
19
95

A
pJ

S.
 .

10
0.

 .
21

71
 

The Astrophysical Journal Supplement Series, 100:217-231,1995 September 
© 1995. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

A MODEL OF THE GALACTIC X-RAY BINARY POPULATION. I. HIGH-MASS X-RAY BINARIES1 

Icko Iben, Jr.,2’3 Alexander V. Tutukov,2’4,5 and Lev R. Yungelson4,6 

Received 1994 January 20; accepted 1995 February 27 

ABSTRACT 

Using a numerical scenario code which is based on the current theory of stellar evolution and on a semiempir- 
ical birth function for binary stars, a model for the Galactic high-mass X-ray binary (HMXB) population is 
constructed. There is general agreement between predictions of the theoretical model and observed properties of 
HMXBs with respect to numbers and with respect to space velocity, mass, and orbital period distributions. Ac- 
cretion by a close neutron star or black hole from the wind emitted by an OB star companion produces intense 
X-ray emission for 3 X 103-3 X 105 yr; the precise duration depends on the semimajor axis of the system and on 
the donor mass. The average HMXB lifetime is 14,000 yr. The model gives an HMXB birthrate —2.6 X 10-3 

yr-1, with one out of 6-11 systems containing a black hole of mass —10 M0. The total number of bright (Lx > 
1000 L©) HMXBs is, according to the model, about 40, and the median peculiar velocity of these systems is —60 
km s_1. Reasonable agreement with the observed distribution in number versus space velocity is achieved without 
invoking a “kick” other than the recoil velocity associated with mass loss in a supernova explosion. 

Approximately 10% of all HMXBs with an OB star donor are predicted to evolve into close binaries with Wolf- 
Rayet donors and with mass-exchange rates large enough to make them observable in X-rays throughout the 
Galaxy. Cyg X-3 is the only such system known. The discrepancy between observed and predicted numbers can 
possibly be ascribed, if the accretor is a neutron star, to a magnetic propeller mechanism which inhibits accretion, 
and, if the accretor is a black hole, to the absence of an accretion disk. 

Following the HMXB phase, some systems evolve into very close binary black holes and neutron stars which 
merge under the influence of gravitational wave radiation. The merger rate of black holes in the Galaxy is esti- 
mated to be —2 X 10“5 yr-1, and the merger rate of neutron star pairs is estimated to be —3 X 10-4 yr“1. The 
volume of space that produces merger events which are potentially detectable as pulsed gravitational wave sources 
of large energy depends strongly on the masses of the merging components, and, if the black hole mass is taken to 
be —10 M0, the frequency of detectable black hole mergers may be about 10 times larger then the frequency of 
detectable mergers of binary neutron stars. 
Subject headings: accretion, accretion disks — binaries: close — stars: evolution — stars: interiors — 

stars: statistics — X-rays: stars 

1. INTRODUCTION 

X-ray binaries are among the most popular objects of mod- 
em astronomy. Accretion in binary stars was introduced by 
Novikov & Zeldovich ( 1966) and by Shklovski ( 1967) to ex- 
plain observed X-ray sources. The origin of massive X-ray bi- 
naries was described by van den Heuvel & Heise (1972), and 
the post-X-ray stage of evolution of massive binaries was de- 
scribed by Tutukov & Yungelson (1973). Different aspects of 
the origin and evolution of these systems have been studied 
over the past twenty years in many papers (e.g., Tutukov 1981; 
Rappaport Sc van den Heuvel 1982; Kornilov & Lipunov 
1983a, b; Hellings & deLoore 1986; van den Heuvel & Rappa- 
port 1987; Meurs & van den Heuvel 1989; Pols et al. 1991; 
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Lipunov et al. 1994). X-ray binaries have been recently re- 
viewed by van den Heuvel ( 1987, 1992), Bhattacharya & van 
den Heuvel ( 1991 ), and Webbink ( 1992). The main observa- 
tional properties of well-studied X-ray binaries are described 
in catalogs by Bradt & McClintock (1983), Aslanov et al. 
(1989), and van Paradijs (1995). 

The estimated mass MovX of the optical component of a se- 
lection of X-ray binaries is shown in Figure 1 as a function of 
orbital period P0rb- The binary data have been taken from the 
catalog of Aslanov et al. ( 1989 ), and the pictured systems with 
Mopt > 10 Mq comprise about one-third of all known bright 
high-mass X-ray binaries (van Paradijs 1995). Binaries in 
which the X-ray source is an accreting neutron star (Fig. \a) 
can be divided into two quite distinct families: high-mass X- 
ray binaries (HMXBs) in which the mass of the optical com- 
ponent is larger than ~ 10 and low-mass X-ray binaries 
(LMXBs) in which the mass of the optical component is less 
than ~ 1 Mq . Only one known source, Her X-1, lies in the gap 
between the two families. 

HMXBs may be divided into two groups according to the 
time dependence of their X-ray flux. “Stationary” or “persis- 
tent” sources have periods less than ~ 10 days and show sig- 
nificant fluctuations in X-ray luminosity about the average, 
but the X-ray emission never disappears. “Nonstationary” or 
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Fig. 1.—Mass of the optical component vs. orbital period for X-ray 
binaries in which the accretor is a neutron star ( upper panel) or a black 
hole ( lower panel) ; binary parameters are taken from Aslanov et al. ( 1989 ) 
and, for some HMXBs with black holes, from Tutukov & Cherepashchuk 
(1992). In the upper panel, stationary (persistent) sources are shown as 
filled five-rayed stars and hard transients are shown as open five-rayed stars. 
Closed polygons outline theoretical positions of binaries with different 
types of donors: an evolved hydrogen main-sequence star (H-MS) or a 
helium main-sequence star (He-MS) transferring matter via a wind. For 
more details about LMXBs, see Paper II. 

“transient” sources exhibit pronounced spikes in their X-ray 
luminosity and periods of quiescence during which X-ray 
emission is below the limit of detectability. The stationary 
sources are close systems (Fig. la), and the optical component 
nearly fills its Roche lobe. The transient sources are of longer 
orbital period ( larger semimajor axis ) than the stationary ones, 
with the dividing line being at an orbital period of about 8-10 
days. The orbits of the transient sources are usually eccentric 
with e ~ 0.1-0.8. Transients display recurrent X-ray bursts 
with a hard spectrum ( Rappaport et al. 1978 ; Rappaport & van 
den Heuvel 1982; Stella, White, & Rosner 1986). The optical 
component is typically a Be star which is rotating near breakup 
velocity at the surface. Be stars typically blow a very nonsta- 
tionary wind and eject matter in discrete, sporadically appear- 
ing clumps. The ejected matter appears to be strongly colli- 
mated into the equatorial plane and moves with a velocity 
which may be substantially less than the escape velocity from 
the surface of the optical component. At least one X-ray burst 
in the X-ray binary 4U 0115+63 (V635 Cassiopeia) was the 

result of a discrete mass-loss event experienced by the Be com- 
ponent (Kriss et al. 1983). The 60 day delay between the onset 
of the optical activity and the month-long X-ray outburst was 
attributed by these authors to the time required to form an 
accretion disk of critical mass for discharge onto the neutron 
star. Another interpretation is that 60 days is a measure of the 
time for the mass ejected by the Be star to reach the neutron- 
star component. In this interpretation, the velocity of the 
ejected clump is ~14 km s-1, about 2 orders of magnitude 
smaller than the typical wind velocity of a Be star. 

The high rotation rate of a typical Be star component and 
the relatively wide separation of the components are evidence 
that the secondary in the primordial system has been spun- 
up by mass accretion from the primary in a mass-conservative 
event which converts the primary into the helium-star precur- 
sor of the neutron-star component (Rappaport & van den 
Heuvel 1982). The relatively wide separation of components 
in the present system and the low mass ratio prevent tidal 
torques from braking the rotation of the Be star and from cir- 
cularizing the orbit (Zahn 1975, 1977; Lecar, Wheeler, & 
McKee 1976; Tassoul 1988; King 1993). The rather large or- 
bital eccentricities are a result of the supernova explosion and 
associated mass loss ( Boersma 1961). 

It is usually assumed that the optical components of LMXBs 
(typically main-sequence or subgiant stars) fill their Roche 
lobes; the neutron star or black hole component is thought to 
accrete because the main-sequence or subgiant component is 
forced to maintain contact with its Roche lobe and transfer 
mass through this lobe due to ( 1 ) evolutionary expansion of 
the Roche lobe-filling star ( Webbink, Rappaport, & Savonije 
1983; Taam 1983b), (2) the loss of angular momentum from 
the system by either a magnetic stellar wind (MSW) ( Verbunt 
& Zwaan 1981) or gravitational wave radiation (GWR) 
(Paczynski 1967; Faulkner 1971; many others), or (3) by 
some combination of these processes (Taam 1983a; Iben & 
Tutukov 1984c). Recently it has been found that, if the donor 
in a close binary is the remnant of an intermediate-mass com- 
ponent with a CO or ONe degenerate core and a thick nonde- 
generate helium mantle, expansion related to nuclear burning 
at the base of the mantle can help drive mass exchange (Iben 
& Tutukov 1993). If the donor is a low-mass helium star or 
a degenerate dwarf, GWR can help drive mass transfer (e.g., 
Tutukov & Yungelson 1979a; Savonije, de Kool, & van den 
Heuvel 1986; Tutukov & Fedorova 1989). In a companion 
paper (Iben, Tutukov, & Yungelson 1995, hereinafter Paper 
II), it is argued that a wind from the donor, induced by the 
absorption of X-ray radiation from the accretor, may remove 
donor mass much more rapidly than mass is transferred to the 
accretor. 

Figure 1 b shows that, when the accreting star is a black hole, 
a designation inferred from its high mass ( ~ 10 A/©) relative to 
the mass of a typical neutron star (Cowley 1992 and references 
therein; see also Tutukov & Cherepashchuk 1992 for a 
discussion), a division into two groups on the basis of donor 
mass is not obvious. The smallness of the sample could be 
partly responsible for the absence of a well-defined mass gap. 
Probably more responsible is the fact that the mass of a black 
hole accretor is so much larger than the mass of a neutron star 
that the upper limit on the ratio of donor mass to accretor mass 
for stable mass transfer through a Roche lobe is considerably 
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larger than 1 MQ. Among the five X-ray binaries containing a 
black hole, only Cyg X-l has an optical component which 
clearly does not fill its Roche lobe (although it is close to filling 
it), and it may be defined as an HMXB. The other four are 
accreting matter through the Lagrangian point LI from a less 
massive companion, and they may be defined as LMXBs. 

The modern theory explains the origin and evolution of X- 
ray binaries of both types (van den Heuvel & Heise 1972; Tu- 
tukov & Yungelson 1973; Bhattacharya & van den Heuvel 
1991 ). For those binaries in which the accretor is a neutron 
star, the discontinuity between the two types in the mass of the 
optical component relative to the mass of the accretor can be 
understood in part because main-sequence stars of mass in the 
1-8 Mq range do not support either an MSW or a strong radi- 
atively driven wind, and in part because stable mass transfer 
through a Roche lobe on a long ( ~nuclear-burning) timescale 
requires that q, the ratio of donor mass to accretor mass, be less 
than ~ § when the donor has a deep convective envelope and 
be less than — 1.2 when the donor has a radiative envelope ( see 
Tutukov, Fedorova, & Yungelson 1982; Iben & Tutukov 
1984c; Hjellming & Webbink 1987). For values of q larger 
than these critical values, mass transfer is on a thermal time- 
scale (if ^ ^ 1.2 and the envelope of the donor is radiative) 
or on a dynamical timescale, and, since the system develops a 
common envelope (CE) which is very short lived, the mass- 
transfer event is not often observed. Possible examples of pre- 
CE binary stars are SS 433, Her X-l, and Cen X-3, and a pos- 
sible example of a CE binary star is tj Carinae. 

The objective of this paper and Paper II is to present a theo- 
retical model of the origin and properties of X-ray binaries 
which is based on the modern theory of close binary star evo- 
lution and which differs in approach from several other studies 
in which the initial parameters and the lifetime of individual 
systems are modeled by the Monte Carlo method (Kornilov & 
Lipunov 1983a, b; Dewey & Cordes 1987; Bailes 1989; Lipu- 
nov et al. 1994). The approach used here is a systematic study 
having a broad observational and evolutionary background 
(including the evolution of single and binary stars from the 
main sequence to the formation of white dwarfs, neutron stars, 
and black holes) which is accumulated in a scenario code. In 
this paper, a model of the HMXB population is presented. 

The scenario approach to the study of binary star evolution 
has been used with reasonable success to understand both qual- 
itatively (e.g., van den Heuvel & Heise 1972; Tutukov & 
Yungelson 1973) and quantitatively (within the observational 
and selection-effect uncertainties) the formation frequency 
and evolution of a wide class of binary systems (e.g., Kornilov 
& Lipunov 1983a, b; Iben & Tutukov 1984a, d, 1985, 1986; 
Tutukov & Yungelson 1986, 1987, 1993a, b). 

The specific numerical scenario program which is used in 
this paper was developed at the Institute of Astronomy in Mos- 
cow several years ago. It incorporates the main known facts 
concerning single and binary star statistics. Also incorporated 
are the results of theoretical computations concerning the evo- 
lution of single and binary stars, including the effects of CE 
events, supernova explosions, and the like. The authors of this 
paper have been involved for many years in the numerical 
modeling of single and binary star evolution, and much of this 
modeling has been generated with the aim of providing the in- 
put necessary for the construction of a scenario code tightly 

constrained by the modem theory of stellar evolution. The 
code produces models of various populations of single and bi- 
nary stars in the Galaxy, giving mass, semimajor axis, and 
space velocity distributions as well as the evolutionary status of 
binary components. 

The scenario program has been applied to construct models 
of Wolf-Rayet (W-R) stars (Yungelson & Tutukov 1991 ), de- 
generate dwarfs (Tutukov & Yungelson 1992), neutron stars 
and black holes (Tutukov & Yungelson 1993a), supemovae 
(Tutukov, Yungelson, & Iben 1992), binary planetary nebula 
nuclei (Yungelson & Tutukov 1993; Yungelson, Tutukov, & 
Livio 1993), merging relativistic binaries (Tutukov & Yungel- 
son 1993b), and other stellar objects. In all cases, there has 
been reasonable agreement between the models and the obser- 
vations. In this paper, it is demonstrated that this is also the 
case for HMXBs in which the mass-donor is an OB star. This is 
important in the light of the fact that basic agreement between 
model predictions and observations does not occur in the case 
of LMXBs unless the assumption that mass is transferred con- 
servatively is suspended ( Paper II ). 

According to the model, observed short-period (Porh < 10 
days) HMXBs (Fig. \a) originate from systems in which the 
secondary is in the mass range 10-30 A/©, the primary is in 
the mass-range 11.4-50 A/©, and the orbital separation is small 
enough that the primary can make Roche lobe contact when it 
leaves the main sequence (semimajor axis A0 less than 2000 
Rq). Long-period {Pq^ ^ 10 days) HMXBs originate from ini- 
tial systems in which the mass ratio is near 1 ; mass-conserva- 
tive mass transfer increases the mass of the secondary and 
causes an increase in the orbital separation. Since neither com- 
ponent develops an extended envelope, initially close systems 
with masses of components larger than 50 A/© evolve like wide 
binaries. 

In § 2, some of the stellar evolution input to the scenario 
code is described. In § 3, the simple model of an HMXB used in 
the code is presented, and the main characteristics of observed 
HMXBs which any scenario code should attempt to reproduce 
are discussed. In § 4, the birthrate of bright sources is estimated, 
and predicted distributions in period, mass, and space velocity 
are compared with observed distributions. In § 5, the evolution 
of post-HMXBs into close pairs of relativistic objects which 
can merge due to GWR is discussed, and in § 6, a summary is 
presented. 

2. STELLAR EVOLUTION INPUT 

When it does not fill its Roche lobe, each component is as- 
sumed to evolve as a single star. Evolutionary characteristics 
are taken from a variety of different sources which are too nu- 
merous to list. 

The program takes into account stellar wind mass loss from 
massive main-sequence stars according to equation (7) in 
Vanbeveren (1991) and from helium stars as suggested by 
Langer (1989). The evolution of helium stars of different 
masses in binaries with mass exchange is taken into account 
according to Habets ( 1985a, b) and Avila Reese ( 1993). 

There is possibly only one way to form a neutron star in an 
HMXB, and this is by a supernova explosion. Here it is as- 
sumed that all close binary components with initial masses 
larger than 11.4 A/©, but less than 40 A/© (van den Heuvel 
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& Habéis 1984), become supemovae with the formation of a 
neutron star. For binaries wide enough that the primary never 
fills its Roche lobe, the lower limit on the mass of a component 
which can become a neutron star is assumed to be 10 A/©, but 
such binaries cannot evolve into X-ray binaries. Stars with an 
initial mass larger than 40 M© are assumed to evolve into black 
holes of mass ~ 10 Af©. 

The initial eccentricities e of orbits are assumed to be related 
to the orbital period Porb by 

£ = 0.1 log Porb(days). (1) 

If the orbit is elliptical when a primary first fills its Roche lobe, 
it is assumed that the orbit immediately becomes circularized, 
with orbital angular momentum remaining constant. If, after 
circularization, the primary can still fill its Roche lobe, the sys- 
tem is considered to be a close binary. Otherwise, it is consid- 
ered to be a wide binary with e = 0. In a close binary, after 
a symmetric supernova explosion in which a neutron star is 
formed, orbital parameters are chosen according to the instan- 
taneous mass-loss formulation of Boersma (1961) (see also 
McCluskey & Kondo 1971; Sutantyo 1974a, b; Bhattacharya 
& van den Heuvel 1991). For example, after the first explosion 
of a supernova in a close binary in a circular orbit, the eccen- 
tricity becomes e = where A/iost is the mass lost 
from the system and is the mass of the remnant binary. If 
the binary is to remain bound following a neutron star-form- 
ing supernova explosion, the amount of mass lost in the explo- 
sion must be less than the mass of the binary after the explo- 
sion, a condition which can be written as 

^precursor ~ A/2 < 2A/Ns — 2.8 A/© , (2) 

where A/precUrsor, Af2, and A/NS are, respectively, the mass of the 
primary just prior to the supernova explosion, the mass of the 
companion, and the mass of the neutron star. 

After a neutron star-forming explosion in a wide binary, the 
change in the eccentricity is taken according to Hills (1983). 
Some massive binaries are disrupted by the first explosion ( see, 
e.g., Tutukov & Yungelson 1993a for a quantitative estimate), 
and some systems achieve e ~ 1. At least two systems of the 
latter sort are known: one containing PSR 1253-63 (Johnston 
et al. 1992 ), and one in the SMC containing PSR J0045-7319 
(Kaspi et al. 1994). Orbital periods of these binaries are 3.4 yr 
and 51 days, respectively. 

Very close binaries can efficiently circularize their orbits by 
tidal interactions during the main-sequence lifetime of the pri- 
mary (Zahn 1977). Wider binaries retain nonzero eccentrici- 
ties until the primary leaves the main sequence and starts to fill 
its Roche lobe. In reality, all known HMXBs with orbital peri- 
ods < 10 days have almost zero eccentricities, and longer pe- 
riod HMXBs have £>0.1. This difference has been explained 
in the framework of a theory developed by Zahn (1975, 1977 ) 
and others (Lecar et al. 1976;Tassoul 1988; King 1993; Prince 
et al. 1994) of circularization of orbits and synchronization of 
rotation and orbital periods. 

A supernova explosion in a close binary will impart to the 
remnant system a rather large peculiar space velocity (Zwicky 
1957), even in the case when the explosion is itself highly sym- 
metric (see, e.g., the formulation of Boersma 1961). Blaauw 

(1961) has used this fact to account for the “runaway OB star” 
population (see also Stone 1982, 1991 ), and Gunn & Ostriker 
( 1970) and Gott, Gunn, & Ostriker ( 1970) have used it to un- 
derstand the velocity and space distributions of radio pulsars. 
It is of interest to note also that rotational velocities of runaway 
stars seem to be correlated with their peculiar space velocities 
( Tutukov & Yungelson 1989), suggesting that the rotation and 
orbital periods of massive presupemova binaries may be syn- 
chronized. 

If the initial primary mass A/10 is ^50 A/©, the primary at- 
tempts to expand to giant dimensions after hydrogen has been 
exhausted over a central region, but, in a close enough binary, 
it fills its Roche lobe and begins to transfer mass to its compan- 
ion. If the initial mass ratio is sufficiently larger than unity 
(<:1.2 when the donor envelope is radiative), a CE is formed 
and most of the mass lost by the primary is also lost from the 
system. Mass loss continues until most of the hydrogen-rich 
envelope of the primary has been ejected from the system, giv- 
ing A/preCursor ~ A/pie? where A/He is the mass of the helium core. 
After mass exchange, the primary has a mass similar to the 
mass of its helium core, an approximation for which is given 
by (e.g., Tutukov & Yungelson 1973; Iben & Tutukov 1984a, 
1985) 

Mhc-O.IATIö4. (3) 

Here both masses are in solar units. Since the optical compo- 
nent in an HMXB is typically of mass M2 ~ 10-30 A/©, and 
since A/precursor is typically less than M2, equation ( 2 ) is usually 
satisfied. 

Semidetached binaries with black holes can arise only if 
the minimum initial mass of a star which can form a 

black hole, is smaller than A/exP? the maximum initial mass of 
a star which can expand to giant dimensions. Otherwise, a CE 
will not be formed, and the companion of the black hole will 
remain too far away for mass transfer at appropriate rates to 
occur. The values of neither A/BH,min nor A/exp have been reli- 
ably established theoretically, so one cannot categorically ex- 
clude the possibility that A/exp < A/BH,min > and one can certainly 
not make reliable theoretical predictions about the probability 
of forming LMXBs with black hole components. However, the 
existence of semidetached binaries such as A0620+00, XN 
Mus, and EMC X-3 (see Fig. 1£), in which one component is 
a low-mass donor and the other appears to be a black hole of 
mass ~ 10 A/©, could be taken as direct evidence that A/exp > 
A/BH,min • This argument would be weakened if the three ob- 
served systems have been formed in globular clusters in conse- 
quence of inelastic collisions between black holes and low- 
mass main-sequence binaries or single stars. But, since the 
three observed systems are not concentrated to the Galactic 
center, they probably belong to the Galactic disk population, 
and, therefore, formation from a primordial binary is a more 
probable scenario. 

Only binaries in which the initial mass of the primary is in 
the range can form observed X-ray binaries with 
short orbital periods and black hole components. In the sce- 
nario program, it is assumed that A/BH,min = 40 A/© (van den 
Heuvel & Habets 1984) and that Mtxv = 50 A/©. The choice of 
A/exp ^ 50 Mq is motivated by the near absence of bright red 
supergiants in the H-R diagram (Humphreys 1978; Hum- 
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phreys & Davidson 1994) at luminosities corresponding to the 
luminosity of a 50 M© main-sequence star. The paucity of 
bright red supergiants suggests that initially very massive stars 
experience such extensive mass loss via a wind that the possi- 
bility of expansion after the formation of a helium core is 
effectively prevented (e.g., Massevich et al. 1979; Maeder 
1980). Hubble-Sandage variables are in the “forbidden” re- 
gion, but they are very few in number, and their apparent giant 
size is presumably due to the fact that optical depth unity oc- 
curs in the emitted wind. Because of the high rate of mass loss 
from the primary, the semimajor axes of orbits of binary sys- 
tems with very massive primaries will increase during the core 
nuclear-burning phase. A supernova explosion increases the 
component separation still further. 

In the evolution of many close binaries, a CE phase develops 
when the accretor cannot absorb matter at the same rate as it 
is provided by the donor and must expand (Paczyhski 1976; 
Ostriker 1976, cited in Taam, Bodenheimer, & Ostriker 1978). 
An important paper bearing on the initiation of the CE phase 
is that of Flannery & Ulrich ( 1977). The evolution of binaries 
during this stage has been studied numerically by Taam et al. 
(1978), Meyer & Meyer-Hofmeister (1979), Tutukov & 
Yungelson (1979b), Taam (1979), Bodenheimer & Taam 
(1984), Livio & Soker (1984a, b, 1988), de Kool (1987), 
Taam & Bodenheimer (1989), Hjelming & Taam (1991), 
Taam, Bodenheimer, & Rozyczka (1994), and Terman, 
Taam, & Hernquist ( 1994). The main results of these studies 
have recently been reviewed by Iben and Livio (1993). 

In the scenario program, a highly simplified algorithm is 
adopted to approximate the results of evolution during the CE 
stage. The energy necessary to eject the CE is assumed to come 
entirely from the energy of orbital motion. When the primary 
in the initial system achieves Roche lobe contact, an amount 
of mass equal to 

kM={TXlT2)M20 (4) 

is transferred to the main-sequence secondary. Here t{ and r2 

are, respectively, the thermal timescales of the envelopes of the 
initial primary and of the initial secondary, and M20 is the ini- 
tial mass of the secondary. Orbital angular momentum is as- 
sumed to be conserved during mass exchange, so that 

M\M2
2Av = M2

wM
2

2oA0, (5) 

where and Av are, respectively, the semimajor axis of the 
orbit before and after mass exchange, Mx = Mxo — AM, and 
M2 = M2o + AM. If AM < Mjo — MXR, where MXR is the mass 
of the final remnant of the primary, the resulting pair of stars is 
called a “virtual” pair; the rest of the mass lost by the primary 
is assumed to go into a CE, with the degree of orbital shrinkage 
given by 

G{MX + M2){Mx -Mxr) 
Ay 

a.QyGMXRM2\ 
Af 

(6) 

In equation ( 6 ), is the semimajor axis of the virtual system, 
T/is the semimajor axis after the CE event, and aCE is a param- 
eter of order unity. Numerical results show that, for an initial 
mass ratio q0 (the mass of the less massive component divided 

by the mass of the more massive component) between 0.0 and 
about 0.8, because of the smallness of AM, the result of using 
the algorithm in the program is essentially equivalent to the 
result of nonconservative evolution. For q0 = 0.8-1.0, a system 
evolves almost conservatively with respect to both mass and 
angular momentum. 

For detached systems in which a main-sequence or helium- 
star component loses mass due to a wind, the semimajor axis 
A and the total system mass Mtot are assumed to be related by 
MtotA = constant. This is the so-called Jeans approximation. 

The adopted procedures for handling mass transfer and 
mass loss are probably still the most uncertain element of the 
scenario program. In particular, orbital periods of evolved bi- 
naries are very sensitive to the parameter aCE- Previous 
semiempirical estimates of this parameter suggest that aCE is 
in the range 0.6-1.0 (e.g., Iben & Tutukov 1989; Tutukov & 
Yungelson 1993b). Some theoretical attempts to model the 
CE phase suggest aCE ~ 0.3-0.6 (e.g., Livio & Soker 1988; 
Taam & Bodenheimer 1989). In this paper, the consequences 
of choosing aCE = 0.5 and 1.0 are investigated. 

3. AN ELEMENTARY MODEL OF WIND-FED X-RAY 
SOURCES AND A SUMMARY OF THE MAIN 

OBSERVED PROPERTIES OF HMXBs 

Since X-ray emission from HMXBs is thought to be the re- 
sult of the accretion by a compact relativistic star of matter 
from the radiatively driven wind of an OB star (Davidson & 
Ostriker 1973), many papers have been devoted to hydrody- 
namical studies of the accretion process (e.g., Livio et al. 1986; 
Anzer, Boemer, & Monaghan 1987; Matsuda, Inone, & Sa- 
wada 1987; Fryxell, Taam, & McMillan 1987; Taam & Fryxell 
1988, 1989; Fryxell & Taam 1988;Sawadaetal. 1989;Blondin 
et al. 1994; Ruffert & Anzer 1994; Ruffert 1994). The process 
is very complicated, and existing models indicate that flow pat- 
terns are highly nonstationary, with even the sense of rotation 
of an accretion disk fluctuating. Nevertheless, as many of the 
cited papers demonstrate (e.g., Fryxell et al. 1987), the average 
accretion rate is very close to that given by the Bondi-Hoyle- 
Lyttleton (Hoyle & Littleton 1939; Bondi & Hoyle 1944) ap- 
proximation. McCray and Hatchett (1975) have pointed out 
that abundant elements such as carbon, nitrogen, and oxygen 
in the wind are ionized by X-ray radiation from the accretor. 
Since these ions are very important in the acceleration of the 
radiatively driven wind, the speed and mass-loss rate of the 
wind might be expected to be highly time dependent (Blondin 
et al. 1990). The scenario program does not take into account 
the complications of nonstationary flow, but assumes that ac- 
cretion from the wind is steady and can be approximated after 
the manner of Bondi & Hoyle ( 1944). 

The bright X-ray stage of persistent HMXBs is thought to 
begin when the optical component approaches its Roche lobe 
in size and the fraction of the donor-emitted wind matter cap- 
tured by the relativistic component increases toward a maxi- 
mum. The presence of a well-developed accretion disk in sys- 
tems such as Cen X-3, LMC X-3, and SMC X-l is evidence 
that the optical component in these systems is very close to 
filling its Roche lobe ( Bhattacharya & van den Heuvel 1991). 

If the accretor is a black hole, an accretion disk can in prin- 
ciple extend to the radius of the last stable orbit (~3 times 
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the Schwarzschild radius) around the black hole ( Abramovicz, 
Jaroszynski, & Sikora 1978; Paczynski & Wiita 1980). If an 
accretion disk is formed, X-rays are presumably emitted from 
the base of this disk. The conditions for the formation of a disk 
are regulated by the angular momentum of the intercepted 
matter (see, e.g., Shapiro & Lightman 1976, Appendix A), and 
there are, in principle, situations in which radial ( sometimes 
called “spherical”) accretion is possible. 

If the accretor is a neutron star, the location of the base of 
the disk is presumably determined by a balance between the 
ram pressure of the wind and the energy density in the mag- 
netic field of the neutron star (e.g., Lamb, Pethick, & Pines 
1973; Shapiro & Lightman 1976; Börner et al. 1987). Fortyp- 
ical conditions, this location has been estimated to be several 
hundreds of neutron-star radii from the surface of the neutron 
star. Matter from the disk presumably flows along magnetic 
field lines toward the magnetic poles, with X-rays being gener- 
ated in an accretion column above the magnetic poles (e.g., 
Langer & Rappaport 1982 ). 

The scenario code does not take into account the details of 
accretion and assumes that all of the gravitational potential en- 
ergy released in the accretion process is converted into X-rays 
at a luminosity given approximately by 

(7) 
Kx 47174 

where Mx and Rx are, respectively, the mass and radius of the 
accretor, Mw is the mass-loss rate from the OB star, A is the 
semimajor axis of the orbit, and racc is an “accretion radius.” If 
racc is chosen as ( Bondi & Hoyle 1944 ) 

2GMX 

vL 
(8) 

where i;wa is the speed of the wind at the location of the accret- 
ing star, 

Lx ~ 0.1 c2Mw ■ (9) 
A. Vwa 

In the last two formulae, it has been assumed for simplicity 
that the orbital velocity uorb of the accretor is much less than 
the wind velocity and can therefore be neglected. In the more 
general case, the relative velocity of an accretor and the wind 
gas is the vector sum of both motions. 

In the case of single stars, it is known that the wind velocity 
at large distances from a wind emitter (large enough that no 
further acceleration occurs ) is about 3 times the escape velocity 
Vex from the star, almost independent of the rotational period 
of the emitter (see, e.g., Fig. 7 in Friend & Abbot 1986). In a 
close binary system, the situation can be quite different. The 
wind is accelerated over a region (the “near zone”) which may 
not be small compared with the semimajor axis, and the wind 
velocity in the neighborhood of the accretor is smaller than its 
final value far from the system. This may be taken into account 
by setting 

uwa 3cvvvuesc 3q\v (10) 

where Mopt and Ropt are, respectively, the mass and radius of 
the optical component, and aw is a parameter which may, for 
very close systems, be considerably less than unity. Waters & 
van Kerkwijk (1989) estimate that aw ~ 1 - RopJA. With 
these definitions, equation (9) becomes 

Lx/Le 
4.1 X 1011 /Mx \

2/R( 

;)T 
(ID 

For small aw, the contribution of the orbital motion to the ve- 
locity of the wind relative to the velocity of the accretor must 
be included [tw/uorb = (2MtotA/MoptRopl)'

/2, where Mtot = 
Mopt + Mx], but, for our purposes, equation ( 11 ) is an ade- 
quate approximation. 

It is evident from equation (11) that, for typical values of 
Mw ( ~ 1(T6 M0 yr-'), Mx/Mopt ( ~0.1 ), and Ropl/A (<0.5), 
the closer the optical component is to filling its Roche lobe, the 
larger is the accretion luminosity. However, in the real situa- 
tion, the dependence on A may be much steeper than the in- 
verse square; this has been taken explicitly into account by in- 
troducing the parameter aw. In a close enough binary, the 
accretor may be in the near zone where the wind velocity is 
significantly less than its asymptotic value. Thus, equation 
(11) with aw = 1 provides an upper limit on the X-ray lumi- 
nosity which becomes progressively less adequate, the closer 
the donor is to filling its Roche lobe. 

Figure 1, which displays almost all persistent HMXBs with 
known masses and orbital periods, shows that only those opti- 
cal components with masses larger than ~ 10 M© have a wind 
powerful enough to lead to X-ray emission which can be seen 
at large distances in the Galactic disk. The observations show 
that the OB component tends to be a rather evolved main-se- 
quence star, with a radius typically about twice that of a zero- 
age main-sequence star of the same mass (Joss & Rappaport 
1984). Choosing A/oPt ^ \AM0,MX ~ 1.4 A/©, Ropt/^4 ~ 0.6, 
and Mw — 10-6 A/© yr-1, equation (11) gives 

1500 
Lq . (12) 

In general, the luminosity of even the brightest HMXBs 
(e.g., eq. [12]) is much less than the value corresponding to 
accretion at the Eddington limit for a neutron star. To achieve 
the largest possible X-ray luminosity, the OB component must 
be close to filling its Roche lobe (eq. [11]). This requirement 
simultaneously helps in the formation of an accretion disk 
around the accretor (see Appendix A). When the accretor is a 
black hole, whether or not an accretion disk forms determines 
the efficiency with which the kinetic energy of accreted matter 
is converted into escaping light. / 

The Galactic coordinates of 69 (mostly persistent) HMXBs, 
as given in the van Paradijs ( 1995) catalog of X-ray binaries, 
are shown in Figure 2. These systems are selected according 
to the apparent brightness of the optical component and thus 
include the brightest and therefore closest HMXBs. All known 
systems are clearly associated with the Galactic plane, and their 
distribution is highly nonuniform, or “clumpy.” Comparing 
these with the (also clumpy) distribution of bright stars in the 
solar neighborhood (e.g., van den Bergh 1982; Conti et al. 
1983; Efremov & Sitnik 1988), it is clear that the positions of 
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Fig. 2.—Positions of HMXBs on the sky in Galactic coordinates ac- 
cording to the van Paradijs ( 1993 ) catalog. The apparent visual brightness 
is indicated by symbols described in the legend in the upper left-hand cor- 
ner of the figure. 

the clumps of HMXB sources coincide (in projection) with 
the positions of the clumps of bright stars in spiral arms. This 
coincidence permits us to estimate distances to the known 
HMXBs as typically within ~2.5 kpc of the Sun. This estimate 
is supported by individual estimates of distances to well-stud- 
ied HMXBs. With an estimated average distance, the height of 
an HMXB above the Galactic plane can be estimated, and it is 
found to be typically 100-300 pc (see Fig. 2), compared with 
a height < 100 pc for a typical unevolved massive star ( Stone 
1982). 

The space density of stars in the solar neighborhood is 
roughly equal to the average space density over the entire disk 
of the Galaxy (e.g., Iben & Tutukov 1984b), and since most of 
the known HMXBs are within 2.5 kpc of the Sun, one can infer 
that the total number of HMXBs in the Galaxy is Ahmxb ~ 
(10kpc/2.5kpc)2(AHMXB)~ 16X69~ 1100. However, only 
a small fraction of the observed sources are brighter than 1000 
Lq in X-rays. Using our distance estimates, only 3-5 out of the 
69 cataloged sources have X-ray luminosities larger than 1000 
Lq (see Fig. 3), and this translates into only ~50-80 “bright” 
HMXBs in the entire Galaxy. These binaries are the subject of 
our numerical model. 

The van Paradijs catalog permits us to compare the distribu- 
tions of HMXBs and LMXBs in number versus X-ray flux. 
About half of all LMXBs in the catalog are bulge sources (see 
Fig. 2 in Paper II) located within 20° of the Galactic center, 
and therefore at distances of — 8 kpc. Most of them have X-ray 
fluxes in the range 10-103 mJy. Only about half the HMXBs 
have fluxes in this range, the other half having lower fluxes. 
Since HMXBs are, on average, over 3 times closer than the 
bulge LMXBs, it may be concluded that the intrinsic X-ray 
luminosity of an average bright HMXB is at least an order of 
magnitude smaller than the X-ray luminosity of an average 
LMXB. This difference is a consequence of the difference in 
the mode of mass exchange—inefficient accretion from a wind 
in the case of HMXBs and efficient transfer through the Roche 
lobe throat in the case of LMXBs. 

On the other hand, taken as a group, HMXBs are much 
brighter optical sources than are LMXBs. This is a natural con- 
sequence of ( 1 ) the low luminosity of the low-mass donor in 
LMXBs compared to the luminosity of the OB star donor in 
HMXBs, and (2) the larger average distance of LMXBs from 
the Sun as compared to that of HMXBs. 

4. THE BIRTHRATE OF HMXBs: NUMBER-PERIOD, 
NUMBER-MASS, AND NUMBER-SPACE 

VELOCITY DISTRIBUTIONS 

In order to construct a model of any family of evolved sys- 
tems, estimates of the birthrates of precursor systems and esti- 
mates of their lifetimes are required. The scenario program as- 
sumes that the primordial birthrate function for binaries in our 
Galaxy can be approximated by (IT 1984a) 

dMyr-') = 02d log A0(j^jdq0, (13) 

where A0,Ml0, and q0 are, respectively, the semimajor axis, the 
mass of the primary, and the ratio of the mass of the secondary 
to the mass of the primary in the primordial system. 

It is instructive to make a crude first estimate of the birthrate 
of all systems which consist of a neutron star or black hole and 
an OB star, regardless of the luminosity and wind mass-loss 
rate of the OB star or of the accretion rate of the neutron star 
or black hole. Inserting in equation (13) the choices A log A0 ^ 
2.0, Ml0 = 11.4-50 Mq, and Aq0 ~ 0.3, one obtains i'hmxb ~ 
2 X 10-3 yr“1. An estimate of the total number in the Galaxy 
of some family of stars is usually given by the product of the 
theoretically estimated birthrate and the lifetime of an average 
representative of the family. Since the main-sequence lifetime 
of a star in the mass range 10-30 M© is ~3-10 X 106 yr (e.g., 
Chiosi & Maeder 1986), one may infer that the number of 
close binary systems consisting of an OB star and a relativistic 
component is Yob+rc ~ 13000 ± 7000. Most of these systems 
are not currently observable X-ray sources, but eventually be- 
come such. The duration of the X-ray stage, especially the du- 
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Fig. 3.—The apparent visual magnitudes of LMXBs (large filled 
circles) and HMXBs (plus signs) vs. their X-ray fluxes, as given by the van 
Paradijs ( 1993) catalog. For variable sources, Fx refers to the maximum 
flux over a long time interval. Dots located at the bottom of the figure 
represent LMXBs which are not seen at optical wavelengths. Numbers on 
the upper scales are estimates of X-ray luminosity (in the 2-10 KeV range) 
for two assumed distances. 
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ration of the brightest part of it, is much shorter than the main- 
sequence lifetime (Massevich et al. 1979; Savonije 1979), so 
that A^hmxb ^ Vob+rc • 

In order to make a more direct comparison with sources 
which have been better studied, the scenario code focuses at- 
tention on only the brightest persistent sources with an X-ray 
luminosity (estimated from eq. [11]) which is larger than 103 

L0. Mass loss via a stellar wind from the OB component is 
assumed to occur at the rate 

= (14) 
VooC 

where LOB is the luminosity of the OB star, and is 3 times 
the escape velocity from the OB star (see eq. [10] with aw = 
1 ). Massevich et al. ( 1979 ) and Savonije (1979) show that the 
duration of the bright X-ray phase is much shorter than the 
main-sequence lifetime of the optical component, because 
high mass-transfer rates occur only when this component 
nearly fills its Roche lobe ( see eq. [ 11 ] ). Analytical approxima- 
tions have been constructed for the duration T of the bright X- 
ray phase in HMXBs in which a neutron star is an accretor 
(Massevich et al. 1979). If the optical component is a main- 
sequence star (case A) with mass greater than 10 M©, 

T^yr) = 1000^pt( 1 + 0.000005 M^)"1 , (15) 

and, if the optical component is a shell hydrogen-burning star 
(caseB), 

TB(yr)= 14000Aföpt'44 , (16) 

where the mass of the optical component is in solar units. The 
same estimates are used for the duration of the X-ray phase for 
HMXBs with black hole accretors. 

With these algorithms and the choice of aCE = 1, the pro- 
gram generates VhÏîxb ~ 35 as the total number of Galactic 
HMXBs in which the optical component is an OB star close to 
filling its Roche lobe. This is not too different from the estimate 
of Ahmxb ~ 50-80 based on the observations ( see § 3 ). Dalton 
& Sarazin ( 1994, 1995) obtain a similar theoretical estimate 
based on scenario modeling. The theoretical estimate depends 
linearly on the assumed duration of the X-ray phase, and it is 
worth emphasizing that the duration of the X-ray phase, as 
predicted by the standard theory of stellar evolution, at least 
for massive binaries, is consistent with the observational facts. 
Savonije (1979) estimates the duration of the X-ray stage to be 
in the range 3 X 104-105 yr, depending on the evolutionary 
status of the donor. These values agree rather well with the du- 
rations given by equations (15) and (16). Hellings & de Loore 
(1986) give similar estimates for the duration of the X-ray 
phase for A and B systems: TA~ 3X 105 yr, and 7^ ~ 3 X 103 

yr. Meurs & van den Heuvel ( 1989) assume the average life- 
time of HMXBs to be 2.5 X 104 yr and estimate the number of 
bright X-ray sources to be several times 10. 

The numerical model provides additional information. 
When aCE = 1, the total birthrate of all persistent HMXBs is 
^hmxb ~ 2.7 X 10 3 yr !, and, when aCE — 0.5, j'hmxb ~ 2.5 
X 10 “3 yr “1 ; both estimates are close to our first rough estimate 
and show that the estimated birthrate of HMXBs is only 

weakly dependent on aCE- The scenario code does not attempt 
to find the total number Ahmxb to compare with the semiem- 
pirical estimate of 1100 in § 3, as this requires a choice of a 
lower limit on Lx and a consideration of many selection effects. 

The estimated birthrate of bright HMXBs (Ex > 103 L©) is 
only weakly dependent on the choice of black hole mass, if this 
mass is in the range 5-10 M0. When it is assumed that all stars 
of initial mass larger than 40 M© produce black holes of mass 
5 Mg, three of the predicted 35 bright sources contain black 
holes. When a black hole mass of 10 MQ is adopted, the num- 
ber of bright sources with black hole accretors increases to six, 
and the total number of bright sources increases to 38. These 
numbers may be compared with the estimate of 20-60 persis- 
tent HMXBs by Meurs & van den Heuvel ( 1989). Within the 
limits of existing uncertainties, all theoretical estimates are 
consistent with each other and with the observations. 

The average duration of the X-ray stage in the case of a 10 
Mq black hole accretor is, according to our model, about 1.4 X 
104 yr, or only a few tenths of a percent of the donor main- 
sequence lifetime. Among about 20 HMXBs with known 
masses listed in the compilation by Aslanov et al. ( 1989), in 
possibly only one, Cyg X-l, is the accretor a massive black 
hole. Because of the small statistics, one cannot claim either 
agreement or disagreement between the theoretical estimates 
and the observational one. 

Several additional quantitative aspects of our model of the 
Galactic HMXB population are displayed in Figures 4-6. Fig- 
ure 4 shows the distribution in number versus mass of the op- 
tical components of systems in which the X-ray luminosity is 
greater than 103 L0. Optical components of the great majority 
of the X-ray bright theoretical systems have masses in the range 
10-30 M0, just as is the case with observed systems (Fig. \a). 
The predicted distribution of the brightest stationary sources 
with regard to orbital period is shown in Figure 5a. Since a 
donor must almost fill its Roche lobe if it is to fuel a bright X- 
ray source, the orbital period is a good indicator of its size and 

Fig. 4.—The distribution of optical components of bright HMXBs in 
number vs. mass according to the numerical model with aCE = 1. 
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Fig. 5.—{a) The distribution of bright HMXBs (Lx> 103 L©) with respect to orbital period according to the numerical model with «ce = 1- (¿) The 
distribution with respect to orbital period of all binaries consisting of a neutron star and a main-sequence star (TY 1993a, aCE = 1 )• 

therefore of its evolutionary state. There are clearly two kinds 
of systems. The more highly populated kind consists of close 
binaries in which the optical component is close to the main 
sequence. The other kind consists of wider binaries in which 
the optical component has left the main sequence. The closer 
systems outnumber the wider systems by about four to one. In 
the sample of six bright persistent HMXBs with OB compo- 
nents (see Fig. \a), four have orbital periods shorter than 4 
days and two have longer periods. Thus, there is qualitative 
agreement between the observations and theoretical expecta- 
tions. 

201—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—r 
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Fig. 6.—The distribution of bright HMXBs with respect to the space 
velocity achieved during the supernova explosion which converted the ini- 
tial primary into a neutron star. Also shown are the peculiar radial veloci- 
ties obtained by van Oijen ( 1979) multiplied by 2 to convert radial veloci- 
ties into space velocities. 

The predicted distribution in number versus period of all 
detached binaries consisting of a neutron star and a main-se- 
quence star is given in Figure 5b (Tutukov & Yungelson 
1993a). In this distribution, there is no restriction on the mass 
of the main-sequence component ( other than that a bound sys- 
tem has remained after the formation of the neutron star, see 
eq. [2]), and there is no restriction on the brightness of either 
the main-sequence star or on the possible X-ray luminosity of 
the neutron star. A comparison between Figures 5a and 5b em- 
phasizes the rarity of the HMXB phenomenon; only about one 
out of 1000 close systems with a neutron star accretor is in the 
HMXB phase at any time. 

There are three “humps” in the distribution of Figure 5b. 
Systems in the broad hump at very long period (centered at 
~5 X 108 days) have not experienced mass exchange. Because 
of the large mean eccentricity of wide initial systems consisting 
of two main-sequence stars, about half of all wide systems in 
which the primary becomes a neutron star remain bound after 
the explosion which produces the neutron star (it is most likely 
that the explosion occurs near apastron [e.g., Hills 1983 ] when 
most of the orbital energy is in gravitational potential energy). 
Systems in the two neighboring humps at short period 
(centered at ~ 1 day and ~30 days, respectively) are progeny 
of systems which have experienced mass exchange and mass 
loss during the formation of the helium-star precursor of the 
neutron star. The shorter period hump consists predominantly 
of systems which have evolved through one or two CE phases 
(initial mass ratio q0 = 0.0-0.8); a large fraction (~30%) of 
similar systems have evolved into single stars during the CE 
phase. The longer period hump consists predominantly of sys- 
tems which have evolved through a mass-conservative mass- 
exchange phase ( components with initial ¿fo — 0.8-1.0 ). 

Stationary bright HMXBs (Fig. 5a) are in the short-period 
half of the hump centered at 1 day in Figure 5b. Comparing the 
model number of bright HMXBs with the estimate of ~6000- 
20,000 for the total number of binary stars with relativistic 
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components derived on the assumption that the HMXB life- 
time is equal to the main-sequence lifetime of the donor, it is 
evident that, on average, systems consisting of a neutron star 
and a main-sequence star are bright stationary HMXBs for 
only ~0.2%-0.7% of the main-sequence lifetime. In most sys- 
tems consisting of a neutron star and an optical component, 
either the optical component is considerably less massive than 
10 M0, or the orbital separation is too large to permit the sec- 
ondary to fill a significant fraction of its Roche lobe until it has 
evolved well beyond the main sequence. Transient HMXBs 
are to be found among the systems in the hump centered at 30 
days (Figs. 5a-5b). The 10-1000 day range in orbital period in 
this hump is not inconsistent with the range in orbital period 
( —10-200 days) in the observed distribution (Fig. la), given 
the fact that, the wider the system, the shorter is the X-ray stage 
and the smaller is the fraction of the matter ejected by the OB 
component which can be accreted by the neutron-star or black 
hole component and, therefore, the lower is the probability of 
discovering it. These long-period systems can retain a large 
post-supernova explosion eccentricity for almost the entire 
main-sequence lifetime of the OB companion, as is found to 
be the case for HMXBs with Be optical components. 

At the moment of formation of the first neutron star in a 
massive binary, the bound system which survives achieves a 
large peculiar space velocity because of the necessity to con- 
serve linear momentum between the surviving system and the 
mass ejected in the explosion (Zwicky 1957; Blaauw 1961 ; van 
den Heuvel & Heise 1972; Tutukov & Yungelson 1973). Such 
fast, massive stars have long been known as “runaway” stars. 
The runaway velocity is calculated in the scenario program, 
and the resulting theoretical distribution of HMXBs versus pe- 
culiar space velocity is shown in Figure 6. The velocity is in the 
range 40-150 km s “1, which is sufficient for the average system 
to move ^ 103 pc from its birthplace over the main-sequence 
lifetime of the massive optical component. According to Conti, 
Leep, & Lorre ( 1977), about 10% of all observed O stars have 
space velocities this high; according to Stone ( 1982), approxi- 
mately half of all observed O stars have space velocities this 
high, and some of them are known to have a low-mass 
(probably highly evolved, relativistic) companion (e.g., Asla- 
nov et al., 1989 ). Since most HMXBs are in very close systems, 
their space velocities certainly entitle them to membership in 
the family of runaway stars. 

Van Oijen ( 1989) has determined the peculiar radial veloci- 
ties of a sample of 33 HMXBs and states that he has “found 
strong indications that the massive X-ray binaries are indeed 
high-velocity objects.” Assuming symmetry between radial 
and transverse velocities, the peculiar radial velocities given in 
van Oijen’s Table 6 have been multiplied by a factor of 2 and 
inserted as filled circles in Figure 6. It is evident that (within 
the uncertainties) there is excellent agreement between the pre- 
dicted and the observed distributions. 

Van Oijen also estimates the height above the Galactic plane 
and the distance from the nearest OB association for his sample 
of HMXBs. Some HMXBs are at a large distance above the 
Galactic plane, e.g., 4U 0728-25 (z 327 pc) and X Per 
(z = -235 pc), and eight out of the 33 systems studied are 
separated from the nearest OB association by over 1 kpc. 

The magnitude of the recoil velocity acquired during a su- 
pernova explosion is inversely proportional to the mass of the 
remnant system and is directly proportional to the orbital ve- 

locity of the exploding component. It is because of this latter 
dependence that the brightest HMXBs constitute a high space 
velocity population. Wide binary progenitors of HMXBs 
evolve into low space velocity HMXBs and are at their bright- 
est in X-rays for only a very short time toward the end of their 
main-sequence lives (eq. [16]). Close binary progenitors 
evolve into high space velocity objects and are brighter for a 
longer portion of their main-sequence lives ( eq. [ 15 ] ). 

The theory also predicts a correlation between the rotational 
velocity of a massive runaway star and the space velocity of 
this star. The shorter the orbital period of the precursor system, 
the larger will be the space velocity of the runaway star after the 
supernova explosion; if the optical component of the precursor 
system rotates about its own axis with a period near the orbital 
period, which is reasonable to expect in a close system, there 
will clearly be a correlation between the rotational velocity and 
the space velocity of the runaway star. A statistical analysis of 
observed space and rotational velocities of runaway stars 
(Tutukov & Yungelson 1989) verifies the predicted correla- 
tion, and this is additional quantitative support for the binary 
scenario of the origin of runaway stars. 

5. AFTER THE HMXB STAGE: MERGERS AND 
GRAVITATIONAL WAVE PULSES 

Since it tends to be a highly evolved main-sequence star or 
an early post-main-sequence star close to filling its Roche lobe, 
the donor in a bright stationary source does not lose much 
mass between the onset of the bright X-ray phase and the mo- 
ment when it has expanded to fill its Roche lobe. Hence, when 
Roche lobe-filling occurs, the ratio of donor mass to accretor 
mass is still large, and a CE is formed, leading to orbital shrink- 
age by a factor of 30-60 ( eq. [ 6 ] ). 

Some of the systems in Figures la and 5b with Porb — 100 
days and Mopt ^25 M0 might be expected to evolve through a 
CE phase into HMXBs in which the optical component is a W- 
R star. However, among the six persistent HMXBs with known 
orbital parameters (Fig. la), only one system, Cyg X-3, at a 
distance of ^ 12 kpc (Dickey 1983), is of this type (van Kerk- 
wijk et al. 1992 ). From the observed rate of period change, van 
Kerkwijk et al. ( 1992 ) infer a mass-loss rate of ~ 10 -5 M0 yr “1, 
which is typical of W-R stars. Assuming component masses of 
1.4 M0 and 10 M0, the orbital semimajor axis is ~3.25 RQ, 
and, according to equation ( 11 ), Lx ~ 8000aL0. There are 
46 W-R stars within a 2.5 kpc circle about the Sun (van der 
Hucht et al. 1988), and this corresponds to about 1000 in the 
entire Galaxy. The scenario code (Yungelson & Tutukov 
1991 ) predicts that about 11% of all W-R stars should have 
close (A < IQ Rq) relativistic components, and equation (11) 
predicts a luminosity greater than 800 L© if a^ = 1, Mw = 10 -5 

Mq yr-1, and Mx = 1.4 MQ. Thus, the scenario program pre- 
dicts the existence in the Galaxy of about 100 massive binaries 
with W-R components, compared with one known example, 
and five bright HMXBs with W-R donors within 2.5 kpc of the 
Sun, where none has been observed. 

The number of close (^4 < 10 R0) NS+W-R pairs produced 
by the scenario program depends rather weakly on the as- 
sumed value of aCE • This number decreases from 60 for aCE = 
1 to 35 for aCE = 0.1. It has been argued that NS+W-R binaries 
should not be strong X-ray emitters because the strong mag- 
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netic field of the rapidly spinning neutron star prevents accre- 
tion (Lipunov 1982; Lipunov et al. 1994) due to a “propellor” 
mechanism (Illarionov & Sunyaev 1975). 

However, the model also produces a significant number of 
close BH+W-R binaries, and this mechanism cannot be in- 
voked to explain the apparent absence of observed counter- 
parts. According to equation (11) with Rwr = l Rq, Mx = 
MWr = 10 M0, and Mw = 10-5 M© yr-1, BH+W-R binaries 
will be bright (Lx ^ 103 L0) X-ray sources if ^4 < 63 R0- The 
number of such close BH+W-R systems produced by the sce- 
nario program increases smoothly from 100 for aCE = L0 to 
122 for «ce = 0.1. 

Some understanding as to why these predicted numbers are 
so large compared with the observed number (zero) follows 
from an examination of the conditions required for the forma- 
tion of an accretion disk around a black hole (Appendix A). 
Taking aw = 1, the formation of a Keplerian disk around the 
black hole requires the semimajor axis of the binary to be less 
than ~3.6 RQ (eq. [A2] in Appendix A). The scenario popu- 
lation model for «ce = TO has only three BH+W-R binaries 
with A < 63 Rq. Accretion in wider systems is probably mostly 
radial (White, Swank, & Hoft 1983), and this probably ex- 
cludes strong X-ray emission (e.g., Shapiro & Teulkolsky 
1983 ). Most of the thermal and kinetic energy acquired by gas 
as it is being accreted enters the black hole horizon before it 
can be radiated away, the rate of energy release being less than 
~ 10-4 Me2 (Park 1990a, b). Thus, in spite of the possible ex- 
istence of a large number of relativistic remnants around ap- 
parently single W-R stars in our Galaxy, only a few systems, 
those with orbital periods less than ~4.2 hr, can be bright X- 
ray sources like Cyg X-3. The problem of disk formation in 
BH+W-R systems is a very complicated one which deserves 
much more sophisticated numerical modeling. 

Most systems with characteristics shown in Figure 5 b are dis- 
rupted during the second supernova explosion (Tutukov & 
Yungelson 1993a). This is a simple consequence of the fact 
that the exploding component is usually far more massive than 
its companion (see eqs. [2] and [3]). The scenario code finds 
that massive binaries produce several families of neutron stars 
with space velocities ranging from ~10 km s-1 up to ~800 
km s“1 (Tutukov & Yungelson 1993b). The existence of a 
family of radio pulsars with low space velocities has been in- 
ferred from observed samples (e.g., Tutukov, Chugai, & 
Yungelson 1984; Narayan & Ostriker 1990). Examining a ho- 
mogeneous sample of 301 radio pulsars, Narayan & Ostriker 
( 1990 ) conclude that there are probably two almost equal pop- 
ulations of pulsars with mean one-dimensional peculiar space 
velocities of about 50 km s-1 and 150 km s_I, respectively. 
Thus, the observed distribution of radio pulsars over their 
space velocities (Taylor, Manchester, & Lyne 1993) can be un- 
derstood as the result of the formation of most, if not all, radio 
pulsars in close binaries with interacting components. 

A currently popular explanation of high pulsar space veloci- 
ties is that, in consequence of an asymmetric supernova explo- 
sion, the remnant neutron star (or binary containing the rem- 
nant neutron star) receives a “kick” (Shklovski 1970). If most 
radio pulsars were the result of the evolution of single massive 
stars (with typical peculiar velocities of only ~ 10 km s_1 ), it 
is understandable how one might find it necessary to introduce 
such a kick to explain the observed high space velocities. The 
value assumed for the kick varies from about 90 km s-1 
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(Dewey and Cordes 1987), through 100-200 km s~l (Bailes 
1989 ), to about 450 km s “1 ( Lyne and Lorimer 1994 ). 

A kick of the envisioned sort is not mandated by the obser- 
vations, and such a kick is not included in the scenario code. A 
small kick (less than about 50 km s_1) would not change the 
pulsar space velocity distribution significantly relative to that 
given by the scenario code, and a larger “universal” kick would 
destroy the low-velocity population of radio pulsars (Tutukov, 
Chugai, & Yungelson 1984; Narayan & Ostriker 1990 ). A uni- 
versal kick exceeding about 50 km s“1 also creates a problem 
in understanding the existence of neutron stars in globular 
clusters for which escape velocities are typically ~ 10 km s'1. 
It is usually assumed that an LMXB in a globular cluster is 
formed in consequence of tidal capture (Hills 1975) or an ex- 
change collision (Fabian, Pringle, & Rees 1975) involving a 
neutron star formed earlier in the life of the cluster. The intro- 
duction of a ~450 km s_1 kick (Lyne & Lorimer 1994) would 
disrupt most binaries with orbital periods larger than several 
days at the moment of the first supernova explosion. Then, the 
existence of wide HMXBs with Be donors and orbital periods 
of about 100 days (see Fig. la) would be hard to understand. 
Such a large kick would also impart an excessively large space 
velocity to HMXBs which remain bound, destroying the oth- 
erwise good agreement between space velocities given by the 
scenario model and observed ones (Fig. 6). 

Components in persistent X-ray sources of periods less than 
about 3 days will merge during a CE phase initiated by the 
optical component; the result will be a Thome-Zytkow object 
(a supergiant with a neutron-star core [Thome & Zytkow 
1975, 1977; Cannon et al. 1992] or a black hole core). Their 
birthrate is 4 X 10-4 yr-1 when «Ce = T Transient HMXBs 
with longer orbital periods either become unbound when the 
optical component explodes as a supernova (Mopt ^ 14.2 M©, 
eq. [2]) or, when Mopt < 14.2 M©, they evolve into pairs of 
neutron stars or neutron stars bound to black holes, but with 
periods in the range ~0.1-1000 days (TY 1993a). If a final 
system consists of two neutron stars with an orbital period 
shorter than ~ 15 hr or consists of two black holes with orbital 
period less than ~51 hr, GWR will cause the components to 
merge in less than a Hubble time. 

The birthrate of the closest final systems consisting of two 
compact relativistic stars merits special attention. The largest 
energy which can be emitted by stars in the form of gravita- 
tional waves, and possibly in some other forms as well, occurs 
during the mergers of these systems (e.g., Smarr & Blandford 
1976; Clark & Eardley 1977). Estimates of the frequency of 
such events are of basic importance for planning experiments 
for the direct detection of pulses of GWR (e.g., Evans, Iben, & 
Smarr 1987; Hils, Bender, & Webbink 1990). Several 
semiempirical estimates have been made. Clark, van den Heu- 
vel, & Sutantyo ( 1979) estimate the frequency of merging of 
neutron star pairs in our Galaxy as 3 X 10-4 yr-1. Narayan, 
Piran, & Shemi ( 1991 ) estimate a value 10 times smaller, and, 
assuming that most HMXBs are not disrupted during the sec- 
ond SN explosion, estimate the frequency of black holes plus 
neutron star mergers in our Galaxy to be the same as that of 
double neutron star mergers, 3 X 10-5 yr-1. Hils et al. ( 1990) 
estimate the birthrate of neutron star pairs in our Galaxy to be 
^ 10~4 yr-1 and the birthrate of black hole plus neutron star 
binaries to be ~2 X 10“4 yr-1. Using the ages and distances of 
three known pulsars which are likely to have a neutron star 
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companion, Phinney (1991) estimates the merging rate of such 
systems to be ~10~6 yr-1. It is possible that Phinney’s low 
value is due to an underestimate of the space density of binary 
neutron stars. Phinney also argues that the birthrates of close 
binary black holes and of black holes and neutron stars are 
comparable with the birthrate of merging neutron stars. 

The scenario code provides independent estimates of these 
frequencies. Assuming a black hole mass of 5 Tutukov & 
Yungelson (1993b) estimate that the frequencies of mergers in 
our Galaxy are (NS = neutron star, BH = black hole): 
^NS+NS 3.2 X 10 4 yr ï'ns+bh ~ 1.5 X 10 5 yr l, and 
i'BH+BH ~ 1.4 X 10-6 yr-1. When the mass of the black hole is 
taken to be 10 M0, which is possibly a more characteristic 
value (e.g., Cowley 1992; Tutukov & Cherepashchuk 1992), 
the scenario code finds that the frequency of NS+NS mergers 
remains the same, the frequency of NS+BH mergers becomes 
JNs+bh ~ 6 X 10_5yr_1, and the frequency of BH+BH mergers 
becomes j'bh+bh ^ 1.7 X 10-5 yr-1. The increase in the 
NS+BH and BH+BH merger frequencies is due in part to a 
wider permissible range for the mass of the precursor of the 
second relativistic star remaining in a binary (eq. [2] with 
2Mns replaced, respectively, by MNS + MBH and 2MBH); this 
translates into larger intervals of initial semimajor axes and ini- 
tial mass ratios for systems which remain bound after the sec- 
ond supernova explosion. In addition, for a given orbital sepa- 
ration when a relativistic pair is formed, a more massive black 
hole means a shorter time between formation and merger, and 
this also translates into a wider range in initial semimajor axes. 

Comparing the results found here with those of other au- 
thors, it appears that most merger frequency estimates agree 
within a factor of 2-3 with the values ^ns+ns ~ 1 X 10~4 yr-1, 
^ns+bh ' ' 4 X 10 5 yr and ¿'bh+bh ^ 2 X 10 5 yr The 
BH+BH and BH+NS merging rates are the result of a balance 
between an intrinsically relatively small black hole birthrate 
and a large range in initial semimajor axes which is due to the 
fact that, at a given orbital separation, the timescale for merg- 
ing depends inversely on the mass of each component and on 
the total mass of the system. 

The estimated frequency of mergers of binary black holes 
has very important observational consequences. The energy 
radiated in gravitational waves during a merger depends 
strongly on the masses of the merging components. Therefore, 
the volume of space-producing detectable merger events is also 
a strong function of the component masses (see, e.g., Abra- 
movici et al. 1992), being proportional to Af25 (Tutukov & 
Yungelson 1993b) for components of the same massM. Thus, 
when Mbh = 10 M0, the volume of space that produces detect- 
able BH+BH mergers is about 136 times larger than the vol- 
ume of space that produces detectable NS+NS mergers. As a 
result, among detected events, BH+BH mergers may be about 
10 times more common than NS+NS mergers, and the first 
detection of GWR may well be that of a BH+BH merger. 

6. CONCLUDING SUMMARY 

This paper has been devoted to modeling intrinsically bright 
HMXBs, a family of binary systems which has very few 
( ~ 100-1000) members but which is very important from the 
standpoint of the theory of stellar evolution. It also describes 
some of the machinery which is used in Paper II to explore 

evolutionary links between LMXBs and binary radio pulsars 
and millisecond pulsars. The main results of the scenario 
model are summarized in this conclusion. It is to be empha- 
sized that, although not all of these “results” (i.e., properties of 
a population of stars) are new, the way in which they have been 
achieved (by means of a self-consistent model of the binary 
population of the Galaxy) is new; known facts are predicted by 
means of a scenario model based on results of theoretical stellar 
evolution calculations and on a semiempirical birthfunction in 
a way which has not been done before. 

1. Typical model HMXBs (in the “bright” set with Lx> 103 

L0) have luminosités significantly smaller than the Eddington 
limit for the accretor, and this is consistent with the fact that 
most known HMXBs are at distances less than ~2.5 kpc from 
the Sun. 

2. The numerical scenario model predicts that HMXBs are 
formed at the rate of —2.6 X 10-3 yr-1, but, since they have 
such a short average lifetime as bright X-ray stars ( — 1.4 X 104 

yr, or about 0.2% of the main-sequence lifetime of the optical 
component), the total observable number of bright HMXBs 
(those with Lx > 103 L©) is only —40. Known HMXBs in- 
clude examples of nearly all possible theoretical evolutionary 
paths for forming HMXBs, including X-ray binaries with 
black hole accretors. The model predicts three (MBH — 5 M©) 
to six ( MBh ~ 10 M© ) bright HMXBs with black hole accretors 
when aCE ~ 0.5-1, and their birthrate in our Galaxy is 
—2-4 X 10-4 yr-1. Because of the long main-sequence life- 
times of OB stars, the total number of massive binaries with 
relativistic components probably exceeds the number of bright 
HMXBs by a significant (>400) factor, but only a small frac- 
tion of these are observable as X-ray sources. In the observed 
sample of persistent HMXBs, the number of persistent 
HMXBs with Lx < 103 L© exceeds the number with Lx > 103 

L© by a factor of about 14. 
3. The numerical model produces distributions with respect 

to the mass of the optical component, the orbital period, and 
the peculiar space velocity which are in agreement with the 
observations. The brightest HMXBs have large peculiar space 
velocities because (a) the linear momentum of the binary rem- 
nant of the supernova explosion must balance the linear mo- 
mentum of the ejected supernova material, (b) the recoil ve- 
locity of the binary remnant is proportional to the orbital 
velocity of the supernova precursor, and (c) the brightest sys- 
tems evolve from close binaries in which this orbital velocity is 
large. No arbitrary ad hoc “kick” associated with an asymmet- 
rical supernova explosion is invoked. The model predicts that 
the peculiar space velocity of bright HMXBs is in the interval 
40-160 km s -1. This high peculiar space velocity permits them 
to move a significant distance from their place of birth, in and 
above the Galactic plane, in spite of their relatively short life- 
times prior to the X-ray stage. 

4. According to the scenario model, a significant fraction of 
apparently single Wolf-Ray et stars may have a close neutron- 
star or black hole companion. The existence of such systems 
would be supported by the spectroscopic discovery of close un- 
seen components of appropriate masses in circular orbits 
around Wolf-Rayet stars. The absence of strong X-ray emis- 
sion from NS+W-R binaries may be due to the/ast rotation of 
a highly magnetized neutron star, preventing efficient accre- 
tion, and the absence of strong X-ray emission from BH+W-R 
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binaries may be due to the failure of accretion disks to form 
around black holes. It is estimated that only a few of the —100 
BH+W-R binaries produced by the scenario code (those with 
orbital periods smaller than ^10 hr) have an accretion disk 
around the black hole and appear as strong X-ray sources. 

5. The birthrate of black hole pairs which can merge in less 
than a Hubble time under the influence of gravitational wave 
radiation depends sensitively on the mass of a typical black 
hole, being 10 times larger for = 10 MQ than for Mm = 5 
M0. Since the detectability of the pulse of GWR emitted in the 
merger increases as the 2.5th power of the component masses, 
BH+BH mergers with Mm = 10M© can be seen within a vol- 
ume over 100 times larger than NS+NS mergers can be seen, 
and therefore the probability of detecting a BH+BH merger is 
10 times larger than the probability of detecting an NS+NS 
merger. This provides additional motivation for current proj- 
ects designed to detect pulsed GWR events in relatively nearby 
galaxies. 

In conclusion, the numerical evolutionary scenario code 
which has been used before to construct models of several stel- 

lar populations such as single W-R stars, neutron stars, white 
dwarfs, and supemovae, as well as of some highly evolved bi- 
naries such as binary radio pulsars and binary white dwarfs, 
can also explain most of the main observed properties of bright 
massive X-ray binaries. Because the lifetime of the X-ray stage 
is very short compared with the total lifetime of the mass do- 
nor, only a very small fraction of the mass of the donor can be 
accreted by the compact component. With an average lifetime 
of ~ 1.4 X 104 yr for the X-ray stage, and with accretion at a 
rate even as large as —4 X 10-8 M® yr-1 (the Eddington limit 
rate for a neutron star), the accreted mass is less than ~0.6 X 
10~4 times the initial mass of the donor. This implies a final 
equilibrium spin period for a neutron star accretor larger than 
~0.5 s(see Paper II). 

We thank several referees whose comments significantly en- 
hanced our appreciation of past and current work in the field 
of X-ray binaries and thank Anatoli Cherepashchuk, Nicolai 
Chugai, John Dickel, Vicki Kalogera, Don Lamb, Fred Lamb, 
Rashid Sunyaev, and Ron Webbink for useful discussions. 

APPENDIX A 
CONDITIONS FOR THE FORMATION OF A DISK 

Conditions for the formation of accretion disks from stellar wind matter have been studied numerically (e.g., Livio et al. 1986; 
Anzer et al. 1987; Taam & Fryxell 1988, 1989; Sawada et al. 1989). Here the conditions for the formation of a Keplerian disk are 
examined in a much more elementary way. The discussion may be relevant to accretion by a black hole, which cannot support a 
magnetic field, and to accretion by neutron stars in wide HMXBs, where the donor is far from filling its Roche lobe. Nature provides 
examples of systems with well-developed accretion disks, e.g., Cen X-3 and SMC X-l ( Bhattacharya & van den Heuvel 1991 ) as 
well as systems in which accretion may be approximately radial, e.g., X Per and 4U 1145-61 (White et al. 1983). These latter 
sources are dim and highly variable and have long orbital periods. 

If matter from the wind of the optical component were to fall on the relativistic component radially, most of the released gravi- 
tational potential energy would be converted into 7-rays. To obtain X-rays, it is necessary that either ( 1 ) an accretion disk be 
present for converting released gravitational potential energy into X-rays (e.g., Shapiro & Lightman 1976) or (2) a strong (>1012 

G) magnetic field be present to channel accreted matter into optically thick polar columns (e.g., Langer & Rappaport 1982). One 
condition for the formation of a disk is that the specific angular momentum of accreted matter be larger than the specific angular 
momentum of matter in Keplerian orbit at the location of the base of the disk ( a magnetosphere in the case of a neutron star and 
the radius of the last stable orbit in the case of a black hole). The minimum specific angular momentum of the matter accreted by 
the relativistic star is the specific spin angular momentum of matter leaving the rotating donor. It is possible that the efficiency of 
conversion of orbital angular momentum of accreted matter into angular momentum of a disk is less than 10% (Livio et al. 1986; 
Livio 1988 ), so, for rough estimates, the contribution of orbital angular momentum may be neglected. 

In a system in which the donor rotates synchronously with the orbital period, a disk will form if the specific angular momentum 
of accreted donor matter exceeds the minimum specific angular momentum of a Keplerian disk at a radius RK- In the case of a 
black hole accretor, RK is the radius of the last stable orbit, or ~3RSch ( Abramovicz et al. 1978; Paczynski & Wiita 1980). In the 
case of a neutron star accretor, RK = ^Ns if the magnetic field is weak enough, or equal to the so-called Alfvén radius (Lamb et al. 
1973) when the field is strong. The Alfvén radius can be 10-100 times the radius of a neutron star, depending upon the strength of 
the magnetic dipole moment of the neutron star and on the mass transfer rate (e.g., Lamb et al. 1973). If the accreted wind matter 
has only the rotational specific angular momentum with which it left the donor, and if the donor rotates synchronously with the 
orbital period, the condition for disk formation for the donor is (Iben & Tutukov 1995 ) 

1/7 ' Mj \3/7 

MkI) ’ 
(Al) 

where Rd and Md are, respectively, the radius and mass of the donor, Mrei is the mass of the relativistic component, and is the 
same parameter used in equation ( 10). In the case of a black hole accretor and a W-R donor, Rd = Rwr ~ 1 i?0, Md = ~ 10 
M©, and RK = RSch ~ 9 X 106 cm, and the criterion for the formation of a disk around the black hole becomes 

^50.28a*/7 or A<3.6Jte fora„,= l. (A2) 
A 

Since in this case R/A ~ 0.4, a disk can form only if the optical component is close to filling its Roche lobe. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
95

A
pJ

S.
 .

10
0.

 .
21

71
 

230 Vol. 100 IBEN, TUTUKOV, & YUNGELSON 

REFERENCES 
Abramovici, A. et al. 1992, Science, 256, 325 
Abramovicz, M. A., Jaroszynski, M., & Sikora, M. 1978, A&A, 63, 221 
Anzer, U., Boemer, G., & Monaghan, J. J. 1987, A&A, 176, 235 
Aslanov, A. A., Kolosov, D. E., Lipunova, N. A., Khruzina, T. S., & Che- 

repashchuk, A. M. 1989, Catalog of Close Binaries on Late Stages of 
Stellar Evolution (Moscow: Moscow Univ. Press) 

Avila Reese, V. A. 1993, Rev. Mexicana Astron. Af., 25, 79 
Bailes, M. 1989, ApJ, 342,917 
Bhattacharya, D., & van den Heuvel, E. P. J. 1991, Phys. Rep., 203, 1 
Blaauw, A. 1961, Bull. Astron. Inst. Netherlands, 15, 265 
Blondin, J. M., Kallman, T. R., Fryxell, B. A., & Taam, R. E. 1990, ApJ, 

356,591 
Bodenheimer, P., &Taam, R. E. 1984, ApJ, 280, 771 
Boersma, J. 1961, Bull. Astron. Inst. Netherlands, 15, 291 
Bondi, H., & Hoyle, F. 1944, MNRAS, 104, 273 
Borner, G., Hayakawa, S., Nagase, F., & Anzer, U. 1987, A&A, 182, 62 
Bradt, H. V. D., & McClintock, J. E. 1983, ARA&A, 21, 13 
Cannon, R. C, Eggleton, P. P., Zytkow, A. N., & Podsiadlowski, P. 1992, 

ApJ, 386, 206 
Chiosi, C, & Maeder, A. 1986, ARA&A, 24, 329 
Clark, J. P. A., & Eardley, D. M. 1977, ApJ, 215, 311 
Clark, J. P. A., van den Heuvel, E. P. J., & Sutantyo, W. 1979, A&A, 72, 

120 
Conti, P. S., Garmany, C. D., de Loore, C, & Vanbeveren, D. 1983, ApJ, 

274, 302 
Conti, P. S., Leep, E. M., & Lorre, J. J. 1977, ApJ, 214, 759 
Cowley, A. P. 1992, ARA&A, 30, 287 
Dalton, W. W., & Sarazin, C. L. 1994, in Evolution of X-Ray Binaries, ed. 

S. S. Holt & C. S. Day (New York: AIP), 685 
 , 1995, ApJ, 440,280 
Davidson, K., & Ostriker, J. P. 1973, ApJ, 179, 585 
de Kool, M. 1987, Ph.D. thesis, Univ. of Amsterdam 
Dewey, R. J., & Cordes, J. M. 1987, ApJ, 321, 780 
Dickey, J. M. 1983, ApJ, 273, L71 
Efremov, Y. N., & Sitnik, T. G. 1988, Soviet Astron. Lett., 14, 347 
Evans, C. R., Iben, I., Jr., & Smarr, L. L. 1987, ApJ, 323, 129 
Fabian, A. C, Pringle, J. E., & Rees, M. J. 1975, MNRAS, 172, 15p 
Faulkner, J. 1971, ApJ, 170, L99 
Hannery, B. P., & Ulrich, R. K. 1977, ApJ, 212, 533 
Friend, D. B., & Abbot, D. C. 1986, ApJ, 311, 701 
Fryxell, B. A., & Taam, R. E. 1988, ApJ, 335, 862 
Fryxell, B. A., Taam, R. E., & McMillan, S. L. W. 1987, ApJ, 536,46 
Gott, J. R., Gunn, J. E., & Ostriker, J. P. 1970, ApJ, 160, L91 
Gunn, J. E., & Ostriker, J. P. 1970, ApJ, 160, 979 
Habets, G. M. H. J. 1985a, A&A, 165, 95 
 . 1985b, A&A, 167,61 
Hellings, P., & de Loore, C. 1986, in Evolution in Galactic X-Ray Binaries, 

ed. J. Truemper et al. ( Dordrecht: Reidel ), 51 
Hills, J. G. 1975, AJ, 80, 1075 
 . 1983, ApJ, 267, 322 
Hils, D., Bender, P. L., & Webbink, R. F. 1990, ApJ, 360, 75 
Hjellming, M. S., & Taam, R. E. 1991, ApJ, 370, 709 
Hjellming, M. S., & Webbink, R. F. 1987, ApJ, 318, 794 
Hoyle, F., & Littleton, R. A. 1939, Proc. Cambridge Phil. Soc., 35,405 
Humphreys, R. M. 1978, ApJS, 38, 309 
Humphreys, R. M., & Davidson, K. 1994, PASP, 106, 1025 
Iben, L, Jr., & Livio, M. 1993, PASP, 105, 1373 
Iben, L, Jr., & Tutukov, A. V. 1984a, ApJS, 54, 335 
 . 1984b, ApJ, 282, 651 
 . 1984c, ApJ, 284, 719 
 . 1984d, in High Energy Transients, ed. S. E. Woosley (New York: 

AIP), 11 
 . 1985, ApJS, 58, 661 
 . 1986, ApJ, 311,753 
 . 1989, ApJ, 342, 430 
 . 1993, ApJ, 418, 343 
 . 1995, ApJ, submitted 
Iben, I., Jr., Tutukov, A. V., & Yungelson, L. R. 1995, ApJS, 100, 233 

(Paper II) 
Illarionov, A. V., & Sunyaev, R. A. 1975, A&A, 39, 185 
Johnston, S., Manchester, R. N., Lyne, A. G., Bailes, M., Kaspi, V. M., 

Qiao, G., & D’Amico, N. 1992, ApJ, 387, L37 

Joss, P. C, & Rappaport, S. A. 1984, ARA&A, 22, 537 
Kaspi, V. M., Johnston, S., Manchester, R. N., Bailes, M., Bell, J. F., Bes- 

sel, M., Lyne, A. G., & D’Amico, N. 1994, in Evolution of X-Ray Bina- 
ries, ed. S. S. Holt & C. S. Day (New York: AIP), 295 

King, A. R. 1993, ApJ, 405, 727 
Kornilov, V. G., & Lipunov, V. M. 1983a, Soviet Astron., 27, 163 
 . 1983b, Soviet Astron., 27, 334 
Kriss, G. A., Cominsky, L. R., Remillard, R. A., Williams, G., & Thor- 

stensen, J. R. 1983, ApJ, 266, 806 
Lamb, F. K., Pethick, C. J., & Pines, D. 1973, ApJ, 184, 271 
Langer, S. H. 1989, A&A, 220, 135 
Langer, S. H., & Rappaport, S. 1982, ApJ, 257, 733 
Lecar, M., Wheeler, J. C, & McKee, C. F. 1976, ApJ, 205, 556 
Lipunov, V. M. 1982, Soviet Astron. Lett., 8, 194 
Lipunov, V. M., Postnov, K. A., Prokhorov, M. E., & Osminkin, E. Yu. 

1994, ApJ, 423, LI21 
Livio, M. 1988, in The Symbiotic Phenomenon, ed. J. Mikolaewska et al. 

(Dordrecht: Kluwer), 149 
Livio, M., & Soker, N. 1984a, MNRAS, 208, 763 
 . 1984b, MNRAS, 208, 783 
 . 1988, ApJ, 329, 764 
Livio, M., Soker, N., de Kool, M., & Savonije, G. J. 1986, MNRAS, 222, 

235 
Lyne, A. G., & Lorimer, D. R. 1994, Nature, 369, 127 
Maeder, A. 1980, A&A, 90, 311 
Massevich, A. G., Popova, E. I., Tutukov, A. V., & Yungelson, L. R. 1979, 

Ap&SS, 62, 451 
Matsuda, T., Inone, M., & Sawada, K. 1987, MNRAS, 226, 785 
McCluskey, G. E., & Kondo, Y. 1971, Ap&SS, 10, 464 
McCray, R., & Hatchett, S. 1975, ApJ, 199, 196 
Meurs, E. J. A., & van den Heuvel, E. P. J. 1989, A&A, 226, 88 
Meyer, F., & Meyer-Hofmeister, E. 1979, A&A, 78, 107 
Narayan, R., & Ostriker, J. P. 1990, ApJ, 352, 222 
Narayan, R., Piran, T., &Shemi, A. 1991, ApJ, 379, LI7 
Novikov, I. D., & Zeldovich, Ya. B. 1966, Nuov. Cimento, 4, 810 
Paczyñski, B. 1967, Acta Astron., 17, 287 
 . 1976, in Structure and Evolution of Close Binary Stars, ed. P. Eg- 

gleton, S. Mitton, & J. Whelan (Dordrecht: Reidel), 75 
Paczyñski, B., & Wiita, P. J. 1980, A&A, 88, 23 
Park, M.-G. 1990a, ApJ, 354, 64 
 . 1990b, ApJ, 354,83 
Phinney, E. S. 1991, ApJ, 380, LI7 
Pols, O. R., Coté, J., Waters, L. B. F. M., & Heise, J. 1991, A&A, 241, 419 
Prince, T. A., Bildsten, L., Chakrabarty, D., Wilson, R. B., & Finger, M. H. 

1994, in Evolution of X-Ray Binaries, ed. S. S. Holt & C. S. Day (New 
York: AIP), 235 

Rappaport, S., Clark, G. W., Cominsky, L., Joss, P. C, & Li, F. 1978, ApJ, 
224, LI 

Rappaport, S., & van den Heuvel, E. P. J. 1982, in The Be Stars, ed. M. 
Jaschek & H. Groth (Dordrecht: Reidel), 327 

Ruffert, M. 1994, A&AS, 106, 505 
Ruifert, M., & Anzer, U. 1994, MPI für Ap. preprint, MPA 814 
Sawada, K., Matsuda, T., Anzer, U., Boemer, G., & Livio, M. 1989, A&A, 

221,263 
Savonije, G.J. 1979, A&A, 71, 352 
Savonije, G. J., de Kool, M., & van den Heuvel, E. P. J. 1986, A&A, 155, 

39 
Shapiro, S. L., & Lightman, A. P. 1976, ApJ, 204, 555 
Shapiro, S. L., & Tuelkolsky, S. A. 1983, Black Holes, White Dwarfs, and 

Neutron Stars (New York: Wiley) 
Shklovski, I. S. 1967, ApJ, 148, LI 
 . 1970, Soviet Astron., 13, 562 
Smarr, L. L., & Blandford, R. 1976, ApJ, 207, 574 
Stella, L., White, N. E., & Rosner, R. 1986, ApJ, 308, 669 
Stone, R. C. 1982, ApJ, 261, 208 
 . 1991, AJ, 102,333 
Sutantyo, W. 1974a, A&A, 31, 339 
 . 1974b, A&A, 35,251 
Taam, R. E. 1979, Astrophys. Lett., 20, 29 
 . 1983a, ApJ, 268, 361 
 . 1983b, ApJ, 270, 694 
Taam, R. E., & Bodenheimer, P. 1989, ApJ, 337, 849 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
95

A
pJ

S.
 .

10
0.

 .
21

71
 

GALACTIC X-RAY BINARY POPULATION MODEL. I. 231 No. 1, 1995 

Taam, R. E., Bodenheimer, P., & Ostriker, J. P. 1978, ApJ, 222, 269 
Taam, R. E., Bodenheimer, P., & Rozycka, M. 1994, ApJ, 431, 247 
Taam, R. E., & Fryxell, B. A. 1988, ApJ, 327, L73 
 . 1989, ApJ, 339,297 
Tassoul, J.-L. 1988, ApJ, 324, L77 
Taylor, J. H., Manchester, R. N., & Lyne, A. G. 1993, ApJS, 88, 529 
Terman, J. L., Taam, R. E., & Hernquist, L. 1994, ApJ, 422, 729 
Thome, K., & Zytkow, A. N. 1975, ApJ, 199, L19 
 . 1977, ApJ, 212, 832 
Tutukov, A. V. 1981, in Fundamental Problems in the Theory of Stellar 

Evolution, ed. D. Sugimoto, D. Q. Lamb, & D. N. Schramm (Dordrecht: 
Reidel), 121 

Tutukov, A. V., & Cherepashchuk, A. M. 1992, Soviet Astron., 37, 159 
Tutukov, A. V., Chugai, N. N., & Yungelson, L. R. 1984, Soviet Astron. 

Lett., 10, 244 
Tutukov, A. V., & Fedorova, A. V. 1989, Soviet Astron., 33, 606 
Tutukov, A. V., Fedorova, A. V., & Yungelson, L. R. 1982, Soviet Astron. 

Lett., 8, 198 
Tutukov, A. V., & Yungelson, L. R. 1973, Nauch. Inf., 27, 57 (in Russian) 
 . 1979a, Acta Astron., 23, 665 
 . 1979b, in Mass Loss and Evolution of O Stars, ed. C. de Loore & 

P. S. Conti (Dordrecht: Reidel), 401 
 . 1986, Soviet Astron., 30, 598 
 . 1987, Comm. Astrophys., 12, 51 
 . 1989, AZh, 1534, 15 (in English) 
 . 1992, Soviet Astron., 36, 266 
 . 1993a, Astron. Rept., 37, 411 
 . 1993b, MNRAS, 260, 675 
Tutukov, A. V., Yungelson, L. R., & Iben, I. Jr. 1992, ApJ, 386, 197 
Vanbeveren, D. 1991, Space Sei. Rev., 56, 249 
van den Bergh, S. 1982, in Landolt-Bömstein, New Ser., Interstellar 

Matter, Galaxy, and the Universe, 2C, 161 

van den Heuvel, E. P. J. 1987, in High Energy Phenomena around Col- 
lapsed Stars, ed. F. Pacini (Dordrecht: Reidel), 1 
 . 1992, in Space Sciences with Particular Emphasis on High-Energy 

Astrophysics (ESA ISY-3), 29 
van den Heuvel, E. P. J., & Habets, G. M. H. J. 1984, Nature, 309, 598 
van den Heuvel, E. P. J., & Heise, J. 1972, Nature Phys. Sei., 239, 67 
van den Heuvel, E. P. J., & Rappaport, S. 1987, in Physics of Be Stars, ed. 

A. Slettebak & T. P. Snow (Dordrecht: Kluwer), 291 
van der Hucht, K. A., Hidayat, B., Admirante, A., Supelli, K. R., & Doom, 

C. 1988, A&A, 199,217 
van Kerkwijk, M. H., Charles, P. A., Geballe, T. R., King, D. L., Molnar, 

L. A., van den Heuvel, E. P. J., van der Klis, M., & van Paradijs, J. 1992, 
Nature, 355, 703 

van Oijen, J. G. J. 1989, A&A, 217, 115 
van Paradijs, J. 1995, in X-Ray Binaries, ed. W. H. G. Lewin, J. van Para- 

dijs, & E. P. J. van den Heuvel (Cambridge: Cambridge Univ. Press), 
000 

Verbunt, F., &Zwaan, C. 1981, A&A, 100, L7 
Waters, L. B. F. M., & van Kerkwijk, M. H. 1989, ApJ, 223, 196 
Webbink, R. F. 1992, in X-Ray Binaries and Recycled Pulsars, ed. E. P. J. 

van den Heuvel & S. A. Rappaport (Dordrecht: Kluwer), 269 
Webbink, R. F., Rappaport, S., & Savonije, G. J. 1983, ApJ, 270, 678 
White, N. E., Swank, J. H., & Holt, S. S. 1983, ApJ, 270, 711 
Yungelson, L. R., & Tutukov, A. V. 1991, in Wolf-Rayet Stars and Inter- 

pretation of Other Massive Stars in Galaxies, ed. K. A. Van & B. Hidayet 
(Dordrecht: Reidel), 459 
 . 1993, in Planetary Nebulae, ed. R. Weinberger & A. Acker 

(Dordrecht: Kluwer), 389 
Yungelson, L. R., Tutukov, A. V., & Livio, M. 1993, ApJ, 418, 794 
Zahn, J.-P. 1975, A&A, 41, 329 
 . 1977, A&A, 57, 383 
Zwicky, F. 1957, Morphological Astronomy (Berlin: Springer) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 


	Record in ADS

