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Abstract. We have performed detailed numerical calculatiorfsom a donor star. The general scenario of this process is fairly
of the non-conservative evolution of close binary systems witvell understood qualitatively (cf. review by Bhattacharya &
low-mass {.0-2.0 M) donor starsandi3 M accreting neu- van den Heuvel 1991), but there remain many details which are
tron star. Rather than using analytical expressions for simgldl uncertain and difficult to analyze quantitatively. It is our
polytropes, we calculated the thermal response of the domim to highlight these problems in a series of papers and try to
star to mass loss, in order to determine the stability and follamswer them using detailed numerical calculations with refined
the evolution of the mass transfer. Tidal spin-orbit interactiossellar evolution and binary interactions.

and Reimers wind mass-loss were also taken into account. There are now more than 30 binary millisecond pulsars

We have re-calculated the correlation between orbital pgaiown in the Galactic disk. They can be roughly divided into
riod and white dwarf mass in wide binary radio pulsar systentbree observational classes (Tauris 1996). Class A contains the
Furthermore, we find an anti-correlation between orbital periedde-orbit (P.,1, > 20 days) binary millisecond pulsars (BM-
and neutron star mass under the assumption of the “isotropic®&s) with low-mass helium white dwarf companiofs(p <
emission” model and compare this result with observations. Wel5 M), whereas the close-orbit BMSPE.(;, < 15 days)
conclude that the accretion efficiency of neutron stars is ratleansist of systems with either low-mass helium white dwarf
low and that they eject a substantial fraction of the transferredmpanions (class B) or systems with relatively heavy CO white
material even when accreting at a sub-Eddington level. dwarf companions (class C). The latter class evolved through a

The mass-transfer rate is a strongly increasing function giiase with significant loss of angular momentum (e.g. common
initial orbital period and donor star mass. For relatively closnvelope evolution) and descends from systems with a heavy
systems with light donord{,,;, < 10 days and/s < 1.3 My) donor star2 < Ms/Mg < 6. The single millisecond pul-
the mass-transfer rate is sub-Eddington, whereas it can be higdys are believed to originate from tight class B systems where
super-Eddington by a factor ef 10* for wide systems with the companion has been destroyed or evaporated — either from
relatively heavy donor star$ .6 ~ 2.0 M) as a result of their X-ray irradiation when the neutron star was accreting, or in
deep convective envelopes. We briefly discuss the evolutiontbé form of a pulsar radiation/wind of relativistic particles (e.g.
X-ray binaries with donor stars in excess2af/,. Podsiadlowski 1991; Tavani 1992).

Based on our calculations we present evidence that PSR The evolution of a binary initially consisting of a neutron
J1603-7202 evolved through a phase with unstable mass tratar and a main-sequence companion depends on the mass of the
fer from a relatively heavy donor star and therefore is likely tcompanion (donor) star and the initial orbital period of the sys-
host a CO white dwarf companion. tem. If the donor star is heavy compared to the neutron star then

the mass transfer is likely to result in a common envelope (CE)

Key words: stars: evolution — stars: mass-loss — stars: binevolution (Paczynski 1976; Webbink 1984; Iben & Livio 1993)
ries: general — stars: neutron — stars: white dwarfs — methodstere the neutron star spirals in through the envelope of the
numerical donor in a very short timescale of less tha yr. The observa-
tional paucity of Roche-lobe filling companions more massive
than~ 2 M, has been attributed to their inability to transfer
1. Introduction mass in a stable mode such that the system becomes a persis-

. ] ] . tent long-lived X-ray source (van den Heuvel 1975; Kalogera
Millisecond pulsars are cha_lracterlzed by short rotatlongl p_e”°§§Nebbink 1996). For lighter donor stars (2 M) the system
(Pepin < 030 ms) and relatively weak surface magnetic fieldg,q|ves into a low-mass X-ray binary (LMXB) which evolves
(B < 10_ G) and are often found in blnarlgs with awhite dwarf, 5 much longer timescale 67—10° yr. It has been shown
companion. They are old neutron stars which have been recyqlgdoy |y ser & Savonije (1988,1989) that an orbital bifurcation
in a close binary via accretion of mass and angular moment%@riod (Poir) separates the formation of converging systems

Send offprint requests ttauris@astro.uva.nl (which evolve with decreasing orbital periods until the mass-
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losing component becomes degenerate and an ultra-comfiiacts a simultaneous and implicit solution of both the stellar

binary is formed) from the diverging systems (which finallgtructure equations and the diffusion equations for the chemical

evolve with increasing orbital periods until the mass losing staomposition. New improvements are the inclusion of pressure

has lost its envelope and a wide detached binary is formed). liagization and Coulomb interactions in the equation-of-state,

the LMXBs with P4, > Py (=~ 2 days) which are the subjectand the incorporation of recent opacity tables, nuclear reaction

of this paper — the progenitors of the wide-orbit class A BMSPsates and neutrino loss rates. The mostimportant recent updates
In these systems the mass transfer is driven by the interadrthis code are described in Pols et al. (1995; 1998) and some

thermonuclear evolution of the companion star since it evolvage summarized in Han et al. (1994).

into a (sub)giant before loss of orbital angular momentum dom- We performed such detailed numerical stellar evolution cal-

inates. In this case we get an LMXB with a giant donor. Thesailations in our work since they should result in more realistic

systems have been studied by Webbink et al. (1983), Taassults compared to models based on complete, composite or

(1983), Savonije (1987), Joss et al. (1987) and recently Raypndensed polytropes.

paport et al. (1995) and Ergma et al. (1998). For a donor star We have included a number of binary interactions in this

on the red giant branch (RGB) the growth in core-mass is diede in order to carefully follow the details of the mass-transfer

rectly related to the luminosity, as this luminosity is entirelprocess in LMXBs. These interactions include losses of orbital

generated by hydrogen shell burning. As such a star, wittreagular momentum due to mass loss, magnetic braking, gravi-

small compact core surrounded by en extended convective &tional wave radiation and the effects of tidal interactions and

velope, is forced to move up the Hayashi track its luminosityradiation of the donor star by hard photons from the accreting

increases strongly with only a fairly modest decrease in temeutron star.

perature. Hence one also finds a relationship between the gi-

antis radjus and the mass of its degenerate'helium core — aln:r)qsf-he equations governing orbital evolution

entirely independent of the mass present in the hydrogen-rich

envelope (Refsdal & Weigert 1971; Webbink et al. 1983). [fhe orbital angular momentum for a circ{fidinary is:

the scenario under consideration, the extended envelope of the Mys Moy

giant is expected to fill its Roche-lobe until termination of théorb = —— €2 a? (1)

mass transfer. Since the Roche-lobe radiysonly depends . )
on the masses and separation between the two stars it is cfd4¢rea is the separation between the stellar componeuts;

that the core-mass, from the moment the star begins Roche-1898 /> are the masses of the (accreting) neutron star and the
overflow, is uniquely correlated with the orbital period of th§°mMpanion (donor) star, respectively, = Mys + M and the

system. Thus also the final orbital peridef,,, (2 ~ 10° days) orbital angular velocity) = /G'M/a®. HereGi is the constant

is expected to be a function of the mass of the resulting whRgdravity. A simple logarithmic differentiation of this equation

dwarf companion (Savonije 1987). It has also been argued tHigds the rate of change in orbital separation:

the core-mass determines the_ rate of mass tra_nsfer (Webbink et 7 Mys My,  Mys + My

al. 1983). For a general overview of the evolution of LMXBs = = 2 —o = o2 > 2 2)
a Jorb Mns M, M

see e.g. Verbunt (1990). _ ) _

In this study we also discuss the final post-accretion ma¥gere the total change in orbital angular momentum is:
of the neutron star and confront it with observations and th; ; : ; ;
me Jls Jml (3)

‘orb

consequences of the new theory for kaon condensation in tHe> = T

core of neutron stars which result in a very soft equation-o Jorb  Jor  Jorb  Jorp

state and a corresponding maximum neutron star mass of ohfie first term on the right side of this equation gives the change

~1.5M, (Brown & Bethe 1994). in orbital angular momentum due to gravitational wave radiation

In Sect. 2 we briefly introduce the code, and in Sects. 3 afldéndau & Lifshitz 1958):

4 we outline the orbital evolution and the stability criteria for; 3

mass transfer. We present the results of our LMXB calculatioJ ML 32(; Mys ];/‘[2 M s1 4)

in Sect.5 and in Sect. 6 we discuss our results and comp&rad de a

with observations. Our conclusions are given in Sect. 7 andvlerec is the speed of light in vacuum. The second term arises

summary table of our numerical calculations is presented in tthee to magnetic braking. This is is a combined effect of a

Appendix. magnetically coupled stellar wind and tidal spin-orbit coupling

which tend to keep the donor star spinning synchronously with

o ) ) the orbital motion. Observations of low-mass dwarf stars with

2. A brief introduction to the numerical computer code rotational periods in the range bk~ 30 days (Skumanich 1972)

We have used an updated version of the numerical stellar e§BoW that even a weak (solar-like) wind will slow down their ro-

lution code of Eggleton. This code uses a self-adaptive, ndation in the course of time due to interaction of the stellar wind

Lagrangian mesh-spacing which is a function of local pressuré, we assume circular orbits throughout this paper — tidal effects

temperature, Lagrangian mass and radius. It treats both cating on the near RLO giant star will circularize the orbit anyway on
vective and semi-convective mixing as a diffusion process aaghort timescale of 10* yr, cf. Verbunt & Phinney (1995).
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with the magnetic field induced by the differential rotation in theot lose any significant amount material in the form of a direct
convective envelope. For a star in a close binary system, theword — except for an irradiated donor in a very close binary
tational braking is compensated by tidal coupling so that orbitgfstem, or an extended giant donor evolving toward the tip of
angular momentum is converted into spin angular momentuhe RGB which loses a significant amount of material in a wind.
and the binary orbit shrinks. Based on this observed brakikgr the latter type of donors we used Reimers’ (1975) formula
law correlation between rotational period and age, Verbuntt& calculate the wind mass-loss rate:

Zwaan (1981) estimated the braking torque and we find:

. LR
= —13 2 -1
j [R2 GM2 M2 wind 4 x 10 TIRW ]\/[2 M@ yr (8)
mh o~ 05 x 107 W22 T -l (5)
~ . mb
Jorb a®  Mys My where the mass, radius and luminosity are in solar units and

whereR; is the radius of the donor stdris its moment of inertia 7rw IS the mass-loss parameter. We assumgd = 0.5 for

and ..., is a constant of order unity (see also discussion by Ra@Hr work — cf. Renzini (1981) and Sackmann et al. (1993) for

paport et al. 1983). In order to sustain a significant surface ma&gcussions. The mass-loss mechanism involving a circumstel-

netic field we required a minimum depth Bf,... > 0.065 R, lar toroid drains far too much orbital angular momentum from

for the convective envelope (cf. Pylyser & Savonije 1988 ariie LMXB and would be dynamical unstable resulting in a run-

references therein). Since the magnetic field is believed to ®#&ay event and formation of a CE. Also the existence of binary

anchored in the underlaying radiative layers of the star (Parkaglio pulsars with orbital periods of several hundred days ex-

1955), we also required a maximum depth of the convecti6iide this scenario as being dominant.

Z0Nne: Zeonv/R2 < 0.80 in order for the process of magnetic Hence, for most of the work in this paper we have<

braking to operate. These limits imply that magnetic braking and we shall assume = 0, and for LMXBs with large

operates in low-mass\{; < 1.5 M) stars which are not too mass-transfer rates the mode of mass transfer to consider is

evolved. therefore the “isotropic re-emission” model. In this model all
The third term on the right side of Eq. (3) describes pos$if the matter flows over, in a conservative way, from the donor

ble exchange of angu|ar momentum between the orbit and ﬂi@r to an accretion disk in the Vicinity of the neutron star, and

donor star due to its expansion or contraction. For both tfif¥en a fraction3 of this material is ejected isotropically from

term and the magnetic braking term we estimate whethertBe system with the specific orbital angular momentum of the

not the tidal torque is sufficiently strong to keep the donor stagutron star.

synchronized with the orbit. The tidal torque is determined by As mentioned above, since we present calculations here for

considering the effect of turbulent viscosity in the convectivgystems with initial periods larger than 2 days, loss of angular

envelope of the donor on the equilibrium tide. When the donBtomentum due to gravitational wave radiation and magnetic

star approaches its Roche-lobe tidal effects become strong BFRKing (requiring orbital synchronization) will in general not

lead to synchronous rotation. The corresponding tidal ener@§ very significant.

dissipation rate was calculated and taken into account in the

local energy balance of the star. The tidal dissipation term WS The mass-transfer rate

distributed through the convective envelope according to the lo-

cal mixing-length approximation for turbulent convection — sefedr every timestep in the evolution calculation of the donor star

Appendix for further details. the mass-transfer rate is calculated from the boundary condition
Since we present calculations here for systems Rith > On the stellar mass:

2 days, the most significant contribution to the overall change R,13

in orbital angular momentum is caused by loss of mass from thg, = —1 x 10° PS [ln Rj Mg yr=t 9)

system. This effect is given by:

Jot a+BR 4y +q)? My wherePS[z] = 0.5 [x + abs(z)] and Ry, is the donor’s Roche-

T ~ 11 q A (6) radius given by (Eggleton 1983):
Hereq = M, /Mxys is the mass ratio of the donor over the accrep 0.49¢*% a (10)
tor anda, 3 ands are the fractions of mass lost from the donor in 0.6 ¢*/3 +1n(1 + ¢'/3)

the form of afast wind, the mass ejected from the vicinity of th1ehe orbital separation follows from the orbital angular mo-
neutron star and from a circumstellar coplanar toroid (with ra- P 9

dius,a, = 2 a), respectively — see van den Heuvel (1994a) arEHe”t“m _balance —see Eqs. (1) and (3). Al these variabl_es are
Soberman et al. (1997). The accretion efficiency of the neutr|nr<]:luded in aHenyey iteration scheme. The above expression for
star is thus give.n bye — '1 —a— 36, or equivalently: t%e mass-transfer rate is rather arbitrary, as is the precise amount

of Roche-lobe overfill for a certain transfer rate; but the results
OMys = —(1 —a — 8 —6) OM, (7) are independent of the precise form as they are determined by

the response of the stellar radius to mass loss.
whered M, < 0. Note, that these factors will also be functions

of time as the binary evolve. Low-mads{ M) donor stars do
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4. Stability criteria for mass transfer 4.1. The Roche-radius expone(t,

The stability and nature of the mass transfer is very importafr binaries with orbital periods larger than a few days it is a
in binary stellar evolution. It depends on the response of tgeod approximation thafgwr, Jmb < Jm1 anda < 3 dur-
mass-losing donor star and of the Roche-lobe — see Sobernmgnthe RLO mass-transfer phase. Assumiiggr = Jup =0
etal. (1997) for a nice review. If the mass transfer proceeds oard o = § = 0 we can therefore use the analytical expression
shorttimescale (thermal or dynamical) the system is unlikely ¢éitained by Tauris (1996) for an integration of Eq. (2) to cal-
be observed during this short phase, whereas if the mass transisite the change in orbital separation during the LMXB phase
proceeds on a nuclear timescale it is still able to sustain a higlssuming a constap):
enough accretion rate onto the neutron star for the system to be
observable as an LMXB for an appreciable interval of time. 315__[),5 2

( ) ) (5) e w

When the donor evolves to fill its Roche-lobe (or alternag = M
tively, the binary shrinks sufficiently as a result of orbital an®® ¢(1—-p)+1 ¢+1
gular momentum losses) the unbalanced pressure at the {{jgkre the subscript ‘0’ denotes initial values. Here we have
Lagrangian point will initiate mass transfer (Roche-lobe ovegyded an extra factor),:
flow, RLO) onto the neutron star. When the donor star is per-
turbed by removal of some mass, it falls out of hydrostatic a (dJI)s
thermal equilibrium. In the process of re-establishing equiligi = oXp (2/0 T )
rium, the star will either grow or shrink — first on a dynamical
(sound crossing), and then on a slower thermal (heat diffusiem,account for the tidal spin-orbit coupling sindg # 0. One
or Kelvin-helmholtz) timescale. Also the Roche-lobe change#m of this study is to evaluate the deviationlgf from unity.
in response to the mass transfer/loss. As long as the donor star'df we combine Egs. (7), (10) and (15), assuming = 1,
Roche-lobe continues to enclose the star the mass transfexdsobtain analytically:
stable. Otherwise it is unstable and proceeds on a dynamical
timescale. Hence the question of stability is determined by.a _ 9In Ry (3111@ alll(RL/a)) Olng

(16)

comparison of the exponents in power-law fits of radius to mas%, dlnM, \Olng Olng Oln M

R o M¢, for the donor star and the Roche-lobe, respectively: — 1+ -pB)glv+(5-30)q (17)
_ OlnRy _ OlnRy,

Cdonor = 9ln M, L = 9ln M, (11) where

3 1+g¢g 0.6 +¢~2/31n(1 + ¢'/3)

where R, and M, refer to the mass losing donor star. Given 4 q 2/54+1/3¢ V3 (14 ¢/3)1
Ry = Ry, (the condition at the onset of RLO) the initial stabilityql) = [ -

criterion becomes:
G < Cdonor (12) In the limiting case where — 0 (when the accretor is much

. . . .. heavier than the donor star) we find:
where(qonor 1S the adiabatic or thermal (or somewhere in be- )

tween) response of the donor star to mass loss. Note, that ifig ¢ = —5/3 (19)
stability might change during the mass-transfer phase so that®

initially sta_tble systems_ become unstat_)le, or vice versa, Iater_IJ(Fe behavior oty (g, 8) for LMXBs is shown in Fig. 1. We
the evolution. The radius of the donor is a function of time an o . .
mass and thus: note that;, does not depend strongly gh This figure is quite

useful to get an idea of the stability of a given mass transfer

} (18)

Ry = @ + Rs Caonor M (13) when comparing witl{ for the donor star. We see that in gen-
ot |, Mo eral the Roche-lobeR;, increases(, < 0) when material is

. IRy A transferred from a light donor to a heavier NS< 1) and corre-

Ry, = —| +RL({— (14) spondinglyRy, decreases(, > 0) when material is transferred
ot |y, M, from a heavier donor to a lighter Ng (> 1). This behavior

The second terms follow from Eq. (11); the first term of Eq. (133 easily understood from the bottom panel of the same figure
is due to expansion of the donor star as a result of nuclear burmvigere we have plottedd In(a)/01n(q) as a function of. The
(e.g. shell hydrogen burning on the RGB) and the first term sign of this quantity is important since it tells whether the orbit
Eq. (14) represents changedipn which are not caused by massexpands or contracts in response to mass transfer§gote0).
transfer such as orbital decay due to gravitational wave radiatMfe notice that the orbit always expands whes 1 and it al-
and tidal spin-orbit coupling. Tidal coupling tries to synchronizevays decreases when> 1.28, whereas foll < ¢ < 1.28 it

the orbit whenever the rotation of the donor is perturbed (e@an still expand if3 > 0. There is a point a§ = 3/2 where

as a result of magnetic braking or an increase of the momeéxiy(a)/01n(g) = 2/5 is independent of. It should be men-
of inertia while the donor expands). The mass-loss rate of thiened that if3 > 0 then, in some cases, it is actually possible
donor can be found as a self-consistent solution to Egs. (13) dodiecrease the separatianbetween two stellar components
(14) assuming% = Ry, for stable mass transfer. while increasingP,,;, at the same time!
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mass-transfer phase. As an example, we have chosen two dif-
ferent initial donor massed .0 M and1.6 M) — each with

two different initial orbital periods (3.0 and 60.0 days) of the
neutron star (NS) and its ZAMS companion. The evolutionary
tracks of the donor stars are plotted in the HR-diagram in Fig. 3.
We will now discuss the evolution of each of these systems in
more detail.

ain(R,)/8In(M,)

<L:

5.1. Figure 2a

] InFig. 2awe adopted/} = 1.0 M andPZAMS = 3.0 days. In
- this case the time it takes for the donor to become a (sub)giant
and fill its Roche-lobe, to initiate mass transfer, is 11.89 Gyr.
Before the donor fills its Roche-lobe the expansion due to shell
hydrogen burning causes its moment of inertia to increase which
tends to slow down the rotation of the star. However, the tidal
torques act to establish synchronization by transferring angular
momentum to the donor star at the expense of orbital angular
momentum. Hence at the onset of the mass transferti{e
orbital period has decreased from the iniff}4™S = 3.0 days
to PRLO = 1.0 days and the radius is naiy = Ry, = 2.0 R

We notice that the mass-loss rate of the donor star remains
sub-Eddington || < Mggq ~ 1.5 x 1078 Mgyr—! for
hydrogen-rich matter) during the entire mass traffsfEhus
we expect all the transferred material to be accreted onto the
neutron star, if disk instabilities and propeller effects can be
[ S o | neglected (see Sects. 5.7 and 6.4). Therefore we have no mass
0.01 0.1 y loss from the system in this case — iM.= 0. The duration of
the mass-transfer phase for this system is quite lerigd Gyr
(11.89 — 12.91Gyr). At age,t ~ 12.65Gyr (Poy, = 5.1
Fig. 1. Top panel: the Roche-radius exponefit (x Ms)forLMXBs days; M, = 0.317 M) the donor star detaches slightly from
as a function ofy and 3. The different curves correspond to differenits Roche-lobed) and the mass transfer ceases temporarily for
constant values of in steps of 0.1. Tidal effects were not taken into_ 25 Myr — see next subsection for an explanation.
account ['s = 1). A cross is shown to highlight the case pf= 1 The Roche-radius exponent calculated from Eq. (17) is plot-
or ¢ = 0. In the bottom panel we have plotted)In(a)/91n(q) 8 o4 a5 4 dotted line as a function 8f, in the upper right

a function ofq. The evolution during the mass-transfer phase follow
these curves from right to left (thoughneed not be constant) SIIr]Ceﬁanel However, our numerical calculations (full line) show that

M- andq are decreasing with time. See text for further explanatlontldal effects are significant and increagéy ~ 0.5-0.8 until
My =~ 0.54 Mg, (p). At this point the magnetic braking is as-

sumed to switch off, sinc&..,v/R2 > 0.80. Note that during
the mass transfer phagex~ (i, and, as long as the mass trans-
fer is not unstable on a dynamical timescale, we typically have
in our code:l x 10~* < In(Ry/RL) < 7 x 1072 and hence

We have evolved a total of a few hundred different LMXB sydrractically¢ = ¢i..

tems. 121 of these are listed in Table Al in the Appendix. We The f|nal outcome for this system is a BMSP with an orbital

chose donor star masses1of < M,/M, < 2.0 and initial Period of P}, = 9.98 days and a He white dwarf (WD) with

orbital periods 0.0 < PZAMS /days < 800. We also evolved & mass of\wp = 0.245 M, (B). The final mass of the NS

donors with different chemical compositions and mixing-lengif Mxs = 2.06 Mg, since we assumed all the material was

parameters. In all cases we assumed an initial neutron star nfgsgeted onto the NS givéRl>| < Mpqq during the entire X-

of 1.3 M. ray phase. However, in Sect. 6 we will discuss this assumption
In Fig. 2 we show the evolution of four LMXBs. As a func-

tion of donor star mass\{,) or its age since the ZAMS, we have

plotted the orbital period..1), the mass-loss rate of the donor 2 gyictly speakingV/isaq = Mgaa(Rus) is slightly reduced during

as well as the mass-loss rate from the systéfs 4nd /), the  the accretion phase since the radius of the neutron star decreases with
radius exponent of the donor and its Roche-lobe and finallyncreasing masse(g. for an idealn-gas polytropeRxs o Mya/?).

the depth of the donor’s convection zoti& (.. / R2). Note, that  However, this only amounts to a correction of less than 20% for various
we have zoomed in on the age interval which corresponds to Hygations-of-state, and thus we have not taken this effect into account.

q=M,/Mys

—ain(a)/8In(q)

q=M,/Mys

5. Results
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and the important question of disk instabilities and the propell&13. Figure 2c

mechanism in more detail. - .
In this figure we adopted/ = 1.0 M and PZAMS = 60.0

days. The RLO is initiated4) at an age of ~ 12.645 Gyr.
5.2. Figure 2b At this stage the mass of the donor has decreasadt6® =
In Fig.2b we adopted\fi — 1.6 M, and POZY‘QMS — 30 0.976 M, as a result of the radiation-driven wind of the giant

days. The RLO is initiated at an age of= 2.256 Gyr when star. However, the orbital pgrigd has also d-ecreaﬁgﬁl‘(’ -

PELO — 9 0 days andR, — 3.8 R (A). In this case the mass-251 days) and thus the shrinking of the orbit due to tidal spin-

tr;rr};sfer réte is super 2Eddiﬁgto|<?i\'4 | '> Y of. dashed orbit coupling dominates over the widening of the orbit caused
- 2 Edd: .

line) at the beginning of the mass-transfer phase. In our adop?é’ulhe wind mass loss. . .

. N . The total interval of mass transfer is quite shagt, =
model of “isotropic re-emission” we assume all material in X5 5 Mvr. The mass-transfer rate is super-Eddinaton during the
cess of the Eddington accretion limit to be ejected from the yr P g 9

system, while carrying with it the specific orbital angular maznure evolution (M| ~ 1-6Mgaa) and therefore the NS

mentum of the neutron star. Henel| = |15 — Mgaq. Ini- SHQIE)/ ;140 Cr('el'tsz ;/:ago“rgﬂfirrqﬁée;:?hh]\rﬁ;sssjoggfgﬁg ﬁftrtnf:ezdonor
tially | M| ~ 10% Mgqq at the onset of the RLO and théhly| o 9

decreases from 10 tbMpaq at My ~ 0.7Mo (c) before it starisits deep convective envelope (see lower right panel). Since

: the initial configuration of this system is a very wide orbit, the
becomes sub-Eddington for the rest of the mass-transfer phase. = - e

. .~ donor will be rather evolved on the RGB when it fills its Roche-
Mass loss from the system as a result of a Reimers wind

' _ RLO _
the red giant stage prior to RLO (A) is seen to be less thzlsao\r% eell(fi _izgr.gngnasnedf;mrkﬁas_s I5§sls ??Z?'O?:gcz trgigfg?r
10~'* M, yr—'. By comparing the different panels for the evo; P P '

. . ) ) he super-adiabatic temperature gradient in its giant envel .
lution, we notice that the initial super-Eddington mass transft e super-adiabatic tempe e gradie S glant envelope

phase @ — ¢) lasts for 22 Myr. In this interval the compan-.%e radius exponent is well described by our analytical formula

ion mass decreases from6 Mo, o 0.72 M. Then the sys- in }hls_case. The final outcpme of this system is a wide-orbit
tem enters a phase ¢ d) of sub-Eddington mass transfer a{POTb = 382 days) BMSP with a- 0.40 M, He-WD compan-
Po,=5.31days which lasts for 41 Myr. Whéi, = 0.458 M,

andP,,;,=13.6 days, the system detaches and the X-ray source

is extinguished for about 40 My}, cf. gray-shaded area. Theb.4. Figure 2d

temporary detachment is caused by a transient contractioq_%fre we adoptedZ} = 1.6 M., and PZAMS — 60.0 days. At
. 2. . .

the donor star when its hydrogen shell source moves into "RLO
- . . . ﬁ/@’“ =1. .
hydrogen rich layers left behind by the contracting convectlgﬁg onset ofthe RLO the donor mas 582 Mo. In

core during the earlv main sequence stage. At the same fi fiis case we do not only have a giant donor with a deep convec-
unng y mal qu ge. . e envelope. Itis also (initially) heavier than the accreting NS.
the convective envelope has penetrated inwards to its dee

nt i | ¢ but not auite. to the H-shell Th ff%%% of these circumstances makes it difficult for the donor to
point,1.€. aimost, butnot quite, to the H-shell source. The ellg ain itself inside its Roche-lobe once the mass transfer is ini-

. ) ; TG
of a transient contraction of single low-mass stars evolvmg_% ted. It is likely that such systems, with huge mass-transfer

the RGB, as a result of a sudden discontinuity in the chemi es, evolve into a phase where matter piles up around the

composition, has been known for many years (Thomas 19 .
; . . Nneutron star and presumably forms a growing, bloated cloud
Kippenhahn & Weigert 1990) but has hitherto escaped attem'grqgulfing it The s?/stem cou>lld avoid a gpiral-igr]w when it man-

in binary evolution. After the transient contraction the star re- es to evaporate the bulk of the transferred matter from the
'?r:(e?gin;nst i?grl:g: t%f!l ggrlr?e?scphoer;lic;gg fei‘g:;gﬁgg;ug;ﬁ;;s;ea%%ﬁace of the (hot) accretion cloud via the liberated accretion

. : _ - . ergy. Thi nario would require the radi f th re-
fer (d — B) is sub-Eddington|{\/5| = 0.2 Mgqq) and lasts for eray s scenario woulld require the radius of the accre

tion cloud, . to be larger thanv Rys (|M|/Mgqq) in order

60 Myr. The end product of this binary is a recycled pulsar a . ' : )
a He-WD companion with an orbital period of 41.8 days. In thl% r the liberated accretion energy to eject the transfered mate

. al. However, if there is insufficient gas cooli could be
case we obtaid/wp = 0.291 My andMys = 2.05 M. 9 A

. . .smaller from an energetic point of view. At the same ti
The total duration of the mass-transfer phase during Whlﬁﬁ] 9 P rae

) . . . st be smaller than the Roche-lobe radius of the neutron star
the system is aactiveX-ray source igx = 123 Myr (excluding E

. L . cf. Eq. 10 withg = Myg/M>) during the entire evolution. In
the quiescence phase of 40 Myr) which is substantially shor fiht case our simple isotropic re-emission model would approx-

compared to the case discussed above (Fig. 2a). : . . ; . .
The reason for the relatively wide final orbit of this systerr%mately remain valid. Assuming this to be the case we find the

. ) fhass-transfer rate is extremely highf,| ~ 10 Mgqq and
compared to the case discussed above with thé/., donor, y hight| Bdd

) . X . more than0.5 M, is lost from the donor (and the system) in
is caused by the super-Eddington mass transfer during whic f 3 . . .

. 1 . Th h I
total 0f0.55 Mo is lost from the system, E]n%/ a few10° yr. The system survives and the orbital period

. . . . i f 4. 111 ing this sh hase.
The numerical calculations gffor this donor star (full line) increases from 54.5 days to days during this short phase

, . . . ; ; After this extremely short mass-transfer epoch, with an
fits very well with our simple analytical expression (dotted Imealtra-high mass-transfer rate, the donor star rela®sagd

whichindicates thatthe effects of the tidal spin-orbitinteractions, . <10 its Roche-lobe for 2.5 Myr wher, = 0.98 M
are not so significant in this case. ' 2 ' ©
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The mass transfer is resumed again for 7.5 Myr ata more moder-~ | L L L

ate super-Eddington raté ¢ B). The final outcome is a binary 7
pulsar with a0.43 M He-WD companion and an orbital pe- ™ -
riod of 608 days. Though the NS only accrete$).10 My as ~ [
a result of the short integrated accretion phase it will probably , [
be spun-up sufficiently to become a millisecond pulsar since [ pas_5 g6 pro_y o8 (Fig.20) B
millisecond pulsars evidently are also formed in systems which
evolve e.g. through a CE with similar (or even shorter) phas€s =
of accretion (van den Heuvel 1994b). i
The initial extreme evolution of this system causes an offset © [
in ¢ until the more moderate mass-transfer phdsel) contin- L T L L ]
ues atM> = 0.98 My, . It should be noted that a system like this 3.9 3.8 3.7 3.6 3.5
is very unlikely to be observed in the ultra-high mass-transfer log T.. (K)
state due to the very short intervat (L0* yr) of this phase. off

PAM-60.0%, PRO=58.19 (Fig.2c) B ~ ]

ZAMS

I e

5.5. My > 2 Mg, runaway mass transfer and onset of a CE L Po=60.0% PIY=54.57 (Fig.2d)

The latter example above illustrates very well the situation " :
near the threshold for unstable mass transfer on a dynam@al [ pZS309 PRO_5.09 (Fig.2b)
timescale and the onset of a CE evolufioifi the donor staris = © |-

heavier than .8 M, a critical overflow is likely to occur since ~
the orbit shrinks in response to mass transtex( 1.28, cf. & -
Sect. 4). This is also the situation i}, is large because the i ZAMS A
donor in that case develops a deep convective envelope which, [ My=1.6 Mg,
causes it to expand in response to mass loss and a runaway mass [
transfer sets in. When a runaway mass transfer sets in we were
not able to prevent it from critically overflowing its Roche-lobe
and our code breaks down. At this stage the neutron star is even- log Te (K)

tually embedded in a CE with its companion and it wil Splragp. 3. Calculated evolutionary tracks in the Hertzsprung-Russel dia-

n towgrd the center of its companion as a result (_)f reamo.v am of the four donor stars used in Fig. 2. The dashed lines represent
of orbital angular momentum by the drag force acting n tthe evolution of a single star with maag,. The mass-transfer phase

The final result of the CE depends mainly on the orbital periQf| o is initiated at4 and ceases d&. The symbols along the evolu-
and the mass of the giant’s envelope. If there is enough orbiighary tracks correspond to those indicated in Fig. 2.

energy available (i.e. iP,,y, is large enough at the onset of the
CE), then the entire envelope of the giant can be expelled as
a result of the liberated orbital energy, which is converted intb®: The Cor,

kinetic energy that provides an outward motion of the envelopge have derived newr.,,,, Mwp) correlations based on the
decoupling it from its core. This leaves behind a tight binaiyytcome of the 121 LMXB models calculated for this work.
with a heavy WD (the core of the giant) and a moderately recyhey are shown in Fig. 4a (the top panel). We considered models
cled pulsar. There are five such systems observed in our Gala¥iyh donor star masses/) in the intervall.0-2.0 M, chemi-
They all have a CO-WD antt,,, = 6 ~ 8 days. These are theca| compositions ranging from Population | (X=0.70, Z=0.02) to
so-called class C BMSPs. Population Il (X=0.75, Z=0.001) and convective mixing-length
Ifthere is notenough orbital energy available to expel the efarameters, = 1/ H,, from 23 (herd is the mixing length and
velope, then the NS spirals in completely to the center of the gf. is the local pressure scaleheight). Following Rappaport et al.
antand a Thorn&ytkow object is formed. Such an object migh(lggg,) we chose our standard model with = 1.0 M, Popu-
evolve into a single millisecond pulsar (e.g. van den Heuvgkion | compositionand = 2, cf. thick line in Fig. 4. The upper
1994a) or may collapse into a black hole (Chevalier 1996). |imit of M, is set by the requirement that the mass transfer in the
binary must be dynamically stable, and the lower limit by the re-

3 . . . .
We nofice, that this very high mass-transfer rate might lead {9,;.ement that the donor star must evolve off the main sequence
hyper-critical accretion onto the neutron star and a possible COllapSW{hin aninterval oftime given bytue < tirubbie — feal — feool
ms ubble ga cool-

the NS into a black hole if the equation-of-state is soft (cf. Chevali . )
1993; Brown & Bethe 1994; Brown 1995). However, new results oEeretH“bble ~ 15 Gyris the age of the Universg,,; ~ 1 Gyr

tained by Chevalier (1996) including the centrifugal effects ofarotatiﬁﬁ the.minimum time between the Big .Bang and formation of
infalling gas might change this conclusion. our Milky Way andt.,. ~ 3 Gyr is a typical low value of WD

4 However, even binaries with donor stars of 246, might survive Companion cooling ages, following t_he mass-transfer phasg, as
the mass transfer avoiding a spiral-in phase in case the envelope ofahserved in BMSPs (Hansen & Phinney 1998). We thus find
donor is still radiative at the onset of the RLO. My ~ 1.0 Mg as a conservative lower limit.

3.9 3.8 3.7 3.6 3.5
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Fig. 4aand b. The (P..1,, Mwnp) correlation (top panel) and th&{.,, Mxs) anti-correlation (bottom panel) calculated for different donor star
massesM- chemical compositions (Pop.l: X=0.70; Z=0.02 and Pop.II: X=0.75; Z=0.001) and mixing-length parameteiadicated in the

top panel. The gray line shows the correlation obtained by Rappaport et al. (199%) fer1.0 M, Pop.l chemical abundances and- 2.0.
The post-accretiod/ns curves (bottom) assume no mass loss from accretion disk instabilities of propeller effects — see Sects. 5.7 and 6.4.

less independent of the initial donor star maks ) — only for

The first thing to notice, is that the correlation is more @and M; .., as a function ofdM/; when it has evolved to a ra-

dius of 50.0 R . In addition we have written the mass of the

M, 2 2.0Mg (where the mass transfer becomes dynamicaltipnor’s envelope at the momeRt = 50.0 Rs. We conclude,
unstable anyway foP!, % 4.2 days) we see a slight devia-for a given chemical composition and mixing-length parameter,
tion. This result is expected &/ .o (and thereforeR, and M .o iS practically independent ot/ (to within a few per
P.1v) isindependent ol/>. We have performed a check on thigent) and that mass loss from the envelope via RLO has simi-
statement using our calculations for an evolved donor star lan little influence on the R,, M> ...c) correlation as well. For

the RGB. As an example, in Table 1 we have writlenT ¢

other choices oR; the differences were found to be smaller. In
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Fig. 5. Evolutionary tracks of the four LMXBs

in Figs 2 and 3, showing the binary orbital pe-
riod changing as a function of the mass of the
core of the donor star. At the termination of
the mass-transfer proced; core =~ Mwp —
0.01 M and the end-points of the evolution-
ary tracks are located near the curve represent-
ing the (P,.1,, Mwn) correlation. The initial or-

M

2 core

Table 1. Stellar parameters for a star witt, = 50.0 R, — see text.

Mo /Mg 1.0 1.6~ 1.0° 1.6

log L/ L 2566 2.624 2644 2.723
log Tosr 3554 3569 3.573 3.593
Mocore/Ms 0336 0.345 0.342 0.354
Maenv/Mo 0215 0.514 0.615 1.217

* Single star (X=0.70, Z=0.02 ang=2.0).

** Binary donor PZ2MS = 60.0 days andVins = 1.3 M)

Fig. 5 we have showi,,;, (which resemble#,) as a function
Of M2 core-

bital periods wereP%4MS = 3.0 days and
PZAMS — 0.0 days for the two bottom and top
tracks, respectively. Furthermore we used Pop-

ulation | chemical abundances and= 2.

If we compare our calculations with the work of Rappa-
port et al. (1995) we find that our best fit results in signifi-
cantly lower values ofP,,;, for a given mass of the WD in
the interval0.18 < Mwp/Mg < 0.35. It is also notable
that these authors find a maximum spread’ip, of a factor
~2.4 at fixed Mwp. For0.35 £ Mwp/Mgs < 0.45 their
results agree with our calculations to within 20%. A fit to
our Eq. (20) with the results of Rappaport et al. (1995) yields:
a = 5.75,b = 8.42 x 10* andc = 0 (to an accuracy within
1% for 0.18 § Mwp/Mgs < 0.45) for their donor models
with population | chemical composition aad= 2.0. For their
Pop. Il donors we obtaiti = 3.91 x 10* and same values far

Much more important is the theoretical uncertainty in th@hdc as above. We also obtain somewhat lower valueg,of,
value of the convective mixing-length parameter and most irf" @ given mass of the WD, compared with the results of Ergma
portant is the initial chemical composition of the donor star. W&t al. (1998).

have estimated a{,,1,, Mwp) correlation from an overall best

fit to all the models considered in Table A1 and obtd.{, in

days):
M P, 1/a
WD _ ( bb) 1 e

Mg

(20)

The discrepancy between the results of the above mentioned
papers and our work is a result of different input physics for the
stellar evolution (cf. Sect. 2). Ergma et al. (1998) uses models
based on Paczynzki’s code, and Rappaport et al. (1995) used
an older version of Eggleton’s code than the one used for this
work. In our calculations we have also included the effects of
tidal dissipation. However, these effects can not account for

where, depending on the chemical composition of the donorthe discrepancy since in this paper we only considered binaries

4.50 1.2 x10° 0.120 Pop.|
(a,b,c) =< 4.75 1.1 x 105 0.115 Pop.I+ll  (21)
5.00 1.0 x 10° 0.110 Pop.lI

This formula is valid for binaries with0.18 < MY, /Mg <

with Pi, > 2 days and thus the effects of the tidal forces
are relatively small (the contribution to the stellar luminosity
from dissipation of tidal energy is onl¥;q.; < 0.05L,, for
P,, = 2 days).

In analogy with Rappaport et al. (1995) and Ergma et al.

0.45. The uncertainty in the initial chemical abundances of t&998) we find that, for a given value 81w, For, is decreas-
donor star results in a spread of a factdr.4 about the median N9 With increasingx, and P, is increasing with increasing
(Pop.I+11) value ofP, ., at any given value affyp,. The spread Metallicity. We find Mg 00 ~ MVZV*DO'.OQI + 0.03M, which
in the (P,1,, Mwn) correlation arises solely from the spread i§ives astronger dependency on metallicity, by a fastdrcom-
the (R, M cor) COrrelation as a result of the different chemicdp@red to the work of Ergma et al. (1998).

abundances, and/er, of the giant donor star ascending the

RGB.

It should be noticed, that thé(,;,, Mwp) correlation isn-
dependentf 3 (the fraction of transferred material lost from the
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T T T T T T T T T T T T T T T T T T T

RLO /AMS
y /Yy

Fig.6. The changes of donor mas&{, (full
lines) and orbital periodP,,, (dashed lines),
due to wind mass loss and tidal spin-orbit inter-
actions, from the ZAMS until the onset of the
RLO as a function of the initial orbital period.
Plots are shown for two different values of the

R | 1 o | 1 T Y N T N B |

10 100 1000 Reimers’ mass-loss parametegy . The binary
pZAMS (d ) is assumed to be circular. See text for further dis-
orb ays cussion.

system), the mode of mass loss and degree of magnetic bralahgadiative emission in units of available rest-mass energy in-
since, as demonstrated above, the relationship betWeemd cident on the NS. Thus we can express the actual post-accretion
M .ore Of the giant donors remains unaffected by the exterigravitational mass of a recycled pulsar y(; < 0):
stellar conditions governing the process of mass transfer — see
also Alberts et al. (1996). But for thedividual binary, Por,  pryg = Mig +
and Mwp do depend or and they increase with increasing
values ofg (see e.g. the bottom panel of Fig. 1 fox 1 which . . .
always applies near the end of the mass-transfer phase). Here3’ = max ((\M2| — Mgaa)/|Ma|, 0) is the fraction of

As mentioned in our examples earlier in this section, thengaterial lost in a relativistic jet as a result of super-Eddington
is a competition between the wind mass loss and the tidal spinass transferA Mg, = A Mgisk+AMprop is the sum of matter
orbit interactions for determining the orbital evolution prior tdost from the accretion disk (as a result of viscous instabilities or
the RLO-phase. This is demonstrated in Fig. 6 where we havind corona) and matter being ejected near the pulsar magneto-
shown the changes iR, and M5, from the ZAMS stage to sphere as a result of the centrifugal propeller effect, and finally
the onset of the RLO, as a function of the initial ZAMS orbitaky.; = <m> ~ 0.90 is a factor that expresses the ratio
period. It is seen that only for binaries with“A™S > 100 of gravitational mass to rest mass of the material accreted onto
days will the wind mass-loss be efficient enough to widen thiee NS. {4 used in Fig. 4b is given by the expression above
orbit. For shorter periods the effects of the spin-orbitinteractioassumingA Mg, = 0 andAMger = 0 (kger = 1).
dominate (caused by expansion of the donor) and loss of orbital We see that theH,,,, M{s) anti-correlation is more or less
angular momentum causes the orbit to shrink. independent of the chemical composition an@f the donor
star, whereas it depends strongly bfy for P, < 50 days.
This anti-correlation betweeR,,;, and M\ is quite easy to
understand: binaries with large initial orbital periods will have
We now investigate the interesting relationship between thediant donor stars with deep convective envelopes at the onset
nal mass of the NS and the final orbital period. In Fig. 4b (thsf the mass transfer; hence the mass-transfer rate will be super-
bottom panel) we have plotted,.;, as a function of the poten- Eddington and subsequently a large fraction of the transferred
tial maximum mass of the recycled pulsafyg. This value is material will be lost from the system. Therefore BMSPs with
the final mass of the NS if mass loss resulting from instabilitiésrge values of,,;, are expected to have relatively light NS —
in the accretion process are neglected. Another (smaller) effettSects. 5.3 (Fig. 2c) and 5.4 (Fig. 2d). Similarly, binaries with
which has also been ignored is the mass deficit of the accresegall values ofPZ4MS will result in BMSPs with relatively
material as it falls deep down the gravitational potential wedmall P,,,, and large values oM, since M, will be sub-
of the NS. The gravitational mass of a NS (as measured fr@fdington and thus the NS has the potential to accrete all of the
a distant observer by its gravitational effects) contains not onpansferred material — cf. Sects. 5.1 (Fig. 2a) and 5.2 (Fig. 2b).
the rest mass of the baryons, but also the mass equivalent oftRgrefore, if disk instabilities, wind corona and propeller ef-
negative binding energ\ M.t = Ebina/c¢® < 0. Depending fects were unimportant we would expect to find &, Mxs)
on the equation-of-statk Mg.s ~10% of the gravitational massanti-correlation among the observed BMSPs. However, below
(Shapiro & Teukolsky 1983). This is hence also the efficienggect. 6.2) we demonstrate that mass ejection arising from these

Mwp
- / (1= B)Omy — AMay | kaer (22)

Mo

5.7. The ,,1,, Mxs) anti-correlation
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effects is indeed important and thus it is very doubtful whethep, = a (Mwnp/(Mns + Mwp)) is the semi-major axis of the
an (P,.1,, Mns) anti-correlation will be found from future ob- pulsar in a c.m. reference frame. The probability of observing a

servations. binary system at an inclination angldess than some valug,
is P(i < ip) =1 — cos (ip).
6. Discussion and Comparison with observations As mentioned ear”er, there are indeed prObIemS with fit-

ting the observed low-mass binary pulsars onto a theoretical
core-mass period relation. The problem is particularly pro-
Hjellming & Webbink (1987) studied the adiabatic propertiesounced for the very wide-orbit BMSPs. Although the estimated
of three simple families of polytropes by integrating the normasses of the companions are quite uncertain (because of the
linear Lane-Emden equation in Lagrangian coordinates. Thaeknown orbital inclination angles addys) no clear observed
condensed polytropes, consistingrof= 3/2,v = 5/3 (con- (Pob, M) correlation seems to be present—opposite to what
vective) envelopes with He-core point masses, are suitable ifoproposed by several authors (e.g. Phinney & Kulkarni 1994,
red giant stars. In is not trivial to directly compare our calculd-orimer et al. 1996 and Rappaport et al. 1995). In Table A2 in
tions with e.g. the stability analysis of Soberman et al. (199)e Appendix we have listed all the observed galactic (NS+WD)
and Kalogera & Webbink (1996) since the donor does not rieinary pulsars and their relevant parameters. It was noticed by
store (thermal) equilibrium after initiation of an unstable mas3auris (1996) that the five BMSPs with,,;;, > 100 days all
transfer process. But it is important to point out, that systeragem to have an observad3s which is lighter than expected
which initiate RLO with thermally unstable mass transfer coulffom the theoretical correlation (at theB0 % confidence level

in some cases, survive this temporary phase — eviéif ex- on average). There does not seem to be any observational se-
ceeds the Eddington accretion limit by as much as afact@ lection effects which can account for this discrepancy (Tauris
(see Fig. 2d). Similarly, systems which begin mass transfer ®896; 1998) -.e. why we should preferentially observe sys-

a thermal timescale may in some casesMi is large com- tems with small inclination angles (systematic small values of
pared taMys) eventually become dynamically unstable. Thesggrather than a random distribution, would increasghs for the
results were also found by Hjellming (1989) and Kalogera &iven observed mass functions and thus the observations would
Webbink (1996), and we refer to these papers for a more detaitedtch the theory). Evaporation of the companion star, from a
discussion on the fate of thermally unstable systems. Therefafiad of relativistic particles after the pulsar turns on, also seems
it is not always easy to predict the final outcome of an LMXBnlikely since the evaporation timescale (proportiondPof‘gf)
system given its initial parameters — especially since the onsetomes larger tha,.i1. for such wide orbits. Itis also worth
criteria of a CE phase is rather uncertain. Nevertheless, we gagntioning that the orbital period change due to evaporation,
conclude that LMXBs with\/, < 1.8 M, will always survive or general mass-loss in the form of a stellar wind, is at most a
the mass transfer phase. Systems with donor 8tars 2 M,  factor of~2, if one assumes the specific angular momentum of
only survive if PZ8MS is within a certain interval. the lost matter is equal to that of the donor star.

Soberman et al. (1997) also used the polytropic models of Beware that the R..1,, Mwnp) correlation isnot valid for
Hjellming & Webbink (1987) to follow the mass transfer iBMSPs with CO/O-Ne-Mg WD companions as these systems
binaries. The global outcome of such calculations are reasonadity not evolve through a phase with stable mass transfer. The
good. However, the weakness of the polytropic models is thatception here are the very wide orbit systems ih, = 800
whereas they yield the radius-exponent at the onset of the maags. PSR B0820+02 might be an example of such a system.
transfer, and the approximated stellar structure at that giverom Table A1 (Appendix) itis seen that we expect a maximum
moment, they do not trace the response of the donor very weibital period of~ 1400 days for the NS+WD binaries. Larger
during the mass-transfer phase. The structural changes of jk€iods are, of course, possible but the binaries are then too wide
donor star (e.g. the outward moving H-shell and the inwafdr the neutron star to be recycled via accretion of matter.
moving convection zone giving rise to the transient detachment It should also be mentioned that the recycling process is
of the donor from its Roche-lobe) can only be followed in detadxpected to align the spin axis of the neutron star with the orbital
by a Henyey-type iteration scheme for a full stellar evolutionaghgular momentum vector as a resultof0” yr of stable disk

6.1. Comparison with condensed polytrope donor models

model. accretion. Hence we expect (Tauris 1998) the orbital inclination
angle; to be equivalent to (on average) the magnetic inclination
6.2. The observedH,,;,, Mwp) correlation angle,amae defined as the angle between the pulsar spin axis

, , . and the center of the pulsar beariz(line-of-sight to observer).
The companion mass\/wp of an observed binary pulsar is

constrained from its Keplerian mass function which is obtained
from the observables,,, anda,, sin i: %'3' PSR J2019+2425
PSR J2019+2425 is a BMSP with,,;, = 76.5 days and a
WD P . (23) mass functionf = 0.0107M, (Nice et al. 1993). In a re-
(Mxs + Mwp)? G Py cent paper (Tauris 1998) it was demonstrated that for this
Herei is the inclination angle (between the orbital angular m@ulsar Mys =~ 1.20 Mo, if the (Po.,, Mwnp) correlation ob-
mentum vector and the line-of-sight toward the observer) aiined by Rappaport et al. (1995) was taken at face value. This

M in)3 A2 .3
7 (Ms, Myyp) = D S0 47 fap sini)”
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value of Mysg is significantly lower than that of any other eshole binaries — unlesa My, is comparable to the difference
timated pulsar mass (Thorsett & Chakrabarty 1999). HoweusetweenM, and Mwp as indicated above. However, it has re-
with the new @,.1,, Mwnp) correlation presented in this papecently been reported by Barziv et al. (1999) that the HMXB
we obtain a larger maximum mass £ 90°) of this pulsar: Vela X-1 has a minimum value for the mass of the neutron star
MEE* = 1.39 Mg or 1.64 M, for a donor star of Pop.| or of Myg > 1.68 M, at the 99 % confidence level. It is there-
Pop.ll chemical composition, respectively. This result bringere still uncertain at what critical mass the NS is expected to
the mass of PSR J2019+2425 inside the interval of typical estéllapse into a black hole.

mated values oMys.

6.6. PSR J1603-7202
6.4. Mys: dependence on the propeller effect

and accretion disk instabilities The maximum allowed value of the pulsar mass in this system

is extremely low compared to other BMSP systems with He-

It is still an open question whether or not a significant amouW{D companions. We find/{* = 0.96-1.11 M, depending
of mass can be ejected from an accretion disk as a result of timethe chemical abundances of the white dwarf progenitor. It is
effects of disk instabilities (Pringle 1981; van Paradijs 199&herefore quite suggestive that this system did not evolve like
However, there is clear evidence from observations of Be/¥ie other BMSPs with a He-WD companion. Furthermore (as
ray transients that a strong braking torque acts on these neutroted by Lorimer et al. 1996), it has a relatively slow spin period
stars which spin near their equilibrium periods. The hinderirgf Py, = 14.8 ms andP,,, = 6.3 days. Also its location in
of accretion onto these neutron stars is thought to be causedtwy (P, P) diagram is atypical for a BMSP with a He-WD (Ar-
their strong rotating magnetic fields which eject the incomingoumanian et al. 1999). All these characteristica are in common
material via centrifugal acceleration — the so-called propeligith BMSPs which possibly evolved through a CE evolution
effect (lllarionov & Sunyaev 1985). (van den Heuvel 1994b; Camilo 1996). We conclude therefore,

For a given observed BMSP we knoW,,;, and using that this system evolved through a phase with critical unsta-
Egs. (20), (21) we can findl/yyp for an adopted chemical com-ble mass-transfer (like in a CE) and hence most likely hosts a
position of the donor star. Hence we are also able to calcul@®-WD companion rather than a He-WD companion. The latter
the maximum gravitational mass of the pulsifé™ (which  depends on whether or not helium core burning was ignited, and
is found fori = 90°, cf. Eq.23) since we know the masshus on the value of! , and M. Spectroscopic observations
function, f from observations. This semi-observational corshould answer this question.
straint onMyg™ can then be compared with our calculations
of Mg (cf. Sect.5.7). The interesting cases are those where
Mg > Mg (after correctingM 4 for the mass deficit). 7. Conclusions

These systemsjusttherefore have lost mattenMg,, + 0), .— We have adapted a numerical computer code, based on
f“’”? 'the accretpn d|§k or as aresult of the propeller effect, n Eggleton’s code for stellar evolution, in order to carefully
addition to what is ejected whedf,| > ‘.MEdd' Theselz bina- study the details of mass-transfer in LMXB systems. We
ries are plotted |n_|_:|g.4b assuming an |ntermed|_ate Pop. I+l have included, for the first time to our knowledge, other
chemical composition for the progenitor of the white dwarf. We tidal spin-orbit couplings than magnetic braking and also

notice that in a some cases we m_ust reqiifdy,, ~ 0.50 Mo, considered wind mass-loss during the red giant stage of the
or even more fortMs > 1.0 My, in order to getMxg below donor star

. v s
iherefore concluce that ass ejection,  addition o what /5 Ve Nave re-calculated thg( M) correlation for i
: ' . _ nary radio pulsar systems using new input physics of stellar
cau;ed by super-rI]Edcri]mgton ma;.s—translfer. ratgs, IS vclalry In?.I?jor'evolution in combination with detailed binary interactions.
fo Super- and sub-Eddington acereting systems 1 diffout o /e ind & corrlation which yilds & lrger valueldhyy
for a given value ofP,,;, compared to previous work.

answer since systems which evolve through an X-ray phase with Comparison between observations of BMSPs and our cal-
super-Eddington mass-transfer rates lose a large amount of mat-

tor f th ‘ d theref wrall d ith culated post-accretion/ngs suggests that a large amount
er from the sys elm anyway and therefore naturally end up with- ¢ -, ater is lost from the LMXBs; probably as a result
small values of\/{.

of either accretion disk instabilities or the propeller effect.
) ) Hence it is doubtful whether or not observations will reveal
6.5. Kaon condensation and the maximum mass of NS an (P..1,, Mys) anti-correlation which would otherwise be

It has recently been demonstrated (Brown & Bethe 1994; Bethe €XPected from our calculations. _ _ _

& Brown 1995) that the introduction of kaon condensation suf— 1he mass-transfer rate is a strongly increasing function of
ficiently softens the equation-of-state of dense matter, so that initial orbltgl pe.nod and donor star mass. For relatively close
NS with masses more than 1.56 M, will not be stable and  Systems with light donors/{g*s < 10 days and> <
collapse into a black hole. If this scenario is correct, then we 1-3 Mo)the mass-transfer rate is sub-Eddington, whereas it

expect a substantial fraction of LMXBs to evolve into black ¢an be highly super-Eddington by a factoref0* for wide
systems with relatively heavy donor staiso(~ 2.0 M),
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as aresult of their deep convective envelopes. Binaries withlance of the system. If the so calculated angular momentum
(sub)giant donor stars with mass in excess-@f0 M are exchange is larger than the amount required to keep the donor
unstable to dynamical timescale mass loss. Such systestes synchronous with the orbital motion of the compact star we
will evolve through a common envelope evolution leading tadopt a smaller tidal angular momentum exchange (and corre-
ashort & 10days) orbital period BMSP with a heavy CO/O-sponding tidal dissipation rate in the donor star) that keeps the
Ne-Mg white dwarf companion. Binaries with unevolvedionor star exactly synchronous.
heavy & 2 M) donor stars might be dynamically stable
against a CE, but also end up with a relatively sheyt, References
and a CO/O-Ne-Mg WD.
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Table Al. LMXB systems calculated for the work presented in this paper. Pop. | and Pop. Il chemical compositions correspond to X=0.70,
Z=0.02 and X=0.75, Z=0.001, respectivalyis the mixing-length parameteP.,, is in units of days and the masses are in unit3/&f.

M, =1.0 a=20 Pop. | M, =1.0 a=20 Pop. I My =1.0 a=3.0 Pop. |
POSMS POC Py MWE Mis  tx  PIMS PIRC PLy, MWR Mis  tx POS™ PR Pl MEE Mis  tx
2.6 0.64 0.09 0.133 2.17 - 3.0 0.73 0.56 0.195 2.11 3090 25 0.59 0.36 0.168 2.13 4400

2.7 0.72 1.28 0.190 2.11 2790 3.1 0.82 3.16 0.235 2.06 1570 2.6 0.68 2.28 0.212 2.09 1980
2.8 0.81 4.08 0.221 2.08 1740 3.2 0.94 6.25 0.256 2.04 1110 2.7 0.80 5.63 0.237 2.06 1180
29 0.94 7.24 0.236 2.06 1240 3.4 1.26 11.9 0.277 2.02 770 2.8 0.94 8.38 0.248 2.05 930
3.0 1.04 9.98 0.245 2.06 990 4.0 2.12 23.4 0.300 2.00 430 2.9 1.06 109 0.257 2.04 730
3.4 1.48 18.8 0.264 2.03 613 5.0 4.0 38.3 0.318 1.98 220 3.0 117 128 0.262 2.04 645
4.0 2.32 30.9 0.280 2.02 350 6.0 5.2 46.6 0.326 1.97 174 3.4 1.60 20.6 0.278 2.02 400
5.0 4.0 47.1 0.294 2.00 190 8.0 7.3 590.9 0.337 1.95 140 4.0 2.87 33.0 0.296 2.00 212
6.0 5.2 57.0 0.302 199 145 10.0 9.2 719 0.344 193 85.0 5.0 42 440 0.307 199 138
10.0 9.2 88.0 0.318 1.93 72.0 150 14.1 99.5 0.358 1.85 54.0 6.0 53 523 0314 197 106
150 141 1219 0332 1.85 46.3 250 238 151.8 0.379 1.72 323 8.0 7.3 66.3 0.325 194 68.4
250 23.7 1876 0353 169 285 40.0 385 2263 0402 159 211 10.0 9.2 79.7 0333 1.88 515
40.0 384 2779 0.374 158 185 60.0 585 3142 0423 151 147 150 141 111.7 0.349 1.76 34.2
60.0 581 3819 0.395 1.49 133 80.0 78.7 3923 0.439 146 11.6 25.0 23.7 173.0 0.373 1.60 21.0
100 98.3 5544 0423 142 8.6 100 99.3 4623 0452 144 95 400 384 2525 039 150 13.6
150 150 727.8 0.449 139 6.2 150 152 613.0 047840 6.7 60.0 58.2 342.7 0418 1.44 95

200 204 873.4 0.469 1.37 6.1 200 207 7409 0.4981.38 53 80.0 786 420.0 0434 141 75

300 315 1104.0 0.5001.35 3.5 100 99.0 489.2 0449 139 6.3
400 433 1266.5 0528 1.34 24 150 151 635.7 0.4761.37 4.4
600 692 1349.0 0.596 1.32 1.1 200 206 756.4 0.4991.35 3.4

800 982 1285.6 0.668 1.30 0.4

My =13 a=20 Pop. | My =1.6 a=20 Pop. | My =2.0 a=20 Pop. |
PIMS Poi© Pl MWE Mis  tx  PE™S PREC Py MWE Mys  tx PO POR© Ply MWE Mis  tx
2.3 0.79 0.016 0.144 2.44 - 15 1.09 0.08 0.147 2.75 - 1.2 1.19 0.05 0.117 2.84 -

235 0.84 2.30 0.208 2.39 2590 1.8 1.15 1.20 0.189 2.71 2350 13 129 282 0.211 2.75 1820
2.4 0.96 5.53 0.229 2.37 1720 2.0 1.20 6.05 0.219 2.68 780 1.4 1.39 5.82 0.232 2.75 1070
2.5 1.08 9.66 0.244 2.36 1140 2.1 1.27 11.2 0.246 2.65 450 15 1.49 956 0.247 2.75 650
2.6 1.13 12.8 0.252 2.35 900 2.2 1.30 19.6 0.263 2.63 285 1.6 159 149 0.259 2.76 410
2.7 1.17 15.3 0.257 2.32 790 2.6 1.68 33.6 0.283 2.13 136 1.7 1.69 227 0.269 2.76 218
2.8 1.23 169 0.261 228 725 3.0 2.00 41.8 0.291 2.05 123 1.75 174 8.1 0.278 2.74 160
29 1.28 19.0 0.264 2.26 665 4.0 2.90 58.0 0.303 2.06 107 177 1.76 0.5 0.281 272 124
3.0 1.35 21.0 0.267 2.24 610 6.0 5.0 87.1 0.320 2.04 78.0 1.79 1.78 4.1 0.289 2.55 100
3.4 1.61 27.9 0.276 222 444 8.0 6.8 109.6 0.330 2.00 61.0 1.8 1.79 38.6 0.297 183 49.0
4.0 2.02 36.6 0.285 2.25 366 10.0 8.7 1334 0.339 1.85 420 1.9 1.89 39.7 0301 1.82 37.8
5.0 3.63 58.5 0.303 2.20 190 150 13.3 1947 0.358 1.62 23.2 2.0 2.00 410 0305 1.81 37.0
6.0 4.89 73.3 0311 2.14 133 25.0 223 309.2 0.384 150 145 2.2 220 446 0310 1.79 37.0
10.0 8.85 1135 0.329 214 740 400 36.0 4515 0.410 144 093 2.4 240 48.2 0.313 1.76 36.0
150 13.6 1629 0.346 1.85 40.0 60.0 545 608.0 0435 140 7.5 2.6 260 516 0316 1.74 34.2
250 229 253.1 0.370 165 226 100 92.3 8289 048637 5.1 2.8 2.78 54.7 0318 1.71 32.8

40.0 37.2 369.6 0.393 154 16.4 150 141 1035.1 049436 4.1 3.0 289 56.2 0.320 1.64 285

60.0 56.4 500.5 0.416 147 115 200 190 1192.8 053135 3.2 3.2 2.76 56.4 0.320 1.57 24.0

100 954 7146 0448 141 7.6 3.4 294 59.7 0322 157 24.0
150 146 9335 0478138 54 3.6 3.15 63.3 0.324 1.57 23.8
200 197 1108.8 0.502 1.36 4.4 3.8 3.37 66.7 0.326 157 24.1

4.0 3.58 69.8 0.327 1.57 242

4.2 379 73.0 0.328 157 24.0
* This is the mass al/> when the~ 0.47 My He-core ignites (flash). >4.2 - = - -

PZAMS s the initial orbital period of the NS and the unevolved companion.

PRLO is the orbital period at onset of RLO.

P! is the final orbital period of the LMXB — or the (initial) period of the BMSP.
Mo is our calculated mass of the helium WD.

My is the final mass of the NS A My, = 0.

tx is the integrated duration time (Myr) that the binary isaative X-ray source.
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Table A2. Observed binary pulsars (NS+WD) in the Galactic disk. Masses are in urits,of

PSR P (days) f (M) MG My itheo (deg.) MEE* Mg  Papin (Ms) Class
B0820+02 1232 0.003 0.231 0.503 26.1 6.02 1.34 865 * A
J1803-2712 407 0.0013 0.170 0.423 22.7 7.20 1.48 334 A
J1640+2224 175 0.0058 0.295 0.373 44.9 2.61 1.69 3.16 A
J1643-1224 147 0.00078 0.142 0.363 21.7 7.48 1.82 4.62 A
B1953+29 117 0.0024 0.213 0.352 33.6 3.90 1.86 6.13 A
J2229+2643 93.0 0.00084 0.146 0.340 23.7 6.51 1.90 2.98 A
J2019+2425 76.5 0.0107 0.373 0.331 73.5 1.51 1.93 3.93 A
J1455-3330 76.2 0.0063 0.304 0.331 53.5 2.07 1.93 7.99 A
J1713+0447 67.8 0.0079 0.332 0.326 61.6 1.77 1.95 4.57 A
J2033+1734 56.2 0.0027 0.222 0.318 38.9 3.13 1.97 5.94 A
B1855+09 12.33 0.00557 0.291 0.262 71.5 1.54 2.05 5.36 AB
J1804-2717 11.13 0.00335 0.241 0.259 54.0 2.02 2.05 9.34 AB
J0621+1002 8.319 0.0271 0.540 0.251>90 0.51 2.06 28.9 C
J1022+1001 7.805 0.0833 0.872 0.249>90 0.18 2.06 16.5 C
J2145-0750 6.839 0.0242 0.515 0.245>90 0.54 2.07 16.1 C
J2129-5721 6.625 0.00105 0.158 0.244 354 3.48 2.07 3.73 AB
J1603-7202 6.309 0.00881 0.346 0.243>90 1.03 2.07 14.8 C
J0437-4715 5.741 0.00125 0.168 0.240 38.5 3.09 2.08 5.76 AB
J1045-4509 4.084 0.00177 0.191 0.232 46.4 2.42 2.09 7.45 AB
J1911-1114 2.717 0.000799 0.143 0.222 35.2 3.48 2.09 3.63 B
J2317+1439 2.459 0.00221 0.206 0.220 54.8 1.97 2.10 3.44 B
J0218+4232 2.029 0.00204 0.201 0.216 54.1 2.00 2.10 2.32 B
B1831-00 1.811 0.000124 0.075 0.213 18.8 8.64 2.10 521 B
J0034-0534 1.589 0.00127 0.169 0.211 45.0 2.50 2.11 1.88 B
J0613-0200 1.119 0.000972 0.154 0.205 41.5 2.78 2.12 3.06 B
B0655+64 1.029 0.0714 0.814 0.202 >90 0.14 2.12 196 C
J1012+5307 0.605 0.000580 0.128 0.193 36.1 3.33 2.13 5.26 B
B1957+20 0.382 0.0000052 0.026 0.186 7.3 35.0 2.15 1.61 B
J0751+1807 0.263 0.000974 0.154 0.181 48.2 2.28 2.16 3.48 B
J2051-0827 0.099 0.000010 0.032 0.168 10.0 21.7 2.18 451 B

The last column gives the classification of the BMSPs. Class A represents the wide-orbit binaries with He-WD companions. Class B contains the
close-orbit binaries with He-WD companions. In these class B systems non-conservative angular momentuti Jossgs @nd irradiation)

were dominant in the evolution of the progenitor LMXB aRf};,, < Pui;. The subclass AB refers to systems in which tidal spin-orbit interactions

were important but not sufficiently strong to finally prevent the orbit from widenfig,(~ 2-3 days). Class C hosts the BMSPs with heavy

CO-WD companions. These systems evolved through (and survived) a phase with extreme mass-transfer rates and loss of orbital angular
momentum (e.g. a common envelope).

MGPS is the mass of the white dwarf assuming: 60° (the mean value of a random isotropic distribution) dgs = 1.4 M.

Mgy is the mass of the white dwarf obtained from o, Mwnp) correlation assuming a Pop. I+1l composition for the donor.

ithe° is the orbital inclination angle required fafars = Mi; i > 90° means there is no solution (the observed WD is ‘too heavy’).
ME2x is the maximum value foMys obtained from the observed binary mass functiposingi = 90° and Mwp = M.

My is a rough estimate of the potential maximum post-accretion mass of the NS asshiigg= 0 (see curves in Fig. 4b).

For references to the observed valuBs.{, f and Pspin) see e.g. Camilo (1995) and Lorimer et al (1996).

* The companion of this very wide-orbit pulsar might be a CO white dwarf (cf. Sect. 6.2).
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