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Fromm Be/X-ray binaries to 
doublee neutron star  systems: 
AA population synthesis study 

J.. D. M. Dewi, O. R. Pols, & E. P. J. van den Heuvel, 2003 
too be submitted 

WeWe have performed a population synthesis study to investigate the birth rate and 
thethe expected galactic number of DNSs, as well as their merger timescales and 
mergermerger rates, assuming that the systems were formed through the standard evo-
lutionarylutionary scenario that we investigated in the previous chapters. We propose a 
modelmodel for the kick velocity imparted at the first supernova, which is able to ex-
plainplain the observed population of Be/X-ray binaries, including the subpopulation 
ofof systems with long orbital periods and low eccentricities. Several CE mod-
elsels are adopted to investigate the outcome of the CE phase in the evolution of 
Be/X-rayBe/X-ray binaries. Although each CE model gives a different initial parameter 
spacespace for the Be/X-ray binary progenitors ofDNSs, they all yield a comparable 
mergermerger rate of the DNSs. We find that the birth rate and merger rate ofDNSs are 
moremore sensitive to the choice of the kick velocity distribution than to the choice 
ofCEofCE model. A birth rate between 0.6 and 9.5 xl0~6yr~l and a merger rate 
betweenbetween 0.4 and 6.5 xl0~6yr~! are obtained. These rates are still subject to 
uncertainties,uncertainties, especially in the first mass-transfer phase leading to the Be/X-ray 
binarybinary stage, which we did not investigate. The merger rate is dominated by 
systemssystems with short merger timescale (of the order of 105 yr) which go through 
thethe second CE phase. This has an important consequence for the detection of 
gravitational-wavegravitational-wave radiation. If the mergers ofDNSs are the progenitors of the 
short-durationshort-duration y-ray bursts, we expect to find them inside the host galaxies, just 
likelike in the case of the long-duration bursts. 
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5.11 Introductio n 
Inn the previous chapters, we have investigated various aspects of the standard evolutionary 
scenarioo for the formation of double neutron star (DNS) systems from Be/X-ray binaries. 
Wee have carried out a systematic study of the binding energy of the donor stars which is 
importantt to determine the outcome of a common-envelope (CE) phase (Chapter 2). We 
havee subsequently performed detailed evolutionary calculations of helium star-neutron star 
(HeS-NS)) binaries for a large parameter space in order to investigate the formation of DNSs 
(Chapterss 3 and 4). By integrating our previous work into a population synthesis study, we 
wil ll  investigate in this chapter the birth rate and the expected number of the DNSs as well as 
thee merger timescales and merger rates, assuming that the systems were formed through the 
standardd scenario. 

Severall  population synthesis studies have been carried out from the evolutionary point of 
vieww to investigate the formation and the merger rate of DNSs. Tutukov & Yungelon (1993) 
weree among the first to calculate the merger rate and found a value 3.2 x 10_4yr_ l . They 
didd not apply a kick velocity at the birth of the neutron stars. With a zero kick velocity other 
authorss found a merger rate of the same order. A much lower rate arises when a symmet-
ricc supernova explosion is assumed, i.e. 1 x 10-5yr ' for a kick velocity of 450 kins"1 

(Portegiess Zwart & Spreeuw 1996); 1 x 10_4yr_l for the kick velocity distribution proposed 
byy Lyne & Lorimer (1994) with a mean kick velocity 400 km s_l and 2.5 x 10_5yr_1 for a 
Maxwelliann distribution with the same mean kick velocity (Lipunov, Postnov, & Prokhorov 
1997);; and 2.3 x 10_5yr_1 for a kick distribution proposed by Paczynski (1990), (Portegies 
Zwartt & Yungelson 1998). Belczyriski et al. (2002b) have done a comprehensive study of the 
mergerr rate of double compact objects, taking into account the channel for the formation of 
unrecycledd DNSs (Belczyriski & Kalogera 2001) and the scenario for the formation of tight-
orbitt DNSs due to the hypercritical accretion during the CE phase (Belczyriski et al. 2002a) 
andd found a merger rate between 0.9 and 300 x 10~6yr_1. These extensive previous studies, 
however,, were not based on detailed evolutionary calculations. 

Recently,, Ivanova et al. (2002) studied the detailed evolution of helium stars as the pro-
genitorss of the second-born neutron star. Although the latter work is similar to ours, they 
camee to different conclusions. They did not find that lower-mass helium stars develope a 
convectivee envelope at the end of the calculation, even though their calculations were pur-
portedlyy done up to a more advanced stage of evolution, i.e. up to oxygen burning, than our 
calculationss which were carried out up to radiative neon ignition. On the other hand, they 
foundd that helium stars with mass between 3.3 and 5 M© in orbits with periods less than 
0?33 (which they called case CEB) undergo a stable mass transfer but the mass-transfer rate 
exceedss a critical value which probably leads to a merger. Ivanova et al. (2002) integrate 
thiss detailed evolution of helium stars into a population synthesis study of the formation of 
DNSss and found a merger rate of 56 x 10_6yr_1 if case CEB does not end with a merger 
andd 33 x 10_6yr_1 if it leads to a merger. We will show that the different conclusions in the 
evolutionaryy calculations also yield different results of the population synthesis study that we 
wil ll  present in this chapter. 

Approachess to find the merger rate of DNSs from observational aspects were pioneered by 
Clark,, van den Heuvel, & Sutantyo (1979) and subsequently by Phinney (1991) and Narayan, 
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Piran,, & Shemi (1991). Since then a number of studies has been done, which yield a merger 
ratee between 7 x 10_8yr_1 and 8.5 x 10~6yr_1. We refer to Kalogera et al. (2001) and 
referencess therein for a brief review of the methods used and results obtained in the previous 
studies.. The latter authors found a merger rate in the range 10"6 - 5 x 10"4yr_1 after taking 
intoo account the beaming factor and "faint pulsar" corrections. 

Thiss chapter is organized as follows: we start with discussing the observed properties 
off  Be/X-ray binaries which are the possible progenitors of DNS in Sect. 5.2. We describe 
thee method we used in our calculation in Sect. 5.3 which is divided into three parts, i.e. the 
evolutionn up to the Be/X-ray binary stage, the CE phase in the evolution of Be/X-ray binaries, 
andd the evolution of the HeS-NS binaries. The results are presented in Sect. 5.4 and discussed 
inn Sect. 5.5. We present our conclusion in Sect. 5.6. 

5.22 Be/X-ray binaries 

InIn the standard scenario that we investigate, the progenitors of DNSs are Be/X-ray binaries. 
Too start our population synthesis study from the Be/X-ray binary stage, we need to get an 
unbiasedd view of the galactic population and their orbital parameters, i.e. masses, periods, 
andd eccentricities. Therefore, we will start with discussing the observed properties of Be/X-
rayy binaries. 

Ziólkowskii  (2002) lists 61 Be/X-ray binaries1 with spectral type of the optical component 
betweenn 08.5 and B2, which corresponds to a range of masses 8-20 M 0. These masses were 
obtainedd from the spectral subtype, which are unknown for many systems. Of less than half 
off  the systems in the list is the period known2, ranging from 16d7 to 262d6. Furthermore, 
theree seems to be a bias against discovering systems with long periods, since observations 
onlyy found systems with long periods (Porb > 100d) at distances less than ~ 5 kpc (most of 
themm at d < 3 kpc), while short-period systems (Pot̂  < 50d) are found up to a distance of 
~~ 7 kpc (cf. Table 1 in Negueruela 1998), as the short-period systems reach much higher 
peakk X-ray luminosities. Unfortunately, photometric observations of the optical components 
off  Be/X-ray binaries are not always available to enable us to determine the distance of the 
systemss and give a better statistical representation of this selection effect. To have a view 
off  the eccentricity distribution is even more difficult. Only 16 systems are listed with their 
eccentricity,, but 6 of them are uncertain. 

Too get an idea of the galactic population of Be/X-ray binaries, we need to extrapolate 
itt from the known systems in the Galaxy. There are 5 systems within a distance of 3 kpc. 
Extrapolatingg to the whole Galaxy, with an assumption that the number of systems is pro-
portionall  to the square of the distance and adopting a radius of the galactic disc of 14 kpc, 
wee arrive at 110 Be/X-ray binaries in the Galaxy. However, a knowledge of the distances of 
thee systems - which are poorly known - is important to have confidence in this method. The 
otherr possibility is to extrapolate it from the number of Be/X-ray binaries in the SMC, which 

'Theree are actually 62 systems with 30 known orbits in the list of Ziólkowski (2002). We exclude AX J0051-733 
(Porbb = 1^416) which is listed as a permanent X-ray source in Liu et al. (2000). 

22 We do not include 4U 2206+54 (Porb = 9?57) since it is not confirmed yet whether the periodicity of this system 
iss due to the orbital motion or not (Corbet, Remillard, & Peele 2000). 
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hass 1 per cent of the mass of the Galaxy. The SMC has been well surveyed for X-ray sources 
(inn contrast to, for instance, the LMC) so that we can hope to have a more or less complete 
censuss of Be/X-ray binaries in the SMC. The recent catalogue of high-mass X-ray binaries 
(Liuu et al. 2000) lists 18 Be/X-ray binaries in the SMC. Based on additional ASCA observa-
tions,, Yokogawa (2002) lists 24 Be/X-ray binaries and another 27 candidates (X-ray sources 
identifiedd with an emission-line object, possibly a Be star). Assuming that the number of 
Be/X-rayy binaries is proportional to the mass of a galaxy, we expect to find between 2 000 
andd 5 000 Be/X-ray binaries in the Galaxy. However, the extrapolation in this case might not 
bee straightforward since the SMC has a different metalicity than the Galaxy and may have 
hadd a different history of star formation. 

Sincee it it impossible to get an unbiased initial population of Be/X-ray binaries from 
observations,, we will try to obtain it through binary population synthesis as well, starting 
fromm two main-sequence stars. 

5.33 Method of calculation 

Wee use the binary stellar evolution (BSE) code of Hurley, Tout, & Pols (2002) to carry out our 
populationn synthesis study. This code is based on analytical formulae for single-star evolution 
derivedd by Hurley, Pols, & Tout (2000). The binary star evolution is treated by including 
thee changes of the orbital parameters due to mass loss, Roche-lobe overflow (RLOF), mass 
accretion,, gravitational-wave radiation, magnetic braking, and tidal interaction. 

Thee calculations of the binary evolution up to the moment when the Be star fills its Roche 
lobee were done using the BSE code, with small modifications as described in Sect. 5.3.1. The 
subsequentt stages of evolution, i.e. the CE and spiral-in phase (Sect. 5.3.2) and the evolution 
off  HeS-NSs (Sect. 5.3.3), are treated separately. 

5.3.11 Evolution up to the Be/X-ray binary stage 

Wee used the BSE code to evolve a population of zero-age binaries to the Be/X-ray binary 
stage.. The code is essentially the same as that described in detail by Hurley et al. (2002), 
withh some small later modifications. We mention here only those changes that affect RLOF in 
massivee binaries, because they are relevant for the present application. First, the factor F (Mi) 
(eq.. 59 in Hurley et al. (2002)) that enters into the RLOF mass transfer rate is increased by 
aa factor 100. This leads to more realistic transfer rates for case B mass transfer in massive 
binariess and avoids over-filling the Roche lobe by a huge factor. Second, in case of non-
conservativee RLOF we assume that the mass lost from the binary system takes away the 
specificc orbital angular momentum of the accretor rather than that of the donor. 

Withh these assumptions for RLOF, we find that in binaries with initial primary mass 
M\M\ > 8 M 0, case B mass transfer is conservative for initial mass ratios q = M2/M1 > 0.6 and 
non-conservativee for smaller q. The amount of mass lost from the system rapidly increases 
withh decreasing q, and almost all transferred matter is lost for q < 0.3. Hence, the code 
givess a behaviour of RLOF quite similar to the (much simpler) model for the formation of 
Bee binaries by Pols et al. (1991). On the other hand, Wellstein et al. (2001) found from 
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evolutionaryy calculations that binaries with M\ = 12 M 0 evolve into contact if the initial 
periodd is larger than about 10 to 30 days, depending on q. Evolution through a contact phase 
(whichh was not followed in their calculations) is likely to result in loss of mass and angular 
momentumm from the binary. This would affect the wider systems, and probably result in 
fewerr Be/X-ray binaries in long-period binaries than we find from our model. More binary 
evolutionn calculations are necessary to quantify this effect, which is beyond the scope of our 
paperr to investigate. 

AA final important and uncertain ingredient in the formation of a Be/X-ray binary is the 
kickk velocity imparted at neutron-star birth. The BSE code uses as default a kick velocity 
drawnn from a Maxwellian distribution with CTV = 190 km s_ l , consistent with the observed 
pulsarr proper motions (Hansen & Phinney 1997). However, there are indications that at least 
inn a subset of 5 or 6 Be/X-ray binaries with small eccentricities (e < 0.2), the kick velocity 
mustt have been much smaller, < 50 km s_1 (Pfahl et al. 2002). These comprise about 30 
perr cent of the systems with well-determined orbital parameters. Such a small or absent kick 
wouldd leave even very wide systems bound, whereas most wide binaries will be disrupted 
withh a Hansen & Phinney kick velocity distribution. This therefore has a crucial effect on 
thee formation of DNS. In order to investigate this, we evolved two populations: one with 
<7VV = 190 km s"1 (Model 1) and one with av = 0, i.e. symmetric SN explosions (Model 2). 

Thee binary population synthesis is performed using the method and initial distribution 
functionss and normalizations described in Sect. 4.1 of Hurley et al. (2002). We use a uniform 
distributionn of initial mass ratios (eq. 99 of Hurley et al. (2002)). The initial eccentricity 
iss assumed to be zero since all systems that produce Be/X-ray binaries will be circularized 
beforee RLOE Our initial binary parameter grid is restricted with respect to that of Hurley 
ett al. (2002) because we are only interested in systems that can produce Be/X-ray binaries. 
Wee take 100 grid points spaced logarithmically in each dimension M\,Mi and separation a, 
withinn the limits M\ 6 [8.0,20.0] M 0, M2 € [2.OM0,Mj ] and a E [20,2500] R0. Hence 106 

binariess are evolved in each simulation. 
Ourr criterion to tag a system as a Be/X-ray binary is that the primary has become a 

neutronn star without disrupting the system, while the secondary is still on the main sequence 
afterr having accreted at least 10 per cent of its initial mass during the RLOF stage. Such an 
amountt of accretion is sufficient to spin up a star close to break-up velocity (Packet 1981), 
andd therefore should be sufficient to produce a Be star. 

5.3.22 Common envelope evolution 
Thee Be/X-ray binaries resulting from the simulations discussed in the previous section are 
rebinnedd on a 100 x 100 grid in MBe, the mass of the Be star, and P, the orbital period 
afterr the system has been re-circularized before filling  its Roche lobe and undergoing a CE 
phase.. The grid is spaced logarithmically, with MBe e [8,20] M 0 and P € [15,3000]d (wider 
binariess do not interact and therefore cannot be the progenitors of close DNSs). This provides 
aa birth rate in each grid cell, for each of the Models 1 and 2 discussed. This procedure allows 
uss to do independent simulations of the subsequent evolution on the re-defined grid, testing 
differentt assumptions. We subsequently convolve the results with the birth rates obtained 
fromm Models 1 and 2 in Sect. 5.4.1. 
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Tablee 5.1. The assumptions used for the CE evolution calculations in our population synthesis study. 
rjcEE is taken to be 1, while the X value depends on the core mass boundary criterion and on the fraction 
off  internal binding energy of the envelope used to unbind the envelope. In the cases where the nuclear 
andd accretion luminosity is taken into account, the CE timescale, 5/cEi is used as a free parameter, see 
text. . 

Modell  Envelope btcE 
bindingg energy (yr) 

A A 
B B 
C C 
D D 
E E 

A,grav v 

^bind d 

22 ^-bind 

^-bind d 

A'bind d 

0 0 
0 0 
0 0 
102 2 

103 3 

Too determine the outcome of the CE phase we used the Webbink (1984) formula (eq. 2.4). 
Thee CE efficiency rjCE is taken to be 1, while the X values are derived as in Chapter 2. It has 
beenn shown that the value of X depends crucially on the choice of the method to determine 
thee core mass. Using the mass inside the layer that contains less than 10 per cent hydrogen 
ass the core mass yields a minimum core mass and X value, and therefore a minimum final 
separation.. By adopting core mass criteria other than the 10 per cent hydrogen abundance 
method,, we obtain a larger core mass and a smaller binding energy (higher X value) which 
resultss in a larger final separation. The maximum core mass and X value is obtained if we take 
thee base of the convective envelope as the core mass, where the entropy profile is fiat. This 
criterion,, however, is applicable only if the star has developed a deep convective envelope 
(i.e.. stars on the red giant branch). Therefore this method cannot be used in our population 
synthesiss study which includes RLOF and a CE phase during all stages of stellar evolution. 
Inn all our CE models, we therefore applied the 10 per cent hydrogen abundance criterion to 
obtainn the core mass. 

Thee X value also depends on the fraction of the internal energy used to unbind the envelope 
(thee parameter ath in eq. 2.6). Taking only the gravitational binding energy of the envelope, 
£envv = £grav, as the energy that has to be supplied by the orbital decay, results in a smaller 
finall  separation than adopting the total internal binding energy, Zsenv = b̂ind*  which is smaller. 
Wee applied the X value derived from £grav (i.e. X = Xgraw) and from Ebmd (i.e. X = Xbind) in 
Modell  A and Model B, respectively. Since f'bind « ^EgTav, b̂ind ^ 2A,grav. 

Too study the effect of the uncertainties in the core mass boundary, to which the envelope 
bindingg energy is very sensitive, we adopted in Model C half of the binding energy for the 
casee of the 10 per cent hydrogen abundance criterion, i.e. X = 2x X,bind- Although in practice 
thiss is the same as using a CE efficiency T\CE = 2, this is not what we assumed here. Our 
purposee is to simulate a larger final separation as caused by a larger X value than that derived 
fromm the 10 per cent hydrogen criterion. 
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Duringg the CE phase, the stellar nuclear luminosity and the accretion luminosity gener-
atedd by the compact object are potentially an additional energy source to unbind the envelope. 
Wee add this luminous energy E\um to the change of orbital energy AEorb, such that the energy 
balancee equation of the CE phase (eq. 2.3) becomes 

EemEem = 11CE(A£orb +^ lum) (5-1) 

wheree E\um — (Laccr + Lnuc)8'cE- ^accr is assumed to be equal to the Eddington accretion 
luminosity.. The importance of the contribution of the luminous energy to the total energy 
usedd to unbind the envelope depends on the timescale of CE evolution, 5fcE> which is uncer-
tain.. We used this timescale as a free parameter in Model D and Model E, in combination 
withh A, = Abind, while T|CE remains 1. The contribution is switched off in the other models by 
settingg btcE = 0. The various CE evolution models we applied in this work are summarized 
inn Table 5.1. 

5.3.33 The evolution of helium star-neutron star  binaries 
Thee outcome of the CE phase are HeS-NS binaries in a close orbit. We have done an extensive 
studyy of the evolution of HeS-NS binaries for a wide range of helium star masses and orbital 
periodss in Chapters 3 and 4. To summarize our previous results, we plotted in Fig. 5.1 the 
initiall  and final (post-RLOF) parameters of the calculated systems, according to the type of 
remnantss that the helium star produces. 

Thee core masses and final separations obtained from the CE phase in Sect. 5.3.2 are 
takenn as the input parameters for the HeS-NS binary evolution. These parameters are in-
terpolatedd (or, in some cases, extrapolated) between the input parameters of our HeS-NS 
binaryy calculations in Tables 3.2 - 3.4 and 4.1 to find the type of remnant and the post-
RLOFF parameters of the systems. We put aside the systems in which the helium star pro-
ducess a white dwarf as we are interested to study the formation of DNSs. Systems with 
heliumm stars 2.65 < M H e/M 0 < 3.3, P{ > 0?07 and 3.3 < A/He/M 0 < 3.9, 0?07 < Pi < 0?27 
undergoo a second CE phase. If the initial HeS-NS binary parameters fall in this range of 
masss and period, we interpolate these parameters in the results of Table 4.2 to obtain the 
post-(second)CEE parameters of the systems. Finally, for each simulated system which can 
producee a DNS we apply an asymmetric supernova kick with a Maxwellian distribution with 
dispersionn ov = 190 km s_1 (Hansen & Phinney 1997) to the post-RLOF or post-CE param-
eterss to find the probability distribution of post-SN separation and eccentricity. The resulting 
DNSS undergoes orbital decay due to gravitational-wave radiation. The merger timescale of 
thee DNS is calculated by means of eqs. (4.7) and (4.8). As the orbital periods of the HeS-NS 
binariess are short, these kicks in general do not unbind these binaries (contrary to the case of 
formingg the progenitor Be/X-ray binaries). 
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Figur ee 5.1. The initial and post-RLOF parameters of helium star- neutron star binaries, distinguished 
byy the type of remnants which the helium star produces: x for CO white dwarfs, * for ONeMg white 
dwarfs,, o for helium stars which go through a second CE phase, and  for helium stars which do not 
experiencee a second CE phase: the two latter cases produce neutron stars. In the top panel, the lower 
linee marks the minimum period related to the radius of the zero-age helium-star main sequence, while 
thee upper line (and also the line in the bottom panel) gives the maximum period that a helium star can 
havee to experience a mass-transfer phase. Above the upper line, a helium star evolves without filling  its 
Rochee lobe. The shaded area marks the region where mass transfer is dynamically unstable. The dotted 
liness in the upper panel deliniate the regions which produce the four types of remnant. 
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Figur ee 5.2. Distribution (in terms of birth rate, left, and number,right) of the main-sequence star mass 
inn Be/X-ray binaries, resulting from binary population synthesis. The solid curve is for the simulation 
withh ov = 190 kms- 1 (Model 1), and the dashed curve is for the simulation with rjv = 0 kms~' 
(Modell  2). The zero-kick results have been multiplied by a factor of 0.06; the actual birth rate for 
Gvv = 0 is more than 10 times higher than that for Ov = 190 km s (see text). The vertical dotted lines 
indicatee masses of 8 and 20 M©. 

5.44 Results 

Wee first present the results of the population synthesis study of the formation of Be/X-ray 
binaries,, which gives the theoretical mass and period distributions and the birth rate of Be/X-
rayy binaries. This birth rate is used to find the birth rate, merger rate, and expected number of 
DNSs.. Before discussing the formation of DNSs, we investigate which part of the parameter 
spacee (of mass and period) of Be/X-ray binaries contains the possible progenitors of DNS, 
usingg several CE models as described in Sect. 5.3.2. 

5.4.11 The formation of Be/X-ray binaries 

Thee results of the BSE population synthesis calculations are shown in Figs. 5.2 and 5.3, in 
thee form of the resulting distributions of masses, orbital periods and eccentricities of Be/X-
rayy binaries. The most important point to note is that in Model 1, with ov = 190 k m s- 1 , 
thee overall birthrate of Be/X-ray binaries is more than a factor 10 smaller than in Model 2, 
withh symmetric explosions. More than 90 per cent of potential systems is disrupted by the 
supernovaa explosion in Model 1. In the figures, the distributions for Model 2 have been 
multipliedd by a factor of 0.06 to allow easier comparison (also see below). 

Fig.. 5.2 indicates that in both simulations, most Be/X-ray binaries are born with a B-star 
masss between 15 and 30 M Q, peaking at about 20 M Q. Observed Be/X-ray binaries have 
specüall  types between Bz. ipiyiugg masses uciwccn o aiiu z.u JVIQ (i i iuicaieu oy 
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Figuree 5.3. Orbital period and eccentricity distributions of Be/X-ray binaries, resulting from binary 
populationn synthesis. The solid curves are for the simulation with o, = 190 km s~' (Model 1), and 
thee dashed curves are for the simulation with a,. = 0 km s~' (Model 2). Only the systems with a Be-
starr mass between 8 and 20 MQ are included. Furthermore, in the right-hand panel only systems with 
Porbb < 270d are included, corresponding to those Be/X-ray binaries for which the orbital parameters 
havee been determined observationally. The zero-kick results have been multiplied by a factor of 0.06 
withh respect to the G, = 190 km s results. Such a scaling gives approximately the right proportion 
off  nearly circular and eccentric Be/X-ray binaries (see text). The dotted curve in the left-hand panel 
showss the Porb distribution for c,. = 190 km s"' after the orbit has been circularized, i.e. when the Be 
starr is close to filling  its Roche lobe. The corresponding distribution for o, = 0 is nearly identical to the 
dashedd curve, because the orbits are already nearly circular. 

dottedd lines). A considerable fraction of systems is born outside this mass range. Since the 
lifetimee increases strongly with decreasing mass, this implies a very large number of Be/X-
rayy binaries with spectral type later than B2 (right-hand panel), clearly inconsistent with the 
observations.. We note that all systems with MBC < 8 M Q have undergone non-conservative 
masss transfer, and although by our criterion they should have accreted enough to rotate very 
rapidly,, perhaps they do not show up as Be stars. This inconsistency implies that either our 
criterionn for the amount of mass accretion necessary for producing a rapidly rotating Be star 
iss incorrect, or our model for non-conservative mass transfer is in error. In the first case, the 
largee number of systems we predict may exist but may not show up as Be stars but as ordinary 
BB stars with a neutron-star companion, and thus would not be detectable as X-ray sources. 
Iff  we alter our criterion, e.g., to tag the secondaries that accrete more than 50 per cent of 
theirr initial mass (rather than 10 per cent) as Be stars, then we find a lower mass cut-off 
aroundd 8 M 0 , while the distribution of systems with M^e > 8 M 0 is hardly affected. In the 
secondd case, it may be that systems that evolve non-conservatively lose much more angular 
momentumm than we have assumed. In that case all systems with Mse < 8 M 0 would either 
mergee during mass transfer, or end up in very close binary orbits such that their rotation is 
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slowedd down by tidal forces. On the other hand, systems with MBe > 8 M 0 (which include the 
progenitorss of DNS) have come from larger initial mass ratios and have experienced mostly 
conservativee mass transfer, so that we expect our results for these systems to be more robust. 
Systemss with A/ee > 20 M 0 live relatively short and their implied number is modest, but we 
wouldd expect to observe some. We note that such stars have strong O-star winds on the main 
sequence,, which may slow down their rotation enough to prevent them from showing up as 
Oee stars. The O-star wind might be accreted by the neutron star, but with an orbital period of 
~~ 100d, the resulting X-ray emission barely exceeds the intrinsic X-ray emission from O stars 
(Lx/Lboii  ~ 10~7). Also with such a long period, only systems which are relatively close by 
cann be observed due to the selection effect. In what follows, we only consider systems with 
88 < MBÊ < 20 M 0. It turns out (see Sect. 5.4.2) that systems outside this mass range are very 
unlikelyy to be progenitors of close DNS binaries. However, we note that the corresponding 
systemssystems (main-sequence plus neutron star binaries in relatively wide orbits) may well exist 
outsidee this mass range, but would not be seen as X-ray sources in the absence of the Be 
phenomenon. . 

Inn Fig. 5.3 the orbital period and eccentricity distributions are shown for systems in the 
masss range 8 to 20 M 0. The period distribution for Model 1 (av = 190 km s- 1) has a broad 
peakk around 30d, and a slowly decreasing tail out to very long periods. The eccentricity 
distributionn increases towards unity, very few systems have e < 0.2. Both effects are caused 
byy the supernova kick. In contrast, the period distribution for Model 2 is flat between 25d and 
300d.. The distinct peak at 1000d results from relatively low-mass progenitors (initial primary 
masss Mi < 10.6 M 0), we will discuss this in the next paragraph. Excluding these progenitors, 
thee period distribution would continue flat out to about 2000d. Such a flat distribution can 
bee understood from the facts that the initial period distribution is flat, that the masses after 
RLOFF are mostly independent of orbital period, and that no systems are disrupted by the 
supernova.. The eccentricities in Model 2 are small, mostly e < 0.2, because they are purely 
duee to supernova mass loss effects. Since the exploding helium star is much less massive than 
thee Be star, only a small eccentricity is induced by the supernova. 

Wee now discuss the cause of the peak in the P distribution at about 103 days. The under-
lyingg (flat) P distribution is produced by stars of initial mass M\ > 11 M 0, that form a helium 
starr more massive than 2.5 M 0 which produces a neutron star regardless of the orbital period, 
withoutt further RLOF. The helium star produced from less massive stars forms a degenerate 
ONeMgg core, and the star re-expands greatly and initiates a second RLOF phase (case BB). 
Thee amount of mass transferred is larger the smaller the orbital period. For small initial pe-
riodsriods the remnant will always be a white dwarf, but for large initial periods the ONeMg core 
cann grow so much that it is able to undergo collapse due to electron captures. Hence, of the 
systemss with 8.3 < M\ / M 0 < 10.6 only those with long orbital periods are able to produce a 
Be/X-rayy binary. Owing to the initial mass function, they are relatively abundant in Model 2 
(aboutt 20 per cent of the birth rate of Be/X-ray binaries), even though only a small period 
rangee contributes. In Model 1, most of these wide binaries are disrupted and they do not 
contributee significantly to the Be/X-ray binary population. 

Wee emphasize that neither Model 1 nor Model 2 is in good accordance with the observed 
populationn of Be-X/ray binaries. It is very hard to compare the synthetic period distributions 
too observations, because there are strong selection effects against detecting systems with 
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longg periods and nothing is known about the distribution at P > 260d. However, we do have 
somee idea about the eccentricity distribution. From our simulations we find that eccentricities 
andd orbital periods are hardly correlated, so we can compare the distributions independently. 
Inn the right-hand panel of Fig. 5.3 we show the predicted e distribution of systems with 
Porbb < 270d, which can be compared to that of the Be/X-ray binaries with measured orbital 
parameters,, all of which have Porb < 262d. Of these, about 30 per cent have nearly circular 
orbitss (e < 0.2, Pfahl et al. 2002). We noticed already that Model 1 results in far too few low-e 
systems,, while Model 2 produces no high-? systems at all. However, if we mix the results of 
thee two models in the proportion 0.94 to 0.O6 - in other words if we assume that 6 per cent of 
alll  progenitor systems have symmetric supernova explosions, while the other 94 per cent get 
aa kick according to a Maxwellian distribution with <jv = 190 km s~l - then we end up with 
thee right proportion of about 30 per cent Be/X-ray binaries with e < 0.2. We propose this as 
aa viable model that explains the observed properties of Be/X-ray binaries, and we use it in 
thee next sections. We designate this as Model 3. However, it is certainly not the only possible 
model.. For example, a non-Maxwellian distribution with a substantial low-velocity tail (e.g. 
Paczyriskii  1990) might also explain observations. Also, by randomly mixing two populations 
wee ignore the possible physical cause for a subpopulation that receives a much smaller kick 
(seee Pfahl et al. 2002). 

Finallyy we can compare the total number of Be/X-ray binaries in the Galaxy implied by 
ourr models. Model 1 yields 1 280 Be/X-ray binaries (with 8 < MBe < 20 M 0), Model 2 results 
inn 14 700, and the combined Model 3 yields 2 080. The numbers are about 30 per cent larger 
iff  all Mfie > 8 M 0 are included. Given the few thousand that we expect from extrapolating 
thee observational sample (Sect.5.2), these numbers are entirely reasonable, although Model 2 
probablyy overproduces Be/X-ray binaries. 

5.4.22 The Be/X-ray binary progenitors of double neutron stars 

Inn our study of the evolution of HeS-NS binaries (Chapters 3 and 4), we were able to find the 
rangee of orbital parameters of the immediate progenitors of DNSs. The orbital parameters of 
thee Be/X-ray binary progenitors of these DNSs depend on the assumed CE model. 

Usingg the method described in Sect. 5.3.3 we see whether the helium star resulting from 
thee CE phase will produce a CO white dwarf, an ONeMg white dwarf, or a neutron star. 
Thosee which result in neutron stars are divided into three types, i.e. (i) systems which undergo 
RLOFF and experience the second CE phase, (ii) systems which go through RLOF but without 
aa second CE phase, and (iii ) systems which avoid RLOF altogether. We distinguish these 
remnantss in the parameter space of mass and circularized orbital period of Be/X-ray binaries 
inn Fig. 5.4 for the five different CE models discussed in Sect. 5.3.2. 

Thee post-CE separation obtained by adopting solely the gravitational binding energy for 
thee binding energy of the envelope is the minimum possible separation. If we apply this 
bindingg energy, most of the systems will merge in the CE phase (see the small dots in panel 
(a)(a) of Fig. 5.4 which represents Model A). In this case, only systems with initial period 
>> 1000d, i.e. the remnants of case C mass transfer, survive the CE phase. Among these 
systems,, DNSs can be produced from MBe > 9.2 M©. We consider this mass as the threshold 
masss for neutron star formation from case C mass transfer. The post-CE separations are 
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ii  1 1 1 — ^ — i 1 1 r 

(a)) Model A 

Figur ee 5.4. The remnants of the Be/X-ray binaries as a function of their initial parameters. The 
outcomee of the CE phase in the Be/X-ray binaries is determined by the X parameter which is taken 
inn the subsequent panels to be (a) ^grav, derived from gravitational binding energy alone, (b) A.bi„d< 
derivedd from the total binding energy of the envelope, (c) 2>.bind, (d) Xbind, with additional energy 
fromm the luminous energy assuming a 8;CE = 100 yr, and (e) same as in (d) with 8?CE = 1000 yr. For 
eachh model, the systems which produce a merger in the CE phase are marked with small dots. In all 
thee panels, only systems with initial orbital period Porb > 63d are presented, as systems with shorter 
orbitall  period all merge in the CE phase. The survivors of the CE phase are divided into five regions 
dependingg on the type of the remnant of the helium star-neutron star binaries (which are the descendants 
off  the Be/X-ray binaries), i.e. x for systems which produce CO white dwarf-neutron star binaries, * 
forr ONeMg white dwarf-neutron star binaries, o for systems which result in DNSs through a CE phase 
fromm the helium star, • for DNSs which are produced through RLOF from the helium star but without 
aa CE phase, and + for DNSs which are produced without RLOF from the helium star. 
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soo small that almost all the DNSs are produced through an interaction stage in the HeS-NS 
binaries. . 

Thee inclusion of the internal energy in the binding energy of the envelope (Model B) 
resultss in a larger post-CE separation. With this model, the initial parameter space of the DNS 
progenitorss is enlarged by bringing the minimum initial period of the Be-progenitor binaries 
downn to ~ 400d - 500d. However, in this case only systems with Mse ~ 11.3 - 13.2 M 0 

cann produce DNSs from binaries with such a period (see panel (b) of Fig. 5.4). Systems 
withh Be stars less massive than 11.3 M0 with the same orbital period undergo a case B mass 
transferr and survive the CE phase, but the core masses are too low to produce neutron stars. 
Therefore,, we take this mass as the threshold mass for neutron star formation from case B 
masss transfer. Fig. 5.4 shows that the remnants of case B mass transfer from stars more 
massivee than ~ 13.2 M 0 do not survive the CE phase. 

Inn Model C (panel (c) of Fig. 5.4), where we simulate the effect of a somewhat larger core 
masss and smaller binding energy by using 2?it,inci, the minimum period to produce a DNS is 
~~ 200d. This brings it just within the range of observed periods of Be/X-ray binaries. Another 
wayy of allowing relatively short initial periods to produce a DNS is to include the luminous 
energyy of the accreting neutron star and of the star itself to unbind the envelope as an energy 
source.. The effect of taking into account this additional energy is negligible if the CE phase 
lastss only for 10 yr. Using 8fcE = 100 yr (Model D), the main effect is to widen the parameter 
spacee of systems which produce DNS without interaction in the HeS-NS binaries (panel (d) 
off  Fig. 5.4), but the total parameter space of the Be/X-ray binary progenitors itself is similar 
too Model B. The parameter space widens significantly if we apply 5^CE = 1000 yr (panel (e) 
off  Fig. 5.4, Model E). This timescale is shorter than the thermal timescale of the donor, which 
iss at least ~ 4000 yr for a 20 M 0 on the giant stage of evolution and longer in previous stages 
orr in lower mass stars. We realize that the exact timescale of the CE phase is not known, 
andd therefore Models D and E perhaps do not give a realistic approach, but nevertheless they 
cann give an approximate idea of how important the contribution of the luminous energy is in 
determiningg the outcome of the CE phase. 

Wee have shown in Fig. 5.2 that our models produce a considerable amount of systems 
withh A/Be < 8 M 0 and M^e > 20 MQ. Since the threshold mass for neutron star formation is 
11.33 and 9.2 MQ for the remnant of case B and C mass transfer, respectively, systems with 
A/Bee < 8 M© will not produce DNS. In the five panels of Fig. 5.4, the border between systems 
whichh merge and those that survive the CE phase from A/Be > 13 M 0 is basically the limiting 
periodd between case B and case C mass transfer. This means that only the remnants of case 
CC mass transfer survive the CE phase. The range of initial orbital period for case C decreases 
withh increasing mass, and there are no systems with M  ̂ > 20 M 0 that survive the CE phase 
inn the BSE models we assume. Therefore, the present models predict that Be/X-ray binaries 
withh Mee > 20 M 0 are not possible as progenitors of DNS. 

5.4.33 The formation of double neutron stars 

Forr each of the possible DNS progenitors obtained in Sect. 5.4.2, we apply an asymmetric 
supernovaa kick distribution with ov = 190 kms- 1 . From the post-SN parameters of the 
DNSss we calculate the merger timescales tm, and by convolving these with the birth rate 
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distributionn of Be/X-ray binaries obtained in Sect. 5.4.1, we determine the birth rate of DNSs 
ass a function of the merger timescale g{im). The total birth rate is the integral of this function 
overr xm. In order to study the dependence of the formation rate of DNS systems on model 
assumptions,, we combine different models for the supernova kick during the birth of the first 
SNN (i.e. Models 1, 2 and 3, from Sect. 5.4.1) with the different CE models (Models A, B, C, 
D,, and E from Sect. 5.4.2), in the way described in Sect. 5.3. We also looked at the birth rate 
thatt is obtained by taking into account only M\ > 10.6 M 0 (see discussion in Sect. 5.4.1), in 
orderr to investigate the importance of the lower-mass progenitors (designated as Models 2a 
andd 3a). 

Tablee 5.2. The galactic birth rate and merger rate per 1 Myr and the expected observable number of 
DNSss produced from Be/X-ray binaries through the standard evolutionary scenario. We divide these 
resultss according to the evolution of the helium star-neutron star binaries, i.e. for systems (i) which 
undergoo RLOF and go through a second CE phase, (ii) which experience RLOF without a second CE 
phase,, and (iii ) which evolve without a mass-transfer phase. The letters A,..., E correspond to the CE 
modelss in Table 5.1. Numbers 1, 3, and 3a represent, respectively, Model 1 (with av = 190 km s_1), 
Modell  3 including all M\, and Model 3 taking into account only M\ > 10.6 M©, see text. 

Model l 

Al l 
Bl l 
CI I 
Dl l 
El l 

A3 3 
B3 3 
C3 3 
D3 3 
E3 3 

A3a a 
B3a a 
C3a a 
D3a a 
E3a a 

Birthh rate (Myr 

RLOF F 
withh CE 

0.13 3 
0.55 5 
1.01 1 
0.67 7 
0.52 2 

0.75 5 
3.59 9 
5.03 3 
3.52 2 
1.38 8 

0.72 2 
2.14 4 
3.44 4 
2.29 9 
1.27 7 

RLOF F 
withoutt CE 

0.42 2 
0.26 6 
0.10 0 
0.16 6 
0.57 7 

4.39 9 
3.22 2 
1.06 6 
1.63 3 
3.18 8 

1.63 3 
0.92 2 
0.39 9 
0.50 0 
1.82 2 

-1) ) 

without t 
RLOF F 

0.07 7 
0.18 8 
0.28 8 
0.13 3 
0.06 6 

0.49 9 
1.34 4 
2.87 7 
1.42 2 
0.44 4 

0.36 6 
0.80 0 
1.08 8 
0.50 0 
0.16 6 

total l 

0.63 3 
0.99 9 
1.39 9 
0.96 6 
1.15 5 

5.63 3 
8.15 5 
8.96 6 
6.58 8 
5.00 0 

2.71 1 
3.86 6 
4.90 0 
3.29 9 
3.24 4 

(continuedon(continuedon the next page) 
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Tablee 5.2 (continuation from previous page) 

Mergerr rate (Myr ') 

Model l 

Al l 
Bl l 
CI I 
Dl l 
El l 

A3 3 
B3 3 
C3 3 
D3 3 
E3 3 

A3a a 
B3a a 
C3a a 
D3a a 
E3a a 

RLOF F 
withh CE 

0.13 3 
0.55 5 
1.01 1 
0.67 7 
0.52 2 

0.75 5 
3.59 9 
5.02 2 
3.52 2 
1.38 8 

0.72 2 
2.14 4 
3.42 2 
2.29 9 
1.26 6 

RLOF F 
withoutt CE 

0.26 6 
0.11 1 
0.06 6 
0.08 8 
0.44 4 

2.96 6 
1.43 3 
0.64 4 
0.72 2 
2.36 6 

0.95 5 
0.38 8 
0.22 2 
0.25 5 
1.42 2 

without t 
RLOF F 

0.01 1 
0.02 2 
0.03 3 
0.01 1 
0.00 0 

0.08 8 
0.18 8 
0.35 5 
0.17 7 
0.05 5 

0.06 6 
0.10 0 
0.10 0 
0.05 5 
0.01 1 

total l 

0.40 0 
0.68 8 
1.10 0 
0.76 6 
0.96 6 

3.79 9 
5.20 0 
6.02 2 
4.41 1 
3.78 8 

1.72 2 
2.62 2 
3.71 1 
2.60 0 
2.70 0 

Observablee number 

Model l RLOF F 
withh CE 

RLOF F 
withoutt CE 

without t 
RLOF F 

total l 

Al l 
Bl l 
CI I 
Dl l 
El l 

A3 3 
B3 3 
C3 3 
D3 3 
E3 3 

A3a a 
B3a a 
C3a a 
D3a a 
E3a a 

1.8 7 7 
0.4 8 8 
5.4 8 8 
5.5 7 7 
6.4 2 2 

4.7 5 5 
12.4 1 1 

109.8 0 0 
21.7 0 0 
16.1 6 6 

4.7 4 4 
12.0 7 7 

109.4 0 0 
21.3 6 6 
16.1 4 4 

1295. 0 0 
1152. 0 0 
340. 9 9 
615. 6 6 

1104. 0 0 

11550. 0 0 
13830. 0 0 
3195. 0 0 
6989. 0 0 
6809. 0 0 

5383. 0 0 
4098. 0 0 
1284. 0 0 
1868. 0 0 
3313. 0 0 

451. 3 3 
1131. 0 0 
1803. 0 0 
841. 0 0 
369. 4 4 

3033. 0 0 
8484. 0 0 

18370. 0 0 
9121. 0 0 
2858. 0 0 

1748. 0 0 
2283. 0 0 
2149. 0 0 
1462. 0 0 
1479. 0 0 

14580. 0 0 
22320. 0 0 
21670. 0 0 
16130. 0 0 
9683. 0 0 

2223. 00 7611. 0 
5119. 00 9229. 0 
7120. 00 8513. 0 
3277. 00 5166. 0 
1029. 00 4358. 0 
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AA DNS contributes to the merger rate if its merger timescale, xm, is less than the time 
sincee its formation. The merger rate is calculated by assuming that only a fraction of systems 
withh a certain merger timescale will actually merge. This fraction is given by 

/mergerr = 1 — — (5.2) 

iff  the star formation rate has been constant during the age of the Galaxy, TG, which we assume 
too be 1010 yr. The merger rate is then given by 

MR=MR= g (Tm) /merger dXm (5.3) 
JO JO 

AA pulsar is observable as long as it has not crossed the death line in the pulse period-
magneticc field diagram. This critical line corresponds to B\o/P2 ~ 20 (Bhattacharya & van 
denn Heuvel 1991), where B ] 0 is B/1010 G. Using the magneticc field B ^ 3.2 x 10]9(PP)1^2 G, 
wee derive the maximum lifetime of a pulsar as 

Xmaxx = 8.0 x 109/fii o yr (5-4) 

assumingg a constant magnetic field. The observed binary pulsars have magnetic fields of 
thee order of 1010 G (except Jl518+4904 with B = 109 G), and therefore we applied Tmax = 
8.00 x 109 yr, i.e. essentially they live for almost a Hubble time. To calculate the expected 
observablee number of DNS pulsars in the Galaxy, we assume that a pulsar is observable until 
itt crosses the death line or until it merges, whichever takes place first, such that 

Nobss = / g ( tm) min(Xm,Xmax) m̂ (5- 5) 
JO JO 

Wee have so far observed 4 galactic DNSs out of around 1 500 pulsars, which means that 
aboutt 0.3 per cent of the existing pulsars are the components of DNSs. To obtain an order-of-
magnitudemagnitude estimate of the total number of radio pulsars in the Galaxy, we assume the birth 
ratee of pulsars is 10_2yr_1 and their lifetime is 107 yr. Hence, we expect about 105 pulsars 
inn the Galaxy and about 300 of them are DNSs. 

Thee resulting birth rate, merger rate, and expected observable number of the DNSs are 
presentedd in Table 5.2. Except in Model A, the merger rate is dominated by HeS-NS binaries 
whichh go through a second CE phase. However, the merger timescale of these systems is 
veryy short such that their contribution to the observed number of DNS is negligible. Systems 
whichh evolve without a second CE phase (both with or without RLOF) contribute less than 
halff  of the merger rate. However, due to their long merger timescales, the observable numbers 
aree dominated by these systems. 

Ourr lack of understanding of CE evolution during the first phase of mass transfer is usu-
allyy considered as one of the main sources of uncertainties in deriving a merger rate from the 
evolutionaryy point of view (e.g. Kalogera & Lorimer 2000). We find that applying different 
modelss of CE evolution gives surprisingly similar merger rates for each model, although there 
iss a tendency that Model A gives the lowest merger rate while Model C provides the highest 
rate.. This can be understood as Model A results in a narrow parameter space of systems 
whichh survive the first CE phase, while Model C provides a larger parameter space of the 
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DNSS progenitors. Model E gives a comparable initial parameter space to Model C, but most 
off  the survivors of the first CE phase in Model E have wide orbits such that they tend to be 
disruptedd in the second SN explosion. Our calculations show that the treatment of the kick 
velocityy imparted at the birth of the first neutron star is important to determine the merger 
ratee and the expected numbers. Model 1 (GV = 190 kins"1) gives a relatively low merger 
rate,, 0.4 - 1.3Myr_1 while Model 2 (o„  = 0) provides a very high rate, 60 — 80Myr_1, and 
excessivelyy high observable numbers, 140000 DNSs in Model E2, which is not consistent 
withh observations. Therefore, Model 2 can neither explain the observed high-eccentricity 
Be/X-rayy binaries, nor the observed number of DNSs, and hence will not be considered in 
ourr results. Including all M\ in Model 3 yields larger merger rates than taking into account 
onlyy M\ > 10.6 M© (Model 3a). This shows that progenitors with M\ < 10.6 M 0 receiving 
aa small or no kick make an important contribution to the merger rate and number of DNS. 
Thiss can be understood from the fact that these systems end up in Be/X-ray binaries with 
Port,, ~ 1000d (Sect. 5.4.1) which is just in the range of periods that produces DNSs (Fig. 5.4). 
Forr a comparison between various CE models, Fig. 5.4.3 shows the difference in the birth 
andd merger rates and the expected observable number of DNSs. 

5.55.5 Discussion 

Thee merger rate obtained from this work ranges from 0.4 — 6.5 x 10-6yr~'. This rate is 
muchh lower than that previously derived from evolutionary population synthesis studies (e.g. 
Tutukovv & Yungelon 1993; Portegies Zwart & Spreeuw 1996; Lipunov et al. 1997; Portegies 
Zwartt & Yungelson 1998), lower than most of the models in the work of Belczynski et al. 
(2002b)) which involved many different kinds of evolutionary scenarios, and also lower than 
thee merger rate found by Ivanova et al. (2002) who computed the detailed evolution of helium 
stars.. However, our merger rates are in the range of merger rate inferred from the observed 
samplee of DNSs by Kalogera et al. (2001), i.e. 10~6 — 5 x 10~4yr_I after taking into ac-
countt the beaming factor and "faint pulsar" corrections. Concerning the expected observable 
numberr of DNSs, we find a higher number than inferred from the observations, i.e. between 
11 500 and 22 000. Our results are not necessarily an overestimate, since not all DNSs might 
bee detectable as pulsars either because they are too faint to be detected, the pulsar beam does 
nott intersect our line of sight, or the binary orbital period is too short such that the pulses are 
smearedd due to orbital acceleration (Kalogera et al. 2001). 

Anotherr aspect that needs to be considered in deriving the observable number of DNSs 
iss the recycling of a pulsar. A DNS which was produced from HeS-NS binaries which avoid 
RLOFF altogether is less likely to be recylced. The consequence is that their lifetimes are 
shorterr than those of the recycled pulsars, about 107 yr. By taking into account this con-
siderationn in the determination of the observable number, we obtain a considerably smaller 
number,, which is dominated by the number of systems which undergo RLOF without a sec-
ondd CE phase. 

Thee rates obtained from this study give an indication of the results of the standard scenario 
forr the formation of DNSs. There remain some uncertainties in determining the merger rate 
off  DNSs. The first mass-transfer phase might take place non-conservatively, involving loss 
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off  mass and angular momentum. This may affect the period distribution and the number of 
Be/X-rayy binaries, especially at larger periods which we find to be the progenitors of DNSs. 
Thee supernova kick at the birth of the first neutron star is also important to investigate. We 
havee considered one possible model, but other possibilities are still to be studied, e.g. differ-
entt forms of kick velocity distribution. Pfahl et al. (2002) proposed a model where relatively 
smalll  kicks are produced by rapidly rotating precollapse cores, which can be achieved if the 
envelopee of the neutron star progenitor is removed before it has become deeply convective. 
Investigationn of the effect of the kick velocity of the second supernova, which we did not per-
formm in this study, is also important although we expect a much smaller effect than from the 
firstt supernova because the orbit of the pre-(second) supernova is much more tightly bound. 
Thesee uncertainties need to be investigated before we are able to obtain a more definitive 
mergerr rate from evolutionary models, which we will leave for future studies. 

Observationss have shown that there are two separate classes of y-ray bursts (GRB), i.e. 
thee bursts of short duration (less than 2 s) and longer-duration bursts (Kouveliotou et al. 
1993).. Furthermore, all GRB afterglows are observed only from the long-duration bursts; 
andd they all located within their host galaxies. The large amount of energy emitted on a 
veryy short timescale suggests that GRBs are produced by two types of progenitors, i.e. the 
coree collapse of rapidly rotating massive stars, the collapsar model (Woosley 1993), or the 
mergerr of compact binaries, the merger model (Narayan, Paczynski, & Piran 1992; Kluzniak 
&&  Ruderman 1998). It has been suggested that the collapsar model produces bursts that 
havee a duration longer than a few seconds (MacFadyen & Woosley 1999), while the merger 
modell  can produce short-duration bursts (Janka et al. 1999) - which leads to a suggestion 
thatt long-duration bursts originate from the collapsar model while the short-duration bursts 
aree produced from the merger model. Paczynski (1998a) argued that collapsars take place 
closee to the star-forming regions. This coincides with the detection of the GRB afterglows, 
andd therefore supports the argument of collapsar model as the progenitors of long-duration 
burstss (see also Paczynski 1998b; Livio et al. 1998). On the other hand, compact binaries 
receivee a kick velocity at their formations and with merger timescales of the order of 108 yr, 
thiss implies that the mergers take place well outside the host galaxies (Fryer, Woosley, & 
Hartmannn 1999). However, Bloom, Sigurdsson, & Pols (1999) and Bulik, Belczynski, & 
Zbijewskii  (1999) found that only about 15 to 20 per cent of the mergers of compact binaries 
occurr outside the host galaxies. 

Thee merger rate of DNSs obtained in our calculations is dominated by systems which 
goo through a second CE phase. The merger-time seal e distribution peaks at ~ 105 yr (see 
Fig.. 5.4.3). This peak is roughly similar to the peak of merger-timescale distribution found 
byy Belczynski et al. (2002a), and is lower than Ivanova et al. (2002) who found a peak at 
~~ 2 — 12 x 106 yr. Note, however, that the merger-timescale distribution obtained in the 
twoo latter studies tails out and disappears at the merger timescale of 1010 yr, while we find 
ann increase in the distribution at such a merger timescale. The domination of short merger 
timescalee has an important consequence for the detection of gravitational-wave radiation, 
implyingg that most of the mergers take place inside their host galaxies. If the mergers of 
DNSS are thought to be the progenitors of the short-duration GRB, then they will be found 
withinn the host galaxies, as in the case of the long-duration GRBs. Belczynski et al. (2002a) 
alreadyy pointed this out and our results strongly support their conclusion. 
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5.66 Conclusions 
Wee have carried out a population synthesis study of the formation of DNSs from Be/X-ray 
binariess through the standard evolutionary scenario, which was separated into two parts, i.e. 
thee formation of Be/X-ray binaries, and the subsequent evolution of Be/X-ray binaries to 
becomee DNSs. In the first part of the study, we find a considerable fraction of Be/X-ray 
binariess are formed outside the observed mass range, 8 < M B e/M 0 < 20. If these systems 
exist,, they perhaps do not show the Be star phenomenon and hence are not observed as a 
Be/X-rayy binary. Furthermore, we find that they cannot serve as the progenitors of DNSs and 
thereforee we consider only the mass range 8 - 20 M© in our study. We applied two models 
forr the birth of the first neutron star: Model 1 uses the Hansen & Phinney (1997) distribution 
off  kick velocity, and Model 2 assumes a symmetric supernova explosion. We find that neither 
modell  can fully represent the observed population of Be/X-ray binaries. To incorporate the 
argumentt by Pfahl et al. (2002) that about 30 per cent of the observed Be/X-ray binaries 
weree formed with a small (or zero) kick velocity, we mix the results of the two models in the 
proportionn 0.94 to 0.06. 

Severall  CE models were adopted to investigate the outcome of the CE phase in the evo-
lutionn of Be/X-ray binaries. Although each CE model gives a different initial parameter 
spacee for the Be/X-ray binary progenitors of DNSs, they all yield quite similar merger rates 
off  the DNSs. We find that the birth rate and merger rate of DNSs are more sensitive to 
thee choice of kick velocity distribution than to the CE models. A birth rate in the range 
0.66 - 9.5 x 10_6yr~' and a merger rate in the range 0.4 - 6.5 x 10~6yr" ! are obtained, in 
agreementt with the rates obtained from the observed properties of currently known DNSs by 
Kalogeraa et al. (2001). We note that these rates are subject to further uncertainties in our 
model,, which we did not investigate. We find a high expected observable number of DNSs, 
butt this might not be an overestimate as there are many effects that can cause a pulsar to be 
undetectable. . 
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