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ABSTRACT

Using d a ta  from th e  L e ic e s te r  U n iv e rs ity  A r ie l  V Sky Survey 

Instrum ent (SSl) th e  work re p o rte d  in  t h i s  th e s is  e s ta b lis h e s  th a t  

S e y fe r t  g a la x ie s  form a  c la s s  o f  e x tr a g a la c t ic  x -ray  so u rc e .

The p ro p e r tie s  o f S e y fe r t  g a la x ie s  a re  review ed and i t  i s  

shown how s tan d a rd  arguments le a d  to  a  model of th e  s tru c tu r e  o f 

S e y fe r t  galaxy  n u c le i co n ta in in g  th re e  reg io n s  c h a ra c te r is e d  by th re e  

ty p es  o f  em ission: fo rb idden  l i n e ,  p e rm itted  l in e  and * non-thermal* 

continuum. R adio, in f r a re d  and o p t ic a l  param eters b e liev ed  to  

d eriv e  from th e se  th re e  reg io n s  a re  then  compared w ith  x -ra y  f lu x  

d e n s i t ie s  from th e  SSI in  an a ttem p t to  lo c a te  th e  source o f x -ra y  

em ission . I t  i s  found th a t  x -ra y  f lu x  d e n s ity  c o r re la te s  only  w ith  

param eters d e sc rib in g  th e  p e rm itted  l in e  and continuum re g io n s .

S tandard  argum ents p resen ted  e a r l i e r  show th a t  th ese  reg io n s  a re  very  

sm all («0.01 -  Ipc d iam e te r). O bservable x -ra y  v a r i a b i l i t y  i s  th u s  

p o ss ib le  and i s  indeed seen . The v a r i a b i l i t y  o f x -ra y  em ission from 

x -ray  a c t iv e  g a la x ie s  i s  d esc rib ed  u s in g , in  th e  main, SSI o b s e rv a tio n s . 

Some su g g estiv e  s im i l a r i t i e s  in  t h e i r  l i g h t  curves Eire n o ted .

An x -ra y  lum inosity  fu n c tio n  f o r  S e y fe r t  g a la x ie s  i s  

c o n s tru c ted  by two methods whose r e s u l t s  agree w e ll. Using t h i s  

lum inosity  fu n c tio n  th e  S e y fe rt  g a la x ie s  a re  found to  c o n tr ib u te  

«  6% to  th e  d if fu s e  x -ray  background, w ithout ev o lu tio n . They can 

account f o r  th e  e n t i r e  background i f  on ly  moderate ev o lu tio n  i s  

allow ed.

F in a l ly ,  re c e n t developm ents in  th e  f i e ld  a re  noted: th e  

d isco v ery  o f  more S e y fe r t  g a la x ie s  a s  x -ray  sou rces , v a r i a b i l i t y ,  

and some f i r s t  x - ra y  sp e c tra  a re  review ed. An ex tension  to  th e  

c la s s  o f * x - ra y  a c t iv e  g a la x ie s ' in  th e  form of high e x c ita t io n
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em ission l in e  g a la x ie s  i s  re p o r te d . The g re a t  p o s s ib i l i t i e s  fo r  

fu tu re  re se a rc h  in  th e  a rea  o f x -ra y  a c t iv e  g a la x ie s  provided  by 

new x -ra y  o b se rv a to r ie s  in  f l i g h t  o r  under c o n s tru c tio n  a re  exp lored  

b r ie f ly .  I t  i s  c le a r  th a t  t h i s  i s  a s u b je c t ju s t  begun.
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ABBREVIATIONS as  used  in  the  te x t

2A r e f e r s  to  th e  "A rie l V (SSl) ca ta logue o f high
g a la c t ic  l a t i tu d e  ( |b |> 1 0 ° )  x -ra y  sources" 
(Cooke e t  a l .  1978, Appendix A ). X-ray 
sources in  t h i s  cata logue have th e  p re f ix  *2A' .

3Ü r e f e r s  to  th e  "T hird  ÜHÜRU cata logue  o f x -ra y
sources" (G iacconi e t  a l . ,  1974). X -ray 
sources in  t h i s  ca ta logue have th e  p re f ix  ' ]U* .

4U r e f e r s  to  th e  "Fourth  UHÜRU cata logue o f x -ray
sources" (Forman e t  a l . ,  1978). X-ray 
sou rces in  t h i s  ca ta logue have th e  p re f ix  *4U* .

Akn A rak e lian , r e f e r r in g  to  a  galaxy from h is  l i s t

( 1975)* see  ch ap te r 1-2 .

A r ie l  Vl r e f e r  to  th e  A r ie l  V (UK-5 before launch) x -ra y
UX-5 J astronomy! s a t e l l i t e ,  see ch ap ter 2-1 .

A r ie l  V (SSl) c t  s  Count r a t e  from SSI on A r ie l  V. see  ch ap te r 2 -2 ,
SSI c t  s   ̂ J 1 SSI c t  s"^ « 5»1 X 10” ^^ erg  cm '^s"^.

F F lux  d e n s ity

Fx 2 -1 0  keV x -ra y  f lu x  d e n s ity

FWHM F u ll  w id th  a t  h a lf  maximum.

FWZI F u ll  w id th  a t  zero in te n s i ty .

H ubble 's c o n s ta n t -taken as 50 km s ”  ̂ Hpc”*̂  
th ro u g h o u t.

hexelg high e x c i ta t io n  em ission l in e  ga lax y , see ch ap te r
7-1 ,

IP Io n is a t io n  p o te n t i a l .

L Lum inosity (e rg  s " ^ ) .

l'jç 2 -1 0  kéV x - ra y  lu m in o sity  (e rg  s” ^ ) .

LOP l in e - o f - p o s i t io n .  The « 20° x ^  f  re c ta n g le
c h a ra c te r is in g  the  b e s t es tim a te  o f th e  p o s it io n  
o f  an x -ra y  source in  c e l e s t i a l  co -o rd in a te s  from 
a s in g le  s ig h tin g  w ith  the  SSI. see ch ap te r 2 -4 .



ix

Mkn M arkarian, r e f e r r in g  to  a  galaxy from the  l i s t s
o f M arkarian and Maxkaurian and L ipovetzky. 
see ch a p te r  1-2.

n^ e le c tro n  d e n s ity  ( cmT  ̂ ) .

PST P o in t Summation Technique, see ch ap te r 2 -4 ,
and Appendix A ̂ § 8 .

SSI L e ic e s te r  U n iv e rs ity  Sky Survey In strum ent on
boaurd A r ie l  V. see ch ap ter 2 -2 .

XLF X -ray Lum inosity F u n ctio n , see ch ap te rs  4 -2 , 4 -3 .

z  r e d s h i f t ,  z  = ^ ^ “ observed w avelength,

Xq = em itted  w avelength.

cz r e d s h i f t  x v e lo c i ty  o f  l i g h t  . (km s~^ )



PREFACE

On a r r iv in g  in  th e  L e ic e s te r  U n iv e rs ity  X -ray Astronomy group 

a t  th e  beginning o f O ctober 1974 I  heard  t h a t  some members o f th e  group 

were in  Kenya p rep arin g  f o r  th e  launch o f a  s a t e l l i t e  c a lle d  UK-5* I t  was 

no t then  obvious, to  me, th a t  t h i s  s a t e l l i t e  would produce se v e ra l major 

advances in  x -ray  astronomy and my main f e e l in g  was one o f d isappointm ent a t  

no t a r r iv in g  e a r ly  enough to  go on s a f a r i  co u rtesy  o f th e  SRC. I  have 

subsequen tly  l e a m t  th a t  even a t  t h i s  l a t e  p o in t much work had to  be done 

and th a t  t h i s  was on ly  th e  l a s t  s ta g e  o f some f iv e  y ears  o f  e f f o r t  by a 

la rg e  number o f people in  b u ild in g  t h i s  s a t e l l i t e  -  a  s a t e l l i t e  which I  

have never seen and have m erely u sed . To a l l  those who b u i l t  and te s te d  the  

s a t e l l i t e  and th e  L e ic e s te r  Sky Survey Instrum ent I  must extend my thanks 

and a p p re c ia t io n . I  do n o t know everyone who was involved but w ithout my 

su p e rv iso r , Ken Pounds, and B rin  Cooke th e  Sky Survey would su re ly  no t have 

been p o s s ib le .

My p a r t  in  o p e ra tin g  th e  s a t e l l i t e  Eind in  making th e  messages i t  

re tu rn e d  i n t e l l i g ib l e  a lso  beg ins a t  a  l a t e  s tag e  in  th e  programme. The 

s t a f f  o f  th e  A r ie l V O perations C on tro l Centre a t  th e  Appleton Laboratory 

have been e f f i c i e n t  and h e lp fu l throughout th e  l i f e t im e  o f  th e  s a t e l l i t e .

At L e ic e s te r  the  observ ing  programme and most o f th e  i n i t i a l  s ta g e s  o f da ta  

a n a ly s is  were ta c k le d  by M artin  T urner, R u sse ll S i lk ,  Tony Peacock, Gavin 

Eadie and C live Page. O ther im portan t co n trib u io n s  to  th e  softw are were 

made by Mike Watson, M artin R ic k e tts  and John Pye. I  am g r a te fu l  to  them a l l .

The work in  t h i s  th e s i s  was broadened and improved g re a t ly  by an 

in te n se  c o lla b o ra tio n  w ith  Mike P en sio n , M artin  Ward and Andrew W ilson. My 

a s tro p h y s ic a l knowledge has b e n e f i t te d  from innum erable co n v ersa tio n s w ith  

th ese  astronom ers as i t  has from co n v ersa tio n s  w ith  R ichard  G r i f f i th s  and 

Andrew King.

F in a lly  w ithout th e  h e lp  o f Mrs. V.H. E lv is  t h i s  th e s is  would no t 
have been f in is h e d  so p re se n ta b ly , o r  on tim e.



ch ap te r 1. SEYFERT GALAXIES

1-1 D e fin itio n s

There i s  a  c la s s  o f  g a la x ie s , f i r s t  d escrib ed  by C arl S e y fe rt  

( 1943) whose members possess

( 1) A b r ig h t,  un reso lved , n u c leu s . ( ’b r ig h t ' here im p lies  a | lum inosity  a

; s ig n if ic a n t f ra c t io n  o f  th a t  o f th e  body o f th e  galaxy) ;

( 2) Broad em ission l in e s  in  th e  o p tic a l  spectrum  o f th e  n u c le u s .

( 'b ro a d ' im p lies  g r e a te r  than th a t  which might a r i s e  from

normal g a la c t ic  r o ta t io n  -  upwards from 300 km s”  ̂ t o ,  a t
-1  §l e a s t ,  22,000 km s ) .

These p ro p e r tie s  make th e  'S e y fe r t ' g a la x ie s  a major su b -se t 

o f  th e  'a c t iv e ' g a la x ie s : rad io  g a la x ie s , N -g a lax ies , narrow em ission

l in e  g a la x ie s , and p o ss ib ly  (o r  probably) quasars  and BL Lac o b je c ts .

In  o rd er to  q u a lify  as  a S e y fe rt  galaxy an o b je c t should have a

c le a r ly  v is ib le  galaxy surrounding i t .  This then  p reven ts  any argument

over th e  n a tu re  o f th e  S e y fe rt  r e d s h i f t s .  At d is ta n c e s  con v en tio n a lly  

im plied  by r e d s h i f t s  g r e a te r  than z « 0 .2  (cz « 60,000 km s~^) an 

u nderly ing  galaxy can no longer be d e te c te d . Thus S e y fe rt  g a la x ie s  a re  

r e s t r i c t e d ,  by d e f in i t io n ,  to  being a  r e la t iv e ly  nearby, b r ig h t  

(m^ « 13 -  16) ,  s e t  o f o b je c ts .  They can th e re fo re  be s tu d ie d  in  much 

g re a te r  d e ta i l  than  q u asars  by o p t ic a l  astronom ers.

G alax ies which q u a lify  as  S e y fe rts  on th e  above c r i t e r i a  a re  

o fte n  found to  have o th e r  common p ro p e r tie s

( 3) V a r ia b i l i ty  on tim esca les  a t  l e a s t  a s  s h o rt  as  1 month and by a t

l e a s t  as much as a f a c to r  1 .6  in' o p t ic a l ,  broad-band co lo u rs

(Penston e t  a l . ,  1974, and f i g .  1-1, D ibaiye, p r iv a te  communication). 

(V a r ia b i l i ty  in  both  p e rm itted  em ission ( f i g .  1-2, Tohline and

§ 10,000 km s ”  ̂ corresponds to  AX/X^ = 0 .033 = 162 À a t  (4861 Â)



O sterb rock , 1976) and in  ab so rp tio n  (Anderson, 1974) l in e s  i s  

a lso  seen on le s s  than a  1 y ear t im e sc a le .

(4) *power-law* o r  ' non-thermal* o p t ic a l  co n tin u a . The continuum

r a d ia t io n  from S e y fe rt n u c le i does no t resem ble th e  in te g ra te d  

em ission  from many s ta r s  and in  many cases i s  w ell re p re se n te d  

by a  d is t r ib u t io n  o f th e  form F «  (Oke and S a rg e n t, 1968) .

I t  i s  th e  continuum em ission which p rov ides th e  g re a t  lu m in o sity  

o f  S e y fe r t  n u c le i .

(5) A ll S e y fe r ts  where a  galaxy  type can be unambiguously determ ined

a re  s p i r a l  (Adams, 1977).

In  t h i s  th e s is  i t  i s  a lso  shown th a t  they  a re ,  a s  a c la s s ,  

powerful x - ra y  e m itte rs .

V a r ia b i l i ty  on tim esca le s  which imply s iz e s  sm all in  term s of 

g a la c t ic  d is ta n c e s  a re  a fe a tu re  common to  S e y fe r ts ,  n u c le i o f  rad io  

g a la x ie s  and quasars (see  e .g .  L i l l e r  and L i l l e r ,  1975). Power-law 

sp e c tra  a re  a lso  normal in  quasars  ( S t r i t tm a t te r  and W illiam s, 1976).

Such h in ts  a t  some k ind  o f u n ity  behind a l l  th e  ty p es  o f  a c t iv e  galaixy 

s tim u la te d  a  g re a t  d ea l o f  re se a rc h  in to  S e y fe rt  g a lax ie s  in  th e  years  

fo llow ing  th e  d iscovery  o f  q u a sa rs . This in c reased  in t e r e s t  in  S e y fe r ts ,  

which has n o t ab a ted , i s  r e f le c te d  in  th e  numbers d isco v ered . There a re  

now c e r ta in ly  more than  100 known and th i s  number i s  growing ra p id ly .

Recent o b se rv a tio n s  o f S e y fe rt  g a la x ie s  a re  review ed by Weedman 

( 1977) .  He covers o b se rv a tio n s , m ainly o p t ic a l ,  up to  th e  tim e ju s t  

p r io r  to  th e  work re p o rte d  in  t h i s  th e s i s .  In  th e  fo llow ing  s e c tio n s  o f 

t h i s  ch ap te r th e  main f e a tu re s  o f  S e y fe rt  galaxy  re se a rc h  needed to  pu t 

th e  r e s u l t s  re p o rte d  l a t e r  in to  co n tex t a re  ex p la in ed .



1967 19S9 197i i97Z 1975

NGC 4J51

11,5

12.0

430004 0 0 0 0

f i g  T-1 0>SiIfO UOTT C0R7S OF N0Cli1$1 (Dibaly#, privât# eommunleatloa) .  Strors cr# m a ile r  than the point narks»

6) in)

NGC 7 6 0 3

Fe n

1974 
Nov 6 /7

li-
ÜJ
# 0

w
1975 

Nov 8/9

Mg lb

\
G bond

K H 
Con

1976 
Feb 2 /3

4000 5000
WAVELENGTH

f ig  1-2 7iR14BnJ?T OF LUIE IB BGC7603 (from Tohline and Ooterbrock, 1976). Soane are aom allsed  to the [ o i l l j  

f la x  density since absolute calibrations v«re not ava ilab le .



1-2 O ccurrence o f  S e y fe r t  a c t i v i t y

How common i s  S e y fe rt  a c t i v i t y  amongst g a lax ies?  To answer t h i s  

q u es tio n  r e q u ire s  n o t j u s t  a comprehensive survey o f galaxy  sp e c tra  

com plete over some s o l id  angle  o f  th e  sky and o u t to  a known d is ta n c e .

I t  a lso  re q u ire s  t h a t  our d e f in i t io n  o f 'S e y f e r t ' a c t iv i ty  can be made 

s u f f i c i e n t ly  d i s t i n c t .  I f  th e re  a re  r e a l  l in k s  w ith  o th e r  k inds o f  a c t iv e  

galaxy  t h i s  may w ell no t be p o s s ib le . For in s tan ce  th e  'N -g a la x ie s ' 

d e fin ed  by Mathews, Morgan and Schmidt (1964) a s  "g a lax ie s  having b r i l l i a n t ,  

s t a r l i k e  n u c l e i . . .(w ith ) a  f a in t  nebulous envelope o f sm all v i s ib le  e x te n t" ,  

may, w ith  improved photography, become c le a r ly  re so lv ed  g a la x ie s  and no t 

j u s t  ' n e b u lo s i t ie s ' . In  which c ase , i f ,  a s  th ey  o fte n  do, they  show 

broad em ission l in e s ,  th e y  would be r e c la s s i f i e d  as  S e y fe r ts  ( th e  same 

p o in t a p p lie s  to  Zw icky's (1964) ' compact g a l a x i e s ') .  N -galax ies  which 

show broad em ission l in e s  a re  now norm ally c la s se d  as S e y fe r t  g a la x ie s .

T his p ra c t ic e  may be m islead ing , however, s in c e  i t  has not been e s ta b lis h e d  

th a t  in  a l l  cases th e  n e b u lo s ity  i s  an underly ing  galaxy .

SURVEYS There i s  n o t, a s  y e t ,  any sample o f  S e y fe rt  g a la x ie s  which can 

be co nsidered  complete in  th e  sense mentioned above. Some surveys have 

come s u f f ic ie n t ly  c lo se  to  being  so to  allow  a  f i r s t  answer to  th e  q u e s tio n  

o f how o f te n  g a la x ie s  show S e y fe r t  p ro p e r t ie s .

The search  methods used to  f in d  S e y fe r t  g a la x ie s  have been very

d iv e rse :

( l )  "random" methods -

( i )  s p o tt in g  b r ig h t  n u c le i a t  th e  te le sc o p e .

( i i )  f in d in g  em ission l in e s  during  a  r e d s h i f t  de te rm in a tio n  programme. 

These a re  th e  means by which th e  " c la s s ic a l"  (NGG) S e y fe r ts  were 

d isc o v e red .



(2) sy stem a tic  methods -

( i )  look ing  f o r  compact b lue n u c le i in  g a lax ie s  by e i th e r :

(a ) comparing Palomar Sky Survey re d  and b lue p r in t s ,  o r

(b) u s in g  a  low d isp e rs io n  ( e .g .  25OO Amm'at Hg) survey 

w ith  an o b je c tiv e  prism , a s  f i r s t  done by M arkarian 

( 1967, 1969a ,  1969b, 1973f and M arkarian and L ipovetsky ,

1971, 1972, 1973, 1974) .  Markarian* s  surveys have been by 

f a r  th e  most su cc e ss fu l means o f  f in d in g  S e y fe r t  g a la x ie s . 

They have y ie ld e d  over h a l f  o f  th o se  so f a r  d isco v e red .

( i i )  id e n t i fy in g  ra d io  so u rces . There a  h a lf  dozen o r  so 

b r ig h t  compact rad io  sources d iscovered  to  be S e y fe rts  

b u t, in  g e n e ra l, t h i s  i s  an in e f f ic ie n t  means o f f in d in g  

th e se  o b je c ts .  I t  a lso  produces an u n ty p ic a l sample o f 

S e y fe r ts  e x a c tly  because such a  sm all p ro p o rtio n  o f S e y fe r ts  

a re  r a d io -b r ig h t  (O sterb rock , 1977a). The o p posite  

p rocedure o f  search in g  f o r  (weak) rad io  sources in  

o p t ic a l ly  s e le c te d  S e y fe r ts  i s  more su ccess fu l (de Bruyn 

and W ilson, 1976).

( i i i )  sea rch in g  f o r  high su rface  b rig h tn e ss  g a la x ie s .

(a ) Zwicky searched  th e  Palomar Sky Survey f o r  o b je c ts  

only  j u s t  d isc e rn a b le  from s ta r s  ( c . f .  N -galax ies) ( a t  a  

tim e b e fo re  q u asars  had been d isc o v e re d ) . Zw icky's l i s t s  

o f  ' compact g a la x ie s ' (unpublished) have no t been thoroughly  

search ed  s p e c tro sc o p ic a lly  bu t have, n e v e r th e le s s , su p p lied  

about 10% o f  known S e y fe r ts .  (S a rg en t, 1970).

(b) A rak e lian  has re c e n tly  noted  a  sim ple way o f f in d in g  

h igh  su rfa c e  b r ig h tn e ss  g a la x ie s  from a lrea d y  pub lish ed  

d a ta .  He has compared th e  apparen t d iam eters o f  g a la x ie s  

g iven  in  Vorontsov-V elyam inov's 'M orphological C atalogue o f 

G a la x ie s ' ( I 962) w ith  th e  apparen t m agnitudes given by Zwicky



and h is  c o lla b o ra to rs  in  th e  'C ata logue o f  G alax ies and 

C lu s te rs  o f G a lax ies ' (Zwicky e t  a l .  1961,1963,1965,1966, 

1968, 1968) .  He has pub lish ed  a  l i s t  o f g a la x ie s  which a re  

abnorm ally b r ig h t f o r  t h e i r  s iz e  (A rak elian , 1975)• His 

l i s t  has only  begun to  be searched sp e c tro sc o p ic a lly  bu t has 

a lre a d y  provided a t  l e a s t  6 S e y fe rts  (Weedman, 1977)•

( iv )  em ission l i n e s .  By using  a  h igher d isp e rs io n  o b je c tiv e  

prism  (1740 A mm**̂  a t  Hg) M. G. Smith (1975) has been ab le  

to  search  d i r e c t ly  f o r  s tro n g  em ission l in e  g a la x ie s .

Again t h i s  i s  a  new method bu t i t  promises to  be th e  most 

e f f i c i e n t  way o f o b ta in in g  an o p t ic a l ly  complete sample o f 

S e y fe r t  g a la x ie s .

As a r e s u l t  o f th e  work re p o rte d  in  t h i s  th e s is  i t  i s  l ik e ly  th a t  

an o th e r survey tech n iq u e , perhaps more e a s i ly  made com plete, has been found 

in  th e  d e te c tio n  o f S e y fe rt g a la x ie s  in  x -ray  source e r ro r  boxes (see  

ch ap te rs  4 and 6 ) .

SPACE DENSITY

From th ese  surveys th e  problem i s  to  e s tim a te  th e  number of 

S e y fe r t  g a la x ie s  per u n i t  volume o f space. C le a rly  t h i s  can only  be 

achieved down to  some ab so lu te  lu m in o sity  -  no th ing  can be known about 

g a la x ie s  f a i n te r  than  th e  d e te c to rs  w il l  re ac h . The space d e n s ity  must 

be determ ined a s  a  fu n c tio n  o f ab so lu te  m agnitude. This fu n c tio n  i s  

th e  ' lum inosity  fu n c tio n ' f o r  a  c la s s  o f o b je c ts .

Huchra and S argen t (1973) have used th e  f i r s t  fo u r  o f  M arkarian 's  

l i s t s  to  determ ine th e  space d e n s ity  o f M arkarian S e y fe r ts .  There may be a 

problem here in  th a t  two c la s s ic a l  S e y fe rts  appear in  th e  p a r t  o f  the  sky

covered by th ese  l i s t s  bu t do no t appear in  th e  l i s t s .  M arkarian 's  survey 

may thus be more incom plete a t  low lu m in o s itie s  than  i t  ap p ea rs . Huchra 

and S argen t make c o rre c tio n s  f o r  incom pleteness based on S ch m id t's  ( I 968)



V/V e s tim a to r . T h e ir r e s u l t s  a re  shown in  f i g .  1-3•' max
G alax ies l i s t e d  by M arkarian form around 5-10% o f  f i e ld  g a la x ie s  

except a t  th e  h ig h er lum in o sity  end where t h e i r  frequency  in c re a se s . Of 

M arkarian g a la x ie s  around 5-iP% a re  S e y fe r ts .  This p ro p o rtio n  in c re a se s

too a t  b r ig h te r  magnitudes u n t i l  a t  M  ̂ pg -23  i t  appears th a t  most g a la x ie s  

a re  M arkarian and th a t  most o f  th e se  a re  S e y fe r ts .  (T y p ica l q uasars  have 

-23>H^> -25! A llen , 1975).
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1-3 Classification

Although a l l  S e y fe rt  g a la x ie s  have *‘broad* em ission l in e s  

« 500-1500 km s   ̂ w ide, a  su b -se t have 'w ings ' on some o f t h e i r  em ission 

l in e s  th a t  reach  ou t to  5000-20,000 km s” ^ . These wings ( f i g .  1-4 , 

O sterbrock,1977b) a re  found only  on th e  l in e s  belonging to  p erm itted  

t r a n s i t io n s ,  no tab ly  th e  Balmer s e r ie s  o f  Hydrogen: Ha, HS and Hy.

The l in e s  r e s u l t in g  from forb idden  t r a n s i t io n s  never have th e se  broad 

w ings. They have only  th e  w idths o f th e  'c o re s ' o f th e  l in e s  ( 5OO-I5OO 

km s ” ^, f i g .  1 -4 ). The presence o r  absence o f th e  broad wings on th e  

Balmer l in e s  i s  th e  b a s is  o f  a u se fu l c la s s i f ic a t io n  scheme f o r  S e y fe r ts  

in tro d u ced  by K hachikian and Weedman (1974).

Many o th e r  fe a tu re s  a re  found to  c o r re la te  w ith  t h i s  d iv is io n  

in to  type 1 : broad wings p re sen t and type 2 : no broad w ings. Table 

1-1 l i s t s  th e  b e s t e s ta b lis h e d  o f  th e se  and f i g s .  1-5 to  1-7 i l l u s t r a t e  

them. T his type 1 /  type 2 d iv is io n  i s  rem arkably c lean  f o r  such a 

sim ple em p irica l c r i t e r io n .  There do, however, e x is t  u n c e r ta in  c a se s , 

a s  p o in ted  o u t by O sterbrock  and Koski (1976, f i g .  1 -8 ) . In  Weedman's 

( 1977) rev iew  th e re  a re  ?0 type 1 and 17 type 2 S e y fe r ts  l i s t e d .
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Table 1-1 D is tin c tio n s  between type 1 and type 2 S e y fe r t  g a la x ie s .

type 1 type 2

DEFINITION:
Broad wings on Hydrogen 

Balmer l i n e s ,  i . e .  P e rm itted  l in e s  
much b roader than  Forbidden. T y p ica lly  
5000-20000 km s ”  ̂ f o r  p e rm itted  and 

5OO-I5OO km s  ̂ f o r  fo rb idden  l in e s .

No broad w ings. P erm itted  
and fo rb idden  l in e s  have th e  same 
w idths:
500-1500 km s “^
(see  f i g s .  1-4)
(O sterb rock , 1977b)

Also CORRELATES:
C olours -

(U-B) > 0 .2  
(B-V) 4: 0 .6  

i . e .  top l e f t  o f f i g .  1-5

(U-B) 4  0 .2  
(B-V) > 0 .6  

i . e .  bottom r ig h t  o f f i g .  1-5

Continuum shape -
o f te n  'p o w er-law ', Focp”^ 
w ith  1 < a  < 2 u s u a l ly .

r a r e ly  'pow er-law '

H3 : [O I I l ]  X5OO7 in te n s i ty  r a t io  -  
« 1 « 0.1  

(see  f i g .  1-6 )
(Adams and Weedman 1975)

Balmer decrement -  
( Ha : HS ) s te e p e r  than  pure 
recom bination  ( a t  10^ K) value o f  2 .8?

s te e p e r  than  type 1
(more reddening ?) (se e  f i g .  1- 6 )

Radio em ission -
maximum | lum inosity  • « lO ^^H z^sr^ 
mean lum inosity  »^10^4f Hz^sr^ 
(see  f i g .  I - 7)
(de Bruyn and W ilson, 1978)

same maximum | lum in o sity  ■ 

mean | lum inosity  ^  10^^
W Hz”^ s r”^ . Higher mean v a lu e .

P o la r iz a tio n  -
e i th e r  4  2̂  o r  » 4% 
(Angel R. 1977)

<2^
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1-4 P h y sica l Conditions

C onsidera tion  o f th e  o p tic a l  sp e c tra  o f S e y fe rt  galaxy n u c le i 

has le d  to  a ' s tan d a rd ' model o f  t h e i r  s tru c tu re ,  bu t no t o f th e  energy 

mechanism which d riv e s  them. In  t h i s  s e c tio n  th e  reason ing  which lead s  

to  t h i s  s tan d a rd  model I s  d esc rib ed .

The nucleus I s  b e liev ed  to  be co n s tru c ted  from th re e  d i s t i n c t  

reg io n s  (see  f i g .  1 -9):

(1) A c e n tra l  Io n is in g  continuum source < 0 .0 1  pc d iam eter.
Q C O

(2) A dense ( n ^ >10 *^cm”^ ) p e rm itted  l in e  'wings* em ittin g  reg io n

« 0 .1  -  1 pc d iam eter.
4 —3(3) A r a r e  (n^ «10 cm"*̂  ) fo rb idden  l in e  em ittin g  reg io n

« lOO-lOOOpc d iam eter.

A ll th re e  reg io n s  a re  p resen t In  type 1 S e y fe r ts  bu t reg io n  (2)

I s  m issing In  type 2 's .  Regions (1) and (2) may be e f fe c t iv e ly  Id e n tic a l  

on some models. The hypo thesised  I n i t i a l  energy source I s  assumed to  

l i e  somewhere In  reg io n  ( 1 ) .  The continuum from (1) then  causes 

p h o to lo n lsa tlo n  In th e  r e s t  o f  th e  n u c leu s . S ince Io n is a tio n  le v e ls  

up to  [Fe V Il]  and now [Fe x ] (see  ch ap te r 3-1) have been re p o rte d , the  

continuum must extend up to  en e rg ies  g re a te r  than t h e i r  Io n is a tio n  

p o te n t ia ls  o f  0.10 auid 0.19 keV re s p e c t iv e ly .  I . e .  a t  l e a s t  In to  th e  s o f t  

x -ra y  reg io n .

The s iz e s  and d e n s i t ie s  o f th ese  reg io n s  a re  d eriv ed  from the 

p ro p e r t ie s  o f th e  observed em ission l in e s  and v a r i a b i l i t y  o b se rv a tio n s :

BROAD PERMITIED LIRE EMITTING REGION (2)

The broad wings o f th e  perm itted  l in e s  In  type 1 S e y fe r ts  a re  

never found In th e  fo rb idden  l i n e s .  I t  seems then  th a t  th e  wings a r i s e  

In  a  reg io n  where th e  fo rb idden  t r a n s i t io n s  a re  suppressed  through 

c o l l i s io n s !  d e - e x c l ta t lo n . D e n s itie s  o f ng>10^*^ cm ^ (O sterbrock ,

Koskl and P h i l l ip s ,  1975) sire needed to  suppress a l l  th e  l in e s  expected .



15

'STANDARD'  MODEL OF A S E Y F E R T  NUCLEUS

100 -1 0 0 0  p c

c e n t r a l  —
m a s s i v e
o b j e c t
( ~ 1 0 8 Mg)
- c o n t i n u u m  

e m i s s i o n  ?

f ig  1 -9  SCHEMATIC AHHA-'IOEMSHT PCH THE "STAIÎOAHD MODEL- Of SETTER? NUCLEI. T ypic»! d lM n s io n s , e le c tro n  d e n s itie s  (M^) 

end 'ra n d o n ' T o lo c lts s  a re  in d ic a te d .
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These au th o rs  use t h i s  d e n s ity  l im i t ,  combined w ith  th e  lu m in o sity  o f  th e  

wings ( L(H0w) ) and some assum ptions, to  g ive  an e s tim a te  o f  th e  s iz e ,  

and th u s  th e  mass, o f  th e  broad l in e  reg io n  (2 ) ,  a s  fo llow s;

The e ra is s iv ity  o f  H3, can be assumed to  have i t s

recom bination va lue  f o r  some tem perature a s  a f i r s t  approxim ation .
h,

A tem p era tu re , T, o f  10 K i s  u su a lly  u sed . Then -

L(H3w) = j^gV, V being th e  volume o f  em ittin g  reg io n

__ 1.24xlO"^^n n , erg  s ” ^cm"^, n and n being the  np — ® P © p
^  - e le c tro n  and pro ton  d e n s i t ie s ,

and V = /  i r
Q

so , i f  n = n^ »  10^ cm ,

L(H3w) = 5.19x10"? r ^ .

L(H3w) i s  ty p ic a l ly  «10^^ erg  s"^ (see  Table 5-1)

so r  » 1 .3  X lO^^cm,
» 5 l ig h t  days.

T h is , o f co u rse , i s  a minimum s iz e .  The probable s iz e  o f th e  

e m ittin g  reg io n  i s  much la r g e r  s in ce  th e  above assumes a  uniform  gas

d e n s ity . As p o in ted  ou t below t h i s  i s  alm ost c e r ta in ly  no t th e  case .

From th i s  s iz e  and d e n s ity  one can d eriv e  a mass f o r  th e  broad l in e  reg io n  

gas o f

M = m^n^V , m  ̂ being th e  mass o f a  hydrogen atom,

= 1 .5  X lO ^ g

= 7 .4  Mg , being one s o la r  mass.

O sterb rock , Koski and P h i l l ip s  f in d  th a t  va lues below 100 M a re  normalo
f o r  t h i s  mass. So a t  such high d e n s i t ie s  a  s u rp r is in g ly  sm all mass i s  

re q u ire d  to  produce th e  dram atic broad l in e  em ission in  S e y fe r ts .
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FORBIDDEN LINS EMITTING REGION (3)

For th e  fo rb idden  l in e  reg io n  (3 ) ,  because th e  d e n s i t ie s  involved

have to  be much low er, th e  mass involved  must be much la r g e r .  The r a t io

of th e  [O I I I ]  l in e s  13007*^^59 can be used to  g ive  a  lo cu s  o f p o ss ib le

com binations o f  (n^ , T) . In  favourab le  cases o th e r  l in e  r a t io s  can be used

to  g ive  se p a ra te  lo c i  which, when they  in te r s e c t ,  g ive  th e  re q u ire d  v a lu es .

(se e  e .g .  Boksenberg e t  a l . ,  1975)• D if fe re n t p a r ts  o f t h i s  reg io n  could

w ell have d i f f e r e n t  v a lu es  f o r  n^ and T so th a t  th e se  lo c i  do no t always
3' *5 —3in te r s e c t  a t  c o n s is te n t v a lu e s . However va lues o f n between 10 and lO^cme

4 -3a re  norm al. 10 cm being a  good canon ical v a lu e . T i s  aga in  around th e  

value o f 10^ K. (Anderson (1970) g iv es  (n^, T) p lo ts  f o r  8 S e y fe r ts ) .

The s iz e  o f th e  fo rb idden  l in e  reg io n  i s  based on th e  case o f 

NGC 1068 f o r  which th e  fo rb idden  l in e  reg io n  has been measured d i r e c t ly  to  

be « 500 pc a c ro s s .  (W alker, 1968).

CLOUD STRUCTURE OF REGIONS (2) AND (3)

The p e rm itted  (2) and fo rb id d en  (3) l in e  reg io n s  a re  b e liev ed  to  

have a  h ig h ly  non-uniform  d is t r ib u t io n  o f th e  gas to  co n ta in  a number o f 

d is c r e te  clouds o r  f ila m e n ts . The observed l in e  w idths can then  be 

a sc rib e d  to  th e  r e l a t iv e  motions o f th e ,  fast-m oving , c lo u d s. In  th e  case 

o f the  dense reg io n  (2) t h i s  view i s  based on th e  complex Balmer l in e  

p r o f i l e s .  The p r o f i le s  a re  very  o f te n  asymmetric (see  Weedman (1977)

Table 1-1 , f i g .  1-5) and bo th  s id e s  a re  f a r  from g au ssian . M u ltip le  peaks 

( e .g .  IC4329A, D isney, 1973) and 'sh o u ld e rs ' (O sterb rock , Koski and P h i l l ip s ,  

1976) a re  common. These p r o f i le s  can be e a s i ly  exp lained  by invoking a , 

f a i r l y  sm all, number o f d is c r e te  clouds moving a t  speed, bu t are  d i f f i c u l t  

to  ex p la in  w ith  o th e r  broadening mechanisms ( e .g .  e le c tro n  s c a t te r in g ) .

S ince reg io n  (2) i s  b e liev ed  to  be « 1 pc ac ro ss  th e  c ro ss in g  

tim e f o r  th e  clouds i s  « 100 y e a rs . C learly  th e  gas must be rep laced  

s in ce  even i f  a l l  g a la x ie s  went through a  S e y fe r t  phase they  would s t i l l
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7—8need to  be a c t iv e  f o r  1% o f  t h e i r  l i f e ,  « 10 y e a r s .  A lte rn a tiv e ly  

th e  clouds could  be g r a v i ta t io n a l ly  bound by invoking a  la rg e  mass fo r  

reg io n  ( l ) .  T h is i s  mentioned in  more d e ta i l  below.

The p r o f i le s  o f th e  fo rb idden  l in e s  ( re g io n  (3) ) a re  le s s  o fte n  

complex b u t Mkn 509 shows double peaked s tr u c tu r e ,  th e  peaks having a 

Doppler se p a ra tio n  o f 400 km s ”  ̂ (Ward, p r iv a te  com m unication). Walker 

( 1968) re so lv e d  d i f f e r e n t  p a r ts  o f th e  nucleus o f  NGC IO68 and found them 

to  have d i f f e r e n t  fo rb idden  l in e  r e d s h i f t s  o f  th e  same o rd er a s  f o r  Mkn 509»

Thus th e  g ro ss  fe a tu re s  o f  d e n s ity , tem perature , s iz e  and mass 

o f  reg io n s  ( l )  and (2) -  th e  two l in e  em ittin g  re g io n s  -  can be a r r iv e d  a t .  

The dim ensions o f  th ese  reg io n s  vary  by f a c to r s  o f  10, depending on th e  

a u th o r, and t h i s  could w ell be a  p ro p e rty  r e f le c te d  in  th e  o b je c ts  

them selves, a s  one goes from one to  an o th e r.

"NGN-THERMAL" CONTINUUM EMITTING REGION ( 1)

The continuum from a type 1 S e y fe rt nucleus g e n e ra lly  fo llow s a 

power-law d i s t r ib u t io n  which does no t a t  a l l  resem ble a composite s t e l l a r  

spectrum . By analogy w ith  rad io  source sp e c tra  one might imagine th a t  

th e se  power-laws were a lso  due to  synchro tron  r a d ia t io n  bu t th i s  i s  only 

an analogy and n o t a t  a l l  n ecessa ry . The p o la r iz a t io n  d a ta  argue a g a in s t 

such an in te r p r e ta t io n  (see  Table 1-1) p a r t ic u la r ly  as  both  continuum and 

l i n e  r a d ia t io n  a re  p o la r iz e d  to  th e  same ex te n t and a t  the  same p o s itio n  

an g le  (Angel, 1977). An upper l im i t  to  th e  s iz e  o f  th e  continuum reg io n

(1) can be found from v a r i a b i l i t y  argum ents. P enston  e t  a l .  (1974) found 

t h a t  th e  o p t ic a l  continuum in  NGC 4151 v a rie d  by O.5  mag in  about 1 month. 

The d iam eter o f  th e  reg io n  must thus be le s s  than  w 10^? cm. Anderson (1974) 

n o ted  v a r i a b i l i t y  in  th e  ab so rp tio n  l in e  spectrum  on a  tim esca le  o f le s s  

th an  1 year (p o ss ib ly  30 d a y s ) . S ince th ese  f e a tu re s  probably a r i s e  from 

one o f th e  clouds in  the  l in e  em ittin g  reg io n s  (2) and ( 3) as  i t  c ro sses  

in  f ro n t  o f  th e  continuum source we can e s tim a te  th e  s iz e  o f t h i s  source .
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I f  we assume, fo llow ing  van den Bergh (1975)* a  tra n sv e rse  v e lo c i ty  o f  1000 

km s ”  ̂ then th e  source must he le s s  than  3 x 10^^ cm a c ro ss , sm a lle r  than 

th e  minimum s iz e  f o r  th e  p erm itted  l in e  reg io n  ( 2 ) .  This argument r e l i e s  

on u n c e r ta in  assum ptions so th a t  models in  which th e  continuum and perm itted  

l in e s  a r i s e  in  th e  same reg io n  a re  s t i l l  a llow ed.

The i n i t i a l  energy source f o r  th e  S e y fe r t  a c t iv i ty  i s  assumed, on 

th i s  's tandard*  model, to  l i e  w ith in , o r  be coex tensive w ith , th e  reg io n  ( 1 ) .  

By assuming th a t  th e  l a r g e s t  v e lo c i t i e s ,  V, observed in  the  p e rm itted  l in e  

wings a re  o f th e  o rd e r o f th e  escape v e lo c i ty  f o r  th e  clouds from th e  nucleus 

th e  mass o f t h i s  c e n tra l  reg io n  can be es tim ated  (D ibaiye, 1977)• This 

assum ption i s  c le a r ly  no t re q u ire d  by th e  o b se rv a tio n s  bu t does y ie ld  an 

o rd e r o f magnitude e s tim a te . The mass o f th e  c e n tra l  reg io n , M, i s  then 

2
M a  V r  , r  being th e  s iz e  o f th e  reg io n .

2G
I f  V a  5000 km s and r  a  10^^ cm then

M a  10? M .0

The ab so rp tio n  l in e  v a r i a b i l i t y  g iv es  an upper l im i t  to  th e  

c e n tr a l  mass in  NGC 4151 o f  a  10^^ by comparing i t s  s iz e  to  th e  

Schwar z c h ild  ra d iu s  o f 3 % 10^ (M/M^) cm (van den Bergh, 1975) •

We a re  thus le d  to  expect a  massive c e n tra l  body a t  th e  core of 

th e  nucleus o f  a  S e y fe r t  g a laxy . Most th e o r ie s  o f  such n u c le i use  

g r a v i ta t io n a l  i n f a l l  on to  such a  body to  provide th e  u ltim a te  power source 

f o r  S e y fe rt a c t i v i t y .  G ra v ita t io n a l  i n f a l l  i s  invoked to  some e x te n t 

because i t  has proved to  be an e f f i c i e n t  source o f energy on a  sm a lle r  

s c a le  in  th e  co n tex t o f  x -ra y  b in a r ie s .  As y e t  th e re  i s  no agreement on 

a s a t i s f a c to r y  model fo r  producing th e  power in  th e  form observed from th i s  

assumed o r ig in a l  sou rce .
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The g re a t  mass o f  high q u a l i ty  o p t ic a l  o b se rv a tio n s  have 

c le a re d  away th e  confusion o f d e ta i l s  a r is in g  in  th e  o u te r  reg io n s  o f 

th e  S e y fe r t  n u c le i to  a  g r e a t  e x te n t.  The c e n tr a l  problem i s  one which 

can now be fa c ed . The r e s u l t s  re p o rte d  in  t h i s  th e s i s  may, we b e lie v e , 

ho ld  th e  p o te n t ia l  f o r  answ ering t h i s  q u e s tio n .
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chap ter 2. THE ARIEL V SKY SURVEY

The r e s u l t s  re p o r te d  In t h i s  th e s is  were ob ta ined  usin g  the  

L e ic e s te r  U n iv e rs ity  X-ray Sky Survey Instrum ent (SSl) on board the  A r ie l  V 

s a t e l l i t e .  The o b serv a tio n s  were made m ainly a s  c o n tr ib u tio n s  to  th e  

"A rie l V (SSl) Catalogue o f  High G a la c tic  L a titu d e  ( |b | >10®) X -ray S ources" . 

(The *2A' ca ta lo g u e , Cooke e t  a l . ,  1978). In  t h i s  chap ter th e  s a t e l l i t e  and 

th e  L e ic e s te r  in strum ent a re  d escrib ed  and i t  i s  shown how th e  2A ca ta logue  

was produced from the  d a ta  re tu rn e d .

2-1 A rie l V

The A rie l V ( f i g .  2-1) s a t e l l i t e  has a  payload o f  s ix  x -ray  

astronomy experim ents each w ith  a  s p e c ia liz e d  and complementary fu n c tio n  

( Table 2 -2 , f i g  2-2 , Smith and C o u r tie r , 1976). The s a t e l l i t e  was launched 

on 15th  October 1974 w ith  a planned minimum l i f e t im e  o f  one y e a r . A t th e  

tim e o f w ritin g  i t  has been o p era tin g  fo r  ju s t  over th re e  y e a rs .

The main s a t e l l i t e  param eters a re  given in  Table 2 -1 . The low 

e q u a to r ia l o r b i t  i s  a p p ro p ria te  f o r  x -ray  astronomy as  here th e  magnetic 

f i e l d  o f th e  E a rth  produces th e  g r e a te s t  sh ie ld in g  from th e  prim ary cosmic 

ra y s  and th u s  reduces th e  induced background in  th e  d e te c to r s .  The 

s a t e l l i t e  i s  sp in  s ta b i l i s e d  and t h i s  ro ta t io n  p rov ides a n a tu ra l  means o f 

m odulating th e  incoming s ig n a l .  Most of th e  experim ents make use o f t h i s  

a b i l i t y ,  most no tab ly  th e  R o ta tio n  M odulation C ollim ato r (e x p t.  A, see 

Table 2—2 ).

Power fo r  th e  s a t e l l i t e  and i t s  experim ents i s  su p p lied  by a s e t  

o f  s o la r  pan e ls  which cover 7/8  o f  i t s  o u te r  su rface  ( f i g .  2 -1 , 2 -2 ) . When 

th e  sp a c e c ra ft i s  passing  through the  e a r th 's  shadow an on-board Ni-Cd 

b a tte ry  keeps the  se v e ra l key s a t e l l i t e  systems fu n c tio n in g . Weight 

r e s t r i c t io n s  preven ted  th e  ca rry in g  o f adequate b a t te ry  c ap a c ity  to  a llow

* The 'A r i e l - ' s e r ie s  o f  s a t e l l i t e s  a re  c a l le d  'UK-' befo re  launch .
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'  ■ ' S s à f .  y a i " : . . .
' V ' .

f l |  2-1 THÎ ARIEL T SATELLITE 3H0WDK1 THE ARRANGEMENT OF THE INSTRUMENTS , *a lnd io« t*d  In  f i f  2-2.
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the experiments to remain switched on during th is  period of earth  ec lip se . 

This reduces the exposure time per o rb it .  The so lar panels have to point 

a t  an angle of le ss  than 45® to  the sun otherwise they w ill generate too 

l i t t l e  power to  keep the experiments operating. This imposes the major 

constrain t on the p a rts  of the sky available to  the instruments and so 

a ffec ts  the observing programme ( see chapter 2-3 below).

The instruments other than the L eicester SSI are b rie fly  

described in  Table 2-2. Four of these (A,C,D,F) have small f ie ld  of view 

and point along the spacecraft spin axis ( f ig ,2-3, Smith and Courtier, 1975)» 

They perform d eta iled  observations of individual sources. The f i f th  (G) is  

a scanning, low s e n s itiv ity  monitor fo r tra n sien t events and fo r the long 

term behaviour of b righ t sources. I t  views about 90% of the sky a t  any one 

time.
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MSSL Experiment A

Leicester 
Experiment D

Thermal
Blanket

Solar Panels

MSSL Experiment C

Imperial College 
Experiment F

Leicester 
/ / Experiment 8

Umbilical
Connector

Spin /  Despin Jets

Telemetry Antenna

NASA/GSFC 
Experiment G

Attitude Sensing System

n .  OF « u a  T . . h o v i . ,  h o . t h .  to o r  p o ln h lh . (X ,0 .» ,F ) lo«h » «  " P  f -

t h .  t . ,  .o o h h ih , l .« T ™ .n to  (B.O) look  o «  o f  t h .  . I d -  ( f r »  S '^ th  » d  O o o f t l . r .  -F7d)
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satellite axis

f i g  2-3 TKî MELDS-CP-7TEW CF THE ARIEL 7 nSTKJÎOtTS In  th e  a a te lU t#  re fe re n c e  f r a a e .  Angular l im ita  are dravn 

f o r  th e  rWHM reaponaea. (from  Smith and C o u r tie r , 1976 )
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Table 2-1 A r ie l  V S a t e l l i t e  -parameters

(from : "The S c ie n t i f i c  Payload fo r  the  UK5 S a t e l l i t e " ,  SRC (1973). )

Size* d iam eter 9 5 «9 cm ; h e ig h t 86 .4  cm (exclud ing  te lem e try  a e r ia l s )

Weight: 131 .6 kg.

O rb it: « c i r c u la r  and e q u a to r ia l  -  apogee 556 km, perigee  512 km,
in c l in a t io n  2?9

Launch
v e h ic le : 4 s ta g e  NASA Scout

A ttitu d e
sensing :

2 s e ts  o f  Sun and E arth -a lb ed o  senso rs  accu ra te  to  10-30 arcmin 

(p e r  o r b i t ) .  Rate c lock  d iv id e s  each ro ta t io n  in to  1024 equal 

cingle azim uth s e c to rs .

A ttitu d e
c o n tro l:

- sp in  s ta b i l i s e d ,  accu ra te  to  30-60 arcm in (p e r  o r b i t )  

-propane gas j e t s  ( t o t a l  4000° manoeuvre)

-c o n tro l le d  in te ra c t io n  o f  de-gaussing  c o i l  w ith  e a r th ’ s 

m agnetic f i e l d .

Spin r a te : 10 ± 2 rpm. c o n tro lle d  by:

-  gas j e t s

-  in te r a c t io n  o f  c u rre n t from s o la r  p an els  w ith  th e  

e a r th ’ s m agnetic f i e ld .

Power: s id e  mounted s o la r  c e l l s  . b a t te ry  when in  e a r th 's  shadow, 

t o t a l  power 11.3%. d iv id ed  thus -  d a ta  handling  5.92 W

- t e l e -command 0 .75  W

- a t t i tu d e  0 .85  W
c o n tro l

-  experim ents 3 .75  W

power d iv is io n  between experim ents i s  roughly  equal a t  «0 .6  W each
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Table 2-3 The Sky Survey In strum en t (SSI, E xpt. B)

2 p a ir s  o f  p ro p o rtio n a l coun ters  -  one p a i r  High Energy (HE),

-  one p a i r  Low Energy ( I E ) .

Area: each coun ter 140 cm® e f fe c t iv e  (280 cm® each system)

Gas: m ixture Ar:Xe:COg : : 76 :16 :8  

p ressu re  900 mm Hg. 
depth 2 cm fo r  IE p a i r  

4 cm f o r  HE p a ir

W indow B eryllium , th ic k n e ss  0.0086 cm IE

0.0127 cm HE

Collim ator* s ta in le s s  s te e l  1 ^  s l a t s .
an g u la r c o n s tr a in ts  -  10.6 x 075 deg. FWHM, in c lin e d  a t  25°

to  sp in  a x is  ( see f i g . 2 -4 ) .  
p o in t response  fu n c tio n  -  approx . t r ia n g u la r ;  see f i g .  2 -5 .

Energy
range:

IE 0 . 8 - 6  keV approx.
HE 2 . 4 - 2 0  keV approx.
ob ta ined  from p u lse  h e ig h t a n a ly s is  (PHA) energy g a tin g

S p e c tra l
re s o lu tio n :

PHA a lso  d iv id e s  counts in to  8 energy channels spaced so th a t  
E(upper bound) : E(low er bound) : : 1 .3  : 1 
re s o lu tio n  « 50^ a t  6 keV a t  launch .

Background
re je c t io n :

(1) a n ti-c o in c id e n c e  guard coun ters  1 cm deep on 2 s id e s  
and base o f each co u n te r.

(2) R ise Time D iscrim in a tio n  (RTD) c i r c u i t s  r e j e c t  p u lse s  
w ith  r is e t im e s  g r e a te r  than  a  c r i t i c a l  value («200ns) 
Together (1) and (2) r e j e c t  96% o f p a r t ic le  ev en ts .

( 3) d a ta  c o l le c t io n  i s  in h ib i te d  by a ' sun diode v e to ' fo r  
th e  p a r t  o f  any s a t e l l i t e  sp in  when th e  sun would sh ine 
d i r e c t ly  in to  th e  c o llim a to rs .

(4) In strum ent i s  sw itched o f f  when th e  s a t e l l i t e  passes 
through th e  South A tla n t ic  Anomaly -  tr ig g e re d  by 
background count r a t e  in  ex p t. C o r  D.

Background
r a te s :

t o t a l  «9 counts s"^ 
estim ated  p ro p o rtio n s  -  p a r t i c le  «50% 

d if fu s e  cosmic x -ra y  «50%

-co n tin u ed -
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Table 2-3  co n tinued The Sky Survey In stru m en t

On-board 
d a ta  
s to ra g e ;

1024 l 6 - b i t  w ords.

Can be d iv id ed  between azim uth and energy in fo rm a tio n . 

W idth o f  azim uth b in  s ta y s  c o n s ta n t ( 0?35 ) so p ro p o rtio n  
o f  scan p lane covered i s  halved  a s  number of*energy b in s  i s  
doub led .
Normal Survey mode covers  whole o f  scan  p lane in  1024 

s e c to r s  w ith  one energy ch an n e l.

Exposure
tim e:

In stru m en t '*on -tim e” i s  ty p ic a l ly  60 min. p e r  o r b i t ,  so 

exposure p e r  azim uth s e c to r  % 3 seconds p e r  o r b i t .

S e n s i t iv i ty : to  produce a  3 crpeak , in  HE system , (o n -a x is )  -

1 o r b i t  % 4 .5  SSI c t  s"^ »  15 UHURU c t  s*^ % 0.015 Crab

1 day % 1 .5  SSI c t  s"^ % 5 UHURU c t  s “  ̂ % 0 .004 Crab

1 SSI = 0 .7  SSI c t  s"^ «2 .5  UHURU c t  s “  ̂ « 0 .002 Crab 

o b serv in g  s l o t  ( « 3  day)

Count r a t e  
conversion :

1 SSI c t  s ”  ̂ « 5.1 X 10“ ^’’ e rg  cm” ® s ”  ̂ (2-10 keV)

« 2 .7  UHURU c t  s ” i 
V arie s  by 6^ f o r  power law photon in d ic e s  from 1 to  3 
and therm al s p e c tra  w ith  kT from 2 to  16 keV.
I t  i s  more s e n s i t iv e  to  low energy ab so rp tio n  c u t - o f f s .

SPIN AXIS

23'

WE L E  L E  HE

DIRECTION OF 
ROTATION

f ig  2-L SSI COLLIMATOR COUFIGORATICN.
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f i *  2-5 POdT RESPONSE FUNCTION OF THE SSI, determined nalng the Crmb Nebule as a calibration  source. Crab 

observations are shown ( ^ ) «  (from Ricketts N .J .,p r iva te  commnication)
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2-2 The Sky Survey Instrum ent (SSl)

The SSI was designed to  produce a  whole sky survey in  2-20 keV 

x -ra y s  down to  around 10"^ o f  th e  Crab f lu x  d e n s ity  (Tau X-1; 300531+21) w ith  

s u f f ic ie n t  p o s it io n a l  accuracy ( < 0 .5  sq d eg .) to  make id e n t i f ic a t io n s  w ith  

reaso n ab le  c e r ta in ty .  I t  has many fe a tu re s  in  common w ith  i t s  only  

p red ecesso r, th e  UHURU s a t e l l i t e  (G iacconi e t  a l . ,  1971).

The th i r d  UHURU cata logue o f x -ra y  sou rces ( '3U' , G iacconi e t  

a l . ,  1974) was around 50^ complete over th e  sky down to  10 UHURU counts s**̂  

(%10~^ Crab) (M urray, 1978)• Over 25^ o f  i t s  sources had p o s it io n a l  

u n c e r ta in t ie s  ( e r r o r  boxes) g re a te r  than 1 sq . deg. Since i t  i s  a lso  now 

c le a r  th a t  x - ra y  sources a r e ,  in  g e n e ra l, h ig h ly  v a r ia b le ,  a second 

whole sky survey u sing  th e  SSI was c le a r ly  j u s t i f i e d .

Table 2-3 l i s t s  th e  main te c h n ic a l  d e t a i l s  o f  th e  in s tru m en t.

O ther d e t a i l s  a re  given in  V il la  e t  a l .  (1976) . From th e  s e n s i t i v i t y  

f ig u re s  i t  i s  c le a r  th a t  to  reach  th e  t a r g e t  d ep th  o f coverage o b se rv a tio n s  

which in te g ra te  d a ta  fo r  3 days o r  more a t  a  f ix e d  sp a c e c ra f t  a t t i tu d e  a re  

c a lle d  f o r .  Each 3-<l2iy o b serv a tio n  i s  c a l le d  an ' Observing S lo t ' .

A m ajor l im i ta t io n  on th e  SSI was th e  sm all s iz e  o f  th e  s a t e l l i t e  

core s to re  d a ta  memory. This d ra m a tic a lly  reduced  th e  amount o f s p e c t r a l  

and tem poral in fo rm ation  which could  be rec o rd ed . Data i s  dumped to  a  

NASA ground s ta t io n  once per o r b i t  ( i . e .  every  97 m in.) and no f in e r  

tim e r e s o lu t io n  than t h i s  i s  norm ally a v a i la b le .  Only by s a c r i f ic in g  

s p a t i a l  coverage can any more than one s p e c tr a l  channel be made a v a i la b le . 

C le a r ly  reducing  th e  an g u la r e x te n t o f  a  scan in c re a se s  the  tim e needed to  

complete a whole sky survey p ro p o rtio n a te ly . Energy re s o lu t io n  was used 

in  p ra c t ic e  on ly  fo r  p a r t ic u la r  o b serv a tio n s  o f  so u rces , u su a lly  b r ig h t ,  

g a la c t ic ,  so u rces .

The low energy system would have a l l e v ia te d  t h i s  problem somewhat 

by g iv in g  a  "hardness r a t io "  ( r a t i o  o f high energy to  low energy count 

r a te s )  f o r  every sou rce . U n fo rtu n a te ly  th e  low energy system developed
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le a k s  e a r ly  in  th e  m ission (probably  due to  c o rro s io n  o f  th e  th in  B eryllium  

window caused by th e  h igh  hum idity a t  the  launch s i t e )  and had to  be 

tu rn ed  o f f .  The survey  was e s s e n t ia l ly  perform ed using  th e  high energy 

system on ly .
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2-3 Sky Survey O bserving Programme

C ontro l o f  th e  a t t i tu d e  o f  th e  sp a c e c ra ft i s  d iv id ed  approxim ately 

e q u a lly  in  tim e between each o f th e  experim ents. Since experim ent G views 

e s s e n t ia l ly  th e  whole sky a l l  th e  tim e i t  p laces  no s p e c ia l  demands on th e  

a t t i t u d e .  Each rem aining experim ent has %20^ o f  th e  tim e. The l im ite d  

t o t a l  ang le  o f  manoeuvre re q u ire s  th a t  a l l  re q u e s ts  fo r  p o s it io n s  be 

d iscu ssed  w e ll in  advance to  ensure th a t  th e  c o n tro l gas i s  used as  slow ly 

a s  p o s s ib le . The power c o n s tra in t  o f  the  s a t e l l i t e  (Table 2-1) a lso  

r e s t r i c t s  th e  a v a ila b le  range o f  p o s it io n s  a t  each time in  th e  y ea r.

The s tra te g y  fo r  th e  Sky Survey was to  ensure th a t  every p a r t  o f  

th e  sky was covered to  th e  nominal 3-day observ ing  depth a t  l e a s t  th re e  

tim es a t  p o s it io n  an g les  as w idely sp read  as  p o s s ib le . This was achieved 

u s in g  th e  fo llow ing  scheme: ( f i g .  2 -6 ) .

(1) P o in ts  every 10° around f  o f  th e  g a la c t ic  p lane w il l  cover the

whole sky once. Many o f  th ese  18 p o in ts  can be w ell 

approxim ated by d ire c t io n s  determ ined by th e  fo u r p o in tin g  

experim en ts. Around th e  G a la c tic  P o les  th ese  scans provide 

many c ro ss -sc an s  a t  w ell sep a ra ted  p o s it io n  a n g le s .

(2) A s e r ie s  o f  15 scans around -j a  sm all c i r c le  w ith  th e  sp a c e c ra f t

a x is  p o in tin g  a t  ± 30° b w il l  g ive c ro ss -sc an s  fo r  lbI-^60° .

C rossing  ang les  w ith  re s p e c t to  the  scans o f  ( l )  above go from 

90° a t  b = ±60 down to  30°  a t  b = 0° .

( 3) N orth and South G a la c tic  Pole p o in tin g  scans g ive coverage o f th e

e n t i r e  g a la c t ic  p lane a t  90° to  scans ( l ) ,

(4) To g ive  good cross-scam s a t  m id -g a lac tic  l a t i tu d e s ,  where (1) and

( 2) c ro ss  a t  sm all an g le s , a s e r ie s  o f 9 p o in tin g  p o s it io n s  

around & a sm all c i r c le  a t  b = ±60° were in c lu d ed .
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f i g  2-6 SSI 0BS2R7IS3 PBOŒUM FUUt. The cel#at 1*1 apber* Is  shown In ga la ctic  co-ord inates. Positions o f the

s a t e l l i t e  spin plans are shown fo r  spin axis p osition s a t b - 0 , 3 0 , 6 0 , 9 0 .  The value of se r ie s  o f  

spin ajd ŝ positions at b* 30 and 60 can be seen.



35

(5) "random” scans provided by the  fo u r p o in tin g  in stru m en ts '

a t t i tu d e  req u irem en ts . These comprised some 80% o f the 

sp a c e c ra f t  l i f e t im e .  Although no t optim ised  f o r  sky survey 

work th e  la rg e  number o f th ese  scans assu red  th a t  e s s e n t ia l ly  

a l l  th e  sky would be covered a t  some p o in t.

(6) " f i l l  in" scans to  even ou t th e  coverage given by (5 ) .

The coverage was review ed every s ix  months o r so to  ensure

t h i s .

Thus two scans were sy s te m a tic a lly  planned and th i r d  and 

subsequent scans o f  th e  sky were allow ed to  develop from th e  80% o f

th e  tim e c o n tro lle d  by th e  o th e r  experim ents. Anomalies were f i l l e d

in  by s p e c if ic  "o n e-o ff"  SSI c o n tro lle d  p o s it io n s .

Around 30 sp e c ia l SSI p o in tin g  p o s itio n s  were thus needed to  

complete the  su rvey , each la s t in g  3 days. The SSI re c e iv e s  th e  

necessary  90 days o f  s a t e l l i t e  c o n tro l in  15 months. Thus d a ta  up to  

a t  l e a s t  th e  end o f  1975 were needed to  produce th e  ca ta lo g u e .
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2-4 Sky Survey -  catalogue d a ta  a n a ly s is  scheme

I n i t i a l  problems in  th e  a n a ly s is  o f  SSI d a ta  were concerned w ith

(a) the  a b i l i t y  to  lo c a te  peaks in  th e  raw s in g le  o r b i t  d a ta  and compute

th e i r  s tr e n g th  r e l ia b ly ;  (b) the  a b i l i t y  to  s to re  th e  raw d a ta  in  a q u ick ly  

a c c e ss ib le  manner; (c ) th e  a b i l i t y  to  sum a l l  o r b i t s  in  a  g iv en , 3 day. 

Observing S lo t  to  produce the  s e n s i t iv i ty  needed f o r  th e  su rv ey .*

Only when a l l  th ese  problems had been s a t i s f a c to r i l y  re so lv ed  

was i t  p o s s ib le  to  consider th e  s t r a te g ic  problem o f producing a  ca talogue

o f x -ray  s o u rc e s . A number o f  a ttem p ts  a t  such a  s tra te g y  were made.

In c re a s in g  ex perience , and, to  some e x te n t,  a v a ila b le  computer 

power, le d  to  th e  fo llow ing  g en era l scheme:

( 1) Produce a  computer f i l e  o f a l l  th e  raw d a ta  ( f i g .  2-?a) summed

in to  O bserving S lo ts .  This g iv es  th e  most s e n s i t iv e  a v a ila b le  

d a ta  base from which to  sea rch  fo r  sources ( f i g .  2-?b) . C lea rly  

the  f i l e  w i l l  a lso  need to  s to re  exposure in form ation  to  c a lc u la te  

t ru e  f lu x  d e n s i t ie s  and sp a c e c ra f t  a t t i t u d e  in form ation  to  allow  

th e  p o s it io n s  o f source s ig h tin g s  to  be re c o n s tru c te d  in  c e l e s t i a l  

c o -o rd in a te s .

( 2) Use th e  f i l e  c re a te d  in  ( l )  to  search  a u to m a tic a lly  fo r  peaks above

some th re sh o ld  s ig n if ic a n c e  ( i n i t i a l l y  2 .5 < r, l a t e r  re v ise d  to  3 c r ) .  

T his p rocess invo lves c a lc u la tin g  a b e s t f i t  background and 

s u b tra c tin g  i t  from th e  d a ta . The r e s u l t in g  d a ta  i s  then  c ro ss 

c o r re la te d  w ith th e  co llim a to r  p o in t response fu n c tio n  (Table 2-3 

and f i g .  2-5) to  f in d  the  s ig n i f ic a n t  peaks. The s iz e  in  counts s ”  ̂

and th e  p o s itio n  o f  each peak i s  then  s to re d  on a  second computer f i l e .  

Where p o ss ib le  a peak i s  matched up w ith  a  catalogued  x -ra y  so u rce .

In  th e se  cases th e  e f f e c t  o f  reduced co llim a to r  tran sm iss io n  w ith  

e le v a tio n  from the  sp in  plane can be c o rre c te d  fo r  to  g ive tru e  f lu x

* These p o in ts  a re  d e a l t  w ith  in  d e t a i l  by Eadie G.R.(PhD th e s i s .  U n iv e rs ity  
o f  L e ic e s te r ,  1978)
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f i g  2-7 ■nnCAL DATA S2TS FROM THE SSI SHOWTÎQ

(a) ONE 0R3IT7S DATA. Th# -Coma d u r ta r , one o f  the brightest ex trega lactis z-ray  sources i s  Just v is ib le

(b) CHE 0BS2R7EIG SLOT’S DATA. ($i orb its in th is  ca se ). This sum includes the data from (a) and shows 

the same str ip  o f  sky. With the increased exposure three more sources become v is ib le .
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d e n s i t ie s  f o r  th ese  so u rces . These f lu x  d e n s it ie s  aure a lso  s to re d  on 

t h i s  second computer f i l e .

( 3) Taking the  f i l e  c rea ted  hy (2) a l l  the  peaks can be lo c a te d  in

c e l e s t i a l  c o -o rd in a te s  where they  form c o llim a to r  shaped l in e s  

( c a l le d  " L in e s -o f-P o s itio n " , LOP’ s ) .  The w idth o f  a g iven LOP 

r e f l e c t s  the  u n c e r ta in ty  w ith  which th e  peak in  th e  d a ta  histogram  

can be p o s itio n ed  on th e  sky . This i s  a  fu n c tio n  o f th e  s ig n a l - to -  

n o ise  r a t i o  o f the  peak and o f  th e  e r ro r s  in  th e  so lu tio n  o f  th e  

s p a c e c ra f t  a t t i t u d e .  For a  3»"PGak th e  1 sigma f u l l  w idth o f  the  

l in e  would be 0^44. A ll th e se  LOP's can be p lo t te d  on maps covering 

th e  whole sky (2 -8 ) .  Wherever an x -ra y  source i s  lo c a te d  th e re  

should  appear a  bundle o f  in te r s e c t in g  LOP's ( f i g .  2 -9 ) .  The map 

can a ls o  show th e  p o s itio n s  o f a l l  ca ta logued  x -ray  so u rces . This 

makes c le a r  whether a  ca ta logued  source i s  seen by th e  Sky Survey o r 

no t and w hether, i f  observed, i t s  p o s it io n a l  u n c e r ta in ty  ( e r r o r  box) 

i s  improved by th e  Sky Survey o b se rv a tio n s . I t  w i l l  a lso  p o in t up 

th o se  Sky Survey sources which have n o t p rev io u sly  been seen a t  a l l .

(4) Each in te r s e c t io n  o f  LOP* s  can then  be examined to  produce a Sky Survey

e r r o r  box. Each LOP must be checked f o r  a  good background f i t  and 

la c k  o f  confusion w ith  o th e r  so u rces . The reg io n  o f  in te r s e c t io n  o f 

th e  LOP's can be made in to  an e r ro r  box by converting  each LOP in to  a 

p o s i t io n a l  p ro b a b ili ty  d is t r ib u t io n  w ith  a  Gaussion shape p e rp en d icu la r 

to  th e  major a x is  o f  th e  LOP ( f i g .  2-10) and a  s tan d a rd  d e v ia tio n

(where FWHM i s  the  f u l l  w idth a t  h a lf  maximum o f th e  c o llim a to rs ,

S /n i s  th e  s ig n a l- to -n o is e  r a t io  o f th e  peak and A i s  an an g le , oTo? 

which allow s fo r  th e  e r ro r  in  th e  sp a c e c ra ft  a t t i t u d e . )  These 

d i s t r ib u t io n s  fo r  each LOP can then  be m u ltip lie d  to g e th e r  in  a  m atrix . 

The r e s u l t in g  jo in t  p ro b a b ili ty  d i s t r ib u t io n  ( f i g .  2-11) can then  be
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con toured . One o f  the co n to u rs , t r a d i t i o n a l ly  th a t  which g ives a  90% 

chance o f  co n ta in in g  the sou rce , i s  then  chosen to  he th e  e r ro r  box 

( f i g .  2 -1 2 ). F or s im p lic i ty  t h i s ,  approx im ately  e l l i p t i c a l ,  con tour 

i s  enc losed  in  th e  sm a lle s t f i t t i n g  r e c ta n g le .  This e sc r ib in g  

re c ta n g le  i s  u s u a lly  quoted a s  th e  e r ro r  box.

(5) The mean count r a t e  f o r  each source could be c a lc u la te d  from the  f i l e  

o f  in d iv id u a l s ig h tin g  in t e n s i t i e s  c re a te d  in  (2 ) .  The mean count 

r a t e s  were c a lc u la te d  from a  c a re fu l ly  s e le c te d  s e t  o f  o b se rv a tio n s . 

A ll  s ig h tin g s  a t  g re a te r  than  3 were used p lu s  some < 3 <r upper 

l im i t s .  T his avo ids a  p o s it iv e  b ia s in g  o f  th e  f lu x  d e n s i t ie s  (a s  

encountered  in  th e  *4U' ca ta lo g u e , Forman e t  a l  1978, see Tananbaum 

e t  a l ,  1978 f o r  an ex p lan atio n ) . The upper l im its  were se le c te d  f o r  

each source by ta k in g  the  la r g e s t  count r a t e  e r ro r  on a  > 3 s ig h tin g  

and r e je c t in g  a l l  < 3<y s ig h tin g s  w ith  la r g e r  e r ro r s .  In  t h i s  way th e  

c r i t e r io n  i s  matched to  each source and so d isc a rd s  th e  l e a s t  

in fo rm a tio n . A t e s t  i s  a lso  perform ed to  see w hether a 

c o n s ta n t f lu x  d e n s ity  i s  a  reaso n ab le  f i t  to  the  d a ta  f o r  th e  so u rce .

This i s  th e  o u tl in e  o f th e  Sky Survey p roduction  p ro cess . In  

p ra c t ic e  i t  i s  n o t p o ss ib le  to  produce a  f i n a l  ca ta logue on a  s in g le  pass 

through th e  d a ta .  The r e s u l t s  from (4) w il l  n o t be com plete, bu t they can 

be fed  back to  make a  la rg e r  ca talogue to  use f o r  th e  matching o f peaks w ith  

cata logued  sou rces th a t  tak es  p lace  in  ( 2 ) .  T h is second pass through the  

d a ta  a llow s a  new s e t  o f  maps o f th e  sky to  be p lo t te d  showing only  the  LOP's 

n o t used up in  making sources produced from th e  f i r s t  p a s s . Sources 

p re v io u s ly  m issed can then  be p icked up more e a s i ly .  The second pass a lso  

allow s tru e  f lu x  d e n s i t ie s  to  be d eriv ed  f o r  th e  new so u rces . A th i r d  pass 

produces f lu x  d e n s i t ie s  f o r  sou rces p icked up on ly  on th e  second p a ss . The 

number o f  new so u rces goes down ra p id ly  on each pass  through th e  d a ta  base 

so th a t  no fo u r th  pass i s  n ecessa ry .
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PLOTTING P R O B A B I L I T Y  CONTOURS * MAX PROS DE NS I TY = . 8 8 2 8 6 6 E - 0 1
SUM PROS ARRAY = . 9 6 9 G 0 5 E f 0 2
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0 0 0 1 2 2 3 3 3  3 9 9 9 9 9 9 6 8 7 6 6 5 4 4 3 2 2 1 1 1 0 0 0 0  00 00 0 300 00 00 00 00 00 0000 0000 
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00 0 0 1 1 2 2 3  9 3 3 7 6 6 5 4 3 3 2 2 1 1 1 0 3 3 0  0 0000 0 00 000 000 00 0 0  0000 00 0000 0000

COORDS.  OF MAX.  PROB .  D E NS I T Y  ( D E S , , 1 9 5 0 )  RA = 1 7 9 . 6 3 1 6

DEC = 3 6 . 1 6 7 9

AREA I N S I D E  CONFIDENCE CONTOUR NO.  2  = . 7 2 7 5 E + 0 2  S Q . O E G .

8

I N  GALACTIC COORDINATES t L2 = 1 7 0 . 5 3 4 9

0 2  = 7 6 . 1 6 8 4

CORNERS OF RECTANGULAR ERROR BOX ( O E G . )  
R . A . ,  DEC.  ( 1 9 5 0 . 0 )

1 8 8 . 2 1 4 6
2 2 . 2 2 4 9

1 7 5 . 4 0 8 9  
3 5 .  7 9 8 6

1 8  0 . 3 3 2 7  
3 9 . 2 8 5 7

192.8860
2 5 . 2 4 7 1

f l j  2-10 A STNOLS LOP (fo r 2A1219*30$) PROUJCSS A CXffi-DDQISI'^lAL CADSSIAN DIS72I30TI3I 07 POSITION PRCBA3IUTT 

Of THE SET.
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PLOTTING P R O B A B I L I TY  CONTOURS * MAX P»OB D E NS I TY = . 1 4 3 0 0 3 E - 0 5
SUM PROS ARRAY = . 3 1 9 4 1 7 2 - 0 3
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COORDS.  OF MAX.  P R O S .  DE NS I T Y  ( O E G . , 1 9 5 0 )  RA = 1 8 4 . 8 1 7 9

AREA I N S I D E  c o n f i d e n c e  CONTOUR NO,  2 =

DEC = 3 0 . 5 0 6 8

. 9 4 6 9 E - 0 1  S O . DEC.

I N  GALACTI C COORDINATES » L2 = 1 8 5 . 6 9 7 2

3 2  = 8 2 . 7 9 5 1

CORNERS OF r e c t a n g u l a r  ERROR BOX I D E G . )  
R . A . ,  DEC.  ( 1 9 5 0 . 0 )

1 8 5 . 0  9 5 5  
30 . 6 0 9 6

1 6 4 . 7 2 4 0
3 0 . 2 3 3 4

1 8 4 . 5 3 9 4
3 0 . 3 9 0 3

1 8 4 . 8 8 0 6
3 C . 7 6 7 2

f ig  2-11 THE CNE-DDC3SICÏJAL OAHSSIXVS TRW All THE lOP'S FOR A SOJRCE (2A1219*30$) CCKECISD TO GI7E A 

POSlTICtlAl PROBASnJTT DISTRIBUTiai.
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2A1219+30 (N.S. 3 )

RA
IK

6136 10 1 RUN

f i g  2-12 THS POSITiaiAL PROBAHILITT OTSTRISmC» (for 2A1219*30$) CCHTOÜRSD TO GI7S ( tn ord»r o f  Incraaalag ar«*) 

th* I f ,  90%, and 2 f  "arror box" boudarias. Th# 90% eentour i s  f i t t e d  by a escrib ing rectangle (whose 

comers are marked *  ) .  The numerical d e ta ils  o f  th is  error box are printed out in  f ig  2-11 .
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The a u th o r  spen t a  la rg e  p ro p o rtio n  o f  h is  tim e in  help in g  to  

d e fin e  t h i s  p ro c e ss , p a r t ic u la r ly  in  w ritin g  and o p e ra tin g  th e  programs fo r  

p a r ts  (3) and ( 5) and in  producing e r ro r  Tx)xes in  psirt ( 4 ) .

The LOP method o f source d e te c tio n  can he supplemented by a  

technique which g iv es  improved s e n s i t iv i ty  f o r  sm all reg io n s  o f th e  sky. 

T his i s  c a l le d  th e  P o in t Summation Technique (PST). I t  invo lves summing 

a l l  th e  d a ta  s e ts  to g e th e r  which scan ac ro ss  a  g iven  p o in t in  th e  sky 

re g a rd le s s  o f p o s it io n  an g le . The counts a t  th a t  p o in t thus add 

co h eren tly  and p rov ide in c reased  exposure, a t  th a t  p o in t ,  beyond th a t  o f 

any s in g le  scan . Because t h i s  summation must be re p e a te d  a t  every 

independent p o in t in  th e  sky i t  i s  h e av ily  demanding o f  computer tim e and 

could n o t, f o r  t h i s  reason  be used f o r  an a l l - s k y  su rv ey . I t  i s  id e a l  fo r  

making search es  o f  cand idate  c la s se s  o f x - ra y  e m it te r s .
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2-5  The 2A. catalogue -  a  b r ie f  d e s c r ip tio n

The r e s u l t s  o f  t h i s  work a t  h igh  g a la c t ic  la t i tu d e s  a re  embodied 

in  th e  2A cata logue ( Cooke e t  a l . , 1978, Appendix A ). The ca ta logue was 

compiled from th e  10,000 o r b i t s  o f  d a ta  c o lle c te d  up u n t i l  November 1976.

I t  ach ieved  90^ com pleteness o f coverage over th e  high  la t i tu d e  sky down 

to  1 .2  SSI counts s ”  ̂ («  3 UHURU counts ) compared w ith  UHURU’s (3U) 

value o f  52^ down to  10 UHURU counts s ”  ̂ ( f i g .  2 -1 3 ). The e r ro r  box a re a s  

o f th e  2A cata logue a re  s ig n i f ic a n t ly  sm a lle r  than  th o se  o f th e  3U catalogue 

( f i g .  2 -1 4 ). The lower l im i t  on e r ro r  box s iz e  (**0.01 sq .d e g .)  i s  imposed 

by th e  l im i ta t io n s  o f th e  s a t e l l i t e  a t t i tu d e  sensing  and c o n tro l system s 

(Table 2 -1 ) .

F ig . 2-8 makes c le a r  why the  l im i t  o f g r e a te r  than ± 10® 

g a la c t ic  la t i tu d e  was imposed. C lea rly  th e  10?6 FWHM o f the c o llim a to r  

produces a n a tu ra l  l im ita t io n  in  th a t  th e  h igh  d e n s ity  o f sources in  the  

g la a c t ic  p lane produces a  mass o f LOP's ou t to  « ± 10® which p re se n t a 

very  d i f f e r e n t  a n a ly s is  problem, being h ig h ly  confused, from th a t  a t  

h ig h er l a t i tu d e s .

There a re  98 LOP sources and 7 PST sources in  the  ca ta lo g u e . When 

c o rre c te d  f o r  sky coverage they  a re  f u l ly  c o n s is te n t w ith  an is o tro p ic  

d is t r ib u t io n  in  E uclidean  space (Warwick and Pye, 1978 a ) .  A f lu c tu a tio n s  

a n a ly s is  o f  SSI background d a ta  (Warwick and Pye, 1978 b) shows th a t  th i s  

d is t r ib u t io n  i s  follow ed down to  «0.05 UHURU u n i t s .  Subsequent work w ith 

th e  PST (c h a p te rs  4 and 6 ; R ic k e tts ,  1978) has added to  the  number o f 

so u rces , a s  have the  new d a ta  c o lle c te d  s in ce  November, 1976.

The sm alle r e r ro r  boxes o f  th e  2A survey compared w ith  th e  JJ 

survey have enabled much g re a te r  confidence in  th e  id e n t i f ic a t io n s  which 

could  be proposed ( e .g .  A bell 4?8, E lv is  e t  a l .  1975; A bell 754, Pye e t  a l .  

1976) .  In  th e  case o f A bell c lu s te r s  t h i s  a llow s many re la t io n s h ip s  which 

were on ly  te n ta t iv e  to  be made secure (B ah ca ll, 1977a,b, McHardy, 1978a)
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and has a lso  extended the  c la s s  to  in c lu d e  th e  *cD groups' (Morgan, Kayser 

and W hite, 1975» McHardy 1978b).

A f i e l d  in  which th e  2A r e s u l t s  have had im portan t consequences 

i s  th a t  o f  S e y fe r t  g a la x ie s . The fo llow ing  ch ap te rs  re p o r t  t h i s  work.
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ch ap te r  3» DETECTION OF SEYFERT GALAXIES AS A CLASS

OF X- RAY SOURCE

In tro d u c tio n

The UHURU s a t e l l i t e  and e a r l i e r  surveys d e tec te d  x -ray  em ission
I

from a  sm all number o f  a c tiv e  g a lax ies*  bu t i t  has rem ained u n c lea r  w hether 

th e se  o b je c ts  a re  ty p ic a l  o r  ex cep tio n a l members o f  t h e i r  c la s s .  (K ellogg 

e t  a l . ,  197^ ,  summarise th ese  d a ta ) .  The e a r ly  work has shown th a t  a 

c l a r i f i c a t i o n  o f  th e  x -ra y  p ro p e r tie s  o f a c t iv e  g a la x ie s  i s  im portan t f o r  

an understand ing  o f  th e  e n e rg e tic s  and r a d ia t io n  p rocesses in  a c tiv e  

g a la c t ic  n u c le i s in c e ,  where x -ra y  em ission has been seen , i t  accounts f o r  

an ap p rec iab le  f r a c t io n  o f  th e  t o t a l  lu m in o sity .

Also i t  has been suggested  th a t  th e se  o b je c ts ,  in  p a r t ic u la r  

S e y fe r t  g a la x ie s , may c o n tr ib u te  s ig n i f ic a n t ly  to  th e  is o tro p ic  background 

r a d ia t io n  (Schwartz and Gursky, 1974) . An improved determ in a tio n  o f  t h i s  

f r a c t io n  i s  th u s  e s s e n t ia l  to  t e s t  whether a  genuinely  d if fu s e  component 

does, in  f a c t ,  e x i s t .

Of th e se  a c t iv e  g a la x ie s  only NGC 4151 i s  a  t ru e  S e y fe r t  g a lax y .

NGC 1275 i s  n e i th e r  c le a r ly  an x -ray  source ( i t  l i e s ,  un reso lved , w ith in  

th e  extended P erseu s  c lu s te r  x -ray  source) no r a  S e y fe rt ga laxy . A survey 

o f  5 S e y fe r t  g a la x ie s  using  a  v e rs io n  o f th e  "P o in t Summation Technique" (PST) 

on UHURU d a ta  (Ulmer and Murray, 1976) concluded th a t  " In  summary, n e i th e r  BL 

Lac type o b je c ts  no r S e y fe rt g a la x ie s , on th e  average, a re  s tro n g  x -ra y  

so u rc e s ."  In  f a c t  none o f  th e  S e y fe rts  looked a t  in  th a t  s tudy  have been 

d e te c te d  a s  LOP sou rces in  th e  2A survey .

The advent o f  th e  2A survey w ith  i t s  s u b s ta n t ia l  improvement in  

both  com pleteness and s e n s i t iv i ty  has r a d ic a l ly  a l te r e d  t h i s  p ic tu re .

Some 13 S e y fe rts  l i e  in  o r  n ear th e  90% confidence contours o f 2A source 

p o s it io n s .  Some o f  th e se  were no t p re v io u s ly  known to  be S e y fe rt g a la x ie s

♦ v iz .  NGC 4151 , Iv e s  e t  a l . ,  1976; NGC 12751 Fabian e t  a l . ,  197^;
30273 and Cen A, G iacconi e t  a l . ,  1974.
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and were d isco v ered  a s  a  r e s u l t  o f  a  2A x -ray  source being lo c a te d  in  th e  

v i c in i ty .  A jo in t  programme o f  x -ray  source id e n t i f ic a t io n s  between 

L e ic e s te r  and a  group o f o p t ic a l  astronom ers cen te red  around th e  Anglo- 

A u s tra lia n  Telescope (AAT) bu t based a lso  a t  Sussex U n iv e rs ity  and th e  

Royal Greenwich O bservato ry , has g r e a t ly  supported  t h i s  a re a  o f re se a rc h . 

C le a r ly , even w ith  SSI s iz e d  e r r o r  boxes, one h e s i ta te s  to  claim  an 

id e n t i f ic a t io n ,o n  p o s i t io n a l  grounds a lo n e ,o f  an in d iv id u a l x -ray  source 

w ith  an o b je c t belonging  to  a  c la s s  no t th o u g h t, a t  f i r s t ,  to  be s tro n g  

x -ray  e m it te r s .  Evidence from o p t ic a l  sp e c tra  and x -ra y  v a r i a b i l i t y  

can be used to  su p p o rt th e  c la im . Two such examples fo llo w , one 

p re v io u s ly  known a s  a  S e y fe r t  galaxy and one newly d isco v ered , f o r  which 

th e  su p p o rtin g  evidence i s  s tro n g .
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3-1 2A1136-373 t NGC 3783

Among th e  new h igh  la t i tu d e  x -ra y  sources d iscovered  w ith  the

SSI i s  2A1136-373 which has am e r ro r  box th a t  in c lu d es  the S e y fe r t  galaxy

NGC 3783. Nine o b se rv a tio n s  o f t h i s  reg io n  o f  th e  sky were made between

A p ril 1975 and June 1976 amd on a l l  b u t two occasions a>3<r d e te c tio n  o f

am x - ra y  source was o b ta in ed . The l in e s  o f  p o s it io n  from each d e te c tio n

have been combined to  produce a  90% confidence contour which i s  shown

superim posed on a  UK Schmidt Telescope p la te  in  f i g .  3~1*

The S e y fe r t  NGC 3783 l i e s  w ell w ith in  th e  contour which in c lu d es

no o th e r  unusual e x tr a g a la c t ic  o b je c ts ,  ho t s ta r s  o r  v a r ia b le  s ta r s

(K ukarkin e t  a l . ,  I 969) .  The count r a t e  o f  th e  x -ra y  sou rce , 1.1 ± 0 .1

A r ie l  (SSl) c t  , i s  eq u iv a len t to  an ab so lu te  lum inosity  o f 1 .9  x 10*^

erg  s ”  ̂ u s in g  th e  r e d s h i f t  o f  2740 km s ”  ̂ g iven by Khachikian and Weedman

( 1974)* . T his i s  2 .7  tim es th e  2A lu m in o sity  (and «6 tim es the  JJ

lu m in o sity , see ch ap te r 6-2) o f NGC 4151. The o b serv a tio n s  g ive l i t t l e

in d ic a tio n  o f  v a r i a b i l i t y .  The reduced X* f o r  a l l  o f th e  2A o b se rv a tio n s

i s  1.83  f o r  9 degrees o f  freedom . There i s  th u s  a  5% chance th a t  a  s tead y

source would g ive  such d a ta  p o in ts  g iven our observ ing  tim es.

Enlargem ents o f a  3*9m AAT b lue p la te  shows NGC 3783 to  be a

b a rred  s p i r a l  w ith  r a th e r  open, low su rface  b r ig h tn e ss  s p i r a l  arms

a tta c h e d  to  a  prom inent in n e r  r in g  ( f i g .  3 -2 ) .

S pectrophotom etrie  d a ta  have been o b ta in ed  on the  nucleus o f

t h i s  o b je c t u s in g  th e  im ag e-d issec to r scanner on th e  AAT.

NGC 3783 i s  a  b r ig h t ( m ( t o t a l ) « I 3 .O ) sou thern  galaxy
^ \

c la s s i f ie d  by K hachikian and Weedman (197^) a s  a c la s s  1 S e y fe rt (see  1 -3 ) . 

The spectrum  has p rev io u sly  been s tu d ie d  by M artin  (197^) and Osmer e t  a l .  

( 1974) who found i t  to  have a  very  b lue continuum w ith  broad Balmer l in e s  

and a  narrow , h igh  e x c i ta t io n  forb idden  l in e  spectrum .

* H ubble 's c o n s ta n t, H  ̂ w i l l  be taken a s  50 km s “  ̂ Mpc^throughout t h i s  th e s is
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f ig  3-1 90$ I30PR0BABILITT C3JTOOH FOR 2AIi 36-373, superimposed on a 0 Ï  Schmidt Telescope p l a t e .  SGC3733 is  in d ic a te d .
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The new data suggest th a t the forbidden lin e s  from the high 

ionization  species i . e .  [Pe V Il] (ion iza tion  p o te n tia l, IP ,=0.10 keV) 

are broader than those of [S I I ]  (IP=0.014 keV) and [o l ] .  In  the 

* standard model' fo r  Seyfert nuclei (see chapter 1-4) th is  e ffe c t can be 

read ily  in te rp re ted . The clouds nearer to  the cen tra l ionizing source, 

being lower in the p o ten tia l well of the massive cen tra l body w ill be 

moving, on average, f a s te r  than those fu rth e r  ou t. The lin es  they emit 

w ill thus be Doppler broadened more than those of le ss  cen tra l clouds.

In these inner regions the lower ionization  species w ill be depopulated 

to higher ionization  species (see e .g . T arter and S alpe ter, I969 a ,b  ) 

and so th e ir  lin es  w ill not be seen.

Accepting th is  photoionization model fo r  the forbidden lin es  

the lin e  requiring  the g rea tes t ion ization  p o ten tia l should be looked fo r  

to  give a lower lim it to  the energies to  which the ionizing continuum must 

reach.

F ig . 3-3 shows sections of two image d issec to r scans of the 

nucleus around 63OO A ; they were both made through a 2 x 4 ,5  arc sec 

aperture with sp ec tra l reso lu tions (FWHM) of 4 Â (upper) and 8 & (low er). 

The emission featu re  a t  an observed wavelength of 6428 & is  id en tified  

as a blend of [o l]X63é3 and [Pe x]\6374. The [o l ]  doublet 1X6300,6363 

has a th eo re tic a l in te n s ity  ra t io  of 3*1 ind icating  th a t the [Pe x] lin e  

i s  the major contributor to the blend. This has an ion isa tion  p o ten tia l 

of 0.19keV, almost twice th a t of [Pe V Il] and well in to  the so ft x-ray 

region.

[Pe Xl] (IP=0,26 keV) X3990 may also  be weakly present, however 

[Pe XIV] (11=0.36 keV ) X5303 does not appear, the feature  near to th is  

wavelength being a ttr ib u ta b le  to  [Ca v] (IP=0.067 keV) X5309. This lack 

of [Pe X iv ]  emission does not imply the absence of ionising continuum 

above O.36 keV since th is  could eas ily  be explained as an accident of 

the geometry of the 'c louds' in  the nucleus.
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f ig  3-3 SCANS OP THE NÜCLEOS 07 NQC3783 HADE WITH THE IMACS-DISSECTaR SCANHEH OH THE AAT. These are p lo tted  on the 

obeerred wavelength sc a le . The sp ectra l reeolntions are L JL (upper) and 6 1 (low er). The two scams have the 

same aero le v e l  but otherwise the Intensltym cales are the arbitrary.
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Another suggestive  fe a tu re  in  th e  sp e c tra  i s  th e  em ission n ear 

XX 4640-50, on th e  wing o f  th e  broad. He I I  X4685 l i n e .  This i s  seen in  

s e v e ra l  g a la c t ic  x -ra y  sources (M cGlintock, G anizares and T a r te r ,  1975) 

and i s  thought to  be N I I I  which a r i s e s  from Bowen f lu o re sce n c e . T his 

p ro cess  invo lves 0 I I I  which in  tu rn  i s  e x c ite d  by th e  Lyman a  l in e  o f  He I I ,  

both  o f  th ese  being the  r e s u l t  o f  th e  x -ra y  ra d ia t io n  f i e l d .  U n fo rtu n a te ly  

th e  p resence o f  th e  0 I I I  Bowen l in e s  cannot be confirm ed by th e  p re se n t 

d a ta  which does no t extend shortw ard o f  3800 Â.

Very broad ( % 4500 km s " ’’ ) He I  X58?6 em ission i s  seen w ith  

evidence fo r  b lu e - s h if te d  Na I  D -lin e  a b so rp tio n  on th e  b lue wing. We 

do n o t d e te c t  a b so rp tio n  corresponding to  th e  Mg b - l in e s  o r th e  G-band, 

b u t th e  calcium H and K l in e s  a re  p re sen t in  ab so rp tio n  a t  th e  em ission 

l in e  r e d - s h i f t  o f  0.0086 ±  0,003  ( th e  p re se n t d a ta ) .

P h y sica l co n d itio n s  in  th e  nucleus o f th e  galaxy  can be 

e s tim a te d . From the re d  [  S I I  ]  d o u b le t r a t i o ,  an e le c tro n  d e n s ity  

n^ « 10* cm"^ i s  found f o r  th e  fo rb idden  l in e  re g io n . Using t h i s  value 

o f  n^, the  [  0 I I I  ]  l in e  r a t i o  XX5006,4959 : X4363 g iv es  an e le c tro n  

tem perature T^ « 2 x 10* K. These a re  ty p ic a l  va lues f o r  S e y fe rt  n u c le i 

(see  ch ap te r 1-4) .

The [  Fe X ]  l in e  i s  a lso  seen in  30390.3 (Ward, Fosbury and 

P ension , unpub lished ), NOG 4151 (Oke and S a rg en t, 1968) and Cyg A 

(Minkowski and W ilson, 195^, O sterbrock  and M ille r ,  1975), which show 

r e la te d  em ission l in e  phenomena to  NGG 3783 and a re  a l l  x -ra y  so u rces .

Thus th e  [  Fe X ]  l i n e ,  to g e th e r  w ith  th e  p o ss ib le  Bowen flu o rescen ce  

g iv es  a  f a i r  degree o f confidence in  th e  id e n t i f i c a t io n .

This id e n t i f ic a t io n  o f the  new x -ra y  source w ith  NGG 3783

would be fu r th e r  s tren g th en ed  i f  c o r re la te d  v a r i a b i l i t y  were found du ring

sim ultaneous x -ra y  and o p t ic a l  UBV photom etry. Spectrophotom etrie  d a ta  

in  the  u l t r a v io le t  reg io n  i s  needed to  see i f  the p re d ic te d  Bowen [  0 I I I  ]
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l in e s  a re  p re se n t.  I f  l a t e r  x -ray  d a ta  show a  low energy c u t-o f f  above 

t h a t  expected  from th e  p a th  le n g th  in  our galaxy , t h i s  w i l l  g ive an 

in d ic a t io n  o f th e  amount o f  s e lf -a b so rb in g  gas i n t r i n s i c  to  th e  S e y fe r t  

a s  i t  does fo r  NGC 4151 ( iv e s ,  Sanford and Penston , 1975)»

Although th e  presence o f  [  Fe X ]  in  NGG 3783 suggests  a 

s im i la r i ty  w ith  NGG 4151 and 3C 390*3 (probably  bo th  v a r ia b le  in  x - ra y s , 

C harles e t  a l . ,  1975, Iv es  e t  a l , ,  1975, and ch ap te r 6) i t  i s  no t c le a r  

which o th e r  param eters o f S e y fe rt  g a la x ie s  a re  r e la te d  to  x -ra y  em ission  

from t h i s  work a lo n e . The g re a t  v a r ie ty  o f th e  o p t ic a l  c l a s s i f ic a t io n s  

o f th e  a c t iv e  galaxy  x -ra y  sources found up to  t h i s  p o in t makes any 

d e ta i le d  a s tro p h y s ic a l c o n s id e ra tio n s  h ig h ly  s p e c u la tiv e . F u r th e r  work 

w ith  th e  SSI has enabled some advances to  be made in  t h i s  d i r e c t io n ,  a s  

w il l  be seen in  ch ap te r 3- 3 •
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3-2 2A05514466 t MGG 8-11-11

Of th e  many new x -ray  sources produced hy th e  SSI a t  high 

g a la c t ic  l a t i tu d e  which have e r ro r  boxes sm all enough to  make p la u s ib le  

i d e n t i f i c a t io n s ,  by no means a l l  co n ta in  catalogued  candidate  o b je c ts .

D uring a  sy stem atic  search  f o r  l ik e ly  id e n t i f ic a t io n s  in  th e  corresponding 

o p t ic a l  f ie ld s  o f th ese  ''empty” boxes, a  galaxy w ith  an in te n s e ,  compact 

nucleus was n o tic ed  in  th e  e r ro r  box o f  th e  source 2A055I”+466. F ig , 3-4 

shows the  e r ro r  box superimposed on th e  Palomar Sky Survey (POSS) p r in t .

T h is  14® galaxy has been l i s t e d  in  th e  M orphological Catalogue o f G alax ies 

(Verontsov-Velyaminov and K rasnogorskaja, 1962) a s  MCG 8-11-11 , in  the  

Uppsala G eneral C atalogue o f G alax ies  (N ilson , 1973) as UGC 3374 and in  

th e  Catalogue o f G alax ies  and C lu s te rs  o f G alax ies (Zwicky and Herzog,

1966) , Vorontsov-Velyaminov auid K rasnogorskaja d esc rib e  i t  a s  a  face-on  

s p i r a l  o f  dimension 1 .7  x 1.1 a rc  m in ., N ilson  c l a s s i f i e s  i t  a s  SB, 

p o ssessin g  a  b r ig h t  s t e l l a r  n u c lea r  reg io n  in  a d if fu s e  b a r and o f  t o t a l  

e x te n t 2 .8  x 2 .5  a rc  min. On th e  POSS f a i n t  f ilam en ts  o r  s p i r a l  s tru c tu re  

may be seen extending from i t s  w estern  edge. MCG 8-11-11 i s  by f a r  th e  

b r ig h te s t  e x tr a g a la c t ic  o b je c t w ith in  th e  e r ro r  box o f 2A0551+466, whose 

a re a  i s  0 . 0 9 3  s q .  deg.

S ev era l s p e c tra  o f  th e  nucleus o f MGG 8-11-11 were taken  on th e  

28th  December 1976 w ith  th e  Isaa c  Newton Telescope (2.5m) a t  th e  Royal 

Greenwich O bservatory , Herstmonceux, Englcind. The d e te c to r  was an EMI 

tube a tta ch ed  to  th e  U n it S pectrograph . F ig . 3-5 shows a  t ra c in g  ob ta ined  

w ith  a  Joyce-Loebel m icrodensitom eter o f  one o f th ese  s p e c tra , which has a 

d isp e rs io n  o f  210 & mm” ^ . I t  i s  c le a r  from f i g .  3-5 th a t  MCG 8-11-11 i s  

a  type 1 S e y fe rt  galaxy ( i . e .  Balmer l in e s  much b roader than  th e  fo rb idden  

l i n e s ,  see ch ap te r 1-3) w ith  hydrogen l in e  w idths « 8000 km s ”  ̂ (F u ll  Width 

Zero I n te n s i ty ,  FWZi). A h ig h er d isp e rs io n  (40 Â mm”^) spectrum  o f  the  Hd

reg io n  shows th e  p o ss ib le  presence o f a  component o f  Hq̂ b lu e - s h if te d  by 
1100 km s ”  ̂ w ith  re s p e c t  to  th e  fo rb idden  l in e  r e d s h i f t  z = 0.0205 i  0.0004.

Many S e y fe rt  g a la x ie s  which a re  known to  be sources o f  powerful 

x -ra y  em ission, e .g .  NGC 4151, NGC 3783 and probably 3C390.3, show l in e s
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from h ig h ly  io n ized  sp ec ie s  such a s  [  Ne V ]  and [  Fe VII ] ,  In  the  cases 

o f  3C390«3f NGC 3783 and p o ss ib ly  NGC 41511 [  Fe X ]  i s  a lso  seen . I t  may 

be t h a t  the  presence o f th ese  l in e s ,  p a r t ic u la r ly  [  Fe X ] ,  i s  r e la te d  to  

th e  x -ra y  em ission . Our s p e c tra  o f  MCG 8-11-11 show l in e s  o f  [  Ne V ]  and 

[  Fe VII ]  bu t h ig h er s ig n a l to  no ise  d a ta  a re  re q u ire d  to  search  f o r  th e  

much weaker [  Fe X ]  l in e .  Even so [  Ne V ]  re q u ire s  0.097 keV photons 

to  produce i t  so th e re  i s  good evidence f o r  a  s o f t  x -ray  continuum source , 

a s  ex p la in ed  in  th e  p rev ious s e c t io n .

Comparison w ith  a spectrum o f  th e  S e y fe rt galsLxy NGC 4151, 

o b ta in ed  on th e  same n ig h t,  shows MCG 8-11-11 to  have a  red d er energy 

d is t r ib u t io n ,  perhaps in d ic a tiv e  o f g re a te r  a b so rp tio n . The o b je c t i s  o f 

low g a la c t ic  l a t i tu d e  (b  * 10^51) so we expect an ab so rp tio n  due to  our 

own galaxy  o f (Eggen, 1976)

= 0.12 (cosec  b -  l )  mag.

= 0.54

In  Table 3 -1 , which l i s t s  some o f th e  s a l i e n t  p ro p e r tie s  o f 

MCG 8-11-11 M^, bu t no t m^, has been co rrec ted  fo r  t h i s  ab so rp tio n .

The ex is ten c e  o f  non-therm al a c t iv i ty  in  MCG 8-11-11 i s  a lso  

seen in  th e  presence o f a compact ra d io  source o f  an g u la r ex te n t le s s  than 

3 a rc  s e c s , and co in c id en t w ith  th e  o p t ic a l  nucleus to  b e t t e r  than 1 a rc  

sec ( J . J .  Condon and L .L . D re sse l, p r iv a te  communication). Condon and 

D resse l f in d  f lu x  d e n s i t ie s  of 141 and 53 mJy a t  2695 and 8085 MHz 

re s p e c t iv e ly .  The corresponding ra d io  power, I^2695MHz = 1*9 * 10^^ WHz~̂  

s r ” ^ , i s  h ig h er than  average fo r  a  type 1 S e y fe rt  galaxy (de Bruyn and 

W ilson, 1976) .

The proposed id e n t i f ic a t io n  i s  supported  by the f a c t  th a t  

2A0551+466 i s  one o f th e  few («10%) o f the  2A ca ta logue  sources which 

show evidence o f  v a r i a b i l i t y ,  w ith  x -ray  f lu x  d e n s ity  rang ing  from 

0 .0  ± 0 .2  to  1.6 ±  0 .2  A r ie l  (SSl) c t  s"^ ( e r r o r s  a re  I 0- ) .  The l i g h t
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P o s it io n  ^ a  
( 1950. 0) ^

05^ 51^ 09^.9
+46® 25 ' 55”

R e d sh if t ,  z 0.0205

m^^ (nucleus) 14.5

^v (nucleus) -2 1 .5

c
^2695 MHz (mJy) 141

^2695 MHz 
(WHz” ^ S te r”^)

1.9  X 10^^

d
Flux in  2 -  18 KeV 
band, SSI counts s “ l

0 .0  ± 0 .2  
to

1.6 ± 0 .2

^2-10 KeV 
(e rg  s “ ^)

5 .2  X 10^^ (3 < r lim it)  
to

1 .4  X l o '^

D resse l and Condon (1976).

b . E stim ated  from our d a ta  by comparison w ith  a spectrum o f th e
nucleus o f NGC4l^l ob ta ined  on th e  same n ig h t and exposed 
to  the  same p la te  d e n s ity  a t  X.5500 A. A nderson 's (1970) 
spec tropho tom etric  o b se rv a tio n s  o f  NGC^lfl» taken  through 
a  c i r c u la r  a p e r tu re  o f  d iam eter 8 a rc  s e c s , were then  used 
in  d e riv in g  m  ̂ f o r  MGG 8-11-11 .

c . Condon and D resse l (p r iv a te  com m unication). 1 mJy = 10 Wm-2 Hz-1

d . 1 SSI count s  ̂ = 5*1 X 10”^^ erg  cm”^ s ”^
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curve i s  shown in  f i g .  3 -6 . The %B p ro b a b ili ty  th a t  the  v a r ia t io n s  

observed in  our da ta  a re  due m erely to  s t a t i s t i c a l  f lu c tu a tio n s  on a 

c o n s ta n t source in te n s i ty  i s  7 .8  x 10 To make t h i s  X® p ro b a b ili ty

c o n s is te n t w ith  a s teady  source a t  th e  1% le v e l  ( th e  2k ca ta logue 

c r i te r io n )  we would need to  ignore fo u r  ou t o f  f iv e  >3< rd e tec tio n s . 

A lte rn a t iv e ly  we must d is re g a rd  th e  th re e  most s tr in g e n t  upper l im i ts .

No c le a r  p a t te rn  to  the  tem poral behaviour o f  th e  source emerges from 

th e  d a ta .  The tim esca le  f o r  v a r i a b i l i t y , however, must be a t  l e a s t  

a s  s h o r t a s  32 days. This im p lies  aji upper l im i t  to  th e  s iz e  o f th e  

e m ittin g  reg io n  o f 2 .8  x 10“ ® p c . ,  comparable to  th e  ty p ic a l  dimension 

c a lc u la te d  fo r  th e  high  d e n s ity  reg io n  in  type 1 S e y fe r t  g a la x ie s  from 

which th e  broad wings on th e  Balmer l in e s  a re  em itted  (see  ch ap te r 1 -4 ) .

Compared w ith  NGC 3783 (p rev ious s e c tio n , 3-1) th e n ,th e re  i s  

in  t h i s  case no t such good evidence f o r  an x -ra y  continuum from o p t ic a l  

em ission l in e s  a lthough  th e re  i s  some support f o r  t h i s  p o s s ib i l i ty .

The o p t ic a l  spectrum  i s  no t good enough to  re v e a l th e  very  high e x i ta t io n  

l in e s  nor to  sea rch  f o r  th e  Bowen flu o rescen ce  l i n e s .  The id e n t i f ic a t io n  

i s  helped by two o th e r  f a c t s .  The v a r i a b i l i t y  in  x -ra y s  i s  on a 

tim esca le  c o n s is te n t  w ith  th e  s iz e s  known to  e x i s t  in  S e y fe rt n u c le i ,  

which g iv es  some clue as  to  th e  o r ig in  o f  th e  x -ra y  em ission . Also 

th e  chance o f f in d in g  a 14^0 S e y fe rt  galaxy in  such a  sm all a re a  o f th e  

sky by chance must be o f  th e  o rd er 10”*^. Such p o s t fa c to  c a lc u la tio n s  

a re  always su sp ec t, n e v e r th e le ss , o v e ra l l ,  i t  i s  h ig h ly  p la u s ib le  th a t  

MOG 8-11-11 i s  th e  id e n t i f ic a t io n  o f  2A0_$_$l+466. I f  so i t  becomes the  

f i r s t  S e y fe rt galaxy to  be d iscovered  by means o f i t s  x -ray  em ission .
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3-3 E s ta b lish in g  S e y fe rts  a s  a  C lass o f  x -ray  e m it te r .

S p ec ia l arguments such a s  those  o f  th e  two p rev ious s e c tio n s

could be continued fo r  o th e r  in d iv id u a l cases a s  they  occur. However, 

being p a r t ic u la r  they cannot e s ta b l is h ,  once and fo r  a l l ,  th a t  S e y fe rt 

g a la x ie s  a re  norm ally x -ray  so u rces . Some, more sy s tem a tic , o v e ra ll  

approach i s  needed.

NGC 3783 and MCG 8-11-11 were id e n t i f ie d  befo re  th e  complete 

2A catalogue (Cooke e t  a l . ,  1978, Appendix A) was read y . The com pletion 

o f  t h i s  catalogue allow ed th e  s t a t i s t i c a l  comparison o f a l i s t  o f  S e y fe rt 

g a la x ie s , independently  compiled by Weedman (1977)» w ith  the  2A source

l i s t .  The fo llow ing  arguments show th a t  th e  g re a t  m a jo rity  o f the

proposed id e n t i f ic a t io n s  w ith  S e y fe rt g a la x ie s  re p re se n t r e a l  id e n t i f ic a t io n s :

( 1) There a re  88 S e y fe rt  g a la x ie s  in  th e  l i s t  o f  Weedman (1977)

while the  t o t a l  a re a  o f  LOP e r ro r  boxes in  the  2A catalogue

i s  17.4  sq . deg. I f  th e re  were no r e a l  r e la t io n  between 

S e y fe rt g a la x ie s  and A r ie l  V x -ra y  so u rces , we would expect 

a t o t a l  o f

( to t a l  a re a  o f LOP boxes)
—------------------------------------- — X 88 = 0.04
(a re a  o f  sky w ith  |b |>10*)

o f th e  S e y fe rt g a la x ie s  l i s t e d  by Weedman to  l i e  in s id e  th e  LOP 

e r ro r  boxes by chance. The number a c tu a lly  observed i s  7*

Another two g a la x ie s , NGC 4151 and NGC 5548, l i e  ju s t  o u tsid e

th e  90% confidence e r ro r  boxes, but in s id e  th e  95% ones.

A f u r th e r  two (MCG 8-11-11, ESO 141-G55) l i e  in s id e  90# 

confidence e r ro r  boxes, bu t a re  not l i s t e d  by Weedman. C lea rly , 

chance co incidence cannot account f o r  th e  number o f d e te c tio n s .

A s im ila r  a n a ly s is  may be a p p lie d  to  th e  PST so u rces . The PST 

has been ap p lied  to  over 100 random p o in ts  in  th e  sky, d e te c tin g  

only one peak a t  3cr • In  c o n tra s t ,  a p p lic a tio n  o f the  technique
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to  the  88 S e y fe rts  l i s t e d  by Weedman y ie ld ed  10 d e te c tio n s  a t  

> 5 o - , two o f which were no t d e te c ted  as  LOP sou rces . A l l ,  o r  

alm ost a l l ,  o f  th ese  d e te c tio n s  must, th e re fo re ,  re p re se n t a r e a l  

a s s o c ia tio n  between th e  x -ray  source and th e  S e y fe rt galaxy .

( 2) A r e la te d  method o f  d isc u ss in g  th e  s t a t i s t i c s  i s  to  perform a

covariance a n a ly s is .  F ig . 3-7 i s  a  histogram  o f p  , th e  number 

d e n s ity  o f  S e y fe r ts  from th e  Weedman l i s t  ly in g  in  an n u li o f 

th ic k n e ss  10 a rc  min and cen tred  on 2A catalogue x -ray  so u rces , 

a s  a  fu n c tio n  o f  0, th e  an g u la r ra d iu s  o f th e  annulus ( s o l id  l i n e ) .  

As a com parison, the  corresponding histogram  f o r  a  s e t  o f random 

p o in ts  (formed by adding 15° g a la c t ic  lo n g titu d e  to  each 2A 

ca ta logue x -ra y  source p o s itio n )  i s  a lso  shown (dashed l in e )  . 

S e y fe r ts  e s ta b lis h e d  on ly  by the  PST and those d iscovered  as  a  

r e s u l t  o f  o p t ic a l  sea rch es  o f  2A catalogue x -ra y  source boxes are  

no t included  in  t h i s  a n a ly s is .  The d e n s ity  o f chance co inc idences, 

a s  d efin ed  by th e  p lo t  a t  1° -  2®, i s  some 100 tim es sm alle r than 

the  value a t  the  peak. The 'random ised ' histogram  shows no peak 

w hatsoever. A lthough the number o f  sources involved i s  sm all, 

t h i s  i s  a  h ig h ly  s ig n if ic a n t  ex cess .

( 3) As d iscu ssed  more f u l ly  in  ch ap te r 5 -3 , th e  g a la x ie s  d e te c ted  as

x -ra y  e m itte rs  tend  to  be the  b r ig h te s t  o p t ic a l ly  o f th e  S e y fe r ts  

(se e  f i g .  3 -8 ) .  C lea rly  i f  th e  a s so c ia tio n s  were due to  chance 

th e  g a la x ie s  would be randomly s c a t te re d  amongst a l l  m agnitudes. 

T his r e s u l t  im p lies  a  c o r re la t io n  between o p t ic a l  and x -ray  

p ro p e r t ie s  o f  th e  g a la x ie s .

(4) The f a c t  t h a t  two S e y fe rt  g a la x ie s  (MCG 8-11-11 , p rev ious s e c tio n ,

3 -2 , and ESO 141-G55, nex t s e c tio n , 3-4) have been d iscovered  in  

e r r o r  boxes o f p rev io u sly  u n id e n tif ie d  2k sources s tren g th en s  our
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0  referring to  the so lid  lin e  and Cl to  the dashed l in e .
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and against

(b) LOO 02 , for direct conpariscn with (a).

In both diagrars the thin so lid  lin e  represents the to ta l number of Seyfert galaxies in Vteedman's (1977) 

l i s t  for which a nuclear magnitude i s  availab le, while the thick so lid  lin e  represents type 1 galaxies 

not confused in  SSI data. Cross-hatched boxes are detections at x-ray wavelengths, while the boxes representing 

ICU329A, NGC3227 and NGC68l!i, whose identifications are le s s  certain than the others,are shaded. The boxes 

marked C represent galaxies affected  by confusion so that no x-ray data are available and boxes marked 2 are 

type 2 Seyfert galaxies.



69

confidence in  the  a s so c ia tio n  o f  x -ra y  em ission w ith  S e y fe rt 

g a la x ie s .

There i s  thus e s s e n t ia l ly  no doubt th a t  the  g re a t  m a jo rity  o f 

th ese  2A id e n t i f ic a t io n s  a re  c o r re c t  and th a t  S e y fe rt g a la x ie s , as  a  c l a s s , 

co n ta in  many pow erful x -ray  e m it te rs .

The absence o f th ese  S e y fe rt  g a la x ie s  from th e  JU catalogue 

(G iacconi e t  a l . ,  197^) i s  r e a d i ly  understood . At 10 UHURU c t  s ” ^

( « 3*3 A rie l(S S l)  c t  s”  ̂ ) th e  3U cata logue i s  52^ complete and a t

2 - 3  UHURU c t  s “  ̂ on ly  24^ complete (Murray, 1978). These f ig u re s  

in c lu d e  coverage w ith  the  5° x 5° co llim a to r  which i s  h eav ily  confused 

a t  th e se  f lu x  d e n s ity  le v e ls  so th a t  the  e f fe c t iv e  com pleteness f ig u re s  

a re  somewhat low er. In  c o n tra s t ,  the  PST survey o f  S e y fe rt g a la x ie s  

from SSI d a ta  (see  3-4) i s  80% complete a t  2 UHURU c t  s “  ̂ (0 .7  A rie l(S S l)  

c t  s  ̂ ; f ig  3 -9 )• I t  i s  t h i s  g re a te r  com pleteness r a th e r  than  an 

improved l im it in g  s e n s i t iv i ty  th a t  has enabled  the  SSI to  e s ta b l is h  t h i s  

c la s s  o f  e x tr a g a la c t ic  x -ra y  so u rce .
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3-4 D iscussion  o f  In d iv id u a l sources

Table 3-2 l i s t s  a l l  th e  known x -ra y  sources a s so c ia te d  w ith  

S e y fe r t  g a la x ie s . Given in  t h i s  ta b le  a re  th e  number o f  l in e s  f o r  each 

source d e te c te d  by LOP, th e  s ig n if ic a n c e  o f  the  PST d e te c tio n  (g iven  fo r  

the  LOP sources a s  w ell s in c e  th e  PST has a lso  been a p p lie d  to  them ), 

the  a re a  o f  the  e r r o r  box, the  observed in te n s i ty  in  A rie l(S S l)  c t  s " ’’ , 

th e  lu m in o sity  in  th e  2 - 1 0  keV band and a  note on w hether v a r i a b i l i t y  in  

th e  x -ra y  f lu x  has been observed . Inc luded  in  Table 3-2 a re  two S e y fe rt 

g a la x ie s  ( 3C120 and 3G390»3 ) no t seen by th e  SSI bu t d e te c te d  by o th e r  

o b se rv e rs  (Schnopper e t  a l . ,  1977; C harles e t  a l . ,  1975 ) •  The d e te c tio n  

c r i t e r i a  f o r  th e  sou rces found only  by th e  PST i s  > 5 r, which i s  roughly  

e q u iv a le n t in  s ig n if ic a n c e  to  th a t  used f o r  LOP so u rces .

For alm ost a l l  th e  rem aining known S e y fe rt g a la x ie s  (see  Weedman, 

1977) upper l im i t s  to  t h e i r  lu m in o s itie s  a re  g iven in  Table 3 -3 , f o r  th e  

2 - 1 0  keV band, ( l im i t s  a re  g iven as  'a p p a re n t in te n s i ty ' + 3 c r ) . For 

some g a la x ie s , in d ic a te d  in  Table 3-3 by a  * , th e  f lu x  d e n s ity  la y  in  the  

range 3 -  5a- .  The d is t r ib u t io n  o f PST sigmas shown in  f i g .  3-10 suggests  

th a t  many o f  th e se  w i l l  be r e a l  sources a lthough  th ey  f a l l  sh o rt o f  th e  

r e l i a b i l i t y  re q u ire d  fo r  th e  2A c a ta lo g u e . Table 3-4 g iv es  t h e i r  f lu x e s  

and lu m in o s itie s  assuming them a l l  to  be r e a l  so u rces . In  a  few cases, 

confusion  w ith  nearby  sources preven ted  a p p lic a tio n  o f th e  PST.

The a n a ly s is  o f th e  p rev ious se c tio n  (3-3) cannot convince us 

t h a t  any in d iv id u a l id e n t i f ic a t io n  i s  c o r r e c t .  Each x -ray  source e r ro r  

box has th e re fo re  been searched  f o r  p la u s ib le  a l te r n a t iv e  id e n t i f ic a t io n s .  

F ig s . 3-11 a - j  show th e  r e l a t io n  o f  th e  e r r o r  boxes to  th e  S e y fe rt  g a la x ie s  

and to  any o th e r  " in te r e s t in g  o b je c ts " .  We have searched  th e  ca ta lo g u es 

l i s t e d  in  Table 3-5 f o r  such o b je c ts .  The p ro b a b il i ty  o f f in d in g  a  f a in t  

ra d io  source in s id e  a  2A box i s  q u ite  h ig h , so we have no t considered  them
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T*ble 3-3 PST up p e r  l i m i t s  f o r  S e y f e r t  g a l a x i e s .

X-RAY FLUX ( 2 - 1 0  KeV) LOG,. (X -rny  lomlnoi
SEYftRT SSI c t  a ,  3o l i m i t s . [ z l l o  K .v l n r g  s ‘ M

t  MKN 335 <  0 .56 <  43 .8 7
I I I  zw ? <  1 .75 <  45 .4 6

t  zw 0039+40 <  0 .6 5 <  45 .1 5
MKN 34fl CONFUSED
I ZW 1 <  0.61 <  4'4.66

♦ MKN 352 <  0 .48 <  43 .34
T 109-36 <  0 .2 5 <  42 .7 9
HKN 1 CONFUSED

t i l  ZW 1 <  0.S4 <  44.51
fAKM 42 <  1 .07 <  44 .4 5
tMKN 356 <  1 .0 0 <  44 .5 9

4C 29.6 <  0 .78 <  45 .28
*  tKKN 590 <  0.54 <  4 3 .9 0

tAKN 79 <  0 .36 <  4 3 .4 6
tAKN 61 <  1 .38 <  44 .5 3
tNGC 985 <  0 .52 <  4 4 .3 0

•  tNGC 1068 <  0 .5 0 <  42 .3 6
tMKN 372 <  0.62 <  44 .08
tMKN 609 <  0 .55 <  44.04
tNGC 1566 <  0 .28 <  41 .93
1 I I I  ZW 55 <  0 .84 <  44 .0 0
tMKN 616 <  1.11 <  41 .94

* AKN 120 « 0 . 6 0 <  w , . l 3
t  MKN 3 <  0 .46 <  43 .2 6

*  t  KKN 6 <  0 .54 <  43 .6 3
tMKN 374 <  0 .38 <  44 .18
tMKN 9 < 0 .2 3 <  44 .04
tMKN 78 < 0 .48 <  4 4 .2 3
tMKN 10 <  0 .38 <  43 .8 5
tMKN 382 <  0 ,3 7 < 43 .94
t  MKN 110 <  0 .3 7 4 3 .9 9
t  ZW 0934^01 < 0 .4 6 < 44.35

3C 227 <  0 .62 <  44 .96
t  MKN 124 <  0.21 <  4 4 .1 5
t  AKN 223 <  0 .48 < 43 .67
tMKN 141 <  0 .28 <  43 .14
tMKN 142 <  0 .74 "  44 .11

* TON 524A < 0 .6 ? < 4 4 .6 6
tMKN 34 < n .74 < 44.11
tAKN 253 < 0 .42 < 43 .76

NGC 3516 COfvFuSED
tMKN 40 < n .74 "  43 .3 ?
tMKN 176 < 0.21 - 43 .49
tMKN 42 "  0.21 < 43 .4 0
t  NGC. 4051 -  0 .24 '  41 .43

MKN 50 Cl’r.FUâED
t  NGC 4507 < 0 .67 < 43 .2 6
t  MKN 231 < 0 .18 < 43 .79

X CCMAC CONFUSED
tMKN 236 <  0 .18 < 44.nn
tMKN 64 < 0 .1 8 < 45 .0 8

3C 267.1 < 0 .70 <  4 5 .8 7
MKN 268 CONFUSED

tMKN 270 < 0 .3 6 <  4 2 .7 7
tMKN 69 <  0.71 <  44 .97
TMKN 463 <r 0 . 3 0 < 44 .1 9
tMKN 464 <  0 . 6 0 < 44.51
tMKN 4 74 <  0 .6 9 < 44.38
tMKN 478 < 0 .3 0 <  44 .58

4C 35 .37 <  0 .3 4 <  44 .62
tMKN 290 <  0 .4 4 < 4 3 .9 5

MKN 291 CONFUSED
MKN 298 CONFUSED

*  MKÎJ U86 <  0.U6 < UU.16
tMKN 504 <  0.84 <  L b . 34

* tMKK 506 -  0.55 < UL.32
* t3C  382 < 0 . 6 0 <  Ub.23

t  HOC 676L <  0 .2 7 < L2.5U
I I  ZW 136 < 0 .6 9 < 44 .72

t  MKN 304 < 0 .4 6 < 44.61
# NGC 7469 CONFUSED

tMKN 315 < 0.21 <  43 .07
tNGC 7603 < 0 .7 9 < 44 .14

PK5 2349-01 <  0 .4 2 . <  45.41
tMKN 541 <  0 .4 5 <  4 4 .2 0

Hôtes to  Table S-2

f  used in  computing th e  b iy a r ia te  x - r a j /o p t i c a l  lu n in o s lty  fu n c tio n .

*  o b je c ts  f o r  vh ich  th e  PST gare <flu% d e n s i ty < 5«-•

•  t h i s  S e y fe rt was subsequen tly  d e tec ted  w ith a n o d lf ie d  PST program th a t  avoided th e  confusion problem

in  t h i s  c a s e . I t  i s  l i s t e d  as 2A22$9*06$ in  th e  2A ca ta logue w ith  a f lu x  o f 1.1 ± 0 .1  SSI c t  a ^ .

The e r r o r  box i s  la rg e  ( 0 .92 sq deg ) so th a t  th e  id e n t i f i c a t io n  i s  no t a ssu red .



Table 3-4 S e y fe rt g a la x ie s  producing a  PST s ig n if ic a n c e  
ju s t  below th e  acceptance th re sh o ld  
(marked * in  Table 2)

74

o b jec t type
X.-. ^x -ray  f lu x  

[2-lOkeV)
SSI c t  s " i ]

PST cz
(km s*"^) log(L^,erg

Mkn 590 1 0 .3  ± 0.1 3.6 8100 43.65

NGC 1068 2 0 .2  ± 0 .1 4 .0 1090 41.73

Akn 120 1 0 .3  ± 0.1 4 .5 9900 43.82

Mkn 6 1 0 .3  ± 0.1 3.9 5290 43.28

Ton 524a 1 0 .3  ± 0.1 3.8 18000 44.34

Mkn 486 (§) 1 0 .4  ± 0 .1 4 .0 11700 44.10

Mkn 506 1 0 .3  ± 0.1 4 .5 12900 44.05

3G382 1 0 .3  ± 0.1 3 .8 17580 44.32

-1'

IT rounding up e r ro r s  reduce th e  apparen t 
s ig n if ic a n c e  shown in  t h i s  column.

a  second PST run in c lu d in g  more d a ta  
gave 5*2 f o r  t h i s  ga laxy .
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f i g  3-10 EISTOCRAM C7 FRACTION OF PST RONS AT A 01731 SIGtllFICiNCE <r FOR

(a) SrZFSiT nA:.An7.S (so lid  l in e )

( t )  " rmndon" positions (dotted lin e )

The distr ibutions d iffe r  s ig n if ie e n tly  ct better than the 0.1% l e t e l .
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Table 3-5 Catalogues searched  fo r  id e n t i f ic a t io n  can d id a tes

C lu s te rs  o f  G alax ies : A bell (1958)

G alax ies : Revised NGC cata logue (S u le n tic  and T i f f t  1973)

U ppsala G eneral Catalogue o f G alax ies  (N ilson
1973)

G lobu lar c lu s te r s  % Lang (197^)

Hogg (1973)

BL Lac o b je c ts  : S te in ,  O 'D ell and S t r i t tm a te r  (1976)

A ctive G alax ies i Weedman (1977)

M arkarian l i s t s  I -V II

Sm ith, Spinrad and Smith (1977)
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a s  p la u s ib le  id e n t i f i c a t io n s .  Included  in  f i g .  3-11 axe the  e r ro r  boxes fo r  

a l l  th e  proposed x -ray  S e y fe r ts  except NGC 1275 and NGC 3506 ( fo r  which 

th e  2A boxes a re  no t a  s ig n i f ic a n t  improvement over th e  JÜ b o x es), and 

NGC 3783 and MCG 8-11-11 ( fo r  which 2A boxes superimposed on o p tic a l  

photographs have been given in  3-2 and 3 -3)•

Notes on in d iv id u a l sources a re  given below:

NGC 1275 (3U0316-41 ; 2A0316+413 )

The x -ra y  source 380316+41 i s  extended, w ith  a ra d iu s  o f some 

50 axe min (W olff e t  a l . ,  1976). I t  w i l l  not be p o ss ib le  to  deduce the 

c o n tr ib u tio n  o f the  nucleus o f NGC 1275 u n t i l  v a r i a b i l i t y  has been 

d e te c te d  o r a  h igh  re s o lu t io n  map becomes a v a i la b le . NGC 1275 has many 

f e a tu re s  which axe unusual f o r  a  S e y fe r t  galaxy and i s  hard  to  c la s s i f y  in  

term s o f normal S e y fe rt type 1 o r  2 . The galaxy has been c la s s i f ie d  as 

p e c u lia r  by de Vaucouleurs suid de Vaucouleurs (1964) and a s  type KE2p by 

Morgan (1959)• A ssocia ted  w ith  i t  a re  an ex ten siv e  s e r ie s  o f em ittin g  

f ila m e n ts  (Lynds, 1970) and th e  complex rad io  source 30 84 (Ryle and 

Windram, I968) .

3C 120 (0430+052)

X-ray em ission from 30 120 has been re p o rte d  by Schnopper e t  a l .  

( 1977) from o b serv a tio n s  in  1975 November w ith  th e  SAS-3 s a t e l l i t e .

30 120 has n o t been d e te c te d  by th e  SSI, our low est ( 3<r) upper l im i t  fo r  

i t s  in te n s i ty  being O.9 A rie l(S S l)  c t  sT^, c o n s is te n t w ith  th e  SAS-3 v a lu e .

A deep p la te  pub lished  by Arp (1975) shows an in n e r  d isc  w ith  knots o r j e t s  

surrounded by a much f a in te r  o u te r  envelope about 60 x 100 a rc  sec in  

e x te n t .  The s tru c tu re  o f  th e  n u c lea r rad io  source i s  d iscu ssed  by 

S c h i l l i z z i  e t  a l .  (1975).

MCG 8-11-11 (2A0551+466)

See ch ap te r 3-3*
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Mkn 376 (2A0710+456) F ig . 3-11 a .

P la te s  d escrib ed  by Adams (1977) show th a t  Mkn 376 p o ssesses an 

in n e r  envelope along w ith  probable o u te r  s p i r a l  arm s. No ra d io  em ission

has been d e te c te d  from i t ,  th e  X21cm f lu x  d e n s ity  < 10 mJy (de Bruyn

and W ilson, 1976). A group o f  f a i n t  g a la x ie s  l i e s  w ith in  th e  box.

Mkn 79 (2A0738+498) F ig . 3-11 b .

Mkn 79 i s  a  b a rred  s p i r a l ,  type S B (rs)c  (Adams, 1977) and a weak 

ra d io  e m itte r  w ith  .821cm ~ 18.8 mJy (de Bruyn and W ilson, 1976). A 

number o f  f a in t  g a la x ie s  l i e s  w ith in  th e  e r ro r  box.

' NGC 3227 (A1021+198) F ig . 3 -H  c .

A source no t in  th e  2A ca ta logue  found in  th e  PST survey o f 

S e y fe r ts  mentioned above. D e ta i ls  o f  th e  e r ro r  box a re  given in  Table 3-6%

Table 3-6: PST E rro r  Box D e ta i ls  f o r  A1021+193

R.A. ( decrees 1950.0) d e c l .

c e n tre : 155.29 19.82

co m ers  : 154.92 20.64

155.81 20.44

154.50 19.01
155-40 18.81

Area o f  box: 1.46 s q . d eg .

G a la c tic  
c o -o rd in a te s  
o f  c e n tre :

1 -  217.54 b = 55.43

The PST f lu x  d e n s ity  i s  c o n s is te n t w ith  th e  upper l im i t  g iven 

by Ulmer and Murray (1976), which corresponds to  O.5  A rie l(S S l)  c t  sT^. 

O p tic a l sp e c tra  o f th e  nucleus, ob ta in ed  w ith  th e  AAT, show i t  to  be a 

type 1 S e y fe r t  (FWZI H3 = 4800 km s “  ̂ ) » co n tra ry  to  i t s  c la s s i f ic a t io n s  as
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Mkn 376

.Mkn 376
DECL

108 0 1070FLA.

(c) A102M98 NGC 3227

JABELL|992

3227(NdC3226)

A » ? 1 .lW ,  Y 1

1 \ LL '994

1 \ £LL|991

1
1
111

111
111

200

DECL.

180
156-0

FLA

(e) 2A1347-300

1540

IC4329A
-295

IC4327
-300
DECL

d-30-5
206-5207 206

Mkn 79(b) 2A0738^498 
ABËLL 595

520

DECL

500

116-0 114-0
FLA.

(d) 2A1207O97 NGC 4151

! 2A1207.397 i

N G ^ 5 6 .^ T  7 j  

 « 1----

400

DECL

395

182-5 182-0 
FLA

(f) 2A1348.700

181-5

Mkn 279

FLA.

h)GC5314
70-5

DECL

Mkr/279
69-5- - 1

208-0 204-0FLA

t i t  3-1' HnjfflCM CF THE SETTERT GATJHTM JOD OTHER "1ÎJTERESTIÎIQ- OBJECTS'* TO THE ERROR S0I53 OF TEE 21 SORTE!.

They #r# p lotted  on mn equal area p rojection .4  marks the most probable position  o f  the x-ray source.

0 marks the Seyfert galaxy. '•* marks bright (non-Seyfert) ga la x ies . Dashed c ir c le s  represent the s iz e  

(as given by Lang, 197U) o f globular c lu ste rs . Dashed-dotted c ir c le s  represents the ex ten t, as defined by 

ib e l l  (19$8), of rich c lu sters o f g a lax ies. In f ig  2d the dashed rectangle i s  the error box o f 3U1207*39. 

RJl. and Dee. are given as decimal degrees, epoch 19S0.0.
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type 2 given by Weedman (1977) (see  a lso  Anderson, 1970). The galaxy has 

been c la s s i f ie d  type SAB(s)ap by de Vaucouleurs and de Vaucouleurs (1968) 

and g?S4p by Morgan ( 1959) • NGC 322? shows two s p i r a l  arm s, one o f  which 

ex tends to  the  e l l i p t i c a l  companion NGC 3226. The n u c lea r  ra d io  source has 

been s tu d ie d  by de Bruyn and W i l l i s  (197^)• Two d is ta n t  A bell c lu s te r s  l i e  

in s id e  th e  e r ro r  box (A991» D=3, R=1 ; A99^» D=6, R=l) and a  t h i r d  ju s t  

o u ts id e .  Although id e n t i f ic a t io n  o f  A1021+198 w ith  one o f th e se  c lu s te r s  

cannot be ru le d  o u t, NGC 3227 seems th e  most probable cand idate  because o f 

i t s  nearn ess  and b r ig h tn e s s .

NGC 3783 (2A1135-373)

See ch ap te r 3 -2 .

NGC 4151 (3U1207+39 ; 2A1207+397) F ig . 3 -H  d .

NGC 4151 l i e s  ju s t  o u ts id e  th e  2A 90^ confidence e r ro r  box, whose 

a re a  i s  a  f a c to r  o f  9 sm alle r than  th a t  o f  th e  JJ box. The galaxy  does, 

however, l i e  in s id e  th e  2A box o f  95^ confidence. The x -ray  source has been 

e x te n s iv e ly  s tu d ie d . The b e s t s p e c tra l  d a ta  a re  from th e  A rie l V (MSSL) 

p ro p o rtio n a l co u n te r sp ectrom eter (see  ch ap te r 2-1) (1 .5  -  15 keV; Iv es  e t  

a l . ,  1976) and th e  UCSD OSO-7 experim ent (20 -  175 keV; B aity  e t  a l . ,  1975, 

P ac ie sas  e t  a l . ,  1977). These au th o rs  conclude th a t  th e  spectrum  i s  b e s t 

re p re se n te d  by a power law w ith  a  low energy c u t - o f f  near 2 .5  keV. 

R epresen ting  th e  spectrum by ~  = A E”^  exp ( -N^cr) , where i s  th e  

ab so rp tio n  c ro s s -s e c tio n  ( e .g .  Brown and Gould, 1970), th e  quoted param eters 

a re :

Iv es  e t  a l .  ; a  = 1.62 ± 0 .2 , Ny = 4 .2  x lO^^cm^ (1974 Nov)

a  = 1.39  ± 0 .2 , Njj = 5*2 X 10*^cm^ (1976 Jan)

P ac ie sas  e t  a l .  : a  = I .60 ±0 .9 . (1975 Jan)

Such la rg e  column d e n s i t ie s  must be lo c a l  to  th e  source (Iv e s  e t  a l . ,  1976).
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The x -ra y  f lu x  d e n s ity  o f  NGC 4151 has changed by a  f a c to r  2 - 3  

over 3 y ea rs  ( iv e s  e t  a l . ,  1976), a lthough  th e re  i s ,  a s  y e t ,  no evidence fo r  

v a r i a b i l i t y  in  th e  s p e c tr a l  shape. The f)robable x -ra y  f l a r e  w ith  a r is e tim e  

o f  3 day (see  ch ap te r  6-2) dem onstrates th a t  th e  s iz e  o f th e  e m ittin g  

reg io n  i s  < 8  x lO^^cm. NGC4151 has been c la s s i f ie d  SAB(rs)ab by 

de Vaucouleurs and de Vaucouleurs ( I968) and gRs4p by Morgan (1959)• The 

f lu x  d e n s ity  a t  X 21 cm i s  = 338 mJy (van d e r K ru it ,  1971) •

IC 4329A (2A1347-300) F ig . 3 -H  e .

IC 4329A l i e s  w ith in  a  c lu s te r  o f  g a la x ie s  dominated by the  

g ia n t  e l l i p t i c a l  IC 4329. The se p a ra tio n  o f th e se  two g a la x ie s  i s  a  3 a rc  

min. S ince x -ray  v a r i a b i l i t y  has no t been d e te c te d  and no s p e c tra l  

in fo rm ation  i s  a v a i la b le ,  i t  i s  n o t y e t  p o ss ib le  to  determ ine th e  r e l a t iv e  

c o n tr ib u tio n s  o f  IC 4329A, IC4329 and th e  c lu s te r  to  th e  observed x -ray  

em ission . Disney (1973) r e f e r s  to  IC 4329A a s  an edge-on SA s p i r a l .  The 

nucleus i s  h e av ily  reddened and th e  dereddened value o f  M  ̂ « -25  i s  

s im ila r  to  th a t  o f  q u a sa rs . IC 4329A co n ta in s  a  weak ra d io  source w ith  

~21cm ~ mJy (M .J. D isney, re p o rte d  in  de Bruyn and W ilson, 1976).

Mkn 279 (2A1348+700) F ig . 3- I I  f .

Adams (1977) d esc rib es  Mkn 279 a s  p o ssessin g  a  dense n u c lea r 

reg io n  surrounded by a  f a in t  d is c .  Mkn 279 i s  a  member o f  a sm all group 

o f  g a la x ie s  and i s  a  weak rad io  sou rce , â21cm = (d.e Bruyn and

W ilson, 1976) .

NGC 5506 (3U1410-03 ; 2A1410-029)

This id e n t i f i c a t io n  has been d iscu ssed  by B ahcall e t  a l .  (1975) 

and W ilson e t  a l .  (1976). Although th e  o p t ic a l  spectrum  o f  NGC 5506 i s

s im ila r  to  th a t  o f  a  type 2 S e y fe r t ,  th e  em ission l in e s  a re  narrow, w ith  

w idths o f on ly  « 400 km s '^  (FWHM) . M orphologically , NGC 5506 appears to  be 

o f  type I r r  I I  and c lo se ly  resem bles M 82 (W ilson e t  a l . ,  1976). The
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galaxy cannot be c la s s i f ie d  on th e  K hachikian and Weedman (1974) scheme.

The nearby e l l i p t i c a l  galaxy NGC 5507 does n o t show em ission l i n e s .  The 

source i s  d iscu ssed  more f u l ly  in  ch ap te r 7»

NGC 5548 (2A1415+255) F ig . 3-11 g .

NGC 5548 l i e s  j u s t  o u ts id e  th e  90^ confidence e r ro r  box bu t 

in s id e  th a t  o f  955̂  confidence. I t  has been c l a s s i f ie d  (R ')S A (s)o /a  by 

de Vaucouleurs and de Vaucouleurs ( I 968) and g?Slpn by Morgan (1958).

Radio em ission i s  re p o rte d  by van d e r  K ru it (1971), ^21cm* mJy*

3C 390-3 (3U1825+31)

T his x -ray  source has been d e te c te d  by th e  UHURU (G iacconi e t  a l . ,

1974) and th e  * Copernicus* (C harles e t  a l . ,  1975) s a t e l l i t e s .  C harles e t  a l .  

considered  th e  source to  be v a r ia b le ,  thus r u l in g  ou t id e n t i f ic a t io n  w ith  

th e  surrounding c lu s te r  o f  g a la x ie s .  U n fo rtu n a te ly  3G 390.3 l i e s  in  a  2A 

'*confused re g io n " . O p tic a lly  30 390.3 c o n s is ts  o f  au in te n se  nucleus 

surrounded by very f a i n t  n eb u lo s ity  (Penston and P enston , 1973)• The ra d io  

s tru c tu re  i s  a  c la s s ic a l  powerful double so u rce , w ith  a  f l a t  s p e c tra l  

component co in c id en t w ith  the  nucleus o f  th e  ga laxy  (H a rr is , 1972; M iley 

and van d e r  Laan, 1973)•

ESO 141-055 (2A1914-589) F ig . 3-11 h .

A type 1 S e y fe rt  galaxy d iscovered  du rin g  th e  programme o f 

o p t ic a l  spectroscopy  o f g a la x ie s  in  th e  e r ro r  boxes o f u n id e n tif ie d  x -ray  

so u rc e s . A spectrum o b ta ined  a t  our re q u e s t by M.G. Smith and A.

Boksenberg using  th e  AAT shows very  broad Balmer l in e s  ( « 11,000 km s ” ^

FWZI ) and broad Fe I I  em ission . The h ig h e s t e x c i ta t io n  forb idden  l in e  

i s  [  Ne V ]  (IP=0.07 keV) 13426 Â. Various o th e r  d a ta  a re  included  in  

Table 5-1• The spectrum w il l  be d iscu ssed  in  more d e t a i l  in  ch ap te r 7« 

O bservations w ith  th e  Parkes 64 m ra d io  te le sc o p e  s e t  a  3 upper l im i t  

o f  15 mJy a t  6 cm.
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NGC 6814 (2A1938-.105) F ig . 3-11 1 .

A source d e te c te d  only  by th e  PST. Our f lu x  d e n s ity  i s  w ell 

below th e  upper l im i t  e s ta b lis h e d  by Ulmer and Murray (1976), which 

corresponds to  1 .2  A rie l(S S l)  c t  s ” ^ . NGC 6814 has been c la s s i f ie d  type 

SAB(rs)bc by de Vaucouleurs and de Vaucouleurs ( I 968) .  No ra d io  em ission 

has been d e tec te d  from i t ,  3mJy (de Bruyn and W ilson, 1976). The

g lo b u la r c lu s te r  P a l 11 l i e s  j u s t  o u ts id e  th e  90^ confidence e r ro r  box 

and may be considered  a  p o ss ib le  a l te r n a t iv e  id e n t i f i c a t io n .  For a

d is tan ce  o f  28.8 kpc (Lang, 1974), th e  lu m in o sity  would be L 

* 3*5 X 1 0 ^  erg  s~^.
2-lOkeV

Mkn 509 (2A2040-115) F ig . 3-11 j

P la te s  taken  by Adams (1977) o f t h i s  galaxy  show a  b r ig h t  

nucleus surrounded by a  f a i n t ,  ap p aren tly  s t r u c tu r e le s s ,  envelope. The 

galaxy has n o t been observed in  th e  rad io  survey  o f  S e y fe r ts  w ith  th e  

V esterbork te le sc o p e .

Of th ese  id e n t i f i c a t io n s ,  th re e  a re  more d o ub tfu l than  the  

r e s t .  The two sources d e te c te d  only  w ith  th e  PST (NGC 322? and NGC 6814) 

have la rg e  e r ro r  boxes and perm it p la u s ib le  a l te r n a t iv e  id e n t i f i c a t io n s .

IC 4329A l i e s  in  a  c lu s te r  o f  g a la x ie s  which may w ell c o n tr ib u te  to  th e  

x -ray  em ission . These re se rv a tio n s  w il l  be borne in  mind in  the  

follow ing s e c t io n s .
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3-5 Completeness of Identifications with Seyfert galaxies

The t o t a l  number o f  probable x -ray  em ittin g  S e y fe rt  g a la x ie s  now 

s tan d s  a t  15. in c lu d in g  two (30 120 and JC 390.3) d iscovered  by o th e r  

workers b u t no t seen by th e  SSI because o f confusion w ith  nearby sources 

a n d /o r v a r i a b i l i t y .  In  a d d it io n , th e re  i s  th e  galaxy NGC 5506, th e  

probable id e n t i f ic a t io n  o f  2A1410-029» which e x h ib its  s im i la r i t i e s  to  

S e y fe rt  g a la x ie s  in  i t s  o p t ic a l  spectrum .

In  o rd e r  to  study th e  s t a t i s t i c a l  p ro p e r tie s  o f  S e y fe rt  g a la x ie s  

a t  x -ray  w avelengths, i t  i s  d e s ira b le  to  use a  sample o f S e y fe rts  complete 

to  a  given x -ray  f lu x  d e n s ity . S ince o p t ic a l  ca ta logues o f  S e y fe rts  a re  

probably incom plete, a l l  'u n id e n tif ie d *  2A source e r ro r  boxes a re  being 

searched  f o r  S e y fe rt g a la x ie s .  Although t h i s  i s  a  con tinu ing  programme 

(se e  ch ap te r 7) something can be s a id  from th e  r e s u l t s  so f a r .

Two approaches have been used:

(1) S l i t  spectroscopy o f  a l l  b r ig h t  g a la x ie s  in  th e  e r ro r  boxes u s in g  th e

Isa a c  Newton and A nglo-A ustra lian  T e lescopes. One new S e y fe rt 

galaxy (MCG 8-11-11 , see ch ap te r 3-3) has been d iscovered  in  t h i s  

manner.

(2) O b jec tive  Prism  surveying w ith  th e  UK SRC Schmidt te le sco p e  on S id ing

S pring  m ountain. At th e  tim e o f  w r itin g , a l l  2A boxes in  th e  reg io n  

o f  sky 8 ^<  a <22^, Ô < +22 ( 39% o f  th e  a rea  o f  sky covered by th e  2A 

ca ta logue) have been surveyed. On th ese  o b je c tiv e  prism  p la te s ,  

can d id a tes  f o r  S e y fe r t  g a la x ie s  w ith  V <1?"^ may e a s i ly  be recogn ised

through s l i t  spectroscopy as  in  ( l ) .  Only one new S e y fe r t  galaxy

(ESO 141-G55» see ch ap te r 3-^ and ch ap te r ?) has been found in  t h i s  

manner.

The conclusion  i s  th a t  th e re  a re  alm ost c e r ta in ly  no more than

2 o r  3 x -ra y  e m ittin g  type 1 S e y fe rts  w ith  V < 14?5 in  u n id e n tif ie d  2A

source e r ro r  boxes. S ince we d e te c t  a s  LOP x -ray  sources 11 out o f  the  31

type 1 g a la x ie s  w ith  V < 14?3 which a re  l i s t e d  by Weedman (1977) » th e re  a re  

probably no more than  6 to  8 undiscovered type 1 S e y fe rts  w ith  V < 14?5»
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ch ap te r 4 . SEYFERT GALAXY X-RAY LUMINOSITY FUNCTION -

and c o n tr ib u tio n  to  th e  d if fu s e  x -ray  background.

4-1 The d iffu s e  x -ray  background.

A d if fu s e  background ra d ia t io n  o f  cosmic x -ra y s  was d e te c te d  

in  th e  very  f i r s t  cosmic x -ray  ro c k e t f l i g h t  (G iacconi e t  a l . ,  1962) and 

has been in te n s iv e ly  s tu d ie d  ever s in c e . The r a d ia t io n  may be t r u ly  

d if fu s e ,  as  in  th e  case o f th e  2 .7  K microwave background. I t  i s  l i k e ly ,  

however, th a t  in  th e  x -ray  case a t  l e a s t  a s u b s ta n t ia l  f r a c t io n  i s  due to  

th e  su p e rp o s itio n  o f many f a in t  unreso lved  so u rces . A study o f  the

s p a t ia l  f lu c tu a tio n s  o f th e  background can thus g ive  in fo rm ation  on the

number o f such f a in t  sources which e x i s t  ( a t  the  le v e l  o f about one p er 

beam a r e a ) , (Scheuer, 1974 ; Condon 1974).

Conversely th e  id e n t i f ie d  p o p u la tio n s  o f x -ray  sources can be 

analysed  to  e s tim a te  th e  c o n tr ib u tio n  they  a re  l ik e ly  to  make to  t h i s  

background. Now th a t  a  s u b s ta n t ia l  sample o f x -ra y  d e tec te d  S e y fe rt  

g a la x ie s  e x is t s  t h i s  can be done w ith  some degree o f confidence.

P rev io u s ly  such an accu ra te  e s tim a tio n  had only  been p o ss ib le  f o r  th e

c la s s  o f c lu s te r s  o f g a la x ie s  ( e .g .  McHardy, 1978a).

Schwartz and Gursky (1974) have c o lle c te d  to g e th e r  r e l i a b le  

measurements o f th e  background in te n s i ty .  T h e ir r e s u l t in g  spectrum  i s  

shown in  f i g .  4 -1 . No s in g le  power-law can f i t  th e se  o b se rv a tio n s .

There seems to  be a s ig n i f ic a n t  change in  slope a t  about 20 keV. Below 

2 keV the  background spectrum  steepens again  in  some p a r ts  o f  th e  sky.

Above some hundreds o f keV th e  background spectrum appears to  f l a t t e n  a g a in . 

This complex shape sug g ests  th a t  more than  one production  mechanism may be 

a t  work.

The s o l id  l in e  in  f i g .  4-1 i s  f i t t e d  by Schwartz and Gursky
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t i g  U-1 MEASUREMENTS OF THE DXmSS X-RAT BACKGROUND ENERGY SPECTRUM (in kaV ) .  Data war#

M laetad Tran publiahad resu lts  sooordtng to the follow ing criter ia *  (l ) The experiment e ith er  

spanned a wide range of geomagnetio conditions, or (2) included means o f d ir e c t ly  detecting and 

reducing e f fe c ts  of charged p artic les  in  the detector. Results reported only in  the form of parameters 

for an assumed spectral shape are excluded. The data presented here have su ff ic ie n t  precision to  

reject the hypothesis that a s in g le  power law shape f i t s  a l l  the data between a few ke7 and a 

hundred he?, (from Schwarts and Gursky, 197L).
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and re p re s e n ts

I(E ) -  8.5E”° ' ^  1 < E < 21 keV 

■16? E > 21 keV

keV (keV.om^.s . s r  ) ”^

The measured in te n s i ty  o f  th e  background (I(E ))  can be more 

e a s i ly  compared w ith  t h a t  expected from summations o f  p o in t sources i f  i t  

i s  converted  in to  a  volume e m iss iv ity  a t  g iven e n e rg ie s , s in c e  t h i s  i s  a 

q u a n ti ty  e a s i ly  determ ined from th e  lum in o sity  fu n c tio n  o f  c la s se s  o f 

o b je c ts .  I f  th e  e m iss iv ity  (B(e ) ) i s  co n s ta n t p e r  u n i t  volume, i . e .  no t 

evolv ing  w ith  cosmic tim e then  ( f o r  Friedman cosm ologies)

o o

(Schwartz and Gursk y , 197^? eq u a tio n  10.8)

1 2The in te g ra l  v a r ie s  in  value  from ^  to  depending on th e  value

o f th e  d e c e le ra tio n  param eter, q ^ , chosen and i s  n o t s e n s i t iv e  to  th e  choice 

o f c u t - o f f  r e d s h i f t ,  z , f o r  z 3*
lucL X  1u 3 pX

Then, fo llo w in g  Schwartz and Gursky,

B(E) = 1 .2  X 10"^^ E " ° ‘^  keV cm"^ s"^ keV"^

SO, in te g ra t in g  over th e  s tan d a rd  SSI energy range o f  2-10 keV,

B -  f l°B (E ) dE = 2 .3  X 10^^ e rg  Mpc*^
2  ;

T his i s  n o t the  value  found by Schwartz and G ursky, c o rre c te d  to  our

Hubble co n s ta n t (50 km s 'S ip c "^  ) s in ce  th e re  i s  a num erical e r ro r  a t  th i s

l a s t  p o in t  in  t h e i r  d e r iv a tio n  (Schwartz and Gursky, p r iv a te  com m unication).

The f r a c t io n  o f t h i s  em ission which i s  su p p lied  by S e y fe r t  g a la x ie s  must

now be compared w ith  t h i s  v a lu e .
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4-2 Blvaxlate x-ray luminosity function

There a re  problems in  determ in ing  th e  volume e m iss iv ity  o f

S e y fe r t  g a la x ie s , The S e y fe r t  g a la x ie s  in  th e  2k ca ta logue have
42 4S -1lu m in o s itie s  in  th e  range 10 -10 erg  s  bu t a re  th e re  S e y fe rts  e m ittin g

o u ts id e  t h i s  band, e i th e r  nearby b u t too  underluminous to  be d e te c te d  o r  

superlum inous bu t too  d is ta n t?  A lso , th e re  a re  around 25 u n id e n tif ie d  

sou rces in  th e  2A c a ta lo g u e . I f  many o f  th ese  tu rn  o u t to  be p rev io u s ly  

unknown S e y fe r ts  ( l ik e  MCG 8-11-11 and ESO 141-G55) then  the  e s tim a te  o f  

e m iss iv ity  w il l  have to  be re v ise d  upwards.

Two methods o f determ ining  th e  volume e m iss iv ity  a re  used here -  

th e  Biv a r ia te  x - ra y /o p t ic a l  and th e  m onovariate method, g e n e ra lise d .

Each overcomes some problems bu t f a i l s  on o th e r s . Both methods determ ine 

th e  space d e n s ity  o f S e y fe r ts  a s  a  fu n c tio n  o f x -ray  lu m in o sity , i . e .  th ey  

produce an x -ray  lum inosity  fu n c tio n  (XLF), from which an e m iss iv ity  i s  

e a s i ly  found.

T his s e c tio n  and th e  one fo llow ing  d e riv e  th e  two lu m in o sity  

fu n c tio n s , and t h e i r  r e l a t iv e  m e rits  a re  d iscu ssed .

BIVARIAIE SAMPLE This method makes use o f th e  d e riv ed  SSI upper l im i ts  f o r  

th e  S e y fe r t  g a la x ie s . As a  sample we co n sid e r a l l  known S e y fe rt g a la x ie s  

and use a l l  those  f o r  which we could produce e i th e r  a  p o s it iv e  d e te c tio n  

o r  an upper l im i t  to  th e  x -ra y  f lu x  d e n s ity , to g e th e r  w ith  th e  r e d s h i f t  z . 

and th e  app aren t photographic magnitude m^. We exclude from th e  sample a 

few o b je c ts  w ith  z > 0.1 to  avo id  p o ss ib le  cosm ological e f f e c ts ,  and a lso  

5 3C o b je c ts  w ith  z < 0 .1 .  The reason  f o r  th e  l a t t e r  exc lusion

( 3C84=NGC1275,30120,30227,30382,30390.3; th re e  o f them a re  d e te c ted  as  

x - ra y  sources) i s  th a t  a t  l e a s t  4 o f  th e  5 g a la x ie s  a re  e l l i p t i c a l  o r  

N -type and a l l  a re  s tro n g  rad io  so u rc e s . A lthough th ey  have sp ec tro sco p ic  

p ro p e r t ie s  s im ila r  to  th o se  o f  o p t ic a l ly  s e le c te d  S e y fe rt  g a la x ie s , th e  

l a t t e r  a re  m ostly  s p i r a l s  and have ty p ic a l  ra d io  powers only m oderately
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CONSTRUCTING A BIVARIATE X-RAY/ OPTI CAL  

LUMINOSITY FUNCTI ON

- t a k e  0  g i v e n  r a n g e  of L% :

- wi thin t h i s  r a n g e ,  

f o r  e a c h  r a n g e  of  M y , c o n s t r u c t

f =
(number of Seyferts detected in x-rays)  

(number detectable wi th  given sensitivity)’

ifusing the PST upper l imits  to de f i ne  the  
"number d e t e c t a b l e "

-  put t h e s e  fy i n t o  an a r r a y :

-mult iply by the opt ical  s p a c e  dens i ty .  pjMp J,

- t h e s e  p r o d u c t s . s u m m e d  over Mpj . are  t he n

t he  x - r a y  s p a c e  d e n s i t y . i n  L%i.

-  t h e  s e t  of pylL^i) form the  

x - r a y  lumi nos i ty  funct ion.

f l*  U-2 THE MBTHOD OP CCHSrEÜCtlîIO THE BIYAaULTS %-RlT/OPTICil LHHEIOSm POHCnCR.
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s tro n g e r  than  i s  c h a r a c te r is t ic  o f  normal s p i r a l s .  I t  i s  p o s s ib le , 

th e re fo re ,  t h a t  th e  x -ra y  p ro p e r tie s  o f  the ra d io  powerful S e y fe rt g a la x ie s  

a lso  d i f f e r  from those  o f S e y fe rt  g a la x ie s  s e le c te d  pu re ly  on th e  b a s is  o f 

t h e i r  o p t ic a l  p ro p e r t ie s .  We s h a l l  no t count a s  p o s it iv e  d e te c tio n s  the  

th re e  l e s s  c e r ta in  id e n t i f i c a t io n s ,  NGG3227, NGCG814 and IC^329A, and a lso  

exclude NGC5506 because i t s  c la s s i f ic a t io n  a s  a  S e y fe rt i s  in  doubt 

( ch ap te r 3 -^) * In  a l l , th e  sample used to  e s tim a te  th e  XLF ( th e  o b je c ts  

a re  in d ic a te d  in  Tables 3-2 and 3-3) co n ta in s  63 S e y fe rt g a la x ie s , 9 o f 

which a re  d e te c te d .

THE BIVARIATE XLF The b iv a r ia te  d e r iv a tio n  o f  th e  XLF goes v ia  th e , 

known, o p t ic a l  lum inosity  fu n c tio n  to  the  x -ra y  lum inosity  fu n c tio n  using  

th e  f r a c t io n  o f d e te c ted  ou t o f  d e te c ta b le  g a la x ie s  in  each range o f  x -ra y  

lum in o sity  (L ) and o p t ic a l  ab so lu te  msignitude (M ) .  F ig  4 -2  i l l u s t r a t e s
X  p

th e  p ro c e ss .

F i r s t  each galaxy  f o r  which an x -ray  d e te c tio n  o r upper l im i t

e x i s t s  i s  s o r te d  in to  an in te rv a l  o f  L^. For each in te rv a l  o f  w ith in

th e  in te r v a l  o f  L^ th e  f r a c t io n  f ^ j  ( f i g .  4 -3) i s  c a lc u la te d . The upper

l im i ts  o f Table 3-3 a re  used to  f in d  th e  denom inator. Each in te rv a l  o f

Mp has an a s so c ia te d  space d en s ity ,j> (M ^ ^), which can be taken  from th e

o p t ic a l  lum inosity  fu n c tio n  o f  Huchra and S argen t (1973; and see ch ap ter

1-2 , f i g .  1 -3 ) ' The product o f f^^  and j5(M^ ) g iv es  th e  space d e n s ity  o f

S e y fe r ts  in  th e  M range and L range so summing over M g iv es  th e  d e n s ity  
? !  j  ^

in  L a lone  — which i s  th e  re q u ire d  q u a n ti ty  f o r  th e  lum in o sity  fu n c tio n .
j

Table 4-1 shows th e  f^^  o b ta in ed . This ta b le  shows im m ediately 

th a t  th e  number o f upper l im i ts  o r  d e te c tio n s  i s  s u b s ta n t ia l  ( > lO) only 

in  th e  two in te rv a ls  -21>M >-22 and -22>M >-23 f o r  L > 10^^ '^erg  s~^.p P X
The e s tim a te  o f f^^ can th u s  be considered  reasonab ly  good in  t h i s  reg io n

o f  th e  (M,L) p lan e , w hile in  a l l  th e  o th e r  b in s  the  e s tim a te s  a re  obviously  

o f  much le s s  s ig n if ic a n c e .



Table for the bivariate x-ray/optical luminosity

function of Seyfert galaxies.
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Log L

45

44

43

42

41

0/3 0/6 0/10 0/29 0/7 0/0
0/3 0/6 0/18 1/20 0/6 0/0

0/3 0/6 0/17 2/22 1/4 0/0

0/3 0/4 0/10 3/12 0/i 0/0

0/3 0/3 1/6 0/3 0/0 0/0
0/2 1/1 0/2 0/2 0/0 0/0

0/1 0/0 0/1 0/2 0/0 0/0

0/1 0/0 0/1 0/1 0/0 0/0

0/1 0/0 0/0 0/0 0/0 0/0

-19 -2 0 -21 -22 -23 -24 -25

M



93

These f ^ j  deserve a  f u r th e r  comment. While about 35^ o f th e

S e y fe r t  g a lax ie s  w ith  -2 2 >M >-23 have L >10^^'^erg s"^ , l e s s  than  10^ o f
P ^

th e  S e y fe rt g a la x ie s  w ith  -21>Mp> -22 l i e  in  th e  same range o f x -ra y  power. 

T h is seems a  r a th e r  s ig n i f ic a n t  in d ic a tio n  th a t  th e  b r ig h te r  g a la x ie s  tend  

to  be th e  more pow erful x -ra y  e m it te r s .  This suggestion  w il l  be d iscu ssed  

more f u l ly  in  ch ap te r 5-3•

The f ^ j  a re  converted  to  v a lu es  o f  p (L^) by m u ltip ly in g  them 

by th e  Huchra and S argen t (1973) space d e n s i t ie s .  Note th a t  th e se  space 

d e n s i t ie s  were c a lc u la te d  f o r  M arkarian S e y fe r ts  w ith  M^< -2 0 . The 

r e s u l t in g  x -ray  lum inosity  fu n c tio n  i s  shown in  f i g .  4 -3  a .  The v e r t i c a l  

e r ro r  b ars  a re  c a lc u la te d  by app ly ing  P o isso n ian  s t a t i s t i c s  to  th e  sm all 

numbers o f  g a la x ie s  d e te c te d . I t  should  be emphasised th a t  th e se  e r ro r  

b a rs  a re  q u ite  u n c e rta in  and do n o t tak e  in to  account se v e ra l o th e r  ,

p o s s ib le  sources o f  e r ro r  ( e .g .  th e  e r ro r s  on th e  Huchra and S arg en t 

lu m in o sity  f u n c t io n ) .
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t i g  U>3 (a) TBS BITiBIATS X-IUZ LOKZNOSITT nJHCTlCN OF SEIFERT OALiXZES, derived me described in  chapter lt*2.

The straight l in e  has a slope of -1 and corresponds to  ■ 2 .0  x  1 0 ^  %Aere the n n its o f

Lg are erg e .

(b) THE MOHOVARIATS X-RA.I LUKDIOSITT FUNCTICd CF SEIFERT GALAXIES, derived as described in  chapter L -j. 

The s t r a i^ t  lin e  i s  id en tica l to  that in  f i f  U-3 a .
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4-3  G enera lised  ^/V _ XLF    ' ' ' m ax-----

A more d i r e c t  approach to  d e riv in g  th e  S e y fe rt  XLF i s  to  use 

th e  method in troduced  by Schmidt ( I 968) and d ea l s o le ly  w ith  an x -ray  

s e le c te d  sample. Each source em its a  given lu m in o sity , L ( r e la te d  to  i t s  

t ru e  f lu x  d e n s ity  S, as  L=4rrr S ) . A source o f  t h i s  lum in o sity  could be 

d e te c te d  by th e  survey in  q u es tio n  ou t to  some maximum d is ta n c e  r^ ^ ^ .

For a uniform survey over solid angle A  the volume V throughout which the 
source could have been detected is just

"  = 1  = 1

The volume emissivity due to each source is just L/V and the total volume 
emissivity of the class being considered is then simply the SjL/Vi over all 
sources in the survey. This assumes that all the sources of the selected 
class in the survey have been identified.

In the case of x-ray surveys none has so far achieved uniform 
sky coverage. The 2A survey limit varies by at least a factor 2 (Cooke et 
al., 1978, fig. 3 ., Appendix A) which alters and hence the volume
emissivity, by a factor In assessing the contributions made to the
diffuse x-ray background this could be a very significant error (100^ 
becoming 33^)» A correction for this varying limit is needed.

Warwick and Pye (1978) have calculated sky coverage corrections 
for the 2A catalogue, allowing for confusion and noise, by a Monte-Carlo 
method. Computing limitations prevented the method from being applied 
below 0.6 SSI ct s  ̂which limits the sample slightly. Using this 
information it is possible to derive a luminosity function by varying the 
solid angle covered by the survey to that appropriate to each source 
luminosity.

If S, varies over the sky so that the fraction of the catalogue lim
area over which the sensitivity limit lies in the range Ŝ
S^^ 4-dS.,̂  is0(S_. )dS^ . then equation (l) is replaced by lim 11m llm iim
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T his in te g ra l  can then  be ev alu a ted  using  th e  d a ta  o f Warwick and Pyg to  

g ive , I f  t h i s  i s  done in  increm ents o f s u f f ic ie n t ly  sm all

3/2
th a t  ' does n o t vary  s ig n i f ic a j i t ly  over th e  increm ent then

dS,._ «7- 1 o / s c ^ l  Q _ Î U L j d l. " h e r e s -

lim

There i s  a  f u r th e r  problem w ith  t h i s  method. A popu la tio n  o f 

sources o f t ru e  f lu x  d e n s ity  S w i l l  g ive r i s e  to  a d i s t r ib u t io n  o f 

measured f lu x  d e n s i t ie s  F , which w i l l  have a  p o s it iv e  b ia s .  This e f f e c t  

i s  due to  n o ise  and confusion . Warwick and Pye (1978) have d e riv ed  th ese  

d is t r ib u t io n s  fo r  th e  2A ca ta logue and t h e i r  in v e rse s . A source w ith  

measured F could have a r is e n  from a  range o f  S . I f  th e  p ro b a b i l i ty  

d is t r ib u t io n  o f th e se  S i s  la b e l le d  Q(F]S)dS then each source F c o n tr ib u te s  

to  each in te rv a l  o f  S , and th u s  to  th e  d eriv ed  lum inosity  in te r v a l ,  w ith  

w eighting Q (F |S ). i . e .  p ro b a b il i ty  o f  a  source o f measured in te n s i ty  F 

hav ing  a t ru e  in te n s i ty  in  th e  range i s  q where

.S,

<1 = /  Q(F|S) dS

Using t h i s  approach th e  lu m in o sity  fu n c tio n  ob ta ined  i s  shown 

in  f i g .  4 -3  b. The e r ro r  b a rs  a re  based on th e  e f f e c t iv e  number o f 

sources in  each b in  ( i . e .  Z^q^(SdS) over a l l  sources ) .  The sample used 

here in c lu d es  a l l  o f th e  9 S e y fe r ts  w ith  F > 0 . 6  SSI c t  s-1  found a s  LOP 

sources in  the  2A ca ta logue ( in c lu d in g  MGG2-58-22 and MR2251-178, see 

ch ap te r 7-1) bu t excluding  IC4329A and NGC1275 (th ey  make a  n e g lig ib le

i+ 1
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difference if included) and NGG5506 which should probably not be included 
as a Seyfert (see chapters 3-4 , 7 -1 ) .

COMPARISON OF THE METHODS

The two luminosity functions (figs. 4-3  a,b) agree well with 
each other although arrived at by almost independent means. The bivariate 
approach is good in that it uses the more sensitive PST data, including the 
upper limits. However it is a somewhat circuitous method which may 
compound the errors involved. It also relies on an optical luminosity 
function for Markarian Seyferts which may not be applicable to all Seyferts. 
A last problem is that the Huchra and Sargent (1973) optical luminosity 
function suffers from differential absorption with galactic latitude 
(Kiang, 1976). This reduces from the value assumed by Huchra and
Sargent.

The l/V^^^ method is by comparison direct and, as shown, can
be generalised to accommodate the variable limiting flux density 
encountered in x-ray surveys. It does assume however that all the 
Seyfert galaxies in the 2A survey have already been found. In chapter 3-5 

it was predicted that 2 or 3 Seyferts with V < 14?5 would have been detected 
in the remainder of the 2A survey. Two have since been found (ES0113-IG45 

and MCG 2-58-22, see chapter 7 -1 ) . Since Seyferts with V < 1?^ would have 
been detected in the searches conducted so far without any having been 
found with 14.5 <V < 17 it seems likely that essentially no more Seyferts 
are to be found in the 2A survey. (Such statements, as a rule, should be 
treated as tentative).
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4-4 Contribution to the x-ray background radiation

It is convenient in the discussions that follow to use an 
analytical representation of the points. The full line drawn through the 
points in figs. 4-3 a,b represents

■= 2.0 X 1q37l^-2 (Mpo‘ 3) - ( l )

(note that the slope (-1) of the line in fig. 4-4 differs from the 
exponent of in this equation (-2) since the bins in in fig. 4-4 are 
proportional to L^.) The form (1) is only a reasonable representation of 
the points and not a rigorous fit. It is, of course, affected by large 
uncertainties which we shall take into account in the following discussion.

The XLF can now be used to estimate the contribution of the 
Seyfert galaxies to the number counts of x-ray sources and the x-ray 
background radiation. The total emissivity in the 2-10 keV band of 
Seyfert galaxies is just

/ xI max
Bg(2-10keV) . I (L^) dL^ -(2)

\ l n

LIMITS TO THE XLF Before the background contribution of Seyferts can be 
derived the limits L and L have to be estimated. Both limits must

X X .max min
be specified since, for the slope of the XLF found here, each logarithmic 
interval of L^ gives an equal contribution to the x-ray background.

Using equation (l) the total density of Seyfert galaxies
radiating in the range L < L < L^ ig :

min ^ max

/ max

f s ( ^ x )  ^ x  - (3 )

*mln
For L =10 erg s , 

min
^ , equation (3) gives a value of p^ whioh already
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corresponds to  3 !^  o f th e  t o t a l  d e n s ity  o f  S e y fe rt  g a la x ie s  w ith  M^< -20 

(a  2 .4  X 10 ^ Mpc"^) o r 30^ i f  th e  (M^) o f Huchra and S argen t i s  

e x tra p o la te d  to  -19 (d e n s ity  « 2 .8  x 10"^ Mpc”^ ) . The im p lica tio n  

i s  th a t  th e  XLF must f l a t t e n  and tu rn  down a t  about 10^^'^ erg  s “ ^. This

w il l  be re p re se n te d  by a  c u t-o f f  a t  t h i s  value in  equation  ( 1 ) .

Using equation  ( l )  w ith  an upper l im i t  o f  lO^^erg s “  ̂ to  

S e y fe rt x -ra y  lu m in o sity , i t  i s  found th a t  the number o f  S e y fe rt g a lax ie s  

w ith  f lu x  d e n s ity  above 1 SSI c t  s~^ i s  N^ (> 1 SSI c t  s ”^) = 0 .95  s r ~ ' .

This value may be compared w ith  th e  t o t a l  number o f  x -ray  sources 

N^( > 1 SSI c t  s  = 3*2 sr~^ in  th e  2A ca ta lo g u e . From th e  above value 

o f Ng, we expect about 7 .5  S e y fe r t  g a la x ie s  in  th e  a re a  o f th e  A r ie l  V 

survey complete to  SSI c t  s~^ (7 .9  s r ) ,  w h ils t  4 o b je c ts  a re  a c tu a l ly  found 

(MGG8-11-11, NGC3783i NGC4151, MCG2-58-22 ). The disagreem ent i s  no t se rio u s  

from a  s t a t i s t i c a l  p o in t o f view but in d ic a te s  th a t ,  s in ce

N ^ O S )

th e  slope o f th e  XLF i s  e i th e r  somewhat la rg e r  than 2 o r  steepens beyond 

L = erg

BACKGROUND CONTRIBUTION Equation  (2) can now be in te g ra te d  to  g ive the

S e y fe r t  volume e m iss iv ity . Using L^ =10^^ erg  s"^ and L^ =10^^erg s ”^,
min max

Bg(2-10keV) = (1 .7  ± 0 .8 ) x 10^® e rg  s 'S lpo"® .

T his i s  a  f r a c t io n  6% o f  th e  t o t a l  volume e m iss iv ity  o f the  d if fu s e  x -ray  

background (see  4 -1 ) , The use o f  forms d i f f e r e n t  from (1) bu t s t i l l  

reasonab ly  com patible w ith  th e  p o in ts  in  f ig .  4 -4  a , b ,  y ie ld s  va lues fo r  

Bg w ith in  a f a c to r  1 .5  -  2 o f th e  one above.

I f  th e re  were a sim ple continuum o f 'a c t i v i t y '  in  g a la x ie s  from
39 -1S e y fe r t  g a la x ie s  down to  th e  2 x 10*̂  erg  s  o f M31 the  c o n tr ib u tio n  from 

'S e y fe r t  and le s s  a c t iv e ' g a la x ie s  could be tw ice th e  value found here fo r
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S e y fe r ts  a lo n e . This e s tim a te  r e l i e s  on e x tra p o la tin g  th e  p re se n t XLF 
39 -1down to  = 10 e rg  s w ithout a  change in  s lo p e . At t h i s  value o f

however th e  d e n s ity  o f x -ray  e m itte rs  would exceed th e  d e n s ity  o f  f i e ld  

g a la x ie s  (M^< -20) by an o rd e r o f m agnitude, im plying th a t  th e  XLF must 

f l a t t e n  a t  low er lu m in o s it ie s .

The on ly  S e y fe r t  galaxy whose spectrum i s  w ell s tu d ie d  i s  

NGC4151 f o r  which (se e  ch ap te r 3-4)

1(E) a  E " ( ° '4  1 , 5 < E < 8 0  keV,

I f  t h i s  spectrum  i s  ty p ic a l  o f many S e y fe r ts ,  then  S e y fe r t  g a la x ie s  

c o n tr ib u te  about 15^ o f  th e  d if fu s e  background near 50 keV (much le s s  than 

the  e s tim a te  o f  B a ity  e t  a l . ,  1975i which appears to  co n ta in  a  num erical 

e r r o r ) . I t  i s  c le a r ly  im portan t to  measure th e  h igh  energy s p e c tra  of 

more S e y fe r t  g a la x ie s  to  make t h i s  e s tim a te  more c e r t a in .

EVOLUTION A ll th e se  c o n tr ib u tio n s  a re  c a lc u la te d  assuming no cosm ological 

ev o lu tio n  o f  S e y fe r t  g a la x ie s . By demanding th a t  the  c o n tr ib u tio n  to  the  

background in te n s i ty  from th e  S e y fe r t  g a la x ie s  be le s s  than  th e  t o t a l  

observed v a lu e , an upper l im i t  to  siny ev o lu tio n  o f th e  x -ra y  volume 

e m iss iv ity  due to  S e y fe r t  g a la x ie s  may be o b ta in ed . I f ,  fo llow ing  

Rowan-Robinson and Fabian (1975), we l e t

B g(v,z) = B g (v ,0 )ex p (Q (l-(l+ z)"^ ) ) -(4 )

where B ^(y ,z) i s  th e  volume e m iss iv ity  o f S e y fe r t  g a la x ie s  p e r u n i t  

frequency ran g e , then  the  background in te n s i ty  i s  ( c . f .  Schwartz and Gursky, 

1974, eqn. 10.8)

c B (v ,0)  f  exp q[1 -(1 + z) ’ ^]
I  (p) =   /     dz -(5 )

4rr H J ^ (l+ ?)

fo r  an E in s te in  -  de S i t t e r  u n iv e rse  (d e c e le ra tio n  param eter q^=%,
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cu rv a tu re  K=0 ) . From (5)

/ \ ° B (y,0)  /  exp(Q) -  (1+Q) \
I M  =  2------  . ----------------------  ) -(6 )

4tt \  /

From our v a lu e  o f  B (2-10 keV) we f in d  B (a),0) = 3»5 x 10”^keV  s^^cm'^keV”^ ,

Since Ig (p ) < = 4 keV cm~^s~^keV”^ sr”  ̂ a t  6 keV (Schwartz and

Gursky, 1974), which i s  th e  energy o f  maximum e f f ic ie n c y  o f  th e  SSI 

d e te c to r ,  eq u a tio n  (6) im p lies  Q<5*5 •

For o p t ic a l ly  s e le c te d  quasars  and s tee p -rad io -sp ec tru m  quasars  

Q,~ 10 (Schm idt, 1977). X-ray em ission from S e y fe r ts  thus cannot evolve 

a s  s tro n g ly  a s  th e se  o b je c ts .  The c o rro la ry  o f t h i s  i s  th a t  th e  e n t i r e  

d if fu s e  x -ra y  background can be exp la ined  by S e y fe r t  g a la x ie s  undergoing 

only  moderate e v o lu tio n .
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c h ap te r 5. CORRELATION OF X-RAY EMISSION

WITH OTHER SEYFERT PROPERTIES

5-1 The Data

In  ch ap te r 3 i t  was e s ta b lis h e d  th a t  S e y fe rt  g a la x ie s  a re ,  in

g en e ra l x -ray  e m it te rs .  Chapter 4 d e riv ed  th e i r  lum inosity  fu n c tio n  and

gave arguments to  suggest th a t  t h e i r  x -ra y  lum inosity  was lim ite d  to  the 
42 45 -1range 10 -10 erg  s  . From th e  SSI x -ra y  f4u»idenf^ity data, alonev one can

go no f u r th e r  in  understand ing  the  mechanism th a t  g ives r i s e  to  t h i s  

emission.I In  p a r t ic u la r  one cannot r e l a t e  i t  to  th e  s tan d a rd  model f o r  

S e y fe rt  g a lax ie s  o u tlin e d  in  th e  f i r s t  c h ap te r.

Thus, as a  p re lim in a ry  to  any d iscu ss io n  o f th e  v a rio u s  p o ss ib le  

mechanisms f o r  x -ray  p roduction  in  S e y fe r t  g a lax ies , i t  i s  n ecessary  to  

sea rch  fo r  c o r re la t io n s  between the  x -ra y  lum inosity  and p ro p e r tie s  in  

o th e r  wavebands. A summary o f th e  more im portan t p ro p e r tie s  in  o th e r  

wavebands o f th e  g a la x ie s  d e tec te d  as x -ra y  sources i s  given in  Table 5-1# 

The le s s  c e r ta in  id e n t i f ic a t io n s  (IC 4329A, NGC 322? and NGC 6814 ) have 

n o t been in c lu d ed . The ta b le  in c lu d es  many measurements made a t  th e  AAT 

by the  o p t ic a l  astronom ers engaged in  th e  id e n t i f ic a t io n  programme fo r  

2A sources d esc rib ed  in  ch ap te r 3»

These d a ta  can be used to  p lo t  x -ra y  lum in o sity  a g a in s t  param eters

c h a r a c te r is t ic  o f th e  th re e  reg io n s  w ith in  a  S e y fe rt nucleus d esc rib ed  in
»

ch ap te r 1?4, F i r s t ,  however, an o th er f a c t  i s  s t r ik in g  -  th e  K hachikian /  

Weedman type (ch 1-3) o f th e  S e y fe rt i s  c le a r ly  im portan t to  th e  

ex is ten c e  o f s tro n g  x -ra y  em ission (Table 5 - l a ,c o l .4 ) .  This i s  d iscu ssed  

below.
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TABLE S -^  subtabla

co:*mct.e«’ parnnof cra for NCC1275 "a«' HGC55CS

Object Ay (mag)
loClQ P 0 « )  

(ere s"^)
los^Q P(HB) 

(err s"’ )
l o r . .  PCHcII Xl-636) 

(srr  s''*)
loe^Q P ( [ 0 m )  15007)

(e r g  s"^ ) :4

I!0C1275 2 .0  (3 ) Ü 2.39  (3 ) I i2 . l5  (3 ) <1:1.55 (3 ) . 1x2.65 (Ix) -2 lx .63  (6 )

i:c c5506 l . r  (2@) 111 .a/: (2 3 ) 1x1.23 (2 3 ) 1A3.50 (2 3 ) 1x2.15 (2 3 ) -1 8 .6 9  (2 9 )
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N otes t o  T able 5-1

a .  ICL329A, whose I d e n t i f i c a t i o n  i s  ( in c e r t a in ,  and so u rc e s  e s t a b l i s h e d  

by PST o n ly  (KGC3227 and  NGC6311i) h av e  n o t  been  in c lu d e d .

b .  The sp ec tru m  q u a l i t y  h a s  b een  c l a s s i f i e d  i n  te rra s  o f  th e  r a t i o  o f  th e  

s t r e n g th  o f  th e  w eak es t l i n e  d e te c te d  i n  th e  sp ec tru m  t o  th e  s t r e n g th  

o f  HR :

>  0 .1 0  -  Q u a li ty  3

0 .1 0  > \  >  0 .0 1  -  Q u a li ty  2

0 .01  > ■ Q u a li ty  1

c .  Ho c o r r e c t io n  f o r  re d d e n in g  h a s  b ee n  a p p l ie d  s in c e  th e  i n t r i n s i c  B alm er 

d ec rem en ts  o f  th e  ty p e  1 S e y f e r t s  p ro b a b ly  d i f f e r  from  c a se  B v a lu e s .  

F o r th e  narrow  l i n e  g a la x ie s  (HGC1275 and  1JGC5506) th e  s u b ta b le  g iv e s  

v a lu e s  o f  Ay and dered d en ed  v a lu e s  f o r  o p t i c a l  m agnitude and  l i n e  i n t e n 

s i t i e s ,  p resum ing  th e  i n t r i n s i c  B alm er d ecrem en t t o  b e  d e s c r ib e d  b y  

c a se  B c o n d i t io n s .

d . C o rre c te d  f o r  re d d e n in g  i n  th e  c a s e s  o f  NGG1275 and NGC5506.

e .  N u c le a r m ag n itu d e , c o r r e c te d  f o r  a b s o r p t io n  i n  o u r  g a l c j ^

= 0 .1 3  co sec  b  mag.

f .  Assumes L (NGC1275) = 0 .2  L (2A 0316+W 3).
^ 2 -1 0  keV ^ 2 -1 0  keV

g . R e p re se n ts  av e rag e  FIJZI o f  Hot ond  Hg.

h .  D eriv ed  by e x t r a p o la t in g  sp ec tru m  from  2 .7  GHz u s in g  <x ** - 0 .3 9 .

i .  D eriv ed  from  5 GHz f lu x  d e n s i ty  assum ing  cc ® - 0 .8 .

j .  UBV d a ta  f o r  NGC5506 f o r  an  a p e r tu r e  5*5 a r c  s e c s  i n  d ia m e te r .  I n  an

a p e r tu r e  88 a r c  s e c s  i n  d ia m e te r :  ily  * 1 2 .5 0 , B-V = 0 .9 3 ,  U-B = 0 .3 2

( r e f .  2 9 ) .

I:. Power from  n u c le u s  o f  galajQ ’’.

1 .  In  2 -6  kcV b an d .
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5-2 X-ray emission vs. Seyfert type

A ll th e  x -ray  sources f o r  which a  Khachikian/Weedman type i s  

n o t in  doubt a re  o f type 1. As a lread y  no ted  (c h a p te r  3-4) , NGC 1275 i s  a 

p e c u lia r  o b je c t and th e  c la s s i f ic a t io n  o f NGC 5506 as a  S e y fe rt galaxy  i s  

u n c e r ta in . The lack  o f d e te c tio n  o f type 2*s i s  n o t due to  a  d is ta n c e  

e f f e c t ,  s in ce  they  a re ,  on average, n e a re r  than  th e  type I ' s .  For th e  71 

type 1 S e y fe rt g a la x ie s  in  Weedman*s (1977) l i s t  ( in c lu d in g  NGC 3227 and 

Mkn 6 r e c la s s i f i e d  as  type 1, see 3-2 and Neugebauer e t  a l . ,  1976), the 

average rec e ss io n  v e lo c i ty  i s  14260 km s “  ̂ , w hile f o r  th e  16 type 2* s th i s  

param eter i s  7190 km s ” ^. To d iscu ss  th e  p r o b a b i l i t ie s  o f d e te c tio n  o f th e  

two ty p es  in  a  given volume o f space, we no te  th a t  th e re  a re  54 type 1 

g a la x ie s  nesurer than  th e  most d i s ta n t  o f  th e  16 type 2*s (cz * 15,300 km s~^) 

8 o f  th e se  54 a re  d e te c ted  as  LOP x -ray  sou rces and an o th er 2 by th e  PST. 

A nother two a re  d e te c ted  by o th e r  s a t e l l i t e s  and 5 more a re  m arginal 

(3 -5  ff*) d e te c tio n s  w ith  th e  PST (see  ta b le  3-4  ) . Of th e  16 type 2 g a lax ie s  

on ly  NGC 1068 i s  even a  m arginal x -ra y  e m itte r  • These co n s id e ra tio n s  

emphasise th a t  type 1 S e y fe rt g a la x ie s  a re  more luminous in  the  2-10 keV 

band than  a re  type 2 S e y f e r t s . ,
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5-3 X-ray vs. Optical Continuum emission

In  type 1 S e y fe rts  th e  o p t ic a l  continuum i s  b e liev ed  to  be 

"non-therm al” em ission from a  c e n tra l  compact source (see  1 -4 ). Such a 

compact reg ion  may w ell be th e  s e a t  o f  th e  x -ray  em ission . In  t h i s  case a 

c o r re la t io n  between th e  o p t ic a l  f lu x  d e n s ity  and th e  x -ra y  f lu x  d e n s ity  

m ight be expected.

Histograms o f th e  number o f S e y fe r t  g a la x ie s  a g a in s t apparen t 

n u c lea r  magnitude V (c o rre c te d  fo r  ab so rp tio n  w ith in  our galaxy) and 

a g a in s t log^^ cz a re  shown in  f ig s  5 - la  and b . I t  i s  c le a r  th a t  th e  

g a lax ie s  d e tec te d  as  x -ra y  sources tend  to  be th e  ap p aren tly  b r ig h te s t  

in  V. There i s  a lso  a  weaker tendency f o r  th e  more nearby o b je c ts  to  be 

d e te c te d . R efe rrin g  to  f i g  5 - la  one f in d s  th a t  a l l  th e  13 g a lax ie s  

d e te c ted  as x -ra y  sources have V < 14?5 • However none o f th e  8 type 2* s 

w ith  V< 14?5 i s  d e te c te d  a lthough  two l i e  in  confused reg io n s .

F ig  5-2 shows a p lo t  o f apparen t n u c lea r magnitude V a g a in s t 

the  f lu x  d e n s ity  in  the  2-10 keV band. As seen p rev io u s ly  in  f ig  5 - la ,  

the  S e y fe rt g a la x ie s  found to  be x -ray  e m itte rs  tend  to  be the o p t ic a l ly  

b r ig h te s t  type l* s .  For th e  d e te c te d  g a la x ie s , th e re  i s  a  weak c o r re la t io n  

between V and log^g F^ a t  th e  2ff<> s ig n if ic a n c e  le v e l .  IC 4329A and sources 

d e te c ted  by the  PST (NGC 322? and NGC 6814) have no t been included  in  

a s se s s in g  t h i s  s ig n if ic a n c e .  I f  NGC 322? and NGC 6814 a re  included  th e  

s ig n if ic a n c e  i s  a lso  3%. The evidence i s ,  th e re fo re ,  in  favour o f a 

c o r re la t io n  between o p t ic a l  and x -ray  continuum b rig h tn e ss  in  type 1 

S e y fe rts  (see  a lso  ch ap te r  4 . ) .  I t  i s  in te r e s t in g  to  no te  th a t  i f  th e  

c o r re la t io n  between apparen t o p t ic a l  and x -ray  b r ig h tn e ss  a lso  extends to  

q u asa rs , t h e i r  absence from c u rre n t x -ray  ca ta lo g u es i s  r e a d i ly  

understood.

In  d isc u ss in g  t h i s  and subsequent c o r re la t io n s  between 

in te n s i t i e s  a t  two d i f f e r e n t  wavebands, we have p re fe r re d  to  p re se n t
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f ig  $-1 HISTOGRJLHS CF THS XCSZR 07 SETFHtT OJiraiTZS AGAINST i

(a) APPARENT NUCLEAR KAQiXtUGE (correctad for absorption within our own galaxy by A^-0.18 coaee b mag), 

and against

(b) LOO CZ , for direct comparison with (a ).

In both diagrams the thin so lid  lin e  represents the to ta l  number of Seyfert galaxies In Redman's (i 977) 

l i s t  for which a nuclear magnitude Is availab le, while the th ick  so lid  lin e  represents type 1 galaxies not 

confused in SSI data. Cross-hatched boxes are detections at x-ray wavelengths, while the boxes representing 

IÛ029A, NGC3227 and KGC6£lli, whose id en tifica tion s are le s s  certain than the others,are shaded. The boxes 

siarked 'C  represent galaxies affected by confusion so that no x-ray data are available and boxes marked '2* 

are type 2 Seyfert galaxies.
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J Ç U S S T  I-RAI PIT! DîMSITI, P^. The value# o f 7  for  S0C1275 end N0C55O6 have a lso  been oorrected fo r  in ternal 

abeorptione A -  2% and 1?9 resp ectively  ( c . f .  Table 5 -1 ) . (aee a lso  f ig  7-1 a and chapter 7-1 ) .
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diagrams invo lv ing  th e  f lu x  d e n s ity  r a th e r  than  th e  ab so lu te  lum inosity  

f o r  th e  fo llow ing  reaso n .

When a  c la s s  o f o b je c ts  i s  d e te c te d  over a sm all range o f 

apparen t b r ig h tn e ss  in  bo th  wavebands bu t w ith  a  la rg e  range o f d is ta n c e , 

a c o r re la t io n  w il l  appear in  a  p lo t  o f  a b so lu te  lu m in o s itie s  even when 

th e re  i s  no c o r re la t io n  between th e  corresponding  f lu x  d e n s i t ie s .  The 

va lu es  o f th e  x -ray  and in f ra re d  f lu x  d e n s i t ie s  and th e  f lu x  d e n s ity  in  

Ha vary  over on ly  an o rd e r o f  magnitude o r  l e s s ,  (see  fo llow ing  s e c t io n s ) .  

A lthough some o f  th e  o th e r  param eters considered  e x h ib it  a  w ider range o f 

apparen t b rig h tn e ss  th e  corresponding diagram s e re  p resen ted  in  each case 

fo r  th e  sake o f u n ifo rm ity , except where th e  q u a n tity  involved does not 

sc a le  w ith  d is ta n c e  (co lo u r and FWZI, ch ap te r 5 -6 ) . Diagrams invo lv ing  

lu m in o s itie s  have a lso  been c o n s tru c ted  and t h e i r  appearance i s  commented 

on in  each case . A p lo t  o f  a g a in s t  th e  ab so lu te  lum inosity  in  x -ray s  

shows a  very  s tro n g  c o r re la t io n  which i s  la rg e ly  a consequence o f the 

above s e le c tio n  e f f e c t ,  (see  a lso  ch ap te r 5-5 and f i g .  5-5)»
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5-4 X-ray vs. Infrared and Radio emission

The s h o rt tim esca le  v a r i a b i l i t y  seen in  some type 1 S e y fe rt 

g a la x ie s  in f ra re d  em ission (penston  e t  a l . ,  1974) sug g ests  th a t  i t  a r i s e s  

w ith  th e  o p tic a l  continuum, in  th e  in n e r  reg io n  ( l )  (see  ch ap te r 1-4) o f 

th e  n u c leu s , Penston e t  a l .  a lso  b e lie v e  th e  in f  ra±ed co lo ù rs  in d ic a te  a  ■ 

c o n tin u a tio n  o f th e  o p t ic a l  "power-law" continuum. This i s  supported  by th e  

c o r re la te d  B and 2.2pm v su ria b ility  th a t  they  observe. In  type 2 S e y fe rts  

th e  in f ra re d  em ission i s  b e liev ed  to  be therm al r e - r a d ia t io n  from d u s t 

a s so c ia te d  w ith  the  fo rb idden  l in e  r e g io n ,(3 ) ,  s in c e  th e  em ission a t  1 ( ^  

comes from a reso lv ed  reg io n  in  NGG 1068 (B ecklin  e t  a l . ,1973).

P lo ts  o f th e  f lu x  d e n s i t ie s  a t  X3«^pn (m^) and XlOpm a g a in s t 

th e  x -ra y  f lu x  d en s ity  a re  given in  f ig s  5 -3 a ,b , f o r  th e  g a la x ie s  d e te c ted  

as  x - ra y  so u rces . S trong c o r re la t io n s  e x is t  between the  Xl(ÿim and 2-10 keV 

f lu x  d e n s i t ie s  ( b e t te r  than  X% s ig n if ic a n c e  le v e l)  and between th e  X3.^pm 

and 2-10 keV f lu x  d e n s i t ie s  { ^ 1% s ig n if ic a n c e  ) .  The 3.^pm p lo t,h a v in g  

a  s u b s ta n t ia l  number o f p o in ts ,  i s  more convincing . Corresponding p lo ts  

in v o lv in g  th e  powers a lso  show s tro n g  c o r re la t io n s .

The rad io  em ission from S e y fe r ts  (de Bruyç.'. and W ilson, 1977) 

i s  f a i r l y  unambiguously coming from th e  extended fo rb idden  l in e  r e g io n ,(2 ) ,  

F ig  5“3c shows 121cm f lu x  d e n s ity  a g a in s t  x -ray  f lu x  d e n s ity . Only weak 

c o r re la t io n s  e x i s t  in  e i th e r  th e  r a d io /x - ra y  f lu x  d e n s ity  o r th e  r a d io /  

x -ra y  power diagram s.
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lo g ,0 (Ariel SSI cts.s**’)

4 0 1
log^Fjj (Ariel SSI c t s .s “ )̂ lo g ^  (Ariel SSI c ts . s"i)

t i t  5-3 PLOTS OP COrrlNUUM EXISSICK IT 7ASZCT3 WATELEKOTHS VERSOS X-RAI FLUX DENSITT. Apparent in ten s ltlee  ra ther

than abaolute have been used fo r reaaons explained In chapter $-3* KQC1275 end NGC5506 are ahovn in  bracket#,

(a) Apparent magnitude a t \3.$y»«*.

(b) Flux density  a t XIO^

(o) Flux denaity a t X2lcn.
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5-5 X-ray vs. Optical Emission Line Intensities

F ig s . 5“^  a -c  g ive p lo ts  o f  th e  f lu x  d e n s i t ie s  in  Ha , He I I  

X4686 Â (a  high e x c ita t io n  l in e )  and [O I I I ]  X5OO7 A a g a in s t 2-10 keV 

f lu x  d e n s ity . The only  s ig n i f ic a n t  c o r re la t io n  invo lves the  Ha v s . 2-lOkeV 

f lu x  d e n s i t ie s  ( f i g .  5 -3a) which a re  c o r re la te d  a t  th e  2% s ig n if ic a n c e  

le v e l .  This r e la t io n  a lso  shows up in  th e  corresponding diagram 

invo lv ing  powers. A weak c o r re la t io n  may e x is t  in  th e  diagram

^H ell ^x*

S ince , in  s e c tio n  5 -3 , a  r e l a t io n  between and was apparen t 

and s in ce  Adams and Weedman (1975) f in d  t h a t  a  over a wide range o f 

( f i g .  5-5a) a  s im ila r  r e l a t io n  would be expected between and L^.

Adams and Weedman s u f f e r ,  to  some e x te n t,  from th e  s e le c t io n  e f f e c t  

d escrib ed  in  se c tio n  5-3* I f  one p lo ts  in s te a d  f lu x  d e n s i t ie s  and 

apparen t m agnitudes, u sing  t h e i r  d a ta , th e  r e la t io n  i s  much le s s  apparen t 

( f i g .  5-5%)' A r e la t io n  i s  n e v e rth e le ss  s t i l l  p re se n t.

The F(Ha) v s . F^ r e la t io n  found here i s  s l ig h t ly  s tro n g e r  than 

th a t  found fo r  m  ̂ v s . F^ ( ch ap te r 5 -3 )•

The s tro n g  forb idden  l in e  [  0 I I I  ]  X5007 A seems to  be 

un c o r re la te d  w ith  x -ray  f lu x  d e n s ity , as  was the X21 cm rad io  f lu x .

Both th ese  q u a n t i t ie s  a re  c h a r a c te r is t ic  o f  the  o u te r ,  low d e n s ity , 

re g io n , ( ] ) .
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(e) Lttanaltr o f [ c m ]  XSOOTi.
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f i t  5-5 HOTS OF U ) LOQ(FOVSS ZN B« ) VERSUS ASL0LUT2 7  KJU3HTUSE» and

(b) Loa(?Lnz DERsm ib  e «  ) versus jlppirebt 7 XAOirruuE

for  type 1 Seyfart gai az ias using tha data o f Adama and Wsadnan (1975)« N0C7603, ifhleh has high ly  

Tarlabla BaLnar lina amission Is  shown in  parantbasas. Although tha two paramatars ara corralatad In

(b) tha ralaticnsh ip  i s  c la a r ly  much la ss  pronounead than I t  appears from (a) vhara tha sca lin g  with 

distance has produced a f a ls e ly  strong eorralation.
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5-6 X -ray em ission  vs FWZI o f Balmer l in e s ,  (B-V) and (U-B)

The q u a n t i t ie s  p lo t te d  a g a in s t  x -ra y  em ission in  t h i s  s e c tio n  

do n o t s c a le  w ith  d is ta n c e  and so ab so lu te  lu m in o s itie s  must be used .

The p lo ts  a re  shown in  f i g s .  5 -6b -c ;

The b lue co lou rs  o f S e y fe rt  g a la x ie s  mark them ou t from normal 

g a la x ie s  and were used by M arkarian as  h is  prim ary search  c r i te r io n  

(c h a p te r  1 -2 ) . The m a jo rity  o f  th e  known S e y fe r ts  were d iscovered  in  

t h i s  way. Consequently one might expect th a t  uv-excess was some 

in d ic a to r  o f " a c t iv i ty ” and would be c o r re la te d  w ith  x -ra y  lu m in o sity . 

Type 1 S e y fe r ts  have a  g re a te r  uv-excess than type 2 S e y fe rts  ( f i g .  1-5) 

and a re  a ls o  p r e f e r e n t ia l ly  d e te c te d  in  our x -ray  survey b u t f i g s .  5-6 

a  and c show no c o r re la t io n  w ith  x -ra y  power and co lo u r.

The F u l l  W idth a t  Zero I n te n s i ty  (FWZi) o f a  l in e  i s  a

d i f f i c u l t  q u a n ti ty  to  meeisure. The broad Balmer wings o f te n  b lend

in to  th e  background smoothly so th a t  the  d e te c ta b le  w idth i s  a fu n c tio n  

o f  th e  s ig n a l- to -n o is e  o f th e  d a ta . The w idths f o r  quoted in  Table

5-1 and used in  f i g .  5-6a come, in  some ca se s , from th e  Wampler image 

d is s e c to r  scanner which has s u b s ta n t ia l  in s tru m en ta l wings on i t s  response 

(see  e .g .  sky l in e s  in  p la te  I  o f  Robinson and Wampler, 1972). These 

d i f f i c u l t i e s  l im i t  th e  u se fu ln ess  o f  th e  FWZI.

I t  i s ,  however, th e  n a tu a l measurement to  make i f  one sug g ests  

t h a t  th e  x -ray s  in  S e y fe rt  n u c le i might come from therm al shock h ea tin g  

(a s  in  supernova rem nants, see e .g .  G orenstein  and Tucker, 197^) o f two 

c o l l id in g ,  p e rm itted  l in e  re g io n , c louds. The tem peratu re reached  would 

be p ro p o rtio n a l to  v®, th e  r e l a t iv e  v e lo c ity  o f  th e  c lo u d s. I f  th e  FWZI 

o f th e  p e rm itted  l in e s  i s  taken  to  be pure Doppler broadening then  i t

should  be roughly  c o r re la te d  w ith  2-10 keV em ission . I f  NGC 5506 and

NGG 1275 a re  n o t in c lu d ed , a weak c o r re la t io n  ( « 7^ s ig n if ic a n c e )  may 

e x i s t  between and FWZI,
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(a) P u ll vldth Mro in ten a ity  (FV2Z) of E fi . (a#* alae f ig  7-1 b and ehaptar 7-1 )•

(b) Colour (B-7)

(e ) Colour (U-B)
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5-7 Location of the x-ray emission In Seyfert nuclei

The c o r re la t io n s  noted In  th e  p rev ious se c tio n s  g ive very  s tro n g  

evidence about th e  lo c a tio n  o f th e  x -ra y  em ission In S e y fe rt  n u c le i .  The 

la ck  o f type 2 S e y fe r ts  In  th e  l i s t  o f d e te c tio n s  I s ,  In  I t s e l f ,  Im portan t.

The most prom inent d if fe re n c e s  between S e y fe rt g a la x ie s  o f types 

1 and 2 a re  th e  ex is te n c e  o f broad wings on th e  p erm itted  l in e s  and a  

non-therm al In fra re d  and o p t ic a l  continuum In  S e y fe rts  o f  type 1. Both o f 

th e se  components a re  b e liev ed  to  a r i s e  In  a  very  compact reg io n  4 0.1 pc 

In e x te n t (see  ch ap te r 1 -4 ). I t  seems l ik e ly ,  th e re fo re ,  th a t  th e  x -ray  

em ission I s  a lso  a s so c ia te d  w ith  t h i s  "co re” reg io n  p e c u lia r  to  type 1 

g a la x ie s , r a th e r  than  w ith  th e  more extended reg io n  from which th e  

fo rb idden  l in e s  axe em itted , o r  from th e  galaxy  a s  a  w hole. This 

conclusion  I s  confirm ed by the  v a r i a b i l i t y  o f  th e  x -ra y  f lu x  In a t  l e a s t  

th re e  g a la x ie s  (c h a p te r  3-4 and Table 3 -2 ) . The s h o r te s t  tlm esca les  fo r  

v a r i a b i l i t y  a re  found In  NGC 4151 (3  days, see ch ap te r 6) and MCG 8-11-11 

(32 d ays, see ch ap te r 3 -2 ) . The x -ra y  em ittin g  reg io n  In th e se  S e y fe rts  

cannot then be la rg e r  than  3 % 10"^ pc ajid 3 x 10”  ̂ pc re s p e c t iv e ly .

The s tro n g  p re fe ren ce  f o r  x -ray  d e te c tio n  o f type 1 g a la x ie s  

c o n tra s ts  w ith  th e  r e s u l t s  o f  ra d io  continuum surveys In which type 2 

g a la x ie s  a re  p r e f e r e n t ia l ly  d e te c te d  (de Bruyn and W ilson, 1976; ch ap te r 

1 -3 , f i g .  1 -7 ) .  de B:ruyn and W ilson (1977) have re c e n tly  argued th a t  

the  rad io  so u rces . In  c o n tra s t  to  th e  x -ra y  em ission . In  most S e y fe r t  

g a la x ie s  o r ig in a te  In  a  reg io n  some hundreds o f  p a rsecs  In  e x te n t .

Excluded from t h i s  l a s t  conclusion  a re  o b je c ts  l ik e  NGC 1275, 3C 120,

30 390*3 and Mkn 346, which e x h ib it  a  f l a t  spectrum , s e lf -a b so rb e d , very  

compact ra d io  sou rce .

For the  r e s t ,  s ig n i f ic a n t  c o r re la t io n s  e x i s t  between L ^ a n d  

My , and L ^  . I t  I s  Im portant to  emphasise th a t  a l l  fo u r  o f

th e se  p ro p e r tie s  c o r re la t in g  w ith  a re  g e n e ra lly  considered  to  be
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a sso c ia te d  w ith  th e  "co re” reg io n  ( 4  0 .1  pc in  ex te n t)  which i s  p e c u lia r  

to  type 1 S e y fe rt g a la x ie s . P ro p e r tie s  a s so c ia te d  w ith  th e  more extended 

forb idden l in e  re g io n , such as  L( [  0 I I I  ]  X500? A ) and P( X2lcm ) a re  

n o t s ig n if ic a n t ly  c o r re la te d  w ith  x -ray  power. Our conclusion  th a t  th e  

x -ray  em ission i s  a s so c ia te d  w ith  th e  c e n tr a l  "core" reg io n s  ( 1 an d /o r 2 ) 

is  thus f u r th e r  s tren g th en ed .
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chapter 6. X-RAY VARIABILITY OF SEYFERT AND
RELATED GALAXIES

INTRODUCTION

Long-term x -ray  v a r i a b i l i t y  has been re p o rte d  in  a  sm all number 

o f  a c t iv e  g a la x ie s . The most n o tab le  o f  th ese  i s  Cen A (NGC 5128, 

301322-42), which in c reased  i t s  f lu x  by a  f a c to r  o f  1 .6  ± 0 .2  in  only 

6 day (W inkler and W hite, 1975). Such o b se rv a tio n s  in d ic a te  th a t  the  

x -ra y  em ission from th i s  c la s s  o f a c tiv e  galaxy  x -ray  source a r i s e s  in  

a  reg io n  o f extreme compactness («0.005 pc a c ro s s ) .  In  ch ap te r 5 i t  

was shown th a t  t h i s  i s  very probably  the  case f o r  the  S e y fe rt  g a la x ie s , 

independent o f x -ray  v a r i a b i l i t y  argum ents.

Most p rev ious s tu d ie s  o f v a r i a b i l i t y  over a  time base g re a te r  

than  a  few weeks have been com plicated by th e  need to  compare f lu x e s  

tak en  from d i f f e r e n t  experim ents. The a v a i l a b i l i t y  o f  d a ta  from the  

SSI covering 18 months o f o p e ra tio n , p rov ides an o p p o rtu n ity  to  s tudy  

v a r i a b i l i t y  in  th e  e x tr a g a la c t ic  x -ra y  sources f re e  from th e se  

co m p lica tio n s .

MCG 8-11-11 has a lre a d y  been seen to  be v a r ia b le  from SSI d a ta  

alone (c h a p te r  3 -2 ) . In  t h i s  case l i t t l e  could be s a id  about the  form 

o f  th e  v a r ia t io n s .  Three so u rces , however, have been p a r t ic u la r ly  

f re q u e n tly  observed by th e  SSI, NGC 4151, th e  Coma c lu s te r  and Cen A.

From th ese  o b serv a tio n s  and those  o f Mkn 421 (2A1102^380 some te n ta t iv e  

g e n e ra l is a t io n s  can be made.
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6-1 The Coma c lu s te r  (2A1257+283 )

Before one can have confidence in claims to see variability in 
sources, particularly weak ones, with the SSI it is best to show that some 
similar, constant, source is clearly found to be steady using the instrument.

The p o in tin g  a x is  in strum en ts  on A r ie l V (see  ch ap te r 2-1) c o n tro l 

80% o f th e  observ ing  tim e and tend  to  p re fe r  o b se rv a tio n s  in  th e  g a la c t ic  

p lan e . The SSI i s  thus fo rced  to  scan the  g a la c t ic  po les very  f re q u e n tly . 

F o r tu n a te ly  th e  n o rth  g a la c t ic  po le  has both  th e  Coma C lu s te r  o f g a la x ie s  

and NGC 4151 n ea r i t .

Coma (3U1257+28) i s  known to  be extended a t  x -ra y  freq u en c ies  from 

UHURU measurements. I t  i s  thus l ik e ly  to  make a  good s tan d a rd  cand le . Lea 

e t  a l . ( 1973) determ ined a  ra d iu s  o f 16 ± 3 a rc  min, assuming th e  now 

q u es tio n ab le  iso th erm al gas sphere model (se e  e .g .  G ull and N orthover, 1975). 

This ra d iu s  i s  o f  th e  same o rd er o f  meignitude, however, as f o r  the  a d ia b a tic  

model, and we would thus n o t ex p ec t v a r i a b i l i ty  on m easurable tim e sc a le s .

I t  should be no ted , n e v e rth e le ss , th a t  l im its  to  the  f lu x  o f a 

p o ss ib le  compact c e n tr a l  source in  Coma a re  n o t s t r in g e n t .  The low est 

a v a ila b le  l im i t  i s  14%,tn  the  0.48 to  1.45 keV band u sing  GAO Copernicus d a ta  

( G r i f f i th s  e t  a l . ,1974). The s tro n g  low energy c u t-o f f s  found in  many compact 

so u rces , e .g .  NGC 4151 ( iv e s  e t  a l . , 1976) make t h i s  energy range in e f fe c t iv e  

f o r  the  d e te c tio n  o f such so u rces . Higher energy (1 .4  -  4 .6  keV) Copernicus 

d a ta  axe com patible w ith  a  compact component as  la rg e  as  yjfo (« 4 .5  UHURU c t  s ”  ̂

in  the  c e n tr a l  reg io n  o f th e  x -ra y  source assuming a  uniform ly b r ig h t d is c  f o r  

th e  extended em ission ( G r i f f i th s ,  p r iv a te  communication) . So a  r e l a t iv e ly  

b r ig h t  compact so u rce , p o ss ib ly  e i th e r  o f th e  two c e n tra l  cD g a la x ie s ,

NGC 4874 and NGC 4889, i s  thus fax  allow ed.

The o b se rv a tio n s  a re  shown in  f i g  6-1 . Each f lu x  measurement i s  the  

r e s u l t  o f summing the  o r b i t s  in  a given Observing S lo t  ( ch ap te r 2 -3 ) , ty p ic a l ly
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3 day . E r ro r  b a rs  a re  ±l<rand apply to  th e  A r ie l  V(SSl) c t  s  ̂ s c a le .

(An a d d it io n a l  e r r o r  o f conversion must be allow ed f o r  on th e  f lu x  d en s ity  

s c a l e ) . A ll s ig h tin g s  o f th e  source a t  a  c o llim a to r  tra n sm iss io n  le s s  

than  0 .45  were om itted  to  keep the  e f f e c ts  o f  sp a c e c ra f t  a t t i tu d e  e r ro rs  

(e s tim a ted  a t  0Î2) n e g l ig ib le .  S ig h tin g s  o f  le s s  than  3'0<r s ig n if ic a n c e  

were om itted  i f  th e  e r ro r  on the  in te n s i ty  was la r g e r  than  th e  l a r g e s t  

e r ro r  on a  >3<r s ig h tin g  (see  ch ap te r 2-4) . P o in ts  th a t  were p o ss ib ly  

a f fe c te d  by confusion  w ith  nearby sources were a lso  o m itted .

W ith th e  u n re lia b le  p o in ts  e lim in a ted  i t  was then  n ecessary  to  

convert th e  in stru m en t count r a te  in to  p h y s ica l u n i t s .  The spectrum  of 

the  Coma c lu s te r  a s  determ ined by the  MSSL p o in tin g  a x is  experim ent on 

A r ie l  V (Sanford  and Iv e s , 1976). By fo ld in g  th i s  through our instrum ent 

re sp o n se , and making allow ance f o r  th e  re s o lu t io n  o f  th e  SSI, th e  SSI count 

r a te  in  term s o f  e rg  cm'^s"^ fo r  a  s tan d a rd  ^-10 keV range has been found.

The w eighted mean f lu x  i s  g iven  in  Table 6 -1 . Allowance has been made f o r  

the  e r ro r s  invo lved  in  fo ld in g  th e  d a ta  when quoting  a f lu x  in  p h y s ica l u n i t s .

The f lu x  i s  c o n s is te n t w ith  th e  UHURU value (G iacconi e t  a l ,  1973)*

The d a ta  was searched  f o r  v a r i a b i l i t y  in  th re e  ways:

( 1) A sim ple w eighted t e s t  on th e  f i t  to  a  co n s tan t f lu x  d e n s ity

gave a  reduced o f 1.19 f o r  117 degrees o f freedom. This 

i s  c le a r ly  c o n s is te n t w ith  a  co n s ta n t so u rce . ( P (X ^), the

p ro b a b i l i ty  o f exceeding th e  value o f  w ith  random f lu c tu a tio n s  

on a  c o n s ta n t source in te n s i ty ,  « 0.15*)

( 2) A w eighted l in e a r  f i t  was made to  th e  d a ta  producing a l in e a r

re g re s s io n  c o e f f ic ie n t  o f  -0 .1 7 . The g ra d ie n t was only 2.2<r 

from z e ro . Thus th e re  i s  no evidence f o r  a  l in e a r  tre n d  in  the  

d a ta . The slow g ain  change o f th e  SSI over th e  18 months observing 

tim e should  cause a  g radual change in  count r a te  a s  the  e f fe c t iv e  

low energy c u t-o f f  i s  low ered. With th e  shape o f th e  Coma spectrum
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t h i s  im p lie s  th a t  the count r a t e  should in c rea se  w ith  tim e . This 

e f f e c t  has n o t been allow ed f o r  here s in ce  no s e c u la r  change i s  in  

any case d e te c ta b le  a t  the  2 c r le v e l .  At 95^ confidence the  upper 

l im i t  to  th e  annual r a te  o f change i s  S%,

( 3) There a re  s t i l l  some p o in ts  some way from th e  mean count r a t e .

I f  th e se  were caused by a nearby, u n n o ticed , e x tra  so u rce , a  p lo t

o f  count r a t e  a g a in s t  the  p o s it io n  angle o f th e  c o llim a to r  would

show them c lu s te r in g  a t  a  p a r t ic u la r  v a lu e . F ig  6-2 a , shows such 

a  p l o t .  No such e f f e c t  i s  seen .

I t  i s  d i f f i c u l t  to  s e t  confidence l im i ts  fo r  random v a r i a b i l i ty

on v a rio u s  t im e sc a le s . The s tandard  d e v ia tio n  o f th e  d a ta  s e t  i s

0.57  c t  s ” ^ . The mean s e p a ra tio n  o f th e  d a ta  p o in ts  in  time i s  6 day. 

Thus, rough ly , a t  2crconfidence Coma i s  n o t vary ing  randomly by more than 

20% on tim e sc a le s  from 6 day to  1 y e a r .

Coma i s  thus a co n stan t source w ith in  th e  l im i ts  o f  th e  d a ta

( 420% corresponds to  < 1 .4  x lO^^erg s “^ a t  I I 3 Mpc) . I f  t h i s  i s  taken a s

an upper l im i t  to  any compact x -ra y  component w ith in  th e  c lu s te r  then such 

a component* s a b so lu te  lum inosity  could  s t i l l  be l a r g e .
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Table 6-1 Weighted mean f lu x  d e n s ity  le v e ls  fo r  Coma and NGC4151. 

U nit o f  f lu x  d e n s ity  Coma NGC4151

A rie l V(SSl) c t  s ” ^: 6 .?4  ± O .I3 3*24 ± 0.18

photons cm”^ s”  ̂ : (8 .1  ± 0 .8 ) x 10”^ ( I .90 ± 0 .20) x 10”^

erg  cm"^ s~^ : (4 .5  ± O.5) x 10“^° (1 .5 4  ± O .I9) x 10"^°
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6-2 NGG 4151 (2A1207+397

There i s  thus some ju s t i f i c a t i o n  f o r  confidence in  th e  r e a l i t y  

o f any v a r i a b i l i ty  seen by th e  SSI.

NGC 4151 (3U1207+39) i s  known to  vary  o p t ic a l ly  and in  the 

in f ra re d  on tim esca le s  o f 100 day (Penston e t  a l . ,  1974) . A change in  

th e  x -ray  f lu x  d e n s ity  has been re p o rte d  between th e  1971/2 UHURU 

observ a tio n s  (Gursky e t  a l . ,  1971) and the  1974/5 A r ie l V p o in tin g  

experim ent o b se rv a tio n s  ( iv e s  e t  a l . ,  1976). The SSI d a ta  allow  a 

search  fo r  s h o r te r  tim esca le  changes.

The procedure follow ed in  an a ly s in g  th e  Coma d a ta  was ap p lied  to  

NGC 4151 . The o b se rv a tio n s  a re  shown in  f i g .  6-3»

The spectrum o f Iv es  e t  a l .  (1976) has been used  to  c a l ib r a te  our 

count r a t e ,  a s  b e fo re , and hence d e riv e  a  mean value  f o r  th e  f lu x  d e n s ity  

about 30% below th e  MSSL value and «70% above th e  UHURU v a lu e . This 

in d ic a te s  v a r i a b i l i ty  on a  ^ 100 day tim esca le  ( e .g .  between p o in t (a) 

and (b ) ,  f i g .  6 -3 ) .  However, cau tio n  should be e x e rc ised  in  a sse ss in g  

th i s  r e s u l t  because o f th e  u n c e r ta in t ie s  o f conversion* .

The s c a t te r  on th e  SSI p o in ts  i s  c le a r ly  g re a te r  than  f o r  the

Coma c lu s te r  and re p e a tin g  the  X® t e s t  confirm s t h i s ,  g iv in g  a  reduced X®

o f 3.19  f o r  36 degrees o f  freedom, which i s  very  c le a r ly  in c o n s is te n t

w ith  a  s teady  source (P(X^) = 0 .4  x 10“^ ) . D iv id ing  th e  d a ta  in to  two

equal time b in s  (about the  p o in t ”A” in  f i g .  6-2) and re p e a tin g  th e

t e s t  on each b in  s e p a ra te ly  produces th e  r e s u l t  t h a t  the  f i r s t  tim e bin

has a  o f 1.29 fo r  12 degrees o f  freedom, whereas th e  second b in  has

a o f 3.13  f o r  17 degrees o f freedom ; th u s  f o r  th e  f i r s t  h a lf  o f  the

o b serv a tio n s  th e  d a ta  i s  c o n s is te n t w ith  a  s tea d y  source b u t fo r  the

second h a lf  i t  i s  in c o n s is te n t .  The w eighted mean count r a te  from th i s  

f i r s t ,  co n s ta n t, h a lf  o f  th e  d a ta  i s  given in  Table 6 -1 .

* The in c rease  in  c u t -o f f  found by B arr e t  a l .  (1977) reduces th e  (2-10) keV 
conversion f a c to r  f o r  SSI c t  s “  ̂ by only 6%.
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P a r t  o f th e  second h a l f  o f  th e  d a ta  i s  p lo t te d  on an expanded 

sc a le  in  f i g .  6 -4 . Although th e  number o f  d a ta  p o in ts  i s  l im ite d  they  

c le a r ly  show evidence o f a  f la r e  in  August 1975# follow ed by a  decay over 

th e  fo llo w in g  10 days. A c a re fu l search  to  f in d  an in s tru m en ta l cause 

f o r  t h i s  f e a tu re  g iv e s  confidence in  th e  r e a l i t y  o f  th e  f l a r e .  The 

source in c re a se d  i t s  count r a te  by a  f a c to r  o f 1 .7  ^  0 .2  in  a  tim e no 

g r e a te r  than  3 clay. I t  i s  conceivable t h a t  a  s h o r t- l iv e d  t r a n s ie n t  

s im ila r  to  2A1102+384 (R ic k e tts  e t  a l . ,  see a ls o  ch ap te r 6-3) was confused 

w ith  NGC 4151 in  o u r d e te c to rs  and caused t h i s  behav iour. The p ro b a b i l i ty  

o f  such a  source a r i s in g  a t  j u s t  such a tim e a s  i t  would be p e r fe c t ly  

a lig n e d  in  our c o llim a to rs  w ith  NGG 4151 and a t  no o th e r  tim e must be, 

however, ex trem ely  sm a ll. A p lo t  o f  in te n s i ty  v s . p o s it io n  ang le  f o r  

NGC 4151 ( f i g .  6 -2  b ) , l ik e  th a t  f o r  Coma shows no grouping o f  h igh  p o in ts .

The f la r e  i s  no t w e ll-d e fin e d  by our d a ta .  N onetheless we can 

e s tim a te  from th e  l i g h t  curve a  low er l im i t  on th e  amount o f  energy 

con ta ined  in  th e  f l a r e  a t  5 % 10^^ e rg s , ta k in g  a d is ta n c e  to  NGC 4151 o f 

11 Mpc, and assuming th a t  the spectrum  o f th e  f l a r e  i s  th e  same a s  th a t  of 

th e  c o n s ta n t em ission .

The maximum lum in o sity  o f  the  f l a r e  above th e  co n sta n t source 

le v e l  i s  ( 1 .5  ±  0 .2) X 10^^ e rg  s ”^ .

The v a r i a b i l i t y  re p o rte d  here fo r  NGC 4151 i s  on a  tim esca le  

two o rd e rs  o f  magnitude s h o r te r  than  im plied  by th e  p rev ious UHURU/MSSL 

x -ra y  m easurem ents. The d a ta  do no t exclude th e  p o s s ib i l i ty  t h a t  o th e r  

f l a r e s  o ccu rred  d u rin g  th e  perio d  covered up to  «  15 p e r  y e a r . I f  th e  

f la r in g  behaviour were t h i s  ra p id  i t  could account f o r  th e  d iscrepency  

between th e  SSI and 'Expt.C* f lu x e s .  At t h i s  r a t e  th e  mean energy from 

f la r e s  over a  y ea r  could reach  10% o f the  t o t a l  energy re le a se d  by 

NGC 4151 in  x -ra y s  over th e  same tim e.

The o p t ic a l  (U-band) d a ta  o f D ibaiye (p r iv a te  communication, 

see f i g .  1-1) shows f a i r l y  common v a r i a b i l i t y  on s im ila r  tim esca le s  to
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th a t  found h e re . Both s e ts  o f  o b serv a tio n s  can on ly  ju s t  re so lv e  such 

v a r ia t io n s  so th a t  th e  com parab ility  o f the  tim esca les  could be a  d a ta  

a r t i f a c t . S im ultaneous o b se rv a tio n s  w il l  be needed to  see i f  th e  two 

a re  p h y s ic a lly  connected.

We can in f e r  from th e  r i s e  tim e a  s iz e  f o r  th e  f la r in g  reg io n  o f 

<8 X 10^^ cm. This i s  eq u iv a len t to  th e  Schwar z c h ild  ra d iu s  f o r  a  mass 

o f 3 X 10^ (see  ch ap te r 1 -4 ). On models invo lv ing  a  s in g le  compact 

o b je c t t h i s  forms an upper l im i t  to  t h e i r  mass.

Such sh o rt tim esca le s  a re  n o t easy to  in co rp o ra te  in to  models no t 

invo lv ing  a  s in g le  c e n tra l  body. C e rta in ly  sim ple v e rs io n s  o f th e  

a l t e r n a t iv e ,  b u ild in g  block models employing supernova-form ed p u lsa rs  

(a s  in  K ardashev, 1970) seem to  be excluded by th ese  o b se rv a tio n s . I f  one 

t r i e s  to  id e n t i fy  th e  f la r e  w ith  th e  • fo rm atio n  o f a p u lsa r  in  a  supernova 

then th e  upper l im i ts  p laced  on x -ray  em ission from observed supem ovae 

(C anizares e t  a l . ,  1974) p reven t t h i s  being done. The f la r e  in  NGC 4151 

produces more than 10 tim es too  many x -ra y s  fo r  t h i s  model to  h o ld . More 

complex b u ild in g  b lock  models o f the  k ind  developed by Arons, K ulsrud and 

O s tr ik e r  (1975) in c o rp o ra tin g  c o -o p e ra tiv e  e f f e c ts  w ith in  a  c lu s te r  o f 

p u lsa rs  a re  no t excluded. The f la r e  param eters found here a re  no t 

extreme f o r  t h e i r  model.
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6-3  Cen A (NGC 5128: 2A1322-427)

The nucleus o f th e  a c t iv e  ra d io  galaxy NGC 5128 (Cen A) has been
Q 26

d e te c te d  from *10 to  *10 Hz. More s p e c i f ic a l ly  i t  i s  known to  be a 

source o f ra d io , in f  reared, x - and y -ray s  (see  e .g .  G rin d lay , 1975» and 

re fe re n c e s  th e r e in ) , th e  nucleus being obscured by d u s t a t  o p t ic a l  

f re q u e n c ie s . P rev ious au th o rs  have shown the  x -ra y  em ission to  be 

v a r ia b le  (W inkler and W hite, 1975» S ta rk  e t  a l . ,  1976).

F ig , 6-5  shows th e  e a r l i e r  o b se rv a tio n s  o f  Cen A as  lu m in o s itie s  

in  th e  2-6 keV band (assuming a d is ta n c e  o f  5 Mpc, Burbidge and Burbidge,

1959) •  Where necessary  th e  p u b lish ed  f lu x e s  have been converted  to  t h i s  

uniform  energy range u sin g  the  s p e c tr a l  and c a l ib r a t io n  d e ta i l s  quoted in  

each p ap er. These s tan d a rd ise d  v a lu es  a re  in  e x c e lle n t  agreem ent w ith  

those  given by G rind lay  e t  a l .  (1975) • Even a llow ing  f o r  u n c e r ta in t ie s  

in  c a l ib r a t io n  between d i f f e r e n t  in stru m en ts , th e  d a ta  show a  c le a r  upward 

tre n d  by a f a c to r  * 4 over th e  p e rio d  1971 to  A p ril 1973 (F ig . 6 -5 , p o in ts  

2,3a,31>) • A ra p id  in c re a se  by a  f a c to r  1.8 ± 0 .2  over 6 days in  A p ril 

1973 ( f i g .  6 -5 , p o in ts  3t»3c) (W inkler and W hite, 1975)» im p lies  a  compact 

source o f  d im ension .^1 .6  x 10^^ cm., supporting  th e  im p lica tio n  o f th e  low 

energy x -ray  s p e c tra l  c u t -o f f  ( Tucker e t  a l . ,  1973, P e ro la  and T arenghi,

1973) » t h a t  the  x -ray  em ission o r ig in a te s  in  th e  ^ l a c t i c  n u c le u s . The

p o s itio n in g  o f  th e  x -ray  source to  w ith in  I 5 a rc  sec o f th e  c e n tre  o f  th e  

nucleus by th e  SAS-3 s a t e l l i t e  (Schnopper and D e lv a i l le ,  1977) g iv es  

f u r th e r  support f o r  t h i s  view.

Though th e re  i s  no s tro n g  evidence f o r  changes in  th e  2-10 keV 

spectrum w ith  in te n s i ty  v a r ia t io n s  (W inkler and W hite, 1975» G rind lay  e t  

a l , ,  1975» S ta rk  e t  a l . ,  1976) th e  long-term  in te n s i ty  in c rea se  (1970-1973) 

appears to  be g re a te r  a t  10-50 keV (W inkler and W hite, 1975)•

SSI LIGHT CURVE

The SSI measurements a re  a lso  shown in  f i g ,  6- 5 . They cover the 

p e rio d  March 1975 to  March 1977. The a n a ly s is  procedure was th e  same as
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f o r  Coma (ch ap te r  6-1) and NGG 4151 (ch a p te r  6-2) . Each p lo t te d  p o in t i s  

th e  r e s u l t  o f  a  summation over an Observing S lo t  o f  2 -  6 days and assumes 

th a t  th e  p o s it io n  o f  th e  x -ray  source i s  th e  nucleus o f  NGC 5128. E rro r  

b a rs  a re  ±1(T, as  f o r  NGC 4151. The SSI counting r a te s  a re  converted  to  

lu m in o s itie s  accord ing  to  th e  r e la t io n  l'2-6keV ) = 0.59 % 10^^ x

(A rie l V(SSl) c t  ®~^)2-l8keV* from th e  known s p e c tra l  response o f

th e  SSI, th e  spectrum  o f S ta rk  e t  a l . ,  and a  d is tan ce  o f  5 Mpc to  th e  

so u rce .

From th e  o b se rv a tio n s  v a r i a b i l i ty  on se v e ra l tim esca le s  i s

ev id en t:

(1) A g en era l downward tre n d , from «1x10 erg  s~ in  mid-1975 ( in  good

agreement w ith  th e  nearby Copernicus p o in t ,7 f and ANS p o in t,  6 b ), 

to  «3 X 10^^ erg  s~^ in  December 1976. This low er value being 

th e  d iscovery  and UHURU le v e l .  The e - fo ld in g  tim e fo r  th i s  

decay i s  « 1 y e a r .

(2) F a s te r  in te n s i ty  v a r ia t io n s  on tim esca les  o f weeks to  months,

in d ic a te d  by th e  s c a t t e r  o f  p o in ts  8a-8o . L east squares f i t s  

o f  the  d a ta  p o in ts  8b to  8 i  to  a  l in e a r  tre n d  and an exponen tia l 

tre n d  y ie ld  7? v a lu es  o f 96 and 83 re s p e c t iv e ly ,  w ith  6 degrees o f 

freedom. The corresponding  s tan d a rd  d e v ia tio n s  o f th e  d a ta  about 

th e  f i t t e d  tre n d s  a re  2 .2  and 1.8 A rie l(S S l)  c t  s ”^.

( 3) An approxim ately  l in e a r  in te n s i ty  r i s e  from 4 .2  ± O.5  A r ie l  V(SSl)

c t  s"^ on 18 December 1976 to  11.4 ± 0 . 4  A r ie l  V(SSl) c t  s~^ 

on 26 March 1977 (p o in ts  8 j  to  80) .  These d a ta  p o in ts  a re  w ell 

f i t t e d  by a  l in e a r  tre n d  w ith  slope O.O7 A r ie l V(SSl) c t  s~^ day” ^.

(4) To search  f o r  v a r i a b i l i t y  on s t i l l  s h o r te r  tim esca le s  th e  SSI d a ta

has been subdiv ided  in  in te rv a ls  o f  «J- day. For each d a ta  s e t  

( i . e .  each SSI d a ta  p o in t in  f i g .  6-5) a  l e a s t  squares f i t  o f 

both  a  co n s tan t in te n s i ty  and a  l in e a r  in te n s i ty  tre n d  have been
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perform ed. A fte r  a llow ing  f o r  p o ss ib le  sm all sy stem atic  e r ro r s  in  

in te n s i ty  determ in a tio n  ( e .g .  sm all a t t i tu d e  d r i f t s ) ,  a  s ig n if ic a n t  

sh o rt- te rm  v a r ia t io n  i s  found d u ring  one o b serv a tio n  (p o in t 8f) 

taken from 4-8 June 1976 ( i . e .  MJD 42933*6 to  42937*6). This 

h igher re s o lu t io n  p lo t  i s  shown in  f i g .  6-6 and d isp la y s  an 

in te n s i ty  in c rea se  s im ila r  to  th a t  re p o rte d  by W inkler and W hite, 

though on a  s l ig h t ly  s h o r te r  tim e sc a le . Averaging over one day 

in te rv a ls  cen te red  on MJD 42934*06 and 42936.03 g iv es  'b a s e ' and 

' peak' le v e l  i n t e n s i t i e s  o f 6 .?  ± 1 .2  and 12.1 ± 1.1 A rie l V(SSl) 

c t  s"^ r e s p e c t iv e ly ,  an in c rea se  o f  a  f a c to r  1 .8  ± 0 .4  in  about 

2 day. For th e  rem aining d a ta  s e t s ,  in te n s i ty  v a r ia t io n s  a re  

<58/^ ( a t  about th e  2 < rlim it, f o r  tim esca les  o f  0 .5  to  6 d ay ).

S ince th e  in te n s i ty  had decreased  to  7*6 ± 0 . 3  A rie l V(SSl) c t  s ”^

by MJD 42990, i t  i s  ev id en t t h a t  th e  whole ' f l a r e '  l a s te d  > 2 day 

smd < 56 day. S ince only one ra p id  in c rease  i s  seen in  a t o t a l  

o f  46 day o b se rv a tio n , we may es tim a te  very  roughly  th a t  such 

v a r ia t io n s  occur a t  a  mean frequency < 8 per y e a r .

INTERPRETATION
From th e  J u ly  1975 Copernicus d a ta . S ta rk  e t  a l .  te n ta t iv e ly  

suggested  th a t  th e  x -ray  f lu x  from NGC 5128 might be re tu rn in g  to  th e  

p re -1972 le v e l  measured by UHUBU (Tucker e t  a l . ,  1973)* The SSI 

o b se rv a tio n s  c le a r ly  confirm  th i s  g en era l f a l l  and show th a t  indeed the  

f lu x  had d ec lin ed  to  th e  pre-1972 s ta t e  by th e  end o f December 1976.

T his was fo llow ed by a  g en era l in c rea se  over th e  n ex t 3 month ( to  the  

end o f  March 1977)• In  a d d itio n  a second example o f a ra p id  in te n s i ty  

in c re a se  on a tim esca le  o f a few days has been seen .

I t  i s  cleeurly o f in t e r e s t  to  a ttem pt to  e s ta b l is h  any

c h a r a c te r is t ic  tim esca le s  from NGC 5128 over th e  perio d  covered by 

f i g ,  6- 5 . The sp arse  d a ta  sampling l im i ts  th e  j u s t i f i c a t i o n  o f  any
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sp e c u la tio n ; however l i n e a r  in te rp o la t io n  between th e  d a ta  p o in ts  produces 

an u n lik e ly  s te p  shape. The in te rp o la t io n  put forw ard here in s te a d  i s  o f 

th e  form shown in  f i g .  6 -7 . That i s ,  a 's lo w  o u tb u rs t ' w ith  superimposed 

' f l a r e s ' . The l i g h t  curve could  be in te rp re te d  as  a  s e r ie s  o f  f la r e s  

superim posed on a  co n sta n t base le v e l ,  th e  apparen t envelope being a 

sam pling a c c id e n t. This seems u n lik e ly  g iven th e  tre n d s  ( l )  and (3) 

above, a lthough a  q u a n t i ta t iv e  ev a lu a tio n  i s  d i f f i c u l t .

(1) Slow O u tb u rst. The l i g h t  curve e x h ib its  an apparen t envelope

from p o in t 2 through to  p o in t 8 j  ( excluding  p o in t 3c) -  a ' slow 

o u tb u rs t ' o f  t o t a l  ' r i s e  and f a l l '  tim esca le  T^^, 4 <TgQ<7 y e a r .

The e - fo ld in g  decay tim e i s  « 1 y e a r .

(2) F la r in g  A c tiv i ty .  S h o rt r i s e  tim es o f th e  o rd er 5 day a re  seen .

That such s h o rt tim esca le  a c t iv i ty  i s  common i s  evidenced by th e  

s c a t t e r  o f  p o in ts  8 a -8 j .  U n fo rtu n a te ly , no complete r i s e  and 

f a l l  i s  observed by one experim ent. However, an id ea  o f the  

t o t a l  tim esca le  invo lved , T^ , may be o b ta ined  by id e n tify in g  

p o in ts  5 -  6a -  8a w ith  such a  f la r e :

(a ) P o in t 5 i s  2 day long w ith  no s ig n if ic a n t  v a r i a b i l i ty

a t  29^ ( 3 (Tupper l im i t .  S ta rk  e t  a l . ,  1976). P o in t 6a 

(G rindlay e t  a l . )  i s  c o n s is te n t up to  11 day a f t e r  t h i s .

I f ,  th en , p o in t 5 was preceded by an in te n s i ty  r i s e

s im ila r  to  th a t  seen by W inkler and White o r  re p o rte d  

here then T^ >2 + 11 + 6 = 19 day.

(b) P o in t 8a i s  30 days a f t e r  p o in t 6a, so T^<50 day.

Thus 19 < T^ < 50 day i f  t h i s  f l a r e  i s  a  ty p ic a l  example.

The e - fo ld in g  decay tim e i s  < 40 d ay .

While f la r in g  a c t iv i t y  im plied  by th e  new SSI d a ta  i s  o f  sm aller 

am plitude than  examples in  e a r l i e r  o b se rv a tio n s , th e  in c rea se  r e l a t iv e  to  

' o u tb u rs t le v e l ' i s  about the  same ( « a  f a c to r  2 ) .  This could be due to
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o b se rv a tio n a l s e le c t io n , bu t i f  r e a l ,  such a  c o r re la t io n  would imply a

p h y s ica l a s so c ia tio n  between th e  sou rces o f th e  slow o u tb u rs t and th e  f l a r e s .

More s e n s i t iv e  and freq u en t o b se rv a tio n s  over th e  nex t few years  w il l  be

needed to  determ ine w hether f l a r e s  occur only  du ring  a  slow o u tb u rs t, o r

a re  a normal fe a tu re  o f  th e  so u rc e 's  behav iour.

I t  i s  in s t ru c t iv e  to  sp e cu la te  on th e  p o ss ib le  n a tu re  o f  the

power source in  th e  nucleus o f NGC 5128. For example, i f  th e  ' slow

outburst*  were thought o f a s  th e  r e s u l t  o f  a  s t a r  being t i d a l l y  d is ru p te d

and ac c re te d  by a  m assive b lack  hole (se e  H i l l s ,  1975)» then  th e  energy

re le a se d  as  2-lOkeV x -ra y s , assuming a s t a r  o f  one s o la r  mass, would
_4

re q u ire  a  conversion e f f ic ie n c y  o f on ly  10 Because th e  x -ray  spectrum 

i s  hard  and extends a t  l e a s t  up to  2 KeV (H all e t  a l . ,  19?6, G rin d lay , 1975) 

we should in c re a se  t h i s  e s tim a te  by a f a c to r  « 5» N ev e rth e le ss , th e  mass 

re q u ire d  to  be converted  in to  energy to  e x p la in  a l l  th e  em ission (slow 

o u tb u rs t ,  f l a r e s ,  and base le v e l)  i s  s t i l l  sm a ll.
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6-4 Comparison of Variable Extragalactlc x-ray sources

I f  f i g .  6-7 i s  taken  as  a f a i r  r e p re s e n ta tio n  o f th e  x -ray  

behaviour o f NGC 5128 i t  may be in s t r u c t iv e  to  make comparisons w ith  o th e r  

v a r ia b le  e x tr a g a la c t ic  x - ra y  so u rces . Of th e  6 sou rces in  a c tiv e  g a lax ie s  

which a re  b r ig h t enough f o r  v a r i a b i l i t y  to  be observed w ith  A rie l V and 

contemporary s a t e l l i t e s ,  and which a re  n o t b u ried  w ith in  extended x -ray  

c lu s te r s ,  only NGC 5506 has no t y e t been observed to  v a ry . Given th e  

sp a rsen ess  o f th e  d a ta , t h i s  in d ic a te s  th a t  ra p id  v a r i a b i l i t y  i s  a 

c h a r a c te r is t ic  o f  a c t iv e  galaxy  x -ray  so u rces . For 30 390.3 (C harles e t  

a l . ,  1975) and 30 273 (White e t  a l . ,  1977) l i t t l e  more can be s a id  than th a t  

th ey  vary  on a tim esca le  o f  1 -  2 y e a rs . For MCG 8-11-11 t h i s  tim esca le  

i s  w 32 day.

For NGC 4151 ( iv e s  e t  a l . ,  1976 and ch ap te r 6-2) and Mkn 421 

(a  BL Lac o b je c t ,  Ricketts e t  a l . ,  1976) a more d e ta i le d  comparison w ith  

NGC 5128 i s  p o s s ib le .

NGC 4151 has been le s s  w ell s tu d ie d  than  NGC 5128 bu t i t  appears 

to  f i t  th e  same g en era l scheme, doubling i t s  f lu x  in  th e  two y ears  between 

th e  UHURU (G iacconi e t  a l . ,  1974) and th e  A r ie l V o b se rv a tio n s , during  

which i t  remained o v e ra ll  c o n s ta n t, and re v e a lin g  a t  l e a s t  one f l a r e  

( see ch ap te r 6 -2 ) , on a tim esca le  o f a  few d ay s . The mean le v e l  o f th e  

source may now have been seen to  decay to  i t s  UHURU value (B arr e t  a l . ,

1977) .

A th i r d  source enab les  a c lo s e r  comparison to  be made. The 

id e n t i f i c a t io n  o f th e  BL Lac o b je c t Mkn 421 w ith  th e  ' t r a n s ie n t ' x -ray  

source 2A1102+384 i s  s tren g th en ed  by a new e r ro r  box from the  2A 

ca ta logue  ( f i g .  6 -8 ) .  I t s  l ig h t-c u rv e  shows th e  same d iv is io n  in to  's low  

o u tb u rs t ' and ' f l a r e '  ( f i g .  6-9) th a t  i s  seen f o r  NGC 5128. There i s  

some suggestion  o f  a  second f l a r e  in  th e  d ec lin e  o f th e  slow o u tb u rs t .

F or Mkn 421 both  T^^ and T^ a re  » l/lOO o f t h e i r  v a lu es  fo r  NGC 5128.
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S ince an ab so rp tio n  l in e  r e d s h i f t  from th e  underly ing  galaxy i s  a v a ila b le  

(U lr ic h  e t  a l . ,  1975, W ills  and W ills , 197^) the  t o t a l  energy in  th e  slow 

o u tb u rs t and f la r e  can be e s tim a ted . These e s tim a te s  a re  g iven in  

Table 6 -2 .

Table 6-2 a lso  g iv es  th e  va lues o f these  q u a n t i t ie s  fo r  NGC 5128 

and NGC 4151. The x -ray  energy in  th e  1-day f la r e  in  Mkn 421 i s  some JOO 

tim es th a t  in  th e  « 10-day f l a r e s  in  NGC 5128 and NGC4151. Thus f o r  th ese  

sources the  tim esca le  and energy con ten t o f  th e  x -ra y  f l a r e s  appear 

in v e rse ly  r e l a t e d .

These in tercom parisons a re  obviously  only a f i r s t  a ttem pt to  

b rin g  o rd e r to  th e  v a r i a b i l i t y  o f  x -ray  a c t iv e  g a la x ie s . I t  i s  in te r e s t in g ,  

bu t probably no t s ig n i f ic a n t ,  t h a t  D ibaiye has produced a schem atic l ig h t  

curve id e n t ic a l  to  f i g .  6-7 to  c h a ra c te r iz e  th e  long-term  o p tic a l  

v a r i a b i l i t y  o f S e y fe r t  g a la x ie s  ( e .g .  f i g .  l - l )  . There i s  no s a t e l l i t e  

under c o n s tru c tio n  o r  in  o r b i t  which w il l  be capable o f reco rd in g  th e  

long term v a r i a b i l i t y  o f th e se  weak x -ray  sources w ith  improved q u a l i ty .

We must r e ly  on th e  comparison o f d a ta  from many d i f f e r e n t  s a t e l l i t e s  to  

make th ese  v a r ia t io n s  c le a r .
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ch ap te r 7 . DEVELOPMENTS

7-1 O ther re le v a n t  x -ra y  r e s u l t s

The sample o f known x -ray  S e y fe r ts  i s  no t s t a t i c .  New 

id e n t i f ic a t io n s  a re  made c o n tin u a lly . The group o f 15 used fo r  th e  main 

body o f  work in  t h i s  th e s is  has a lre a d y  ( in  le s s  than  a year) expanded to  

some 22. The conclusions e s ta b lis h e d  in  th e  preced ing  ch ap te rs  have no t 

y e t been in v a lid a te d  by th e se  new so u rces . The r e s u l t s  have, r a th e r ,  been 

ex tended .

T his s e c tio n  d e sc rib e s  th e  new work and i t s  r e la t io n  to  th a t  

which went b e fo re .

NEW SEYFERT IDENTIFICATIONS

The s ix  new x -ra y  S e y fe r ts  so f a r  found have r e s u l te d  from a 

v a r ie ty  o f  work.

The IIHURU w orkers, prompted to  some ex te n t by th e  2A r e s u l t s ,  

have a p p lie d  a v e rs io n  o f  th e  PST to  t h e i r  d a ta  and produced a l i s t  o f 

S e y fe r t  d e te c t io n s .  This was la rg e ly  p o ss ib le  due to  t h e i r  d ev is in g  a 

method o f  an a ly sin g  th e  UHURU s p a c e c ra ft  a t t i tu d e  f o r  th e  la rg e  amount o f 

d a ta  which lacked  s t a r  sen so r re a d in g s . This a b i l i t y  r e s u l te d  in  a 

"F ourth  UHURU Catalogue o f X^ray sources" (Forman e t  a l . ,  1978) which 

possessed  much improved com pleteness a t  low in te n s i ty  l e v e ls .  As expected 

(from th e  suggestion  in  ch a p te r  3-3) many S e y fe rt g a la x ie s  were th u s  found.

The UHURU l i s t  o f  x -ray  S e y fe r ts  (Tananbaum e t  a l . ,  1978) 

co n ta in s  s ig h tin g s  o f 5 S e y fe r ts  seen by th e  SSI (NGC 3783,^151-,55^8,7469,* 

MCG 8 -1 1 -1 1 ), 2 S e y fe r ts  n o t seen by th e  SSI but a lread y  known as  x -ray  

e m itte rs  (3C 120,390.3) and 2 S e y fe r ts  n o t p rev io u sly  seen a t  x -ray  

w avelengths (Mkn 335* 5^1) • Mkn 6 was rep o rte d  in  th e  4U ca ta logue

* see fo o tn o te  @ to  Table 3-3•
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(as 4ü 0638+74) but failed to give a significant PST signal. It was thus 
dropped from the list of Tananbaum et al. although the lack of a PST peak 
may only indicate variability.

The ro ta t io n  m odulation c o llim a to r  on board th e  SAS-3 s a t e l l i t e  

has produced «1 arcmin ra d iu s  90^  confidence e r ro r  c i r c le s  f o r  some weak 

2A and 4U sources and has th u s  enabled  th e  id e n t i f ic a t io n  o f 3 more S e y fe rt 

g a la x ie s  as  x -ray  so u rc e s . 3G 120 (Schnopper e t  a l . ,  1977) was d iscovered  

b efo re  th e  4U catalogue was produced. MR 2251-178 was found in  th e  SSI 

e r ro r  box o f 2A2251-179 (R icker e t  a l . ,  1978a) and an o th er S e y fe r t  has been 

found in  th e  box o f 4U 0241+62 (Apparao e t  a l . ,  1977)* These l a s t  two may 

be qu asars  r a th e r  than  S e y fe r ts  s in ce  high  q u a l i ty  sp e c tra  and d i r e c t  

photography axe no t y e t a v a i la b le .  This u n c e r ta in ty  could be taken  as  a 

dem onstration  o f  the  e s s e n t ia l  c o n tin u ity  between th e  two c la s s e s .  (Such an 

in fe ren ce  could be m islead ing , see ch ap te r 1 -1 ) .

Finally the joint Leicester/AAT identification program has 
continued to yield results. 2A0120-591 has been identified with ESOII3-  

IG45 (Holmberg et al., 1975; = *F-9' , Fairall, 1977; Ward et al., I 978) and 
2A2302-088 with MCG 2-58-22 (Vorontsov-Velyaminov, 1962; Ward et al., 1978).

These new id e n t i f ic a t io n s  a re  l i s t e d  in  Table 7-1 which i s  as  

complete a  l i s t  o f  x -ra y  S e y fe r ts  a s  can be compiled to  d a te .  (Table 7-2 

l i s t s  a l l  o th e r  a c tiv e  galaxy  id e n t i f ic a t io n s  to  d a te .)  A ll th e  S e y fe rts  

f o r  which a  Khachikian-Weedman type (see  ch ap te r  I - 3) i s  c e r ta in  a re  s t i l l  

type 1 . The c o r re la t io n  o f x -ra y  lu m in o sity  w ith  o p t ic a l  continuum (V) 
magnitude (c h a p te r  5-3) s t i l l  ho lds good and th e  c o r re la t io n  w ith  FWZI o f 

H0 (c h a p te r  5-6) i s  s tren g th en ed , p a r t ic u la r ly  by th e  a d d itio n  o f MCG 2-58-22 

( f i g .  7-1 b ) . F ig s . 7-1 a ,b ,  have a lso  been m odified to  allow  fo r :

( 1) The v a r i a b i l i t y  in  NGC 4151. The h ig h er value should now be 

emphasised a s  i t  may r e f l e c t  an unchanging, underly ing  f lu x  

which i s  m odified by a vary ing  Njj (B arr e t  a l . ,  I 977 , see below ).
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(2) A red u c tio n  in  th e  e s tim a te  o f  x -ray  f lu x  d e n s ity  o r ig in a t in g  from 

the nucleus o f NGC 1275 to  ^  6^ o f 3U316+43 from measurements 

made by th e  scanning m odulation c o llim a te r  on HEAO-1 (Schwartz J . 

e t  a l . ,  1977).

The d e te c tio n  o f a  S e y fe rt/q u a sa r  in  th e  box o f 4U0241+62 a t  a 

g a la c t ic  la t i tu d e  o f +2^4 p o in ts  up th e  f a c t  t h a t ,  based on th e  2A source 

counts (Warwick and Pye, 1978) we expect some 33 e x tr a g a la c t ic  x -ray  

sources a t  |b l < l ( f  down to  1 UHURU c t  s ”^ . W ithout a t  l e a s t  as  good 

e r ro r  boxes as those  produced by th e  SAS-3 rmc a  search  f o r  th ese  e lu s iv e  

sources i s  l ik e ly  to  be extrem ely arduous.

One S e y fe rt a t  le s s  than  10° from th e  g a la c t ic  p lane has been 

suggested  a s  an id e n t i f ic a t io n  f o r  a  J3 so u rce , :- JC 111. I t  l i e s  a t  

b = -8*8. F ig . 7-2 shows th e  3U, 4U, and SSI e r ro r  boxes in  the  reg ion  

o f  3C111. The SSI box i s  made up o f  4 LOP (shown as d o tte d  l in e s  in  

f i g . 7 -2 ) .  Three o f th e se  a re  c o n s is te n t w ith  th e  source being a t  

3C111 but th e  fo u r th  seems to  ru le  t h i s  o u t. To base such a  conclusion  

on one l in e  alone i s  unwise bu t th e  o r ie n ta t io n  o f  the  4U box suggests  the  

SSI p o s itio n  may w ell be c o r re c t .  Mushotzky e t  a l .  (1977a) may have 

d e te c ted  high energy x -ra y s  (20-50 keV) from th e  3C111 reg io n  using  0S0-7»

The o p tic a l  continuum f lu x  d en s ity  d is t r ib u t io n s  f o r  th re e  o f 

th e  new S e y fe rts  in  2A boxes a re  shown in  f i g .  7-3» I t  i s  n o tic e a b le  

th a t  they cannot be w ell f i t t e d  by a  sim ple com bination o f power-law sp e c tra , 

in  c o n tra s t  to  th e  g e n e ra lly  accep ted  b e l ie f  f o r  type 1 S e y fe r ts  (ch ap te r  

1 -3 ) . Such o b se rv a tio n s  might favour models o f a c c re tio n  onto compact 

ob jec ts .w here  the  flow  i s  i r r e g u la r  o r  tu rb u le n t ,  a g a in s t those  employing 

a stead y  a c c re tio n  d is c .  Some type 1 S e y fe r ts  do p o ssess , very  c le a r ly ,

power-law sp e c tra , so t h a t  such an emphasis may be prem ature.
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BOO27$ i s  shown as an upper lim it from BSAO-1 observations (see t e x t ) .
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f i g  7-2 1 -2 X 1  QtHOR BOIES HEAH 3C111 ( @ ) .  The dufaed l in e s  are the four LOP which make up the SSI error box.
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VARIABILITY

Tanantaum e t  a l .  have shown th a t  Mkn 2?9 i s  v a r ia b le  by

in terccm paring  UHURU and 2A f lu x e s .  4U in t e n s i t i e s  cannot be used d i r e c t ly

f o r  t h i s  comparison a s  they  a re  sy s te m a tic a lly  o v erestim a ted . (The

in t e n s i t i e s  were averaged over { >3( r )  s ig h tin g s  no t o b s e rv a tio n s .

2A in t e n s i t i e s  a re  averaged , c o r re c t ly ,  over o b se rv a tio n s , see ch ap te r 2 -4 ) .

More rem arkably, they  appear to  have d e te c ted  v a r i a b i l i t y  in

NGC 4151 on tim esca le s  «13 m inutes, in d ic a tin g  em ission from a  reg io n
/ -4  \<2 AU ( <10 pc) r a d iu s .  N aively  converting  th i s  to  a  l im itin g  mass v ia

a Schwax, z c h ild  ra d iu s  y ie ld s  M < 10^ M . Tananbaum e t  a l .  see t h i so
v a r i a b i l i t y  a s  5 ' f l a r e s '  which approxim ately  double th e  s tead y  f lu x  from 

NGC 4151 and which occur 1-2 tim es p e r  day. They co n ta in  1 0 ^ “ *̂̂  e rg .

Such en e rg ie s  can be produced on such a  sh o rt tim esca le  by some

models o f  x -ra y  em ission from supem ovae ( e .g .  C o lgate , 1974) but a  r a te

o f  f l a r in g  re q u ir in g  1 supernova p e r day would g en era te  > 10^^ erg  s “^ , 

more than  20 tim es th e  t o t a l  average e lec tro m ag n e tic  r a d ia t io n  a t  a l l  

w avelengths seem from NGC 4151 (S te in  and Weedman, 1976). This o b se rv a tio n , 

i f  confirm ed by more s e n s i t iv e  experim ents, would seem to  ru le  ou t m u ltip le  

p u lsa r  m odels.

Longer term v a r i a b i l i t y  o f  th e  spectrum  o f NGC 4151 has now

been observed (B arr e t  a l . ,  1977) w ith  th e  MSSL p ro p o rtio n a l coun ter

spectrom eter on A r ie l  V ( f i g .  7 -4 ) .  This v a r i a b i l i t y  appears to  be due

s o le ly  to  v a r ia t io n s  in  th e  absorb ing  column d e n s ity .  The observed change
22from an eq u iv a len t hydrogen column (u sin g  cosmic abundances) N^ = 3*5 % 10 

atom cm”^ to  N^ = 1.8 x 10^^ atom cm~^ i s  rem arkably c lo se  to  th e  change 

p re d ic te d  by Mushotzky and S h ie ld s  (1976, p r iv a te  communication). They 

m odelled th e  p ro p e r tie s  o f  a  fo rb idden  l in e  reg io n  cloud (reg io n  ( 3 ) » 

c h ap te r 1-4) from th e  fo rb idden  l in e  param eters . I t  i s  th u s  very  reaso n ab le
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spectra fo r  the two i r l t l  7  o b sem tla o a  coablned with th e  ÜCSS high energy data.
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to  ex p la in  t h i s  v a r ia b le  in  term s o f  such a  cloud c ro ss in g  th e  l in e  o f 

s ig h t  to  th e  more compact c e n tra l  reg io n s  ( ( l )  and (2 ) ,  ch ap te r 1 -4 ).

T his i s  an independent con firm ation  o fth e  conclusion  o f ch ap te r 5-7 th a t  

th e  x -ray s  o r ig in a te  in  t h i s  in n e r  c o re . The x -ra y  spectrum  during  the 

s h o r te r  tim esca le  v a r i a b i l i t y  in  NGC 4151 i s  unknown. The f a s t e r  moving 

p e rm itted  l in e  reg io n  (2) clouds m ight produce v a r i a b i l i t y  down to  l/lO  o f 

th a t  from forb idden  l in e  reg io n  c lo u d s, assuming s im ila r  s iz e d  c louds.

T his could th u s  reach  down to  th e  3-day le v e l re p o rte d  in  chaper 6 -2 . 

A lte rn a t iv e ly ,  such f la r e s  could be due to  an i n t r i n s i c  change in  th e  

c e n tra l  source in te n s i ty ,  a s  seems to  be th e  case fo r  th e  s im ila r  v a r i a b i l i t y  

now re p o rted  from OSO-8 (Mushotsky e t  a l . ,  1977b).

O ther r e s u l t s  from th e  MSSL experim ent show th a t  v a r i a b i l i t y  

in  NGC 5128 (see  ch ap te r 6-3) i s  due n o t to  a  changing column d e n s ity  bu t 

to  an i n t r i n s i c  change (S ta rk , Davison and Culhane, 1978, in  p re p a ra t io n ) . 

C lea rly  then  bo th  k inds o f  v a r i a b i l i t y  a re  p o ss ib le  in  a c t iv e  galaxy n u c le i .  

W ith so few p o in ts  on th e  l i g h t  curves o f  NGC 4151 and NGC 5128 i t  i s  

prem ature to  say th a t  they  a re  d i f f e r e n t  ty p es  o f  source bu t i t  a lso  urges 

cau tio n  in  accep tin g  th e  su g g estio n s  o f  chaper 6 -4  th a t  a s in g le ,  s im ple, 

l i g h t  curve form could f i t  a l l  such g a la x ie s .



158

X-RAY SPECTRA

NGC 4151 i s  no lo n g er th e  only  S e y fe r t  f o r  which some s p e c tra l  

in fo rm atio n  e x i s t s .  S ta rk  e t  a l .  (1978) have produced rough sp e c tra  fo r  

NGC 5548, Mkn 279 and th e  p e c u lia r  NGC 5506 ( f i g .  7 -5 ) . The va lu es  o f 

power-law photon index Ct (from dN/dE = A E %  ^  ) and N^ which they  

d e riv e  a re  quoted in  Table 7-2 to g e th e r  w ith  th e  same param eters f o r  

o th e r  a c t iv e  galaxy  x -ra y  so u rces .

The 'b e s t  f i t '  sp e c tra  they  d e riv e  a re  shown as  s o l id  l in e s  

in  f i g .  7-5* I t  seems c le a r  from in sp e c tin g  th e se  f ig u re s  th a t  th e  'b e s t  

f i t s '  a re  somewhat o p t im is t ic .  I t  i s  probably  n o t m eaningful to  f i t  3 

param eters to  t h i s  d a ta .  I f  one f i t s  ju s t  a  s p e c tr a l  s lo p e  and 

n o rm a liza tio n  then  NGC 5506 would have a  « 1 .0  and Mkn 279 would have 

a  » 0 .4 .  NGC 5548 shows a  very  su g g estiv e  bump a t  «7 keV rem in iscen t o f  

th e  I ro n  fe a tu re  in  c lu s te r s  o f  g a la x ie s  (M itc h e ll e t  a l . , 1976). I t  i s  

c le a r ly  o f  too low a  s ig n if ic a n c e  to  be claim ed a s  y e t .  I t  i s  worth 

n o tin g  though th a t  th e  d e te c tio n  o f  such a  l in e  would show th a t  a t  l e a s t  

some o f  th e  em ission was th erm a l. N e ith e r th e  n o n -d e tec tio n  o f  such a 

l in e  no r th e  dem onstration  o f  a  power-law x - ra y  spectrum  over a  wide range 

o f  e n e rg ie s  can r u le  ou t such a  mechanism. (A s a fe ly  asymmetric p o s it io n  

f o r  su p p o rte rs  o f  therm al m odels, (b u t see c h a p te r  7 -2 ) .)

Table 7-3 shows th a t  th e  assum ption used fo r  th e  e s tim a tio n  o f 

th e  S e y fe r t  c o n tr ib u tio n  to  th e  high  energy d if fu s e  x -ra y  background 

(c h a p te r  4-1) has, so f a r ,  been j u s t i f i e d .  3C 273 I s  th e  only a c t iv e  

galaxy w ith  a  s ig n i f ic a n t ly  s o f t e r  spectrum . Some g a la x ie s  a re  c le a r ly  

much h a rd e r than  NGC 4151. Mkn 279 appears to  be about the h a rd e s t known 

x -ray  so u rc e . NGC 3506 could a ls o  be much h a rd e r than  NGC 4151. The 

hard  x -ra y  c o n tr ib u tio n  might th u s  be la r g e r  th an  p rev io u sly  expected .

Some au th o rs  have a ttem pted  to  e x p la in  th e  e n t i r e  y -ray  

background w ith  a c t iv e  galaxy  em ission (S trong  e t  a l . ,  in  p rep a ra tio n ) .
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O bjec t 

KGC4151

3C273

Cen A 
(n u c leu s)

Mkn279

NGC5506

NGC554B

(c& f,
(Crab Nebula

Table 7*3. X -ray S p e c tra  o f  A ctive  G alax ies 

Power law f i t s  to  dN/dE •  e

X -ray Name Ofph N^( atom cm~^) E^(KeV) ,»N^a

2A1207+397

2A1225+022 

2A1322-127

1.30fc0,2 

1 .74+0.3  

2 .2 ±0 .2  

1 .62

2A1340+700 * 0 .7  
(0,4

2A1410-029 ♦  1 . 6
(1.0

2A1415+255 * 1 . 9  
0 .9

5 .0  X  10 

1 ,8 -x  10 

3 .6  X  1 0  

1 .3  X  10

22
23

::
23

s :  1 .2  X  10

8  X  10

23

)
22

2 X 1022

4UQS31+21 2 .1

2 . l [ l , 7 , 8 l  V a ria b le  N^[l ]  

4 .0

1.9 [2]
[3 ,4

s: 3 .0  [ S ]

^ 3 .0  [ 5 ]  

i  2 . 0  [ 5 ]

M l

* The s p e c t r a l  f i t s  given in  5 a re  p robab ly  over a m b itio u s . More c r e d ib le ,  
e y e b a l l ,  f i t s  to  power law index  alone a r e  g iven in  b ra c k e ts .
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f ig  7-6 THS EXrSISICN OF THE HGCLl 5l SPECTRUM TO Ï-RAI rSTERGIES (di Cocco et e l . ,1777). The spectre! index hea been

easnmed to  agree v ith  the x-rey data. Given th is  eaaiunption the f lu x  density found by di Cocco et a l.
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The re c e n t  d e te c tio n  o f  NGC ^151 o u t to  a t  l e a s t  1 MeV ( d i  Cocco e t  a l . ,  

1977; f i g .  7-6) to g e th e r  w ith  th e  lo n g -s tan d in g  o b se rv a tio n  o f Cen A 

a t  1 MeV and probably a t  > 300 GeV (G rind lay  e t  a l . ,  1975) have begun 

to  support t h i s  suggestion  o b s e rv a t io n a lly . That medium energy x -ray

work shows o th e r  a c t iv e  g a la x ie s  may have h a rd e r sp e c tra  i s  e x tra  p o s it iv e  

ev idence. This seems to  be a  prom ising new l in e  o f en q u iry .
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HIGH EXCITATION EMISSION LINS GALAXIES (HEXELGs)

The Leicester/AAT id e n t i f i c a t io n  programme f o r  2A sources 

has produced an o th e r new c la s s  o f  x -ra y  e m ittin g  galaxy -  High E x c ita tio n  

Em ission Line G alax ies (o r  'H exelgs' a s  th ey  w i l l  be c a l le d  h e re ) .

These g a la x ie s  possess  fo rb idden  l in e  io n is a t io n  le v e ls  up 

to  [Fe V Il] (lP=0.10 keV) bu t th e  fo rb idden  and p e rm itted  l in e s  both  have 

w id ths o f only  «^00 km s ”  ̂ w ith  no broad wings seen . They a re  thus too 

narrow to  be c la s s i f ie d  as  S e y fe rt types 1 o r  2 and y e t  th ey  seem to  

possess  some *non-thermal* io n is in g  so u rce . Perhaps th e  p ro to ty p e  o f t h i s  

k in d  o f  galaxy i s  NGC. 5306 (W ilson e t  a l . ,  1976). As seen in  ch ap te r 3-4 

t h i s  galaxy has long been a  cand ida te  id e n t i f i c a t io n  f o r  th e  x -ra y  source 

301410-03 ( =2Al4l0-029) f(B ah ca ll e t  a l . ,  1975) • This id e n t i f i c a t io n  has 

now been confirm ed by SAS-3 ro ta t io n  m odulation c o llim a to r  o b se rv a tio n s  

(R ick er e t  a l . ,  1978b) which produced a  1.1 arcm in ra d iu s  e r r o r  c i r c le  

( 90% confidence) cen tred  only  12 a rc sec  n o rth  o f  th e  galaxy  n u c leu s .

Such g a la x ie s  a re  thus c le a r ly  capable o f  being  x -ra y  e m it te r s .  The 2A 

id e n t i f i c a t io n s  work shows th a t  t h i s  may w ell be g e n e ra lly  t r u e  o f such 

h e x e lg s .

The two main id e n t i f ic a t io n s  a re  o f  NGC 7582 w ith  2A2315-428 

and o f  NGC 2992 w ith  2A0943-140 (Ward e t  a l . ,  1978 d isc u ss  th e  

id e n t i f ic a t io n s  in  d e t a i l ) . Table 7-4 g iv e s  some d e t a i l s  o f  th e se  

g a la x ie s .  NGC 7582 shows e x c ita t io n  le v e ls  up to  [Ne v] (IP=0.097 keV) 

and NGC 2992 has [Ne I I I ]  em ission (lP = 0 .04 l keV ).

These successes prompted a  PST sea rch  f o r  x -ra y s  from o th e r  

b r ig h t  em ission l in e  g a la x ie s . 25 such g a la x ie s  were examined. (A ll 

th o se  w ith  z < 0.01 from Osmer, Smith and Weedman, 19744,M a rtin , 1976, and 

Penston e t  a l . ,  1977). One, NGC I 365# gave a peak at>5<r and was thus an 

accep tab le  so u rce , w ith  an in te n s i ty  o f  O.3 ± O.O6 A r ie l  (SSl) c t  s " ^ '

F ig . 7-7 shows th e  e r ro r  box produced f o r  t h i s  source and T able 7-5 l i s t s  

th e  co -o rd in a te s  o f  th e  b e s t  f i t t i n g  re c ta n g le .



Table 7-L P ro p er tie s  o f  th e  2 Em ission Line G alaxies

163

“ 1 .

NGC 7582
(2A 2315-428) 1

NGC 2992 
(2A 0943-140)

c z  (Km s  ) 
h e l i o c e n t r i c

1500 ± 60 2450 ± 60

(20  a r c  s e c ) 1 3 .5 ^ 1 3 .2 7  (OSW)

V - 1 9 .0 6 -2 0 .2 2

Ho/Hg 1 0 .9 ^ ^ 1 0 .3 5  (OSW)

A ^(m ag.)** 4 .0 3 .9

Lum Hg__ 
( e r g  s  ) 1 .4  X 10**^ 1 .4  X 10*° (OSW)

Lum Hg a f t e r  
c o r r e c t i o n  f o r  re d d e n in g  
( e r g  s “ )

1 .0  X 10*2
42

1 .0  X 10 (OSW)

rwzi Ho
(km s  ) «  600 >1000 (OSW)

X -ray  s o u rc e  
e r r o r  box  s i z e  
( s q .  deg )

0 .0 6 7 0 .0 6 5

lo g io  L^ (2 ^1 0  KeV) 

( e r g  3 ) 4 2 .5 5 4 3 .2 1

NOTE D ata frcxn % rd e t a l .  (1978) e x c e p t w here re fe re n c e d  by OSW = Osmer, Sm ith 
and Weedman

t  O b ta in e d  from  an  o b s e r v a t io n  w i th  t h e  R o d g ers  S c a n n e r  on th e  7 4 - in c h  Mount 
S tro m lo  t e l e s c o p e .

*

t t

= 50 kra s  ^  Mpc c o r r e c t e d  f o r  e x t i n c t i o n  0 .1 8  c o s e c  b ^^  mag*

D e riv e d  from  AAT s p e c t r a  c a l i b r a t e d  b y  th e  R odgers s c a n n e r  o b s e r v a t io n  on t h e  
7 4 - in c h  Mount S tro m lo  t e l e s c o p e  (20  a r c  s e c  a p e r t u r e ) .

•= 6 .8 8  log^Q  (H o /2 .8  H g ).
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F in a l ly  th e  galaxy  M 82 i s  m orphologically  very  s im ila r  to  

NGC 5506 ( i r r  I I ,  a  very  p e c u lia r  ty p e , Wilson e t  a l . ,  1976) and shows 

em ission l in e s  in  p la c e s , a lthough  i t s  nucleus i s  obscured by d u s t.  The 

SSI e r ro r  box o f  2A095^700 in c lu d es  M 82 and makes i t  a good cand idate  fo r  

x -ra y  em ission f o r  th e  f i r s t  tim e, th e  y j  and 4U boxes being very  la rg e .

There a re  thus 5 p o ss ib le  hexelgs e m ittin g  x - ra y s . The hard 

spectrum  o f NGC 5506 has a lre a d y  been noted  ( f i g .  7-5 a ) . Comparison o f  

th e  in te n s i ty  o f  th e  MSSL A r ie l  V o b se rv a tio n  which produced t h i s  spectrum 

w ith  th e  SSI d a ta  ( f i g .  7-8) shows th a t  th e  source i s  c le a r ly  v a r ia b le  on a 

tim esca le  o f  134 day ( a t  6 < r) . I t  seems then  th a t  th ese  hexelgs con ta in  

a  compact reg io n  s im ila r  to  th a t  found in  type 1 S e y fe r ts  bu t which i s  no t 

ap p aren t a t  o p t ic a l  w avelengths. Such g a la x ie s  a re  thus more c lo se ly  

lin k e d  w ith  S e y fe r t  g a la x ie s  and qu asars  than  had been p rev io u sly  shown.

The x -ra y  lum inosity  o f th e  hexelgs i s  10^^ -  10^^ erg  s ”  ̂

excep t f o r  t h a t  o f  M 82 which i s  only  5 x 1 0 ^  e rg  s " ^ . They th u s  occur 

a t  th e  low er end o f th e  S e y fe r t  galaxy ran g e . The c o n tr ib u tio n  th a t  they  

make to  th e  d if fu s e  x -ra y  background i s  not known s in c e  no thorough survey 

o f  th e se  o b je c ts  y e t e x i s t s .  They probably could no t exceed th e  10% o f 

a l l  g a la x ie s  which a re  Markariam o b je c ts  (c h a p te r  1 -2 ) .

C e r ta in ly  th e  d iscovery  o f compact x -ra y  sources in  hexelg 

n u c le i  makes such compact * quasar-lik e*  reg io n s  a  more common fe a tu re  o f  

galaxy s tru c tu re  than  had been shown b e fo re .
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A 0 3 3 1  - 3 6 9 o F O R  I g r o u p

-36-0

NGC1365,

DECL

-3 7 0

3"32 3" 2 4' 3 ' 2 0 m

R A

f i g  7-7 T23 SSI PS? ERRCR BOX (aoUd 11ns) FOB 10331 -369 , found during a search o f hsrslgs with the P3T. The p osition  

of HQCI36$ i s  narked together with that o f  two possib le a lte m stiv e  id en tif ica tio n s  (the For I  group

and the radio gala:^ For A )• Upper U n ite  are given for  these o b jec ts .

Table 7 -5 : PST E rro r  Box D e ta ils  f o r  A0331 -369

R.A. (degrees 1950 . 0 ) de c l .

ce n tre  : 52.75 - 36.90

co rners 53.65 - 36.79

52. - 36.29

52.00 - 37.03

53.16 - 37.05

a re a  o f  box: 0 .92  s q . deg.

g a la c t ic
c o -o rd in a te s 1 = 239.0 b “ —5U.7

o f c e n tre  :
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flff  7«8 iRnX 7 LIGHT CÜR7Z FOR N0CS$06 (2Allil0-029) ss ln g  S3I «nd 'Sxpt C'(HSSL) data MSSL data vas ecnvertad to  

SSI et uatng tha standard conversion of 1 SSI et s*  ̂ •  5»1 % 10”  ̂

by SAS-3 in  May 1777 i s  also  shown usine tha sama eonvarsion factor .

5»1 X 10“^^arg cm“^a”^. Tha flu x  density  found
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7-2 Future Observations

The r e s u l t s  d esc rib ed  in  t h i s  th e s is  a re  c le a r ly  only  th e  

i n i t i a l  s ta g e s  in  th e  in v e s t ig a t io n  o f  a c tiv e  galaxy x -ray  em ission . New 

in s tru m en ta tio n  on board s a t e l l i t e s  a lre a d y  under co n s tru c tio n  o r  in  o r b i t  

w i l l  be ab le  to  provide g re a t ly  improved sp e c tra  from 0.1 to  100 keV, and 

p o ss ib ly  up to  10 MeV. The f a i n t e s t  d e te c ta b le  source w il l  be some 1 /1000th 

o f  th e  s tre n g th  o f th e  f a i n te s t  source th a t  the  SSI can d e te c t  ( a t  the  low er 

end o f  th e  energy range) • In  t h i s  range th e  s p a t ia l  re s o lu t io n  o f x -ra y  

te le sc o p e s  w i l l  be b e t te r  than  10 a rc sec  and is o la te d  p o in t sources may be 

p o s itio n e d  to  1-2 a rc se c . With such improvements i t  i s  p o ss ib le  to  imagine 

many measurements t h a t  w i l l  g iv e  u s e fu l r e s u l t s .  Some o f  th e se  a re

d esc rib ed  below.

SEYFERT GALAXIES

Improved s p e c tra  fo r  a l l  th e  now w e ll-e s ta b lish e d  x -ray  S e y fe rts  

a re  needed. D etec tio n  o f  Iro n  l in e  em ission , as  noted in  th e  previous 

s e c t io n , would argue f o r  some therm al em ission . The medium energy 

(2-30 keV) experim ents on UK-6 and EXOSAT w il l  be w ell s u ite d  to  t h i s  ta s k .

An Fe em ission l in e  may w ell have been d e te c ted  in  Cen A by OSO-8 a t  6.4keV 

(Mushotzky e t  a l . ,  1978), accompanied by an ab so rp tio n  edge a t  7*1 keV.

The au th o rs  ex p la in  t h i s  in  term s o f  co ld  (T < 2 .5  x 10* K) iro n  absorb ing  

and r e -e m itt in g  th e  r a d ia t io n  from an o th e r , c e n tr a l ,  so u rce . In  t h i s  case 

therm al em ission fo r  th e  underly ing  source i s  avoided.

These Iro n  fe a tu re  d e te c tio n s  in  Cen A coupled w ith  th e  d e te c tio n  

o f an iro n  edge in  NGC 4151 by B arr e t  a l .  (1977) show th a t  abundance 

an a ly ses  o f  th e  clouds in  th e  p e rm itted  and forb idden  l in e  re g io n s  a re  now 

p o s s i b i l i t i e s .  The d e ta i le d  study o f th e  low -energy c u t-o f f s  th a t  a re  

expected i s  p o ss ib le  w ith  th e  s o lid  s ta t e  spectrom eter on HEAO-B and w il l  

answer th e se  q u e s tio n s . The s p e c tra l  v a r i a b i l i t y  o f  S e y fe rts  both  o p t ic a l ly
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(T oh line  sind O sterbrock , 1976, ch ap te r 1-1 , f i g .  1-2) and in  th e  x -ray  

re g io n  (B arr e t  a l . ,  1977) can be a t t r ib u te d  to  fo rb idden  l in e  reg io n  

c louds c ro ss in g  th e  l in e  o f  s ig h t  to  th e  p h o to io n iz in g  so u rce . Thus th e  

tim e v a r i a b i l i t y  o f th e  low energy x -ra y  c u t- o f f  could g ive in form ation  on 

th e  d e n s ity  p r o f i le  o f such c louds. C o rre la ted  x -ray  c u t-o f f  and Ha power 

v a r i a b i l i t y  would show th a t  th e  d isappearence o f  th e  Ha l in e  was due to  

ab so rp tio n  and no t i n t r i n s i c  v a r i a b i l i t y  o f th e  Balmer em ission .

The x -ra y  d a ta  can g ive  se v e ra l such u se fu l feedbacks to  th e  

o p t ic a l  o b se rv e rs . A measurement o f  x -ra y  c u t - o f f  w i l l  a llow  th e  normal 

argument p re d ic tin g  a  c u t - o f f  from th e  observed reddening  to  be re v e rse d . 

S ince th e  redden ing , found from th e  Balmer decrem ent, i s  n o t un iquely  

determ ined from th e  o p t ic a l  d a ta  because pure recom bination  co n d itio n s  may 

w ell n o t ap p ly , t h i s  i s  an im portant measurement. O p tica l depth e f f e c ts  

w il l  become sep arab le  from reddening f o r  th e  f i r s t  tim e.

Sim ultaneous measurements in  th e  o p t ic a l  and x -ray  a re  c le a r ly  

going to  be necessary  w ith  such ra p id  and la rg e  v a r i a b i l i t y  invo lved . Any 

r e a l  c o r re la t io n  o f  p ro p e r tie s  w ithout such measurements i s  l i a b l e  to  be 

smeared o u t under such c o n d itio n s . The dem onstration  o f c o r re la t io n s  in  

ch ap te r  5 may th u s  in d ic a te  a l im i t  to  th e  e x te n t o f  v a r i a b i l i t y .

Given a  good x^^ray spectrum  and c a re fu l  measurements o f high 

io n is a t io n  le v e l  fo rb idden  l in e s  i t  may be p o ss ib le  to  determ ine th e  

d is ta n c e  o f  in d iv id u a l clouds from th e  c e n tr a l  io n is in g  sou rce , a f t e r  th e  

fa sh io n  o f  T a r te r  and S a lp e te r  (1969 a ,b )  fo r  g a la c t ic  x -ray  so u rces .

Fe X can be produced by a  f lu x  o f  0 .235 keV x - ra y s .  The number o f photons 

re q u ire d  to  produce a  g iven l in e  s tre n g th  can be compared w ith  th e  lum inosity  

o f  th e  c e n tra l  source a t  th i s  energy and th e  in v e rse  square law used to  

c a lc u la te  th e  sep a ra tio n  o f  th e  cloud from th e  so u rce .

The a b i l i t y  to  image S e y fe r t  g a la x ie s  a t  «5 a rcsec  r e s o lu tio n  

i s  u n lik e ly  to  be u se fu l beyond cz « 500C km s  ̂ a t  which p o in t 1 kpc » 2 

a r c s e c . N earer than cz % 1000 km s ” ^, 5 a rc se c  < 500 pc. Here th e
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fo rb id d en  l in e  reg io n  may be re so lv e d , i f  i t  em its x - ra y s . There a re  f iv e

S e y fe r ts  known w ith  cz 4  1000 km s  ̂ (NGC 1068,1566,3227,4051,4151). These

should clearly be studied with the High Resolution Instrument (HRI) on
HEAO-B. Some Seyferts seem to show disturbed structure, including jets
(a s  in  30 273 and M 8 7 ). These may g ive  r i s e  to  x -ra y  em ission which

—1could be resolved. The 16 Seyferts known with 1000 < cz < 6000 km s”
(NGC 1275, 3516, 4507 ,5548,6764,6814,7469,IC 4329A, Mkn 1 ,3 ,6 ,2 7 0 ,3 5 2 ,4 3 8 , 

Akn 79 and T0109-383) would be th e  obvious ex ten sio n  o f th e  High R eso lu tion  

Imaging programme f o r  HEAO-B. The o b je c ts  w ith  suspected  j e t s  no ted  in  

K hachikian and Weedman (1974) should a lso  be in sp e c te d . Extended x -ray  

s tru c tu r e  « 3 arcmin ac ro ss  may a lread y  have been d e te c ted  in  th e  nucleus 

o f th e  ra d io  galaxy  Cen A (D e lv a ille  e t  a l . ,  1978).
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QUASARS

To d a te  30 273 I s  th e  only  e s ta b lis h e d  x -ra y  quasar («301224+02,

2A1225+022). The d isappearance o f  3OOI38-OI from th e  4U ca ta logue  removes 

th e  p o ss ib le  x -ra y  quasar NAB0137-01 (S c h re ie r  e t  a l . ,  1975)* The source i s  

n o t seen by th e  SSI e i th e r  (White and R ic k e tts ,  1977)» White and R ic k e tts  

perform ed a  PST survey o f  65 qu asars  and produced one cand ida te  a t  >4<r : 

PKSO349- I 4  ( c a l le d  AO349- I 4 ) . I f  th e  id e n t i f i c a t io n  i s  c o r re c t  th e  quasar 

would have a  lu m in o sity  o f  2 x 1 0 ^  e rg  s ”^, very  s im ila r  to  th a t  o f  30273 

a t  « 8 X  10^^ e rg  s~ ^ . Also 30 351 i s  one o f  th e  can d id a tes  in  th e  1.6 

square degree e r ro r  box o f  2AI705+609 (L^, i f  c o r re c t ,  = 2 x 1 0 ^  erg  s ”^ ) . 

X -ray em ission from qu asars  i s  th u s  in  a  s im ila r  p o s itio n  now to  t h a t  o f  

S e y fe r t  g a la x ie s  befo re  th e  2A work re p o rte d  in  t h i s  th e s i s .

I f  th e  c o r re la t io n  o f o p t ic a l  magnitude (m^) and x -ray  f lu x  

d e n s ity  found in  ch ap te r 5-3 ( f i g .  5-2) i s  c o r re c t  and extends to  quassors 

t h i s  s ta te  o f  a f f a i r s  i s  to  be expected . The r e p lo t t in g  o f f i g .  5-2 a s  

f i g .  7 - la  shows th e  o p t ic a l  m agnitudes to  be reached  i f  th e  b r ig h te s t  

q u asars  and th e  b r ig h te s t ,h ig h  r e d s h i f t  (z  > 2 .5 ) ,quasars  a re  to  be d e te c te d . 

Even choosing th e  l e a s t  favourab le  m  ̂ v s . s lo p e  a  f a c to r  10 in c re a se  in  

x -ray  s e n s i t iv i ty  should show up many quasars a s  x -ra y  so u rces . A f u r th e r  

f a c to r  10 w il l  reach  ou t to  th e  b r ig h t  h ig h - re d s h if t  q u a sa rs . I t  i s  

p o ss ib le  from t h i s  graph th a t  th e se  z > 2 .5  o b je c ts  could be a s  b r ig h t  a s  

1/10  UHURU c t  s ” ^ . I t  i s  expected then  th a t  th e  HEAO-B g raz in g  inc idence  

o p tic s  in s tru m en ta tio n  w i l l  produce an advance f o r  quasars  exceeding th a t  

produced f o r  S e y fe r ts  by A r ie l  V. The K -co rre c tio n s  should be advantageous 

f o r  th e  low -energy (a  0 .1  -  a  3 keV) HEAO-B in stru m en ts  in  r e d s h if t in g  th e

low -energy c u t-o f f s  below th e  range o f  d e te c t io n . A source w ith  th e  saime 

lu m in o sity  and em itted  spectrum  a s  3C273 bu t a t  a  r e d s h i f t  o f  2 .5  would 

produce a  count r a t e  a s  h igh  a s  I / 3  t h a t  produced by th e  a c tu a l  3C273 in  

th e  Imaging P ro p o rtio n a l Counter on HEAO-B.
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BL LAC OBJECTS (lAGERTIDS)

There a re  now two cand ida te  x -ray  e m itte rs  amongst th e  30 o r  so 

BL Lac type o b je c ts  known (S te in ,  O 'D ell and S t r i t t m a t t e r , 1976): Mkn 421 

(«2A1102+384 ?) and Mkn 501 («  4U1651+39 ? ) .

BL Lac o b je c ts  a re  c h a ra c te r is e d  by th e i r  s tro n g , h ig h ly  v a r ia b le  

ra d io  em ission a s so c ia te d  w ith  a  s ta r l i k e  o b je c t which has a  f e a tu re le s s  

* non-thermal* o p t ic a l  continuum and i s  a lso  v a r ia b le .  S ince they  have 

no em ission o r  ab so rp tio n  fe a tu re s  i t  i s  no t norm ally p o ss ib le  to  measure 

th e  r e d s h i f t  (and hence d is ta n c e  and lum inosity ) o f  th e se  o b je c ts .  In  some 

cases  a  surrounding f a i n t  n eb u lo s ity  y ie ld s  an ab so rp tio n  r e d s h i f t ,  o r  weak, 

t r a n s ie n t ,  l i n e s  appear in  th e  o b je c t i t s e l f .  Where such a  r e d s h i f t  i s  

known (and i t  i s  known f o r  Mkn 421 cmd 501) i t  i s  ^ 0 .05  g iv in g  S e y fe r t /  

Quasar lu m in o s it ie s .  L a c e rtid s  a re  thus u su a lly  assumed to  be a c t iv e  

g a la c t ic  n u c le i o f  some s p e c ia l k in d .

I f  t h i s  i s  so then  th e  la ck  o f em ission l in e s  has to  be ex p la in ed . 

There a re  fo u r p re se n t su g g estio n s: (S te in ,  O 'D ell and S t r i t tm a t t e r ,  1976) -

(1) The l in e s  a re  too broad to  be d is tin g u ish e d  from th e  continuum.

( 2) The continuum i s  too  b r ig h t  w ith  re sp e c t to  th e  l in e s

(sm all eq u iv a le n t w idth)

( 3) There a re  in s u f f ic ie n t  uv photons to  produce enough io n is a t io n .

(4) There i s  too  l i t t l e  gas in  th e  nucleus to  produce d e te c ta b le  l i n e s .

X -ray o b se rv a tio n s  can a t ta c k  p o s s i b i l i t i e s  ( 3) and (4) d i r e c t ly .  

The l i s t  o f  S te in  O 'D ell and S t r i t tm a t t e r  (1976) shows th a t  th e  two x -ray

d e te c te d  L a c e rtid s  a re  a lso  ( a t  l e a s t  u su a lly ) th e  two b r ig h te s t .  They a re

p lo t te d  on f i g .  7-1 a  (a s  '+ ')  and agree w ith  th e  m  ̂ v s . r e l a t io n .  I f  

t h i s  i s  tru e  then  a l l  th e  rem arks about d e te c tio n  o f  quasars apply to  

L a c e r tid s , The f a i n te s t  known L a c e rtid  has m  ̂ ^  19* They may w ell a l l  

be v i s ib le  to  HEAO-B.
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A c e r ta in  id e n t i f ic a t io n  o f  s o f t  x -ra y  em ission from a  L a c e rtid  

would make (3) above a  d i f f i c u l t  p o s it io n  to  m a in ta in . Then again  

measurement o f a  la rg e  low -energy c u t - o f f ,  p a r t ic u la r ly  i f  v a r ia b le ,  

would in d ic a te  th e  presence o f  leirge amounts o f  gas in  th e  n u c leu s , and 

i f  an x -ra y  em ission l in e  were seen then  th e re  would, very  l i k e ly ,  have to  

be gas very c lo se  to  th e  continuum so u rce . The reaso n  (4) above can thus 

be t e s te d  by x -ra y  measurements. Thus x -ray  measurements could be o f  key 

im portance in  understand ing  th e se  o b je c ts .

The id e n t i f ic a t io n  o f  2A1102+384 w ith  Mkn 421 would be p a r t ic u la r ly  

in te r e s t in g  given i t s  p rev ious h is to ry  (R ic k e tts  e t  a l . ,  1976 ; ch ap te r 6 -4 , 

f i g .  6-9) . S ince i t  was a  t r a n s ie n t  source i t  i s  no t obvious th a t  i t  i s  

c o r re c t  to  assume th a t  th e  b r ig h te s t  o r  even th e  on ly  source now found in  

i t s  e r ro r  box i s  th e  same so u rce . Low le v e l  em ission  was seen from 

2A1102+384 some months a f t e r  i t s  o u tb u rs t so a  2 UHURU c t  s ”  ̂ s teady  source 

may be always p re se n t.
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HEXELGS

Confirm ing, ex tend ing  and d e fin in g  t h i s  p robable new c la s s  o f 

x -ra y  a c tiv e  galaxy a re  necessary  f i r s t  s te p s  which m ainly re q u ire  improved 

s e n s i t i v i t y .  To be su re  o f  id e n t i f ic a t io n s  w i l l  then  a lso  re q u ire  improved 

s p a t i a l  r e s o lu t io n .  HEAO-B, once ag a in , i s  th e  m ission most s u ite d  to  t h i s  

ta s k .  ^Spectra auid v a r i a b i l i t y  o f th e  known x -ra y  h ex elg s, fo llow ing  t h a t  

undertaken f o r  S e y fe r ts  can be perform ed by th e  UK-6 and EXOSAT m iss io n s .

HEAO-B, n o t being a sky survey in stru m en t, w il l  need to  work from 

an o p t ic a l ly  produced l i s t  o f h igh  e x c ita t io n  em ission l in e  g a la x ie s . The 

Cerro T ololo o b je c tiv e  prism  surveys (Sm ith, 1975) may y ie ld  such a  l i s t  

when th e  o b je c ts ' o p t ic a l  s p e c tra  a re  examined in  d e t a i l .  The h ig h e s t 

r e s o lu t io n  o f HEAO-B may w ell be more u se fu l f o r  hexelgs than  f o r  S e y f e r t s . 

Because they  a re  n e a re r  than  S e y fe r ts  f in e r  s c a le  s tru c tu re  can be examined. 

T h e ir n u c le i o f te n  co n ta in  s e v e ra l kno ts  o f em ission f o r  in s ta n c e , and i t  

i s  n o t c le a r  which o f th e se  i s  producing th e  x - ra y s .
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SUMMARY

These f a i r l y  b r ie f  n o tes  show th a t  th e  p o te n t ia l  o f  x -ra y  

astronomy to  c o n tr ib u te  to  S e y fe r t  and g en era l A ctive  Galaxy re se a rc h  

can a lread y  be seen to  be immense. I t  i s  good to  know th a t  th e  work 

done f o r  t h i s  th e s is  has made a  f i r s t  c o n tr ib u tio n  to  t h i s  f i e l d ,  so 

c le a r ly  a  su b je c t ju s t  begun.
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Summary. The 2 A catalogue is the result of 10000 orbits of observation by 
the Leicester University Sky Survey Instrument on the Ariel V  satellite and 
it contains 105 X-ray sources with |6  | > 10°. The procedures and criteria 
used in establishing these sources and measuring their intensities and positions 
are described. As a consequence of the comparatively small error boxes 
(0.1 to 0.5 square degree) and the sensitivity limit of the survey (90 per cent 
of the sky to better than 1.2 Ariel count/s « 3.2 Uhuru count/s), new optical 
identifications are suggested.

1 Introduction

The Leicester Sky Survey Instrument (SSI) on Ariel V  started observations of X-ray sources 
in 1974 October. Its principal aims were (i) to carry out a new and more complete sky 
survey in the 2 -1 8  keV range (the 3U survey by Giacconi et al. 1974 was essentially 
complete over the whole sky only down to ~ 10 Uhuru count/s, with decreasing coverage 
down to - 2  Uhuru count/s), (ii) to take a detailed study of source variability, and (iii) 
to improve the positional accuracy of less well-defined 3U sources and aid their identifica
tion. As many of the sources seen by the SSI near the galactic plane have already been 
described (Villa et al. 1976; Seward et al. 1976a, b), this catalogue has been restricted to 
16 1 > 10° in order to concentrate on X-ray sources which are potentially extragalactic. 
The data presented are the result of approximately two years of surveying, producing a sky 
coverage to a depth of approximately 1.2 Ariel count/s ( « 3 .2  Uhuru count/s) and a 
catalogue containing 105 sources.

* On leave from: Istituto di Fisica DellTJniversita, Milano, Italy.
t  Present address: Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA.
$ On leave from : Laboratorio de Fisica Cosmica e Tecnologje Relative, CNR, Milano, Italy.
§ On leave from : Lawrence Livermore Laboratory, Livermore, California, USA.
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Figure 1. Part o f a 51-orbit superimposed data set showing the Coma Cluster, 2 A 1257 + 283, a source 
with improved position 2 A 1346+  266 (was 3U 1349 + 24), identified now with A1795 and two new 
Ariel sources 2 A 1415+  255 (identified w ith a Seyfert Galaxy N G C5548) and 2 A 1219 + 305. The best- 
fitting background and the sky exposure tim e (centre o f collimator) are also shown.

2 Description of the instrument

À detailed description of the SSI has been published previously (Villa et al. 1976). Briefly 
it consists of a set of proportional counters viewing from the side of the spin-stabilized 
spacecraft and having a ‘fan beam’ field of view set by mechanical collimators. The field of 
view is 0°.75 x 12°.0 (FWHM) with the long axis inclined at 65° to the spin plane. As the 
satellite spins, the SSI therefore sweeps over a great circle of the sky, viewing a strip some 
10° wide. Most of the survey data were taken in a mode where a 360° strip of sky, divided 
in 1024 spatial elements or sectors, is integrated for one orbit. No spectral resolution is used 
in this mode so that the data apply to the whole spectral range 2—18 keV. The sensitivity 
is such that in one orbit a source. ~ 5 Ariel count/s at 100 per cent collimator transmission 
is Visible at the 3a level above a background of diffuse X-rays and cosmic rays. Typically 
Ariel V  holds a given spin-axis position for several days, correcting the attitude drift as 
necessary, so that we are able to superimpose data from many orbits and improve the 
sensitivity. Fig. 1 shows part of an observation with the SSI at high galactic latitude, where 
51 orbits have been superimposed. In general, observations of sources which are more than 
6 ° from the centre of the collimator have not been used to estimate source positions, 
intensities or upper limits on intensities.

3 Data analysis
Sets of superimposed orbit data are scanned automatically, and the first task is to fit an 
acceptable background. The background level is only a slowly varying function of position 
since (a) the high-energy particle flux is spread evenly in all sectors by the axial rotation of 
the spacecraft, (b) the diffuse cosmic X-ray flux is apparently isotropic, and exposure time 
varies slowly with position, (c) fluorescent X-rays from the upper atmosphere of the Earth, 
which are detectable during solar outbursts, are spread over many sectors by the orbital 
motion of the spacecraft. The chance of background fluctuations giving rise to a significant 
peak with a shape like that of a source is very small, so that the probability of an inter-
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section of three such lines is negligible. With the background subtracted, the data are
searched for any peaks which, when fitted by the equivalent of a point-source response,
exceed the local background by 2.5a. The file of positions and heights is then matched
against a catalogue of known sources, mainly 3U and MX (Markert et al. 1975), and peaks 
inconsistent with a position within the quoted error box are listed as new sources. 
Eventually all the ‘matched’ and ‘new’ peaks are plotted on an all-sky map as boxes (called 
‘lines of position’ hereafter) of length 24° and angular width as defined in Section 5. Using 
this map, potential new sources are picked out by eye by searching for plausible inter
sections of at least three lines of position. Revised positions for sources already catalogued 
are determined in the same way, except that a minimum of five detections of 2 .5a or greater 
was required for any source which did not satisfy the three times 3 a criterion (see 
Section 5).

Before assigning a source to the 2A catalogue, the data from which each line of position 
was derived were checked for reasonableness of background fitting and peak shape, and the 
possibility that the peak was due to a distant sighting of a very strong galactic source, e.g. 
Sco X-1 or the Sun, was investigated. Supporting positional data of less statistical 
significance were also searched for.

4 Sky coverage

The concentration of the Ariel V  spin-axis pointing directions in the galactic plane (in
fluenced by the other, on-axis experiments) has produced a non-uniform sky coverage 
with highest density near the galactic poles. However, we have attempted to achieve, for all 
points in the sky, at least three data sets which are capable of yielding a 3 a  signal from 
sources of intensity 1 Ariel count/s. Following the criterion of requiring three intersecting 3 a 
lines of position, the minimum source intensity detectable in a region of sky is that capable 
of producing a 3 a  peak in the data set which is the third most sensitive for that region. 
Contours of this parameter on an azimuthal equal-area projection are shown in Fig. 2(a) and 
(b). The fraction of sky covered as a function of source intensity is shown in Fig. 3 (solid 
line). This method produces a small underestimate of the sky coverage which is discussed in 
Section 9.

5 Determination of source position

During the production of this catalogue, it became obvious that a number of 3U and MX 
sources were not detected by the SSI and therefore that at least some high-latitude X-ray 
sources are variable, but on unknown timescales. Criteria for source existence based on a 
consistent intensity could therefore be misleading and the 2A criteria are based on signifi
cance alone, namely that a source must have produced at least three sightings of 3 a  or 
greater. In some cases, when the Ariel V  pointing experiments have returned several times 
to a particular source, the three sightings could produce lines of position at very similar 
position angles. In such cases additional observations were arranged to produce a new line 
of position as nearly orthogonal as possible.

To produce a positional error box for a source, the line-of-position data were combined 
using a probability contouring program to give the 90 per cent iso-probability contour and 
the point o f maximum probability density (see for example Davison 1973). The latter is 
the quoted source position (Table 1, column 4) and has been used for computation of the 
source intensity. To facilitate replotting a source error box (e.g. on star charts), the 90 per 
cent contours were fitted by ellipses and the comers of the circumscribing rectangle (in 
azimuthal equal-area projection) having sides parallel to the ellipse axes are quoted in 
Table 1, column 5.
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Figure 2. (a and b) Sky coverage maps showing minimum detectable (3 a) intensity for source discovery
at each point in the sky. Intensity contours are: < 0 .7  Ariel count/s = Black; 0.9 Ariel count/s = --------;
1.2 Ariel count/s = --------; 1.4 Ariel count/s = ........... The maps are equal-area azimuthal projections in /,
b with grid lines at intervals o f 20° with additional lines at 6 = ± 10°. Fig. 2(a) has its centre at (0°, 0°) 
and (b) at (180°, 0°). The ‘confused regions’ described in Section 9 and Table 3 are enclosed with heavy 
lines.



The Ariel V (SSI) catalogue 493

100

LO
V

CL

0 2 0 6  10 14

Intensity,  S (Ariel 2  c t  s "^ )

Figure 3. Percentage of the high-latitude sky (|Z> I >  10°) covered to  a minimum detectable (3a) intensity 
< S Ariel count/s for source discovery, according to  the criteria o f  (a) the m inim um  detectable intensity 
on the third m ost sensitive data set (solid line), and (b) the minimum detectable intensity for which the 
probable num ber of sightings, taking account o f all useful data sets, is ju st three (dashed line).

Each input line of position to the contouring program was a one-dimensional Gaussian 
distribution, perpendicular to the major axis of the line of position, o f standard deviation 
a given by

â  = (FWHM)2/3a^ ^

where Od = Sf^/N , the signal-to-root-background counts of the peak detected in the data 
set, and A  is an angle (=0°.07) which represents a positional error arising from systematic 
errors in the spacecraft attitude and the mechanical alignment of the SSI, and is estimated 
by contouring sources with very precise positions (e.g. Cyg X-1, Crab Nebula). The accuracy 
of this distribution width was tested by using the routine analysis procedures on simulated 
randomized data. A comparison o f the u from the distribution of peak positions found in the 
simulation, with that calculated from the above formula with the simulated signal-to-noise 
ratio, shows that the formula is appropriate for Od > 3. For a relatively intense high-latitude 
X-ray source such as 2A 0316+413 (Perseus Cluster/NGC 1275), for which we have a large 
number of source detections, the resulting contour is essentially a test of the positional 
accuracy possible with the SSI. The contour, Fig. 4, is approximately circular of width 
~ 0° . l  and agrees well with the error box for 3U 0316+41 and the actual position of 
NGC 1275.

As this is a catalogue of X-ray sources detected by the SSI, all the objects in Table 1 have 
a 2A name (the prefix 2 distinguishing sources from those previously reported from any of 
the Ariel V experiments which have a variety of detection and location criteria). To reflect 
the general improvement in source positions obtained with the SSI, the lAU notation has 
been adopted with an additional digit in the declination part of the source name. The 
distribution of error box sizes in the 2A and 3U catalogues is shown in Fig. 5. In the Uhuru 
catalogue the second peak and the largest error boxes presumably result from observations 
with the side 2 detector (5° x 5° collimator). Because of the size of some of the 3U error 
boxes it is difficult to know whether or not a nearby 2A source should be associated with it. 
Tentative associations are flagged with a question mark. Comparing the 2A and MX data,
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Notes on Table 1:
Column \ , ARIEL NAME: A 2A  designation implies a source from this catalogue. This name 

supersedes all previous designations. The name is truncated to minutes of RA and the 
first decimal place in declination.

Column 2 ,STATUS: NEW = New source
IMP = Source with improved position 

CON = Confirmed source
PST = Source established by Point Summation Technique only (see 

Section 8),
Column 3, OTHER NAMES: Designation in other catalogues if considered to be counter

part of 2A source (see Section 5). Any common name also given here.
Column 4, POSITION: Position of maximum probability in degrees of RA, dec (1950) and 

/, b rounded to two decimal places.
Column 5, ERROR BOX: RA and dec (1950) of the comers of a rectangle enclosing the 

90 per cent confidence ellipse (see Section 5).
Column 6, AREA: Area of the 90 per cent confidence ellipse in square degrees.
Column 7, INTENSITY AND VARIABILITY CODE: The intensity values and the 

variability codes are assigned as follows:

Variability Code Intensity Quotation
S = Steady source Weighted mean of all observations of intensity ± la  error.
I = Irregular source Weighted mean of all observations of intensity ± la  error;

maximum intensity ± la  error; minimum intensity ± la  error 
(maximum and minimum intensity defined as observations 
most significantly above and below the mean).

P = Periodic source Typical maximum intensity ± la  error; typical minimum
intensity ± la  error.

F = Flaring source Weighted mean of all steady observations ± la  error; maximum
flare point ± l a  error; other relevant data, e.g. time scale, in 
Column 10.

T = Transient source PST upper limit (3 a plus ‘measured’ intensity) for non
detections; maximum intensity ± la  error; other relevant 
data in Column 10.

All intensities are given m Ariel count/s (see Section 6 ).

Column 9, IDENT: Suggested identifications obtained as described in Section 10 and 
previous identifications as referenced. The star identification code expresses confi
dence in the identification as follows:
**** = Almost certain: the object is inside a small (<0.1 square degree) X-ray error 

box. There is substantial supporting evidence from other X-ray, optical, etc. 
observations.

*** = Very likely: as above but with weaker supporting evidence.
** = Probable: the object is just outside a small X-ray error box or inside a larger 

one and has supporting evidence.
* = Possible: positional coincidence only.

Column 10, OTHER INFORMATION: Other relevant data on the X-ray source, including 
references to previous identification, supporting evidence in other wavebands, time- 
scales for periodic or transient sources, etc. For PST sources the probability P of the 
source arising by chance in the total sky area surveyed is given by RPROB = P (see 
Section 8 ).

1 7 * *
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2A0316 413

oif)O)

4 1 2 5

49-25 49-00
RA(1950)

Figure 4 . S SI error contours for 2A 0316 + 413 which contains NGC 1275. The isoprobability contours 
are a t 68 (A), 90 (B) and 99.8 per cent (C). D is the quoted box for 3U 0316 + 41 and the four stars are 
the comers o f the rectangle circumscribing the best-fitting ellipse to B. The solid circle is the position of 
NGC 1275.

we find two cases (MX 0600+ 46 and MX 1514 + 06) where a single MX source has been 
resolved into two separate 2 A sources.

6 Determination of source intensities

We have summarized the intensity behaviour of a source in the 2A catalogue by a variability 
code and by intensities depending on that code. Light curves of sources of specific interest 
have been, or will be, published separately (e.g. for NGC 4151, Elvis 1976; and for 
NGC 5128, Lawrence et al., 1977).

To obtain the variability code, the observed intensity values for a source (i.e. j/Z observa
tions of intensity with the source within 6 ° of the centre of the collimator) were first tested

40

30

20

2 A CATALOGUE

3U CATALOGUE

-05 -1 -5

ERROR BOX AREA , SQ . DECS.

20

Figure 5. Frequency distributions of error box areas for the 2A catalogue (non-PST error boxes only) 
and the 3U catalogue.
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Figure 6. The SSI detector efficiency. Curve (a) shows the intrinsic efficiency while (b) includes the 
effects o f detector energy resolution and pulse-height windows. The energy ranges o f  the two detector 
units o f the SSI are indicated.

for consistency with a constant source intensity. This hypothesis was rejected if the formal 
probability associated with the value was less than 1 per cent. If non-constant, the light 
curve was examined and assigned a variability code and appropriate intensities. The notes to 
Table 1 explain how the intensities and their errors were derived. For few of the sources 
assigned the variability code T’ was the probability very much less than 1 per cent. 
Therefore the maximum and minimum intensity values quoted for these sources are not 
dramatically different from the average value.

Conversion of Ariel counts into an X-ray luminosity, or into other units, requires 
knowledge of the source spectrum, which has been measured in only a few cases. The con
version factor obtained from measurements of the Crab spectrum from Toor & Seward 
(1974) is 5.1 X 10“^̂  erg cm"^ s“  ̂(2—10 keV) per Ariel count/s. Varying the photon 
number index from 1 to 3 varies this value by a factor from 0.94 to 1.03. For a thermal 
spectrum with temperature varying between 2 and 16 keV, the factor is between 0.98 and 
1.02. The general conversion factors for comparison with previous catalogues are

1 Ariel count/s % 2.7 Uhuru count/s ( 2 - 6  keV)
« 0.2 OSO-7count/s ( 3 - 1 0  keV).

To aid intensity comparisons of heavily cut-off sources, the SSI efficiency against energy is 
given in Fig. 6 .

7 Angular sizes of sources

The main limitation on angular size measurements is that the collimator width, projected 
along the direction of the scan, is about 50 arcmin. Drifts in attitude during the period of 
data collection (one orbit), and the redistribution of counts needed to compensate for larger 
drifts in the analysis of sums of orbits, together broaden the effective response by about one 
sector (21  arcmin), so that a point source produces significant counts in five or six sectors. 
Provided that the signal-to-noise ratio is large enough, it is possible to get estimates, or at 
least upper limits, of source angular diameters by least-squares fits of suitably broadened 
collimator functions to the observed data. Since most sources are very much less than 1°
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across, we do not expect to be able to improve on current estimates (Kellogg & Murray 
1974) in these cases, although little effort has been applied to this problem so far.

8  Point-Summation Technique (PST)

In addition to source detection by the intersection of 3 a lines of position (see Section 3), 
we have searched for X-ray emission from selected astronomical objects by a Point- 
Summation Technique (PST) applied to the total data. A similar technique was used on the 
Uhuru data to provide upper limits for some active galaxies and globular clusters (Ulmer & 
Murray 1976; Ulmer et al. 1976). Given the position of the object, all suitable scan data 
are summed by using the position as a datum and ignoring the direction of the scan path. 
Data are excluded if affected by nearby catalogued X-ray sources or other forms of inter
ference.

The summation is repeated for a 4° x 4° grid of points around the object, and each time 
the collimator response function is fitted to give the signal-to-noise ratio (SNR). The criteria 
for the existence of a PST source are that near the object the SNR be above an adequate 
threshold and that the contours of SNR be consistent with a point source, since any excess 
in the superimposed data must be of the shape of the collimator response.

In order to determine the required threshold, the PST procedure was applied to over 200 
positions, of which 70 per cent were chosen randomly over the sky and the remainder were 
in three areas of - 4 0  square degree each (not necessarily remote from known sources). 
Examination of the correlation of SNR’s of pairs of points in the same grid as a function of 
spacing showed that, for points 1° apart, the correlation observed could occur by chance 
with a probability of 0.8 per cent, while for points 1°.25 apart the probability was 7.8 per 
cent. Thus the maximum density of essentially independent samples is - 1  per square degree. 
The area of sky searched with the technique, including objects of various classes and 3U 
X-ray source error boxes, totalled -  850 square degrees. The distribution of the SNR’s 
at the -  200 positions was found to have a standard deviation of 1.14 and a mean value of 
0 3 3 , the difference from zero being accountable by the method of fitting the background 
to the data. From the distribution, the SNR values for each PST source have been used to 
calculate the probability o f chance occurrence in the area searched. A threshold value for 
SNR of 4.6 has been used, which in the area sampled should only be exceeded by chance 
with a probability of 0.1. For most of the PST sources the actual chance probability was 
much lower than this, the values being given in Table 1, column 10. The positional error box 
quoted for PST sources is a quadrilateral (in azimuthal equal-area projection) which just 
encloses the contour (SNRp^—1); simulations show that this contour is a reasonable approxi
mation to the 90 per cent confidence region for the source location. The quoted source 
position is that of SNRpj^ and the intensity is that found at this point.

Lists of objects which have been examined have yielded mostly upper limits in the range 
0.15—0.5 count/s. These are given in Table 2. Some objects, notably some Seyfert 
galaxies, have given data satisfying the above source-detection criteria and these sources are 
included in the catalogue and flagged ‘PST’ in column 2 of Table 1. In addition there are 
some sources which, although not eventually satisfying the catalogue criteria described in 
Section 3, nevertheless had sufficient supporting data at lower significance to be made secure 
on the basis of the PST. These are also flagged PST in column 2. Since only a small amount 
o f  sky has been examined by the PST, these sources should not be used in any statistical 
analysis o f  source occurrence.

No upper limits are included in the catalogue unless they relate to a previously catalogued 
source for which we did not obtain data satisfying the catalogue criteria in Section 3. (In
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Table 2. SSI upper lim its on unconfirm ed 3U, MX and o ther sources obtained by P oint Sum m ation 
Technique (PST).

Source SSI* R eportedf In tensity ! Source SSI* R eported ! Inten
upper
lim it

intensity error upper
lim it

intensity error

3U 0001 -  31 0.63 1.19 0.15 3U 0 9 1 7 - 6 3 0.50 1.48 0.19
0 0 1 2 - 0 5 0.43 1.81 0.74 1 1 6 9 +  59 0.56 0.89 0.15
0 032+  24 0.74 2.52 0.52 1144 -  74 0.32 1.59 0.30
0055 -  79 0.60 0.81 0.22 1 2 3 1 +  07 1.20$ 2.48 0.52
0 1 3 8 - 0 1 0.34 2.30 0.63 1237 -  07 1.07 0.48 0.15
0151+  36 0.73 0.89 0.15 1439 -  39 0.42 1.22 0.15
0302 - 4 7 0.28 1.22 0.30 1443 + 43 0.36 1.11 0-26
0400 -  59 0.35 1.41 0.22 1645 + 21 0.82 2.26 0.67
0431 -  10 0.80 1.11 0.11 1736 + 43 1.40 4.00 0.89
0440 + 06 1.19 2.07 0.33 1 8 4 9 -  77 0.45 1.11 0.19
0449 + 66 0.73 3.00 0.85 1904 + 67 0.45 1.85 0.37
0530 -  37 0.90 0.93 0.11 1956 + 65 0.45 1.74 0.15
0545 -  32 0.75 1.19 0.15 1959 -  69 0.38 1.04 0.15
0705 -  55 0.60 1.19 0.15 2041 + 75 0.45 1.26 0.26
0750 - 4 9 0.30 3.48 0.85 2 1 2 8 +  81 0.55 0.56 0.11
0804 -  53 1.40$ 1.33 0.19 234,6 + 26 

A 2255§
0.63
0.42

2.59
0.59

0.44
0.20

Notes:

* Measured intensity plus 3 a error in Ariel coun t/s (present w ork).
t  Reported intensity and l a  error corrected to  Ariel count/s according to  conversions given in  Section 6. 
$ Upper lim it from  m ost sensitive data set only.
§ From Cooke & Maccagni 1976.

fact none of the sources in Table 2 produced even 3 x 2.5a lines of position.) In this case 
the upper limits given in Table 2 have been obtained by surveying the whole quoted error 
box with the PST and quoting an upper limit derived from the peak intensity found. Some 
3U and MX sources not detected in the main (lines of position) survey were located by this 
means and are included in Table 1. In each case we have assumed the source to be steady.

Subsequent papers will be concerned with clusters of galaxies (Ricketts et a l, in 
preparation), Seyfert galaxies (Elvis et al 1978) and QSO’s (White & Ricketts 1977b) 
investigated with the PST.

9 Completeness of the Sky Survey, and source confusion

In addition to the three most sensitive data sets which cross a point in the sky, there may be 
additional data sets which are almost as sensitive with respect to source detection. Because 
of counting statistics (and possibly because of source variability, should it exist), there is a 
certain probability that a source with an intensity below that calculated for a 3 a detection 
on the third most sensitive data set will be detected on that set, or even on less sensitive 
ones. This probability increases with the number and sensitivity of these additional data 
sets.

The result is that the fractional sky coverage at any intensity will always be under
estimated. We have investigated, at most of the non-PST source positions in the catalogue, 
the relation between the minimum source intensity ( /)  which would yield a 3 a  peak on the 
third most sensitive data set, and the intensity ( / )  for which the probable number of
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1000

Number -  Intensity distribution of 2A catalogue sources.

100

slope -1 5

01 10010 1000

Figure 7. L og# /log  S plot for 2A catalogue sources. Number of sources Æ ( |6 | > 10°) of intensity >S, 
is plotted against intensity S. N  is corrected for sky coverage. Known galactic sources, PST sources and 
sources in confused regions have been excluded, together with the transient 2A 0042+  323. 
2A 1322 -  427 (NGC 5128) has been included at its ‘average’ intensity. A straight line of slope -1 .5  is 
shown for comparison.

detections is just 3, taking into account all useful data sets. We find that the relation may be 
represented by 7 = / '  + (0.1 ±0.05) Ariel count/s. Hence at a typical point in the sky the 
coverage is to a strength ~ 0.1 Ariel count/s below that estimated from the third most 
sensitive data set. The effect on the sky coverage as a function of source intensity is shown 
in Fig. 3.

We have used the 2A sources (excluding PST established sources, sources in confused 
regions, known galactic sources, and the transient source 2A 0042 + 323) and sky coverage 
(corrected as above and in Section 4) to produce the integral source number/intensity 
(log Njlog B) distribution shown in Fig. 7 (where Æ is referred to the area of sky | 6 |>  10°). 
For comparison with the measured distribution, Fig. 7 also shows a line of slope -  1.5. To 
examine the latitude distribution of sources we have repeated the above procedure for 
|b I > 10° in five equal-area latitude bands in each hemisphere, thus obtaining N (S  > 0.8 
Ariel count/s) for each band. These numbers were then tested for consistency with there 
being an equal number of sources in each band. The resulting value was 4 3  with 9 degrees 
of freedom, and was therefore quite consistent with an isotropic latitude distribution of 
sources. A more detailed analysis of the log JV/log S  and spatial distributions is in prepara
tion (Warwick & Pye 1978).

Other effects can produce spurious X-ray sources. These are (a) conjunctions of spurious 
3 a lines of position occurring because of random fluctuations in the data stream, and (b) 
sources arising by fluctuations in X-ray sky brightness, i.e. chance groupings of weak sources 
(probably not far below the Survey limit) which, together, have the intensity of a stronger 
source. We have estimated the importance of these effects as follows:

( 1) The 2A catalogue is compiled from some 10000 orbits contained in about 350 data 
sets, and with our collimator FWHM we expect -0 .5  peaks at 3 a per data set due to
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counting statistics (analysis of a sky area of -  0.9 Sr actually produced 11 unmatched lines 
of position, with SNR > 3 , arising from the equivalent of nine data sets across the area). 
This leads to à probability of ~ 10'® of a single point crossing of three lines of position being 
generated from such random peaks.

(2) The source-confusion problem is the converse of the problem concerning the extent 
to which the diffuse X-ray background results from the combined contribution of discrete 
X-ray sources. This can be investigated by studying the point-to-point fluctuations in 
counting rate in X-ray detectors in which the X-ray background dominates over the particle 
background (e.g, Fabian 1975). The background due to sources may be considered as noise 
with a standard deviation which is a function of the effective instrumental beamshape of 
the X-ray detector. Then, as long as we take the minimum source strength in the catalogue 
as > 3 Ug, we can be sure that there is a suitably small chance that any source is merely a 
giant fluctuation (Cavalière & Setti 1976). We have calculated Og from the integral

S^dN(S),

where dJV(S) is the average number of sources in the range 5  to 5  + dS, and R  is the ratio 
between the solid angle of our detector collimator and the total solid angle of sky outside 
\b \ = 10°. We have truncated the integral at S^ -  3.33 Ariel count/s (=10 Uhuru count/s), 
the limit to which the Uhuru catalogue was essentially complete for the whole sky. As a 
source distribution we have used

N(>S) = 33S-^-\

where S  is an Ariel count/s andN{> S) refers to sources outside | 6 | = 10°. This distribution 
is consistent with our log -  log «S' plot (Fig. 7), and with the distribution suggested as an 
upper limit by analysis of fluctuations in the X-ray diffuse background (Fabian 1975). The 
calculation yields a limiting strength for the 2A catalogue of S - 0.63 Ariel count/s above 
which we have ~ 60 ‘beam-areas’ per source.

We are confident, however, in adding to the catalogue sources which are less intense than 
this limit, since the approach above makes no allowance for the discrimination against 
confusion which must result from the requirement that a source is established by three 
independent lines of position with significantly different position angles on the sky. The 
overlapping area of three typical lines of position is only a small fraction (0.07) of the area 
of an individual line so that the three lines are almost independent samples of sky brightness.

The SSI collimator isolates an element of the sky and integrates the X-ray sources (plus 
diffuse emission) in that element, via the collimator transmission function. We have simu
lated this build-up of X-ray sky brightness in the SSI by randomly filling such an element 
with sources from the distribution above. We find that the probability of the element 
displaying a strength greater than 1 Ariel count/s above the average element brightness is 
only 8.4 x 1 0 "^. From the arguments above, the probability of three typical lines of position 
producing a spurious source, due to confusion, is approximately the cube of this.

Because of the large number of scans at different position angles included by the PST, 
the effective beam area will tend to the common overlap area. This is confirmed by the low 
correlation between points ~ 1° apart (see Section 8 ), and justifies the higher sensitivity of 
this technique.

A remaining confusion problem arises when trying to separate a close group of sources 
with intensities greater than the survey limit. We recognise several such ‘confused regions’, 
and their approximate boundaries are given in Table 3 and marked on the sky-coverage map.
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Table 3 , Coordinates defining approxim ately the areas of sky containing further possible sources and 
called ‘confused regions’ (see Section 9).

(RA, dec,, deg., 1950.0 a n d / b, deg.)

Region RA / RA / RA / RA I Sources contained
dec b dec b dec b dec b

1 280 90 320 107 300 118 250 96 2A 1705 + 786 2A 1854 + 683
60 25 70 14 85 26 65 38 3U 1825 + 81 3U 1904 + 67

3U 1956 + 65 3U 2041 + 75
3U 2128 + 81

2 300 6 315 34 340 49 330 10 2A 2 1 5 1 -3 1 6
- 3 5 - 2 9 - 1 5 - 3 6 - 1 5 - 5 8 - 3 5 - 5 3

3 140 149 140 138 200 120 200 118 2A 0954 + 700
65 40 75 36 75 42 65 52 2A 1151 + 720

4 15 204 358 32 358 73 13 128 2A 0101 -  242
- 2 7 - 8 8 - 2 7 - 7 7 - 1 5 - 7 2 - 2 0 - 8 3

5 333 317 340 320 82 272 98 274 3U 0055 -  79 A 0 5 0 1 - 6 6 *
- 7 3 - 4 0 - 6 7 - 4 6 - 6 3 - 3 3 - 6 4 - 2 6 3U 0521 - 7 2 MX 0 5 2 8 - 6 8 *

3U 0 5 3 2 - 6 6  
3U 0 5 4 0 - 6 9

3U 0 5 3 9 - 6 4

* See Griffiths & Seward (1977).

We are at present obtaining additional data for these regions and their analysis will be 
included in a subsequent paper. Meanwhile the presence of undetermined sources in these 
confused regions can produce some spuriously high points in the light curves of known 
sources in or near the regions. Those sources which would have been assigned any other 
variability code than S{~ steady) have been given no code but have an average intensity 
calculated as for a steady source.

10 Source identification

Historically the identification of cosmic X-ray sources has been an iterative procedure guided 
by a knowledge of the classes of objects already associated with X-ray sources. New associa
tions must have a suitably low probability of occurring by chance and be consistent with a 
reasonable X-ray luminosity from the object. The Ariel V  SSI 90 per cent error boxes are 
typically of area 0.1 to 0.5 square degree, and usually the ratio between the axes is less than 
3. The potential for associating a source with some astronomical object is thus much higher 
than for many of the weak 3U sources, for which the boxes were large.

Since this catalogue of X-ray sources at high galactic latitudes is consistent with an iso
tropic spatial distribution (see Section 9), we anticipate identifications either with extra- 
galactic objects or with galactic objects which are either nearby or far out in the galactic 
halo. AU new identifications proposed in the catalogue (Table 1, column 9) are with extra- 
galactic objects such as clusters (CLUSTER) and groups (GROUP) of galaxies and active 
galaxies. To obtain these identifications we have examined many of the error boxes and 
their close surroundings for coincidences with optical and radio objects from the catalogues 
listed in Table 4. In addition, we searched the corresponding areas on prints from the
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Table 4 . Catalogues and lists o f interesting objects 
searched for possible coincidences w ith 2A error 
boxes.

Abell 1958
D ixon’s Master list o f Radio Sources (RA 40 version)
Finlay & Jones 1973 
Klemola 1969 
M arkarian 1972 
M arkarian 1973 
Sersic 1974 
Sulentic & T ifft 1973 
Vidal 1975

Palomar Observatory Sky Survey and its southern extension, the ESQ ‘Quick-Blue’ Survey 
and the UK Schmidt Ilia J-plate Survey. Since the probability of finding a faint radio source 
in a 2 A error box is quite high, we have not considered these to be plausible identifications 
unless there is supporting evidence.

The scarcity of identifications of X-ray sources with high-latitude galactic objects may be 
partly due to a current lack of knowledge (or even relative absence) of faint halo sources 
or of nearby sources of low luminosity. However, we can be confident that none of the 
unidentified 2A sources are associated with luminous galactic sources similar to Her X-1 
or CenX-3 (£x ~ 10^^ erg/s), since the low intensities observed (< 5 SSI count/s) give 
extreme scale-heights above the galactic plane at the implied distances of 10—20 kpc. A 
number of objects, at high latitudes, have been detected in the soft X-ray region 
{E < 0.28 keV) and associated with normal stars (Mewe et al. 1975; Schnopper et al. 1976), 
flare stars (Heise et al. 1975), a hot white dwarf (Hearn et al. 1976) and U Geminorum 
systems (Rappaport et al. 1974;Hearn, Richardson & Clark 1976). However, for only one 
system, AM Her, which may be in the last class, is the source visible in the energy range of 
the SSI. We have searched for coincidences of 2A sources against lists of U Gem objects and 
of globular clusters without further success, but have not attempted to identify new 2 A 
sources with any other type of stellar object. The earlier identifications of the b rie fe r  
high-latitude X-ray sources with galactic objects were accomplished mainly by simultaneous 
observations of variability and, in particular, of periodicity (e.g. Her X-1). Such observations 
with X-ray telescopes of higher sensitivity in the future should assist in confirming or reject
ing suggested associations of faint sources with galactic objects.

11 High-latitude transient sources

As well as very bright X-ray transients in the galactic plane (e.g. Elvis et al. 1975b), the SSI 
has also detected a number of faint transients at h i ^  galactic latitudes. Some of these have 
been described elsewhere (Ricketts, Cooke & Pounds 1976; Cooke 1976) and have a wide 
range of characteristic timescales. No firm definition has yet been reached on what is to be 
called a ‘transient’ and what a ‘sporadically variable X-ray source’. Single sightings of 
transients, yielding only one (but highly significant) line of position, have not been included 
in the catalogue.
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SEYFERT GALAXIES AS X-RAY SOURCES.

ABSTRACT

Using data from the Leicester University Ariel V Sky Survey 
Instrument (SSl) the work reported in this thesis establishes that 
Seyfert galaxies form a class of extragalactic x-ray source.

The properties of Seyfert galaxies are reviewed and it is 
shown how standard arguments lead to a model of the structure of 
Seyfert galaxy nuclei containing three regions characterised by three 
types of emission: forbidden line, permitted line and'non-thermal’ 
continuum. Radio, infrared and optical parameters believed to 
derive from these three regions are then compared with x-ray flux 
densities from the SSI in an attempt to locate the source of x-ray 
emission. It is found that x-ray flux density correlates only with 
parameters describing the permitted line and continuum regions.
Standard arguments presented earlier show that these regions are very 
small («0,01 - Ipc diameter). Observable x-ray variability is thus 
possible and is indeed seen. The variability of x-ray emission from 
x-ray active galaxies is described using, in the main, SSI observations. 
Some suggestive similarities in their light curves are noted.

An x-ray luminosity function for Seyfert galaxies is 
constructed by two methods whose results agree well. Using this 
luminosity function the Seyfert galaxies are found to contribute 
« 6^ to the diffuse x-ray background, without evolution. They can 
account for the entire background if only moderate evolution is 
allowed.

Finally, recent developments in the field are noted: the 
discovery of more Seyfert galaxies as x-ray sources, variability, 
and some first x-ray spectra are reviewed. An extension to the 
class of "x-ray active galaxies' in the form of high excitation 
emission line galaxies fs reported. The great possibilities for 
future research in tÜe areà of x-ray active galaxies provided by 
new x-ray observatories in flight or under construction are explored 
briefly. It is clear that this is a subject just begun.


