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ABSTRACT. Three d i s t i n c t l y d i f f e r e n t t y p e s o f o u t b u r s t phenomenon i n X-
r a y b i n a r i e s a r e d i s c u s s e d : (1 ) t h e s o - c a l l e d t y p e 1 b u r s t wh ich i s a 
t h e r m o n u c l e a r f l a s h o f m a t t e r a c c r e t e d on t h e s u r f a c e o f n e u t r o n s t a r s , 
( 2 ) t h e s o - c a l l e d t y p e 2 b u r s t which i s a b u r s t - l i k e X - r a y e m i s s i o n 
c a u s e d by a s p a s m o d i c a c c r e t i o n , and (3 ) t h e n o v a - l i k e o u t b u r s t wh ich i s 
t r i g g e r e d by a sudden commencement o f a c c r e t i o n . 

1 . Type 1 X-Ray B u r s t s . 

The s o - c a l l e d t y p e 1 b u r s t i s a sudden i n c r e a s e o f X - r a y i n t e n s i t y w i t h 
a r i s e t i m e o f t h e o r d e r o f 1 s e c o n d f o l l o w e d by a g r a d u a l d e c a y on a 
t i m e s c a l e o f ^ 1 0 s e c o n d s t o s e v e r a l t e n s o f s e c o n d . An example o f 
t y p i c a l t y p e 1 b u r s t i s shown i n F i g . 1 . The peak l u m i n o s i t y i s t y p i c a l -
l y ^ 1 0 3 8 e r g s / s e c . T h i s t y p e o f X - r a y b u r s t h a s s o f a r b e e n d e t e c t e d 
from -^35 l o w - m a s s X - r a y b i n a r i e s o f which t h e compact o b j e c t s a r e 
n e u t r o n s t a r s . For a c o m p r e h e n s i v e r e v i e w , s e e Lewin and J o s s ( 1 9 8 3 ) . 

F i g . 1 . A t y p e 1 b u r s t from X 1 6 3 6 - 5 3 . 

Impor tant c h a r a c t e r i s t i c s o f 
t y p e 1 b u r s t s a r e t h a t t h e s p e c t r u m 
i s o f b l a c k b o d y n a t u r e , and t h a t t h e 
c o l o r t e m p e r a t u r e d e c r e a s e s a s b u r s t 
d e c a y s , w h i l e t h e " a p p a r e n t " b l a c k -
body r a d i u s r e m a i n s c o n s t a n t a t ^ 1 0 
km, c l o s e t o t h e r a d i u s o f n e u t r o n 
s t a r s t h e o r e t i c a l l y e x p e c t e d . These 
f e a t u r e s i n d i c a t e t h a t t h e n e u t r o n 
s t a r e n v e l o p e i s o n c e q u i c k l y h e a t e d 
up and t h e n g r a d u a l l y c o o l s down by 
b l a c k b o d y r a d i a t i o n . 

Type 1 b u r s t i s c o n v i n c i n g l y 
i n t e r p r e t e d a s a t h e r m o n u c l e a r f l a s h 
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of h e l i u m which i s a c c u m u l a t e d as a p r o d u c t o f s t e a d y n u c l e a r b u r n i n g o f 
a c c r e t e d hydrogen on t h e s u r f a c e o f a w e a k l y m a g n e t i z e d n e u t r o n s t a r . 
E x t e n s i v e s t u d i e s o f t y p e 1 b u r s t s have b e e n made from v a r i o u s 
s a t e l l i t e s , i n p a r t i c u l a r SAS-3 , Hakucho and Tenma. One o f t h e most 
i m p o r t a n t outcome i s t h a t t h e t y p e 1 b u r s t p r o v i d e s us w i t h a p o s s i b l e 
method f o r d e t e r m i n i n g t h e mass and r a d i u s o f n e u t r o n s t a r s , a s 
d i s c u s s e d i n t h e n e x t s e c t i o n . 

2 . Mass and Rad ius o f Neutron S t a r s 

The b u r s t peak l u m i n o s i t y v a r i e s from b u r s t t o b u r s t . However, some 
e n e r g e t i c b u r s t s show e v i d e n c e s t h a t t h e peak l u m i n o s i t y s a t u r a t e s . For 
e x a m p l e , F i g . 2 d i s p l a y s t h e b o l o m e t r i c f l u x , c o l o r t e m p e r a t u r e , and t h e 
a p p a r e n t b l a c k b o d y r a d i u s ( d e r i v e d a s s u m i n g a 10 kpc d i s t a n c e ) a s 
f u n c t i o n s o f t i m e , r e s p e c t i v e l y , f o r t h r e e b u r s t s from X 1 6 3 6 - 5 3 o b s e r v e d 
from Tenma ( I n o u e e t a l . 1 9 8 4 ) . These c a s e s a r e f u l l y c o n s i s t e n t w i t h 
t h a t t h e l u m i n o s i t y r e a c h e d t h e E d d i n g t o n l i m i t , c o n s e q u e n t l y r e s u l t i n g 
i n an e x p a n s i o n o f t h e p h o t o s p h e r e a s shown by an i n c r e a s e o f t h e 
a p p a r e n t b l a c k b o d y r a d i u s i n t h e i n i t i a l p h a s e . Temperature d r o p s d u r i n g 
t h e p h o t o s p h e r i c e x p a n s i o n , and t h e n r i s e s t o t h e maximum v a l u e when t h e 
p h o t o s p h e r e s e t t l e s back t o t h e n e u t r o n s t a r s u r f a c e . 

F i g . 2 . Three t y p e 1 b u r s t s o f t h e h i g h e s t peak f l u x from X 1 6 3 6 - 5 3 . 
B o l o m e t r i c f l u x , c o l o r t e m p e r a t u r e , and t h e a p p a r e n t b l a c k -
body r a d i u s a r e shown a g a i n s t t i m e , r e s p e c t i v e l y . 

Based on t h i s i n t e r p r e t a t i o n , t h e f o l l o w i n g r e l a t i o n h o l d s : 
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σ Τ β ( Γ ) 4 = c G M [ l - ( 2 G M / c 2 r ) ] 3 / 2 / / c ( 1 + X ) r 2 , (D 

where r i s t h e r a d i u s o f t h e p h o t o s p h e r e , T e ( r ) t h e e f f e c t i v e t e m p e r a -
t u r e , κ (1+X) t h e e l e c t r o n s c a t t e r i n g o p a c i t y , and X t h e hydrogen mass 
f r a c t i o n . There i s a good o b s e r v a t i o n a l e v i d e n c e t o show t h a t t h e 
h i g h e s t peak l u m i n o s i t y i s t h e E d d i n g t o n l i m i t f o r a h e l i u m - r i c h 
e n v e l o p e where n u c l e a r s h e l l f l a s h t a k e s p l a c e (X = 0) ( I n o u e 1 9 8 6 ) . 
Thus , we o b t a i n a r e l a t i o n b e t w e e n R and M, i f we know T e . ivi a x when t h e 
p h o t o s p h e r e s h r i n k s back (r becomes p r a c t i c a l l y e q u a l t o t h e n e u t r o n 
s t a r r a d i u s R ) . H e r e , i t i s t o be n o t e d t h a t t h e measured t e m p e r a t u r e 
i s t h e c o l o r t e m p e r a t u r e T c and n o t t h e e f f e c t i v e t e m p e r a t u r e T e . For 
c o n v e r t i n g T c t o T e , we can r e l y on t h e r e s u l t s o f t h e o r e t i c a l c a l c u l a -
t i o n s ( e . g . , London e t a l . 1 9 8 6 ; E b i s u z a k i 1 9 8 7 ) . Thus , Eq. 1 g i v e s a 
r e l a t i o n b e t w e e n M and R, e x p r e s s e d by a l o c u s on t h e m a s s - r a d i u s p l a n e , 
a s shown i n F i g . 3 . I f a n o t h e r i n d e p e n d e n t r e l a t i o n b e t w e e n M and R i s 
o b t a i n e d , t h e mass and r a d i u s o f t h e n e u t r o n s t a r can be d e t e r m i n e d . 

S p e c t r o s c o y o f b u r s t e m i s s i o n has a p o t e n t i a l t o f i x a n o t h e r M v s . 
R r e l a t i o n . On t h e s u r f a c e o f a n e u t r o n s t a r , v e r y s i g n i f i c a n t g r a v i -
t a t i o n a l e f f e c t s a r e e x p e c t e d . For i n s t a n c e , t h e e n e r g i e s o f X - r a y 
p h o t o n s w i l l be g r a v i t a t i o n a l l y r e d s h i f t e d by a f a c t o r 

( 1 + z ) - [ l - ( 2 G M / c 2 R ) P (2 ) 

T h e r e f o r e , i f we f i n d t h i s e f f e c t and d e t e r m i n e t h e r e d s h i f t f a c t o r from 
t h e X - r a y s p e c t r u m d u r i n g b u r s t , t h e r a t i o M/R i s o b t a i n e d from Eq. 2 . 
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F i g . 3 . 

The e r r o r domains f o r 
t h e mass and r a d i u s o f 
t h e n e u t r o n s t a r o f 
X 1 6 0 8 - 5 2 , d e t e r m i n e d 
f o r f o u r c a n d i d a t e 
e l e m e n t s p o s s i b l y r e s -
p o n s i b l e f o r t h e 4 . 1 -
keV a b s o r p t i o n l i n e . 

T h e o r e t i c a l m o d e l s 
f o r s e v e r a l d i f f e r e n t 
e q u a t i o n s o f s t a t e o f 
n e u t r o n s t a r s a r e a l s o 
shown. 

Radius(km) 

I n f a c t , s i g n i f i c a n t f e a t u r e s which l o o k l i k e a r e d s h i f t e d a b s o r p t i o n 
l i n e were d i s c o v e r e d i n some b u r s t s from a t l e a s t t h r e e l o w - m a s s X - r a y 
b i n a r i e s (Waki e t a l . 1 9 8 4 ; Nakamura e t a l . 1 9 8 8 ; Magnier e t a l . 1 9 8 9 ) , 
a s shown i n F i g . 4 . A remarkable f a c t i s t h a t t h e s e a b s o r p t i o n l i n e s 
a r e a l w a y s found a t 4 . 1 keV f o r a l l t h e c a s e s , r e g a r d l e s s o f t h e 
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XI636-53 

ENERGY ( K E V ) ENERGY (KEV) ENERGY (KEV) 

F i g . 4 . Observed a b s o r p t i o n l i n e s i n s e v e r a l b u r s t s from X 1 6 3 6 - 5 3 and 
X 1 6 0 8 - 5 2 . 

s o u r c e s . I f t h e s e a r e i n d e e d a b s o r p t i o n l i n e s by a h e a v y e l e m e n t i n t h e 
n e u t r o n s t a r e n v e l o p e , one can c o n s i d e r f o u r p o s s i b l e e l e m e n t s : n i c k e l , 
i r o n , chromium and t i t a n i u m produced by t h e n u c l e a r f l a s h or i r o n i n t h e 
a c c r e t i n g m a t t e r . These c a n d i d a t e e l e m e n t s r e s p e c t i v e l y y i e l d d i f f e r e n t 
r e d s h i f t f a c t o r s , and h e n c e d i f f e r e n t s e t s o f mass and r a d i u s , a s shown 
h a t c h e d i n F i g . 3 . At p r e s e n t , h o w e v e r , t h e e l e m e n t r e s p o n s i b l e f o r t h e 
a b s o r p t i o n i s n o t y e t i d e n t i f i e d . A l t h o u g h we have t o w a i t f o r f u t u r e 
i n v e s t i g a t i o n s o f t h i s a b s o r p t i o n phenomenon, t h e o b s e r v e d r e s u l t 
a l r e a d y e x c l u d e s some o f t h e e q u a t i o n s o f s t a t e o f n e u t r o n s t a r s (Baym 
and P e t h i c k 1 9 7 9 ) , a s s e e n i n F i g . 3 . 

3 . Type 2 X-Ray B u r s t s 

U n l i k e t y p e 1 b u r s t s , t y p e 2 b u r s t s a r e t h o s e which do n o t show c o o l i n g 
w i t h t i m e : The b u r s t p r o f i l e s a t d i f f e r e n t e n e r g i e s appear e s s e n t i a l l y 
t h e same. The o r i g i n o f t y p e 2 b u r s t s i s d i f f e r e n t from t h e r m o n u c l e a r 
f l a s h , but i s c o n s i d e r e d t o be an i n t e r m i t t e n t g r a v i t a i o n a l e n e r g y 
r e l e a s e c a u s e d by a s p a s m o d i c a c c r e t i o n . 

The most r emarkab le c a s e i s X 1 7 3 0 - 3 3 5 , t h e Rapid B u r s t e r (Lewin and 
J o s s 1 9 8 3 , and r e f e r e n c e s t h e r e i n ) which g e n e r a t e s a s e r i e s o f r a p i d l y 
r e p e t i t i v e t y p e 2 b u r s t s , a s shown i n F i g . 5 . The Rapid B u r s t e r 
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F i g . 5 . V a r i o u s p a t t e r n s o f t h e t y p e 2 b u r s t s from t h e Rapid B u r s t e r 
( l e f t p a n e l ) , and t h o s e w i t h t h r e e d i f f e r e n t l e n g t h s ( r i g h t 
p a n e l ) , s h o w i n g t h e t i m e - s c a l e i n v a r i a n t d e c a y s t r u c t u r e . 

o c c s i o n a l l y p r o d u c e s t y p e 1 b u r s t s a s w e l l . The s p e c t r u m o f t y p e 2 
b u r s t s from t h e Rapid B u r s t e r i s a p p r o x i m a t e l y a b l a c k b o d y s p e c t r u m , b u t 
t h e b l a c k b o d y t e m p e r a t u r e c h a n g e s v e r y l i t t l e t h r o u g h o u t a b u r s t (no 
c o o l i n g ) . T h i s means t h a t t h e p r o j e c t e d a r e a o f t h e e m i s s i o n r e g i o n 
c h a n g e s a c c o r d i n g t o t h e i n t e n s i t y change d u r i n g a b u r s t . 

The most s t r i k i n g p r o p e r t y o f t h e b u r s t s from t h e Rapid B u r s t e r i s 
an a p p r o x i m a t e l y l i n e a r r e l a t i o n b e t w e e n t h e b u r s t s i z e ( t o t a l e n e r g y 
e m i t t e d i n a b u r s t ) and t h e w a i t i n g t i m e t o t h e n e x t b u r s t : t h e l a r g e r 
t h e b u r s t s i z e , t h e l o n g e r i t w a i t s t i l l t h e n e x t b u r s t . T h i s b e h a v i o r 
i s a s t h o u t h t h e r e e x i s t s a r e s e r v o i r o f m a s s . Suppose t h e r e s e r v o i r i s 
s t e a d i l y s u p p l i e d w i t h mass a t a f i x e d r a t e . When t h e r e s e r v o i r i s 
f i l l e d u p , i t r e l e a s e s an amount o f m a s s , p r o d u c i n g a b u r s t . Then, t h e 
s y s t e m w a i t s u n t i l t h e r e s e r v o i r i s f i l l e d up a g a i n , t o be r e a d y f o r t h e 
n e x t b u r s t . Hence , t h e w a i t i n g t i m e i s p r o p o r t i o n a l t o t h e amount o f 
mass r e l e a s e d i n t h e p r e c e d i n g b u r s t . 

The Rapid B u r s t e r e x h i b i t s many more d i s t i n c t p r o p e r t i e s . For 
i n s t a n c e , e a c h b u r s t from t h e Rapid B u r s t e r has a w e l l d e f i n e d s t r u c t u r e 
i n t h e d e c a y p o r t i o n ( s e e F i g . 5 ) . A s t r i k i n g f e a t u r e i s t h a t t h e 
s t r u c t u r e i s e s s e n t i a l l y i d e n t i c a l f o r a l l b u r s t s o f v a r i o u s l e n g t h s , i f 
s c a l e d a c c o r d i n g t o t h e b u r s t l e n g t h (Tawara e t a l . 1 9 8 5 ) . However, t h e 
p h y s i c s o f t h e s e o u t s t a n d i n g u n i q u e p r o p e r t i e s a r e n o t y e t u n d e r s t o o d . 

Other than t h e Rapid B u r s t e r , Cir X - l i s known t o p r o d u c e s o m e t i m e s 
a s e r i e s o f t y p e 2 b u r s t s (Tanaka 1 9 8 6 ) . 

4 . T r a n s i e n t O u t b u r s t s 

There e x i s t many t r a n s i e n t s o u r c e s i n our g a l a x y which show up w i t h an 
X - r a y o u t b u r s t . X - r a y o u t b u r s t i s c o n s i d e r e d t o be c a u s e d by a sudden 
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commencement o f a c c r e t i o n f l o w . In t h e f o l l o w i n g s e c t i o n s , two d i f f e r e n t 
c l a s s e s o f t r a n s i e n t s o u r c e s , t h e m a s s i v e companion s y s t e m s and t h e l o w -
mass companion s y s t e m s , a r e d i s c u s s e d . For a r e v i e w of t h e e a r l i e r 
o b s e r v a t i o n a l r e s u l t s o f X - r a y t r a n s i e n t s , s e e White e t a l . ( 1 9 8 4 ) . 

4 . 1 . M a s s i v e Companion S y s t e m s . 

A l l t r a n s i e n t s o u r c e s w i t h m a s s i v e companions d e t e c t e d s o f a r a r e X - r a y 
p u l s a r s . As many a s t e n t r a n s i e n t X - r a y p u l s a r s have s o f a r b e e n f o u n d , 
n e a r l y one t h i r d o f a l l X - r a y p u l s a r s known t o d a t e (Nagase 1 9 8 9 ) . From 
t h e r a t e o f d i s c o v e r i e s , we s u s p e c t t h a t s t i l l many more t r a n s i e n t X - r a y 
p u l s a r s e x i s t i n our g a l a x y . 

The o p t i c a l c o u n t e r p a r t s o f t h e s e t r a n s i e n t X - r a y p u l s a r s a r e o f t e n 
i d e n t i f i e d w i t h B e s t a r s . G e n e r a l l y , t h e o r b i t o f t h e n e u t r o n s t a r i n 
t h e s e s y s t e m s i s h i g h l y e c c e n t r i c . Mass a c c r e t i o n w i l l t a k e p l a c e when 
t h e n e u t r o n s t a r p a s s e s n e a r t h e p e r i a s t r o n e i t h e r c a u s i n g a Roche l o b e 
o v e r f l o w or a c c r e t i n g s t e l l a r w i n d . S o m e t i m e s , i f t h e o r b i t i s i n c l i n e d 
w i t h r e s p e c t t o t h e r o t a t i o n a x i s o f t h e m a s s i v e companion , a c c r e t i o n 
w i l l o c c u r t w i c e an o r b i t , when c r o s s i n g t h e p l a n e o f s t e l l a r w i n d . 

4 . 2 . Low-Mass Companion S y s t e m s . 

The mechanism o f t r a n s i e n t a c c r e t i o n i n t h e l o w - m a s s b i n a r y s y s t e m s 
seems e n t i r e l y d i f f e r e n t from t h a t i n t h e m a s s i v e b i n a r y s y s t e m s . In 
t h e l o w - m a s s b i n a r i e s , a t r a n s i e n t a c c r e t i o n i s c o n s i d e r e d t o be t r i g -
g e r e d by a c e r t a i n i n s t a b i l i t y ( p o s s i b l y s i m i l a r i n p a r t t o t h e c a s e o f 
dwarf n o v a e ) . However, t h e mechanism i s f a r from b e i n g u n d e r s t o o d a t 
p r e s e n t . The X - r a y l i g h t c u r v e e x h i b i t s a r a p i d r i s e f o l l o w e d by a 
g r a d u a l d e c a y , r e p r e s e n t i n g a s t e a d y d e c r e a s e o f t h e a c c r e t i o n r a t e . 
Rapid b r i g h t e n i n g o f an X - r a y t r a n s i e n t , or "X-ray n o v a e " , i s o f t e n 
a s s o c i a t e d w i t h an o p t i c a l / U V b r i g h t e n i n g and a l s o a r a d i o o u t b u r s t . 

T h e s e t r a n s i e n t s a r e v e r y i m p o r t a n t o b j e c t s , b e c a u s e t h e y a l l o w us 
t o s t u d y t h e a c c r e t i o n phenomena o v e r a v e r y wide r a n g e o f a c c r e t i o n 
r a t e from n e a r - or p o s s i b l y s u p e r - c r i t i c a l r a t e down t o l o w e r r a t e s by 
many o r d e r s o f m a g n i t u d e . Of p a r t i c u l a r i n t e r e s t s a r e t h o s e t r a n s i e n t 
s o u r c e s o f which t h e compact o b j e c t s a r e s u s p e c t e d t o be b l a c k h o l e s . 

4 . 2 . 1 . T r a n s i e n t B l a c k Hole C a n d i d a t e s . 

In t h e l a s t f o u r y e a r s , t h e Ginga A l l Sky Moni tor d i s c o v e r e d t h r e e 
e x t r e m e l y b r i g h t X - r a y t r a n s i e n t s : GS2000+25 (Tsunemi e t a l . 1 9 8 9 ) , 
GS2023+33 (Makino 1 9 8 9 ) , and GS1124-68 (Makino 1 9 9 1 ) a l s o d i s c o v e r e d 
s i m u l t a n e o u s l y by GRANAT (Lund and Brandt 1 9 9 1 ) . The o p t i c a l c o u n t e r -
p a r t s o f t h e s e t r a n s i e n t s were i d e n t i f i e d w i t h v e r y f a i n t s t a r s wh ich 
underwent a d r a m a t i c b r i g h t e n i n g by s e v e r a l V - m a g n i t u d e s , h e n c e t h e y 
a r e a l l l o w - m a s s s t a r s . As d i s c u s s e d b e l o w , t h e s e s o u r c e s a r e b e l i e v e d 
t o be b l a c k h o l e c a n d i d a t e s . 

The X - r a y l i g h t c u r v e s o f t h e s e t h r e e t r a n s i e n t s a r e shown i n F i g . 6 . 
The X - r a y l i g h t c u r v e o f a b l a c k h o l e c a n d i d a t e A 0 6 2 0 - 0 0 (Nova Mon 1 9 7 5 ) 
( E l v i s e t a l . 1 9 7 5 ; K a l u z i e n s k i e t a l . 1977 ) i s a l s o shown f o r 
c o m p a r i s o n . These l i g h t c u r v e s a r e s t r i k i n g l y s i m i l a r t o e a c h o t h e r . 
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F i g . 6 . X - r a y l i g h t c u r v e s o f t h r e e b r i g h t t r a n s i e n t s , GS2000+25, 
GS2023+33, and G S 1 1 2 4 - 6 8 , and o f A 0 6 2 0 - 0 0 f o r c o m p a r i s o n . 

Peak l u m i n o s i t i e s were a l l a s h i g h a s 1 0 3 8 e r g s / s e c or e v e n h i g h e r . They 
a l l d e c a y e x p o n e n t i a l l y w i t h e s s e n t i a l l y t h e same e - f o l d i n g t i m e o f —40 
d a y s . A l t h o u g h what g o v e r n s t h e d e c a y t i m e i s unknown, t h i s r e s u l t seems 
t o i n d i c a t e t h e s i m i l a r i t y among^the ir s y s t e m s . A l s o , e x p o n e n t i a l d e c a y 
i m p l i e s a r e l a t i o n o f t h e form Μ = - Μ/τ t o h o l d . T h i s s u g g e s t s t h a t 
some r e s e r v o i r o f mass e x i s t s and t h e r a t e o f a c c r e t i o n f l o w t h e r e f r o m 
i s u n i q u e l y d e t e r m i n e d by t h e amount o f mass r e m a i n i n g i n t h e r e s e r v o i r . 

F u r t h e r m o r e , a t l e a s t t h r e e s o u r c e s , A 0 6 2 0 - 0 0 , GS2000+25, and 
G S 1 1 2 4 - 6 8 , show a s e c o n d a r y i n c r e a s e around 60 - 70 days a f t e r t h e o n s e t 
o f o u t b u r s t , and a t l e a s t two o f them, A0620-00 and G S 1 1 2 4 - 6 8 , show a 
t e r t i a r y i n c r e a s e around —170 days a f t e r t h e o n s e t . For GS2023+33, t h e 
p r e s e n c e o f t h e s e s t e p w i s e i n c r e a s e s i s i n c o n c l u s i v e due t o t h e l a c k o f 
c o n t i n u e d o b s e r v a t i o n s . These o u t s t a n d i n g c h a r a c t e r i s t i c s must p r o v i d e 
i m p o r t a n t h i n t s f o r t h e u n d e r s t a n d i n g o f t h e a c c r e t i o n phenomna. 

H e r e , we s h a l l summarize t h e X - r a y p r o p e r t i e s o f t h e c u r r e n t b l a c k 
h o l e c a n d i d a t e s i n our g a l a x y . Among s e v e r a l b l a c k h o l e c a n d i d a t e s , 
A 0 6 2 0 - 0 0 and Cyg X - l a r e t h e b e s t t w o , b e c a u s e t h e mass l o w e r l i m i t s o f 
t h e i r compact o b j e c t s most c e r t a i n l y e x c e e d 3M* ( M c C l i n t o c k 1 9 9 0 ) , t h e 
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t h e o r e t i c a l upper l i m i t f o r a n e u t r o n s t a r . A0620-00 and Cyg X - l r e s p e c -
t i v e l y e x h i b i t d i s t i n c t c h a r a c t e r i s t i c s which a r e v e r y d i f f e r e n t from 
t h o s e o f t h e n e u t r o n s t a r l ow-mass X-ray b i n a r i e s . Whi le g e n u i n e b l a c k 
h o l e s i g n a t u r e s a r e n o t i d e n t i f i e d a s y e t , t h o s e s o u r c e s which show 
q u a l i t a t i v e l y t h e same X - r a y p r o p e r t i e s a s t h o s e o f e i t h e r A 0 6 2 0 - 0 0 or 
Cyg X - l have b e e n c o n s i d e r e d a s b l a c k h o l e c a n d i d a t e s . 

As summarized i n T a b l e 1 , A0620-00 shows a d i s t i n c t e n e r g y s p e c t r u m 
composed o f an u l t r a s o f t component , much s o f t e r t h a n t h e s p e c t r a o f t h e 
n e u t r o n s t a r l o w - m a s s X - r a y b i n a r i e s , and a hard p o w e r - l a w t a i l . On t h e 
o t h e r hand, Cyg X - l s h o w s , f o r most o f t h e t i m e , a s p e c t r u m o f a p p r o x i -
m a t e l y a s i n g l e p o w e r - l a w form, and e x h i b i t s v i o l e n t and c h a o t i c f l u c t u -
a t i o n s on a l l t i m e s c a l e s down t o m i l l i s e c o n d ( " f l i c k e r i n g " ) . T h e s e 
c h a r a c t e r i s t i c s a r e shown i n F i g . 7 . I t i s worth n o t i n g t h a t Cyg X - l 
s o m e t i m e s , though s e l d o m , showed an u l t r a s o f t s p e c t r u m w i t h a hard t a i l 
j u s t l i k e t h e s p e c t r u m o f A 0 6 2 0 - 0 0 . T h e r e f o r e , t h e two d i s t i n c t l y 
d i f f e r e n t p r o p e r t i e s o f A0620-00 and Cyg X - l a r e c o n s i d e r e d t o r e p r e s e n t 
two s t a t e s t h a t a b l a c k h o l e s o u r c e can as sume . 

T a b l e 1 . X - r a y p r o p e r t i e s o f t h e b l a c k h o l e c a n d i d a t e s 

Spectrum Time V a r i a t i o n S o u r c e s 

Hard-state 
A p p r o x i m a t e l y F l i c k e r i n g Cyg X - l * 
a s i n g l e p o w e r - l a w GX339-4* 

GS2023+33 
GS1124-68* 
GS1826-24 

Ultrasoft-state 
U l t r a s o f t L i t t l e f l i c k e r i n g A 0 6 2 0 - 0 0 
+ hard t a i l Cyg X - l * 

GX339-4* 
LMC X-3 
LMC X - l 
GS2000+25 
GS1124-68* 

* O c c a s i o n a l l y s w i t c h e s b e t w e e n t h e h a r d - and u l t r a s o f t - s t a t e s . 

In f a c t , GS2000+25 c l o s e l y r e s e m b l e s A 0 6 2 0 - 0 0 , w h e r e a s GS2023+33 i s v e r y 
s i m i l a r t o Cyg X - l i n t h e s p e c t r a l and t e m p o r a l b e h a v i o r s . GS1124-68 was 
i n i t i a l l y v e r y s i m i l a r t o A0620-00 i n t h e s p e c t r a l s h a p e , but s w i t c h e d 
t o a n o t h e r s t a t e a f t e r more than 100 days (Cyg X - l t y p e : a s i n g l e p o w e r -
law s p e c t r u m w i t h f l i c k e r i n g ) . Based on more d e t a i l e d e x a m i n a t i o n s o f 
X - r a y p r o p e r t i e s , we c o n s i d e r t h e s e t r a n s i e n t s t o be b l a c k h o l e 
c a n d i d a t e s . For more d e t a i l , s e e p a p e r s by Tanaka ( 1 9 8 9 , 1 9 9 1 ) . 

4 . 2 . 2 . How Many B l a c k Hole B i n a r i e s i n Our Galaxy? 

So f a r , o n l y two b l a c k h o l e c a n d i d a t e s , Cyg X - l and GX339-4 , a r e known 
t o be p e r s i s t e n t X - r a y s o u r c e s ( though t h e l a t t e r i s h i g h l y v a r i a b l e ) , 
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F i g . 7 . Energy s p e c t r a o f t h e b l a c k h o l e c a n d i d a t e s , Cyg X - l ( l e f t ) and 
A 0 6 2 0 - 0 0 ( c e n t e r ) , and t h e n e u t r o n s t a r l o w - m a s s b i n a r y X1608-
52 ( r i g h t ) . F l i c k e r i n g o f Cyg X - l i s a l s o shown ( l o w e r p a n e l ) . 

i n a d d i t i o n t o LMC X - l and LMC X-3 i n t h e Large M a g e l l a n i c C l o u d . 
However, we s u s p e c t t h a t t h e r e a r e many b l a c k h o l e b i n a r i e s i n our 
g a l a x y which m a n i f e s t t h e m s e l v e s o n l y o c c a s i o n a l l y a s t r a n s i e n t s o u r c e s . 

In a d d i t i o n t o t h o s e l i s t e d i n T a b l e 1 , s e v e r a l o f t h e p r e v i o u s l y 
r e c o r d e d b r i g h t X - r a y t r a n s i e n t s showed an u l t r a s o f t s p e c t r u m w i t h a 
hard t a i l , c h a r a c t e r i s t i c o f A 0 6 2 0 - 0 0 . These a r e , f o r i n s t a n c e , 4U1630-
4 7 , H 1 7 4 3 - 3 2 , H1705-25 (Nova Oph) , 4U1543-47 ( s e e White e t a l . 1 9 8 4 ) , 
and GS1454-64 (Ki tamoto e t a l . 1 9 9 0 ) . B e c a u s e o f t h e d i s t i n c t n a t u r e o f 
t h e i r s p e c t r a , we c o n s i d e r t h a t t h e s e s o u r c e s may a l s o be i n c l u d e d i n 
t h e l i s t o f b l a c k h o l e c a n d i d a t e s . 

As a m a t t e r o f f a c t , t h e r a t e o f t h e t r a n s i e n t o u t b u r s t o f such 
b l a c k h o l e c a n d i d a t e s i s r emarkab ly h i g h ; — t e n i n l e s s t h a n t w e n t y 
y e a r s . Based on t h e s e s t a t i s t i c s , we s h a l l a t t e m p t t o e s t i m a t e , though 
v e r y c r u d e l y , how many b l a c k h o l e b i n a r i e s e x i s t i n our g a l a x y . For 
t h i s e s t i m a t i o n , we need a d d i t i o n a l q u a n t i t i e s ; t h e r e c u r r e n c e p e r i o d s 
o f t h e s e t r a n s i e n t s , t h e e f f i c i e n c y o f d e t e c t i o n ( t i m e and sky c o v e r a g e s , 
and d i s t a n c e s ) , o f which t h e r e c u r r e n c e p e r i o d s a r e o f t h e l a r g e s t 
u n c e r t a i n t y . Among t h o s e t r a n s i e n t b l a c k h o l e c a n d i d a t e s , 4 U 1 6 3 0 - 4 7 i s 
known t o be r e c u r r e n t w i t h a p e r i o d o f —600 d a y s , but t h e r e c u r r e n c e 
p e r i o d s o f o t h e r s o u r c e s a r e y e t unknown. C o n s i d e r i n g t h e t i m e and s k y 
c o v e r a g e s w i t h v a r i o u s s a t e l l i t e s i n t h e p a s t , an a v e r a g e r e c u r r e n c e 
p e r i o d l e s s than t e n y e a r s seems u n l i k e l y . On t h e o t h e r hand, a t l e a s t 
two o f t h e t r a n s i e n t s had p r e v i o u s l y b e e n s i g h t e d a s t h e o p t i c a l n o v a e ; 
A 0 6 2 0 - 0 0 i n 1917 and GS2023+33 i n 1 9 3 8 , and p o s s i b l e i n t e r m e d i a t e 
o u t b u r s t s may have b e e n m i s s e d . T h e r e f o r e , i t may be a f a i r a s s u m p t i o n 
f o r t h e a v e r a g e r e c u r r e n c e p e r i o d t o l i e b e t w e e n 10 and 50 y e a r s . 
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As a result, the total number of black holes in binaries in our 
galaxy is estimated to be at least 100 and could well be more than 1000 
(Tanaka 1991). Thus, black hole candidates in binaries are likely to be 
at least as numerous as neutron stars in binaries. 

An outstanding aspect is that, for seven transient black hole 
candidates of which their optical counterparts were identified, all of 
them are found to be low-mass stars. This fact leads us to an important 
issue regarding the origin of the black hole low-mass binaries. 
Obviously, this is closely related to the problem of the origin of the 
neutron star low-mass binaries. As it appears plausible, essentially 
the same process would be responsible for the formations of a black hole 
low-mass binary and a neutron star low-mass binary. If so, a possible 
scenario of the accretion induced collapse which is proposed for of a 
nuetron star low-mass binary formation would not work for producing a 
black hole of >3M® (note that at least A0620-00 is a secure cases). An 
already difficult problem has become even more difficult. 
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