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Abstract. Using Monte Carlo simulation of the modern scesuperluminal source GRS 1915+105 in the Galaxy (Mirabel
nario of the evolution of binary systems (the “Scenario Maet al.[1994; Mirabel et dl. 1997) and RX J0117.6-7330 in SMC
chine”), we calculate the number of binary black holes witfClark etal”1997; Sor[@a1998). GRS 1915+105is one of the most
Be stars and their expected observational properties. So faminous X-ray sources in the Galaxy. Since this source has a
only two possible candidates for Be/BH binaries have been pfairly hard spectrum with emission up to 220 keV, and a variable
posed among the observable sources, the superluminal sogpesctral index between2 and —2.8, observed by BATSE on
GRS 1915+105 in the Galaxy and RX J0117.6-7330 in SM&e Compton Gamma-Ray Observatory (GRO), GRS 1915+105
Using the “Scenario Machine” we obtained an evolutionaiy likely to be a collapsed object, perhaps a black hole in a binary
track that can lead to the formation of such systems. The magstem (Harmon et &l. 1994). Mirabel et al. (1997) have found
ern evolutionary scenario predicts the existence of binary blatlat the absolute K magnitude of GRS 1915+105 is consistent
holes on eccentric orbits around Be stars and such systems muili that of massive X-ray binaries with late Oe and early Be
be discovered in the near future. companions. There is infrared photometric similarity between
GRS 1915+105 and one of the best studied Be/X-ray transients,
Key words: stars: binaries: close — black hole physics — star’0538-66 in the Large Magellanic Cloud. Both radio and hard
emission-line, Be — stars: evolution X-ray light curves of GRS 1915+105 show transient behaviour.
For 4 years, GRS 1915+105 had an erratic bursting history with
recurrent peaks of similar intensity. These recurrent outbursts
1. Introduction are characteristic of high-mass X-ray binaries with eccentric

) ) . ) orbits of long period. The time and duration of the outbursts are
Discovery of binary black holes with massive Be stars would kg metimes well correlated with the orbital period of the binary.

of great importance for the modern theory of stellar evolutioyirapel & Rodrigues{1996) point out that in the course of 1994
Only a handful ofeliablecandidates for binary black holes with g yrrent ejections were observed in GRS 1915+105 every 20-
optical companions are known at present (see van Paradijg&days. Thus, the galactic superluminal source GRS 1915+105
McClintock 1995 for a review). They must all be products of thg the first candidate binary black hole with a Be star in the
evolution of binary systems with massive companions. Only@a|axy_

few of the optical companions in these binaries are early-type. another possible candidate Be/BH binary is RX J0117.6-
Among the massive X-ray binaries (MXRBs) with early-typ&330 discovered recently in the Small Magellanic Cloud. Its
companions, only three objects, Cyg X-1, LMC X-3 and LMGoft X-ray spectrum, its long decay time after the 1992 X-ray
X-1 are considered black hole candidates because of their vgfihurst and the absence of pulsations make this system a possi-
soft X-ray spectra and high mass estimatesi({//) forthe X-  pje plack hole candidate (Clark etal. 1997). A common way to
ray star. The other black hole candidates are all low mass X-i@termine whether the compact objectin an X-ray binary can be
binaries (LMXBs): the companion stars, which are filling theij neutron star is to deduce its mass function from the radial ve-
Roche-lobes, are main-sequence G- or K-dwarf stars. Seveiyity of the primary, but such measurements are more difficult
these are known to contain black holes on the basis of a dynamihigh-mass X-ray binaries owing to the low velocity expected
cal mass determination. Another 18 systems are suspected teybene primary and to the long binary period. Sofia (1998) has
black hole X-ray binaries (BHXBs) on the basis of their X-raonducted spectroscopic and photometric observations of the
spectra. Thus, there are far more LMXBs which contain blagjgtical companion of this X-ray transient and identified the pri-

holes than MXRBs. . . _ mary star as a BO.5 llle. But the binary period and the mass

binaries have been proposed among the observable sources, thg, this paper we calculate the expected distributions of
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nary evolution and discuss possible ways in which such systeahsinge to an initial mass function with = 1.01 leads to a

can be formed. A similar method has been successfully appl&bstantial increase in the number of binary X-ray systems. It
for studies of the number and physical properties of binary plads to a substantial change of the hard X-ray luminaosity of the
sars with massive optical companions, which proved to be cdbalaxy. Because of this, the existence of bursts of star forma-
sistent with the observed properties of the binary PSR B125®n with an initial mass function witlx = 1.01 would imply

63 (Johnston et al. 1992; Lipunov et @l. 1994). In the case afi increase in the hard X-ray fluxes. The absence of such a high
black holes which are free of complicated and ill-understootiray luminosity is evidence for the absence of@an= 1.01

spin evolution connected with magnetic fields etc., these edtiitial mass spectrum in the present burst of star formation.
mations seem to be more reliable and parameter-independentFor the case of collapse into a BA#, > M,,.) we con-

We have found that our results depend sensitively only on twimered both isotropic and anisotropic collapse. The important
parameters: the lower limit to the initial BH progenitor masgointis that the collapse of a massive star into a BH can be asym-
M., and the value of the mean kick velocity caused by the cahetrical, so that the newborn BH can acquire an additional, pre-
lapse anisotropyy,,. Assuming that in our Galaxy one possiblesumably randomly oriented in space, kick veloeityin view of
candidate Be/BH system is observed (GRS 1915+105), we ¢ha importance of this parameter, we study the influence of this
place some restrictions on these parameters. Calculation of ea®ymmetry on the evolutionary calculations for the Maxwellian
lutionary tracks and all statistical computations have been maatel Lyne & Lorimer[(1994) kick distributions. It seems natural
using the “Scenario Machine” (a numerical code that models ttteassume that the kick velocity is arbitrarily directed in space.
evolution of large ensembles of binary systems; Lipunov et dlhe value of the kick velocity can be quite different and may
19964a) developed at the Relativistic Astrophysics Departmemntll depend on a number of parameters, such as magnetic field
of the Sternberg Astronomical Institute. The demonstration vestrength, angular velocity and so on. Let us consider the extreme
sion of the “Scenario Machine” is available at our WWW sitassumption of a maxwellian-like distribution,
http://xray.sai.msu.ru/sciwork/scenario.html () o w2 exp(—w?/ud), (1)

2. Be+BH versus Be+NS*A” in our Galaxy which is natural to ex_pect if several indlependent approximately
. _ . equally powerful anisotropy mechanisms operate randomly.

The program “Scenario Machine” was described for the firgferew, is a parameter which is connected with the mean kick

time in a paper by Kornilov & Lipuno\ (1983). Recently a veryselocity w,, by the relationw,, = = wy.

detailed description of this program was given in a review by |5 the case of calculations for the kick velocity distribu-

Lipunov et al. (1996a). Here we will only describe parametef, taken so as to fit the observed transverse pulsars’ velocity
which are needed for our calculations. Also, some common prighiained by Lyne & Lorimer (1994) we use:

ciples of single track calculations are described at the beginning

of Sect. 4. fiL
Each run of our calculations consisted of tracking the evo-

lution of 1,000,000 ZAMS binaries with initial masses within  nere,. — W/ W

range from 1(_)td.20M@. The initial binary separations, were The observed number of Be/NS“A” systems in the Galaxy
taken to be distributed 8§loga) = constant. When caleulat- js equal to about 25 (we include transient Be/X-ray binaries
ing we made the zeroth order assumption that the mass rafit, 45 A0535+26, X Per, 4U1145-619 etc.). Thus, the expected
distribution has a flat shape,{ ~ 0), i.e. binaries with a high «,pserved number” of Be+BH transients in the Galaxy is equal
mass ratio occur as frequently as those with equal masses. AlsQnity only for certain parameters of black hole formation. Itis
we assume the primary mass to obey Salpeter's power law: 1 he noted that we have made calculations only for our Galaxy.
F(My) o< M®(a=235), 0.1Mg < M; < 120M, , In other ga!axies the obsgrved number of Be/N_S“A” systems

F(q) x g% (g ~0) = My/M, < 1 would be different. Thus, in the Small Magellanic Cloud the

1 ’ observed number of such systems is equal to 14, and in the
The flat initial mass ratio spectrum was chosen because it@rge Magellanic Cloud it is 9.

currently the most popular among researchers (e.g. Tutukov & Black hole formation during the collapse of massive stars
Yungelson[(1993); Pols & Marinus (1994)) and to which many still not well understood. From core-collapse simulations it
physically reasonable assumptions about the initial mass rdias become clear that the nature and mass of the remnant, the
leads (say, both masses obeying a Salpeter-like power lawaorount of fallback, and the amount of mass ejection depend
the total binary mass and mass of the primary obeying Salpetaesnsitively on the details of the collapse mechanism, the en-
law, etc.). Salpeter’s power law is currently universally acceptegtgy involved, and the structure of the collapsing star. Mass
As a rule, other possible initial mass functions have failed &jection can be significant both in cases where black hole for-
agree with observations. An example is initial mass functionation occurs promptly and when it is preceded by the for-
with o = 1.01 proposed by Contini et al. (1995) for galaxymation of a neutron star, which then collapses to a black hole
Mrk 712. Later Schaerer (1996) demonstrated that the obdeecause of heavy fallback (Woosley & Weaver 1995). Given our
vational properties of this galaxy can also be explained wilimited current understanding of these processes, we allow the
Salpeter's power law. As shown by Popov et al. (1998) theaction of the presupernova mas¥/ () collapsing to the BH,

1.0.19

() o Wa (2)
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500 T T 2500 The results of our calculations in the form of the “curves of
—— Lyne-Lorimer kick & best correspondence” are presented in[Rig. 1. These represent

-~ Maxwellian kick 7 the set of possible values of scenario parameters of binary sys-
tems. For these parameters the calculated ratio of the number of
Be/BH to Be/NS“A’ systems agrees with the accepted observa-
tional value of 1/25. Taking into account that this value is only
@ known to within a factor of 2, we also plot in FIg. 1 the curves
900 | 1a00 coOrresponding to the ratios Be/BH and Be/NS “A’ of 2/25 and
1/50, respectively.
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10 3. The expected distributions of Be/BH binaries

o over orbital parameters
P - 5 oo . . .
0B~ N e Based on the restrictions to the scenario parameters shown in

oo L 09‘*’/ - w - | . Fig[d we have calculated the expected distributions of the num-
0 ~ o ber of Be/BH systems over eccentricities and orbital periods
= e _ - for the following cases: 1) no kick, lower limit of initial mass
o - of BH progenitor sta\/., = 55M; 2) maxwellian kick ve-
0 L - . locity distribution forw,, = 50kms™! and M., = 65Ms);

Mer/ Mg, for w,, = 140kms~* and M., = 75M); 3) with the Lyne
& Lorimer kick velocity distribution forw,,, = 80 kms~! and
?\fcr = 65M); for w,,, = 180kms~! and75M ).

These parameters have been chosen as corresponding with
the “curves of best correspondence”, that is, we accept the ob-
kg = Mpg /M, = 0.5. Too small values okzz ~ 0.1-0.2 served number of Be/BH binaries in our Galaxy is unity. The
would give too “light” black holes with masses in the rangdistributions we obtain are shown in Fig. 2. Note that similar
3-5M, and the large mass loss during the collapse would mag@culations of the binary radiopulsar population with different
binaries with high mass ratios unbound, so it would be difficult @ompanions based on more general observational data (Lipunov
understand how LMXB black hole candidates with high mass al.. 1996b) also give similar values of kicks. In . 2 we can
ratios (and observed now as X-ray novae) had been formeee that the expected orbital periods of Be/BH binaries lie in
Higher values of initial primary mass@s,.,. require higher val- the range from several days to several years with a maximum
ues forkzx, giving more massive black holes. Higher valueat several tens of days. The expected eccentricities of such sys-
for kg ~ 0.7-0.9 are less favorable given the most probablkems fall in a broad range of values and depend strongly on
estimation of the black hole mass in Cyg X-1ef 10M,. the value of kick velocity. With increasing additional kick ve-
As a separate independent criterion we included the calculateeity the number of binaries with high values of eccentricity
Galactic number of black hole candidates with evolved OBacreases and the maximum of the distribution shifts to large
companions. The observational estimatiori0 per Galaxy is eccentricities.
given by a fraction{ 1/4) of black hole candidates among the
observed number of bright massive X-ray binaries (MXRB
scaled to the total Galactic number of MXRBs (0, see van
Paradijs & McClintock 1995). The observed lower mass limit
for black hole formation in a binan/., > 50M¢), was pro- Here we present an example of the “Scenario Machine”
posed by Kaper et al._(1995), based on the new measuren{eigunov et al[ 1996a) computations for the formation of a Be
of a lower limit to the mass of the supergiant Wray 977 in th&tar paired with a black hole. The continuous evolution of a bi-
binary X-ray pulsar GX 301-2. From the above reasoning wery component is treated as a sequence of a finite number of
adopt the constant values; = 0.5 and a lower limit to the basic evolutionary states (for example, main sequence, Wolf-
initial mass of the star collapsing to a black halé,,., to vary Rayet star, etc), in which the stellar parameters significantly
in the range from 50 t80 M. differ from each other. The evolutionary state of the entire bi-

The mass limit for a NS (the Oppenheimer-Volkoff limit)nary can thus be determined as a combination of the states of
is taken to beMoy = 2.5M), which corresponds to a hardeach component, and changes once the faster evolving compo-
equation of state of NS matter. nent goes into the next state. At each such stage we assume that

In our calculations we do not perform the simulation with théhe star does not change its physical parameters (mass, radius,
“enhanced” mass loss rate developed in some papers (Schdermamosity, etc.) which affect the evolution of its companion (es-
1996; Schaller et al._1992) because the calculated Galagézially for the case of compact magnetized stars). Every time
number of black hole candidates with evolved OB-companiotiee faster evolving component goes over into the next stage we
(“Cyg X-1"-like objects) is equal to zero for such scenarios. recalculate its parameters. Depending on the evolutionary stage,

200 [~

Fig. 1. The “curves of best correspondence” for scenario paramet
(see description in text)

ﬁ). Evolutionary scenario
for high-eccentricity Be/BH binaries
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Fig. 2. Expected distribution of number of Be/BH binaries over orbital parameters

the state of the slower evolving star is changed accordinglyaistar with initial mass\f > 10M,, in a binary witha <
may remain the same. With some exceptions (such as the 203AU (in such binaries, the hydrogen shell of the more massive
pernova explosion), no simultaneous change of state for bpttimary star is in most cases removed due to tidal interaction
components can occur. between the components). We assume that Be stars are formedin
The evolutionary track that can lead to the formation of Binary systems where mass transfer spins up the accretor to high
Be+BH binary is presented in F{g. 3. Here we use the followimgtational velocity so that it starts showing the Be-effect. This
notation for particular evolutionary stages of the componentenario was proposed for the first time by Kriz & Harmanec
MS = amain sequence star inside its Roche lobe (RL); a MS-s{&875) and by Rappaport & Van den Heuvel (1982). Packet
that accretes matter during the first mass transfer is considere@®81) has shown that the accretor need gain only a few percent
be arapidly rotating Be-star ifits massis more théi/ . ; Giant  of its original mass 0.1M) in order to become a Be star.
= evolved giant not filling its Roche lobe; KL= a MS orpost- Immediately before the supernova explosion the orbit is
MS star filling its Roche lobe — and transferring matter ontarcular. This is due to strong tidal interaction in the mass-
the companion; R = a helium (Wolf-Rayet) star remainingtransfer phase. An asymmetric supernova explosion gives a kick
after the mass transfer; RLO(f) = Roche lobe overflow onta the collapsing star. In this way very large eccentricities can
thermal timescale; BH = black hole; SN Ib = core collapse @ie obtained. When calculating evolutionary tracks we assumed
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Fig. 3. Possible evolutionary track leading to Be/BH binary formation

anisotropic collapse withy,, = 25 km s~! in order to obtain function from the radial velocity amplitude of the primary star.

the high eccentricity values. The critical initial mass of the siBut such measurements are more difficult in high-mass X-ray

pernova star that collapses to a BH is accepted to be equabitvaries owing to the low velocity expected for the primary and

60M, and the fraction of the presupernova mags) collaps- to the long binary period. The variability of the circumstellar

ing tothe BH kpy = Mgy /M. = 0.5. The age of the systemenvelope of Be stars and the line broadening due to rapid rota-

according to our evolutionary scenariofisc 10° yr. tion also make it difficult to determine the mass function of the
compact object.

5. Discussion

How can we identify a BH orbiting a Be star? If a black hole reb. Conclusion

thors have surveyed runaways for evidence of orbital Doppl&rerS of black hole formation(,., — 55_75M® kpy = 0.5
shifts from unseen companions (Gies & Bolfon 1986; Stone "1 500 km 1) we obtained the expe(,:ted number of
=

1982). However, this method has practical difficulties, as BSH+Be binaries to be of order of unity per 20-30 Be/NS*A”

star atmospheres exhibit intrinsic variability and line broadepy <o ms The values of kicks obtained satisfy previous calcula-
Ing, I|m|t|Eg s_plectral r:/eIOﬁ!tyhTeasurements toa resolutlcin ﬂ\gns ofthe binary radiopulsar population based on more general
Iorder 10hms h. Fur_t er, Ilg ﬁ/ﬁclcentrl'chsystems (our C""k(]:uébservational data (Lipunov et @l. 7996b). This means that such
ations show that binary black holes with Be stars must aﬁfhary black holes may be discovered in the near future. All such

eccentricities in the rangh2_< e <0.8) are part_lcqlarly diffi- _systems must be highly eccentric, with orbital periods lying in
cult to detect as most of their spectroscopic variation occurs ”&?ange of 10 days to several years

relatively small portion of the orbit, and could easily be missed
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