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Abstract—We present the results of population syntheses obtained using our “scenario machine.” The
mass spectra of black holes in X-ray binary systems before and after the stage of accretion from an
optical companion are obtained for various evolutionary scenarios. The results of the model computations
are compared to observational data. The observational data are used to estimate the fraction of a pre-
supernova’s mass that collapses into a black hole. This model can explain the formation of low-mass
(2—4 My ) black holes in binary systems with optical companions. We show that the number of low-mass
black holes in the Galaxy is sufficiently high for them to be detected. The population-synthesis results
suggest that the vast majority of low-mass black holes are formed via the accretion-induced collapse of
neutron stars. The percentage of low-mass black holes in binary systems that form due to accretion-
induced collapse is 2—15% of the total number of black holes in binaries, depending on the evolutionary

scenario. (© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Currently, about a thousand X-ray sources have
been detected in the Milky Way and nearby galax-
ies [1, 2], most of which are close binary systems
in which an optical component supplies matter to a
neutron star or black hole. However, mass estimates
have been derived for only ~30 neutron stars and
~20 black holes. This number is not sufficient to
enable firm conclusions about the properties of the
mass spectrum of relativistic objects.

Thus, the mass spectrum of compact objects is
not well known due to poor statistics and insufficient
accuracy in the estimated masses of neutron stars and
black holes. In addition, the lack of compact objects
with masses between 2 and 6 My in the observed
mass distribution for neutron stars and black holes
is striking. This gap is especially surprising in the
light of new data on the masses of the CO cores of
Woli—Rayet stars at the end of their evolution [3],
which are continuously distributed over a wide range,
Mco = (1-2)—(20—44) M. Since it is thought that
Woli—Rayet stars are progenitors of relativistic ob-
jects [4—6], such a large difference between the final
masses of the CO cores of Wolf—Rayet stars and the
masses of the relativistic objects that they are thought
to produce requires an explanation. For this reason,
with the aim of determining the possible masses of
black holes and the shape of the mass spectrum of
compact objects before and after accretion of matter
from the optical companion, we carried out popu-
lation syntheses using the “scenario machine” de-
scribed in [7].

Accretion onto neutron stars and estimates of the
mass accumulated on their surfaces have been ana-
lyzed in detail in [8]. The aim of the present paper is
to model the mass spectrum of black holes in binary
systems with optical components (BH + opt).

2. OBSERVATIONAL DATA

As we noted above, masses have been estimated
for more than 30 neutron stars and about 20 black
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Fig. 1. Observed mass distribution of compact objects.
The open rectangles show the masses of black holes
derived from microlensing experiments [9].
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Table 1. Masses of black holes in binary systems

Name i, deg f(M), Mg mpm, Mo Mopt, Mo References

Cyg X-1 31—44 0.2580 4 0.0007 | 11.05+2.55 22.0 4+ 0.51 [10]
LMC X-1 ~63 0.14 4+ 0.05 7+3 22 +4 [2, 11]
LMC X-3 67+3 2.29 4+ 0.32 5.94-9.17 3-8 [12—14]
SS 433 90 77411 11+5 1947 [15]
A0620-00 40.75 + 3 2.72 4+ 0.06 11.0+1.9 0.68 +0.18 [16]
V404 Cyg 54—64 5.819 + 0.003 10.65 + 1.95 0.64 +0.12 [17]
GRS 1124-683 54+ 1.5 3.014+0.15 6.95+ 0.6 0.75 4 0.05 (18, 19]
GRS 1915+105 70 +2 9.5+ 3.0 1444 1.2+40.2 [2, 11]
GS 2000+25 64+1.3 5.0140.12 7.15—7.78 0.25—0.41 [11]
GRO J0422+32 45 +2 1.19 4 0.02 3.97+0.95 0.46 + 0.31 [35]
GRO J1655-40 70.2+ 1.9 2.73 4+ 0.09 6.34 0.5 244 0.4 [20]
H 1705-250 70 + 10 4.86 +0.13 4.9-7.9 0.26 + 0.42 [21, 22]
4U 1543-47 20.7+ 1.5 0.25 4+ 0.01 8.45—10.39 2.0—2.5 [11]
GRS 1009-45 ~T78 3.1740.12 4.470:34 0.670% [34]
SAX J1819.3-25 75+ 2 3.134+0.13 6.82—7.42 2.35—3.34 [11]
XTE J1118+480 81+2 6.140.3 6.0—7.7 0.09-0.5 [23]
XTE J1550-564 67—77.4 6.86 4+ 0.71 9.4111-33 <0.79 [24]
XTE J1859+226 - 74411 7.6—12.0 - [25]
GX 339-4 - 5.840.5 - - [26]
XTE 1650-500* - - ~8.2 - [27]

* Mass estimate obtained from high-ifrequency quasi-periodic oscillations in the X-ray.

holes. The mass distribution of these relativistic ob-
jects is shown in Fig. 1. The black-hole masses are
listed in Tables 1 and 2. The neutron-star masses
presented in Fig. 1 are already given in [8], and we
do not list them here.

Figure 1 shows that this distribution is
bimodal [3, 28, 29]. The masses of the neutron stars
are confined to a narrow range, with the average
mass being 1.35 £ 0.15 M. The black-hole masses
are distributed over a relatively wide range: mpy =
4—15 Mg,. The average black-hole mass is 6.64 +
0.77 M.

No candidate black holes with masses of 2—4 Mg,
have been discovered. Only the central masses of
the compact components of the close binary systems
Vela X-1, 4U 1700—-37, and JO751+1807 fall in this
range. The compact objects in these systems are
neutron stars with masses close to ~2 M. As recent
studies have shown [30—32], the estimated masses
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of the compact objects in Vela X-1, 4U 1700-37,
and JO751+41807 are not firm enough to be con-
fident that massive neutron stars (mygs > 1.8 Mg)
are present in these systems. For this reason, we
placed the masses of the neutron stars in Vela X-1,
4U 1700—-37, and JO751+1807 in the 1—2 M, bin in
Fig. 1. The method used to estimate the masses of

the neutron stars in these binaries and results based
on these estimates are considered in detail in [33].

Table 2. Masses of black holes based on observations of
microlensing

Name mpy, Mg References
MACHO-96-BLG-5 6750 [9]
MACHO-98-BLG-6 671 9]
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The central mass estimates of the compact com-
ponents in the X-ray binaries GRS 1009-45 and
GRO J0422+32 are in the range 4—6 M, (Fig. 1),
making the relativistic objects in these binary sys-
tems candidate low-mass black holes. According
to [34], the mass of the GRS 1009-45 black hole is
4.41'8:?% M); the mass of the GRO J0422+32 black
hole is 3.97 £0.95 M [35]. Note that this latter
estimate is not entirely firm. In particular, according
to [36], the mass of this black hole exceeds 9 M. We
have adopted the more recent mass estimate obtained
in[35].

The central mass estimates for the remaining
candidate black holes exceed 6 M, (Table 1). The
mass distribution for the candidate black holes with
mpy > 6 Mg has a broad peak at 6—8 M and a
uniform tail extending to 14 M.

We are considering predominantly mass estimates
for compact objects obtained using dynamical meth-
ods (i.e., from observations of the radial-velocity
curve of the optical companion), which are most
accurate and reliable. The masses of the candidate
black holes MACHO-96-BLG-5 and MACHO-98-
BLG-6 derived from microlensing observations are
listed in Table 2. Due to their lower accuracy, these
two mass estimates are shown as unfilled entries
in Fig. 1.

Due to the meagre statistics, it is not possible to
determine the shape of the mass spectrum for the ob-
served black holes with confidence (Fig. 1). However,
we can use the existing black-hole mass estimates to
find the ratio of the numbers of low- and high-mass
black holes in binary systems:

R = N(mppg <mph)/Nmpn > mpg). (1)

Based on the mass estimates listed in Table 1,
we took m%i to be ~4 Mg. Accordingly, we took
black holes with masses lower than ~4 Mg to be
“low-mass” and black holes with masses greater than
~4 Mg to be “high-mass” black holes. The observa-
tional estimates of the black-hole masses in Table 1
yield a ratio of the numbers of low- and high-mass
black holes in binary systems Ry < 1/10. The pa-
rameter R served as a criterion of the adequacy of the
various models in terms of the observational statistics
of the masses of black holes in close binaries.

Another such criterion was that an adequate
model should have at least one Cyg X-1-like system
per Galaxy (per ~10'! stars). Following [37], we
suppose that Cyg X-1 is not a statistical outlier,
and that there may be several such systems in the
Galaxy. Support for this hypothesis is provided by the
existence of similar candidate systems in the Large
Magellanic Cloud: LMC X-1 and LMC X-3. In the
model computations, we considered a binary to be a
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Cyg X-1-like system if it contains a massive optical
star (mepe > 10 M) close to Roche-lobe overflow
and a massive black hole (mpy > 4 M) that is
accreting from a disk (for more details see [38]).

The last important requirement of the population-
synthesis calculations was the virtual absence of
black holes in pairs with radio pulsars (BH + PSR
systems). To exclude observational selection effects,
we used the ratio of the numbers of BH + PSR
systems and of all radio pulsars to evaluate this
criterion N(BH + PSR)/N(PSR). According to the
observational data, there are no radio pulsars in
binaries with black holes among the ~1500 detected
radio pulsars. Thus, in the model Galaxy, the ratio
N(BH + PSR)/N(PSR) should not exceed 1/1500.

The above criteria based on observational infor-
mation enabled us to restrict in advance the model
parameters used in the “scenario machine.”

3. POPULATION SYNTHESIS
General Description of the Model

With the aim of determining the shape of the
black-hole mass spectrum before and after the accre-
tion stage, we carried out population-synthesis com-
putations for 10 binary systems under various as-
sumptions about their evolution using the “scenario
machine.” The computations assumed a Salpeter ini-
tial mass function for the binary components:

fm) =m=%. (2)

The initial component masses were varied from
10 Mg to 120 M. Population-synthesis computa-
tions were carried out for two distributions of the
initial component-mass ratio f(q) = ¢®: uniform
(og = 0) and quadratic (g = 2), where ¢ = ma/m;.
We considered masses of the secondary mg and pri-
mary my such that mq > mo. The distribution of the
binaries over the initial component separation f(a)
was taken to obey the function

fla) =1/a (3)

(see [39] for more details). The initial semi-major
axis of the orbit could have any value in the range
(10-10%) Re.

We selected from the computation results only
black holes with optical companions (BH + opt).
Among the many parameters of the BH + opt sys-
tems that form, we are interested in the masses mggy
and lifetimes of the black holes. Since black holes
undergo an accretion stage during their evolution,
we considered the black-hole mass spectrum in
BH + opt systems both before and after this stage.

ASTRONOMY REPORTS Vol.49 No.8 2005
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We assumed that the strengths of the anisotropic
kicks that the nascent black holes receive in superno-
va explosions have a Maxwellian distribution:

02 2
-T2
fv) ~ —e "0, (4)
Yo

with all directions having equal probability. However,
the magnitude of the kick after the supernova wg
remains an important but poorly studied parame-
ter. The results of the population synthesis are very
sensitive to vg. A sharp increase of vy results in a
sharp decrease of the number of systems with rela-
tivistic companions. The vy value for neutron stars
is 100—180 km/s [40], but the typical value of v
for black holes formed via collapse is not currently
known.

Taking the typical anisotropic kick velocity for
neutron stars to be vy = 180 km/s [40] and assuming
that the magnitude of the kick acquired by the neu-
tron star during the collapse depends on the mass of
the ejected envelope, we specified the value of vy for
black holes using the relation

vo = 180 2preSN T MBH 10 /o (5)
mpH

where my.sn is the mass of the presupernova and
mpy the mass of the nascent black hole.

The mass-loss rate of the optical star m is also a
relatively poorly studied parameter. For this reason,
we carried out model computations for three mass-
loss scenarios during the evolution of a star, which we
label A, B, and C. We also carried out a computation
for the Woosley model of stellar evolution [41, 42]. The
scenario based on the Woosley model is labeled W.

Evolutionary Scenario A

The mass-loss rate in the main-sequence (MS)
stage is described by the classical formula of
de Jager [43]:

m ~ L/Ve, (6)

where L is the star’s luminosity and V,, the terminal
velocity of the stellar wind.

1.62m8£3
0.36
0.83my7p

1.3+ 0.65(mwpr — 2.4)

0.342
opt

Mceore =

\ Meore = 3.03M
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For giants, we used the larger of the values given
by (6) and by the expression of Lamers [44]:

m ~ L1.42R0.61/m0.99’ (7)

where R and m are the radius and mass of the star.

For the red supergiant stage, we used the larger
of the values given by (6) and by the wind model of
Kudritzki and Reimers [45]:

m ~ LR/m. (8)

The change of the star’s mass Am during a single
stage in the model with type-A wind does not exceed
0.1(m — Mmeore), Where m is the mass of the star at
the beginning of this stage and m s is the mass
of the stellar core. The mass loss in the Wolf—Rayet
stage was parameterized as 0.1 myy g, where myy g is
the maximum stellar mass in this stage. We used the
core masses computed in [46—48] to calculate the
parameters of the type-A wind.

In scenario A, the mass lost by a star did not
exceed 30% of its initial mass mep;.

Evolutionary Scenario B

In scenario B, we used the results of the evolu-
tionary computations of [49], which indicate that a
massive star loses up to ~90% of its initial mass in the
main-sequence, supergiant, and Woli—Rayet stages
via its stellar wind. Therefore, the presupernova mass
in scenario B was ~8—10 M, essentially indepen-
dent of the mass of the parent star.

Evolutionary Scenario C

In scenario C, the mass-loss rate in the main-
sequence, supergiant, and Wolf—Rayet stages was
based on the computations of Vanbeveren [50], which
reproduce the observed distribution of Galactic Woli—
Rayet stars and the stellar-wind mass loss by massive
stars accurately. The computations made use of the
relation

Am = (m — Meore), (9)

where the stellar core mass m.,¢ is defined as

for MS stars,
for supergiants,

for Woli—Rayet stars with myr < 2.5 Mg,
for Wolf—Rayet stars with myr > 2.5 Mg,
for Wolf—Rayet stars with mmax > 2.5 Mg.
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Fig. 2. Dependence of Reaic/Robs + Robs / Reale 0N Mimin
in scenarios A (solid curve) and C (dashed curve); see the
text for more details. The parameter kg = 0.5.

Evolutionary scenario C has moderate mass loss,
and a mass-loss rate that is lower than in scenario B,
but higher than in scenario A. For example, in sce-
nario C, a star with an initial mass of mgy; > 15 Mg
can lose up to 30% of its initial mass in the main-
sequence, giant, and supergiant stages. We applied
scenario A for the computations of mass loss by
lower-mass stars with mg,; < 15 M. A high mass
loss in the Wolf—Rayet stage is typical of scenario C,
with the Woli—Rayet star losing up to ~50% of its
initial mass.

Evolutionary Scenario W

Evolutionary scenario W is based on the evo-
lutionary diagram for stars of various masses pub-
lished by Woosley [41, Fig. 16], which represents
the relationship between the mass of the relativistic
remnant and the initial mass of the star. We car-
ried out population-synthesis computations for two
models with W-type stellar winds, which we label
Wb and We. In models Wb and Wc¢, the mass-loss
rates were computed as in scenario B and scenario C,
respectively. The use of these models to calculate the
wind rate in a scenario based on Woosley’s diagram
[41, Fig. 16] is justified by the fact that scenarios B
and C are based on the same numerical expressions
for the mass-loss rates from [49—51] that were used
by Woosley in his work (see [7] for more details).

4. THE MINIMUM BLACK-HOLE MASS

One of the important parameters of the population
syntheses is the minimum mass of the black holes
formed in supernovae, mpy;,. Since this parameter

BOGOMAZOV et al.
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Fig. 3. Dependence of the number of Cyg X-1-like sys-
tems in the Galaxy on kpz = 0.5 in model A (for ag = 0,
dashed curve) and model C (for ag = 2, solid curve).

is not known precisely, we carried out population-
synthesis computations for several values of my;, in
the range 2.5—10 M. We found that the maximum of
the black-hole mass spectrum corresponds to M min.
We can see from the observational data (Table 1 and
Fig. 1) that the maximum of the black-hole mass
spectrum is in the range 6—8 Mg, i.e., mmpyin should
be close to 7 M.

Additional evidence that myy;, is close to 7 M, is
provided by special model computations carried out
for this purpose. In these computations, we calcu-
lated the parameter R,y [the ratio of the numbers
of low- and high-mass black holes; see Eq. (1)] for
Mupmin = 2,3,4,...,10 M. The computations were
carried out for scenarios A and C, and assumed that
half of the presupernova mass my,esn collapses into
a black hole (with mass mpg). Figures 2a,b show
the dependence of Reuc/Robs + Robs/ Reate 0N Miin
in evolutionary scenarios A and C. Recall that we
assumed that the observed ratio of the numbers of
low- and high-mass black holes R,,s = 1/10 (Ta-
ble 1). In both cases (Figs. 2a and 2b), the mini-
mum of Reae/Robs + Robs/ Reale, Which is related to
Reaie/ Robs, corresponds to myyin ~ 6—6.5 M.

Given these results, in the subsequent model
computations, we set the minimum mass of a black
hole formed in a supernova to muyy, = 7 Mg. This
does not preclude the formation of black holes with
masses below 7 Mg,. For example, in all the evolu-
tionary scenarios (A, B, C, and W) we allowed for
the accretion-induced collapse of a neutron star into
a black hole if the mass of the neutron star grew
to the Oppenheimer—Volkoff limit, which we took
to be 2 M.

ASTRONOMY REPORTS Vol. 49 No. 8 2005
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5. THE MASS FRACTION
OF PRESUPERNOVA THAT COLLAPSE
INSIDE THE EVENT HORIZON

An important parameter that enters the
population-synthesis algorithm is the fraction of
presupernovae with masses of m..sn that collapse
into black holes with masses of mpgg. In scenarios A,
B, and C, the mass of the black hole mpg produced
by the explosion of a presupernova with mass mpesn
was computed as

(11)

where the constant coefficient kg is the fraction of
the presupernova mass that collapses inside the event
horizon. In scenario W, kg was taken to be variable,
and to have a value determined by the dependence of
the mass of the compact remnant on the initial mass
of the optical star [41, Fig. 16].

The best-fit value of kg in scenarios A, B, and C
was searched for. Population syntheses were carried
out for each value of kppy in the range from 0.1
to 1.0 with steps of 0.1. The other population-
synthesis parameters in this set of calculations were
held fixed. When varying the value of kppy, we
monitored the number of Galactic Cyg X-1-like
systems produced in the computations. The results
are presented in Fig. 3. Following [37, 38], we as-
sumed that Cyg X-1-like systems are not statistical
outliers, and are always present in the Galaxy. We
assume that approximately one such system should
exist in the Galaxy at any given time. This criterion
yielded kpp values of 0.43 for scenario A (Fig. 3)
and 0.57 for scenario C (Fig. 3). In scenario B, no
Cyg X-1-type systems were produced for any of the
kpgr values in the range 0.1—1.0. For this reason, we
rejected scenario B as being unrealistic. Further runs
of the population synthesis code were carried out for
scenarios A, C, and W.

MBH = KBHMpreSN,

6. BLACK-HOLE MASS SPECTRA
IN MODEL A

For each scenario, a population synthesis was
carried out for 10® initial binaries. For models A
and C, we assumed that the initial distribution of
the component-mass ratios in the binaries was flat
(g = 0). The results obtained for a quadratic dis-
tribution (o = 2) did not satisfy the observational
criteria.

The spectrum of initial black-hole masses ob-
tained for scenario A, shown in Fig. 4a, is clearly
bimodal. Most of the black-hole masses are concen-
trated in the range 7—12 M, although there are also
low-mass black holes (mpy = 2—3 M) present in
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Fig. 4. (a) Initial model mass spectrum for black holes
in BH + opt binaries for scenario A (aqg = 0 and kg =
0.43; see the text for more details). (b) The same spectrum
after taking into account observational selection effect
due to the difference in the lifetimes of optical stars.

the spectrum. These low-mass black holes are pro-
duced by collapses of neutron stars whose masses
grow to the Oppenheimer—Volkoff limit [8].

The overwhelming majority of black holes
(~99.99% of the total number) do not increase their
mass in the course of their evolution due to the
accretion of matter from their optical companion.
Only a negligible fraction (~0.01% of the total num-
ber) increase their mass by Am ~ 1 Mg. For this
reason, the shape of the black-hole mass spectrum
in model A is the same before and after the accretion
stage (therefore, we do not show the latter here).
Figure 4b shows the black-hole mass spectrum in the
final stage of the evolution of the optical component,
corrected for selection effects due to differences in the
lifetimes of different binaries in the BH + opt stage.
These were taken into account using the formula

ng N
Nm) =3 t; [ 3t
j=0 =0

(12)
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Table 3. Observational parameters derived via the population syntheses for evolutionary scenarios A, C, and W

Observational parameter Observational data* A C We
Number of Cyg X-1-type systems in the Galaxy 1 ~1 ~ ~1
N(BH + PSR) o1 1 13 15
N(PSR) 1500 1500 1500 1500
N(mpp < 4.0Mg)
R= ~0.1 ~0.15 ~0.03 ~0.03
N(mpp > 4.0Mg)

* See the text for more details.

where N(mj) is the number of black holes
with masses in the range my+dmy (mg =
1,2,3,4... Mg, and dmy =1 Mg), n; the number
of black holes in the bin for mass my, t; the lifetime
of a binary with a black-hole of mass in the interval
my, +dmyg, N the total number of model tracks
(N =10°), and t; the lifetime of a binary with a
black hole. We can see that, after correcting for
differences in the stellar lifetimes in the BH + opt
stage, the bimodal structure of the mass spectrum
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Fig. 5. Same as FFig. 4 for scenario C (ag = 0 and kpgy =
0.57).

becomes even more pronounced (Fig. 4). Thus, the
population-synthesis results for scenario A suggest
that the masses of the vast majority of black holes
should be confined to 8—15 M. However, the model
computations confirm the possible formation of low-
mass (mpg = 2—4 M) black holes in binary sys-
tems. The number of binaries with low-mass black
holes is fairly high: there should exist one low-mass
(mpr < 4 Mg )black-hole system for every ~7 bina-
ries with high-mass (mpg > 4 Mg ) black holes. In
scenario A, low-mass black holes are produced only
by accretion-induced collapse, and they comprise
~15% of the total number of black holes in binaries.
The numerical criteria characterizing the consistency
of model A with the observational data are presented
in Table 3.

7. BLACK-HOLE MASS SPECTRA
IN MODEL C

Recall that the value of kg in evolutionary sce-
nario C was set to 0.57, and that the minimum black-
hole mass was set to 7M. The shape of the ini-
tial black-hole mass spectrum is shown in Fig. ba.
In contrast to scenario A, the scenario C spectrum
has three peaks (Fig. 5a). Black holes with masses
2—4 M, are formed only via the accretion-induced
collapse of neutron stars. In contrast to scenario A,
the fraction of low-mass black holes in scenario C is
~5% of the total number of all black holes that are
formed in binary systems.

Figure 5a shows that, in scenario C, most
(~54.5%) black holes have masses of 7—9 M, at the
time of formation of the BH + opt system. All black
holes with masses of 7—9 My descend from Woli—
Rayet stars. Black holes with masses of 10—12 Mg
comprise ~40.5% of the total number of black holes,
and are produced by collapses of presupernovae that
avoided the Woli—Rayet stage.

Due to the high mass loss in the main-sequence,
supergiant, and Wolf—Rayet stages (up to 50% of
the initial mass), no very massive black holes are
produced in scenario C. Thus, the maximum mass of
black holes in this scenario is 12 Mg, (Fig. 5).

ASTRONOMY REPORTS Vol.49 No.8 2005
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As in scenario A, only ~0.01% of black holes
increase their mass by AM ~ 1 My during the evo-
lution of the binary system. The masses of most black
holes remain unchanged or increased by only Am =~
0.01 Mg, due to accretion. For this reason we do not
show the mass spectrum of the post-accretion black
holes. Figure 5b shows the black-hole mass spectrum
at the end of the evolution of the optical component,
corrected for differences in the lifetimes of binaries in
the BH + opt stage using formula (12) with dmy =
0.25 M.

Selection effects due to differences in the lifetimes
of binaries in the BH + opt stage had an apprecia-
ble influence on the initial black-hole mass distribu-
tion (Figs. ba, db). In scenario C, black holes with
masses exceeding 12 Mg should not be observed, and
a considerable fraction of black holes (~76%) should
have masses ~10—12 M. Black holes with masses
~T—9 Mg comprise ~21% of the total number of
observed black holes. Note that there are few low-
mass black holes in the “observed” distribution of
black holes produced in scenario C (~3% of the total
number of black holes). In the total sample, the ratio
of the numbers of low- and high-mass black holes is
R ~0.03. The numerical criteria characterizing the
consistency of model C with the observational data
are presented in Table 3.

8. BLACK-HOLE MASS SPECTRUM
IN SCENARIO W

Scenario Wb did not satisfy the observational cri-
teria: not a single Cyg X-1-like system was produced
in the model Galaxy (10! stars). For this reason, we
considered scenario Wb to be unrealistic, and did not
analyze it further. Scenario We fitted the required ob-
servational criteria sufficiently well (Table 3), and we,
accordingly, carried out population-synthesis com-
putations for this scenario.

Aswe noted above, scenario Wc is based on the re-
lation of [41] between the mass of the optical star my;
and the mass of the compact remnant, as well as
a dependence of the mass loss on myy similar to
that in scenario C. The maximum black-hole mass
in the model of Woosley [41, Fig. 16] did not exceed
~11 M. This model assumed that black holes are
produced by stars with initial masses greater than
20.7 M. The initial distribution of the component-
mass ratios was taken to be quadratic: ay = 2. The
hypothesis of a flat initial mass-ratio distribution was
rejected based on the observational criteria: the num-
ber of Cyg X-1-like systems was far greater than one
per model Galaxy.

The initial black-hole mass spectrum obtained for
evolutionary scenario We is shown in Fig. 6a. The
masses of ~10% of the produced black holes are in the
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Fig. 6. Same as Fig. 4 for scenario We with ag = 2
and with kpg values that depend on the initial mass of
the star.

range 2—7 Mg, while about 45% of the black holes
have masses of 7.1-7.5 M. The fraction of black
holes with masses exceeding 7.5 M, is also ~45%.

The peak of the histogram at ~7 Mg is due to
the nature of the relation between the mass of the
optical star mg, and the mass of the black hole
produced by this star[41, Fig. 16]. Stars with masses
of 20.7—27 My, produced low-mass black holes with
mpy ~ 2—6 Mg . Due to the low-mass of the nascent
black holes and the considerable mass loss in the su-
pernova explosions, the vast majority of binaries could
not remain bound after the collapse. This explains the
deficit of black holes with masses of mpg ~ 2—6 M.

According to the evolutionary scheme of [41], op-
tical stars with masses of 27—84 My, are the pro-
genitors of ~7 Mg, black holes. This feature of the
scheme results in the peak in the initial black-hole
mass distribution (Fig. 6a). Black holes with masses
mpy > 7.5 Mg, are produced by optical stars with
initial masses of 284 M. We do not present the post-
accretion black-hole mass spectrum, since it is very
similar to the initial mass spectrum.
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Figure 6b shows the black-hole mass spectrum
after correcting for differences in the lifetimes of the
BH + opt systems using formula (12) with dmy =
0.25 M. We can see that this selection effect strongly
influences the mass distribution of the black holes.
The group of low-mass black holes (mppg < 4 Mg)
in BH + opt systems becomes much more prominent:
such black holes comprise ~3% of all “observed”
black holes in scenario W (see Fig. 6b). About 2%
of the total number of low-mass black holes in binary
systems are produced by accretion-induced collapses
of neutron stars in scenario We (Fig. 6). At the same
time, all the low-mass (mpg < 4 Mg) black holes
in scenarios A and C were produced by accretion-
induced collapses of neutron stars.

The maximum of the black-hole mass distribution
remained at ~7 M, but the total number around this
peak was reduced to ~25% of the total number of
black holes in BH + opt binaries. The fraction of black
holes with masses mpy ~ 7.5—9 Mg in BH + opt
binaries increased to ~60% (Fig. 6b). Note that the
maximum mass of an “observed” black hole in a
pair with an optical companion in scenario W is
mpg ~ 9 M. The numerical criteria characterizing
the consistency of the population-synthesis results
for model Wc with the observational data are pre-
sented in Table 3.

9. CONCLUSION

The formation of BH + opt binaries with low-mass
black holes (mpy = 2—4 M) in all three evolution-
ary scenarios (A, C, and W) is one of the most im-
portant results of our computations. The population-
synthesis results indicate that ~(3—)15% of the total
number of black holes in binary systems with optical
companions in scenarios A, C, and W are low-mass
black holes. In other words, according to our compu-
tations, the number of low-mass black holes (mpy =
2—4 M) in binaries with optical companions is suf-
ficiently high to enable their detection in the near fu-
ture. It is not ruled out that the objects GRS 1009-45
and GRO J0422+32 (Table 1), which contain com-
pact objects with estimated masses mpy = 2—4 Mg
(within current levels of accuracy), are black holes
produced by accretion-induced collapse.

According to the population-synthesis results, ac-
cretion plays a negligible role in the formation of the
mass spectrum of black holes in BH + opt systems.
On the other hand, selection effects related to the
lifetimes of binary systems considerably distort the
intrinsic shape of the mass spectrum (Figs. 4—6).

The poor statistics of black-hole mass estimates
and limited accuracy of these estimates prevent
us from identifying one of the scenarios as being
“correct.” With the current accuracy of the observed
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black-hole mass spectrum, all three scenarios (A, C,
and W) satisfy both the observational criteria (Ta-
ble 1) and the observed mass spectrum (Fig. 1).

The population-synthesis results for scenarios A
and W suggest that the masses of the vast majority of
black holes that will be discovered in the future will
be in the range 7—9 M. If scenario C is the most
realistic, the masses of most “new” black holes will
be 10—12 M. According to scenario A, black holes
with masses up to ~50 M, may be present in binary
systems.

To conclude, we note the recent discovery of the
compact object 2S5 0921-630, with an estimated
mass of 1.9—2.9 My, [53]. The nature of this ob-
ject is not yet known, but, given our population-
synthesis results, we cannot rule out the possibility
that 2S5 0921-630 is a low-mass black hole. Recall
that, according to our computations, 3—15% of all
the black holes in binaries may be low-mass black
holes.

We stress that, according to the population-
synthesis computations, the overwhelming majority
of low-mass black holes (2—4 M) are formed via
accretion-induced collapses of neutron stars. There-
fore, we expect that the masses of a high fraction
of low-mass black holes should be very close to the
Oppenheimer—Volkoff limit (~2.5—3 Mg)).
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