a t i o n s from i n d i v i d u a l tubes are ignored. 

The duty c y c l e of an atmospheric Cerenkov t e l e s c o p e i s l i m i t e d by the 

need f o r a moonless sky. Operation i s d i f f i c u l t a t low z e n i t h angles, as 

the g r e a t e r atmospheric path length causes showers to maximise f u r t h e r from 

the d e t e c t o r . L e s s l i g h t i s r e c e i v e d than would be r e c e i v e d from a s i m i l a r 

v e r t i c a l shower, so the energy t h r e s h o l d f o r event r e c o g n i t i o n i s g r e a t e r 

towards the horizon. Cloud a l s o reduces the event count r a t e and poses 

problems of data a n a l y s i s which a re d i s c u s s e d i n chapter four. 

( i ) the Dugway experiment 

The number of atmospheric Cerenkov o b s e r v a t o r i e s has grad u a l l y 

i n c r e a s e d , from the three pioneering experiments of the mid nineteen 

s i x t i e s to the t h i r t e e n c u r r e n t l y i n operation ( B r a z i e r , 1991). There 

f o l l o w s a b r i e f h i s t o r y of the f i r s t U n i v e r s i t y of Durham t e l e s c o p e s , which 

are d e s c r i b e d i n g r e a t e r d e t a i l by Chadwick (1987). 

I n 1981, the U n i v e r s i t y of Durham cons t r u c t e d an a r r a y of four 

atmospheric Cerenkov t e l e s c o p e s a t a s i t e i n Dugway, Utah. Each "Mark I " 

t e l e s c o p e c o n s i s t e d of three p a r a x i a l l y mounted 1-5 m diameter s e a r c h l i g h t 

m i r r o r s , which could be p o s i t i o n e d i n a l t i t u d e and azimuth to an accuracy 

of 0 1 ° by computer c o n t r o l . Every mirror had a 5 cm wide c i r c u l a r aperture 

a t i t s c a s s e g r a i n focus, r e s t r i c t i n g the f i e l d of view of the s i n g l e 

12-5 cm p h o t o m u l t i p l i e r tube behind i t to 1-75°. The ph o t o m u l t i p l i e r was 

o f f s e t s l i g h t l y from the focus i n order to obtain a uniform response 

a c r o s s such a l a r g e photocathode. Only f l a s h e s r e g i s t e r e d by a l l three 

p h o t o m u l t i p l i e r s were recorded. 

The t e l e s c o p e s were p o s i t i o n e d a t the a p i c e s and centre of an 

e q u i l a t e r a l t r i a n g l e . Although they were otherwise s e l f - c o n t a i n e d 

instruments, a common time base allowed s e l e c t i o n , during a n a l y s i s , of 
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f l a s h e s which were seen simultaneously by some combination of the four. 

Such a subset should c o n t a i n a higher proportion of events occuring i n the 

mutual t a r g e t d i r e c t i o n , and t h e r e f o r e d i s p l a y an improved s i g n a l to noise 

r a t i o . 

I n 1983, one of the d e t e c t o r s was re-engineered i n an attempt to 

improve i t s o p t i c a l c h a r a c t e r i s t i c s . T h i s then became the "Mark 11" 

t e l e s c o p e . The i n f e r i o r s e a r c h l i g h t m i r r o r s were replaced by s e t s of seven 

60 cm diameter, s o l i d aluminium r e f l e c t o r s , i n a hexagonal formation. A 

secondary mirror was no longer needed to ensure f a i r o p t i c a l q u a l i t y , so 

the 2" p h o t o m u l t i p l i e r , which r e p l a c e d the 12-5 cm model, was located a t 

the prime focus. The f i e l d of view was narrowed to 1-25°. I t was c l e a r , 

from simultaneous Mark I and Mark I I obse r v a t i o n s , t h a t the aperture 

r e d u c t i o n i n c r e a s e d the r a t i o of 7-ray to cosmic ray background 

d e t e c t i o n s . 

The Dugway t e l e s c o p e s were operated u n t i l September 1984. The 

technique of background r e j e c t i o n by c a r e f u l aperture design was then taken 

a stage f u r t h e r , i n the planning of the U n i v e r s i t y of Durham Mark I I I 

t e l e s c o p e . 

( i i ) a p erture r e j e c t i o n 

Cosmic ray nucleons c r e a t e wider a i r showers than 7-ray pr i m a r i e s , due 

to the l a r g e emission angles of pions i n nu c l e a r c o l l i s i o n s . T h i s i s 

manifest i n the breadth and i r r e g u l a r i t y of the r e c e i v e d Cerenkov image. 

With the a i d of computer s i m u l a t i o n s , i t i s p o s s i b l e to t a i l o r the s i z e of 

a t e l e s c o p e a p e r t u r e , to obtain the optimum r a t i o of 7-ray induced photons 

to those a s s o c i a t e d with nucleons and the general sky background. 

The p r e - a n a l y s i s s e l e c t i o n of events, by the choice of 

ap p r o p r i a t e hardware, does not r e q u i r e a d e t a i l e d record of the 

c h a r a c t e r i s t i c s of each Cerenkov pulse. I t i s th e r e f o r e p o s s i b l e to work on 

very low energy showers which t r i g g e r a minimal p h o t o m u l t i p l i e r response. A 
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low energy t h r e s h o l d i s d e s i r a b l e as the f r a c t i o n of atmospheric Cerenkov 

l i g h t due to 7-rays i s g r e a t e r a t low en e r g i e s . T h i s i s because 

i n c r e a s i n g l y e n e r g e t i c cosmic ray protons give r i s e to p r o p o r t i o n a l l y more 

secondary pions and hence to a g r e a t e r r e l a t i v e Cerenkov y i e l d . 

The s u c c e s s f u l d e t e c t i o n of 100 MeV 7-rays, by the SAS 2 and COS B 

s a t e l l i t e s , was an i n c e n t i v e to atmospheric Cerenkov astronomers to work 

towards lower energy t h r e s h o l d s . 

The energy t h r e s h o l d s of the Durham Mk I and Mk I I telescopes were 

estimated by comparison of the a c t u a l count r a t e with s i m u l a t i o n s . They 

were found to be 1 TeV and 800 GeV r e s p e c t i v e l y when pointing to the 

z e n i t h a t the 1450 m a l t i t u d e of the Dugway s i t e . Experience l e d the 

U n i v e r s i t y of Durham group to choose a s m a l l e r , 1° aperture f o r t h e i r next 

d e t e c t o r , together with a l a r g e mirror a r e a g i v i n g s e n s i t i v i t y to low 

energy f l a s h e s w h i l s t d i l u t i n g the e f f e c t of f l u c t u a t i o n s i n night sky 

background i l l u m i n a t i o n on tube performance. T h i s "Mk I I I " t elescope had a 

t h r e s h o l d energy of 250 GeV ( B r a z i e r e t a l . , 1989), but has s i n c e been 

s u b j e c t to v a r i o u s m o d i f i c a t i o n s . I t i s d e s c r i b e d i n g r e a t e r d e t a i l i n the 

f o l l o w i n g chapter. 

( i i i ) the imaging technique 

The U n i v e r s i t y of Durham group i s working towards a new generation of 

h y b r i d t e l e s c o p e s , combining the technique of aperture r e j e c t i o n with the 

imaging method of event s e l e c t i o n . 

Weekes and Turver (1977) f i r s t suggested t h a t the shape and 

o r i e n t a t i o n of the image of a Cerenkov f l a s h could be used to d i s c r i m i n a t e 

between 7-ray and nucleon i n i t i a t e d showers. A Cerenkov telescope could be 

modified to focus l i g h t onto a c l o s e packed c l u s t e r of pho t o m u l t i p l i e r 

" p i x e l s " . T h i s would e n t a i l not only i n c r e a s i n g l y complex e l e c t r o n i c s , but 

a l s o the s a c r i f i c e of low t h r e s h o l d e n e r g i e s i n favour of obtaining more 

information from a s u b s t a n t i a l p u l s e . 
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A Crimean group s t a r t e d to b u i l d such a d e t e c t o r , with 37 

p h o t o m u l t i p l i e r tubes a t i t s focus, i n 1983. A s i m i l a r device was 

c o n s t r u c t e d a t the Fred Whipple observatory i n Arizona, the s u c c e s s f u l 

o p e r a t i o n of which encouraged the Whipple group to d e v i s e a l a r g e r "high 

r e s o l u t i o n camera" (HRC), which came int o operation i n 1988. The camera 

c o n s i s t s of 91 p h o t o m u l t i p l i e r tubes having an angular diameter on the sky 

of 0.25°, surrounded by a r i n g of 18 tubes each subtending an angle of 

0.5°, and i s l o c a t e d a t the focus of a mirror of 10 m i n diameter. The 

instrument has a 3.5° f i e l d of view and 0.12° r e s o l u t i o n (Cawley e t a l . , 

1990). A Cerenkov event i s r e g i s t e r e d when a response i s obtained from two 

or more of the inner 91 p h o t o m u l t i p l i e r s . 

The e l l i p t i c i t y of a two dimensional Cerenkov image i s dependent 

upon the a i r shower impact parameter (the p e r p e n d i c u l a r d i s t a n c e between 

the t e l e s c o p e a x i s and the shower a x i s ) . Those whose major axes point 

towards the c e n t r e of the f i e l d of view are accepted as being due to 

showers from the source d i r e c t i o n , w h i l s t others of random o r i e n t a t i o n are 

r e j e c t e d . Wide, i r r e g u l a r images are assumed to be a r e s u l t of core 

m u l t i p l i c i t y i n nucleon induced showers. An extended f o o t p r i n t i s a s i g n 

t h a t the l i g h t c o n t r i b u t i o n spanned a lengthy nucleon t r a c k , r a t h e r than a 

s h o r t electron-photon cascade. The Whipple group s e l e c t Cerenkov events on 

the b a s i s of the geometrical parameters shown i n f i g u r e 2.3, the t o t a l 

l i g h t r e c e i v e d and the r a t i o of the two s t r o n g e s t tube responses to the sum 

of a l l (Fegan, 1992). H i l l a s and co-workers ( H i l l a s and Patterson,1987) 

r e p o r t t h a t the g r e a t e s t s i n g l e d i s t i n c t i o n , between t i g h t 7-ray r e l a t e d 

p r o f i l e s and the d i f f u s e images a t t r i b u t e d to nucleons, l i e s i n the azwidth 

parameter. I t i s worth noting t h a t t h i s information was obtained s o l e l y 

through the use of numerical s i m u l a t i o n s , s i n c e d e t a i l e d measurements of 

a i r shower development were simply not f e a s i b l e . 

Aside from p l a c i n g r e l i a n c e upon t h e o r e t i c a l models, the 

e x p e r i m e n t a l i s t must achieve a high degree of accuracy i n the c a l i b r a t i o n 
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of the p h o t o m u l t i p l i e r package, i n order to b e n e f i t from the imaging 

technique. The s u b t r a c t i o n of p e d e s t a l v a l u e s £ind gain normalisation 

between p h o t o m u l t i p l i e r s , to achieve a uniform cross-camera response, i s 

r e f e r r e d to as f l a t - f i e l d i n g . T h i s process, which i s f a r from simple as 

c h a r a c t e r i s t i c s v a r y from tube to tube according to temperature and sky 

b r i g h t n e s s , i s f u r t h e r complicated by the passage of s t a r s through the 

f i e l d of view. However, i t i s p o s s i b l e to r o t a t e a camera during an 

o b s e r v a t i o n , such t h a t a background s t a r remains i n the s i g h t of a given 

p h o t o m u l t i p l i e r , which may then be ignored throughout. 

2.3.2 contemporary atmospheric Cerenkov observations 

The d i s t r i b u t i o n of atmospheric Cerenkov o b s e r v a t o r i e s has changed 

l i t t l e s i n c e a comprehensive l i s t i n g was given by Mannings (1990). Of the 

experiments o p e r a t i o n a l a t t h a t time, only the Whipple c o l l a b o r a t i o n had 

made the move from aperture r e j e c t i o n to become r e l i a n t upon the imaging 

technique, although i t was the s t a t e d i n t e n t i o n of the U n i v e r s i t y of 

Adelaide group to develop a s i m i l a r camera. As a consequence, the Whipple 

r e s u l t s were regarded with a great deal of s p e c u l a t i v e i n t e r e s t , 

p a r t i c u l a r l y s i n c e they seemed to r e f u t e some of Cerenkov astronomy's most 

con v i n c i n g source d e t e c t i o n s . 

Atmospheric Cerenkov observations have f r e q u e n t l y given r i s e to 

r e p o r t s of VHE 7-ray emission based upon a p e r i o d i c i t y i n the event count 

r a t e of low, and i n some c a s e s somewhat dubious, s t a t i s t i c a l s i g n i f i c a n c e . 

A l i m i t e d number of o b j e c t s have been confirmed as VHE 7-ray sources by 

more than one independent group. These are the Crab, Cygnus X-3 and Geminga 

p u l s a r s , the X-ray b i n a r i e s 4U0115+63, Hercules X-1, V e l a X-1 and 

Centaurus X-3 and the c a t a c l y s m i c v a r i a b l e AE A q u a r i i . However, d e t e c t i o n s 

are r a r e and have not been reproduced on a r e g u l a r b a s i s . The standard 

candle of VHE 7-ray astronomy s t i l l eludes observers, u n l e s s i t be the Crab 

nebula and i t s p u l s a r dynamo, from which the Whipple group report a 
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p e r s i s t e n t unpulsed (or "DC") f l u x . 

The Whipple HRC measured a small count r a t e excess from the d i r e c t i o n 

of the Crab nebula, which became a nine standard d e v i a t i o n e f f e c t a f t e r 

a p p l i c a t i o n of the azwidth " c u t " . T h i s d e t e c t i o n , although of f a r g r e a t e r 

s t a t i s t i c a l s i g n i f i c a n c e than previous r e s u l t s , was perplexing, s i n c e other 

groups had found evidence f o r pulsed emission but none fo r the e x i s t e n c e of 

a DC component. Indeed, s a t e l l i t e o b s e r v a t i o n s had shown t h a t above 

0.4 GeV, the unpulsed nebula emission f e l l and the pulsed f r a c t i o n became 

dominant. Perhaps the imaging technique introduced a b i a s a g a i n s t the most 

e n e r g e t i c Cerenkov events. When the same cut was a p p l i e d to raw data on 

other o b j e c t s , the p e r i o d i c i t y which had been apparent d i d not appear i n 

the reduced data s e t . Claimed d e t e c t i o n s of Hercules X-1 and 4U0115+63 were 

withdrawn as a r e s u l t . Three y e a r s passed between the Crab r e s u l t and the 

HRC d e t e c t i o n of a second non-pulsating source; the a c t i v e galaxy 

Markarian 421 (Punch e t a l . , 1992). 

I s the apparent f a i l u r e of the HRC to d e t e c t pulsed emission due to a 

flaw i n the imaging technique? I t i s p o s s i b l e t h a t not enough care has been 

taken to a s s e s s the number of degrees of freedom involved i n p e r i o d i c i t y 

t e s t s , r e s u l t i n g i n the p r e s e n t a t i o n of s t a t i s t i c a l f l u c t u a t i o n s as bona 

f i d e pulsed emission. However, i t would be p e s s i m i s t i c to assume that so 

many r e s e a r c h e r s could make the same e r r o r s . I t i s u n l i k e l y t h a t models of 

cascade development are w i l d l y a t f a u l t , s i n c e many of the i n t e r a c t i o n s on 

which they are based have been reproduced i n p a r t i c l e a c c e l e r a t o r s . Macrae 

(1985) d i d express some doubt, as to whether p r e d i c t e d v a r i a t i o n s i n the 

g e n e r i c images of nucleon a s s o c i a t e d and 7-ray i n i t i a t e d showers were i n 

f a c t g r e a t e r than those obtained from random f l u c t u a t i o n s between showers 

of a s i m i l a r composition. The Whipple r e s u l t s do seem to confirm the 

s u p e r i o r i t y of the azwidth cut p r e d i c t e d by H i l l a s , although a m u l t i 

parameter "wedge" cut a c h i e v e s the most s i g n i f i c a n t e f f e c t (Fegan, 1992). 

I d e a l l y , the Whipple r e s u l t s should be corroborated by observations 
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u s i n g an a l t e r n a t i v e technique. To achieve an e q u i v a l e n t s e n s i t i v i t y by 

aperture r e j e c t i o n alone would r e q u i r e the c o n s t r u c t i o n of an un-economic 

number of t e l e s c o p e s . Time p r o f i l e s , e i t h e r of i n d i v i d u a l p u l s e s or of the 

shower f r o n t , may be used to d i f f e r e n t i a t e between 7-ray and nucleon 

p r o g e n i t o r s . The l a t t e r r e q u i r e measurement of the a r r i v a l time of a 

Cerenkov f l a s h a t more than one detector. Background r e j e c t i o n by i n t e r -

t e l e s c o p e timing i s the s u b j e c t of chapter f i v e . 

Although s e v e r a l r e s e a r c h groups have confirmed the e x i s t e n c e of 

a s i g n i f i c a n t unpulsed f l u x , g e n e r a l l y a t t r i b u t e d to i n v e r s e Compton 

s c a t t e r i n g and synchrotron r a d i a t i o n i n the Crab nebula, none have yet 

matched the s e n s i t i v i t y of the Whipple C o l l a b o r a t i o n ' s HRC. The p o p u l a r i t y 

of the Crab nebula and p u l s a r as a t a r g e t f o r VHE 7-ray observations i s 

such t h a t a simple comparison of the r e s u l t s presented at recent 

I n t e r n a t i o n a l Cosmic Ray Conferences (ICRCs) on t h i s source alone give a 

c l e a r i n d i c a t i o n of the c u r r e n t s t a t u s of atmospheric Cerenkov astronomy i n 

the Northern Hemisphere (see f i g u r e 2.3b). The f l u x from the Crab Nebula 

was found to be s u f f i c e n t l y s t a b l e to be the s u b j e c t of the f i r s t 

measurements of a VHE 7-ray source spectrum by the s y s t e m a t i c v a r i a t i o n of 

the s e l e c t i o n c r i t e r i a (and thus of the t h r e s h o l d energy) of a s i n g l e 

experiment. At the 23rd ICRC ( J u l y , 1993), the measurement of a source 

spectrum of the form: 

(P ( > E ( T e v ) ) = (3-7±0-5)10-i2(E/5)-i-5W-o.20 cm-2s-i 

was reported by the French team operating the THEMISTOCLE a r r a y which 

operates on the f a s t timing - shower f r o n t r e c o n s t r u c t i o n p r i n c i p l e . T h i s 

r e s u l t was i n reasonable agreement ( c o n s i d e r i n g the u n c e r t a i n t i e s i n energy 

c a l i b r a t i o n ) with the d i f f e r e n t i a l spectrum: 

dN(E) 
= (l-48±0-09±0'41)10-ii(E(TeV))-(2-69W-o.o9 + /-o.3) cm-2s-iTeV-i 

dE 

presented by the Whipple C o l l a b o r a t i o n and based upon the imaging technique 

of cosmic ray background r e j e c t i o n . 

29 



c i ^ g S 3 X) 
C3 o 

^ I J 'I c P> O 5̂  

5= c 

1 4 -

s ^ 

1 1 
I ̂  
^ a. 

i ^ 

X3 

I 

O 
X 

•J 2 o 

o 

•a 
s 

CO 

in 

3̂ 

•3N 00 

CO 

J9
90
1 •"a 

<u c. 
-3 

fr
o 

r-' 

l i 

••6 

.3 

r i 

00 on cr

oc 

'a 

5' 9 1? 

r i 

2? 3 

CO 

CO 

I 

s 

0 

•a. 

<3N 

00 CO 0\ CO 

CI 

o d 

I 

<3\ 

0\ 

"j-i 

•£2 'J 

•M 
CO 

2 

'a 

g 

3 

JO V-, 

11 
op ^ 

o 

ii 
••B 

-oh 

•*3 

I 

I ! 
I l 
3 a, 

^1 

o 

d 
V 

cn 

p 

a. 
c 

o 

00 
a-: 00 

00 

I 
1 

a 
a; 
u 

3 o 
a i -5, a 
11 I 

•SI 

1 

I I s 
f l 

i 

2 

o •a 
ni 

I 
o O 
o 

3 § 

8 

i 
C/9 j*-> w 

g 
1 . 

c 
-3 n 

I 
3 
e 

1 
•g 
C 

> 
•a 

Z 
i 

V; 
z 

I 



CHAPTER THREE 

The Durham Southern Hemisphere I n s t a l l a t i o n 

T h i s chapter c o n s i s t s of a d e s c r i p t i o n of the s i t e of the U n i v e r s i t y 

of Durham Atmospheric Cerenkov Observatory, and of the design and 

oper a t i o n of the three t e l e s c o p e s i n use i n March 1993. 

3.1 the s i t e 

The g r e a t e r v a r i e t y of p o t e n t i a l VHE 7-ray sources i n the southern 

s k i e s , p a r t i c u l a r l y along the g a l a c t i c plane, prompted a move from the Utah 

s i t e of the Mark I and Mark I I t e l e s c o p e s to A u s t r a l i a . The U n i v e r s i t y of 

Durham Mark I I I t e l e s c o p e began operation a t Bohena Settlement, some 20 km 

south of N a r r a b r i , New South Wales, i n October 1986. T h i s f l a t f o r e s t 

c l e a r i n g was the hub of the Sydney U n i v e r s i t y Giant A i r Shower Recorder 

from 1968 to 1979 (Meyhandan e t a l . , 1991). The Anglo A u s t r a l i a n Telescope 

l i e s 100 km to the south of Bohena Settlement and the A u s t r a l i a Telescope 

i s 20 km to the west. Data from the former suggested that c l e a r s k i e s would 

be maintained on 180 n i g h t s per year on average (Chadwick, 1987). The s i t e 

c o - o r d i n a t e s (obtained from Global P o s i t i o n i n g S a t e l l i t e measurements) are 

30° 28' 20-57 ± 0-54" S, 149° 39' 36-5 ±1-01 " E, and i t s height above 

s e a l e v e l i s 257 ± 38 m. At t h i s l a t i t u d e the hours of darkness per night 

vary from 8 i n the summer months to 12 i n J u l y . 

3.2 the Mark I I I t e l e s c o p e 

The U n i v e r s i t y of Durham Mark I I I t e l e s c o p e c o n s i s t s of three 

p a r a x i a l l y mounted p a r a b o l i c d i s h e s which make up a t o t a l mirrored a r e a of 

34 m2 . At the focus of each d i s h r e s t s a d e t e c t o r package comprising seven 

2" diameter p h o t o m u l t i p l i e r tubes (PMTs). I n order f o r a Cerenkov l i g h t 

f l a s h to be recorded as a genuine "event" i t must t r i g g e r a s i m i l a r 
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response from each PMT c l u s t e r . 

3.2.1 mechanical design 

As i l l u s t r a t e d i n f i g u r e 3.2a, each d i s h i s made up of a s e t of 

s p h e r i c a l m i r r o r s of 60 cm i n diameter. These were formed from p o l i s h e d and 

anodised t h i n sheet aluminium of 80 % r e f l e c t i v i t y s t r e t c h e d and bonded 

over l i g h t w e i g h t aluminium honeycomb (Chadwick, 1987). Those near the 

c e n t r e of each d i s h have a f o c a l length, /, of 240 ± 8 cm w h i l s t those a t 

the periphery are of f = 260 ± 8 cm, so t h a t a point source at i n f i n i t y i s 

brought to an image of approximately 2 cm i n diameter. 

The framework of the t e l e s c o p e i s l i g h t w e i g h t aluminium, so the three 

d i s h e s may be supported by a s i n g l e bearing. The telescope i s driven i n 

a l t i t u d e and azimuth by two DC servomotors. During normal operation, 

information from s h a f t encoders on the t e l e s c o p e mount i s r e l a y e d to a 

microcomputer which then d i s p l a y s the a c t u a l t e l e s c o p e a t t i t u d e to an 

accuracy of 0*09°. T h i s computer r e - c a l c u l a t e s the t a r g e t p o s i t i o n every 

6 s from the c e l e s t i a l c o - o r d i n a t e s of the o b j e c t under observation, 

compares t h i s with the a c t u a l p o i n t i n g d i r e c t i o n a t 0-1 s i n t e r v a l s and 

s u p p l i e s power to the motors i f c o r r e c t i o n i s required. 

3.2.2 the d e t e c t o r packages 

Browning and Turver (1977) estimated that such a detector having a 1° 

f i e l d of view would respond to the Cerenkov l i g h t from a i r showers of 

impact parameter < 50 m. Thus the experiment could be s a i d to have a 

s e n s i t i v e a r e a to cosmic 7-rays of 10'* m̂ . The e f f e c t i v e aperture of the 

Mark I I I t e l e s c o p e was measured, by a l l o w i n g a s t a r to d r i f t through the 

f i e l d of view of a s i n g l e 2" PMT a t i t s focus and p l o t t i n g the r i s e and 

decay of the c u r r e n t from the PMT, to be 1-1° FWHM ( B r a z i e r , 1991). 

Each d e t e c t o r package c o n s i s t s of one PMT a t the focus of the d i s h . 
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Figure 3.2a : the University of Durham Mark I I I telescope at 
Bohena Settlement N.S.W. in March 1993. 



surrounded by s i x others also i n the f o c a l plane but s l i g h t l y o f f - s e t from 

the o p t i c a x i s . The s i x "guard r i n g " PMTs serve t o monitor the sky around 

tlie t a r g e t p o s i t i o n . Their response t o a Cerenkov event which i s re g i s t e r e d 

by the c e n t r a l PMT may be used to determine whether the i n t e n s i t y of the 

l i g h t pool was a maximum i n the on-source d i r e c t i o n . The o r i g i n a l 

separation between the centres o f two adjacent PMTs i n the f o c a l plane was 

equivalent t o a p r o j e c t e d separation on the sky of 2°. However, t h i s 

spacing was reduced to 1-5° i n March 1991 a f t e r computer generated 

simu l a t i o n s showed t h a t t h i s would improve the e f f i c i e n c y of o f f - a x i s event 

r e c o g n i t i o n . The c o n f i g u r a t i o n and the nomenclature of the PMTs w i t h i n the 

dete c t o r package are given i n f i g u r e 3.2b, 

The PMTs, which were chosen f o r t h e i r f a s t response (a 2 ns r i s e 

time of the order of tl i e d u r a t i o n of a Cerenkov p u l s e ) , low i n t r i n s i c noise 

r a t e and s t a b l e gain, are of type RCA 8575. Their s e n s i t i v i t y i s greatest 

at a wavelength of - 370 nm which i s appropriate t o the 300 t o 400 nm a i r 

Cerenkov spectrum. Under dark sky condi t i o n s a t y p i c a l RCA 8575 w i l l 

support an anode c u r r e n t of 25 pA and noise r a t e of 30 kHz when supplied 

w i t h a e l e c t r i c p o t e n t i a l of 1500 V. I n order to maintain a constant l e v e l 

of background i l l u m i n a t i o n under varying sky co n d i t i o n s , an LED i s 

pos i t i o n e d a t the side of each PMT's photocathode. The anode current of 

each PMT i s r e g u l a r l y compared w i t h a reference c u r r e n t , and the brightness 

of the corresponding LED i s a l t e r e d i n order to ensure t h a t the tube's gain 

remains w i t h i n 1 % of i t s i n i t i a l value throughout an observation. 

3.2.3 modes of operation 

For each p o t e n t i a l source, a metliod of observation i s chosen which i s 

considered appropriate to the pre d i c t e d form of i t s 7-ray f l u x . These modes 

of o peration are d i s t i n g u i s h e d by the p o s i t i o n of the targ e t w i t h i n the 

telescope's f i e l d of view, which may be sy s t e m a t i c a l l y v a r i e d during the 

course of an observation. 
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( i ) t r a c k i n g mode 

I f the candidate source i s known t o have a c h a r a c t e r i s t i c pulse period 

a t other wavelengths, then i t i s hoped t h a t a VHE 7-ray s i g n a l may be 

i d e n t i f i e d from a s i m i l a r time signature. I n t h i s case, the telescope 

p o i n t i n g f o l l o w s the path of the o b j e c t across the sky such that the target 

remains always w i t h i n the f i e l d of view of the on-axis, c e n t r a l channel. 

The o f f - a x i s guard r i n g may thus be f u l l y e x p l o i t e d to maximise the si g n a l 

to noise r a t i o . 

( i i ) chopping mode 

Where no pulse period i s known or expected, a 7-ray source may be 

detected i f i t i s s u f f i c i e n t l y powerful to produce 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 increase i n the number of Cerenkov l i g h t flashes recorded when 

the telescope i s brought to bear upon i t , as opposed to viewing an o f f -

source c o n t r o l region of "empty" sky. As the motor d r i v e to the telescope 

i s s u f f i c i e n t to accelerate i t to an azimuthal slew r a t e of 

1° s"^ w i t h i n 10 s (Mannings, 1990), a simple method of t r a c k i n g the 

obj e c t w h i l s t r o t a t i n g the telescope such th a t the c e n t r a l channel 

a l t e r n a t e l y views the source d i r e c t i o n and then a region of sky 2° i n 

azimuth from t h i s p o s i t i o n i s possible. This has the advantage t h a t on-

source and off-source data are obtained using the same PMTs, thus reducing 

any instrumental e f f e c t s . O r i g i n a l l y , when the c e n t r a l channel was o f f -

source f o r two minutes, channel 2 was centred upon the target object and 

vi c e versa, t h e r e f o r e the source was i n f a c t monitored throughout. The 

op t i o n was a v a i l a b l e to combine on-source data from both channels and apply 

a p e r i o d i c i t y t e s t should a time signature be discovered at a l a t e r date. 

However, data from channel 2 were found t o have a poor s i g n a l t o noise 

r a t i o due t o an incomplete guard r i n g and hence were seldom analysed f o r 

p e r i o d i c i t y . I t was t h e r e f o r e considered unnecessary to a l t e r the 2° 
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chopping motion when the PMT separation was reduced t o 1-5°. Although the 

sky c o n d i t i o n s are viewed continuously and "chopping" i s performed i n a 

s t r i c t l y azimuthal sense to avoid any v a r i a t i o n i n the Cerenkov f l a s h count 

r a t e w i t h a l t i t u d e , since the response of the two channels cannot be said 

to be i d e n t i c a l , no attempt i s made to observe i n t h i s mode unless the sky 

i s u n i f o r m l y c l e a r of cloud. 

( i i i ) d r i f t scans 

The observation of an extended source, such as the g a l a c t i c centre, 

may be performed under e x c e p t i o n a l l y c l e a r sky conditions by simply 

a l l o w i n g the ob j e c t to pass through the f i e l d of view of the s t a t i o n a r y 

telescope. The instrument i s "parked" a t an a t t i t u d e such th a t data i s 

c o l l e c t e d on an "empty" region of the sky before and a f t e r the source 

performs t h i s t r a n s i t . C l e a r l y , an increase i n the number of Cerenkov 

events maintained w h i l s t the ob j e c t was v i s i b l e would c o n s t i t u t e a 

d e t e c t i o n . This mode of observation has been v i r t u a l l y abandoned i n favour 

of the chopping technique, since chopped observations may be c u r t a i l e d 

without loss a t any stage and the sky conditions i n Narrabri are somewhat 

unpredictable. 

3.2.4 s i g n a l processing 

The process of reduction of the PMT responses t o Cerenkov l i g h t 

f lashes t o permanent data records i s summarised below. I t has previously 

been described i n d e t a i l , by Chadwick (1987) and Mannings (1990). 

The raw s i g n a l s are a m p l i f i e d and then passed simultaneously t o the 

"QT u n i t " and to a pulse d i s c r i m i n a t o r . The f u n c t i o n of the QT u n i t i s t o 

sum the amount of charge received from each PMT w i t h i n a 30 ns gate time, 

and t o temporarily s t o r e t h i s f i g u r e i n d i g i t a l form. The pulse 

d i s c r i m i n a t o r converts the analogue s i g n a l t o a d i g i t a l one f o r f u r t h e r 
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processing only i f the pulse i t receives exceeds a t l i r e s h o l d of 50 mV. Low 

l e v e l noise i s t h e r e f o r e excluded a t t h i s stage w h i l s t a " t r u e " pulse i s 

forwarded t o a d i g i t a l l o g i c u n i t . 

Given a PMT noise r a t e of 30 kHz, i t would be expected t h a t N 

separate tubes would f i r e w i t h i n a time T purely by chance at a rat e 

R = N! (30 X 103 )N T^N-i>. The d i g i t a l l o g i c u n i t r e g i s t e r s a t h r e e - f o l d 

coincidence i f a pulse i s received from the d i s c r i m i n a t o r f o r each of the 

three tubes which make up a s i n g l e channel (see f i g u r e 3.2b) w i t h i n a 5 ns 

gate time. Such a t h r e e - f o l d coincidence c o n s t i t u t e s an "event". The rat e 

of acceptance of events which occur by chance should not exceed R « 15 

events per hour. I f an event occurs then a response i s sent t o the 

Coincidence Register and to the Master Trigger. 

The Coincidence Register temporarily stores information as t o which 

channel{s) r e g i s t e r e d an event i n the d i g i t a l l o g i c u n i t , and displays t h i s 

" f i r e p a t t e r n " t o the observers v i a a column of 7 LEDs. 

The Master Trigger i n t e r r u p t s the background r o u t i n e of the Logger (a 

Motorola 68000 based microcomputer) to i n i t i a t e i t s data recording 

subprogram. I t also latches the s t e e r i n g and l o c a l clock u n i t s such t h a t 

t h e i r instantaneous s t a t u s at the time of event r e c o g n i t i o n may be read by 

the Logger i n due course. I f a second event a r r i v e s at the Master Trigger 

w h i l s t the Logger i s "busy" w i t h the f i r s t then the Master Trigger has the 

capacity to read and s t o r e i t s a r r i v a l time and t h a t of up t o 15 more such 

"dead time events" u n t i l the Logger i s ready t o receive t h i s information. 

The Master Trigger may deal w i t h one dead time event per 6 {is. Since only 

the a r r i v a l times of these events are eventually recorded, they are of use 

simply as an i n d i c a t o r of data q u a l i t y and are generally associated w i t h 

d i s t a n t l i g h t n i n g or e l e c t r o n i c noise, as opposed to cosmic rays (which are 

expected t o give r i s e t o 1 or 2 events per second). 

The Logger reads the anode currents and noise rates of a l l 21 PMTs and 

environmental i n f o r m a t i o n such as the wind speed and d i r e c t i o n , and the 
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temperature of the detector packages, the m i r r o r s and the si g n a l processing 

e l e c t r o n i c s . I t broadcasts t h i s i n f o r m a t i o n t o a series of networked 

microcomputers f o r r e a l time d i s p l a y and records i t to tape once every 

minute. This sequence i s suspended when an event i s flagged by the Master 

Trigger and the Logger gathers the f o l l o w i n g i nformation: the 21 values 

sto r e d i n the QT u n i t , tlie 6 anode currents of the PMTs forming the c e n t r a l 

channel and channel 2, the UTC time ( t o 1 u s ) , the actu a l and the targ e t 

values of the t a r g e t a l t i t u d e and azimuth, and the f i r e p a t t e r n stored by 

the Coincidence Register, These data are formatted and w r i t t e n to magnetic 

tape and tagged as an "event block" as opposed to a "housekeeping block". 

F i n a l l y , a f t e r an elapsed time of 639 ^ts (Carraminana, 1991), the Logger 

r e t u r n s t o the Master Trigger, r e t r i e v e s the a r r i v a l times of any dead time 

events and resets i t , 

3.3 the Mark IV telescope 

3.3.1 h i s t o r y 

Relocation of the p r i n c i p a l observing s i t e from Dugway to Narrabri 

l e f t no means of b u i l d i n g upon the data already obtained on some w e l l -

e s t a b l i s h e d 7-ray sources i n the Northern Hemisphere. The Mark IV telescope 

was constructed using technology and materials already to hand w i t h a view 

to continued monitoring of these few obje c t s . I t was operated at the 

Observatorio d e l Roque de l o s Muchachos i n the Canary Islands during the 

summer months (June to October) of 1988 and 1989. This s i t e was then 

abandoned, due mainly t o high winds which made the operation of a free 

standing telescope d i f f i c u l t . The instrument was transported to the 

Na r r a b r i s i t e , where i t was i n s t a l l e d a t a distance of approximately 100 m 

from the Mark I I I telescope, and began operation there i n May 1990. 
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3.3.2 design 

The mounting, s t e e r i n g mechanism and detector packages of the Mark IV 

telescope are the same i n most respects as those of the Mark I I I , as i s the 

s i g n a l processing r o u t i n e . As shown i n f i g u r e 3.3, the f l u x c o l l e c t o r s are 

i n the form of three dishes, which are comprised of i d e n t i c a l m i r r o r 

sections, and the two instruments have comparable f o c a l lengths. The t o t a l 

m i r r o r e d area of the Mark IV telescope i s 18 m̂ , i t s aperture i s 0-8°, and 

i t s event count r a t e i s 55% of tha t of the Mark I I I telescope given the 

same t a r g e t p o s i t i o n ( B r a z i e r , 1991). 

The data logging i n the Mark IV telescope i s performed by a 

microcomputer which stores the inform a t i o n on a hard disc rather than on 

magnetic tape. The system dead time i s approximately 1 ms (Rayner, 1989). 

3.4 The Mark V telescope 

The Mark V telescope, which was commissioned i n May 1992, has become a 

t e s t bed f o r various cosmic ray background r e j e c t i o n techniques. These were 

l i s t e d i n Bowden e t a l . (1991) and are discussed i n chapter f i v e . 

3.4.1 mechanical design 

The Mark V telescope (shown i n f i g u r e 3.4a) was designed on 

e s s e n t i a l l y the same p r i n c i p l e s as the Mark I I I and Mark IV instruments. I t 

does, however, b e n e f i t from an innovative m i r r o r c o n f i g u r a t i o n . Each of i t s 

p a r a b o l i c dishes i s made up of twelve mirrored segments which are formed 

from aluminium honeycomb and an 80% r e f l e c t i v e top sheet as "pie s l i c e s " so 

t h a t no l i g h t i s l o s t between them. There are three main dishes each of 

surface area 9-2 m̂  i n a Mark I I I type c o n f i g u r a t i o n , and a f o u r t h of area 

6 m2 above these on the axis of symmetry, a l l have f = 3-4 m and reduce a 

p o i n t source to an e f f e c t i v e image size of 0*34° (or 2 cm i n the f o c a l 

p l a n e ) . 
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Figure 3.3 : the University of Durham Mark IV telescope at 
Bohena Settlement N.S.W. in March 1993. 



Figure 3.4a : the University of Durham Mark V telescope at 
Bohena Settlement N.S.W. in March 1993. 



The aluminium superstructure supporting the m i r r o r s r e s t s upon an 

al t - a z i m u t h mount and the whole i s steered i n a s i m i l a r fashion to the 

Mark I I I telescope. 

3.4.2 the detector packages 

The " e x t r a " 6 m̂  d i s h i s not intended to c o n t r i b u t e t o the general 

Mark V telescope data stream. I t i s hoped th a t by using a s i n g l e wide angle 

PMT (a RCA 4522 tube w i t h a 5" photocathode) a t i t s focus t o study the time 

s t r u c t u r e of i n d i v i d u a l Cerenkov l i g h t pulses, some c o r r e l a t i o n may be 

found to e x i s t between the s t r e n g t h and du r a t i o n of a pulse and i t s 

r e j e c t i o n or otherwise, as a genuine, 7-ray generated event, by the "main" 

instrument. 

At the f o c i of the two outer 9-2 m̂  dishes there are detector packages 

which resemble those of the Mark I I I telescope. Each contains a f i l l e d 

hexagon of seven RCA 8575 PMTs. I n a d d i t i o n , s u f f i c i e n t space and cabling 

have been provided f o r a f u r t h e r three 2" PMTs t o be inserted between the 

tubes which make up the a l t e r n a t i v e on-source channel when i n chopping 

mode, so t h a t the on-axis channel and channel 2 may both b e n e f i t from a 

f u l l guard r i n g . 

Two detector packages are a v a i l a b l e f o r use a t the focus of the 

c e n t r a l d i s h ; one i s i d e n t i c a l t o those used i n the outer dishes as 

described above, the other i s an adaptation of the Whipple HRC described i n 

se c t i o n 2.3.2. 

The "camera" (shown i n f i g u r e 3.4b) comprises 19 c l o s e l y packed 1" 

diameter PMTs which act as " p i x e l s " each covering a s o l i d angle on the sky 

of 0-3°, and an outer r i n g of 11 RCA 8575 PMTs which each have a f i e l d of 

view of - 1-5°. The 1" tubes are of BURLE type C83062E, having a peak 

response a t a wavelength of 400 nm and a r i s e time of 2-3 ns. They were 

chosen f o r the s i m i l a r i t y of t h e i r response t o t h a t of the RCA 8575 tubes 

(see f i g u r e 3.4c). I n lab o r a t o r y t e s t s , when l i t by an LED at a l e v e l 
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comparable w i t h the brightness of the n i g h t sky i n Narrabri (as determined 

from the behaviour of an RCA 8575 tube), the anode curr e n t of the C83062E 

was found to s t a b i l i s e only a f t e r a 100 minute long warm-up period, during 

which time i t f e l l by 20% of i t s f i n a l value. A f t e r ten 8 hour exposures, 

the time constant was unchanged but the anode curr e n t decay was reduced t o 

7%, Although t h i s d i d not compare favourably w i t h the 8 minute, 2% decay 

curve o f a "well-worn" RCA 8575 tube, i t was f e l t t h a t the C83062E tubes 

would be s u f f i c i e n t l y s t a b l e a f t e r a few months i n the f i e l d . 

During these comparative t e s t s i t was found t h a t the a d d i t i o n of a 

l i g h t guide of polished aluminium f o i l bent about the 1" tube t o form a 

cone having a base of 2" i n diameter more than doubled the anode current 

of the C83062E tube under s t a b l e i l l u m i n a t i o n . I n September 1992, w i t h t h i s 

r e s u l t i n mind, t e s s e l l a t i n g l i g h t guides were f i t t e d t o those detector 

packages of the Mark V telescope which contained seven 2" tubes, as shown 

i n f i g u r e 3.4d. Thus, a large f r a c t i o n of the l i g h t which would otherwise 

have f a l l e n between two bare channels i s now r e g i s t e r e d , and the energy 

threshold of the instrument has been s l i g h t l y reduced. 

3,4,3 s i g n a l processing 

The PMT s i g n a l s are e l e c t r o n i c a l l y a m p l i f i e d by a f a c t o r of 10 and 

passed through a d i s c r i m i n a t o r which i s t r i g g e r e d by pulses of 50 mV and 

above. An event i s recorded when a "standard" three f o l d coincidence occurs 

w i t h the 7 tube c e n t r a l detector i n place, or, when the outer detectors 

r e g i s t e r l i g h t i n co-located tubes and any combination of the c e n t r a l 19 

tubes i s l i t ( w i t h or without a response from the outer guard r i n g ) i n the 

30 tube camera. 

The c o l l e c t i o n of housekeeping data and the logging r o u t i n e are 

performed as f o r the Mark IV telescope. 
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3.5 Operation of a three-telescope observatory 

The Mark I I I , Mark IV and Mark V telescopes l i e w i t h i n - 100m 

of each other (see f i g u r e 3.5a). Adjacent t o each detector there i s a 

c o n t r o l cabin which houses i t s s i g n a l processing and c o n t r o l e l e c t r o n i c s . 

The three telescopes operate independently; i t i s considered safe to a l t e r 

s t e e r i n g i n s t r u c t i o n s or the power supplied to the PMTs only from the l o c a l 

c o n t r o l room where the e f f e c t s of such changes may be d i r e c t l y observed. 

However, the detectors are s u f f i c i e n t l y w e l l behaved to allow observers t o 

monitor t h e i r behaviour remotely once an observing run has been set i n 

motion. 

3.5.1 remote s u r v e i l l a n c e 

During "stable running" the observers r e t i r e t o a cabin beside the 

c o n t r o l room of the Mark I I I telescope. Video s i g n a l s from the telescope 

performance d i s p l a y monitors of each detector are passed across the s i t e , 

along b u r i e d cables, t o t h i s room. D i r e c t cable l i n k s also e x i s t which 

allow the observers t o cut the power to the detector packages and/or the 

d r i v e motors of each telescope i n case of emergency. 

3.5.2 absolute timekeeping 

A commercial GPS r e c e i v e r i s housed i n the Observers' Cabin. Signals 

from Global P o s i t i o n i n g S a t e l l i t e s are t r i a n g u l a t e d and decoded to give a 

reading of Coordinated Universal Time (UTC). 

The o n - s i t e time-base i s a Rubidium atomic resonance c o n t r o l l e d 

o s c i l l a t o r and i s g e n e r a l l y r e f e r r e d to as "the Rubidium clock". The 

o s c i l l a t o r produces a s i n u s o i d a l s i g n a l at a frequency of 10 MHz ( s p e c i f i e d 

as accurate t o one p a r t i n 10^^), which i s then converted t o a square wave 

and d i v i d e d by 10 t o give a 1 MHz output waveform. This 1 MHz standard i s 

compared w i t h the clock u n i t s i n each telescope's s i g n a l processing s u i t e , 
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Figure 3.5a : disposition of the three telescopes at Bohena Settlement 
as surveyed in November 1992. Linear dimensions and bearings 
(relative to geomagnetic north) are accurate to within 3 m and 1° 
respectively. Telescopes are not shown to scale. 



where the Cerenkov event times are recorded r e l a t i v e to each other to an 

accuracy of 1 jis (Chadwick, 1987). 

The Rubidium clock was set to UTC i n January 1987 using an o f f - a i r 

s i g n a l broadcast from V i c t o r i a by the radio s t a t i o n VNG. Synchronisation to 

a radio s i g n a l i s f a r from i d e a l ; the 1 MHz clock output i s gated and then 

released when the leading edge of the tone broadcast on the minute i s 

received, i f radio reception i s poor then the leading edge i s i l l - d e f i n e d . 

Also, the accuracy a t t a i n e d from a strong s i g n a l i s l i m i t e d to t h a t t o 

which the t r a n s i t time between the radio t r a n s m i t t e r and the receiver i s 

known. From 1987 t o 1990 t h i s was estimated from the t r a n s i t delay measured 

to the Anglo A u s t r a l i a n Telescope, such t h a t knowledge of the absolute UTC 

at N a r r a b r i was l i m i t e d t o w i t h i n an e r r o r of ± 10 ms. I n January 1991, a 

s i m i l a r Rubidium clock ( p r e v i o u s l y devoted to the Mark IV telescope i n the 

Canary Islands) was taken f o r comparison to the time standard at the 

A u s t r a l i a National Radio Observatory. I t was then returned to Narrabri and 

used to measure the a c t u a l radio t r a n s i t time, thus reducing the absolute 

t i m i n g e r r o r f o r data c o l l e c t e d a f t e r January 1991 to 30 (is (Brazier, 

1991). 

The absolute time of the telescope clock u n i t s i s s t i l l set by the 

r a d i o pulse method from the VNG s i g n a l (broadcast from L l a n d i l o , New South 

Wales since January 1989). The GPS system (introduced i n A p r i l 1992) i s 

used to monitor the behaviour of a l l o n - s i t e clocks, and, i n p a r t i c u l a r , 

the s l i p r a t e of the Rubidium clock, the i n t e r p o l a t e d value of which i s 

being continuously r e f i n e d and now stands at 0-0535 ms per day (Rayner, 

p r i v . comm.). 

3.5.3 performance and environment monitoring 

The i n f o r m a t i o n displayed i n the Observers' Cabin during an observing 

run f a l l s i n t o three main categories: telescope s t e e r i n g , detector 

performance and environmental c o n d i t i o n s . 
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( i ) s t e e r i n g 

The t a r g e t p o s i t i o n and the actu a l p o s i t i o n of each telescope i s 

relayed t o the Observer's Cabin together w i t h the instantaneous voltages 

supplied to the d r i v e motors. A " h i s t o r y " d i s p l a y can also be accessed 

showing the varying displacement of the actu a l p o s i t i o n from the targeted 

azimuth or z e n i t h value during the course of the observation. An alarm i s 

displayed i f the telescope has not moved over a two minute period. 

A high-gain c l o s e d - c i r c u i t t e l e v i s i o n camera, w i t h a f i e l d of view of 

25 square degrees, i s mounted below the c e n t r a l d i s h of each instrument 

such t h a t i t s o p t i c axis i s p a r a l l e l to t h a t of the telescope. Any st a r s i n 

the f i e l d of view at the s t a r t of an observation should gradually r o t a t e 

about i t s centre as the t a r g e t o b j e c t i s tracked across the sky. The camera 

images provide a means of monitoring the telescopes' s t e e r i n g during an 

observation which i s independent of the guiding computer. The screen 

p o s i t i o n of f i e l d s t a r s i s also a u s e f u l i n d i c a t i o n as to whether the same 

p o i n t i s targeted and a t t a i n e d on each n i g h t . Several times a month, the 

p o i n t i n g accuracy of the telescopes i s assessed by allowing them t o tr a c k 

the p o s i t i o n s of a s e l e c t i o n of low magnitude s t a r s and noting the o f f - s e t s 

of the s t e l l a r images from the centre of each of t h e i r cameras' f i e l d s of 

view. 

( i i ) d etector performance 

Instantaneous values of the anode curr e n t and noise r a t e of every PMT 

are displayed f o r each telescope together w i t h the three f o l d coincidence 

r a t e averaged over three minutes ( t h i s i s updated every minute). Visual 

alarms are a c t i v a t e d when anode currents tend towards a l e v e l which may 

damage the PMTs, when the noise r a t e becomes excessive {thus generating 

many " a c c i d e n t a l " events) or when the three f o l d r a t e i s abnormally low. 

The " h i s t o r y " of each of these commodities may be r e t r i e v e d f o r inspection 
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a t any stage during an observation. Of these, the three f o l d coincidence 

record (or " o n - l i n e " d i s p l a y ) i s r o u t i n e l y p r i n t e d out at the end of each 

observing session and i n s e r t e d i n the l o g i n which observers record t h e i r 

personal comments. 

( i i i ) environmental c o n d i t i o n s 

The o n - l i n e record i s a u s e f u l i n d i c a t o r of the presence of cloud 

du r i n g an observation. I t i s complemented by the observers' v i s u a l 

assessment of the cloud cover and sky c l a r i t y . 

I n a d d i t i o n t o cloud cover, the formation of ice or condensation can 

cause a d e c l i n e i n the three f o l d coincidence r a t e , as these reduce the 

e f f e c t i v e r e f l e c t i v i t y of the telescope m i r r o r s . A BBC microcomputer i n the 

Observers' Cabin d i s p l a y s data from a "weather s t a t i o n " beside the Mark I I I 

telescope from which observers may assess the l i k e l i h o o d of "misting" or 

" i c i n g " . This weather s t a t i o n c o n s i s t s of shielded thermistors f o r 

measurement of the ambient a i r temperature, wet and dry bulb thermometers 

which r e f l e c t any change i n humidity, a wind vane and an anemometer. No 

attempt i s made t o t r a c k an ob j e c t i f the wind speed i s c o n s i s t e n t l y i n 

excess of 10 k t s . I f an e l e c t r i c a l storm i s seen to be approaching, 

observations are abandoned, and a l l s i g n a l processing and c o n t r o l 

e l e c t r o n i c s are i s o l a t e d from e x t e r n a l equipment. 

3.5.4 burst c o n f i r m a t i o n 

The p o s s i b i l i t y t h a t a b u r s t o f events recorded by a s i n g l e telescope 

i s due t o e l e c t r o n i c noise can never be r u l e d out e n t i r e l y . I t i s therefore 

d e s i r a b l e when t a r g e t i n g an o b j e c t which may e x h i b i t b r i e f episodes of 

y-ray emission (as evinced by t r a n s i e n t behaviour a t lower wavelengths) t o 

t r a c k the p o t e n t i a l source w i t h more than one telescope. An enhancement of 

the Cerenkov event r a t e observed by two or more instruments must be due to 

43 



some e x t r i n s i c f a c t o r . 

A f i n e example of j u s t such a "corroborated d e t e c t i o n " i s the burst of 

events, of approximately one minute i n d u r a t i o n , seen by the Mark I I I and 

the Mark IV telescopes w h i l s t both were targeted upon the cataclysmic 

v a r i a b l e AE Aqr (Bowden et a l . , 1992). The r a t e of occurrence of on-source 

events ( i n which only the c e n t r a l , on-axis channel e x h i b i t s a three f o l d 

coincidence) during t h i s observation i s shown i n f i g u r e 3.5b. The b r i e f 

episode of enhanced a c t i v i t y i s s e l f evident i n the count r a t e p r o f i l e s of 

both instruments. The r a t i o of the number of on-source Cerenkov flashes 

(where events recorded simultaneously by both telescopes are counted as a 

s i n g l e f l a s h ) t o the t o t a l number of on-source events (obtained by simple 

a d d i t i o n of the Mark I I I and Mark IV count r a t e s ) remained at a l e v e l of 

0-8 ± 0-03 throughout the observation w h i l s t the t a r g e t z e n i t h angle 

gr a d u a l l y increased from 30° t o 50°. I n other words, 20 % of the Cerenkov 

flashes detected i n the t a r g e t d i r e c t i o n were observed by both telescopes. 

As a consequence of i t s smaller m i r r o r area, the Mark IV telescope has 

a lower c h a r a c t e r i s t i c event count r a t e than the Mark I I I and Mark V 

instruments and i s t h e r e f o r e the l e a s t w e l l - s u i t e d of the three to the 

d e t e c t i o n of a weak 7-ray source. For t h i s reason i t i s generally run " i n 

tandem" w i t h one of the l a r g e r instruments as an "independent witness" to 

any s i g n a l which they may detect. 
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Figure 3.5b : count rate history of the Mark III 
telescope (top) and the Mark IV telescope (bottom) 
during an observation of AE Aqr taken on 13/10/1990. 
Only those on-axis events which did not include a 
response from any guard ring channels are shown. A 
minute long burst of activity is apparent in the data 
recorded by both instruments. 



CHAPTER FOUR 

Data Processing and Analysis Tecliniques 

The r o u t i n e pre-analysis processing which i s applied to a l l data i s 

described i n t h i s chapter, together w i t h the data q u a l i t y s e l e c t i o n 

c r i t e r i a and various s t a t i s t i c a l techniques which have been applied i n 

order t o o b t a i n the r e s u l t s d e t a i l e d i n chapters s i x and seven. 

4.1 r o u t i n e data processing 

At the commencement of an observing session, a "run s t a r t " f i l e i s 

recorded f o r each telescope. This f i l e contains the date, weather 

i n f o r m a t i o n , the i d e n t i t y of the observers and t h e i r assessment of the sky 

c l a r i t y and telescope s e r v i c e a b i l i t y , and a record of the mapping of 

inf o r m a t i o n t o data recording channels. 

A separate "source s t a r t " f i l e i s w r i t t e n at the beginning of each 

observation, i n which i s recorded the time and the name and co-ordinates of 

the t a r g e t o b j e c t . Also included are the p o s i t i o n of the observing s i t e and 

the s t e e r i n g o f f s e t s which are required to compensate f o r the non-

v e r t i c a l i t y of the telescope axis . 

During an observation, the f o l l o w i n g information i s recorded f o r 

each event: 

a) the time ( t o 1 (xs r e s o l u t i o n ) 

b) the f i r e p a t t e r n (the contents of the coincidence r e g i s t e r ) 

c) the time i n t e g r a t e d charge f o r each t r i g g e r e d channel 

d) the anode cur r e n t s from the p h o t o m u l t i p l i e r s which make 

up the c e n t r a l channel and channel 2 

e) the telescope p o s i t i o n and the motor d r i v e s ' voltages. 

At the end of every minute, a meta-data block i s recorded containing 
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weather i n f o r m a t i o n , the instantaneous anode currents of a l l the PMTs, 

and the number of s i n g l e - f o l d responses r e g i s t e r e d i n the preceding 

second by each scaler counter. The r e s u l t i n g "data f i l e " v a r ies i n size 

between one and f i v e megabytes, according t o the length of an observation 

and the sky c l a r i t y . During a t y p i c a l three week observing period roughly 

t h i r t y such data f i l e s are accumulated per telescope. 

Data from the Mark I I I telescope are w r i t t e n d i r e c t l y on to 68 Mbyte 

3M DC600 tape c a r t r i d g e s which are returned t o Durham f o r processing. 

Data from the Mark IV and Mark V telescopes are recorded on Winchester 

hard discs during an observation, and are then t r a n s f e r r e d to 44 Mbyte 

removable hard discs f o r t r a n s p o r t a t i o n . On a r r i v a l i n Durham, a l l data 

are subject t o the r o u t i n e shown i n f i g u r e 4.1a. 

4.1.1 conversion t o a format s u i t a b l e f o r analysis 

The run s t a r t , source s t a r t and data f i l e s are read from tape or 

disc by an Acorn Archimedes computer. The unformatted data f i l e s are 

s i f t e d i n such a way t h a t the p a r t of each event record containing the 

time, f i r e p a t t e r n and pulse i n t e g r a l s f o r an event i s w r i t t e n to one 

Fortran data f i l e , w h i l s t the meta-data i s w r i t t e n to another 

"housekeeping" f i l e together w i t h the run s t a r t and source s t a r t 

i n f o r m a t i o n . The housekeeping data i s not r e f e r r e d t o , unless an 

improbable r e s u l t a r i s e s during analysis f o r which the telescope 

operating c o n d i t i o n s should be examined. 

4.1.2 r o u t i n e c o r r e c t i o n s t o event times 

A search f o r p e r i o d i c i t y requires a precise knowledge of the time 

delay between events. This time signature may be compared w i t h t h a t of 

the pulsed emission detected by other groups. The recorded Cerenkov f l a s h 

a r r i v a l times must be corrected f o r any d e v i a t i o n of the l o c a l clock from 
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Fig. 4.1a : the pre-analysis data processing routine. 



Universal Time and f o r the Doppler e f f e c t due to motion of the telescope 

r e l a t i v e t o the l o c a l standard of r e s t . 

( i ) clock c o r r e c t i o n s 

Timekeeping at the Bohena Settlement s i t e was described i n chapter 

three. I n Durham, event times are corrected i n d i v i d u a l l y f o r the divergence 

of the Rubidium clock maintained on s i t e from absolute U.T. as r e g i s t e r e d 

by the GPS rec e i v e r . The appropriate number of leap seconds are added, 

together w i t h an o f f s e t c a l c u l a t e d from the continuously monitored Rubidium 

o s c i l l a t o r " s l i p r a t e " ( c u r r e n t l y - 0 0531 ms per day) and the 2-69 ms 

delay between the Rubidium clock time and the VNG radio time standard 

measured i n January 1991. 

( i i ) r e d u c t i o n t o the sol a r system barycentre 

A Doppler s h i f t i n the frequency of a pulsed 7-ray s i g n a l occurs due 

to the combined motion of the observer about the Earth's axis, the Earth-

Moon barycentre and the sol a r system barycentre. Recorded event times are 

corrected f o r the delayed a r r i v a l of what i s e f f e c t i v e l y a plane wave, 

given a source at i n f i n i t y , due to the o f f s e t p o s i t i o n of the observer from 

the l o c a l standard of r e s t (the s o l a r system barycentre). C l e a r l y , from 

f i g u r e 4.1b, t h i s delay i s given by: 

At = ( r i + £ 2 + £ 3 ) • s 

where c i s the speed of l i g h t , s i s a u n i t vector i n the source d i r e c t i o n 

and r i , r z and ra l i e between the sol a r system barycentre and the observer, 

the observer and the Earth's axis and between the Earth's axis and the 

Earth - Moon barycentre r e s p e c t i v e l y . 

R e l a t i v l s t i c time d i l a t i o n i s also taken i n t o account, although 

s i g n i f i c a n t only at m i l l i s e c o n d pulsar frequencies. The time between the 
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a r r i v a l of consecutive 7-rays at the Earth i s s l i g h t l y longer than i t 

would be a t a p o i n t outside the 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 of the Sun. 

This p r o t r a c t i o n increases towards p e r i h e l i o n . 

The magnitudes of these time v a r i a t i o n s are summarised below (from 

Mannings, 1990). The r e l a t i v e p o s i t i o n s of the Earth, Moon and solar 

system barycentre which are required i n performing these co r r e c t i o n s are 

taken from the JPL DE200 Solar System Ephemeris (Standish, 1982). 

source of 
delay 

r 2 r3 time 
d i l a t i o n 

maximum 
time delay 

500 s 40 ms 32 ms 3 ms 

recurrence 
period 

1 year 1 day 1 month 1 year 

4.1.3 f i r e p a t t e r n s e l e c t i o n 

Time-corrected f i l e s are w r i t t e n which contain a l l recorded events. 

To reduce handling time, events which include a response from the c e n t r a l 

channel are e x t r a c t e d t o create smaller f i l e s f o r analysis; these are of 

1 Mbyte to 2 Mbytes i n length. I t i s assumed t h a t the 7-ray l i g h t pool i s 

centred approximately on the ta r g e t d i r e c t i o n and w i l l not t r i g g e r only 

guard r i n g p h o t o m u l t i p l i e r tubes. Before t h i s f i r e p a t t e r n " f i l t e r i n g " an 

average i s taken, over a l l events, of the time-i n t e g r a t e d charge from 

each channel. A pedestal i s then subtracted from the in t e g r a t e d charge 

values recorded f o r each event. Data taken from a channel which was 

c o n s i s t e n t l y less responsive than the others w i l l receive a correspondingly 

smaller adjustment at t h i s stage. This "pedestal c o r r e c t i o n " i s necessary 

i f l a t e r a n a l y s i s requires event s e l e c t i o n based not only upon the f i r e 

p a t t e r n , but also upon the i n t e n s i t y of the Cerenkov f l a s h , as described i n 

chapter f i v e . F i l t e r e d , pedestal-corrected events are w r i t t e n t o a f i n a l 

" a nalysis f i l e " . 
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4.1.4 data archives 

Analysis f i l e s are t r a n s f e r r e d to one of several 60 Mbyte hard discs 

f o r temporary storage. When due f o r analysis they are copied to 4 Mbyte 

Acorn Cambridge Workstations running Fortran 77. Permanent backup copies of 

the data are recorded onto 68 Mbyte 3M DC600 tape at various stages during 

processing. These include the raw "run star t " , " s o u r c e s t a r t " and data 

f i l e s , the housekeeping and uncorrected data f i l e s and the time corrected 

f i l e s c o n t a i n i n g a l l events. 

4.2 q u a l i t y c o n t r o l 

A gr a p h i c a l record i s kept of the windspeed, humidity and ambient 

temperature during an observation, and also of the temperature of the 

telescope m i r r o r s , the p h o t o m u l t i p l i e r package and the sign a l processing 

e l e c t r o n i c s . Observers note any anomalies i n the detector response or 

telescope p o i n t i n g . Steering accuracy i s checked every few days by 

t a r g e t i n g a s e l e c t i o n of b r i g h t s t a r s and n o t i n g t h e i r p o s i t i o n i n the 

f i e l d of view of a c o - a x i a l l y mounted camera. An observation i s c u r t a i l e d 

i f the wind i s such t h a t the telescopes may be blown o f f t a r g e t . The 

windspeed at which t h i s occurs v a r i e s between 12 and 16 k t s and i s 

dependent upon the " s a i l area" presented and the r e f o r e upon the telescope 

o r i e n t a t i o n . The telescopes are anc^iored i f the average wind speed i s 

10 k t s or above, t o allow f o r sudden gusts. At Bohena Settlement loss of 

observing time due t o wind i s very rare. High winds on La Palma were a 

s i g n i f i c a n t f a c t o r i n the decision to rel o c a t e the Mk IV telescope. 

The count r a t e may f a l l simultaneously i n a l l channels due to cloud 

cover, m i s t i n g of the telescope m i r r o r s or the subsequent freezing of 

t h i s condensation. 

I f the temperature and humidity are such t h a t misting i s imminent, 

then the mi r r o r s are sprayed w i t h detergent before s t e e r i n g to the source 
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p o s i t i o n i n order to prevent the formation of l i g h t s c a t t e r i n g water 

d r o p l e t s . During the winter months i t i s not uncommon f o r the r e s u l t i n g 

detergent and water f i l m to freeze. When t h i s occurs the mirrors are 

sprayed w i t h a l c o h o l . The f r o s t c r y s t a l s d issolve to form clear i c e , but 

gen e r a l l y reform w i t h i n h a l f an hour, at which p o i n t the observing session 

i s abandoned. 

Unless a s i g n i f i c a n t breeze i s blowing, tlie d i f f e r e n c e between the 

m i r r o r temperature and the ambient temperature i s a good i n d i c a t o r of sky 

c l a r i t y . The presence of cloud i s r e f l e c t e d i n the f l u c t u a t i o n s of the 

count r a t e p r o f i l e . I n the event of cloud cover, any attempt to detect 

unpulsed emission by the comparison o f on-source and off-source count rates 

must be abandoned. The passage of a series of cloud banks across the f i e l d 

of view can introduce p e r i o d i c i t i e s of the order of a few minutes, the 

higher harmonics o f which may produce spurious r e s u l t s i f the data i s 

searched f o r a long-period source. M i l l i s e c o n d pulsars are therefore the 

p r e f e r r e d t a r g e t sources i f cloud i s expected. An example of per i o d i c 

v a r i a t i o n i n count r a t e due to the presence of high cloud i s shown i n 

f i g u r e 4.2a. 

L i g h t n i n g i s q u i t e frequent throughout the summer months. At the 

approach o f an e l e c t r i c storm, observations are abandoned and the c o n t r o l 

e l e c t r o n i c s are i s o l a t e d from each telescope. Di s t a n t l i g h t n i n g , which 

poses no immediate t h r e a t to equipment, w i l l prevent the observation of 

non-periodic sources r e q u i r i n g a constant sky background I l l u m i n a t i o n . 

L i g h t n i n g - f i l l e d data d i s p l a y a great deal of m i l l i s e c o n d p e r i o d i c i t y 

because the atmospheric discharge occurs as a r e l a x a t i o n o s c i l l a t i o n on 

t h i s tiraescale ( O r f o r d , p r i v . comm.). Since l i g h t n i n g gives r i s e to tens or 

hundreds of events i n less than a second, w h i l s t the Cerenkov event r a t e i s 

about one per second, contaminated data i s e a s i l y recognisable from count 

r a t e p r o f i l e s such as t h a t shown i n Figure 4.2b. I n the past, data recorded 

on m i l l i s e c o n d pulsars which were found to contain l i g h t n i n g "events" were 
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Fig. 4.2a : the on-axis count rate profile, averaged over 300 s bins, 
of an observation of Sgr X-7 made on 17/06/1991. The object 
cuhninated at a zenith angle of at 00:50 EST. The periodic 
"furrows" are due to the passage of cloud across the field of view. 
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Fig. 4.2b : the all channel count rate profile of an observation of 
Sgr X-7 made on 23/08/1992. The average count rate is shown for 
30 s bins. The spikes are due to lightoing episodes which are 
significant on this time scale. 



e i t h e r r e j e c t e d e n t i r e l y or truncated. Today, data need not be l o s t i n 

t h i s manner as l i g h t n i n g features may, w i t h care, be excluded during the 

f i n a l analysis stage, by using the techniques described i n the f o l l o w i n g 

chapter. 

Generally, l i g h t n i n g causes count r a t e "bursts" i n m u l t i p l e channels. 

Bursts i n the on-source channel alone, which could be due to source 

a c t i v i t y , are much r a r e r . Sudden f l u c t u a t i o n s i n which a scaler counter 

completely overflows are u s u a l l y a t t r i b u t e d to e l e c t r o n i c pick-up. A 

corresponding b u r s t of dead-time events appears i n the raw data f i l e , which 

w i l l be abnormally large i n comparison to the analysis f i l e produced 

a f t e r f i r e - p a t t e r n s e l e c t i o n . These events are a cl e a r i n d i c a t i o n of 

e l e c t r o n i c noise, since the time separation of Cerenkov flashes i s much 

greater than the system dead time of 0.6 ms (Carraminana, 1991). 

I f a count r a t e excess i s observed which i s thought to be 

c h a r a c t e r i s t i c of a genuine b u r s t of 7-rays, then the corresponding 

housekeeping f i l e i s r e t r i e v e d and the behaviour of the p h o t o m u l t i p l i e r 

anode cur r e n t s and s i n g l e - f o l d count rates i s studied. One such episode was 

the AE A q u a r i i b u r s t of 13th October 1990, detected by both the Mk I I I and 

Mk IV telescopes, the count r a t e p r o f i l e s of which are i l l u s t r a t e d i n 

chapter three. Figures 4.2c and 4.2d demonstrate the s t a b i l i t y of the anode 

cu r r e n t s and s i n g l e - f o l d noise r a t e of the on-source and selected o f f -

source channels during t h i s observation. 

4.3 a n a l y s i s techniques 

The 7-ray f l u x from a s i n g l e astronomical source amounts to only a 

t i n y f r a c t i o n of the cosmic ray background. Thus, the f i r s t task of a VHE 

7-ray astronomer i s not t o estimate a s i g n a l s t r e n g t h , but to show t h a t 

such a s i g n a l e x i s t s . The f o l l o w i n g simple hypotheses are formulated: 
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Fig. 4.2c : anode cur
rent history. 
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Fig. 4.2d : single fold 
noise rate history. 

On the 13th October 1990, a count rate "burst" was observed 
simultaneously by the Mark HI and Mark IV telescopes. The anode 
currents and single fold noise rates during the active period are shown 
here for photomultiplier tubes facing the central dish of each instrument. 
The gain of the centre channel is stabilised by an LED as described in 
chapter three, whilst that of channel four is not. The behaviour of the 
latter therefore gives the best indication of sky clarity. 



n u l l hypothesis, Ho: the population sampled consists 

e n t i r e l y of the i s o t r o p i c 

cosmic ray background 

a l t e r n a t i v e hypothesis, Hi: the population sampled contains 

an a n i s o t r o p i c 7-ray s i g n a l as 

w e l l as background cosmic rays 

A t e s t s t a t i s t i c i s used t o c a l c u l a t e the p r o b a b i l i t y l e v e l a t which Ho 

may be r e j e c t e d i n favour of Hi. The s t a t i s t i c i s chosen which should be 

the most powerful t e s t , i . e . t h a t l e a s t l i k e l y t o r e s u l t i n wrongful 

acceptance of Ho, given the nature of the 7-ray emission predicted f o r a 

p a r t i c u l a r t a r g e t source. 

A summary of the data analysis s t r a t e g y i s given i n f i g u r e 4.3a. 

4.3.1 a t e s t f o r unpulsed emission 

The r e j e c t i o n o f Ho i s s i m p l i f i e d by the presence of a time signature 

i n the data c h a r a c t e r i s t i c of the source under observation. I f an object i s 

expected to emit a p a r t i c u l a r l y strong 7-ray f l u x but n e i t h e r theory nor 

observations at d i f f e r e n t wavelengths lead t o a reasonable expectation of 

p e r i o d i c i t y a t TeV energies, then a v a l i d d e t e c t i o n requires there to be a 

s i g n i f i c a n t excess i n the number of Cerenkov events from the source 

d i r e c t i o n when compared t o one s l i g h t l y displaced from i t . A data set 

co n t a i n i n g on-source and off-source exposures may be obtained by allowing 

the t a r g e t o b j e c t t o pass through the f i e l d of view of a s t a t i o n a r y 

d e t e c t o r and comparing the f l u x w h i l s t i t was present t o t h a t before and 

a f t e r i t s passage. An a l t e r n a t i v e method used by the Whipple group i s t o 

t r a c k an obj e c t f o r 28 minutes then r e t u r n t o the s t a r t i n g p o s i t i o n and 

t r a c k an "empty" f i e l d through the same set of alt-azimuth co-ordinates. 

This technique requires i m p l i c i t f a i t h i n the a b i l i t y t o assess the 

s t a b i l i t y of the e l e c t r o n i c s and sky conditions over an hour of 
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Fig. 4.3a : the data analysis strategy. 



observation. The mechanics of the chopping method of observation favoured 

by the Durham group are described i n chapter three. 

Macrae (1985) showed t h a t event count rate of a t r a c k i n g Cerenkov 

telescope was p r o p o r t i o n a l to cos"(0) where 6 i s the z e n i t h angle. Brazier 

e t a l . (1989) gave n « 2.3. Thus, i f a chopped observation began near the 

horizon wiLh a two minute off-source segment, and ended w i t h an on-source 

segment a t the culmination of the source, an excess number of events would 

be expected i n the on-source channel. I n f a c t , observations are generally 

centred upon the time of culmination, a t which the count rate i s a maximum, 

so t h i s e f f e c t i s less extreme. Before a n a l y s i s , chopped data f i l e s are 

truncated such t h a t they begin and end i n the middle of a centre channel 

on-source segment and the exposure times on-source and off-source are 

equivalent. 

The n u l l hypothesis t h a t no s i g n a l i s present i s tested by the maximum 

l i k e l i h o o d method (Gibson e t a l . , 1982a). Given non observed on-source 

counts and noff off-source counts, the r e l a t i v e l i k e l i h o o d of the value of 

non being a s t a t i s t i c a l f l u c t u a t i o n from a pure background d i s t r i b u t i o n as 

opposed t o background events plus s events c o n t r i b u t e d by the targeted 

source i s given by: 

maxL(non |S= 0 ) 
X = 

maxL(non|S= S) 

where X i s the maximum l i k e l i h o o d r a t i o . 

I f i n equal time i n t e r v a l s , non on-source counts and noff o f f -

source counts are c o l l e c t e d and the number of events expected from a purely 

background d i s t r i b u t i o n i s B w h i l s t the number of events due to the 7-ray 

source i s S, then assuming t h a t the events are sampled from a Poisson 

d i s t r i b u t i o n , the p r o b a b i l i t y of ob t a i n i n g non events given zero source 

s t r e n g t h i s given by: 
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P r i = Pr(non(S=o,B) 

Hon 
B exp(-B) 

Hon ! 

s i m i l a r l y , 

Pr2 = Pr(non|S=s,B) 

rion 
(B+S) exp(-(B+S)) 

Hon ! 

and 

Pr3 = P r ( n o f f | S = o , B ) = P r ( n o f f | S = s , B ) 

nof f 
B exp(-B) 

no f f ! 

Then 

Pr{S=o) = PriPra = 

(non+riof f ) 
B exp ( -2B) 

non!nof f ! 

and 

Pr(S=s) = PrzPrs = 

non noff 
(B+S) B exp ( -2{B+S)) 

non!nof f ! 

I n order t o f i n d the maximum l i k e l i h o o d value of B given no source 

c o n t r i b u t i o n , the f i r s t d i f f e r e n t i a l of Pr(S=o) w i t h respect to B i s set to 

zero. This gives B = ( n o n+noff ) / 2 . By the same method, i f a source i s 

present, B = non-s. By s u b s t i t u t i o n of the appropriate expression f o r B 

i n t o those f o r Pr(S=o) and Pr(S=s), inaxL(non |S= o ) and niaxL(non |S=s) are 

obtained, g i v i n g ( f o r s tending t o zero): 

lion 
1 r 

noff 

X = 
no n+noff 

2non 

llon+nof f 

2nof f 
eqn. 4.3a 

54 



I f the c a l c u l a t e d X i s less than a p r e - s p e c i f l e d confidence l e v e l , then Ho 

i s r e j e c t e d i n favour of Hi. I f t h i s i s the case then s = non-B i s the 

c o r r e c t maximum l i k e l i h o o d estimate of s, where B = n o f f . The standard 

e r r o r i n s may be found by c a l c u l a t i n g the value of s which would r e s u l t i n 

the r e j e c t i o n of Ho at the 68% confidence l e v e l . 

This "counting heads" method was used to estimate the 7-ray f l u x 

from the gl o b u l a r c l u s t e r 47 Tucanae i n chapter seven. 

4.3.2 searching f o r unknown p e r i o d i c i t i e s 

As f i g u r e 4.2a g r a p h i c a l l y demonstrates, b r i e f f l u c t u a t i o n s i n the 

event count r a t e which exceed / B (where B i s the expected background r a t e 

i n events per minute) are not uncommon. I t i s not inconceivable t h a t a 

downward f l u c t u a t i o n i n the background count r a t e could coincide with an 

increase i n the f r a c t i o n of pulsed events. Since the stable weather 

c o n d i t i o n s required to pursue chopped observations occur i n f r e q u e n t l y , 

those o b j e c t s f o r which a pulse period has not been accurately measured at 

any wavelength, but which could t h e o r e t i c a l l y be a source of pulsed 7-rays, 

may be observed i n t r a c k i n g mode. The data i s then scanned f o r signs of a 

non-uniform d i s t r i b u t i o n of event a r r i v a l times, using the f a s t Fourier 

transform (FFT) method common to x-ray astronomy. This technique was 

t a i l o r e d f o r use w i t h TeV 7-ray data and described i n d e t a i l by Carraminana 

(1991). 

Fourier's statement t h a t a f u n c t i o n x ( t ) which, f o r a l l values of t , 

i s equivalent t o x(t+P) where P i s a constant may be described by: 

x ( t ) = S Jk exp(27ri kt/P) 
k 

i s w e l l known. 

This r e s u l t may be used to examine a series of Cerenkov event times 

f o r signs of p e r i o d i c i t y , since i t holds tru e i n the region (0;T) where T 

may be the len g t h of an observation. The Fourier series represents an 
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i n f i n i t e set of d i s c r e t e periods, which conform to P=T/k where k i s an 

i n t e g e r . The d i f f e r e n c e between successive periods i s known as the Fourier 

i n t e r v a l ( F . I . ) : 

F . I . = T/k - T/(k+l) 

P2/T 

1 + P/T 

This expression may be expanded to a Taylor s e r i e s . However, f o r t h i s 

experiment, P/T i s g e n e r a l l y small and the approximation F.I. = P̂ /T i s 

s u f f i c i e n t . The Fourier c o e f f i c i e n t , Jk, i s a measure of the strength of 

the f u n c t i o n of p e r i o d P. I t i s given by: 

n e - l 

Jk= 1/ne SxCtJexp(-27ri.ktj/T) 

j = o 

where lie i s the number of events forming the time series { t j } (Van der 

K l i s , 1989). A Fortran program was implemented by Carraminana (1991), 

designed f o r the 4 Mbyte Acorn Cambridge Workstations used by the Durham 

group, which could be used to c a l c u l a t e Jk f o r a wide range of t r i a l 

frequencies (vk = 1/Pk; {vk} are known as the Nyquist frequencies). I t i s 

possible t h a t p e r i o d i c i t y which f a l l s between adjacent Nyquist frequencies 

may be overlooked. This may be compensated f o r by also considering Jk at 

(k + 5 k ) , where the choice of increments between k and k+1 i s l i m i t e d by 

the a v a i l a b l e computing power. Carraminana found t h a t the use of three 

t r i a l s per F . I . was the best compromise between s e n s i t i v i t y and computing 

time. 

C l e a r l y , the number of computations required increases w i t h the chosen 

t r i a l frequency range and the length of a data f i l e . Analysis of a complete 

observation would r e q u i r e an excessive amount of disc space, so data f i l e s 

are g e n e r a l l y s p l i t up i n t o ten minute sections which are analysed 
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i n d i v i d u a l l y . This i s hardly p r a c t i c a b l e f o r a whole four hour observation, 

so sections are e x t r a c t e d f o r analysis which encompass a period of above 

average on-source a c t i v i t y according to the count rat e p r o f i l e . 

The number of t r i a l s which t h i s form of analysis e n t a i l s (of the order 

of 10^) i s such t h a t s i g n i f i c a n c e cannot be claimed f o r a p e r i o d i c e f f e c t 

unless i t recurs i n more than one observation. I f the magnitude of an 

e f f e c t i s p a r t i c u l a r l y compelling, then a narrow search range may be 

presented to a data set of several whole observations using one of the 

t r i a l p e r i o d s p e c i f i c t e s t s described i n the f o l l o w i n g section. The 

greates t obstacle to t h i s a nalysis procedure i s the p o s s i b i l i t y t h a t 

o r b i t a l motion of the e m i t t i n g region w i l l impose a Doppler s h i f t upon any 

pulse period. Some allowance must be made f o r t h i s frequency s h i f t when 

comparing marginally s i g n i f i c a n t FFT " s i g h t i n g s " . I d e a l l y , i f the o r b i t a l 

motion of the p o t e n t i a l source i s w e l l documented, then the o r b i t a l phase 

at which the Doppler s h i f t i s a minimum may be targeted. The e f f e c t s of 

o r b i t a l motion are discussed f u r t h e r i n section 4.3.3. Examples of analysis 

by the FFT method may be found i n chapter s i x . I t was also c r u c i a l to the 

study of the x-ray binary 4U1822-37 described i n section 7.3. 

4.3.3 t e s t s f o r u n i f o r m i t y of phase 

I f an ephemeris e x i s t s which may be assumed t o apply t o emission at 

TeV energies, then a t e s t i s chosen which w i l l make the most e f f i c i e n t use 

of t h i s i n f o r m a t i o n . I f the ephemeris i s o l d or not p a r t i c u l a r l y accurate, 

or i f there i s some doubt as t o whether the pulse period w i l l exactly 

coincide w i t h p r e d i c t i o n due to an o f f s e t between the s i t e s of emission at 

the reference wavelength and t h a t of 7-ray production, then the chosen t e s t 

must be s e n s i t i v e t o a few independent periods t o e i t h e r side of t h a t 

expected. Data above s o f t x-ray wavelengths are too sparse ( i . e . there are 

too few photons) f o r epheraerides to be produced w i t h an acceptable degree 

of accuracy. Generally, radio or x-ray pulse periods are r e f e r r e d to since 
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t h e i r emission mechanisms are thought to be r e l a t e d t o 7-ray production. 

The events i n a data f i l e are each assigned a phase (between 0 and 1) 

appropriate to the t r i a l p e r iod, P. I f the f i r s t event occurs at time t o , 

then the phase of a subsequent event which a r r i v e d at time t j i s given by: 

m = <|)(to) + ( t j - to)/P 

As the f i r s t and sometimes the second time d e r i v a t i v e of the period i s 

ge n e r a l l y s i g n i f i c a n t when comparing data c o l l e c t e d over several months, 

these are included by considering the f i r s t few terms i n the Taylor 

expansion: 

r 1 

(pj = <p( to ) + ( t j - t o ) 
P 

{ t j - t 0 ) 2 

2 ! P2 

( t j - t 0 ) 3 

3 ! 

2P2 P 

p3 p2 
eqn. 4.3b 

Unless the p r e c i s i o n of the measurements and the accuracy of the ephemeris 

are such t h a t the absolute phase of the f i r s t event may be c a l c u l a t e d , 

(()(to ) i s set equal to zero. I t i s then not possible to t e s t the goodness of 

f i t of the d i s t r i b u t i o n of Cerenkov a r r i v a l times t o the shape of a known 

l i g h t curve. However, i f the event phases are not random r e l a t i v e to each 

other then the presence of a 7-ray s i g n a l may be i n f e r r e d . The n u l l 

hypothesis under t e s t becomes: 

Ho = the event a r r i v a l times are randomly d i s t r i b u t e d i n phase 

Various "goodness of f i t " t e s t s of Ho have been applied to TeV data. 

The power of these s t a t i s t i c s i s dependent upon the shape of the actual 

7-ray l i g h t curve. The v a l i d i t y of r e s u l t s obtained i n t h i s fashion i s 

o f t e n c a l l e d i n t o question because o f the d i f f i c u l t y i n estimating the 

number of degrees of freedom which were used i n choosing the t e s t 

s t a t i s t i c . 
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( i ) the Rayleigh t e s t 

Having assigned each a phase (p, the Cerenkov events may be represented 

as a set of vectors, at an angle 0 (= 2Tt(p) to a common reference frame. As 

no i n f o r m a t i o n i s considered other than the time of a r r i v a l , each event has 

an equal weighting i n the analysis process and therefore a l l vectors are of 

u n i t length. A t e s t f o r u n i f o r m i t y on a c i r c l e may now be applied. Assuming 

a von Mises d i s t r i b u t i o n , of peak concentration K symmetric about a 

d i r e c t i o n [i, the "events" are described by the density f u n c t i o n : 

f(G) = (27rIo(K))-i exp(KCOs(G-M.)) eqn. 4.3c 

where lo i s a normalising parameter (Mardia, 1972). This expression may be 

reduced, as i n sec t i o n 4.3.1, t o give a maximum l i k e l i h o o d r a t i o : 

ne 
X = { I o ( K:)) exp(-nefdR) 

where rie i s the number of events. As the maximum l i k e l i h o o d estimate of p. 

i s the sample mean, R i s the r e s u l t a n t vector obtained by a d d i t i o n and 

normalisation over a l l events from i = l to ne: 

(R)2 = ( n e - i S c o s e i ) 2 + ( n e - i 2 s i n e i ) 2 eqn. 4.3d 

When R i s small, as i s expected given the small s i g n a l to noise r a t i o of 

TeV 7-ray data, the maximum l i k e l i h o o d value of K, K i s approximately equal 

to R. For ne > 100, the power of the t e s t , r e f e r r e d t o as the Rayleigh 

p r o b a b i l i t y , i s then given by: 

Pr(nR2 > K) = exp(-K) 

where Pr(nR2 = K) i s the chosen confidence l e v e l f o r r e j e c t i o n of Ho. As R 
V 

i s a f u n c t i o n of sinOi and cosGi, which are uncorrelated and both of which 

have zero mean, nR2 i s d i s t r i b u t e d as w i t h two degrees of freedom 

(Mardia, 1972). 
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An a n a l y t i c d e s c r i p t i o n of the p r o b a b i l i t y d ensity f u n c t i o n of a 

noise c u r r e n t was formulated by Rice (1944) i n a review of "Mathematical 

Analysis of Random Noise". His work leads to the f o l l o w i n g expression f o r 

the f r a c t i o n a l pulsed s i g n a l s t r e n g t h i n terms of R (de Jager, 1987). 

r i V 2 r 
nR2-l 2 

S = 2 + -
n-1 n 

L L 

C l e a r l y , f o r large n, S « 2R. 

The Rayleigh s t a t i s t i c was o r i g i n a l l y developed to describe the 

d i s t r i b u t i o n of amplitudes (Jk) of the Fourier components of noise spectra. 

Indeed, the r e s u l t s of FFT analysis are generally given i n terms of the 

equivalent Rayleigh p r o b a b i l i t y . The a p p l i c a t i o n of the Rayleigh t e s t to 

TeV data was f i r s t suggested by Gibson et a l . (1982) and i t has since 

become a standard t o o l . I t i s a t e s t f o r power at a s i n g l e harmonic. I t i s 

not a s u i t a b l e t e s t f o r a multimodal d i s t r i b u t i o n , since the c o n t r i b u t i o n s 

of opposing vector "bundles" w i l l cancel. I f r e s u l t s at other wavelengths 

suggest t h a t a s i n g l e cycle contains two peaks, a pulse and an i n t e r p u l s e , 

d i a m e t r i c a l l y opposed i n phase, the 7-ray data may be presented w i t h a t e s t 

period of P/2. This course i s p r a c t i c a b l e as the Rayleigh t e s t i s , as i s 

apparent from eqn. 4.3b, s e n s i t i v e to a l l but the most narrow l i g h t curves. 

( i i ) the Ẑ m t e s t 

The Z ^ t n t e s t i s an extension of the Rayleigh t e s t , which allows the 

simultaneous summation of the powers of m harmonics of the fundamental 

frequency. The Z^m s t a t i s t i c i s a measure of the i n t e g r a t e d sum of the 

squares of the d i f f e r e n c e between the uniform density value of f ( 9 ) and the 

best estimate Fm(9). Expansion of equation 4.3c, assuming small K, shows 

tha t under Ho the expected value of f ( 9 ) i s l/27i. FmiO) i s the summation, 

over the harmonics given by 1 = 1 t o m, of the expression obtained by the 
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s u b s t i t u t i o n of 1© f o r 9 i n equation 4.3b and replacement of K by the 

maximum l i k e l i h o o d value R i obtained through a s i m i l a r s u b s t i t u t i o n i n 

equation 4.3d. Thus: 

r2n 
Z2„ = 27rne (F>n(e)-l /27t)2 de 

->0 

The power of the t e s t i s given by P r i = Pr(>Ki|Ho) and the Rayleigh power 

i s Ki = n e R i 2 . 

This t e s t i s most powerful when a s i n g l e cycle i s made up of a series 

of m o s c i l l a t i o n s . At present, r e s u l t s at TeV energies are such t h a t the 

shape of a l i g l i t curve can never be saf e l y said to be known a p r i o r i . 

Therefore, the Durham group has not yet implemented the Z^m t e s t f o r 

m u l t i p l e harmonics, which w i l l tend to smooth out sharp peaks or pass over 

wide s t r u c t u r e s given an inappropriate choice of m. Reliance i s placed upon 

the case i n which m=l; the Rayleigh t e s t . Although i t too s u f f e r s from a 

lack of s e n s i t i v i t y to narrow features, t h i s simple t e s t requires less 

computing power. A knowledge of the Z^m t e s t i s needed f o r the comparison 

of r e s u l t s presented i n t h i s t h e s i s w i t h those obtained i n the x-ray to PeV 

energy range by other observers. These and other l i k e l i h o o d r a t i o 

s t a t i s t i c s i n use i n VHE 7-ray astronomy have been w e l l documented by 

de Jager (1987). 

( i i i ) amendment f o r a dataset of f i n i t e length 

The Rayleigh t e s t i s based upon Poincare's theorem, which states that 

the stopping p o s i t i o n i n a h o r i z o n t a l plane of a needle which i s free to 

r o t a t e about a v e r t i c a l axis i s random, and fo l l o w s a uniform d i s t r i b u t i o n 

as the number of r e v o l u t i o n s tends t o i n f i n i t y (Mardia, 1972). 

When events are ordered according t o pulse phase, i t must be r e c a l l e d 

t h a t i t i s h i g h l y improbable t h a t an observation w i l l span an integer 

number of pulse cycles. Thus, when vectors are summed, the l a s t few events 
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may f a l l at the beginning of a new cycle, causing an excess at an early 

phase which i s an a r t e f a c t of the observation length, rather than a feature 

of the source l i g h t curve. This end-point e r r o r i s not s i g n i f i c a n t i n a 

search f o r m i l l i s e c o n d p e r i o d i c i t y , since the observation length i s always 

f a r greater than the t r i a l period and the expected event r a t e i s only one 

or two per minute. However, i t becomes problematic i n a p p l i c a t i o n of the 

Rayleigh t e s t t o x-ray binary and cataclysmic v a r i a b l e sources which may 

contain periods of up to 300 s. 

A phase assignment t e s t which does not s u f f e r from end-point e r r o r s 

has r e c e n t l y been introduced by Orford ( p r i v . comm.). I t i s based upon the 

Central L i m i t Theorem: i f Yn i s the sum of n random v a r i a b l e s , Hn i s t h e i r 

mean and On^ t h e i r variance, then the d i s t r i b u t i o n f u n c t i o n of the random 

v a r i a b l e , (Yn-|Jji )/(Tn, approximates to the standard normal d i s t r i b u t i o n 

f u n c t i o n (Conover, 1980). I n other words, the d i s t r i b u t i o n of (in has a 

variance equal to tha t of the sample d i s t r i b u t i o n d i v i d e d by n. Thus, by 

measurement of the variance of cosGi and sinGi i n equation 4.3d and 

d i v i s i o n of t h e i r sum by the number of events, a t e s t s t a t i s t i c i s 

obtained. The sine and cosine terms are independent and both follow a 

standard normal d i s t r i b u t i o n , thus the t e s t s t a t i s t i c i s d i s t r i b u t e d as y} 

w i t h two degrees of freedom. 

( i v ) c o r r e c t i o n f o r number of t r i a l s 

Having decided upon a s t a t i s t i c a l t e s t appropriate to the av a i l a b l e 

knowledge of the source parameters, a period search range must be chosen. 

The number of independent t r i a l s made i n a given range from P to P+AP i s 

equivalent t o the number of Fourier i n t e r v a l s i t encompasses ( t h i s i s * 

TAP/p2; see se c t i o n 4.3.2). However, as mentioned i n the context of the 

FFT method, a peak p r o b a b i l i t y may f a l l between two adjacent independent 

periods. To allow f o r t h i s , f u r t h e r t r i a l s may be made at periods separated 

by less than one F . I . The p r o b a b i l i t y f o r u n i f o r m i t y obtained must then be 
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m u l t i p l i e d by both the number of independent t r i a l s and a f u r t h e r 

oversampling f a c t o r . I t has been shown by Monte Carlo simulation that t h i s 

oversampling f a c t o r tends to "3 as the number of t r i a l s i n a F.I. 

increases, at which p o i n t i t i s l i m i t e d by the f i n i t e length of the dataset 

(de Jager, Swanepoel & Raubenheimer, 1989). Orford (1991) obtained an 

expression f o r the oversampling f a c t o r based upon a f i n a l chance 

p r o b a b i l i t y given by l - d - P r ) " ^ , where d i s the number of independent t r i a l s 

and Pr i s the lowest p r o b a b i l i t y found w i t h i n a F . I . This a n a l y t i c a l 

treatment supported the r e s u l t s of the Monte Carlo simulations of de Jager, 

Swanepoel and Raubenheimer. Unless otherwise stated, the Rayleigh 

p r o b a b i l i t i e s reported i n t h i s t h e s i s are those obtained once the number of 

t r i a l s and the oversampling f a c t o r have been taken i n t o account. 

4.3.4 a t e s t f o r goodness of f i t 

I f h i g h l y accurate t i m i n g and a precise ephemeris are a v a i l a b l e i t i s 

unnecessary t o t e s t f o r p e r i o d i c i t y s l i g h t l y removed from the l i t e r a t u r e 

value. Given only one t r i a l p e r iod, i t becomes p r a c t i c a b l e t o order events 

i n t o phase bins and produce a s i n g l e histogram. This d i s t r i b u t i o n may be 

compared w i t h an " i d e a l " l i g h t curve using the simple y} t e s t . 

I t i s c l e a r t h a t i f the n u l l hypothesis of section 4.3.3 applies, the 

events should be u n i f o r m l y d i s t r i b u t e d across 4 phase bins, r e s u l t i n g i n an 

expectation value, given large ne, of ei = ne/^ events per b i n . The t e s t 

s t a t i s t i c i s : 

x2 = S ( n i - e i ) 2 / e i eqn. 4.3e 
i = 1 

where n i i s the number of events observed i n the i t h phase bin (Batschelet, 

1981). Although there are £ degrees of freedom inherent i n the assumed 

noise d i s t r i b u t i o n , the estimation of ei from a knowledge of the sample 

s i z e reduces the degrees of freedom of the t e s t s t a t i s t i c t o ^ - 1 . Ho i s 

r e j e c t e d i f y} f a l l s above a chosen confidence l e v e l . Many s t a t i s t i c a l 
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t e x t s include tabulated c r i t i c a l values of y} and associated p r o b a b i l i t i e s . 

Since the sample events represent a Poissonian d i s t r i b u t i o n of 

d i s c r e t e phases, ra t h e r than a continuous Gaussian d i s t r i b u t i o n f o r which 

the t e s t s t a t i s t i c was designed, ni > 5 i s required f o r t h i s to be a v a l i d 

approximation where Pr(x'^) ^ 10"^. n i >> 5 must be tru e f o r Pr(x^) << lO"^. 

In the c a l c u l a t i o n of the order of the bins i s i r r e l e v a n t and i t i s 

merely required t h a t the e r r o r i n the assigned phase, 5(p be less than \/\ 

over the d u r a t i o n o f the data set. However, i f the behaviour of the ta r g e t 

source i s w e l l documented, and t h e i r a r r i v a l times are recorded to 

s u f f i c i e n t accuracy, events may be assigned an "absolute" phase r e l a t i v e t o 

the reference ephemeris. I n equation 4.3b to i s replaced by To, where To i s 

the ephemeris epoch of pulse phase zero. This gives the added advantage of 

a v i s u a l comparison between the 7-ray histogram and a l i g h t curve obtained 

at a d i f f e r e n t wavelength. One notable incidence of t h i s was the detection 

of VHE 7-rays from the Geminga pulsar (Bowden et a l . , 1993), the 

s i g n i f i c a n c e of which was g r e a t l y enhanced by the coincidence of the TeV 

peak w i t h t h a t i n the l i g h t curve observed by the EGRET detector aboard the 

CGRO. 

A major disadvantage of the t e s t f o r t h i s use i s i t s lack of 

s e n s i t i v i t y to broad l i g h t curves. There i s also a danger t h a t the power of 

a peak of width < \ may be d i v i d e d between two adjacent bins. The t e s t can 

be best applied t o detect objects having a weak s i g n a l and short duty cycle 

( i . e . e m i t t i n g d uring only a small f r a c t i o n of the pulse p e r i o d ) . The bias 

i n the s e n s i t i v i t y of y} towards peaks of width 1/4 i s seen as an advantage 

given a good p r i o r estimate of the duty cycle. However, any t r i a l and e r r o r 

o p t i m i s a t i o n of y} by v a r i a t i o n of % given no such a p r i o r i expectation 

must be acknowledged, and the number of degrees of freedom thus introduced 

accounted f o r . Astronomers f r e q u e n t l y r e s o r t to "standard" twenty bin l i g h t 

curves i n order t o avoid misrepresentation. The same proviso applies to yj-

o p t i m i s a t i o n by s h i f t i n g of the phase b i n o r i g i n s . 
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4.3.5 p e r i o d i c emission from binary s t a r systems 

( i ) t r a n s f o r m a t i o n of event times 

I n a search f o r p e r i o d i c 7-ray emission from cataclysmic v a r i a b l e s , 

x-ray b i n a r i e s and pulsars i n binary systems, allowance must be made 

f o r the e f f e c t of the o r b i t a l motion of the production s i t e upon the pulse 

frequency. 

The terminology necessary to tli e discussion of t h i s topic i s 

summarised below and i n f i g u r e s 4.3b and 4.3c. Note t h a t f o r the purpose of 

t h i s i n v e s t i g a t i o n , r e presentation of the o r b i t has been s i m p l i f i e d by the 

assumption t h a t the e c c e n t r i c i t y of the o r b i t i s minimal and t h a t the 

system c o n s i s t s of a small degenerate primary s t a r and a considerably more 

massive secondary companion. 

Parameter I n t e r p r e t a t i o n 

Porb 

superior 
conjunction 

descending 
node 

angle between the o r b i t a l plane 
and the plane perpendicular to 
the l i n e of s i g h t 

binary o r b i t a l period 

semi-major axis 

episode i n which the secondary 
s t a r l i e s d i r e c t l y between the 
primary s t a r and the observer 

o r b i t a l p o s i t i o n at which the 
v e l o c i t y of the primary s t a r away 
from the observer i s a minimum 

A l t e r n a t i v e Name 

i n c l i n a t i o n 

e c l ipse 
or 

phase 0 

phase 0-25 

i n f e r i o r 
c o njunction 

ascending 
node 

episode i n which the primary a n t i - e c l i p s e 
s t a r l i e s d i r e c t l y between the or 
secondary s t a r and the observer phase 0•5 

o r b i t a l p o s i t i o n at which the phase 0-75 
v e l o c i t y of the primary s t a r away 
from the observer i s a maximum 

o r b i t a l angular separation of 
p o s i t i o n of primary from i t s 
place at superior conjunction 

( o r b i t a l ) phase 
angle 

3)(rad )/27t ( o r b i t a l ) phase 
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Fig. 4.3b : parameters of an orbit inclined at an angle i to the 
plane of the sky. 
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Fig. 4.3c : orbital parameters projected onto a plane perpendicular to the 
plane of the sky. 



I t i s not possible t o q u a n t i f y a l l of the parameters d e s c r i p t i v e of a 

d i s t a n t o r b i t . The instantaneous v e l o c i t y of the source, along the l i n e of 

s i g h t , i s measured by the Doppler s h i f t of s p e c t r a l l i n e s i n the radio to 

x-ray region. I t i s possible to estimate v s i n ( i ) by f i t t i n g a s i n s o i d a l 

curve t o these r e s u l t s , where v i s the o r b i t a l speed of the primary given 

by; 

V = 2 7 r a { P o r b ) - i 

I f r a d i a t i o n t r a v e l l i n g a t the speed of l i g h t , c, i s emitted at a 

frequency Vo by an o b j e c t moving towards a s t a t i o n a r y observer at v e l o c i t y 

u, then the Doppler s h i f t i n the observed frequency i s given by: 

V = vo c ( c - u ) " i 

V = V o Y ^ d + u/c) 

I f v e l o c i t i e s are given i n u n i t s of c and i t i s reasonable to assume that 

u << c and hence 7 * 1> then: 

V = Vo (1 + u) 

I f v i s a f r a c t i o n 3 of c, then the l i n e of s i g h t v e l o c i t y measured by an 

observer, u, when the emission s i t e i s at phase angle il> i s given by 

u = 3 s i n ( i )sin(<l>). Therefore, the above expression f o r v becomes: 

V = v o ( l + psin( i )sin{<I>)) eqn. 4.3f 

Observers f i n d i t u s e f u l t o estimate the coherence time. This i s the 

d u r a t i o n , over which p e r i o d i c i t y may be observed, before the Doppler e f f e c t 

i s s u f f i c i e n t f o r the perceived frequency v t o change by a Fourier 

i n t e r v a l to another independent frequency, v', i . e . t o cause a pulse phase 

s h i f t of u n i t y . I f an observation i s commenced at a time t=0 when the 

emission region i s at $0, then according to equation 4.3f, at a time t , the 
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observed pulse frequency i s : 

v ( t ) = v o ( l + 3 s i n ( i ) s i n ( $ o + Qt)) 

where Q. i s the angular v e l o c i t y 27r/Porb. 

By w r i t i n g sin(<It) + Qt) as sin{3b )cos(f2t)-cos('Ib ) s i n ( i 2 t ) and expanding 

the Qt terms as power series the f o l l o w i n g approximation i s obtained; 

v { t ) = v o p s i n d ) sin(4b) - cos(3>o)i2t -

sin(4to)(i2t ) 2 cos(«Ib)(J2t)3 

2! 3! 

Therefore, i g n o r i n g terms i n )̂? and above: 

Av = v ( t ) - v(0) » v o p s i n ( i ) ( - cos(3b)^2t - sin($b) { i ^ t ) 2 / 2 ) 

Near c o n j u n c t i o n , 4"o « 0 or 7t, t h e r e f o r e the sin(<Jb) term contributes 

l i t t l e t o the pulse phase s h i f t (which i s equivalent to AvAt). A pulse 

phase s h i f t of u n i t y occurs over a time x i where: 

1 = AvTi = ( vo3sin( i ) f i r i ) T I 

hence, 

T i = ( v o 3 s i n ( i ) n ) - i / 2 eqn. 4.3g 

At the descending and ascending nodes, <I>o « n/2 and 37r/2 r e s p e c t i v e l y . The 

coherence time T2 i s then given by: 

1 = A V T 2 = ( v o p s i n { i ) f i ? T 2 / 2 ) T : 2 

hence, 

T2 = ( v o 3 s i n ( i ) J ^ ? / 2 ) - i / 3 eqn. 4.3h 

C l e a r l y , T I < T 2 . 
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As an example, consider the binary pulsar PSR 1855+09. The pulsar 

ephemeris of Ryba and Taylor (1991) i s presented i n chapter seven. From 

t h e i r r e s u l t s i t i s found tha t : 

vo « (5-362x10-3 ) - i Hz 

Q « 27t/1065067 rad s - i 

(3c = 27ra/Porb t h e r e f o r e 3 s i n ( i ) = 27rasin( i )/Porb 

= 27i(9-23078)/1065067 

where a s i n ( i ) i s measured i n l i g h t seconds. Thus, x i * 4000 s whereas 

T2 * 18,000 s. I t should be possible to r e t r i e v e a s i n g l e frequency from a 

f i v e hour data set centred upon -the nodes . However, a coherent s i g n a l 

cannot be expected to l a s t f o r longer than an hour at conjunctioiv Since long 

exposures are required f o r a s i g n i f i c a n t 7-ray d e t e c t i o n , a c o r r e c t i o n f o r 

the Doppler e f f e c t by the "focusing" of event times to a common reference 

i s imperative. 

The c o n d i t i o n f o r coherent emission i s t h a t 7-rays, which o r i g i n a t e d 

at a pulse phase ( ( v o t o ) mod 2n) at the emission s i t e , are perceived as 

having a r r i v e d a t the detector at an equivalent phase ( ( v t ) mod 2n) i . e . 

V o t o = v t . Returning to equation 4.3f, i t i s required t h a t : 

V e t o = v o ( l + (3sin( i ) s i n ( $ ) ) t 

t h e r e f o r e 

t o = t ( l + 3sin(i)sin(4>) ) eqn. 4.3i 

Hence, i n order t o r e t r i e v e v o, each measured event time, t , must be 

corrected by tl i e f a c t o r (1 + psin( i ) s i n ( $ ) ) . 
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( i i ) o r b i t a l sampling 

The accuracy of an o r b i t a l ephemeris may not be s u f f i c i e n t t o allow 

the r e c o n s t r u c t i o n of the p r e d i c t e d p e r i o d i c i t y by a s i n g l e "focussing" 

operation as described above. I t then becomes necessary t o choose a search 

range i n terms of e i t h e r the o r b i t a l parameters a s i n ( i ) and <I>, or of the 

equivalent pulse period and i t s time d e r i v a t i v e s . 

I f i t i s assumed th a t a s i n g l e observation covers only a small 

f r a c t i o n of the o r b i t , such that the Doppler e f f e c t acts i n one sense only, 

then the e r r o r i n a r r i v a l time required f o r a period change of one Fourier 

i n t e r v a l i s given by: 

( T 2 - Ti + 6 T ) / P = A + 1 eqn. 4.3j 

where Ti and T2 are the corrected times of the f i r s t and l a s t events i n the 

data set r e s p e c t i v e l y , 6 T i s the e r r o r due to i n c o r r e c t focussing, P i s the 

pulse p e r i o d and A i s a constant equal to (Tz - Ti)/P. An equivalent 

expression may be w r i t t e n i n terms of an e r r o r i n the t r i a l period: 

( T 2 - T i ) / { P + 5P) = A + 1 eqn. 4.3k 

In order t o sample i n terms of o r b i t a l parameters, i n t e r v a l s i n 

a s i n ( i ) and $ are c a l c u l a t e d using equation 4.3f. A matrix of these 

incremented parameters i s constructed. The event times are focussed and 

t e s t e d at period P so t h a t each p o i n t i n the matrix receives a 

corresponding Rayleigh p r o b a b i l i t y . I f evidence of p e r i o d i c i t y appears 

c o n s i s t e n t l y o f f s e t from i t s p r e d i c t e d p o s i t i o n by more than one F . I . , then 

i t may be i n f e r r e d t h a t t h i s i s the e f f e c t of e i t h e r a systematic e r r o r i n 

the ephemeris, or t h a t the s i t e of 7-ray production i s s l i g h t l y removed 

from t h a t of the emission upon which the ephemeris i s based. 

Focussing r e s u l t s i n c o r r e c t i o n of the t r a v e l time of 7-rays along the 

observer's l i n e of s i g h t . However, the o r b i t a l parameters are v a r i e d i n a 

plane perpendicular t o t h i s l i n e . The number of independent periods tested 
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does not d i r e c t l y equate to the number of steps taken i n a s i n ( i ) and The 

number of degrees of freedom expended i n o r b i t a l sampling are therefore 

found from s i m u l a t i o n s , as described i n d e t a i l by Brazier (1991). O r b i t a l 

sampling has been applied i n the study of PSR 1855+09, the r e s u l t s of which 

are presented i n chapter seven. 

In order to avoid u n c e r t a i n t y i n the number of degrees of freedom 

employed, the data may instead be tested using a range of pulse periods and 

per i o d d e r i v a t i v e s . Should the need a r i s e , i t i s possible to reconstruct 

the o r b i t a l parameters required t o cause an observed period s h i f t by 

equating equations 4.3j and 4.3k. 

4.3.6 combining a set of d i s c r e t e observations 

Assuming a Poissonian d i s t r i b u t i o n of events, f o r an observation of 

d u r a t i o n T, i t can be shown th a t the f r a c t i o n a l e r r o r i n the number of 

source counts i s p r o p o r t i o n a l to T"^/2 i t i s therefore advantageous t o 

combine m u l t i p l e observations of a s i n g l e source i n order to obtain the 

best estimate o f , or upper l i m i t t o , i t s s i g n a l strength. 

The treatment of m u l t i p l e observations may be approached i n one of two 

ways. I f the behaviour of the source i s w e l l known, observations may be 

combined and analysed as a s i n g l e dataset; a l t e r n a t i v e l y , the r e s u l t s of 

t e s t s on i n d i v i d u a l n i g h t s may be summed. 

( i ) r e t e n t i o n of r e l a t i v e phase 

Given a good ephemeris and s u f f i c i e n t l y accurate timing information, i t 

i s possible t o t r e a t observations separated by a period of several months 

as a s i n g l e exposure of length T = t n - t i , where t i and t n are the s t a r t 

time of the f i r s t and the end p o i n t of the l a s t observation r e s p e c t i v e l y . 

This has the obvious advantage t h a t the Fourier i n t e r v a l P̂ /T i s g r e a t l y 

reduced, thus g i v i n g improved period r e s o l u t i o n . 
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U n f o r t u n a t e l y , such a dataset w i l l consist of data "windows" 

interspersed w i t h a series of gaps f o l l o w i n g a d a i l y , monthly and f o r 

observations spanning several years, six-monthly cycle according to the 

" a v a i l a b i l i t y " of the t a r g e t source. This w i l l have the e f f e c t of 

i n t r o d u c i n g beat frequencies between these p e r i o d i c i t i e s and the pulse 

period. I t i s d i f f i c u l t t o d i s t i n g u i s h between the fundamental period 

i n d i c a t e d by a minimum Rayleigh p r o b a b i l i t y and i t s a l i a s e s . The 

c o r r e l a t i o n between Rayleigh vectors at the beat induced a l i a s periods and 

the fundamental i s not w e l l understood. 

( i i ) aggregate p r o b a b i l i t y from i n d i v i d u a l datasets 

I t i s o f t e n the case t h a t e i t h e r clock d r i f t or the period d e r i v a t i v e s 

and " g l i t c h i n g " behaviour of a source prevent the amalgamation of 

observations as described above. The accumulated u n c e r t a i n t y i n event times 

over a year may equate t o a s i g n i f i c a n t f r a c t i o n of the t r i a l period, 

p a r t i c u l a r l y i n the case of m i l l i s e c o n d pulsars. I n order to b e n e f i t from 

the s i z e of the dataset, the Rayleigh t e s t i s applied t o each observation 

separately and the p r o b a b i l i t i e s of u n i f o r m i t y are combined. Since t h i s 

requires t h a t a l l data i s sampled at the same t r i a l periods, the t e s t range 

ap p l i e d to a l l d a t a f i l e s i s chosen to be a m u l t i p l e of the F.I. of the 

s h o r t e s t observation. I f at a t e s t period Pi a Rayleigh p r o b a b i l i t y of Prj 

i s obtained from each of n observations then, according to Eadie et a l . 

(1971), the l o g a r i t h m i c sum, C i , constructed as: 

n 

Ci = -21n n P r j ( P i ) eqn. 4.31 
j = i 

i s d i s t r i b u t e d as w i t h 2n degrees of freedom. Thus the power of the t e s t 

(the p r o b a b i l i t y of correctly r e j e c t i n g the n u l l hypothesis given Ci) i s 

given by: 

Pr(Ho) = Pr(x2>Ci) 
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4.4 c a l c u l a t i o n of f l u x and f l u x l i m i t s 

I n the d r i v e to c o n s t r a i n models of 7-ray production s i t e s and 

mechanisms, atmospheric Cerenkov data may provide more information than a 

simple r e j e c t i o n or otherwise of Ho. 

From a knowledge of the cosmic ray i n t e g r a l energy spectrum, the f l u x 

of cosmic ray events i n c i d e n t w i t h i n the c o l l e c t i n g area of a telescope may 

be c a l c u l a t e d . A comparison may then be made between the observed event 

count r a t e and t h a t expected f o r the relevant aperture. The cosmic ray 

energy at which observation and p r e d i c t i o n converge i s taken to be the 

thr e s h o l d energy of the atmospheric Cerenkov telescope, E t h r e s h . Primary 

p a r t i c l e s of energy < E t h r e s h are not detected. 

I n f a c t , the cosmic ray spectrum i s such t h a t the t o t a l number of 

p a r t i c l e s above an energy E i s p r o p o r t i o n a l to E " ^ - ^ (Khrenov, 1993). A 

simple est i m a t i o n of the observed 7-ray f l u x may the r e f o r e be made, from 

the a c t u a l cosmic ray f l u x a t E t h r e s h and the r a t i o of the number of 7-ray-

l i k e events i n the source d i r e c t i o n t o the number of apparently nucleon-

induced events. A count r a t e excess of one percent i n the on-source channel 

i s thus equivalent t o a 7-ray f l u x of (pi% given by: 

(pi% = 0 01 X (per ( E t h r e s h ) X A X 9 

where cpcr i s the cosmic ray f l u x i n cm-^g-isterad-i, A i s the f l u x 

c o l l e c t i n g area and 0 i s the telescope aperture i n steradians. The 

e f f e c t i v e s e n s i t i v e area, A, i s estimated from simulations which p r e d i c t 

the maximum telescope - a i r shower core separation at which the Cerenkov 

f l a s h w i l l t r i g g e r the on-source channel. The Durham group has q u a n t i f i e d 

t h i s impact parameter to be -50 ra, g i v i n g a value of A of approximately 

1000 . For convenience, a q u a n t i t y (pioo% = 100 x (pi% w i l l also be used 

i n the f o l l o w i n g discussion. 

At present, the comparison of f l u x measurements from d i f f e r e n t 

atmospheric Cerenkov experiments i s complicated by va r i e d methods of 
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p r e s e n t a t i o n . I t i s t o be hoped t h a t , as simulations become increasingly 

d e t a i l e d , a consensus w i l l be reached w i t h i n the observing community as to 

a standard model f o r the c a l c u l a t i o n of telescope s e n s i t i v i t y . 

4.4.1 method of f l u x e stimation 

Given an estimate of (pi%, the 7-ray f l u x i s estimated i n a manner 

appropriate to the form of analysis used t o r e j e c t Ho. 

( i ) unpulsed emission 

This provides the simplest method of f l u x estimation. For a long 

exposure the event d i s t r i b u t i o n approximates t o a Gaussian. The excess 

number of on-source counts may the r e f o r e be described i n terms of an 

equivalent number of standard d e v i a t i o n s , na, i n the off-source count 

t o t a l , n o f f . The excess f l u x i s then given by: 

(p = no/noff X (pioo% 

I f Ho has not been r e j e c t e d , then i t i s possible to estimate the minimum 

source f l u x which would have r e s u l t e d i n the r e j e c t i o n of Ho at the 3CT 

l e v e l by: 

(pOCT) = 3<T/noff X ( p i00% eqn. 4.4a 

( i i ) the Rayleigh t e s t 

The magnitude of the Rayleigh vector R i s a measure of the r a t i o of 

pulsed t o unpulsed events, since, according t o de Jager (1987), the 

expectation value of the f r a c t i o n a l pulsed s i g n a l strength i s 2R, the 

pulsed f l u x i s given by: 

(p = ( p i00% x 2B eqn. 4.4b 
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The p r o b a b i l i t y of o b t a i n i n g a r e s u l t outside 3a of the mean, 

equivalent t o the area under the standard normal curve, i s approximately 

1-3x10-3 (Walpole, 1982). By equating t h i s to the Rayleigh p r o b a b i l i t y , 

Pr, R can be evaluated as: 

Pr = exp(-NB2) 

t h e r e f o r e , 

R = (-1/N(ln 1-3x10-3 ) ) i / 2 

Thus the f l u x l i m i t i s given by: 

(p(3CT) = (pioQX X 2 N - i / 2 ( - i n 1-3x10-3)1/2 eqn. 4.4c 

where N i s the t o t a l number of events. 

( l i i ) the t e s t f o r goodness of f i t 

I f the duty cycle of pulsed emission i s narrow and extremely w e l l 

known, then i t i s possible t o d i v i d e epoch folded data i n t o a number of 

phase bin s , n, such t h a t a l l 7-ray emission should appear i n one b i n . I f 

the dataset contains N events i n a l l , then the expectation value f o r the 

number of events i n a phase b i n i s N/n. I f a t o t a l of 6 7-ray events are 

detected and are contained w i t h i n a s i n g l e b i n , then i n t h a t b i n the 

observed frequency w i l l be (N-S)/n + S, w h i l s t i n the other n-1 bin s , on 

average there w i l l be only (N-8)/n events. By s u b s t i t u t i o n i n t o equation 

3.5e, the f o l l o w i n g expression f o r i s obtained: 

X2 = 
n 

r 
N-8 N 

2 r 
N-8 

1 
N 

2 -

— + 5 -I- (n-1) -— 

N n n n 
I. 

n 

which s i m p l i f i e s t o : 

62 
X̂  = - (n-1) 

N 
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The f r a c t i o n of pulsed events, 8/N, may be obtained from the above 

expression given N and the value of w i t h (n-1) degrees of freedom. In 

order to o b t a i n a 3a f l u x l i m i t , the tabulated value of x ^ < n - i ) i s found 

which corresponds to a p r o b a b i l i t y of 1,3 x 10 - 3 . 

For a "standard" twenty bin l i g h t curve, i f a 5% duty cycle were 

assumed, a 3CT d e t e c t i o n would r e s u l t i n a value of y} w i t l i nineteen degrees 

of freedom of 42 75. The f r a c t i o n of pulsed events i s then found from: 

r - i i / i i 
5 
- = N-W2 
N 

X2 

n - 1 
= 1-5 N-i/2 

and the 3CT f l u x l i m i t i s : 

(P(3CT) = (pi0 0% X 1-5 X eqn. 4.4d 

4.4.2 f l u x l i m i t s from the Durham database 

By e x t r a p o l a t i o n from the c h a r a c t e r i s t i c s of the e a r l y Dugway 

instruments, E t h r e s h was found t o be 250 GeV f o r the Mark I I I telescope 

(Bra z i e r et a l . , 1989). This r e s u l t was then scaled to a value of 400 GeV 

f o r the Mark IV telescope, which had the same aperture as the Mark I I I but 

a smaller m i r r o r area. These values are based upon the count rat e at the 

z e n i t h . E t h r e s h v a r i e s s y s t e m a t i c a l l y during an observation as the cosmic 

ray f l u x i s z e n i t h angle dependent; the count r a t e f a l l s as the telescopes 

t r a c k towards the horizon. At a z e n i t h angle of 45° the threshold energies 

of the Mark I I I and Mark IV detectors become roughly 450 GeV and 600 GeV 

r e s p e c t i v e l y . These q u a n t i t i e s are not d e f i n i t i v e f o r a l l Bohena Settlement 

observations because both telescopes have been subject to continual 

improvements i n design. I n f a c t , by 1991 the Mark I I I telescope's cosmic 

ray count r a t e had increased to 200% of i t s 1986 value. Fluxes are 

ge n e r a l l y c a l c u l a t e d from observations spanning several years. The early 
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telescope s e n s i t i v i t i e s must be assumed i n combining recent and a r c h i v a l 

data, so t h a t such estimates are conservative. 

The t h r e s h o l d energy of the Mark V telescope has not yet been 

q u a n t i f i e d , as since i t s commissioning i t has been used p r i m a r i l y as a t e s t 

bed f o r the imaging technique. 

For the Mark I I I d e t ector, assuming a f l u x of cosmic ray protons of 

2x10-5 c m - 2 s - i s t r - i and a f i e l d of view of 3-3x10-4 s t r , a 1% excess i n the 

on-source channel would correspond to an excess f l u x of 7-rays of energy 

> 250 GeV of: 

(Pi% = 2x10-5 X 3.3x10-4 X 0.01% = 6.6x10-^1 cm-2 3-1 

At a z e n i t h angle of 45", where E t h r e s h r i s e s to 450 GeV, (pi% becomes 

approximately 8 x 1 0 " i " cm-2 g-1, 

Flux estimates obtained at m separate epochs were combined f o r twenty 

f i v e o b j e c t s i n the Durham database using the expression: 

m 

(ptot = t (1/m) 2 (pj2 ] i / 2 eqn. 4.4e 

J = i 

and were given i n Bowden et a l . (1991). 

I t should be noted t h a t the accuracy of Atmospheric Cerenkov f l u x 

l i m i t s i s never l i k e l y t o exceed a f a c t o r of two, the s o p h i s t i c a t i o n of 

air-shower simulations notwithstanding, because of the v a r i a t i o n s i n 

t h r e s h o l d energy caused by frequent changes i n sky c l a r i t y . 
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CHAPTER FIVE 

Signal t o Noise Enhancement Techniques 

The development of p a r t i c l e showers i n the atmosphere i s described i n 

t h i s chapter. Emphasis i s placed upon features which may be used to 

d i s t i n g u i s h cascades t r i g g e r e d by cosmic ray protons from those due t o 

7-rays, w i t h a view to improving the s i g n a l t o noise r a t i o of atmospheric 

Cerenkov data. Various methods f o r the r e j e c t i o n of proton induced "events" 

are reviewed. A case study i s presented i n which the a r r i v a l time of 

a Cerenkov f l a s h a t m u l t i p l e telescopes i s used to determine i t s p o i n t of 

o r i g i n . 

5.1 the d i s t r i b u t i o n of Cerenkov photons 

5.1.1 a i r shower propagation 

The g a l a c t i c cosmic ray f l u x consists of protons, a p a r t i c l e s , a small 

f r a c t i o n of heavier n u c l e i (and the products of t h e i r c o l l i s i o n a l 

f ragmentation), e l e c t r o n s and 7-i'ays. These are released during s t e l l a r 

e v o l u t i o n and undergo shock a c c e l e r a t i o n or i n t e r a c t w i t h magnetic f i e l d s 

to a t t a i n a mean energy of 10^ eV (S i l b e r b e r g , Tsao & Letaw, 1993). I n the 

TeV region, the number density of t h i s approximately i s o t r o p i c f l u x of f a s t 

p a r t i c l e s f a l l s o f f according to a power law of the form N = a constant x 

£-1.6 (Khrenov, 1993) such t h a t 2 x 10-5 p a r t i c l e s cm'2 s'^ str'^ of energy 

E > 250 GeV are i n c i d e n t a t the Earth. Tlie proton f r a c t i o n increases w i t h 

the energy per nucleon (Dyakonov e t a l . , 1993) and i s dominant at 

E « 10^2 eV (Protheroe, 1977). 

On close encounter w i t h an atomic nucleus, a VHE 7-ray can i n t e r a c t t o 

form an e l e c t r o n - p o s i t r o n p a i r (e'e*) w h i l s t the energy-momentum four 

vector remains i n v a r i a n t (the same i n a l l i n e r t i a l frames) through e l e c t r o -
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magnetic photon-to-neucleon coupling. The daughter p a r t i c l e s , each c a r r y i n g 

almost h a l f of t h e i r parent's t o t a l energy, may emit 7-rays i n the form of 

bremsstrahlung r a d i a t i o n as they pass close by f u r t h e r n u c l e i . The 

r a d i a t i o n length f o r e'e^ p a i r production, Xo, i s 37-2 g cm-2 ^nd that of 

the bremsstrahlung mechanism i s s i m i l a r (Rao & Sinha, 1988). This i s of the 

order of 28 times the column depth of the Earth's atmosphere. Tlius, a 

cosmic ray photon can produce an e'e* p a i r near the top of tlie atmosphere 

and each daughter p a r t i c l e w i l l go on to produce bremsstrahlung 7-rays 

which undergo p a i r production i n t u r n . A cascade of energetic p a r t i c l e s (or 

Extensive A i r Shower) w i l l develop v i a t h i s c y c l i c a l process which w i l l 

continue t o branch out u n t i l the electrons and positrons lose energy more 

r a p i d l y t o nearby atoms (through i o n i s a t i o n ) than as bremsstralilung 

r a d i a t i o n . I n a i r , i o n i s a t i o n becomes the dominant loss mechanism at 

p a r t i c l e energies of 84 MeV and below (Carraminana, 1991). 

A cosmic ray proton can undergo strong i n t e r a c t i o n s , on c o l l i d i n g w i t h 

atomic n u c l e i i n the atmosphere, to produce n e u t r a l and charged pions. 

Neutral pions decay i n t o 7-rays which then succumb to e-e^ p a i r production 

to form an electro-magnetic cascade as o u t l i n e d above. The s t i l l - e n e r g e t i c 

proton may move on to produce more pions at another i n t e r a c t i o n centre. A 

proton of energy Ep+ GeV can produce up to (Ep+)i/4 pions per nuclear 

c o l l i s i o n . A resume of tlie pion decay products i s given below (data taken 

from G r i f f i t h s , 1987): 

p a r t i c l e l i f e t i m e (s) prob. of decay 
above ground 

p r i n c i p a l decay 
product 

n* or 71- 2-6 X 10-8 high [I* + V or p- -H V 
M- |J-

71° 8-7 X 10-^7 very high 7 -•• 7 

ix* or p,- 2-2 X 10-6 low e* •̂  V •(- V or e- -̂  V •(• V 
e p, e p 

V or V s t a b l e zero none 
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Figure 5.1a co n s i s t s of a schematic representation of tlie development 

of 7-ray i n i t i a t e d and proton i n i t i a t e d a i r showers ( i t does not i l l u s t r a t e 

the r e l a t i v e abundances of the component p a r t i c l e s or t h e i r s p a t i a l 

s e p a r a t i o n ) . For convenience, the former w i l l be r e f e r r e d t o here as 

"electro-magnetic cascades" and the l a t t e r as "hadronic cascades", although 

i t should be noted that proton i n i t i a t e d cascades do generate 7-rays which 

give r i s e to electro-magnetic sub-showers. 

5.1.2 a i r shower morphology 

I n an electro-magnetic cascade, the 7-ray i s a n n i h i l a t e d i n the act of 

c r e a t i o n of an e+e" p a i r and approximate e q u i p a r t i t i o n of i t s energy 

between the two daughter p a r t i c l e s occurs. In a hadronic cascade, a s i n g l e 

component may carry a d i s p r o p o r t i o n a t e amount of energy away from an 

i n t e r a c t i o n s i t e . The mean fr e e path of a proton i n the atmosphere i s of 

the order of double the bremsstrahlung r a d i a t i o n length. The "opening 

angle" between the path of an i n c i d e n t proton and t h a t of a pion which i t 

generates i s greater than the angle of divergence of a newly created e+e-

p a i r (Rao & Sinha, 1988). These f a c t s conspire to give hadronic a i r showers 

a wide spread and a random "dumpiness" when compared to the narrow l a t e r a l 

d i s t r i b u t i o n of p a r t i c l e s i n electro-magnetic cascades. This i s i l l u s t r a t e d 

by i n c r e a s i n g l y complex Monte Carlo simulations (see, f o r example, Kertzman 

& Sembroski, 1991). I t i s the atmospheric Coulomb s c a t t e r i n g of the e+e" 

component of electro-magnetic cascades which determines t h e i r l a t e r a l 

extent. 

According t o Rao and Sinha (1988), the number of p a r t i c l e s i n an 

electro-magnetic cascade i s greatest at a depth 5eiii i n the atmosphere given 

by: 

r r t 1 

eqn. 5.1a 
Eo 

6eiii - Xo I n - 0-5 
E t 
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where Xo i s the r a d i a t i o n length f o r p a i r production, Eo i s the energy of 

the primary p a r t i c l e and Et i s the energy of a s i n g l e p a r t i c l e a t t h i s 

depth. These authors a l s o quote the following e x p r e s s i o n f o r a hadronic 

cascade adapted from G a i s s e r and H i l l a s (1977): 

r ^ 
Eo 

6h = 0-51 X I n 
Et 

eqn. 5.1b 

where X. = 70 g cm-^. 

The column depth ( i n g cm"2) may be converted to an equ i v a l e n t height 

above s e a l e v e l ( i n metres) using the expression: 

hmax = (6740 + 2-55) ln{1030/8) eqn. 5.1c 

When Et < 84 MeV, i o n i s a t i o n of the surrounding medium becomes the 

dominant energy l o s s mechanism f o r e+ and e-, and the p a r t i c l e f l u x ceases 

to m u l t i p l y . By p u t t i n g Et = 84 MeV and Eo = 250 GeV i n equations 5.1a and 

5.1b i t i s found t h a t bem = 279 g cm"2 and 5h = 286 g cm"2, g i v i n g 

e q u i v a l e n t h e i g h t s a . s . l . of shower maximum of hem « 9-7 km and 

hh ~ 9.6 km. The column depth a t the U n i v e r s i t y of Durham Observatory a t 

Bohena Settlement, 260 m a . s . l . , i s 1001-5 g cm"2, 

5.1.3 the Cerenkov f l a s h 

( i ) the l i g h t pool 

The energy s p e c t r a and n u c l e a r composition of cosmic ra y s i n c i d e n t a t 

E a r t h a r e well-documented f o r p a r t i c l e s having e n e r g i e s of the order of 1 

to 100 TeV per nucleon. I n an e x c e l l e n t review of the f i e l d , Khrenov (1992) 

summarises the r e s u l t s obtained from balloon borne c a l o r i m e t r i c d e t e c t o r s 

flown by the Japanese-American-Cooperative Emulsion Experiment and by two 

s a t e l l i t e experiments run by Moscow St a t e U n i v e r s i t y o r i g i n a l l y presented 
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a t ICRCs i n 1990 and 1992. The charge dependence of i o n i s a t i o n l o s s e s and 

Cerenkov r a d i a t i o n was used to determine atomic number, w h i l s t the o p t i c a l 

d e n s i t y of t r a c k s l e f t i n x-ray f i l m or g r a i n counting i n l a y e r s of nuclear 

emulsion i n t e r l e a v e d with an absorber (e.g. lead) provided a measure of the 

energy of the primary p a r t i c l e . The U n i v e r s i t y of Chicago Cosmic Ray Nuclei 

Experiment, flown on Spacelab-2 i n 1985, s u c c e s s f u l l y used gas Cerenkov 

d e t e c t o r s to measure p a r t i c l e energy and p l a s t i c s c i n t i l l a t o r s to determine 

p a r t i c l e charge i n the 1 GeV/amu to 1 TeV/amu region. 

The Larmor r a d i u s of a proton of energy 10^^ eV passing through the 

~3(JJG g a l a c t i c magnetic f i e l d i s of the order of 0-3 pc. Charged VHE cosmic 

ray p a r t i c l e s t h e r e f o r e follow t w i s t e d paths and cannot be t r a c e d to t h e i r 

p o i n t s of o r i g i n (e.g. the Crab nebula a t a d i s t a n c e of "1 k p c ) . The 

astronomy of d i s c r e t e VHE cosmic ray sources i s t h e r e f o r e l a r g e l y based on 

the d e t e c t i o n of high energy photons. The f l u x of VHE y-r&ys expected from 

i n d i v i d u a l o b j e c t s i s so low when compared with the o v e r a l l background 

count r a t e t h a t l a r g e a r e a d e t e c t o r s are required. These are of n e c e s s i t y 

operated a t ground-level. As VHE 7-rays give up t h e i r energy to e l e c t r o n -

photon cascades i n the atmosphere, d e t e c t i o n s are based upon o p t i c a l . . . 
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e m i s s i o n , i n t h e f o r m o f Cerenkov r a d i a t i o n from t l i e a i r shower p a r L i c l e s 

themselves and as t h e f l u o r e s c e n t l i g h t ( o f wavelength 300 nm t o 430 nm) 

e m i t t e d by r e l a x i n g a t m o s p h e r i c N i t r o g e n molecules e x c i t e d by t h e i r 

passage. The f l u o r e s c e n t l i g h t y i e l d does n o t v a r y g r e a t l y w i t h atmospheric 

d e p t h . As t h e d e n s i t y o f r i s e s so does the l i k e l i l i o o d t h a t the process 

w i l l be quenched t h r o u g h m o l e c u l a r c o l l i s i o n s . Tlie i n t e n s i t y o f f l u o r e s c e n t 

l i g h t t h e r e f o r e m i r r o r s the development o f t h e p a r t i c l e cascade ( P r o t h e r o e , 

1982). The f l u o r e s c e n t r a d i a t i o n i s i s o t r o p i c , whereas the d i r e c t i o n o f 

e m i s s i o n o f Cerenkov l i g h t i s r e s t r i c t e d t o a narrow cone about t h e shower 

a x i s . The photon d e n s i t y a t a d e t e c t o r due t o N i t r o g e n f l u o r e s c e n c e exceeds 

t h a t o f Cerenkov l i g h t o n l y f o r showers which have an impact parameter 

> 500 m and a r e t h e r e f o r e viewed " s i d e - o n " . 

The number o f Cerenkov photons e m i t t e d ( w h i c h i s p r o p o r t i o n a l t o 

t r a c k l e n g t h ) per u n i t column d e n s i t y by a p a r t i c l e o f a g i v e n energy does 

n o t v a r y g r e a t l y w i t h a t m o s p h e r i c d e p t l i , and i t i s t h e r e f o r e reasonable t o 

assume t h a t most o f them o r i g i n a t e d from t h e h e i g h t o f t h e shower maximum. 

To a f i r s t a p p r o x i m a t i o n i t i s e x p e c t e d t h a t t h e d i s t r i b u t i o n on t h e ground 

o f Cerenkov photons c r e a t e d a t a h e i g h t , h, by a v e r t i c a l l y i n c i d e n t 

shower, w i l l be a c i r c l e o f r a d i u s h9 where 9 i s t h e Cerenkov angle g i v e n 

by e q u a t i o n 2.1a. As t h e i n c l i n a t i o n o f t h e shower a x i s i n c r e a s e s so does 

th e e l l i p t i c i t y o f t h i s Cerenkov r i n g . Since t h e a t m o s p h e r i c r e f r a c t i v e 

i n d e x i n c r e a s e s w i t h d e c r e a s i n g h e i g h t , g i v i n g an a s s o c i a t e d n a r r o w i n g o f 

t h e Cerenkov a n g l e , t h e p r o d u c t h9 t a k e s a v a l u e o f between 110 m and 145 m 

f o r photons produced i n the range 7 km < h < 20 km ( H i l l a s , 1982). Near the 

base o f a shower, t h e a n g l e s a t which t h e low energy p a r t i c l e s are 

s c a t t e r e d on c o l l i s i o n w i t h a i r molecules e t c . exceed 0, and t h e Cerenkov 

r i n g i s t h e r e f o r e b l u r r e d . I n h a d r o n i c cascades, t h e e l e c t r o - m a g n e t i c 

component which g i v e s r i s e t o Cerenkov e m i s s i o n develops a t a g r e a t e r 

a t m o s p h e r i c d e p t h t h a n i n a s i m i l a r l y e n e r g e t i c 7-ray i n i t i a t e d shower. As 

a consequence, the l a t e r a l d i s t r i b u t i o n o f Cerenkov l i g h t a t t h e ground i s 

81 



due p r i n c i p a l l y t o t h e t r a n s v e r s e momentum w i t h which t h e n e u t r a l p i o n s are 

endowed a t b i r t h , r a t h e r t h a n t o t h e Coulomb s c a t t e r i n g o f t h e i r daughter 

p a r t i c l e s . 

A f r a c t i o n o f t h e Cerenkov l i g h t from t h e shower's c o r e w i l l be 

r e d i s t r i b u t e d i s o t r o p i c a l l y t h r o u g h R a y l e i g h s c a t t e r i n g and a e r o s o l 

s c a t t e r i n g a t low a l t i t u d e s . 

The e l e c t r o - m a g n e t i c component o f a h a d r o n i c cascade, which 

g i v e s r i s e t o i t s Cerenkov s i g n a l , r e c e i v e s o n l y a f r a c t i o n o f t h e energy 

o f t h e p r i m a r y p a r t i c l e . I n o r d e r t o y i e l d t h e same Cerenkov f l u x as a 

1 TeV p r i m a r y 7 - r a y , a cosmic r a y p r o t o n would r e q u i r e a p p r o x i m a t e l y t w i c e 

as much energy (Rao & Sinha, 1988). 

Numerous i n v e s t i g a t o r s have extended t h e Monte C a r l o t e c h n i q u e o f a i r 

shower s i m u l a t i o n t o model t h e d i s t r i b u t i o n o f Cerenkov photons. For 

example, K r y s , Krys and W a s i l e w s k i (1991) have shown, by t h i s method, t h a t 

t h e i n t e n s i t y o f Cerenkov l i g h t i s s h a r p l y peaked about t h e a x i s o f a 

h a d r o n i c cascade and r a p i d l y d e c l i n e s w i t h i n c r e a s i n g p e r p e n d i c u l a r 

d i s t a n c e from i t , whereas t h e Cerenkov f l u x from an e l e c t r o - m a g n e t i c 

cascade i s e v e n l y d i s t r i b u t e d w i t h i n t h e r a d i u s h0 and o n l y f a l l s o f f 

beyond t h e Cerenkov r i n g . T h i s d i s t i n c t i o n i s marked a t a p r i m a r y energy o f 

1-2 TeV b u t t h e hQ s h o u l d e r i s n o t s i g n i f i c a n t a t Eo > 10 TeV. F i g u r e 5.1b, 

which i l l u s t r a t e s t h i s l a t e r a l Cerenkov l i g h t d i s t r i b u t i o n has been adapted 

from t h e i r F i g u r e 6. P a t t e r s o n and H i l l a s (1983) n o t e d t h a t t he l a t e r a l 

d i s t r i b u t i o n o f t h e i n t e n s i t y o f Cerenkov l i g h t becomes s t e e p e r as t h e 

energy o f t h e p r i m a r y p a r t i c l e I n c r e a s e s and/or t h e z e n i t h angle i s 

decreased. 

( i i ) t h e t i m e p r o f i l e 

The e x p e c t e d d u r a t i o n o f a Cerenkov l i g h t p u l s e a t a ground l e v e l 

d e t e c t o r can be e s t i m a t e d from t h e f o l l o w i n g s i m p l e " p o i n t e m i s s i o n model". 

I t i s assumed t h a t the r a d i a t i n g p a r t i c l e s t r a v e l a l o n g a v e r t i c a l shower 
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Figure 5.1b : the lateral distribution of Cerenkov light from air showers 
initiated by a proton (unbroken line) and a photon (dashed line) both of 
energy 1.2 TeV, as viewed at an atmospheric depth of 940 g cm-2 
(adapted from Krys, Kiys & Wasilewski, 1991). 



a x i s a t a v e l o c i t y which a p p r o x i m a t e s t o t h e speed o f l i g h t i n vacuo, and 

t h a t photons a r r i v i n g a t t h e ground w i t h i n a g i v e n t i m e i n t e r v a l were 

e m i t t e d from a w e l l - d e f i n e d range o f a l t i t u d e . The i n s t a n t a n e o u s i n t e n s i t y 

o f Cerenkov l i g h t r e c e i v e d by a d e t e c t o r r e f l e c t s t h e m a t u r i t y o f t h e 

cascade a t i t s d e p t h o f o r i g i n . The mapping o f a p u l s e o f Cerenkov l i g h t o f 

a few t e n s o f nanoseconds d u r a t i o n o n t o a shower t r a c k s e v e r a l k i l o m e t e r s 

i n l e n g t h i s shown i n f i g u r e 5.1c. 

H i l l a s (1982) n o t e d t h a t the above c o n s t r u c t i o n was n o t adequate 

w i t h i n t h e Cerenkov r i n g , where t h e l i g h t t r a v e l time from A t o D i n f i g u r e 

5.1c exceeds t h e combined p a r t i c l e p l u s l i g h t t r a v e l time from A t o D v i a B 

o r C. I n t h i s case t h e mapping i s r e v e r s e d . 

Antonov e t a l . (1991) used Monte C a r l o s i m u l a t i o n s o f 10 TeV e l e c t r o 

magnetic cascades t o model the r e l a t i o n s h i p between the t i m e t a k e n f o r a 

Cerenkov p u l s e t o r e a c h h a l f o f i t s maximum h e i g h t a t a d e t e c t o r and t h e 

shower impact parameter, d. F i g u r e 5 . I d ( a d a p t e d from t h e i r f i g u r e 2) shows 

t h a t t h e i n c r e a s i n g p u l s e r i s e t i m e becomes s i g n i f i c a n t f o r showers viewed 

a t l a r g e z e n i t h a n g l e s , Z° (Z" « 90° - t a n " ^ ( h e m / d ) ) . 

A c c o r d i n g t o P r o t h e r o e ( 1 9 8 2 ) , the c o n t r i b u t i o n o f s c a t t e r e d l i g h t t o 

t h e w i d t h o f t h e Cerenkov p u l s e i s independent o f t h e impact parameter. 

T h i s i s because t h e s e p a r a t i o n o f s c a t t e r i n g c e n t r e s r a d i a l l y d i s t r i b u t e d 

about t h e shower a x i s exceeds t h e p a r t i c l e t r a c k l e n g t h w i t h i n a 2-5° f i e l d 

o f view. The s c a t t e r e d l i g h t becomes t h e dominant component o f t h e Cerenkov 

f l u x o n l y a t l a r g e z e n i t h a n g l e s ( t h i s may l e a d t o o v e r - e s t i m a t i o n o f 5em 

f o r a h i g h l y i n c l i n e d cascade). 

Tumer, Hammond, Zych and MacCallum (1990) f o u n d , from Monte C a r l o 

s i m u l a t i o n s , t h a t t h e i r r e g u l a r d i s t r i b u t i o n o f energy between daughter 

p a r t i c l e s d u r i n g t h e g r o w t h o f a h a d r o n i c shower c o u l d l e a d t o t h e 

development o f " l a r g e s c a l e f l u c t u a t i o n s o r j e t s " . The p a t h l e n g t h , t o a 

ground-based d e t e c t o r , f o r Cerenkov l i g h t e m i t t e d by these j e t s o f charged 

p a r t i c l e s c o u l d d i f f e r f rom t h e expected d i s t r i b u t i o n by a few metres. 
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Figure 5.1c : the relationship between the height (h) at which light is 
emitted from a particle cascade (above) and its contribution to the time 
profile of the Cerenkov flash at a detector (D) at a radial distance r from 
the shower axis (below), as depicted by Hillas (1982). 



Impact Parameter, d (m) 

Figure 5.1d : mean delay in Cerenkov pulse arrival time at a detector at 
a horizontal distance d from the projected axis of an air shower initiated 
by a gamma ray of energy 10 TeV (after Antonov et al.,1991). 



l e a d i n g t o a d i s p a r i t y i n a r r i v a l t i m e o f t h e o r d e r o f a few nanoseconds. 

As a r e s u l t , t h e s e a u t h o r s p r e d i c t t h a t h a d r o n i c cascades w i l l e x h i b i t 

" k i n k s " i n t h e t a i l s o f t h e i r Cerenkov p u l s e p r o f i l e s , as d i s t i n c t from t h e 

smooth c u r v e s o f 7-ray i n i t i a t e d showers (as shown i n f i g u r e 5.1e). A d r i f t 

scan o b s e r v a t i o n o f the Crab n e b u l a was t a k e n u s i n g two d e t e c t o r s o f the 

m i r r o r p l u s s i n g l e p h o t o m u l t i p l i e r tube " l i g h t b u c k e t " type. A c o i n c i d e n t 

response from t h e two PMTs t r i g g e r e d a f a s t o s c i l l o s c o p e , which d i s p l a y e d 

t h e i r o u t p u t s i g n a l s so t h a t the p u l s e waveforms c o u l d be r e c o r d e d on v i d e o 

t a p e . Tumer, Hammond, White and Zych (1990) r e p o r t e d t h a t , by v i s u a l 

i n s p e c t i o n , 8% o f t h e ~ 3200 p u l s e s o b t a i n e d were concluded t o be o f t h e 

u n s t r u c t u r e d 7-ray t y p e , l e a d i n g t o a d e t e c t i o n o f unpulsed e m i s s i o n from 

t h e Crab n e b u l a s i g n i f i c a n t a t the 4-2 s t a n d a r d d e v i a t i o n l e v e l . A t t r a c t i v e 

as t h i s r e s u l t may seem, t h i s method o f d i s c r i m i n a t i n g between h a d r o n i c and 

p u r e l y e l e c t r o - m a g n e t i c showers i s i n e x p e d i e n t as, a t p r e s e n t , i t i s l a b o u r 

i n t e n s i v e and i s based upon t h e s u b j e c t i v e d e c i s i o n s o f t h e o b s e r v e r s . 

5.2 t e c h n i q u e s o f 7-ray s i g n a l enhancement 

I n o r d e r t o d i s t i n g u i s h p o i n t sources o f VHE 7-rays a g a i n s t t h e 

i s o t r o p i c cosmic r a y background. Atmospheric Cerenkov astronomers must 

e i t h e r e x p l o i t t h e f u n d a m e n t a l d i f f e r e n c e s between 7-ray i n i t i a t e d a i r 

showers and h a d r o n i c cascades, o r r e l y upon t h e d e t e c t i o n o f enhanced 

a c t i v i t y from t h e d i r e c t i o n o f t h e t a r g e t o b j e c t . Such c o n s i d e r a t i o n s have 

a l r e a d y been t o u c h e d upon i n s e c t i o n 2.3. Here, some methods o f i m p r o v i n g 

t h e s i g n a l t o n o i s e r a t i o o f t h e U n i v e r s i t y o f Durham t e l e s c o p e s i n v o k e d i n 

c h a p t e r s s i x and seven a r e examined i n g r e a t e r d e t a i l . 

5.2.1 a t e s t o f a p e r t u r e r e j e c t i o n 

The U n i v e r s i t y o f Durham Mark I I I and Mark IV t e l e s c o p e s are narrow 

a p e r t u r e i n s t r u m e n t s . The r e j e c t i o n o f background cosmic ray events i s 
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p e r f o r m e d s o l e l y on t h e b a s i s o f t h e a r r i v a l d i r e c t i o n o f t h e i r Cerenkov 

f l a s h e s . Only t h e l i g l i t from a i r showers i n c i d e n t from the sky w i t h i n 1'5'' 

o f t h e p o s i t i o n o f t h e t a r g e t e d o b j e c t i s r e c o r d e d . G e n e r a l l y , any f l a s h e s 

which t r i g g e r a response from one o r more o f the o f f - a x i s guard r i n g 

c h a n n e l s a r e c o n s i d e r e d n o t t o have come from t h e p o i n t source d i r e c t i o n . 

T h i s i n c l u d e s t h o s e " m u l t i - f o l d " e v e n t s i n which the p u l s e h e i g h t s recorded 

by s e v e r a l channels i n c l u d i n g the central one have exceeded the p r e 

d e t e r m i n e d 50 mV hardware t h r e s h o l d . 

When the p r o j e c t e d tube t o tube s e p a r a t i o n i n the Mark I I I t e l e s c o p e 

d e t e c t o r packages was 2' on the sky, between 40% and 50% o f t h e events i n 

which t h e c e n t r a l c hannel had been t r i g g e r e d i n c l u d e d a response from an 

o f f - a x i s c h a n n e l . When the tube s e p a r a t i o n was reduced t o 1-5° i n March 

1991, t h i s f i g u r e was i n c r e a s e d by '10 %. 

I n 1990, s i m u l a t i o n s were c a r r i e d o u t from which i t was i n f e r r e d t h a t 

7-ray i n d u c e d a i r showers from t h e o n - a x i s d i r e c t i o n would r e s u l t i n a h i g h 

i n c i d e n c e o f f l a s h e s t r i g g e r i n g the c e n t r a l channel p l u s one o t h e r 

(commonly r e f e r r e d t o as "spoke 2 - f o l d e v e n t s " ) . These a re o f t e n r o u t i n e l y 

r e j e c t e d t o g e t h e r w i t h t he randomly i n c i d e n t Cerenkov l i g h t from h a d r o n i c 

cascades. To summarise, a f i r e p a t t e r n such as t h a t l a b e l l e d ( i ) i n f i g u r e 

5.2a i s ac c e p t e d f o r a n a l y s i s , p a t t e r n ( i i ) c o u i d be due t o a 7-ray p r i m a r y 

from the so u r c e , w h i l s t ( i l l ) and ( i v ) a r e a t t r i b u t e d t o the cosmic ray 

background. 

I n o r d e r t o i n v e s t i g a t e the p r e d i c t i o n t h a t "spoke" 2 - f o l d s c o u l d 

c o n t r i b u t e t o t h e 7-ray s i g t j a l , t h e r a t i o o f t h e freque n c y o f oc c u r r e n c e o f 

p a t t e r n ( i i ) type e v e n t s t o t h a t o f p a t t e r n ( i ) e v e n t s was c a l c u l a t e d f o r a 

s e l e c t i o n o f o b s e r v a t i o n s , d u r i n g some o f which t h e p u l s e s i g n a t u r e o f a 

p o i n t s o urce was m a n i f e s t . Data c o l l e c t e d on the e c l i p s i n g X-ray b i n a r y 

Centaurus X-3 as i t passed from o r b i t a l phase 0'7 t o phase 0-85 ( w i t h 

r e s p e c t t o X-ray e c l i p s e ) , were chosen f o r a n a l y s i s . Evidence f o r e m i s s i o n 

a t t h e o b j e c t ' s 4-8 s p u l s e p e r i o d had been found i n t h r e e d a t a f i l e s 
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c o n f i n e d t o t h i s p a r t o f t h e o r b i t ( B r a z i e r , 1991, 7 5 ) . The above f i r e 

p a t t e r n r a t i o has been p l o t t e d , v e r s u s t h e mean z e n i t h a n g le o f each o f 25 

o b s e r v a t i o n s , i n f i g u r e 5.2b. Up u n t i l 18/06/1987, the o f f - s o u r c e 

m o n i t o r i n g system c o n s i s t e d o n l y o f channels 1,2 and 3 (see f i g u r e 3.2b). 

I t was o n l y a f t e r t h i s d a t e t h a t channels 4,5 and 6 were i n c o r p o r a t e d t o 

for m the c u r r e n t guard r i n g . P o i n t s r e l a t i n g t o d a t a c o l l e c t e d b e f o r e June 

1987 a r e r i n g e d i n f i g u r e 5.2b. Each datum has been c l a s s i f i e d , a c c o r d i n g 

t o t h e weather summary i n t h e o b s e r v e r ' s w r i t t e n l o g , as ha v i n g been 

r e c o r d e d under below average ( c l o u d c o v e r ) , average (no c l o u d , moderate sky 

c l a r i t y ) o r above average ( c l e a r s k i e s ) weather c o n d i t i o n s . From f i g u r e 

5.2b i t can be seen t h a t : 

1) The i n t r o d u c t i o n o f channels 4,5 and 6 r e s u l t e d i n a decrease i n t h e 

"spoke" 2 - f o l d f r a c t i o n . I t i s c l e a r t h a t a s i g n i f i c a n t p r o p o r t i o n o f 

t l i e e v e n t s a t t r i b u t e d t o spoke 2 - f o l d s i n the e a r l y t h r e e o f f - a x i s 

c h a n n e l system were, i n f a c t , l a r g e o f f - s o u r c e e v e n t s , such as t h a t i n 

f i g u r e 5 . 2 a ( i v ) . The f u l l g u ard r i n g i s t h e r e f o r e p e r f o r m i n g as d e s i r e d . 

2) Sky c l a r i t y does n o t have a s y s t e m a t i c e f f e c t upon the "spoke" 2 - f o l d 

f r a c t i o n . 

3) Tlie "date-stamped o b s e r v a t i o n s " t h o u g h t t o c o n t a i n a 7-ray s i g n a l do n o t 

i n c l u d e a d i s p r o p o r t i o n a t e number o f eve n t s r e c o r d e d by t h e c e n t r a l 

c h annel o n l y . A l a r g e d e v i a t i o n from the norm would be s u r p r i s i n g , g i v e n 

t h a t t he number o f p u l s e d e v e n t s i s n o t expected t o exceed " 1 % o f t h e 

cosmic r a y background c o u n t r a t e i n t h i s system. 

There i s some s l i g h t i n d i c a t i o n t h a t t h e "spoke" 2 - f o l d f r a c t i o n f a l l s o f f 

w i t h i n c r e a s i n g z e n i t h a n g l e . Since t h e a l t i t u d e o f t h e t a r g e t o b j e c t i s 

n o t a l i n e a r f u n c t i o n o f time and t h e o b s e r v a t i o n s were o f v a r y i n g 

d u r a t i o n , the z e n i t h a n g l e v a l u e s i n f i g u r e 5.2b are o n l y approximate. 
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Figure 5.2b : the ratio of "spoke" 2-fold events to events triggering the 
central channel only, plotted versus the mean zenith angle for 25 
observations of Cen X-3 taken with the Mark III telescope. Points 
corresponding to data obtained before channels 4,5 and 6 were 
incorporated into the guard ring in June 1987 are circled. The three 
individually labelled points correspond to those datafiles in which the 
Cen X-3 pulse period has been identified. 



A i r showers i n i t i a t e d by p r i m a r y p a r t i c l e s o f t h e same energy w i l l 

maximise a f t e r h a v i n g t r a v e r s e d e q u i v a l e n t d e p t h s , r e g a r d l e s s o f t h e i r 

a n g l e o f i n c i d e n c e t o the top o f the atmosphere. Cascade maxima which 

appear low i n t h e sky w i l l t h e r e f o r e l i e a t a g r e a t e r d i s t a n c e from a 

d e t e c t o r t h a n those o f s m a l l e r z e n i t h a n g l e s . T l i i s b e i n g the case, Cerenkov 

f l a s h e s a r r i v i n g f rom l a r g e z e n i t h a n g l e s w i l l tend to form i n c r e a s i n g l y 

narrow e l l i p t i c a l images a t the d e t e c t o r , and w i l l be l e s s l i k e l y t o 

t r i g g e r b o t h t h e o n - a x i s channel and the guard r i n g as a consequence. T h i s 

e f f e c t , t o g e t h e r w i t h the a t m o s p h e r i c a t t e n u a t i o n o f t h e l i g h t f l a s h a l o n g 

a l e n g t h e n i n g p a t h from t h e shower maximum t o the d e t e c t o r , r e s u l t i n an 

e f f e c t i v e i n c r e a s e i n the t h r e s h o l d energy o f the i n s t r u m e n t as i t t r a c k s 

a c e l e s t i a l o b j e c t from i t s c u l m i n a t i o n down towards t h e h o r i z o n . 

B r a z i e r ( 1 9 9 1 , 58) showed t h a t i n a s i n g l e d a t a f i l e , as the t a r g e t 

z e n i t h a n g l e f e l l from 20° t o 40°, t h e r a t i o o f t h e number o f events 

t r i g g e r i n g t h e c e n t r a l c h a m i e l o n l y t o those i n c l u d i n g t h e c e n t r a l channel 

and any g u a r d r i n g response i n c r e a s e d from 0-51 t o 0-67. 

W i t h the advent o f t h e AE A q u a r i i " b u r s t " ( c i t e d i n s e c t i o n s 3.5.4 and 

4.2) came t h e o p p o r t u n i t y o f a s s e s s i n g the "spoke" 2 - f o l d f r a c t i o n f o r a 

sample known t o be r i c h i n 7-rays. F i g u r e 5.2c i l l u s t r a t e s t h e i n c r e a s e i n 

t h e r a t i o o f t h e f r e q u e n c y o f "spoke" t y p e e v e n t s t o t h a t o f 2 - f o l d events 

o f any o r i e n t a t i o n d u r i n g t h e b u r s t . A l s o shown i s t h e r a t i o o f t h e 

f r e q u e n c y o f C o n l y e v e n t s t o t h a t o f 1 - f o l d e v e n t s r e c o r d e d on any 

c h a n n e l . The most p r o m i n e n t peak i n d i c a t e s t h a t a f r a c t i o n o f t h e 7-ray 

s i g n a l t o o k t h e form o f "spoke 2 - f o l d e v e n t s " . F u r t h e r evidence t o suggest 

t h a t t h e 7-ray t r i g g e r e d e v e n t s were n o t c o n f i n e d t o the c e n t r a l channel 

was p r e s e n t e d by Bowden e t a l . ( 1 9 9 2 ) , who found t h a t d a t a taken on 

AE A q u a r i i d i d n o t respond w e l l t o t h e p u l s e i n t e g r a l t l i r e s h o l d s e l e c t i o n 

t e c h n i q u e d e s c r i b e d o v e r l e a f . 
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Figure 5.2c : the ratio of "spoke" 2-fold events to the total number of 
events triggering any combination of two channels, during the burst 
of activity from A E Aquarii detected on 13/10/1990. The number of 
events triggering the central on-source channel only is also shown, as a 
fraction of the total number of 1-fold events recorded. 



5.2.2 pulse i n t e g r a l threshold s e l e c t i o n 

The e f f i c i e n c y of the aperture r e j e c t i o n method of background noise 

d i s c r i m i n a t i o n i s l i m i t e d by i t s r i g i d s e l e c t i o n c r i t e r i o n which does not 

make use of a l l the a v a i l a b l e information. Any l i g h t f l a s h which causes the 

voltage of three tubes forming a guard r i n g channel to r i s e above 50 mV i s 

considered to have f a l l e n o f f - a x i s . As a r e s u l t , an unusually energetic 

primary p a r t i c l e a r r i v i n g from the on-axis d i r e c t i o n w i l l be summarily 

discounted i f the extended a i r shower which i t creates i s large enough to 

t r i g g e r one or more of the guard r i n g channels, as w e l l as the c e n t r a l one. 

Conversely, small, o f f - a x i s showers may just t r i g g e r an on-axis response 

and f a i l t o f i r e what may be a marginally less s e n s i t i v e guard r i n g 

channel. 

The pulse i n t e g r a l threshold s e l e c t i o n technique was developed by 

Brazier (1991) t o make use of the information on the heights of the 

Cerenkov pulses a r i s i n g i n each p h o t o m u l t i p l i e r tube (the QT readout 

described i n s e c t i o n 3.2.4), which was already documented as a q u a l i t y 

c o n t r o l measure. At the f i r e p a t t e r n s e l e c t i o n stage of the data processing 

r o u t i n e (see s e c t i o n 4.1.3), an o p t i o n has been introduced which allows 

events i n which the c e n t r a l channel took part to be selected on the basis 

of the pulse height recorded on the guard r i n g channels relative to the 

i n t e n s i t y of the on-axis response. 

The pulse i n t e g r a l s are d i g i t i s e d and recorded as b i t s . The "QT 

spectra" (histograms of the number of Cerenkov pulses reaching a given 

t i m e - i n t e g r a t e d charge threshold f o r each i n d i v i d u a l PMT) are unimodal and 

may therefore be normalised to allow f o r the d i f f e r i n g gains of the tubes, 

by adding or s u b t r a c t i n g a pedestal so t h a t the modal pulse sizes coincide. 

The normalised pulse i n t e g r a l s from the three tubes forming a s i n g l e 

channel are averaged. The r e l a t i v e amplitudes of these mean pulse i n t e g r a l s 

are a d i r e c t measure of the f r a c t i o n of an a i r shower's l i g h t f a l l i n g on 

one p a r t i c u l a r channel as opposed to any other. As such, they can be used 
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to determine the d i r e c t i o n of propagation of the cascade regardless of i t s 

s i z e . 

Pulse i n t e g r a l s e l e c t i o n i s generally applied i n conjunction w i t h the 

aperture r e j e c t i o n technique. Brazier (1991) found t h a t once events 

i n c l u d i n g a guard r i n g response were excluded from the dataset, those 

remaining were almost a l l due t o l i g h t flashes f a l l i n g upon e i t h e r the 

c e n t r a l channel alone, or upon the c e n t r a l channel, which had been 

t r i g g e r e d , plus one other which had f a i l e d t o reach the 50 mV 

d i s c r i m i n a t i o n threshold. She t h e r e f o r e formulated the f o l l o w i n g r e j e c t i o n 

c r i t e r i o n : 

Accept event i f : 

{each o f f - a x i s pulse height } x K% < on-axis pulse height 

where K i s the chosen threshold percentage (normally of the order of 35 to 

45). 

As t h i s s e l e c t i o n i s not performed i n r e a l time and i s not a "hard

wired" feature of the recording e l e c t r o n i c s , i t i s commonly r e f e r r e d to as 

a " s o f t cut". Since the s p e c t r a l hardness r a t i o s of c e l e s t i a l 7-ray sources 

vary, the value of K i s chosen to be t h a t which maximises the s i g n i f i c a n c e 

of the f i r s t d e t e c t i o n of the object under i n v e s t i g a t i o n . Unfortunately, 

s t a t i s t i c a l l y s i g n i f i c a n t r e s u l t s are not yet e a s i l y reproducible i n t h i s 

f i e l d . A value of K may t h e r e f o r e be selected on the basis of a s i n g l e , 

strong, rogue e f f e c t , a t t r i b u t a b l e e i t h e r to noise or to a t y p i c a l behaviour 

of the t a r g e t source, so t h a t i t s a p p l i c a t i o n t o f u r t h e r data may mask a 

genuine, weak s i g n a l . 

The number of degrees of freedom used i n p e r f e c t i n g the s o f t cut 

c r i t e r i o n f o r a given dataset must be included i n the assessment of 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 r e s u l t . 
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5.3 the i n t e r - t e l e s c o p e t i m i n g experiment 

The U n i v e r s i t y of Durham telescopes a t Bohena Settlement l i e at the 

apices of a t r i a n g l e of side -100 m (see f i g u r e 3.5a). Given the l a t e r a l 

d i s t r i b u t i o n of Cerenkov l i g h t shown i n f i g u r e 5.1b, i t i s therefore 

reasonable to assume t h a t a s i n g l e a i r shower from a common ta r g e t 

d i r e c t i o n may t r i g g e r a response from a l l three telescopes. Bowden et a l . 

(1992) reported t h a t , of the t o t a l number of events recorded during 

simultaneous observation of an obje c t using the Mark I I I and Mark IV 

det e c t o r s , 25% had a common o r i g i n . I t has been suggested t h a t the ~1° 

angular r e s o l u t i o n which these instruments share could be improved, without 

f u r t h e r reduction of t h e i r s e n s i t i v e area (and a consequent increase i n 

thre s h o l d energy), i f the time of a r r i v a l of a l i g h t f l a s h a t each could be 

accurately measured. A c a l c u l a t i o n of the p a r a l l a x of the poi n t of o r i g i n 

of the Cerenkov l i g h t could then be performed over an ~100 m baseline. 

The ASGAT telescope s i t u a t e d i n the French Pyrennes i s run on a 

s i m i l a r p r i n c i p l e . I t consists of a set of seven Cerenkov l i g h t buckets at 

the centre and apices of a hexagon of side 100 m (Basiuk e t a l . , 1991). 

When four or more detectors r e g i s t e r a Cerenkov f l a s h , a t r i g g e r pulse i s 

generated. The time at which each device r e g i s t e r e d a response r e l a t i v e to 

the time of a r r i v a l of the t r i g g e r pulse i s recorded. At the analysis 

stage, the d i r e c t i o n of propagation of the Cerenkov l i g h t f r o n t i s 

"reconstructed", i n a s i m i l a r fashion to that of the p a r t i c l e f l u x a r r i v i n g 

at an extensive a i r shower array (see section 1 . 4 . 2 ( i i ) ) . Basiuk et a l . 

(1989) pointed out t h a t one advantage of f a s t t iming over the imaging 

technique p r a c t i s e d by the Whipple Co l l a b o r a t i o n (mentioned i n section 

2 . 3 . 1 ( i i i ) ) was t h a t the f i e l d of view of the telescope could exceed the 

desired angular r e s o l u t i o n , thus a l l o w i n g the cosmic ray background event 

r a t e t o be continuously recorded. 

I t was noted t h a t the i n t r o d u c t i o n of i n t e r - t e l e s c o p e timing 

measurements would necessitate no s i g n i f i c a n t a d d i t i o n s or a l t e r a t i o n s to 
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the instruments already o p e r a t i o n a l at Bohena Settlement. A short 

f e a s i b i l i t y study was ther e f o r e set i n motion, w i t h a view to assessing the 

s u i t a b i l i t y of f a s t timing s e l e c t i o n as an a d d i t i o n a l means to the 

r e j e c t i o n of cosmic ray background events. 

5.3.1 p r o j e c t e d time delays 

The i n t e n t i o n was t o determine the p o i n t of o r i g i n of a Cerenkov 

f l a s h , from a knowledge of the a l t i t u d e and azimuth to which a s i n g l e , 

"prime" telescope was p o i n t i n g , and an estimate of tlie atmospheric depth of 

the parent a i r shower's maximum. The Mark V telescope was chosen as the 

reference p o i n t f o r these observations, as the recorded p o i n t i n g d i r e c t i o n 

could be modified to include i n f o r m a t i o n as to where the l i g h t pool was 

s i t u a t e d i n the f i e l d of view of the 30 p i x e l camera. Given the 

co-ordinates o f the two other telescopes r e l a t i v e to the Mark V, the path 

length t o each from the shower maximum may be estimated from the simple 

geometrical c o n s t r u c t i o n shown i n f i g u r e 5.3a. The r e l a t i v e time of a r r i v a l 

of Cerenkov l i g h t , from a s i n g l e o r i g i n , a t each telescope sliould r e f l e c t 

the r a d i a l distance, r , o f the corresponding shower maximum from the 

pr o j e c t e d t a r g e t d i r e c t i o n . Showers having r greater than a preset 

t h r e s h o l d value would be assumed to be due t o the background f l u x of cosmic 

rays. 

The atmospheric depth of the maxima of showers i n i t i a t e d by a 7-ray 

s i g n a l from the t a r g e t o b j e c t w i l l vary according t o the hardness of the 

source spectrum. Some t r i a l values of the energy of the primary p a r t i c l e , 

E o, were input to ecjuations 5.1a and 5.1b i n order to determine the 

c h a r a c t e r i s t i c depth of shower maximum, 5niax, and the corresponding 

d i f f e r e n c e i n l i g h t t r a v e l time, At (assuming a r e f r a c t i v e index of - l - O ) , 

from the shower maximum to two detectors 260 m a . s . l . a t a h o r i z o n t a l 

separation of 100 m. Given a value of Smax, i f i t i s assumed t h a t the axis 

of the a i r shower i n question i s perpendicular to the ground, then the 
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azimuth and zenith angles shown above) and the expected height of the 
shower maximum, hmax given by equations 5.1a (or 5.1b) and 5.1c. 



l i e i g h t of the shower maximum a . s . l . , zmax, i s equivalent to hmax i n 

equation 5.1c. I f the shower i s i n c i d e n t at a z e n i t h angle 0, then 

Zmax = hmax/cos(9). From f i g u r e 5.3a, i t can be seen t h a t i f the 

transmission vector from the p o i n t of o r i g i n of the l i g h t f l a s h to 

telescope N i s given by: 

r 1 
Xmax XN 

SN = ymax - yN 
Zmax ZN 
L 

then 

f 

Ata.b = c" 
1/2 

(SN • SN ) 
N = a 

1/2 
(SN • SN ) 

N = b 
eqn. 5.3a 

For ease of c a l c u l a t i o n , the detectors were assumed t o l i e along the x axis 

i n f i g u r e 5.3a, w i t h the shower maximum i n the x-z plane, such t h a t 

xraax = Zmax tan(9) and yraax = 0. As can be seen from the f o l l o w i n g t a b l e , 

Ata.b does not vary by more than 1 ns f o r shower maxima which l i e along the 

pr o j e c t e d t a r g e t d i r e c t i o n , a t a given z e n i t h angle, over a range of 

atmospheric depths. 

Eo (TeV) Primary 
P a r t i c l e 

Zenith 
Angle (°) 

hmax (km) Ata.b (ns) 

0- 25 7 65 9- 7 302.66 

0-25 7 20 9-7 115.23 

0- 25 65 9- 6 302-66 

0- 5 P+ 65 9-0 302-70 

1-0 7 65 8-6 302-73 

10 7 65 7-0 302.87 

10 7 20 7-0 115.72 

92 



H i l l a s (1982) s t a t e d t h a t 0-00767 ns should be added to the t r a v e l time of 

Cerenkov photons f o r every g cm"^ of path length traversed, i n order to 

allow f o r the change i n r e f r a c t i v e index w i t h atmospheric depth. Thus, a 

v e r t i c a l l y i n c i d e n t photon may pass from a height of 9-7 km a . s . l . to 

7-0 km a. s . l i n [(9-7 - 7-0)/c + 1.05] ns, where c i s the speed of l i g h t i n 

vacuo i n u n i t s of km/ns. This c o r r e c t i o n does not b r i n g the dependency of 

A t a . b upon zmax alone to a detectable l e v e l . 

As shown schematically i n f i g u r e 5.3b, at i n f i n i t y , the on-source 

f i e l d of view of a p a i r of U n i v e r s i t y of Durham type telescopes 

approximates to a cone of h a l f angle 0-5°. Protheroe and Patterson (1984) 

give a more d e t a i l e d i n t e r p r e t a t i o n of the e f f e c t i v e cross-section of two 

such d e t e c t o r s , and note t h a t the most probable l o c a t i o n f o r a l i g h t f l a s h 

seen by both i s midway between the two. I f the telescopes and the shower 

maximum are again assumed t o l i e i n the x - z plane then the path d i f f e r e n c e 

( s a - s b) i n f i g u r e 5.3b i s « 190 m g i v i n g A t a . b ~ 625 ns f o r a l i g h t f l a s h 

at the edge of the f i e l d of view. C l e a r l y , A t a . b = 0 f o r an on-axis shower 

at the z e n i t h . 

In.conclusion, the expected delay i n a r r i v a l time, A t a . b , of Cerenkov 

l i g h t t r i g g e r e d by a genuine 7-ray s i g n a l may be estimated q u i t e simply 

from the telescopes' a t t i t u d e , as i t i s not hi g h l y dependent upon E o . A 

Cerenkov f l a s h o f f s e t from the source d i r e c t i o n by 0-5° may exceed the 

pre d i c t e d value of A t a , b by several tenths of a microsecond. 

5.3.2 method of i n t e r - t e l e s c o p e time delay measurement 

A four channel time to d i g i t a l converter (TDC) u n i t was i n s t a l l e d i n 

the c o n t r o l cabin of the Mark V telescope. When the Mark V Master Trigger 

u n i t r e g i s t e r e d an event, a " s t a r t pulse" was sent to the TDC. Channels 0 

and 2 were wired t o receive a "stop pulse" from the Master Trigger of the 

Mark I I I telescope w h i l s t channels 1 and 3 were connected t o the Mark IV 

telescope Master Trigger. The scaler counters which make up each channel 

93 



5-7 km 

shower 
maximum f/| 

to target 
object at 

OO 

cone of / 
acceptance'' 

/ 

/ 

i i i i i l i i i i 

01 km 

9-7 km 
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half angle 0-5° at infinity (not to scale). The position of an 
air shower maximum which is just observed by both 
instruments is shown, at a height approximately charac
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gamma-ray initiated showers from the target direction, and 
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scenario, the Cerenkov light pool from the shower 
maximum would trigger detector a some 600 ns after 
having reached detector b. 



continue t o increment u n t i l e i t h e r a stop s i g n a l a r r i v e s , i n d i c a t i n g that 

the appropriate secondary telescope has r e g i s t e r e d an event, or a reset 

s i g n a l i s sent out by the Mark V Master Trigger. The f i n a l value r e g i s t e r e d 

by each TDC channel i s read out ( i n b i t s ) by the Mark V telescope's Logger 

u n i t and incorporated i n t o the data block ( i n c l u d i n g the f i r e p a t t e r n , QTs 

and r e l a t i v e a r r i v a l time) recorded f o r the Mark V telescope event. This 

process i s summarised schematically i n f i g u r e 5.3c. 

The s t a r t pulse i s passed through a delay u n i t between the Mark V 

Master Trigger and the TDC, i n order to partially compensate f o r the 550 ns 

taken by the stop s i g n a l s to t r a v e l across the s i t e from the Mark I I I and 

Mark IV telescopes. A delay of ~ 270 ns i s employed, such that a l i g h t 

f l a s h a r r i v i n g a t the Mark V telescope ~ 300 ns after i t has reached one of 

the other detectors s t a r t s the TDC j u s t before the stop pulse a r r i v e s . Each 

TDC channel can count from 0 to ~500 ns. AO to ~1000 ns range i s achieved 

f o r both secondary telescopes by delaying the s t a r t pulse to two of the 

channels (2 and 3) by a f u r t h e r 500 ns. The r e s u l t s of the c a l i b r a t i o n of 

the TDC u n i t , performed i n s i t u by d e l i v e r i n g s t a r t and stop signals from 

pulse generators v i a v a r i a b l e delays w h i l s t viewing both pulses on an 

o s c i l l o s c o p e , are shown i n f i g u r e 5.3d. 

5.3.3 data analysis and r e s u l t s 

I n Durham, e i g h t t r i a l d a t a f i l e s ( l i s t e d i n f i g u r e 5.3e), were 

submitted t o a BASIC program which performed the f o l l o w i n g r o u t i n e . For 

each event record which included a Mark V - Mark I I I and/or Mark V -

Mark IV time delay measurement of magnitude < 1200 b i t s , the p o i n t i n g 

d i r e c t i o n r e g i s t e r e d by the Mark V telescope's s h a f t encoders was combined 

w i t h the telescope t o telescope distances presented i n f i g u r e 3.5a, to give 

expected values of A t v . i i i and A t v . i v . A value of hmax of 9 km was assumed, 

since most events detected are t r i g g e r e d by primary p a r t i c l e s having an 

energy close to the th r e s h o l d energy of the telescopes (~250 GeV f o r a 
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Figure 5.3c : the inter-telescope time delay measurement procedure. 

(^Y^ The Mark V telescope Master Trigger registers an event and sends a "start 
pulse" to the Mark V Logger and to the Time to Digital Converter. 

(^2^ The Mark in and Mark IV telescopes register events triggered by the same 
light pool and send "stop pulses" to the TDC. 

(̂ 5̂  The TDC response is read by the Mark V Logger. 

( 4 ^ The Logger records the timing information to disc within the main data 
stream. 

^p) The Logger resets the Master Trigger once the event record is complete. 

The Master Trigger resets the TDC. 
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7-ray and 500 GeV f o r a proton) due to the inverse r e l a t i o n s h i p between the 

cosmic ray number density and p a r t i c l e energy. The known cable delays were 

added t o o b t a i n the time delays which should a c t u a l l y have been r e g i s t e r e d 

by the TDC, denoted Ata and At4. Ata and At4 were p l o t t e d versus the 

appropriate TDC reading (ATDCN i n b i t s ) f o r each event i n a si n g l e 

observation. A regression l i n e of the form ATDCN = a(AtN) + b was f i t t e d to 

the r e s u l t i n g s c a t t e r chart by the method of l e a s t squares described by 

Walpole (1982, 348). 

Those events which lay w i t h i n 20 b i t s of the l i n e of regression f o r a 

given telescope were selected and saved to "clean" d a t a f i l e s , which 

amounted t o approximately 40 % of the o r i g i n a l dataset. 

The clean d a t a f i l e s were re-submitted t o the above program, so th a t 

regression l i n e s could be f i t t e d t o the data from which rogue points had 

been excluded. Tlie gradients of the regression l i n e s were very s i m i l a r from 

one observation t o the next (see f i g u r e 5.3e), and were i n good agreement 

w i t h the pre-determined TDC c h a r a c t e r i s t i c s shown i n f i g u r e 5.3d. There was 

a c o r r e l a t i o n between the i n t e r c e p t at the ATDCN axis and the targeted 

source. Since the z e n i t h angle of each object was r e s t r i c t e d to between 

approximately 45' and 55° throughout, the v a r i a b l e o f f s e t s must be 

a t t r i b u t e d to the f a c t t h a t the i n i t i a l t a r g e t azimuth was "20° f o r 

AE A q u a r i i and SMC X-1, w h i l s t observations of Geminga were commenced at an 

azimuth of -200°. This behaviour, due to e r r o r s i n the c a l c u l a t i o n of Ats 

and A t 4 , i s t o be expected given the low accuracy w i t h which the p o s i t i o n s 

of the three telescopes are known. 

A technique has been developed f o r s e l e c t i n g events recorded by the 

Mark V telescope which a r r i v e at t h i s detector w i t h i n the expected time 

i n t e r v a l c a l c u l a t e d from equation 5.3a. Do events which l i e close to 

expectation d i f f e r from the r e s t i n any parameter, other than t h e i r time of 

a r r i v a l , which may i d e n t i f y t h i s well-behaved sample as 7-ray r i c h ? The 

f o l l o w i n g questions were formulated. I s the measured value of ATDCN r e l a t e d 
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t o : 

1) The p o s i t i o n of the Cerenkov image i n the f i e l d of view of the Mark V 

telescope's 30 p i x e l camera? 

2) The l a t e r a l spread of the Cerenkov image at the detector package as 

evinced by the PMT f i r e pattern? 

3) The i n t e n s i t y of the l i g h t f l a s h (given by the pulse i n t e g r a l s recorded 

f o r each tube)? 

Two subsets of data were extracted from each of three observations 

chosen because t h e i r ATDCN versus Atn p l o t s were w e l l behaved. One "good" 

subset contained events less than 5 b i t s above or below the l i n e of 

regression ATDCa = a ( A t 3 ) + b, and the other "bad" s e l e c t i o n included 

events which l a y f u r t h e r than 65 b i t s from i t . The p o s i t i o n of the c e n t r o i d 

of the image of each l i g h t f l a s h a t the Mark V camera was estimated from 

the pulse i n t e g r a l values recorded f o r the 30 PMTs. This i s shown r e l a t i v e 

t o the centre of the f i e l d of view ( i n a r b i t r a r y u n i t s ) , f o r the good and 

bad data e x t r a c t s from each observation, i n f i g u r e 5 . 3 f ( i to i l l ) . The good 

data appear t o be more t i g h t l y c l u s t e r e d about the centre of the f i e l d of 

view a t (0,0) than are the bad events. This suggests t h a t the good ti m i n g 

s e l e c t i o n has excluded Cerenkov images l y i n g f a r o f f - a x i s . More data i s 

required to produce a conclusive r e s u l t . 

The c a l c u l a t e d p o s i t i o n of the c e n t r o i d of the 30 p i x e l camera's image 

i s h i g h l y dependent upon the accuracy to which the PMT pulse i n t e g r a l s are 

normalised. Therefore, the e f f e c t of the timing s e l e c t i o n was also compared 

w i t h the f i r e p a t t e r n of the s i x channel guard r i n g , provided by the two 

outer detector packages of the Mark V telescope, which forms the basis of 

the aperture r e j e c t i o n technique of section 5.2.1. Sample events, which lay 

w i t h i n a given ATDCN range of each l i n e of regression were extracted from 

the Mark V telescope d a t a f i l e . The r a t i o of the number of events i n c l u d i n g 
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Figure 5.3f(ii) : the position of tlie centroid of each 
Cerenkov image at the Maik V telescope's 30 pkei camera, 
ill terms of ort.hogoaa.1. vectors X and Y measured from the 
ceiitre of the field of view, for events recorded on 
25/10/i.992 during an observation of Geminga. Only events 
wliich iay witlrin 5 bits of the Mark V/ Mark I I I regression 
line (top) or further than 65 bits from it (bottom) are shown. 
Each plot was produced from 58 selected events. 
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Figure 5.3f(iii) : the position of the cend-oid of each 
Cerenkov image at the Mark V telescope's 30 pixel camera, 
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which Ia.y within 5 bits of the Ma.rk V/ .Mark HI regression 
Ime (top) or further than 65 bits fro.m it (bottom) are shown. 
Each plot was produced f'roin 49 selected events. 



a response from the c e n t r a l channel ("C+" events) to the t o t a l number of 

events s e l e c t e d was c a l c u l a t e d . The d a t a f i l e recorded on 25/10/1992 during 

a t r a c k e d o b s e r v a t i o n of Geminga was chosen for a n a l y s i s because the l i n e 

of r e g r e s s i o n f i t t e d to i t s ATDCN versus At p l o t most c l o s e l y resembled 

t h a t of tlie " c l e a n " f i l e e x t r a c t e d from i t . The r e s u l t s of t h i s 

i n v e s t i g a t i o n are presented i n f i g u r e 5.3g. The f r a c t i o n of off-source 

events i n c r e a s e d as the time delay s e l e c t i o n c r i t e r i o n was relaxed. 

I t was thought that the Cerenkov l i g h t from events r e j e c t e d as due to 

o f f - a x i s cosmic r a y s , on the b a s i s of a l a r g e d e v i a t i o n from the 

ATDCN = a(AtN) + b r e g r e s s i o n l i n e , would be l e s s evenly d i s t r i b u t e d 

between two or more d e t e c t o r s than t h a t from the t a r g e t d i r e c t i o n . Figure 

5.1b i l l u s t r a t e s that the number of Cerenkov photons from a hadronic 

cascade i s approximately halved a t a r a d i a l d i s t a n c e from the shower a x i s 

e q u i v a l e n t to the -100 m s e p a r a t i o n of the Mark I I I and Mark V te l e s c o p e s , 

w h i l s t t h a t from 7-ray cascade i s evenly d i s t r i b u t e d over t h i s range. To 

t e s t the above hypothesis, two subsets of data, the f i r s t c ontaining events 

w i t h i n 0-5 b i t s of the ATDC3 = a(At3) + b r e g r e s s i o n l i n e and the second 

events l y i n g o u t s i d e the 35 b i t range, were e x t r a c t e d from each of four 

Mark V t e l e s c o p e d a t a f i l e s . These e x t r a c t f i l e s and the four contemporary 

Mark I I I t e l e s c o p e d a t a s e t s from consecutive observations of SMC X-1 and 

Geminga taken on 25/10/1992 and 26/10/1992 were converted to standard 

a n a l y s i s format as per s e c t i o n 4.1.1. No c o r r e c t i o n was made to the event 

times to convert them to s o l a r system b a r y c e n t r i c time. 

The Mark V t e l e s c o p e d a t a f i l e s and the corresponding Mark I I I 

telescope data were submitted to a BASIC program wliich compared the 

absolute times recorded f o r the s e r i e s of events r e g i s t e r e d by each 

d e t e c t o r . P a i r e d events (one from each t e l e s c o p e ) which occurred w i t h i n 

'100 ms of each other were assumed to have been t r i g g e r e d by the same l i g h t 

pool and were re-recorded to a new "matched" f i l e . The matched f i l e s 

c ontained the pu l s e i n t e g r a l v a l u e s recorded by the c e n t r a l channel of the 
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Mark I I I t e l e s c o p e a,nd by each of the inner nineteen 1" tubes i n the Mark V 

telescope camera. The average response of the 19 Mark V telescope PMTs 

(QT5) was p l o t t e d a g a i n s t t h a t of the Mark I I I telescope c e n t r a l channel 

(QT3) f o r each event r e g i s t e r e d by both d e t e c t o r s . A l i n e a r f i t was 

performed to the d i s t r i b u t i o n obtained from each observation, again using 

the method of l e a s t sciuares. To provide a simple comparator of the amount 

of s c a t t e r i n QT3j about the l i n e of r e g r e s s i o n , AQT3j, for "good" and 

"bad" data e x t r a c t s from the same observation, the following expression was 

e v a l u a t e d f o r each: 

§ = n -1 2 (AQT3j ) 2 ((4QT3j ) 2 + ̂ ^QTSj )2 ) - 1 / 2 
j = i 

where n i s the t o t a l number of events i n the e x t r a c t and event j l i e s a t a 

(m^i) mj'Di) 

p e r p e n d i c u l a r d i s t a n c e of ((£l[QT3j )2 +(zIQT5j )2 from the l i n e of 

r e g r e s s i o n of the form QT5 = a{QT3) + b. 

QT5 and QT3 are recorded i n b i t s from the t e l e s c o p e s ' QT u n i t s (see 

s e c t i o n 3.2.4). S i n c e the responses of the two systems are not i d e n t i c a l , 

which i s t a b u l a t e d below, i s given i n a r b i t r a r y u n i t s . 

The time taken f o r an output pulse from a PMT to exceed the 50 mV 

t r i g g e r l e v e l at the QT u n i t w i l l vary s l i g h t l y according to i t s magnitude. 

Cerenkov p u l s e s of a l l s i z e s approximately conform to the p r o f i l e shown in 

f i g u r e 5.1c. The response time of a charge to time converter which i s 

t r i g g e r e d by the l e a d i n g edge of such a pulse w i l l t h e r e f o r e decrease with 

i n c r e a s i n g pulse height. A g r e a t e r value of ATDCa i s t h e r e f o r e to be 

expected f o r Cerenkov f l a s h e s which are b r i g h t e r at one t e l e s c o p e than at 

the other as compared to those for which QT5 = QT3. Since the o v e r a l l r i s e 

time of each QT u n i t i s of tlie order of 2 ns, approximately equivalent to 

the 1 b i t ATDCN r e s o l u t i o n a v a i l a b l e , t h i s instrumental e f f e c t should not 

dominate any apparent QT5/QT3 - ATDCa(observed - expected) r e l a t i o n s h i p . 
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Date (UT) Target 
Source 

|Obs.-Exp. 1 
ATDCa ( b i t s ) 

No. of 
Events 

25/10/1992 SMC X-1 < 10 212 36 

25/10/1992 SMC X-1 > 35 175 94 

25/10/1992 Geminga < 10 52 20 

25/10/1992 Geminga > 35 53 94 

26/10/1992 SMC X-1 < 10 90 32 

26/10/1992 SMC X-1 > 35 76 21 

26/10/1992 Geminga < 10 42 25 

26/10/1992 Geminga > 35 45 39 

The above v a l u e s of ^ i n d i c a t e t h a t some events which do not conform to the 

expected d i s t r i b u t i o n of a r r i v a l times a l s o give r i s e to anomalously l a r g e 

p u l s e i n t e g r a l s a t one d e t e c t o r r e l a t i v e to those a t another. 

5.3.4 c o n c l u s i o n s and recommendations 

A method of measuring the r e l a t i v e time of a r r i v a l of a Cerenkov f l a s h 

a t each t e l e s c o p e has been e s t a b l i s h e d a t Bohena Settlement. The r e s u l t s of 

i n i t i a l t r i a l s have shown q u a l i t a t i v e l y t h a t , as p r e d i c t e d , these timing 

measurements bear some r e l a t i o n to the i n t e n s i t y , l a t e r a l spread and 

p o s i t i o n of Cerenkov images a t the det e c t o r packages. The c o n f i g u r a t i o n of 

these p h o t o m u l t i p l i e r a r r a y s i s based p r i n c i p a l l y upon the r e s u l t s of 

computer generated shower s i m u l a t i o n s . The a c t u a l r e l a t i o n s h i p between the 

r e l a t i v e times of a r r i v a l of a Cerenkov f l a s h a t m u l t i p l e d e t e c t o r s and the 

i n t e n s i t y and l a t e r a l d i s t r i b u t i o n of the l i g h t pool i s not w e l l -

determined. U n t i l r e p r o d u c i b l e d e t e c t i o n s of c e l e s t i a l o b j e c t s are 

obtained, p r e f e r a b l y from sources which e x h i b i t an i d e n t i f y i n g 7-ray pulse 

s i g n a t u r e , i t w i l l not be p o s s i b l e to say f o r c e r t a i n what are the true 

c h a r a c t e r i s t i c s of a 7-ray i n i t i a t e d f l a s h ( a s opposed to th a t from a 

hadronic c a s c a d e ) . More i n t e r - t e l e s c o p e timing data, i d e a l l y containing a 
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well-documented 7-ray s i g n a l i s r e quired. 

I n t e r - t e l e s c o p e timing measurements are important as information i s 

gathered which may be used to r e f i n e t h e o r e t i c a l models of a i r shower 

propagation which, f o r i n d i v i d u a l events, i s not dependent upon the choice 

of tube c o n f i g u r a t i o n . Narrowing the cone of acceptance of an atmospheric 

Cerenkov t e l e s c o p e by performing a t i m e - o f - a r r i v a l based event s e l e c t i o n i s 

a way of i n c r e a s i n g the f r a c t i o n of 7-ray i n i t i a t e d events r e t a i n e d f o r 

a n a l y s i s without making assumptions as to the f i n e r f e a t u r e s of tlie 

Cerenkov images. Attempts to c a l i b r a t e the i n t e r - t e l e s c o p e timing apparatus 

have shown that a more a c c u r a t e survey of the Bohena Settlement s i t e i s 

r e q u i r e d . T h i s measurement, which w i l l probably be performed i n the next 

year during t r i a l s of the s t e r e o imaging technique mentioned i n chapter 

e i g h t , should s i m p l i f y the data p r o c e s s i n g routine and support an estimate 

of the angular r e s o l u t i o n which may e v e n t u a l l y be achieved by i n t e r -

t e l e s c o p e timing. 

I t i s too e a r l y to comment upon the true wortli of e i t h e r i n t e r -

t e l e s c o p e timing or of the s t e r e o imaging technique as methods of cosmic 

ray background r e j e c t i o n as both are s t i l l i n the e a r l y stages of t h e i r 

development. I f , as s i m u l a t i o n s suggest, the p o s i t i o n s of l i g h t f l a s h e s i n 

the m u l t i p l e PMT cameras' f i e l d s of view are b e t t e r c o r r e l a t e d with the 

r e l a t i v e times of a r r i v a l f o r 7-ray p r i m a r i e s than f o r hadronic showers, 

then the p a r a l l e l development of imaging c r i t e r i a and accurate i n t e r -

t e l e s c o p e timing may l e a d to a robust, hybrid technique of cosmic ray 

background event r e j e c t i o n . The a p p l i c a t i o n of an i n i t i a l "timing cut" 

could g r e a t l y reduce the volume of data to which the complex imaging 

s e l e c t i o n must be a p p l i e d . 
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CHAPTER SIX 

C a t a c l y s m i c V a r i a b l e s as Sources of VHE 7-rays 

I n t h i s chapter, the case f o r i n c l u d i n g C a taclysmic V a r i a b l e s i n the 

category of p o t e n t i a l 7-ray sources i s reviewed. Observations of 

C a t a c l y s m i c V a r i a b l e s by the atmospheric Cerenkov technique are documented 

i n c l u d i n g d e t a i l e d r e s u l t s of the a n a l y s i s of data taken on three such 

systems by the Durham group. 

6.1 an i n t r o d u c t i o n to C a t a c l y s m i c V a r i a b l e s 

The h i s t o r y of C a t a c l y s m i c V a r i a b l e (CV) s t u d i e s has been recounted by 

Payne-Gaposchkin (1977) who was i n p a r t r e s p o n s i b l e for t h i s nomenclature. 

These " s t a r s " were s u b j e c t to sudden b r i e f episodes of high luminosity 

r e m i n i s c e n t of supernovae. Unlike supernovae they were seen to recover from 

t h i s e x p l o s i v e a c t i v i t y , hence the term " c a t a c l y s m i c " which w h i l s t i t 

d e s c r i b e s a great outflow of energy does not n e c e s s a r i l y imply f i n a l i t y . 

I t has been shown, p r i n c i p a l l y through r a d i a l v e l o c i t y measurements a t 

o p t i c a l and u l t r a v i o l e t wavelengths, that a l l CVs are c l o s e binary systems 

the p e c u l i a r p r o p e r t i e s of which are due to the t r a n s f e r of mass from a 

l a t e - t y p e s t a r to a white dwarf. I t i s the great abundance and proximity of 

these o b j e c t s r e l a t i v e to other probable p a r t i c l e a c c e l e r a t i o n s i t e s which 

encourages atmospheric Cerenkov astronomers to include them i n a search for 

VHE 7-rays. The presence or otherwise of 7-ray emission could prove 

d e c i s i v e i n the choice between the q u i t e d e t a i l e d models of these nearby 

systems which have a l r e a d y been formed through e x t e n s i v e s t u d i e s at other 

wavelengths. 

6.1.1 the formation of degenerate s t a r s 

X-ray b i n a r y systems (XRBs), which are s i m i l a r i n geometry to CVs 
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except t h a t the degenerate component i s a neutron s t a r r a t h e r than a white 

dwarf, have been e s t a b l i s h e d as 7-ray sources. The r e l a t i v e abundances of 

CVs and XRBs may be l a r g e l y a t t r i b u t e d to the c o n d i t i o n s required for 

degenerate s t a r formation. 

When n u c l e a r burning c e a s e s , a s t a r of mass l e s s than four times that 

of the Sun w i l l c o l l a p s e to form a white dwarf of 0.01 s o l a r r a d i i . The 

white dwarf cannot exceed the Chandrasekhar mass l i m i t of 1.4 s o l a r masses, 

a t which e l e c t r o n degeneracy p r e s s u r e j u s t balances s e l f - g r a v i t a t i o n . A 

neutron s t a r , ^/looo th of the s i z e of a white dwarf and having up to three 

times i t s mass, i s formed i n the c o l l a p s e of g i a n t s t a r s of between 4 and 

10 s o l a r masses. The b i r t h r a t e and number d e n s i t y of white dwarfs and 

neutron s t a r s given i n the f o l l o w i n g t a b l e are taken from Shapiro & 

Teukolsky (1983) as are the t y p i c a l s t e l l a r s u r f a c e g r a v i t a t i o n a l 

p o t e n t i a l s of importance to any a c c r e t i o n mechanism. 

s t e l l a r 
type 

gsurface 
( J kg -1 / C 2 ) 

g a l a c t i c 
b i r t h r a t e ( y r - ^ ) 

number d e n s i t y 
( p c - 3 ) 

white dwarf « 10 -4 0-16 1-5x10-2 

neutron s t a r « 10-i 0-021 2 0x10 -3 

The r a t i o of white dwarf to neutron s t a r number d e n s i t i e s i s echoed i n 

R i t t e r ' s "Catalogue of C a t a c l y s m i c B i n a r i e s , Low-mass X-ray B i n a r i e s and 

R e l a t e d O b j e c t s " ( R i t t e r , 1990) i n which 168 c a t a c l y s m i c v a r i a b l e s are 

l i s t e d beside only 36 low-mass x-ray b i n a r i e s . Note a l s o that the 

d i s s o c i a t i o n of a b i n a r y system i s more l i k e l y to occur when one component 

c o l l a p s e s to form a neutron s t a r than i t i s a t the b i r t h of a white dwarf. 

P o l a r i m e t r i c and s p e c t r o s c o p i c observations of i s o l a t e d white dwarfs 

have r e v e a l e d s u r f a c e magnetic f i e l d s t r e n g t h s , Bs, of up to 5x108 Q 

( L a s o t a , Hameury & Ring, 1989). The average f l u x s t r e n g t h of these o b j e c t s 

i s t h e r e f o r e w i t h i n an order of magnitude of t h a t a t t r i b u t e d to neutron 
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s t a r s , f o r which Bs « 10^2 s i n c e magnetic f l u x = 7 r r 2 B s , where r i s the 

s t e l l a r r a d i u s . A common o r i g i n a t i n g mechanism may t h e r e f o r e be i n f e r r e d 

f o r the magnetic f i e l d s of both s t e l l a r types. Theory suggests that these 

f i e l d s are formed i n the convective carbon burning cores of parent s t a r s 

before t h e i r c o l l a p s e . I t f o l l o w s therefrom that the white dwarf 

population, formed from l e s s massive progenitors than neutron s t a r s , 

c o n t a i n s a correspondingly s m a l l e r f r a c t i o n of s t r o n g l y magnetised bodies, 

as i s indeed seen to be the case (Angel, 1978). However, i t i s reasonable 

to assume that a t l e a s t a few CVs can support the magnetic f i e l d r e l a t e d 

p a r t i c l e a c c e l e r a t i o n mechanisms which are thought to engender 7-ray 

emission i n x-ray b i n a r y systems. 

6.1.2 the c a t a c l y s m i c v a r i a b l e population 

CVs were o r i g i n a l l y c l a s s i f i e d i n terras of the frequency of occurrence 

of t h e i r " e r u p t i o n s " and the a s s o c i a t e d i n c r e a s e i n v i s u a l magnitude. T h i s 

scheme i s summarised i n the t a b l e o v e r l e a f ( a f t e r Robinson, 1976). The 

n o v a l i k e v a r i a b l e s , although never seen to erupt, are included i n the 

c a t a c l y s m i c v a r i a b l e "genus" as t h e i r s p e c t r a are very s i m i l a r to the post-

e r u p t i o n c l a s s i c a l novae. 

Sin c e the i n t r o d u c t i o n of t h i s terminology, both observers and 

t h e o r e t i c i a n s have found i t i n c r e a s i n g l y u s e f u l to i d e n t i f y CVs i n terms of 

the s t r e n g t h of the white dwarf's magnetic f i e l d , s i n c e t h i s f a c t o r i s 

s i g n i f i c a n t i n determining the geometry of the system and i t s emission 

spectrum. To t h i s end, two s u b - d i v i s i o n s of n o v a l i k e systems have been 

introduced; "AM Her type" or " p o l a r " o b j e c t s i n which the presence of a 

s t r o n g l y magnetised white dwarf i s i r r e f u t a b l e given the strength of 

p o l a r i s a t i o n i n t h e i r o p t i c a l output, and "DQ Her type" or "intermediate 

p o l a r " systems i n which the white dwarf magnetic f i e l d i s not d i r e c t l y 

q u a n t i f i a b l e i n t h i s manner because of obscuration by i n t e r v e n i n g m a t e r i a l , 

but may be i n f e r r e d from the t o t a l power output of the system. 
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c l a s s amplitude 
(mag.) 

recurrence 
time 

e s t . energy r e l e a s e 
per outburst ( e r g s ) 

n o v a l i k e (NL) - never seen to 
erupt 

-

c l a s s i c a l 
novae (N) 

9 - >14 one eruption 1044 _ 1045 + 

r e c u r r e n t 
novae (RN) 

7 - 9 10 - 100 years 1043 _ 1044 

dwarf novae 
(DN) 

2 - 6 10 - 500 days 1038 _ 1039 

For comparison of the absolute l u m i n o s i t i e s of the v a r i o u s CV c l a s s e s , 

i n order to make an assessment of r e l a t i v e a c c r e t i o n r a t e s e t c . , d i s t a n c e 

determination i s r e q u i r e d . I n d i v i d u a l CVs do not always r e t u r n to the same 

minimum l u m i n o s i t y between o u t b u r s t s . Attempts to estimate the mean minimum 

l i g h t a bsolute magnitude f o r such complex systems are u n l i k e l y to r e s u l t i n 

the c o n s t r u c t i o n of an a c c u r a t e d i s t a n c e s c a l e . Few CVs are w i t h i n the 

range of p a r a l l a x measurements. White dwarfs, having reduced r a d i i , cool by 

r a d i a t i n g p r i n c i p a l l y a t u l t r a v i o l e t wavelengths ( L i e b e r t , 1980); thus i n 

the i n f r a r e d region the non-degenerate secondary s t a r i s predominant. 

B a i l e y (1981) has shown t h a t measurements of the colour of the secondary 

s t a r and i t s apparent s u r f a c e b r i g h t n e s s may be combined with a knowledge 

of the b i n a r y o r b i t a l p e r i o d i n order to form a d i s t a n c e estimate. 

Given an approximate d i s t a n c e , i t i s p o s s i b l e to c a l c u l a t e the t o t a l 

energy output during a nova outburst episode. Cordova and Mason (1983) 

s t a t e t h a t between 10^8 and lO^^ ergs are emitted during a dwarf nova 

outb u r s t w h i l s t c l a s s i c a l novae may r e l e a s e more than 104 4 ergs. They a l s o 

remark t h a t f o r a given dwarf nova, the energy of such an outburst i s 

p r o p o r t i o n a l to the time taken to r e t u r n to minimum l i g h t , At. T h i s 

r e l a x a t i o n time i s a l s o a f u n c t i o n of the binary o r b i t a l period. Such 

behaviour supports a model i n which At i s the time taken to empty a d i s c of 

a c c r e t e d m a t e r i a l surrounding the white dwarf, the s i z e of which i s l i m i t e d 

by the o r b i t a l geometry. 
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6.2 mass t r a n s f e r i n binary systems 

An e x c e l l e n t review of s p e c t r o s c o p i c and photometric observations of 

CVs has been given by Warner (1976). I n some systems, spectroscopy has 

r e v e a l e d two s e t s of Doppler s h i f t e d emission l i n e s , the f i r s t simply 

r e p r e s e n t a t i v e of the b i n a r y ' s o r b i t a l motion, and the second due to r a p i d 

r o t a t i o n of an emission region near to the white dwarf. V a r i a t i o n s i n 

v i s u a l magnitude are dominated by a "hump", present throughout 

approximately h a l f of the o r b i t a l c y c l e , the p r i n c i p l e component of which 

i s a continuum source upon which emission l i n e s of hydrogen, helium and 

calcium are imposed (Robinson, 1976). These phenomena are best described 

by models i n which the CV l i g h t curve i s dominated by emission from 

a c c r e t i n g m a t e r i a l surrounding the white dwarf which i s r e g u l a r l y e c l i p s e d 

by the donor companion s t a r . 

Many CVs have been i d e n t i f i e d as strong EUV and s o f t x-ray sources. 

T h e i r power i n t h i s region i s i n d i c a t i v e of mass t r a n s f e r from the 

secondary to the compact primary. The g r a v i t a t i o n a l p o t e n t i a l energy of 

i n f a l l i n g matter i s given up during r a p i d d e c e l e r a t i o n a t or near the 

s u r f a c e of the white dwarf. T h i s energy i s p r i n c i p a l l y re-emitted as 

blackbody r a d i a t i o n of c h a r a c t e r i s t i c temperatures of > 10^ K, whereas the 

e f f e c t i v e temperatures of most i s o l a t e d white dwarfs l i e i n the range 5000 

to 50,000 K (Angel, 1978). 

Subsequent photon-electron s c a t t e r i n g a t the s t e l l a r s u r f a c e i s 

expected to give r i s e to an upward for c e upon f u r t h e r incoming p a r t i c l e s , 

through Coulombic i n t e r a c t i o n s between s c a t t e r e d e l e c t r o n s and t h i s proton 

r i c h m a t e r i a l . The s u r f a c e luminosity cannot exceed the Eddington l i m i t 

a t which t h i s outward r a d i a t i o n p r e s s u r e balances the a t t r a c t i v e 

g r a v i t a t i o n a l f o r c e . A simple t e s t of the mass t r a n s f e r a s s e r t i o n i s 

t h e r e f o r e to look f o r such a c u t o f f i n the source spectrum. T h i s argument 

may be a p p l i e d to x-ray b i n a r y systems. These d i s p l a y e f f e c t i v e blackbody 

temperatures of up to 10'' K c o n s i s t e n t with a c c r e t i o n onto a neutron s t a r . 

105 



Shapiro and Teukolsky (1983) noted t h a t the x-ray sources of known d i s t a n c e 

observed by the Uhuru s a t e l l i t e conformed to t h i s cut o f f behaviour. A 

d e r i v a t i o n of the Eddington l i m i t may be found i n Longair (1981). 

6.2.1 s t e l l a r wind a c c r e t i o n 

The s i m p l e s t s c e n a r i o f o r mass t r a n s f e r i n a binary system c o n s i s t i n g 

of a degenerate primary and a main sequence or red g i a n t companion s t a r , i s 

one i n which the g r a v i t a t i o n a l a t t r a c t i o n of the former enables i t to trap 

a p a s s i n g f r a c t i o n of the l a t t e r ' s s t e l l a r wind. T h i s phenomenon i s 

i l l u s t r a t e d i n f i g u r e 6.2a ( a f t e r Shapiro & Teukolsky, 1983). 

A p a r t i c l e of mass m w i l l be swept up by the primary, of mass Mp, i f 

the r e l a t i v e wind v e l o c i t y , v, does not exceed the escape v e l o c i t y imposed 

by the s t a r ' s g r a v i t y a t the d i s t a n c e of t h e i r c l o s e s t approach, r c a , i . e . 

i f the k i n e t i c energy of the p a r t i c l e , i/2mv2, i s l e s s th«in i t s 

g r a v i t a t i o n a l p o t e n t i a l energy GMpm/rca. The i n t e r a c t i o n c r o s s - s e c t i o n i s 

thus given by: 

a = n rca2 = n (2GMp/v2)2 

2 GMe 

V o r b 2 + V w i n d 2 

where i t i s assumed t h a t the degenerate s t a r f o l l o w s a c i r c u l a r path of 

r a d i u s a, with an instantaneous v e l o c i t y vorb i n the i n e r t i a l frame of the 

system, c e n t r e d upon the massive secondary, from which a wind i s emitted 

r a d i a l l y having v e l o c i t y vwind. The a c c r e t i o n r a t e , dMp/dt, as a function 

of the secondary's t o t a l mass l o s s r a t e , dMs/dt, i s described by: 

dMp dMs 

dt dt 4 7ta2 
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non- compact star 

Fig. 6.2a : mass transfer from the secondary star to the primary via a 
stellar wmd. 



T h i s e x p r e s s i o n assumes t h a t dMs/dt i s uniform over the donor's s u r f a c e . 

However, i f the r o t a t i o n of the secondary i s synchronous with the o r b i t a l 

period, feedback may occur; a unique a r e a of the secondary i s thus exposed 

to r a d i a t i o n from the primary, the mass outflow from t h i s point i s then 

enhanced as a consequence of t h i s p r e f e r e n t i a l heating. 

Shapiro and Teukolsky (1983) s t a t e t h a t dMp/dt i s t y p i c a l l y 0.1% or 

l e s s of dMs/dt f o r a c c r e t i o n onto a degenerate s t a r . Assuming a l o s s r a t e 

of 10"^ s o l a r masses per year f o r an upper main sequence companion, 

dMp/dt ~ I Q i ^ kg s " ^ . I f the s u r f a c e g r a v i t y of a white dwarf given i n 

s e c t i o n 6.1.1 i s assumed, the a c c r e t i o n power i s approximately 102^ or 

2033 gj.g Q-i, T h i s simple model of r a d i a l i n f a l l i s unable to account for 

the observed steady s t a t e l uminosity of the b r i g h t e s t CVs. For example, the 

n o v a l i k e o b j e c t AM Her has been seen to emit c o n s i s t e n t l y at a r a t e of 

> 10^'' erg s " i (Tuohy, Mason, Garmire & Lamb, 1981). Also, some other 

mechanism must be invoked i n order to account f o r the "outburst" 

phenomenon. 

6.2.2 mass t r a n s f e r by Roche lobe overflow 

The un-trapped s t e l l a r wind c a r r i e s angular momentum out of the 

system. I n a d d i t i o n to t h i s p a r t i c l e e j e c t i o n , g r a v i t a t i o n a l r a d i a t i o n i s 

emitted. G r a v i t a t i o n a l waves s e t up as the s t a r s d i s t o r t t h e i r surroundings 

c a r r y away energy and momentum. Thus, the binary o r b i t g r a d u a l l y s h r i n k s . 

I t i s not uncommon f o r the secondary s t a r to be seen to be r o t a t i n g 

synchronously with the o r b i t a l period. T i d a l i n t e r a c t i o n s between the two 

components promote both t h i s c o - r o t a t i o n and a c i r c u l a r o r b i t . Linkage of 

the secondary's magnetic f i e l d to i t s s t e l l a r wind, which tends to be swept 

back as shown i n f i g u r e 6.2a, may a s s i s t t i d a l f o r c e s by c o n t r i b u t i n g a 

r e t a r d i n g torque (Eggleton, 1976). 

For a b i n a r y system i n which the companion s t a r i s i n synchronous 

r o t a t i o n with the o r b i t i n g compact primary, l i n e s of g r a v i t a t i o n a l 
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e q u i p o t e n t i a l may be drawn about the two as i n f i g u r e 6.2b ( a l s o a f t e r 

Shapiro & Teukolsky, 1983). The innermost shared e q u i p o t e n t i a l s u r f a c e i s 

the boundary of the "Roche lobes". The saddle point on t h i s s u r f a c e on the 

l i n e of c e n t r e s of the two s t a r s i s known as the inner Lagrangian point, 

L i . C l e a r l y , the dimensions of a Roche lobe are l i m i t e d by the s i z e of the 

o r b i t , and thus may be i n f e r r e d from r a d i a l v e l o c i t y measurements. 

As the o r b i t t i g h t e n s , L i approaches the s u r f a c e of the secondary. 

T h i s s t a r expands to f i l l i t s Roche lobe and gas pressure causes a stream 

of m a t e r i a l to flow from i t s s u r f a c e , through L i , and int o the sphere of 

i n f l u e n c e of the primary. T h i s method of mass t r a n s f e r i s known as "Roche 

lobe overflow", and i s the dominant mass expulsion mechanism i n such 

systems ( P e t t e r s o n , 1983). 

Roche lobe overflow i s most l i k e l y to be i n i t i a t e d by the evolution of 

the secondary. The growth of the helium core of a low mass giant s t a r 

c o i n c i d e s with the expansion of i t s outer hydrogen burning s h e l l . The 

lu m i n o s i t y and r a d i u s of the s t a r i n c r e a s e , d r i v i n g the mass t r a n s f e r 

mechanism. As mass and momentum are r e d i s t r i b u t e d w i t h i n the system, the 

o r b i t g r a d u a l l y widens such t h a t the expanding donor remains contained 

w i t h i n i t s Roche lobe (van den Heuvel, 1987). The v a l i d i t y of parameters, 

such as the s t e l l a r wind c o n t r i b u t i o n to mass t r a n s f e r , estimated on the 

assumption t h a t the behaviour of the secondary i s comparable to that of 

i s o l a t e d s t a r s i n the same s p e c t r a l c l a s s i s doubtful. T h i s i s because 

l a r g e - s c a l e mass t r a n s f e r can modify the secondary's e f f e c t i v e s u r f a c e 

temperature, w h i l s t i t s synchronous r o t a t i o n may r e l i e v e some of i t s 

i n t e r n a l h y d r o s t a t i c p r e s s u r e causing a reduction i n luminosity (Cordova & 

Mason, 1983). 

The " e r u p t i o n s " of some CVs may be a t t r i b u t e d to b r i e f episodes of 

mass a c c r e t i o n by t h i s mechanism. According to Bath (1976), mass l o s s from 

the donor should r e s u l t i n the recombination of i o n i z e d m a t e r i a l beneath 

i t s photosphere. The energy thus r e l e a s e d promotes f u r t h e r mass e j e c t i o n . 
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Fig. 6.2b : gravitational equipotentials in a binary system where the 
mass of the secondary star exceeds that of the primary. Lj to L5 are 
Lagrangian points. 



I f t h i s balance i s d i s t u r b e d , the s t e l l a r envelope f a l l s away from the 

Roche surface u n t i l i t s l u m i n o s i t y i s restored by energy tran s p o r t from the 

hydrogen burning i n t e r i o r . The recovery period f o r contact and thence Roche 

lobe overflow t o be re-established i s of the order of 10 to 200 days, 

comparable w i t h the recurrence time of dwarf nova outbursts. 

Recurrent novae have been found t o cont a i n , almost e x c l u s i v e l y , 

secondary s t a r s which have evolved from the main sequence onto the gia n t 

branch of the Hertzsprung-Russell diagram. Given the short o r b i t a l periods 

of these b i n a r i e s and the s t e l l a r r a d i i , mass t r a n s f e r by Roche lobe 

overflow i s almost a c e r t a i n t y (Warner, 1976). Where accretion i s 

apparently a continuous process, a f r a c t i o n of the g r a v i t a t i o n a l p o t e n t i a l 

energy released by matter f a l l i n g onto the primary may be stored i n a disc 

or column, u n t i l i t can c o n t r i b u t e t o a large amplitude eruption. 

6.2.3 production of a c c r e t i o n columns and discs 

( i ) d isc formation 

Although the m a t e r i a l accreted from the s t e l l a r wind has some angular 

momentum w i t h respect t o the compact s t a r , t h i s i s not s u f f i c i e n t to 

prevent i t s q u a s i - r a d i a l i n f a l l (Shapiro & Teukolsky, 1983). Equating 

expressions f o r the g r a v i t a t i o n a l and c e n t r i p e t a l forces involved gives an 

estimate of the minimum angular v e l o c i t y , otain, required to prevent d i r e c t 

r a d i a l i n f a l l : wmin « (GMp/rmin)^/2, where rmin i s the shortest distance 

from the centre of mass of the primary at which a stable o r b i t may be 

maintained. This distance i s equivalent to the s t e l l a r radius of a non

magnetic white dwarf and may extend to the magnetospheric boundary of 

others (Petterson, 1983). 

The angular v e l o c i t y of m a t e r i a l ejected from the inner Lagrangian 

p o i n t during Roche lobe overflow generally exceeds coain. I n i t i a l l y , the 

motion of the plasma stream i s perpendicular t o t h a t of the o r b i t i n g 
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primary. During mass t r a n s f e r the primary moves on from t h i s t a r g e t 

p o s i t i o n . On close approach, the plasma i s d e f l e c t e d towards the compact 

s t a r and i s thrown i n t o an o r b i t , the e l l i p t i c i t y of which i s r a p i d l y 

reduced through thermal energy losses. Whilst most of the matter i n the 

r e s u l t i n g annulus d r i f t s towards r m i n , thus reducing the stored energy, a 

small f r a c t i o n i s spun outwards so that angular momentum i s conserved 

(Petterson, 1983). This expansion w i l l continue u n t i l mass at the inner 

surface f a l l s w i t h i n r m i n , so t h a t gradual a c c r e t i o n onto the s t a r i t s e l f 

begins, and the outer m a t e r i a l i s near enough to L i to r e t u r n some of i t s 

angular momentum t o binary o r b i t a l motion, v i a t i d a l i n t e r a c t i o n . Incoming 

p a r t i c l e s which experience a s u f f i c i e n t l y strong shock on contact w i t h t h i s 

extended l a y e r may ca r r y away excess angular momentum, as they are ejected 

from the disc region and f a l l back t o the secondary s t a r or leave the 

system through Lz (see f i g u r e 6.2b). Viscous stress tends to damp random 

motions perpendicular t o the o r b i t a l plane, thus a t h i n disc of material i s 

formed about the primary. Note t h a t t h i s disc need not l i e i n the compact 

s t a r ' s e q u a t o r i a l plane, unless the compact s t a r ' s axis of r o t a t i o n i s 

ali g n e d w i t h t h a t of the binary o r b i t . 

C l e a r l y , t h i s d isc a c c r e t i o n does not lend i t s e l f t o simple 

c a l c u l a t i o n s of expected lu m i n o s i t y output such as those followed f o r wind 

a c c r e t i o n i n sec t i o n 6.2.1. An upper l i m i t may be placed upon the actual 

r a t e a t which mass reaches the compact s t a r by equating i t s Eddington 

l u m i n o s i t y t o the power released through g r a v i t a t i o n a l energy loss: 

GMp dMp 
LEdd ~ X 

rp d t 

where rp i s the radius of the primary s t a r . However, i t should be noted 

t h a t the Eddington l i m i t may not hold i n such t u r b u l e n t systems. 

Mass t r a n s f e r v i a Roche lobe overflow i n t o an accr e t i o n disc i s 

i l l u s t r a t e d schematically i n f i g u r e 6.2c. Angel (1978) p r e d i c t s t h a t , i n a 
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non-magnetic CV system, wherein a low mass companion donates m a t e r i a l to 

the compact s t a r at a r a t e of dMp/dt « 10"^ sol a r masses per year across a 

distance of a ~ l O ^ cm, an ac c r e t i o n disc may be formed of radius « 10^ cm 

( t h a t i s of the order of one t o ten times the radius of a white dwarf). 

Observational evidence of the presence of ac c r e t i o n discs i n CVs i s 

p l e n t i f u l . Unless the secondary s t a r i n the system i s a g i a n t , the o p t i c a l 

spectrum i s dominated by emission i n the v i c i n i t y of the white dwarf. The 

geometry of t h i s region i s constrained by the symmetry of the emission l i n e 

broadening, which i s generally i n d i c a t i v e of a narrow acc r e t i o n disc rather 

than an amorphous cloud (Robinson, 1976). The "hump" i n many l i g h t 

curves i s a t t r i b u t e d to a hot spot on the edge of the disc where i t meets 

the plasma stream. I n i n c l i n e d systems, t h i s shocked region, a strong 

source of continuum emission, i s e a s i l y obscured because of i t s small 

r e l a t i v e s i z e , hence i t s ' 50% duty cycle. 

( i i ) a c c r e t i o n i n a strong magnetic f i e l d 

The presence of intense magnetic f i e l d s i s manifest i n some CVs, 

through the c i r c u l a r and l i n e a r p o l a r i s a t i o n of t h e i r o p t i c a l emission, and 

the f a i l u r e of l i n e spectra t o coincide w i t h those predicted from models 

from which magnetic f i e l d e f f e c t s are omitted. I t was noted i n section 

6.1.1 t h a t i s o l a t e d white dwarfs may r e t a i n magnetic f i e l d s of up to 

5x108 G i n s t r e n g t h . However, studies of the AM Her type systems, which 

e x h i b i t the strongest o p t i c a l p o l a r i s a t i o n of a l l GVs, have revealed l i n e 

p r o f i l e s t y p i c a l of Zeeman s p l i t t i n g and c y c l o t r o n emission which place the 

strengths of the magnetic f i e l d s w i t h i n a l l but a few i n the 20 to 30 MG 

region (Lasota, Hameury & King, 1989). These authors postulate t h a t 

magnetic f i e l d strengths of > 4x10'' G give r i s e t o a loss of angular 

momentum due t o magnetic braking which r e s u l t s i n catastrophic expansion of 

the o r b i t and negates any f u r t h e r large-scale mass t r a n s f e r between the 

white dwarf and i t s companion. 

I l l 



The degenerate primary's magnetic f i e l d must be expected to have an 

e f f e c t upon the a c c r e t i o n flow of ionised m a t e r i a l . At a distance rA from 

the c e n t r o i d of the compact s t a r ' s magnetic d i p o l e , the energy density 

inherent i n the magnetic f i e l d i s equivalent to th a t of the accreting 

m a t e r i a l , TA i s known as the Alfven radius. Ionised matter which l i e s 

i n s i d e rA i s forced t o flow along the magnetic f i e l d l i n e s . I f the r a d i a l 

distance from the centre of the primary w i t h i n which a p a r t i c l e may co-

r o t a t e w i t h i t , r c , i s much greater than rA, the magnetic f i e l d cannot 

prevent the formation of an ac c r e t i o n disc (Angel, 1978). 

A fundamental d i f f e r e n c e which has been observed between polar and 

intermediate polar systems i s t h a t the l i g h t curves of the l a t t e r class of 

obj e c t s g e n e r a l l y show coherent pulsed emission. These frequencies, of the 

order of 0.01 t o 0.1 Hz never exceed the maximum spin frequency f o r a r i g i d 

r o t a t i n g white dwarf, and tend t o include a time d e r i v a t i v e consistent w i t h 

the expected "spin-up" of such a body as angular momentum i s gained through 

a c c r e t i o n . Hence, intermediate p o l a r s , i n common w i t h x-ray b i n a r i e s , are 

assumed t o contain a r a p i d l y r o t a t i n g degenerate s t a r . No such behaviour i s 

observed i n polar CVs. I t i s t h e r e f o r e assumed t h a t some mechanism e x i s t s 

i n p o l a r systems which i s capable of producing a torque strong enough to 

combat the a c c r e t i o n d r i v e n "spin-up" e f f e c t , and to d i s s i p a t e any angular 

momentum i n t r i n s i c t o the white dwarf before the onset of mass t r a n s f e r . 

One braking mechanism s u f f i c i e n t l y powerful to b r i n g the white dwarf 

to c o - r o t a t e w i t h the binary period i s magnetic i n t e r a c t i o n between the 

s t a r and i t s companion. For t h i s to occur, the white dwarf's f i e l d must 

extend as f a r as the secondary. The c o n d i t i o n rc >> TA i s almost c e r t a i n l y 

broken t h e r e f o r e , and i t i s to be expected t h a t polar CVs w i l l show no sign 

of an a c c r e t i o n d i s c . Instead, m a t e r i a l must be funnelled along the 

magnetic f i e l d l i n e s d i r e c t l y onto the primary's surface. The g r a v i t a t i o n a l 

energy of matter f a l l i n g towards the compact s t a r ' s magnetic poles (or pole 

depending upon the i n c l i n a t i o n of the s t e l l a r d i p o l e ) i n a f i e l d guided 
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a c c r e t i o n column does not s u f f e r degradation to thermal wavelengths as i t 

would w i t h i n a d i s c . A shock f r o n t i s set up i n the column several white 

dwarf r a d i i ( r w d ) above the s t a r ' s surface, through which matter passes and 

then continues i t s descent at subsonic v e l o c i t i e s . The g r a v i t a t i o n a l energy 

of the slowed m a t e r i a l i s then released v i a bremsstrahlung r a d i a t i o n i n the 

hard x-ray region. This mechanism may be quenched w i t h i n one rwd of the 

s t e l l a r surface i f Bs ^ 10'̂  G, through c y c l o t r o n losses which give r i s e to 

o p t i c a l and U.V. emission as the base of the column becomes o p t i c a l l y t h i c k 

(Rees, 1989). 

6.2.4 observational i m p l i c a t i o n s 

The o p t i c a l p r o p e r t i e s of polar s , intermediate polars and dwarf novae 

may now be explained i n terms of the geometry of t h e i r a ccretion flow. The 

p o l a r i s e d l i g h t can escape from polar (or AM Her type) systems as they are 

powered by pseudo r a d i a l a c c r e t i o n . This p o l a r i s a t i o n i s obscured by the 

ac c r e t i o n d i s c , w i t h i t s c h a r a c t e r i s t i c Doppler s h i f t e d emission l i n e s , i n 

many intermediate p o l a r (or DQ Her type) systems. I f a p a r t i a l a ccretion 

d i s c e x i s t s which i s d i s r u p t e d by the magnetic f i e l d where r c > rA, 

v a r i a t i o n s i n mass t r a n s f e r r a t e , possibly due t o i n s t a b i l i t y i n the outer 

envelope of the donor s t a r , may provoke s h i f t s between disc accretion and 

pseudo r a d i a l i n f a l l , which could be the basis of some dwarf novae 

eruptions (Cordova & Mason, 1983). The outbursts of dwarf novae are 

a t t r i b u t e d to an increase i n the luminosity of the accr e t i o n disc, as 

Doppler s h i f t e d hydrogen absorption l i n e s i n d i c a t e t h a t the excess emission 

i s associated w i t h the o r b i t i n g primary r a t h e r than the non-degenerate 

secondary, w h i l s t the decay from maximum l i g h t occurs too r a p i d l y t o be 

l i n k e d t o the c o o l i n g of the white dwarf i t s e l f . The energy release i n 

c l a s s i c a l nova eruptions i s so great t h a t they are thought to be due t o 

thermonuclear runaway i n the envelope of the white dwarf. Conversely, the 

delay between r e c u r r e n t novae outbursts i s reminiscent of the recovery 
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timescale of the l a t e - t y p e companion (Robinson, 1976). 

6.3 VHE 7-ray emission mechanisms 

Disc a c c r e t i o n and a c c r e t i o n column c o n f i g u r a t i o n s have been described 

which f i t adequately w i t h observations of CVs taken across the spectrum 

from r a d i o to x-ray wavelengths. Can these models accommodate any of the 

7-ray emission mechanisms d e t a i l e d i n chapter one? I f so, w i l l the p o s i t i o n 

of the emission s i t e s allow 7-rays to escape from the CV system and reach 

the Earth? 

6.3.1 curvature r a d i a t i o n 

Usov (1988) applied the model of a r a p i d l y r o t a t i n g magnetised sphere, 

f r e q u e n t l y c i t e d i n the d e s c r i p t i o n of 7-ray production by pulsars, to 

fore c a s t very high energy emission from white dwarfs. His argument, v a l i d 

f o r white dwarf magnetic f i e l d s i n the range 10^ t o 10^ G and r o t a t i o n 

periods of the order of 10 t o 100 s may be summarised as f o l l o w s . The 

r o t a t i o n of the magnetised s t a r generates an e l e c t r i c f i e l d , E, having a 

non-zero component along the f i e l d l i n e s of the magnetic d i p o l e . Where the 

r e s u l t a n t force upon p a r t i c l e s of charge ne at the s t e l l a r surface, neE, 

exceeds the s t a r ' s g r a v i t a t i o n a l a t t r a c t i o n , they escape to form a 

magnetosphere. At a l i t t l e distance from the white dwarf, E i s screened by 

these charged p a r t i c l e s , except i n those regions where the cloud i s 

penetrated by the magnetic f i e l d l i n e s . Here electrons f l o w i n g out from the 

s t a r are accelerated t o r e l a t i v i s t i c speeds along the f i e l d l i n e s and may 

emit curvature r a d i a t i o n i n the 7-ray region (see f i g u r e 6.3a). The Lorentz 

f a c t o r of an accelerated e l e c t r o n i s given by: 

7 « 6x106 
BpR3 

103 4 Gcm3 10 s 
( r / R ) i / 2 - 1 eqn. 6.3a 
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where BpR^ i s the magnetic moment of the white dwarf of radius R, P i s i t s 

r o t a t i o n p e r i o d and r i s the r a d i a l distance to the e l e c t r o n . The mean 

energy per quantum of curvature r a d i a t i o n i s then: 

3 hcT^ 
e = - eqn. 6.3b 

2 2TCRC 

where Rc i s the radius of curvature of the magnetic f i e l d l i n e s , given 

approximately by ( c r / f i ) i / 2 where £1 i s the s t a r ' s angular v e l o c i t y i n 

rad s"1. 

I t has been s t a t e d t h a t the greatest white dwarf magnetic f i e l d 

s t r e n g t h which can be supported i n a CV system i s of the order of 4 x 10^ G 

(Lasota, Hameury & King, 1989). R e f e r r i n g again t o the CV catalogue of 

R i t t e r (1990), the most r a p i d coherent period observed and a t t r i b u t a b l e t o 

white dwarf spin i s t h a t of the intermediate polar WZ Sge at 28 s. I f r i s 

allowed t o equal the radius of curvature of the l a s t closed f i e l d l i n e 

w i t h i n the l i g h t c y l i n d e r ( r = c/Q.), then according t o Usov, equations 6.3a 

and 6.3b combine t o give: 

6 « 107 

r -1^ r 1"'' 
BpR3 

103 4 Gcm3 10 s 
eV eqn. 6.3c 

Thus e f o r a white dwarf of Bp = 4x10? G, R = 10^ cm and P = 28 s i s 

0-5 MeV, whereas t o ob t a i n a f l u x a t the 250 GeV threshold of the Mark I I I 

telescope would r e q u i r e P 4 s. For comparison, 250 GeV emission from a 

neutron s t a r of Bp = 10^2 Q and R = 10^ cm would r e q u i r e P « 45 ms. 

This model was developed t o describe an i s o l a t e d white dwarf. I t i s of 

l i m i t e d use i n the discussion of very high energy CV emission, as those CV 

bound white dwarfs having the strongest magnetic f i e l d s are r a p i d l y slowed 

to r o t a t e synchronously w i t h the binary o r b i t a l period. 

115 



6.3.2 a c c r e t i o n d r i v e n 7-ray production 

I n chapter one, i t was noted t h a t of the few objects confirmed as 

sources of VHE 7-rays, most are i n f a c t x-ray b i n a r i e s . Many mechanisms f o r 

7-ray emission i n these a c c r e t i o n d r i v e n , neutron s t a r primary - non-

degenerate secondary systems have been put forward since t h e i r d e tection. 

H i l l a s (1987) emphasised the f a c t t h a t no s i n g l e mechanism i s able to 

account f o r the f u l l range of 7-ray energies and time dependencies already 

observed from such systems. Chanmugam and Brecher (1985) chose to include 

CVs i n t h e i r assessment of a model i n which high energy emission from 

binary systems i s powered by a c c r e t i o n ra t h e r than the r o t a t i o n of a 

degenerate s t a r , and found t h a t CVs were indeed capable of producing 7-rays 

a t u l t r a high energies. Some ac c r e t i o n driven 7-ray production models, 

reviewed i n d e t a i l by Carraminana (1991) w i t h reference t o x-ray binary 

systems, are considered here i n the context of CVs. 

I t i s g e n e r a l l y assumed t h a t the VHE 7-rays which are observed from 

systems whose l u m i n o s i t y i s maintained by mass ac c r e t i o n are the r e s u l t of 

p a r t i c l e - p a r t i c l e encounters. An e f f i c i e n t production mechanism would 

encompass the a c c e l e r a t i o n of p a r t i c l e s i n the v i c i n i t y of the primary, 

where most of the g r a v i t a t i o n a l energy of accr e t i n g m a t e r i a l i s released, 

and t h e i r subsequent escape and c o l l i s i o n w i t h t a r g e t m a t e r i a l a t some 

distance from the compact s t a r , where the 7-rays produced i n these 

encounters do not decay by p a i r production induced by a strong magnetic 

f i e l d . The most promising methods by which f a s t p a r t i c l e s may be obtained 

are summarised below. 

( i ) f i r s t order Fermi a c c e l e r a t i o n 

Consider a shock wave propagating through a plasma w i t h a v e l o c i t y 

greater than the Alfven speed i n the medium. Some of the p a r t i c l e s which 

l i e i n the path of the shock may pass through the shock f r o n t , gain k i n e t i c 
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energy from the m a t e r i a l behind i t , then re-cross i t b r i n g i n g excess energy 

i n t o the pre-shock region (Longair, 1981). This process, f i r s t proposed by 

Fermi (1949), i s d r i v e n by the r e f l e c t i o n of charged p a r t i c l e s o f f 

"magnetic m i r r o r s " ; the a n i s o t r o p i c flow of high energy p a r t i c l e s on e i t h e r 

side of the f r o n t causes magnetic wave disturbances w i t h which charged 

p a r t i c l e s s p i r a l l i n g along f i e l d l i n e s resonate and are r e f l e c t e d ( H i l l a s & 

Johnson, 1990). As the shock f r o n t progresses, the k i n e t i c energy stored i n 

the gas ahead of the shock increases and the gas p a r t i c l e s reach higher and 

higher v e l o c i t i e s . Shock accelerated r e l a t i v i s t i c charged p a r t i c l e s may go 

on t o produce 7-rays through i n t e r a c t i o n s w i t h a l o c a l magnetic f i e l d or 

wi t h other p a r t i c l e s , or simply by decay as o u t l i n e d i n section 1,2. 

Cataclysmic Variable systems provide a host of p o t e n t i a l s i t e s f o r the 

shock a c c e l e r a t i o n process, the most obvious being the base of an accretion 

column. Kazanas and E l l i s o n (1986) were amongst the f i r s t t o suggest t h a t 

the k i n e t i c energy of i n f a l l i n g plasma might be converted i n t o the energy 

of 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 by d i f f u s i v e shock a c c e l e r a t i o n near the 

surface of a degenerate s t a r . H i l l a s & Johnson (1990) raised the o b j e c t i o n 

t h a t w i t h i n the Alfven radius of such a s t a r , the energy density of the 

magnetic f i e l d (Wmag) should g r e a t l y exceed t h a t of the acc r e t i n g m a t e r i a l 

( W g a s ) , as by d e f i n i t i o n , a t rA Wgas = Wmag, but t h e i r r a d i a l dependencies 

combine such t h a t the r a t i o (Wgas/Wmag) i s p r o p o r t i o n a l to r^/z. i f 

Wgas << Wmag then the m a t e r i a l cannot deform the f i e l d t o provide "magnetic 

m i r r o r s " and Fermi a c c e l e r a t i o n does not take place. According to Chanmugatn 

& Brecher (1985), the Alfven radius i s given by: 

rA = 1-8x108 B124/7 Rfiio/T (M/Msun)!/^ L38-2/7 cm eqn. 6.3d 

where (M/Msun) i s the mass of the degenerate s t a r i n s o l a r mass u n i t s , B12 

i s i t s surface magnetic f i e l d s t r e n g t h i n u n i t s of lO^^ Q, Re i s the 

s t e l l a r radius i n u n i t s of 10^ cm and Las i s the t o t a l a c c r e t i o n luminosity 

i n u n i t s of lO^^erg s'^. These authors c i t e as an example the intermediate 
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polar V1223 Sgr, having an a c c r e t i o n luminosity of SxlO^* erg s"^ and 

c o n t a i n i n g a compact s t a r of magnetic f i e l d s t rength 10^ G. I f a one solar 

mass white dwarf i s assumed of radius rwd = 5x10^ cm, then from the above 

expression, rA * 8rwd. S i g n i f i c a n t p a r t i c l e a c c e l e r a t i o n by the f i r s t order 

Fermi mechanism i s therefore u n l i k e l y to occur at or near the white dwarf 

surface i n t h i s system. By the same argument, t h i s mechanism should be 

i n e f f i c i e n t i n the v i c i n i t y of the compact s t a r i n a l l magnetic CVs, and 

also i n the a c c r e t i o n columns of polar systems, as although Angel (1978) 

st a t e s t h a t shocks may occur a t many white dwarf r a d i i from the primary i n 

such a column, the suspension of disc a c c r e t i o n i n d i c a t e s t h a t rA extends 

almost t o L i . 

Harding (1990) gives an approximate expression f o r the energy, ep, 

which may be a t t a i n e d v i a f i r s t order Fermi a c c e l e r a t i o n by a proton w i t h i n 

a plasma, the p a r t i c l e energy density of which exceeds the l o c a l magnetic 

pressure. She assumes t h a t the time spent w i t h i n the a c c e l e r a t i o n region i s 

a f u n c t i o n of the p a r t i c l e v e l o c i t y and i s not dominated by synchrotron 

r a d i a t i o n energy losses; thus ep i s an upper l i m i t and i s given by: 

e.p ~ e ( u i / c ) B Rs 

where u i i s the v e l o c i t y of the as yet un-shocked plasma and Rs i s the 

radius of the shock region (assumed s p h e r i c a l ) , u i may be estimated f o r 

m a t e r i a l f a l l i n g on t o a white dwarf by equating g r a v i t a t i o n a l energy loss 

to the t o t a l k i n e t i c energy. Using the g r a v i t a t i o n a l f i e l d strength given 

i n s e c t i o n 6.1.1, i t i s found t h a t f o r a proton near the primary's surface, 

u i as 0 01 c. I f i t i s assumed t h a t f o r the shock to l i e outside TA , 

B < 10^ G and, o p t i m i s t i c a l l y , t h a t the shocked region may cover up to 

1/10000 t h of the white dwarf surface such t h a t Rs « 10'' cm, then 

6p X 10 GeV. Katz & Smith (1988) estimate t h a t f o r a neutron s t a r , the 

bundle of open f i e l d l i n e s along which ac c r e t i n g matter may flow should 

cover 1/1000 t h of the s t e l l a r s u rface). I f TA << rwd, then an oblique 
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shock w i l l occur i n the boundary layer where the ac c r e t i o n disc meets the 

s t e l l a r surface. K i r k & Heavens (1990) have shown t h a t the angle between 

the magnetic f i e l d and the shock normal has l i t t l e e f f e c t upon the s p e c t r a l 

index of the accelerated p a r t i c l e s f o r plasma v e l o c i t i e s of 0.01c and 

below. I t i s not inconceivable t h e r e f o r e t h a t f a s t p a r t i c l e s can be 

obtained through t h i s mechanism, i n systems where r-A < rwd, which then 

c o l l i d e w i t h m a t e r i a l a t some distance from the s t a r , perhaps undergo 

f u r t h e r Fermi a c c e l e r a t i o n , and produce 7-rays. 

Belvedere (1989) noted t h a t the a c c e l e r a t i o n of non-thermal p a r t i c l e s 

some distance from the white dwarf might account f o r the observed time 

delay between the o p t i c a l and radio outbursts of dwarf novae. 

One mechanism t o which the o f f s e t of a s i t e of very high energy 

emission from the p o s i t i o n of a compact s t e l l a r "engine" may be a t t r i b u t e d 

i s given by the c o - r o t a t i n g j e t model, reviewed by K i r a l y & Meszaros 

(1988). Accreting matter guided towards a s t e l l a r polar cap i s contained 

w i t h i n an a c c r e t i o n funnel by the pressure of the d i p o l a r magnetic f i e l d . 

I f the r a d i a t i o n pressure at the column base exceeds t h i s magnetic 

pressure, m a t e r i a l may flow back up through the low matter density core of 

the column. A j e t i s formed which may undergo shock a c c e l e r a t i o n or 7-ray 

production through nuclear i n t e r a c t i o n s when i t encounters a cloud of 

ma t e r i a l a t the source of the column, near rA. There i s no observational 

evidence f o r the formation of such j e t s i n CVs comparable t o the radio 

emission r e p r e s e n t a t i v e of j e t s i n some x-ray binary systems. I t i s assumed 

t h a t the surface magnetic f i e l d strengths and ac c r e t i o n rates are 

i n s u f f i c i e n t t o maintain a r a d i a t i o n pressure i n excess of t h a t due to bulk 

i n f a l l . 

Another means by which a shock might be maintained a t some distance 

from a compact s t a r , through e j e c t i o n of matter a t i t s surface, i s by the 

generation of a pulsar wind. Rotation of a strong d i p o l a r magnetic f i e l d 

can cause charged p a r t i c l e outflow from the surface of a degenerate s t a r . A 
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shock f r o n t may form where t h i s "pulsar wind" impinges upon the companion 

s t a r ' s magnetosphere/atmosphere or i t s s t e l l a r wind. According to Harding 

(1990), a standing shock f r o n t may be maintained by the repulsion of 

a c c r e t i n g m a t e r i a l i n systems where the spin period of the compact s t a r , P, 

conforms to the c o n d i t i o n : 

P < 31ms ( B i 2 ) 4 / ' ' (dM/dti8)-2/7 

where B12 i s the surface magnetic f i e l d of the compact s t a r i n u n i t s of 

10^2 G and dM/dti8 i s the would-be mass accre t i o n r a t e i n u n i t s of 

lO^s g s"^. Taking as an example the mass t r a n s f e r r a t e of 2x10"'' solar 

masses per year observed i n the CV DQ Her and magnetic f i e l d strength of 

lO'' G (Robinson, 1976), i t becomes immediately apparent t h a t t h i s mechanism 

i s not s u i t e d t o CV systems as a spin period of the order of 1/100 t h of a 

m i l l i s e c o n d i s required by the above i n e q u a l i t y . 

( i i ) plasma turbulence 

Where an a c c r e t i o n process i s underway, plasma turbulence i s 

i n e v i t a b l e . The bulk motion of a c c r e t i n g m a t e r i a l can propagate 

disturbances throughout the charged-particle f i l l e d magnetosphere 

surrounding the compact s t a r . As a r e s u l t of the random motions of the 

plasma i n the region of a magnetic f i e l d , f l u c t u a t i n g e l e c t r i c f i e l d s are 

induced. Chaotic s c a t t e r i n g of the charged p a r t i c l e s on encounters w i t h 

these t r a n s i e n t f i e l d s can r e s u l t i n a net a c c e l e r a t i o n , despite the 

seemingly non-systematic p a t t e r n of a c c e l e r a t i n g and decelerating events 

(Fermi, 1949). This mechanism i s r e f e r r e d to as second order Fermi 

a c c e l e r a t i o n , as i t s power i s p r o p o r t i o n a l not to the r e l a t i v e v e l o c i t y of 

the p a r t i c l e and the s c a t t e r i n g centre (as a f r a c t i o n of c) as i n the f i r s t 

order Fermi mechanism, but t o the square of t h i s f a c t o r , thus second-order 

Fermi a c c e l e r a t i o n i s the slower process of the two (Longair, 1981). 

Katz & Smith (1988) proposed t h a t protons accelerated by t h i s 
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mechanism along the closed magnetic f i e l d l i n e s of neutron s t a r s could give 

r i s e t o 7-rays of energies i n excess of lO^^ eV. They emphasised the f a c t 

t h a t the r e l a t i v e l y low p a r t i c l e d e n s i t y i n the magnetosphere, compared 

w i t h t h a t of an a c c r e t i o n column, g r e a t l y reduces the magnitude of Coulomb 

f r i c t i o n a l and c o l l i s i o n a l energy losses, which tend to counteract f i r s t 

order Fermi a c c e l e r a t i o n i n the l a t t e r region. The energy gain i s l i m i t e d 

instead by the synchrotron loss mechanism. Harding (1990) gives an upper 

l i m i t t o the energy gain of a proton accelerated by t h i s mechanism, ep"^^, 

which i s based upon the assumption t h a t p a r t i c l e s escape when t h e i r 

gyroradius about the magnetic f i e l d l i n e s exceeds the scale size, R, of the 

a c c e l e r a t i o n region: 

epmax « e B R 

where B i s the l o c a l magnetic f i e l d s t r e n g t h ( a t radius r , B ( r ) = 

Bwd { r w d / r ) 3 ). Thus f o r the CV V1223 Sgr f o r which rA * 8 rwd as previously 

c a l c u l a t e d , a proton at rA might be expected to achieve an energy of 20 GeV 

i f R i s taken t o be of the order of 10'' cm as i n p a r t ( i ) of t h i s section. 

I r r e g u l a r i t i e s i n the flow of a c c r e t i n g plasma can also lead to 

p a r t i c l e a c c e l e r a t i o n through magnetic reconnection. Bulk motions near the 

boundary of two d i s t i n c t f l u x regions, where the magnetosphere of a compact 

s t a r meets an a c c r e t i o n disc f o r instance, can d i s t o r t the l o c a l magnetic 

f i e l d t o the extent t h a t o p p o s i t e l y d i r e c t e d f i e l d l i n e s are brought 

together. At t h i s p o i n t a n e u t r a l sheet i s formed across which a d i f f e r e n c e 

i n e l e c t r i c a l p o t e n t i a l may accelerate charged p a r t i c l e s . Wang (1986) 

s t a t e s t h a t boundary p e r t u r b a t i o n s r e s u l t i n plasma v o r t i c e s which expand 

u n t i l t h e i r k i n e t i c energy i s s i m i l a r t o t h a t r e t a i n e d by the magnetic 

f i e l d i . e . : 

pv2 X. B2/471 

where p i s the plasma mass density and ( v 2 ) i / 2 i s the root mean square 
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v e l o c i t y of i t s c i r c u l a r motion. Loops w i l l form i n the magnetic f i e l d such 

t h a t reconnection occurs a t the edges of the v o r t i c e s . The ra t e of 

reconnection i s dependent upon the Alfven speed i n the medium given by; 

B 
VA = ~ ( v 2 ) l / 2 

( 4 7 i p ) l / 2 

An e l e c t r i c f i e l d E = VA x B may be formed. According to Wang (1986), the 

energy which may be a t t a i n e d by a proton v i a vortex induced magnetic 

reconnection i n the magnetosphere of an ac c r e t i n g neutron s t a r may be 

estimated from: 

r 1 r "1 r T 

ep = 1014 
( v 2 ) l / 2 B 5 

Vf £A BA TA 
L 

L 3 7 5/7 B 1 2-3/7 R6-4/7 Ml/7 eV 

where M i s the mass of the degenerate s t a r i n solar mass u n i t s , Re i s i t s 

radius i n u n i t s of 10^ cm, B12 i s i t s surface magnetic f i e l d strength i n 

u n i t s of 10^2 G and L37 i s the t o t a l a c c r e t i o n l u m i n o s i t y i n u n i t s of 

10^7 erg s - i . 6 i s a measure of the scale of the magnetic f i e l d loops. v f f A 

i s the f r e e - f a l l v e l o c i t y of a c c r e t i n g m a t e r i a l at rA. Thus, at rA, i f the 

bracketed terms tend t o u n i t y , f o r a CV of the dimensions of V1223 Sgr i t 

i s found t h a t ep « 20 TeV. I t i s the opinion of Wang (1986) t h a t t h i s 

mechanism can account f o r the observation of 7-rays of energies i n excess 

of 1015 eV from the x-ray b i n a r i e s Vela X-1 and Cyg X-3. 

I t i s i n t e r e s t i n g t o note t h a t CVs have already been o b s e r v a t i o n a l l y 

i d e n t i f i e d as s i t e s of large scale magnetic reconnection. The l i g h t curves 

of dwarf novae from o p t i c a l to x-ray wavelengths have been found to e x h i b i t 

q u a s i - p e r i o d i c o s c i l l a t i o n s (QPOs) coherent over of the order of ten 

cycles, the perio d s t a b i l i t y of which suggest an o r i g i n i n the r o t a t i o n or 

" v e r t i c a l " o s c i l l a t i o n s of the a c c r e t i o n disc. Patterson (1981) r e f e r r e d to 

these phenomena as "dwarf nova o s c i l l a t i o n s " (DNO) i n order to d i s t i n g u i s h 
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between them and the more e r r a t i c QPOs presumed t o be the signature of mass 

ac c r e t i o n i n a l l CVs. Tajima & Gilden (1987) considered magnetic 

reconnection w i t h i n the a c c r e t i o n disc to be the d r i v i n g mechanism of these 

DNO, the period s t a b i l i t y being guaranteed by the occurrence of 

reconnection at a p r e f e r r e d disc radius. I f the angular v e l o c i t y of the 

disc i s not matched to t h a t of the white dwarf, then i t i s to be expected 

t h a t l i n e s of the s t e l l a r magnetic f i e l d coupled to the disc plasma become 

t w i s t e d i n the azimuthal d i r e c t i o n . According to the above authors, some 

shearing of the f i e l d l i n e s and reconnection w i l l occur on every r o t a t i o n . 

This may continue f o r weeks u n t i l the f i e l d curvature i s so great t h a t 

f u r t h e r "winding" i s balanced by r a d i a l d i f f u s i o n , which i s i n t u r n 

governed by the v i s c o s i t y of the disc and thus by the accretion r a t e . 

( i i i ) dynamo models 

I t was mentioned at the beginning of t h i s discussion of accretion 

d r i v e n a c c e l e r a t i o n t h a t Chanmugam & Brecher (1985) have i d e n t i f i e d a 

method by which u l t r a high energy p a r t i c l e s may possibly be produced w i t h i n 

CVs. Theirs i s a mechanism of the type r e f e r r e d t o as a " s t a r - d i s c dynamo" 

model, i n which, as the name i m p l i e s , a d i f f e r e n t i a l l y r o t a t i n g , ionised 

a c c r e t i o n disc i s an e s s e n t i a l f e a t u r e . 

The d i p o l a r magnetic f i e l d of the degenerate s t a r i s threaded through 

the a c c r e t i o n d i s c , where i t i s assumed, f o r the purposes of t h i s 

c a l c u l a t i o n , t o be e f f e c t i v e l y anchored. I f the a c c r e t i o n disc l i e s i n the 

e q u a t o r i a l plane of the white dwarf of mass Mwd, radius rwd and surface 

magnetic f i e l d s t r e n g t h Bwd, whose r o t a t i o n and magnetic axes are aligned, 

then the magnitude of the magnetic f i e l d component which i s perpendicular 

to the disc at a r a d i a l distance r from the r o t a t i o n axis i s p r o p o r t i o n a l 

to r - i / 2 ^ and so may be w r i t t e n as B z ( r ) = C a r - i / ^ , where CB i s a constant. 

An e l e c t r i c f i e l d i s induced by the r o t a t i o n of Bz, which i s given by 

E r ( r ) = B z ( r ) X V K ( r ) / c , where V K ( r ) i s Keplerian v e l o c i t y of the r o t a t i n g 
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d i s c of magnitude V K ( r ) = {GMwd/r)i/2 . The size of the p o t e n t i a l 

d i f f e r e n c e which may thus be a t t a i n e d i s l i m i t e d by the physical extent of 

the d i s c . I f rA < rwd then i t i s reasonable t o assume th a t the inner 

boundary of the disc l i e s near VA, w h i l s t an upper l i m i t t o the outer 

radius may be i n f e r r e d from measurements of the o r b i t a l parameters. The 

d i f f e r e n c e i n e l e c t r i c a l p o t e n t i a l across the disc between the edge closest 

to the compact s t a r and a p o i n t at radius r and i s then given by: 

V ( r ) = 

r> rA 
r 

j E d r 

rA 

thus 

hence 

V ( r ) = -

r> TA 

J i ^ C B r - i / 2 J X j^c-MGMwd/r)i/2J •dr 

rA 

CB(GMwd)l/2 r ^ 

V ( r ) I n 
rA 

V. J 

I f i t i s assumed t h a t B z ( r ) * Bwd ( r w d / r ) ^ near the Alfven radius, 

then CB = B z ( r ) r i / 2 = Bwd rwd^ rA"^/^ and the greatest p o t e n t i a l 

d i f f e r e n c e which may be achieved i s given by: 

(GMwd)i/2 Bwdrvd3 
Vmax = I n 

f 1 
r o u t 

rA 5/2 rA 
V. J 

where r o u t denotes the edge of the disc f u r t h e s t from the white dwarf. For 

the intermediate p o l a r V1223 Sgr c i t e d as an example i n p a r t ( i ) of t h i s 
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s e c t i o n , Chanmugam & Brecher (1985) found Vmax ~ 3x10^3 y. According to 

these authors, as charged p a r t i c l e s r o t a t e w i t h the d i s c , they experience a 

force due t o t h e i r passage through t h i s r a d i a l e l e c t r i c f i e l d . The 

a c c e l e r a t i o n provided may be s u f f i c i e n t t o produce two oppositely d i r e c t e d , 

charge-separated p a r t i c l e beams perpendicular t o the disc plane. The 

combined power output of t h i s outflow current being given by L p a r t ~ 2^ c V 2 , 

where C i s an e f f i c i e n c y f a c t o r l i m i t e d by the allowed accretion 

l u m i n o s i t y . 

Two obstacles to f a s t p a r t i c l e production by t h i s mechanism are 

f i r s t l y , t h a t any r a d i a l plasma flow may reduce the magnitude of the 

p o t e n t i a l d i f f e r e n c e developed and secondly, t h a t a c c e l e r a t i o n i s presumed 

t o take place w i t h i n the disc from which p a r t i c l e s must therefore escape 

without energy loss through t h e r m a l i s a t i o n . 

Cheng & Ruderman (1991) have put forward a model i n which p a r t i c l e 

a c c e l e r a t i o n may occur i n regions above and below an accretion disc. Their 

argument may be i n t e r p r e t e d as f o l l o w s . 

I f a system i s assumed wherein a charged magnetosphere and a r i g i d 

a c c r e t i o n disc c o - r o t a t e w i t h a degenerate s t a r , at angular v e l o c i t y £2, 

then E = ( n X r/c) x B throughout. The charge density i s then given by 

p = V E/47r, and i t i s found t h a t the magnetosphere i s d i v i d e d i n t o 

o p p o s i t e l y charged regions by " n u l l surfaces" where £2 B = 0. Now, i f the 

inner edge of the d i s c , at r o , i s allowed t o r o t a t e at a v e l o c i t y fli which 

exceeds t h a t of the s t a r , fib, the magnetosphere i s parted along the n u l l 

surfaces t o form plasma d e f i c i e n t gaps as shown i n f i g u r e 6.3b. In the 

magnetosphere, E B = 0, but i t has a f i n i t e value i n the gap. The p o t e n t i a l 

d i f f e r e n c e across the gap, Vgap, must therefore be balanced by those w i t h i n 

the s t a r and d i s c , as the i n t e r v a l C to D i n the path A to F i n f i g u r e 6.3b 

p r o h i b i t s the flow of c u r r e n t around t h i s c i r c u i t . 

Jii may be a f u n c t i o n of r such t h a t i t exceeds close to the s t a r at 

ro but i s less than flb at the periphery of the d i s c . A gap w i l l open i n the 
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Fig. 6.3b : charge separation and the formation of vacuum gaps in the 
vicinity of a magnetised white dwarf and a rapidly rotating accretion 
disc. 



magnetosphere above the region where £!a > £h, and may or may not close 

before i t extends t o rout depending upon the pr o x i m i t y of rout to the s t a r 

- disc c o - r o t a t i o n radius rco. Vgap reaches a maximum i n the gap region 

which i s l i n k e d by the d i p o l a r magnetic f i e l d to the disc at rco. For 

Keplerian r o t a t i o n , rco i s given by: 

rco = (GM/r22)i/3 eqn. 6.3e 

where M i s the mass of the c e n t r a l r o t a t o r and Cl is i t s angular v e l o c i t y . 

For the CV V1223 Sgr, ^ « 0.008 rad s'^, thus rco ~ 10^° cm. 

In p r a c t i c e , the maximum electromotive force which may be developed i s 

l i m i t e d by the "spin-up" impulse of a c c r e t i n g m a t e r i a l , which opposes the 

r e t a r d i n g electromagnetic torque upon the disc. 

According t o Cheng & Ruderman (1991), the gap p o t e n t i a l at radius r cm 

from the s t e l l a r centre i s given by: 

Vgap(r) = 4x1014 Bs Ms^/^ RgS 

r 
108 cm 

5/2 

1 -

r " 
ro 

|5/2 

ro 
1 -

r 

where Ms,Rs and Bs are r e s p e c t i v e l y the mass ( i n s o l a r mass u n i t s ) , radius 

( i n u n i t s of lO^cm) and surface magnetic f i e l d s t r e n g t h ( i n u n i t s of lO^^Q) 

of the degenerate s t a r and ro i s i n cm. For the parameters of V1223 Sgr, i f 

ro ss rA, then according t o the above expression, the maximum gap p o t e n t i a l , 

at r = rco, i s approximately 5x10^2 y. 

A large p a r t i c l e f l u x may be accelerated across the gap provided t h a t 

the flow of p o s i t i v e and negative charges i s balanced. Gap accelerated 

e l e c t r o n s and p o s i t r o n s may boost the x-rays prevalent near the s t a r - d i s c 

boundary t o 7-ray energies v i a inverse Compton s c a t t e r i n g . However, the 

power of e*/e- 7-ray production i s l i m i t e d by curvature r a d i a t i o n . An ion 

beam, d i r e c t e d from the gap towards the d i s c , may give b i r t h to a narrow 

cone of 7-rays as a product of the decay of n e u t r a l pions created through 

the c o l l i s i o n of f a s t protons w i t h disc m a t e r i a l . 
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6.3.3 encounters w i t h matter 

( i ) 7-ray production 

C o l l i s i o n s between accelerated protons and other protons or nu c l e i i n 

the v i c i n i t y can r e s u l t i n the emission o f n e u t r a l and/or charged pions, as 

described i n chapter one. The l i f e t i m e of a n e u t r a l pion i s « 10"i^ s, and, 

f o r t u n a t e l y f o r 7-ray astronomers, i t s p r i n c i p a l decay mode i s : Tt° -> 7 + 7 

( G r i f f i t h s , 1987). The cosmic 7-ray spectrum above 100 MeV i s w e l l matched 

by t h a t p r e d i c t e d purely f o r 71° decay (Longair, 1981) and i t i s t h i s 

"photo-meson mechanism" which i s generally assumed t o produce the VHE 

7-rays observed from d i s c r e t e g a l a c t i c sources. Balashov, Korotkikh & 

Moskalenko (1990) have i n v e s t i g a t e d a photo-nuclear production mechanism, 

i n which r e l a t i v i s t i c n u c l e i absorb s o f t photons and the r e s u l t i n g 

fragments release t h e i r e x c i t a t i o n energy as 7-rays. These authors f i n d 

t h a t the mean energy of photonuclear produced 7-rays i s i n the 1 to 10 MeV 

region. 

I n t h e i r discussion of s t a t i c gap a c c e l e r a t i o n , Cheng & Ruderman 

(1991) suggested t h a t i f the x-ray f l u x i n the magnetospheric gap was high, 

a beam o f neutrons might be obtained through the photo-nuclear 

d i s i n t e g r a t i o n of f a s t protons according t o : 

7 + p* -> n + n* 
x - r a y 

This neutron beam could leave the a c c e l e r a t i o n region, without energy loss 

to the electromagnetic f i e l d , and power the photo-meson mechanism 

elsewhere. 

The cross-section f o r n e u t r a l pion production, o-(E), i s o f the order 

of the geometric size of the nucleon, and has been found experimentally f o r 

proton energies above 2 GeV t o be * 2.7x10-2 6 cm2 (Lang, 1986). For a 

proton r i c h t a r g e t t h e r e f o r e , a column density of KO * 62 g cm"2 i s 
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required. I f the column density of the t a r g e t medium, K, i s >> KO , the n° 

decay 7-rays w i l l not leave i t , but w i l l form e+e" p a i r s , so t h a t any 

7-rays detected from t h i s region are the products of an e l e c t r o n - photon 

cascade. The mean energy of escaping photons w i l l then be given by: 

e = eo exp(-K/Ko) 

where eo i s the energy of the primary 7-ray (Carraminana, 1991). The 

process of conversion of the energy of a f a s t proton t o t h a t of 7r° decay 

7-rays i s approximately 10% e f f i c i e n t (Lang, 1986). According to the above 

expression, i n the l i m i t K > KO the production of free 7-rays of energy 

250 GeV t h e r e f o r e requires a proton energy i n excess of 6 TeV. 

( i i ) p a r t i c l e - p a r t i c l e c o l l i s i o n s i t e s 

A stream of f a s t p a r t i c l e s accelerated i n the region of the compact 

s t a r may impact upon a c c r e t i n g matter or, i f charged, may be steered 

towards a c o l l i s i o n w i t h the non-degenerate companion. 

Cheng & Ruderman (1989) considered the i n t e r a c t i o n of a gap 

accelerated p a r t i c l e beam w i t h an ac c r e t i o n disc i n an axisymmetric 

r o t a t o r . They expect t h a t a p a r t i c l e stream guided by the di p o l e f i e l d 

l i n e s w i l l pass through the disc i n such a way as to generate 7-rays 

emitted p a r a l l e l to the disc's axis of r o t a t i o n . I n the event of rA > rwd 

the thickness of the disc i n t h i s d i r e c t i o n i s such t h a t f a s t protons w i l l 

become trapped w i t h i n i t and may give r i s e to an enhanced neutron f l u x . 

Since the flow of neutrons i s not r e s t r i c t e d t o the d i r e c t i o n of the 

magnetic f i e l d l i n e s , they may run p a r a l l e l t o the disc surface, thus 

encountering s u f f i c i e n t m a t e r i a l t o cause TI° production i n a region from 

which 7-rays may escape. I n t h i s s i t u a t i o n , 7-ray emission would be 

confined t o the plane of the disc. I t should th e r e f o r e be possible to t e s t 

t h i s theory by observation of e c l i p s i n g binary systems and p a r t i c u l a r l y t o 

CVs as t h e i r geometry has been c l o s e l y studied at longer wavelengths. Cheng 
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e t a l . (1990) suggest t h a t large f l u c t u a t i o n s i n the x-ray f l u x from disc 

supporting systems are coincident w i t h the temporary t h i n n i n g of l o c a l i s e d 

areas of the d i s c , and t h a t these "windows" may promote 7-ray outbursts. 

I f d i s r u p t i o n of the disc r e s u l t s i n the d i s s o c i a t i o n of clumps of 

m a t e r i a l , due t o turbulence at the inner edge f o r example, then QPOs might 

be observed as a r e s u l t of 7-ray production i n t h i s tenuous, d r i f t i n g , yet 

s t i l l r o t a t i n g m a t e r i a l . 

Some other p o t e n t i a l t a r g e t s f o r p a r t i c l e beam dumping are shown i n 

f i g u r e 6.3c ( a f t e r H i l l a s , 1987). These include the area where the plasma 

stream from the inner Lagrangian p o i n t , Li (see f i g u r e 6.2b) broadens near 

the edge of a disc during Roche lobe overflow, the atmosphere of the 

companion s t a r and the compact s t a r ' s a c c r e t i o n wake ( t o which the s t e l l a r 

wind of the companion i s g r a v i t a t i o n a l l y focussed). The density of any 

a c c r e t i o n wake may be determined from p e r i o d i c v a r i a t i o n s i n the magnitude 

o f l i n e - o f - s i g h t e x t i n c t i o n . I n h i s work on the magnetic s t e e r i n g of 

charged p a r t i c l e beams i n x-ray b i n a r i e s , Mannings (1992) found t h a t an 

a c c r e t i o n wake t a r g e t was consistent w i t h the o r b i t a l dependency of VHE 

7-ray emission from Vela X-1 observed by the Durham group. He also 

suggested t h a t bursts of VHE 7-rays observed during the e c l i p s e of the 

neutron s t a r i n Vela X-1 could be due to the i n t e r a c t i o n of a curved 

charged p a r t i c l e beam w i t h the limb of i t s supergiant companion. C l e a r l y , 

the extent of these t a r g e t areas i s h i g h l y dependent upon the evolutionary 

s t a t e of the secondary s t a r . Young s t a r s maintain the strongest s t e l l a r 

winds, w h i l s t g i a n t s obviously provide the greatest beam dump ta r g e t area. 

No CV has yet been found to contain a non-degenerate s t a r of s p e c t r a l type 

e a r l i e r than F ( R i t t e r , 1990). Those short period systems i n which the 

s p e c t r a l type of the secondary cannot be d i s t i n g u i s h e d are necessarily 

incapable of c o n t a i n i n g a g i a n t s t a r w i t h i n t h e i r r e s t r i c t e d o r b i t 

(Robinson, 1976). 
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6.3.4 loss mechanisms 

( i ) synchrotron emission 

In discussing t h e i r plasma turbulence model, Katz & Smith (1988) 

consider t h a t synchrotron r a d i a t i o n may be the most s i g n i f i c a n t f a c t o r i n 

l i m i t i n g the energy of accelerated protons. 

Synchrotron emission was introduced as a c o n t r i b u t o r y f a c t o r to the 

cosmic 7-ray spectrum i n chapter one, where i t was however noted t h a t 

synchrotron r a d i a t i o n i t s e l f can provide only a small f r a c t i o n of the 

observed f l u x a t TeV energies. 

A charged p a r t i c l e of mass m and charge q fl o w i n g through the d i p o l a r 

magnetic f i e l d of a degenerate s t a r f o l l o w s a h e l i c a l path having a 

magnetic f i e l d l i n e as i t s a x i s . The g y r a t i o n frequency of t h i s motion i s 

given by: WB = qB/7mc, where B i s the stre n g t h of the l o c a l magnetic f i e l d 

and 7 i s the Lorentz f a c t o r . The ac c e l e r a t i o n of the p a r t i c l e , a = WB v-*- , 

where v-^ i s the v e l o c i t y of the p a r t i c l e perpendicular to the f i e l d , causes 

i t t o r a d i a t e a power spectrum which extends t o the c r i t i c a l frequency 

wc = 3/2 7̂* COB s i n a, where a i s the angle between the p a r t i c l e beam 

d i r e c t i o n and t h a t of the magnetic f i e l d (Rybicki & Lightman, 1979). 

C l e a r l y , the maximum r a d i a t i o n frequency i s obtained f o r a = 90°, when 

v-"- = 3c. Thus, the maximum synchrotron photon energy which might be 

obtained, Emax = (h/27r) wc, i s given by: 

3 72 h q B 
Em ax — 

4 71 m C 

Using the above equation, f o r B = 10^ G, i t i s found t h a t f o r the 

p a r t i c l e energies of ~10 TeV required t o produce 250 GeV 7-rays, an 

e l e c t r o n would emit synchrotron photons of energy "20 keV, w h i l s t the 

r a d i a t i o n of a f a s t proton would be e n t i r e l y n e g l i g i b l e because of i t s 

greater r e s t mass. The r a t e of energy loss of such an e l e c t r o n , W, may be 
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estimated using Larmor's formula: 

2 q2 a2 
W = 

3 c3 

By s e t t i n g a = 3 c coc, i t i s found t h a t f o r the e l e c t r o n , 

Wmax =0-45 TeV s-^. Therefore, a mechanism capable of producing VHE 7-rays 

near the surface of a magnetic white dwarf or s i m i l a r body v i a f a s t 

p a r t i c l e c o l l i s i o n s must do so as a r e s u l t of the accelera t i o n of protons 

or heavier ions. 

( i i ) absorption by p a i r production 

A 7-ray may i n t e r a c t w i t h a r e a l or v i r t u a l photon t o form an elec t r o n 

- p o s i t r o n p a i r . This p a i r production process i s the dominant absorption 

mechanism f o r photons of energy greater than a few MeV. 

By conserving energy and momentum i n the centre of mass frame, i t i s 

found t h a t the energy required of a 7-ray f o r p a i r production to r e s u l t 

from a "head-on" c o l l i s i o n between i t and a photon of energy hv i s given 

by: 

(me c 2 ) 2 
E = 

h Vmin 

where me i s the r e s t mass of an e l e c t r o n . 

The a n n i h i l a t i o n between 7-rays and the v i r t u a l photons of a magnetic 

f i e l d was described i n d e t a i l by Erber (1966). This process has a 

s i g n i f i c a n t e f f e c t i n the v i c i n i t y of a neutron s t a r of surface f i e l d 

s t r e n g t h > 10^ G, but i s n e g l i g i b l e a t the f i e l d strengths of CV bound 

white dwarfs. Usov (1988) noted t h i s as an advantage of his white dwarf 

pulsar model over neutron s t a r pulsars. 

For p a i r production t o occur through the i n t e r a c t i o n of 7-rays and the 

abundant s o f t x-ray photons i n the ac c r e t i o n column or disc of a CV, the 
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above equation d i c t a t e s t h a t 7-ray energies of the order of 60 MeV are 

required. Few 7-rays w i l l survive i n t h i s region. Sites which may support 

7t° production and permit VHE 7-rays t o escape are few, hence degradation of 

the 7-ray f l u x through e l e c t r o n - photon cascades i s t o be expected. 

Carraminana (1991) has shown t h a t the e f f e c t of absorption by p a i r 

production i n a black-body a c c r e t i o n disc t a r g e t i s to produce a gap i n the 

7-ray spectrum. This gap l i e s between the energy at which a n n i h i l a t i o n 

commences between 7-rays and thermal x-rays and t h a t at which the 

i n t e r a c t i o n cross-section i s s u f f i c i e n t l y small f o r a s i g n i f i c a n t f r a c t i o n 

of the 7-rays t o escape. Carraminana found t h a t the 7-ray f l u x at energies 

below 800 TeV should be s t r o n g l y absorbed i n the x-ray binary Sco X-1, 

unless i t i s produced at several s t e l l a r r a d i i from the neutron s t a r or i s 

s t r i c t l y perpendicular t o the plane of the disc. A rough estimate, by t h i s 

method, of the energy gap f o r a system of the parameters of the CV 

V1223 Sgr suggests t h a t d i s c absorption should suppress 7-ray emission i n 

the 0-3 MeV t o 3 5 TeV range. Absorption by p a i r production i s less 

s i g n i f i c a n t i n CVs than i n XRBs because of the lower acc r e t i o n luminosity 

o f the former. 

6.3.5 the 7-ray l i g h t curve 

To summarise, p a r t i c l e s of s u f f i c i e n t l y high energy to produce n° 

decay 7-rays i n the v i c i n i t y of an a c c r e t i n g white dwarf may be obtained 

through plasma turbulence and magnetic reconnection or by a s t a r - d i s c 

dynamo type mechanism. The n° production may occur i n an accretion disc or 

column and i n the atmosphere of the non-degenerate secondary. 

A 7-ray f l u x e x h i b i t i n g no pulse s t r u c t u r e could be a t t r i b u t e d to 

plasma turbulence d r i v e n second order Fermi a c c e l e r a t i o n i n the white dwarf 

magnetosphere. I f magnetic reconnection of the d i p o l a r f i e l d i s expected 

then a search f o r a 7-ray DNO signature near the white dwarf r o t a t i o n 

p e r i o d might prove worthwhile. 
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Cheng and Ruderman (1991) p r e d i c t e d t h a t a 7-ray f l u x due to 

a c c e l e r a t i o n across a magnetospheric gap would be modulated at the white 

dwarf spin p e r i o d , as emission occurs where the f a s t p a r t i c l e beam 

encounters a "window" i n the r o t a t i n g a c c r e t i o n disc of an appropriate 

d e n s i t y . The r a d i a l motion of such windows through a disc may account f o r 

the observed one part i n 10^ d i f f e r e n c e between the x-ray and short term 

7-ray pulse periods determined f o r some x-ray b i n a r i e s e.g. Her X-1 (Slane 

& Fry, 1989). The magnitude of the period s h i f t i s governed by the r a d i a l 

dependence o f the azimuthal v e l o c i t y o f the p a r t i c l e beam and the time of 

f l i g h t t o the observer, and by the curvature of the magnetic f i e l d l i n e s 

which the f a s t p a r t i c l e s f o l l o w (Cheng & Ruderman, 1989). These authors 

also suggest t h a t when a neutron beam i s produced i n the gap through photo-

nuclear d i s i n t e g r a t i o n i t w i l l i n t e r s e c t the ac c r e t i o n disc at a d i f f e r e n t 

p o i n t t o the charged p a r t i c l e beam, g i v i n g r i s e to an i n t e r - p u l s e . 

P a r t i c l e a c c e l e r a t i o n through magnetic reconnection may be confirmed 

through a search f o r DNO a t 7-ray energies i n dwarf novae. I f 7-ray 

p e r i o d i c i t y i s observed from intermediate polar systems then some beaming 

mechanism must be at work. I t may then be possible t o determine the r o l e of 

f a s t neutrons i n 7-ray production through analysis of the pulse s t r u c t u r e 

and the depth of the 7-ray e c l i p s e . Bursts of 7-ray a c t i v i t y might be 

expected to coincide w i t h an increased luminosity a t other wavelengths i n 

systems where disc a c c r e t i o n i s excluded, due t o plasma turbulence or a 

sudden density increase near the base of an accr e t i o n column r e s u l t i n g i n 

f a s t p a r t i c l e e j e c t i o n . 

133 



6.4 the Durham cataclysmic v a r i a b l e survey 

The U n i v e r s i t y of Durham group observed four CVs over the period 

October 1990 t o November 1991. Of these t a r g e t objects two, AE Aqua r i i and 

H0253+193, are intermediate polar systems, EF E r i d a n i i s a polar CV and 

VW Hydri i s of DN type. 

6.4.1 AE A q u a r i i , an intermediate polar system 

AE Aqr i s a novalike CV of intermediate polar type. I t consists of a 

0-9 Msun mass white dwarf and a 0-7 Msun K5 type secondary i n a 9 88 hour 

o r b i t of i n c l i n a t i o n 58° ( R i t t e r , 1990) and i s a w e l l established s o f t 

x-ray source. 

Bastian, Dulk and Chanmugam (1988) studied AE Aqr at four radio 

frequencies and found evidence f o r f l a r e a c t i v i t y . This emission was 

a t t r i b u t e d t o the synchrotron r a d i a t i o n generated by r e l a t i v i s t i c electrons 

accelerated a t some distance from the surface magnetic f i e l d , of strength 

-10^ G, of the white dwarf. The f l a r e phenomenon was assumed to be r e l a t e d 

to the d i s r u p t i o n of an ac c r e t i o n disc by sporadic mass t r a n s f e r . 

Pulsations were observed at a fundamental frequency of ~ 0 03 Hz and at i t s 

f i r s t harmonic. The above authors drew p a r a l l e l s between the morphology of 

the AE Aqr radio emission and t h a t of the x-ray binary Cyg X-3 i n 

quiescence, and suggested t h a t AE Aqr could prove to be a "low-power 

analogue t o Cyg X-3" v i s i b l e i n VHE 7-rays. 

( i ) the Potchefstroom r e p o r t 

The U n i v e r s i t y of Potchefstroom (S.A.) group have observed ei g h t CVs 

using the atmospheric Cerenkov technique, of which three have shown some 

evidence of VHE 7-ray emission. These are AO Psc (an intermediate p o l a r ) 

and UZ For (a p o l a r ) , both of which require f u r t h e r observation and 

ana l y s i s (Meintjes e t a l . , 1992) and AE Aqr (de Jager et a l . , 1990). 
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The Potchefstroom dataset includes 93 observations of AE Aqr made from 

1988 t o 1991 at an average threshold energy of 2-4 TeV. The data were 

searched f o r the 30-23 mHz v a r i a b i l i t y c h a r a c t e r i s t i c of the o p t i c a l f l u x 

d u ring quiescence, which i s believed to represent a beat period between the 

r o t a t i o n of the white dwarf and the o r b i t a l motion (Robinson, Shafter & 

Balachandran, 1991), and at QPO frequencies of 29-94 mHz and 30 04 mHz 

which may be due t o decomposition of the fundamental by one F . I . (de Jager 

et a l . , 1990). None of these t r i a l frequencies appeared to occur at a non-

s t a t i s t i c a l l e v e l i n the dataset taken as a whole, altliough each was 

observed above the background noise i n some i n d i v i d u a l observations. 

Through simultaneous photometric observations of the o p t i c a l spectrum i t 

was e s t a b l i s h e d t h a t o p t i c a l f l a r e s l a s t i n g f o r minutes or hours were 

co i n c i d e n t w i t h VHE 7-ray emission events and displayed the same pulse 

frequency on at l e a s t one occasion. De Jager & Meintjes (1992) suggest t h a t 

these o p t i c a l bursts are associated w i t h dynamic a c t i v i t y i n the white 

dwarf magnetosphere, which may induce large e l e c t r i c f i e l d s and thence 

p a r t i c l e a c c e l e r a t i o n . They note t h a t the observed f l a r e r i s e times are of 

the order of the time taken f o r a clump of a c c r e t i n g m a t e r i a l to traverse 

the magnetospheric depth rA - rwd, and t h a t power at the f i r s t harmonic may 

be i n d i c a t i v e of oblique r o t a t i o n of the white dwarf, the pulse and 

i n t e r - p u l s e being due t o d i f f e r e n t magnetic poles. 

( i i ) the Durham observations 

The Potchefstroom designation of AE Aqr as a TeV 7-ray emitter was 

confirmed by the Durham group, f o l l o w i n g observation of the burst a c t i v i t y 

which was used i n chapter three t o i l l u s t r a t e the advantages of m u l t i p l e 

telescope source coverage. The r e s u l t s obtained from observations made i n 

October 1990 and between August and October of the f o l l o w i n g year are given 

i n d e t a i l i n Bowden e t a l . (1991a) and (1992). The data were Rayleigh 

t e s t e d at the fundamental o p t i c a l pulse period of 33 s and i t s f i r s t 
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harmonic. The 34 observations, made using the Mark I I I and/or Mark IV 

telescopes, contained no evidence of a c t i v i t y at the fundamental period 

e i t h e r i n d i v i d u a l l y or when combined w i t h and without the r e t e n t i o n of 

r e l a t i v e phase i n f o r m a t i o n (see se c t i o n 4.3.6). However, a p r o b a b i l i t y of 

chance occurrence of 0 017 was obtained f o r p e r i o d i c i t y at the f i r s t 

harmonic (P ~ 16-54 s) from the incoherently combined dataset once degrees 

of freedom were accounted f o r . This r e s u l t was not enhanced by the 

performance of a "software c u t " as described i n section 5.2.2. I t i s 

th e r e f o r e concluded t h a t AE Aqr's 7-ray spectrum i s "hard" i . e . t h a t the 

s i g n a l consists of a higher p r o p o r t i o n of large Cerenkov flashes than does 

the cosmic ray background. 

The burst of 13th October 1990, which occurred at o r b i t a l phase 0 17 

and was of one minute d u r a t i o n , displayed t h i s 16-54 s p e r i o d i c i t y . The 

p r o b a b i l i t y of chance occurrence of the bu r s t , which amounted t o a count 

r a t e excess of 75% of the two-telescope cosmic ray background count r a t e , 

was 7-4x10"^^. The event excess at the Mark I I I detector alone corresponded 

to a peak f l u x of 1 6 x lO^^ erg s " i at a threshold energy > 350 GeV at the 

targ e t e d z e n i t h angle of "35°. Hardness r a t i o s were c a l c u l a t e d f o r the 

c e n t r a l channel of the Mark I I I telescope (as per section 6 . 4 . 2 ( i i i ) ) i n 

order t o describe the spectrum of Cerenkov f l a s h sizes recorded before, 

during and a f t e r the burst episode; these were found t o be 1-78, 1-20 and 

1-77 r e s p e c t i v e l y . The increase i n the pro p o r t i o n of large Cerenkov flashes 

c o i n c i d e n t w i t h the on-source event excess and the s t a b i l i t y of the PMTs' 

anode cur r e n t s and noise rates (shown i n f i g u r e s 4.2c and 4.2d) suggest 

t h a t an authentic 7-ray burst was witnessed. 

6.4.2 H0253+193, an intermediate polar system 

( i ) background i n f o r m a t i o n 

H0253+193 appeared f i r s t as an u n i d e n t i f i e d x-ray source i n the HEAD 
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A-2 survey. I t coincided w i t h a p o i n t source of thermal bremsstrahlung 

r a d i a t i o n i n the 2 t o 10 keV band i n data from the E i n s t e i n observatory 

(Halpern & Patterson, 1987). Epoch f o l d i n g of x-ray data taken on t h i s 

o b j e c t using the Ginga s a t e l l i t e revealed a double peaked pulse p r o f i l e 

(Takano e t a l . , 1989) of period 2 0 6 1 ± 0-2 s i n data from July 1987 

increasing to 206-3 ± 0 1 s i n January 1989. Tlie nature of t h i s x-ray 

p u l s a t o r was not immediately apparent owing t o o p t i c a l obscuration by a 

molecular cloud (MBM 12) which l i e s on the l i n e of s i g h t at a distance of 

65 pc (Koyama e t a l . , 1991). Patterson and Halpern (1990) f e l t t h a t the 

x-ray spectra were reminiscent of an intermediate polar CV, c o i n c i d e n t a l l y 

a l i g n e d w i t h an unrelated gas cloud. The binary nature of the system was 

f i r m l y e s t a b l i s h e d f o l l o w i n g the discovery by Kamata, Tawara & Koyama 

(1991) of x-ray e c l i p s e s r e c u r r i n g at 6-06 hour i n t e r v a l s , f o r which: 

JD m i d - = 2,447,751-56036 (± 0.00012) -̂  0-25265 (± 0 00003) E 
e c l i p s e 

where 0-25265 days = Porb and E i s the number of cycles elapsed since t h i s 

measurement. The system was confirmed as a CV through the i n f r a r e d 

measurements of Zuckerraan, B e c k l i n , McLean & Patterson (1992). They found 

i n f r a r e d minima concurrent w i t h the time of x-ray e c l i p s e , which suggests 

t h a t the l i g h t curve a t these wavelengths i s dominated by a c t i v i t y i n the 

Roche lobe f i l l i n g region of a non-degenerate secondary. I f the secondary 

s t a r i n t h i s close binary i s assumed to conform t o a main-sequence mass-

radius r e l a t i o n s h i p , then, according t o the same authors, i t s apparent 

magnitude places i t at a distance of 200 pc. Thus, the observed x-ray f l u x 

i s c o n s i s t e n t w i t h a l u m i n o s i t y of 2x10^2 erg s"^ which i s more compatible 

w i t h t h a t of a white dwarf system than w i t h t h a t of a x-ray binary. The 

x-ray e c l i p s e d u r a t i o n implies an e m i t t i n g region of angular extent s i m i l a r 

t o t h a t of a white dwarf. The hard x-ray f l u x and absorption i n t r i n s i c to 

the source are t y p i c a l of intermediate polar systems. 
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( i i ) the dataset 

Of the f i f t e e n to twenty CV systems which d i s p l a y intermediate polar 

type c h a r a c t e r i s t i c s , H0253+193 was found to be conveniently s i t u a t e d such 

t h a t i t s observation would not preclude t h a t of a w e l l - e s t a b l i s h e d ta r g e t 

source. Data was taken on t h i s o b j e c t i n " t r a c k i n g mode" during the October 

and November observing sessions of 1991. At i t s culmination, around 

midnight, H0253+193 reached a z e n i t h angle of only "51°, hence the energy 

thresholds of the Mark IV and Mark I I I telescopes must be assumed to have 

been i n the region of 600 GeV and 450 GeV r e s p e c t i v e l y . The d u r a t i o n of 

each observation and the p r e v a i l i n g sky c o n d i t i o n i s l i s t e d i n f i g u r e 6.4a. 

( i i i ) a n a lysis and r e s u l t s 

The event times were corrected t o the solar system barycentre using 

the p o s i t i o n given by Koyama et a l . (1991). The e r r o r s i n the ephemeris of 

Kamata, Tawara & Koyama (1991) are such t h a t the absolute o r b i t a l phase of 

the Durham observations (made two years a f t e r the ephemeris epoch) cannot 

be s t a t e d . I f the s i z e of the H0253+193 system i s assumed to be s i m i l a r t o 

t h a t of AE Aqr, having a p r o j e c t e d semi-major axis of -2-4 I t s, then no 

allowance need be made f o r the e f f e c t of o r b i t a l motion upon pulse a r r i v a l 

times i n order t o recover 206 s p e r i o d i c i t y from a four hour observation. 

The observations were f i l t e r e d t o produce 20 data f i l e s containing 

Cerenkov events which t r i g g e r e d only the c e n t r a l channel. Of these, 16 were 

d i v i d e d i n t o 60 s segments as a t e s t f o r burst a c t i v i t y s i m i l a r t o t h a t 

observed from AE Aqr (Bowden et a l . , 1992). An expectation value f o r the 

number of events i n each b i n was obtained by assuming a Poissonian 

d i s t r i b u t i o n w i t h a time varying mean given by a parabolic f i t to the 

observed count r a t e (which v a r i e s w i t h z e n i t h angle) according to the 

method of Carraminana ( p r i v . comm.). The remaining 4 datasets were too 

sparse (owing to adverse weather c o n d i t i o n s ) to allow estimation of the 
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date 
(UT) 

duration 
(min.) 

telescope sky 
clarity 

01/10/1991 117 IV V . good 

02/10/1991 180 rv v. good 

05/10/1991 154 IV poor 

06/10/1991 129 rv poor 

09/10/1991 210 IV V . good 

10/10/1991 150 rv V . good 

11/10/1991 150 IV V . good 

12/10/1991 195 rv V . good 

13/10/1991 159 IV V . good 

14/10/1991 215 IV V . good 

31/10/1991 165 m poor 

01/11/1991 120 m V . good 

02/11/1991 120 ni good 

03/11/1991 121 ni V . poor 

04/11/1991 132 m excellent 

05/11/1991 124 ra excellent 

06/11/1991 153 ni V . poor 

07/11/1991 120 ni excellent 

08/11/1991 120 ni V . good 

11/11/1991 90 ni poor 

Fig. 6.4a : the H0253 + 193 dataset. 



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 count r a t e v a r i a t i o n s . A peak count rate of 

4 standard d e v i a t i o n s above the expectation value occurred i n data 

c o l l e c t e d on 07/11/1991. The excess appeared t o be contained w i t h i n one 

60 s b i n as i l l u s t r a t e d i n f i g . 6 . 4 b ( i ) . This was the only peak f a r above 

the 3 standard d e v i a t i o n l e v e l i n the H0253-^193 dataset. I t was established 

t h a t t h i s a c t i v i t y was confined t o the source d i r e c t i o n , by r e t u r n i n g to 

the data f i l e c o n t a i n i n g a l l recorded events and applying the same 

treatment t o those t r i g g e r i n g a s i n g l e guard r i n g channel. The count rate 

p r o f i l e s of channel 1 and channel 5 are shown i n f i g u r e s 6 . 4 b ( i i ) and 

( i l l ) . These channels are d i a m e t r i c a l l y opposed i n the detector package. 

The gain of channel 1 i s regulated by a LED feedback c i r c u i t w h i l s t t h a t of 

channel 5 may vary w i t h sky brightness. Close inspection of the data 

records revealed a spate of events i n c l u d i n g a response from the c e n t r a l 

channel l a s t i n g f o r approximately 70 s, centered upon a period from 

13:27:29 U.T. t o 13:27:36 U.T. during which 2 events a r r i v e d per second. 

This i s not the sudden avalanche behaviour associated w i t h e l e c t r o n i c 

noise. I n an attempt t o determine whether these "burst events" were due to 

7-ray primaries r a t h e r than nucleon showers, t h e i r number spectrum was 

p l o t t e d as a f u n c t i o n of the time i n t e g r a t e d charge (QT) of each averaged 

over the three on-source p h o t o m u l t i p l i e r tubes, and compared w i t h the 

spectra of events during two 700 s sections of data, one ending 100 s 

before and one beginning 100 s a f t e r "mid-burst". These spectra, 

i l l u s t r a t e d i n f i g u r e 6.4c, appear well-behaved, and there i s some 

i n d i c a t i o n t h a t the bur s t event spectrum (middle p l o t ) i s rather less 

concave than the near exponential d i s t r i b u t i o n s of the "before and a f t e r " 

data. I n order to q u a n t i f y t h i s d e v i a t i o n , the f r a c t i o n of events l y i n g 

below an a r b i t r a r i l y chosen boundary l e v e l ( i n t h i s case 32 u n i t s on the x 

axis QT scale) was c a l c u l a t e d f o r each data segment. This "hardness r a t i o " 

was found t o be 2-16 f o r events before the b u r s t , 1-52 during the burst and 

2-03 a f t e r i t , thus i t i s cle a r t h a t the pr o p o r t i o n of large Cerenkov l i g h t 
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Fig. 6.4b(i) : count rate during the observation of H0253+193 made on 
07/11/1991 (Cerenkov events triggering the central channel only). 
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Fig. 6.4b(ii) : count rate during the observation of H0253+193 made on 
07/11/1991 (Cerenkov events triggering channel 1 only). 
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on 07/11/1991 (Cerenkov events triggering channel 5 only). 
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Fig. 6.4c : central channel integral QT spectra. 



flashes was enhanced during the bur s t episode. I n other words, the burst 

events are drawn from a source spectrum which i s f l a t t e r than t h a t of the 

cosmic ray background. 

Having obtained some s l i g h t evidence of burst a c t i v i t y , the 20 

observation dataset was searched f o r p e r i o d i c i t y using the t e s t f o r 

u n i f o r m i t y of phase described i n section 4 . 3 . 3 ( i i i ) . Unfortunately, the 

le n g t h of the x-ray pulse p e r i o d was such t h a t the p r e f e r e n t i a l s e l e c t i o n 

f o r a n a l y s i s of a small s e c t i o n of data at or near the time of the 

07/11/1991 was not j u s t i f i e d . Each f i l t e r e d "centre only" data f i l e was 

analysed f o r p e r i o d i c i t y i n the range 150 s t o 250 s i n the expectation of 

7 - r a y emission a t or near the 206 s perio d reported by Takano et a l . 

(1989). The period having the l e a s t p r o b a b i l i t y of occurrence by chance i s 

noted f o r each observation i n f i g u r e 6 . 4 d ( i ) . Three t r i a l s were allowed per 

Fourier i n t e r v a l (« 6 s f o r a two hour observation). The tabulated 

p r o b a b i l i t y values have been corrected f o r the number of t r i a l s employed. 

Since the above authors found t h a t the x-ray pulse p r o f i l e i s double-

peaked, the pulse and i n t e r - p u l s e being separated by 180°, the period search 

procedure was repeated over the range 70 s to 120 s, to check f o r a 7-ray 

s i g n a l a t the f i r s t harmonic as was discovered i n the analogous case of 

AE Aqr (see f i g u r e 6 . 4 d ( i i ) ) . 

No trace was found of p e r i o d i c i t y a t the x-ray pulse period or at i t s 

f i r s t harmonic. However, on inspe c t i o n of f i g u r e 6 . 4 d ( i ) , i t w i l l be noted 

t h a t the peak peri o d of "162 s present on the n i g h t of "known a c t i v i t y " of 

07/11/1991 recurs w i t h i n one F . I . on three other occasions i n the November 

dataset. Since three of these four observations are e f f e c t i v e l y of the same 

le n g t h , although varying g r e a t l y i n the event t o t a l s , i t might be assumed 

t h a t t h i s "coincidence" was an a r t e f a c t of the analysis procedure. I f t h i s 

162 s p e r i o d i c i t y i s a t t r i b u t a b l e to events such as those present i n the 

07/11/1991 b u r s t , then i t s s i g n i f i c a n c e should be reduced i n a subset of 

data selected on the basis of having low QT values. Figure 6.4e(i) shows 
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date 
(UT) 

telescope channel 0 
event total 

peak 
period (s) 

prob. of 
chance 

01/10/1991 IV 740 156.4 0.55 

02/10/1991 IV 1015 222.4 0.39 

05/10/1991 IV 1356 177.1 0.27 

06/10/1991 IV 563 150.0 0.95 

09/10/1991 IV 1748 248.7 0.59 

10/10/1991 IV 1942 160.7 0.082 

11/10/1991 IV 1971 179.9 0.081 

12/10/1991 IV 1989 215.3 0.054 

13/10/1991 IV 1908 154.7 0.67 

14/10/1991 IV 2851 153.9 0.018 

31/10/1991 m 1336 162.9 0.092 

01/11/1991 m 2048 162.7 0.0067 

02/11/1991 ni 1418 184.2 0.60 

03/11/1991 ni 377 162.1 0.0064 

04/11/1991 m 2858 210.0 0.061 

05/11/1991 ni 2624 150.0 0.11 

06/11/1991 ni 640 246.2 0.0038 

07/11/1991 ni 2421 162.2 0.053 

08/11/1991 m 1959 169.6 0.38 

11/11/1991 m 669 184.3 0.024 

Fig. 6.4d(i) : H0253 + 193 period search in the range 150 s to 250 s. 



date 
(UT) 

telescope channel 0 
event total 

peak 
period (s) 

prob. of 
chance 

01/10/1991 IV 740 77.44 0.086 

02/10/1991 rv 1015 94.65 0.49 

05/10/1991 IV 1356 97.76 0.97 

06/10/1991 IV 563 99.48 0.29 

09/10/1991 IV 1748 114.2 0.29 

10/10/1991 IV 1942 84.40 0.58 

11/10/1991 IV 1971 84.95 0.14 

12/10/1991 rv 1989 89.03 0.57 

13/10/1991 IV 1908 101.1 0.80 

14/10/1991 IV 2851 82.04 0.025 

31/10/1991 ni 1336 75.92 0.087 

01/11/1991 m 2048 81.25 0.53 

02/11/1991 ni 1418 82.71 0.39 

03/11/1991 m 377 72.31 0.45 

04/11/1991 m 2858 77.16 0.29 

05/11/1991 ni 2624 91.65 0.027 

06/11/1991 m 640 118.1 0.11 

07/11/1991 ni 2421 113.3 0.79 

08/11/1991 m 1959 86.92 0.35 

11/11/1991 m 669 109.8 0.21 

Fig. 6.4d(ii) : H0253 + 193 period search in the range 70 s to 120 s. 



the o v e r a l l chance p r o b a b i l i t y of p e r i o d i c i t y i n the range 150 s to 250 s 

c a l c u l a t e d f o r a l l c e n t r a l channel only Mark I I I telescope events by 

combining the r e s u l t s from i n d i v i d u a l data f i l e s without the r e t e n t i o n of 

r e l a t i v e phase i n f o r m a t i o n (as i n section 4 . 3 . 6 ( i i ) ) . Note t h a t the y axis 

values have not been corrected f o r degrees of freedom; once the number of 

t r i a l s i s accounted f o r the p r o b a b i l i t y of the peak period of 162-7 s i s 

reduced to 2-5 x 10"^. Figure 6 . 4 e { i i ) i s the counterpart of 6.4e(i) f o r 

those events which not only t r i g g e r e d the c e n t r a l channel alone, but also 

d i d not deposit a charge i n one of the guard-ring channels i n excess of 45% 

of the value a t t a i n e d i n the on-source channel. As predicted, t h i s " s o f t 

c u t " has g r e a t l y diminished the peak at 162 s. I t i s i n t e r e s t i n g to note 

the recovery of a peak period of 210 s i n f i g u r e 6 . 4 e ( i i ) , which l i e s 

w i t h i n one F . I . of the x-ray p e r i o d but i s 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 . 

When the October Mark IV telescope data were merged i n a s i m i l a r fashion, 

no s i g n i f i c a n t p e r i o d i c i t y was observed i n the 150 s t o 250 s range e i t h e r 

before or a f t e r a 45% s o f t cut s e l e c t i o n . 

( i v ) summary 

The only evidence of " b u r s t " a c t i v i t y i n the H0253+193 dataset, on a 

timescale s i m i l a r t o the 6 standard d e v i a t i o n , 60 s burst from AE Aqr 

reported by Bowden et a l . (1991a), i s one 70 s episode representing a 4 

standard d e v i a t i o n excess above the background count r a t e . Since H0253+193 

was not the subject of dual telescope observations the s i g n i f i c a n c e of any 

count r a t e d e v i a t i o n i s l i m i t e d as an instrumental o r i g i n cannot be 

e n t i r e l y r u l e d out. However, the s t a b i l i t y of the detector and of the 

observing c o n d i t i o n s are w e l l documented, w h i l s t the time i n t e g r a t e d charge 

p r o f i l e s suggest t h a t the excess events were of above average energy f o r 

the observation i n question. 

There was no evidence of p u l s a t i o n a t the 206 s x-ray period or at i t s 

f i r s t harmonic. A 162 s pulse period was present on more than one occasion 
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Fig. 6.4e(i) : probability of periodicity in the range 150 s to 
250 s in the Mark III telescope dataset (central channel only 
= 16350 events). 
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Fig. 6.4e(ii) : probability of periodicity in the range 150 s to 
250 s in the Mark III telescope dataset (central channel 
only, "soft cut" at 45% threshold = 5893 events). 



and was found t o occur i n the Mark I I I telescope dataset as a whole at a 

chance p r o b a b i l i t y of ~ lO"^. I f t h i s p e r i o d i c i t y i s of a t r u l y 

astronoDiical o r i g i n , then i t may be a t t r i b u t e d t o 7-ray production i n 

a c c r e t i n g m a t e r i a l r o t a t i n g more r a p i d l y than the hot x-ray source assumed 

to l i e at or near the white dwarf's surface. I f the approximation 

r A « 8 rwd c a l c u l a t e d f o r the intermediate polar V1223 Sge using equation 

6.3d i s a p p l i c a b l e to H0253+193 then, according to equation 6.3e, the co-

r o t a t i o n radius w i l l l i e j u s t outside the Alfven radius. A d i f f e r e n t i a l l y 

r o t a t i n g a c c r e t i o n disc may t h e r e f o r e be maintained, where J>i > fls, and 

provide a s i t e f o r the re-processing of f a s t p a r t i c l e s . 

I f the i n t e g r a l cosmic ray energy spectrum i s assumed to f o l l o w an 

E-i-** power law, then f o l l o w i n g the method of section 4.4.2, the 1% f l u x 

l i m i t , ( p i * , i s approximately equal to 2-6 x lO'^^ cm"2 s"^ at E > 450 GeV. 

The peak period i n f i g u r e 6-4e{i) corresponds to a Rayleigh vector of 

magnitude 0-03, g i v i n g a f l u x of 7-8 x I Q - i ^ cm-2 s ' l , which reduces to a 

minimum l u m i n o s i t y of 2-7 x 10^2 erg s'^ i f the source distance of 200 pc 

assumed by Zukerman, Bec k l i n , McLean and Patterson (1992) i s applied. This 

i s s t r i k i n g l y s i m i l a r t o the 2 x 10^2 erg s'^ measured by these authors f o r 

emission i n the 2 t o 20 keV band, and i s therefore not e n t i r e l y 

unreasonable. 

One p o i n t which should be noted i s t h a t made by Meintjes et a l . 

(1992), t h a t caution must be employed when assessing the s i g n i f i c a n c e of 

any p e r i o d i c i t y of the order of 100 s or more found i n VHE 7-ray data, 

because "the counting s t a t i s t i c s are low". 

6.4.3 EF E r i d a n i , a polar system 

( i ) background i n f o r m a t i o n 

The second A r i e l catalogue x-ray source 2A 0311-227 was found to have 

an o p t i c a l counterpart e x h i b i t i n g CV c h a r a c t e r i s t i c s . The discovery of an 
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81 02 fnin period i n the o p t i c a l l i g h t curve and of the strong c i r c u l a r 

p o l a r i s a t i o n associated w i t h c y c l o t r o n emission confirmed i t s status as a 

p o l a r system (Williams e t a l . , 1979). Of tlie 17 or so p o s i t i v e l y i d e n t i f i e d 

p o l a r CVs, only AM Her i s b r i g h t e r and indeed i t i s not possible to say 

which of these two systems has the greatest i n t r i n s i c l uminosity, since the 

secondary s t a r of the EF E r i system has not yet been i d e n t i f i e d , making 

distance determination d i f f i c u l t . Both EF E r i and AM Her appeared as strong 

hard x-ray e m i t t e r s i n data from the E i n s t e i n Observatory, but i t i s the 

spectrum of EF E r i which most c l o s e l y resembles t h a t predicted from simple 

models, hence Beuermann, S t e l l a and Patterson (1987) r e f e r t o t h i s system 

as "the textbook example" of polar CVs. S e i f e r t , Ostreicher, Wunner and 

Ruder (1987) i n t e r p r e t e d a strong o p t i c a l p o l a r i s a t i o n feature of EF E r i as 

being due to hydrogen emission spectra i n a region of magnetic f i e l d 

s t r e n g t h ~ 1-5 MG. This must l i e at 1 t o 2 rwd above the white dwarf 

surface i f a t y p i c a l Bwd of 30 MG i s assumed, and t h e r e f o r e t h i s 

i n t e r p r e t a t i o n i s i n good agreement w i t h a c c r e t i o n column models. The 

d i p o l e f i e l d s t r e n g t h Bwd has not been d i r e c t l y measured, but the above 

authors also r e p o r t a lower l i m i t given by a hydrogen absorption feature 

i n d i c a t i v e of a 10 MG f i e l d region. 

As w i t h a l l polar CVs, the r o t a t i o n of the primary i s synchronous w i t h 

the o r b i t a l period. EF E r i i s of p a r t i c u l a r i n t e r e s t to 7-ray astronomers 

since i t e x h i b i t s a w e l l - e s t a b l i s h e d quasi-periodic p u l s a t i o n at x-ray 

wavelengths, the presence of which would g r e a t l y increase the s i g n i f i c a n c e 

of a weak 7-ray f l u x d e t e c t i o n . These six-minute pulsations liave been sliown 

t o be present at a l l wavelengths from 0 05 to 700 nm. Patterson, Williams 

and H i l t n e r (1981) observed a mean x-ray period of 5-6 ± 0 2 minutes and 

excess power extending between 4 and 7 minutes. Since r a d i a t i o n at a l l 

wavelengths i s dependent upon the a c c r e t i o n r a t e i n some way, i t seems 

reasonable to suppose t h a t the QPOs are due t o modulation of the accretion 

flow. The above authors consider the two most v i a b l e d r i v i n g mechanisms to 
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be the r a d i a l p u l s a t i o n of an a c c r e t i o n disc and r e l a x a t i o n o s c i l l a t i o n s i n 

a shocked a c c r e t i o n column. They suggest t h a t although a f u l l a c cretion 

d i s c i s p r o h i b i t e d by polar CV models a narrow r i n g of m a t e r i a l may be 

allowed t o e x i s t such t h a t the consequent d i s r u p t i o n of the magnetic f i e l d 

i s not widespread and s y n c h r o n i c i t y i s maintained. The mass accretion r a t e 

onto the white dwarf w i l l vary as the inner edge of t h i s r i n g r e g u l a r l y 

grazes the magnetosphere. A l t e r n a t i v e l y , r a d i a t i o n pressure at the base of 

an a c c r e t i o n column which i s slow to d i s s i p a t e may temporarily h a l t the 

downward matter flow, so t h a t f l u x v a r i a t i o n s occur on a timescale t y p i c a l 

of t h a t required f o r plasma at the top of the column to f r e e - f a l l t o the 

white dwarf surface and r e s t o r e t h i s pressure balance. Note t h a t these 

authors f i n d t h a t s i x minutes corresponds to a f r e e - f a l l distance 

equivalent t o approximately h a l f the Roche lobe radius of a one solar mass 

white dwarf primary. 

( i i ) the dataset 

EF E r i was the t a r g e t of both the Mark I I I and the Mark IV telescopes 

during e i g h t n i g h t s i n November 1990. I n a d d i t i o n t o these simultaneous 

observations, data was c o l l e c t e d using the Mark IV telescope alone i n 

November 1991. A l l observations were made i n t r a c k i n g mode when the object 

was near i t s culmination a t a z e n i t h angle of "8°, hence the Mark I I I and 

Mark IV telescope t h r e s h o l d energies were i n the region of 250 GeV and 

450 GeV r e s p e c t i v e l y . The EF E r i dataset i s catalogued i n f i g u r e 6.4f. 

( i i i ) a n alysis and r e s u l t s 

The c o r r e c t i o n of event a r r i v a l times to the s o l a r system barycentre 

was performed according to the source p o s i t i o n given by R i t t e r (1990). 

Routine f i l t r a t i o n was c a r r i e d out i n order to o b t a i n 23 i n d i v i d u a l data 

f i l e s , each co n t a i n i n g only those events which t r i g g e r e d the c e n t r a l 
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date duration telescope sky 
(UT) (min.) clarity 

07/11/1990 32 ni excellent 

08/11/1990 142 IV V. good 

09/11/1990 77 m & i v V. good 

14/11/1990 144 m &IV excellent 

16/11/1990 150 m poor 

17/11/1990 120 m & i v excellent 

18/11/1990 120 i n & i v poor 

19/11/1990 77 in«&iv excellent 

20/11/1990 162 i n & i v excellent 

21/11/1990 122 m & i v excellent 

01/11/1991 131 IV excellent 

05/11/1991 124 IV V. good 

06/11/1991 150 IV V. poor 

07/11/1991 130 IV excellent 

08/11/1991 125 IV V. good 

11/11/1991 89 IV V. poor 

Fig. 6.4f : the EF Eridani dataset. 



channel alone of the appropriate detector. Since no r a p i d white dwarf 

r o t a t i o n period i s documented or indeed expected, a search was c a r r i e d out 

f o r QPOs. The power at frequencies i n the range 0-2 mHz t o 0-3 kHz, as 

represented by the magnitude of t h e i r Fourier c o e f f i c i e n t s , was calculated 

f o r each data f i l e using the Fast Fourier Transform method described i n 

s e c t i o n 4.3.2. No evidence was found of any p e r i o d i c i t y i n the 4 to 7 

minute ( 4 to 2 mHz) region apparent i n the x-ray data of Patterson, 

Williams and H i l t n e r (1981), even before the number of degrees of freedom 

expended by the a p p l i c a t i o n of such a wide search range was considered. In 

f a c t , the spectra appeared i n d i s t i n g u i s h a b l e from t h a t of random noise. 

The data were examined f o r burst a c t i v i t y by s p l i t t i n g each 

observation i n t o bins of width 42 s i n order to produce count rat e p r o f i l e s 

s i m i l a r to those i n f i g u r e 6 . 4 b ( i ) . No b i n was found to contain an excess 

event count l y i n g much f u r t h e r than three standard deviations from the 

expectation value. A v i s u a l inspection of the 23 separate l i g h t curves d i d 

not reveal any p e r i o d i c i t y at the 5'6 minute (= 8 b i n ) l e v e l . 

I t was considered t h a t , given the small z e n i t h angle throughout these 

observations, the on-source event count r a t e should be large compared w i t h 

the magnitude of the s t a t i s t i c a l f l u c t u a t i o n s t h e r e i n , and the 

c o n s t r u c t i o n of a 7-ray o r b i t a l l i g h t curve might thus be worthwhile. Four 

n i g h t s from the 1990 dataset were chosen, during which the weather 

c o n d i t i o n s were recorded as e x c e l l e n t and a f u l l o r b i t a l period of EF E r i 

was covered by both telescopes. I n order to assess the s i g n i f i c a n c e of 

systematic v a r i a t i o n s i n count r a t e w i t h z e n i t h angle, parabolic f i t s were 

made to the number of events a r r i v i n g i n a 240 s "window" s l i d through each 

observation i n four steps. The count r a t e p r o f i l e s derived from data from 

the more s e n s i t i v e Mark I I I telescope are shown i n f i g u r e 6.4g. I t i s c l e a r 

from these p l o t s t h a t the influence of what i s , i n a l l cases, a gradual 

decrease i n z e n i t h angle of < 20° i s e a s i l y overborne by v a r i a t i o n s i n the 

number of Cerenkov events due t o changing atmospheric conditions and random 
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Fig. 6.4g : count rate throughout four Mark HI telescope observations of 
E F Eridani (Cerenkov events triggering the central channel only). Vertical 
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s t a t i s t i c a l e f f e c t s . The p o i n t of x-ray e c l i p s e i n d i c a t e d f o r each 

observation was determined from the i n f r a - r e d ephemeris of Bailey, Hough, 

Gatley and Axon (1983), as Beuerman, S t e l l a and Patterson (1987) have shown 

e c l i p s e t o be simultaneous i n both wavelength regions. The poi n t of mid-

e c l i p s e w i l l be r e f e r r e d t o here as phase 0 of the 81'02min o r b i t . Data 

segments running from one occurrence of o r b i t a l phase 0-25 t o the next were 

ex t r a c t e d from the observations of 14/11/1990, 17/11/1990 and 20/11/1990, 

and from phase 0'75 t o 0-75 + 1 from the observation of 19/11/1990. These 

segments were subdivided i n t o 36 o r b i t a l phase bins f o r ease of c a l c u l a t i o n 

and the number of events oc c u r r i n g w i t h i n each b i n was t o t a l l e d . The 

r e s u l t s obtained from the four separate observing sessions were combined t o 

give the mean number of events expected at a given o r b i t a l phase f o r each 

telescope, thus n u l l i f y i n g a t l e a s t some of the random count r a t e 

f l u c t u a t i o n s . The number of events per 135 s b i n were normalised to give 

the mean count r a t e per minute shown i n f i g u r e 6.4h. I t was hoped t h a t by 

producing one l i g h t curve per instrument, a trend discovered i n data from 

the Mark I I I telescope might be confirmed as a non-instrumental e f f e c t by a 

s i m i l a r response from the less s e n s i t i v e Mark IV instrument. To a s s i s t i n 

t h i s d i s c r i m i n a t i o n , the same treatment was applied t o events i n the 

o r i g i n a l Mark I I I telescope data f i l e s which t r i g g e r e d a response from a 

s i n g l e o f f-source guard r i n g channel (channels 1 and 5 were chosen as i n 

the a n a l y s i s of the burst from H0253+193). For completeness, a curve was 

also produced f o r those events from the Mark I I I telescope which met the 

" s o f t c u t " c r i t e r i o n t h a t the charge c o l l e c t e d by the guard r i n g channels 

should not exceed 45% of t h a t i n the c e n t r a l one, although the 

corresponding reduction i n the t o t a l number of events considered increased 

the apparent s i g n i f i c a n c e of s t a t i s t i c a l f l u c t u a t i o n s . 

I t i s c l e a r t h a t the l i g h t curves displayed i n f i g u r e 6.4h show no 

evidence of a dependency of the on-source count r a t e upon the o r b i t a l phase 

of EF E r i d a n i . 
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( i v ) summary 

Although, as an a c c r e t i n g system, EF E r i has the p o t e n t i a l to e x h i b i t 

b u r s t a c t i v i t y as a r e s u l t of mass t r a n s f e r i n s t a b i l i t i e s , i t i s by no 

means c e r t a i n t h a t 7-rays would have a r o l e i n t h i s energy release. I n 

f a c t , the 5-6 minute modulation of the x-ray f l u x suggests t h a t the 

a c c r e t i o n flow i s w e l l regulated. No evidence of bursts of 7-rays or of 

p e r i o d i c i t y on the timescale of a few minutes has been found i n the Durham 

dataset. 

Since the white dwarf r o t a t e s synchronously w i t h the o r b i t a l period, 

i t s d i p o l a r f i e l d should not be wound about i t s spin a x i s , therefore no 

regu l a r large scale magnetic reconnection i s expected. Star-disc dynamo 

mechanisms of p a r t i c l e a c c e l e r a t i o n are also i n a p p l i c a b l e , and QPOs 

associated w i t h a disc t a r g e t f o r 7-ray production are nei t h e r expected nor 

observed. 

Fast p a r t i c l e production might occur through plasma turbulence i n the 

magnetosphere, and power a 7-ray f l u x modulated at the o r b i t a l period i n 

accordance w i t h the occasional a v a i l a b i l i t y of a t a r g e t medium f o r 7t° 

production, such as the limb of the companion s t a r . Since i t i s assumed 

t h a t the x-ray e c l i p s e observed by Beuermann, S t e l l a and Patterson (1987), 

already shallow at an energy of 10 keV, i s due to obscuration of a hot 

region near the white dwarf surface by a t h i n a c c r e t i o n column, no such 

7-ray e c l i p s e i s expected. This 7-ray f l u x might even be enhanced at t h i s 

o r b i t a l phase as t h i s column crosses the l i n e of s i g h t t o the compact s t a r 

p r o v i d i n g a t a r g e t f o r 7t° production. No such o r b i t a l dependency of the 

Cerenkov f l a s h count r a t e has been detected. I t would be extremely unwise 

to draw any conclusions as t o the nature of the EF E r i system from t h i s 

r e s u l t . I t i s t o be hoped t h a t t h i s might eventually be possible through 

observations spanning more than one o r b i t a l period per session taken over a 

peri o d of several months. At present, the best possible course to f o l l o w i n 

p u r s u i t of the d e t e c t i o n of EF E r i at TeV energies would be to carry out a 
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s e r i e s of observations i n "chopping" mode, i n order t o e s t a b l i s h the 

presence or otherwise of a count r a t e excess i n the d i r e c t i o n of t h i s 

o b j e c t . 

6.4.4 VW Hyd r i , a dwarf nova 

( i ) background i n f o r m a t i o n 

VW Hyi i s a dwarf nova which undergoes "normal" outbursts l a s t i n g f o r 

3 t o 5 days and r e c u r r i n g on average every 27 days and "superoutbursts" 

which are b r i g h t e r than normal ones by approximately one magnitude i n the 

v i s u a l region, l a s t f o r 10 to 14 days and occur once every 179 days 

( P r i n g l e e t a l . , 1987), Almost 1 i n 5 dwarf novae e x h i b i t t h i s d u a l i t y and 

are r e f e r r e d to as SU Uma type systems. VW Hyi i s the b r i g h t e s t CV of t h i s 

sub-group (a distance estimate o f 90 pc was provided by Bailey, (1981)), I t 

has an o r b i t a l period of 0-07427 days and an i n c l i n a t i o n of about 60° 

(Schoembs & Vogt, 1981), The spectrophotometry of Bath, Pringle and Whelan 

(1980) revealed continuum spectra consistent w i t h the presence of an 

ac c r e t i o n d i s c . Haefner, Schoembs and Vogt (1979) suggested t h a t "VW Hyi 

should be considered as an exemplary case f o r many, i f not a l l dwarf 

novae". As such, VW Hyi was the ob j e c t of a coordinated observing campaign 

spanning several months i n 1984 covering the spectrum from o p t i c a l t o x-ray 

wavelengths ( P r i n g l e e t a l . , 1987). 

VW Hyi has proved t o be an abundant source of QPOs, These range from 

the 413 s o p t i c a l modulation observed by Warner and B r i c k h i l l (1978) on a 

s i n g l e n i g h t during a normal maximum t o the 14-06 s s o f t x-ray o s c i l l a t i o n s 

a t superoutburst reported by van der Woerd e t a l . (1987). These authors 

a p p l i e d the Fast Fourier transform technique t o data c o l l e c t e d by the Low 

Energy telescope aboard the EXOSAT observatory during superoutburst, normal 

outbu r s t and quiescence. They found evidence of p e r i o d i c i t y i n the range 13 

t o 15 seconds on fou r occasions, coincident w i t h superoutburst episodes. 
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They p o i n t out f i r s t l y t h a t there are too few detections t o j u s t i f y the 

assumption t h a t these QPOs are present only i n superoutburst a c t i v i t y and 

secondly t h a t the quiescent x-ray spectrum of VW Hyi i s harder than the 

o u t b u r s t spectrum. 

Haefner, Schoembs and Vogt (1979) sta t e d t h a t the o p t i c a l QPOs of 

VW Hyi converging upon period P conformed to the expression AP/P < 0-01, 

such t h a t period s t a b i l i t y was maintained f o r no longer than an hour or 

two. Their r e s u l t s are i n good agreement w i t h those of Robinson and Warner 

(1984) who discovered a period of 253 s having a coherence time of between 

3 and 15 cycles during a three hour photometric observation. A 23-6 s 

p e r i o d i c i t y was present alongside t h i s 253 s s i g n a l , which led these 

authors t o suggest t h a t more than one o s c i l l a t i o n mechanism was at work. 

Outbursts may be caused by e i t h e r a v a r i a t i o n i n the mass t r a n s f e r 

r a t e from the secondary s t a r , or by i n s t a b i l i t y i n the accretion disc. 

X-ray emission i s thought t o a r i s e i n the boundary region between the inner 

edge of the a c c r e t i o n disc and the surface of the white dwarf, where most 

of the k i n e t i c energy of ac c r e t i o n i s given up (van der Woerd et a l . , 

1987). The x-ray f l u x i n the 1 t o 6 keV band observed i n EXOSAT data 

throughout quiescence i n d i c a t e s t h a t a c c r e t i o n i s continuous, although, 

according to van der Woerd and Heise (1987), somewhat " e r r a t i c " . Broadening 

of the a c c r e t i o n disc during outburst has been observed i n some e c l i p s i n g 

SU Uma type dwarf novae. The above authors suggest t h a t t h i s boundary layer 

also becomes o p t i c a l l y t h i c k , hence the decrease i n the x-ray hardness 

r a t i o a t t h i s stage of the emission cycle. Soft x-ray e m i t t i n g "hot spots" 

may be generated i n the boundary layer through the channelling of energy 

t r a n s p o r t ( v i a e l e c t r o n conduction) by t r a n s i e n t magnetic f i e l d s . 

Van der Woerd e t a l . (1987) consider the r e d i s t r i b u t i o n of angular 

momentum, and the d i f f e r e n t i a l r o t a t i o n of t h i s l a y e r , t o be the cause of 

the d r i f t s i n p e r i o d of s o f t x-ray QPOs. These authors also judge that the 

coherence of the x-ray p e r i o d i c i t y which they observe could not be at t a i n e d 
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by disc dynamo generated magnetic f i e l d s , but require instead the presence 

of a weak white dwarf d i p o l a r f i e l d . 

( i i ) the dataset 

Observations of VW Hyi were made using the Mark I I I and Mark IV 

telescopes i n tandem on three occasions i n November 1990, some 30 days 

a f t e r the supermaximum of 5th October 1990 reported by Harrison (1990). 

Data was c o l l e c t e d i n t r a c k i n g mode at and near the culmination of the 

obj e c t a t a z e n i t h angle of 41°. At l e a s t one 107 s o r b i t was covered 

during each observing session, as i s apparent from f i g u r e 6.41. 

( i l l ) a n a l y s i s and r e s u l t s 

The event a r r i v a l times were corrected t o the sol a r system barycentre 

i n accordance w i t h the p o s i t i o n given by R i t t e r (1990). 

The i n i t i a l approach t o simultaneous observations i s to scan the data 

f o r on-source b u r s t a c t i v i t y detected by both telescopes, such as t h a t seen 

during the observation of AE Aqr on 13th October 1990 (Bowden et a l . , 

1992). No s i m i l a r excess was discovered i n t h i s dataset. The data were i n 

f a c t very w e l l behaved, i n t h a t no peak above three standard deviations 

from expectation appeared when the events t r i g g e r i n g the c e n t r a l channel 

only were assigned t o 60 s bins , i n the manner described i n section 

6.4.2(111). 

In order t o search f o r p e r i o d i c i t y of the order of tens of seconds, 

p o t e n t i a l l y coherent over about an hour, the data f i l e s from the 10th and 

the 13th of November were halved, w h i l s t t h a t from the 11th of November was 

quartered. The r e s u l t i n g s i x t e e n ~ one hour long sub-sets of data were 

analysed separately by the Fast Fourier Transform technique of section 

4.3.2., over the range 30 mHz to 2 Hz. No above expectation power was 

observed anywhere i n t h i s region. I n p a r t i c u l a r , there was no evidence of 
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date 
(UT) 

duration 
(min.) 

telescope sky 
clarity 

10/11/1990 127 ni poor 

10/11/1990 95 IV poor 

11/11/1990 246 ni excellent 

11/11/1990 239 rv excellent 

13/11/1990 120 ni V. good 

13/11/1990 120 IV V. good 

Fig. 6.4i : the VW Hydri dataset. 



any of the QPO periods previously observed at lower wavelengths. 

I t was concluded t h a t the size and q u a l i t y of the dataset was not 

s u f f i c i e n t t o j u s t i f y the c o n s t r u c t i o n of an " o r b i t a l l i g h t curve" such as 

t h a t produced f o r EF E r i . The i n c l i n a t i o n of the VW Hyi system i s such t h a t 

the p e r i o d i c obscuration or r e v e l a t i o n of a 7-ray production s i t e due t o 

o r b i t a l motion i s improbable. 

( i v ) summary 

No b u r s t a c t i v i t y was observed from VW Hyi. This i s not s u r p r i s i n g 

since most energy i s released i n regular superoutbursts, rather than during 

apparently random episodes of enhanced a c c r e t i o n as i s seen to occur i n 

novalike CVs. I t i s d o u b t f u l as to whether a 7-ray f l u x would coincide w i t h 

enhanced a c t i v i t y at longer wavelengths i . e . during outburst, or t h a t the 

t h i c k e n i n g of the disc region during r a p i d mass t r a n s f e r would i n f a c t have 

the e f f e c t of suppressing VHE 7-ray emission, through the absorption of 

p o t e n t i a l 7-ray progenitor p a r t i c l e s . Given the s u r p r i s i n g l y w e l l regulated 

superoutburst recurrence time and the ten day a c t i v e period, i t should be 

p o s s i b l e , i n due course, t o t a r g e t such an event w i t h i n the l i m i t e d duty 

cycle of a ground-based Cerenkov telescope. 

No QPOs were detected i n the period range i n d i c a t e d by x-ray 

observers. Since most previous p e r i o d i c 7-ray f l u x detections have been 

obtained through the accumulation of a weak s i g n a l over many months of 

observation, t h i s i s hardly s u r p r i s i n g . Although the continued absence of a 

7-ray f l u x would i n no way i n v a l i d a t e the magnetic i n s t a b i l i t y QPO 

generation mechanism of van der Woerd et a l . (1987), 7-ray production would 

c e r t a i n l y suggest the existence of magnetic f i e l d s , the random o r i e n t a t i o n 

of which might account f o r the otherwise p r o h i b i t i v e l y low l e v e l of 

p o l a r i s a t i o n reported by Schoembs and Vogt (1980), 
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6.5 conclusions 

Of the p a r t i c l e a c c e l e r a t i o n mechanisms reviewed i n section 6.3, 

w i t h i n CVs only magnetic reconnection and s t a r - d i s c dynamos are l i k e l y to 

produce p a r t i c l e s having energies i n the TeV region. The d i p o l a r magnetic 

f i e l d s of dwarf novae are too weak to support a reconnection driven VHE 

p a r t i c l e f l u x , w h i l s t polar CVs do not contain accretion discs. Plasma 

turbulence and the f i r s t order Fermi mechanism may c o n t r i b u t e a f l u x of 

7-rays having energies i n the tens of GeV region. However, these photons 

w i l l be susceptible t o absorption by p a i r production and l i e below the 

cu r r e n t 250 GeV threshold energy of the Mark I I I telescope. 

The r e d i s t r i b u t i o n of a c c r e t i n g m a t e r i a l w i t h i n a polar CV system may 

momentarily d i s r u p t the synchronisation of the o r b i t a l motion and the white 

dwarf r o t a t i o n , thus a l l o w i n g magnetic reconnection t o take place. A b r i e f 

b u r s t of 7-rays may be observed as a r e s u l t . No evidence of burst a c t i v i t y 

was found w i t h i n the EF E r i dataset l i s t e d i n f i g u r e 6.4f. None of the 

p a r t i c l e a c c e l e r a t i o n mechanisms presented here could cause polar CVs t o 

emit a steady VHE 7-ray f l u x . Therefore, any QPOs detected at lower 

energies are u n l i k e l y t o be present throughout an atmospheric Cerenkov 

dataset. The d e t e c t i o n of o r b i t a l phase dependent emission would require 

t h a t magnetic reconnection r e g u l a r l y coincided w i t h a favourable alignment 

of the p a r t i c l e a c c e l e r a t i o n s i t e and a ma t e r i a l t a r g e t f o r 7-ray 

production. A reproducible, asymmetric 7-ray o r b i t a l l i g h t curve would 

reve a l valuable i n f o r m a t i o n as to the physi c a l processes occurring w i t h i n 

such a system. An attempt t o construct an o r b i t a l l i g h t curve f o r EF E r i 

served t o h i g h l i g h t the d i f f i c u l t y of o b t a i n i n g atmospheric Cerenkov 

observations of more than an hour i n du r a t i o n under stable weather 

c o n d i t i o n s . At present, CVs of t h i s class do not appear t o be appropriate 

t a r g e t s f o r observation by the atmospheric Cerenkov technique. 

Dwarf novae may be found to emit 7-rays on a more regular basis than 

po l a r CVs, v i a some form of s t a r - d i s c dynamo mechanism. However, the 
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c h a r a c t e r i s t i c dwarf novae o s c i l l a t i o n s observed i n the x-ray region are 

again only q u a s i - p e r i o d i c . At best, DNO may remain coherent f o r a few tens 

of minutes so t h a t , i f present, such a pulse signature i s u n l i k e l y to be 

s t a t i s t i c a l l y s i g n i f i c a n t i n sparse VHE 7-ray data. Indeed, a n u l l r e s u l t 

was obtained when atmospheric Cerenkov data taken on the b r i g h t e s t SU Lima 

type dwarf nova, VW Hyi, was searched f o r p e r i o d i c i t y using the FFT 

technique (see sec t i o n 4.3.2). Since only 8 hours of data of v a r i a b l e 

q u a l i t y was analysed, t h i s r e s u l t should not be seen as conclusive. 

Targeted observations made over two weeks w h i l s t VW Hyi i s i n superoutburst 

could prove worthwhile. The epochs of these a c t i v e periods are e a s i l y 

p r e d i c t a b l e from o p t i c a l data. Since s t a r - d i s c dynamo mechanisms f o r 7-ray 

production e n t a i l beams of f a s t p a r t i c l e s , the non-detection of VW Hyi 

could be a t t r i b u t e d t o the misalignment of any p a r t i c l e beam with Earth. 

I t i s i n t e r e s t i n g t o note t h a t the o r b i t a l i n c l i n a t i o n of the VW Hyi system 

i s w i t h i n 2° of t h a t of the intermediate polar GV AE Aqr, which has been 

seen to emit VHE 7-rays. 

Intermediate polars are the most promising CV tar g e t s f o r atmospheric 

Cerenkov astronomers. This v e r d i c t i s not only based upon the detections 

of AE Aqr reported i n s e c t i o n 6.4.1, but also f o l l o w s from the 7-ray 

emission models considered i n section 6.3. The r o t a t i o n period of the white 

dwarf has been measured f o r many intermediate polars, A pulse signature of 

t h i s type may be i d e n t i f i e d using the standard Rayleigh t e s t described i n 

sect i o n 4,3.3(111), which introduces f a r fewer degrees of freedom than the 

FFT method required t o search f o r QPOs, and i s the r e f o r e more l i k e l y t o 

uncover 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 s i g n a l . The d i p o l a r magnetic f i e l d s of 

intermediate p o l a r bound white dwarfs, which are of the order of 10^ G i n 

s t r e n g t h , may make s t a r - d i s c dynamo mechanisms f o r p a r t i c l e a c c e l e r a t i o n 

more e f f i c i e n t i n these systems than i n dwarf novae (where Bwd i s 

n e g l i g i b l e ) . I t has been suggested t h a t some intermediate polar systems may 

a l t e r n a t e between disc a c c r e t i o n and mass t r a n s f e r v i a an accretion column 
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or some combination of the two. This r e s t r u c t u r i n g may give r i s e to bursts 

of VHE 7-ray emission powered by magnetic reconnection. The detection of 

VHE 7-rays from intermediate polars could c l a r i f y c urrent understanding as 

to the nature of these systems, wherein the o p t i c a l depth of accreting 

m a t e r i a l obscures the c e n t r a l powerhouse from view at longer wavelengths. 

Analysis of the H0253+193 dataset recorded using the Mark I I I telescope 

revealed one p o t e n t i a l 7-ray burst episode. This was s i m i l a r to t h a t seen 

from AE Aqr i n October 1990, although rather less prominent and lacking 

c o n f i r m a t i o n from the Mark IV instrument which was not i n use. Although no 

evidence was found of the 206 s p u l s a t i o n seen i n the x-ray spectrum of 

H0253+193, a 162 s p e r i o d i c i t y was discovered, which was present during 

several observations. An extension of the H0253+193 dataset i s recommended. 
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CHAPTER SEVEN 

VHE 7-rays i n the V i c i n i t y of Neutron Stars 

This chapter contains a short d e s c r i p t i o n of x-ray binary systems, 

drawing upon the s i m i l a r i t y between these and Cataclysmic Variables. 

Mechanisms f o r 7-ray emission from m i l l i s e c o n d pulsars are also considered 

here, as these o b j e c t s may be produced through the r e d i s t r i b u t i o n of 

momentum w i t h i n low mass x-ray b i n a r i e s . The r e s u l t s of a search f o r 

neutron s t a r associated VHE 7-ray emission from various systems are 

presented. 

7.1 x-ray b i n a r i e s 

X-ray b i n a r i e s are the products of s t e l l a r e v o l u t i o n w i t h i n massive 

close b i n a r y systems i n which the primary s t a r has a mass, Mp, i n excess of 

12 Msun. When t h i s body undergoes g r a v i t a t i o n a l collapse to form a neutron 

s t a r , the associated supernova explosion w i l l not d i s r u p t the system i f the 

non-degenerate secondary s t a r has a mass Ms > 0-3 Mp (van den Heuvel, 

1976). I n t h i s scenario, the system w i l l remain dormant u n t i l such time as 

the secondary s t a r i t s e l f evolves t o the supergiant stage, i n i t i a t i n g bulk 

mass t r a n s f e r t o the compact primary v i a a strong s t e l l a r wind, to form a 

high mass x-ray b i n a r y (HMXB), The l i f e span of the x-ray e m i t t i n g stage i s 

estimated t o be 10^ t o 10^ years i n HMXBs (Mannings, 1990), 

I n the case Ms < 0-3 Mp, i t i s rare f o r the two s t a r s t o remain 

g r a v i t a t i o n a l l y bound a f t e r the supernova event. I t i s generally accepted 

t h a t those systems which do survive the explosion are the precursors of low 

mass x-ray b i n a r i e s (LMXBs), The det e c t i o n of roughly equivalent numbers of 

HMXBs and LMXBs i n s p i t e of t h e i r d i f f e r i n g l i f e t i m e s i s consistent, having 

allowed f o r s e l e c t i o n e f f e c t s , w i t h a r a t e of HMXB production i n excess of 

t h a t of LMXBs, and hence w i t h the close binary - supernova formation 
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hypothesis. 

An a l t e r n a t i v e mechanism f o r LMXB formation was proposed by Gursky 

(1976). He suggested t h a t mass t r a n s f e r onto a white dwarf could cause i t 

t o exceed i t s Chandrasekhar l i m i t and undergo collapse t o form a neutron 

s t a r . Thus some Cataclysmic Variables may be LMXB progenitors (see also 

Labay, Garcia, Canal & I s e r n , 1989). 

I n LMXBs, the secondary s t a r , from which matter i s t r a n s f e r r e d to the 

neutron s t a r v i a Roche lobe overfow (see section 6.2.2), i s e i t h e r a main 

sequence s t a r of A type or l a t e r or a white dwarf (White, 1989). At o p t i c a l 

wavelengths, the l i g h t from the system i s dominated by a disc surrounding 

the neutron s t a r heated by an ac c r e t i o n powered x-ray f l u x . Conversely, the 

o p t i c a l spectra of HMXB systems are a t t r i b u t e d t o the e a r l y 0 or B type 

companion s t a r s . The time elapsed between neutron s t a r formation and the 

onset of x-ray emission i s of the order of 100 times greater f o r systems 

which r e q u i r e a low mass secondary s t a r t o evolve t o f i l l i t s Roche lobe 

than f o r HMXBs. I t has been suggested by Podsiadlowski (1991) t h a t 

i r r a d i a t i o n of the companion's surface by x-rays generated by mass 

ac c r e t i o n onto the neutron s t a r can induce f u r t h e r expansion of the 

secondary. As the s t e l l a r envelope of the i r r a d i a t e d companion expands i n 

order t o a t t a i n a thermal e q u i l i b r i u m , the binary o r b i t widens. The 

expected increase i n o r b i t a l p e r i o d i s of the order of t h a t observed i n the 

LMXBs Cyg X-3 and Sgr X-7. The above author p r e d i c t s t h a t unless magnetic 

braking, g r a v i t a t i o n a l r a d i a t i o n or some other mechanism can support the 

ac c r e t i o n f l o w , an abrupt c u t - o f f of the mass t r a n s f e r w i l l occur when the 

i r r a d i a t i n g f l u x f a l l s below a c r i t i c a l l e v e l . This model l i m i t s the 

l i f e t i m e of LMXBs i n which the secondary i s a main sequence s t a r to ~10^ yr 

as opposed t o only "10^ yr f o r those containing subgiants. 

A recent reassessment of the g a l a c t i c LMXB d i s t r i b u t i o n by Naylor and 

Podsiadlowski (1993) confirmed the existence of two d i s t i n c t classes of 

LMXB (outside g l o b u l a r c l u s t e r s ) . By ordering a sample of 36 LMXBs 
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according t o the magnitude of t h e i r x-ray f l u x i n the A r i e l V sky survey, 

these authors found t h a t the ten most luminous sources l a y i n the d i r e c t i o n 

of the Galactic bulge, and t h a t t h e i r large mass t r a n s f e r rates might 

t h e r e f o r e be due t o e v o l u t i o n d r i v e n expansion of the secondary s t a r , i n 

accordance w i t h t h e i r a s s o c i a t i o n w i t h an o l d s t e l l a r population. The r e s t 

of the sample were sc a t t e r e d i n longitude and assumed to be r e l a t e d to the 

G a l a c t i c d i s c , t h e i r distance above and below i t being consistent w i t h an 

age of I C t o 10^ y r , given the i n i t i a l impulse of an asymmetric supernova 

explosion and subsequent t r a v e l time out of the plane of the disc. 

Accretion discs and columns form i n LMXBs, subject t o those 

c o n s t r a i n t s which were discussed i n the context of CVs i n the previous 

chapter. S i m i l a r l y , the p a r t i c l e a c c e l e r a t i o n mechanisms considered i n 

chapter s i x are g e n e r a l l y a p p l i c a b l e and many are ra t h e r more powerful i n 

LMXB systems than i n CVs, since the degenerate s t a r i n the former t y p i c a l l y 

supports a magnetic f i e l d of -10^ G (Carraminana, 1991). In a d d i t i o n t o 

s t a r - di s c dynamo i n t e r a c t i o n s ( s e c t i o n 6 . 3 . 2 ( i i i ) ) and the various forms 

of shock a c c e l e r a t i o n appropriate t o CVs, f a s t p a r t i c l e s may be ejected 

from the v i c i n i t y of an ac c r e t i n g neutron s t a r towards t a r g e t s s u i t a b l e f o r 

•nP production (such as those i n f i g u r e 6.3c) i n the form of j e t s , which are 

formed where gas pressure a t the neutron s t a r surface i s s u f f i c i e n t to 

rep e l i n - f a l l i n g m a t e r i a l , which then rebounds and i s channelled outwards 

along the open magnetic f i e l d l i n e s (Quenby & Lieu, 1989) or as a pulsar 

wind. 

7.2 an i n t r o d u c t i o n t o pulsars 

I n t h i s chapter, case studies of a LMXB which could p o t e n t i a l l y 

support a f a s t pulsar, of a pulsar w i t h i n a binary system which e x h i b i t s no 

signs of on-going a c c r e t i o n and of an i s o l a t e d pulsar are presented. 

A simple d i v i s i o n may be made between neutron s t a r s whose emission, 

r e g u l a r l y pulsed a t the s t e l l a r r o t a t i o n frequency, i s powered simply by 

157 



the gradual loss of the k i n e t i c energy w i t h which they are formed and those 

which are dri v e n by matter a c c r e t i o n from a companion s t a r . The strong 

magnetic f i e l d s and r a p i d r o t a t i o n of the former support charged p a r t i c l e 

a c c e l e r a t i o n which r e s u l t s i n a large f l u x a t radio wavelengths, hence the 

term "radio pulsars". Any radio emission from the l a t t e r i s quenched 

through the i n t e r a c t i o n of the accelerated ions w i t h i n - f a l l i n g m a t e r i a l . 

Thus the pulsed output of these systems i s dominated by x-rays produced 

through c y c l o t r o n r a d i a t i o n i n the ac c r e t i o n flow, and they are said to 

contain "x-ray pulsars". 

7.2.1 x-ray pulsars 

The conservation of angular momentum during the collapse of i t s 

p r o g e n i t o r should endow a newborn neutron s t a r w i t h a spin period of the 

order of 0-01 s (Henrichs, 1983). This estimate i s consistent w i t h the 

observed r a p i d r o t a t i o n of the young pulsars associated w i t h the Crab and 

Vela supernova remnants. However, the coherent x-ray pulsations a t t r i b u t e d 

t o r o t a t i n g neutron s t a r s i n x-ray binary systems l i e i n the region 0-07 s 

to 800 s. I t i s reasonable t o assume t h a t the r e l a x a t i o n time of the binary 

f o l l o w i n g i t s explosive d i s r u p t i o n i s such t h a t the neutron s t a r r o t a t i o n 

w i l l have slowed considerably (through r a d i a t i v e energy losses) before the 

onset of mass t r a n s f e r . Of the 30 or so known x-ray pulsars, most e x h i b i t a 

long term decrease i n period or "spin-up". I n many cases, t h i s spin-up rat e 

v a r i e s i n an apparently random fashion, which i s i n d i c a t i v e of the t r a n s f e r 

of angular momentum from the companion s t a r t o the degenerate primary v i a 

episodic mass a c c r e t i o n . I t i s noticeable t h a t those systems i n which an 

a c c r e t i o n disc has been o p t i c a l l y i d e n t i f i e d tend t o e x h i b i t the shortest 

x-ray pulse periods. Rappaport and Joss (1983) re p o r t a s l i g h t p o s i t i v e 

c o r r e l a t i o n between pulse periods and binary o r b i t a l periods. I f i t i s 

assumed t h a t the i n i t i a t i o n of mass t r a n s f e r i s coincident w i t h a reduction 

i n o r b i t a l separation, then slow pulsars which have not yet been "spun-up" 
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by a c c r e t i o n should reside i n wide, long period b i n a r i e s , w h i l s t r a p i d l y 

r o t a t i n g pulsars should be r e s t r i c t e d t o close binary systems. I f the 

theory of Podsiadlowski (1991) i s c o r r e c t , then t h i s e f f e c t may be 

p a r t i a l l y counter-balanced by the i r r a d i a t i o n d r i v e n expansion of the 

secondary, and t h e r e f o r e of the o r b i t , during a c c r e t i o n . 

7.2.2 radio pulsars 

I n c o n t r a s t t o x-ray pulsars, a systematic lengthening of the pulse 

p e r i o d i s a c h a r a c t e r i s t i c of radio pulsars. I f the magnetic f l u x of the 

parent i s conserved on neutron s t a r formation, then the degenerate s t a r may 

acquire a magnetic d i p o l e f i e l d s t r e n g t h of the order of 10^^ which w i l l 

decay over a timescale of "10^ yr (Shapiro & Teukolsky, 1983, 281). Thus 

the "spin-down" of i s o l a t e d pulsars i s a t t r i b u t a b l e t o electro-magnetic 

braking ( K i r k & Trumper, 1983). Only ~1 % of a l l radio pulsars (of which 

over 400 have been catalogued) are incorporated i n binary systems 

(Henrichs, 1983). Since i t i s thought t h a t the s t e l l a r wind of the 

companion s t a r may smother the radio emission of newborn pulsars, these few 

examples may be the remnants of x-ray pulsars which were "spun-up" i n 

systems w i t h i n which the mass t r a n s f e r "engine" has since been exhausted. 

The magnetic f i e l d s of these "recycled pulsars" are generally thought to 

have decayed over time t o l i e i n the range 10^ t o 10^" G, the consequent 

re d u c t i o n i n the e f f e c t i v e n e s s of magnetic braking allowing them to 

maintain periods between 1 and 33 ms f o r some time a f t e r the withdrawal of 

the a c c r e t i o n torque (Chiang & Romani, 1992). These r a p i d r o t a t o r s i n non-

i n t e r a c t i n g b inary systems are f r e q u e n t l y r e f e r r e d to as "millisecond 

pulsars". These obj e c t s are not t o be confused w i t h those which, 

owing t o t h e i r r e l a t i v e youth, l i e at the short period end of the tens of 

mil l i s e c o n d s t o tens of seconds range t y p i c a l of i s o l a t e d pulsars. 
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( i ) braking mechanisms 

In the magnetic d i p o l e model of Gunn and O s t r i k e r (1969), a neutron 

s t a r of radius R, having a magnetic d i p o l e moment m, i s assumed to r o t a t e 

i n vacuo at a frequency Q.. I f the magnitude of the s t e l l a r magnetic f i e l d 

a t i t s pole i s Bp, then |m| = BpR''/2 ( L o r r a i n & Corson, 1970). I f m i s 

i n c l i n e d a t an angle, a, t o the r o t a t i o n a x i s , then the s t a r i s an "oblique 

r o t a t o r " , and, when the obj e c t i s viewed from a distance, the magnetic 

moment i s seen t o vary w i t h time. According t o Shapiro and Teukolsky (1983, 

278), magnetic d i p o l e r a d i a t i o n i s t h e r e f o r e emitted at rate given by: 

dE 

dt 3 c3 

d2m 

dt2 

I n a d d i t i o n , s l i g h t deformation of the neutron s t a r t o form a r o t a t i n g , 

homogeneous e l l i p s o i d could support energy loss through g r a v i t a t i o n a l 

r a d i a t i o n according t o dEg/dt = IQ.(dQ/dt), where I i s the moment of i n e r t i a 

of the body. 

I f the neutron s t a r i s an "aligned r o t a t o r " i . e . i f a = 180°, then a 

dense magnetosphere may be formed as e l e c t r i c f i e l d s t a n g e n t i a l t o i t 

remove e l e c t r o n s from the s t e l l a r surface (as i n f i g u r e 6.3a). Within the 

neutron s t a r ' s l i g h t c y l i n d e r the magnetic f i e l d i s d i p o l a r , yet outside 

the c o - r o t a t i o n radius i t forms an outgoing-wave. Plasma escaping along the 

open magnetic f i e l d l i n e s can ca r r y angular momentum away from the st a r . 

Shapiro and Teukolsky (1983) r e p o r t t h a t the outward energy f l u x at the 

d i p o l e f i e l d - open f i e l d boundary, approximately given by the i n t e g r a l 

over the surface of the s t a r of the Poynting vector E x H, i s equivalent to 

t h a t estimated f o r d i p o l e r a d i a t i o n i n the oblique r o t a t o r scenario. 

The braking index, n, of a pulsar experiencing deceleration, as a 

r e s u l t of electro-magnetic and g r a v i t a t i o n a l torque slowing the pulsar's 

r o t a t i o n t o i t s spin frequency, v, i s given by: 
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n = V d^ V 
dt2 

r 1-2 
dy 
dt 

The above authors s t a t e t h a t f o r purely magnetic braking, n « 3, whereas by 

g r a v i t a t i o n a l r a d i a t i o n alone, n « 5, and t h a t n has been measured as 3-43 

f o r the Crab pulsar. 

The c h a r a c t e r i s t i c age of an i s o l a t e d pulsar i s defined as: 

T = - ( v ( d v / d t ) " ^ ) . I t s a c t u a l age at the time of measurement i s given by: 

I T 

(n-1) dv 
dt 

1 - V 

Vi 

where v i i s i t s i n i t i a l r o t a t i o n a l frequency (Cordes & Helfand, 1980). 

A power law braking i n c l u s i v e of both magnetic and g r a v i t a t i o n a l 

e f f e c t s i s r equired to reconstruct the age of the Crab pulsar known from 

i t s a s s o c i a t i o n w i t h the supernova of AD 1054 (Thorsett, 1992). 

The spin-down of i s o l a t e d pulsars, which i s i n general extremely 

uniform, may o c c a s i o n a l l y be i n t e r r u p t e d by a b r i e f episode during which a 

f r a c t i o n a l increase i n r o t a t i o n a l frequency of between 10"^ and 10" i° 

occurs i n less than a day, followed by a gradual exponential decay back to 

i t s " p r e - g l i t c h " value (Cordes & Helfand, 1980). The timescale f o r t h i s 

recovery v a r i e s from a few hours t o a couple of years (Link, Epstein & Van 

Riper, 1992). These " g l i t c h " episodes may be a t t r i b u t e d t o changes i n the 

e l l i p t i c i t y of the neutron s t a r ' s c r u s t , i n response t o a decrease i n the 

c e n t r i p e t a l f o r c e requirement, or t o sporadic linkage between the 

d i f f e r e n t i a l l y r o t a t i n g c r u s t and the s t a r ' s f l u i d i n t e r i o r (Lyne & Graham-

Smith, 1990). 

The maximum power output of a r o t a t i o n d riven pulsar may be estimated 

from i t s k i n e t i c energy; EKE = 1/2 I , hence dEKs/dt = lQ.{dQ/dt). I f 

I « 3x10^5 g cm2, then f o r i s o l a t e d pulsars, dEKE/dt l i e s i n the range 
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1032 t o 1036 erg s - i (B r a z i e r , 1991). 

( i i ) VHE 7-ray production 

Usov (1983) s t a t e s t h a t " f o r a neutron s t a r t o be a radio pulsar, 

e l e c t r o n - p o s i t r o n p a i r s should be present i n i t s magnetosphere". The 

pulsed radio f l u x i s h i g h l y p o l a r i s e d and consistent w i t h c y c l o t r o n 

r a d i a t i o n from magnetospheric p a r t i c l e s f o l l o w i n g the open magnetic f i e l d 

l i n e s . The width of the radio beam constrains the emission s i t e t o a region 

above the magnetic pole of the neutron s t a r (Lyne & Graham-Smith, 1990). 

I n the polar cap model of Ruderman and Sutherland (1975), electrons 

may escape from the surface of the neutron s t a r , but the p o s i t i v e ions 

( p r i n c i p a l l y i r o n n u c l e i ) , which make up the s t a r ' s s o l i d outer c r u s t , 

remain bound. A charge depleted gap i s formed above the polar cap (which i s 

defined as t h a t area of the neutron s t a r surface bounded by those magnetic 

d i p o l e f i e l d l i n e s which are t a n g e n t i a l t o the v e l o c i t y of l i g h t c y l i n d e r ) . 

Electrons are accelerated along the magnetic f i e l d l i n e s as they pass 

through t h i s gap, and emit curvature r a d i a t i o n by the mechanism described 

i n s e c t i o n 6.3.1. Photons of curvature r a d i a t i o n having s u f f i c i e n t energy 

to do so may undergo p a i r production, and so add t o the charged p a r t i c l e 

f l u x . 

I n the Ruderman and Sutherland (1975) model, the strength of the 

e l e c t r i c f i e l d through which polar gap accelerated p a r t i c l e s pass i s given 

by E = 2 f2 h Bp, where h i s the height t o which the gap extends above the 

s t e l l a r surface. Excess power at radio wavelengths i s evidence of the 

a c c e l e r a t i o n of p a r t i c l e s t o energies s u f f i c i e n t to support enhancement of 

the p a r t i c l e f l u x through p a i r production. According t o Usov (1983), the 

maximum energy at which photons may escape from the gap without degradation 

t o an e l e c t r o n - p o s i t r o n p a i r i s given by: 

e < 1010 p2 p B-i eV 
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where P i s the neutron s t a r spin period ( i n seconds), B i s the magnetic 

f i e l d s t r e n g t h at cl o s e s t approach t o the s t e l l a r surface ( i n u n i t s of 

10^2 G) and r i s the r a d i a l distance from the s t e l l a r centre ( i n u n i t s of 

10^ cm). Using t h i s model, the above author found t h a t 1 % of the t o t a l 

energy loss r a t e of the 1-5 ms pulsar PSR 1937+214 should be i n the form of 

7-rays, having a maximum energy per photon of 10^^ eV. 

I t might be expected t h a t charged p a r t i c l e s which impact upon the polar 

cap would heat the surface of the neutron s t a r and so produce a strong 

x-ray f l u x . No such x-ray emission i s observed. 

Cheng, Ho and Ruderman (1986) speculated t h a t f a s t p a r t i c l e 

a c c e l e r a t i o n may occur i n regions near the v e l o c i t y of l i g h t c y l i n d e r , thus 

the "missing" x-ray f l u x problem i s averted. "Outer gaps" are formed as 

charge separation occurs w i t h i n the r o t a t i n g magnetosphere, i n much the 

same manner as described i n section 6 . 3 . 2 ( i i i ) i n the context of a disc 

supporting system. I n the opinion of these authors, curvature r a d i a t i o n and 

inverse Compton s c a t t e r i n g of low energy photons o f f p a r t i c l e s accelerated 

i n these extended gaps ( p o s i t i o n e d as shown i n f i g u r e 7.2) could power a 

f l u x of 7-rays i n the 10^2 eV region. 

Chiang and Romani (1992) endeavoured to reproduce the pulse s t r u c t u r e s 

observed i n emission from the Crab and Vela pulsars at radio and o p t i c a l 

wavelengths using simulations based upon the two models above, i n order to 

t e s t the a p p l i c a b i l i t y of the polar cap and of the outer gap 

c o n f i g u r a t i o n s . They concluded t h a t w h i l s t the polar cap model c o r r e c t l y 

describes the observed 7-ray spectrum, the pulse morphologies may only be 

r e t r i e v e d by a p p l i c a t i o n of the outer gap assumption, although these 

p r o f i l e s are s t i l l f a r from p e r f e c t . 

The above authors noted t h a t of the pulsar population, m i l l i s e c o n d 

p u l s a r s , having r e l a t i v e l y low f i e l d strengths and narrow l i g h t c y l i n d e r s , 

would be expected t o be the l e a s t s e n s i t i v e t o the choice between the polar 

cap and outer gap emission regions. For m i l l i s e c o n d pulsars, where the 
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c = f i r spin axis 

Figure 7.2 : geometry of the outer gaps in a pulsar magnetosphere (after 
Cheng, Ho and Ruderman, 1986). The particle flux from the gap regions 
labelled G is expected to suppress the formation of less extensive 
vacuum gaps in the regions labelled G' . 



r a d i u s of cur v a t u r e of the outermost, unbroken magnetic f i e l d l i n e i s small 

and synchrotron l o s s e s are n e g l i g i b l e , they found t h a t the f l u x of 7- r a y s 

above 10 MeV should follow the r e l a t i o n : 

F * 3-5 X 1033 P-i-4 BO-95 erg s " ! 

as opposed to: 

F « 6-4 X 1032 p-2.2 B i - i erg s - i 

f o r i s o l a t e d p u l s a r s . 

The above "standard model" of m i l l i s e c o n d p u l s a r e v o l u t i o n has 

r e c e n t l y been c a l l e d i n t o question as a r e s u l t of the discovery, by B e l l , 

B a i l e s and B e s s e l l (1993), of a cool white dwarf companion to the nearby 

5-75 ms p u l s a r J0437-4715. The c h a r a c t e r i s t i c age of t h i s p u l s a r , as 

evinced by i t s spin-down r a t e , i s l e s s than the time which must have 

ela p s e d s i n c e white dwarf formation f o r the companion's temperature to have 

f a l l e n to i t s c u r r e n t value. By i m p l i c a t i o n , i f a c c r e t i o n driven s p i n up of 

the p u l s a r ceased on the c o l l a p s e of the g i a n t , mass donating companion, 

then the time-averaged r a t e of decay of the p u l s a r magnetic f i e l d must be 

c o n s i d e r a b l y l e s s than t h a t p r e v i o u s l y assumed. I f t h i s i s the case, then 

the r e c y c l i n g of slow p u l s a r s need not be considered a ubiquitous 

requirement f o r b i n a r y m i l l i s e c o n d p u l s a r formation. K u l k a r n i & Thors e t t 

(1993) summarised the problems attached to the assumption t h a t LMXBs are 

the p r o g e n i t o r s of m i l l i s e c o n d p u l s a r s . They s t a t e d t h a t not only did the 

abundance of m i l l i s e c o n d p u l s a r s g r e a t l y exceed t h a t of LMXBs, but t h a t , 

r e f e r r i n g to LMXBs, "c o n s i d e r a b l e e f f o r t has uncovered no evidence for 

m i l l i s e c o n d p u l s a t i o n s from any of them". 

An opportunity e x i s t s here f o r 7-r a y astronomers to 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 towards the determination of the o r i g i n s of m i l l i s e c o n d 

p u l s a r s , p o s s i b l y through f u r t h e r confirmation of the presence of a 12-6 ms 

TeV 7 - r a y p u l s a r i n the LMXB Cyg X-3 reported by Chadwick e t a l . (1985). A 
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f r a c t i o n of the pulsed f l u x from such an o b j e c t , perhaps absorbed or 

scat t e r e d at longer wavelengths by the a c c r e t i n g m a t e r i a l necessary t o the 

spin up mechanism, may be detected i n the form of energetic 7-rays. 

7.3 Sgr X-7. a low mass x-ray binary 

7.3.1 background in f o r m a t i o n 

Sgr X-7, which appeared i n the 4th Uhuru catalogue as 4U1822-37, was 

o p t i c a l l y i d e n t i f i e d as a s t e l l a r binary by G r i f f i t h s e t a l . (1978). I t s 

l u m i n o s i t y i n the x-ray region exceeds i t s combined o p t i c a l and UV output, 

which i s i n d i c a t i v e of the presence of a neutron s t a r rather than of a 

white dwarf (Mason & Cordova, 1982). 

Mason et a l . (1980) i d e n t i f i e d a 5-57 hour modulation i n the o p t i c a l 

l i g h t curve w i t h o c c u l t a t i o n by an a c c r e t i o n disc and noted t h a t t h i s 

e c l i p s e was "morphologically s i m i l a r " to t h a t of the x-ray binary Cyg X-3. 

They a t t r i b u t e d o p t i c a l dimming between phases 0-66 and 0-91 of the o r b i t a l 

cycle t o absorption i n a stream of ac c r e t i n g m a t e r i a l . White and Holt 

(1982) noted only a p a r t i a l e c l i p s e i n the 2 t o 60 keV range, which l e d 

them t o suggest t h a t x-rays from a c e n t r a l compact source were being 

s c a t t e r e d by an ionised corona l y i n g above and below the accretion disc. 

Such a corona might form through the evaporation of ma t e r i a l from the disc 

surface, which would r e q u i r e i t s i l l u m i n a t i o n by a compact x-ray source 

r a d i a t i n g close t o i t s Eddington l i m i t where the t o t a l x-ray luminosity > 

103 7 gj.g g - i ^ UV data i n the 160 nm region l e n t weight t o the x-ray corona 

hypothesis; a minimum was observed around o r b i t a l phase 0-8, suggestive of 

the obscuration of a small emission s i t e near the inner edge of an 

a c c r e t i o n disc by a bulge at the disc's periphery (Mason & Cordova, 1982a). 

This modulation was present i n n e i t h e r x-rays nor i n o p t i c a l l i g h t , as i s 

co n s i s t e n t w i t h x-ray emission above the plane of the disc and an o p t i c a l 

c o n t r i b u t i o n from i t s outer edge. By assuming a black body spectrum f o r the 
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inner and outer edges of t h i s " w a l l " of a c c r e t i n g m a t e r i a l . Mason and 

Cordova (1982) estimated the distance to Sgr X-7 t o be 2-5 kpc. From t h e i r 

model, these authors i n f e r r e d an i n c l i n a t i o n of the binary o r b i t t o the 

l i n e of s i g h t of between 76° and 84°. 

Mason et a l . (1980) searched f o r p e r i o d i c i t y i n the range 0-2 to 50 Hz 

i n white l i g h t from Sgr X-7. They found t h a t the o p t i c a l output was i n f a c t 

remarkably uniform and devoid of f l i c k e r i n g . H e l l i e r , Mason and Rees 

Williams (1992) conducted a "pulsar search" i n data c o l l e c t e d i n the 1 to 

30 keV range using the Ginga s a t e l l i t e . They found no evidence from t h e i r 

Fourier analysis of p e r i o d i c or quasi-periodic o s c i l l a t i o n s . I t should be 

noted t h a t t h e i r sample consisted of a s i n g l e 45 minute exposure, taken 

during the b r i g h t e s t p a r t of the x-ray cycle ( o r b i t a l phases 0-3 to 0-5). 

7.3.2 the dataset 

Several authors have remarked upon the s i m i l a r i t i e s between Sgr X-7 

and the x-ray binary Cyg X-3. A 12-59 ms pulse period was discovered by the 

Durham group i n data taken on Cyg X-3 at the Dugway s i t e i n 1983 (Chadwick 

et a l . , 1985, Bowden et a l . , 1992a). Viewed from Bohena Settlement, Cyg X-3 

r i s e s no higher than 20° above the horizon, where the Cerenkov event count 

r a t e i s poor, thus Sgr X-7 became an a t t r a c t i v e t a r g e t f o r southern 

hemisphere observations. At culmination, Sgr X-7 reaches a zenith angle of 

6° during the month of August, and may t h e r e f o r e be observed near the 

minimum 250 GeV threshold energy of the Mark I I I telescope. 

Sgr X-7 was targeted f o r a b r i e f s p e l l i n August 1987, but was soon 

supplanted i n the observing schedule by SN 1987A. I t was the a r t i c l e by 

Podsiadlowski (1991) (see s e c t i o n 7.1) which prompted the r e t r i e v a l and 

a n a l y s i s of the 1987 dataset. 

Observations have since been made on a f u r t h e r 61 occasions and these 

are catalogued i n f i g u r e 7.3a. The tabulated o r b i t a l phase i s t h a t of the 

mid-point of each observation, c a l c u l a t e d w i t h respect to the time of x-ray 
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date 
(UT) 

duration 
(min.) telescope 

sky 
clarity 

orbital 
phase 

15/08/1987 262 ni good 0.73 
19/08/1987 251 m V. poor 0.00 
20/08/1987 150 ni good 0.46 
21/08/1987 138 m V. good 0.35 
22/08/1987 83 ni V. good 0.51 
23/08/1987 295 ni good 0.14 
10/06/1991 107 IV V. poor 0.42 
11/06/1991 333 IV V. good 0.73 
12/06/1991 67 IV V. poor 0.97 
13/06/1991 222 IV V. good 0.38 
14/06/1991 406 IV good 0.87 
15/06/1991 372 IV good 0.26 
16/06/1991 419 IV good 0.49 
17/06/1991 429 m good 0.78 
17/06/1991 415 IV good 0.81 
18/06/1991 341 ni poor 0.14 
18/06/1991 342 IV poor 0.18 
19/06/1991 309 m poor 0.58 
19/06/1991 288 IV poor 0.62 
20/06/1991 222 m V. poor 0.93 
20/06/1991 207 IV V. poor 0.96 
03/07/1991 22 ni good 0.43 
04/07/1991 276 m poor 0.09 
05/07/1991 248 m V. good 0.39 
06/07/1991 258 m v. good 0.70 
07/07/1991 263 m good 0.99 
07/07/1991 260 IV good 0.03 
10/07/1991 83 in V. poor 0.71 
10/07/1991 320 IV v. poor 0.10 
11/07/1991 189 m V. poor 0.20 
11/07/1991 210 rv V. poor 0.25 
12/07/1991 227 m good 0.50 
12/07/1991 235 IV good 0.53 
13/07/1991 154 m poor 0.93 
13/07/1991 184 IV poor 0.00 
14/07/1991 140 ni good 0.17 
14/07/1991 162 rv good 0.12 
15/07/1991 144 ni good 0.62 
15/07/1991 141 IV good 0.60 

Figure 7.3a : the Sgr X-7 dataset. 



date duration sky orbital 
(UT) (min.) telescope clarity phase 

31/07/1991 59 m good 0.45 
01/08/1991 180 ni poor 0.74 
01/08/1991 130 IV poor 0.88 
02/08/1991 252 ni excellent 0.62 
02/08/1991 246 IV excellent 0.60 
03/08/1991 175 m V. poor 0.45 
03/08/1991 190 IV V. poor 0.74 
04/08/1991 240 ni poor 0.88 
04/08/1991 186 IV poor 0.11 
06/08/1991 41 ni excellent 0.14 
06/08/1991 205 IV excellent 0.33 
07/08/1991 206 ni excellent 0.40 
07/08/1991 208 IV excellent 0.65 
08/08/1991 215 m excellent 0.61 
08/08/1991 218 IV excellent 0.98 
09/08/1991 208 m excellent 0.27 
09/08/1991 110 IV excellent 0.55 
10/08/1991 212 m excellent 0.46 
10/08/1991 118 IV excellent 0.37 
11/08/1991 208 ni excellent 0.81 
11/08/1991 105 IV excellent 0.70 
12/08/1991 221 m excellent 0.16 
12/08/1991 97 IV excellent 0.02 
31/08/1991 141 ni V. good 0.87 
01/09/1991 85 ni V. good 0.72 
02/09/1991 218 ni V. good 0.64 
03/09/1991 144 ni V. good 0.79 
04/09/1991 105 ni V. good 078 
05/09/1991 96 m V. good 0.82 
06/09/1991 197 IV V. good 0.94 
08/09/1991 115 m poor 071 
09/09/1991 168 IV poor 0.78 
10/09/1991 121 IV poor 0.11 
11/09/1991 114 m V. poor 0.73 
12/09/1991 56 ni V. good 0.78 
18/08/1992 111 ni V. good 0.84 
19/08/1992 240 ni V. good 0.11 
20/08/1992 121 ni V. good 0.25 
20/08/1992 205 V V. good 0.61 

Figure 7.3a cont. : the Sgr X-7 dataset. 



date duration sky orbital 
(UT) (min.) telescope clarity phase 

21/08/1992 127 ni V. good 0.55 
21/08/1992 113 V v. good 0.11 
22/08/1992 126 m excellent 0.87 
22/08/1992 216 V excellent 0.26 
23/08/1992 152 ni good 0.21 
23/08/1992 241 V good 0.45 
24/08/1992 116 m excellent 0.50 
24/08/1992 206 V excellent 0.79 
25/08/1992 122 m excellent 0.81 
25/08/1992 227 V excellent 0.13 
26/08/1992 68 V poor 0.48 
19/09/1992 117 ni poor 0.72 
19/09/1992 103 IV poor 0.80 
19/09/1992 51 V poor 0.66 
20/09/1992 203 m V. good 0.00 
20/09/1992 169 IV V. good 0.03 
20/09/1992 172 V V. good 0.00 
22/09/1992 88 m good 0.84 
22/09/1992 58 IV good 0.86 
23/09/1992 194 m poor 0.90 
23/09/1992 193 IV poor 0.92 
25/09/1992 59 m V. good 0.81 
25/09/1992 90 IV V. good 0.77 
26/09/1992 140 IV V. good 0.78 

Figure 7.3a cont. : the Sgr X-7 dataset. 



e c l i p s e according t o the quadratic ephemeris of H e l l i e r , Mason, Smale and 

Kilkenny (1990). A l l data were c o l l e c t e d w h i l s t the telescopes were i n 

t r a c k i n g mode. 

7.3.3 analysis and r e s u l t s 

( i ) the August 1987 data 

The length and q u a l i t y of the dataset were considered i n s u f f i c i e n t to 

allow a search f o r modulation at the 5.57 hour binary o r b i t a l period. The 

data were scanned f o r a bu r s t of on-source events, of a few minutes 

d u r a t i o n , s u i t a b l e f o r analysis over a range of frequencies by the f a s t 

Fourier transform method. Since Cyg X-3 had previously been found to 

e x h i b i t 7 minute long s p e l l s of enhanced 7-ray emission (Chadwick et a l . , 

1985), the count r a t e of events t r i g g e r i n g the c e n t r a l channel alone was 

averaged over a 420 s " b i n " which was s l i d through each data f i l e i n seven 

steps. The observation made on 19/08/1987 was excluded from t h i s burst 

search, as were the l a s t hour of data taken on 15/08/87 and the f i r s t hour 

of t h a t from 23/08/87, on the grounds t h a t cloud cover was noted by the 

observers. Only one candidate " a c t i v e period" was found, the peak count 

r a t e o c c u r r i n g at 12:04:57 UT on 15/08/1987, as i l l u s t r a t e d i n f i g u r e 7.3b. 

I t i s c l e a r from t h i s f i g u r e t h a t the peak i s only s l i g h t l y i n excess of 

three standard d e v i a t i o n s from the expectation value of the parabolic f i t . 

No concurrent count r a t e excess appeared i n the off-source channels. When 

the QT spectra were compared, as per the method of section 6 . 4 . 2 ( i i i ) , no 

s i g n i f i c a n t d i f f e r e n c e between the magnitude of Cerenkov l i g h t flashes 

a r r i v i n g before, during and a f t e r the peak. 

A FFT p e r i o d i c i t y search was applied t o 800 s of data centred upon the 

peak of f i g u r e 7.3b. Again, events which t r i g g e r e d the c e n t r a l channel only 

were chosen, hence the width of the allowed time b i n was relaxed i n order 

to increase the number of events analysed from 324 t o 537. I n the range 
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Fig. 7.3b : count rate during the observation of Sgr X-7 made on 
15/08/1987 (Cerenkov events triggering central channel only). 



0-33 X 10^ to 0-13 X 10 -2 one peak emerged above expectation a t a 

frequency of - 34-7 Hz (= 28-795 ms), as shown i n f i g u r e 7.3c. Once the 

number of degrees of freedom expended i n t h i s search were taken into 

account, t h i s r e s u l t was found to be s t a t i s t i c a l l y i n s i g n i f i c a n t . I t was 

decided to apply a t e s t f o r u n i f o r m i t y of phase over a narrow search range 

c e n t r e d upon t h i s t r i a l p e riod to data covering the same o r b i t a l phase of 

Sgr X-7 as the " b u r s t " . T h i s phase, <pb, was c a l c u l a t e d using the x-ray 

ephemeris of H e l l i e r , Mason, Smale and Kilkenny (1990) given below: 

JD = To + E P + E 2 c 

To = 2445615-30961(15) 

P = 0.232108782(65) 

c = (2-54 ± 0-67)x 10-11 

P/(dP/dt) =(2-9 ± 0-8)x 106 

from which cpb = 0 - 798. 

O r b i t a l phase 0-8 was covered by the observations taken on 19/08/1987 

and 23/08/87. I n the former t h i s phase c o i n c i d e d with a break i n the cloud 

cover, w h i l s t the count r a t e was p a r t i c u l a r l y low on the l a t t e r occasion. 

Two 800 s data e x t r a c t s centred upon these two occurrences of (pb, were 

s e l e c t e d and f i l t e r e d to remove events which t r i g g e r e d any channel other 

than the c e n t r a l one. The R a y l e i g h t e s t , ( d e s c r i b e d i n s e c t i o n 4 . 3 . 3 ( i ) ) , 

was a p p l i e d to s e a r c h f o r p e r i o d i c i t y i n t h i s data over the range 28-78 to 

28-81 ms. A n u l l r e s u l t was obtained f o r the data c o l l e c t e d on 23/08/1987. 

However, a peak pe r i o d having a p r o b a b i l i t y of chance occurrence of 0-02 

was present i n the data from 19/08/1987. Whilst t h i s was not i n i t s e l f 

remarkable, a p p l i c a t i o n of the same t e s t to the 800 s e x t r a c t from 

15/08/1987 r e v e a l e d t h a t the p e r i o d i c i t y observed i n these d a t a s e t s l a y 

w e l l w i t h i n one F o u r i e r i n t e r v a l (= P p u i s e 2 / 8 0 0 s ~ 1 iis) of each other i . e . 

they were e f f e c t i v e l y the same. The r e s u l t a n t periodograms are shown i n 

f i g u r e s 7 . 3 d ( i ) and ( i i ) ; i t should be noted t h a t the y a x i s values are 
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Fig. 7.3c : raw probability of chance occurrence of periodicity in the 
frequency range 330 Hz to 0.013 Hz in the Mark HI telescope dataset of 
15/08/1987 (events which triggered the central channel only), calculated 
using the Fast Fourier Transform method of Carraminana (1991). 
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Fig. 7.3d(i) : probability of periodicity in the range 28.78 ms 
to 28.81 ms in the Mark III telescope dataset of 19/08/1987 
(central channel only = 307 events). 
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Fig. 7.3d(ii) : probability of periodicity in the range 28.78 ms 
to 28.81 ms in the Mark III telescope dataset of 15/08/1987 
(central channel only = 537 events). 



"raw" p r o b a b i l i t i e s i . e . those obtained before the number of degrees of 

freedom, which are s i m i l a r f o r both p l o t s , are taken i n t o account. 

I f the concurrence of tliese peak p e r i o d i c i t i e s were merely 

c o i n c i d e n t a l , then the phase of the s h o r t period pulse would not be 

expected to be maintained from one observation to the next. The tesL for 

u n i f o r m i t y of phase was repeated on the two 800 s e x t r a c t f i l e s , f i r s t l y 

coDibining them without the r e t e n t i o n of r e l a t i v e phase information, as 

d e s c r i b e d i n s e c t i o n 4 . 3 . 6 ( i i ) , and secondly by t r e a t i n g them as a s i n g l e 

d a t a s e t of four days i n duration, according to the method of s e c t i o n 

4 . 3 . 6 ( i ) . The r e s u l t s of t r i a l s over the period range 28-795 to 28-797 ms 

were as f o l l o w s : 

peak period 
(ms) ± 1 F I 

raw prob. of 
chance 

c o r r e c t e d prob. 
of chance 

no r e l a t i v e 
phase i n f o . 

28-7962853 
± 0-0010 3-765 X 10-9 2-137 X 10-8 

phase i n f o , 
r e t a i n e d 

28-7962916 
± 0-0000024 6-914 X 10-13 1-909 X 10-9 

C l e a r l y , i f the number of t r i a l s have been c o r r e c t l y accounted for (3 per 

F o u r i e r i n t e r v a l ) , tlien the r e s u l t s i n d i c a t e t h a t the r e t e n t i o n of r e l a t i v e 

phase does not r e s u l t i n degradation of the p e r i o d i c e f f e c t . 

I n order to e s t a b l i s h whether or not t h i s p e r i o d i c i t y was r e s t r i c t e d 

to the 800 s b i n s chosen on the b a s i s of a s l i g h t excess count r a t e or the 

occurrence of <pb, the t e s t f o r uniformity of phase was a p p l i e d to the 

e n t i r e 1987 d a t a s e t . S i n c e no p r e c i s e knowledge of the o r b i t a l elements of 

Sgr X-7 was a v a i l a b l e , no c o r r e c t i o n f o r the Doppler s h i f t i n pulse 

frequency due to o r b i t a l motion was attempted. However, an estimate of the 

p o s s i b l e magnitude of t h i s e f f e c t was made. Given the reported o r b i t a l 

v e l o c i t y of the primary of 70 km s'^ (Cowley, Crampton & Hutchings, 1982) 

and assuming an o r b i t a l i n c l i n a t i o n of 76°, equation 4.3f may be applied i n 

order to determine the e f f e c t of Doppler s h i f t i n g of the period of a steady 
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p u l s a t o r , assumed to be a s s o c i a t e d with the compact s t a r . I t was found LhaL 

the pulse period observed a t o r b i t a l phase 0-8 could t r a n s l a t e to a maximum 

value a t phase 0'75 of 28-797 ms and a minimum value a t phase 0-25 of 

28-784 ms. A s e a r c h range of 28-78 to 28-80 ms was therefore chosen. The 

coherence times of a 28 ms s i g n a l a t the ascending and descending nodes and 

a t c o n j u n c t i o n were estimated from equations 4.3g and 4.3f to be ~640 s and 

•1400 s r e s p e c t i v e l y . Events t r i g g e r i n g the c e n t r a l channel only were 

s e l e c t e d and each data f i l e was analysed i n 800 s segments, eacli segment 

s t a r t i n g 200 s l a t e r than the one proceeding i t . There was no evidence of 

p e r i o d i c i t y on any n i g h t s other than those of the 15th and 19th of August. 

The p e r i o d i c i t y which was observed during these two observations was 

r e s t r i c t e d to an approximately 1200 s long s e c t i o n of each. When the same 

t e s t was a p p l i e d to data from the 15th and 19th of August containing only 

those events which t r i g g e r e d a s i n g l e , o f f - s o u r c e , guard-ring channel 

response, no pulsed s i g n a l was seen. 

The t e s t f o r u n i f o r m i t y of phase was r e - a p p l i e d to the two (pb centred 

800 s e x t r a c t f i l e s of 15/08/1987 and 19/08/1987, i n order to search for 

power i n the second, t h i r d or fourth harmonics of the 28-796 ms period and 

a t twice i t s v a l u e . None was found. For completeness, the data were folded 

a t the period present i n the e a r l i e r observation i n order to produce a 

l i g h t curve f o r each 800 s segment. These are shown i n f i g u r e 7.3e. As i s 

c o n s i s t e n t with the strong R a y l e i g h t e s t r e s u l t , both are s i n u s o i d a l r a t h e r 

than s h a r p l y peaked, and the maxima approximately c o i n c i d e . Chadwick e t a l . 

(1985) noted t h a t the Cyg X-3 VHE 7-ray pulse p r o f i l e was broad, as were 

those of the x-ray b i n a r y bound p u l s a r s i n Her X-1 and 41)0115+63, as 

opposed to the s h o r t duty c y c l e of the i s o l a t e d Crab p u l s a r . Thus, i t i s 

reasonable to suppose t h a t were the Sgr X-7 system to support an a c c r e t i o n 

powered p u l s a r i t would e x h i b i t a smooth pulse p r o f i l e . 
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Fig. 7.3e : light curves for 800 s of data centred on orbital phase 0.8 
(events triggering the central channel only) from observations made 
on the 15th (top) and 19th (bottom) of August 1987. The phase bin 
origin is arbitrary but conmion to both plots. 



( i i ) the June 1991 to September 1992 data 

The r e a l time count r a t e record of every observation was scanned for 

t r a c e s of an on-source event excess s i m i l a r to that observed during the 

n i g h t of 15/08/1987. None was found. 

The Mark V t e l e s c o p e data were considered u n s u i t a b l e for p e r i o d i c 

a n a l y s i s as t l i e r e was some doubt as to the s t a b i l i t y of t h i s instrument's 

i n t e r n a l c l o c k . 

For each occurrence of o r b i t a l phase 0-8 i n the dataset, an 800 s long 

f i l e was c r e a t e d , c o n t a i n i n g events which t r i g g e r e d the c e n t r a l channel 

only. T h i s amounted to 27 f i l e s from the Mark I I I t e l e s c o p e and 26 from the 

Mark IV instrument, 19 of which were taken from simultaneous observations. 

The R a y l e i g h t e s t f o r u n i f o r m i t y of phase was a p p l i e d to each of these 

800 s long data segments. From observations of Cyg X-3 spanning a period of 

4 1 / 2 y e a r s , Chadwick e t a l . (1987) measured a "spin-down" period d e r i v a t i v e 

f o r the 12-59 ms p u l s a r w i t h i n t h i s system of 2-8 x l O - i * s s ' l . I f a 

p e r i o d d e r i v a t i v e of t h i s order i s assumed to apply to the 28 ms 

p e r i o d i c i t y observed from Sgr X-7 on 15/08/1987, then by the end of the 

1992 observing season t h i s p u l s e period would be expected to have 

lengthened by ~ 4 M,S. A t r i a l p e riod range from 28-78 to 28-81 ms was chosen 

i n order to accommodate such a s h i f t . P e r i o d i c i t y having a raw p r o b a b i l i t y 

of chance occurrence of l e s s than 0-001 was present on only two occasions, 

on the n i g h t s of 06/07/1991 and 19/08/1992 when only the Mark I I I telescope 

was i n use (the e x t r a c t f i l e s contained 321 and 226 events r e s p e c t i v e l y ) . 

Neither f e l l a t the exact pulse period observed i n 1987. Once the number of 

t r i a l s performed was taken i n t o account, these r e s u l t s were reduced to a 

p r o b a b i l i t y of 9-9 x 10-3 of a 28-794 ms p e r i o d i c i t y a t (pb on 06/07/1991 

and a p r o b a b i l i t y of 4-7 x 10-^ of p u l s a t i o n s at a 28-780 ms period at the 

same point i n the o r b i t of Sgr X-7 on 19/08/1992. 

The s l i d i n g b i n technique was a p p l i e d to t e s t a l l a v a i l a b l e data for 

p e r i o d i c i t y over the above range i n 800 s s e c t i o n s stepped by 200 s. I t was 
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confirmed by t h i s method t h a t the two peaks uncovered i n e x t r a c t s about 

o r b i t a l phase 0-8 were confined to w i t h i n -1000 s of t h i s epoch. An 

i n t e r e s t i n g outcome of t h i s a n a l y s i s , though not of any s t a t i s t i c a l 

s i g n i f i c a n c e , was the appearance of a peak a t the p r e c i s e period observed 

on the night of 06/07/1991 i n data taken on 15/07/1991. T h i s pulse period 

was present i n 800 s of data centred upon o r b i t a l phase 0-775, a time bin 

which j u s t encompassed phase 0-8. I t was a f a c t o r of 100 times l e s s 

s i g n i f i c a n t than the r e s u l t of the same bin s l i d i n g t e s t applied to the 

o b s e r v a t i o n taken on 6/07/1991, and had not appeared i n the e x t r a c t f i l e 

c e n t r e d upon phase 0-8. 

7.3.4 d i s c u s s i o n 

I f the p e r i o d i c i t y observed on the n i g h t s of 15/08/1987 and 19/08/1992 

i s considered to be a genuine p u l s a r s i g n a l , then i t i s c o n s i s t e n t with a 

" s p i n up" a t a r a t e of 1-3 x 1 0 - i ^ s s ' l . I t may be the case that i n 

Cyg X-3 the p u l s a r spin-down trend i s almost but not q u i t e counterbalanced 

by spin-up during episodes of a c c r e t i o n , whereas i n Sgr X-7 the l a t t e r 

e f f e c t i s dominant. A c c r e t i o n onto the s u r f a c e of a neutron s t a r may prove 

i n c r e a s i n g l y d i f f i c u l t as i t s s p i n quickens. I t might be assumed that the 

l u m i n o s i t y of an a c c r e t i n g 7-ray p u l s a r would be enhanced during a period 

of mass a c c r e t i o n and thus i t would be more f r e q u e n t l y detected during the 

spin-up period, however, the c e n t r a l source might w e l l be obscured by the 

e x t r a " f r e e " m a t e r i a l i n the system a t t h i s time so t h a t s e l e c t i o n e f f e c t s 

were of the opposite sense. 

The peak pe r i o d observed i n tlie 800s long e x t r a c t from the Mark I I I 

t e l e s c o p e d ata of 15/08/1987 had an a s s o c i a t e d Rayleigh vector of magnitude 

0-16, which (ac c o r d i n g to equation 4.4b) i s e q u i v a l e n t to a f l u x of 7 - r a y s 

above the t e l e s c o p e ' s threshold energy ~2 x 10"^ cm-2 s - i . T h i s corresponds 

to a source of l u m i n o s i t y > 6 x lO^s erg s - i a t 250 GeV and above a t a 

d i s t a n c e of 2-5 kpc, which i s not insupportable given the estimated 
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l u m i n o s i t y range of non-accreting p u l s a r s of between 10^2 and 10^6 erg s-^. 

The candidate s i g n a l appears to be confined to a small region of the 

LMXB o r b i t near phase 0-8. T h i s r e s u l t i s c o n s i s t e n t with the model of the 

Sgr X-7 system put forward by White and Holt (1982) which in c l u d e s a 

t h i c k e n i n g of the a c c r e t i o n d i s c a t t h i s o r b i t a l phase (as viewed from 

E a r t h ) near the region where the gas stream from the companion impinges 

upon i t . I t may be th a t the o p t i c a l depth of the d i s c a t t h i s point i s 

s u f f i c i e n t to support the c r e a t i o n of 7-rays v i a n° production and decay 

(as d e s c r i b e d i n s e c t i o n 6.3.3(1)) without e x t i n c t i o n through re-absorption 

by e+e" p a i r production. I t i s to be expected that emission from a 

m i l l i s e c o n d p u l s a r would be s c a t t e r e d and attenuated i n the a c c r e t i o n d i s c 

corona a t longer wavelengths - thus pulse coherence would be l o s t . 

I n t e r e s t i n g l y , i t was at t h i s o r b i t a l phase t h a t Mason and Cordova (1982a) 

d i s c o v e r e d a minimum i n the UV l i g h t curve. 

B r a z i e r et a l . (1990) reported that only two strong b u r s t s of 7-rays 

were observed from the d i r e c t i o n of Cyg X-3 during 350 hours of 

obs e r v a t i o n . The l a c k of b u r s t a c t i v i t y from Sgr X-7 i s th e r e f o r e not 

unexpected. The s i g n i f i c a n c e of the apparent 28 ms p u l s a t i o n i s low and 

would not be worthy of comment were i t not f o r the seeming o r b i t a l 

dependency of the emission. At l e a s t one f u r t h e r d e t e c t i o n of a "burst" 

episode c o i n c i d e n t with an i n c r e a s e i n the f r a c t i o n of pulsed events i s 

re q u i r e d , before t h i s o b j e c t can be s a i d with any c e r t a i n t y to contain a 

" 7 - r a y p u l s a r " . Given the i n t e r m i t t e n t nature of 7-ray emission from many 

e s t a b l i s h e d sources, i t would perhaps be b e t t e r to devote observing time to 

o b j e c t s having a w e l l - c h a r t e d pulse period a t other energies. Hour long 

o b s e r v a t i o n s targeted on phase 0-8 of Sgr X-7's o r b i t might prove 

p r o f i t a b l e . 
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7.4 PSR 1855-1-09. a binary radio p u l s a r 

7.4.1 background information 

PSR 1855+09 was f i r s t i d e n t i f i e d as a 5-4 ms p u l s a r i n a binary o r b i t 

from the radio o b s e r v a t i o n s of S e g l e s t e i n , Rawley, S t i n e b r i n g , Fruchter & 

T a y l o r (1986). S i x o b j e c t s of t h i s type which l i e w i t h i n the g a l a c t i c d i s c 

have been w e l l documented to date. From the s p a t i a l d i s t r i b u t i o n of these 

and the s e n s i t i v i t y of sky surveys a t radio wavelengths, Johnston and 

B a i l e s (1991) deduced an upper l i m i t to the number of PSR 1855+09 type 

systems i n the galaxy of 2500. 

S e g e l s t e i n , Rawley, S t i n e b r i n g , F r u c h t e r and T a y l o r found that the 

r a d i o p u l s e p r o f i l e of PSR 1855+09 was double peaked, and that the main 

pulse and the i n t e r - p u l s e , separated by ~180°, shared a common p o l a r i s a t i o n 

mode i n d i c a t i v e of emission from the v i c i n i t y of a s i n g l e pole. Johnston 

and B a i l e s (1991) note t h a t the presence of an i n t e r - p u l s e i m p l i e s a large 

beaming f r a c t i o n and hence a high p r o b a b i l i t y of d e t e c t i o n . From radio 

timing measurements of the pulse period, P, and i t s f i r s t d e r i v a t i v e , 

dP/dt, Rawley, T a y l o r and Davis (1988) estimated the s u r f a c e magnetic f i e l d 

s t r e n g t h of the neutron s t a r , B, from the r e l a t i o n B « 3x10^^ P dP/dt ( i n 

cgs u n i t s ) to be 3-0 x 10^ G. The companion s t a r i n t h i s 12-3 day o r b i t has 

not yet been o p t i c a l l y i d e n t i f i e d ( K u l k a r n i , Djorgovski & Klemola, 1991). 

T h i s suggests t h a t i t i s of low luminosity and hence r e l a t i v e l y old. The 

pulse timing measurements by Ryba and Tay l o r (1991) l i m i t the companion's 

mass to approximately 0-23 ± 0-02 Msun, and are c o n s i s t e n t with an o r b i t a l 

i n c l i n a t i o n , i , of "90°. The d i s t a n c e to PSR 1855+09, d, has not yet been 

c o n c l u s i v e l y determined. The above authors were able to make radio 

measurements of s u f f i c i e n t p r e c i s i o n to show tlie e f f e c t s of the proper 

motion of PSR 1855+09 on pulse a r r i v a l times and determine an annual 

p a r a l l a x f o r the system. T h i s p a r a l l a x measurement was c o n s i s t e n t with a 

v a l u e of d > 0-6 kpc a t the 68 % confidence l e v e l . Hydrogen absorption 
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s p e c t r a had p r e v i o u s l y been used to confine t h i s d i s t a n c e to 

1-6 kpc < d < 2-0 kpc on the b a s i s of a g a l a c t i c r o t a t i o n model, w h i l s t 

r a d i o d i s p e r s i o n measurements gave d < 1 kpc. Ryba and Tay l o r (1991) chose 

a value of d = 1-1 kpc, which was a l s o assumed by Johnston and B a i l e s 

(1991), and i s the value adopted here. 

Using the comprehensive epheraeris produced by Ryba and Taylor (1991), 

which i s given below, an estimate of the 7-ray luminosity of PSR 1855+09 

may be made. According to the model of Usov (1983), charged p a r t i c l e s 

a c c e l e r a t e d i n the region above the polar cap of a p u l s a r r o t a t i n g at a 

p e r i o d of a few m i l l i s e c o n d s w i l l emit curvature r a d i a t i o n , g i v i n g r i s e to 

a 7 - r a y f l u x which maximises i n the 100 GeV region. By submitting the 

parameters of PSR 1855+09 given by Ryba and T a y l o r (1991) to the technique 

of Usov (1983), a f l u x a t E a r t h of 7 - r a y s having an energy > 100 GeV of 

- I ' S X lO"^** cm"2 s"^ i s p r e d i c t e d . 

The PSR 1855+09 Ephemeris of Ryba & T a y l o r (1991) 

Pulse Parameters 

P (ms) 5-36210045404065(10) 
dP/dt ( s s - M 1-7835(3) x IO-20 
d2p/dt2 ( s - i ) - 1-0 ± 1-9 X 10-31 
V ( s - i ) 186-494081670261(3) 
dv/dt ( s - 2 ) -6-2034(10) x lO-ie 
d2v/dt2 ( s - 3 ) 4 ± 7 X 10-27 
t o JD 2447526-0000566171(3) 

O r b i t a l Parameters 

a s i n ( i ) ( I t s ) 9-2307807 ± 0-0000003 
P o r b ( s ) 1065067-59082 ±0-0012 
d P o r b / d t ( s s - M - 5 ± 8 X 10-12 
e 2-167 ± 0-004 x 10-5 
w 276-299335 ± 0-003 ' 
T o JD 2447530-39335870 ± 0-003 

P o s i t i o n ( J 2000) 

Right Ascension 18*̂  57" 36-393521(10)^ 
D e c l i n a t i o n 09° 43' 1 7 - 3 2 3 3 ( 3 ) " 

The f i g u r e s i n parentheses represent the u n c e r t a i n t i e s i n the l a s t d i g i t s 

quoted. Note t h a t T o i s the time of p e r i a s t r o n passage i . e . the point at 
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which the r a d i a l v e l o c i t y of the radio source i s a maximum. Thi s point i s 

o f f s e t from the ascending node by a f r a c t i o n « (»/360° of the o r b i t (w i s 

termed the "longitude of p e r i a s t r o n " ) . 

7.4.2 previous a n a l y s i s i n Durham 

The a n a l y s i s of data recorded on t h i s o b j e c t by the U n i v e r s i t y of 

Durham group up u n t i l summer 1991 has been documented i n f u l l by B r a z i e r 

(1991). The r e s u l t s were presented by Bowden e t a l . (1991b). 

A t o t a l of 56 Mark I I I t e l e s c o p e d a t a f i l e s were searched for 

p e r i o d i c i t y using the R a y l e i g h t e s t f o r uniformity of phase described i n 

s e c t i o n 4 . 3 . 3 ( i ) . 

The event a r r i v a l times were reduced to the s o l a r system barycentre 

(see s e c t i o n 4 . 1 . 2 ( i i ) ) u s i n g the co-ordinates of PSR 1855+09 given by 

Rawley, T a y l o r and Davis (1988). B r a z i e r (1991) estimated t h a t the e r r o r s 

i n the Rawley, T a y l o r and Davis ephemeris were l a r g e enough to r e q u i r e 

r e l a x a t i o n of the o r b i t a l parameters when c o r r e c t i n g the event times f o r 

the Doppler s h i f t due to o r b i t a l motion i n order to ensure the recovery of 

any p e r i o d i c i t y , as d e s c r i b e d i n s e c t i o n 4 , 3 , 5 ( i i ) . The Rayleigh t e s t was 

a p p l i e d to each i n d i v i d u a l f i l e , a t the exact pulse period given by the 

above authors and then a t i t s second harmonic, w h i l s t the data were 

focussed using a range of v a l u e s of a s i n ( i ) and The number of degrees of 

freedom i n h e r e n t i n t h i s " o r b i t a l sampling" was estimated from Monte Carlo 

s i m u l a t i o n s . No evidence of p e r i o d i c i t y a t the f u l l period was found. At 

the second harmonic, one observation contained p e r i o d i c i t y having a 

p r o b a b i l i t y of occurrence by chance of < 10"^. The p e r i o d i c peak i n t h i s 

d a t a f i l e ( t h a t recorded on 11/10/1988) was most s i g n i f i c a n t when only those 

events were considered which t r i g g e r e d the c e n t r a l channel alone and which 

d i d not cause the charge r e g i s t e r e d by the surrounding guard r i n g channels 

to exceed 45% of the on-source value. T h i s 45 % " s o f t c u t " (described i n 

chapter 5) was then a p p l i e d to the d a t a s e t as a whole and the Rayleigh t e s t 
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was repeated. 13 d a t a f i l e s reduced i n t h i s manner were found to contain 

p e r i o d i c i t y near the second harmonic of the pulse period having a 

p r o b a b i l i t y of chance occurrence of < 0-1, 7 more than would be expected 

from a s e l e c t i o n of 56 f i l e s c o n t a i n i n g no r e a l p e r i o d i c s i g n a l . T h i s was 

seen as some evidence of 7 - r a y emission from PSR 1855+09. 

S i n c e a s i n g l e 3 hour ob s e r v a t i o n would cover -1 % of the 12 day long 

o r b i t , i t was thought t h a t , by p l o t t i n g tlie R a y leigh power of the peak near 

the second harmonic of the pulse period versus the o r b i t a l phase of each 

o b s e r v a t i o n , some evidence of a dependency of 7-ray s i g n a l strength upon 

the p o s i t i o n of the neutron s t a r might be obtained. By a p p l i c a t i o n of the 

Kolmogorov-Smirnov t e s t f o r goodness of f i t (Conover, 1980, 344) the 

p r o b a b i l i t y t h a t the apparent c l u s t e r i n g of these data points about the de

scending node oc c u r r e d p u r e l y by chance was found to be 0-027 ± 0-004. 

7.4.3 the 1987 to 1992 d a t a s e t 

A f u r t h e r 15 o b s e r v a t i o n s of PSR 1855+09 were made with the Mark I I I 

t e l e s c o p e during 1991 and 1992, b r i n g i n g the t o t a l number of data f i l e s 

from t h i s instrument ( l i s t e d i n f i g u r e 7.4a) to 71. PSR 1855+09 t y p i c a l l y 

l a y a t a z e n i t h angle of between 50° and 42°, the t e l e s c o p e was therefore 

operating a t a t h r e s h o l d energy of "450 GeV. A l l of these observations were 

taken i n t r a c k i n g mode apart from that made on 27/09/1989. Th i s s i n g l e 

chopped o b s e r v a t i o n was t r e a t e d as a gapped d a t a s e t . 

Some data c o l l e c t e d using the Mark IV te l e s c o p e and the newly 

commissioned Mark V instrument a l s o e x i s t s , but was regarded, as Mark IV 

t e l e s c o p e data obtained i n 1990 p r e v i o u s l y had been, as s u i t a b l e s o l e l y for 

use i n the v e r i f i c a t i o n of any strong p e r i o d i c s i g n a l see i n 

contemporaneous Mark I I I t e l e s c o p e data. 
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date (UT) duration sky clarity orbital 
(min.) 

sky clarity 
phase* 

29/05/1987 94 good 0.06 
26/09/1989 107 good 0.06 
09/09/1988 121 good 0.07 
07/06/1989 223 poor 0.08 
18/07/1987 256 good 0.09 
18/09/1987 138 good 0.11 
19/07/1987 138 V. poor 0.12 
30/05/1987 176 good 0.13 
27/09/1989 119 good 0.14 
19/05/1990 99 excellent 0.14 
10/09/1988 164 poor 0.15 
28/05/1992 180 excellent 0.17 
20/09/1990 106 good 0.18 
19/09/1987 119 excellent 0.19 
31/05/1987 87 good 0.21 
28/09/1989 107 good 0.22 
20/05/1990 147 good 0.22 
21/07/1990 150 excellent 0.24 
20/07/1987 304 good 0.25 
29/05/1992 210 excellent 0.25 
20/09/1987 139 excellent 0.27 
25/04/1987 68 good 0.29 
29/09/1989 94 good 0.30 
12/09/1988 135 poor 0.32 
07/10/1988 67 good 0.34 
29/05/1989 129 V. poor 0.34 
02/06/1987 156 good 0.37 
30/09/1989 83 poor 0.38 
28/06/1990 201 excellent 0.38 
23/07/1990 135 poor 0.40 
30/05/1989 152 V. poor 0.42 
03/06/1987 205 V. good 0.45 
01/10/1989 72 poor 0.46 
10/06/1991 84 poor 0.48 
23/07/1987 292 poor 0.49 
09/10/1988 75 V. good 0.50 

Figure 7.4a : the PSR 1855+09 dataset (Mark III telescope 
data from 1987 to 1992 inclusive). 
* orbital phase with respect to perihehon at the mid-point of each observation, 

according to the ephemeris of Ryba and Taylor (1991). 



date (UT) duration sky clarity orbital 
(min.) phase* 

31/05/1989 68 good 0.51 
04/06/1987 223 v. good 0.54 
23/05/1987 215 V. good 0.56 
11/06/1991 158 good 0.56 
21/09/1992 155 excellent 0.56 
24/07/1987 285 good 0.58 
10/10/1988 74 good 0.58 
30/04/1990 108 excellent 0.61 
28/08/1992 112 excellent 0.61 
29/04/1987 60 V. good 0.62 
22/07/1992 231 excellent 0.62 
25/05/1990 242 poor 0.63 
24/05/1987 224 excellent 0.64 
12/06/1991 85 V. poor 0.64 
19/06/1990 242 excellent 0.65 
03/06/1992 276 poor 0.66 
11/10/1988 70 good 0.67 
29/09/1988 67 good 0.69 
01/05/1990 164 excellent 0.69 
23/07/1992 330 V. good 0.69 
25/05/1987 195 excellent 0.72 
13/06/1991 178 V. good 0.72 
04/06/1992 207 V. good 0.74 
12/10/1988 61 poor 0.75 
02/05/1990 167 excellent 0.77 
26/05/1987 219 good 0.81 
14/06/1991 188 V. good 0.81 
23/09/1989 97 good 0.82 
03/05/1990 175 excellent 0.85 
15/06/1991 196 poor 0.89 
24/09/1989 120 good 0.89 
07/09/1988 126 good 0.91 
16/09/1987 117 good 0.95 
16/06/1991 239 good 0.97 
08/09/1988 147 good 0.99 

Figure 7.4a cont. : the PSR 1855-̂ 09 dataset (Mark III 
telescope data from 1987 to 1992 inclusive). 
* orbital phase with respect to perihelion at the mid-point of each observation, 

according to the ephemeris of Ryba and Taylor (1991). 



7.4.4 recent an a l y s i s and r e s u l t s 

Tlie i n i t i a l aim of t h i s analysis was to b u i l d upon the r e s u l t s which 

Brazier (1991) achieved by searching over a range of o r b i t a l parameters, 

using instead the exact epheraeris supplied by Ryba and Taylor (1991) and 

i n c l u d i n g data c o l l e c t e d i n 1991 and 1992. 

( i ) a Lest f o r p e r i o d i c i t y at the second liarraonic 

The a r r i v a l times of the events contained i n the 71 Mark I I I telescope 

d a t a f i l e s were corrected to the solar system barycentre using the p o s i t i o n 

of PSR 1855+09 given by Ryba and Taylor (1991). The data were f i l t e r e d t o 

produce reduced f i l e s c o n t a i n i n g only those events which tr i g g e r e d the 

c e n t r a l channel alone. A 45% s o f t - c u t s e l e c t i o n was also applied to a l l 

data except those recorded i n 1992, during which period the charge 

d i g i t i z e r s were i n o p e r a t i v e . 

The Rayleigh t e s t f o r u n i f o r m i t y of phase was applied to each d a t a f i l e 

i n a search f o r p e r i o d i c i t y near the second harmonic of the radio pulse 

period ( h e r e a f t e r r e f e r r e d to as the " h a l f p e r i o d " ) , over the range 

2-681045 to 2'681055 ms. For a d a t a f i l e of three hours duration the Fourier 

I n t e r v a l ( F . I . ) i n period w i t h i n t h i s range i s of the order of 1 ns. The 

r e s u l t s of these t e s t s are tabulated i n f i g u r e 7.4b. The Rayleigh 

p r o b a b i l i t i e s of chance occurrence shown here have been corrected f o r the 

number of t r i a l s performed i n the s p e c i f i e d period range. In deference to 

the n u l l r e s u l t s previously obtained, no t e s t was performed f o r p e r i o d i c i t y 

at the f u l l radio pulse period. 

The Rayleigh p r o b a b i l i t i e s of chance occurrence of p e r i o d i c i t y w i t h i n 

± 1 F . I . of the h a l f p e r i o d (PR) were combined using equation 4.31. The 

r e s u l t i n g l o g a r i t h m i c sum, d i s t r i b u t e d as chi-square w i t h 142 degrees of 

freedom, gave an o v e r a l l p r o b a b i l i t y of chance occurrence of p e r i o d i c i t y 

throughout the dataset of 94 %. 
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date (UT) peak period peak prob. best prob. at 
(ms) P +/- 1 F.L 

29/05/1987 2.6810450 0.81 1.0 
26/09/1989 2.6810486 0.44 1.0 
09/09/1988 2.6810501 0.36 0.21 
07/06/1989 2.6810508 0.55 0.20 
18/07/1987 2.6810509 0.92 0.78 
18/09/1987 2.6810525 0.42 1.0 
19/07/1987 2.6810525 0.70 0.62 
30/05/1987 2.6810462 0.18 1.0 
27/09/1989 2.6810469 0.53 1.0 
19/05/1990 2.6810515 0.62 1.0 
10/09/1988 2.6810474 0.26 0.18 
28/05/1992 2.6810499 0.25 0.070 
20/09/1990 2.6810534 0.66 0.60 
19/09/1987 2.6810534 0.051 0.46 
31/05/1987 2.6810537 0.012 0.73 
28/09/1989 2.6810516 0.42 0.41 
20/05/1990 2.6810528 0.57 0.98 
21/07/1990 2.6810500 0.37 0.14 
20/07/1987 2.6810512 0.32 1.0 
29/05/1992 2.6810509 0.0036 0.0061 
20/09/1987 2.6810497 0.26 0.11 
25/04/1987 2.6810450 0.18 0.69 
29/09/1989 2.6810545 0.16 1.0 
12/09/1988 2.6810518 0.38 0.33 
07/10/1988 2.6810518 0.18 0.15 
29/05/1989 2.6810496 0.16 0.063 
02/06/1987 2.6810545 0.045 1.0 
30/09/1989 2.6810534 0.37 0.69 
28/06/1990 2.6810514 0.78 1.0 
23/07/1990 2.6810526 0.51 0.88 
30/05/1989 2.6810493 0.50 0.40 
03/06/1987 2.6810462 0.24 0.33 
01/10/1989 2.6810555 0.24 1.0 
10/06/1991 2.6810471 1.0 1.0 
23/07/1987 2.6810534 0.49 1.0 
09/10/1988 2.6810453 0.28 0.43 

Figure 7.4b : minimum Rayleigh probabilities of chance 

occurrence of periodicity in the range 2.681045 ms to 

2.681055 ms (3rd column) and within one Fourier Interval of 

2.6810502 ms (4th column). 



date (UT) peak period peak prob. best prob. at 
(ms) P +/- 1 F.I. 

31/05/1989 2.6810519 0.20 0.29 
04/06/1987 2.6810496 0.14 0.33 
23/05/1987 2.6810521 0.026 1.0 
11/06/1991 2.6810453 0.55 1.0 
21/09/1992 2.6810495 0.39 0.18 
24/07/1987 2.6810532 0.64 1.0 
10/10/1988 2.6810542 0.29 1.0 
30/04/1990 2.6810453 0.35 0.13 
28/08/1992 2.6810488 0.20 0.86 
29/04/1987 2.6810450 0.93 1.0 
22/07/1992 2.6810485 0.094 1.0 
25/05/1990 2.6810519 0.75 1.0 
24/05/1987 2.6810520 0.75 1.0 
12/06/1991 2.6810551 0.56 0.80 
19/06/1990 2.6810457 0.54 0.79 
03/06/1992 2.6810468 0.036 1.0 
11/10/1988 2.6810522 0.000038 0.000036 
29/09/1988 2.6810450 0.28 1.0 
01/05/1990 2.6810460 0.059 1.0 
23/07/1992 2.6810488 0.096 1.0 
25/05/1987 2.6810548 0.17 1.0 
13/06/1991 2.6810455 0.63 0.77 
04/06/1992 2.6810481 0.28 1.0 
12/10/1988 2.6810483 0.22 0.22 
02/05/1990 2.6810502 0.049 0.012 
26/05/1987 2.6810454 0.12 0.91 
14/06/1991 2.6810514 0.77 1.0 
23/09/1989 2.6810504 0.67 0.61 
03/05/1990 2.6810488 0.24 1.0 
15/06/1991 2.6810552 0.93 1.0 
24/09/1989 2.6810450 0.57 1.0 
07/09/1988 2.6810534 0.55 0.82 
16/09/1987 2.6810515 0.38 0.46 
16/06/1991 2.6810489 0.60 1.0 
08/09/1988 2.6810551 0.44 1.0 

Figure 7.4b cont. : minimum Rayleigh probabilities of chance 

occurrence of periodicity in the range 2.681045 ms to 

2.681055 ms (3rd column) and within one Fourier Interval of 

2.6810502 ms (4th column). 



The expected frequency of occurrence of p e r i o d i c i t y at various l e v e l s 

of s i g n i f i c a n c e i n a dataset made up of 71 samples i s given i n the 

f o l l o w i n g t a b le f o r comparison w i t h those observed: 

p r o b a b i l i t y 
l e v e l (P) 

expected frequency 
of PR < P 

observed frequency 
of PR < P 

1-0 71 71 
0- 3 21 15 
0- 1 7- 1 5 
0-03 2- 1 3 
0-01 0- 7 2 
0-000036 0-0025 1 

( i i ) o r b i t a l phase dependency 

The observed cumulative frequency d i s t r i b u t i o n of PR only exceeds 

expectation f o r P < 0-03. I f the data contain a s i g n a l from PSR 1855+09 

then i t i s c l e a r l y sporadic. Since the pulsar r o t a t i o n and i t s spin-down 

r a t e are very s t a b l e i t i s reasonable to assume t h a t no s i g n i f i c a n t 

a c c r e t i o n takes place w i t h i n the binary. Regulation of the strength of any 

7-ray f l u x received from t h i s system must the r e f o r e be a t t r i b u t e d to 

geometrical e f f e c t s , which would tend to regulate i t s " o b s e r v a b i l i t y " as a 

f u n c t i o n of o r b i t a l phase. 

I n order to t e s t f o r a dependency of s i g n a l s t r e n g t h upon o r b i t a l 

phase, the peak Rayleigh power w i t h i n ± 1 F. I . of the h a l f period 

(-In (PR)) was p l o t t e d i n f i g u r e 7.4c versus the o r b i t a l phase ( w i t h 

respect to superior conjunction) at the mid-point of the corresponding 

observation. Note t h a t i n t h i s f i g u r e e i g h t points having PR = 1 have been 

o v e r w r i t t e n by others. By i n s p e c t i o n , the d i s t r i b u t i o n does not d i f f e r 

g r e a t l y from t h a t shown i n f i g u r e 2 of Bowden et a l . (1991b). The a d d i t i o n 

of 15 new data p o i n t s and r e s t r i c t i o n of the search range to w i t h i n one 

F. I . of the expected period has s l i g h t l y enhanced the impression of 

b i m o d a l i t y noted by Brazier (1991). I t i s d i f f i c u l t to assess the 
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Fig. 7.4c : the Rayleigh probability of chance occurrence of periodicity 
within one Fourier Interval of 2.6810502 ms plotted (on a logarithmic 
scale) versus the orbital phase (with respect to superior conjunction) of 
PSR 1855+09 at the mid-point of each observation. 



s i g n i f i c a n c e of the peaks apparent to the eye near the ascending and 

descending nodes, due t o the r e s t r i c t e d sample size and the uneven o r b i t a l 

sampling (the l a t t e r arose through the p r e f e r e n t i a l observation of t h i s 

system a t or near those regions of the 12 day o r b i t a l cycle where a c t i v i t y 

had been t e n t a t i v e l y i d e n t i f i e d from e a r l y analyses). For t h i s reason, no 

attempt has been made here to searcJi f o r a s i m i l a r pattern i n sub-sections 

of the 1987 to 1992 dataset. 

I f the observations produced equally weighted samples from a uniform 

d i s t r i b u t i o n then the d a t a f i l e s would e x h i b i t s i m i l a r Rayleigh powers at 

the t r i a l period. Under the n u l l hypothesis that the received power i n the 

form of pulsed 7-rays i s independent of o r b i t a l phase, the cumulative 

d i s t r i b u t i o n of the Rayleigh power may be described by: 

r N 
F { i ) = ( T { i ) 2 - In (PR) 

v-j = 0 J 

where 

i 
CT( i ) = E - I n (PR) 

j = o 

and i i s the ranking of an observation when a l l N observations are ordered 

according t o t h e i r o r b i t a l phase measured from an a r b i t r a r y o r i g i n . 

The observed cumulative d i s t r i b u t i o n of Rayleigh powers as a f r a c t i o n 

of t h e i r sum i s shown i n f i g u r e 7.4d. The d e v i a t i o n of t h i s d i s t r i b u t i o n 

from t h a t expected under the aforementioned n u l l hypothesis (displayed as a 

dashed l i n e ) was q u a n t i f i e d using Watson's UN^ t e s t f o r goodness of f i t . 

The a p p l i c a t i o n of t h i s t e s t i n the assessment of the s i g n i f i c a n c e of 

b i m o d a l i t y i n a s i m i l a r d i s t r i b u t i o n has been described by Batschelet 

(1981, 79). The t e s t s t a t i s t i c i s : 

UN2 = S V i 2 - E ( C i V i / N ) + N [1/3 - (v - 1 / 2 ) 2 ] 

where v i = F ( i ) , v = I/N 2 v i and c i = 2 i - 1. 
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Figure 7.4d : accumulation of the Rayleigh power within one Fourier 
Interval of the second harmonic of the pulse period of PSR 1855+09 
as the number of observations considered is increased. The dashed 
line represents the distribution expected if the pulsed signal strength 
(which may be zero) is not a function of orbital phase. 



For the sample d i s t r i b u t i o n i l l u s t r a t e d i n f i g u r e 7.4d, UN^ = 0-174. 

Tabulated s i g n i f i c a n c e values f o r t h i s s t a t i s t i c (Batschelet, 1981) show 

that the n u l l hypothesis may be r e j e c t e d at the 0-1 l e v e l but not at a 

s i g n i f i c a n c e of < 0-05. There i s t h e r e f o r e l i t t l e evidence t h a t the a b i l i t y 

to detected pulsed 7-rays from PSR 1855+09 i s dependent upon 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 at the time of observation. Tliis r e s u l t i s 

dependent upon the assumption that the data points are equally weighted. 

This i s not the case since the observations are of v a r i a b l e length and 

q u a l i t y ; however, as these f a c t o r s are non-systematic, t h i s approximation 

i s perhaps a f a i r one. 

( i i i ) a t e s t f o r a narrow pulse p r o f i l e 

When Cerenkov event times are corrected f o r the e f f e c t s of o r b i t a l 

motion using the radio ephemeris of Ryba and Taylor (1991), an i m p l i c i t 

assumption i s made tha t any 7-ray emission s i t e w i t h i n the PSR 1855+09 

system i s co-moving w i t h t h a t of the radio source. I f t h i s assumption i s 

v a l i d then the p o t e n t i a l e x i s t s t o produce l i g h t curves of the number of 

7-ray l i k e events observed versus the absolute pulse phase. 

I f the 7-ray f l u x from such an object i s dominated by curvature 

r a d i a t i o n produced by charged p a r t i c l e s s p i r a l l i n g along the magnetic f i e l d 

l i n e s near the neutron s t a r ' s polar caps, then the radio ephemeris must be 

a p p l i c a b l e since the narrow radio beam i s also assumed to be a product of 

p a r t i c l e a c c e l e r a t i o n i n t h i s confined region. I f 7-rays arise p r i m a r i l y 

through p a r t i c l e a c c e l e r a t i o n i n charge separated gaps i n the pulsar's 

outer magnetosphere, then the maximum s p a t i a l separation of the 7-ray and 

radio production s i t e s approximates to the radius of the neutron s t a r ' s 

l i g h t c y l i n d e r given by r = c/Q.. At the r o t a t i o n r a t e of PSR 1855+09, 

r V 250 km, which i s equivalent t o a f r a c t i o n of -1-5 x 10"^ of the 

pulsar's almost c i r c u l a r o r b i t . According to equation 4.3i, a change i n 

o r b i t a l phase of t h i s magnitude w i l l never r e s u l t i n a s h i f t i n the 
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perceived pulse p e r i o d i n excess of 0-001 ns, so t h i s e f f e c t , i f present, 

w i l l not be detectable i n t h i s experiment. 

The accuracy w i t h which events can be assigned an absolute pulse phase 

i s t h e r e f o r e l i m i t e d by the p r e c i s i o n w i t h which t h e i r a r r i v a l times at 

Earth are recorded. For example, where a 20 b i n l i g h t curve i s to be 

produced, by f o l d i n g the event a r r i v a l times modulo a t r i a l period p, from 

a dataset of d u r a t i o n t , a phase s h i f t of one bin width or more between the 

beginning and end of the dataset would r e s u l t from an e r r o r i n the 

e s t i m a t i o n of the clock s l i p r a t e of 6 s i i p ^ 0-05 p t " i . I n the case of the 

PSR 1855+09 dataset, f o r which t « 5 years and p « 5-36 ms, the current 

measured value of 5 s i i p i s roughly equivalent t o the l i m i t i n g value i n the 

above expression. Since the clock monitoring system has evolved since 1987, 

i t i s reasonable to assume tha t absolute pulse phase cannot be maintained 

throughout the dataset. The relative phase of pulse a r r i v a l times at the 

beginning and end of a 3 hour long observation i s known to an accuracy of 

at l e a s t 1/2000 t h of the width of a p/20 b i n . 

The t e s t f o r goodness of f i t (described i n section 4.3.4) was 

applied to the 71 l i g h t curves produced by f o l d i n g the event a r r i v a l times 

i n eacli observation at the f u l l radio pulse period. The p r o b a b i l i t y of 

chance occurrence of the d e v i a t i o n of each histogram from a f l a t l i g h t 

curve, Px, was estimated from the corresponding value of x ^ i a . Px was found 

to be less than 0-1 on only three occasions. I t was f e l t that i f the 7-ray 

l i g h t curve followed the p a t t e r n of the radio emission, having a pulse and 

an i n t e r - p u l s e separated by 0-5 i n phase, then f o l d i n g the data at the h a l f 

period might increase the chance of d e t e c t i o n of a weak s i g n a l . Accordingly 

the above t e s t was re-applied t o l i g h t curves produced by f o l d i n g the data 

at the h a l f p eriod, w i t h the r e s u l t t h a t f i v e histograms gave Px < 0-1, as 

shown i n f i g u r e 7.4e. 

According to Eadie et a l . (1971), i n d i v i d u a l values of P x i may be 

combined to form a t e s t s t a t i s t i c , a = - 2 I n n P x i , which i s i t s e l f 
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date (UT) no. of 
events* 

prob. at P prob. at P/2 

29/05/1987 551 0.87 0.76 
26/09/1989 2651 0.63 0.54 
09/09/1988 1819 0.05 0.11 
07/06/1989 6186 0.63 0.90 
18/07/1987 2566 0.06 0.05 
18/09/1987 2916 0.80 0.84 
19/07/1987 757 0.68 0.18 
30/05/1987 559 0.26 0.21 
27/09/1989 3353 0.63 0.80 
19/05/1990 615 0.17 0.30 
10/09/1988 4873 0.12 0.16 
28/05/1992 4974 0.46 0.27 
20/09/1990 1232 0.92 0.59 
19/09/1987 2374 0.14 0.45 
31/05/1987 2522 0.46 0.67 
28/09/1989 2120 0.18 0.08 
20/05/1990 407 0.15 0.66 
21/07/1990 4990 0.20 0.36 
20/07/1987 3045 0.76 0.37 
29/05/1992 3309 0.62 0.029 
20/09/1987 2156 0.18 0.048 
25/04/1987 323 0.30 0.49 
29/09/1989 2266 0.28 0.62 
12/09/1988 1241 0.73 0.27 
07/10/1988 1405 0.19 0.20 
29/05/1989 1920 0.60 0.76 
02/06/1987 1679 0.84 0.19 
30/09/1989 1470 0.69 0.63 
28/06/1990 216 0.30 0.66 
23/07/1990 1599 0.30 0.84 
30/05/1989 2029 0.67 0.25 
03/06/1987 1667 0.24 0.83 
01/10/1989 1143 0.57 0.52 
10/06/1991 170 0.91 0.49 
23/07/1987 2760 0.41 0.54 

09/10/1988 1841 0.69 0.90 

Figure 7.4e : probabilities of chance occurrence of chi-square 

at the fiill pulse period and its second harmonic . 

* events which triggered the central channel only ( and which survived a 45 % soft cut 

selection, unless recorded in 1992 in which case no soft cut was appUed ). 



date (UT) 
no. of 

events* 
prob. at P prob. at P/2 

31/05/1989 1481 0.13 0.48 
04/06/1987 2140 0.14 0.70 
23/05/1987 1425 0.69 0.76 
11/06/1991 1417 0.55 0.35 
21/09/1992 2197 0.68 0.32 
24/07/1987 5909 0.37 0.38 
10/10/1988 1359 0.31 0.67 
30/04/1990 726 0.87 0.18 
28/08/1992 2008 0.69 0.73 
29/04/1987 1430 0.020 0.58 
22/07/1992 4296 0.71 0.75 
25/05/1990 655 0.44 0.44 
24/05/1987 2199 0.21 0.93 
12/06/1991 172 0.65 0.58 
19/06/1990 5366 0.88 0.71 
03/06/1992 6527 0.91 0.81 
11/10/1988 1416 0.40 0.15 
29/09/1988 1769 0.81 0.88 
01/05/1990 2561 0.20 0.35 
23/07/1992 4421 0.82 0.70 
25/05/1987 2030 0.81 0.91 
13/06/1991 1743 0.076 0.75 
04/06/1992 5398 0.28 0.91 
12/10/1988 874 0.16 0.56 
02/05/1990 1148 0.024 0.16 

26/05/1987 4776 0.62 0.72 
14/06/1991 1460 0.90 0.93 

23/09/1989 2567 0.62 0.91 
03/05/1990 906 0.80 0.68 
15/06/1991 1274 0.45 0.69 
24/09/1989 2816 0.58 0.58 
07/09/1988 2101 0.74 0.12 
16/09/1987 1143 0.083 0.31 
16/06/1991 1628 0.36 0.023 

08/09/1988 2249 0.58 0.58 

Figure 7.4e cont. : probabilities of chance occurrence of 

chi-square at the full pulse period and its second harmonic . 

* events which triggered the central channel only ( and which survived a 45 % soft cut 

selection, unless recorded in 1992 in which case no soft cut was apphed ). 



d i s t r i b u t e d as •/} w i t h 2 N degrees of freedom, from which to obtain Px f o r 

the dataset as a whole. For a p p l i c a t i o n of the y} s t a t i s t i c to be e n t i r e l y 

v a l i d i t i s r e q u i r e d t h a t , on average, the number of events i n a s i n g l e 

phase b i n i s i n excess of f i v e times the number of bins employed. Since the 

t e s t was chosen to complement the Rayleigh t e s t , which i s s e n s i t i v e to 

broad features and may therefore cause a s i g n a l having a sharply peaked 

pulse p r o f i l e t o be overlooked, the number of bins i n each l i g h t curve was 

not reduced i n order t h a t a l l f i l e s might meet t h i s c r i t e r i o n . As a r e s u l t , 

only those 34 d a t a f i l e s c o n t a i n i n g more than 2000 events were included i n 

the c a l c u l a t i o n of the o v e r a l l values of Px. Values of Px = 72 % at the 

f u l l pulse p e r i o d , and Px = 66 % at the h a l f p e r i o d were thus obtained. 

7.4.5 discussion 

There i s no evidence t o suggest t h a t a 7-ray s i g n a l at the h a l f period 

pervades the dataset. The strongest e f f e c t observed upon a s i n g l e n i g h t was 

t h a t of 11/10/1988 having a Rayleigh p r o b a b i l i t y of occurrence by chance of 

3- 6 x 10"5. However, the data from t h i s observation were included i n the 

e a r l y t e s t s which led t o the decision to look f o r emission at the h a l f 

period r a t h e r than at the f u l l radio pulse period and from which the choice 

of a 45 % s o f t - c u t was made. This p r o b a b i l i t y should therefore be reduced 

by at l e a s t a f a c t o r of f o u r , i n which case the expected frequency of 

occurrence of a Rayleigh power of t h i s s t r e n g t h i n the dataset of 71 

samples i s 0-01. I t i s i n t e r e s t i n g t o note t h a t the Rayleigh p r o b a b i l i t y of 

chance occurrence of p e r i o d i c i t y during t h i s observation obtained by 

Brazier (1991) a f t e r c o r r e c t i o n f o r the number of t r i a l s performed was 

4- 7 X 10"*. The use of an exact ephemeris rather than searching over a 

range of o r b i t a l parameters has improved upon t h i s r e s u l t only very 

s l i g h t l y . The a d d i t i o n of data c o l l e c t e d during 1991 and 1992 has served 

merely t o reduce the s i g n i f i c a n c e of t h i s s i n g l e strong e f f e c t . 

There i s no s t a t i s t i c a l l y s i g n i f i c a n t connection between the 
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r e s u l t s of the Rayleigh t e s t and the o r b i t a l phase at the time of 

observation. This i s hardly s u r p r i s i n g given the absence of any o r b i t a l 

modulation of the c l o s e l y studied radio f l u x from t h i s o b j ect. A systematic 

v a r i a t i o n i n the 7-ray s i g n a l s t r e n g t h over the o r b i t a l cycle would 

necessarily be a t t r i b u t e d t o the presence of m a t e r i a l along the l i n e of 

s i g h t to the pulsar. This i n t e r v e n i n g matter could absorb a steady 7-ray 

f l u x or act as a t a r g e t f o r 7-ray production from a charged p a r t i c l e 

beam. There can, however, be few such t a r g e t s i n the PSR 1855+09 system as 

i t does not appear to support a c c r e t i o n . The limb o f the secondary i s one 

p o t e n t i a l s i t e . However, since t h i s i s presumed to be a l a t e - t y p e , low mass 

s t a r , alignment of the p a r t i c l e beam and i t s t a r g e t as viewed from Earth 

would be s h o r t - l i v e d . Brazier (1991) noted t h a t the mass r a t i o of the two 

st a r s i s too low to support the accumulation of matter at the Lagrangian 

p o i n t s of the PSR 1855+09 system. She speculated t h a t i r r a d i a t i o n of the 

secondary could l i b e r a t e s u f f i c i e n t m a t e r i a l to form a curved wake behind 

i t . Stenger (1984) c a l c u l a t e d t h a t the production of TeV 7-rays through the 

i n t e r a c t i o n of very high energy protons w i t h hadronic m a t e r i a l reached i t s 

maximum e f f i c i e n c y a t a t a r g e t column density of « 50 g cm"^, Ryba and 

Taylor (1991) placed an upper l i m i t of 10"12 g cm"^ upon the column density 

o f such i o n i s e d m a t e r i a l w i t h i n the PSR 1855+09 system, based upon the lack 

of a t t e n u a t i o n of the pulsar's radio s i g n a l . The only evidence i n support 

of a 7-ray f l u x modulated at the o r b i t a l period i s that supplied by 

De Jager et a l . (1990), who re p o r t that a s i g n a l pulsed at the h a l f period 

was present i n data c o l l e c t e d on PSR 1855+09 using the atmospheric Cerenkov 

telescopes of the U n i v e r s i t y of Potchefstroom. They noted t h a t the e f f e c t 

was confined t o the phase i n t e r v a l 0-92 to 0-02 wi t h respect to superior 

c o n j u n c t i o n . However, t h i s phase region had received the greatest 

ob s e r v a t i o n a l coverage (see also Brink et a l . , 1993). 
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7.5 PSR 1509-58. an i s o l a t e d pulsar 

7.5.1 background i n f o r m a t i o n 

PSR 0531+21 and PSR 0833-45 were detected by both the COS-B and SAS-2 

s a t e l l i t e s (Hartman et a l . , 1979, Bennet et a l . , 1977) and were detected i n 

subsequent observations a t TeV energies (Rayner, 1989). Following the 

discovery of pulsed 7-ray emission from these i s o l a t e d pulsars, which are 

embedded w i t h i n the Crab and Vela X supernova remnants (SNRs) r e s p e c t i v e l y , 

a search f o r x-ray pulsars was conducted using the E i n s t e i n Observatory, i n 

the expectation of f u r t h e r f a s t pulsar - SNR associations. Amongst the SNRs 

targ e t e d was MSH 15-52, which was found t o contain PSR 1509-58, a source of 

150 ms p e r i o d i c i t y i n the 0-2 t o 4 keV range (Seward & Harnden, 1982). 

The f i r s t r a d io observations of PSR 1509-58 revealed no s h i f t i n the 

pulse phase i n d i c a t i v e of d i u r n a l binary motion (Manchester, Tuohy & 

D'Amico, 1982). A year and a h a l f had elapsed between the x-ray and radio 

measurements of the pulse p e r i o d , yet they were i n s u f f i c i e n t l y close 

agreement t o exclude any p o s s i b i l i t y of long term o r b i t a l motion. Thus, 

PSR 1509-58 i s an i s o l a t e d pulsar, and i t s emission i s powered not by 

ac c r e t i o n from a companion but simply by r o t a t i o n a l k i n e t i c energy loss 

(Weisskopf et a l . , 1983). 

I t s discoverers estimated the surface magnetic f i e l d s t r e n g t h of 

PSR 1509-58 t o be 15x10^^ G, the second l a r g e s t pulsar d i p o l e f i e l d on 

record, and c a l c u l a t e d i t s r a t e of k i n e t i c energy loss to be i n the region 

of 5x103'? erg s"^. PSR 1509-58 i s also remarkable i n tha t i t s measured 

period d e r i v a t i v e of 1-5x10-^2 g g-i greater than t h a t of any other 

i s o l a t e d pulsar, being t r e b l e t h a t of the Crab pulsar which previously held 

t h i s d i s t i n c t i o n , which i n d i c a t e s t h a t t h i s object has ex i s t e d i n i t s 

c u r r e n t form f o r a mere one or two thousand years. 

I n s p i t e of i t s youth, PSR 1509-58 i s not prone to the g l i t c h a c t i v i t y 

g e n e r a l l y associated w i t h pulsars having c h a r a c t e r i s t i c ages of less than 
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20,000 years (McKenna & Lyne, 1990). The s t a b i l i t y of i t s r o t a t i o n may 

i n d i c a t e t h a t the temperature of the re c e n t l y formed neutron s t a r i s 

s u f f i c i e n t l y high to allow the t r a n s f e r of angular momentum from i t s core 

t o i t s outer c r u s t t o remain r e l a t i v e l y s t r e s s f r e e . The r e g u l a r i t y of t h i s 

pulsar clock i s such t h a t the second d e r i v a t i v e of i t s spin frequency may 

be measured, from which i t s braking index has been c a l c u l a t e d and found to 

be less than t h a t p r e d i c t e d . I t has been suggested that t h i s d e f i c i t may be 

due to the deformation of the neutron s t a r ' s d i p o l a r magnetic f i e l d by the 

o u t f l o w i n g energetic ions associated w i t h a strong 7-ray source. 

I f the c u r r e n t r o t a t i o n a l frequency of PSR 1509-58 i s assumed to be 

considerably less than i t s o r i g i n a l value, then, from equation 7.2a, the 

pulsar's c h a r a c t e r i s t i c age i s found t o be 1690 years (Mancliester, Durdin & 

Newton, 1985). This estimate i s consistent w i t h the recent claim that 

SN 185, recorded by Chinese astronomers some 800 years before they 

witnessed the b i r t h of the Crab pulsar, may have been the supernova 

explosion i n which PSR 1509-58 was formed (Thorsett, 1992). 

Doubt has been expressed i n some quarters as t o the v a l i d i t y of the 

asso c i a t i o n of PSR 1509-58 w i t h the remnant MSH 15-52. Tlie l i n e of s i g h t 

s u p e r p o s i t i o n of a pulsar upon a p h y s i c a l l y unrelated nebula i s f a r from 

impossible, given the abundance of such remnants i n the d i r e c t i o n of the 

g a l a c t i c plane. The nebula must be expanding i n t o a region of the 

i n t e r s t e l l a r medium of p a r t i c u l a r l y low density i n order to have achieved 

i t s present extent during the l i f e t i m e of the pulsar. This scenario i s 

co n s i s t e n t w i t h the pa r a d o x i c a l l y high x-ray temperature and low surface 

brightness of the renniant. The x-ray s p e c t r a l index of the pulsar and the 

o p t i c a l e x t i n c t i o n of the nebula give s i m i l a r values f o r the n e u t r a l 

hydrogen column density (Seward, Harnden, Murdin & Clark, 1983). 

The 4-2 kpc distance t o MSH 15-52 was established, from radio 

i n t e r f e r o m e t r i c measurements of hydrogen l i n e absorption, by Caswell, 

Murray, Roger, Cole and Cooke (1975). 
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7.5.2 previous VHE 7-ray observations 

The U n i v e r s i t y of Potchefstroom group surveyed a t o t a l of eighteen 

i s o l a t e d r a dio pulsars using the atmospheric Cerenkov technique (Nel et 

a l . , 1992). Only PSR 1509-58 was seen to emit VHE 7-rays on a regular basis 

- during four out of ten dark moon periods between 1985 and 1988. This 

s i g n a l was absent from supplementary observations made over the f o l l o w i n g 

three years. The f i r s t observations made by t h i s group consisted of 20-9 

hours o f tracked data c o l l e c t e d over a period of 11 days i n June 1985, a t 

an estimated energy threshold of 2 TeV. When the on-source events were 

folded a t the radio period of ~150 ms, a t r i p l e peaked l i g h t curve was 

produced (de Jager, Raubenheimer, North, Nel & van Urk, 1988). I t was clear 

from the asymmetry of t h i s l i g h t curve t h a t t h i s apparent "50 ms v a r i a t i o n 

was a harmonic of the 7-ray pulse period rather than the fundamental 

i t s e l f . I t was found t h a t the p r o b a b i l i t y of chance occurrence of 

p e r i o d i c i t y i n the data, as c a l c u l a t e d from the Rayleigh t e s t f o r 

u n i f o r m i t y of phase, was minimised when the second harmonic of the radio 

per i o d was considered i n preference t o the f i r s t or the fundamental. The 

above authors speculated t h a t t h i s t r i p l e peak phenomenon could be 

accommodated by the outer gap model of Cheng, Ho and Ruderman (1986) i f one 

rat h e r than two of the smaller gaps ( l a b e l l e d G' i n f i g u r e 7.2) was 

quenched by emission from the others, or i f 7-ray production i n two outer 

gaps was supplemented by a f l u x of 7-rays from above one polar cap. This 

r e s u l t i s at variance w i t h a l l other detections of VHE 7-rays from pulsars, 

which have always shown e i t h e r s i n g l y or doubly peaked l i g h t curves. 

The U n i v e r s i t y of Potchefstroom group found evidence to suggest t h a t 

the duty cycle of PSR 1509-58 consisted of continuous emission at the t h i r d 

harmonic of the radio p e r i o d over about ten days, followed by an " o f f -

s t a t e " of a s i m i l a r d u r a t i o n (Nel, de Jager, Raubenheimer & North, 1989). 

From the observations taken i n June 1985, the luminosity (above 2 TeV) of 

PSR 1509-58 was c a l c u l a t e d to be 4-7 x 103* erg s"! (Nel, de Jager, 
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Raubenheinier, North & Brink, 1990). I t should be noted that t h i s r e s u l t i s 

based upon a Rayleigh t e s t f o r emission at a period i n the region of 50 ms, 

yet there i s no i n d i c a t i o n that the number of degrees of freedom involved 

i n the o p t i m i s a t i o n of the search range to include only the t h i r d harmonic 

of the r a d i o period (based upon epoch f o l d i n g of t h i s very dataset) have 

been taken i n t o account (Rayner, 1989). 

PSR 1509-58 was observed by tl i e Durham group i n A p r i l 1987 (25 hours) 

and March 1989 (16 hours). The Rayleigh t e s t was applied to searcli f o r 

p e r i o d i c i t y i n the range 150-4 to 150'5 ms, but none was found (Brazier e t 

a l . , 1990). I t was f e l t t h a t r e l a t i v e phase could be said to be maintained 

between pulsed events over a mouth long observing session, but t h a t the 

telescope t i m i n g was not s u f f i c i e n t l y accurate to allow the production of a 

si n g l e l i g h t curve from data spanning two years. A twenty binned histogram 

of the number of events t r i g g e r i n g the c e n t r a l channel alone versus the 

phase of the 150 ms pulse period corresponding to t h e i r a r r i v a l times, as 

ca l c u l a t e d from the ephemeris of Manchester, Durdin and Newton (1985), was 

produced from each annual dataset. These l i g h t curves showed no s t r u c t u r e . 

An upper l i m i t t o the f l u x , above 300 GeV, which i f confined to a single 

b i n would have produced a three standard d e v i a t i o n excess above expectation 

was estimated by the method described i n section 4 . 4 . 1 ( i l l ) to be 

3-4 X lO'J^i cm"'' s"^ from observations taken i n 1987 and 

2-2 X 10-11 cm-2 s - i from those made i n 1989 (Rayner, 1989). 

7.5.3 r e s u l t s from the Compton Gamma Ray Observatory 

I n January 1992, 7-rays i n the energy range 20 keV to 2 MeV were 

reported t o have been detected from PSR 1509-58 by the BATSE instrument 

aboard the Compton Gamma Ray Observatory (described i n section 1 . 4 . 1 ( i i i ) ) . 

The energy spectrum observed was harder than t h a t of the Crab pulsar seen 

by the same detector. The l i g h t curve signature consisted of a s i n g l e peak 

which became narrower as the energy threshold was increased (Wilson et a l . , 
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1992). 

Analysis of data obtained i n March 1992 using COMPTEL revealed a peak 

i n the l i g h t curve around phase 0-47 i n the 0-7 to 1 MeV band, but no pulse 

s t r u c t u r e i n the 1 to 30 MeV region (Carraminana, p r i v . comm.). When the 

data were subjected t o a V-z t e s t {described i n section 4 . 3 . 3 ( i i ) ) , which 

had been su c c e s s f u l l y applied i n the d e t e c t i o n of pulsed emission from the 

Crab pulsar, they were found not to conform to a f l a t l i g h t curve a t the 

three standard d e v i a t i o n l e v e l (Bennet e t a l . , 1993). The peak coincided 

w i t h the pulse phase of the maximum i n the 100 keV to 2 MeV energy range as 

determined from data recorded by OSSE (Hertz e t a l . , 1993) and conformed to 

the 50 % duty cycle observed by BATSE. 

PSR 1509-58 has not yet been detected by EGRET i n the 20 MeV to 30 GeV 

region, although f i v e other i s o l a t e d pulsars have ( F i c h t e l et a l . , 1992, 

Bennet et a l . , 1993). 

7.5.4 the dataset 

PSR 1509-58 was sclieduled f o r observation by CGRO, as an OSSE 

secondary t a r g e t over the period 19/3/1992 to 02/4/1992 and as the primary 

t a r g e t from 15/10/1992 to 22/10/1992. I t i s v i s i b l e from Bohena Settlement 

from March t o June i n c l u s i v e . I t was observed on 08/3/1992 w i t h the 

Mark I I I telescope, but no f u r t h e r time was a l l o c a t e d to data c o l l e c t i o n 

during t h i s month as p r i o r i t y was given t o the i n s t a l l a t i o n of the Mark V 

telescope. Three more observations were made i n March 1993 ( l i s t e d i n 

f i g u r e 7.5a), d u r i n g which the obj e c t reached culmination a t 29°, 

corresponding t o a threshold energy f o r the Mark I I I telescope of 

approximately 300 GeV. A l l of the observations of t h i s object were made i n 

t r a c k i n g mode. 
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date (UT) J.D. of 
observation 

duration sky clarity 

08/03/92 2448690083 255 good 

19/03/93 2449066112 176 excellent 

23/03/93 2449070116 100 good 

28/03/93 2449075-137 170 poor 

Figure 7.5a : the post 1989, Mark III telescope, PSR 1509-58 

dataset (the Julian day number at the beginning of each 

observation is shown in the second column). 

Information relating to PSR 1509-58 extracted 

f r n m Thp Prinrptnn GRO/radio timing database 

R.A. (2000) 15 h 13 m 55-6795 s 

S(2000) -59° 8' 9-49" 

T JD 2448478-000000571 

6-6368504279262 s-i 

d-V>/dt - 6-76745 X 10-11 s-2 

d2 ^ / dt2 1-97 X 10-21 s-3 

Figure 7.5b : the PSR 1509-58 ephemeris of 

Johnston, Kaspi, Manchester, Lyne and D'Amico 

(1993). 



7.5.5 recent analysis and r e s u l t s 

The data were f i l t e r e d i n order to create f i l e s c ontaining only those 

events which t r i g g e r e d the c e n t r a l channel alone. A parabolic f i t was made 

to the count r a t e v a r i a t i o n w i t h z e n i t h angle, i n order to search f o r a 

b r i e f excess which might be a t t r i b u t a b l e to the a c t i v i t y of the targ e t 

o b j e c t r a t h e r than a t h i n n i n g of any cloud cover. When a 300 s long bin was 

passed through each f i l e i n 60 s steps no such candidate "burst" was found. 

A 20 bi n l i g h t curve was produced f o r each f i l e by f o l d i n g the data 

modulo the pulse p e r i o d (P) i . e . recorded event times were assigned an 

absolute phase (between 0 and 1) i n accordance w i t h the most recent 

ephemeris a v a i l a b l e i n the Princeton GRO/radio timing database (presented 

i n f i g u r e 7.5b) and placed i n the corresponding phase bin of width 1/20, t o 

produce a histogram of the number of on-source events versus pulse phase. 

The s t a t e d epheraeris i s given as v a l i d from JD 2447913 to JD 2449043; i t i s 

f a i r to assume t h a t i t may be extended t o the epoch of the l a t e s t 

observations considered here given the absence of g l i t c h behaviour from 

PSR 1509-58. The t e s t f o r goodness of f i t described i n section 4.3.4 was 

applied t o each of these pulse phase histograms, i n order assess the 

s i g n i f i c a n c e of any d e v i a t i o n of the number of events per b i n from a 

uniform d i s t r i b u t i o n . 

Results from the CGRO showed t h a t the l i g h t curve of PSR 1509-58 was 

si n g l e peaked i n the 20 keV to 2 MeV region. Busetta et a l . (1993) report 

evidence of a secular change i n the shape of the l i g h t curve of the Vela 

pulsar at energies i n the range 10 to 30 GeV, from the two narrow pulses 

observed during balloon experiments i n 1981 to a broader feature showing 

" i n - f i l l " between these pulses i n recent COMPTEL observations. These 

authors also remark t h a t emission between the two peaks i n the l i g h t curve 

of the Crab pulsar i s more intense i n the s p e c t r a l range covered by the 

EGRET instrument aboard the CGRO than a t the lower energy region at whicii 

COMPTEL operates. I t was f e l t t h a t by re-binning the VHE 7-ray data at h a l f 
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of the radio pulse p e r i o d , some evidence of emission might be obtained by 

the combination of a weak s i g n a l separated by 180° i n phase at the f u l l 

pulse period. This was done and the %^ t e s t was applied to the four 20 b i n 

l i g h t curves obtained. 

0-1 us per day i s an upper l i m i t t o the e r r o r i n the measured value of 

the s l i p r a t e of the rubidium clock i n use as a l o c a l time standard f o r the 

Bohena Settlement s i t e (Rayner, p r i v . comm.). The r e l a t i v e a r r i v a l times of 

events i n the 1992/1993 dataset may therefore be said to be known to an 

accuracy of 0-04 ms, or to ^/loo th of the width of a s i n g l e phase b i n i n 

the 20 b i n l i g h t curves constructed by f o l d i n g data at h a l f of the radio 

pulse period of PSR 1509-58. This being the case, the data from a l l 

observations were combined to form the l i g h t curves, at the f u l l 150 ms 

period and at i t s f i r s t harmonic, shown i n f i g u r e 7.5c. The value of and 

i t s associated p r o b a b i l i t y are tabulated i n f i g u r e 7.5d f o r l i g h t curves 

obtained from the i n d i v i d u a l observations and from the dataset as a whole, 

at both the f u l l pulse period and i t s second harmonic. 

The Rayleigh t e s t was applied to each f i l e i n order to search f o r a 

s i g n a l at the t h i r d harmonic of the pulse period as reported by the 

U n i v e r s i t y of Potchefstroom group (Nel, de Jager, Raubenheimer & North, 

1989). These authors noted some s l i g h t v a r i a t i o n i n the peak t o peak 

separation of the t r i p l e peaked l i g h t curves i d e n t i f i e d from three separate 

observations, hence the y} t e s t i n v o l v i n g the r e t e n t i o n of absolute phase 

in f o r m a t i o n was deemed in a p p r o p r i a t e t o t h i s i n v e s t i g a t i o n . For each 

observation, a range of t r i a l periods was chosen to encompass f i v e Fourier 

i n t e r v a l s ( d e fined i n s e c t i o n 4.3.2) to e i t h e r side of the t h i r d harmonic 

of the radio period. The minimum Rayleigh p r o b a b i l i t y of chance occurrence 

of p e r i o d i c i t y i n t h i s range, corrected f o r the number of t r i a l s employed, 

i s l i s t e d i n f i g u r e 7.5d, together w i t h the t e s t p e r i o d a t which t h i s 

"peak" appeared and the size of the Fourier i n t e r v a l . 
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Figure 7.5c : light curves of PSR 1509-58 produced by binning events 
which triggered the central channel only according to the absolute 
phase of the radio pulse period, P, (above) and of P/2 (below) at the 
time of their arrival. 
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7.5.6 conclusions 

No evidence was found of pulsed emission from PSR 1509-58 i n the 

1992/1993 dataset. The l i g h t curve produced by f o l d i n g a l l data at the 

pulse period d i d not e x h i b i t the s i n g l e maximum around phase 0-5 present i n 

low energy 7-ray data from the CGRO. I f a 5 % duty cycle i s assumed, then a 

l i m i t t o the pulsed 7-ray f l u x from PSR 1509-58 at and above 250 GeV, may 

be c a l c u l a t e d using equation 4.4d. A 3a f l u x l i m i t of 8-9 x 1 0 - c f f l - ^ s'^ 

i s thus obtained (where a s i g n a l s t r e n g t h of 1% of the background f l u x i s 

given by (pi* « 6-6 x lO-^^ cm-'' s ' ^ ) , which i s s l i g h t l y greater than those 

estimated from the 1987 and 1989 measurements because of the l i m i t e d size 

of the new dataset. 

The U n i v e r s i t y of Potchefstroom group detected recurrent pulsed 7-ray 

emission from PSR 1509-58 at energies of approximately 2 TeV and above at a 

f l u x l e v e l of 3-9 ± 0-9 x 1 0 " c m - 2 s-^ during observations made between 

JD 2446227 and JD 2447382 (Nel, de Jager, Raubenheimer, North & Brink, 

1990). When t h i s o b j e c t was targeted by the same group between JD 2447601 

and JD 2448367 no f u r t h e r evidence of pulsed emission was found. An upper 

l i m i t t o the pulsed f l u x of 1-2 x lO-^^ cm-^ s'^ was estimated from these 

data as a whole, although the energy threshold of the detector was 

increased from 2 TeV to 4 TeV during the course of these observations (Nel 

et a l . , 1992). These r e s u l t s were based upon the Rayleigh power present at 

the t h i r d harmonic of the radio pulse period. Since the Rayleigh 

p r o b a b i l i t y of chance occurrence of p e r i o d i c i t y a t or near t h i s -50 ms 

period was never found to be less than 0-05 on a s i n g l e n i g h t i n the Durham 

1992/1993 dataset, a n u l l r e s u l t was assumed and a f l u x l i m i t was 

c a l c u l a t e d f o r each observation, using equation 4.4c. These were then 

combined according to equation 4.4e t o give an o v e r a l l f l u x l i m i t of 

6-4 x 10-1" cm-2 s - i at photon energies of -250 GeV and above. I f the index 

of the cosmic ray i n t e g r a l spectrum i n the 5 TeV to 1 PeV region of-1*60 

(Khrenov, 1993) i s assumed to apply, such t h a t the number of cosmic rays 
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detected i s p r o p o r t i o n a l t o E " i • ^ , then the above r e s u l t at the Mark I I I 

telescope's 250 GeV threshold energy i s equivalent t o a f l u x l i m i t at 

primary energies greater than 2 TeV of 2-3 x 10-n cm-^ s - i . This r e s u l t i s 

t h e r e f o r e c o n sistent w i t h the l i m i t obtained from the U n i v e r s i t y of 

Potchefstroom's most recent r e s u l t s and confirms t h a t the 7-ray f l u x 

present i n e a r l y observations made by t h i s group i s t r a n s i e n t i n nature. 

The non-detection of PSR 1509-58 by EGRET does not bode we l l f o r i t s 

appearance at TeV energies. However, the discovery of high energy 7-rays 

from PSR 1055-52 by t h i s instrument i n d i c a t e s t h a t t h i s i s o l a t e d pulsar i s 

a s u i t a b l e a l t e r n a t i v e t a r g e t . 

7.6 47 Tucanae, a globu l a r c l u s t e r 

7.6.1 a foreword on g l o b u l a r c l u s t e r s 

Above and below the g a l a c t i c d i s c , i n which most s t a r formation takes 

place at present, there l i e s a halo of more than one hundred spher i c a l 

c l u s t e r s of up t o one m i l l i o n g r a v i t a t i o n a l l y bound s t a r s . These "globular 

c l u s t e r s " provide a large sample of s t a r s i n advanced evolutionary phases 

( C a s t e l l a n i , 1980). 

Only about one ten thousandth of the mass of the galaxy i s 

concentrated i n g l o b u l a r c l u s t e r s , yet they have been found to contain ten 

of the ~100 known x-ray b i n a r i e s (Ray & Kluzniak, 1990). This suggests t h a t 

the b i n a r y formation r a t e i n these regions i s enhanced by t i d a l capture of 

main sequence s t a r s by neutron s t a r s . Since the globular c l u s t e r s consist 

of an o l d s t e l l a r p o p u lation, i t i s reasonable t o assume t h a t any i s o l a t e d 

pulsars formed i n e a r l y supernova explosions w i l l have spun-down and w i l l 

no longer be powerful radio sources. Hence those m i l l i s e c o n d pulsars 

observed must e i t h e r have been "recycled" or must be the products of the 

l a t e r a c c r e t i o n induced collapse of white dwarfs, the lack of a companion 

s t a r i n some cases being a t t r i b u t e d to i t s evaporation the pulsar wind of 
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the primary or to c o l l i s i o n a l d i s r u p t i o n of the parent system. 

Chen (1991) suggested t h a t g l o b u l a r c l u s t e r s might be strong 7-ray 

sources due to f l u x c o n t r i b u t i o n s from as many as one thousand millisecond 

pulsars per c l u s t e r . Only a few of these pulsars should be v i s i b l e to radio 

astronomers due t o the narrow beaming of emission at these wavelengths. 

Thus, an upper l i m i t to the m i l l i s e c o n d pulsar population might be b e t t e r 

a t t a i n e d from observations a t 7-ray energies. By assuming the period 

d i s t r i b u t i o n of the twenty e i g l i t m i l l i s e c o n d pulsars so f a r observed i n 

glo b u l a r c l u s t e r s to be representative of a l l , the above author estimated 

the t o t a l pulsar "spin-down power" of a s i n g l e globular c l u s t e r to be 

~ 10^8 N500 erg s " i where N500 i s the number of m i l l i s e c o n d pulsars present 

i n u n i t s of 500. I f an e f f i c i e n c y of 7-ray production v i a the outer 

magnetospheric gap mechanism s i m i l a r to t h a t of i s o l a t e d pulsars i s 

assumed, then the r e s u l t i n g 7-ray luminosity i s given by: 

Lgamma = 1-5 X 10^6 Nsoo f erg s"1 eqn. 7.6 

where f i s a beaming f a c t o r which approximates to u n i t y . 

I n h i s paper e n t i t l e d "Gamma Rays from Globular Clusters", Tavani 

(1993) s t a t e s t h a t according to the argument of Chen (above), i n excess of 

500 i n d i v i d u a l pulsed sources would be required t o e x i s t w i t h i n a single 

g l o b u l a r c l u s t e r i n order f o r i t t o be detected i n the 7-ray region w i t h 

the equipment c u r r e n t l y a v a i l a b l e . This author estimates the sizes of the 

pulsar populations which could e x i s t w i t h i n a range of globular c l u s t e r s by 

assuming t h a t t h i s i s determined by the c l u s t e r mass, core s t a r density and 

v e l o c i t y d i s p e r s i o n . He f i n d s t h a t only one of the 48 c l u s t e r s considered 

should have Nsoo > 1. However, he goes on to suggest that globular c l u s t e r s 

may be strong 7-ray sources i f they contain interacting binary pulsars, i n 

the v i c i n i t y of which a strong unpulsed 7-ray f l u x i s developed at a shock 

f r o n t where a pulsar wind encounters m a t e r i a l evaporating from an 

i r r a d i a t e d companion s t a r . Tlii s shock emission would be s i m i l a r to t h a t 
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observed from the supernova remnants surrounding young pulsars. The target 

m a t e r i a l would absorb radio emission from the c e n t r a l "hidden pulsar" 

w h i l s t remaining o p t i c a l l y t h i n at x-ray energies and above. By inference 

from observations of the Crab nebula, Tavani (1993) estimated that at 

energies above 100 keV a f l u x of up to lO^^ gj-g s - i could be obtained from 

a hidden pulsar. As Spergel (1991) noted, the presence of a numerous pulsar 

population could account f o r the lack of fre e gas w i t h i n globular c l u s t e r s , 

since m a t e r i a l released during s t e l l a r e v o l u t i o n could be c a r r i e d out of 

the c l u s t e r by the r e l a t l v i s t i c p a r t i c l e s and/or low frequency 

electro-magnetic r a d i a t i o n of pulsar winds. 

7.6.2 background in f o r m a t i o n on 47 Tucanae 

Charles (1989) reviewed s a t e l l i t e x-ray surveys i n search of sources 

which could be i d e n t i f i e d w i t h g l o b u l a r c l u s t e r s and found 21, of which the 

lone source associated w i t h 47 Tucane (or NGC 104) was one of the nearest, 

having a x-ray lu m i n o s i t y of lO^*-^ erg s - i . A uriere, Koch-Miramond and 

O r t o l a r i (1989) discovered a 120 s p e r i o d i c i t y i n the x-ray f l u x , 

suggestive of a cataclysmic v a r i a b l e or x-ray. binary o r i g i n . De Jager et 

a l . (1989) reported the d e t e c t i o n of a 7-ray f l u x at energies above "5 TeV 

pulsed at t h i s 120 s period from the d i r e c t i o n of 47 Tuc, having a peak 

lu m i n o s i t y of -lO^^ erg s " i . These authors stated t h a t such a high 7-ray 

l u m i n o s i t y excludes the p o s s i b i l i t y t h a t the source i s a CV. A pulsed TeV 

7-ray s i g n a l from 47 Tuc has yet t o be confirmed by independent observers 

(see Mannings (1990) and Bowden (1993)). Paresce, De Marchi and 

Ferraro (1992) have since i d e n t i f i e d an o p t i c a l counterpart t o the pe r i o d i c 

x-ray source (X0021.8-7221) from Hubble Space Telescope observations of the 

region. They r e p o r t t h a t the s p e c t r a l c h a r a c t e r i s t i c s of the object, a high 

x-ray t o o p t i c a l brightness r a t i o and an u l t r a v i o l e t excess t y p i c a l of an 

a c c r e t i o n d i s c , are consistent w i t h those of an intermediate polar CV. 

I n J u l y 1991, Manchester et a l . announced the discovery of ten 
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m i l l i s e c o n d radio pulsars i n 47 Tuc, b r i n g i n g the t o t a l i n t h i s c l u s t e r to 

eleven and the o v e r a l l g l o b u l a r c l u s t e r pulsar population count t o 

approximately 30 . None of these objects was detected i n every observation, 

s i x e x h i b i t e d b inary o r b i t a l motion and one was c o n s i s t e n t l y absent at the 

same o r b i t a l phase, suggestive of e c l i p s e by an a b l a t i n g companion. The 

Tavani (1993) estimate f o r the number of pulsars which may e x i s t w i t h i n 

47 Tuc i s 276 . According to equation 7 . 6 , these pulsars should support a 

7-ray l u m i n o s i t y of 8 x lO^^ erg s'^. At a distance of 4-6 kpc (Webbink, 

1985) the f l u x from 47 Tuc should, by t h i s argument, be of the order of 

3 X 1 0 " ! " erg cm"^ s'^. By c o n t r a s t , a s i n g l e m i l l i s e c o n d pulsar at t h i s 

distance, assumed to e x h i b i t the maximum spin-down power ("lO^^ erg s"^) 

and e f f i c i e n c y of conversion of t h i s power to 7-rays (--lO"^) t h e o r e t i c a l l y 

allowed, would give r i s e to a 7-ray f l u x at Earth of 

4 x lO-i-^ erg cm-^ . I f t h i s f l u x were manifest e n t i r e l y as 450 GeV 

7-rays ( i . e . at the threshold energy of the Durham Mark I I I telescope at a 

z e n i t h angle of 4 5 ° ) then the s i n g l e pulsar would c o n t r i b u t e 9 x 10"^^ 

photons cm"'̂  s " i to a t o t a l pulsed f l u x of 2-5 x 1 0 " p h o t o n s cm"^ s"^. 

Since the s e n s i t i v i t y of the Mark I I I detector at t h i s z enith angle i s 

given by (pi% ~ 8 x 10"^J- photons cm"'̂  s " i (see section 4 . 4 . 2 ) , i t i s clear 

t h a t w h i l s t the f l u x from the globular c l u s t e r pulsar population as a whole 

might appear as a 3 % s i g n a l i n t h i s instrument, i n d i v i d u a l m i l lisecond 

pulse signatures are u n l i k e l y to be d i s t i n g u i s h e d . I f the hidden pulsar 

population hypothesis put forward by Tavani (1993) i s c o r r e c t , then tlie 

o v e r a l l , e f f e c t i v e l y unpulsed, 7-ray f l u x from 47 Tuc may exceed that 

estimated above. 

7 . 6 . 3 a search f o r unpulsed emission 

( i ) the dataset 

47 Tuc was observed using the Mark I I I telescope i n chopping mode on 
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seven occasions i n August 1991. Of these datasets, the f i v e l i s t e d i n 

f i g u r e 7.6a were considered to be of s u f f i c i e n t l y good q u a l i t y , i n terms of 

reported sky c l a r i t y and telescope response, to be subjected to a search 

f o r an unpulsed 7-ray s i g n a l . The object was viewed near i t s culmination, 

such th a t the t a r g e t z e n i t h angle was r e s t r i c t e d to the range 42° to 46° 

throughout. The t a r g e t d i r e c t i o n was r e g u l a r l y a l t e r n a t e d i n order to 

obt a i n on-source and off-source data sets of equal du r a t i o n , each made up 

of a se r i e s of two minute long exposures. This "chopping" mode of 

observation i s described i n d e t a i l i n chapter three. 

( i i ) a nalysis and r e s u l t s 

I n order t o confirm that the data were well-behaved, histograms were 

constructed of the on-source count r a t e , averaged over consecutive 240 s 

long b i n s , f o r each observation. At no po i n t d i d the count rate d i f f e r by 

as much as three standard d e v i a t i o n s from t h a t expected (as determined from 

a p a r a b o l i c f i t to the count r a t e v a r i a t i o n w i t h z e n i t h angle). 

A simple summation of the number of events which t r i g g e r e d the c e n t r a l 

channel alone was performed, i n order t o determine whether the t o t a l count 

from the d i r e c t i o n of 47 Tuc ( i i o n ) exceeded that from a p o s i t i o n o f f s e t 

from i t by 2° i n azimuth ( n o f t ) . These values are displayed f o r each 

observation and f o r the dataset as a whole i n f i g u r e 7.6b. Also shown i s 

the corresponding excess number of on-source courits, s, required, given 

n o f f , i n order f o r the n u l l hypothesis ( t h a t no s i g n a l i s present i n the 

data sample) t o be r e j e c t e d a t the 68 % confidence l e v e l ( c a l c u l a t e d 

according t o the method described i n section 4.3.1). C l e a r l y , t h i s value i s 

a t t a i n e d i n n e i t h e r a s i n g l e observation nor i n the dataset as a whole. The 

n u l l hypothesis cannot be r e j e c t e d . According to equation 4.4a, the steady 

f l u x from 47 Tuc which would have r e s u l t e d i n i t s det e c t i o n a t the 3 CT 

l e v e l i s 3-1 x I Q - i " cm-2 s - i at a zen i t h angle l i m i t e d energy threshold of 

450 GeV. 
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date (UT) duration 
(min.) 

sky clarity 

07/08/1991 164 excellent 

10/08/1991 167 excellent 

11/08/1991 250 excellent 

13/08/1991 152 excellent 

14/08/1991 187 excellent 

Fig. 7.6a : the selected 47 Tuc dataset. 

date 
(UT) 

n on noff n on-n off S 

07/08/1991 2090 2132 -42 67 

10/08/1991 2436 2481 -45 72 

11/08/1991 3137 3102 35 81 

13/08/1991 2053 2003 50 65 

14/08/1991 2300 2360 -60 71 

total 12016 12078 -62 157 

Fig. 7.6b : comparative totals of the number of events recorded 

from the source direction and from an off-source control region. 



7.6.4 conclusions 

An upper l i m i t t o the 7-ray f l u x from 47 Tuc above 0-1 GeV of 

3 x 10-6 cm-^ s - i was obtained using the COS-B s a t e l l i t e (Chen, 1991). I f 

i t i s assumed that the d e t e c t i o n of VHE 7-rays from t h i s object would 

r e q u i r e a source spectrum harder than t h a t of the cosmic ray background, 

then i f the spectrum f o l l o w s a power law of the form: 

r -|-a 
Ne = a constant x e 

where Ne i s the number of photons of energy e, a must be < 1-6. Thus, at 

the Mark I I I telescope threshold energy of 450 GeV, from the above 

r e l a t i o n , a f l u x l i m i t o f: 

r -,-l-6 
4501 

N450 > 3 X 10-6 
0-1 

> 4 X 10-12 cm-2 s - i 

i s obtained, which i s e n t i r e l y compatible w i t h the experimentally derived 

value of N450 < 3-1 x 10-'•^ (which gives a w 1-09). 

I f a distance t o 47 Tuc of 4-6 kpc i s assumed, then a f l u x at Earth of 

N450 « 3-1 X 10-1" cm-2 g-i would be equivalent t o a source luminosity at 

450 GeV of 5-6 x lO^^ erg s ' l . An upper l i m i t to the f l u x from 47 Tuc 

obtained using EGRET (which operates i n the 20 MeV to 30 GeV region) of the 

order of 5 x lO^^ erg s'^ has rec e n t l y been reported (Thompson, 1992), 

w h i l s t the a n a l y s i s of COMPTEL data on t h i s object i s underway. 

From i n s p e c t i o n of equation 4.4a and of the observed event count r a t e , 

i t i s c l e a r t h a t the reduction of the l i m i t i n g value of N450 obtained by 

experiment t o t h a t estimated, from the COS-B r e s u l t and the assumption of a 

simple power law source spectrum, would require of the order of 28 years 

worth of data of a s i m i l a r q u a l i t y . A concerted e f f o r t t o increase the 

s e n s i t i v i t y of atmospheric Cerenkov telescopes i s required. 
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CHAPTER EIGHT 

Future Prospects f o r Atmospheric Cerenkov Astronomy 

I f the d e t e c t i o n of VHE 7-rays i s t o become a powerful t o o l i n the 

study of astronomical phenomena, the next generation of atmospheric 

Cerenkov telescopes must produce p o s i t i v e r e s u l t s which are "non-

s t a t i s t i c a l " . Target objects must be chosen w i t h care, and an e f f o r t must 

be made to develop a t r u l y e f f i c i e n t and r e l i a b l e cosmic ray background 

r e j e c t i o n technique. As s i g n a l t o noise r a t i o s improve, so la r g e r f l u x 

c o l l e c t i n g areas may be introduced w h i l s t maintaining a manageable volume 

of data. Thus the t h r e s h o l d energies of ground based detectors can be 

reduced i n order t o span the gap i n the observable 7-ray spectrum between 

s a t e l l i t e experiments and the atmospheric Cerenkov technique. 

8.1 s i g n a l enhancement 

As pioneers of the Cerenkov l i g h t imaging technique, the Whipple 

c o l l a b o r a t i o n have achieved the most s t a t i s t i c a l l y s i g n i f i c a n t r e s u l t s t o 

date (Fegan, 1992). A disadvantage of the imaging technique i s t h a t since 

r e l i a n c e i s placed upon one or two instruments of i n c r e a s i n g l y complex 

design, maintenance and development work s u b s t a n t i a l l y reduces the 

a v a i l a b l e observing time. 

I t i s d i f f i c u l t t o imagine how the m i r r o r area of a s i n g l e telescope 

could be increased f a r beyond current l i m i t s without encountering 

mechanical problems and p r o h i b i t i v e engineering costs. I t has been 

suggested t h a t s o l a r c o l l e c t o r s where many fr e e standing mi r r o r u n i t s focus 

l i g h t onto a s i n g l e tower could have a r o l e t o play i n atmospheric Cerenkov 

astronomy (Tumer, K e r r i c k , O ' N e i l l , White & Zych, 1991). I t would be 

i n t e r e s t i n g t o compare the r e s u l t s from a large imaging telescope based 

upon a s i n g l e d i s h w i t h those obtained from a s i m i l a r mirrored area 
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comprising an array of smaller instruments operating on the p r i n c i p l e of 

guard r i n g r e j e c t i o n , and pos s i b l y i n c o r p o r a t i n g i n t e r - t e l e s c o p e t i m i n g 

i n f o r m a t i o n . Since many groups are f i n a n c i a l l y constrained t o choose 

between one approach and another, a t r u e comparison of the r e l a t i v e worth 

of these techniques must await f u r t h e r source detections and a 

st a n d a r d i s a t i o n of the methodology and format of f l u x c a l c u l a t i o n s . Indeed, 

P a l f r e y (1992) suggested t h a t the time had come f o r the formation of an 

" i n t e r n a t i o n a l s i m u l a t i o n working group", which would produce models of 

shower formation and Cerenkov emission against which the performance of the 

various techniques could be judged. 

8.1.1 the Mark I l l / M a r k V telescope upgrade 

The Mark I I I and Mark V telescopes were refurbished i n A p r i l 1993, i n 

order t o create a p a i r of simple imaging telescopes of i d e n t i c a l 

performance (Bowden et a l . , 1993a). 

An e x t r a 2" PMT was added t o the outer r i n g of tubes i n the c e n t r a l 

d e t e c t o r package of the Mark V telescope t o form a 31 p i x e l camera. B a f f l e s 

were erected about each mirrored dish i n order t o reduce the amount of 

background l i g h t observed. 

The c e n t r a l d ish of the Mark I I I telescope made up of spherical mirror 

f a c e t s was replaced by a parabolic m i r r o r , of r e f l e c t i v e surface area 

10 m2, of the type used f o r the Mark V telescope. A 31 p i x e l camera 

i d e n t i c a l t o t h a t of the Mark V instrument was i n s t a l l e d i n place of the 

c e n t r a l 7 PMT detector package of the Mark I I I telescope. The s t r u t s 

supporting t h i s camera were extended so t h a t a p o i n t source at i n f i n i t y now 

produces an image of approximate diameter 2-5 cm at the PMTs' 

photocathodes, as i s the case f o r the Mark V telescope. 

The Mark I I I and Mark V telescopes, as they now stand, are shown i n 

f i g u r e 8.1. During simultaneous viewing of the z e n i t h , approximately 45% of 

a l l recorded Cerenkov flashes are r e g i s t e r e d by both instruments. The 
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Figure 8.1 : the Mark I I I and Mark V telescopes (top and bottom frames 
respectively) after reftirbishment in April 1993. Both telescopes are now 
equipped to record the image of each Cerenkov flash viewed by their 
central detector packages. 



p o s i t i o n of the c e n t r o i d of a Cerenkov image i n the f i e l d of view can be 

determined from a dual telescope response and used as a background event 

r e j e c t i o n c r i t e r i o n . I t should be possible t o apply t h i s "stereo imaging" 

technique t o i n t r i n s i c a l l y f a i n t e r flashes than the s i n g l e telescope 

method which requires d e t a i l e d information as to the angular extent and 

o r i e n t a t i o n of each image (see section 2 . 3 . 1 ( i i i ) ) . However, since only 

b r i g h t flashes tend t o t r i g g e r more than one telescope, the threshold 

energy of the Mark I l l / M a r k V stereo imaging p a i r w i l l be s i m i l a r t o the 

-450 GeV th r e s h o l d energies of the two instruments when they are operated 

as independent imaging telescopes. One advantage of the stereo technique i s 

t h a t the n o r m a l i s a t i o n of the PMT responses i s less c r i t i c a l t o the 

p i n p o i n t i n g of the c e n t r o i d of a Cerenkov image than to the determination 

of a complete set of image parameters. 

The Australian/Japanese CANGAROO p r o j e c t commenced stereo Cerenkov 

imaging i n December 1992 (Edwards et a l . , 1993). 

An obvious t a r g e t f o r VHE 7-ray astronomers i s the development of new 

ground-based instruments which w i l l bridge the gap between the current 

energy t h r e s h o l d of atmospheric Cerenkov telescopes, of ~200 GeV, and the 

30 GeV upper l i m i t t o photon d e t e c t i o n by the EGRET instrument aboard the 

CGRO. Proponents of the imaging technique should beware, however, since the 

d i s t i n c t i o n between the w e l l defined images of 7-ray i n i t i a t e d cascades and 

the i r r e g u l a r o u t l i n e of hadronic showers may be b l u r r e d as the t o t a l 

amount of l i g h t required t o t r i g g e r a response i s reduced. The 10 GeV to 

100 GeV energy range marks the maximum of the d i f f e r e n t i a l cosmic ray 

proton number spectrum, due p a r t i a l l y t o s t e e r i n g by i n t e r p l a n e t a r y 

magnetic f i e l d s ( H i l l i e r , 1984). I n t h i s region, the p a r t i c l e f l u x density 

f a l l s below t h a t expected from the inverse power law r e l a t i o n s h i p 

a p p l i c a b l e t o p a r t i c l e energies above 100 GeV. I t i s hoped that, as the 

pions produced by primary protons of i n c r e a s i n g l y lower energies w i l l tend 

to decay to form muons ra t h e r than photonic p a i r s , 7-rays from c e l e s t i a l 
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o b j e c t s w i l l form a greater f r a c t i o n of the cosmic ray f l u x detected by 

atmospheric Cerenkov telescopes having low energy thresholds (Orford, p r i v . 

comm.). However, there i s some speculation t o the e f f e c t t h a t the f l u x of 

cosmic ray e l e c t r o n s , which does not decline u n t i l the energy per p a r t i c l e 

drops below ~10 GeV ( T a i r a et a l . , 1993), may shroud any c e l e s t i a l 7-ray 

s i g n a l of energy < 100 GeV per photon, as electrons form secondary 7-rays 

at the top of the atmosphere. 

8.1.2 the Mark VI telescope 

The e x t r a c t i o n of d e t a i l e d i n f o r m a t i o n as t o the shape and o r i e n t a t i o n 

o f the image o f a Cerenkov l i g h t pool requires a high photon density 

capable of t r i g g e r i n g m u l t i p l e PMTs. A large f l u x c o l l e c t i n g area i s 

t h e r e f o r e required. The 3 - f o l d coincidence guard r i n g technique has been 

shown t o be a successful method of cosmic ray background r e j e c t i o n (Brazier 

et a l . , 1989a), i t s greatest asset being i t s s i m p l i c i t y . I t i s intended 

t h a t the U n i v e r s i t y of Durham Mark VI telescope, which i s c u r r e n t l y under 

c o n s t r u c t i o n , w i l l perform as an imaging telescope and require a t h r e e - f o l d 

coincidence from one c e n t r a l camera and detector packages facing two outer 

dishes. The Mark VI telescope i s of a s i m i l a r design t o the Mark V, 

although an "upper" t i m i n g d i s h has been omitted from the new instrument 

and i t s l i n e a r dimensions are double those of the l a t t e r . Each of three 

p a r a b o l i c m i r r o r s constructed from 24 Mark V telescope type segments should 

b r i n g l i g h t from a d i s t a n t p o i n t source to an image of size ~0.25° FWHM. 

The detec t o r packages w i l l c o n s i s t of a c l u s t e r of nineteen 2" 

p h o t o m u l t i p l i e r tubes, each having a projected 0-5° aperture on the sky, i n 

the f o c a l plane of each outer dish and a 109 by ~0-25° p i x e l camera of 1" 

PMTs f a c i n g the c e n t r a l d i s h . A response from a s i n g l e tube i n each of the 

19 PMT d e t e c t o r s together w i t h any one of seven 1" tubes viewing the same 

area of sky w i l l c o n s t i t u t e an event. This telescope should have a 

t h r e s h o l d energy at the z e n i t h , under a c l e a r sky, of ~75 GeV. The c e n t r a l 
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d e t e c t o r package w i l l also f u n c t i o n as a Whipple type camera. The 

requirements of high r e s o l u t i o n imaging are expected t o ra i s e the energy 

t h r e s h o l d f o r event acceptance t o ~500 GeV. The Mark VI telescope i s due to 

be commissioned a t Bohena Settlement i n June 1994. 

8.2 VHE 7-ray source candidates 

8.2.1 o b j e c t s o f promise i n the Durham database 

( i ) a c c r e t i n g binary systems 

Fresh evidence of pulsed VHE 7-ray emission from the x-ray b i n a r i e s 

Vela X-1 and Cen X-3 has been found i n data c o l l e c t e d by the U n i v e r s i t y of 

Durham group (Bowden e t a l . , 1992b, Bowden et a l . , 1993b). These sources, 

and the XRBs Cyg X-3 and Her X-1 are seen t o emit VHE 7-rays most o f t e n 

when the compact s t a r i s a t or near the ascending node (Chadwick, McComb & 

Turver, 1992). This o r b i t a l phase dependency i s a t t r i b u t e d t o the short

l i v e d alignment of the p a r t i c l e accelerator and the t a r g e t m a t e r i a l w i t h i n 

each system, and Earth. Whilst l i g h t a t longer wavelengths may be scattered 

from i t s o r i g i n a l path before leaving a matter r i c h system, those 7-rays 

which survive t h e i r passage through absorbing m a t e r i a l generally r e t a i n 

t h e i r d i r e c t i o n of emission. The o r b i t a l phase dependency of a VHE 7-ray 

f l u x may t h e r e f o r e provide otherwise unobtainable i n f o r m a t i o n as t o the 

geometry of a binary system. 

The Durham group detected a strong burst of a c t i v i t y from the 

Cataclysmic Variable AE A q u a r i i at phase 0.17 w i t h respect t o superior 

c o n j u n c t i o n , and a second less s i g n i f i c a n t burst episode at an o r b i t a l 

phase o f 0-93 (Bowden et a l . , 1992). This could be i n t e r p r e t e d as due to 

p a r t i c l e s accelerated a t the edge of an accr e t i o n disc which form 7-rays i n 

the limb of the companion. An on-source count rat e excess which may have 

been a sign of s i m i l a r a c t i v i t y from another intermediate polar type CV, 
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H0253+193, u n f o r t u n a t e l y could not be assigned an o r b i t a l phase because no 

s u f f i c i e n t l y accurate ephemeris was a v a i l a b l e . This class of object could 

provide an e x c e l l e n t t e s t bed f o r the inference of system geometry from 

7-ray observations, since t h e i r r e l a t i v e abundance has allowed o p t i c a l 

astronomers to study them i n greater d e t a i l than the more d i s t a n t x-ray 

b i n a r i e s . 

I t has been suggested t h a t the success r a t e of VHE 7-ray astronomy, i n 

terms of p o s i t i v e source de t e c t i o n s , could be increased i f objects were 

p r e f e r e n t i a l l y targeted f o r observation at a pre-selected phase of t h e i r 

o r b i t s . This pre-supposes t h a t source mechanisms are s u f f i c i e n t l y w e l l 

understood t h a t 7-ray emission a t other p o i n t s i n an o r b i t may be r u l e d 

out. I t would be unfortunate i f the d r i v e t o produce a large VHE 7-ray 

source catalogue were t o overshadow the development of atmospheric Cerenkov 

astronomy as an i n v e s t i g a t i v e t o o l . 

The continued growth i n the size of f l u x c o l l e c t o r s , and the 

refinement of background r e j e c t i o n techniques, should reduce the exposure 

time required f o r the d e t e c t i o n of a s i g n a l of a c e r t a i n strength. Coverage 

of the e n t i r e o r b i t of a given source should t h e r e f o r e become more 

a t t r a c t i v e i n the f u t u r e , as only a few o r b i t a l cycles w i l l need to be 

observed i n order t o o b t a i n a s i g n i f i c a n t r e s u l t . 

( i i ) i s o l a t e d pulsars 

To date, s i x i s o l a t e d pulsars have been detected by the CGRO ( F i e r r o 

et a l . , 1993). Two of these, the Crab pulsar and Geminga un f o r t u n a t e l y 

never r i s e t o more than -40° above the horizon at Bohena Settlement and 

t h e r e f o r e l i e i n the large z e n i t h angle - high telescope threshold energy 

regime. The o t h e r s , the Vela pulsar, PSR 1509-58, PSR 1706-44 and 

PSR 1055-52 which culminate at z e n i t h angles of between 30° and 15° have 

been observed on several occasions during 1993. I t i s hoped t h a t some 

p o s i t i v e r e s u l t s w i l l be achieved as t h i s database i s extended during the 
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l i f e t i m e of the CGRO. The search f o r pulsations i n VHE 7-ray data b e n e f i t s 

g r e a t l y from the r e g u l a r l y updated pulsar ephemerides, which are provided 

by radio astronomers as support f o r the CGRO mission. 

Pulsed VHE 7-rays detected from the Crab pulsar (Gibson et a l . , 1982, 

Turner et a l . , 1985, Bhat et a l . , 1986) and from Geminga (Bowden et a l . , 

1993, Vishwanath, Satyanarayana, Ramana-Murthy & Bhat, 1992) have f i r m l y 

e s t a b l i s h e d i s o l a t e d , s t r o n g l y magnetised, r a p i d l y r o t a t i n g pulsars as 

t a r g e t s f o r f u r t h e r atmospheric Gerenkov observations. A strong unpulsed 

f l u x of 7-rays of energy > 0-5 TeV has been observed from the d i r e c t i o n of 

the Crab nebula by the Whipple c o l l a b o r a t i o n , using the imaging technique 

at t h e i r Northern Hemisphere s i t e (Vacanti et a l . , 1991). With the 

i n t r o d u c t i o n of stereo imaging a t Bohena Settlement, i t w i l l be i n t e r e s t i n g 

t o see whether a s i g n i f i c a n t unpulsed f l u x can be detected from the nebulae 

thought t o be associated w i t h the Vela pulsar, PSR 1509-58 and PSR 1706-44 

(McAdam, Osborne & Parkinson, 1993). 

8.2.2 c o l l a b o r a t i v e p r o j e c t s 

( i ) a c t i v e g a l a c t i c n u c l e i 

The EGRET instrument aboard the CGRO detected i n excess of 

two dozen a c t i v e galaxies during i t s f i r s t two years of operation. 

A f l u x of r e l a t i v i s t i c p a r t i c l e s may ar i s e i n the v i c i n i t y of an AGN 

through d i f f u s i v e shock a c c e l e r a t i o n at the terminations of plasma j e t s 

(Quenby & Lieu, 1989) or, p o s s i b l y , may r e s u l t from the shock acceler a t i o n 

of protons undergoing s p h e r i c a l a c c r e t i o n onto a massive black hole at the 

g a l a c t i c centre (Protheroe & Kazanas, 1983). Fast protons can i n t e r a c t w i t h 

surrounding m a t e r i a l t o produce unstable n e u t r a l pions which decay to give 

a f l u x of 7-rays, which may then undergo inverse Compton s c a t t e r i n g . The 

j e t scenario has the advantage t h a t the s i t e of any 7-ray emission i s 

somewhat removed from the dense core of the AGN where the l i k e l i h o o d of 
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photon absorption v i a p a i r production i s greatest. 

The EGRET 7-ray source catalogue does not include the a c t i v e galaxy 

Centaurus A, although 7-rays from t h i s o b j e c t were detected by the OSSE and 

COMPTEL instruments which have lower energy thresholds than EGRET ( F i c h t e l , 

1992a). Centaurus A was the t a r g e t of atmospheric Cerenkov observations by 

the U n i v e r s i t y of Durham group i n 1987 and 1988, during which no evidence 

of VHE 7-ray emission was found (Rayner, 1989). 

In March 1992, the EGRET team reported the detec t i o n of 7-rays of 

energy > 1 MeV from three BL Lac type AGN, i n c l u d i n g one of the nearest, 

Markarian 421, which has a r e d s h i f t , z, of 0-031 (Michelson et a l . , 1992). 

The Whipple group observed Mkn 421 using the atmospheric Cerenkov imaging 

technique and detected an unpulsed f l u x of 7-rays of energy > 0-5 TeV 

s i g n i f i c a n t a t the 6-3 standard d e v i a t i o n l e v e l (Punch et a l . , 1992). The 

same group found no evidence of VHE 7-ray emission from eight other AGN i n 

the distance range given by 0-055 < z < 2-17 (Fennell et a l . , 1992). One of 

these was 3C 279, an AGN which appeared t o EGRET to be b r i g h t e r than 

Mkn 421. The non-detection of 3C 279 may be due t o the acknowledged time 

v a r i a b i l i t y of i t s emission i n the tens of GeV range, or i t may be 

a t t r i b u t e d t o the f a c t t h a t 3C 279 has a z of 0-54, at which distance the 

degradation of the 7-ray f l u x through p a i r production w i t h the i n f r a r e d 

background i s thought t o become s i g n i f i c a n t ( K n i f f e n et a l . , 1993). 

The VHE 7-ray astronomy of AGN may be used t o place an upper l i m i t 

upon the i n t e n s i t y of the i n f r a r e d background f l u x , d i r e c t measurements of 

which have been plagued by the heat radiated by dust w i t h i n the solar 

system, and by the background noise associated w i t h even the most 

e f f i c i e n t l y cooled i n f r a r e d detectors. 

Stecker and De Jager (1993) derived an upper l i m i t t o the i n f r a r e d 

background f l u x using the shape of the 7-ray spectrum of Mkn 421 as 

measured by the Whipple group and by EGRET. They assumed t h a t the true 

source spectrum followed a simple power law over the 10^ eV to 10^2 eV 
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photon energy range. They then estimated the i n f r a r e d f l u x density required 

i n order t o b r i n g the VHE t a i l of the t r u e spectrum down to the l e v e l 

observed, through the loss of e x t r a g a l a c t i c VHE photons t o p a i r production. 

Their r e s u l t f a l l s between those obtained by d i r e c t measurement, and the 

values postulated from counts of the number of galaxies v i s i b l e from Earth 

i n the i n f r a r e d and o p t i c a l wavebands. I t i s consistent w i t h an e n t i r e l y 

" o r d i n a r y " o r i g i n of the i n f r a r e d photons i n the process of s t e l l a r 

e v o l u t i o n , implying t h a t apocalyptic events need not be invoked. These 

authors p r e d i c t t h a t absorption of the 7-ray f l u x from VHE photon e m i t t i n g 

AGN should become apparent at source distances given by z > 0-15 to 0'25. 

I n order t o deduce a rigorous upper l i m i t t o the i n f r a r e d background 

f l u x from cosmic 7-ray energy spectra, a large sample of AGN i s required. 

To avoid the i n t r o d u c t i o n of a d i r e c t i o n a l or instrumental bias, f u r t h e r 

observations of AGN should i d e a l l y be c a r r i e d out by the e n t i r e community 

of atmospheric Cerenkov astronomers. I n 1992 and 1993, the Durham group 

have begun t o accumulate data on the AGN 3C 279, PKS 2135-147, PKS 2155-30 

and PKS 0521-36, which have r e d s h i f t s of approximately 0-54, 0-2, 0-17 and 

0-055 r e s p e c t i v e l y . Note t h a t a z of 0-5 i s equivalent t o a distance of 

approximately 3000 Mpc. 

VHE 7-ray groups should e n l i s t the a i d of other astronomers, i n 

monitoring the instantaneous l e v e l of a c t i v i t y of AGN at d i f f e r e n t 

wavelengths. For instance, the Whipple group observed a t h r e e f o l d increase 

i n the VHE 7-ray f l u x from Mkn 421. V a r i a t i o n s of t h i s magnitude were to be 

expected, since a f o u r f o l d increase i n the i n t e n s i t y of the x-ray f l u x from 

t h i s o b j e c t (which l a s t e d f o r three days and was c l a s s i f i e d as a short 

o u t b u r s t ) had p r e v i o u s l y been recorded by the A r i e l V s a t e l l i t e (Marshall, 

Warwick & Pounds, 1981). Information as t o whether an AGN was i n a high or 

a low emission s t a t e a t the time o f atmospheric Cerenkov observations w i l l 

be i nvaluable i f f a r - r e a c h i n g conclusions are t o be made from a s p e c t r a l 

survey. 
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( i i ) 7-ray b u r s t studies 

Two decades a f t e r the discovery of 7-ray burs t s , t h e i r o r i g i n remains 

a mystery. The p o i n t sources of t h i s sporadic 7-ray emission, which l a s t s 

f o r a few seconds or a few tens of seconds, are seemingly i s o t r o p i c a l l y 

d i s t r i b u t e d across the c e l e s t i a l sphere. S t a t i s t i c a l t e s t s performed on the 

measured brightness d i s t r i b u t i o n have lead astronomers t o the conclusion 

t h a t the Gamma Ray Bursters (GRBs) must l i e e i t h e r w i t h i n 1 kpc of Earth or 

beyond the l o c a l supercluster a t > 30 Mpc (Epstein & Hurley, 1988). The 

de t e c t i o n of p e r i o d i c i t y on a timescale of a few seconds w i t h i n a l i m i t e d 

number of the outbur s t l i g h t curves i s consistent w i t h an o r i g i n i n the 

v i c i n i t y o f s t r o n g l y magnetised neutron s t a r s . 

The Burst And Transient Source Experiment aboard the CGRO observed 400 

cosmic 7-ray b u r s t s during i t s f i r s t 20 months of operation. EGRET 

witnessed seven of these a t energies of up to 0-2 GeV per photon. Schneid 

et a l . (1992) reported t h a t the burst witnessed by EGRET on 03/05/1991 was 

three orders o f magnitude b r i g h t e r above the 50 MeV l e v e l than the Vela 

pulsar had appeared t o be t o the same instrument (the Vela pulsar i s the 

most intense, steady high energy source seen by EGRET). At the low energy 

end of the 7-ray spectrum, the d i s t r i b u t i o n of the burst i n t e n s i t i e s 

recorded by the CGRO f a l l s below t h a t which would be expected from a 

s p a t i a l l y i s o t r o p i c population o f GRBs. According t o F i c h t e l (1992a), t h i s 

d e v i a t i o n may be due t o the e f f e c t s of r e d s h i f t i n g over cosmological 

distances. 

I t has been suggested t h a t GRBs l i e i n a halo about t h i s galaxy, hence 

t h e i r i s o t r o p i c appearance (Jennings, 1982). The Whipple group chose t o 

t e s t t h i s model by observing M31, another s p i r a l galaxy i n the l o c a l group. 

Atmospheric Cerenkov data were scanned f o r p o t e n t i a l burst episodes by 

using the imaging technique t o se l e c t candidate 7-ray i n i t i a t e d events, 

then searching f o r a b r i e f count r a t e excess over the background ra t e . The 

e l l i p t i c a l Cerenkov f l a s h images selected i n t h i s manner were superimposed 
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upon a g r i d representing the telescope's f o c a l plane, and the perpendicular 

distance, d, of the major axis of each from various p o i n t s on the g r i d was 

ca l c u l a t e d . A c l u s t e r of events having d < 0-08° from a common point was t o 

c o n s t i t u t e a b u r s t d e t e c t i o n . No such burst was observed i n the 11 hour 

long M31 dataset ( C h a n t e l l e t a l . , 1993). Since BATSE detects GRBs at a 

ra t e of approximately 1 per day, t h i s r e s u l t was hardly s u r p r i s i n g . 

Connaughton et a l . (1993) endorse a wider a p p l i c a t i o n of the above 

atmospheric Cerenkov b u r s t searching technique. They looked f o r an overlap 

between the areas of sky covered during the r o u t i n e observation of various 

o b j e c t s w i t h the Whipple telescope, and the GRB si g h t i n g s l i s t e d i n the 

BATSE Burst Catalogue. Unfortunately, the narrow f i e l d of view and short 

duty cycle o f atmospheric Cerenkov observations was such t h a t no such 

overlap was found. However, these authors note t h a t over the expected 

l i f e t i m e of BATSE (~8 years), a GRB must almost c e r t a i n l y f a l l w i t h i n the 

f i e l d of view of at l e a s t one of the atmospheric Cerenkov telescopes i n 

operation around the world. They themselves now intend t o comb the e n t i r e 

1988 - 1993 Whipple database f o r candidate GRBs. I t i s i n t h i s kind of 

search t h a t the value of m u l t i p l e telescope observations whether performed 

by a s i n g l e group as a t Bohena Settlement or through the c o l l a b o r a t i o n of 

those operating observatories at s i m i l a r longitudes becomes apparent; 

without independent c o n f i r m a t i o n of a burst episode, an instrumental or 

otherwise l o c a l o r i g i n cannot be r u l e d out. 

8.3 p e r o r a t i o n 

I t i s c l e a r t h a t the r a p i d expansion of atmospheric Cerenkov 

f a c i l i t i e s which i s c u r r e n t l y under way i s f u l l y j u s t i f i e d . Early r e s u l t s 

have surpassed i n i t i a l expectations by revealing a wide v a r i e t y of VHE 

7-ray source morphologies, from u n i p o l a r inductors to s t a r - disc dynamos. 

The discovery t h a t x-ray b i n a r i e s (e.g. Cygnus X-3) may support f a s t , 

VHE 7-ray e m i t t i n g pulsars which are obscured from view at longer 
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wavelengths by a cocoon of a c c r e t i n g m a t e r i a l , may shed some l i g h t upon the 

b i r t h of m i l l i s e c o n d pulsars i n binary systems, a process which has long 

perplexed t h e o r e t i c i a n s . 

Active G a l a c t i c Nuclei are an e x c i t i n g new a d d i t i o n t o the growing 

catalogue of VHE 7-ray sources. The development of t h i s p r a c t i c a l l i n k 

between p a r t i c l e physics and cosmology w i l l require the a d d i t i o n a l services 

of the Compton Gamma Ray Observatory. Long may the productive partnering of 

s a t e l l i t e experiments and atmospheric Cerenkov astronomy continue. 
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