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Thee evolution of helium stars in close 
binariess with a neutron star  companion 

TheThe evolution of naked helium stars 
withwith a neutron-star companion in close binary systems 

J.. D. M. Dewi, O. R. Pols, G. J. Savonije, E. P. J. van den Heuvel, 
Mon.Mon. Not. R. Astron. Soc. 331, 1027 - 1040 (2002) 

TheThe evolution of helium stars with masses of 1.5-6.7 MQ in binary systems with 
aa 1.4 MQ neutron-star companion is presented. Such systems are assumed to be 
thethe remnants of Be/X-ray binaries with B-star masses in the range of 8- 20 MQ 
whichwhich underwent a case B or case C mass transfer and survived the common-
envelopeenvelope and spiral-in process. The orbital period is chosen such that the helium 
starstar fills its Roche lobe before the ignition of carbon in the centre. We distin-
guishguish case BA (in which mass transfer is initiated during helium core burning) 
fromfrom case BB (onset of Roche-lobe overflow occurs after helium core burning 
isis terminated, but before the ignition of carbon). We found that the remnants 
ofof case BA mass transfer from 1.5 - 2.9 MQ helium stars are heavy CO white 
dwarfs.dwarfs. This implies that a star initially as massive as 12 MQ is able to become 
aa white dwarf. CO white dwarfs are also produced from case BB mass transfer 
fromfrom 1.5 - 1.8 MQ helium stars, while ONeMg white dwarfs are formed from 
2.12.1 - 2.5 MQ helium stars. Case BB mass transfer from more-massive helium 
starsstars with a neutron-star companion will  produce a double neutron-star binary. 
WeWe are able to distinguish the progenitors of type lb supernovae (as the high-
massmass helium stars or systems in wide orbits) from those of type Ie supernovae 
(as(as the lower-mass helium stars or systems in close orbits). Finally, we derive a 
"zone"zone of avoidance" in the helium star mass vs. initial orbital period diagram for 
producingproducing neutron stars from helium stars. 

47 7 



488 3 The evolution of helium stars in close binaries with a neutron star companion 

3.11 Introductio n 

AA binary pulsar with a neutron-star or a heavy white-dwarf companion has long been consid-
eredd to originate from a helium star in a binary system with a neutron-star companion. The 
latterr system is a descendant of a high-mass X-ray binary (HMXB), in which the companion 
off  the neutron star loses its mass through wind mass loss or a mass-transfer phase, exposing 
itss helium core (e.g. Bhattacharya & van den Heuvel 1991). Although the existence of such 
aa system is only found in Cyg X-3 (van Kerkwijk et al. 1992, 1996), a detailed study of the 
evolutionn of helium stars in binary systems with a compact companion is important as the 
systemss form the bridge between the evolution of X-ray binaries and the formation of double 
compact-objectt binaries. 

Thee evolution of a helium star in a binary system has been studied e.g. by Savonije, de 
Kool,, & van den Heuvel (1986) who evolved a 0.6 M 0 non-degenerate helium star with a 
1.33 M 0 compact companion. With a short orbital period of P — 37m, Roche-lobe overflow 
(RLOF)) takes place during helium core burning. Ergma & Fedorova (1990) evolved helium 
starss with masses of 0.5, 0.766, and 1 M0. As the companion star, they took white dwarfs 
withh the same range of masses in a combination such that the systems have a mass ratio of 
0.55 < A/He/MwD < 2. The periods are also so short, of 26.m2 - 62.m6, that the helium stars 
transferr mass to the companion while they are still burning helium in the centre. A similar 
workk was also carried out by Tutukov & Fedorova (1989). A study of systems with more 
massivee helium stars in wider orbits has been carried out by e.g. Delgado & Thomas (1981) 
whoo considered helium stars with masses of 2, 2.7, 3.3, and 4 M 0 with a massive main-
sequencee companion. The helium star fills its Roche lobe after helium is exhausted in the 
core.. Habets (1986a) evolved a 2.5 M 0 helium star with a 17 M 0 main-sequence companion 
inn a wide orbit (P = 20^25) such that mass-transfer phase occurs during first carbon burning 
convectivee shell. 

Inn this work we study the evolution of helium stars with masses of 1.5 - 6.7 M 0 with a 
1.44 M 0 neutron-star companion. Such systems are assumed to be the remnants of Be/X-ray 
binariess with masses in the range of 8 - 20 M 0 which underwent mass transfer as case B 
(RLOFF is initiated during hydrogen shell burning) or case C (during helium shell burning). 
Ass the result of the large mass ratio, mass transfer from the Be star to the neutron star is 
dynamicallyy unstable and the two components are embedded in a common envelope (CE), 
leadingg to the spiraling-in of the neutron star in the envelope of the Be star. We assume 
thatt the system survived the common envelope and spiral-in process. We are interested to 
investigatee the final fate of the systems (whether they will become white-dwarf/neutron-star 
orr double neutron-star binaries), the type of supernovae (SN) they might produce, as well 
ass to study which systems are stable to RLOF. A study on the similar range of mass (2 -
66 M 0 helium stars) has been carried out by Avila-Reese (1993). With a Roche radius of 0.6 
andd 0.7 R0, in that study RLOF takes place after helium core burning is terminated and the 
calculationss were done up to the ignition of carbon in the centre. Apart from the slightly 
widerr range of mass in our study compared to the latter work and a larger range of orbital 
periodss used in our work, we also are able to follow the evolution of the helium stars to more 
advancedd evolutionary stage, i.e. beyond the carbon ignition, which enables more detailed 
conclusionss on the fate of the systems. We take 6.7 M 0 as the upper limit of our calculation 
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becausee more massive helium stars undergo a dynamically unstable mass transfer. 
Inn Sect. 3.2 we describe the possibility for the formation channel of a helium star in 

aa binary system with a neutron-star companion, and some basic assumptions used in the 
calculationn of the orbital evolution. The computational code, the input parameters used in 
thee code, and the calculation that constrains the initial mass of the helium star and the initial 
periodd are described in Sect. 3.3. We discuss the results in two sections; Sect. 3.4 for the 
casess in which RLOF takes place during helium core burning and Sect. 3.5 for that during 
heliumm shell burning. Our conclusions are given in Sect. 3.6. 

3.22 The evolution of a helium star  in a binary system 

3.2.11 Formation of a helium star  with a neutron-star  companion in a 
binaryy system 

AA Be/X-ray binary consists of a neutron star with an unevolved Be star of 8 - 20 M©. As 
thee companion starts to fil l its Roche lobe, a runaway mass transfer to the compact object 
wil ll  follow due to the high mass ratio of the system, leading to a CE and spiral-in phase. 
Thee outcome of this phase is a system consisting of the helium core of the companion and a 
neutronn star. The helium star evolves and, in turn, might fill  its Roche lobe. If the helium star 
iss more massive than 2.2 M© (Habets 1986a) and it does not further lose mass, it wil l collapse 
andd produce a neutron star; and the system becomes a double neutron-star binary. We refer 
too Bhattacharya & van den Heuvel (1991) for review on the so-called "standard scenario"1. 

Ann alternative to the standard model was proposed by Brown (1995). This new evolution-
aryy scenario suggests that a double neutron-star binary is a descendant of a double helium-
starr binary, which is produced from a binary system with components of very similar masses. 
Thiss twin-mass model was proposed because of the argument that a neutron star would be 
ablee to accrete matter at high rate during the CE and spiral-in process and will then become 
aa black hole (e.g. Chevalier 1993), which would exclude the possibility that double neutron 
starss would result from the CE evolution of HMXB (the standard scenario). Nevertheless, 
whetherr or not a neutron star in a CE will indeed go to highly super-Eddington accretion is 
stilll  very uncertain (see e.g. Chevalier 1996). Therefore, there is still room for the formation 
off  systems consisting of a helium star with a neutron-star companion like inn the standard sce-
nario.. Strong accretion on to the neutron star can be avoided, for example, if the donor star 
iss very extended (Chevalier 1993) and if rotational effects are taken into account (Chevalier 
1996). . 

'Ann evolutionary channel for the formation of double neutron-star binary similar to the standard scenario was also 
proposedd by Tutukov & Yungelson (1973). They predicted a helium-star mass of 2 M. as the limiting mass for 
white-dwarf/neutron-starr formation. 
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3.2.22 Orbita l evolution 
Thee orbital angular momentum of a binary system which contains a helium star of mass Mne 

andd a neutron star of mass MNS is given by 

JLJL = G H ^ N S a (3.1) 

wheree M = M\\t + MNS is the total mass of the system, a is the orbital separation, and G is 
thee constant of gravity. The rate of change in orbital separation of the system is expressed by 

&&  ^orb „ (Muz MNS\ M 
__ _ 2-2ÏE-2 ( —^ + — ^ M (3 2) 
aa JOTb \MHe MNSJ M 

Thee total change in orbital angular momentum is assumed to be affected by gravitational-
wavee radiation and by the loss of mass with angular momentum from the system, i.e. 

bb _ Jgwr , Jm\ 
jj  — ~j r ~— ( J . j ) 

bb Jorb b 

wheree the rate of change of orbital angular momentum due to gravitational-wave radiation is 
givenn by (Landau & Lifshitz 1971) 

rr 32 G3 MHeMmM 

-/orbb " 5c5 é ( 3 , 4) 

withh c the speed of light in vacuum. 

Thee system is assumed to evolve non-conservatively. Mass loss from the system causes 
losss of orbital angular momentum which is taken into account as (van den Heuvel 1994b; 
Soberman,, Phinney, & van den Heuvel 1997) 

7o rbb 1 + q M He 

wheree q — M H C / ^ N S is the mass ratio; ct is the fraction of mass lost from the helium star in 
thee form of fast isotropic wind, and p is the fraction of mass ejected isotropically from the 
vicinityy of the neutron star. During the detached phase, we took a = 1 and it is assumed that 
thee neutron star does not accrete matter from the stellar wind (p = 0); all matter released from 
thee system in this case carries the specific orbital angular momentum of the helium star. The 
stellarr wind mass loss is approximated by eq. (2) in Wellstein & Langer (1999), cf. Hamann, 
Schonberner,, & Heber (1982); Hamann, Koesterke, & Wessolowski (1995) - multiplied by a 
factorr of 0.5 to provide a better fit with the most recent observed mass-loss rate of Wolf-Rayet 
starss (Nugis & Lamers 2000; Nelemans & van den Heuvel 2001), i.e. 

 f 2 . 8x lO -1 3( L /L 0 ) 1 - 5 , l o g L / L 0 > 4 .5 
MHe,w,ndd - | 4.0 x 1O"37(L/L 0)6-8, l ogL /L 0 < 4.5 ( 3" 6) 

Thiss means our adopted mass loss rate in the upper luminosity range is one quarter of the 
Hamannn et al. (1995) rate. During RLOF, the helium star transfers mass with a mass-transfer 
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ratee which is defined as 

MHCRLOFF = -103xmax 0 , [ l n --
R^R^3 3 

(3-7) ) 

wheree RL is the helium star's Roche radius given by eq. (1.1). During the mass-transfer 
phasee (even on a nuclear timescale) the wind mass loss contributes at most 5 per cent of the 
mass-losss rate. It is assumed that the neutron star accretes matter up to its Eddington limit 
forr helium accretion (3 x 10- 8 M 0 yr_ l) ; the rest of the transferred matter is lost from the 
systemm with the specific orbital angular momentum of the neutron star. 

Inn the limiting case when the mass-transfer rate owing to RLOF is much higher than 
bothh the maximum accretion rate and the wind mass-loss rate (M > 10~6 MQ yr~'), we have 
(55 fa 1 and 7gwr can be neglected. This is generally the case during case BAB and case BB 
masss transfer discussed below. Then eq. (3.5) leads to: 

PP = 3 ^ - 2 ^ -3 MHe 
PP \+q MHe 

Fromm this it can be seen that P has a minimum when q = 1.39, i.e. Muc « 1.95. For 
qq > 1.39, P initially decreases as a result of RLOF, and increases again after q < 1.39. This 
behaviourr can be seen in Sect. 3.4 and 3.5. 

3.33 The method of calculation 
Wee evolved zero-age main-sequence stars (in Sect. 3.3.1) assuming a chemical composition 
off  (X = 0.70, Z = 0.02) and using a mixing-length parameter of a = l/Hp = 2.0. Convec-
tivee overshooting is taken into account in the same way as in Pols et al. (1998) using an 
overshootingg constant 80V = 0.12. 

Thee helium stars were evolved assuming a chemical composition of (Y = 0.98,Z = 0.02). 
Al ll  calculations were done without enhanced mixing (STD models in Pols (2003)). We refer 
too the latter paper for the evolution of single helium stars related to our calculations. 

3.3.11 Initia l conditions 
3.3.1.11 Progenitor  systems of helium star  and neutron star  binaries 

Too obtain estimates of the mass of the helium star and the initial period, we evolved massive 
main-sequencee stars with masses of 8 - 20 MQ. If the radius of the star is assumed to be 
equivalentt to its Roche radius when RLOF is initiated (R « /?L), then the separation of the 
binaryy system at the onset of the mass-transfer phase, au for a given radius R can be calculated 
withh eq. (1.1). With eq. (2.4) for CE evolution we calculated the final separation, öf. Due to 
thee stellar wind mass loss (de Jager et al. 1988; Nieuwenhuijzen & de Jager 1990), Mdonor 
mightt be smaller than MZAMS, the mass of the star on the zero-age main sequence (ZAMS). 
Duringg the red supergiant phase, the stellar mass is reduced by 3 - 19 per cent (in a 8 M© and 
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Figur ee 3.1. Mass of the helium core and orbital period following a CE evolution resulting from case 
BB and C mass transfers from 8 - 20 M© main-sequence stars. The numbers below the figure indicate 
thee corresponding initial ZAMS mass. The full lines separate the regions of case BA, BB, and BC mass 
transfers,, taken from Pols (2003)'s single helium-star calculations. The dotted lines mark the maximum 
periodd allowed resulting from case B (lower- and upper-line, derived from the two extremes of X-value); 
andd the dashed line resulting from case C mass transfer. See text for an explanation. 

aa 20 M 0 stars, respectively). The companion is assumed to be a 1.4 M© neutron star. We took 
T|CE,, the so-called CE efficiency parameter, to be one. X, the parameter of the binding energy 
off  the envelope to the core, is approximated as in Chapter 2. We assumed that the binary 
wil ll  survive the CE and spiral-in phase if the final separation is larger than the Roche radius 
off  the helium core, i.e. the helium star does not immediately fill  its Roche lobe. Following 
Taamm et al. (2000)'s argument, we assume that the neutron star does not accrete a significant 
amountt of matter while it is embedded in the donor's envelope. 

Thee results of the calculations are summarized in Fig. 3.1, where we have plotted the 
maximumm periods (which are related to the maximum radius) after case B and case C spiral-
in.. These values are very uncertain, especially for case B, because the parameter X used for 
calculatingg the post-CE separation depends quite sensitively on the choice of the mass of the 
heliumm core. As argued in Chapter 2, approximate lower limits to X and to the core mass 
aree obtained by assuming that the core mass is the mass where the abundance of hydrogen 
iss below 0.1. Considering the bottom of convective envelope as the core, results in approx-
imatee upper limits of X and the core mass. The latter criterion corresponds roughly to the 
masss where XH = 0.3, for the maximum radius during case B from MZAM S < 13 M©. The 
dottedd lines in Fig. 3.1 mark the maximum periods for case B evolution, calculated with the 
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Tablee 3.1. Terminology of the mass-transfer phases 

Casee B Case C 

Occurence e 
Outcome e 

HeliumHelium star evolution 
RLOFF during 

 He-core burning Case BA 
successivee He-shell burning Case BAB 
 He-shell burning Case BB Case CB 
 C-burning Case BC Case CC 

twoo extreme X-values. For case C evolution, only the maximum period (dashed-line) corre-
spondingg to the lower limit of X is plotted. In stars with MZAM S > 14 M 0, helium is ignited 
beforee a deep convective envelope has developed, and the radius keeps expanding during core 
Hee burning. At the maximum radius for case B (which in this case is not well-defined), the 
envelopee is more strongly bound and the maximum period after case B is correspondingly 
smallerr (see Fig. 3.1). In this case, the bottom of the convective envelope can no longer be 
realisticallyy taken as the core mass, so the upper dotted line in Fig. 3.1 stops at 13 M©. Be-
causee of these uncertainties, to relax the assumption on the choice of core mass as well as on 
rjcEE (i-e. the possibility of applying TJCE other than unity), we did the calculations for a wide 
rangee of periods. 

3.3.1.22 Studied types of helium star  binary evolution 

Ass Fig. 3.1 shows, the progenitors of helium star and neutron star binaries were main-
sequencee star and neutron star systems that evolved according to case B or case C mass 
transfer.. The outcome of CE evolution in case B is an unevolved helium star and neutron 
star,, while that in case C is an evolved helium star (which has developed a carbon core) and 
neutronn star. The systems resulting from case B can be so close that they start RLOF during 
heliumhelium core burning. This is so-called case BA evolution. Wider systems will start RLOF 
onlyy during helium shell burning around the carbon core. This is so-called case BB evolution. 
Thee terminology of the types of evolution used in this paper is summarized in Table 3.1. 

Casee C mass transfer will result in evolved helium stars which, after CE evolution, can 
onlyy start transferring mass after helium core burning is terminated. We are interested in 
RLOFF during helium shell burning, which can be called case CB evolution. Basically, case 
BBB and CB evolutions result in the same type of RLOF from a helium star of about the 
samee mass and period, except in Mue > 4 M 0 where the wind mass loss plays a major role 
inn reducing the mass and changing the structure during helium core burning. We do not 
separatelyy study case CB evolution in this paper, but assume that it is similar to case BB 

H-shelll  burning He-shell burning 
Hee star He star + CO-core 
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evolution. . 
AA single helium star expands and reaches the maximum radius during convective carbon 

shelll  burning (Habets 1986a; Pols 2003). Evolutions in which RLOF is initiated during car-
bonn core burning or beyond (case BC or CC evolution) are followed in Chapter 4. The overall 
resultss for case BA mass transfer are shown in Table 3.2, and those for case BB in Tables 3.3 
andd 3.4. 

3.44 Results: Case BA mass transfer 

Basedd on the stability of RLOF during helium core burning, we devide case BA mass transfer 
intoo three groups, i.e. (i) 1.5-2.1 M0 helium stars, in which RLOF is stable, (ii) 2.4 -
2.55 M e helium stars, in which RLOF is initiated by a rapid, unstable phase and followed by a 
slow,, stable phase of mass transfer, and (iii ) 2.8 - 2.9 M 0 helium stars, in which the unstable, 
thermal-timescalee RLOF causes the temporary disappearance of the convective core. 

Inn general, case BA mass transfer from helium stars in our calculations resembles case A 
evolutionn from main-sequence stars (e.g. Pols 1994; Wellstein, Langer, & Braun 2001). In 
alll  helium stars of 1.5 - 2.9 M 0 which undergo case BA mass transfer, the whole envelope 
iss removed from the star, and the remnant, a degenerate CO white dwarf, is never massive 
enoughh to ignite carbon. 

3.4.11 Roche-lobe overflow from 1.5 - 2.1 M© helium stars 

Duringg the detached phase the orbit slowly shrinks due to gravitational-wave radiation and 
thee stellar radius slowly increases, until (stable) RLOF starts (point A in Fig. 3.2). During the 
firstt phase of stable, nuclear-timescale RLOF, the star contracts and the energy-production 
ratee in the centre decreases as a result of the loss of mass, which causes the luminosity and 
effectivee temperature to decrease. The star remains in thermal equilibrium. The mass of 
thee convective core does not grow as in the case of a single star, but decreases slowly until 
thee core disappears when the helium is exhausted (see Fig. 3.3). Most of the transferred 
matterr is lost from the system at low specific orbital angular momentum which, although 
counteractedd by gravitational-wave radiation, causes the orbit to slightly expand. Roughly at 
thee same time when the abundance of carbon in the centre is maximum, the period reaches 
aa maximum value, while L and reff reach their minimum values (the reddest point in the HR 
diagram,, point B). After this point, the orbit gradually shrinks. We find that the earlier RLOF 
iss initiated (the smaller the initial period), the more mass is removed from the helium star, the 
moree significant the change in period, and the longer the duration of RLOF. 

Afterr the turning point, the star moves to the left in the HR diagram, only an insignificant 
amountt of mass is transferred from the helium star - this is also the case if the orbital period is 
suchh that mass transfer starts after the carbon abundance in the centre reaches its maximum. 
Inn the latter case, there is no maximum period; the period continuously decreases (while 
thee star shrinks) until the system is detached. The maximum mass-loss rate, the duration of 
RLOF,, and the amount of mass transferred to the neutron star all decrease with decreasing 
initiall  mass ratio and with increasing initial period. 
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Figur ee 3.2. The evolutionary tracks in the HR diagram (bottom) and central density-central tempera-
turee plane (top) for case BA mass transfer from a 1.5 M 0 (dotted-) and a 2.8 M 0 helium stars (solid-
line).. See text for an explanation of the labels. 



3.43.4 Results: Case BA mass transfer 57 7 

Ass the helium abundance in the core drops below about 0.1, the star contracts inside 
itss Roche lobe, and the system becomes detached (point C). During this detached phase, 
thee orbit is again tightened due to gravitational-wave radiation, but the net change in orbit is 
insignificantt compared to the initial period. The duration of helium core burning is prolonged 
duee to the mass transfer. However, we found that if the initiation of RLOF takes place close 
too the end of the helium main sequence, helium core burning proceeds marginally faster (by 
lesss than 1 per cent) than in a single helium star of the same mass. 

Afterr helium is exhausted in the centre and the convective core disappears, helium burning 
movess to a radiative shell around the CO core. The CO core grows in mass but decreases in 
radius,, which causes the star to expand and move up in the HR diagram. A second phase of 
stablee RLOF, which we call case BAB, then takes place (point D). The central temperature 
increases.. The mass-loss rate, which is higher than that during the helium core burning, 
increasess both with initial mass ratio and with initial period. The orbit expands in all cases 
duee to the effects described in Sect. 3.2.2. At the end of this mass-transfer phase, when almost 
thee entire envelope is removed from the star, the degeneracy border is crossed. The central 
temperaturee decreases as well as the energy-production rate. Although the core is constant in 
mass,, the radius decreases and the star contracts inside its Roche lobe. The system is again 
detachedd (point E). The duration of the second RLOF phase decreases with increasing initial 
periodd and initial mass ratio. 

3.4.22 Roche-lobe overflow from 2.4 - 2.5 M© helium stars 
RLOFF is initially unstable and results in a rapid, thermal-timescale phase of mass transfer. 
Thee rapid loss of mass causes a rapid contraction of the star. The mass of the convective core 
decreasess rapidly when the star adjusts to the new total mass. The luminosity and effective 
temperaturee decrease, as well as the central temperature and the orbital period, until the mass-
losss rate reaches a maximum value. The mass of the convective core then decreases slowly 
andd the star contracts slowly. Mass transfer continues stably on a nuclear timescale. In a 
2.55 M© helium star, the transition between the rapid, thermal-timescale phase and the slow, 
stablee mass-transfer phase is marked by a minimum in mass-loss rate (see Fig. 3.4). The mass 
off  the convective core reaches a minimum value before it increases and then decreases slowly. 
Thee further evolution is very similar to that of the lower-mass stars described in Sect. 3.4.1. 

Ass in the case of 1.5 - 2.1 M 0 helium stars, the star shrinks inside its Roche lobe before 
heliumhelium is depleted in the centre. The star again fill s its Roche lobe when the radius increases 
afterr helium is exhausted in the centre (case BAB). 

3.4.33 Roche-lobe overflow from 2.8 - 2.9 M© helium stars 
Thee mass transfer from 2.8 - 2.9 M 0 helium stars is also initiated (point 1 in Fig. 3.2) by a 
thermal-timescalee phase. This time, the rapid mass transfer with q ~ 2 causes the star to lose 
aboutt 40 per cent of its mass rapidly. The central temperature decreases below the required 
temperaturee for helium burning so that the energy production in the centre ceases (point 2, 
seee also Fig. 3.5). This, in turn, causes rapid contraction of the star and disappearance of the 
convectivee helium core. The period decreases rapidly. After the maximum mass-loss rate is 
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timee (yr) 

Figur ee 3.3. Case BA. The evolution of a 1.5 M 3 helium star with a 1.4 M s neutron-star companion 
inn a very close orbit. The upper panel shows the orbital evolution. The second panel shows the central 
abundances.. Solid-, dashed-, dash-dotted-, and dotted-lines are the helium, carbon, oxygen, and neon 
abundances,, respectively. The third panel gives the mass-loss rate in MQ yr_1; wind mass-loss rate 
duringg the detached phase, or mass-transfer rate during the Roche-lobe overflow phase. The fourth 
panell  presents the stellar (solid-) and Roche radii (dotted-line), in solar radius. The fifth panel shows 
thee evolution of the stellar interior. The solid line represents the total mass of the donor star; the dotted 
linee the CO core mass (defined as the mass where the helium abundance is below 0.1). The dark- and 
light-- shaded areas mark the helium-burning convective and semiconvective regions. 
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Figur ee 3.4. Case BA. Same as Fig. 3.3 for a 2.5 MQ helium star. The peak and a dip in the mass-loss 
ratee mark the rapid, unstable mass-transfer phase, and the transition to a slow, stable phase, respectively. 



600 3 The evolution of helium stars in close binaries with a neutron star companion 

reached,, the star contracts inside its Roche lobe, the orbit widens due to the loss of mass from 
thee system, and the system is detached (point 3). 

Afterr thermal stability is restored (point 4), the convective core reappears, helium is 
reignited,, and the star slowly expands. Wind mass loss is now that of a ~ 1.7 M© helium 
star.. The orbital period again decreases due to gravitational-wave radiation. In a 2.8 M 0 

heliumm star in a very close orbit, at the moment when the central carbon abundance reaches a 
maximum,, the stellar radius reaches its Roche radius, and a brief phase of stable RLOF takes 
placee (point 5 to 6). Binaries of the same mass in a slightly wider orbit (as well as those with 
A/Hee = 2.9 M©) do not undergo this second, slow phase of mass transfer since the maximum 
radiuss (which relates to the maximum energy-production rate and to the maximum central 
carbonn abundance) is still within its Roche radius. However, the net effect is the same since 
duringg the slow phase only an insignificant amount (2 per cent) of mass is removed from the 
heliumm star. As in the case of lower-mass stars, the 2.8 - 2.9 M© helium stars also undergo 
casecase BAB mass transfer (point 7 to 8) with a lower mass-loss rate than that during the first, 
rapidd RLOF phase. 

Inn more massive helium stars (Mne > 2.9 M©), case BA causes the loss of more than 
halff  of the stellar mass. The rapid mass loss causes the disappearance of the convective 
heliumm core. However, the star is unable to recover its thermal equilibrium. RLOF becomes 
dynamicallyy unstable and the binary will probably coalesce. 

3.4.44 The role of gravitational-wave radiation 
Beforee the star fill s its Roche lobe, the orbit is tightened due to gravitational-wave radiation. 
Inn order to see the effect of gravitational-wave radiation, we also studied the case in which 
gravitational-wavee emission is turned off. The exclusion of loss of angular momentum due 
too gravitational-wave radiation will only delay and shorten the first RLOF phase. In this 
case,, during the slow stable RLOF phase, the orbit expands due to the loss of mass from the 
system,, and there is no maximum period at the moment the central carbon abundance reaches 
itss maximum. 

Thee exclusion of gravitational-wave emission in the case of higher-mass helium stars 
(A/Hee > 2.9 M©) with very close orbits allows the wind mass loss to govern the loss of an-
gularr momentum. The orbit is widened such that mass transfer will only take place after the 
exhaustionn of helium in the centre (case BB). 

3.55 Results: Case BB mass transfer 

Wee devide case BB mass transfer into two mass groups, i.e. (i) 1.5 - 2.1 M© helium stars, 
inn which RLOF is terminated when the degeneracy border is crossed and a heavy, degenerate 
COO or ONeMg white dwarf is produced, and (ii) 2.4 - 6.6 M© helium stars, in which an 
ONeMgg white dwarf or a neutron star is the outcome. 
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Figur ee 3.5. Case BA. Same as Fig. 3.3 for a 2.8 MQ helium star. Note the constancy in central 
abundance,, a dip in the period, and the disappearance of the convective core during the first, unstable 
mass-transferr phase. 
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3.5.11 Roche-lobe overflow from 1.5-2.1 M© helium stars 

Casee BB mass transfer from 1.5 - 2.1 M0 helium stars resembles case BAB in the same range 
off  mass. The exhaustion of helium in the core causes the star to expand and fil l its Roche 
lobe.. After the degeneracy boundary is crossed, it contracts rapidly inside its Roche lobe, and 
thee system is detached. The mass-loss rate increases while the duration of RLOF decreases 
withh increasing initial period and initial mass ratio (see Table 3.3). 

Afterr the core becomes degenerate but before the system detaches, carbon burning oc-
curss in the radiative shell with maximum temperature. In 2.1 M© helium stars, off-centre 
C-ignitionn takes place in the shell with maximum temperature. At first, carbon burns in a 
broadd radiative shell (and marginally in the centre). When the off-centre convective shell ap-
pears,, the whole core expands and the region interior to the convective shell cools. C-burning 
stopss completely in the inner core, while convective off-centre burning continues. The calcu-
lationss break down shortly after this point. It is expected (see Pols 2003 for a discussion) that 
eventuallyy C-burning reaches the centre and a degenerate ONeMg core is formed. In the 1.5 
andd 1.8 M© helium stars, the temperature is never high enough to cause significant carbon 
burning. . 

Beforee RLOF occurs, the gravitational-wave radiation brings the components closer to-
gether.. In the systems with wider orbits (P > 0?5), the effect of gravitational-wave radiation 
iss weak so that the period remains constant. The evolution of the period is as expected from 
Sect.. 3.2.2. 

Wee are not always able to follow the evolution until the detachment. However, the drop 
inn mass-loss rate suggests that RLOF is about to end. Almost the entire envelope is removed 
fromm the star during RLOF, supporting Delgado & Thomas (1981)'s result. The remnants of 
1.55 and 1.8 M 0 helium stars are degenerate CO white dwarfs with masses of 0.9 - 1.05 M©, 
whichh are more massive than the remnants of case BAB mass transfer from helium stars in 
thee same range of mass. This trend resembles Pols (1994)'s result for case AB and B mass 
transfers.. Helium stars with initial mass 2.1 M 0 produce ONeMg white dwarfs. 

3.5.22 Roche-lobe overflow from 2.4 - 6.6 M© helium stars 
Thee following classification is based on the time of occurrence of the maximum mass-transfer 
rate;; whether it occurs far before, just before, or during carbon core burning. This can be eas-
ilyy recognized from their tracks in the HR diagram, as are shown in Fig. 3.6. The close orbit 
systemss are characterized by a small hump (indicated by a star) which marks the transition 
fromm the rapid to the slow mass-transfer phase. The wide orbit systems are characterized by 
thee up and down movement (see the right-hand side inset in Fig. 3.6) which is caused by 
thee decreasing and increasing of the mass-loss rate due to the appearance and disappearance 
off  the C-burning convective shells (except in a 2.4 M© helium star). The intermediate orbit 
systemss show none of the two characteristics. 

Beforee RLOF is initiated, gravitational-wave radiation only plays a role in shrinking the 
orbitt in helium stars with masses of 2.4 - 3.4 M© in close orbits during the early phase of 
theirr evolution. In stars of the same masses in wider orbits, gravitational-wave emission is 
negligiblee so that the orbit remains constant. Wind mass loss dominates the loss of angular 



3.53.5 Results: Case BB mass transfer 63 3 

Tablee 3.3. The binary parameters in case BB mass transfer from 1.5 - 2.1 M0 helium stars: the initial 
masss and period; the duration, amount of mass removed from the helium star, and the maximum mass-
losss rate during the Roche-lobe overflow; the final mass and period, the final mass of the helium in the 
envelopee and the final mass of the neutron star. Masses are in solar mass, mass-loss rate in M 0 yr~l, 
timee in yr, and period in days. 

M\M\ Pt 

1.55 0.08 
0.50 0 
1.00 0 

1.88 0.08 
0.50 0 
1.00 0 

2.11 0.08 
0.50 0 
1.00 0 

A/RLOFF AM Mmax 

3.811 x lO5 0.581 2.2 x lO" 6 

1.16xl055 0.559 9.8 x lO" 6 

8.777 x 104 0.527 1.5 x lO" 5 

2.411 x 105 0.793 5.6 x 10~6 

6.533 x 104 0.749 2.4 x 10"5 

4.944 x 104 0.748 3.8 x 10"5 

1.511 xlO5 0.966 1.2xl0~5 

3.222 x 104 0.874 4.8 x 10~5 

2.033 x lO4 0.852 7.6 x lO" 5 

Mff  Pf MHe,e Mus,f 

0.8977 0.16 0.0154 1.411 
0.9400 0.97 0.0168 1.404 
0.9466 1.90 0.0164 1.403 
0.9966 0.16 0.0098 1.408 
1.0433 0.91 0.0070 1.402 
1.0466 1.79 0.0067 1.402 
1.1266 0.14 0.0220 1.404 
1.2244 0.73 0.0567 1.401 
1.2333 1.43 0.0632 1.401 

momentumm and widens the orbit during the giant phase of the above range of mass, and during 
thee whole evolution of Mne > 3.7 M 0 stars. 

3.5.2.11 Close-orbit systems 

Inn the close-orbit systems, mass transfer takes place initially on the donor star's thermal 
timescale.. The star contracts and the luminosity and effective temperature - as well as the 
periodd - decrease, until the mass-loss rate reaches a maximum, Mmax,i- Teff then increases 
untill  the point which marks the transition between the rapid- and slow-phase of mass transfer 
(thee hump marked by a star in Fig. 3.6). L reaches another minimum, while P also decreases 
too a minimum (point A). The star then moves to the upper left in the HR diagram. 

Thee appearance of a C-burning convective core (or off-centre shell in Mne < 2.5 M 0 

stars)) causes an increase in mass-loss rate to another maximum, Mmax,2, which varies from 
333 (in a 5.4 M 0 helium star) to 58 per cent (in a 2.4 M 0 helium star) of MmaX!i (see Fig. 3.3). 
Afterr the convective core stops growing in mass in MHe < 4 M 0 stars, during carbon core 
burning,, the mass-loss rate drops, the star moves to the left in the HR diagram and shrinks 
insidee its Roche lobe (point B, see the left-hand side insett in Fig. 3.6). The period is relatively 
constantt during this detached phase. 

Whenn the carbon abundance in the convective core drops below 0.1, the star expands 
again,, moves to the right in HR diagram, and the orbit expands.2 The second phase of RLOF 
occurss after the C-burning convective core has vanished (point C). The mass-loss rate in-

2Wee could not follow the subsequent evolution in AfHe < 2.5 M. stars. However, we expect that these stars will 
undergoo the same phenomenon as is found in the more massive ones. 
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logg Teff (K) 

Figur ee 3.6. The HR diagram for a 2.8 Mg helium star with a 1.4 MQ neutron-star companion in a 
closee (P; = 0?08), intermediate (P, = 0?5), and wide orbit (P\ = ld). The triangles mark the onset 
off  (first) mass transfer phase, and the rectangles the (first) maximum mass-loss rate. See text for an 
explanationn about the labels. 

creasess rapidly and reaches a maximum, Mmia3 (point D), when the first C-burning convec-
tivee shell appears. When this shell disappears, the mass-loss rate drops again. 

Inn Mne < 2.9 M 0 stars, the radius decreases and the components are again detached (point 
E).. The star moves to the left again at constant period until it reaches a minimum radius when 
thee second C-burning convective shell appears. The star fills its Roche lobe for the third time 
(pointt F) after the second convective shell has vanished. M increases and reaches a maximum 
value,, Mmax.4- The second RLOF lasts shorter than the first one, and the third one shorter 
thann the second, because the evolution of the interior region proceeds faster (Habets 1986a). 

Inn 3.1 - 4 Mr. helium stars, RLOF takes place in two episodes. After the first C-burning 
convectivee shell disappears, the mass-loss rate decreases to a minimum, but RLOF continues 
withoutt a detached phase. In 3.6 - 4 M Q helium stars, the first shrinkage of the star inside its 
Rochee lobe takes place later than in the lower-mass stars, i.e. when carbon is being depleted 
inn the core. The radius reaches its minimum value after the core has vanished. With the 
appearancee of the first C-burning convective shell, the star fills its Roche lobe for the second 
time. . 
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InIn MHe > 4 MQ stars, M also decreases after reaching Mmax,2, until carbon is exhausted 
inn the core. The behaviour of M subsequent to carbon core burning is erratic, but it never 
exceedss A/max,i. In this range of mass, the star never shrinks inside its Roche lobe. 

Whyy detached phases occur in one case and not in the other, and why the detachments 
takee place in different phases of carbon burning for different cases, can be understood as fol-
lows.. The start of each convective carbon burning phase (both in the core and in subsequent 
shells)) causes the core to expand. As a result, the envelope tends to contract and the star 
tendss to shrink inside its Roche lobe. In between the convective phases, the core contracts 
andd the envelope expands again. However, the reaction of the stellar surface is delayed by 
thee thermal diffusion timescale between the core and the surface. This timescale is roughly 
constantt for each star, and does not vary strongly with mass. On the other hand, the timescale 
forr C-burning decreases strongly with each successive convective phase, as well as with in-
creasingg mass, and eventually become much shorter than the thermal timescale. As a result, 
thee detachments are delayed or even absent for advanced phases and/or large masses. 

Thee transition from rapid to slow mass transfer is not found in Mne > 5.4 M 0 stars. 
Starss in this mass range with periods shorter than those in Table 3.4 go through dynamically 
unstablee mass transfer. 

3.5.2.22 Intermediate-orbit systems 

Inn the intermediate-orbit systems, RLOF occurs on the thermal timescale, the orbit shrinks, 
andd the maximum mass-transfer rate, Mmax,i, is reached not long before the appearance of 
thee C-burning convective core (or off-centre convective shell in 2.4 - 2.5 M© helium stars). 
Thee star moves afterwards to the upper left in the HR diagram (see Fig. 3.6). Unlike in 
thee close-orbit systems, the mass-transfer rate does not increase when the convective core 
appears.. Along with the increase in L and Teff, M decreases. 

InIn 2.4 - 2.9 M 0 helium stars, M decreases until the star shrinks inside its Roche lobe 
duringg carbon core (or off-centre shell) burning, and the system is detached (point a, see the 
middlee inset of Fig. 3.6 and Fig. 3.8). The period increases shortly after Mmax,i is reached, and 
iss relatively constant during the detached phase. When the carbon abundance in the core (or 
thee off-centre shell) drops below 0.1, the star reaches the bluest point (in 2.4 - 2.5 M© helium 
stars,, at this point the off-centre shell penetrates to the centre). The star expands, moves 
backk to the right in the HR diagram, and fill s its Roche lobe after the C-burning convective 
corecore has disappeared (point b). During the second RLOF, reff and L decrease while the period 
increases.. After the first C-burning convective shell disappears,, the mass-transfer rate reaches 
aa maximum, Mmax,2 (point c), before decreasing again (see Fig. 3.8). 

Inn 3.1 - 5.8 M 0 helium stars in intermediate orbits, RLOF takes place without detached 
stages.. After Mmax,i, M goes through a minimum and then increases again. Also due to 
thee difference in thermal timescale between the core and the envelope, the occurence of the 
minimumm M (particularly in this range of mass) varies. Like in the close-orbit systems, the 
periodd decreases throughout the whole mass-transfer phase. 
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Figur ee 3.7. Case BB. Same as Fig. 3.3 for a 2.8 M 0 helium star with a 1.4 M e neutron star in a close 
orbit,, during the case BB mass transfer. In the fifth panel, the upper and lower dotted lines show the CO 
andd ONeMg core masses (the latter is defined as the mass where the carbon abundance is below 0.1); 
andd the shaded area mark the carbon-burning convective regions. 
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Figur ee 3.8. Case BB. Same as Fig. 3.7 for a 2.8 MQ helium star in an intermediate orbit. 
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Tablee 3.4. Same as Table 3.3 for 2.4 - 6.6 M© helium stars.*  and **  denote the second and third 
phasess of Roche-lobe overflow, respectively. The number in the Note column indicates the carbon shell 
burningg in which the calculation stops, a implies the appearance of the shell, b the shell burning, and d 
thee disappearance of the shell; c signifies that the calculation goes up to the penetration of the helium-
burningg convective shell to the surface. For 2.4 and 2.5 MQ stars, cb denotes the C-burning and cd the 
depletionn of carbon in the off-centre shell. 

M\M\ P\ ATRLOF AM M MMu u A/detachedd Mf Pf MHe,e M] NS,f f Note e 

2. 44 0.0 8 

0.5 0 0 

2.0 0 0 

2. 55 0.0 8 

0.5 0 0 

2.0 0 0 

2. 88 0.0 8 

* * 
** * 

0.5 0 0 
* * 

1.0 0 0 

2. 99 0.0 8 
* * 

** ** 
0.5 0 0 

* * 
1.0 0 0 

3. 11 0.0 8 
* * 

0.3 0 0 

0.5 0 0 

3. 22 0.0 8 
* * 

0.3 0 0 

0.5 0 0 

3. 44 0.0 8 

* * 
0.3 0 0 

0.4 0 0 

3. 66 0.0 9 

* * 

9.9 88 x 

1.8 22 x 

6.1 88 x 

8.8 44 x 

1.3 11 x 

7.14 x x 

6.3 77 x 

1.3 55 x 

4.1 44 x 

9.3 44 x 

2.4 00 x 

8.6 55 x 

5.8 55 x 

1.3 99 x 

3.2 22 x 

8.3 55 x 

2.0 22 x 

6.7 22 x 

4.7 99 x 

1.3 99 x 

1.4 55 x 

8.2 00 x 

4.3 99 x 

1.2 11 x 

1.2 33 x 

6.9 66 x 

3.7 00 x 

8.9 00 x 

9.4 22 x 

6.5 55 x 

3.0 66 x 

8.3 00 x 
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0.87 8 8 

0.77 3 3 

1.22 2 2 

0.04 2 2 

0.00 1 1 

0.92 9 9 

0.11 1 1 

1.01 7 7 

1.25 2 2 

0.04 6 6 

0.00 1 1 

0.92 2 2 

0.10 7 7 

0.97 5 5 

1.30 7 7 

0.05 4 4 

1.12 3 3 

1.01 5 5 

1.32 8 8 

0.05 3 3 

1.09 5 5 

1.00 3 3 

1.36 9 9 

0.04 4 4 

1.08 3 3 

1.03 5 5 

1.36 3 3 

0.04 4 4 

2. 44 x 

8. 44 x 

2. 33 x 

3. 11 x 

9. 88 x 

1. 99 x 

5. 44 x 

5. 33 x 

1. 99 x 

1. 77 x 

4. 33 x 

2. 44 x 

6. 55 x 

5. 88 x 

1. 66 x 

1. 99 x 

9. 66 x 

2. 33 x 

9. 00 x 

6. 66 x 

1. 55 x 

2. 66 x 

1. 11 X 

6. 66 x 

1. 66 x 

2. 88 x 

1. 33 x 

6. 22 x 

2. 22 x 

2. 99 x 

1. 66 x 

1. 44 x 

IO" 5 5 

O"5 5 

io-4 4 

io-5 5 

m-5 5 

IO" 4 4 

IO" 5 5 

IO" 5 5 

IO" 5 5 

IO" 4 4 

IO" 5 5 

o-" " 
IO" 5 5 

IO" 5 5 

IO" 6 6 

o-" " 
0~5 5 

io-" " 
o-5 5 

o-5 5 

O"4 4 

o-4 4 

o-" " 
o-5 5 

o-" " 
0 - 4 4 

o-" " 
o-5 5 

o-" " 
o-" " 
O"4 4 

IO" 4 4 

4.6 88 x  IO 3 

9.0 22 x  IO 2 

2.0 88 x  IO 3 

3.8 55 x  IO 3 

5.3 44 x  IO 2 

9.6 22 x  IO 2 

2.8 11 x  IO 3 

2.3 33 x  IO 3 

1.6 66 x  IO 3 

1.1 00 x  IO 3 

1.30 5 5 

1.44 3 3 

1.52 8 8 

1.37 4 4 

1.56 1 1 

1.67 5 5 

1.52 8 8 

1.68 6 6 

1.70 1 1 

1.59 2 2 

1.77 5 5 

1.83 4 4 

1.71 6 6 

1.88 7 7 

1.98 1 1 

1.78 6 6 

1.97 6 6 

2.07 9 9 

1.91 9 9 

2.15 4 4 

2.20 6 6 

2.05 9 9 

0.1 1 1 

0.5 8 8 

2.1 9 9 

0.1 0 0 

0.5 2 2 

2.0 2 2 

0.0 8 8 

0.4 7 7 

0.9 3 3 

0.0 7 7 

0.4 4 4 

0.8 7 7 

0.0 6 6 

0.2 3 3 

0.4 0 0 

0.0 6 6 

0.2 2 2 

0.3 8 8 

0.0 5 5 

0.2 0 0 

0.2 8 8 

0.0 6 6 

0.046 9 9 

0.107 6 6 

0.186 4 4 

0.060 2 2 

0.167 5 5 

0.273 4 4 

0.041 1 1 

0.103 3 3 

0.107 1 1 

0.045 3 3 

0.125 9 9 

0.172 6 6 

0.048 7 7 

0.111 3 3 

0.197 9 9 

0.052 8 8 

0.128 4 4 

0.228 1 1 

0.063 5 5 

0.187 6 6 

0.233 3 3 

0.067 6 6 

1.40 3 3 

1.40 0 0 

1.40 0 0 

1.40 3 3 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

1.40 0 0 

cd d 
cd d 
cd d 
cb b 
cb b 
cd d 

2b b 

2b b 
4a, c c 

2a a 

2a a 
3a, c c 

2b b 
3b, c c 

2b b 

2b b 
3b, c c 

2b b 

2b b 
2b b 
2a a 

2d, c c 

(continued(continued on the next page) 
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Tablee 3.4 (continuation from previous page) 

Mjj  P[ A/RLOF AM Mmax Attached Mf Pf MHe,e MNs,f Note 

0.2 5 5 
0.4 0 0 

3. 88 0.0 9 
* * 

0.2 5 5 
0.3 0 0 

4. 00 0.0 9 

4. 4 4 

4. 8 8 

5.1 1 

5. 4 4 

6. 2 2 
6. 6 6 

0.2 0 0 
0.4 0 0 
0.0 9 9 
0.1 5 5 
0.3 0 0 
0.0 8 8 
0.1 5 5 
0.3 0 0 
0.0 8 8 
0.1 0 0 
0.2 0 0 
0.0 8 8 
0.1 0 0 
0.2 0 0 
0.0 8 8 
0.1 0 0 
0.0 8 8 
0.0 8 8 

1.0 33 x 
5.5 33 x 
2.6 11 x 
6.6 22 x 
9.1 55 x 
6.2 77 x 
2.4 00 x 
6.2 00 x 
1.0 44 x 
3.9 11 x 
1.8 55 x 
1.0 33 x 
4.3 33 x 
1.5 66 x 
6.9 66 x 
3.3 22 x 
1.17 x x 
8.9 44 x 
4.2 77 x 
1.0 77 x 
8.5 33 x 
3.18 x x 
6.6 88 x 
4.8 99 x 
4.6 11 x 
3.3 66 x 

104 4 

[0 3 3 

104 4 

102 2 

[0 3 3 

[0 3 3 

104 4 

102 2 

104 4 

103 3 

104 4 

I0 4 4 

103 3 

104 4 

103 3 

I0 3 3 

104 4 

103 3 

[O 3 3 

SO4 4 

I0 3 3 

!0 3 3 

!0 3 3 

103 3 

[O3 3 

[O3 3 

1.141 1 
1.025 5 
1.358 8 
0.024 4 
1.148 8 
1.080 0 
1.347 7 
0.021 1 
1.173 3 
0.791 1 
1.293 3 
1.144 4 
0.864 4 
1.211 1 
1.061 1 
0.552 2 
1.110 0 
1.041 1 
0.841 1 
1.080 0 
1.027 7 
0.508 8 
1.003 3 
0.925 5 
0.886 6 
0.537 7 

2.22 x 
3.33 x 
1.88 x 
5.77 x 
2.77 x 
3.22 x 
2.00 x 
6.55 x 
2.55 x 
3.66 x 
1.77 x 
2.33 x 
3.55 x 
1.88 x 
2.88 x 
3.77 x 
2.00 x 
2.22 x 
3.44 x 
2.11 x 
2.33 x 
3.55 x 
2.77 x 
3.22 x 
3.44 x 
4.00 x 

io-4 4 

io-4 4 

io-4 4 

IO"5 5 

io-4 4 

io-4 4 

IO"4 4 

io-5 5 

IO"4 4 

IO"4 4 

IO"4 4 

IO"4 4 

IO-4 4 

IO"4 4 

IO-4 4 

IO-4 4 

IO"4 4 

IO"4 4 

IO-4 4 

IO"4 4 

IO"4 4 

IO-4 4 

IO"4 4 

IO"4 4 

IO"4 4 

IO"4 4 

8.822 x IO2 

7.200 x IO2 

2.258 8 
2.367 7 

2.183 3 
2.366 6 
2.399 9 

2.268 8 
2.419 9 
2.776 6 
2.392 2 
2.516 6 
2.774 4 
2.481 1 
2.586 6 
3.092 2 
2.555 5 
2.599 9 
2.802 2 
2.591 1 
2.625 5 
3.201 1 
2.871 1 
2.930 0 
3.117 7 
3.601 1 

0.1 6 6 
0.2 7 7 

0.0 6 6 
0.1 6 6 
0.2 0 0 

0.0 6 6 
0.1 3 3 
0.3 0 0 
0.0 6 6 
0.1 1 1 
0.2 4 4 
0.0 7 7 
0.1 3 3 
0.3 3 3 
0.0 8 8 
0.1 0 0 
0.2 1 1 
0.0 9 9 
0.1 0 0 
0.2 7 7 
0.1 0 0 
0.1 2 2 
0.1 1 1 
0.1 5 5 

0.187 4 4 
0.280 4 4 

0.095 5 5 
0.188 4 4 
0.227 3 3 

0.103 9 9 
0.191 7 7 
0.522 9 9 
0.119 9 9 
0.195 8 8 
0.423 3 3 
0.138 5 5 
0.203 8 8 
0.673 9 9 
0.150 5 5 
0.177 5 5 
0.337 7 7 
0.149 6 6 
0.169 6 6 
0.583 2 2 
0.164 1 1 
0.200 9 9 
0.218 3 3 
0.451 7 7 

1.400 0 
1.400 0 

1.400 0 
1.400 0 
1.400 0 

1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 
1.400 0 

2a a 
2d, c c 

2a a 
3b, c c 
2a, c c 

2b, c c 
2b b 
3b b 
2a, c c 
l b b 
2d d 
l b b 
l a a 
2d d 
l b b 
l b b 
2d d 
2b b 
2b b 
2b b 
2b, c c 
2b b 
2b b 
2b b 

3.5.2.33 Wide-orbit systems 

Thermal-timescalee RLOF is most rapid in wide-orbit systems, and the maximum mass-loss 
rate,, MmaX)i , is reached during the carbon core (or off-centre shell) burning. The mass-transfer 
ratee then decreases and reaches a minimum value (in a 2.4 M 0 helium star, the decrease in 
MM leads to a detachment), before reaching another maximum, MmaX2. The increases and 
decreasess in M can be seen in the HR diagram as the up and down movements (see Fig. 3.6). 
Exceptt in a 2.4 M 0 helium star, RLOF in wide-orbit systems takes place without any detached 
stages.. Again, only in Mae < 2.9 M© stars does the period reach a minimum value shortly 
afterr Mmax, i. 
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timee (106 yr) 

Figur ee 3.9. Case BB. Same as Fig. 3.7 for a 2.8 M e helium star in a wide orbit. Instead of central 
abundances,, the second panels show the stellar luminosity (dash-dotted-), and the contributions of he-
liumm burning (solid-), carbon burning (dotted-), and neutrino losses (dashed-line). The panels on the 
right-handd side show the evolution around the penetration of the He-burning convective shell to the 
surface. . 

3.5.2.44 The He-burning convective envelope and common-envelope evolution 

Ass can be seen in the right-hand panels of Fig. 3.9, a He-burning convective shell appears 
inn the envelope before the appearance of the third C-burning convective shell. Such a shell 
alsoo appears in previous helium star calculations (e.g. Habets 1986a,b; Nomoto 1984, 1987; 
Polss 2003). Because of the small envelope mass, this shell almost penetrates to the surface 
afterr the disappearance of the third C-burning convective shell. In response to mass loss from 
aa convective envelope, the star expands, M increases enormously by 2 orders of magnitude, 
andd the orbit widens. L and Tes decrease and the star moves to the lower right in the HR 
diagramm (see Fig. 3.6). In a 3.8 M 0 helium star, the He-burning convective shell appears and 
penetratess to the surface before the second C-burning convective shell appears. 

Wee are not always able to follow the evolution of the helium stars beyond the appearance 
off  the second C-burning convective shell. However, we found that the behaviour occurs 
forr those masses and orbits that we were able to compute the furthest (see the c notation 
inn Table 3.4) in helium stars less massive than 4 M s . Therefore, we expect that this is a 
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typicall  phenomenon of the late stage of a case BB mass transfer from M\\Q < 4 M© stars (in 
RLOFF initiated during carbon shell burning (Habets 1986a), the envelope is thick so that the 
expansionn of He-burning convective shell occurs deep inside the envelope). In My\t > 4 M 0 

thee start of a convective shell is only found in close orbits, but not in the wide orbits athough 
thee calculations were done up to the same stage of evolution. However, we cannot exclude 
thee suggestion that such a convective shell does eventually develop in these more massive 
starss as well. 

Thee outcome of mass transfer in the presence of a convective helium envelope is not 
clear.. Mass transfer might become dynamically unstable which would lead to a CE and 
spiral-inn phase. Although we do not find a convective envelope in helium stars more massive 
thann 4 M 0 in wider orbits, the large mass ratio (q > 2.6 at the onset of RLOF) and the 
highh mass-loss rate (M > 10- 4 M© yr_1) suggest that a CE and spiral-in phase will very 
likelyy also take place. However, the high luminosity due to neutrino emission (Ly > 107 L 0) 
suggestss that the core will collapse within a few decades after the end of the calculation. The 
closenesss to collapse is supported by the fact that Ne-burning has already started radiatively 
off-centree when the fourth C-burning convective shell appears. The explosion will probably 
bee observed as a type Ic supernova. Nevertheless, should the two components undergo a 
spiral-in,, a merger will not necessarily occur. A crude calculation of the gravitational binding 
energyy of the convective envelope to the CO-core boundary of a 3.2 M 0 helium star when the 
penetrationn takes place yields X = 0.123. With rjcE = 1, ^He = 1 -98 M 0, MCOre = 1 -62 M 0 and 
Port,, = 0?22, we obtain from eq. (2.4) a final separation of 0.0729 R0 (period of 1F89), which 
iss still larger than the radius of the core (0.0275 R0). Without helium left in the envelope, the 
explosionn will be observed as a type Ic supernova. The close post-SN separation subjects the 
twoo neutron stars to a strong loss of gravitational-wave radiation, causing the two compact 
starss to merge on a timescale of 2 500 years, which may produce a gamma-ray burst. 

3.5.2.55 Final masses and outcome 

Thee final masses and periods are shown in Table 3.4. Here final corresponds to the last stage 
off  our calculations, which varies from the appearance of the first C-burning convective shell 
too the penetration of the He-burning convective shell to the surface. We found that after 
thee carbon convective core has disappeared, only a small amount of mass is transferred to 
thee neutron star. The period alters insignificantly. Hence, the values in Table 3.4 can be 
consideredd as the final masses and periods prior to SN explosion, unless a spiral-in phase 
occurss as discussed in Sect. 3.5.2.4. 

Withh increasing initial period and decreasing initial mass, the amount of transferred mat-
terr decreases. In 2.4 - 2.5 M 0 helium stars, the mass of the remnant ranges from 1.3 -
1.66 M©, but the mass of the CO core (1.21 - 1.34 M 0) never exceeds the Chandrasekhar 
limitingg mass, A/ch- These stars will develop degenerate ONeMg cores. The future of these 
systemss is not clear since they could not be computed through carbon burning. If the ONeMg 
coree can grow to 1.37 - 1.39 M 0, they will undergo a SN explosion triggered by electron 
capturee on Ne and Mg (e.g. Nomoto 1984, 1987), otherwise they will become heavy ONeMg 
whitee dwarfs. 
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Starss with M^e > 2.6 — 2.8 M 0 which undergo case BB mass transfer develop CO cores 
moree massive than Wch (where the actual lower mass limit probably depends on the orbital 
period).. These stars will eventually complete neon, oxygen and silicon burning and form iron 
cores.. The collapse of the Fe core by photodisintegration triggers a SN explosion, leaving a 
neutron-starr remnant. 

Thee final amount of helium left in the envelope probably determines whether the explo-
sionn wil l be a Type lb or a Type Ic supernova. The main observational criterion to distinguish 
betweenn these types is the detection of helium in the spectrum. Helium is generally absent 
inn SNe Ic, although a small amount may be present (Filippenko et al. 1995). The maximum 
allowedd amount of He is very uncertain, however, and may also depend on other factors such 
ass mixing during the explosion (Woosley & Eastman 1997). 

Forr low-mass He stars and/or close orbits, we find there may be as littl e as 0.04 M 0 of He 
left,, and generally < 0.10 M 0 (see Table 3.4). This is less than is achieved by stellar-wind 
masss loss in massive He-star models (Woosley, Langer, & Weaver 1995; Wellstein & Langer 
1999;; Pols 2003) and also less than obtained from conservative case ABB or case BB mass 
transferr models by Wellstein & Langer (1999). We conclude that case BB mass transfer to a 
compactt companion in a very-close binary is the most efficient way to produce almost bare 
COO cores prior to explosion. These stars wil l almost certainly produce a Type Ic supernova. 
Suchh a model was first suggested by Nomoto et al. (1994) as the progenitor of the Type Ic 
SNN 19941, and shown to match the observed lightcurve (Iwamoto et al. 1994). The amount 
off  He left in the envelope increases with increasing initial mass and initial period. Probably, 
thee more massive case BB remnants and those from the widest orbits undergo a Type lb 
explosion,, as do helium stars that avoid case BB mass transfer (Pols 2003). 

3.5.33 The binary millisecond pulsars and double neutron-star  pulsars 

Thee outcome of case BB mass transfer from 1.5 - 2.5 M 0 helium stars are heavy white dwarfs 
withh a neutron-star companion. Their positions in the period-mass plane (solid- and open-
circless in Fig. 3.10) cover the region where the existence of binary millisecond pulsars with 
heavyy white-dwarf companions cannot be explained by extreme mass transfer (Tauris et al. 
2000).. Systems like J1756-5322 (Porb = 0?453, M W D = 0.683 M 0 with the assumption that 
ii  = 60°) are not produced by our nor Tauris et al. (2000)'s calculations. Therefore, they must 
havee come from stars with 5 < MZAMS/M 0 < 8. 

Casee BB mass transfer from A/He > 2 . 6- 2.8 M 0 produces neutron-star binaries. At-
temptss to find the progenitors of the three known galactic double neutron-star binaries (out-
sidee the globular cluster) have been carried out e.g. by Yamaoka et al. (1993), Fryer & 
Kalogeraa (1997), Bagot (1997), and recently Francischelli et al. (2002). Their calculations 
weree approximated by the evolution of single helium stars, and it is often assumed that the 
heliumm star does not fil l its Roche lobe (i.e. 7?He < ^L,He) m order to avoid an unstable phase 
off  mass transfer. The orbital parameters of the observed binary pulsars are presented in Ta-
blee 1.1. Here we will try to see if our helium star calculations can explain their existence. 
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Iff  we simply assume that the radius of the pre-SN orbit (the helium-star binary), a0, must 
bee between the periastron and apastron distance of the post-SN orbit, ap, (Flannery & van 
denn Heuvel 1975) i.e., 

{\-e)a{\-e)app<a<a00<{l+e)a<{l+e)a pp (3.9) 

wheree e is the eccentricity of the binary pulsar, then from Kepler's third law we have the 
followingg condition 

(11 -efMpP* <M0Pl < (l + e)3MpPp
2 (3.10) 

wheree M0, Mp are the total pre- and post-SN masses; PQ, Pp are the pre- and post-SN periods. 
Wee plotted the allowed minimum and maximum pre-SN periods according to eq. (3.10) 

forr each double neutron-star binary in Fig. 3.10, under the assumption that the pulsar com-
panionn is a 1.4 M© neutron star. Fig. 3.10 shows that systems like B1913+16 are easy to 
producee from systems with initial masses of 2.4 - 6.7 M© in initial periods of 0?1 - 0?7, 
whilee systems like B1534+12 can be made from helium stars with the same range of mass 
inn a narrower range of period (0?3 - 0?6). None of the case BB models we have computed 
cann produce B1518+49-like systems. The remnant of the 2.4 M© system (indicated by the 
arroww in Fig. 3.10) is a ONeMg white dwarf/neutron star binary in a circular orbit. A case 
BCC evolution might be able to explain the formation of this system, or a Mne > 3 M 0 star, 
whichh avoids RLOF altogether (the shaded area in Fig. 3.10). 

Thee region to the left of the solid line in Fig. 3.10 produces white dwarfs. The area below 
thee solid curve will undergo case BA or dynamically unstable mass transfer (see Sect. 3.4). 
Therefore,, these regions can be considered as the zone of avoidance for the formation of 
doublee neutron stars. 

3.66 Conclusions 

Wee have done calculations of helium stars with masses in the interval of 1.5 - 6.7 MQ with 
aa 1.4 M© neutron star companion. We allowed the helium star to fill  its Roche lobe during 
heliumm core burning (case BA) and helium shell burning (case BB mass transfer). The final 
fatee of the helium star as a function of its initial mass and period is summarized in Fig. 3.11. 

Casee BA mass transfer from helium stars with masses of 1.5 - 2.9 M© occurs during 
heliumhelium core burning and stops when the central abundance of helium drops below 0.1 and 
thee star contracts. In helium stars less massive than 2.4 MQ, RLOF is stable and takes place 
onn the nuclear timescale. For 2.4 < AfHe/M© < 2.9, a rapid, thermal-time scale phase of 
RLOFF is followed by a stable, slow phase of mass transfer on the nuclear timescale. Driven 
byy radius expansion, a stable phase of case BAB mass transfer occurs during helium shell 
burning.. This phase of mass transfer stops when the degeneracy border is crossed and the 
starr contracts. During RLOF, the entire envelope is removed from the helium star. The 
remnantss of case BA mass transfer are heavy, degenerate CO white dwarfs. This implies that 
aa star with initial mass as large as 12 M© still can become a white dwarf, as also found by e.g. 
Wellsteinn et al. (2001) in stars that go through conservative contact-free case A evolution. 
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Figuree 3.10. Range of mass and period of the immediate pre-SN progenitor of double neutron-star 
binaries:: B1913+16 (dashed-), B1534+12 (dotted-), and J1518+49 (dash-dotted-line). Upper and lower 
liness represent the maximum and minimum pre-SN periods. The calculations done in this work are 
markedd according to the type of remnant they produce: CO white dwarfs (solid-circle), ONeMg white 
dwarff  (open-circle), or neutron stars (solid-stars). The orbital periods (P0) and masses Mne,f are those 
immediatelyy prior to the SN or the formation of the white dwarf. The region below and to the left of 
thee solid curve is the zone of avoidance for the formation of neutron stars. The shaded area marks the 
regionn where a double neutron star can be produced by avoiding RLOF. taken from Pols (2003) single 
heliumm stars calculation after taking into account the effect of stellar wind mass loss. 

Stablee case BB mass transfer from 1.5 - 2.1 M© stars takes place on the nuclear timescale 
andd stops when the degeneracy border is crossed and the star contracts. The entire envelope is 
removedd during RLOF, and heavy, CO (from 1.5 - 1.8 M Q) or ONeMg (from 2.1 M 0 helium 
stars)) white dwarfs are the remnants in this range of mass. Case BB mass transfer from 
2.44 - 2.5 M Q helium stars produces ONeMg white dwarfs and that from more massive ones 
producess neutron stars. RLOF from M\\e > 2.4 M© takes place on the thermal timescale. 
Inn close-orbit systems, this is followed by a slow, stable phase of mass transfer. There is 
aa tendency that the helium envelope becomes convective in helium stars less massive than 
44 M©. Mass transfer might become dynamically unstable in this case. However, the star 
probablyy collapses before a spiral-in can occur. Even if a CE and spiral-in phase does occur, 
thee system is likely to survive. In both cases, a double neutron-star binary is formed. 
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Figuree 3.11. The final fate of the helium stars borm in systems consisting of helium star and neutron 
star:: CO white dwarf (solid-circle), ONeMg white dwarf (open-circle), or neutron star (solid-star). P\ 
andd M\\t are the orbital period and helium star mass at the onset of the evolution of the binary. The lines 
separatee the regions of case BA, BB, and BC mass transfers, taken from Pols (2003)'s single helium 
starss calculations. The shaded area mark the region where mass transfer is dynamically unstable. 

Fromm the amount of helium left in the envelope, we suggest that helium stars of high mass 
orr in a wide orbit produce type lb SNe. Type Ic SNe come from helium stars of lower mass or 
inn a close orbit. We are also able to provide a zone of avoidance for the formation of double 
neutronn stars. 
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