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X-ray Binary Systems -  A r ie l V SSI Observations

M.G.Watson

ABSTRACT

The b a s is  o f our current th e o r e t ic a l understanding o f g a la c t ic  
x-ray sources i s  review ed. Models are o u tlin ed  in v o lv in g  c lo se  binary  
systems con ta in in g  a compact object a ccre tin g  mass which has been lo s t  
from the nondegenerate s ta r  by a v a r ie ty  o f mechanisms. The present 
sta tu s  o f  g a la c t ic  x -ray astronomy i s  d iscu ssed , w ith  emphasis on the  
l in k s  between e sta b lish e d  ob servation al ca teg o r ie s  and the c h a r a c te r is t ic s  
of the proposed models.

O bservational r e s u l t s ,  c o n s is t in g  prim arily  o f extended x-ray l ig h t  
curves derived from a n a ly s is  o f A r ie l V SSI data are presented for two 
main c la s s e s  o f g a la c t ic  x-ray source: ( i )  high-mass x-ray b in a r ies
contain ing an ea r ly -ty p e  g ian t or supergiant s ta r ; ( i i )  low-mass x-ray  
b in a r ies  in  which the nondegenerate s ta r  i s  a la te -ty p e  dwarf. For the  
high-mass b in a r ies  emphasis i s  placed on the determ ination and improvement 
o f the o r b ita l parameters; for  the low-mass b in a r ie s , where a l e s s  complete 
p ictu re  i s  a v a ila b le , the d iscu ssio n  cen tres on the type o f system in vo lved , 
tak ing in to  account the o p t ic a l observations o f the source.

F in a lly , the p ro p erties  o f two fu rth er  ca teg o r ie s  -  the sources in  
the g a la c t ic  bulge and those a sso c ia ted  w ith  dwarf novae -  are d iscu ssed  
as examples o f rather d if fe r e n t  types o f g a la c t ic  x -ray em itter . In the 
case of the g a la c t ic  bulge sources current observations have not lead  so 
far  to  a c lea r  p ictu re o f  the nature o f the systems in vo lved , indeed th e ir  
binary membership i s  not e s ta b lish e d . X-ray em ission from dwarf novae and 
re la ted  o b jec ts  i s  a r e la t iv e ly  recent d iscovery  and rep resen ts the opening 
up o f a new f i e ld  o f  g a la c t ic  x-ray astronomy.
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A bbreviations and U nits

A; d esign ation  o f a number o f new sources d etected  by any o f  the 
A r ie l V experim ents ( e . g .  AO62O-OO).

2A: d esign ation  o f sources l i s t e d  in  the "2A" catalogue (Cooke
e t a l . I97Ç) based on SSI ob serv a tio n s.

2S: d esign ation  o f sources accu ra te ly  p o sitio n ed  by the SAS-3 RMC
(see  com pilation in  Bradt 1978).

3U/4U: d esign ation  o f sources l i s t e d  in  th e th ird /fo u r th  Uhuru cata logues
(C iacconi e t a l . 1974; Forman et a l . 1978).

ASM; the A r ie l V A ll Sky M onitor,

MJB; M odified J u lia n  Date. MJD = JD (J u lia n  Day) -  2 480 000.5

■RMC: R otation  Modulation Collim ator (A r ie l V or SAS-3).

SSI: the A r ie l V Sky Survey Instrum ent.
■4

U. F. U. ; Uhuru Flux Unit = 1 Uhuru count s (see  U ni t s ) .

U n its A number o f d if fe r e n t  in te n s ity  u n its  are used in  x -ray astronomy; 
they are in te r -r e la te d  as fo llo w s:

1 SSI count s  ̂ = 2 .5  Jj (averaged over 2 - 1 1  keV)
1 Uhuru count s  ̂ = 1.1 Jj ( " •’ " " )

I c r a b  =  '060  ....................................................................................................................................... )

where 1 aJj = 2 . 42  z 10 erg cm  ̂ EeV \

Each conversion assumes an in cid en t C rab-like spectrum.
Note th at the actu a l energy ranges o f the SSI, and Uhuru, 
d if f e r  from the nominal band used here for  the conversion  
fa c to r s .
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Preface

For a new d is c ip l in e ,  x -ray astronomy has reached m aturity remarkably 

q u ick ly . I t  i s  already c lea r  that the study o f x -ray astronomy plays an 

e s s e n t ia l  part in  our understanding o f the fa te  o f ordinary s ta r s  at the  

endpoint o f s t e l la r  ev o lu tion  where almost un restrained  g r a v ita t io n a l con­

tr a c t io n  lead s to  the form ation o f  e x o tic  superdense forms o f  m atter: white

dwarfs and neutron s ta r s , or the f in a l  co lla p se  o f the s ta r  to  the black hole  

s t a t e .

On a more mundane le v e l ,  the d isc o v e r ie s  concerning the binary nature 

o f  some, i f  not a l l ,  compact g a la c t ic  x -ray  sources have r e v i t a l i s e d  in te r e s t  

in  the stru ctu re  and ev o lu tion  o f  c lo se  binary system s o f a l l  k in d s. Whereas 

i t  i s  true th at many o f  the more e x c it in g  o f th ese  d isc o v e r ie s  have already  

emerged (p a r t icu la r ly  from the observations made by the Uhuru s a t e l l i t e  in  

the f i r s t  three years o f  t h is  decade) i t  i s  only  now, w ith  the accumulation  

o f ever in creasin g  amounts o f inform ation about g a la c t ic  so u rces , th a t a 

p attern  o f so r ts  i s  beginning to  emerge.

In a way th is  stage  o f  co n so lid a tio n  i s  more in te r e s t in g , and c e r ta in ly  

more demanding on those a c t iv e ly  involved  in  the f i e l d .  Throughout t h is  

t h e s is  the r e la t io n sh ip s  between apparently d isp arate  behaviour in  a v a r ie ty  

o f  sources i s  s tr e sse d  w ith  emphasis on the "standard" binary model, w ith ou t, 

h o p efu lly , ignoring the p o s s ib i l i t y  o f the e x is ten ce  o f t o t a l ly  new c la s s e s  

o f  objec t .
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Chapter 1

GALACTIC X-RAY SOURCES; THEORY AND OBSERVATION

1.1 Introduction

This th e s is  i s  concerned w ith th e a n a ly s is  and in terp re ta tio n  

o f  ob servation s o f  g a la c t ic  x -ray so u rces . This chapter o u tlin e s  

the th e o r e t ic a l work on which our current understanding o f  such sources 

i s  based , and review s the present s ta tu s  o f  g a la c t ic  x -ray  sources from 

the poin t o f view o f the ob servation a l data a v a ila b le . Since much o f  

the data la te r  presented i s  analysed in  terms o f  temporal v a r ia b i l i t y ,  

th is  to p ic  i s  d iscu ssed  in  the la s t  s e c t io n .

1 .2 T h eoretica l C onsiderations

1.2.1 B asic In gred ien ts

The b a sic  fea tu res  of compact* g a la c t ic  x -ray sources which any 

su c ce ss fu l theory must exp la in  are ;

( i )  lu m in o s itie s  10^^ -  10^^ erg s ^;

( i i )  v a r ia b i l i t y  on t im esca les  ^  0.1 s (down to 1 ms);
T 8( i i i )  tem peratures ( in ferred  from x-ray sp ectra ) o f 10 - 1 0  K.

Most current th eo r ie s  exp la in  th is  p ic tu re  in  terms o f  a ccre tio n  o f

m ateria l onto a compact o b jec t* . As was f i r s t  noted by Ginzburg ( 1967) ,

the e n erg e tic s  o f such a system are dominated by the g r a v ita t io n a l energy

a v a ila b le  to  the a ccre tin g  m ateria l as i t  f a l l s  down the p o te n tia l w e ll o f  .

the compact o b jec t. The f i r s t  papers d ea lin g  w ith a ccre tio n  onto a compact

ob ject were by Z e l’dovich and Novikov ( I 966) and Shlovsky ( 1968) .  Since

then the b a s ic  idea  has been developed by many authors (see  f  1 . 2 . 2 ) .

* Throu^out t h is  th e s is  the term "compact x -ray  source" w i l l  be used to  
imply an unresolved , i . e .  s t e l la r  o b je c t , and the term "compact object"  
to  mean a g r a v ita t io n a lly  co llap sed  s ta r  i . e .  white dwarf, neutron s ta r  
or b lack  h o le . In p ra c tice  many compact sources contain  compact o b je c ts ,  
but t h is  i s  not n e c e s s a r ily  the c a se .



2 .

The su ccess o f the model depends c r i t i c a l l y  on the in c lu s io n  o f  

the compact o b jec t. With the b e n e f it  o f  h in d sigh t i t  i s  easy to  see  

why t h is  must be the ca se . Consider the i n f a l l  o f  p a r t ic le s  o f  mass m̂  

from in f in i t y  to the bottom o f  the g r a v ita t io n a l w e ll o f an ob ject o f  

mass M, radius R. In the Newtonian approxim ation (which s u f f ic e s  for  

order o f  magnitude c a lc u la tio n s)  th e energy gained by each t e s t  p a r t ic le  

i s :
AE

For a steady flow  o f m atter ^  in to  the p o te n tia l  w e ll the average

r a te  o f energy r e le a se  w i l l  be:

^  t o  ( 1 . 2 )
dt V R / dt

I f  a fr a c tio n  & o f  t h i s  energy appears as x -ray  r a d ia tio n , th e  x -ray  

lu m in osity  w i l l  be:
(1 .3 )

( R J dt

Without d e ta ile d  knowledge o f the a ccre tio n  and ra d ia tio n  p rocesses  

in vo lved , we can only  se t  l im it s  on the temperature o f th e emergent 

r a d ia tio n . • Assuming co o lin g  i s  e f f i c i e n t  ( e . g .  Lamb 1975) we have 

fo r  the ra d ia tio n  temperature T:

%bb <  T -S T ff  (1-4)

where T.̂ .̂  i s  th e b lack  body temperature g iven  by:
L

\ b

and T^^ i s  the f r e e - f a l l  temperature g iven  by:

kT ( f )f f  -  V T  "V

(1 .5 )

(1 . 6)

where (S and k are S te fa n 's  and Boltzmann's con stan ts and m̂  i s  th e  

nuclep^ mass, and we have assumed the em ittin g  reg ion  to have dimension 

R equal to  th e radius o f  th e  o b je c t .
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In order to  make some q u a n tita tiv e  estim a tes  o f th e l ik e ly

lu m in o s it ie s  and temperatures o f  the r a d ia tio n  r e s u lt in g  from
“8 “ 1

a c cr e tio n , we s h a ll  assume an a ccre tio n  ra te  —  = 10 Mq y

( « 7  % 10^  ̂ g s  ̂) and an e f f ic ie n c y  6 = 0.1 (the j u s t i f i c a t io n  o f  

th ese  va lu es w i l l  be apparent l a t e r ) .  The r e su lta n t lu m in o s it ie s  and 

tem peratures fo r  a ccretion  onto a normal s ta r ,  w hite dwarf, neutron s ta r  

and black h o le , a l l  w ith mass M « 1 M ,̂ are g iven  in  Table 1 . 1 .

I t  i s  c lea r  th a t , in  general term s, th e lu m in osity  and temperature 

c h a r a c te r is t ic s  o f g a la c t ic  x -ray  sources can only be obtained by a ccre tio n  

onto a neutron s ta r  or b lack  h o le . A ccretion  onto an ordinary s ta r  pro­

duces n e g lig ib le  lum inosity  e s p e c ia l ly  as th e true e f f ic ie n c y  fa c to r  in  

t h i s  case w i l l  be severa l orders o f  magnitude le s s  than the value assumed.

In the case o f a white dwarf the ra d ia tio n  would be p rim arily  o p t ic a l and 

UV. A more d e ta ile d  study o f a ccre tio n  p rocesses rev e a ls  a l e s s  c lea r  

c u t ' s itu a t io n  -  a ccretio n  onto a w hite dwarf can g iv e  x -ray  em ission  in  

cer ta in  circum stances, e s p e c ia l ly  i f  the a ccre tin g  gas i s  shocked up to  

fr e e  f a l l  tem peratures 2 x lO^Kl). In any system i t  i s  a lso

e s s e n t ia l  th at the r a d ia tio n  be able to  escape without ser io u s  absorption  

or degradation by surrounding m atter. In general term s, however, a f u l le r  

a n a ly s is  lead s to  e s s e n t ia l ly  the same co n c lu sio n s.

The va lues assumed fo r  the e f f ic ie n c y  and a ccre tio n  ra te  are those  

ty p ic a l for  a c lo se  neutron s ta r  b in ary . The e f f ic ie n c y  can be estim ated  

th e o r e t ic a l ly ;  fo r  w hite dwairfs i t  i s  probably ^  0 . 001, fo r  neutron s ta r s  

'^O.l and for  black h o les  0.1 -  0 .4 , the p rec ise  magnitude depending on 

the d e t a i l s  o f the a ccre tio n  process ( e . g .  Novikov and Thome 1973j Rees 1976).

Any model which w i l l  exp la in  the gross fea tu res  o f  the luminous g a la c t ic  

x-ray  sources w i l l  most probably in v o lv e  a ccre tio n  onto a neutron s ta r  or 

black h o le . This con clu sion  i s  re in fo rced  by the tim esca le s  o f  v a r ia b i l i t y  

observed in  many g a la c t ic  sources which are ju st those expected from an 

em ittin g  region  c lo se  to  a compact ob ject (se e  § I . 4 ) .



T A B L E  1.1

R esu lts  o f  A ccretion

Object Radius (-^—) Luminosity 
(erg  s”^) T ff(E )

M ain-sequence s ta r ^ 1 10^2 2 I  10^ 2 I  10^

White dwarf -2^ 1 0 10^4 5 I  lo 'l 2 I  10^

Neutron s ta r ~ 1 0 " 5 10^7 io7 122 X 10 ^

Black h o le 10 ®̂ 5 I  10? 2 X 10^3

T A B L E  1 .2  

Current S tatus o f G alactic  X-ray Sources

Category

Supernova remnants and a sso c ia ted  pu lsars  
( e . g .  Crab, V ela, Pup A, IC443, e t c . )

X-ray b u rsters

X-ray b u rster s  a sso c ia te d  with steady sources  

Globular c lu s te r  sources  

Binary systems 

P u lsa tin g  system s

T ran sien ts and tr a n s ie n t - l ik e  v a r ia b les  

G alactic  cen tre  sources  

Cataclysm ic v a r ia b le s

Number known

6 (>  2 keV) 
(~M 3 in  t o t a l )

>30

^  10

1 2 + 7  p o ss ib le  

1 4 + 2  p o ss ib le

/V. 30

-  4 (>  2 keV)

T otal number o f  g a la c t ic  sources 
( | b | < 10° or known to  be g a la c t ic )

- 1 5 0
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1 . 2 . 2  The "Standard" Binary Model

The id ea  o f  powering the x -ray  em ission in  compact x -ray  sources

from th e g r a v ita t io n a l energy re lea sed  by accretio n  onto a compact object

has been developed to  a stage  where a reasonably w e ll d efin ed  "standard"

model now e x i s t s  ( e . g .  Gursky and S chreier  1975)* The b a s ic  hypotheses

on which t h i s  model i s  based are ( e . g .  Lamb 1975):

( i )  the compact ob ject i s  a member o f a  c lo se  binary

system (E days) w ith an "ordinary" non-degenerate 

s ta r ;

( i i )  mass tr a n sfe r  from the ordinary s ta r  to  the compact 
o b ject i s  tak ing p la ce;

( i i i )  the mass flow  i s  accreted  onto the compact ob ject  

r e s u lt in g  in  x-ray em ission .

This model has been ou tstan d in gly  su c c e ss fu l in  exp la in in g  s p e c if ic

source behaviour, and i t s  p la u s ib i l i t y  has led  to  sp ecu la tio n  th a t a l l

compact x -ray  sources might be explained in  th ese  terms ( e . g .  Gursky and

S ch reier  1975)» At present I  am not aware o f  any s p e c if ic  observation

which cannot be exp lained  in  terms o f t h is  model, although t h is  i s  not

su rp r is in g  con sid erin g  the large number o f free  parameters a v a ila b le .

Most o f t h i s  chapter assumes th at the "standard" model i s  indeed a p p lica b le .

In the remainder o f  t h is  sec tio n  some a sp ects  o f  th is  model are d iscu ssed

in  more d e t a i l .

1 . 2 . 3  M ass-lo ss  Mechanisms

The p o s s ib i l i t y  o f  m ass-lo ss  and mass tra n sfer  w ith in  normal c lo se

binary system s has played an important part in  in v e s t ig a t io n s  o f  the

ev o lu tio n  o f  c lo se  b in a r ie s . In the s p e c if ic  context o f x -ray  b in a r ies

a tte n t io n  has focu ssed  on a sm all number o f  m ass-lo ss  mechanisms. Although

th ese  are d iscu ssed  in d iv id u a lly  below, the p o s s ib i l i t y  o f interm ediate

modes o f  mass tr a n sfe r  should be borne in  mind.

( i )  S t e l la r  Wind

A ll s ta r s  probably p ossess  a s t e l la r  wind at some le v e l  -  the sun
. _1

i t s e l f  has a s t e l l a r  wind amounting to  ^ 10 MqY * Strong s t e l la r
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winds, however, are on ly  found in  ea r ly -ty p e  s ta r s , m ainly g ia n ts  and 

supergiants w ith sp e c tr a l typ es e a r lie r  than B1 (lam ers e t  a l . 1976).

In such s ta r s  s t e l la r  winds ranging between 10 and 10 M ŷ are 

esta b lish e d  on th e b a s is  o f o p t ic a l and UV s tu d ie s  (Lamers e t  a l . 1976) 

and a lso  o f course from x-ray ob serv a tio n s. The a c tu a l mechanism for  

the production o f such strong s t e l la r  winds may in volve  the e f f e c t s  o f  

ra d ia tio n  pressure on the outer atmosphere o f  the s ta r ,  probably enhanced 

by the low surface g ra v ity *  o f  th ese  s ta r s  (Castor e t  a l . 1975)*

The importance o f  s t e l la r  winds in  ex p la in in g  the behaviour o f the  

high-mass binary x -ray  sources (see  F ig . 1.1 fo r  ty p ic a l system ) was 

f i r s t  emphasised by Davidson and O striker (1973) w ith  p a r tic u la r  referen ce  

to  Gen X -3. I t  i s  important to  note th a t not a l l  o f the s t e l l a r  wind 

w il l  be accreted  by the compact ob ject (see  P i g . 1 . 1 ) .  Only m ateria l 

which p asses w ith in  the Bondi-Hoyle a ccre tio n  radius r^ i s  captured, 

where r^ i s  g iven  by:
2GM

( V k W )

where V  ̂ and V  ̂ are the o r b ita l and wind v e lo c i t i e s  r e s p e c t iv e ly . In 

the sp h e r ic a lly  symmetric case the a ccre tio n  ra te  onto the compact ob ject  

i s :

^ 4KSL *

where a i s  the o r b ita l sep aration , m̂  i s  th e  m ass-tran sfer  ra te  onto

the compact ob ject and m̂  the m ass-loss  ra te  from the primary s ta r .  For

ty p ic a l va lu es o f M̂ , V^, V^ and a , r^ 0 . 1a , r e s u lt in g  in  a ccretio n
-2  -3

r a te s  onto the compact ob ject ^ 1 0  -  10 tim es sm aller than the mass-

lo s s  by s t e l la r  wind from the primary.

* In c lo se  binary system s the e f f e c t iv e  surface g ra v ity  w i l l  be even 
fu rth er lowered i f  the s ta r  i s  c lo se  to  f i l l i n g  i t s  Roche lo b e .
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Because the m a ss-lo ss  hy s t e l la r  wind i s  approxim ately is o tr o p ic ,  

th e angular momentum o f the wind r e la t iv e  to  the compact ob ject i s  sm all 

and the form ation o f an a ccre tio n  d is c ,  the cen tra l fea tu re  o f many models 

o f  binary x -ray  sou rces, i s  somewhat m arginal. The outer rad iu s o f the  

a ccre tio n  d isc  for  a ccre tio n  from a s t e l la r  wind can be estim ated  as 

(McCray 1976):
,r+. 4 -1

* * 11?) *  ̂ (fcl (1-9)

where i s  the wind v e lo c ity  in  u n its  o f  1000 Kin s \  and P i s  the  

binary period in  days. As can be r e a d ily  seen , the dim ensions o f the  

d isc  are o f the same order as the radius o f  the compact o b je c t . The 

ex isten ce  o f  a d isc  around a magnetised neutron s ta r  where th e  in flu en ce  

o f  the magnetic f i e l d  may in flu en ce  the gas m otions out to  ^ 10  ̂ cm i s  

in  p a r tic u la r  d ou b tfu l, although th ere i s  in d ir e c t  evidence fo r  d is c s  in  

system s o f  t h is  type from spin-up tim ing measurements on x -ray  pu lsars  

(lappaport and Joss 1977)»

( i i )  R oche-lobe Overflow

The second major p o s s ib i l i t y  which has been considered i s  a ccretio n  

from m ateria l flow in g  through the inner Lagrangian poin t (L^) o f  a system  

where the ordinary s ta r  i s  o v e r f i l l in g  i t s  Roche eq^uipotential surface  

(Roche Lobe). S t r ic t ly  speaking the p r e c ise  d escr ip tio n  o f  the m a ss-lo ss  

depends on the r o ta t io n a l s ta te  o f  the s ta r  in  r e la t io n  to  th e b inary system  

(nnn Apppiiil tr A ,̂ but the d isc u ss io n  here w i l l  apply eq u a lly  w e ll i f  the

s ta r  does not co ro ta te . Roche-lobe overflow  occurs as the r e s u lt  o f

expansion o f  the s ta r  in  response to  nuclear exhaustion and thus i s  expected  

to  be p a r ticu la r ly , important in  s ta r s  which have ju st s ta r te d  th e ir  ev o lu tio n  

o f f  the main sequence*. M ass-loss from a s ta r  f i l l i n g  i t s  R oche-lobe w i l l

* Another p o s s ib i l i t y  i s  Roche-lobe overflow  caused by a decrease in  th e
Roche-lobe s iz e  due to  decay o f  the binary o r b it ,  as may occur in  very
c lo se  b in a r ie s  as a r e s u lt  o f  t id a l  in te r a c tio n  and g r a v ita t io n a l  
ra d ia tio n  lo s s e s  (Faulkner 1976).
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occur on a tim esca le  s im ila r  to  the evo lu tion ary  tim esca le  fo r  the

expansion. Thus fo r  ea r ly -ty p e  s ta r s  Roche-lobe overflow  w i l l  r e s u lt

*"3in  m a ss-lo ss  r a te s  o f -~  10 - 1 0  ̂ Mg y , a  ra te  high enough to  t o t a l ly

obscure the x-ray source. For la te -ty p e  main sequence s ta r s  ( la t e r  than 

FO) Roche-lobe overflow  r a t e s 'v  10”  ̂ -  10 y  ̂ are expected -  ex a ctly

the r a te s  needed to  power a ty p ic a l g a la c t ic  sou rce . In co n stra st w ith  

the s t e l la r  wind m a ss- lo ss , Roche-lobe overflow  in v o lv es  a narrow stream  

o f m ateria l which w i l l  have s ig n if ic a n t  angular momentum w ith resp ect to  

the compact o b jec t. In t h i s  s itu a t io n  we n a tu ra lly  g e t the form ation o f  

an a ccre tio n  d isc  ( see F ig . 1 . 1 ) .  The dim ensions o f  the d isc  are ty p ic a l ly  

o f the same order as the Roche-lobe surrounding the compact ob ject ( i . e .  

comparable w ith  the o r b ita l  separation)and thus i t  i s  l ik e ly  to  be very  

much la rg er  than e ith e r  the radius o f  the compact objec t ,  or th e magneto- 

spheric  radius i f  a m agnetic f i e l d  i s  p resen t.

O bservational evidence for  Roche-lobe overflow  i s  mainly in d ir e c t ,  

o ften  based on the determ ination o f the o r b ita l  elem ents o f the system  

r ev e a lin g  th at the primary i s  sem i-detached, and th at the Roche-lobe 

overflow  i s  th erefo re  a l ik e ly  mode o f m a ss- lo ss . This i s  c e r ta in ly  the  

case w ith  dwarf nova system s ( e . g .  Bath 1976).  The b est stu d ied  case o f  

m ass-lo ss  by Roche-lobe overflow  in  an: x -ray  binary i s  Her X-1 where both  

x-ray (Jones and Forman 1976) and o p t ic a l s tu d ie s  (M iddleditch and Nelson  

1976) in d ica te  the presence o f a large  a ccre tio n  d is c ,  very p la u sib ly  

r e s u lt in g  from the Roche-lobe overflow  o f HZ Her.

( i i i )  Other P o s s ib i l i t i e s

Although the terms s t e l la r  wind and Roche-lobe overflow  probably 

d escrib e  the main modes of m ass-lo ss  l ik e ly  to  occur w ith in  c lo se  binary  

system s, there i s  a g rea ter  v a r ie ty  o f  underlying mechanisms d r iv in g  the 

m a ss-lo ss  than d iscu ssed  above. In p a r tic u la r , m ass-lo ss  by s t e l la r
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wind may be enhanced by the h eatin g  e f f e c t s  o f  the x -ray  f lu x  impinging 

on the atmosphere, producing a " se lf-e x c ite d "  wind ( e . g .  Basko e t a l . 1977)* 

The magnitude o f  the wind produced in  t h is  manner has been the subject o f  

some debate and a t present the r e s u lt s  are not co n clu sive  (Basko e t  a l .

1977; McCray 1976).  A second p o s s ib i l i t y  has been stu d ied  by Alme 

and Wilson (1976) who considered a wind powered by d en sity  waves (driven  

by ra d ia tio n  p ressure) in  a s ta r  n ea r ly  f i l l i n g  i t s  R oche-lobe. This 

mechanism comes c lo se  to  being in term ediate between the s t e l l a r  wind and 

Roche-lobe overflow  c a se s .

Low-mass s ta r s  in  very c lo se  binary o r b its  may, as mentioned in  

th e fo o tn o te  ( p .6) ,  overflow  th e ir  R oche-lobes as a r e s u lt  o f  o r b ita l  

decay. This has been considered in  the s p e c if ic  case o f  4U1626-67 

where x -ray  pu lse tim ing im p lies  a very short binary period  fo r  the system  

(Rappaport e t  a l . 1977b).

1 .2 .4  A ccretion  D iscs

A ccretion  tak in g  p lace as a r e s u lt  o f  Roche-lobe overflow , and 

p o ss ib ly  in  the case o f  s t e l l a r  wind m a ss- lo ss , i s  l ik e ly  to  lead  to  the 

form ation o f  an a ccre tio n  d is c .  A ccretion  onto the compact ob ject v ia  

an a ccretio n  d isc  i s  very e f f i c i e n t ,  p r in c ip a lly  because the r a d ia l in flow  

tim esca le  i s  long enough to  a llow  adequate th erm alisa tion  o f  the grav i­

ta t io n a l energy, and thus the study o f  d is c s ,  fo r  example as performed by 

P rin g le  and Rees (1972) and Shakura and Sunyaev (1973) ,  i s  o f  great import­

ance to  the understanding o f x -ray  b in a r ie s .  Comprehensive review s o f  

t h is  su b ject are found in  Lightman e t  a l . (1977) and Shu ( I 976) .  Here 

the b a s ic  d isc  stru ctu re  and c h a r a c te r is t ic s  are o u tlin ed  fo llo w in g  Rees

( 1976) .

M aterial lo s t  from the primary s ta r  moves in  towards the compact 

ob ject under the in flu en ce  o f C o r io lis  fo r c e s  u n t i l  i t  encounters the 

outer edge o f the d is c  (see  F ig 1.1 ) .  The m ateria l in  the d is c  then
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fo llo w s approxim ately K eplerian o r b it s ,  but s p ir a ls  inwards due to  the 

e f f e c t s  o f  v is c o s i t y  a t a r a te  determined by the e f f ic ie n c y  w ith  which 

v isco u s drag tra n sp orts  angular momentum outwards, The d is c  i s  heated  

mainly by v isco u s  f r i c t io n ,  and not d ir e c t ly  by th e r e le a se  o f  grav i­

ta t io n a l energy ; t h i s  therm al energy i s  then ra d ia ted . T his i s  rather  

important s in c e  the gas has tim e to  ra d ia te  before i t  moves in to  t ig h t ly -

bound o r b its  and i s  a ccreted  onto the compact o b je c t . For ra d ia tio n

from a th in  d isc  ( s c a le  h e ig h t 4: d isc  rad ius r^) we have fo r  the lum inosity

per u n it area at rad ius r  from the compact ob ject ;

Oil '  '' ^  i (1 . 10)

where ^  as b e fo r e ,  ̂ i s  a numerical fa c to r  (  ̂ 4 1 ) which depends 

on the inner boundary co n d itio n s , and r.  ̂ i s  the radius o f  t h is  boundary.

The spectrum o f  th e  d is c  ra d ia tio n  depends p r in c ip a lly  on the d is c  

d en sity  which i s  determined by the a ccre tio n  ra te  and v i s c o s i t y .  An 

estim ate o f  the d is c  tem perature can be made however ( o f .  equations 1 .3  

— 1 . 6 );

T(r)  >  T^^(r) »  (7 x  10° ) E (1.11 )

where m̂  ̂ i s  in  u n its  o f  10^^ Mg y \  r.  ̂ i s  in  u n its  o f  10^ cm and M̂  

i s  expressed in  so la r  m asses. This r e la t io n sh ip  ensures em ission  at 

x-ray  w avelengths from th e reg io n  near a b lack  h o le  or neutron s ta r  

(r  ^  r^ )* , provided the d is c  extends t h is  fa r  in ,  and provided the 

a ccre tio n  ra te  m ^ eq u iva len t to  lu m in o s it ie s  ^  10^^ erg  s \

1 . 2 . 5  A ccretion  P rocesses

The behaviour o f  a binary system as an x-ray  source i s  dominated 

by th e a ccretio n  p ro cesses  tak in g  p lace c lo se  to  the compact o b je c t . Here 

we consider the l ik e ly  r e s u l t s  o f a c cr e tio n , both r a d ia l and d is c - l ik e ,  

onto a black h o le , neutron s ta r  and w hite dwarf.

* Note th at the bulk o f  the lum inosity  comes from sm all r a d ii  -  eqn. ( I . IO)
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( i )  A ccretion  onto a Black Hole

For d is c  accretio n  onto a b lack  hole the inner boundary o f

the d is c  r, i s  con ven tion a lly  taken as the rad ius o f  the innermost 
° 6GM

sta b le  c ir c u la r  o r b it .  For a Schw arzschild hole  r, = 3r_ = — 7̂
^ S  fP-

(where r  i s  th e " g ra v ita tio n a l radius" o f the b lack  hole
8

r  = ) ,  fo r  a "maximal Kerr" h o le  r, * r  . A ccretion  onto ag b g
b lack  hole from an a ccre tio n  d isc  can be very e f f i c i e n t ,  e stim a tes  o f  

th e e f f ic ie n c y  range from *̂ 6% fo r  a Schw arzschild ho le  to  42^ fo r  a 

"maximal Kerr" h o le . In the absence o f  an a ccre tio n  d is c ,  i . e .  i f  the 

a ccre tio n  flow  i s  r a d ia l, the x-ray  lu m in osity  o f  the b lack  hole system  

may be very low , s in ce  the m atter may f a l l  d ir e c t ly  in to  th e ho le  without

having time to  ra d ia te  s ig n i f ic a n t ly .  I f ,  however, tu rb u lent v is c o s i ty

i s  important r a d ia tiv e  co o lin g  mhy s t i l l  occur (Meszaros 1975)* Note 

th a t a d e ta ile d  a n a ly s is  o f the p rocesses tak ing  p lace near the b lack  hole  

demands a f u l l  general r e l a t i v i s t i c  treatm ent.

( i i )  A ccretion  onto a Neutron Star

For d is c  accretio n  onto an tinmagnetised neutron s ta r , the inner  

boundary o f the d isc  w i l l  be ju st th e neutron s ta r  ra d iu s . S ig n if ic a n t  

x -ra y  em ission  can be expected from the neutron s ta r  su r fa ce , t h i s  i s  

tru e  whether or not a ccre tio n  i s  from a d is c .  I f  the neutron s ta r  has 

a su b sta n tia l magnetic f i e l d ,  the a ccre tio n  flow  near the neutron sta r  

w i l l  be dominated by the e f f e c t s  o f the magnetic f i e l d .  The inner boundary 

o f  the a ccre tio n  d is c  w i l l  be the A lfven surface (or lo o s e ly  th e magneto­

sphere) at a radius r^ from the neutron s ta r .  This radius can be estim ated  

by consid erin g  the balance between the gas and m agnetic p ressu re , g iv in g  

(McCray 1976);
8 4/7/M 1 1/7 - 2/7

3 x 1 0 / ^ 3 0  c m  ( 1 . 1 2 )
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where i s  the magnetic moment o f the neutron s ta r  in  u n its  o f  10^^
3 12gauss cm (corresponding to  surface f i e l d  B % 1 0  gau ss) and i s

37 —1the x -ra y  lu m in osity  in  u n its  o f  10 erg  s . R otation  o f the neutron  

s ta r  can have s ig n if ic a n t  e f f e c t s  on the A lfven su r fa ce , however, and 

s t a b i l i t y  o f  th e magnetosphere i s  not always ensured (Lamb 1975).

In s id e  the magnetosphere the a ccre tio n  flow  fo llo w s  the f i e l d  

l in e s  le a d in g  to  a ccre tio n  onto the magnetic po le  caps o f the neutron  

s ta r . Provid ing most o f  the lum inosity  comes from th ese  sm all reg io n s, 

high r a d ia tio n  tem peratures (T>10^K) can be expected . This mode o f  

a c cr e tio n  a lso  provides a natural exp lanation  fo r  the behaviour o f  x-ray  

p u lsa r s , s in ce  any misalignm ent o f the m agnetic and r o ta tio n  axes o f the 

neutron s ta r  w i l l  r e s u lt  in  a n iso tro p ic  r a d ia tio n , i . e .  a "beaming" e f f e c t ,

( i i i )  A ccretion  onto a White Dwarf

The p o s s i b i l i t i e s  fo r  x -ray  em ission  from a w hite dwarf have been 

r e la t iv e ly  l i t t l e  stu d ied  u n t i l  r e c e n t ly , sim ply because o f  the d i f f ic u l t y  

o f  a ch iev in g  the high lu m in osity  and temperature required fo r  the "standard" 

g a la c t ic  x -ray  sou rce. Straightforw ard a p p lic a tio n  o f  e q n . ( 1 .11)  fo r  d isc  

a c cr e tio n  onto a w hite dwarf (remembering th at e  0 .001)  im p lies  th at 

e x tr a o rd in a r ily  high a ccre tio n  r a te s  ( m ^ 10  ̂ Mg y ^) are required to
n

produce x -ray  tem peratures (T 10 K ). However, in  the sp h er ica l 

a c cr e tio n  case a s ta n d -o ff  shock may be formed above the w hite dwarf
g

su rface  in  which the gas i s  shock heated to  ^ 1 0  K ( e . g .  Katz 1977) .

A s im ila r  model invoking the presence o f  a m agnetic f i e l d  which e f f e c t iv e ly  

y ie ld s  r a d ia l a ccre tio n  onto the magnetic pole caps even in  th e  presence  

o f  an a ccre tio n  d isc  has been d iscu ssed  by Fabian e t  a l . (1976) .  R ick etts  

e t  a l .  ( 1978) , fo llo w in g  Fabian e t  a l . ,  have su c c e s s fu lly  ap p lied  t h is  

model to  the hard x -ray  ob servation s o f S3 Cyg, a dwarf nova which i s  

alm ost c e r ta in ly  an a ccre tin g  white dwarf. I t  now seems th a t a ccre tin g  

w hite dwarfs can be "hard" ( >. lO^K) x -ray  em itters  but i t  i s  u n lik e ly  

th a t any w i l l  have lu m in o s it ie s  L  ̂ > 10^^ erg s“ \  s in ce  higher lu m in o s itie s
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demand such an a ccretio n  flow  th at the x -rays have l i t t l e  chance o f  

escap in g  from the em ission reg io n .

1 . 2 . 6  R adiation  Spectrum
7

The dominant ra d ia tio n  mechanism fo r  a hot plasma w ith  T ^  10 K 

i s  therm al hrem sstrahlung (or fr e e - f r e e )  em ission  lead in g  to  a d i f f e r e n t ia l  

spectrum o f  the form:

^ T  « gA n  ̂ T 2 exp (-E /kT ) ( 1 .13)
dE ®

fo r  a u n it volume o f plasma at temperature T w ith e lec tro n  d en s ity  n^

(g  i s  th e  Gaunt fa c to r  which depends on both T and E, and A i s  a constant) 

( o f .  Blumenthal and Tucker 1975).  In a r e a l i s t i c  s itu a t io n  the em ittin g  

reg ion  w i l l  have a range o f e lec tro n  tem peratures, thus the em itted  

spectrum w i l l  be the sum o f  the con tr ib u tio n s at each T, g iv in g  a spectrum 

which may be c lo se r  to a power law than the o r ig in a l exponentia l form.

At x -ra y  en erg ies  the em ittin g  reg ion  in  a ty p ic a l g a la c t ic  source 

w i l l  be o p t ic a l ly  th in  to  f r e e - fr e e  ab sorption . E lectron  sc a tte r in g  

o p a c ity  may be im portant, however, and w i l l  tend to change the shape o f  

the spectrum, and the t o t a l  lu m in osity . The high energy end o f  the 

spectrum tends to  a Wien form w ith photons at t h is  end being degraded by 

e lec tr o n  s c a tte r in g  to  lower en e rg ie s .

Outside the em ittin g  region  th e passage o f  the x -ra y s through "cold" 

m atter, both lo c a l ly  ( e . g .  in  the a ccretio n  d is c )  and in  the in t e r s t e l la r  

medium, w i l l  lead  to p h o to e lec tr ic  ab sorp tion . Since p h o to e lec tr ic  

absorption can only take p lace i f  E ^  I ,  where I  i s  th e io n isa t io n  p o te n tia l  

o f  the atomic sp ec ie s  in  q u estion , each element w i l l  make a separate c o n tr i­

bution  to  th e o v e r a ll absorption  w ith an edge at E  ̂ = I .  The o v e r a ll

absorption  op acity  has the form:

n“Q/3K(E) c < B f or  E %kl

K(E) ot e”  ̂ for  E %I

K(E) oce"* /̂  ̂ fo r  E »  I

(1 .14)
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Since th e  absorption c o e f f ic ie n t  depends on Z^, p h o to e le c tr ic  absorption  

i s  dominated by the e f f e c t s  o f  the heavier elem ents even th o u ^  th e ir  

cosmic abundance i s  low . For convenience the p h o to e le c tr ic  absorption  

i s  o fte n  param eterised in  terms o f  a " cu t-o ff"  energy E where
r E ®/3'| “

^observed “ ^em itted ' ( f )  J '

dependence o f  the absorption  means th at only  the low energy x -ra y s  below  

'v  3 keV are s ig n if ic a n t ly  a f fe c te d .

The sp e c tra l r e so lu t io n  o f  "typical"  x -ray  d e te c to r s , such as th ose  

used on th e SSI (see Chapter 2 ) ,  i s  o ften  o f the order 50^ which sev ere ly  

l im it s  the p r e c is io n  w ith  which source sp ectra  can be measured. Indeed 

most sp e c tr a l f i t s  are made to  simple sp e c tra l forms ch ara cter ised  by only  

three or four param eters. Thus at the moment the ob servation s are makin g 

few demands on the th eory .

1 . 2 .7  The Evolutionary H istory  o f X-ray B in aries

The form ation o f  c lo se  binary system s o f  the type thought to  be

resp o n sib le  fo r  th e  b righ t g a la c t ic  x -ray  sources has been th e su b ject

o f  much in v e s t ig a t io n . Indeed i f  a p la u s ib le  evo lu tion ary  scenario  were

not forthcom ing, the e x is te n c e  of such system s, as in ferred  from a wealth

o f  o b serva tion a l data , would be rather problem atic. Most o f the work to

date has focu ssed  on the evo lu tionary  h is to r y  o f  high-mass x -ray  b in a r ie s ,

although low-mass systems have r ecen tly  reee iv ed  a l i t t l e  more a tte n t io n .

F ir s t ly  we tra ce  the ev o lu tio n  of a massive binary system , c lo s e ly

fo llo w in g  the work of van den Heuvel (1976) ,  in  which i t  i s  assumed th at

the o rb it i s  c ir c u la r , mass and angular momentum i s  conserved, and th at

both  s ta r s  coro ta te  (note th a t th ese  assumptions are not t o t a l ly  s e l f -

c o n s is t e n t ) .  The i n i t i a l  system (see  F i g . 1 . 2 )  c o n s is t s  o f a 4 .7  day

binary system w ith s ta r s  o f  masses 20 Mg and 8 Mg. Star 1 (the more

m assive s ta r )  ev o lv es  f i r s t  and w i l l  f i l l  i t s  Roche-lobe a f t e r  6 .2  x 10^

y r .*  Subsequent m ass-tran sfer  from sta r  1 to  s ta r  2 occurs v ia  Roche-lobe

* This i s  case B mass—exchange s in ce  the more m assive s ta r  lea v es  the  
main-sequence before f i l l i n g  i t s  R oche-lobe.
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Fi-?. 1 .2 Possible evolutionary history for a high-mass x -r a y  binary
(from van den Heuvel 197°)

1. B e fo re  type I 
S u p e r n o v a  :
P = 7 h o u r s .

white dwarf  
m o s s  1.C

cL,
100 km/̂ rJ

Red Main-Sequence  
Star, m a s s  Mg

2. Post Supernova: 
P = 11.7 hours  
e= 0 .2 4

lOOkm/s

neutron star 
m a s s  1.1 M_

Red Moin-Sequence  
Star, m a s s  0 85  Mg

Fig_. 1.3 Possible scenario for the origin of a low-mass x-ray binary 
from a cataclysmic variable system (from van den Heuvel 1977)
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overflow  on a thermal t im e sc a le . A fter  3 x  10^ yr m ass-tran sfer  

cea ses  when s ta r  1 i n i t i a t e s  core helium "burning. Star 2 i s  now the  

more m assive w ith  22 . Within 6 x 10 yr the helium s ta r  w i l l

explode as a supernova, le a v in g  "behind a neutron s ta r . The r e s u lt s  of

supernova ex p lo sio n s in  "binary systems have been e x te n s iv e ly  stu d ied ;

in  t h i s  s p e c i f ic  case the system  i s  very u n lik e ly  to  "be d isrupted  sin ce  

the ex p lo sio n  occurs in  the le a s t  m assive s ta r . The con d ition  for d is ­

ruption  in  a symmetric ex p lo sio n  i s  > 2 + M ,̂ where i s  the

mass o f th e neutron s ta r  l e f t  as the remnant o f  the supernova ex p lo s io n . 

Since , t h is  con d itio n  i s  not s a t i s f i e d .  A ssym etrical e f f e c t s

( r e c o i l  and "rocket" p ro cesses ) may cause d isru p tion  "but only in crease  

th e d isru p tio n  p ro b a b ility  by a sm all amount (p r in c ip a lly  because the 

assym etric k ick  has to  be in  the r igh t d ir e c t io n  in  order to s ig n if ic a n t ly

a f f e c t  the system ) (De Cuyper e t a l . 1976) .

A fter  the SN ex p lo sio n  the ev o lu tio n  o f  s ta r  2 contin ues u n t i l ,  

a f t e r  4 x 10^ y r , i t  w i l l  become a supergiant w ith a strong s t e l la r  

wind and the system now resem bles the "standard model" d iscu ssed  above.

The l if e t im e  o f  the x -ray  source i s  determined by the ev o lu tio n  o f the 

su p erg ia n t. A fter ^  4 z  10^ yr the supergiant w i l l  overflow  i t s  Roche- 

lob e and the copious m a ss-lo ss  i s  expected to  ex tin g u ish  the x -ray  em ission . 

In  the subsequent ev o lu tio n  o f  t h is  system the second phase o f  m ass-transfer  

w i l l  ev en tu a lly  end w ith  the SN exp losion  o f the core o f s ta r  2 , lead ing  

most probably to  d isru p tion  o f  the system . I f  the system remains bound 

i t  might then resemble the binary pulsar PSRI913+ I6 .

A number o f o b jec tio n s  can be made to  t h is  scen a r io , p a r tic u la r ly  

in  resp ect o f  the con serva tive  assumptions concerning mass and angular 

momentum. In p a r tic u la r , i f  the ev o lu tio n  progresses v ia  a contact 

s ta g e , s ig n if ic a n t  m a ss-lo ss  from the system w i l l  occur (Flannery and 

U lr ich  1977) .  Van den H euvel’s scenario  does however g iv e  reasonable
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estim a tes  fo r  the t o t a l  number o f high-mass x -ray  b in a r ie s  in  the 

galaxy a t any tim e. For example, assuming progenitor b in a r ie s  number 

2 0 ,0 0 0 , o f  which 1/5  evo lve v ia  case B mass exchange, the expected  

l i fe t im e  in  the x -ray  phase 2 -  5 x 10^ y r ) y ie ld s  an estim ate o f  

0 ,6  -  1 .6  sources w ith in  3 Kpc o f  the sun. The number a c tu a lly  

observed i s  3 (Cyg X-1, Vel X-1 and 4U17-00-37).

Secondly we consider the evo lu tionary  p o s s ib i l i t i e s  fo r  the  

form ation o f  low-mass x -ray  b in a r ie s , fo llo w in g  van den Heuvel (1977) .

One o f the more p la u s ib le  scen arios in v o lv es  ev o lu tio n  o f the low-mass 

binary from a cataclysm ic v a r ia b le , im plying th at the neutron s ta r  

o r ig in a te s  from a w hite dwarf driven over the Chandrasekhar l im it  by 

mass a ccre tio n  during th e sem i-detached stage o f  ev o lu tio n . The fo r ­

mation o f th e neutron s ta r  may in vo lve  a supernova ex p lo s io n , or i t  may 

be p o ss ib le  fo r  the c o lla p se  to  take p lace " q u ie tly " , in  which case th ere  

i s  no problem o f  d isru p tio n . F i g . 1.3 i l lu s t r a t e s  t h is  scenario  fo r  a 

s p e c if ic  system , chosen to  be i n i t i a l l y  s im ila r  to  Z Cam. In t h is  case  

a supernova does occur, lea d in g  to m a ss- lo ss , widening o f the binary system  

and the production o f  an ecc e n tr ic  o r b it .

A number of u n c e r ta in t ie s  in  th is  scenario  preclude any sen sib le  

estim ate  o f the number o f progenitor system s which w i l l  produce x-ray  

b in a r ie s  o f t h is  s o r t .  S ince cataclysm ic v a r ia b les  are reasonably common

o b je c ts , such a scenario  may be s u f f ic ie n t  to  exp la in  the number o f  low -

mass x -ray  b in a r ie s  observed, provided the p r o b a b ilit ie s  invo lved  are not 

to o  low. Note th at the x -ray  phase o f th e  system shown in  F i g . 1 . 3  w i l l  

on ly  commence when the ev o lu tio n  o f  the "red main^sequence star" f i l l s  

i t s  Roche-lobe u n less  some oth er form o f  mass tra n sfer  tak es p la c e . Such 

a system w i l l  th ere fo re  be very old  ( 10^^ yr) before s ig n if ic a n t  x-ray-

em ission  occurs and, as poin ted  out by van den Heuvel, w i l l  be very lon g-

l iv e d  s in ce  Roche-lobe overflow  from the le a s t  m assive component i s  s ta b le  

and w i l l  occur on a nuclear tim esca le .
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Other evo lu tion ary  scen arios have been considered , p a r tic u la r ly  

in  connection  w ith  Her X -1. For example, Suntantyo (1974) has considered  

the o r ig in  o f Her X-1 from a progenitor m assive system w ith an extreme 

i n i t i a l  mass r a t io .  Although h is  scenario  reproduces the present 

fe a tu r e s  o f  the Her X-1 system , i t  in v o lv es  a supernova ex p losion  o f  

the more m assive component, which im p lies  a high d isru p tion  p r o b a b ility , 

and thus th a t system s o f  t h i s  type w i l l  be rather ra re .

1 .3  G a la c tic  X-ray Sky

1 .3 .1  In trodu ction

O bservations in  the "hard" x -ray  band ( 2 keV) by a s e r ie s  o f

x -ray  astronomy instrum ents on board ea r th -o r b it in g  s a t e l l i t e s  have 

rev ea led  th e  e x is te n c e  o f  400 d is c r e te  sources o f cosmic x -ray  em ission .

The p o s it io n s  of many o f th ese  sources* are shown in  g a la c t ic  coord inates  

in  F ig . 1 .4 . Something l ik e  $0^ o f  th ese  sources are concentrated at low 

g a la c t ic  la t i tu d e s  ( |b |^ 1 5 ° ) .  This concentration  o f sources in  the 

plane o f  the galaxy has long been in terp re ted  as im plying th at the m ajority  

o f low la t itu d e  sources are g a la c t ic  in  n ature, and conversely  th at the  

high  la t i tu d e  sources are prim arily  e x tr a g a la c t ic  ( e .g .  M atilsky e t  a l . 1973).

General confirm ation o f  t h is  view  i s  provided by the d if fe r in g  

lo g  N -  lo g  3 d is tr ib u t io n s  fo r  h i ^  and low la t itu d e  so u rces. For sources 

w ith |b |< 2 0 °  a d is tr ib u t io n  co n sisten t w ith  N(> S) i s  found, whereas

sources w ith  |b | 20° have N (> S )  8 (Forman e t  a l .  1978; Warwick and

Pye 1978) .  The high la t i tu d e  d is tr ib u tio n  i s  c o n s is ten t w ith  source iso tro p y  

i . e .  an e x tr a g a la c t ic  (or nearby g a la c t ic )  population; the low la t itu d e  

d is tr ib u t io n  in d ic a te s  a " line"  d is tr ib u tio n  which has been taken as in d i­

c a t iv e  o f sp ir a l arm pop u lation , although i t  i s  more l ik e ly  th at the d i s t r i ­

b u tion  seen a r is e s  from the convolution  o f  the source lu m inosity  fu n ction  w ith  

a complex s p a t ia l  d is tr ib u t io n  (o f .  Johnson 1978)

* Sources p lo tte d  are m ainly those in  the 3U and 2A Catalogues togeth er  
w ith a v a r ie ty  of other A rie l V, SAS-3 and HEAO-A sou rces.
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D eta iled  support fo r  t h i s  p ic tu re  comes from the in d iv id u a l 

id e n t i f ic a t io n s  o f low la t itu d e  sou rces. At the time o f w r itin g  (1978 

Septem ber), some 30^  o f a l l  low  la t itu d e  sources have been id e n t i f ie d ,  

almost e n t ir e ly  w ith  g a la c t ic  o b jec ts :  supernova remnants, g lobu lar

c lu s te r s ,  b inary s ta r  system s, e t c ,  (Bradt 1978; Margon 1978). A 

sm all number o f sources id e n t if ie d  w ith g a la c t ic  o b jec ts  have o f  course 

been found a t high g a la c t ic  la t i tu d e s ;  th ese  sources are m ainly nearby 

( ^  1 Kpc d is ta n t)  or are g a la c t ic  halo o b jec ts  w ith la rg e  s c a le  h e igh ts  

above the g a la c t ic  d is c .

Apart from a sm all number o f  supernova remnants, a l l  g a la c t ic  

sources are un reso lved , i . e .  p o in t- l ik e  w ith  the h igh est r e so lu t io n  

cu rren tly  a v a ila b le . A ll sources which have been stu d ied  w ith  

s u f f i c ie n t ly  high time r e so lu t io n  show v a r ia b i l i t y  on t im esc a les  o f  

seconds, i f  not sh orter  (Forman et a l . 197^). This i s  evidence th at 

the m ajority o f g a la c t ic  sources are compact, " s te lla r "  o b je c ts . D eta iled  

observation s o f  a sm all number o f  sources have shown th a t they are members 

o f c lo se  binary systems w ith a general s im ila r ity  to  the "standard" model, 

o u tlin ed  in  ÿ 1 .3 .

As well- as showing strong concentration  in  the g a la c t ic  p lan e, 

g a la c t ic  sources are a lso  on average b r ig h ter  than the h igh  la t itu d e  

p op u lation . In d iv id u a l ob servations in d ic a te  th at the b r ig h ter  g a la c t ic  

sources have lu m in o s it ie s  in  the range = 10^^ -  10^^ erg s \  This 

con clu sion  i s  a lso  reached i f  an approxim ately uniform d is tr ib u tio n  o f  

sources across the g a la c t ic  d is c  i s  assumed w ith the observed source 

count d is tr ib u t io n . (Note th at severa l lower lum in osity  sources are 

known -  see ÿ l . 3 . 2 ) .  The lim it in g  s e n s i t iv i t y  o f  the current generation  

o f x -ray  instrum ents 1 U.F.U. fo r  4U Catalogue; 0 .5  SSI

counts s ^»  1 .3  U.F.U. fo r  2A Catalogue) in d ic a te s  th a t a source w ith  

5̂  10^^ erg s  ̂ should be d e te c ta b le , and hence known anywhere w ith in  

the galaxy (d ^  25 Kpc). In p ra c tice  source confusion sev e r e ly  l im its
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the e f f e c t iv e  s e n s i t iv i t y  to weak sources in  crowded reg ion s o f  the
37 -1g a la c t ic  p la c e , so th at a more conservative value 10 erg s

probably rep resen ts  the lower l im it  to  which a l l  g a la c t ic  sources are

known. For tr a n s ie n t sources w ith  a sm all duty cy c le  o f  x -ray  em ission
3 8

the s itu a t io n  i s  even worse -  fo r  example only sources w ith  10

erg  s  ̂ would have d e f in i t e ly  been d etec ted  by the A r ie l V ASM

(K aluziensk i 1977).

1 .3 .2  C lasses o f  G a lactic  X-ray Source

On an ob servation a l b a s is  g a la c t ic  x -ray  sources can be subdivided  

in to  d if fe r e n t  c a te g o r ie s  according to  a v a r ie ty  o f c r i t e r ia ,  e .g .  sp ectra , 

tim e v a r ia b i l i t y ,  type o f  ob ject a sso c ia ted  w ith , g a la c t ic  p o s it io n . Such 

c a te g o r isa tio n  can be u se fu l in  so rtin g  out the w ealth o f  observational 

data, but u n le ss  i t  r e f l e c t s  th e fundamental nature o f the sources d is ­

cussed , such a procedure i s  u n lik e ly  to  promote fu rth er  understanding. 

Arguably th e most powerful method fo r  c la s s ify in g  g a la c t ic  x -ray  sources 

(and indeed e x tr a g a la c t ic  sources a lso )  has been by the nature o f  the  

o p t ic a l counterpart. The c la s s i f i c a t io n  scheme then i s  based on the  

firm  foundation o f  o p t ic a l astronomy rather than the sometimes rather  

te n ta t iv e  in te r p r e ta tio n  o f  x -ray  o b serva tion s.

The current s ta tu s  of g a la c t ic  x -ray  sources i s  summarised in  

Table 1 .2  in  the form o f ob servational c a te g o r ie s . Note th a t the ca te ­

g o r ie s  overlap and some sources are members o f two or more c a te g o r ie s .

Only three o f th ese  ca te g o r ie s  r e ly  on o p t ic a l id e n t if ic a t io n s  but in  

fa c t  the m ajority o f  both binary and p u lsa tin g , and a number o f  tr a n s ie n ts  

and b u rste r s , have o p t ic a l counterparts. (Indeed the binary nature o f  some 

system s i s  only  e s ta b lish e d  by o p t ic a l s tu d ie s ) .

1 .3 .3  O ptical I d e n t if ic a t io n

Most o p t ic a l id e n t if ic a t io n s  are i n i t i a l l y  suggested  on the grounds 

o f  p o s it io n a l co incidence a lo n e . The p o s it io n a l accuracy o f  scanning
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experim ents such, as Uhuru* or the A r ie l V SSI i s  t y p ic a l ly  o f  the  

order 10 arcm inutes fo r  a weak source, hut can he ^ 1  arcminute for  a 

m odulation co llim a to r  experiments ( e .g .  The A r ie l V RMC or SAS-3 EMC).

In the g a la c t ic  plane ( |h |< 1 0 ° )  the s t e l l a r  d en sity  i s  on average 14 

s ta r s  per square arcminute fo r  s ta r s  b r ig h ter  than 20^ (A llen  1973), thus 

s t e l la r  id e n t if ic a t io n s  are only  f e a s ib le  i f  arcminute EMC p o s it io n s  are 

a v a ila b le  fo r  the x -ray  sou rce . I d e n t if ic a t io n s  w ith  o b jec ts  other than 

in d iv id u a l s ta r s  i s  much e a s ie r ,  provided th ese  o b jec ts  are rare ( e .g .  

glob u lar c lu s te r s ,  supernova remnants) and can be accom plished w ith  the  

larger  errorboxes a v a ila b le  from scanning experim ents.

P o s it io n a l co incidence i s  ra re ly  enough to  e s ta b lis h  an id e n t if ic a t io n ;  

various other p ro p ertie s  have been used to  confirm the a s so c ia t io n  w ith the 

o p t ic a l o b je c t . These in c lu d e:

( i )  unusual c o lo u rs . Many, x -ray  counterparts are n o ticea b ly  

b lu e . In r e tro sp e c t t h is  i s  somewhat fo r tu ito u s  s in ce  the 

reasons fo r  t h i s  are rather complex (see  ÿ 1 .3 .7  â id 1 .3 .8 ) ;

( i i )  unusual sp e c tr a l l in e s .  He I I  4686 em ission  l in e s ,  for

example, are o ften  present in  x -ray  binary system s (McClintock 

et a l . 1975) .

( i i i )  co rre la ted  x -r a y /o p t ic a l a c t iv i t y .  Photom etric or r a d ia l 

v e lo c i ty  v a r ia tio n s  at the known x-ray period e s ta b lis h  the 

id e n t i f ic a t io n  w ithout doubt. Other co rre la ted  v a r ia b i l i t y ,  

such as tra n s ien t f la r in g , has a lso  e s ta b lish e d  id e n t if ic a t io n s  

( e .g .  Murdin e t  a l . 1977).

The c r i t e r ia  used fo r  e s ta b lish in g  o p t ic a l id e n t if ic a t io n s  are o f  

course based to  a large  ex ten t on observations o f other o p t ic a l ly  id e n t if ie d  

x-ray  sou rces, so th a t the p rocess i s  both i t e r a t iv e  and su b ject to  some

* The Uhuru p o s it io n s  fo r  the stron gest sources are 1 arcminute
in  s iz e  however.
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u n cer ta in ty . Once e sta b lish e d  however, observations o f the. o p t ic a l  

counterpart can y ie ld  a w ealth o f  inform ation in c lu d in g  a range o f  

o r b ita l parameters fo r  binary systems and estim a tes  o f the d istan ce  

and age o f the o b je c t .

1 .3 .4  Globular C luster X-ray Sources

At present seven* x-ray sources are known to  be a sso c ia te d  w ith  

g lob u lar  c lu s te r s .  Their p ro p erties  are o u tlin e d  in  Table 1 .3 ,  based 

on a recent review  by Grindlay (1977<)« Except fo r  the tr a n s ie n t source 

in  NGC 6440, a l l  o f the x -ray sources have been p o sitio n ed  accu ra tely  

enough by th e  SAS-3 s a t e l l i t e  (Bradt 1978) to  e s ta b lis h  th a t th e  em ission  

emanates from w ith in  the c lu s te r  core , although t h is  need not n e c e s sa r ily  

be a cen tra l o b je c t . On the b a s is  o f the sm all sample a v a ila b le  there  

may be some c o rr e la tio n  o f x-ray em ission w ith  concentration  c la s s  although, 

as noted by Grindlay (1978), there i s  some evidence th at NGC 6712, L i l le r  I 

and the two new candidates are t id a l ly  d isru p ted  c lu s te r s .

The x-ray sp ectra  o f  g lobu lar c lu s te r  sources g en era lly  show low 

brem sstrahlung tem peratures kT 5 ~ 8 keV, s im ila r  to  th ose  found for  

the g a la c t ic  centre sou rces. Their lu m in o s it ie s  are g e n e ra lly  lower:

-  % 10^^ -  10^^ erg s \  A ll the sources are known to  be v a r iab le

on a range o f tim esc a le s , but none so fa r  has shown p er io d ic  m odulation. 

Three, p o ss ib ly  f i v e ,  g lobu lar  c lu s te r  sources are a sso c ia te d  w ith  x-ray  

b u r s te r s . The a sso c ia tio n  o f bu rsters w ith  g lobu lar c lu s te r s  has been 

the su bject o f  much debate. I t  i s  probably sa fe  to  say th a t a high pro­

p ortion  o f g lob u lar  c lu s te r  sources are b u rs te r s , but th a t the m ajority o f  

b u rsters  are not in  g lobu lar c lu s te r s  (Lewin and Joss 1977).

The nature o f  the globu lar c lu s te r  sources i s  s t i l l  un resolved .

Most models in volve  e ith e r  a nu clear, m assive ( ^  10^ M )̂ b lack  hole or 

a low-mass short period binary system (G rindlay 197%), although d ir e c t  

evidence for  e ith e r  model i s  not forthcom ing,

* Kron 3 and Terzan 2 have a lso  been suggested  very r e c e n tly  (Grindlay 1978)
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1 ,3 .5  X-ray B ursters

The f i r s t  x -ray  b u rster  was d iscovered  in  la te  1975, s in ce  then  

over 30 bu rst sources have been d etected  -  most o f  them in  th e  g a la c t ic  

plane w ith  a marked concen tration  towards the g a la c t ic  c en tr e . The 

o v e r a ll p ro p er tie s  o f  b u rsters  are summarised by Lewin and Joss (1977) 

and in  a recen t review  by Lewin (1978).

B u rsters are ch ara cter ised  by im pulsive x-ray  f la r e s  w ith  r i s e -

tim es 0.1 -  1 sec  and decay tim es ^ 1 0  -  100 seconds, w ith  lum inosity

38 -1at peak o f L  ̂% 10 erg  s . Recent observations have lea d  to  the  

c la s s i f i c a t io n  o f b u rsts  in to  Types I  and I I  (Lewin 1978). Type I  

b u rsts  have been seen from more than 25 o f the known b u r s te r s . They 

show sp e c tr a l so ften in g  during the ev o lu tion  o f the burst and recur on 

t im esc a le s  o f  hours to  days. Type I I  bu rsts  have been seen from the  

Rapid B urster (MXB1730-335) and p o ss ib ly  from sev era l ordinary x-ray  

b in a r ie s  and p u lsa r s . They show no sp ec tra l changes during the burst 

and recur on t im esc a le s  o f  seconds to  m inutes. Type I I  b u rsts  may a lso  

have been seen from Cyg X -1, LMC X-4, 4U1258-61 and 4U1223-62, although  

there i s  no c e r ta in ty  th a t the f la r e - l ik e  even ts d etected  are caused by 

the same mechanism as in  the Rapid B urster.

Pour bu rst sources have been te n ta t iv e ly  id e n t if ie d  w ith  fa in t  blue  

s ta r s  ( n ig 1 8 ° ^ ) . The id e n t i f ic a t io n  o f  MXB1735“44 i s  c e r ta in , s in ce  

o p t ic a l b u rsts  have r e c e n tly  been d etected  from the counterpart s ta r  

(Grindlay e t  a l . 1978). At le a s t  th ree , and probably f i v e ,  burst sources 

are lo ca ted  in  g lob u lar  c lu s te r s ;  as remarked e a r l ie r  t h is  a s so c ia tio n  

seems to be w e ll e s ta b lis h e d . Ten burst sources have a sso c ia te d  "steady" 

x-ra y  em issio n . Indeed sev e r a l were known as steady sources before  

burst a c t iv i t y  was n oted , and th ese  sources are l i s t e d  in  Table 1 .4  

(taken from Lewin 1978). The x-ray  spectra  o f  th ese  a sso c ia te d  sources  

are g e n e r a lly " so ft", having ty p ic a l bremsstrahlung tem peratures s im ila r
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to  both the g lob u lar  c lu s te r  and g a la c t ic  centre sou rces. There are 

no reported  p é r io d ic ité s  (e c lip s in g  or oth erw ise) in  any b u rst source 

d esp ite  e x te n s iv e  searches (Lewin e t  a l . I 976; Buff e t  a l . 1977)»

Some progress has been made in  co n stru ctin g  models fo r  b u rsters .

These centre on e ith e r  accretio n  i n s t a b i l i t i e s  onto a compact o b je c t , or 

thermonuclear f la s h e s  in  m atter accreted  onto the surface o f  a neutron  

s ta r . The current view  favours thermonuclear f la s h e s  fo r  Type I  b u rsts;  

Type I I  b u rsts  are almost c e r ta in ly  due to  a ccre tio n  flow  i n s t a b i l i t i e s  

(hence th e ir  occurrence in  "ordinary" so u rces).

1 . 3 .6  G a la ctic  Centre Sources

The th ir d  group o f sources which may have lin k s  w ith  both globu lar  

c lu s te r s  and x -ray  b u rsters  are those b r igh t sources lo ca ted  near the 

g a la c t ic  c en tr e , v a r io u s ly  termed " g a la c tic  centre" or " g a la c tic  bulge" 

sou rces. These sources are d iscu ssed  in  more d e ta i l  in  Chapter 5 .

I t  i s  d i f f i c u l t  to  g iv e  a p rec ise  d e f in it io n  o f  the g a la c t ic  centre  

sou rces, but i t  i s  c le a r  i f  we examine the longitud e d is tr ib u tio n  for  the  

b r ig h te s t  g a la c t ic  sources (see  Chapter 5) th at there i s  a remarkable 

concen tration  towards longitud e zero , w ith over 80^  o f  the sources w ith  

I  ^ 1 0 0  UFU being w ith in  30° o f  the g a la c t ic  cen tre . I f  th ese  sou rces, 

or a subset o f  them, are p h y s ic a lly  s im ila r  then th e ir  longitud e d i s t r i ­

bution  must imply th a t they are a l l  c lo se  to  the g a la c t ic  c en tr e , c e r ta in ly  

w ith in  the g a la c t ic  bulge reg io n . As i s  argued in  Chapter 5 , th ere are 

cer ta in  ob servation a l s im i la r i t ie s  in  terms o f  x -ray  sp ectra  and time 

v a r ia b i l i t y  which probably imply p h y sica l s im i la r i t ie s .  I f  th ese  sources 

are a l l  at 10 Kpc in  the g a la c t ic  bulge then they are the most luminous 

g a la c t ic  x -ray em itters  w ith  L ^ 10^^ erg s  ̂ (c lo s e  to the Eddington 

l im it  fo r  a 1 M@ compact o b je c t ) .

The nature o f  the g a la c tic , centre sources remains problem atic -  

t h i s  i s  in  part due to  the lack  of o p t ic a l  id e n t i f ic a t io n s .  A low-mass 

binary model for  th ese  sources can c e r ta in ly  be constructed  (Jones and 

R aine, 1978; Milgrom 1978) but other p o s s i b i l i t i e s  e x i s t ,  e .g .  for  is o la te d
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black  h o le s  a ccre tin g  from the in t e r s t e l la r  medium. One important 

approach to  t h i s  problem may be to  c la r i f y  the obvious lin k s  o f  th ese  

sources w ith  th ose  in  g lob u lar c lu s te r s  and w ith x -ray  b u r s te r s .

1 .3 .7  High-mass Binary Systems

To be able to  c la s s i f y  a source as being a highpnass binary  

im p lies  a more d e ta ile d  knowledge o f  the system  than fo r  the three  

previous c a te g o r ie s  d iscu ssed , thus the l i s t  g iven  in  Table 1 .5  i s  subject 

to  g rea ter  u n certa in ty . The sources l i s t e d  were s e le c te d  by the c r ite r io n  

th a t th e ir  o p t ic a l counterpart be a high-mass s ta r  (M > 3 Mg, in  many 

cases M > 5 M@). Thus, provided the id e n t if ic a t io n  i s  c o r r e c t , and the  

system s are a l l  b in a r ie s , the d escr ip tio n  " h i^ -m ass binary" w i l l  be 

ap p rop riate. Note that t h is  l i s t  in c lu d es the f iv e  "Uhuru" b in a r ie s  

o ften  referred  to  as "Supergiant b in aries"  and i s ,  in  a sen se , an ex ten sion  

to  th is  c la s s  o f source.

Of the 20 sources l i s t e d  a l l  but one (GX2+5) are a sso c ia te d  w ith  

a s ta r  o f  sp e c tr a l type e a r l ie r  than AO. Where the inform ation i s  a v a ila b le ,  

main sequence s ta r s ,  g ia n ts  and supergiants are more or l e s s  eq u a lly  represen­

te d . Such ea r ly -ty p e  s ta r s  a l l  have masses in  ex cess  o f  5 M̂  w ith  the 

excep tion  o f  la t e  B main-sequence s ta r s  fo r  which M 3 -  4 M̂  (A llen 1973). 

(The o p t ic a l counterpart o f  the unusual system GX2+5 i s  c la s s i f i e d  as 

M6 I I I  and w i l l  thus have M % 8 M^).

A v a r ie ty  o f regu lar p e r io d ic i t ie s  are seen in  the sources in  

t h is  l i s t  a t x -ray  and o p t ic a l w avelengths. Twelve sources have long  

periods (P > 1O^s) which are almost c e r ta in ly  o r b ita l ,  mainly in  the range

1 - 2 0  days. Seven o f th ese  sources ( i . e .  /vz 30^ o f the t o t a l )  show x-ray  

e c l ip s e s ,  which i s  about the number expected by chance i f  a l l  20 sources 

are high-mass b in a r ie s  w ith  a random d is tr ib u tio n  o f  in c lin a t io n  angles  

and binary periods s im ila r  to  those already e s ta b lish e d . Thus the prospects
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Notes  to  Table 1 .5

Column ( l ) X-ray source name. 4U and 2S d esig n a tio n s are g iven  
when p o s s ib le , (R efs. [ 3 6 ]  and [ 3 7 j  ) •

(2 ) O ptical id e n t i f ic a t io n .  Question marks in d ic a te  uncerta in  
id e n t i f ic a t io n s .  Figure in  square brackets i s  referen ce  to  
id e n t i f ic a t io n ,  and to  columns (3 ) and (4 ) i f  not g iven  th ere .

( 3 ) S p ectra l type and lu m inosity  c la s s  o f o p t ic a l ID. Colon 
in d ic a te s  u n certa in  or incom plete c la s s i f i c a t io n .

(4 ) Approximate V magnitude.

(5 ) G a la ctic  coord inates o f  x -ray source. (D egrees, 1950?0)

(6 ) X-ray spectrum o f  source, taken from Jones (1977) ( r e f .  [3 4 ]  ) 
u n less  g iv en . Code l e t t e r  in d ic a te s  approximate brem sstrahlung  
spectrum:

H : kT 10 keV

M : 10 >  kT >  7 keV

S : kT 5 keV

HS : spectrum w ith ’H’ and ’S* components

(7 ) Kiiown periods lO^s. L etters  in  brackets have the fo llo w in g  
meaning:

X : seen in x-ray band

0 : seen at o p t ic a l wavelengths

R : seen at radio wavelengths

I : seen at in fra -red  wavelengths

rv : seen in ra d ia l v e lo c i t i e s  only

E : e c lip s in g  ( in  x -ray  band)

Extra brackets in d ic a te  doubt about th at category ; question  
marks doubt about the r e a li ty  o f  the period ,

(8 ) Known p eriod s lO^s. D e ta ils  as fo r  (7 ) .

(9 ) Extra inform ation about source.

F igures in  square brackets r e fe r  to  r e fe r e n c e s . No attempt has been made 
to  fin d  the o r ig in a l referen ce  in  every ca se . Those sources marked w ith  
an a s te r is k  are the w e ll-s tu d ie d  "Uhuru" b in a r ie s . For th e se , u n less  
referen ces  are g iv en , data has been taken from one o f  the standard sources, 
such as r e f .  [3 5 ]  •
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fo r  f in d in g  fu rth er  e c l ip s in g  b in a r ie s  in  t h is  l i s t  are rather poor. 

T hirteen o f  the sources l i s t e d  have short periods (p u lsa tio n  p eriod s*)

(P < 10^S) ranging from  ̂ -  6000 seconds. These periods are thought 

to  a r ise  from the sp in  modulation o f the x -ray  em ission  from a r o ta t in g  

neutron s ta r  (or p o ss ib ly  w hite dwarf, although t h is  can be d iscounted  

in  sev era l w e ll stu d ied  ca ses  -  see Rappaport and Joss 1977). Two 

sou rces, Cyg X-1 and Cir X -1 , almost c e r ta in ly  do not have p u lsa tio n  

p erio d s. Their short tim esc a le s  ( 10 ms) behaviour i s  ch a ra cter ised  .

by ir reg u la r  f la r in g  (R othsch ild  e t a l . 1977; Toor 1977) which has 

o ften  been in terp re ted  as supporting evidence fo r  the presence o f a 

black  h o le  in  th ese  system s. Regular modulation o f  the x -ray  em ission  

from a b lack  hole i s  probably im p ossib le , s in ce  the magnetic and spin  

axes o f the h o le  must be a lig n ed  (R u ffin i 1975).

The c le a r e s t  s im ila r ity  between sources in  t h is  Table e x i s t s  in  

th e ir  x -ray  sp ectra  which are a l l  "hard" in  the sense o f  having brem ss-
n

trahlung tem peratures in  excess o f 7 keV ( -^ 8 x 10 K ). In fa c t  the  

m ajority have tem peratures > 1 0  keV. T his fea tu re  has o ften  been noted  

p rev iou sly  ( e .g .  O striker 1977).

These h i^ -m a ss  b inary sources show a v a r ie ty  o f  non -period ic  

v a r ia b i l i t y  on longer t im esc a le s  than the ty p ic a l binary p er io d s. In 

p a r ticu la r  A ll 18-61 i s  an x -ray  tra n sien t which fla r e d  up b r ie f ly  in  

1974-5 and has not been d e tec ted  at any other time ; A0535+26 and 4U0115+63

have r ec e n tly  been e sta b lish e d  to be "recurrent" tr a n s ie n ts  (p o ss ib le  

recurrence period  fo r  A0535+26 zv. 200 d a y s). Cen X-3 and SMC X-1 have 

p eriod s o f  low in te n s ity  occurring on a tim esca le  o f  months, Cir X-1 

shows a s im ila r  pattern  w ith  a tim esca le  o f  y ea rs . Cyg X-1 d isp la y s

*
Note th a t the term " p u lsa tion  period" r e fe r s  to  a pu lsed  m odulation  
and not to  a period  o f p u lsa tio n  ( i . e .  r a d ia l o s c i l la t io n )  o f the o b je c t .
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two q u ite  d is t in c t  in te n s ity  s ta te s  w ith co rre la ted  changes in  x -ray  

spectrum and radio  a c t iv i t y ,  again on a tim esca le  o f y ea rs .

I t  i s  important to  note however th at some important d if fe r e n c e s  ' 

e x is t  between sources in  th is  l i s t .  Most s tr ik in g  must be the in c lu sio n

o f two nearby x-ray sources; X Per and ÏCas which have x-ray lu m in o s it ie s

2 - 3  orders o f magnitude sm aller than the o th ers . In a d d ition  the 

s p e c if ic  p ro p erties  o f  Be s ta r s  may dominate the behaviour o f the 5 sources 

which are id e n t if ie d  w ith them.

To summarise the ob servation a l fea tu res  o f high-mass x -ray  b in a r ie s ,  

th ese  system s are ch aracter ised  by:

( i )  short binary periods ( 1 -  30 days?);

( i i )  hard x-ray spectra;

( i i i )  presence o f x-ray pulse periods ( 1 -  6000 seconds);

( iv )  ir reg u la r  v a r ia b il i t y  on tim esca les  from months to  years.

The study o f th ese  system s in d ic a te s  th a t a very l ik e ly  a ccretion  

mechanism i s  m a ss-lo ss  from the primary star' by a dense s t e l la r  wind (as 

d iscu ssed  in  ÿ 1 .2 .3 ) .  The p o s s ib i l i t y  o f  Roche-lobe overflow , and mass- 

lo s s  enhanced by large  r o ta tio n a l v e lo c i t ie s  in  Be s ta r s  must a lso  be con­

sid ered  (see  e .g .  Maraschi e t a l . 1977)* The presence o f p u lsa tio n  periods  

i s  most e a s i ly  in terp re ted  in  terms o f the compact secondary being  a r o ta tin g ,  

m agnetised neutron s ta r  and th is  a lso  provides a natural explanation  for  the  

high x-ray  tem peratures observed (o f .  Davidson and O striker 1973).

1 .3 .8  Low-mass Binary Systems

Remarkably few g a la c t ic  x -ray sources are known to  be in  low-mass 

binary system s w ith  any c e r ta in ty . There i s  however very strong in d ir ec t  

evidence th at many system s o f  th is  type are x -ray e m itter s .

The 20 sources l i s t e d  in  Table 1 .6  have been s e le c te d  on the c r ite r io n  

th at th e ir  o p t ic a l counterpart has M < 3 M ,̂ and in  most cases < 2 M .̂

The s ta tu s  of both the id e n t if ic a t io n s  and the sp ectra l typ es assigned  to  

the o p t ic a l counterparts i s  far  more uncerta in  than fo r  the o b jec ts  l i s t e d .



ON

OO

0
0
O
AI
0

vo >;
0

T-

H

H >:
A

A 0
0

A •H
rO

0
EH 0

0f
>
o

A

VO

IfN

rn

<M

m0
+»
oIz;

I
A

A

X

A
CQ

0o
•H
-P
AO
0O
3
S
§•

c ,

i

I
0

A

g

I
0 -

x '
vo r~—i

•  r n

■ p n
0 LfN
0

A •H V—1
0
o  M r 3

0
0•H CM 0 0l—i .T-. A o

AA»—i \Hj +»
O 0

+» +» ■p P O
0 0 0 0 . 0 0
0 0 A 0 0

•H O 0 A A P
0
0 > 5 0

0 3 0
A

0 0 0 0 o 0
A A O A 0 A
Eh A Eh A

â - s
00 X - .

1?
00 v o

o  ^

X
ON

a
ON

t
Cl

3
-P
CQ

m  f —
CVJ CVJ CM rn rn rn 
+  +  +  
CM CM CM

III
CM Tj- CM

O
CM

o
CM

-P  1— 1
CQ

v o  vo 
+  +  
CM CM Tj-

S i
^  CM

0 .» 
-P  IfN 
CQ L _ i

ON ON??ON

VO VO O O 
A  CQ 
Tj- CM

CM

T

t > r —»

x S

0

S
vo

>

!
§

CM

CM

r n

■I
ON

0
-P

a

30?
m Cl

o
o

CQ

3 5  ?
ra Cl >

0 -

3 3

+»

§
•H

I
■P

I
0

P h

1— » +  r - i +  r - «
w1 CQ ON 

L__*
CQ

C j

cn s U2

OO
Y LTV ON o o r n

ON

7 ?
r n

1
VO

1 ? ?
r n
CM

r n

T

o

r n ON o r n ON 0 0 C7N

ON O o o o ON VO
CM CM O CM r n UN CM r n

CM CM r n r n r n r n m

*

• £ .

%

I
■p

§
o

3 3
-P  CM 
CQ l _ J

r n r - r n r n
O CM CM UN r- t — c— C^-
o r -  VO UN UN r- 1 v o  vO Tj-

Ô 7 4
1 1

o o  00 4 4 A
CM ^  CM o  o T - O CM CM r n
VO CM UN v o  v o VO o VO VO v o
O UN T- T- CQ
A T- CQ A  CQ A A  CQ A

X  CM ■>0- CM ^  CM Tj-



r—1
CM

0 CM
0 L_j
P
o A

0
P
0
A

1
>s
0

X

I

mA

tnX

M

MH

A
CO

s
■3
o

•HP
ë

8

I

e L

A

0 > P
A CM 
A UJ 
0 
A
A 0 
0 O

.CM 0 >  A

0

I___1
P

P
0
A

0
P  O 
0 0

A 0 0 0
O 0 A rçj O
>s A A A
Ü 0 >s O -0

0 0 0 0
'0 0 A •H A
UN A 1 o
rn EH X O

CM.rn

A0
P0

I
&£

S
■srw

• CM Is

'd

I0Oo

m g '
• . r n .

c ?
CO w CO CO CO CO CO

V— I

OO UN O o r n 00

r - ON ON . C7- T f
1 r n 1 1

ON VO UN Y p -

CM 00 OO OO vo vo 'sO UN
r n UN UN r n m
r n r n r n

B a a
B UN CM a 8 a a 0
o o CM r~- 00 CO ON CM1 1

B a_ a
r n vo p -

H- 'T-
##

>
>

0 0 0 0 >
0 A P 0 0 > 0

r4 1 0 A rH p
A < A a A A A X

r —
i>- p -

A S
A P ,

c - 0 O A C"
A r i A 0- C'- P-
0  OO 0 r “ > * A r ^ A r i A n A n A j

p  .-t-, tq >  Tf- 0 vo 0 00 0 00 0  T-' 0 '
CO ^ A O CM P  CM. P  .T- P  CM P  r n . p

A  L_j CO U_J CO (—J CO v _ j CO UJ CO'

v o  
m  r n UN-r-

ON 
VO VO ^ 5

UN UN r n  1 UN T - T - Tj- ^ T- T- CM

4 4 4 « T 1 1 ON
0 0  0 0  +

1 1
UN UN

1 1 +
r n  m  p—

r n  r n UN A UN CM CM ON r n  r n
v o  v o v o  0 0 P -  t —  X p — t— 0 0  0 0  X

^  A P - T— A T— T— C5
A  CO A A  CO A  CO A  CO
T7 CM A CM 'S3' CM ^  CM

C7N

m
r n  r n  A 
o o  CO 0  
T- CO 
A  CO 

CM

r n

o  o  %-

g  g  A
ON CT\ cM T-' T— <a{ '
A  A  CM



ON

ta<D

I

s " .A P-
.sCl00 a

1 ®p
to
&

oo I
Ph

g ^ C T  '5^'sr'î 
° î r a  j

A,0

vo
X CO CO

UN

rn

T

rn

rn

UN

00

ON

rn
p-
00

8 ON

rn

ÜA

A
CO

s

CVJ

s
0Ü
•H

o
3 3
raCi

Po
0•O•s
B

3 3
P  rn 
CO l—j

00

1
0

I

UN
O  rn 00 CM
^  1 rn 1

v i +P- 5 ^
UN UN rn  fcio "<7
ON ON O >s >s

CVJ o CM O
A CO A A
'0- CM Tj- Tj-



Notes  to  Table 1 . 6

Columns as in  Table 1 .5 ,  except fo r :

Column (3 ) :  n . s . :  in d ic a te s  n o n -s te l la r  spectrum s im ila r
to  th at o f  Sco X-1

b lu e: s ta r  shows UV excess and i s  in c o n s is te n t
w ith  being reddened ea r ly -ty p e  s ta r  (see  t e x t ) .

(6 ) :  Sources marked w ith (+) show strong sp ec tra l
changes. T ypical spectrum i s  quoted.

F igures in  square brackets r e fe r  to  re fer en ce s . No attempt 

has been made to  f in d  the o r ig in a l referen ce in  every c a se . These 

sources marked w ith an a s te r is k  are the w e ll-s tu d ied  "Uhuru" b in a r ie s .  

For th ese  re feren ces  are g iv en , data has been taken from one o f the  

standard sources such as [ 41]  «

** sp ec tra l type for 1630-47 counterpart estim ated  

from U, B, V, I  co lours g iven  in  r e f .  [2 0 ] .
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in  Table 1 .5 , p r in c ip a lly  because the m ajority  are fa in t  s ta r s  w ith  

> 15^  ̂ For th ose s ta r s  whose sp e c tra l type i s  a v a ila b le , G and K 

dwarfs predominate. The other counterparts in  t h is  l i s t  have been 

judged to  be low-m ass, e ith e r  by th e ir  s im ila r ity  to  Sco X-1 (5 sources) 

o r , more c e r ta in ly , i f  they ex h ib it  a n o n -s te l la r  blue continuum (4 so u rces). 

For the la t t e r  category one can argue th a t , i f  the source i s  a b inary, the 

o p t ic a l s ta r  must be low lum inosity  and hence low-mass fo r  the spectrum 

to  be dominated by th e b lue continuum, assuming t h is  to a r ise  from e ith e r  

the a ccretio n  d is c  or x-ray h eatin g  o f  the o p t ic a l s ta r  ( e .g .  Joss and

Rappaport 1978).

Remarkably few o f  the sources l i s t e d  show evidence for  binary periods  

(3 d e f in ite  and 4 p o s s ib le )  and only  two have p u lsa tio n  p er io d s. The x-ray  

sp ectra  are predom inately ’’s o f t ” with brem sstrahlung tem peratures < 7  keV, 

although sev e r a l ’’harder” sources appear in  t h i s  l i s t  (N.B. both p u lsa tin g  

sources are ’’hard” ) .  These sources d isp la y  a remarkable range of time 

v a r ia b i l i t y .  The l i s t  in c lu d es three x -ray  tr a n s ie n ts , three ’’recurrent 

tr a n s ie n ts ” and four o f  the steady sources a sso c ia ted  w ith b u rster s .

These low-mass b in a r ie s , i f  indeed th ey  are a l l  o f t h is  ty p e, do not 

form as homogenous a group as the high-m ass c la s s .  N ev er th e le ss , we note  

the predominance o f low x-ray  tem peratures and pau city  o f  p u lsa tio n  and 

binary p er io d s. These fea tu res  are arguably a lso  p ro p erties  of two other  

ca teg o r ie s  o f g a la c t ic  source — those in  g lob u lar  c lu s te r s  and the g a la c t ic  

cen tre sources (see  ^ 1 .3 .4  and 1 .3*5) and t h is  i s  the p r in c ip a l evidence  

fo r  low-mass binary models for  th ese  sou rces.

The d if fe r e n c e s  in  the x -ray  p ro p erties  o f the high-mass and low-mass 

b in a r ie s  must r e f le c t  some b a s ic  fea tu re  o f  th ese  system s. One p o s s ib i l i t y  

i s  th a t d if fe r e n c e s  a r ise  from the s t e l la r  population typ es o f the system s. 

The high-mass system s are mainly pop I ,  young o b je c ts , whereas the low-mass 

systems are expected to  be predominantly pop I I ,  i . e .  o ld e r . I f  th e mag­

n e t ic  f i e ld  o f neutron s ta r s  decays w ith tim e, as has been suggested(Gunn 

and O striker 1970; Ewart e t a l . 1975)> th e  low-m ass, o ld er  binary systems
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may con ta in  neutron s ta r s  w ith in s ig n if ic a n t  surface f i e l d s .  This 

would c e r ta in ly  exp la in  the lack  o f  x -ray  p u lsa tio n s  and a lso  the lower 

x-ray  tem peratures, s in ce  for a s im ila r  a ccretio n  mechanism, "harder” 

x-ray  em ission  i s  expected from a neutron s ta r  w ith a strong magnetic 

f i e l d  (s in c e  the s iz e  of the em ittin g  reg ion  r^ w i l l  be th a t o f  the 

polar caps ra th er  than the neutron s ta r  ra d iu s, c f .  e q n .1 .1 1 ) .

I t  i s  a lso  in te r e s t in g  to  note th a t , on the b a s is  o f  the id e n t i­

f ic a t io n s  made to  d a te , low-mass b in a r ie s  must be much more numerous than 

high-m ass b in a r ie s  as x-ray sou rces. This fo llo w s sim ply from the strong  

s e le c t io n  e f f e c t  towards id e n t if ic a t io n  w ith  early -ty p e  s ta r s  due to  both . 

th e ir  r a r ity  and in t r in s ic  b r ig h tn ess .

1 .3 .9  T ran sien ts

Although the ex isten ce  o f  tra n s ien t x -ray  sources has been recogn ised  

fo r  over 10 y ea rs , th e ir  nature remains obscure^with the excep tion  o f a 

sm all number o f  sources which have been observed e x te n s iv e ly , p a r tic u la r ly  

w ith the A r ie l V s a t e l l i t e  (see  Chapter 4 ) .  The sources l i s t e d  in  Table 

1 .7 have a l l  been designated  " tra n s ien ts” although the p rec ise  d e f in it io n

has never been e s ta b lish e d . A working d e f in it io n  has been suggested by

K aluziensk i (19 7 7 ). His d e f in it io n  (which would exclude a number o f  

those sources l i s t e d )  req u ires:

( i )  large  v a r ia b i l i t y  >  10^.) Î

( i i )  mean in ter v a l between p o ss ib le  recurrent outbursts

T^ec ^  2 yr (note th at t h is  i s  s im ila r  to the con d ition  

suggested by Comirisky e t a l . I 978 th at the sources 

have a sm all d u ty -cyc le  r e la t iv e  to  the t o t a l  observation  

tim e);

( i i i )  for sources which are w e ll observed, the l ig h t  curve 

should show the ty p ic a l rapid r is e  ( days ) and slow  

d ec lin e  weeks — months) c h a r a c te r is t ic  o f  o p t ic a l novae.
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S ince many "steady" g a la c t ic  x -ray  sources show v a r ia b i l i t y  by 

fa c to r s  > 1 0 ,  the r e la x a t io n  o f con d ition  (i) above w i l l  almost c er ta in ly  

mean th a t some o f the sources l i s t e d  are not true tr a n s ie n ts , and th at  

th e ir  apparent tra n s ien t c h a r a c te r is t ic s  are due only to  the lim ited  

s e n s i t iv i t y  o f current x -ray instrum ents.

Only a few tr a n s ie n ts  have been r e l ia b ly  id e n t if ie d  w ith o p t ic a l  

o b jec ts  (th ese  are included  in  Tables 1 .3 , 1 .5  and 1 .6 ) ,  and there i s  

d ir e c t  evidence o f  b inary membership fo r  only one tra n sien t source 

(4U0115+63, Rappaport e t  a l . 1978 -  note th a t t h is  i s  a recurrent tr a n s ie n t ) .  

N ev erth e less  most tr a n s ie n t models in vo lve  binary system s con ta in in g  a 

compact o b je c t , e s s e n t ia l ly  s im ila r  to  the models fo r  steady sources d is ­

cussed in  ^ 1 .2 . In th ese  models the large  v a r ia b il i t y  shown by tr a n s ie n ts  

i s  u su a lly  in terp re ted  as being due to  d r a s t ic  v a r ia tio n s  in  the accretio n  

rate  onto the compact o b je c t . Transient source models are d iscu ssed  in  

more d e ta i l  in  Chapter 4»

A c la s s i f i c a t io n  o f  tr a n s ie n ts  into  two c la s s e s  showing d iffe re n t  

sp ec tra l tem peratures, t im esca les  and lu m in o s it ie s  has been suggested by 

K aluzienski (1977)» The bimodal temperature d is tr ib u tio n  i s  confirmed by 

the work of Cominsky e t  a l . (1978^, the oth er d if fe r e n c e s  are perhaps le s s  

com pelling. The temperature d is tr ib u tio n  found i s  p r e c is e ly  the same as 

th a t seen in  "steady" binary sources -  the "hard" sources being a sso c ia ted  

w ith the high-m ass, p u lsa tin g  sou rces, the "soft"  sources w ith  low-mass 

system s (o f . ^ 1 .3 .7  and 1 .3 .8 ) .

1 . 3 .10  Low Luminosity Sources

I t  i s  only  f a ir  to  conclude th is  s e c tio n  on the ob servation a l asp ects

o f g a la c t ic  x-ray sources by m entioning the e x isten ce  o f a c la s s  of object

which i s  rather ou tsid e  the terms o f  referen ce  o f  th is  t h e s i s .  A recent 

review  by Garmire (1978) l i s t s  30 x-ray sources which have been id e n t if ie d

w ith  nearby s ta r s  (d 4  100 pc) and have very low x-ray lu m in o s it ie s  (L^^ 10^^
—1 »

erg s ) .  Such sources can only be d etec ted  at present out to  a few hundred
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parsecs and thus have a very broad la t itu d e  d is tr ib u t io n , making them 

d i f f i c u l t  to  d is t in g u ish  from e itr a g a la c t ic  o b jec ts  u n less  very p rec ise  

p o s it io n s  are a v a ila b le . In ad d ition  to  th e ir  low lu m in o sity , many o f  

th ese  sources are c h a r a c te r is t ic a lly  very s o f t  (kT < 1 keV). The s o f t e s t  

sources w i l l  never be d etec ted  at large  d ista n ces  from the sun due to  

the large in t e r s t e l la r  absorption a t th ese  low photon en e rg ie s .

Garmire d iv id e s  th ese  low lum inosity  sources in to  f iv e  main 

c a te g o r ie s :  co o lin g  w hite dwarfs ( e .g .  HZ43), coronal em ission  sources

( e .g .  X Cen), f la r e  s ta r s  (em ission  from m agn etica lly  a c t iv e  regions?  

e .g .  RS CVn b in a r ie s , UV C et), in te r a c tin g  s t e l la r  wind sources ( e .g .  

A lgol?) and cataclysm ic v a r ia b le s  ( e .g .  AM Her, U Gem). The em ission  

mechanisms resp o n sib le  fo r  the x-ray  f lu x  observed are thus probably 

rather d ifferen t from th ose  d iscu ssed  above w ith  the excep tion  o f the 

cataclysm ic v a r ia b le s  where accretio n  onto a white dwarf i s  th o u ^ t to  

be resp on sib le  fo r  the x -ray  a c t iv i t y  (see  ÿ 1 .2 .5 ) .

In ad d ition  to  th e  low lum inosity  sources d iscu ssed  by Garmire,

we expect to  fin d  a number o f ordinary a ccre tin g  neutron s ta r  sources

of the type d iscu ssed  e a r l ie r  at low lu m in o s it ie s . X Per, w ith a
33 -1lum inosity  10 erg s , i s  almost c e r ta in ly  a system o f t h is  s o r t ,

s in ce  pulsar tim ing measurements stron g ly  suggest th at the compact ob ject  

in  th is  system i s  a neutron s ta r  (Rappaport and Joss 1977). The lower 

lum inosity o f such systems i s  presumably ju st the r e s u lt  o f much lower 

a ccre tio n  r a te s , and th e ir  apparent r a r ity  probably only r e f le c t s  the 

lim ited  s e n s i t iv i t y  o f current surveys (although the lum inosity  fu n ction  

o f g a la c t ic  x-ray sources has y e t to  be adequately determ ined).

With the advent o f a new generation  o f  v a s t ly  more s e n s it iv e  x-ray  

ob serva tories  ( s ta r t in g  w ith HEAO-B) we can expect the study o f  lower 

lum inosity  sources of a l l  types to  become of prime importance in  the  

understanding o f the phenomenology o f  g a la c t ic  x-ray  e m itter s .
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1 .4  Time V a r ia b ility

1 . 4.1 O bservational C onsiderations

In co n trast w ith  most astronom ical o b jec ts  (w ith a few notable 

ex cep tio n s) g a la c t ic  x -ray  sources show a remarkable degree o f  varia ­

b i l i t y  on a v a st range o f  tim esca les  from 10  ̂ sec  to  > 1 0  y r . On the 

sh o r te st tim esc a le s  ( <  100 ms) the v a r ia b i l i t y  seen i s  unique to  

g a la c t ic  x -ray  sources (and the Crab and Vela p u lsa r s ! ) .

From an ob servation a l point of view the tim esca les  on which 

v a r ia b i l i t y  can be observed are se t  by a v a r ie ty  o f c o n s tr a in ts . At 

the sh o r te st t im esca le s  photon s t a t i s t i c s ,  even fo r  the b r ig h te s t  source, 

l im it  the tim e r e so lu t io n  to * 1  ms, and a time r e so lu t io n  o f  10 ms -  

100 ms i s  ty p ic a l  o f the current generation  o f  x -ray  astronomy s a t e l l i t e s .  

O bservations on tim esca le s  from seconds to  days are u su a lly  p o ss ib le  w ith  

even modest instrum en ts, although tim esca les  o f the order a few hours are 

o ften  problem atic s in ce  the earth  o r b ita l period o f most x -ray  astronomy 

s a t e l l i t e s  i s  in  t h i s  range, and the observations are almost always in te r ­

rupted at le a s t  once per o r b it .  O bservations longer than a few days are 

often  d i f f i c u l t  to  make, e ith e r  because o f  demands on observing time or 

because o f  a v a r ie ty  of co n stra in ts  on keeping the s a t e l l i t e  a tt itu d e  

steady fo r  ex ten siv e  p er io d s. The A r ie l V s a t e l l i t e  i s  unusual in  th is  

resp ect in  th a t continuous observations o f up to  30 days have been p o s s ib le .  

On even lon ger t im esc a les  the only continuous m onitoring p o ss ib le  i s  w ith  

instrum ents such as the A rie l V ASM (see  Chapter 2) which have large  f i e ld s  

o f view , but su ffe r  from rather low s e n s i t iv i t y .

Figure I .5 i l lu s t r a t e s  the v a r ia b i l i t y ,  both ch aotic  and p e r io d ic , 

seen in  sev era l ty p ic a l  g a la c t ic  sources on both short and long tim esc a le s .  

Figure 1 .6  summarises the ob servation a l p ictu re  fo r  x -ray  v a r ia b i l i t y  in  

g a la c t ic  sou rces, togeth er  w ith a few examples fo r  ordinary s t e l la r  system s.
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1 .4 .2  T h eo retica l A spects

In general terms the regu lar p e r io d ic i t ie s  seen in  g a la c t ic  sources 

are the most e a s i ly  understood, s in ce  they must r e f le c t  some r o ta tio n  (or 

conceivab ly  free  p u lsa t io n s )  w ith in  the system . Q uasi-regular and ch aotic  

v a r ia b i l i t y  i s  much more d i f f i c u l t  to  in ter p r e t s in ce  th ere are u su a lly  a 

number o f  mechanisms which might lead  to  the same behaviour. N everth eless  

some co n str a in ts  can be placed on th e  o r ig in  o f th e v a r ia tio n s  simply by 

con sid erin g  the p h y sica l lim ita t io n s  im plied by the t im e sc a le .

The u ltim a te  l im it  i s  s e t  by th e l ig h t  tr a v e l tim e co n sid era tio n s .

I f  the x -ray em ission  comes from a region  w ith  dimension R, v a r ia b i l i t y  

cannot occur on tim esca le s  shorter than t  ^  given  by:

= I  *  2 . 3 ( 1^ ) «  3 X  10“5 see  ( 1 . 14)

where R  ̂ i s  in  U n its o f  10^ cm, A more r e a l i s t i c  lim it  comes from 

con sid erin g  the f r e e - f a l l  tim esca le  from a radius R w ith in  the system  

(O striker 1977) !
GM

=  I'G :  10 [ W ; j  ( h ; )

fu I \ ■'■3/2
»  8 . 6 . , 0 - 5  ( ^ )  ( I - )  ( , . , 6 )

For example, a ty p ic a l  c lo se  binary system has dimensions R ^  10" cm, 

w ith  1 Mq. This g iv e s  t^^ 1 hour. For f r e e - f a l l  from the
g

magnetosphere o f  a neutron s ta r  ( R 10 cm), t^^'^ 0.1 sec  ( t h is  may

be d ir e c t ly  re lev a n t to  models fo r  x -ray  burst sources where t  . 0.1 s e c ) .' r is e
Note th at the f r e e - f a l l  tim esca le  a lso  g iv e s  the maximum angular v e lo c ity  

for  a sp inn ing ob ject before breakup occurs:

^  max ^  HZ ( I . I 7 )
f f
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For a s ta r  w ith  R 1 R^, the breakup angular v e lo c i ty  corresponds

to  a sp in  period  of ^  10^ se c , for  a w hite dwarf a period  o f  1 -  3 s e c ,
-4

and fo r  a neutron s ta r  ~  10 se c .

For a b lack  h o le  the relevant tim esca le  i s  th a t which corresponds 

to  the period o f  the la s t  s ta b le  o r b it .  For a Schwarzchild hole  t h is  i s ;

t  4 .5  % 10 sec ( 1 . 18)

amd fo r  a maximally r o ta tin g  Kerr h o le :

t  % 6.4  I  10 j p j  sec ( 1 . 19)
' 0

(R u ffin i 1975) » . (The co n stra in ts  im plied by eqns. 1 .14  -  1 .19  are a lso  

i l lu s t r a t e d  in  F ig . 1 .6 ) .

I t  i s  c le a r  th a t x -ray  v a r ia b il i t y  on the sh o r te st t im e sc a le s , for  

example the m illiseco n d  v a r ia b i l i t y  in  Cyg X-1 and x-ray b u rsts  (see  

F ig s . 1 .5  and 1 .6 ) ,  must o r ig in a te  at or near th e surface o f a compact
g

ob ject (reg ion s w ith R < 1 0  cm). The gen era l v a r ia b i l i t y  on tim esca les

as short as 0.1 sec  seen in  a large number o f  g a la c t ic  sources (e.g.Forman

e t  a l .  1976) must a lso  o r ig in a te  i n  regions sm aller than ^ 10^ ^  cm ( <  1 R^). 

In terms o f the breakup angular v e lo c i t ie s  g iven  by equation 1 .1 7 , the  

sh o r te st  sp in  periods d etected  in  x-ray sources 1 s e c , F ig .1 .6 )  must 

be r e la te d  to the r o ta tio n  o f a neutron s ta r ,  w h ils t the longer periods  

( 1000 sec ) demand an ob ject at le a s t  as compact as a white dwarf.

On longer t im esca les  (hours to  d a y s), p er io d ic  modulation i s  e a s i ly  

understood in  terms o f the o r b ita l motion o f  the x -ray sou rce . The 

o r ig in  o f  ch aotic  and q u a si-p er io d ic  v a r ia b i l i t y  i s  more d i f f i c u l t  to  

pin down, s in ce  both accretion  in s t a b i l i t i e s  (p a r t ic u la r ly  w ith in  an 

a ccre tio n  d is c )  and secu lar  v a r ia tio n s  in  the mass tr a n sfe r  ra te  may play  

th e ir  p a r t . I n s t a b i l i t i e s  in  the a ccre tio n  flow  are almost bound to occur -
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some o f  the p o s s i b i l i t i e s  are d iscu ssed  by O striker (1977). As before

the tim esca le  fo r  v a r ia b i l i t y  w i l l  be g iven  approxim ately by the f r e e -  
*

f a l l  t im esc a le . Thus only  in s t a b i l i t i e s  in  the outer d isc  reg ion s are 

expected to g iv e  v a r ia b i l i t y  on longer t im e sc a le s .

V a r ia b ility  in  the mass tra n sfer  ra te  i s  known to  occur for  both 

Roche-lobe overflow  and s t e l la r  wind m a ss- lo ss . For example, the 

r e p e t i t iv e  outbursts in  dwarf novae are b e lie v e d  to  be a r e su lt  o f  varying  

Roche-lobe m a ss-lo ss  by the non-degenerate s ta r  (Bath 197&), although the 

underlying mechanisms are not w e ll understood (Bath 1977). Dramatic 

changes in  the s t e l la r  wind are thought to exp la in  the long term v a r ia b il i t y  

o f sources l ik e  Cen X-3 (S ch reier et a l . 197&), and recurrent "hard" tr a n s ie n ts  

l ik e  4U0115+63 (Rappaport e t  a l . 1978). At present the mechanisms which 

d rive  th ese  secu lar  v a r ia tio n s  in  m a ss-lo ss  ra te  are not g en era lly  w ell 

understood. One might expect however th at such v a r ia tio n s  would show a 

spectrum o f  t im esca les  s im ila r  to  those apparent in  ordinary s t e l la r  systems 

( e .g .  recurrent novaej A lg o ls , e t c .  -  see F ig . 1 .6 ) .

With such a range o f p o s s ib i l i t i e s  i t  i s  perhaps su rp r isin g  that 

a l l  g a la c t ic  x-ray sources do not show v a r ia b i l i t y  on a l l  t im e sc a le s . One 

reason fo r  the lack  o f  short tim esca le  v a r ia b i l i t y  (in c lu d in g  coherent 

p u lsa tio n s) in  some sources ( e .g .  Sco X -1) may be the e x isten ce  o f a gas 

s h e l l  surrounding the x-ray  source which i s  o p t ic a l ly  th ick  to  e lec tro n  

s c a tte r in g  ( t  5) (Maraschi et a l . 1977). This s h e l l  w i l l  e f f e c t iv e ly  

smooth out any v a r ia b i l i t y  on tim esca les  t  <  (l +"^gg) ^  j where R i s  the 

rad ius of the s h e l l .  Gas s h e l l s  o f th is  sort may e x is t  p r e fe r e n t ia lly  in  

low-mass binary system s in  which mass tra n sfer  occurs v ia  Roche-lobe overflow , 

and may thus exp la in  the lack  o f  x-ray pu lse  periods in  th ese  sources.

*
Note however th at the r a d ia l i n f a l l  tim esca le  for  a v isco u s  a ccretion  
d isc  i s  %>t_n lead in g  to  tim esca les  of months for  large  d is c s ,  such 
as may r e s u lt  from Roche-lobe overflow .



Fig. 2.1 Ariel V Satellite
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Chapter 2

ARIEL V SATELLITE, SKY SURVEY INSTRUMENT AND DATA HANDLING

2.1 In troduction

The A r ie l V s a t e l l i t e  has a s c i e n t i f i c  payload o f  s ix  x -ray  

astronomy experim ents provided by four B r it is h  and one American 

in s t i t u t io n s .  The experim ents span th e energy range 0 .3  keV -  1 .2  MeV 

w ith  a v a r ie ty  o f broadly complementary c a p a b i l i t ie s  fo r  determ ining  

source sp ectra , p o s it io n s  and v a r ia b i l i t y .  S ince launch in  1974 October 

the s a t e l l i t e  has operated remarkably s u c c e s s fu lly , d e sp ite  a few minor 

problems, and the p ro ject i s  planned to  continue u n t i l  1979 October (see  

P ig . 2 .2  fo r  h is to r y  o f  o p e r a tio n s).

2 .2  The A r ie l V S a t e l l i t e

A r ie l V, shown in  F ig . 2 .1 ,  i s  the f i r s t  B r it is h  s a t e l l i t e  devoted  

to  x -ray  astronomy. I t s  only  true predecessor i s  the American UHURtI 

s a t e l l i t e  w ith  which i t  has much in  common, although a number o f  previous 

sp a cecra ft, such as OSO-7 and Copernicus, have included cosmic x -ray  

astronomy experim ents. The important fea tu res  o f  the s a t e l l i t e  are 

summarised in  Table 2 .1 .

The low , n early  eq u a to r ia l o rb it o f  the s a t e l l i t e  i s  designed to  

maximise the sh ie ld in g  o f  the experim ents by the e a r th 's  magnetic f i e ld  

from the cosmic ray f lu x .  In p ra c tice  the p a r t ic le  background i s  adequately  

low except when the sp acecraft p asses near the South A tla n tic  Anomaly.

This i s  catered  fo r  by use o f  a background ra te  veto  f la g ,  a c c e s s ib le  to  

each experim ent, to  in h ib it  data c o l le c t io n  i f  d e s ire d . Power fo r  a l l  

sp acecraft system s i s  supp lied  during the s u n li t  p ortion  o f the o rb it by



T A B L E  2. 1

A r ie l V S a t e l l i t e  : Main Parameters*

DIMENSIONS

WEIGHT

ORBIT

LAUNCH

ATTITUDE

Sensing

Control

A ccuracy'

POWER SUPPLY

DATA HANDLING

telemetry

Height 86 .4  cm; width 95*9 cm.

132 kg.

556 X 512 km; 2 . 9° in c lin a t io n  to  equator.

1974 October 15 from San Marco p latform , Kenya 
by 4 -sta g e  Scout ro ck et.

2 p a irs  o f  sun s l i t - s e n s o r s ,  2 p a ir s  o f  Earth albedo- 
sensors (l p a ir  redundant). Sector generator su p p lies  
1024 equi-spaced s ig n a ls  per s a t e l l i t e  r o ta t io n .

S p in -s ta b ilis e d  at /v 10 rpm. Manouevres and spin—rate  
changes u sin g  pulsed  gas j e t s  fed  by liq u id  propane 
tanks (or u sin g  magnetorquer system -  see t e x t ) .

S en sin g ; ^  0 .5 ° .  D r ift  : ^ 0 .2 °  in  one o r b it;
< 1 ° per day (can be corrected  by sm all a tt itu d e  
changes on command).

Solar c e l l s  covering 'j/Q o f  circum ference o f s a t e l l i t e .  
In e c lip s e  power supp lied  by 3 Ah NiCd b a tte ry .
Power consumption ^ 1 2  w.

On-board computer w ith  two 4096 word ( 8 - b i t )  core s to res ,

Data dumps and s a t e l l i t e  commands relayed  v ia  VHP lin k  
w ith  NASA STDN ground s ta t io n s  (part o f  NASCOM network).

Based on "The S c ie n t i f ic  Payload fo r  the UK-5 S a t e l l i t e " ,  
SRC Report (1973).



SATELLITE

Launch (October 15 197 )̂

Beginning of problems with 
gas jets

Intermittent attitude sensor 
failures, backup system used

Manoeuvre gas supply 
exhausted. Magnetorquer 
system takes over.

End of satellite operationsC?)

J-o-Ov

ON

ON

ON

ON

ON

EXPERIMENT

LE System detector 1 fails 
LE System detector 2 fails 
(LE System switched off)

2A Catalogue completed

3A Catalogue completed (?)

F ig . 2 .2  H istory  o f  A rie l V and the SSI sin ce  launch
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so la r  c e l l s  which cover 7/8  o f the periphery o f the sp a cecra ft. . Power 

requirem ents con stra in  the so la r  vector  to  be w ith in  45° o f  the normal 

to  th ese  so la r  c e l l s ,  i . e .  w ith in  45° o f the sp acecraft sp in  plane (see  

F ig .2 . 3 ) .  During e c lip s e  an on-board b a ttery  keeps th e s a t e l l i t e  " live"  

but cannot provide enough power fo r  operation  o f the experim ents.

A riel V i s  a s p in - s ta b il is e d  s a t e l l i t e  w ith  a nominal sp in -ra te  

o f  10 r .p .m . Control o f  the sp acecraft a tt itu d e  and sp in -ra te  (a t le a s t  

for the f i r s t  three years o f operation) i s  achieved by use o f th ree p a irs  

o f  pu lsed  gas j e t s  (see  F ig .2 .3 )  fed  from a l iq u id  propane tank v ia  

reducing v a lv e s . At launch the gas supply was estim ated as being s u f f ic ie n t  

for  a t o t a l  o f 4000° o f manoeuvre. O perational problems w ith  th e  reducing  

v a lv es  have le d  to rather la rg er  gas usage than expected , and at the time o f  

w ritin g  the gas supply i s  exhausted (see  F ig .2 .2 ) .  R estr ic te d  manoeuvres 

can, however, s t i l l  be made by powering the on-board magnetorquer c o i l  

thus inducing an a tt itu d e  change by in te r a c tio n  w ith  the e a r th 's  magnetic f i e l d .  

A ttitu d e  manoeuvres as large  as 10° per day in  R .A ., but on ly  0 .5 °  per day 

in  d e c lin a t io n  are p o ss ib le  w ith th is  method, but p o in tin g  d ir e c t io n s  are 

s e v e r e ly  constrained  by the requirement th at the s a t e l l i t e  sp in -ra te  remains 

reasonably stea d y . (Large sp in -ra te  changes can be induced by the magne­

torquer -  e a r th 's  f i e l d  in te r a c t io n ) .

The data-hand1in g  system fo r  both the experim ents, and the sp acecraft  

house-keeping d ata , i s  based on two 4096 word ( 8 - b it )  core s to r e s . The 

con ten ts  o f both s to r e s  are dumped every o r b it ,  on command, to  a NASA STDN 

ground s ta t io n  (a t Q uito, Ascension Is la n d , and more r e c e n tly  Guam).

Manoeuvres and changes to  the experiment command r e g is te r s  are a lso  made 

on cer ta in  p asses over the same ground s ta t io n s .  This r e s u l t s ,  in  the 

case  o f  manoeuvres, in  the lo s s  o f  experim ental data fo r  th a t o r b it .



(a) WSSL Experimenf A
WSSL Experiment C

Leicester 
Experiment D

Thermol
Blanket "

Solar Panels

ill IP

Imperial College 
Experiment F

X

(b)

Leicester 
^ E x p er im e n t 8

Connector

NASA/GSFC  
Experiment G

Spin /  Despin Jets 

Telemetry Antenna

sa te llite  ax is

Attitude Sensing System

satellite equator

2.̂
(a) Line drawing of the Ariel V satellite showing the experimental 

payload and main spacecraft systems.
(b) Fields of view of the experiments. (Both figures from Smith and Courtier 1$76).
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N otes  to  Table 2 .2

Column ( 2 ) : Name o f  in s t i t u t io n  op eratin g  experim ent.
(MSSL = Milliard Space Science Laboratory; 
dsFC = Goddard Space F lig h t C entre). R eference 
to  ex p t. d e scr ip tio n  g iven  in  b ra ck ets .

Column (4 ) : F ie ld  o f  view ( f u l l  w idth a t h a lf  maximum) in
d egrees.

Column (5 ) : Approximate optimum p o s it io n a l accuracy fo r  a
b righ t source in  one o rb it (d eg r e es) .

Column (6) ; Minimum tim e r e so lu t io n  (seco n d s).

Column ( 7 ) : Range -  Energy range in  keV.
N -  No. o f  energy channels.

4E/E -  Approximate energy r e so lu t io n  (^ ).

These va lu es are the launch c h a r a c te r is t ic s  o f  the 
experim ents.

* These th ree  experim ents can operate in  *p u lsa r ’ mode in  which 
x-ray  counts are accumulated in  16 b in s according to  the phase 
o f  the p rese t ’p u lsa r ’ p er iod . The time r e so lu t io n  in  t h is  
mode i s  lim ite d  by d e tec to r  c h a r a c te r is t ic s  and the s t a b i l i t y  
o f  the on-board c lock  to  about 1 ms.

R eferences

1 W ilson ( 1977)

2 Cooke e t a l . (1978)

3 V il la  e t  a l . (1976)

4 Sanford and Iv es  (1976)

5 G r if f i th s  e t a l . (1976)

6 Carpenter e t  a l . (1976)

7 K aluziensk i (1977)
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Four o f  the experim ents on A r ie l V are mounted on the top o f  the

s a t e l l i t e  and view  along the sp in -a x is , i . e .  are e s s e n t ia l ly  "pointed” .

The oth er two, in c lu d in g  the SSI, are sid e-coun ted  and thus scan the sky 

as the s a t e l l i t e  r o ta te s .  The con figu ration  o f  the experim ents and th e ir  

approximate f i e ld s  o f  view are shown in  F ig .2 .3 .  Further d e t a i l s  o f  the

experim ents are g iven  in  Table 2 .2 .

2 .3  The Sky Survey Instrument

The Sky Survey Instrument i s  a scanning proportional counter system  

s e n s it iv e  to  x -rays in  the energy range 2 -  18 keV, w ith  up to 16 PHA 

channels o f  sp e c tra l inform ation and normal time r e so lu t io n  o f  % 100 minutes 

(one s a t e l l i t e  o r b i t ) .  The instantaneous f i e l d  o f view o f  the experim ent, 

s e t  by the mechanical s la t  c o llim a to rs , i s  a cross-shaped fan beam» one 

arm o f the cro ss  corresponding to  the low-energy and the other to  the h ig h -  

energy d e tec to r  system . Experimental data from the SSI i s  accumulated 

t  hr c u t o u t  each o rb it in  the 1024-word se c t io n  o f  the s a t e l l i t e  co re -sto re  

a llo c a te d . The s a t e l l i t e  sector-gen era tor  provides 1024 equi-spaced s ig n a ls  

per s a t e l l i t e  r o ta t io n . These s ig n a ls  are used to  d iv id e  the scan in to  

1024 azim uthal se c to r s  (width = ^  0 .3 5 °)»  In the sim p lest case of

SECTOR 360° MODE operation  each co re -sto re  lo c a tio n  w i l l  correspond to  one 

azim uthal s e c to r . Data from the SSI in  t h is  observing mode are shown in  

F ig .2 .5 . Where sp e c tr a l inform ation i s  required  the lim ite d  co re -sto re  

a v a ila b le  demands a tr a d e -o ff  between the arc o f the scan covered and the 

number o f  energy channels s to red . For example in  SECTOR 45° MODE data  

from only 45° o f  the scan i s  used ( i . e .  256 s e c to r s )  but for  each sec to r  4 

channels o f sp e c tr a l inform ation i s  stored  (making a t o t a l  o f  4 s e t s  o f  

256 s e c to r s ) .  In order to make sp e c tra l mode observations o f s p e c if ic  

sources the s ta r t  sec to r  (sec to r  zero) can be p rese lec ted  to  ensure th at  

th e  correct arc o f  the scan i s  observed. Further d e t a i l s  o f  the SSI are 

g iven  in  Table 2 .3 .



T A B L E  2 . 3

Sky Survey Instrument Parameters

COLLIMATORS

DETECTORS

CALIBRATION

BACKGROUND
REJECTION

DATA STORAGE

S ta in le s s  s t e e l  s la t s  defining*.
FIELD OF VIEW : 1 0 .6 °  x 0 .7 5 °  canted a t 65° to  sp in  p lan e.
Low energy (LE) and high energy (HE) system s co llim a to rs  
have f i e l d s  o f  view  which cross on the sp in  plane (see
F ig . 2 .4 ) .
Two p a ir s  o f  p roportional counters 
one pa ir  fo r  HE system .
Windows ; LE system O.OO86 cm Be 

HE system  0.0127 cm Be

-  one p a ir  fo r  LE,

F i l l in g  g a s :

Energy range

LE system  
HE system

2 cm depth 
4 cm depth

Ar(76$) :Xe(l6$(): 00^(8^) a t 900 mm Eg.

: LE system  0 .8  -  6 keV
HE system 2 .4  -  20 keV (nominal va lu es

at launch )
PHA d iv id e s  counts in  each system in to  8 
energy channels w ith geo m etr ica lly  spaced 
boundaries :
Eupper
Elower

1 .3  Energy r e so lu t io n  60^
1 at 6 keV.

E ffe c t iv e  a rea ; 280 cm fo r  each system .

55I n - f l ig h t  c a lib r a tio n  by Fe K capture source ir r a d ia t in g  
d e te c to r s  by removing masking sh u tters  on command.

(1 ) Each d etec to r  i s  surrounded on 3 s id e s  by a guard 
d etec to r  in  a n ti-co in c id en ce  w ith  main d e te c to r s .

(2 ) RTD r e je c t s  even ts w ith  r ise -t im e  above s e le c ta b le  
th resh o ld .

(3 ) P u lses  ou tsid e  range o f  PHA r e je c te d .

These 3 methods r e s u lt  in  r e je c t io n  o f  96^ o f non x -ray  
background.

Contamination by so la r  x -ra y s  i s  avoided by in h ib it in g  
data c o l le c t io n  when the sun i s  w ith in  15° o f  the sp in  
plane (sun diode v e to ) .  Experiment i s  a lso  provided w ith  
background ra te  veto  f la g  from e ith e r  Expt.C or D a llow in g  
in h ib it io n  o f  data c o l le c t io n  during periods o f  high back­
ground (such as passage through the South A tla n tic  Anomaly).

Experimental data i s  accumulated in  1024 16 -b it  co re -s to re  
lo c a t io n s  addressable by sec to r  p o s it io n , energy and tim e.

Continued . . .



EXPERIMENT
COORDINATES

EXPERIMENT
CONTROL

OBSERVING
MODES

OPERATIONAL
CHARACTERISTICS

SENSITIVITY

Coordinate system has sp in—a x is  as p o le  w ith  sp in  
plane as equator. The sp acecraft has a sec to r  
generator which d iv id es  each sp acecraft r o ta tio n  
in to  1024 s e c to r s . The zero sec to r  s ta r t s  when the  
sun i s  d etected  in  the sun s l i t  sen so r . The f i e ld s  o f  
view o f  SSI and sun s l i t  sensor are a lig n ed  so sec to r  
zero i s  a lso  the zero poin t o f  experiment azimuth 
(u n less  o f f s e t  by s ta r t  s e c to r ) .

Experiment i s  co n tro lled  by a 27- b i t  command r e g is t e r ,  
se t  by s ig n a ls  from ground s ta t io n .

Control op tions : HT and pre-amps (ON/OFP)
C alib ration  source sh u tter  (OPEN/ CLOSED) 
Coarse ga in  con tro l 
RTD th resh o ld  s e le c t  
S e le c t  background veto  f la g  ( c/ d )
S e le c t  s ta r t  sec to r  
S e le c t  observing mode

11 observing or d ia g n o stic  modes are a v a ila b le . Normal 
observations are made in  SECTOR mode where data i s  
accumulated according to sec to r  p o s it io n  and energy. 
R e str ic t io n s  in  co re-storage  require a tr a d e -o f f  between  
energy channels and exten t o f  azimuth scanned, i . e .  360° 
scan w ith  no energy inform ation; 22j^ scan w ith  8 energy 
channels. Azimuthal r e so lu t io n  s ta y s  constant at one 
sec to r  «S 0 .35 •
Background count-rate  % 9 counts s (estim ated  50^ 
d if fu se  and 50^ non x—r a y ) . Maximum observing time 
per 100 minute o rb it i s  % 60 min, due to  sw itc h -o ff  
during e c l ip s e .  T ypical observing time fo r  p a r ticu la r  
source i s  % 30 min. due to  e f f e c t s  o f  ea rth -screen in g , 
g iv in g  actu a l exposure tim es 2 sec  per azimuth s e c to r .
3 O’ s e n s i t iv i t y  fo r  one o rb it (source o n .sp in  p la n e !_ 
% 6 SSI counts s % 15 UHURU counts s 3 z  10 

erg cm^^s” ”* (2-10 keV).
(See ÿ 2 .4 .2  fo r  more d e t a i l s ) .
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Fi^. 2.4 (a) Instantaneous field of view of the Sdl as defined by the
slat collimator. dote definition of azimuth and elevation 
coordinates.

(b) Azimuth and elevation response functions of the 331 collimators 
(based on observations of the Crab). Departures from the 
theoretical triangular shape are due to random mechanical 
misalignment of the collimator cells.
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At launch both d e tec to r  systems were working norm ally but sh o r tly  

afterw ards both low-energy system s counters developed leaks which made 

them unusable a f t e r  only  a few months (se e  F ig .2 ,2 ) .  The low -energy  

system  was sw itched o f f  in  1974 December, thus the m ajority  o f  the SSI 

o b serv a tio n s have been made w ith  the h igh-energy system a lo n e .

The SSI i s  designed to  perform two major ta sk s:

/ \ -3( i ;  to  survey the whole - sky w ith  a s e n s i t iv i t y  o f  10 ^Qp^b

w ith s u f f ic ie n t  p o s it io n a l accuracy to  make id e n t if ic a t io n s

p o ss ib le  ;

( i i )  to  make a d e ta ile d  study o f th e  v a r ia b i l i t y  o f  in d iv id u a l 

sou rces .

The fa i lu r e  o f  the low -energy system has le d  to  some changes in  the  

o b serv a tio n a l s tr a teg y  fo r  the a l l - s k y  survey but has not se r io u s ly  

a ffe c te d  the study o f  in d iv id u a l sources (although sim ultaneous low-energy • 

system  ob servation s would have been u se fu l in  m onitoring sp e c tr a l changes). 

The r e s u lt s  o f  the sky survey fo r  sources a t high g a la c t ic  la t i tu d e s  

(fbj !^10°) have a lready been published as the ’2A’ catalogue contain ing  

105 x -ray  sources (Cooke e t  a l .  1978). D e ta iled  s tu d ie s  o f  in d iv id u a l

sources have been published in  a number o f papers, some o f th ese  r e s u lt s

being presented  in  Chapters 3 , 4 and 5 .

Observing time w ith  the A r ie l V s a t e l l i t e  i s  d iv id ed  more or le s s  

eq u ally  between f iv e  o f the experim ents (th e  s ix th , expt .0 ,  makes no sp e c ia l  

demands on the sp acecra ft a t t itu d e  s in ce  i t s  f i e ld  o f view covers most o f  

the sky (see  Table 2 .2 ) ) .  In the pre-agreed  observing programme each 

experiment ty p ic a l ly  has co n tro l over the sp acecra ft a tt itu d e  fo r  several 

days con tin u ou sly , during which period the sp in -a x is  p o s it io n  w i l l  normally 

be kept approxim ately steady by making sm all a tt itu d e  changes d a ily  to  

correct fo r  d r i f t .  The t o t a l  a tt itu d e  change during one observation  i s  

u su a lly  r e s t r ic t e d  to  3 ° . Thus the ob servation s w ith  the SSI c o n s is t  

o f s e ts  o f  o r b its  w ith nom inally the same sp a cecra ft a tt itu d e  ("observing



300 600 700400 500

300 400 500 600 700

i ' l: SSI scans of the galactic plane made in 19?o November. Top 
histogram shows a section of the data accumulated in one orbit, 
bottom histogram shows the same section of the scan for data 
accumulated for 100 orbits with corresponding dramatic increase
in sensitivity. The solid line i he II' 1 r1 ■' 1

and the labels indicate the peal: matching \;ith catalogued source
cerlorrned o: ;ne scan
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slots**) spanning t y p ic a l ly  1 - 1 0  days. Approximately 80^ o f th ese  

s lo t s  w i l l  o f course he made w ith the sp acecraft a t t i t u d e . chosen hy one 

o f  the o th er experim ents, hut because o f the wide s tr ip  o f  sky scanned 

hy the SSI, p r a c t ic a l ly  a l l  t h is  data w i l l  he o f some v a lu e , at le a s t  for  

sky survey purposes. (Further d e t a i l s  o f  the observing programme are 

given in  S i lk  1976 and E lv is  1978).

Provided th e a tt itu d e  change in  each observing s lo t  does not 

exceed the SSI data from each o rb it w ith in  the s lo t  can he coherently

summed w ith l i t t l e  lo s s  in  s p a t ia l  r e so lu t io n  hy overlay in g  the sec to r  

data making allow ance fo r  the sm all a tt itu d e  d r i f t  from o rb it to  o r b it . 

Examples o f  both s in g le  o rb it and summed data are shown in  F ig ,2 . 5» The 

s e n s i t iv i t y  to  weak sources i s  obviously  much g rea ter  in  the summed data  

( s ig n a l- to -n o is e  r a t io  has a ~  n^ dependence on the number o f  o r b its  

summed) and th e ob servation s are normally analysed in  t h is  form fo r  the  

determ ination o f source p o s it io n s , and for examining the v a r ia b il i t y  o f  

weak so u rces . V a r ia b ility  s tu d ie s  o f strong sources can be made u sing  

the s in g le  o rb it data w ith  the advantage th a t the h igh est tim e r e so lu t io n  

i s  then a v a ila b le .

In p r in c ip le , ob servation s w ith  the SSI c o n s is t  o f  14 -  15 s a t e l l i t e

o r b its  per day, the data from each o rb it b ein g  relayed  to  L e ice ster  v ia  the
/

NASA ground s ta t io n s  and OCC at the Appleton Laboratory. In p ra ctice  

about 20^ o f a l l  o r b its  are lo s t  due m ainly to te lem etry  problems and 

scheduling p r io r i t i e s  a t the ground s ta t io n s .  The SSI'data  rece ived  at 

L eice ster  i s  s tored  in  m achine-readable form in  one ex ten siv e  data base  

which in c lu d es a l l  the u se fu l observations made s in ce  launch. The data  

are analysed on both a *'quick-look” and long-term  b a s is .  The "quick-look"  

a n a ly s is  i s  r e a l ly  no more than a prelim inary scan o f the data w ith  the  

object o f  id e n t ify in g  tr a n s ie n t ev en ts , e t c . ,  and i s  completed w ith in  about



39.

a day (a t most) o f th e  time o f  the ob serva tion . The long-term  a n a ly s is  

proceeds a t a more le is u r e ly  pace and i s  d iscu ssed  in  the next s e c t io n .

2 .4  SSI Data A nalysis

The e s s e n t ia l ly  sim ple format o f  the SSI data fo r  each s a t e l l i t e  

o r b it  len d s i t s e l f  p a r tic u la r ly  w e ll to  a n a ly s is  w ith one standard pro­

gram. T his program, now known as "SCAN" has been contin uously  developed*  

s in c e  the s ta r t  o f  A r ie l V operations and now perfoim s autom atic processin g  

o f  the SSI data w ith  remarkably few problem s. The program an alyses the  

data on a s in g le  o r b it  b a s is ,  but i f  required  w i l l  a lso  coherently  sum a l l  

o r b its  w ith  nom inally the same sp acecraft a tt itu d e  and perform a s im ila r  

a n a ly s is  on the summed data , d er iv in g  for  each o rb it and sum o f  o r b its  a 

f lu x  and p o s it io n  for each peak d etec ted  in  the d ata , a s so c ia t in g  th ese  

peaks w ith  catalogued x-ray  sources where p o s s ib le . Almost a l l  the data  

presented  in  th is  t h e s i s .r e ly  on the "SCAN" a n a ly s is  o f  the SSI ob serv a tio n s.

The b a s ic  operation  o f  the a n a ly s is  program i s  i l lu s t r a t e d  in  a 

s im p lif ie d  form in  F ig . 2 .6 .  The flow  chart shown i s  fo r  the a n a ly s is  o f  

a s in g le  o r b it j  a n a ly s is  o f summed o r b its  i s  e s s e n t ia l ly  id e n t ic a l  w ith  

the a d d itio n  o f  a summing rou tin e between s tep s  (%) and ( j )  and a d d itio n a l

checks on th e experiment mode, s ta r t  sec to r  and a tt itu d e  in  step  (C).

P o in ts  to  note on the flow  chart are:

(a ): Data for  each o rb it c o n s is t s  o f  the tim in g , a tt itu d e  and
housekeeping inform ation fo r  th at o r b it ,  togeth er  w ith  the 
con ten ts o f  the 1024 word co re -s to r e  a llo c a t io n  (th e  exp eri­
mental d a ta ).

(B ): ( i )  This rou tin e  ev a lu a tes  the mean a tt itu d e  and error estim ates
from the 7 independent a tt itu d e  records in  the data .

( i i )  T otal in teg r a tio n  tim e i s  determined from the experiment •
event codes and event tim es which are a record o f the sw itch  
o n /o f f  tim es corresponding to  the s ta r t/e n d  o f  o r b it;  e n tr y /  
e x it  in to  Earth e c l ip s e  and s ta r t/e n d  o f  background ra te  v e to .  
In th e  event o f the corruption o f the event data the program 
can u su a lly  make an in t e l l ig e n t  co rrectio n .

* The o r ig in a l program was m ostly the work o f G .R.Eadie, development s in ce  
launch has been undertaken almost s in g le-h an d ed ly  by Dr.C.G.Page. Previous 
v ersio n s o f the program were c a lle d  "OSA".
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(A)

(B)

(C)

(B)

(E)

(P)

(G)

(H)

( I )

(J)

Read in  data  
(one o r b it  )

Output data fo r  each d e te c tio n

Compute background le v e l

Subtract background from data.

C alcu late  exposure time round sp in  plane

C alcu late  expected p o s it io n s  and f lu x e s  
fo r  catalogued sources in  f i e l d  o f view .

DETECTION 
Search fo r  a l l  peaks w ith  SNR > SNR*;,

CHECKING
R eject o r b it  i f  ; too many data errors;

in teg r a tio n  time error; 
a tt itu d e  error too large

MATCHING
Match peaks a g a in st cata logue sources and 
optim ise matching. C alcu late p o s it io n s ,  
f lu x e s ,e r r o r s ,r e l ia b i l i t y  fa c to r s  fo r  a l l  
d e te c tio n s  in c lu d in g  unmatched peaks.

INITIALISATION 
Evaluate observing m ode,spacecraft a tt itu d e  
t o t a l  in te g r a tio n  tim e.
Locate sun-diode v e to .
Locate data errors and c o r r e c t .
Correct fo r  sec to r  generator ra te  error .
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( i i i )  P arts o f the data a ffe c te d  by the sun diode veto  (see
Table 2 .3  and F ig . 2 .8 )  are flagged  to  avoid  background 
f i t t i n g  problems, e t c .

( iv )  Telemetry problems, and more r a re ly  fa u lt s  in  the space­
c r a ft  data handling system , can o c ca s io n a lly  lead  to  
corrupt core data . Simple corruptions can u s a l ly  be 
r e c t i f i e d  or , i f  n ecessary , the value r e s e t  by in te r p o la tio n .

(v ) A s l ig h t  fa u lt  in  the sec to r  generator c lo ck  (see  Table 2 . 3 )  
lea d s to  the la s t  sec to r  being only 0 .4  se c to r s  wide ( i . e .  
one r o ta tio n  s  1023.4 s e c to r s ) .  This r e s u lt s  in  both a 
d is to r t io n  in  the azimuth sca le  and low exposure in  the  
la s t  s e c to r . A co rrectio n  fo r  th ese  e f f e c t s  i s  made at 
t h i s  s ta g e .

(C): I f  the data q u a lity  i s  too low, e ith e r  because o f  data corruption  
or large  errors in  the b a s ic  o rb it param eters, the o rb it cannot
be an a lysed . These o r b its  are r e je c te d .

(D): Exposure time i s  ca lcu la ted  from the t o t a l  exposure time at a 
s e r ie s  o f p o in ts  every 16 sec to r s  ( ^  6°) around the sp in  plane 
by ev a lu a tin g  the Earth o c cu lta tio n  fa c to r , tak ing in to  account 
the o n /o f f  tim es fo r  the experiment (see  (É) above).

(E); The expected  p o s it io n s  and f lu x e s  fo r  a l l  catalogued sources in  
the f i e l d  o f  view o f  the experiment are ca lcu la ted  u sin g  the  
sp acecra ft a t t itu d e . The source l i s t  used i s  a composite 
catalogue o f  known x-ray  sou rces.

(F):  The background le v e l  i s  estim ated  em p ir ica lly  from an examination  
o f th e d a ta . The l e v e l  i s  derived  fo r  apparently sou rce-free  
reg ion s and i s  extrap olated  over the r e s t  o f  the d ata , constrained  
by th e requirement th at i t  be a reasonably smooth fu n ction  o f  
azimuth. Except fo r  reg ion s o f h igh source d en s ity  the back­
ground f i t  i s  u su a lly  remarkably good (see  F ig s . 2 .5  and 2 . 8 ) .

(h );  The d e te c tio n  rou tin e  searches fo r  a l l  peaks which have SNR ^ SNR . 
(u su a lly  2 .5  or The peaks are lo ca ted  in  decreasing
order o f  s iz e  u sin g  a g en era lised  le a s t  squares f i t t i n g  algorithm  
to  the azimuth response (note th at a p o in t-sou rce  w i l l  produce an 
azimuth response shaped peak i n . t h e  dat a ) .  The curve f i t t i n g  i s  
ite r a te d  u n t i l  acceptab le X va lu es fo r  the f i t  are obtained . 
Unacceptable X  ̂ va lu es w i l l  r e s u lt  from spurious peaks o f  various  
o r ig in s  ; th ese  w i l l  be r e jec te d  at t h is  s ta g e . A l i s t  o f  a l l  peaks 
and th e ir  a sso c ia tè d ' parameters i s  passed to  ( l ) .

( l ) :  Matching i s  achieved by comparing the se t  o f d etected  peaks w ith
the s e t  o f  sources pred icted  to  be in  the f i e ld  o f  view (see  (E) 
ab ove). The b est match i s  evaluated  by a ss ig n in g  a fig u re  o f  
m erit to  each a sso c ia tio n  o f  peak w ith  known source and ite r a t in g  
the procedure to  achieve an optimum so lu t io n . The d e ta i l s  o f  
t h i s  procedure are somewhat complex, but in  p ra c tice  the r e s u lt s  
are reasonably c o n s is ten t w ith  a manual a n a ly s is . In the case  
o f  h igh ly  confused reg ion s anomalous matches can occur and re­
course to  manual a n a ly s is  i s  n ecessary . This rou tin e  a lso  
ev a lu a tes  f lu x e s , p o s it io n s  and th e ir  a sso c ia ted  errors fo r  a l l  
matched sources, and a lso :for  a l l  "new sources" (unmatched d e tec tio n 's). 
Upper l im it s  to  the f lu x e s  o f  undetected sources can a lso  be d eter ­
mined.
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( j ) :  Output o f  the a n a ly s is  r e s u lt s  i s  u su a lly  in  the form o f
l in e p r in te r  l i s t i n g s  and histogram  p lo ts  ( e . g .  F i g . 2 . 5 ) .  The 
r e s u lt s  can a lso  be output in  a condensed, machine-readable
form in  order to  create  a f i l e  fo r  fu rth er  a n a ly s is .

The SCAN a n a ly s is  o f  the data i s  the b a s is  fo r  both immediate 

in te r p r e ta tio n  o f the o b serv a tio n s, and a lso  fo r  most fu rth er  processin g;  

fo r  example, the production o f  x -ray  l ig h t  curves or the determ ination o f  

source p o s it io n s . Much o f  th is  fu rther a n a ly s is  can a lso  be done auto­

m a tica lly  u sin g  a number o f  sp e c ia l purpose programs. Most o f  th ese

programs r e ly  on a "source data f i l e "  (SDF) produced by the SCAN a n a ly s is  

o f  a l l  the SSI o b serva tion s, e ith e r  on a s in g le  o rb it or summed orb it b a s is .  

The SDF i s  b a s ic a l ly  a machine-readable summary o f  the r e s u lt s  output by the  

SCAN a n a ly s is  ( see  s tep  (J) above). The stru ctu re  o f the o v e r a ll a n a ly s is  

scheme fo r  SSI data i s  shown in  F i g . 2.7*

The two rou tes shown from the SDF in d ic a te  the two main areas o f  

fu rth er  a n a ly s is  -  determ ination o f  source p o s it io n s  and the study o f time 

v a r ia b i l i t y  -  which represent the bulk o f  a l l  the a n a ly s is  performed on the 

SSI data . Not shown are the rou tes corresponding to  sp ec tra l a n a ly s is , or 

PST a n a ly s is , n e ith er  o f th ese  f i t  in to  the o v e r a ll structure  fo r  somewhat 

com plicated rea so n s.

Although much can be achieved w ith  autom atic p rocessin g  o f the data, 

a number o f  problems a r ise  which are e ith e r  d i f f i c u l t  or im possib le to  a llow  

fo r  in  the a n a ly s is  programs and have to  be so lved  e x te r n a lly , o ften  manually. 

These problems inclu de source confusion ( e s p e c ia l ly  in  the g a la c t ic  p la n e), 

spurious peaks in  the data ( e . g .  due to  so la r  x -r a y s ) , large  background 

e f f e c t s  due to  flu orescen ce  x -rays produced in  the Earth*s atmosphere and bad 

background f i t s  a r is in g  from unresolved source complexes near the g a la c t ic  

cen tre or from the steep  background gradient encountered where the E arth's  

limb o c cu lts  the x -ray  sky. Some o f th ese  problems are shown g ra p h ica lly  in  

F i g . 2 . 8 .
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2.8 Sections of SSI summed orbit histograms illustrating various 
problems with the data: (a) multiple sun pealzs due to solar
x-rays penetrating side of the collimators, and bad background 
fit (near sector 200) arising from unresolved source complex 
near galactic centre; (b) detection of atmospheric fluorescence 
x-rays resulting from enhanced solar activity; (c) steep 
background gradient (resulting in poor fit) at position where 
earth’s limb occults sky.
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2.4*1 Determ ination o f  Source P o s itio n s

The determ ination o f  so u r ce ,p o s it io n s  i s  an important fa c e t  o f

the a n a ly s is  o f  SSI d ata , although i t  i s  not g iven  much prominence in

th is  t h e s i s .  F u ll d e scr ip tio n s  o f the procedures and problems are

given  in  Cooke e t a l . (1978) and E lv is  (1978).

The d e te c tio n  o f  a peak in  the SSI data (norm ally a summed orb it

data s e t  fo r  p o s it io n a l work) enables the one-dim ensional p o s it io n  o f  the
Q 1

corresponding i - r a y  source to  be determined w ith  an accuracy '

where 0 ^  i s  the FWHM o f  the co llim ator  azimuth response (see  F ig .2.4)>

and SNR i s  th e s ig n a l- to -n o is e  r a t io  o f the d e te c t io n . The p o s it io n  in

the e le v a t io n  d ir e c t io n  ( i . e .  approxim ately perpendicular -  see F ig .2 .4 )

i s  only  determined to  w ith in  + where ^  i s  the FWHM o f the co llim ator

e le v a t io n  response (F ig .2 .4 ) .  The d e te c tio n  can thus be represented  as

a l in e  o f  p o s it io n  (LOP) on the sky w ith dim ensions ~  2A 0 x 2 ^ .  Such
2

LOPs can be p lo t te d  on a sky map d ir e c t ly  from the data contained in  the 

SDF. Scans over, a p a r tic u la r  x -ray  source w ith d if fe r e n t  sp acecraft  

o r ien ta tio n s  w i l l  y ie ld  LOPs in te r s e c t in g  at the p o s it io n  o f  the source 

w ith a range o f  p o s it io n a l a n g le s . An LOP map fo r  a s in g le  source i s  

shown in  F ig .2 .9 .  Com plications a r ise  in  reg ion s o f h igh source d en sity  

s in ce  in te r s e c t io n s  o f  LOPs a sso c ia ted  w ith  d if fe r e n t  sources can e a s i ly  

a r is e ,  making the determ ination o f  new source p o s it io n s  in  p a r ticu la r  rather  

complex.

The p r e c ise  p o s it io n  and errorbox fo r  a source can be determined from 

the LOPs by ev a lu a tin g  the jo in t p r o b a b ility  d is tr ib u tio n  in  the region  o f  

overlap of the LOPs. The o v era ll d is tr ib u tio n  i s  ca lcu la ted  by assuming 

th at the p r o b a b ility  d is tr ib u tio n  fo r  each LOP i s  a Gaussian o f  standard 

d e v ia t io n ^ , where d  i s  g iven  by:
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2.9 Line of position (LOP) nap for all SSI- observations of 2A12p1-290 
(= E]( Hpdrae) plotted in celestial coordinates, (iTunbers on line; 
refer to orbit and sector numbers of detections).

"ip. 2.10 Isoprobabilitp contour nap derived fron the LOPs shcvn in Fip.
Approxinatel” elliptical contours correspond to , 90n and 
99-71- probability respectively. Lrrorboxes (dashed lines) for 
AU and original 2A position determinations are also shorn, the 
solid lines are edges of the LOPs.
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0^  i s  an angle (%  em p ir ica lly  determ ined) which estim ates the

system atic  u n certa in ty  in  the lo c a tio n  o f  the LOP a r is in g  from errors  

in  the sp acecraft a t t i tu d e , and the fa c to r  l / 3  comes from a d e ta ile d  

con sid era tion  o f  the s t a t i s t i c s  (see  Cooke et a l . 1978).

The jo in t p r o b a b ility  d is tr ib u tio n  i s  then ju st the product o f  

the in d iv id u a l d is tr ib u t io n  (pu) evaluated  at each point in  the region  

o f in t e r e s t :
N

P (z ,y )  = ]  P i ( z ,y )  (2 .2 )

i=1

where the product i s  taken over the N l in e s  o f  p o s it io n . The b est

estim ate fo r  the p o s it io n  o f the source i s  the point o f maximum proba^

b i l i t y ,  and the errorbox i s  the contour which en c lo ses  ( t r a d it io n a lly )

90^ o f the t o t a l  in teg ra ted  p r o b a b ility . The p ro b a b ility  d is tr ib u tio n

contours ca lcu la ted  from the LOPs in  F ig . 2 .9  are shown in  F ig . 2 .1 0 .

Some idea o f  the p o s it io n a l accuracy p o ss ib le  using  th is  a n a ly s is

can be gained by con sid erin g  the case where the errorbox i s  determined

from N l in e s  a l l  o f  equal width o*^. The errorbox dim ensions w i l l  then

be o f  order For example, i f  each l in e  has SNR = 5> cT = 0?11 (from
N̂  °

eqn. 2.1 w ith  0^ = O.O7 ) ,  fo r  5 l in e s  o f p o s it io n  the r esu lta n t p o s it io n a l

accuracy would be ~  0?05 ^  3 arc m inutes. This assumes th at the l in e s

overlap p e r fe c t ly ;  in  p ra c tice  th is  i s  u n lik e ly  to  be the case and the

true p o s it io n a l accuracy w i l l  be sev era l tim es ( 3 )  worse than that

estim ated . The l im it in g  accuracy obtainable from the SSI data i s  s e t  by

the s iz e  o f  8  . I f  SNR i s  large enough, ( ~ ^ ) ^ 6  ,SNR/ - ' o ’ errorbox
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s iz e  w i l l  depend only  on the number o f  LOPs, The la r g e s t  number o f  

LOPs norm ally a v a ila b le  fo r  a w ell-ob served , strong source i s  ~  25> 

which would g iv e  a p o s it io n a l accuracy o f  ^  1 arc m inute. Again th is  

i s  an overestim ate o f  the r e c is io n  a v a ila b le . The em pirical l im it ,  

derived  from the errorbox s iz e s  o f  the stro n g est sou rces, i s  ~  2 arc 

m inutes.

2 .4 .2  ■ Determ ination o f  Source I n te n s it ie s

Time v a r ia b i l i t y  o f  x -ray  sources i s  a major part o f th is  t h e s is .

I t  i s  important th erefo re  to  e s ta b lis h  in  d e t a i l  the way in  which in ten ­

s i t i e s  are derived  from the data , and how various errors in  the in te n s ity  

measurement a r is e .  The procedure d iscu ssed  here fo r  determ ining the  

in te n s ity  o f a source, and for  estim atin g  the errors i s  m athem atically  

very s im ila r  to  th at implemented in  the SCAN program ( i . e .  as in  step  ( l )  

o f F ig . 2 .6 ) .

In gen era l the t o t a l  count accumulated at a p a r ticu la r  poin t in  one 

o r b it ' s  observation  w ith  the SSI w i l l  be made o f  con tr ib u tion s from three  

separate sources o f  x -ray photons -  c^ the count from a d is c r e te  source 

in  the f i e l d  o f  view , c^ the count from the d if fu s e  x -ray background and 

c^ the count from the non x-ray (p a r t ic le )  background even ts:

0 = Og + (Od + 0^) (2 . 3 )

The t o t a l  background con tr ib u tion  (c^ + c^) i s  estim ated  em p ir ica lly  (see

f  2 . 4 ); g iv in g  Cg d ir e c t ly .  The to t a l  count from the source, assuming

i t  to  be a po in t source, i s  g iven  by the in te g r a l o f c^ over the azimuth

response f ( 9  ) (see  F ig . 2 . 4 ):
rôa

0s . f ( 9  ) d9 (2 . 4 )
6)

8,
where m i s  the angular v e lo c i ty  corresponding to  the scan ra te  o f the SSI, 

and 6^,9^ are an gles w e ll e ith e r  s id e  o f  the source p r o f i le .  Since the
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azimuth response i s  w e ll approximated by a tr ian gu lar  fu n ction  

(FWHM ( 0^) ^  0 . 9° ) ,  eqn. (2 .4 )  can be re -w r itten  :

Cg = e W t ( 0 ) i g  (2 . 5 )

where g(^ ) i s  the e lev a tio n  response fu n ctio n  (see  F ig . 2 .4 ) ,  Ig i s  

th e source in te n s ity * , and t (0  ) i s  the source exposure tim e which 

tak es in to  account both the fa c to r  (”̂ |^) a r is in g  from the in te g r a l in  

eqn. ( 2 .4 ) ,  and th e azimuth dependence a r is in g  from the v a r ia tio n  in  

Earth screen ing  o f  sources at d if fe r e n t p o s it io n s  in  the scan , i . e .

t( 0 ) - i i  T (9 ) (2 .6 )

where T (0 ) i s  the to t a l  exposure time at azimuth 0 per o r b it .

From eqn. (2 . 5 ) i t  i s  c lea r  that the error in  the derived  in te n s ity ,  

I g , i s  g iven  by:

f  - f  ( a . , )
s 8

The fa c to r  -g— , where SNR i s  the s ig n a l- to -n o is e  r a t io  for  the
s

peak (as in  ^ 2.4*1 )• In the case where the source i s  weak the Poisson  

f lu c tu a tio n s  o f  the background dominate the n o ise  g iv in g  Sc^ %

Using the ty p ic a l background in te n s ity ,  and the exposure tim e va lues quoted 

in  Table 2 .3 ,  Sc^ fo r  a source on a x is  (g (^ ) = 1) w i l l  be:

* The " in te n s ity ” used h ere, and e x te n s iv e ly  throughout t h is  t h e s is ,  i s  
ju st the corrected  count-rate  which i s  r e la ted  to  the f lu x  d en sity  S 
from the source by:

®2
é(E) A S(E) dE (2 .8 )

where £ i s  the e f f ic ie n c y ,  A i s  the e f f e c t iv e  area o f  the d e tec to rs  
and Ei and E2 are the lower and upper energy l im it s  o f  th e experim ent. 
See Cooke e t a l . (1978) fo r  fu rther d e t a i l s .  I n te n s it ie s  o f  th is  sort 

are commonly used in  x -ray  astronomy.
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S c  % 2 counts s  ̂ ( 2 . 9 )s

or for  in teg r a tio n  over N o r b its :

S c  count s  ̂ (2 . 10)

Thus eqn. (2 .7 )  becomes

S i
2. »  —i - r  + k  + k  (2 , 11)

C N* ® ^s

E rrors in  the exposure time ( t (9  )) a r ise  from both the inherent

accuracy o f  the tim ing d ata , and a lso  from p o ss ib le  u n ce r ta in tie s

d er iv in g  from the error in  the sp acecraft a t t itu d e . Both sources o f

error norm ally con trib u te  only a few percent to  the to t a l  error in  the

in t e n s it y  ( ~  ^  0 .0 2 ) except in  cer ta in  abnormal con d ition s (corrupt

tim ing data , e t c . ) .  On the other hand errors in  the sp acecraft a tt itu d e

can cause su b s ta n tia l errors in  the e le v a t io n  response fa c to r  ( g ( 0 )) fo r

large  source e le v a t io n s . P ig . 2.11 shows the fr a c t io n a l error ( ^ )  a r is in g

from an error in  0 , S0 = O.05 0i_% 0?5, as a fu n ction  o f  0 . Errors as
2

large as t h is  w i l l  occur for  cer ta in  reg ion s o f the spin  plane i f  the 

a tt itu d e  u n certa in ty  has a value o f  0?5 (see  Table 2 .3 ) .  The average 

value o f  ^0 over the whole sp in  plane w i l l  o f  course be rather le s s  than 

t h i s .  N everth e less  the rapid in crease  in  ( ^ )  for  0 6° s e r io u s ly

a f f e c t s  the accuracy o f in te n s ity  measurements made at higher source 

e le v a t io n s . This i s  i l lu s t r a t e d  in  F ig . 2 .12 which shows, fo r  a v a r ie ty  

o f source e le v a t io n s , the minimum in te n s ity  measurable to  an o v e ra ll accuracy  

o f 20^ as a fu n ction  o f  the number o f o r b its  over which the s ig n a l i s  in t e ­

grated . I t  i s  c lea r  th a t fo r  high source e le v a t io n s  the in te n s ity  error i s  

dominated by the e f f e c t s  o f a tt itu d e  errors on the co llim ator  response 

fa c to r . For t h is  reason l ig h t  Curves o f even strong sources at high e le v a t io n s  

are nowhere nearly  as u se fu l as those obtained w ith the source near the sp in  

p la n e .
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Fiff, 2.11 The function  ( ^ )  p lo tted  against source e lev a tio n  ^ assuming
an error in  o f 6(j> = 0.05 0 .5 °  (see  te x t for  more d e ta ils )

2

1 day I s le t

CO
CO

1003 10 30
No. of orbits (N)

F ig . 2.12 Minimum source in te n s ity  as a function  of no. of o rb its
over which d etection  i s  in tegrated  p lo tted  for  a variety  of 

source e lev a tio n s with S = 0.05 î.* Dashed lin e  corresponds 
to5(|> = 0 for (|) = 0° (see tex t for  more d e t a i l s ) .
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The f in a l  fa c to r  which can sometimes a f f e c t  the accuracy o f  

in te n s ity  measurements i s  source con fu sion . Since the FIVHM response 

o f  the co llim a to r  in  azimuth has a width o f  % 2 .75  sec to r s  ( % 0?9)j 

sources w i l l  he confused i f  the separation  o f  the cen tres o f  th e ir  peaks 

in  the data i s  l e s s  than ^ 5 * 5  s e c to r s . In the worst c a se , where the 

peaks are ex a c tly  a lig n ed , no in te n s ity  determ ination (except fo r  an 

upper l im it )  i s  p o ss ib le  u n less  the in te n s ity  o f  one o f  the sources can 

be independently estim ated . In the le s s  severe s itu a t io n  where the peaks 

overlap but can be reso lv ed  (sep aration  > 2 .7 5  se c to r s )  a d d itio n a l uncer­

ta in ty  in  the in te n s ity  determ ination a r is e s  from the source f i t t i n g  pro­

cedure sin ce  the in t e n s i t ie s  o f the two peaks cannot be derived uniquely  

in  the presence o f  background n o is e . The errors introduced by source 

confusion are on ly  im portant, however, i f  confusion  i s  w ith an approxim ately 

equal stren gth  or stronger source.
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Chapter 3 

HIGH-MASS X-RAY BINARIES

3.1 In trodu ction

One o f the most important d isc o v er ie s  to have emerged from 

x-ray astronomy sin ce  1970 i s  the ex isten ce  o f a c la s s  o f x -ray  

binary system s c o n s is t in g  o f a high-mass s ta r  and an approxim ately 

so la r  mass compact o b jec t. Observations w ith  the Uhuru s a t e l l i t e  in  

1971 revealed  the e x is ten ce  o f the f i r s t  member o f t h is  c la s s ,  Gen X-3 

(Schreier e t  a l . 1972). The binary nature o f Cen X-3 was apparent, 

both from th e e c l ip s in g  nature o f the x -ray  l ig h t  curve, and from the 

c y c lic  v a r ia tio n s  in  the period o f 4 .8  second p u lses d e tec ted . Schreier  

e t a l . ’s i n i t i a l  a n a ly s is  in d ica ted  that the companion o f the x-ray source 

had to be m assive (M ^  I7 Mg). Subsequent o p t ic a l id e n t if ic a t io n  o f Cen X-3 

w ith a 13^ 0 I I I  s ta r  (Krzeminski 1973) confirmed th is  system as a high-mass 

binary.

Since then sev era l new members o f t h is  c la s s  have been id e n t if ie d ;  

they now number about 20 (o f .  Table I . 5 ) .  As d iscu ssed  in  ^ 1 .3 .7  x-ray  

b in a ries  w ith  a high-mass companion s ta r  have a wide range o f observational 

s im i la r i t ie s .  T h eoretica l models for  systems of th is  type are su c ce ssfu l  

in  exp la in in g  the o v e r a ll fea tu res  o f the x -ray em ission ( ÿ  1 .2 .2  -  1 .2 .6 ) ,  

and th e ir  r e la t iv e  abundance in  the galaxy 1 .2 .7 ) .

For th e sm all number o f sources in  th is  c la s s  which have been stud ied

e x ten s iv e ly  both o p t ic a l ly  and at x -ray  w avelengths, many p ro p erties  of the 

binary system are w e ll e sta b lish ed  (in  p a r ticu la r  the o r b ita l elem ents and 

m asses). For th is  reason the study o f  th ese  sources no longer fo cu sses  on

the nature o f the system , the emphasis having s h if te d  to  an understanding of

the physics o f the m ass-loss and a ccretion  p ro cesses , and to  the nature o f  

the compact o b je c t .
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3 .2  4U0900-40 (V el. X -1)

3 .2 .1  Background

The binary nature o f Vel X-1 was revea led  by OSO-7 and Uhuru 

observations o f  the source made in  1972 (Ulmer et a l . 1972; Forman 

e t  a l . 1973) which e s ta b lish e d  th a t the x -ray  l ig h t  curve showed an 

x-ray  e c l ip s e  la s t in g  -^2 days recurring  w ith  a period o f  ^  9 days.

Vel X-1 was subsequently id e n t if ie d  w ith  ED 77581, an ea r ly -ty p e  

supergiant w ith  photom etric v a r ia b i l i t y  at p r e c is e ly  the same period  

(H iltn er  1973} V idal e t  a l . 1973a, b; Jones and b i l l e r  1973).

O ptica l s tu d ie s  o f  HD 77581 (see  e x c e lle n t  review  by V idal 1976) 

in d ic a te  a complex pattern  o f  gas flow s w ith in  the system . The photo­

m etric l ig h t  curve shows two peaks per b inary cy c le  as i s  expected from 

th e e l l ip s o id a l  v a r ia tio n s  o f  the primary (which i s  c lo se  to  f i l l i n g  i t s  

R och e-lob e), but a lso  considerab le  sc a tte r  which has been a ttr ib u ted  to  

c ircu m ste lla r  m ateria l in  the system . High d isp ersio n  sp ectra , in  par­

t ic u la r  o f  the Hoc l in e ,  show a com plicated p r o f i le  composed o f  severa l 

phase-dependent components, which has been in terp reted  in  terms o f  gas 

flow s w ith in  the system ( e .g .  B esse l e t a l . 1975).

E arly x -ray  observations o f  Vel X-1 had in d ica ted  i t s  v a r ia b il i ty  

on a range o f t im e sc a le s , but had f a i le d  to  d e tec t regu lar p u lsa tio n s . 

P u lsa tio n s  were ev en tu a lly  d iscovered  in  1975 by the SAS-3 s a t e l l i t e  

(McClintock e t  a l . 1976) at a period o f  ^  283 seconds, almost two orders 

o f  magnitude longer than had p rev iou sly  been seen in  a steady source ( e .g .  

Cen X-3 or Her X -1) ,  but o f the same order as the periods e sta b lish e d  in  

the "transient"  sources A III8- 6I and A0535+26 by the A r ie l V s a t e l l i t e .

X-ray and o p t ic a l observations o f  Vel X-1 have provided the e c lip s e  

duration , x -ray  and o p t ic a l mass fu n ction s and the sp ectroscop ic  mass o f  

the primary s ta r ,  a llow in g  the determ ination o f  the o r b ita l elem ents o f
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the system  w ith  an accuracy mainly determined hy the errors in  the  

observed q u a n t it ie s , and our understanding o f the ways in  which the 

system departs from the sim ple binary model assumed.

3 .2 .2  SSI O bservations and A nalysis

Vel X-1 was scjanned by the SSI on ^  9OO separate s a t e l l i t e  

o r b its  between 1974 November and 1976 A p r il, in c lu d in g  coverage in  

17 b inary c y c le s .  The extended l ig h t  curve o f  th ese  observation s i s  

shown in  F ig . 3 .1 .  Table 3.1 summarizes the SSI o b serva tion s, and 

in c lu d es some derived  q u a n tit ie s  d iscu ssed  la t e r .

A ll the data presented  r e fe r  to  s in g le  o rb it observation s in  the  

SSI h igh-energy system  (->* 2 -  I8 keV) w ith a time r e so lu t io n  o f 100 min. 

The gaps in  the l ig h t  curve a r ise  p r in c ip a lly  from s a t e l l i t e  o r b its  in  

sp e c tra l mode where Vel X-1 i s  out o f  the f i e l d  o f  view , and a lso  from 

c a lib r a tio n  and command o r b it s .  The f lu x e s  have been corrected  fo r  both  

exposure time and the co llim a to r  response.

The c h a r a c te r is t ic s  o f the l ig h t  curve and th e ir  p o ss ib le  o r ig in  

are d iscu ssed  in  S ectio n  3 .2 .3 .

(a) Binary Period

The binary nature o f  Vel X-1 was e s ta b lish e d  by Ulmer e t a l . (1972), 

and the f i r s t  accurate period  was g iven  by Forman et a l . (1973) from Uhuru 

ob serv a tio n s. The id e n t i f ic a t io n  o f Vel X-1 w ith HD 77581 (H iltn er  1973; 

Vidal e t  a l . 1973 a ,b )  has allow ed o p t ic a l measurements o f the period to  

be made from both the r a d ia l v e lo c i ty  and l ig h t  a m p litu d e .v a r ia tio n s. The 

most accurate o p t ic a l  period  was quoted by Hutchings ( 1974b) based on ra d ia l  

v e lo c i ty  curves spanning 17 y r . He gave P = 8^.966 + 0^ .001.

Accurate x -ray  determ inations o f the o r b ita l period have so fa r  

been based on the spacing between e c lip s e  c en tr e s . A nalysis o f the o r b ita l  

v a r ia tio n s  o f the p u lsa t io n  period w i l l  o f  course ev en tu a lly  provide the  

most accurate measure o f  the b inary period . U n til now the most accurate
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X —ray period  i s  P = 8^.963 0^,001 (Charles e t a l . 1976), determined

from Copernicus and Uhuru e c lip s e  cen tr es .

Table 3 .2  summarizes the time o f the e c lip s e  cen tres taken from 

p ublished  data and th ose determined from the SSI ob serv a tio n s. A le a s t  

squares f i t  to  th is  data y ie ld s  the fo llo w in g  improved period (P) and 

epoch o f  e c l ip s e  centre (phase 0 .0 )

P  <. 8 '^ . 964  +  o '^ .0 0 0 5  ( l < r  ) E q  Q -  JU I) 4 2 6 2 0 . 3 0  +  0 . 0 5  ( la *  )

These va lues are in  good agreement w ith  th ose quoted by Charles e t  a l . 

but are not e n t ir e ly  co n sisten t w ith  H utchings’ r e s u l t .  The discrepancy  

between the periods su ggests  e ith e r  th at the errors have been underestim ated  

or th at th e period i s  changing. I f  the d iffe re n c e  i s  r e a l ,  the change i s  

o f  the same order (P /P 'v  10  ̂ y r) as th at observed in  Cen X-3 (Tuohy 1976) 

and thus might a r ise  through some form o f  t id a l  in te r a c tio n  ( o f .  P rin gle  

1974).

By ex tra p o la tin g  our epoch o f phase zero (= superior conjunction  

o f the X —ray source) back to Hutchings' ( 1974b) epoch, we get a minimum 

d iffe re n c e  o f  0^ .21 , corresponding to  i f  our estim ate o f the errors

on h is  epoch i s  c o r r e c t . This d iscrepancy may be in terp reted  as a constant 

phase d if fe re n c e  between the x -ray and o p t ic a l e c lip s e  cen tres amounting to

^ = 0 .0 2 3 . A phase d iffe re n c e  o f  t h is  order couldf '^o,x-ray ^o,Opt

a r ise  through mass flow  w ith in  the binary system which i s  asymmetric

r e la t iv e  to  the o p t ic a l primary (Rappaport e t  a l . 1976).

(b) E c lip se  Duration

The d e f in it io n  o f  the x -ray e c l ip s e  i s  b e se t w ith sev era l problems 

which have le d  to  a va r iety  o f va lu es being quoted, ranging, from 1.7 to  

2 .0  days. This range r e f le c t s :

( i )  The in t r in s ic  v a r ia b il i t y  o f  the e c lip s e  duration;

( i i )  the energy dependence o f the e c lip s e  width;

( i i i )  the s e n s i t iv i t y  and time r e so lu t io n  o f the ob serva tion s.
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R ecently  Avni and B ahcall (1975Ô have s tr e s se d  the importance o f  

th e e c lip se -w id th  determ ination in  d er iv in g  the mass r a t io  fo r  the  

binary system . I t  was w ith  t h is  in  mind th at we attempted to  obtain  

the b est p o ss ib le  e c l ip s e  p r o f i l e .

F ig . 3 .2  shows the Vel X-1 data fo ld ed  modulo 8^.964 and d iv ided  in to  

100 phase b in s . Only th ose b in s around the e c l ip s e  centre are shown. The 

t r a n s it io n  i s  not abrupt fo r  e ith e r  e c l ip s e  entry or e x i t ,  so the phase o f  

e c lip s e  e n tr y /e x it  has been determined from a lin e a r  f i t  to  the b in s d e fin in g  

the e c l ip s e .  To some exten t the choice o f  b in s i s  su b je c tiv e , and the 

errors have been estim ated w ith  th is  in  mind. The e n tr y /e x it  phases are 

d efin ed  here as the p o in ts  where the lin e a r  f i t  cro sses  1 = 2  co u n ts/s  

sin ce  t h is  i s  the 3 o' upper lim it  on the source in te n s ity  in  e c l ip s e  (see  

l a t e r ) .

The e c l ip s e  width i s  A /  = 0.188 + O.OO7 as a phase, or AT = 1^.69

+ 0 . 06 . This corresponds to  an e c lip s e  sem i-angle = 33° 8 1° 3 .

Since t h is  value i s  derived from the folded-b inned  histogram of, a l l  the 

data , i t  i s  in  a sense an average v a lu e , but the increased  s e n s i t iv i t y  

obtained by binning a llow s us to  regard i t  as a minimum v a lu e .

Our value i s  considerab ly  sm aller than e ith e r  the Uhuru width 

Q q = 38° + 1° (Forman et a l . 1973)» or the Copernicus r e s u lt  0 g  = 39° 8 

+ 0 ° 4  (Charles e t  a l . 1976). The d iffe re n c e  must in  part be due to  the

's o f te r '  energy range o f  both th ese  experim ents, s in ce  in  general terms 

the e c lip s e  width i s  expected to  vary in v e r se ly  w ith energy in  the x-ray  

band. In a d d ition  the in d iv id u a l e c l ip s e  e n tr y /e x it  tim es g iven  in  

Table 3 .2  i l lu s t r a t e  the in t r in s ic  v a r ia b i l i t y  o f  the e c lip s e  w idth.

Only by m onitoring the source fo r  many c y c le s  can one hope to  e s ta b lish  

the minimum e c lip s e  w idth.

Avni ( 1976) has g en era lised  the a n a ly s is  o f the e c lip s e  duration  

o f  Vel X-1 to include the e f f e c t s  o f  both e c c e n tr ic ity  and departures
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from c o r o ta tio n . R eferring to  h is  Table 2 , which i s  ca lcu la ted  using  

th e most recen t x -ray (McClintock e t  a l . 1976) and o p t ic a l (van Paradijs  

e t  a l . 1976) r a d ia l v e lo c i ty  data , our cen tra l value 0  ̂A) 34° im p lies  

the fo llo w in g  r e s t r ic t io n s  on the value o f the in c lin a t io n  angle i :

M
fo r  ( j p  = 0 . 072)

opt

( i )  For no primary r o ta tio n  ( w = O), i  ^ 68 ;

( i i )  For ’average' co ro ta tio n  i  > 77 ;

( i i i )  For co ro ta tio n  at p eriastron  ( u  . = W . )  i  ^  82°.' ' ' ro t p er i

We note th a t fo r  = 0 th e range o f in c lin a t io n  angles i s  somewhat

la rg er  than i s  u su a lly  considered fo r  Vel X -1.

During e c lip s e  Vel X-1 i s  never seen above the d e te c tio n  le v e l

(/%/ 5 SSI counts s 'a t  b e s t )  on s in g le  s a t e l l i t e  o r b it s .  The x-ray in te n s ity

in  e c lip s e  can be b e tte r  estim ated  by summing the data from in d iv id u a l o r b it s .  

F ig . 3 .3  shows the histogram  o f  the sec to r  data from a sum o f I7 o r b its  

centred on phase zero o f  c y c le  (55) where the source e le v a t io n  from the 

s a t e l l i t e  sp in  plane was ^ 1 °  g iv in g  near optimum s e n s i t iv i t y .  The nearby 

supernova rem nants, Vela X and Puppis A, are c le a r ly  reso lv ed , but there i s  

no apparent em ission  from Vel X -1. The 2>& upper l im it  to the source f lu x  

i s  2 .0  SSI counts s".* Assuming a d istan ce  o f ^  2 kpc fo r  Vel X-1 (Zuiderwijk

e t  a l .  1974) ,  t h i s  im p lies  6 x 10^  ̂ erg s’’in  e c l ip s e .

(c )  C h a r a c ter is tic s  o f  the Light Curve

From an in sp ec tio n  o f the l ig h t  curve presented in  F ig . 3 .1 , the  

fo llo w in g  fe a tu r e s  emerge :

( i )  some c y c le s  are very "quiet" , ch aracterized  by both a low 
in te n s ity  le v e l  and l i t t l e  v a r ia b i l i t y ,  e .g .  c y c le s  (2 ) and 
e s p e c ia l ly  ( 54 );  on the other hand evidence o f f la r in g  i s  
seen on sev e r a l c y c le s , p a r tic u la r ly  cy cle  ( 31) where a 
f la r e  la s t in g  1 day reaches a peak in te n s ity  o f 307 SSI 
counts s“*(corresponding to  0 .8  o f the Crab in t e n s i t y ) .
The o v e r a ll average o u t -o f -e c l ip s e  in te n s ity  i s  30 SSI 
counts s*;
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( i i )  the range o f  in t e n s i t ie s  seen on most c y c le s  i s  about
an order o f magnitude;

( i i i )  although some fea tu res  are common to con secu tive  c y c le s ,
t h i s  i s  by no means the ru le  and there i s  l i t t l e  s im ila r ity  
in  observations separated by more than a few binary periods;

( iv )  whereas many c y c le s  show evidence fo r  in t e n s it y  d ips ( e .g .
cy c le  (5 8 ) ) ,  which have p rev io u sly  been in terp reted  as absorp­
t io n  fea tu res  due to  an a ccre tio n  wake near the compact secon­
dary (Eadie e t a l . 1975; c f .  Jackson 1975), the o v e ra ll pattern  
i s  h igh ly  va r ia b le  w ith  l i t t l e  evidence fo r  s ta b le  absorption  
d ip s on in d iv id u a l c y c le s .  The in te r p r e ta tio n  o f h igh - and 
lo w -in te n s ity  s ta te s  in  terms o f  absorbing m ateria l i s  provided  
by sp ectra l data taken at the end o f cy c le  (57 ) and during 
cy c le  (5 8) ,  c le a r ly  showing th a t the h ig h -in te n s ity  s ta te s  
are ch aracter ised  by l i t t l e  absorption  (Eg, < 1 keV), whereas 
th e lo w -in te n s ity  s ta te s  are ch ara cter ised  by heavy absorption  
(Eg ~  5 keV) ,  where Eg i s  the energy at which the source 
in te n s ity  i s  reduced to  e“ 1 o f  the rad ia ted  v a lu e . S im ilar  
evidence was found in  the e a r l ie r  SSI sp e c tra l data (Eadie 
e t  a l .  1975) .

F ig . 3 .4  shows the histogram o f a l l  the Vel X-1 data fo ld ed  modulo 

8^.964 and d iv ided  in to  50 phase b in s . O bviously many in d iv id u a l fea tu res  

are smoothed out by t h is  techn iq ue, but the gro ss  fea tu res  which emerge are:

( i )  general absorption reg ion s between phases 0 .2  -  O.4  and
0 .5  -  0 . 7 . We cannot exclude the p o s s ib i l i t y  o f a secondary 
maximum phase ~  0 .6 ,  as found fo r  CenX-3 (Pounds e t a l . 1975), 
though the evidence fo r  t h is  i s  very weak;

( i i )  the mean in te n s ity  i s  higher in  the f i r s t  h a lf  o f  the fo ld ed  
data; the mean f lu x  over phases O.5 -  0 .8  i s  23 percent 
lower than the mean f lu x  over phases 0 .12  -  0 .5 ;

( i i i )  e c l ip s e  entry has a longer tim esca le  0^ 7) than e c lip s e  
e x it  (<  0^.4 ) (see  a lso  F ig . 3 .2 ) .  This behaviour i s  a lso  
seen on sev era l in d iv id u a l c y c le s ,  e .g .  cy c le  (3 0 ) .

3 . 2 .3  In terp reta tio n

The primary s ta r , HD 77581 , i s  a ~ 2 1  supergiant o f sp ec tra l
—7 -Ic la s s  BO, 5 Ib and m ass-loss  o f  approxim ately 10 yr i s  expected by

s t e l l a r  wind (Earners e t a l . 1976). This i s  p o ss ib ly  confirmed by o p t ic a l  

ob servation s (see  review  by V idal I976) .  Such a wind w i l l  be focussed  

in  th e g r a v ita t io n a l f i e ld  o f the secondary g iv in g  r is e  to  x -ray  em ission
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(P r in g le  and Rees 1972; Davidson and O striker 1973) and th e supersonic  

passage of the secondary through th is  wind w i l l  r e s u lt  in  a bow shock and 

a ccre tio n  wake (Pounds e t  a l . 1975, Jackson 1975). The accretion-wake  

model was developed by Eadie e t  a l . (1975) fo r  Vel X-1 to  p red ict an up­

stream ( i . e .  preceding the o r b itin g  secondary) as w e ll as a down-stream 

a ccre tio n  wake, and t h is  can exp la in  the absorption  stru ctu re  between phases. 

0 .2  and 0 .4 , as w e ll as the more general absorption between phases 0 ,5  and 

0 . 7 . A phase d iffe re n c e  o f  180° between th ese  two absorption  reg io n s, as 

p red icted  from the geometry o f the shock cones, i s  d i f f i c u l t  to  confirm  

from the observations s in ce  the broad absorption  fea tu res  have no c lea r  

s tr u c tu r e , com prising the summation o f  many phase-independent absorption  

dips over many c y c le s .

The sim ple model o f the s t e l la r  wind and s t a t ic  shock cone i s ,  

however, c le a r ly  inadequate to  exp la in  the v a r ia b i l i t y  in  the x-ray em ission  

from cy cle  to  c y c le . Com plications to  the s t e l la r  wind model r e s u lt  from - 

con sid era tion s o f the ra d ia tio n  pressure-driven  m ass-lo ss  from the outer  

reg ion s o f  an a ccre tio n  d isc  (Wickramasinghe 1974). In p a r tic u la r , the  

r e la t iv e ly  long decay time lead in g  in to  e c l ip s e  could be caused by the 

o p t ic a l ly  th ick  gas streams f a l l in g  back on to  the primary su r fa ce . Further­

more, ra d ia tio n  pressure from the f l a t  x -ray  spectrum o f  Vel X-1 w i l l  tend to  

reduce the s t e l la r  wind from th at part o f the primary en f a c e , except near 

the eq u atoria l p lan e. A shock region  i s  pred icted  to  a r ise  from the in te r ­

a ctio n  o f the primary s t e l la r  wind and the o u t-flow in g  m ateria l from the 

outer parts o f  the a ccre tio n  d is c .

Evidence fo r  Roche-lobe overflow  in  the Vel X-1/HD 775^1 system i s  

provided by h ig h -d isp ersio n  measurements o f the Hot em ission  and absorption  

p r o f i le s  (B e sse ll  e t  a l .  1975) and ob servations o f He I I  A 4686 em ission  

from the region  between the two s ta r s  (Hutchings 1974b). Such overflow  may
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occur on ly  a t p eriastron  (Hutchings 1974a). B e s s e ll  e t a l . (1975) form 

a p ictu re  o f  the main gas streams in  the system hy an in te r p r e ta tio n  o f  

the complex Hoc absorption p r o f i le s  as a fu n ction  o f  phase (shown in  F ig , 

3 . 5 ) .  The main gas stream i s  found to  flow  from the inner Lagrangian 

point L I, though th ere appears to  be fu rth er  m ateria l roughly on the  

opp osite s id e  o f  the primary to  the main stream , and emanating e ith e r  

from L3 (u n lik e ly , s in ce  t h i s  would mean fa r  more a c t iv i t y )  or e ls e  from 

the a ccre tio n  d isc  around the secondary. Hondo e t a l . (1976) consider  

the e f f e c t  o f  ra d ia tio n  pressure upon the Roche eq u ip o ten tia l surface and 

conclude th a t m ateria l le a v in g  LI w i l l  have access to  the whole system , 

thus supporting the gas stream model o f B e s s e l l  e t a l . ■ The main stream, 

lea v in g  LI and flow in g  past the secondary (w ith  some capture and a ccretio n )  

would tend to  d isru p t any standing shock wave formed by a s t e l l a r  wind, and 

would cause any absorption d ip s to become irreg u la r  from c y c le  to  c y c le ,  

both in  depth and phase.

The m ateria l suggested  by B e s s e ll  e t  a l . (1975) to  be concentrated  

roughly in  reg ion  B (F ig . 3 .5 )  on the opp osite  s id e  o f the secondary from 

the main gas stream would tend to  produce x -ray  absorption centred near 

phase 0 .1 .  The emergence from x-ray e c l ip s e  i s ,  however, o ften  sharp and 

a broad absorption  fea tu re  i s  evident over phases 0 .2  -  0 .4 .  This would 

place the absorbing m ateria l c lo se r  to  the a ccre tio n  d isc  and tend to  support 

i t s  o r ig in  th ere ( o f .  Wickramasinghe 1974).

The p o s s ib i l i t y  o f  a large  part o f  the absorption b eing  caused by 

m ateria l in  th e outer reg ion s o f the a ccre tio n  d isc  would tend to  fu rther  

enhance the ir r e g u la r ity  o f  in d iv id u a l d ips in  the x-ray l ig h t  curves. I f  

the o v era ll absorption  fe a tu re s  were mainly due to  th is  m a ter ia l, however, 

th e  phase dependency would presumably riot be as g r ea t , and there would be 

no observed lack  o f  absorption  near phases 0,1 and 0 . 5 .
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The appearance o f  f la r e s ,  both in  the present data and in  th at  

o f Uhuru (Forman e t a l . 1973) perhaps supports the su ggestion  o f  at le a s t  

some a ccre tio n  by Roche-lobe overflow . The lum inosity  o f  th ese  f la r e s  

reached a maximum of ^  10^^ e r g /s ,  s t i l l  w e ll below the Eddington lim it  

o f ~ 2 .1 0 ^ ^  e r g /s  fo r  a 1 .5~Mg compact o b je c t . Shakura and Sunyaev 

( 1973) and P r in g le  (1973) pointed  out th at Roche-lobe overflow  would lead  

to  ’sm othering’ o f the x -ray em ission , but Hondo e t a l . (1976) have in v es­

t ig a te d  the e f f e c t  o f ra d ia tio n  pressure on the Roche eq u ip o ten tia l surface  

and found th a t the amount o f  matter accreted  w i l l  be decreased by th is  

e f f e c t .  E xcessive  Roche-lobe overflow  may, however, be invoked to  exp la in  

the low in t e n s it y  o f  the source during some c y c le s .

The combination o f  s te lla r -w in d  a ccretio n  w ith the a sso c ia ted  shock 

reg ion s and a ccre tio n  wakes, togeth er  w ith  major d isturbances by m aterial 

driven o f f  the a ccre tio n  d isc  by ra d ia tio n  pressure and m ateria l accreted  

from Roche-lobe overflow  near p er iastron  thus exp la in s q u a lita t iv e ly  most 

o f  the observed fe a tu re s  in  the x-ray l ig h t  curve.

A g rea ter  understanding o f the x -ray  l ig h t  curves w i l l  have to  await 

d e ta ile d  th e o r e t ic a l  computer sim ulations o f the complex gas flow  in  t h is  

system , s im ila r  to  th ose  performed by Prendergast and Taam (1974) for  

U Cep b in a r ie s .

3 .3  4U1538-52

3 . 3.1 Introdu ction

The known high-m ass x -ray  b in a r ie s  are predominantly b righ t sources  

in  the x -ray  band w ith  ty p ic a l  count r a te s  ^ 1 0 0  U.F.U. This i s  probably 

purely a s e le c t io n  e f f e c t  s in ce  high q u a lity  observations o f bright sources  

are e a s ie r  to  o b ta in . I t  i s  only r e c e n tly , w ith  the d e ta ile d  study o f  

severa l weaker g a la c t ic  sou rces, th at th e ir  b inary nature has been rev ea led ,
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the most notable example being 4U1538-52, which i s  now known to  be an 

e c l ip s in g , binary x -ray  p u lsa to r .

Regular p u lsa tio n s  w ith  a period o f 529 seconds from a source in  

the reg ion  o f  4U1538-52 were d iscovered  independently by two s a t e l l i t e  

experim ents; A r ie l V Expt.C and the cosmic x -ray  spectroscopy experiment 

on OSO-8 (Davison 1977a, b; Becker e t a l . 1977a-,b). The OSO—8

ob servation s a lso  revealed  a c lea r  o r b ita l modulation o f  the p u lsa tio n  

period  throughout th e ir  9"&&y scan , and good evidence fo r  an e c lip s e  

la s t in g  ~ 0 . 6  days recu rring  w ith  a period o f  3*75 days*.

The report by Davison in d ica ted  th at the pu lsar was from

4U1538- 52 , but emphasised the d i f f i c u l t i e s  in  d er iv in g  a r e l ia b le  p o s it io n  

fo r  a weak source w ith  the instrum ent concerned. This d i f f i c u l t y  i s  re ­

so lved  in  th is  s e c t io n  by making use o f  data from the SSI.

The SSI d ata , and recent observations from A r ie l V Expt.C (a pro­

p o rtio n a l counter spectrom eter; Sanford and Ives 1976, see  a lso  Chapter 2) 

a lso  a llow  c er ta in  refinem ents to  the o r b ita l elem ents, and in d ica te  the  

v a r ia b i l i t y  o f the x-ray e c lip s e  p r o f i le .

4U1538-52 has very rec e n tly  been o p t ic a l ly  id e n t if ie d  w ith  an e a r ly -  

type su p erg ian t. This id e n t i f ic a t io n ,  which broadly confirm s the p o s s i­

b i l i t i e s  d iscu ssed  in  |  3 .3 .4 ,  i s  b r ie f ly  considered in   ̂ 3 .3 .5 .

3 . 3 .2  Observations

The ob servation s presented  in  t h is  se c t io n  were made by two o f  th e  

s ix  experim ents in  the A r ie l V s a t e l l i t e  -  Expt.C and the SSI*. The f i e ld s  

o f view o f th ese  instrum ents are m utually e x c lu s iv e , thus the ob servation s  

were n e c e s sa r ily  made at d if fe r e n t  tim es.

The binary nature o f  the source was a lso  d iscovered  (independently) by the  
author in  the SSI data . U nfortunately t h is  d iscovery  was made somewhat la te r

*The a n a ly s is  and in te r p r e ta tio n  o f  the Expt.C data presented here was per­
formed by Peter Davison w h ils t  at &ISSL.
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The region  near 4U1538-52 has been scanned many tim es by the SSI 

s in c e  launch, ty p ic a l ly  fo r  periods o f ^  3 days. The p o s it io n  and e rro r -  

box fo r  the s in g le  x -ray  source seen near 4U1538-52 was determined by 

combining a l l  the s t a t i s t i c a l l y  s ig n if ic a n t  s ig h tin g s  to g iv e  the is o ­

p r o b a b ility  contour shown in  F ig .3 .6*  (see  ^ 2 .4 .1  fo r  d e t a i l s  o f the m ethod). 

Only s ig h tin g s  which were not confused by nearby catalogued sources were 

employed to  produce the f in a l  errorbox. The overlap w ith the 4U catalogue  

errorbox (Forman e t  a l . 1978) i s  large  enough fo r  us to  be confid en t th a t . 

the A r ie l and Uhuru sources are id e n t ic a l .  In ad d ition  the A r ie l V RMC 

errorbox(a .Wils o n  and G.Carpenter, p r iva te  communication 1977) a lso  shown 

in  F ig .3 .6  i s  e n t ir e ly  c o n s isten t w ith both Uhuru and SSI p o s it io n s , and 

su g g ests  th at the source l i e s  in  the overlap region  o f the th ree errorboxes. 

Table 3 .3  g iv e s  the cen tro id  o f the SSI errorbox, and the corners o f the  

r ec ta n g le  which ju st en c lo ses  the 90^ confidence contour. (Note th at the 

p o s it io n  g iven  by Davison ( 1977a) for  the source designated  A1540-53 i s  in  

error -  see Davison e t a l . (1 9 7 7 )).

In order to  e s ta b lis h  the l ig h t  curve p e r io d ic ity , a l l  the r e l ia b le  

s in g le -o r b it  (^^ 100 min time r e so lu t io n ) SSI data fo r  4U1538-52 were 

fo ld ed  modulo a range o f  t r i a l  periods from 0 .5  to 8 days, and the fo ld ed  

data te s te d  aga in st the hyp othesis of source constancy by ev a lu a tin g  the

value at each t r i a l  p eriod . This technique revea led  a strong ( 100^)

m odulation at 3 .73 +. 0.01 days. The error quoted was estim ated from the

shape o f  the peak.

F ig .3 .7  shows the "average” l ig h t  curves for  two long SSI obser­

v a tio n s  made over a year apart. The data were fo ld ed  modulo 3.73 days

and d iv id ed  in to  20 phase b in s . In both l ig h t  curves the e c l ip s e  i s

c le a r ly  seen and the general structure o f  the o u t -o f -e c l ip s e  portion  i s

* The SSI errorbox fo r  4U1538-52 was obtained by John Pye in  conjunction  
w ith the author.
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to value given in Table 3.4,



T A B L E  3 .3  

SSI Errorbox for  A1538-522 ( .  4U1538-52)

(*1950.0 &1950.0

234°.53 - 52° .3 0
234° .6 6  -5 2 ° .0 9

234°.88 -5 2 ° .1 4

234°.74  -5 2 ° .3 5
,0cen tro id  (max. 234 .72 -52 .22

p ro b a b ility )

T A B L E  3. 4  

O rbital parameters fo r  4U1538-52

(a) O rbital elem ents

Pulse period  (p) 528.929 + O.O4O s 528.928 + 0 .036 s

O rbital period (?) 3*714 + O.O83 d 3*730 d ( f ix e d )

a^ s in  i  55*2 + 4*3 I t - s e c  55*2 + 3*7 I t - s e c
Phase zero . MJL 43015.80 + 0 .12  MJB 43015.78 + 0 .0?

(b) Other parameters

R evised o r b ita l period (see  t e x t )  3.7299 +. 0.0012 d

E clip se  sem i-angle ( 0 q) 2 8 ° .0  ^  3°

-  ( p ) (p u lse  period) ^  9 .7  x 10  ̂ y ^
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s im ila r . Some d iffe r e n c e s  in  the e c l ip s e  p r o f i le  are ev id en t, the f i r s t  

e c l ip s e  being somewhat narrower. We estim ate  the t o t a l  e c l ip s e  widths 

( i . e .  measured at the top o f  the e c l ip s e )  to  be 0 .75 and. O.84 days r es ­

p e c t iv e ly  fo r  the two data s e t s .  V a r ia b ility  o f the e c l ip s e  width i s  

an e s ta b lish e d  fea tu re  o f  sev era l o f the known e c lip s in g  x -ray  b in a r ie s ,  

e .g .  Vel X-1 (  ̂ 3 . 2 . 2 ) and Cen X-3. The minimum e c lip s e  w idth, quoted 

in  Table 3 .4 , was obtained by summing the two data s e t s  shown in  P ig . 3 .7 ,

and measuring the width a t the base o f the e c l ip s e  p r o f i l e ,  g iv in g

A T e d  “ (0 .58  + 0 . 0 6 ) days, or fo r  the e c l ip s e  sem i-angle 9^  = 28° + 3 ° .

T his value i s  c o n s is ten t w ith , but s l ig h t ly  lower than, th at derived  from the 

OSO-8 data (Becker e t  a l . 1977%).

F ig . 3 .8  shows part o f  one binary cy c le  o f 4U1538-52 observed by 

A r ie l V Expt.C in  1977 A p r il. In t h i s  l ig h t  curve a rapid tr a n s it io n  

in to  e c l ip s e  occurs in  ^ 2 m inutes. This tim esca le  i s  comparable to th at  

seen fo r  some e c l ip s e  e x i t s  in  the Her X-1 data (Pravdo 1976; Davison and

Fabian 1977), and presumably in d ic a te s  th at t h is  i s  the ac tu a l moment o f

geom etrical e c l ip s e .

Becker e t a l . (1977%) have l i s t e d  p u lsa tio n  periods on s ix  days in  

1976 August and September, togeth er  w ith th e ir  estim ates o f  o r b ita l parameters. 

The Expt. 0 pu lse  periods have been combined w ith  the va lu es  from Becker 

e t a l . to  provide rev ised  estim ates o f  the param eters. In making the le a s t  

squares f i t ,  we have taken due account o f  the rather large  range o f  binary  

phase over which each data poin t i s  averaged. The r e s u lt s  are l i s t e d  in  

Table 3 .4  fo r  a four parameter f i t  to  the data , the f i t t e d  parameters being  

p u lse  p er iod , o r b ita l p er iod , a^ s in i  and phase zero (e c l ip s e  cen tre) o f  

th e  binary p eriod . We a lso  l i s t  the m arginally  improved va lu es th at  

r e s u lt  i f  we repeat the f i t  w iththe o r b ita l period f ix e d  at 3.73 days.
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This la t t e r  value was derived  from the d a ta -fe ld in g  technique ou tlin ed  

e a r l i e r ,  and a lso  from the lo n g est tim e base o f  data which we have . 

a v a ila b le  (see  b e low ). E ith er  way, the b inary period i s  measured to  

muOh higher accuracy than the f i t  to  the Doppler curve a llo w s.

P u lsa tio n s  were a lso  observed by Expt.C in  1977 A p ril; we can 

d erive  a u se fu l period  measurement fo r  only approxim ately one day o f  data, 

due to  the in te n s ity  decrease and source e c lip s e  shown in  F ig . 3 .8 . The 

period  was found to  be $29 .60 + 0 .3 4  seconds, averaged over the time 

MJD 43256.73 to  MJD 43257. 7 2 . Assuming th at the rapid in te n s ity  tran­

s i t io n  shown in  F ig . 3 .8 , occurring a few hours a f t e r  the period measure­

ment, i s  due to  the s ta r t  o f geom etric e c l ip s e ,  and tak ing the e c lip s e  

width in d ica ted  by the SSI and OSO-8 data , we can derive a binary phase 

zero a p p lica b le  to  the 1977 A pril ob serv a tio n s, namely MJD 43258.35 ± 0 , 1 .

The u n certa in ty  here i s  based on the known e c lip s e  w idth, and i t s  changes 

from one data s e t  to  another. Using t h is  phase zero, in  conjunction w ith  

the binary period g iven  in  Table 3 .4  and the observed p u lsa tio n  period , we 

fin d  that the centre o f  mass p u lsa tio n  period was 529.13 + 0 .34  seconds in  

1977 A p r il. We note th a t there has been an in s ig n if ic a n t  change in  pulse

period s in ce  1976 August, amounting to  +0.20 + 0 .3 4  seconds. Thus we

/P\ -4  -1conclude th a t -  (—) i s  l e s s  than 9*7 x 10 y fo r  the x -ray  p u lsa tio n s .

In ad d ition  to  the o r b ita l  parameters d er ivab le  from the Doppler 

s h i f t s  in  p u lse  p er iod , we can make a separate estim ate o f  the binary  

period by measuring the time in te r v a l between e c l ip s e s .  This i s  in  

e f fe c t  what i s  done when t e s t in g  fo ld ed  data aga in st the hyp oth esis that 

the l ig h t  curve at the period  concerned i s  co n sta n t. The r e s u lt s  o f using  

such a fo ld in g  technique on th e SSI data have been g iven  e a r l ie r .  In c lu sion  

of Expt. C data from 1977 A p ril g iv e s  us the lo n g est time base p o s s ib le .

In a d d itio n , th ese  data apparently do not su ffe r  from the perturbing e f f e c t s
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o f severe  absorption prior to  the geom etrical e c l ip s e .  L ikew ise, the 

SSI data for  1975 July  show a c lean  e c l ip s e .  The e c lip s e  cen tres for  

th ese  data are at MJD 43258.35 and MJD 42628.00 , w ith an u n certa in ty  of 

at most + 0 .1  day fo r  both tim es. The r e su lt in g  binary p eriod , at 

3.7299 + 0.0012 days i s  co n s isten t w ith th at derived from a l l  other pa irs  

o f  e c l ip s e  cen tres  o f  which we have knowledge.

3 . 3 .3  In terp re ta tio n

The measurement o f the amplitude o f the r a d ia l v e lo c i ty  curve for  

the x -ray  p u lsa tio n s  in  4U1538-52 a llo w s, as in  the case o f a s in g le - lin e d  

sp ectro sco p ic  b in ary , the determ ination o f the mass fu n ction  fo r  the binary  

system f(m ):
M  ̂ sin^ i

f(m ) = -E----------- 5- = (13 + 2 . 6)M  (3 .1 )
(Mp +

where M , M are the primary and secondary (x-ray  sou rce) m asses, and i  
P ^

i s  the o r b ita l in c lin a t io n . Apart from in d ic a tin g  th at the system i s  

reasonably m assive, th is  alone g iv e s  no fu rther  inform ation . However, 

there i s  overwhelming evidence from ob servation  and th e o r e t ic a l view points  

th at slow p u lsa to rs  such as 4U1538-52 con ta in , as the compact secondary in  

a binary system , a r o ta tin g  neutron s ta r . E stim ates o f  neutron sta r  masses 

l i e  in  the range (1 -  2 .5 )  M̂  , w ith  b est estim ates ( I .5 -  2 .0 )  (Joss  

and Rappaport 1976). Thus u sin g  (3 .1 )  w ith M̂  ~  1 .5 M̂  we derive M^^ 12 M̂  

ir r e sp e c t iv e  o f  any other assum ptions.

Further co n stra in ts  can be placed on the primary mass by using the  

determ ination o f  the e c lip s e  sem i-angle 6^, and r e la t in g  t h is  to  the  

o r b ita l in c l in a t io n . We have

s  (sin^  6  ̂ s in ^ i + cos^ i)^  (3 .2 )

where R  ̂ i s  the primary rad iu s, and a i s  the o r b ita l sep aration . The 

c r i t i c a l ,  or Roche-lobe surface fo r  a c lo se  binary system can be estim ated  

a s  (Paczynski 1971):
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^ 2 ^  % 0 .38  + 0 .2  log^Q ( ) (3 .3 )
X

I f  we make the assumption th a t the primary s ta r  almost f i l l s  i t s  Roche- 

lo b e , by analogy w ith other m assive x -ray  binary system s (Avni and 

B ahcall 1975<  ̂ i . e .

R

^ c r it

then (3 .2 )  and (3 .3 )  lead  to  another r e la t io n sh ip  betwen M ,̂ and i .

In F ig . 3 . 9  th ese  two r e la t io n s  between the o r b ita l parameters

are p lo t te d  in  the -  i  p lan e. The region  in  th is  plane allowed i s

o f  course dependent on both the va lu es assumed for  and (R^/R^^^^) and

a lso  the u n c e r ta in t ie s  in  d  and f(m ). The va lu es estim ated  from thee ' '

outer bounds shown in  F ig . 3 . 9  are;

M
12 ^  ( jjE- )j^ 30 and 6 0 °<  9 0 °

0
The large  range a r is e s  p r in c ip a lly  from the u n certa in ty  in  f(m) and

R
in  p a r tic u la r  i s  not very s e n s it iv e  to  the value o f  (^ ■ ) assumed.

o c r i t
For the cen tra l va lu es ^  19 a n d .i'^  70 , the primary radius  

Rp % 16 Rq, c o n s is ten t w ith  the primary being an ea r ly  supergiant (A llen  

1973) .  Becker e t a l . ( 197Tb) came to  a s im ila r  con clu sion .

3 . 3 .4  D iscu ssion

From t h is  a n a ly s is  i t  would seem very l ik e ly  th a t 4U1538-52 i s  a 

high-^nass binary system s im ila r  in  many r esp ec ts  to  Cen X-3, Vel X-1 and 

SMC X-1 where the dense s t e l la r  wind from the supergiant primary r e s u lt s  

in  a ccretio n  onto the neutron s ta r  and the em ission  o f  keV x -r a y s . In­

d ir e c t  evidence for  the e x isten ce  o f an extended atmosphere around the  

primary comes from the v a r ia tio n  in  e c lip s e  width w ith x -ray  energy noted  

by Becker e t  a l .  (I977b ).
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I f  the primary i s  a supergiant w ith  -6°  ̂ then the prospects

fo r  d iscovery  o f the o p t ic a l counterpart are good, providing the d istan ce  

and reddening are not too la r g e . The upper l im it  p laced on the ra te  o f  

change o f  p u lsa tio n  period  “ (p) ^ 9*7 x 10  ̂ yr  ̂ may be used to se t  a 

rough upper lim it  to  the lum inosity  o f  t h is  source fo llo w in g  the a n a ly s is  

o f Rappaport and J o ss  (1977) and Mason (1977), s in ce , i f  the dominant torque 

on the neutron s ta r  i s  th at due to the mass accretio n  onto i t ,  we expect a 

c o r r e la tio n  between - (^ )  and pL The em pirical f i t  found by RappaportP 21
and Joss to  th e data fo r  7 x-ray pu lsars i s  qu ite  good, although caution  

must be ex erc ised  in  applying i t  to  new data because o f the u n ce r ta in tie s  

invo lved  in  the r e la t io n s h ip . Using t h i s ,  we derive an upper lim it

1 .8  X 10^^ erg s ^. Combined w ith the average o u t -o f -e c l ip s e  SSI
-1  -1 0  —2 -1  f

in t e n s it y  o f  ~ 7  count s , equ ivalen t to  ~ 3 . o  x 10 erg cm s ( 2 - 1 0

keV). This g iv e s  a d istan ce  estim ate o f  d«g 6 .5  kpc. The requirement th at

th e system l i e  w ith in  the g a la c t ic  d isc  ( K. 300 pc) g iv e s , at a g a la c t ic

la t itu d e  b = 2?2, a s im ila r  l im it  d 8 kpc.

Reddening in  th is  region  has been d iscu ssed  by Whelan e t  a l . (l977b) 

fo r  Cir X-1 (* ^ 5 °  away), and fo r  4U1538-52 by Cowley e t  a l . (1977). I f  

we adopt a value o f  ^  1 mag/kpc, c o n s isten t w ith  both authors, we estim ate  

16°̂  fo r  the o p t ic a l s ta r .

3 . 3.5 P o s ts c r ip t;  O ptical I d e n t if ic a t io n

An o p t ic a l search down to  m̂  16°̂  fo r  the o p t ic a l counterpart o f  

4U1538-52 has already been completed by Cowley e t  a l . (1977). Their work 

id e n t if ie d  sev era l p o ss ib le  candidates in  the reg ion  o f overlap o f  the 

Uhuru and A r ie l V errorboxes on the b a s is  o f  th e ir  having the appropriate 

colours fo r  a reddened OB supergiant. Recent accurate x -ray p o s it io n s ,  

determined from SAS-3 and HEAO-1 A3 ob serva tion s, have reduced the number o f
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Fig»3.10 Errorboxes for 4U1538-52 overlaid on the optical field (based 
on Cowley et a l . 1977) as follows;

U - Uhuru (4U/3U); A - Ariel V RMC (see text);
SSI - SSI (see text); S - SAS-3 (Schwartz et al. 1978);
H - HSAO-1 A3 (Schwartz et al. 1978). The candidate (now 
confirmed) is star 12 (arrowed).
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p o te n t ia l candidate s ta r s  (see  F ig , 3 .1 0 ) (Apparao et a l . 1978; Schwartz 

e t  a l . 1978) .  One o f th ese  cand idates, s ta r  12 from the Cowley e t a l . 

l i s t ,  has been suggested as the o p tic a l counterpart on the b a s is  o f i t s  

e a r ly  sp e c tr a l type and unusual sp ectroscop ic  fea tu res  (Parkes e t  a l . 1978) .  

The id e n t i f ic a t io n  i s  confirmed by a sp ectro sco p ic  study performed by Crampton 

e t  a l . ( 1978) which revea led  ra d ia l v e lo c i ty  v a r ia tio n s  at the same period  

as the x -ray  m odulation.

The sp e c tra l type o f the o p t ic a l counterpart i s  quoted as BO la  

(Parkes e t a l . 1978); both Parkes e t a l . and Crampton e t a l . estim ate a 

d ista n ce  o f  ^  5 .5  kpc. From th e ir  r a d ia l v e lo c i ty  measurements Crampton 

e t  a l . g iv e  = (20 + 4 ) M ,̂ = (2 .0  + O.4 ) w ith  an in c lin a t io n

angle i  % 70° .

I t  i s  g r a t ify in g  to  see how many o f  the p red ic tio n s  made in  ÿ  3 .3 .4  

have been confirm ed. This must su rely  r e f le c t  the m aturity o f the study 

o f high-mass x -ray  b in a r ie s .

3 .4  Cir X-1 (4U1516-56)

3 . 4.1 In trod u ction

Although i t  i s  now o p t ic a l ly  id e n t if ie d  and e sta b lish e d  as a binary  

system , the d e ta ile d  nature o f  Cir X-1 remains obscure. X-ray observations  

over a number o f  years have revealed  a p ic tu re  o f ch aotic  v a r ia b i l i t y  w ith  

l i t t l e  coherent s tr u c tu r e . Early ob servation s by the Uhuru s a t e l l i t e  

(Jones e t a l . 1974) showed evidence fo r  e c l ip s e - l ik e  fea tu res  in  the x-ray  

l ig h t  curve (see  F ig .3 .1 2 ) but the te n ta t iv e  p e r io d ic ity  suggested was ruled  

out by subsequent OSO—7 and Copernicus observation s (Canizares et a l . 1974; 

Davison and Tuohy 1975). The binary nature o f  Cir X-1 was e sta b lish ed  by 

observations w ith  the A r ie l V ASM which y ie ld e d  a ^ 1 6 .6  day period between 

sharp in te n s ity  tr a n s it io n s  in  the l ig h t  curve (K aluziensk i e t a l . I976) .

On shorter t im esc a le s  Uhuru observations in d ica ted  v a r ia b i l i t y  down to  100 ms.
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and the r e s u l t s  from rock et-h orn e. experim ents provide evidence fo r  ch aotic  

behaviour, s im ila r  to  that seen in  Cyg X -1 , on tim esca les  as short as 1 ms 

(Spada e t  a l . 1974; Toor 1977). On the lo n g est t im esca les  Cir X-1 shows 

lon g  p eriod s o f  in a c t iv i ty  (" o f f -s ta te s " )  where the x -ray f lu x  i s  barely  

d e te c ta b le . A suggested 200 day period modulating t h is  behaviour has been 

ru led  out by the ex ten sive  ASM data (K aluziensk i e t  a l . 1976).

Cir X-1 has a radio counterpart***, f i r s t  noted by Clark e t a l . (1975), 

which has r e c e n tly  been shown to  f la r e  w ith  the same period as the x-ray  

m odulation (Whelan e t  a l . 1977k; Thomas e t a l . 1978). An o p t ic a l counter­

part* o f  Cir X-1 has been d iscovered  w ith in  a few arcseconds o f  the radio  

source showing strong Hoc em ission . The candidate i s  a fa in t  (mj. % 22?5*) 

red s ta r  which su ffe r s  considerab le in t e r s t e l la r  e x tin c tio n  (Eg_y %» 3?5). 

Both the Hoc and the weaker HeI  em ission l in e s  are v a r ia b le , although  

ob servations have not yet been obtained at a wide enough range o f binary

phases to be cer ta in  whether t h is  v a r ia b i l i t y  i s  o r b ita l in  o r ig in . The 

r a d ia l v e lo c i t y  g iven  by the Hoc l in e  measurements i s  % 300 km s  ̂ (G lass 1978).

At radio  wavelengths the l ig h t  curve i s  ch aracterised  by a f la r e  

occurring ju st a f t e r  the time o f the x -ray  tr a n s it io n . At short wavelengths 

(6 cm) the f la r e  i s  q u ite  prominent, but i s  much l e s s  n o ticea b le  at longer  

wavelengths (75 cm). The time delay between x-ray tr a n s it io n  and onset o f  

radio f la r e  a lso  appears to  be wavelength dependent (in  the sense A t jÿ^).

Recent radio  ob servation s at 2 cm, reported  by Thomas e t a l . (1978) show a 

peak only a few m inutes a f te r  the pred icted  time o f  x-ray tr a n s it io n , and a 

more com plicated pattern  o f radio em ission  in  g en era l. In the in frared , 

photom etric observations by G lass (1978 ) show the same 16 .6  day modulation, 

w ith a l ig h t  curve s im ila r  to  th at obtained at longer w avelengths.

The o p t ic a l and radio p ro p erties  o f Cir X-1 are d iscu ssed  f u l ly  in  Whelan 
et .a l. ( 1977b) on which th ese  comments are based.

* Here the su b scrip t J r e fe r s  to  a magnitude from a I l la J  p la te  b lu e ) .



67.

The d ista n ce  o f Cir X-1 has been estim ated  from both o p t ic a l and

radio s tu d ie s . The r e s u lt s  o f  Whelan e t  a l «(l977b) Goss and Mebold (1977 )

are c o n s is te n t  w ith d % 10 Kpc. At t h is  d is ta n c e , withEg_.^ % 3?5, a value o f

M_ % -4?5 can be derived for  the o p t ic a l counterpart. This would c e r ta in ly  
J ■

be c o n s is te n t  w ith  the s ta r  being an ea r ly -ty p e  g ian t or supergiant as i s  

found w ith  many other x-ray b in a r ie s . The IR colours are s im ila r  to  those  

found fo r  sym biotic s ta r s  (G lass 1976 ) but other p ro p erties  o f  Cir X-1 do 

not support t h is  in ter p r e ta tio n  (Whelan e t  a l . 1977b).

3 .4 .2  SSI O bservations

Although the C ircinus region  has been scanned by the SSI many tim es 

s in ce  the launch o f  A r ie l V, Cir X-1 has on ly  been unambiguously d etected  

fo r  a short period  around the end o f  1976. This i s  c o n s isten t w ith the 

A r ie l V ASM ob servation s which show th at Cir X-1 was in  an extended "low 

sta te"  from 1974 October to  .1975 September ( > 300 days, K aluzienski e t a l .

1976 ) .  The on ly  observations o f  Cir X -1'by the SSI s in ce  1976 (1978 May) 

show th at the source has returned to  t h is  low in te n s ity  l e v e l .

F ig . 3.11 shows the observations o f Cir X-1 made by the SSI in  the 

period 1976 November to  1977 February. P lo tte d  are s in g le  orb it f lu x es  

corrected  fo r  both exposure time and co llim a to r  respon se. Cir X-1 l i e s  

in  a crowded reg ion  o f  the g a la c t ic  p lan e, and some parts o f the l ig h t  curve 

a ffe c te d  by source confusion (p a r t ic u la r ly  w ith  4U1543-62) have been excluded. 

Other gaps in  the l ig h t  curve occur where s a t e l l i t e  manoeuvres have taken  

the source out o f  the SSI f i e l d  o f view (e le v a t io n  > 8^ was the c r ite r io n  

fo r  e x c lu s io n ) .

The l ig h t  curve in  F ig . 3.11 c le a r ly  shows the p er io d ic  f la r in g  noted  

by K aluzienski e t  a l . (1976). The o v e r a ll behaviour w ith in  each binary  

cy cle  i s  ch ara cter ised  by an extended period at low in te n s ity  ( ^ 1 0 - 1 4  days) 

a gradual r i s e  to  peak in te n s ity  ( 1 d ay), and an abrupt f a l l  in  in te n s ity
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(the x -ray  " tra n sitio n " ) occurring w ith  an o rb it or two ( ^ 0 .14  d a y s), 

the whole f la r e  la s t in g  3 - 6  days. Within the f la r e s  d ip s are apparent 

in  th ree o f the binary c y c le s  observed; th ese  are p a r t ic u la r ly  prominent 

in  c y c le s  2 and 4* Note th a t the tr a n s it io n  from h igh  to  low in t e n s it y  

occurs 'v 0 .6  -  0 .9  days too e a r ly  in  a l l  but one o f  the c y c le s  observed  

according to  the r ev ised  ephemeris o f  K aluziensk i and H olt (1977a)» In 

cy c le  4 the tr a n s it io n  occurs e x a c t ly  in  phase w ith  the p red icted  tu r n -o ff  

w ith in  the experim ental e rr o r s . I t  i s  a lso  in te r e s t in g  to  note th a t ,  

in  cy c le  5» the in t e n s it y  does not im m ediately drop to  a low le v e l  -  the  

i n i t i a l  fa s t  tr a n s it io n  i s  fo llow ed  by a much slow er decrease from a le v e l  

corresponding to  ^ 1 0 ^  o f  the peak f lu x .  The peak in t e n s it y  reached by .

Cir X-1 on d if fe r e n t  c y c le s  in  the SSI observation s ranges from 0 .25  ^Cpab

to  ^ 0 . 8  » The ASM ob servation s made in  cy c le  3 , w h ils t  Cir X-1 was

out o f  the f i e l d  o f  view  o f  the SSI, show th a t the peak in t e n s i t y  was 1 .5

(K alu zien sk i, L .J . ,  and H o lt, S .S . ,  p r iv a te  communication). A s im ila r  range

o f  peak in t e n s i t i e s  can be seen in  the complete ASM lig h t  curve o f  Cir X-1

given  in  K aluzienski e t a l . 1976 ^

Outside each f la r e  the f lu x  from Cir X-1 i s  un d etectab le  in  s in g le

o r b it s .  A nalysis o f  the b est SSI data in  c y c le s  1 and 2 y ie ld s  in t e n s i t ie s
-1

o f  1 . 0 ^  0.1 count; s fo r  the period  MJD 43093*7 -  43105*3, and 0 .8  + 0.1  

count, s. ^for the period  MJD 43108.6  -  43114.4  (corresponding to  b inary phases

0 .07  “ 0 .77  and 0 .97  -  0 .32  r e s p e c t iv e ly ) .  Although t h is  may be the q u iescen t  

l e v e l  o f  em ission  from Cir X -1, lo w -le v e l confusion  w ith  nearby sources probably  

co n tr ib u tes as much as 50/» to  th ese  measurements. The o v e r a ll range o f  v a r ia ­

b i l i t y  shown by Cir X-1 i s  thus a t le a s t  by a fa c to r  o f  250, and the qu iescen t  

x-ray  lu m in o sity , assuming d = 10 Kpc, i s  6 x  10^^ erg  s~^.
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3 .4 -3  D iscu ssio n

(a) L ight curve stru ctu re

The ra ther  complex behaviour o f Cir X-1 shown in  the SSI observations  

i s  by no means unique. F ig . 3 .12 shows previous ob servation s o f  Cir X-1 

made from 1972 -  1977 by Uhuru, SAS-3 and the A r ie l V RMC and ASM, togeth er  

w ith  th ree  o f the c y c le s  observed by the SSI. Although a number o f s im i la r i t ie s  

can be seen , i t  i s  c lea r  th at the v a r ie ty  o f  behaviour d isp layed  makes the  

p ic tu re  more confusing than b e fo re . One fea tu re  th at does appear to  be 

common to  a l l  the o b serva tion s, w ith  the exception  o f  the Uhuru d ata , i s  the  

la c k  o f  p o s t - tr a n s it io n  em ission . I t  i s  a lso  in te r e s t in g  to  note th at the  

SAS-3 ob servation s (Buff e t a l . 1977 ) show a tr a n s it io n  occurring too early  

by an in te r v a l o f ^ 0 . 8  days, s im ila r  to  the d iffe re n c e  found in  the SSI data .

The SAS-3 observations include a crude measure o f the x -ray  spectrum which 

in d ic a te  th a t both the dip at phase 0 .8 5 , and the onset o f the tr a n s it io n ,  

are due to  absorption o f the low energy photons, as would be expected i f  the 

absorption  were due to  coo l gas w ith in  the system .

The Uhuru o b serva tion s, made in  1972 May, rev ea l a remarkably d if fe r e n t  

l ig h t  curve. Although the p r e -tr a n s it io n  data resem bles cy c le  4 o f  the SSI 

o b serv a tio n s , the p o s t - tr a n s it io n  data i s  the only c lea r  evidence o f  s ig n if ic a n t  

X —ray em ission  at binary phase 0 -  0.5* Recent rep orts  from the A r ie l V ASM 

and SAS-3 (K aluziensk i and H olt, 1977b, 1978 ? Dower e t  a l . 1977 ) in d ica te  th at  

p o s t - tr a n s it io n  em ission at a s ig n if ic a n t  le v e l  i s  now occurring le s s  than a 

day a fte r  the x -ray  tr a n s it io n , i . e .  th at the l ig h t  curve now resem bles that 

o f  the Uhuru o b servation s. The s im ila r ity  could be even g rea ter  i f  a few o f  

th e  Uhuru data p o in ts  near phase 0 .0  were sy ste m a tica lly  too  h igh , i . e .  i f  a 

b r ie f  " eclip se"  did e x is t  in  th e ir  data . This seems p o ss ib le  in  view o f  the 

la rg e  s c a t te r  in  the l ig h t  curve.
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(b ) Binary period

The x-ray period o f  Cir X-1 has been e sta b lish e d  by usin g  the tim es 

o f  the x -ray  tr a n s it io n s  observed by the ASM over a b a se lin e  o f ^  1.75 years  

( ^  40 c y c le s ) ,  g iv in g  a mean period o f 16.595 + 0.001 days (K aluziensk i and 

H olt 1977a ) .  Radio observations over a s l ig h t ly  shorter b a se lin e  y ie ld  a 

period and epoch which agrees w ith the x -ray  ephemeris (Thomas e t a l . I978) .  

There seems l i t t l e  doubt th a t th is  period i s  due to  o r b ita l modulation o f  

th e  x -ray  (and ra d io ) em ission  in  a binary system . The shape o f the l ig h t  

curves does not however resemble th at o f known x-ray  b in a r ie s . The most 

r e l ia b le  fea tu re  o f the l ig h t  curve, the tr a n s it io n  from high to low in t e n s i t y ,  

i s  most e a s i ly  in terp re ted  as entry in to  x -ray  e c l ip s e .  I f  th is  i s  the case  

the s t a b i l i t y  o f  the period i s  e a s i ly  understood, but one must then fin d  an 

exp lanation  fo r  the lack  o f  observed e c l ip s e  e x it  in  1976 -  1977, as d iscu ssed  

above. I f  the tr a n s it io n  i s  not due to  an e c l ip s e  th ere are problems in  

ex p la in in g  the long-term  phase s t a b i l i t y  o f  th is  fe a tu re . (Period errors  

quoted by K aluzienski and Holt ( 1977a) imply a mean s t a b i l i t y  in  phase to  

b e tte r  than 0 .02^  over 2 y e a r s ) .

Further com plications a r ise  in  explaining the in crease  in  radio and 

in fra -red  flu x  im m ediately a fte r  the x -ray tr a n s it io n  s in ce  t h is  phenomenon 

would not be expected to  be co rre la ted  w ith the time o f geom etrical e c l ip s e  

o f the x -ray  sou rce.

(c )  Models

I t  i s  probably premature to d iscu ss  d e ta ile d  models o f Cir X-1 which 

may exp la in  the w ealth  o f ob servation a l data, e s p e c ia l ly  as the source has 

not yet been adequately stud ied  at o p t ic a l w avelengths. I t  seems c lea r  

however that the correct p ic tu re  o f th is  source must be based on a binary  

system (o f  the type d iscu ssed  in  Chapter 1) w ith a period o f I 6 .6  days.

The complex stru c tu re  o f the l ig h t  curve probably r e f le c t s  the varying  

pattern  o f  absorbing gas flow s w ith in  the system , s in ce  the sp ec tra l data
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from SAS-3 im p lies  th a t at le a s t  one dip  i s  due to  low -energy absorption*.

The in te r p r e ta tio n  o f  the x -ray  tr a n s it io n  as the entry in to  e c l ip s e  i s  

p e r fe c t ly  te n a b le , in  which case the ’’e a r ly ” tr a n s it io n s  seen in  the SSI and 

SAS-3 ob serva tion s in d ic a te  v a r ia b i l i t y  o f  the e c lip s e  w idth, a fea tu re  which 

i s  e s ta b lish e d  in  sev era l x -ray  b in a r ie s  ( e .g .  Vel X-1, ^ 3 .2 ) .  I f  t h is  

in te r p r e ta tio n  i s  correct the rem aining problems l i e  in  ex p la in in g  the lack  

o f  observable e c l ip s e  e x it  over a number o f  binary c y c le s ,  and in  ex p la in in g  

the radio and in fr a -r e d  r e s u l t s .  The la ck  o f  e c lip s e  e x it  might be exp la in ed  

in  terms o f  a large  amount o f obscuring m atter in  the system so placed as to  

absorb most o f  the x -ra y s between phases 0 and 0 .5 .  Such a ’’cloud” could  

r e s u lt  from m a ss-lo ss  by Roche-lobe overflow  where not a l l  the mass i s  a ccreted  

by the compact o b jec t;  indeed the in te r p r e ta tio n  o f  the o p t ic a l r e s u lt s  on 

Vel X-1 (B e sse l e t a l . 1975 , see  F ig . 3 .5 )  in c lu d es m atter in  t h is  reg io n .

A lte r n a tiv e ly  the in te r p r e ta tio n  o f  the radio  and in fra -re d  r e s u lt s  

would seem to  demand a model where the x -ray  tr a n s it io n  i s  not due to  geo­

m etr ica l e c l ip s e .  For example, the model o f  H atchett and McCray (1977 ) fo r  

Gen X-3 s u c c e s s fu lly  ex p la in s  the changing shape o f the x -ray  l ig h t  curve as  

the source emerges from a ’’lo w -s ta te ” in  terms o f a sm all x -ray-tran sp aren t  

region  near the x -ra y  source in  the dense s t e l l a r  wind. Applied to  Cir X-1

the r e p e t i t iv e  f la r e - l ik e  x -ray  outbursts might be explained by a s im ila r

model in  which the d e n s ity  grad ien ts at the edges o f  t h is  reg ion  reproduce 

the assym etry in  th e  l ig h t  curve. The lea d in g  edge o f t h i s  reg io n , respon­

s ib le  fo r  th e  fa s t  x -ray  c u t - o f f ,  would be a shock-front ( i . e .  high d e n s ity  

g rad ien t).- The rad io  and in fra -re d  em ission  might then o r ig in a te  from

p a r t ic le s  a c ce le ra ted  in  the shock. The p o s it io n  o f  t h is  reg ion  w ith  the

system i s  c o n tr o lle d  by the wind v e lo c i t y ,  d en s ity  and th e x -ray  lu m in o sity , 

a l l  o f  which are l ik e ly  to  be va r ia b le  (x -ray  lu m in osity  c e r ta in ly  i s ) .  This 

r a is e s  doubts as to  whether t h i s  p ic tu re  could produce the observed phase 

s t a b i l i t y  o f  the tr a n s it io n  fea tu re  in  the x -ray  (and rad io ) l ig h t  curves.

* Note however th a t recen t SAS-3 observation s (Dower e t a l . I 978 ) show la rg e  
in te n s ity  v a r ia tio n s  in  Cir X-1 w ith no sp e c tra l changes.



72.

Chapter 4 

LOW-MASS X-RAY BINARIES

4.1 In trodu ction

Low-mass x -ray  binary sources have rece iv ed  r e la t iv e ly  l i t t l e  

a tte n tio n  to  d a te , even though, as argued in  Chapter 1, they are l ik e ly  

to  be the most numerous c la s s  o f  luminous x -ray  source (L^ ^ 10^^ erg s ^) 

in  the g a laxy , fa r  outnumbering the high mass b in a r ie s  d iscu ssed  in  Chapter 

3. ■ The p r in c ip a l reason fo r  t h is  i s  the d i f f i c u l t y  in  e s ta b lish in g  the 

o p t ic a l id e n t i f ic a t io n s  for  such systems due to  the in t r in s ic  fa in tn e ss  o f  

the o p t ic a l counterparts (m  ̂ ^ 15°̂  i s  expected fo r  d > 1 Kpc). In ad d ition  

th ese  sources r a re ly  rev ea l th e ir  binary nature through a c le a r  modulation 

o f the x -ray  or o p t ic a l f lu x . Only two x -ray  sources are known unambiguously 

to  in volve  a low mass s ta r  in  a binary system -  Her X-1 and Sco X -1. Her X-1 

i s  somewhat ex cep tio n a l in  th at the o p t ic a l counterpart i s  s l ig h t ly  evolved  

( M 2 M g )  and shows obvious e c l ip s e s  in  the x -ray  l ig h t  curve. In many 

resp ec ts  i t  i s  c lo se r  in  i t s  o v e r a ll p ro p erties  to  the high mass b in a r ie s .

On the other hand Sco X-1 i s  a ty p ic a l member o f  the low mass c la s s ,  showing 

a so ft  x -ray  spectrum, no evidence for an x -ray  p u lsa tio n  p eriod , and no 

evidence fo r  m odulation o f the x -ray l ig h t  curve at the binary period . I t  

i s  id e n t if ie d  w ith  a low-mass la te -ty p e  dwarf {M. ^  1 M^). The binary period  

o f  0.78 days was not e sta b lish e d  u n t i l  1975, nine years a f te r  the o r ig in a l  

id e n t i f ic a t io n  w ith  V8l8 Sco was proposed (G o ttlieb  et a l . 1975)* Cyg X-2, 

which i s  s im ila r  to  Sco X-1 in  many ways, s t i l l  does not have a unique binary  

period , d esp ite  having been id e n t if ie d  e leven  years ago by G iacconi e t a l .

( 1967) .

In t h is  chapter observations by the SSI o f f iv e  sources are d iscu ssed , 

a l l  o f  which are very probably low-mass binary system s on the b a s is  o f th e ir  

o p t ic a l id e n t i f ic a t io n s .  Three o f the sources (A0620-00, A1524-61 and
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H1705- 25 ) are x -ray  tr a n s ie n ts  which have shown (to  d ate) a s in g le  outburst 

w ith  a peak in t e n s it y  > 5OO tim es th a t o f  the qu iescen t l e v e l ,  and the  

ty p ic a l  fa s t  r i s e  and slow d ec lin e  o f such o b je c ts . Of the other two,

Aql X-1 i s  a "recurrent tran sien t"  which has shown r e p e t it iv e  t r a n s ie n t - l ik e  

ou tb u rsts w ith  a t o t a l  v a r ia b i l i t y  by a fa c to r  > 50; th e o th er , 2AOÔ42+323, 

i s  a weaker high g a la c t ic  la t itu d e  source which has been observed to  f la r e  

by a fa c to r  ^  20 and shows stru ctu re  in  i t s  x -ray  l ig h t  curve which may be 

p e r io d ic . The o p t ic a l  id e n t i f ic a t io n  o f  foiir o f  th ese  f iv e  sources was in  

fa c t  accom plished as a r e s u lt  o f o p t ic a l a c t iv i t y  o f  the counterpart 

co rre la ted  w ith x -ray  ou tb u rsts, the f i f t h  (2A0042+323) has been id e n t i f ie d  

m ainly on p o s it io n a l grounds.

About 30 tr a n s ie n t or tr a n s ie n t - l ik e  x -ray  sources are now known (see  

Table 1 .7 ) .  As i s  s tr e s se d  in  ^ 1 .3 .9  many o f  th ese  sources may turn out 

to  be "recurrent tra n sien ts"  or "long period variab les"  when b e tte r  s tu d ied ,

i . e .  th at the tr a n s ie n t outbursts recorded may simply be part o f  a more com­

p lex  time v a r ia b i l i t y .  The th ree tr a n s ie n ts  d iscu ssed  in  t h is  Chapter 

rep resen t one extreme o f a spectrum o f p ro p erties  fo r  tr a n s ie n t - l ik e  so u rces , 

s in ce  they show such a high degree o f v a r ia b i l i t y .  Sources l ik e  Aql X-1 

and 2AOO42+323 may represent an important lin k  w ith the s te a d ie r  sources such  

as Sco X-1 and Cyg X -2.

T ransient sources seem to  f a l l  in to  two d is t in c t  o b serva tion a l c a te g o r ie s  

on the b a s is  o f  x -ray  spectra  (and p o ss ib ly  a lso  in  terms o f  outburst tim e-  

s c a le s  and x -ray  lu m in osity  -  see d iscu ss io n  in  ^  1 .3 .9 ) .  The th ree tr a n s ie n ts  

d iscu ssed  here are a l l  in d u b itab ly  Type I  (K a lu z ien sk i' s ca teg o ry ), indeed  

AO62O-OO i s  the prototype o f  t h is  c la s s ,  as i s  expected i f  they are a l l  low - 

mass b in a r ie s .

4 .2  AO62O—00 = Mon X-1

4 .2.1 In trod u ction

The outburst o f  A0620—00 in  1975 August was one o f  the most dramatic 

events ever to  occur in  x -ray astronomy, comparable in  many ways w ith  the
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appearance o f  a nearby nova in  terms o f the impact i t  had on the a stro ­

nom ical community. For months a f te r  the i n i t i a l  ou tb u rst, A0620-00 was 

monitored by dozens o f  astronomers u sin g  both s a te l l i t e -b o r n e  and ground- 

based instrum entation  which have y ie ld e d  a w ealth  o f  ob servation s at x -ra y , 

u l t r a v io le t ,  o p t ic a l ,  in fra -re d  and radio  w avelengths. The r e su lta n t  

ex ten s iv e  l i t e r a tu r e  (Webbink has compiled a b ib liography conta in in g  over 

130 e n tr ie s ,  complete up to  the end o f  1977) i s  only summarised here; indeed  

most o f the emphasis i s  p laced on x -ray  and o p t ic a l ob serv a tio n s.

(The purpose o f  t h is  d isc u ss io n  o f  AO620-OO i s  prim arily  to  s e t  the  

scene fo r  the d isc u ss io n  o f  other s im ila r  sources which have not been as 

e x te n s iv e ly  observed. The only unpublished r e s u lt s  reported in  t h is  s e c tio n  

concern the SSI l ig h t  curve o f the x -ray  d e c lin e , in  p a r tic u la r  the obser­

v a tio n s  in  1976 January which are d iscu ssed  in  terms o f the reported  8 day 

p e r io d ic ity  seen by SAS-3 in  p a r t ia l ly  overlapping o b serv a tio n s).

4 . 2 .2  X-ray O bservations

AO620-00 was d iscovered  by the A r ie l V SSI on 1975 August 3 during  

the second long scan o f the g a la c t ic  plane (E lv is  e t a l . 1975 ) .  Within 

a few days i t s  in t e n s it y  eq u a lled  th at o f  the Crab and continued to  r is e  over 

the next week to  reach a maximum o f 50 ^Crab August 13, in terrupted  only  

by a b r ie f  precursor a t an in te n s ity  o f  2 .5  ^crab o v e r a ll l ig h t  curve

i s  shown in  F ig . 4.1 ) .  The source in t e n s it y  remained steady fo r  about 2 days 

and then s ta r te d  to  decay q u ite  smoothly w ith  an i n i t i a l  e - fo ld in g  tim esca le  

o f 29 days. This smooth decay was in terru p ted  in  October by an unexpected  

increase in  in t e n s i t y  ( ^  50^ in crease  over extrap olated  v a lu e) which la s te d  

fo r  15 days. The exponentia l decay then continued w ith  a sh orter e -fo ld in g  

tim esca le  o f  ^  21 days u n t i l  December. The next part o f  the l ig h t  curve i s  

poorly monitored but i t  appears th at the source in te n s ity  le v e l le d  out and 

was reasonably steady u n t i l  mid-January (1976), when a fu rth er  in crease  in
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in t e n s i t y  occurred ("by an order o f  magnitude) which la s te d  fo r  ~  30 days. 

Subsequently the in te n s ity  dropped ra p id ly  w ith  an e - fo ld in g  tim esca le  o f  

^  4 days. Mon X-1 was un detectab le at x -ray  w avelengths by the beginning  

o f  1976 A p r il.

Most o f the l ig h t  curve o f  Mon X-1 i s  remarkable fo r  i t s  sm oothness.

Day to  day v a r ia b i l i t y  i s  apparent in  the ob servations made by SAS-3 between 

MJD 42650 and 4269O and again  in  the la te r  s ta g es  o f  the l ig h t  curve decay 

(MJD 42785- 820) (M atilsky e t  a l . 1978 , a lso  F ig .4 . 1 ) .  The SSI ob servation s  

rev ea l a c lea r  in t e n s it y  dip near MJD 42730 but l i t t l e  other v a r ia b i l i t y  

u n t i l  MJD 42770, when the in te n s ity  had f a l l e n  to  0 .2^  o f i t s  maximum 

value (see  F ig . 4 .3 ) .  Searches fo r  p er io d ic  modulation during the i n i t i a l  

r i s e ,  and around the time o f  maximum in t e n s i t y ,  y ie ld e d  upper l im it s  o f  

2^ fo r  periods between 0 .2  ms and 0 . 25s and 0 .4^  for  periods between 0 .8  

and 435s (Doxsey e t  a l . 1978 ) ,  and 3^ over tim esca les  o f  200s -  2d (E lv is  

e t  a l . 1975) .

Mon X-1 shows remarkable changes in  i t s  x -ray  spectrum during o u tb u rst. 

From an i n i t i a l  k l ^  30 keV prior to  the precursor peak, the brêm sstrahlung  

temperature f e l l  to  kT ^  1 .3  keV near maximum in t e n s i t y ,  fo llow ed  by a s l ig h t  

hardening to  k l ~  1 .8  keV before the x -ray  d ec lin e  (R ick etts  e t a l . 1975 > 

M atilsky e t  a l . 1978 ) .  Throughout the decay the spectrum so ften ed  grad ually  

(kT f e l l  below 1 keV ^ 7 0  days post-maximum). This complex sp ectra l  

behaviour p resen ts problems o f  norm alisation  when comparing in t e n s i t ie s  

derived from d if fe r e n t  experim ents -  note that the composite l ig h t  curve 

in  F ig . 4.1 i s  not corrected  fo r  sp e c tra l changes (see  Figure ca p tio n ).

4 .2 .3  O ptical O bservations

The o p t ic a l  counterpart o f Mon X-1 (= V616 Mon) was d iscovered  on the  

b a s is  o f  a prelim inary p o s it io n  from SAS-3 as a norm ally fa in t  ( B ^  20^) 

star  which showed an o p t ic a l outburst by ^  ^  co in c id en t w ith the x-ray  

f la r e  (Boley e t  a l . 1 9 7 8 ) . The o p t ic a l l ig h t  o f  V6l6 Mon, shown in  F ig . 4 .2
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shows c lo s e  s im i la r i t ie s  w ith  the x-ray behaviour, in c lu d in g  o p t ic a l  

b rig h ten in g  in  1975 October and 1976 February. The February increase  

appears to  occur ^ 1 0  days before the x^ray r i s e ,  and the f in a l  rapid  

d e c lin e  ^  20 days a f t e r  the x-ray d ro p -o ff. The e -fo ld in g  tim esca le  fo r  

the B-band flu x  i s  ^  70 days fo r  the i n i t i a l  part o f the decay ( 3 tim es

longer than th at in  x -r a y s ) .  Eachus e t  a l . (1976) have noted a previous 

o p t ic a l outburst o f  Mon X-1 which occurred in  1917* This outburst appears 

from the data a v a ila b le  to  be remarkably s im ila r  to  the present even t.

At maximum l ig h t  the spectrum o f V6l6 Mon shows a fe a tu r e le s s  blue  

continuum s im ila r  to  th at o f Sco X-1 (Whelan e t a l . 1977a). Post-maximum 

ob servation s show a develop ing absorption and em ission  spectrum, p a r tic u la r ly  

%4686 H e ll ,  ^4640 N III (both in  em issio n ). Hoc and Hp (absorption  w ith  

superimposed em ission ) and sev era l in t e r s t e l la r  l in e s  ( Whelan et a l .  1977a;

Oke and G reenstein  1977)* Observations in  1976 November show the under­

ly in g  spectrum o f * K 9  V, confirm ing ea r ly  su g g estion s th at the s ta r  was 

a la te - ty p e  dwarf (Oke 1977)* Estim ates have been made by sev era l authors 

o f hot]? the reddening and d istan ce  to  V6I 6 Mon. A d ista n ce  o f **1 Kpc w ith  

Eg_^ «  0 .39  i s  c o n s isten t w ith  the corrected  apparent magnitude o f the 

K dwarf as g iven  by Oke (1977)*

Spectrophotom etry o f V6l6 Mon in  1975 September and 1976 March shows th at  

the o p t ic a l em ission  i s  dominated by an approxim ately black-body source at 

29,000 -  30,000 K (Oke and G reenstein 1977)* This hot source has been 

a sso c ia ted  w ith  the heated face o f the dwarf s ta r  ( e .g .  Wu e t a l . I976) .

Because the in t e n s it y  o f  t h is  hot source i s  not s t r i c t l y  proportional to  

the x-ray  in t e n s i t y ,  Oke and G reenstein (1977) argue th at the em ission i s  

more l ik e ly  to  o r ig in a te  w ith in  an a ccre tio n  d isc  surrounding the compact 

o b jec t. X-ray h eatin g  o f the dwarf s ta r  almost c e r ta in ly  i s  tak ing p lace
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but th e  dominant em ission  comes from the d is c .  The em ission  l in e s  seen  

in  the post-maximum spectrum may a lso  a r is e  in  the x -ray  heated reg ion  

(Whelan e t a l . 1977a).

4 . 2 .4  P er io d ic  Modulation

A v a r ie ty  o f  modulation periods have been suggested  fo r  Mon. X-1 on 

th e b a s is  o f  both o p t ic a l  and x -ray  o b serv a tio n s, in c lu d in g  3 .9 ,  7*4 and

7 .8  day periods in  o p t ic a l l ig h t  (Duerbeck and Walter 1976 , Tsunemi e t a l .

1977 , C hevalier e t a l . 1977 ) ,  and a 7 .8  day period in  the x -ra y  f lu x  (SAS-3

ob serv a tio n s, M atilsky e t a l . 1976 ) .  The only  d ir e c t  evidence th at Mon X-1

i s  a binary system  d er iv es  from th ese  o b serv a tio n s, hence i t  i s  important to

examine c r i t i c a l l y  the reported  m odulation.

F ig . 4 .3  shows the SSI l ig h t  curve o f  Mon X-1 fo r  the period  MJD 42772-812, 

Because o f the lower source in t e n s it y ,  and high source e le v a t io n  fo r  some 

parts o f the o b serva tion , the p o in ts  shown are 10 o rb it sums ( 0 .7  day

in te g r a t io n s ) . C learly  ev ident are two in t e n s it y  minima centred  on 

MJD 42774*0 and 42783.0  ( i . e .  9 days apart) superimposed on q u a s i- lin e a r  

decrease in  in t e n s i t y .  A fter the gap in  th e data (due to  h igh  source 

e lev a t io n ) no obvious modulation i s  present and the in t e n s it y  i s  beginning  

to  in crease  ( i n i t i a l  s ta g es  o f the 1976 February maximum -  see  F ig . 4*1)*

In the SAS-3 ob servations (which p a r t ia l ly  overlap  -  F ig . 4*3) two fu rth er  

in te n s ity  minima are apparent at MJD 42791*5 and 42799*0 (M atilsky et a l .

1976 ) .  M atilsky e t a l . ' s  a n a ly s is  gave a period  o f  7*8 + 0 .7  days fo r  the  

modulation in  t h is  d ata . The modulation in  the SSI l ig h t  curve i s  c o n s is te n t  

w ith  t h is  p eriod , but i t  i s  c lea r  th at the minima observed are s ig n if ic a n t ly  

d isp laced  w ith  resp ect to  the tim es p red icted  from the SAS-3 o b servation s.

We have a lso  attem pted to  confirm t h is  p e r io d ic ity  by performing a fo ld -X ^  

a n a ly s is  on the SSI d ata . The r e s u lt s  are shown in  F ig . 4*4 where the  

d ev ia tio n  from source constancy i s  p lo tted  a g a in st fo ld in g  period  (data fo ld ed  

in  5 b in s ) .  Although a peak occurs at a period  o f  8 .0  days, t h is  peak i s
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not prominent and would not be picked out in  an unbiassed search  fo r  

p er io d ic  m odulation.

The SSI r e s u lt s  seem to  suggest th a t , although a modulation w ith a 

t im esca le  o f  ^ 8  days i s  apparent fo r  4 cy c le s  in  the SSI and SAS-3 data, 

t h i s  i s  not a s t r i c t l y  p er iod ic  phenomenon. The amplitude o f the modulation  

in  the SSI data i s  + 28^ o f  the mean f lu x  at a period o f 8 days, whereas i t

i s  + 50^ in  the SAS-3 ob serv a tio n s. This d iffe re n c e  may be due to  the

d if fe r e n t  energy bands o f the experim ents, i f  the modulation i s  p rim arily  in  

' low energy x -r a y s , s in ce  the SAS-3 d e tec to rs  have a " so fte r ” response (r e s u lt s  

quoted are in  the I .5 -  6 keV energy range),

4 .3  A1524-61 -  TrA X-1

4 . 3.1 Introdu ction

A1524- 61* was the f i r s t  o f  a remarkable s e r ie s  o f b righ t x -ray  tr a n s ie n ts  

d iscovered  by A r ie l V. I t  appeared sh o r tly  a f te r  launch o f the s a t e l l i t e ,  

in  1974 November, when the SSI was making i t s  f i r s t  extended observation  o f  

the g a la c t ic  plane (Pounds 1974). The x-ray  em ission reached i t s  precursor  

peak on 1974 November 22, fo llow ed  about 12 days la te r  by a more in ten se  peak 

when the source in te n s ity  was comparable w ith  th a t o f the Crab Nebula, and a 

subsequent slow decay ch aracter ised  by a e -fo ld in g  tim esca le  o f  52 days

(K aluzienski e t a l . 1975 » Murdin e t a l . 1977 )•

On the b a s is  o f a s e r ie s  o f o p t ic a l p la te s  covering the period  o f the  

x-ray ou tbu rst, A1524-61 has been id e n t if ie d  w ith  a fa in t  (m  ̂ a/ 17°̂ ) o p t ic a l  

nova (Murdin et a l . 1977 )•

4 . 3 .2  X-ray O bservations

A1524-61 was e x te n s iv e ly  observed by both the SSI and ASM on A r ie l V.

The SSI ob servation s, shown in  F ig . 4»5> cover the smooth r is e  o f  the tr a n s ie n t  

to  i t s  precursor peak and subsequent d ec lin e  to  a lower p la teau  fo r  a/ 10 days; 

the ASM Observations span the second, more in te n se , peak about 12 days a f te r

* Also c a lle d , erroneously , A1524-62
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th e precursor and th e ir re g u la r  d ec lin e  o f the source fo r  over 100 days.

(The ASM ob servation s are shown sch em atica lly  in  F ig . 4 . 8 ) .  During the  

SSI ob serva tion s the experiment was mainly in  180° SECTOR mode g iv in g  two- 

channel sp e c tr a l inform ation on t h is  source, shown as a "hardness" r a t io  in  

th e  top panel o f  P ig . 4*5• C learly  the r a t io  im p lies  a sp e c tra l so ften in g  

o f the source up to  th e  precursor maximum, w ith  apparently steady sp ectra l 

r a t io  th e r e a fte r . The spectrum o f  A1524~6l was a lso  measured w ith  the  

SSI u sin g  four-channel sp ectra  obtained over two days near the precursor peak. 

The b est f i t  sp ectra  were to  a sim ple power law w ith photon index o(= 2 .5  + 0.1  

and no measurable low energy c u to ff  (E^ 4  4 .2  keV (3 o' ) ) .  Thus in  terms o f  

the sp e c tra l c la s s i f i c a t io n  d iscu ssed  in  Chapter 1, AI524- 6I i s  undoubtedly 

a "soft"  sou rce .

A search  fo r  p er io d ic  m odulation o f  t h is  source was carr ied  out u sin g  

the ASM o b serv a tio n s . No s ig n if ic a n t  periods were found in  the range O.5 -  

10 days w ith  an upper l im it  o f  ^ 5 ^  to  any modulation (K aluziensk i 1977 ) .

A s im ila r  search in  the SSI data shown in  F ig . 4*5 extending down to  periods  

o f 0 .2  days a lso  revea led  a la c k  o f  s ig n if ic a n t  m odulation.

4 . 3 .3  O ptical I d e n t if ic a t io n *

F ig . 4 . 6  shows a photograph o f  the reg ion  con ta in in g  the x -ray  source, 

taken at the prime focu s o f  the A nglo-A ustralian 3 .9 #  te le sc o p e  on 1974 

December I5 , during commissioning t e s t s ,  t h i s  p la te  being badly fogged by 

the dawn. I t  was p o ss ib le  then to  determine th at th ere was no large  change 

amongst the b r ig h ter  s ta r s  by referen ce  to the Franklin-Adams ch a rts , but i t  

was not u n t i l  a second epoch p la te  was obtained at the AAT in  March 1976 th at 

the fad ing o f  1?th magnitude nova was n o ticed  w ith in  the SAS-3 and A r ie l V 

error boxes at R.A. 15hr 24m 0 5 .3 s , dec -  61° 42 35** (1950).

F ig .4 .7  was prepared from an SRC Schmidt I l la J  p la te  taken 1975 June 30 

when the nova had faded to  19th  magnitude. Superimposed on F ig . 4*7 i s  the

* The o p t ic a l r e s u lt s  reported  in  th is  s e c t io n  are the work o f  Paul Murdin
and Andy Longmore.
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SAS-3 (circle), and the SSI (ellipse). (1975 June 30, IllaJ).
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p o s it io n  o f  the x -ray  tr a n s ie n t obtained w ith  the SAS-3 s a t e l l i t e  

(Jernigan 1975 )* and a r ev ise d  p o s it io n  from the A r ie l V Sky Survey 

Instrument (S S l) . The la t t e r  p o s it io n  has been obtained u sin g  a l l  the  

p o s it iv e  s ig h tin g s  o f  A1524-61 w ith  the SSI, each corrected  fo r  sp acecraft  

a tt itu d e  errors u sin g  s ig h tin g s  o f  the nearby b r igh t sources Cen X-3, Ara X-1 

and Nor X -1. (Note an in term ediate SSI p o s it io n , Watson (1975) contained  

an error and i s  rep laced  by the new p o s it io n  g iven  h e r e .)  The proposed 

o p t ic a l counterpart, N in  both p la t e s ,  l i e s  w ith in  the reg ion  o f  overlap,

o f  the SAS-3 and rev ised  A r ie l V 90^ confidence contours, and i s  a lso  q u ite

c lo se  to  the centre o f  th e o r ig in a l A r ie l V SSI p o s it io n . The x -ray  and

o p t ic a l s ta r  p o s it io n s  are a lso  l i s t e d  in  Table 4*1• •

4 . 3 .4  Comparison o f  O ptica l and X-ray Light Curves

In F ig . 4 .8  the com posite x -ray  l ig h t  curve o f A1524-61 i s  shown, 

in c lu d in g  la te r  SSI ob servation s made between 1975 A pril and 1976 May.

The la s t  p o s it iv e  d e te c tio n  by the SSI was in  1975 July-August (the second  

extended g a la c t ic  plane scan) at a le v e l  o f  2 .9  SSI count s  ̂ ( *̂  1^ o f  

maximum in t e n s i t y ) .  The o p t ic a l  l ig h t  curve, derived  from AAT ob servation s  

and p la te s  taken w ith  the SRC and ESO Schmidt te le s c o p e s , i s  shown in  the 

upper s e c t io n  o f  F ig . 4*8, and i s  summarised in  Table 4 .2 .  The recent AAT 

magnitudes were observed w ith the t e le v is io n  a c q u is it io n  system and are con­

serv a tiv e  upper l im it s .  (These magnitudes are based on the colour response

o f  an u n f ilte r e d  extended S20, excluding UV, and l i e  midway between R and V 

m agnitudes). The p la te  c a lib r a tio n s  were determined from a p h o to e le c tr ic  

sequence o f  four fa in t  s ta r s  in  the f i e l d  o f  the nova.. The s ta r s  are 

la b e lle d  in  F ig . 4 .7 .

The o p t ic a l  and x -ray  l ig h t  curves o f  F ig . 4 .8  peak at the same tim e.

This temporal co rr e la tio n  i s  fu rth er  strong evidence th at the two are a sso c ia te d  

•with the same ev en t. The decay o f  the o p t ic a l l ig h t  (O.OO8 + .002 mag/day) i s

* 'A ' more accurate la t e r  p o s it io n  from SAS-3 (Bradt e t  a l . I 977 ) i s  a lso
a v a ila b le .

+ The candidate l i e s  w ith in  14" o f  the cen tro id  o f  the Bradt e t  a l . e r r o r c ir c le .
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T A B L E  4.1  

X-ray and O ptical Star P o s it io n s

P o s it io n ; R .A ., Dec. (l9 5 0 )

(1 ) A r ie l V SSI
-  i n i t i a l  p o s it io n

(2 ) A r ie l V SSI
-  r ev ised  p o s it io n

(3 ) SAS-3 ( i )

(4 ) SAS-3 ( i i )

(5) O p tica l s ta r

15 V

15^24“05®.

15^24“o8®

15^24“o6?9

15^24“05?3

■61°42'

Error Box

C ir c le , rad ius 10*.

—61 4 4 ’ «4 E l l ip s e ,  major a x is  
9 ' ,  P.A. 145°
minor a x is  4 ’ *5 

-6 1 °4 2 ’ .5  C ir c le , rad ius 1 ’ 

-6 1 °4 2 '.6 8  C ir c le , rad ius 20" 

-61°42*.5Ô  C ir c le , rad ius 5”

T A B L E  4. 2  

O ptical magnitudes o f  A1524-61

Date Observatory Bandpass Magnitude

1973 Mar 29 ESO B > 19.5
1974 Ju ly  24 SRC R >19
1974 Dec 15 AAT B 17.5 + 0 .3
1975 Feb .1 SRC H > 17.5
1975 June 9 SRC J 19.2 + 0 .3
1975 June 30 SRC J 19.4  + 0 .3
197 6 Mar 4 AAT B 20.5  + 0 .8
1976 A pril 3 SRC J 22 + 1
1976 Ju ly  27 AAT TV >20
1976 Aug 29 AAT TV >21

B and R correspond to  standard wideband photom etric.b lue and red m agnitudes. 
J = I l la J  em ulsion.

TV = AAT T e lev is io n  a c q u is it io n  system (see  te x t )
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un usually  slow fo r  an o p t ic a l nova, but rem iniscent o f the only  other

secu re ly  id e n t if ie d  tra n s ien t x -ray  source, namely A0620-00, fo r  which

dB/dt ^  0.015 mag/day (Lloyd e t  a l .  1977 )•

The o p t ic a l ra d ia tio n  in  such x-ray novae may a r ise  from the x-ray

em ission  region  ( lO^K). In the case o f  A0620-00 (B '^II.B  on 25 September

1975) the sev e r e ly  r e s tr ic te d  x -ray  l in e  em ission  (G r if f ith s  e t a l . 197&)

im p lie s  a large  e le c tr o n  s c a tte r in g  depth in  the x-ray source and consequently

s u b s ta n tia lly  l e s s  o p t ic a l output from the x -ray  em ission  reg ion  than the

o p t ic a l ly  th in  c a se . A lte r n a tiv e ly  the o p t ic a l ra d ia tio n  may a r ise  from

the heated photosphere o f  a non-degenerate companion s ta r  (assuming that

th e system  i s  indeed a c lo se  b in a ry ). . This i s  not con trad icted  by the
*

d if fe r e n t  r a te s  o f  decay o f  o p t ic a l and x -ray  in t e n s i t i e s .  The slower decay 

o f  the o p t ic a l l ig h t  curve comes about from changes in  the bolom etric co rrectio n  

o f  the reprocessed  x -r a d ia t io n , a la rg er  fr a c t io n  o f the re->-processed energy 

lea v in g  the system  in  th e v i s ib le  reg ion  as the x -ray  nova fa d e s .*  Endal 

et a l . (1976 ) have analysed the observed decay r a te s  fo r  A0620-00 and obtained  

a mean e f f e c t iv e  black-body temperature fo r  the companion s t a r 's  photosphere 

o f  3 .4  X 10^ K, c lo se  to  the value o f 2 .8  x 10^ K derived  from f i t t i n g  the 

de-reddened UV spectrum (Wu e t a l . 1976)* Whelan e t  a l . ( 1977a) o f fe r  a 

p la u s ib le  b inary model o f  AO62O-OO based on x -ra y  r e f le c t io n .  Though no 

x-ray  l in e  observations were obtained fo r  AI524- 6I ,  the r a t io  to  F^

and th e r e sp e c tiv e  decay r a te s , w ith  the o p t ic a l  decay again  being  slow er, 

suggest a very s im ila r  s itu a t io n  to  A0620-00. Follow ing the a n a ly s is  o f  

Ehdal e t a l . ,  the r a te s  o f decay o f  A1524-61 shown in  F ig . 4*8 (v iz .  

e -fo ld in g  tim es ^  52d ^  5 , "^opt + 20) y ie ld  a value o f  T^^  ̂ ^ 2 . 7

X  1 0 ^  K for  the heated companion s ta r  in  AI524- 6I . Although we have no 

o p t ic a l  spectra  o f A1524-61 to  compare w ith  AO620-00, the Hot p la te  taken 

60 days a fte r  maximum w ith  the SRC Schmidt was exposed through a I00S band-

* See ^ 4 . 2 .3  however.
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pass in ter feren ce  f i l t e r .  C learly  the nova spectrum did not have Hoc 

stro n g ly  in  em ission  at t h i s  time ( le s s  than about 70Î  eq u iva len t w id th ).

Hoc in  the spectrum o f  the o p t ic a l counterpart o f  the x -ray  nova A0620-00 never 

achieved t h is  stren gth  and was u n d etectab le  60 days a f te r  maximum (Whelan e t  a l .

1977a ) .

The s im ila r ity  o f the d istan ce-in dependent x -ray  c h a r a c te r is t ic s  o f  

A1524-61 and AO620-00 (Table 4*3) have p rev io u sly  been taken (Pounds 1976) 

to  in d ic a te  th ey  are both  in  the same c la s s  o f tr a n s ie n ts . A ll we know o f  the

new o p t ic a l id e n t i f ic a t io n  o f  A1524-61 supports th is  v iew . The d is ta n ce  o f

th e A1524-61 candidate s ta r  i s  d i f f i c u l t  to  estim ate d ir e c t ly  s in ce  no colour  

inform ation fo r  the s ta r  i s  a v a ila b le  and the reddening i s  unknown. The 

nearby f i e l d  in  C ircinus stu d ied  by Bok e t a l . (1972) shows a reddening o f  

Eg y 0 .3  to  0 .5  m agnitudes. In sp ectio n  o f  the SRC Schmidt p la te  con ta in in g  

the C ircinus f i e l d  and the f i e l d  o f  the nova shows th at the reddening i s  patchy, 

but the x -ray.nova i s  in  an area somewhat more obscured than the C ircinus f i e l d .  

Star S however has a sp e c tr a l type o f ea r ly  G (from an AAT spectrum taken w ith  

the Image D issec to r  Scanner). Thus i t s  reddening i s  Eg_.  ̂ = 0 .2 .  The three  

fa in te r  s ta r s  o f  the p h o to e le c tr ic  sequence in  the f i e ld  o f the nova are a l l  

redder than S (0 .8  ^ B-V ^ 1 .7 )*  In view o f the foreground reddening

^ 0 .5  i s  a r a t io n a l guess fo r  the nova. Hence the b lue absorption  

i s  a t le a s t  2 m agnitudes. Thus the r a t io  o f  o p t ic a l f lu x e s  near maximum o f  

AO62O-OO and AI524- 6I (6 magnitudes or l e s s )  i s  co n s isten t w ith  the r a t io  o f

a fa c to r  o f  f i f t y  between the x -ray f lu x e s  o f  th e  two s ta r s ,  although the

evidence i s  not com pelling.

I f  we assume th a t the r a t io  o f  x -ray  to  o p t ic a l f lu x  i s  the same in  

both AO62O-OC) and A1524—61 then the unabsorbed apparent blue magnitude o f

A1524-61 would be 14*0. Hence the b lue absorption would be 3*5 m ag., corres­

ponding to  a d istan ce  near the plane o f  the galaxy (b = --3 ? 8 )  o f about 3 Kpc.



T A B  L E 4.3

Comparison o f  A0620-00, A1524-61 and H1705-25

X-ray f lu x  (maximum)/lCrab

X-ray f lu x  (*^12 post 
maximum

If M »l /e r g  cm ^s ^

Apparent blue magnitude ( 12*'
post-maximum) (iHg)

Absorption (Ag)/mag.

mg -  Ag (de-reddened)

/ ^2 *1 O ptical f lu x /e r g  cm s

R atio

X-ray decay tim e/days  

O ptica l decay tim e/days  

Distance/K pc

X-ray lu m in osity  (maximum) 
erg s

Q uiescent nig

Q uiescent Mg

-7

A0620-00

50

30

5x10

11.3

1.6  

9 .7

8x10 

600 

27 

69 

%1

A1524-61

-1 0

% 1. 2x10 

20.5  

%9

38 +

0 .5

1x10

17.5

-8

) 2  ( -V 3 .5 )

4M 5.5
( ~ H )

1. 6x10 

600 

52 

117 

- 3

-11

2x10

>22 

^6

37

HI 705-25 

3 .5  

1.25  

2x10 

/vl6*

>12

-8

4 1 x 10

>200

30-35

- 3

-1 0

^ 8x10

>21

> 4 .5

37

/ -6  + Energy band 2-^10 keV. (In the 0 .3  -  10 keV band f lu x  was ^ 1 x 1 0  erg .
-2  -1 38 - I ncm s and lu m in osity  # 3 x 1 0  erg s ) .

* Estim ated from nig = 16?5 *^30^ post-maximum (G r if f ith s  e t  a l . 1978).

•f+ O ptical f lu x  fo r  A1524-61 and HI 705-25 assumes co lours s im ila r  to  

AO62O-OO during ou tb u rst.
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The fa in tn e s s  o f the qu iescent system (m 22) at t h i s  d ista n ce  w ith  3 .5  mag. 

absorption  su ggests  th a t the primary s ta r  i s  a dwarf w ith  ab so lu te  magnitude 

Mg fa in te r  than + 6. A lte r n a t iv e ly , i f  we assume th at the peak 2 - 1 0  keV 

x -ray  lu m inosity  o f the x-ray tr a n s ie n ts  i s  the same, A1524-61 i s  seven tim es 

more d is ta n t than A0620-00, which i s  at le a s t  1 Kpc away (Whelan e t a l . 1977a). 

With an absorption  o f  7 magnitudes and d istan ce  modulus o f 14, the fa in tn e ss  

o f the q u iescen t system o f A1524-61 p la ces  a l im it  o f  Mg fa in te r  than + 1 on

the primary s ta r , again in d ic a tin g  i t  i s  a dwarf. F in a lly , assuming th a t the

t o t a l  energy in  the outburst i s  1 .0  x 10^^ ergs (G allagher and S ta r r f ie ld  1976 ) 

A1524-61 i s  at a d ista n ce  o f 5 .5  Kpc, corresponding to  a l im it  o f  Mg fa in te r  

than + 2 fo r  the qu iescen t system , again c o n s isten t w ith  the primary being a 

dwarf.

This i s  fu rth er  evidence th at A1524-61 and A0620-00 are in  the same low 

mass binary c la s s  o f  g a la c t ic  x -ray  tr a n s ie n ts  (see  Chapter 1 ) .

4 .4  HI705-25 (Nova Ophiuchi 1977)

4 .4.1 In trod u ction

The b r igh t x -ray  tr a n s ie n t HI 705-25 was d iscovered  independently by the

HEAO-1 Modulation C ollim ator (MC) (G r if f ith s  e t a l . 1977, 8 ) and the A r ie l V

A ll Sky Monitor (ASM) (K aluziensk i and Holt 1977 ) at the beginning o f  1977 

September, The source f i r s t  appeared in  the A r ie l V SSI data on August 8th  

and reached a peak in te n s ity  o f 3 .5  tim es th at o f  the Crab Nebula by 

August 10th .*

On the b a s is  o f  the sm all MC errorbox an a sso c ia ted  o p t ic a l nova (Nova 

Ophiuchi 1977) was d iscovered  on p la te s  taken at the A nglo-A ustralian T elescope  

and UK Schmidt T elescope (Longmore e t  a l . I 977 ; G r if f i th s  e t  a l . I978 ) thus 

making i t  the th ird  su c c e s s fu lly  id e n t if ie d  tr a n s ie n t x -ray source.

* The presence o f t h is  tra n sien t in  the A r ie l V data was not imm ediately 
n o tice d , u n fo rtu n a tely , due to  confusion  w ith  the strong g a la c t ic  centre  
source 6x 9+9 , and the weaker source 4U17 0 9 -2 3 .
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4 .4 .2  X-ray O bservations

The source H1705-25 was in  the f i e l d  o f  view o f  the A r ie l V SSI from 

1977 J u ly  31 to  1977 August 31 . At the end o f t h is  observation  a s a t e l l i t e  

sp in  a x is  manoeuvre' took the source out o f  the f i e l d  o f view o f the SSI (and 

in to  th at o f  the ASM).

The data p o in ts  p lo tte d  in  F ig . 4 .9  are s in g le  o rb it SSI in t e n s i t ie s  

in  the 2 - 1 8  keV band corrected  fo r  both co llim a to r  response and exposure 

tim e. The error bars shown r e f le c t  both the s t a t i s t i c a l  errors and the  

a d d itio n a l errors introduced through the co llim a to r  response fa c to r  uncer­

t a in t i e s  and the e f f e c t s  o f source con fu sion . A lso shown are the data from 

the HEAO-1 MC (Gursky e t a l . 1978 ) obtained from s in g le  pass "quick look" 

observation s spanning 1977 September 7 to  September 12 (energy band 1 - 1 3  keV). 

Because o f  the p o s s ib i l i t y  o f  strong sp e c tra l ev o lu tion  o f  t h i s  source ( c f .  

AO62O-OO, se c t io n  4 .2 ) ,  we have made no attempt to  convert to  ab so lu te  u n it s .  

In stead , a l l  the in t e n s i t ie s  are shown r e la t iv e  to  the Crab Nebula (= 1000 u n its )  

U nless the source spectrum i s  very s o f t  (kT < 2 keV) the ex tra  u n certa in ty  

introduced by not co rrectin g  fo r  sp ec tra l changes should be le s s  than 10^.

The l ig h t  curve o f HI705-25 c le a r ly  resem bles th at o f a " c la ss ic a l"  x-ray  

tr a n s ie n t . I t  does however show sev era l novel fe a tu r e s , in  p a r ticu la r  the  

double-peaked maximum and rather irreg u la r  post-maximum decay.

The r ise -t im e  to  maximum in te n s ity  (measured between 0.1 I ^ ^  and O.9 

Imax) '^ 1.7  days, somewhat fa s te r  than previous tr a n s ie n ts  which have ty p ic a l  

r is e - t im e s  o f 3 -  7 days (Pounds, 1976 ) .  The short pause (a t O.7 I^^^) in  

the r i s e  to  maximum in te n s ity  (near MJD 43364 .2) may be a precursor s im ila r  to  

those seen in  AO62O-OO (a t 0.1 I ^ ^ ;  E lv is  e t a l . 1975 and se c t io n  4 .2 )  and 

A1524-61 (a t 0 .5  I ^ ^ ;  K aluzienski e t  a l . 1975 and s e c t io n  4 .3 ) .

The post-maximum ev o lu tio n  o f  the l ig h t  curve i s  ch a ra cter ised  by an 

i n i t i a l  sharp drop in  in te n s ity  in  ^ 0 . 7  days, a r i s e  to  secondary maximum 

on the same tim esc a le , a fu rther fa s t  drop to  ^ 0 . 5  I^^^ in  0 .8  days, and
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then a slow ir re g u la r  d ec lin e  w ith  in t e n s it y  reaching ^ 0 , 0 6  about

2^ months a f te r  the secondary maximum (K alu zien sk i, L .J . ,  p r iv a te  communi­

c a tio n  1978) . The com plicated stru ctu re  o f  the post-maximum l ig h t  curve 

appears to  be unique among the x -ray tr a n s ie n ts  which have been e x te n s iv e ly  

observed. The tim esca le  fo r  the slow decay i s  d i f f i c u l t  to  determine because  

o f  the v a r ia b i l i t y  o f  the source. Immediately a f te r  the fa s t  drop to  O.5 1̂ ^̂  ̂

th e  decay i s  very slow  and arguably not exponentia l in  form. The data a f te r  

MJD 43380 show a smoother decay, and when combined w ith  the ASM observation s  

from MJD 43390 -  43455 (K alu zien sk i, L .J . ,  p r iva te  communication 1978) can be 

f i t t e d  w ith  an exponentia l decay w ith  an e -fo ld in g  tim esca le  o f 30 -  35 days, 

comparable w ith  th a t o f other w e ll-s tu d ie d  tr a n s ie n ts .

We have in v e s tig a te d  the p o s s ib i l i t y  th at the post-maximum v a r ia b i l i t y  

o f HI 705-25 might be p er io d ic  by fo ld in g  the SSI data (w ith  a le a s t -sq u a r e s -  

f i t  l in e a r  trend su btracted) modulo a range o f t r i a l  periods between O.5 and 

20 days and examining the behaviour o f  the value w ith  fo ld in g  period , 

where the value i s  the d ev ia tio n  o f  the data from the hyp oth esis th at  

th e source i s  co n sta n t. A broad peak appears in  the v s . period  p lo t  

centred on a period  o f  6.7 days. Examination o f the l ig h t  curve does n o t, 

however, show a c le a r  modulation a t or near t h is  p eriod , p a r t ic u la r ly  when 

the HEAO-1 MC and ASM observations are taken in to  account. The power spectrum  

o f  the SSI post-maximum data , obtained u sin g  the Cooley-Tukey algorithm , shows 

no s ig n if ic a n t  peaks. We in terp re t t h i s  as im plying th a t th ere  i s  no regu lar  

p e r io d ic ity  in  the l ig h t  curve. No regu lar modulation i s  apparent in  the  

ASM data e ith e r  fo r  periods in  the range 1 - 2 0  days (K alu zien sk i, L .J . ,  1978, 

p riva te  communication). The v a r ia b i l i t y  evident in  the l ig h t  curve which 

g iv e s  r is e  to  the apparent modulation at ^ 6.7  days may be s im ila r  to  the 

^  8 day 'period ' reported  in  both x -ray  and o p t ic a l observation s o f  A0620-00 

(see  sec tio n  4 .2 .3 )  and may r e f le c t  some c h a r a c te r is t ic  tim esca le  w ith in  the
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system  (fo r  example w ith in  the a ccre tio n  d is c )  rather than the o r b ita l  

motion o f  the x -ray  source.

The x -ray  spectrum o f  HI705-25 was measured by the HEAO-1 MC on two 

q u ick -look  o r b its  g iv in g  a brem sstrahlung temperature kT = 3 + O.5 keV,

'h
21 —2w ith  a column d en s ity  N „=  ( 3 + 1 . ) x 1 0  H atoms cm (G r if f ith s  e t  a l .

1 9 7 8 ) .

4*4»3 O ptica l Counterpart

The o p t ic a l counterpart o f H1705-25, Nova Ophiuchi 1977» was id e n t if ie d  

on p la te s  taken at th e AAT and UK Schmidt T elescope on 1977 September 10-11 

w ith in  one o f the sm all errorboxes determined by the HEAO-1 MC (G r if f ith s  

e t  a l . 1978 ) .  On the d iscovery  p la te  the nova had B = 16?5 + 0 . 5  compared 

w ith  an estim ated  qu iescen t magnitude o f  B 21°  ̂ on the POSS p la t e s .  The 

sp ectra  o f  the nova obtained on September 16 and 22 show a continuum w ith  

no absorption  l in e s ,  but c lea r  evidence fo r  %4886 H e ll em ission  on both  

n ig h ts  as i s  seen in  V6l6 Mon. The co lou rs o f  the nova, estim ated  from the 

continuum, were B-V = O.64 (S e p t .16) and B-V = 0 .8 6  (S e p t ,2 2 ).

On the b a s is  o f  t h is  prelim inary o p t ic a l  work no d ista n ce  estim ate  i s  

p o s s ib le .  The x -ra y  low energy absorption  column d e n s ity , however, im p lies  

A ^ 1 ? 4  £  0 .5  (G r if f ith s  e t a l . 1978 ) . I f  the in t r in s ic  co lours o f  Nova 

Oph 1977 were s im ila r  to th o s e .o f  V6l6 Mon at about the same time a f te r  

maximum ( i . e .  a hot black-body) an independent estim ate o f ^  1 can be

made, g iv in g  A^4 3?3 (G r if f ith s  e t  a l . 1978 ) .  This im p lies  a d ista n ce  

o f very approxim ately 3 Kpc (in herent u n c e r ta in t ie s  are la r g e ) .  At t h is  

d ista n ce  HI705-25 has a peak x-ray lum inosity  s im ila r  to  that o f Mon. X-1 

(see  Table 4 .3 ) .

4 .4 .4  D iscu ssion

D esp ite  some d e ta ile d  d if fe r e n c e s  in  th e l ig h t  curve s tr u c tu re , HI705-25 

shows many s im i la r i t ie s  w ith both AO62O-OO and AI524- 6I (see  summary in  Table
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4 -3 )  both in  terms o f  x-ray behaviour and the o p t ic a l p ro p erties  o f  the  

cou n terp art. Further o p t ic a l observations o f Nova Oph 1977 w i l l  h op efu lly  

confirm  the s im ila r ity  w ith  V6l6 Mon, e s p e c ia l ly  i f  the em ission  l in e  spectrum  

develop s as the s ta r  fa d es . I t  would a lso  be in te r e s t in g  to obtain  the 

photom etric l ig h t  curve in  order to  obtain  the decay t im e sc a le , s in ce  fo r  

b oth  AO62O-OO and AI524- 6I th is  i s  ^  2 tim es longer than the corresponding  

valu e for the x -ray  f lu x .

By analogy w ith  A0620-00 we expect th a t at qu iescence the o p t ic a l s ta r  

w i l l  be a la te - ty p e  dwarf. I f  the d ista n ce  and reddening estim ates, can be 

r e l ie d  on, the qu iescen t apparent magnitude m̂  21^ g iv e s  Eg 4^5 which i s  

c e r ta in ly  c o n s is ten t w ith t h is  h yp oth esis.

4 .5  2A0042+323

4 . 5.1 Introdu ction

The m ajority  o f  g a la c t ic  sources l i e  at low g a la c t ic  la t i tu d e s  as i s  

expected i f  th ey  l i e  in  the g a la c t ic  d isc  w ith  ty p ic a l d is ta n ce  > 1 Kpc. 

Conversely those sources at high g a la c t ic  la t i tu d e s  show an approxim ately  

is o tr o p ic  d is tr ib u t io n  (Cooke et a l . I 978 ) and are predominantly id e n t if ie d  

w ith  e x tr a g a la c t ic  o b jec ts  ( e .g .  c lu s te r s  o f  g a la x ie s , a c t iv e  g a la x ie s , e t c .

-  see review  by Pounds, 1978 ) .  The high la t itu d e  population  i s  however 

s ig n if ic a n t ly  contaminated by d ista n t g a la c t ic  halo sources ( e .g .  See X-1,

Her X -1) and by nearby, low -lum inosity  g a la c t ic  sources ( e .g .  AM Her =

2A1815+500» Ex Hya = 2A1251-290). Thus for  a few o f the weak high la t itu d e  

sources id e n t i f ic a t io n  with a g a la c t ic  ob ject can be expected . O bservations 

o f  dramatic v a r ia b i l i t y  in  p a r ticu la r  may in d ic a te  a g a la c t ic  nature, although  

f la r in g  behaviour i s  a lso  a fea tu re  o f a c t iv e  galaxy sources (Pounds, 1978 

and referen ces  th e r e in ) .

During 1977 February the fa in t  x -ray  source 3U0042+32 was observed  

to  f la r e  up over sev e r a l days to  ^  ten  tim es i t s  nominal Uhuru stren gth
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(R ick e tts  and Cooke, 1977 )• The new ob servation , made w ith  the A r ie l V 

Sky Survey Instrument (S S l) , stim ulated  the determ ination o f  a more p rec ise  

lo c a t io n  o f the source by the ro ta tio n  m odulation co llim a to r  on the SAS-3 

s a t e l l i t e .  This improved ’errorbox' w ith  90^ confidence radius 1 arcmin 

(Rappaport e t  a l . 1977 )» l i e s  w ith in  the overlap o f the A r ie l V and Uhuru 

p o s it io n s  (Cooke, et a l . 1978 ; Forman e t a l .  1978 ) .

Follow ing an o p t ic a l search o f  the reg ion  near the x -ray  source (now 

2A0042+323 or 4U0042+32), Charles e t  a l . (1977 > 1978 ) have proposed i t s  

id e n t i f ic a t io n  w ith a 19^ G dwarf which shows p o ss ib le  v a r ia b le  % 4686 H e ll 

em ission , a c h a r a c te r is t ic  signatu re o f sev era l x -ray  b in a r ie s  (McClintock 

et a l . 1975) .  Support fo r  t h is  id e n t i f ic a t io n ,  and evidence fo r  the p o ss ib le  

binary nature o f  2A0042+323 i s  d iscu ssed  here on the b a s is  o f  a more extended  

study w ith  the SSI.

4 . 5*2 A r ie l V O bservations

Figure 4 .10 shows the l ig h t  curve o f  2A0042+323 obtained from the SSI 

observations spanning 1977 Feb.2 -  A pril 1 . Each d a ta ,p o in t i s  the sum o f  

severa l s a t e l l i t e  o r b its ,  ty p ic a l ly  day, although longer sums are shown fo r  

those periods when the source was weak. The gaps in  the l ig h t  curve are due 

to  sp in -a x is  manoeuvres o f the s a t e l l i t e  which took the source out o f the  

f i e ld  o f  v iew . Three f la r in g  ep isodes are ev id en t, w ith  evidence for  a 

fourth  (d efin ed  by only two p o in ts ) near the time o f the SAS-3 ob serv a tio n s.

We have in v e s tig a te d  the p o s s ib i l i t y  th at t h is  behaviour i s  p er io d ic  by 

fo ld in g  the data modulo a range o f t r i a l  p er io d s. The maximum d ev ia tio n  

from the h yp othesis o f source constancy occurs fo r  the data fo ld ed  at period  

o f 11.6 days. The peak in  the versus period p lo t i s  broad and we estim ate  

an error o f  + O.7 day in  the max p eriod . Two c y c le s  o f the data fo ld ed  

at 11.6 days are shown in  F ig . 4*11.

Because o f the p atch in ess and lim ited  ex ten t o f the ob serva tion s, one 

musi be cautiou s in  a scr ib in g  a s t r i c t l y  period  modulation to- the stru ctu re



SAS-3

230220MJD -43000180

F ig . 4 .10  SSI l ig h t  curve o f 2A00^2+323 based on ob servations made
between 1977 Feb 2 and Apr 1. Each data po in t i s  ( ty p ic a l ly )  
a ^ day average (duration  shown by h o r izo n ta l bars) p lo tte d  
with ± 1 o" error bars. Upper l im it s  are J>cr • The shaded 
bars in d ic a te  tim es when source was out o f  the f i e ld  o f view  
and the bold arrow in d ic a te s  the time only o f the SAS-3 
observation  ( in te n s ity  was not quoted).

00 00
P ncs*  of 116 day period

0005

F ig . 4.1-1 Two c y c le s  o f the 2A0042+323 ob servation s fo ld ed  at a period o f  
11.6 days w ith 1 o' error bars (phase zero i s  a r b itr a r y ).
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o f  the l ig h t  curve. This must await ob servation a l confirm ation . Never­

t h e le s s ,  the apparent p e r io d ic ity  does have some in te r e s t in g  consequences. 

4.5*3 D iscu ssion

F ir s t ,  we consider the consequences o f the strong and apparently  

p er io d ic  x-ray modulation being due to  the regu lar e c lip s e  o f the x-ray  

source by a non-degenerate s t e l la r  companion. In th is  case the e c l ip s e  

duration , estim ated from the fo ld ed  data shown in  F ig . 4 . 11 ,  would he 2 .3  

days, equ ivalen t to  an e c l ip s e  sem i-angle 6^ ^ 36^. This lower l im it  must 

be somewhat uncertain  due to  the range o f p o ss ib le  p er iod s. By analogy w ith  

known x-ray b in a r ie s  such as Vel X -1, which has a s im ila r  period and e c l ip s e  

duration (Watson and G r if f i th s  1977 ) ,  we might expect such a long e c lip s e  

to  in volve a supergiant primary in  the binary system .

However, the o p t ic a l f i e ld  in  and near the SAS-3 errorbox contains no 

ea r ly -ty p e  s ta r s  (Charles e t a l .  1978 ) , and at t h is  g a la c t ic  la t itu d e  

(b % -3 0 ^ ), w ith  sm all reddening (Bg_y ^ 0 . 2 ) ,  an ea r ly -ty p e  supergiant 

would have to  be 50 Kpc d is ta n t i f  i t  were the b r ig h te st  s ta r  in  the f i e l d .  

Even i f  the counterpart were a la te -ty p e  g ian t i t s  d istan ce  would s t i l l  have 

to  be 10 Kpc.

In f a c t ,  i f  we req u ire the source to  l i e  w ith in  the g a la c t ic  halo  

(d < 10 Kpc), then the candidate proposed by Charles e t  a l . must have 

My 4™, co n sisten t w ith  i t  being a G dwarf as im plied by th e ir  spectro­

photometry (A llen 1973) .  I f  t h is  i s  correct then the modulation cannot, 

fo r  any reasonable va lu es o f  the binary system param eters, be due to e c l ip s e .  

This fo llo w s sin ce  the Roche-lobe s iz e  o f  the primary (o p t ic a l)  s ta r , which 

we regard as g iv in g  the maximum o ccu ltin g  ra d iu s, i s  fa r  too sm all to  g iv e  the 

len g th  o f e c lip s e  observed u n less  ( ^ )  ^ 7 (u sin g  the Roche-lobe radius  

approximation given by Paczynski (1971) ) .  For the low-mass primary suggested  

by the o p tic a l observations (M̂  1 M )̂ th is- con d ition  can only be s a t i s f ie d

by an extrem ely low-mass x-ray  ob ject (M^j$ 0.15 M^), which i s  probably below
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the lower l im it  for a neutron s ta r  (Weinberg 1972).  The presence o f a 

dense, absorbing region  near the x-ray o b je c t , such as suggested  fo r  

Cen X-3 (H atchett and McCray 1977 ) ,  can o f  course g iv e  an a r b itr a r ily  

large ’e c l ip s e '  even for  a low-mass b in ary.

In summary, w h ils t  the o p t ic a l and x -ray  data point stron g ly  to  

2A0042+323 being a low-mass binary system , i t  appears u n lik e ly  th at i t  i s  

e c lip s in g . I f  th is  i s  so then the observed modulation may s t i l l  r e f le c t  

the binary period of the system . One p o s s ib i l i t y  i s  th at the orb it i s  

e l l i p t i c a l ,  g iv in g  r is e  to  stron g ly  varying em ission  as the binary separation  

changes. A simple model in vo lv in g  an e l l i p t i c a l  o rb it and s t e l la r  wind 

powered accretio n  has been d iscu ssed  by Avni e t a l . (197& ) .  Follow ing  

th e ir  a n a ly s is  we fin d  th at the shape o f the l ig h t  curve could be produced 

w ith  an o r b ita l e c c e n tr ic ity  o f 0 .5  -  0 . 6 .  We a lso  note the s im ila r ity  

between 2A0042+323 and Cyg X-2, which i s  probably a low-mass binary (Crampton 

and Cowley 197& ) .  Their o p t ic a l counterparts are both la te  dwarfs and an, 

as yet unexplained, 11.2 day p e r io d ic ity  has been reported in  the x-ray l ig h t  

curve o f Cyg X-2 (Holt e t a l . 197&W; although the amplitude o f  th is  modulation 

i s  ~ 1 0  tim es sm aller than th at for 2A0042+323.

A lte r n a tiv e ly  i t  might be th at the q u a si-p er io d ic  behaviour o f  

2A0042+323 i s  r e la ted  to recurrent f la r in g  phenomena seen in  sources lik e  

Aql X-1 ( ^  4 . 6 )  and 4U1630-47 (Jones e t a l . 1976 ) .  In t h is  case the o r ig in  

o f  the outbursts might l i e  in  p er iod ic  i n s t a b i l i t i e s  in  the mass tra n sfer  ra te  

from the G dwarf to the compact o b jec t, p o ss ib ly  s im ila r  to  the s itu a t io n  in  

dwarf nova system s.

4 .6  4U1908+00 = Aql X-1

4.6 .1  Introduction

Aql X-1 d isp la y s  x -ray  behaviour which i s  interm ediate between th at o f  

the tr a n s ie n t and steady v a r ie t ie s  o f g a la c t ic  x -ray source. Although l i s t e d  

in  the 3U catalogue (G iacconi e t a l . 1974) as being v a r ia b le  by a fa c to r  o f 3 ,
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x-ray  observation s over the la s t  few years have shown th at Aql X-1 has 

t r a n s ie n t - l ik e  outbursts la s t in g  -^months which recur at in te r v a ls  o f  

1 - 2  years (K aluziensk i e t a l . 1977 , Buff e t a l . 1977 , see F ig . 4 .1 2 ) .

Between ou tbu rsts the source v a r ie s  between u n d e te c ta b ility  ( < 0.001 Ig^'ab) 

and a le v e l  o f  ~ 0 . 0 2  ^c^ah" x -ray  spectrum o f  Aql X-1 i s  ch aracterised

by a low brem sstrahlung temperature (kT < 7 keV, Jones 1977 ) and to  date 

no evidence has been found for an x-ray p u lsa tio n  period (Buff e t a l . 1977 ).

The o p t ic a l  id e n t if ic a t io n  o f  Aql X-1 has rec e n tly  been e s ta b lish e d .

The counterpart i s  a Yi dwarf which shows o p t ic a l f la r e s  by 3 -  4 magnitudes 

at tim es co in c id en t w ith the x -ray outbursts (Thorstensen e t a l . 1978 ;

Walter et a l . 1978 ) . The o p t ic a l l ig h t  curve i s  shown in  F ig . 4.12 in clu d ing  

recent ob servations reported in  lAU C ircu la rs . I t  i s  in te r e s t in g  to note 

that an o p t ic a l outburst occurred in  1974 May, when no x -ray  observations were 

a v a ila b le . The in te r v a l between th is  outburst and the subsequent one i s  

c o n s is ten t w ith the mean recurrence period (Thorstensen e t a l . 1978 ) .

At qu iescence the o p t ic a l counterpart shows the normal spectrum and 

colours o f G7 -  K3 dwarf w ith  modest in t e r s t e l la r  absorption (^ _ y  0 .3  -  0 . 5 ,

Thorstensen et a l . 1978 ) .  D istance estim a tes  based on the reddening g ive  

d = 1 .7 -  4 Kpc (Thorstensen et a l . 1978 , Margon e t a l .  1978 ) .  Note that 

the maximum x-ray  lum inosity  at th is  d istan ce  i s  w e ll below the Sddington 

lum inosity  for a 1 objec t .

During outburst the counterpart i s  3 -  4 magnitudes b r ig h ter  than in  

quiescence and s ig n if ic a n t ly  bluer ( B - V 0. 7,  as opposed to  B-V ^  1 . 3 ,  Margon 

et a l . 1978 , Vrba 1978 ) .  O ptical f l ic k e r in g  has a lso  been reported during 

the 1978 outburst (Vrba 1978 ) .  The outburst spectrum shows 314340-50  

C III/N III and 1 4686 H ell em ission l in e s  which may be due to  x-ray heatin g  

(P uetter and Smith 1978, Mook 1978 ).
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Fig. 4.12 (a) Composite x-ray light curve for Aql X-1 between 1971 and 1978
Data are from:

0 - Uhuru (Cominsky et a l . 1978)
A  - OSO-7 (shown in Cominsky et a l . 1978) 
e - ASM (Kaluzienski et al.1977 and lAU Circ.No.3235)

Dashed lines labelled SSI indicate trend of SSI observations 
(reported here).
(b) Composite optical light curve for Aql X-1 between 1971 and 
1978 based on Thorstensen et a l . (1978) with additional points 
from lAU Circ., No.3243.
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4 . 6 . 2  SSI O bservations

O bservations o f Aql X-1 were made during the outbursts o f  1975 and

1976 (ou tb u rsts I  and I I  in  what fo llo w s -  see  F ig . 4 . 1 2 ) .  These are the  

only unambiguous d e te c tio n s  o f  Aql X-1 by the SSI above a le v e l  o f ^  0.01  

from launch to  1978, exoept fo r  those made during the r is e  o f  the sm all out­

b u rst in  1977 January (reported in  lAU C ircu lar 3031) .  These la t t e r  obser­

v a tio n s are o f  lim ited  value due to  source con fu sion .

F ig . 4 .13  shows the SSI l ig h t  curve o f the observations made between 

1975 June 30 and Ju ly  9 , approxim ately 25 days a f te r  x -ray  maximum (the  

outburst was a lso  monitored by the A r ie l V ASM and SAS-3, K aluzienski e t a l .

1977 , B uff e t  a l . 1977 )• Superimposed on the q u a silin ea r  d ec lin e  in
—1

in te n s ity  from *^170 to ^ 5 0  count s i s  an obvious m odulation. To t e s t

fo r  the s ig n if ic a n c e  o f th is  modulation and search fo r  p o ss ib le  p e r io d ic i t ie s ,

the data were subjected  to  both and power spectrum a n a ly s is .
2 2 

F ig . 4 . 1 4  shows the v a r ia tio n  o f  X w ith  fo ld in g  p eriod . The X

valu e p lo tte d  i s  d ev ia tio n  from source constancy fo r  the data fo ld ed  in to  5

phase b in s , w ith  the lin ea r  trend removed before  fo ld in g . A prominent peak

occurs at a period o f 1 .3  days w ith an amplitude fa r  la rg er  than th at obtained

fo r  sim ulated data w ith  id e n t ic a l in te n s ity  and variance (see  F ig . 4 . 1 4 ) .

Four minima c o n s is ten t w ith th is  period can be seen in  the l ig h t  curve between

MJD 42594 and 42599 (F ig . 4 . 1 3 ) .  Also shown in  F ig . 4 .14  i s  the power spectrum

o f the data c a lcu la ted  u sin g  the Maximum Entropy Method. The most s ig n if ic a n t

peak occurs at a frequency corresponding to  a period  o f 1.28 days, c o n s isten t

w ith  the period obtained from the a n a ly s is  o f P = 1.30 + O.O4 days. The

amplitude o f the modulation at th is  period i s  ~ 1 0 ^  o f the mean f lu x .

K aluzienski e t  a l . (1977 ) have analysed the ASM ob servations o f Aql X-1

made during the same outburst ( th e ir  ob servations do not in clu d e the period

o f  SSI m onitoring s in ce  the ASM and SSI f i e ld s  o f view are m utually e x c lu s iv e ) .
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Fig. 4 . 1 4  (a) The variation of %  with folding period for xhe Aql X-1
observations shov/n in Fig. 4.13 (folded into 5 bins, linear 
trend removed). The dashed line represents the variation 
obtained from simulated data with no periodic modulation 
(see text).

(b) Power spectrum of the Aql X-1 data. Power in arbitrary units
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They fin d  marginal evidence fo r  modulation at a period o f ^ 1 . 3  days, w ith  

an amplitude o f only 3^ o f the mean f lu x . The modulation i s  however in  

phase w ith  th at seen by the SSI, and combining the ASM and SSI data y ie ld s  

a m arginally  improved period o f  P = 1.28 + 0 .0 2  days.

F ig . 4 .15 shows the SSI l ig h t  curve o f  observations made during outburst 

I I  between I976 Jul 10 and Ju l 30, c o in c id e n ta lly  at about the same stage o f  

the decay from x-ray  maximum ( *^24 days post-maximum). The l ig h t  curve i s  

much n o is ie r  than th at obtained for  outburst I because the source e lev a tio n  

i s  grea ter  than 6° fo r  most o f  the ob servation . The decay appears to  be 

approxim ately lin e a r  (ra th er  than exp on en tia l) w ith the source in te n s ity  

f a l l in g  below d e te c ta b i l i ty  around MJD 42$82 and sta y in g  un detectable u n t i l  

the end o f the observation  (MJD 42990)* Although no obvious modulation i s  

apparent in  th is  ob serva tion , the data* have been analysed in  an id e n t ic a l  

manner to  th at obtained in  outburst I .  No s ig n if ic a n t  p e r io d ic i t ie s  are 

found in  the data, and the modulation at 1 .3  days has an amplitude of <  5^ 

o f the mean in te n s ity .  This negative r e s u lt  i s  perhaps not su rp r is in g , s in ce

the data i s  so n o isy . A s im ila r  a n a ly s is  of the data summed in  9 -o r b it  b ins

( 0 .3  days) to  improve the s ig n a l- to -n o is e  y ie ld ed  sim ila r  r e s u lt s .

The A r ie l V ASM a lso  obtained observations o f  Aql X-1 during outburst 

I I .  The a n a ly s is  of the ASM data y ie ld ed  no s ig n if ic a n t  modulation at or near 

a period o f 1 .3  days w ith  an upper lim it  o f  2^ amplitude (K aluzienski e t  a l . 

1977 )* Since the amplitude o f  the modulation at 1 .3  days seen by the ASM 

in  outburst I was *^1/3 o f  th a t seen by the SSI, t h is  upper lim it  i s  probably 

c o n s is ten t w ith  the SSI r e s u l t .

3 . 6.3 D iscu ssion

The suggested 1 .3  day period p e r s is t s  c le a r ly  fo r  three or four c y c le s  

in  outburst I ,  but i s  absent at the same amplitude during outburst I I .  I f  i t

*  .

Excluding data from MJD 429^2-990 when source was u n d etectab le .
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i s  r e a l  t h is  period i s  most e a s i ly  in terp re ted  as being due to  modulation

o f  th e x -ray  f lu x  in  a binary system , fo r  example by p a r t ia l  obscuration  o f

the x -ray  source by absorbing matter g iv in g  the approxim ately s in u so id a l

v a r ia t io n . The id e n t if ic a t io n  o f Aql X-1 w ith  a la te -ty p e  dwarf im p lies  th a t a

low-^rass binary model o f  the sort d iscu ssed  in  Chapter 1 might be app rop riate.

A binary period o f  1 .3  days would c e r ta in ly  be c o n s is ten t w ith  a sem i-detached

system o f  t h is  type ( e .g .  Avni et a l . I 976 ).

The outburst behaviour i s  c le a r ly  s im ila r  to  th at o f  the tr a n s ie n ts

d iscu ssed  e a r l ie r ,  p a r tic u la r ly  in  terms o f  the outburst p r o f i l e .  The

o cca sio n a l d e te c tio n  o f  Aql X-1 at a few percent o f i t s  peak f lu x  between

outbursts i s  not however a fea tu re  o f tr a n s ie n t sou rces. On the other hand

the r e p e t i t iv e  f la r in g  at x -ray  and o p t ic a l  wavelengths i s  rem iniscent o f  the

o p t ic a l  behaviour o f dwarf novae. The mean recurrence period  fo r  outbursts
*

in  Aql X-1 i s  ^  400 days , s im ila r  to  the periods o f the dwarf novae EX Hya 

(465^) and SÏÏ UMa (459^) (Warner 1976 )• Note however th at the qu iescen t  

spectrum o f Aql X-1 does not show em ission  l in e s ,  th ese  being found at a l l  

tim es in  dwarf novae (Margon e t a l . 1 9 7 8 ) .

At maximum the r a t io  o f  x -ray  to  o p t ic a l lum inosity  for  Aql X-1 i s  ^  500

( f a l l in g  to  20 at q u iescen ce ). As pointed  out by Margon e t a l . (1978 ) i t  

i s  d i f f i c u l t  to  r ec o n c ile  t h is  r a t io  w ith  a sem i-d e ta c h e d , low-mass model fo r  

t h is  system comparable w ith  a dwarf nova, s in ce  x -ray  h eatin g  e f f e c t s  in  such  

a c lo se  system should g iv e  a much la rg er  o p t ic a l lu m in osity  (and hence sm aller  

r a t io ) .  One so lu tio n  to  t h is  problem i s  to  assume th at th e x-ray  em ission  i s  

h ig h ly  a n iso tro p ic  ( e .g .  due to  a large  a ccre tio n  d is c ) ,  or a lte r n a t iv e ly  to  

abandon the assumption th at the system i s  sem i-detached (thus r a is in g  the  

q u estion  o f the mode of mass tr a n sfe r ) (see   ̂ 4 .7 ) .

* K aluziensk i (1977) quotes a mean recurrence period o f 435 days (+ 10^). An 
unbiassed mean o f a l l  the outbursts seen in  F ig . 4 .12  - g iv e s
however P = 376 + 134 days (40^1). However, the in te r v a ls  between the most 
in ten se  outbursts seen in  Aql X-1 (imax ^ Igrab or m̂  ^ 17“ 5) are 380, 377 
and 734 days. An a d d itio n a l outburst near MJD 43310 which would f i l l  the  
734 gap (g iv in g  2 '^370 day in te r v a ls )  cannot be ru led  out from the SSI d a ta . 
Indeed th ere  i s  evidence (badly a ffe c te d  by source confu sion ) th a t Aql X-1 was 
b rig h ter  than 0 .1 5 1^^^^ near MJD 43306.
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4*7 Models fo r  Transient Sources

A v a r ie ty  o f models have been proposed to  account fo r  the behaviour 

o f tr a n s ie n t and tr a n s ie n t - l ik e  sou rces. Here we b r ie f ly  d iscu ss  some o f  

the mechanisms which have been suggested to  exp la in  the tr a n s ie n t ou tb u rsts. 

In each case i t  i s  assumed th at the source i s  in  a binary system  contain ing  

a compact ob ject by analogy w ith  "steady" g a la c t ic  sou rces. (Note th at 

models which do not in vo lve  a binary system have been proposed, e .g .  the  

" c o llid in g  sh e lls"  h y p o th esis , Brecher and Morrison 1976).

(a ) E ccen tric  orb it binary

In t h is  model the tra n s ien t ou tb u rsts are hypothesised  to  be due to  

large  changes in  the a ccre tio n  ra te  as a r e s u lt  o f  the varying s t e l la r  

separation  in  an e cc e n tr ic  binary system . A sim ple model o f t h is  kind has 

been d iscu ssed  by Avni et a l . (1976) fo r  s t e l la r  wind powered a c cr e tio n . To 

exp la in  the sm all duty cy c le  for  x -ray  em ission  from tr a n s ie n ts  they fin d  

th at large e c c e n t r ic i t ie s  ( ~  O.9 ) are required fo r  most tr a n s ie n ts , and 

th at £ > 0.99  i s  required for  A0620-00. S ince most x-ray b in a r ies  have 

c ircu la r  o r b its  (w ith in  the erro rs , w ith  the exception  o f 4U0115+63 which 

has 6 = 0 . 24 ) ,  the im plied bimodal d is tr ib u tio n  or o r b ita l e c c e n t r ic i t ie s  

makes th is  model im plausib le fo r  most tr a n s ie n ts .

For "recurrent tra n sien ts"  however such as 4U1630-47 and Aql X-1 the  

e c c e n t r ic i t ie s  required are not as extreme and sev era l authors have suggested  

eccen tr ic  o rb it models fo r  th ese  sou rces. For Aql X-1 the lack  o f a s ta b le  

period between outbursts makes th is  exp lanation  u n lik e ly , but fo r  4UI630-47> 

fo r  which a regu lar outburst period o f  615 + .5  days has been proposed (Forman 

e t a l . 1976 ) , th is  model remains a p o s s ib i l i t y .  Note th at the "recurrent 

tran sien t"  4U0115+63, which does have an app reciab le o r b ita l e c c e n tr ic ity ,  

has a recurrence period an order o f magnitude longer than i t s  o r b ita l period  

o f 24 days.
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(b ) V ariable companion s ta r s

V ariable m a ss-lo ss  i s  a fea tu re  o f sev era l typ es o f r e la t iv e ly  normal 

s t e l la r  o b je c ts . Some o f  the b est known examples are cataclysm ic v a r ia b le s ,  

in  p a r tic u la r  dwarf novae, which show q u asi-regu lar  ou tb u rsts in  o p t ic a l l ig h t  

which are probably due to  changes in  the mass tr a n sfe r  ra te  ; long-period  

v a r ia b le s  ( e .g .  Mira v a r ia b le s )  which have sem i-regu larly  expanding atmos­

pheres, and a v a r ie ty  o f  ea r ly -ty p e  s ta r s  w ith  v a r ia b le  s t e l l a r  winds. In 

the context o f  type I  tr a n s ie n ts , which are suspected to  be low-mass system s, 

only the dwarf nova v a r ia b i l i t y  i s  l ik e ly  to  be o f re lev a n ce .

T ransient models based on dwarf nova type system s have been proposed

by a number o f authors ( e .g .  Avni e t  a l . 1976 ; Endal e t  a l . 1976 fo r  A0620—OO).

The system  envisaged c o n s is t s  o f a la te - ty p e  main sequence (or s l ig h t ly  evo lved ) 

s ta r  in  a c lo se  b inary w ith  a neutron s ta r  (or black h o le ) .  The nondegenerate 

s ta r  f i l l s  i t s  R oche-lobe and lo s e s  mass by lobe overflow  r e s u lt in g  in  the  

form ation o f  an a ccre tio n  d isc  around the compact o b je c t . In such a system  

la rg e  changes in  the m a ss-lo ss  ra te  w i l l  lead  d ir e c t ly  to  corresponding changes in  

th e x -ray  and o p t ic a l  em ission  provided the a ccretio n  flow  i s  s ta b le . The 

causes o f  the e p iso d ic  m a ss-lo ss  ra te  changes which g iv e  the q u a si-p er io d ic  ■ 

ou tb u rsts in  ordinary dwarf novae are not w e ll understood (Bath, 1977), but by 

analogy i t  i s  expected th at s im ila r  v a r ia b i l i t y  might e x is t  in  an "x-ray dwarf 

nova" ( i . e .  one con ta in in g  a neutron s ta r  in stead  o f a w hite dw arf).

Although th is  model i s  extrem ely a t tr a c t iv e  and can be used to  constru ct

more d e ta ile d  scen a r io s  fo r  in d iv id u a l sou rces, i t s  a p p lic a b il i ty  to  at le a s t  

two sou rces, A0620-00 and Aql X-1, has been questioned on the b a s is  o f  argu­

ments concerning x -ra y  h ea tin g . X-ray h eatin g  i s  expected to  be important 

when (B ahcall 1978 ) :

h  ■ (4 .1)
t cH 2

where ( ^ )  \  , f i  •(■■> ^P- )  ' (4 .2 )
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i s  the nondegenerate s t e l la r  ra d iu s, a the o r b ita l sep aration , L^, 

are the h eatin g  and in t r in s ic  o p t ic a l lu m in o s it ie s  of the s ta r  and i s  

the x-ray lu m in osity , and i s  an albedo fa c to r  ( oc 0 .5 ) .  For an "x-ray  

dwarf nova" w ith  ?» 1 M ,̂ and the nondegenerate s ta r  f i l l i n g  i t s

R oche-lobe, ( ~ )  0 .04  g iv in g  0 .02  L^. Thus fo r  the t o t a l  o p t ic a l

lum inosity  ^  by d e f in it io n )  we have;

L
6  50 (4 .3 )

For both A0620-00 and Aql X-1 observation s made during outburst g ive  values  

o f an order o f magnitude larger  than t h i s ,  in d ic a tin g  th at x -ray

heatin g  e f f e c t s  are not s ig n if ic a n t .  P o ss ib le  so lu tio n s  to  th is  problem 

are: ( i )  the binary separation  i s  rather la rg er  than assumed (making i t  

d i f f i c u l t  fo r  a low-mass s ta r  to  f i l l  i t s  R oche-lobe); ( i i )  the non­

degenerate sta r 'd o es  not f i l l  i t s  R oche-lobe; ( i i i )  the nondegenerate sta r  

i s  only p a r t ia l ly  illu m in ated  by x -rays ( e .g .  due to  obscuration  by a th ick  

a ccretio n  d is c ) .  Note th at only the th ird  p o s s ib i l i t y  a llow s us to r e ta in  

the "x-ray dwarf nova" model. The f i r s t  and second su g gestion s a lso  r a ise  

the question  o f the mode of mass tr a n s fe r , although the p o s s ib i l i t y  o f s e l f ­

e x c ited  winds in  low-mass b in a r ies  has been d iscu ssed  ( è .g .  Oke 1977).

(c ) Other p o s s ib i l i t i e s

A v a r ie ty  o f other mechanisms have been suggested in c lu d in g  both p h ysica l 

and purely geom etrical e f f e c t s .  Under th e  heading of p h ysica l mechanisms are 

included a ccre tio n  d isc  i n s t a b i l i t i e s ,  nuclear burning models and decreases  

in  a s u p e r c r it ic a l a ccretio n  r a te . The main geom etrical e f f e c t  which has been 

considered i s  a modulation analogous to  th at which g iv e s  the 35 day cy c le  in  

Her X-1 (p recessio n  of the accretio n  d is c ? ) .  The la s t  p o s s ib i l i t y  would o f  

course only be appropriate fo r  sources which had approxim ately p er iod ic
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ou tb u rsts . Although some o f  th ese  other p o s s i b i l i t i e s  may be the  

appropriate mechanisms fo r  some in d iv id u a l sou rces, the most a ttr a c t iv e  

model for  low-^nass, type I  tr a n s ie n ts  and r e la te d  sources remains the 

"x-ray dwarf nova". Further ob servation a l and th e o r e t ic a l work w i l l  

h o p efu lly  c la r i fy  some o f th e co n tra d ic tio n s  apparent w ith  the simple 

v ersio n  o f  t h is  model.
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Chapter 5 

C O N C L U S I O N

5.1 Introduction

The observational data presented in  Chapters 4 and 5 have a l l  

been p la u sib ly  d iscu ssed  in  terms of models in vo lv in g  a ccre tin g  compact 

ob jects  (neutron s ta r s  or b lack h o le s )  w ith in  c lo se  binary system s, the  

v a r ie ty  o f behaviour being explained by d e ta ile d  d if fe r e n c e s  in  the 

accretio n  processes tak ing p la ce . A ll the ev idence, both d ir e c t  and 

in d ir e c t , argues th at such models are an e s s e n t ia l ly  correct d escr ip tio n  

o f th ese sources, and that by analogy a large  proportion o f  the known 

g a la c t ic  sources which show s im ila r  ob servation a l p ro p erties  w i l l  a lso  

turn out to  be binary systems o f broadly s im ila r  typ e.

N evertheless i t  would be su rp r isin g  i f  a l l  g a la c t ic  x -ray  em itters  

were "standard" x-ray b in a r ie s , indeed a few examples o f rather d if fe r e n t  

c la s s e s  o f x-ray source are already known and have been b r ie f ly  mentioned 

in  Chapter 1. In t h is  la s t  chapter we b r ie f ly  d iscu ss  two c la s s e s  o f  

g a la c t ic  source which are p a r tic u la r ly  re levan t to  th is  theme : the

" g a la c tic  bulge" sources fo r  which ob servation a l evidence o f binary member­

ship  (or otherw ise) has proved s in g u la r ly  e lu s iv e ,  and x -ray  em ittin g  dwarf 

novae which are a good example of a rath er d if fe r e n t  type o f  a ccre tin g  

binary system .

5 .2  The " g a la c tic  bulge" Sources

I t  has been recognised  for sev era l years that a large fr a c tio n  o f  the  

t o t a l  g a la c t ic  x-ray em ission  comes from a sm all number o f  b righ t sources 

at low g a la c t ic  la t itu d e s  w ith a marked concen tration  in  the d ir e c t io n  o f  

th e g a la c t ic  cen tre . In f a c t ,  o f  the ^ 1 5 0  sources in  the 4U catalogue  

(Forman e t a l . 1978 ) w ith |b | ^ 1 5 ° , 24 o f th e  33 b r ig h te s t  sources (l^^^ ^  

100 U .F .U .) l i e  w ith in  40° o f the g a la c t ic  centre (see  F ig . 5 » l ) .  A subset
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Fig. 5.1 Longitudinal distribution for all 4U catalogue sources with
( b | ^  15^ and 100 U.F.U. Unshaded parts of the histo­
gram correspond to identified sources with 3 Kpc. The 
solid curve is the distribution expected for a uniform disc 
distribution of sources with radius 15 Kpc centred 10 Kpc from 
the sun.
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o f th ese  b righ t sources are commonly known as the " g a la c tic  bulge" sou rces, 

the f u l l  l i s t  numbering 10 -  15 , depending on the c r i t e r ia  used for  s e le c t io n  

( e .g .  Margon and O striker 1973; Watson e t a l .  1978a; Bradt 1 9 7 8 ).

These " g a la c tic  bulge" sources show rather s im ila r  ob servational 

p ro p erties  in clu d in g  so ft  x -ray  sp ectra  (kT ^  8 keV), sm all long-term  

v a r ia b i l i t y  (by fa c to r s  o f 2 -  5 ) , and no evidence fo r  any p er iod ic  modulation  

In the f u l l  l i s t  o f 15 sources g iven  by Bradt (1978 ) , 7 are o p t ic a l ly  id e n t i­

f ie d  (two rather t e n t a t iv e ly ) ,  5 are x -ray  b u rster s , one i s  in  a g lob u lar  

c lu s te r  and 3 sources probably have a sso c ia te d  weak radio em ission  (th ese  

ca teg o r ie s  do, o f  course, o v er la p ). E ight sources however remain u n id en ti­

f ie d  d esp ite  ex ten siv e  o p t ic a l searches in  the sm all x-ray errorboxes ( a l l  

w ith radius 30"). I f  some or a l l  o f  the g a la c t ic  bulge sources are 

members of a p a rticu la r  c la s s  o f x -ray  em itter , then th e ir  lon gitud e d is ­

tr ib u tio n  (F ig . 5«1) n a tu ra lly  lead s to  the con clu sion  th at they have an

approxim ately iso tr o p ic  d is tr ib u tio n  about the g a la c t ic  cen tre w ith a mean

37 — 1d istan ce  o f  d * * 1 0  Kpc, and hence lu m in o s it ie s  > 5 x 1 0  erg s . This 

conclusion  i s  supported by the su b sta n tia l low energy c u to ffs  seen in  the 

spectra  o f severa l o f  these sources im plying d is ta n ces  o f t h is  order, provided  

the absorption i s  not in t r in s ic .

E xtensive observations o f  eleven  o f the g a la c t ic  bulge sources have 

been made by the SSI, in c lu d in g  two long; scans made in  1975 Ju ly  -  August 

(26 days), and 1976 November (20 days) ( Wat son et a l .  1978a). Their l ig h t  

curves show considerable s im i la r i t ie s  in c lu d in g; ( i )  t o t a l  v a r ia b i l i t y  by 

a fa c to r  o f only 1 .5  -  3; ( i i )  ty p ic a l t im esca les  for t h is  v a r ia b i l i t y  o f  

0 . 5 - 5  days w ith su ggestion s o f q u a si-p er io d ic  behaviour. None o f the  

l ig h t  curves however show evidence fo r  true p er iod ic  m odulation. E clip se  

p e r io d ic it ie s  in  the range ^ 0 .5  -  20 days are excluded (the lower l im it  

assuming an e c lip s e  duration > 100 m in u tes), and a con servative  upper l im it
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o f 10^ can be s e t  to  any modulation in  the period range 0 .5  -  13 days as 

a r e s u lt  o f power spectrum analyses o f the data. Searches for  periods  

shorter than 0 .5  days have been made usin g  the data obtained from other  

s a t e l l i t e  experim ents in c lu d in g  Copernicus (White e t a l . 1976 ) , Uhuru 

(W.Forman and C .Jones, p riva te  communication 1977) and SAS-3 ( e .g .  Lewin 

e t a l . 1976; Buff e t a l . 1977a) w ith  n egative  r e s u lt s  in  every ca se .

The lack  o f  observed p e r io d ic it ie s  sev ere ly  con stra in s any binary  

model fo r  th ese  sou rces, s in ce  i t  would seem th at the binary period must 

be very short (P 1 day), very long (P > 20 d ays), or th at the binary  

nature produces rather sm all modulation o f the x-ray  f lu x . The la s t  

con d ition  i s  e a s i ly  s a t i s f ie d  i f ,  for  example, the o r b ita l in c lin a t io n  

i s  low enough, but such so lu tio n s  become somewhat a r t i f i c i a l  when 10 -  I5 

o b jec ts  are under con sid era tio n .

A number of s p e c if ic  models have been suggested for th e g a la c t ic  

bulge sou rces. These inclu de systems w ith very short periods ( P<Q.1 day) 

and correspondingly b r ie f  e c l ip s e s  observable fo r  only a narrow range o f  

in c lin a t io n  angles (Joss and Rappaport 1978 ) and models in v o lv in g  obscuration  

by matter in  the o r b ita l  plane such that the bright sources observed are 

those which are p r e fe r e n t ia lly  near pole-on  fo r  which l i t t l e  modulation o f  

the x -ray  f lu x  i s  expected (Jones and Raine 1978 , Milgrom 1978 ) .  The 

d e ta ile d  model o f  Jones and Raine, invoking s u p e r c r it ic a l a ccre tio n  in  

low-mass c lo se  b inary, a lso  exp la in s the p o s it iv e  co rr e la tio n  between 

sp ec tra l temperature and in t e n s it y  seen in  at le a s t  seven o f  th ese  sources 

( e .g .  Watson et a l . 1978a ) .

Models not in v o lv in g  binary systems have a lso  been proposed’.inclu ding  

the suggestion  that th ese  sources might be is o la te d  ^10^  b lack  h o les  

a ccre tin g  from the in t e r s t e l la r  medium (Forman et a l .  1976 ) .  Other authors.
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n otin g  the s im i la r i t ie s  between g a la c t ic  bulge sources and th ose in  

g lob u lar  c lu s te r s , and those which show x-ray  burst a c t iv i t y  have pursued 

the lin k s  between th ese  th ree typ es o f ob ject ( e .g .  O striker 1977 )• Since  

s a t is fa c to r y  models are not a v a ila b le  for  g lobu lar c lu s te r  or bu rstin g  

sources e ith e r , th ese  s im i la r i t ie s  do not (at presen t) advance our under­

stand ing to  any e x te n t. The nature o f th ese  rather sp e c ia l sources in  

the nuclear bulge o f the galaxy remains one of the more in tr ig u in g  problems 

in  g a la c t ic  x-ray astronomy.

5 .3  Dwarf Novae

Dwarf novae are a c la s s  o f  cataclysm ic v a r ia b le  which have r e p e t it iv e  

outbursts o f ^ 3°̂  recurring on ty p ic a l tim esca les  o f 20 -  100 days. They 

are g en era lly  b e liev ed  to  be c lo se  binary systems in  which v a riab le  mass 

tra n sfer  i s  occurring between a low mass main sequence s ta r  and a so la r  mass 

w hite dwarf. Because o f th e ir  s im ila r ity  w ith known x-ray b in a r ie s , dwarf 

novae have been considered as p o te n tia l x -ray  em itters for  some tim e, but 

i t  was g en era lly  assumed th at a ccretion  onto a white dwarf could not produce 

a b r ig h t, luminous x-ray source. Recent work by Fabian et a l . (1976) (based  

on the p ioneering work o f Hoshi (1973) and Aizu (1 9 7 3 ))has however shown 

that a ccretio n  onto a m agnetised white dwarf (ensuring r a d ia l a ccre tio n  even 

in  the case o f mass tra n sfer  v ia  an a ccre tio n  d is c )  can produce a "hard"

( > 2 keV) x-ray source w ith  a lum inosity  up to  10^^ erg s \

S oft x-ray em ission has been reported from a number o f dwarf novae 

(see  r e f s ,  in  R ick e tts  e t a l . 1978), but i t  i s  only r ecen tly  th at obser­

v a tion s w ith  the SSI have co n c lu s iv e ly  demonstrated the e x is ten ce  o f a "hard" 

x-ray f lu x  from the dwarf nova SS Cygni (R ick etts  e t a l . 1978 ) .  The x -ra y  

em ission from SS Cygni i s  ch aracter ised  by v a r ia b i l i t y  by a fa c to r  o f  10 or 

more; o f p a r ticu la r  in t e r e s t ,  however, i s  the disappearance of the x-ray  

source during o p t ic a l o u tb u rsts . This remarkable a n t i-c o r r e la t io n
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e s ta b lis h e s  without qu estion  the a s so c ia t io n  o f the x -ray  source w ith  

SS Cyg. (Further confirm ation comes from the p rec ise  HEAO-1 A3 p o s it io n

r ec e n tly  published by Fabbiano e t a l . (1 9 7 8 )) .

As a r e s u lt  o f the SSI ob servation s o f SS Cyg a s e n s it iv e  search for  

x-ray em ission from other dwarf novae has been carried  out u sin g  the Point

Summation Technique (PST) on the SSI data (v/atson e t a l . 1978b). This

survey gave c lea r  evidence for  x-ray em ission  from EX Hydrae, a somewhat 

fa in te r  dwarf nova which had p rev iou sly  been suggested (on p o s it io n a l grounds 

alone) as the counterpart o f  the Uhuru source 2U1253-28. EX Hya l i e s  w ith in  

3 arcminutes of the centre o f the rev ised  SSI errorbox for  2A1251-290 and i s  

thus a good candidate for the x-ray source on a p o s it io n a l b a s is .  Supporting 

evidence fo r  the id e n t if ic a t io n  comes from the SSI x-ray l ig h t  curve which 

in d ic a te s  v a r ia b i l i t y  by a fa c to r  3, an expected fea tu re  o f dwarf nova 

x-ray em ission . (This id e n t if ic a t io n  has a lso  been confirmed by a p rec ise  

HEAO-1 MC p o s it io n  (Schwartz e t a l .  1978 ) ) .

The l i s t  o f d etected  dwarf novae has r e c e n tly  been extended to  include  

U Gem which has been seen in  both so f t  and hard x -ray  bands by the HEAO-1 A2 

experiment (Mason et a l . 1978 , Swank et a l . 1978 ) , and a lso  the o ld  nova GK Per 

which underwent a tr a n s ie n t - l ik e  x-ray f la r e  in  the SSI observations c o in c i­

dent w ith an o p t ic a l outburst (King e t  a l . 1978 ) . Alvl Her, a ca ta c ly sim ic  

variab le  broadly s im ila r  to  the dwarf novae, has o f course been detected

over a wide energy range fo r  a couple of y ea rs .

The mechanism fo r  the production o f x -ra y s in  dwarf novae (and re la ted

system s) i s  now the subject o f increased  th e o r e t ic a l in t e r e s t .  The accretin g

magnetic white dwarf model o f Fabian et a l . (1 9 7 6 ) , has been developed by 

R ick etts  e t  a l . (1978 ) and used to s a t i s f a c t o r i ly  exp la in  the a n tico rre la ted  

x -r a y /o p tic a l behaviour o f SS Cyg, and to provide very reasonable estim ates  

of the range o f a ccretio n  r a te s  and white dwarf magnetic f i e l d  in  th is  system .
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The le s s  demanding observations o f Ex Hya and GK Per can a lso  be explained

in  terms o f the same model.

X-ray em ission  i s  expected on the b a s is  o f  th is  model from a v a r ie ty

o f other cataclysm ic v a r ia b le s . A recent survey o f  x -ray em ission  from

n o v a -lik e  v a r ia b le s  usin g  the PST on the SSI data has already in d ica ted  

V75I Cyg as an x-ray source candidate (unpublished SSI r e s u l t s ) .  With 

the in creased  s e n s i t iv i t y  a v a ila b le  from o b serva tories  such as HEAO-2 we 

can c o n fid en tly  expect the d iscovery  o f  many more examples o f x -ray  

em ission  from cataclysm ic v a r ia b le s .

P o stsc r ip t

Without doubt th e study, o f  g a la c t ic  x -ray  sources has already reached  

a degree o f m aturity in  the sense th at the nature o f a fa ir  number o f  sources  

i s  no longer the puzzle that i t  was ten  years ago. On the other hand, the  

r e s u lt s  b r ie f ly  d iscu ssed  in  t h is  chapter in d ica te  two ways in  which the 

su b ject w i l l  no doubt progress -  in  the understanding o f sources such as 

th ose  in  the g a la c t ic  bu lge; and in  the study o f e n t ir e ly  new c la s s e s  o f  

x-ray  em itter  such as cataclysm ic v a r ia b le s .

Even w ith those sources which are now recogn ised  as binary system s, 

i t  w i l l  be in te r e s t in g  to  see i f  the c la s s i f i c a t io n  scheme proposed here, 

in to  high and low mass b in a r ie s , w i l l  s t i l l  have any value in  a few years 

tim e. Some o f  the other problems in  g a la c t ic  x -ra y  astronomy, p a r tic u la r ly  

the exp lanation  o f the observed s p a t ia l  and source count d is tr ib u tio n s  may 

soon be reso lv ed  by s tu d ie s  o f  ex tern a l g a la x ie s  w ith  ob serv a to ries  such as 

HEAO-2. Indeed observations w ith t h is  observatory may produce such a w ealth  

o f  d e ta i l  as to  provide so lu tio n s  to many o f the current problems. Even i f  

t h is  i s  the ca se , we need have no fea rs  for  the fu ture o f the su b jec t, sin ce  

we can co n fid en tly  expect th at there w i l l  a lso  be no shortage of new m ysteries  

to  address.
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■ ' j X-ray Binary Systems - Ariel V SSI Observations
M.G .Watson

ABSTRACT
The basis of o u r  c u r r e n t  t h e o r e t i c a l  u n d e r s t a n d i n g  o f  g a l a c t i c  

x - r a y  sources is reviewed» Models are outlined i n v o l v i n g  c l o s e  binary 
systems containing a compact object accreting mass which has been lost 
from the nondegenerate star by a variety of mechanisms» The present 
status of galactic x-ray astronomy is discussed, with emphasis on t h e  
links between established observational categories and the characteristics 
of the proposed models»

Observational results, consisting primarily of extended x-ray light 
curves derived from analysis of Ariel V SSI data are presented for two 
main classes of galactic x-ray source: (i) high-mass x-ray binaries
containing an early-type giant or supergiant star; (ii) low-mass x-ray 
binaries in which the nondegenerate star is a late-type dwarf» For the 
high-mass binaries emphasis is placed on the determination and improvement 
of the orbital parameters; for the low-mass binaries, where a less complete 
picture is available, the discussion centres on the type of system involved, 
taking into account the optical observations of the source»

Finally, the properties of tv/o further categories - the sources in 
the galactic bul^ge and those associated with dwarf novas - g.TA Hi
as examples of rather different types of galactic x-ray emitter. In the 
case of the galactic bulge sources current observations have not lead so 
far to a clear picture of the nature of the systems involved, indeed their 
binary membership is not established» X-ray emission from dwarf novae and 
related objects is a relatively recent discovery and represents the opening 
up of a new field of galactic x-ray astronomy»


