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ABSTRACT. Neutron s t a r s and a few black h o l e s in b i n a r i e s revea l t h e i r 
presence by emit t ing X-rays when they accre te gas from t h e i r companions v i a 
a wind or d i s k . Related o b j e c t s inc lude SS 433, Geminga, gamma ray burst_ 
e r s , TeV/PeV sources , and the source in CTB 108· Systems with secondaries 
- 8 M are the natural descendents of main sequence OB b i n a r i e s . Those 
with secondaries - 1 M arguably form some other way. These systems d i s 
play a wealth of s t ruc ture in both wavelength and time domains, much of 
which i s reasonably w e l l understood. Among the th ings we would l i k e to 
know more about are the masses and r o t a t i o n periods of the neutron s t a r s 
in the two main kinds of systems. 

1 . SYSTEMS AND SYSTEMATICS 

A neutron s tar or s t e l l a r - m a s s black h o l e , accre t ing gas from i t s surround_ 
i n g s , w i l l r a d i a t e , mostly in X-rays , a luminos i ty g iven by 

L 3 6 = 6.71 M l e 5 ( d M / d t ) 1 5 / R 1 0 (1) 

36 
where L ^ i s the luminos i ty in u n i t s of 10 e r g / s e c , M̂  ^ i s the mass of 
the accre ter in u n i t s of 1.5 M , ( d M / d t ) 1 c i s the a c c r e t i o n r a t e in u n i t s 

15 -11 ° . 1 5 

of 10 g / s e c (= 1.5 X 10 M Q / yr ) , R ^ i s the a c c r e t i o n radius in u n i t s 

of 10 km, and the numerical fac tor incorporates the constant of g r a v i t y 
and a correc t ion fac tor (0 .745) for g r a v i t a t i o n a l r e d s h i f t . 

Such a c c r e t i o n r a t e s can be achieved (a) from the wind of a massive 
s tar or the beginning of Roche lobe overflow by such a s tar and (b) from 
fu l ly -deve loped Roche lobe overflow by a s o l a r - t y p e s t a r . Fu l l RLOF by a 
massive s tar t r a n s f e r s gas far in excess of the maximum (Edding ton) r a t e at 
which the neutron s tar can accept i t and chokes the X-rays ; whi le the wind 
of a s o l a r - t y p e s tar provides too l i t t l e gas for d e t e c t a b l e a c c r e t i o n X-
r a y s . For further d e t a i l s , see Bhattacharya and van den Heuvel (1991) , who 
a l s o g i v e an e x c e l l a n t overview of many other a spec t s of the o r i g i n , evo_ 
l u t i o n , and f a t e of X-ray b i n a r i e s . 
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TABLE 1: X-RAY BINARIES AND RELATED OBJECTS 

TYPE NUMBER 
KNOWN 

EVIDENCE FOR 
CBS HIGH Β 

ROTN PER ORBIT PER EXAMPLE 

MXRB 30 Yes Yes 0 . 7 - 8 5 0 S 1 6 -1 8 8 d Vela X-l 

BeXRB 70 Yes Yes 0 . 0 6 - 8 3 5 S 1 . 4 - 4 1 d GX 304-1 

BH Cands. 4-6 Yes No none 0 . 3 - 5 d Cyg X-l 

LMXRB 100 
0 . 1 3 - 1 2 2 S opt . data 36 Yes No 0 . 1 3 - 1 2 2 S l l m - 1 2 . 5 d Sco X-l 

g l . c l u s t 12 Yes? No msec? l l m - 8 . 5 h 4U2121+12 = 
AC 21KM15) 

bulge 50 Yes No msec? hr-days GX 17+2 

QPOs 10 Yes No msec n m - i o d Cyg X-2 

very s o f t 5 Yes No ? hr-days RX 05278 
-6954 

SS 433 1 Yes No ? 1 3 . l d SS 433 

XRB in SNR 1? No Yes? 6 . 9 8 s IE 2259+586 

burs ters 
= CTB 108 

burs ters 100 ' s No Yes ? 1979 Mar 5 

TeV/PeV few? some some var ious var ious Cyg X-3 
sources 

Geminga 1 No No 60 s ? Geminga 

Table 1 l i s t s the major types of X-ray b i n a r i e s and some systems and 
o b j e c t s that may be r e l a t e d to them (apart from the binary and m i l l i s e c o n d 
pulsars that I d i s c u s s elsewhere in these proceed ings ) . The abbreviat ions 
a r e : XRB = X-ray binary; M = massive ( o p t i c a l i d e n t i f i c a t i o n wi th s tar -
8 M ) ; Be = emission l i n e Β s tar as o p t i c a l i d e n t i f i c a t i o n (always w e l l 
i n s i d e Roche l o b e , but surrounded by s tray g a s ) ; LM = low mass ( o p t i c a l 
i d e n t i f i c a t i o n with s tar - 1.5 M ) ; QPO = source of q u a s i - p e r i o d i c o s c i l -
l a t i o n s ; CBS = c l o s e ( i n t e r a c t i n g ) binary system nature reasonably w e l l 
e s t a b l i s h e d ; high Β = magnetic f i e l d of 10*2-13 G r e v e a i e ( i by cyc lo tron 
resonances and/or r o t a t i o n a l l y modulated a c c r e t i o n . The black ho l e candi^ 
date t r a n s i e n t sources discovered by Ginga and described by Y. Tanaka else^ 
where in t h i s volume may be a new separate c l a s s . 

Several conferences and books have been devoted primari ly to X-ray bin 
a r i e s in recent y e a r s . Recommended for further reading are Lewin and van 
den Heuvel ( 1983 ) , Lamb and Patterson (1985) , Mason et a l . ( 1986) , Truem-
per et a l . ( 1 9 8 6 ) , Tanaka (1988) , and Hunt and Bat tr i ck (1990) . Trimble 
(1991) i s a more extended v e r s i o n of my own views on the s u b j e c t . 
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2. SPECIFICS 

This s e c t i o n can be regarded as a s e r i e s of extended foo tnotes to Table 1 . 
I t dea l s with how we know the proper t i e s l i s t e d t h e r e , current i n t e r p r e -
t a t i o n s of the underlying phys i ca l p r o c e s s e s , and some re s idua l p u z z l e s , 
many connected with the one-of -a-k ind o b j e c t s . No complete cata logue of 
X-ray b i n a r i e s i s current ly in p r i n t , But Bhattacharya and van den Heuvel 
(1991) g i v e t a b l e s of most members or r e p r e s e n t a t i v e members of the main 
c l a s s e s , and Cherepashchuk et a l . (1989) tabu la te very e x t e n s i v e re feren 
ces as w e l l as many of the known o b j e c t s . 

2 . 1 . Massive X-ray Binar ies 

The c l ean d i v i s i o n between the two main c a t e g o r i e s of MXRB ( inc luding Be 
systems) and LMXRB remains in my mind a major p u z z l e . Either systems con 
s i s t i n g of , e . g . , NS + 5 M main sequence s tar never form, or a c c r e t i o n 
in them i s never at the r ight l e v e l (Eqn. 1) to r a d i a t e X-rays . Neither 
i s obvious ly t r u e , and the i s s u e has not been much addressed in recent 
d i s c u s s i o n s of evolut ionary processes (Bhattacharya and van den Heuvel 1991) . 

Other i n t e r e s t i n g a spec t s of MXRBs inc lude the slowness of t h e i r r o -
t a t i o n per iods ; changes in t h e i r o r b i t per iods ; t h e i r spec tra ; masses and 
magnetic f i e l d s of the neutron s t a r s ; and var ious luminos i ty changes. The 
general idea on r o t a t i o n periods i s that the neutron s t a r s spin down ear_ 
l y on when they are accre t ing from winds and back up toward the end whi le 
accre t ing from the beginnings of Roche lobe overflow (Bhattacharya and 
van den Heuvel 1991; Bisnovatyi-Kogan 1991; I l lar imov and Kompaneets 1990) . 
This f i t s , in the sense that the f a s t e s t - r o t a t i n g MXRB (0538-66) and the 
f a s t e s t recyc led pulsar with a neutron s tar companion (1913+16) both have 
periods near 0.06 s e c , but I remain surprised at the very slow average 
r o t a t i o n period of the MXRB populat ion (median about 75 s e c ) . 

S t a t i s t i c a l l y s i g n i f i c a n t changes in o r b i t period have been found for 
f i v e MXRB and Her X- l (Nagase 1991) . Four periods are g e t t i n g smal ler , 
and two are i n c r e a s i n g , a l l on time s c a l e s near 10 y r , except for Her 
X-l whose P/P = - 1 . 3 X 10" yr . The time s c a l e i s about r i g h t for s e c -
ular changes in the massive donors, but there i s no obvious c o r r e l a t i o n 
of , for i n s t a n c e , s i gn of the change with wind v s . Roche lobe overflow 
a c c r e t i o n . 

About seven MXRBs d e f i n i t e l y have magnetic f i e l d s in the expected 
on the b a s i s of cyc lo tron f ea tures confirmed or detec ted range 

by Ginga (Makishima 1991) . Some experience b u r s t s , which do not coo l as 
they fade and which can be a t t r i b u t e d to a c c r e t i o n i n s t a b i l i t i e s (Angel-
i n i t e t a l . 1991); and a l l d i s p l a y complex X-ray s p e c t r a , which, however 
do not apparently present any fundamental d i f f i c u l t i e s in t h e i r in terpre 
t a t i o n (Burnard et a l . 1991) . 

Because Doppler s h i f t s can be determined both from s p e c t r a l l i n e s of 
the donors and from timing of the r o t a t i o n a l l y modulated f lux of the neu-
tron s t a r s , mass determinations for the l a t t e r a r e , in p r i n c i p l e , p o s s i -
b l e . Most have error bars spanning near ly a fac tor of two, and none i s 
as p r e c i s e as those for binary p u l s a r s . A l l are marginal ly c o n s i s t e n t wi th 

though the bes t va lue for Her X- l i s nearer 1.2 and for Vela 
accuracy would Values with 10% or b e t t e r Inoue 1991 near 1.8 
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be of great i n t e r e s t for t e s t i n g evolut ionary s c e n a r i e s , but await a bet^ 
t e r understanding of j u s t how the l i n e v e l o c i t i e s r e l a t e to s t e l l a r cen-
t er of mass v e l o c i t i e s . 

2 . 2 . Emission Line Β Star (Be) and Transient Systems 

Our i n v e n t o r i e s of these sources are guaranteed not to be complete, for 
t r a n s i e n t s because they are on for weeks to months and of f for months to 
y e a r s , and we may not be looking at the r ight t ime; and for Be s tar s y s -
tems because nearly a l l of those with o p t i c a l i d e n t i f i c a t i o n s are wi th in 
a couple of kpc of u s . Most of the Be s tar systems are t r a n s i e n t s , but 
not a l l t r a n s i e n t s are Be s t a r s . 

For thoses that a r e , X-ray outbursts are sometimes per iod ic and at 
per ias t ron (meaning that the neutron s tar has come in c l o s e enough to 
cross through equator ia l gas around the donor, Makishima et a l . 1990) and 
sometimes e r r a t i c and due, presumably, to ep i sod ic equator ia l shedding 
by the Be s t a r . If the non-equil ibrium spin periods of many Be systems 
(King 1991) r e a l l y i n d i c a t e ages near 10^ yr , then the b i r t h r a t e must be 
comparable wi th the g a l a c t i c supernova r a t e . 

The mechanism for low mass t r a n s i e n t s i s d i f f e r e n t and probably as^ 
soc ia t ed wi th d i sk i n s t a b i l i t i e s , perhaps resembling those that produce 
superhumps in catac lysmic v a r i a b l e s (Charles e t a l . 1991) . These can a_l 
so recur: A0620-00 was seen as a nova in 1917, and GX 2023+338 as Nova 
Cygni 1938. The accre t ing s tar in the former seems to be a black h o l e , 
and i t can be argued that the same i s true for many of the other low mass 
t r a n s i e n t s (Y. Tanaka, elsewhere in these proceed ings ) . 

2 . 3 . Low Mass X-Ray Binar ies 

The f i r s t compact g a l a c t i c X-ray source seen , Sco X - l , belongs to t h i s 
c l a s s (and i s , l i k e a l l pro to types , u n t y p i c a l ) . The binary nature was in 
i t i a l l y somewhat d i f f i c u l t to e s t a b l i s h , s i n c e most ne i ther e c l i p s e nor 
d i s p l a y regular p u l s a t i o n s that can be timed for Doppler s h i f t s . About 
three dozen now have e s t a b l i s h e d orb i t parameters (Parmar and White 1988: 
R i t t e r 1990) . This inc ludes only two of the g lobular c l u s t e r sources , 
but the binary nature of the o thers i s no longer in doubt. Companions 
inc lude main sequence, red g i a n t , and white dwarf s t a r s . The d i s t i n c t i o n 
between LMXRBs and catac lysmic v a r i a b l e s i s made from the r a t i o L /L 
( larger for neutron s tar accre tors ) and from short term v a r i a b i l i t y 
(CVs f l i c k e r ; LMXRBs b u r s t ) . 

Phenomena connected wi th LMXRBs that seem to be reasonably w e l l und 
erstood include the spectra and the X-ray b u r s t s . The spectra are complex 
but can be modelled (White 1988; Ponman et a l . 1990) in terms of the com 
ponents you would expect — rad ia t ion d i r e c t l y from the neutron s tar sur_ 
f a c e , from i t s boundary layer with the d i s k , and from the d i s k , wi th a 
good dea l of reprocess ing of photons from inner reg ions by gas in outer 
reg ions (approximately descr ibab le as Comptonization). The burs ts occur 
when accreted hydrogen burns s t e a d i l y to helium but the helium i g n i t e s 
degenerate ly (Lewin and Joss 1983) . A r e s i d u a l problem i s that burs t s 
sometimes recur sooner than another helium layer could be b u i l t up, and 
s t a r s must somehow e i t h e r burn helium incompletely or i g n i t e hydrogen ex 
p l o s i v e l y . 
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The burs ts look near ly thermal and cool as they fade , suggest ing the 
p o t e n t i a l for c a l c u l a t i n g r a d i i of the neutron s t a r s . Sadly, the ac tua l 
spectra are always d i f f e r e n t enough from black bodies that no u s e f u l con-
s t r a i n t s on neutron s tar equations of s t a t e r e s u l t (Madej 1991; van Para-
d i j s et a l . 1990) . 

Items connected with LMXRBs that I think require further thought and/ 
or data include the masses and r o t a t i o n periods of the neutron s t a r s , the 
driver for mass t r a n s f e r , and the cause of changes in o r b i t p e r i o d s . Be-
cause none of the (normal) LMXRBs revea l t h e i r r o t a t i o n p e r i o d s , we cannot 
use Doppler s h i f t s to extract o r b i t parameters or masses . The r o t a t i o n 
periods are be l i eved to be shor t , corresponding to the r e s u l t s of prolonged 
accre t ion and to the "best buy" model of QPOs ( S e c t . 2 . 6 ) , but p r e c i s i o n 
searches for modulation of the X-rays at such per iods have y ie lded only 
upper l i m i t s around 1% (Y, Tanaka in van den Heuvel and Rappaport 1991) . 
Accretion over the l i f e t i m e s of the low-mass donors l eads us a l s o to ex -
pect that some of the neutron s t a r s could be q u i t e massive and so t e l l us 
about the equation of s t a t e of nuclear matter . No data support t h i s hope. 

Measured o r b i t period changes for LMXRBs inc lude two p o s i t i v e and 
two n e g a t i v e v a l u e s , a l l with time s c a l e s near 10 y e a r s , about 100 times 
f a s t e r than you expect from nuclear evo lut ion of the donor (Tavani 1991) . 
The s o l u t i o n to t h i s puzz le may a l s o cas t l i g h t on what d r i v e s mass t r a n s -
fer in those systems where i t i s not s e l f sus ta in ing ( that i s , t rans fer 
makes the Roche lobe grow not shrink) and not e x p l i c a b l e by gradual expan-
s ion of the donor, magnetic wind braking, or g r a v i t a t i o n a r a d i a t i o n . The 
proposed s o l u t i o n (Tavani 1991; Podsiadlowski 1991) i s r a d i a t i o n d r i v i n g . 
That i s , r a d i a t i o n from the neutron s tar (both pu l sar - type and a c c r e t i o n 
powered) s i g i f i c a n t l y changes the s t ruc ture of the donor, leading to l o s s 
of mass and/or angular momentum on the time s c a l e s seen . 

2 . 4 . The Black Hole Candidates 

Perhaps the most important property of these systems i s t h e i r e x i s t e n c e 
as the best evidence we have for o b j e c t s that have co l lapsed beyond neu-
tron s tar d e n s i t i e s . Although a number of XRB d i s p l a y what may be X-ray 
s ignatures of black ho le accre tors (Miyamoto and Kitamoto 1991) , I regard 
as persuas ive only the four (or so) systems for which o p t i c a l l i n e veloc^ 
i t i e s y i e l d a mass funct ion i n c o n s i s t e n t with the accretor being a neutron 
s t a r . With t h i s d e f i n i t i o n , the o f f i c i a l candidates are Cyg X-l (Sokolov 
1988; Dolan and Tapia 1989) , which has been with us s i n c e 1972, A0620-00 
(Haswell and Shafter 1990) , and two Magellanic Cloud sources LMC X-l and 
LMC X-3 (White 1989) . I t i s a s u r p r i s e , though one of low s t a t i s t i c a l 
s i g n i f i c a n c e , that half the candidates should be in the LMC. Indulekha 
(1990) has suggested that a l l the systems have had l i n e p r o f i l e s d i s t o r -
ted by winds, and none conta ins an accretor more massive than the maximum 
p o s s i b l e for a s t a b l e neutron s t a r . 

2 . 5 . Hercules X-l 

I d e n t i f i e d with a 2 M A type s tar (whose f ea tures are d e t e c t a b l e in the 
o p t i c a l spectrum) Her X-l i s e i t h e r the heav ie s t LMXRB or the l i g h t e s t 
MXRB. I t has in common with massive systems r o t a t i o n a l modulation (P = 
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1.24 s) and a magnetic f i e l d near 10 G (Makishima 1991) and in common 
with the low mass systems dominant l i g h t output from an a c c r e t i o n d i s k . 
Addit ional p e r i o d i c i t i e s occur at 1.7 days ( the o r b i t ) and 35 days , i n -
terpreted as precess ion of e i t h e r the neutron s tar (Truemper et a l . 1986) 
or the d i sk (Bisnovatyi-Kogan et a l . 1990) . 

Some systems that may be r e l a t e d are 4U0614+09 with a 10 day period 
i n t e r p r é t a b l e as d i sk preces s ion (Machin et a l 1991) and three other LMXRB 
with p u l s a t i o n a l modulation, 4U1627-67 (7 .98 s ) , GX 1+4 ( t e n t a t i v e l y 122 
s ) , and 1E2259+59 (6 .98 s , of which more in Sec t . 2 . 9 ) . 

2 . 6 . Accret ion Disks and Quasi -Periodic O s c i l l a t i o n s 

A l l LMXRBs and black h o l e systems and some of the massive neutron s tar 
systems convey gas from the companion onto the compact s tar v i a a c c r e t i o n 
d i s k s somewhat s imi lar to those found in cataclysmic v a r i a b l e s and (prob^ 
ably) in a c t i v e g a l a c t i c n u c l e i . Whole books (Treves et a l . 1989) and 
conferences (Meyer et a l . 1989) have been devoted to t h e s e d i s k s , which 
are r e s p o n s i b l e for most of the o p t i c a l continuum and l i n e emission we s ee 
from XRBs (hence the d i f f i c u l t y sometimes in dec iding whether emission 
l i n e v e l o c i t i e s r e a l l y track the center of mass of the a c c r e t o r ) . They 
can both obscure X-ray f lux and, in ionized coronae, s c a t t e r i t in to our 
l i n e of s i g h t , so that the absence of true e c l i p s e s i s pr imari ly an o r i -
enta t ion e f f e c t (Milgrom 1978) . The brightening of the XRB in M15 above 
10^8 e r g / s , assuming i s o t r o p i c , unobscured emission (Dotani e t a l . 1990) 
c a s t s some doubts on t h i s p i c t u r e . 

Accret ion d i s k s are g e n e r a l l y a l s o held r e s p o n s i b l e for channel l ing 
mater ia l out in to extended rad io -emi t t ing reg ions (Achterberg 1989) and 
for producing i rregu lar v a r i a b i l i t y on time s c a l e s from minutes up to 
years (Priedhorsky and Holt 1987) v i a many d i f f e r e n t kinds of i n s t a b i l -
i t y in d i sk s t ruc ture and mass transport p r o c e s s . 

EXOSAT discovered a new category of LMXRB v a r i a b i l i t y , the quas i -
p e r i o d i c o s c i l l a t i o n s (QPOs), a l s o a r i s i n g from d i sk p r o c e s s e s . Most have 
frequencies of 5-60 Hz, widths in the power spectrum of about hal f the cen 
t r a l frequency, amplitudes of 1-10%, and remarkably complex c o r r e l a t i o n s 
of t h e i r proper t i e s with source br ightnes se s and co lor temperatures, with 
some c o r r e l a t i o n s a l s o occurring in t h e i r u l t r a v i o l e t , o p t i c a l , and radio 
f l u x e s . Co-discoverer v a n d e r K l i s (1989) has reviewed the phenomenology 
and models. One w e l l - d e f i n e d QPOmode (found in Cyg X-2, Sco X - l , and a 
handful of other sources) i s w e l l explained by a beat frequency between 
the r o t a t i o n periods of the inner edge of the a c c r e t i o n d i sk and of the 
magnetosphere of the neutron s t a r , a t the point where pressures in the two 
are equal . 

An important impl i ca t ion i s that LMXRB neutron s t a r s r o t a t e at m i l -
l i s e c o n d p e r i o d s , as expected from prolonged accre t ion -dr iven spin up. 
Other modes require other models , some analogous to the d i sk i n s t a b i l i t y 
that t r i g g e r s dwarf nova o u t b u r s t s . Some MXRB and black ho l e candidates 
d i s p l a y r e l a t e d s o r t s of v a r i a b i l i t y (Miyamoto and Kitamoto 1991) . GX 
203OK375 i s p a r t i c u l a r l y i n s t r u c t i v e . Assuming a beat model, the QPO f r e 
quency ( 0 . 2 Hz) and NS r o t a t i o n period (42 s) permit one to c a l c u l a t e the 
s i z e of the magnetosphere, which turns out to imply a surface d i p o l e f i e l d 
of 10*2-13 G, j u s t as you would have expected (Angel in i e t a l . 1989) . 
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2 . 7 . The Very Soft Sources 

This new and p o s s i b l y h e a v i l y populated category i d e n t i f i e d by the ROSAT 
team so far inc ludes four sources in the Magellanic Clouds and only one 
in the Milky Way (Truemper et a l . 1991; Greiner e t a l . 1991) . This seems 
to be an observat ional s e l e c t i o n e f f e c t , and the g a l a c t i c counterparts 
could make up a major f r a c t i o n of the progeni tors of binary and mi l l i sec^ 
ond pulsars (J . Truemper in van den Heuvel and Rappaport 1991) . 

2 . 8 . SS 433 

The o p t i c a l counterpart of t h i s X-ray source was "prediscovered" as an em 
i s s i o n l i n e objec t by Stephenson and Sanduleak. A s e t of narrow H and He 
emission l i n e s s h i f t through an amplitude ± 195 km/s with a s t a b l e 13 .1 
day period (Margon and Anderson 1989) revea l ing i t s binary nature . I t i s 
not p o s s i b l e to reconstruct the geometry of the system accurate ly enough 
to be sure whether t h i s amplitude i s c o n s i s t e n t with a neutron s t a r emit -
t er or requires a black ho l e (Zwitter e t a l , e lsewhere in t h i s volume). 
There i s no p e r i o d i c i t y s u g g e s t i v e of r o t a t i o n . 

The uniqueness l i e s in a second broader s e t of emission l i n e s , wi th 
a period of 164 days and amplitude of ±40,000 km/s. This v e l o c i t y beha-
v i o r was quickly modeled as a pair of o p p o s i t e l y d i r e c t e d j e t s , moving at 
0.26 c , in d i r e c t i o n s that precess every 164 days around an a x i s t i l t e d 
79° to the plane of the sky (Fabian and Rees 1979; Milgrom 1979) . The vel^ 
o c i t y sugges t s l i n e l o c k i n g , because (1216-912) /1216 = 0 . 2 6 . 

Many important p o i n t s remain obscure. These inc lude the cause of the 
164 d precess ion (wobbling disk? neutron star? something e l s e ? ) ; the r e -
l a t i o n s h i p between SS 433 and the (presumed) supernova remnant W50 around 
i t (remnant l e f t from event that made NS? mostly powered by r e l a t i v i s t i c 
beam input from current b inary?) ; j u s t what a c c e l e r a t e s the j e t ; are the 
c o l l i m a t e d , moving radio j e t and the o p t i c a l emission l i n e one the same 
g a s , d i f f e r e n t gas at same v e l o c i t y , or l a r g e l y unre la ted; and why i s on-
l y one of them known, even though there are a number of s imi lar X-ray bin 
a r i e s wi th co l l imated radio s t ruc ture and p r e c e s s i o n - l i k e p e r i o d i c i t i e s ? 
These puzzlements are further d i scussed by Zwitter e t a l . (1989) , Kochan-
ek and Hawley (1990 ) , and Brown et a l . ( 1 9 9 1 ) . Kundt (1991) proposes a 
d e f i n i t e s e t of answers ( j e t s unre la ted; neutron s tar precess ion driven 
by d i sk ; e t c . ) that l e a v e s a d i f f e r e n t s e t of p u z z l e s . 

2 . 9 . IE 2259+586, an X-ray Binary in a Supernova Remnant? 

Otherwise known as the Fahlman-Gregory o b j e c t , t h i s compact X-ray source 
with a 6.98 s p u l s a t i o n period i s located wi th in the supernova remnant 
CTB 108, although i t s phys ica l a s s o c i a t i o n with the remnant has been doub^ 
ted (Davis and Coe 1991) . I t s spin down time of 3 X 10 yr i s too long 
for r o t a t i o n a l k i n e t i c energy to power the X-ray emiss ion, l eading to i n -
t e r p r e t a t i o n as an X-ray binary. There i s , however, n e i t h e r dynamical 
(Koyama e t a l . 1989) nor o p t i c a l (Davis and Coe 1991) evidence for a com-
panion. A l t e r n a t i v e models inc lude a m i l l i s e c o n d pulsar precess ing at the 
7 s period (Car l in i and Treves 1989) and pu l sar - type emission from a high 
l y magnetized, r o t a t i n g , massive white dwarf produced by a recent merger 
(Paczynski 1990a) . In both c a a s e s , the objec t would be the product of an 
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i n t e r a c t i n g binary and so belong in t h i s conference. The former model i s 
a l s o c o n s i s t e n t with the t e n t a t i v e d e t e c t i o n of cyc lotron resonance f e a -
tures (Makishimal991); the l a t t e r i s n o t . 

2 . 1 0 . Gamma Ray Bursters 

These events ( f u l l y described by Higdon and Lingenfe l t er 1990) continue 
to defy e f f o r t s at i d e n t i f i c a t i o n with steady sources in any wavelength band 
(Ho e t a l 1991) . Their near i sotropy on the sky means that they must be 
e i t h e r wi th in a few hundred parsecs or at cosmological d i s t a n c e s . In the 
former c a s e , absence of X-ray r e f l e c t i o n e f f e c t s precludes the presence 
of a binary companion (Dermer et a l . 1991) and the sources must be o l d , 
s i n g l e neutron s t a r s , r e t a i n i n g f i e l d s near 10*2 G (at l e a s t for those 
with cyc lo tron resonance f ea tures (Murakami 1991) . In the l a t t e r c a s e , 
they could r e s u l t from mergers of binary neutron s t a r s in d i s t a n t g a l a x i e s 
(Paczyifski 1990b) and so be part of our subject matter . 

2 . 1 1 . TeV and PeV Gamma Ray Sources 

Detec t ions wi th rather low s t a t i s t i c a l s i g n i f icance of very high energy 
gamma rays from an assortment of p u l s a r s , X-ray b i n a r i e s , and r e l a t e d ob-
j e c t s go back more than a decade. The Crab Nebula (Vacanti e t a l 1991) 
i s the most p e r s u a s i v e o f the d e t e c t i o n s , but not re l evant here . Of the X-
ray b i n a r i e s , Cyg X-3 has been most frequent ly and c o n s i s t e n t l y reported 
(Muraki et a l . 1991) . Doubts have been cas t on the r e a l i t y of many d e t e c -
t i o n s (Lewis et a l 1991) , but t h i s has not prevented t h e o r i s t s from model^ 
ing» apparently s u c c e s s f u l l y , the production of TeV and PeV photons (Eich 
1er and Ko 1988; Gnedin and Ikhsanov 1990; and many o t h e r s ) . Part of 
ones l i n g e r i n g doubts come from the detected events ac t ing l i k e p a r t i c l e s 
somewhere between photons and hadrons (Dingus e t a l . 1988) . 

2 . 1 2 . Geminga 

The Gemini gamma ray source ( the name a l s o means " i t i s not there" in Mi-
lanese d i a l e c t ) has a uniquely high r a t i o (- 1000) of gamma ray f lux to 
that in X-ray, o p t i c a l , or other bands. The r o t a t i o n period i s somewhat 
t e n t a t i v e , and there i s no d i r e c t evidence for a binary companion, thus 
the system may w e l l not belong in t h i s book at a l l (Bignami et a l 1988) . 
If by any chance Geminga i s the n e a r e s t , youngest m i l l i s e c o n d pu l sar , 
(Sr in ivasan 1990) , then i t i s , a t any r a t e , the descendent of an i n t e r a c -
t i n g binary! 

3 . FORMATION MECHANISMS 

Stars that s t a r t out with more than 5-9 M l eave neutron s tar remnants ra_ 
ther than white dwarfs and some s t i l l more massive ones perhaps black 
h o l e s . Half or so of the dots of l i g h t in the sky are r e a l l y b i n a r i e s , 
and whi l e mass t rans fer w i l l increase the i n i t i a l mass required to produce 
the more compact remnants, i t a l s o means that an i s o t r o p i c supernova explo 
s ion of the f i r s t s tar w i l l not unbind the system (Trimble and Rees 1971) . 
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The i n i t i a l system must, however, be wide enough that the primary can ey_ 
o lve a helium core of at l e a s t 2 .2 M before the onset of t rans fer i f core 
c o l l a p s e to a neutron s tar or black Role i s to occur. 

Thus about a th ird of the neutron s t a r s and black h o l e s that form 
w i l l do so in c l o s e b i n a r i e s . This s traightforward p i c t u r e accounts for 
both the numbers and the properties of massive and Be s tar XRBs provided 
that t h e i r l i f e t i m e s are not too much shorter than those of the donor 
s t a r s (Bhattacharya and van den Heuvel 1991) . I f the g a l a c t i c populat ion 
of assorted MXRBs i s 10 2 "^ and they l i v e for the 1 0 5 yr during which the 
secondary experiences a strong wind or marginal RLOF, then the b i r t h r a t e 
must be 1-10 per mil lenium, and most of the compact o b j e c t s born in b i n -
a r i e s must experience an XRB phase. 

Allowing for l o s s of mass and angular momentum permits a wider range 
of i n i t i a l systems to produce a wider range of f i n a l ones , o p t i o n a l l y a c -
comodating Her X-l wi th in t h i s scenario (van den Heuvel and Habets 1985) . 
Such l o s s e s occur primari ly during a common envelope phase (Paczyiiski 
1976) when the primary (or , l a t e r , the secondary) i s shedding mater ia l 
f a s t e r than i t s companion can a c c r e t e . Both a n a l y t i c a l approximations 
and numerical c a l c u l a t i o n s for t h i s process e x i s t (Taam and Bodenheimer 
1989) , but the amount of mass l o s t and the extent to which the accretor 
s p i r a l s in remain somewhat adjus tab le parameters. Thus even LMXRBs could 
form t h i s way (Joss and Rappaport 1979) , though there are a l t e r n a t i v e s . 

The LMXRB formation process i s e n t i t l e d to be a rare one, i f the 100 
or so systems in the Milky Way p e r s i s t for the 10^ yr permitted by the 
l i f e t i m e s of t h e i r companions. That they are , at any r a t e mostly o ld 
fo l lows from t h e i r d i s t r i b u t i o n in the g a l a c t i c bulge populat ion and glob^ 
ular c l u s t e r s , where they are over-represented r e l a t i v e to the r e s t of the 
galaxy by about 100 to 1 (Katz 1975) . I t has , as a r e s u l t , been suggested 
that LMXRBs form only in g lobular c l u s t e r s , the f i e l d populat ion having 
been e j ec ted from t h e i r parent c l u s t e r s by encounters or l i b e r a t e d by clus_ 
t er d i s s o l u t i o n (Grindlay 1988) . 

I f a l l or most LMXRBs s t a r t out in c l u s t e r s , then they could have 
formed through a v a r i e t y of s t e l l a r encounter processes in the dense c l u s -
t er cores ( e s p e c i a l l y in g lobulars that have been through core c o l l a p s e ) . 
The p o s s i b i l i t i e s inc lude two body t i d a l capture (Clark 1975; Fabian et 
a l . 1975) , three body captures (where two s t a r s are l e f t bound because a 
th ird c a r r i e s away excess energy) , and s tar exchanges between primordial 
b i n a r i e s and neutron s t a r s l e f t in the c l u s t e r s from core c o l l a p s e super-
novae long ago (Hut et a l . 1991; Phinney and Kulkarni 1991) . Head on col^ 
l i s i o n s of neutron s t a r s with l e s s compact o b j e c t s are a l s o p o s s i b l e but 
probably r e s u l t in t o t a l d i s t r u c t i o n of the extended s t a r . Some recyc led 
pulsars may be made t h i s way. 

F i n a l l y , a process c a l l e d a c c r e t i o n induced c o l l a p s e (AIC: Canal e t 
a l . 1990) has been a s soc ia t ed with the formation of g lobular c l u s t e r XRB 
(Grindlay 1988) but can a l s o occur in the f i e l d (van den Heuvel 1981) . 
The o r i g i n a l mot ivat ion , to account for neutron s t a r s with magnetic f i e l d s 
up to 10 G in dyamically o ld binary systems, has l a r g e l y disappeared — 
we do not understand the time evo lu t ion of NS magnetic f i e l d s , but they 
are no longer thought to decay exponent ia l ly without l i m i t . For a white 
dwarf to be driven above the Chandrasekhar l i m i t by a c c r e t i o n from a com-
panion and so to c o l l a p s e to a neutron s tar sounds, a p r i o r i , q u i t e 
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probable. The catch i s t h a t , for t h i s to happen in preference to a s e r -
i e s of nova explos ions or a s i n g l e carbon burning d e f l a g r a t i o n (which 
des troys the s t a r ) , the white dwarf has to be q u i t e massive to s t a r t wi th 
and the a c c r e t i o n r a t e must f a l l wi th in a f a i r l y narrow range. The r e -
current novae are p o s s i b l e progeni tors of AIC (R.E. Webbink in van den 
Heuvel and Rappaport 1991) . Admittedly, recurrent novae are rare , but so 
i s the formation of LMXRBs, u n l e s s they are required to g i v e r i s e to a l l 
the binary and m i l l i s e c o n d pulsars we see (e lsewhere in t h i s volume). 

4 . UNANSWERED QUESTIONS 

Several dozens of these appear in the preceeding pages , but i f a canoni-
c a l g e n i e l i m i t e d me to three they would be: (a) What are the masses and 
r o t a t i o n periods of neutron s t a r s in LMXRBs? (b) Which formation procès^ 
s e s dominate in and out of g lobular c l u s t e r s ? and (c) How does a core 
c o l l a p s e dec ide when to form a black hole? A second gen ie would be asked 
to expla in (a) the energy source in 1E2259+586, (b) the absence of donor 
s t a r s between 2 and 8 M q , and (c) the uniqueness of SS 433 and Geminga. 
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