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Abstract. Compact object mergers are one of the favorite mothat they could have high velocities they may travel away from
els of GRBs. It has been noted that in contrast to the collape place they were formed.
sars, compact object mergers do not necessarily take place inThe distribution of compact object mergers can be found
the host galaxies, and may travel outside of them. With thising stellar population synthesis codes. The main problem of
discovery of afterglows and identification of host galaxies orkis approach is that such codes contain a number of poorly
can measure the distribution of GRBs with respect to their hdstown parameters, which may affect the results. One of the
galaxies. This distribution has been calculated using differenbst important parameters is the kick velocity a newly born
population synthesis codes, and for different galactic potentiatsmpact object receives at birth.
(Bloom et al., 1999; Bulik et al., 1990a; Fryer et al., 1999). In The distribution of double neutron star systems around
this paper we compare the distributions of different types ghlaxies has been calculated for a few types of galaxies by
compact object binaries: double neutron star systems (NS-NBlpom et al. (1999). Bulik et al. (1999a) calculated such a distri-
black hole -neutron star systems (BH-NS) and double blabltion for the case of a massive galaxy such as the Milky Way,
holes (BH-BH). We calculate the orbits and distributions of thend for the case of empty space, using four different kick veloc-
projected distances on the sky for two extreme cases: a masgivdistributions. These studies considered only binaries contain-
galaxy like the Milky Way, and empty space (corresponding fog neutron stars. We used an assumption (Bulik et al., 1999a;
e.g. a globular cluster), and consider a wide range of possiBlelik et al., 1999b) that all supernovae lead to the formation of
kick velocity distributions. We find that BH-NS are more likelya 1.4 M, neutron star. However, mergers of binaries containing
gamma-ray burst counterparts, since they lie close to the hadilack hole are now more favored for GRBs. One reason for
galaxies, contrary to the NS-NS binaries. this is energetics, GRB990123 had an equivalent isotropic en-
ergy release of0°* ergs. The energetic requirements go down
Key words: stars: binaries: general — stars: evolution — stanshen considering that the relativistic outflow from the central
neutron — gamma rays: bursts fireball is not isotropic but beamed. On the other hand not all
kinetic energy in the outflow can be converted into gamma rays,
and therefore the energetic requirement for the GRB central
engine will go up. Therefore it is important to investigate the
distribution around galaxies of binaries containing black holes.
In this paper we extend the results of Bulik et al. (1999a),
The discovery of X-ray[(Costa et al., 1997) and later optical d@ include the case of compact object binaries containing black
terglows (Groot et al., 1997b) of gamma-ray bursts led to idenfioles. In Sect. 2 we describe the model for population synthesis
fication of gamma-ray burst host galaxies (Groot et al., 1997ayd galactic potential used in this paper, in Sect. 3 we present
Such host galaxies were expected in the cosmological modBe results, and we summarize this work in Sect. 4.
since most of the theories identified GRBs with some, perhaps
extreme, stages of stellar evolution. However, various physi€alThe model
models of GRBs gave different predictions regarding the loc "I Populati thesi d
tion of GRBs with respect to the host galaxies. In the framé&-"" opuiation synthesis code
work of the collapsar model, and in general all models th@fe use the population synthesis code described in detail in Bel-
relate GRBs to the final stages of evolution of massive stayrgmski & Bulik (T999). Within this model we assume that the
(Colgate, 1968), one expects that GRBs are found in star fordistribution of the masses of the primary stars is
ing regions. In the second class of models where bursts $’§M> o ML
associated with mergers of compact object binaries such asso- ’
ciations are not obvious. Compact object binaries may live faiith 10 Mo < M < 50 M. The lower limit of our primary
quite a long time before they merge, and given the possibilityass was chosen to ensure that the star will explode as a super-

1. Introduction
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nova (Mg ). The value of My y depends crucially on core mas2.2. Compact object formation in a Sn explosion

star forms after its main sequence life. Different stellar modqlﬁ eneral. supernovae from massive stars should lead to for-
predict different core masses and thus different valuesgf{M 9 , SUp . .
mation of more massive objects, perhaps black holes, and su-

Standard stellar models predict the limiting mass of ZAMS star . . ! ;
to become supernova larger than 9 MHowever these models pernovae from less massive stars to lighter compact objects like

f - . neutron stars. The boundary between these two possibilities and
ace problems when explaining some observational propert{

5 . . o
of single stars, such as the width of the main sequence bar%. mass of a compact object formed in an explosion |s.not
clear. Lipunov et al[(1997) assumed that a neutron star with a

More advanced models including convective core overshootir}g
result in lower My = 6—-8 M, and they are generally able to : .
gM@ at the time of explosion. For larger masses black holes

reproduce observations. Effects of stellar rotation, if they we .
included in the stellar models, could probably explain the of:® formed with the mass,, x 35 Mo where the parametés,

i , v '
servations without the need for overshooting, and they woufg'es betwee. 1 andl (Lipunov, 1997). Toutetal.(1397) used

also lower My . However, even the most sophisticated prese }dn‘ferent formula: neutron stars are born with masses equal to

stellar models are still far from being perfect and their uncer- " + Mpro/50, whereMoy, = 1.4 My, is the Chandrasekhar

tainties do not allow us to precisely and with certainty set tHaass: and\,, is the progenitor mass at the time of collapse,

value of Mgy. Our Mgy — 10 M, might seem high but we and the assumption that object_s ab(‘l_)\&M@_ are black holes.
. . . nger (1999) presented numerical simulations of core collapse
want to ensure that all our primaries will undergo a supernov.

. ) in massive stars, and found that neutron stars are formed for pro-
explosion. Change of My to a lower value would increase the P

number of NS-NS binaries as compared to the number of gignitors with initial masses beloR2 M, and black holes for

binaries. This would not change our results as in this paper Wgssfes above this V?'“e- Ina populaﬂoq synthess code Fryer
g : et al (1999) assume simply a compact object with a néa\@,

work only on the distribution of a given class of mergers aroun ) ’ . )

; where M, is the progenitor mass at the time of collapse. On

its host galaxy M, is th t t the t f coll @]

The distribution of the mass ratip(secondary to primary the othgr hand Ergma and van qen Heuyel (1998) analyz.e_ the
: population of known X-ray binaries and argue that the initial
mass) is . -
mass of the progenitor is not the sole parameter determining the
®(qg) oc const mass of a compact object formed in a supernova explosion, but

with 0 < ¢ < 1. The distribution of the initial binary eccen-Probably other factors like rotation or the magnetic field may
tricity e is Z(e) = 2e with 0 < e < 1, and the distribution of Play an important role.
the initial semi-major axia used in population synthesis codes Given such a range of uncertainties we use the following
is flat in the logarithm, i.eI'(a) o« a~! with the maximum Prescription for the compact object mass (either neutron star
Umaz = 10°Re). or black hole): the compact object mass is equal to half of the

Very little is known observationally about the kicks newlynass of the final helium core of progenitor star. This approach
born black holes receive. While studies of pulsars indicate tiHyes higher masses of compact objects as compared to the pre-
substantial kicks are possible for newly born neutron stars, wefiptions discussed above. However, simulations of core col-
believe that black hole kicks are smaller. The physical reas@i®se during supernova explosiops (Fryer, 1999) show that the
could be just that black holes are more massive, and also t#@fpact object might accrete back some of the material firstly
asymmetric neutrino emission may not take p|ace when a b|ﬁﬁCted in eXplOSion for a fraction of the range of stellar masses
hole is formed. Lipunov et al. (1997) use a Gaussian paramel#g: are concerned with in our work. Although the predictions
ization of the kick velocity and assume that for black holes it & how much mass is accreted in a given case are still uncer-
proportional to the mass lost in the explosion. Fryer etal. (199@jn and can not be easily parameterized, we believe that some
show resullts for several cases, using the same functional fdfthancement of compact object mass is reasonable.
of the kick distribution for black holes and neutron star and as- Standard equations of state for neutron stars give the max-
suming that black hole kicks are ten times smaller than tho§eum mass of a neutron star to be between 1.9 and 2,6 M
for neutron stars. although rotation may increase it by about another 02 M

We parameterize the distribution of the kick velocity a newlyVe have used a value of 2.4Jvas the maximum neutron star
born compact object receives in a supernova explosion by a thig@ss in our previous work (Bulik et al., 1999a). However, there
dimensional Gaussian with the width, and consider severalare equations of state for neutron stars which allow masses as
values of this parameter. Such a choice allows us to comphigh as 3 M, or even up to 3.2 M if rotation is included
the distributions of binaries containing black holes vs the doutfe0ok et al., 1994). Thus in this work we assume that the maxi-
neutron stars that could be formed with different kick velocitie§1Um neutron star mass is 3.0:MThis number was not crucial

For a detailed description of the population synthesis cotfethe previous paper, as we treated both groups, namely double
we refer the reader to Belczynski & Bulik (1999). There is onlfpeutron stars and black hole neutron stars binaries together and
one modification to the code, i.e. in the choice of the maisBulik et al. {1999a) we assumed that all supernovae lead to

of a compact object formed in a supernova explosion. Thisffmation of al.4 Mg neutron star. In the present study this
described in the next subsection. number plays an important role and as we are mostly inter-

ested in black hole binaries we want to be sure that we do not

assl.4 My, is formed for progenitors with core masses below
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include any neutron stars as black holes in the present calculad® \
tions. Thus we use 3.0 Mas the upper limit on neutron star r 1
mass and consequently the dividing line between neutron stars | g
and black holes. BH-BH

2.3. Gravitational potentials 10

We follow the approach we have used in our previous paper
(Bulik et al., 19994a), and consider two extreme cases: propa@—
tion in a potential of a massive galaxy like the Milky Way, and?
propagation in empty space (corresponding to e.g. a globufr
cluster origin). The potential of a massive galaxy consists of
three components: bulge, disk, and halo. To model the bulge 9
and disk potentials we use the potential model proposed by
Miyamoto & Nagai (1975):

GM;

(R, z) = 1) |
\/R2 + (ai + /2% + b?)?
0
where the index refers to either bulge or disk,; andb; are MM 15
the parameterd)/ is the mass, an® = /x2 + y2. The dark i+ [Mo]
matter halo potential is spherically symmetric Fig.1. The population of the compact object binaries in the space

9 spanned by their masses. The three regions correspond to different
B(r) = _ GM, {1 In (1 n T’2> 4 Te otan ()} initial mass raFigs: the binaries witMlireachir]g. up tol0 Mg gnd
Te 2 ré r Te M, < M, originate from systems with the initial mass ratio<

.88, and the binaries along the ling; ~ M, originally had nearly

wherer. '$ the cpre radius. The halo QOtem'al CorreSponds gﬁual masseg > 0.95. The sparse population of systems for which
a mass distributiop = pc/[1 + (r/rc)*], and we introduce ,z, . s, originates from binaries with.88 < ¢ < 0.95.
a cutoff radiusr.,; = 100kpc beyond which the halo den-

sity falls to zero, in order to make the halo mass finite and the

halo gravitational potential i®(r) o« r—! whenr > r.,;. main component are the binaries which originate from systems
We use the following values of the parameters derived for tigth small mass ratiog < 0.88, the binaries along the line
Milky Way (we assume that the Milky Way is a good exampl@/; ~ M, originally had nearly equal masses> 0.95 and

of a massive galaxy; the bulge potential 1): a; = 0kpc, the population of systems for whidll, > M; originates from

by = 0.277kpc, M; = 1.12 x 10'° M; the disk potential binaries with intermediate mass raties8 < ¢ < 0.95. The

(i = 2):ap = 4.2kpc,by = 0.198kpe, My = 8.78 x 101° M;  detailed description of evolution in each of these regimes can
the halo potentialr. = 6.0kpc, andM;, = 5.0 x 10'° M, be found in Belcziiski & Bulik (1999).

(Paczyski, 1990} Blaes and Rajagopal, 1991). The distribution When considering higher kick velocities, the basic shape of
of stellar initial positions in the model galaxy is a double exhe diagram of Fid.l1 does not change substantially. We draw
ponential P(R, z) = Rexp(—R/Reyp) exp(—2/zesp), With  lines corresponding tdf; = 3M andM, = 3M, the upper
Rezp = 4.5KpC, zeop = 75 pc, and we cut the distribution atlimit on the maximal mass of a neutron star. We predict a large
Ria: = 20kpc (Bulik et al., 1998). The initial velocity of a population of compact object binaries that contain a black hole.
binary is assumed to be equal to the local rotation velocity While we do not expect to see double black hole binaries, it
the galactic disk. After each supernova explosion we add tisepuzzling that no black hole neutron star binaries are known
velocity the system received, which is calculated in the popamong binary pulsars. This could be explained by the fact that
lation synthesis code. We follow the trajectories of the binaries far we know only a few such objects. There could also be
until they merge. a gap in the compact object mass distribution, and if such a
gap really exists than the number of BH-NS binaries would be
smaller than our simulations predict. Such a gap —jump between
neutron star and black hole masses — was reported by Bailyn
In order to see the general properties of the population of coat-al. (1998) on the basis of an observed sample of compact ob-
pact object binaries we consider the case with no kick velocitiget masses. However, theoretical simulations of core collapse
o, = 0kms™!. In Fig.[1 we present the density of binaries asupernovae connected with evolutionary predictions for single
a function of their masses. The population in Eig. 1 has thraad binary stars show no gaps in compact object mass distribu-
components, which come from different regimes of initial btion (Fryer and Kalogera, 1999).

nary mass ratio, which to some degree sets the subsequent binaryrhe properties of the population of compact object bina-
evolution, as discussed earlier by Bethe & Broln (1998). Thies can be found from Fifl 2 where we plot the distribution of

3. Results
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Fig. 2. The distributions of binaries in the plane spanned by the center of mass veloaity merger time,,.4. In each panel we also

plot the following lines: the horizontal dashed line corresponding to the Hubble time (15Myrs); two solid lines: the vertical corresponding to
v = 200kms~! - alower limit on the typical escape velocity from a galaxy, and the line corresponding to a constant vadug,of .. = 30 kpc.

The panels correspond to the kick velocity distributions widtbkaf s~*, 200km s, and800km s™* from top to bottom respectively. In each

panel we present the distribution of NS-NS, BH-NS and BH-BH separately.

different types of objects in the plane:- the center of mass velocity, hence’,,,,, o< v~%, which explains the trend in the
velocity, andt,,, - time to merge. In the the top panel, cortop panel of Fid.2. With increasing the kick velocity only very
responding to the case of no kick velocities, = 0kms™!, tight and eccentric systems survive and their lifetime becomes
a correlation between andt,,,, is apparent. The center ofshorter. The typical center of mass velocity is now determined
mass velocities in this case are due to mass ejection from Hyeboth the orbital velocity at the time of supernova explosion,
system|(Blaauw, 1960), and is of the same order of magnitualed the kick velocity. This moves the center of the distribution
as the orbital velocity. The lifetime due to gravitational waviewards shorter merger times and higher velocities with increas-
energy loss has been calculated by Peters (1964), and it scalgshe kick velocity. The distributions become wider and the
like tprg a*, wherea is the orbital separation. The orbitalcorrelation between and tmrg vanishes for the case of high
separation is inversely proportional to the square of the orbitatk velocities.
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Fig. 3. Cumulative distribution of projected distances on the sky of compact object binary mergers. The left panels correspond to the case of
propagation in the empty space, and the right panels to the propagation in the potential of a massive galaxy. The top panels show the case of no
kick velocitieso, = 0kms™!, the middle panels correspondde = 200 km s, and the lower panels represent the ease= 800kms™ . In

each panel the solid line, long dashed and short dashed lines represent the distributions of NS-NS, BH-NS, and BH-BH binaries, respectively.
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Similarly to our previous work[ (Bulik et al., 1999a) wedecreases with increasing mass of the compact object. Thus,
present the distribution of compact object mergers projectdtk distribution of NS-NS binaries lies somewhere between the
distances on the sky for two cases: (i) propagation in the poteases, = 200kms™! ands, = 800kms™! (the middle and
tial of a massive galaxy like the Milky Way, and (ii) propagatiothe lower panel in Fid]3, and the distribution of BH-NS bina-
in empty space, corresponding to a small galaxy. The resultgies may be somewhere between the cases- 0kms~! and
cases (i) and (i) are shown in the right and left panels oflFig.&, = 200 kms~!. We find that BH-NS binaries (and also BH-
respectively. Generally for the same width of the kick velocitBH systems) will merge within the host galaxies provided that
distribution, the spatial distribution of more massive binariestisey are massive. In the case of smaller galaxies, the BH-NS
tighter around the origin for the case (ii). This is due to the fantergers will take place typically a few times closer to the host
that the merger time for the more massive objects is typicaljplaxy than the NS-NS mergers. However, there is still a long
smaller, see also Figl. 2. The median projected distance for thit of the distribution, with a significant fraction extending to
BH-BH binaries is about ten times smaller than that for the N&rge distances.

NS binaries. Increasing the kick velocity leads to two effects: We have shown that the distances from the host galaxies
decrease of the lifetime of a compact object binary and increagleere compact object binaries merge, decrease with increasing
of its center of mass velocity. The decrease of the lifetime, homass of the binary. The reasons for such behavior are twofold.
ever, is more important in determining the spatial distributidfirst, the lifetimes of heavier binaries are smaller, because of
of these objects. The median distance to the merger decredlesncreased gravitational wave energy loss. Second, the width
significantly with increasing the kick velocity, however, a longf the kick velocity distribution in a supernova explosion is
tail of the distribution extending to large distances remains. probably smaller when black holes are formed, which leads to

In the case(i) (propagation in the potential of a massiwenaller center of mass velocities. We conclude that BH-NS bi-
Galaxy) the increase of the width of the kick velocity distributionary mergers are more likely progenitors of gamma-ray bursts
leads to division of the population into two groups: the bourttian the NS-NS binaries. Their distribution closely follows that
and the escaping binaries. The spatial distribution of bound bf-the matter in massive galaxies, and also allows us to explain
naries follows that of the stellar matter in galaxy. This divisiothe extreme energetics of some bursts. However, this conclu-
is responsible for the breaks in the cumulative plots in the rigsibn is so far based on a small sample of well observed GRB
panels of Fig.B. There is a small difference between the popuddterglows for long and hard bursts.
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