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6 6 
Summaryy and future work 

6.11 Summary 
InIn this thesis, a quantitative study is made of a number of aspects of the standard evolutionary 
scenarioo for the formation of double neutron star (DNS) systems from Be/X-ray binaries. 

Duee to the large mass ratio of the system, it is very likely that when the Be star in a 
Be/X-rayy binary expands, it wil l undergo a run-away mass transfer leading to the formation 
off  a common-envelope (CE) and spiral-in. In a CE formulation proposed by, e.g., Webbink 
(1984),, the binding energy of a star at the onset of a CE phase is important to determine 
thee outcome of the system, particularly the core mass and final separation, and whether the 
systemm survives the CE phase at all. This binding energy is expressed in a parameter X, and 
itit  is a common practice to use X as a constant in most literature (e.g. de Kool 1990). We have 
carriedd out a systematic study of the binding energy of the envelope of the donor stars with 
variouss masses (Chapter 2), and find that the parameter X depends very much on the stellar 
masss and on the evolutionary stage of a star. We also find that the post-CE parameters are 
sensitivee to the choice of the method to determine the core-mass boundary, and also to the 
fractionn of the internal binding energy involved in unbinding the envelope. In intermediate-
masss stars, the binding energy is relatively small, and we conclude that a small binding energy 
ratherr than a high CE efficiency TJCE is sufficient to explain the relatively long orbital periods 
observedd among binary millisecond pulsars. 

Thee outcome of the CE phase in a Be/X-ray binary is a binary system consisting of the 
heliumhelium core of the Be star and the neutron star (HeS-NS) in a close orbit. This is the last 
stagee of evolution before the formation of DNS. We have performed detailed calculations of 
thee evolution of HeS-NS binaries, exploring a large parameter space of helium star mass and 
orbitall  period, in order to investigate the possible remnants and the orbital parameters prior 
too the second supernova explosion (Chapters 3 and 4). We find that mass transfer from 2.8 -
3.33 M 0 helium stars, as well as from 3.3 - 3.8 M 0 helium stars in orbits with Porb < 0^25, 
endss up in a CE phase due to the development of a convective helium envelope at the end 
off  the calculation. These systems probably produce very tight DNSs (Porb ~ 01*01) with 
aa merger timescale of the order of a Myr, which would have important consequences for 
thee detection rate of gravitational-wave radiation and for the understanding of y-ray burst 
progenitors.. Helium stars with masses 3.3 - 3.8 M 0 with Porb > 0^25 and those more massive 
thann 3.8 MQ do not develop a convective envelope and therefore are not expected to go 
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throughh common-envelope evolution. The remnants of these massive helium stars are DNSs 
withh orbital period OH - ld. We have been able to put constraints on the progenitors of the 
fourr galactic DNSs. The high-mass helium stars or systems in wide orbits explode as type lb 
supernovae,, while the lower-mass helium stars or systems in close orbits probably produce 
typee Ie supernovae. 

Byy integrating the results of the previous chapters into a population synthesis study, we 
havee investigated the formation as well as the merger rate of DNSs (Chapter 5), assuming that 
thee DNSs were formed from Be/X-ray binaries through the standard evolutionary scenario. 
Wee find that the merger rate of DNSs is sensitive to the choice of the kick velocity distribution 
att the birth of the first neutron star, but is much less dependent on the modelling of the CE 
phase.. We obtain a DNS merger rate of 0.4 - 6.5 x 10- 6 yr_1 in the Galaxy from our models. 
Thee majority of mergers take place within ~ 105 yr from the time of formation, and are thus 
expectedd to occur well inside the host galaxy. 

6.22 Future work 

Inn this thesis we have studied the formation of double neutron star systems from Be/X-ray 
binariess through the standard evolutionary scenario. There are several studies related to the 
topicc of this thesis that still need to be done before we can form a complete and quantitative 
picturee of the formation of DNSs. They relate to the study of the formation of Be/X-ray 
binaries,, the formation of binaries consisting of a white dwarf and a young neutron star, and 
thee evolution of the magnetic field of the neutron stars - with or without accretion. 

6.2.11 The formation of Be/X-ray binaries 

Byy making a systematic study of the common-envelope phase in the later evolution of Be/X-
rayy binaries, and a parameter study of the evolution of the helium star-neutron star binaries 
(inn which we varied the helium star mass and initial period as the input parameters), we have 
obtainedd a rather complete picture of the evolution from the Be/X-ray binary stage until the 
formationn of DNSs. This thesis, however, does not include a detailed study of the formation 
off  Be/X-ray binaries themselves. 

Be/X-rayy binaries, and also Be-helium star and Be-white dwarf binaries, are thought to 
originatee from binary systems in which mass transfer spins up the accretor to high rotational 
velocityy such that the accretor is rejuvenated and becomes a rapid rotator and shows the Be 
phenomenonn (e.g. Rappaport & van den Heuvel 1982). The donor transfers almost its entire 
hydrogen-richh envelope and becomes a helium star. Depending on the mass of the helium star 
andd the orbital period, the system might undergo a second phase of mass transfer before it 
transformss into a Be/X-ray or Be-white dwarf binary. While the second RLOF is expected to 
bee conservative because it involves a less massive component transferring mass to the more 
massivee (Habets 1986a), the first mass-transfer phase is more complicated. There are many 
uncertaintiess involved in this phase, which are caused by two major sources. The first is 
thatt non-conservative mass transfer might take place, resulting in loss of mass and angular 
momentum.. Wellstein et al. (2001), e.g., found that binaries with M\ = 12 M 0 evolve into 
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contactt if the period is longer than about 10 - 30d, depending on the mass ratio. Evolution 
throughh a contact phase is likely to result in loss of mass and angular momentum. We have 
shownn in Chapter 5 that the Be/X-ray binary progenitors of DNSs are systems with long 
period,, which are unlikely to be formed through a non-conservative mass transfer. The second 
sourcee of the uncertainty is the supernova kick velocity at the birth of the first supernova. We 
havee shown in Chapter 5 that the choice of the distribution of the kick velocity imparted at 
thee birth of the first neutron star is an important ingredient to determine the parameters of the 
formedd Be/X-ray binaries. 

Ann alternative scenario was proposed by Habets (1987). In this channel, the original bi-
naryy consists of a very massive primary (54 M 0 in their example) and a massive secondary 
(88 MQ) which undergoes a highly non-conservative evolution (i.e. a CE and spiral-in phase). 
Withh a symmetric supernova explosion, a highly eccentric Be/X-ray binary is formed. How-
ever,, note that there must be an upper limit to the mass of the primary as we do not want the 
starr to become a black hole. We have mentioned another alternative in Sect. 1.3.3.1, namely 
thee scenario proposed by Terman & Taam (1995) where the binary has a large orbital period 
suchh that the two components evolve independently. The asymmetric supernova explosion 
off  the primary shrinks the orbit and causes the components to interact as a Be/X-ray binary. 
Note,, however, that neither of these alternatives provides a natural explanation for the rapid 
rotationn of the Be star, and both are likely to form only highly eccentric orbits. 

Populationn synthesis studies of the formation of Be/X-ray binaries have been carried out 
byy Waters et al. (1989), Pols et al. (1991), Portegies Zwart (1995), and in Chapter 5 of this 
thesis.. In addition, many detailed evolutionary calculations of the first phase of mass transfer 
inn massive binaries have been made. Most of these studies simply assume conservative mass 
transferr and do not take into account the effect of accretion on to the secondary. There are 
aa few calculations that do take this into account, at least up to the point of contact (e.g. Pols 
1994;; Wellstein et al. 2001). However, these investigation do not cover a large parameter 
space.. A systematic and comprehensive set of calculations, similar to our study of HeS-NS 
binariess in Chapters 3 and 4, needs to be performed. This study is crucial to constrain the 
progenitorss of Be/X-ray binaries, and consequently the progenitors of DNSs. With a better-
studiedd formation process of Be/X-ray binaries and the formation of DNSs studied in this 
thesis,, and by implementing these into a population synthesis study, we can derive a more 
reliablee birth and merger rate of DNSs. 

6.2.22 The formation of a white dwarf with a young neutron-star 
companion n 

Wee have mentioned in Sect. 1.1.2 that there are two binary pulsars in which a heavy white 
dwarff  is orbiting a non-recycled neutron star in an eccentric orbit (WD-NS), i.e. B2303+46 
(Stokess et al. 1985; van Kerkwijk & Kulkarni 1999) and J1141-6545 (Kaspi et al. 2000). The 
parameterss of the two systems are presented in Table 6.1. The facts that the neutron star is 
nott recycled and that the orbit is not circular can only be explained if the neutron star was 
formedd after the white dwarf in a supernova explosion. 
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Tablee 6.1. The parameters of two young pulsars with white dwarf companion: the total mass in solar 
units,, the orbital period in days, and the eccentricity. Numbers within parantheses indicate uncertainty 
inn last digits. 

Pulsarr Mj Porb e Reference 

B2303+466 2.64(5) 12.34 0.658 Stokes et al. (1985) 
Jll  141-6545 2.300(12) 0.198 0.172 Kaspi et al. (2000) 

Thee evolutionary scenario to form these systems is similar to the standard scenario for 
thee formation of DNS through Be/X-ray binaries, except that the original binary system must 
havee consisted of an intermediate mass primary, and that the previous stage of evolution 
mustt have been a helium star plus white dwarf (He-WD) binary. Instead of from Be/X-ray 
binaries,, these systems originate from binaries consisting of a massive B star and a white 
dwarf.. Such B + white dwarf binaries are known, i.e. y Pup (HD 59635, B5V: Vennes, 
Berghöfer,, & Christian 1997; Burleigh & Barstow 1998), 0 Hya (HD 79469, B9.5V: Burleigh 
&&  Barstow 1999), and 16 Dra (HD 150100, B9.5V: Burleigh & Barstow 2000), but none of 
thesee three systems has the B star massive enough to produce a neutron star. Furthermore, 
Venness (2000) found that y Pup is itself a binary star consisting of a B3.5V primary and a 
B6VV secondary, i.e. the system is a triple star. The most likely progenitor of an eccentric 
WD-NSS binary is X Sco (HD 158926, B1.5IV) which is proposed to have a heavy (1.25 -
1.44 M 0) white-dwarf companion in short period (P0fo = 5^959) orbit (Berghöfer, Vennes, & 
Dupuiss 2000). However, Burleigh & Barstow (2000) argued that due to the inconsistency 
betweenn the Hipparcos distance and the photometric distance, the existence of a white-dwarf 
companionn in this system is only suggested, and not confirmed. 

Earlyy attempts to explain the formation of these systems and to put constraints on the 
progenitorss have been made by Tauris & Sennels (2000) who proposed the progenitor of 
B2303+466 to be a binary system with the primary star initially more massive than 8.8 M 0 

andd an initial separation of 160 - 600 R0. Recently, Davies, Ritter, & King (2002) did a more 
elaboratee study by taking into account the possibility that the helium star might fill  its Roche 
lobee and transfer matter to the white dwarf. They suggested that B2303+46 was formed with-
outt a phase of mass transfer from the helium star, while Jl 141-6545 was produced through 
RLOF.. In the latter case, the transferred matter is assumed to be ejected from the vicinity of 
thee white dwarf carrying away its specific angular momentum. Davies et al. (2002) proposed 
thatt the progenitors of the white dwarfs in the two systems are 6.4 - 8.3 M© stars. We plotted 
thee maximum and minimum pre-SN period of the systems as derived by eq. 3.10, and com-
paredd these with our calculations of helium star-neutron star binaries1 in Fig. 6.1. It can be 
seenn that our results confirm the conclusions of Davies et al. (2002). 

Thiss comparison is not really realistic since our calculations were done assuming a 1.4 M. neutron-star compan-
ion,, while the white dwarf is less massive than that. Nevertheless, our calculations can be used to give an approximate 
rangee of initial parameters of the helium star-white dwarf binaries 
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Figuree 6.1. The region of the allowed pre-SN parameters for two young pulsars with white-dwarf 
companion:: B2303+46 (dashed) and Jl 141-6545 (dotted line). Star symbols mark the post-RLOF 
parameterss of the calculated helium star-neutron star binaries. The shaded region represents the area 
wheree a helium star evolves without filling  its Roche lobe. 

Thee above-mentioned works, however, were not based on detailed evolutionary calcula-
tions.. There are many constraints in forming these systems. An extensive study of helium-
accretingg white dwarfs by Scheithauer (2000) showed that a CO white dwarf accreting helium 
att low rates (of the order of 10~7 M 0 yr~', but depending on the mass of the white dwarf) 
initiallyy undergoes stable helium shell burning. The helium shell becomes unstable once the 
whitee dwarf mass grows further and the star experiences thermal pulses. The amplitude of the 
instabilityy grows with increasing white dwarf mass. This instability has two consequences, 
i.e.. the stellar luminosity becomes larger and soon exceeds the white dwarf's Eddington lu-
minosityy which will lead to radiation-driven mass loss from the white dwarf. Another effect 
iss that the white dwarf may be driven to expand and become a giant (Langer et al. 2002). 
Yoonn & Langer (2002) showed that the instability can be suppressed if rotation of the white 
dwarff  is taken into account. White dwarfs accreting helium at a high rate, as expected during 
RLOFF from helium stars, might expand and become red giants. Nomoto (1982) derived this 
criticall  rate for becoming a red giant as 

M R H e=7.2xx lO~6(M W D /M 0-O.6)M0yr-1 (6.1) 

Whenn a white dwarf becomes a giant, it may fil l its own Roche lobe and undergo a contact or 
CEE phase. 

Wee have shown that helium stars with masses in the range 2.65 - 3.3 M 0 undergo a CE 
phasee and end up in very close orbits. Therefore, we have to exclude this range of mass in 
V J l U Cll  LU 1V71 i l l l Y L / " l l J U l l l O . l l ^ . 3 W i l l i tllV ^ WL/OW1VV-.U p v j 1 V U . i ^ » m v O u m v/ i w u u v ^ . ., .T w U L . ^ U ..v 
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avoidd the white dwarf from becoming a giant and experiencing a CE phase. On the other 
hand,, the initial mass of the white dwarf may not be so high as to allow it to grow beyond the 
Chandrasekharr mass and undergo a type la supernova. By investigating the detailed evolution 
off  the helium star and how a white dwarf responds when helium is transferred on to it, we 
cann put more constraints on the progenitors of the observed WD-NS. 

6.2.33 The evolution of the magnetic field of the neutron star 

Thee observed pulsars in the galactic DNSs have weak magnetic fields, which suggests that 
theyy are recycled. The recycling of a pulsar has long been thought to result from the accretion 
onn to the neutron star (e.g. Taam & van de Heuvel 1986). Theories which relate the accretion 
off  material on to a neutron star with the decay of its magnetic field have been put forward by 
e.g.,, Shibazaki et al. (1989) and Konar & Bhattacharya (1997). An empirical approximation 
too the magnetic field evolution is derived by Shibazaki et al. (1989) as 

wheree B0 is the initial magnetic field strength, AM is the accreted mass, and raB is the mass 
constantt for the field decay. Shibazaki et al. (1989) found mB > 10"4 M 0 to be consistent 
withh binary and millisecond radio pulsars, while Francischelli et al. (2002) found mB ~ 12.5 x 
10- 66 M 0 to agree with low-mass X-ray binaries. Taking mB = 12.5 x 10- 6 M 0 and assuming 
thatt the neutron star accretes matter up to its Eddington limit and that the RLOF lasts for 
44 x 104 yr (cf. Table 3.4), one can have the magnetic field decay from 1012 G, which is 
thee typical magnetic field of single radio pulsars, to ~ 1010 G, the magnetic field of DNSs 
B1913+16,B1534+12,, and J1811-1736. 

Takingg into account only the wind mass loss from helium stars, Francischelli et al. (2002) 
havee studied the effect of accretion from the wind and found that they can reproduce the 
magneticc field of PSRs B1913+16 and B1534+12 from binaries in close initial orbit (ax ~ 
22 - 3R0) with initial helium star mass in the range 8 < MHe,i/M 0 < 15. However, their 
workk was not based on detailed evolutionary calculations and did not take into account the 
possibilityy of RLOF from the helium star. By applying eq. (6.2) to the detailed calculations 
off  helium stars, we can study the effect of accretion on the magnetic field of the neutron star, 
andd investigate whether a long-lived, low-rate wind accretion is enough to decay the magnetic 
field;; or whether a short-lived, high-rate mass-transfer rate is necessary. 


