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Abstract We perform numerical calculations to simulate the evolutid low-mass
X-ray binary systems. For the accreting compact object wsider the initial mass of
1.4, 10, 20, 100, 200, 500 and 1000, corresponding to neutron stars (NSs), stellar-
mass black holes (BHs) and intermediate-mass BHs. Massférain these binaries
is driven by nuclear evolution of the donors and/or orbitag@ar momentum loss
due to magnetic braking and gravitational wave radiatian.tRe different systems,
we determine their bifurcation period3;; that separate the formation of converging
systems from the diverging ones, and show that changes from~ 1dtoz 3d
for a1 Mg donor star, with increasing initial accretor mass from b4.000 M.
This means that the dominant mechanism of orbital angulanembum loss changes
from magnetic braking to gravitational radiation. As amstration we compare the
evolution of binaries consisting of a secondary stat 81, at a fixed initial period
of 2d. In the case of the NS or stellar-mass BH accretor, tiséery evolves to a
well-detached He white dwarf-neutron star/black hole,gait it evolves to an ultra-
compact binary if the compact object is an intermediatesni&ts. Thus the binary
evolution heavily depends upon the mass of the compact blsjesvever, we show
that the final orbital period-white dwarf mass relation fddor NS low-mass X-ray
binaries is fairly insensitive to the initial mass of the lating star, even if it is an
intermediate-mass BH.
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1 INTRODUCTION

Low-mass X-ray binaries (LMXBs) consist of a compact star, & black hole (BH) or a neutron
star (NS), accreting from a low-mass (1 M) companion via Roche-lobe overflow (White et al.
1995). The donor can be a main-sequence (MS) star, an evatlve@ub/red-giant), or a white dwarf
(WD). There are~100 LMXBs known in the Galaxy (Liu et al. 2007), a small fractiof which have
been discovered in globular clusters. Observations bZhamdra X-ray Observatory have revealed
LMXBs in quite a few nearby galaxies (Fabbiano 1989, 2006).

The progenitors of the compact objects in LMXBs must havenbmeassive stars. So short-
period LMXBs should have undergone secular orbital angulamentum loss during their common
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envelope phase. However, a low-mass secondary star magveehough energy to eject the enve-
lope of the progenitor of the compact object during the comerovelope phase, unless a significant
fraction of the envelope has been previously lost througérg gfficient stellar wind. Additionally,
the binary is likely to be disrupted during the supernovdasipn that produced the compact object
(Justham et al. 2006; Li 2008). Alternatively, LMXBs may kasvolved from binary systems with
an intermediate-mass secondary (Podsiadlowski et al., Z0AB; Justham et al. 2006; Chen & Li
2006).

During the LMXB phase, mass transfer is driven either by ¢iss lof orbital angular momentum
due to magnetic braking (MB) and/or gravitational radiat{&R), or by nuclear evolution of the
donor star. One interesting and important topic in the seaeolution of LMXBs is the so-called
“bifurcation period” P,i¢. This period refers to the initial binary orbital period tisgperates con-
verging systems from diverging systems (Tutukov et al. 198Be first systematic investigations
on the bifurcation period were done by Pylyser & Savonije88,91989). They found that for NS
LMXBs the values ofP,;¢, depending on the donor mas$, and the NS mass, are about 12 hours
if the Verbunt & Zwaan (1981) MB law is adopted. The evolutimibinary systems with orbital
periods longer tha®,;; is determined by the nuclear evolution of the donor star,leaslbeen ex-
tensively investigated by Webbink et al. (1983) and Taan88).9Systems with periods shorter than
Py¢ are captured by orbital angular momentum loss with decayérgpds (Iben & Tutukov 1984).
The final products of LMXBs are usually binary radio pulsaithwhite dwarf companions. It is
well known that for diverging systems there exists a tighdtien between the final orbital perice
and the white dwarf mas®lwp (Rappaport et al. 1995; Tauris & Savonije 1999).

Itis also noted that the value &%,;; depends on the mechanisms of mass and angular momentum
losses during the mass transfer processes (e.g., Ergmd 808} Podsiadlowski et al. 2002; van der
Sluys et al. 2005; Ma & Li 2009). Recently De Vito & Benvenu2®(0) investigated the dependence
of the evolution of NS LMXBs on the initial mass of the neutistar. These authors found that, in
some cases varying the initial value of the NS mass at fixe@hlirorbital period may result in
evolved congurations ranging from ultra-compact to widsslparated binary systems. However, the
final P — Myp relation is fairly insensitive to the initial value of the Ni$ass.

There are few investigations on the bifurcation periodskhlBAXBs. In particular, recent ob-
servations suggested the possible existence of LMXBs witingermediate-mass BH in globular
clusters (Maccarone et al. 2011 and references therei®) fdimation processes of such bizarre
objects are still unclear (Miller & Colbert 2004). It is exqied that their evolution may be differ-
ent from NS LMXBs because of the extremely high BH masseshigygaper, we will investigate
the dependence df,;; on the masses of the compact objects including NSs, andrstedss and
intermediate-mass BHs. In order to approach this probleenhave carried out binary evolution
calculations with the initial massed ; of the accreting compact objects ranging from 144, to
1000 M. The organization of this paper is as follows. In Section 8,lwiefly describe the stel-
lar evolution code, the binary models, and the physicalragsions. In Section 3, we present our
calculated results of the bifurcation periods, their defggite of binary evolution oif; ;, and the
P — Mwp relation. In Section 4, we present the main conclusionsisfwlork and their possible
implications.

2 EVOLUTION CODE AND BINARY MODEL

We use an updated version of the stellar evolution code @gyl1971, 1972) to calculate the
evolutions of LMXBs consisting of an NS or BH (of ma&$;) and an MS secondary (of maas;).
The effective radius of the Roche lobe for the secondarykisrtdrom Eggleton (1983),

0.49¢%/3
— a
0.6¢2/3 + In(1 + ¢*/3)

Ry (2)
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whereq = M, /M, is the mass ratio, andis the orbital separation. Mass transfer rate via Roche
lobe overflow (RLOF) is evaluated as

— My = RMT-max

R 3
o,< 2 —1> ] Mgy, )
Ry, 0

and we adopt RME 102 in the calculationsks is the radius of the donor star).

Since the timescale of tidal synchronization in LMXBs is mghorter than the characteristic
evolutionary timescale of the binary, we assume that the afsihe secondary star and the binary’s
orbital revolution are always synchronized. Assumingdrigody rotation for the secondary star and
neglecting the spin angular momentum of the NS/BH, the @tgular momentum of the binary
system can be expressed as

J = Lw + Jo = Iow + G*3 My My(My + M)~ Y/30~1/3 (3)

wherel; is the moment of inertia of the secondary stiis the gravitational constant, andis the
angular velocity of the binary. We consider two kinds of magisms of angular momentum loss.
The firstis GR at a rate (Landau & Lifshitz 1975)

digr _ 32 G™/? MEM3 (M, + My)'/?
dt 5 b a’/? ’

wherec is the speed of light. The second is MB. For a low-mass MS sitir avdeep convection
zone, stellar winds which are magnetically coupled withstae can efficiently decelerate the stellar
spin, thus carrying away the orbital angular momentum beeafitidal synchronization. We adopt
the saturated MB formula for a star of mas$).1 — 1.1M, suggested by Sills et al. (2000),

(4)

3¢ Ra\1/2( Ma \—1/2
dJMB . - Kuw (R_é) / (ﬁ) / ) w < Werit (5)
dt — KwZqw( B0V (32)712, w > we

where K = 2.7 x 10*7 g cn? (Andronov et al. 2003), and..;; is the critical angular velocity at
which the angular momentum loss rate reaches a saturatedistesshnamurthi et al. 1997),
Tt0,*

Werit (t) = Werit,* 5 (6)
Tt

whereweis « = 2.9 x 1075 Hz, 740 . is the global turnover timescale for the convective envelop
of the Sun at its current age; is for the secondary at agesolved by integrating the inverse local
convective velocity over the entire surface convectiveetope (Kim & Demarque 1996).

Finally, we assume that the mass transfer is conservatiassNbss from LMXBs tends to
decrease the total mass and increase the binary sepamatidhénce the Roche lobe of the donor),
resulting in mass transfer rates somewhat lower than inesgatve mass transfer (Li & Wang 1998).
It has already been shown that mass loss in NS LMXBs (e.dlomgt either from thd.; Lagrangian
point or from the vicinity of the NS) only influences the biation period in a less important way
compared with MB (Ma & Li 2009). For example, even if all of thansferred mass is assumed to
be ejected from the binary, the valuesif; only change byS 3% compared with the conservative
case. For BH LMXBs, the effect of mass loss could be even Idveeause BHs are considerably
more massive than NSs. This implies that (1) mass loss idikedg to occur, since the maximum
Eddington accretion rate for a BH is higher than that for an &8l (2).7/.J due to mass loss in BH
LMXBs is smaller than in NS LMXBs, because of the smaller nrasi® M, /M, (see egs. (4) and
(5) in Ma & Li 2009).
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3 NUMERICAL RESULTS

We take the initial secondary mass, ; to be 1M with a solar chemical compositioX( = 0.70,

Y = 0.28,andZ = 0.02) considering the following facts: (1) our focus here is h is influenced

by the accretor mass with fixed donor mass, but LMXBs withrmtediate-mass BHs are likely to
only formin old, dense star clusters, in which most staretaw mass; (2) the chemical composition
could only cause a small change ih;; (Ergma et al. 1998). The initial masses of the accreting
compact objects are taken to bé ; = 1.4, 5, 10, 20, 100, 200, 500 and 10080, corresponding

to NSs, stellar-mass and intermediate-mass BHSs.

Throughout this paper we define the bifurcation perigg as the initial binary orbital period
P; with a zero-age main-sequence (ZAMS) companion star tipairates converging from diverging
systems.

The results of the bifurcation periods for different typdscompact objects are summarized
in Figure 1 and Table 1 (numbers are in boldface). It is noled P, firstly decreases and then
increases with increasing initial accretor mass fromM/4 to 1000M,, but Py, firstly increases
and then decreases. The evolution of the binary separat®determined by the following equation
in the case of conservative mass transfer,

a 2M, 2J

piaia vl Q)+ - ()
When the accreting star is an NS or stellar-mass BH, both GRvi® take effect with MB domi-
nating the angular momentum loss, but the smaller massqatiddH LMXBs implies a stronger
tendency for orbit expansion, resulting from the first termtloe right hand side of Equation (6).
ConsequentlyP,;r becomes smaller. In intermediate-mass BH LMXBs, GR becarnawparable
with or even more efficient than MB, because its angular mdommoss rate increases rapidly with
the BH mass,jgr Mf/g, so the binary orbit is more likely to shrink with time.

To see this in more detalil, let us compare the rates of angutementum loss due to GR and
MB. From Equations (4) and (5) we get

2 2
. 4 _(RoN—1/2( My y1/2(GT\1/3__MiM;  p2/3 _
Jor Kc? (R@) (MQ) (7T2 ) (M +M>)273 P, W < Werit @
Jus 16 Ro\—1/2( Ma\1/2( _4,~7\1/3  M7M3 —4/3
MB Kcswgrit(R;) / (AJ;) / (71' G ) / (I\,IIJF]M;)z/SP / , W > Werit

{ /

Py (d)

10 100 1000

1 sun)

Fig.1 The bifurcation period as a function of the accretor massihMXB.
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Table1 The initial and final orbital periods of the LMXBs with
different types of accretors. The donor mass is set tb Bé- .
The bifurcation periods in each case are listed in boldface.

My P Py My P P
(M) (d) (d) (Mg) ( (d)
1.4 1.28 0.18 100 1.76 0.17
1.4 1.30 1.09 100 1.78 1.88
1.4 1.32 2.49 100 1.80 7.66
5 0.99 0.13 200 2.16 0.05
5 1.01 1.99 200 2.18 2.94
5 1.03 5.10 200 1.19 6.86
10 1.05 1.03 500 2.72 0.08
10 1.07 2.46 500 274 1.14
10 1.09 6.21 500 2.76 5.65
20 1.19 0.13 1000 3.19 0.16
20 121 1.72 1000 3.29 3.95
20 1.23 6.01 1000 3.33 17.14
or
. —3( My \4/3( _P_\2/3
Jon 1.01 x 10-%(374) Pa)?? w < went o
7 - 3/ M _
JmB 1.59 x 10 3(M—é)4/3(%) 43w > Wit

where we adopb..;; = 2.9x 10~° Hz (Sills et al. 2000)M, = 1 M, andR, = 1 R . Equation (8)
indicates that, before MB reaches saturation, nametywe.i;, Jar /Jup ~ 1.1x1073(P/day)?/?
with My ; = 1.4 Mg, ~ 0.47(P/day)?? with M;; = 100 Mg, and~ 10.09(P/day)?/ with

M ; = 10® M. So we can clearly see that with a fixed donor star, the morsiweathe accreting
star, the greater is the dominance of GR over MB on the bieayolution, and in the extreme case
whenM; ; 2 103 My, the effect of MB can almost be neglected.

As an illustration, we compare the evolution of LMXBs cotisig of an NS/BH of different
mass and a secondary star of\l, at an initial period of 2 d. In Table 2, we list the final orbital
period P; and the white dwarf mast/yp after the mass transfer.

Figure 2 shows the evolutionary tracks of the secondaryénHiR diagram. Although mass
transfer withM; ; < 100 M, starts when the secondary evolves off the MS, the binaryuéieol
with M, ; > 200 M, is controlled by angular momentum loss when the secondamy tke MS, so
that the onset of mass transfer is earlier (see also Fig. 4).

Figure 3 compares the mass transfer rates whign = 1.4, 100, 200, and 1000/, In the
former two cases, the “bump-related” detachment at the timihe first dredge-up in the donor
star is clearly seen, which occurs for a good fraction of triwgionary paths leading to long-period
binary millisecond pulsars (D’Antona et al. 2006). In thiédatwo cases, the mass transfer is always
continuous, and the mass transfer rates finally increasa titeedonor becomes degenerate.

Figure 4 shows the evolution of the donor mass. At the santialiorbital period, the RL radius
of the donor is the same, but the onset of RLOF occurs latenvh@accreting star is less massive.
The evolution of the orbital periods is shown in Figure 5. Wiige compact object becomes more
massive, the evolution is more likely to be captured earlgihgular momentum loss due to GR (es-
pecially for intermediate-mass BH binaries) and MB, so fyatems with BHs of mass 200 M,
evolve to tighter configurations. These results show thatiihary evolution strongly depends on
the type of the compact accreting star.

We have performed evolution calculations for LMXBs withfdient initial orbital periods. For
binary systems with initial orbital periods P,i¢, mass transfer stops when the donor loses almost
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Fig.2 The evolutionary tracks for a normal donor star with an ahithass of 1.QV/, evolving in
binary systems with different initial accretor star mas3ée initial orbital period is 2 d. The circle
corresponds to the onset of RLOF.
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Fig.3 Evolution of the mass transfer rates in an LMXB consistinguofNS/BH of different mass
and a secondary star ©fM at an initial period of 2 d.
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Fig.4 Same as Fig. 3 but for the evolution of the donor mass.
C T T T T T T T T T T T E T T ]
1+ -
=
a ©0 -
D
o
- _MN$=1'4Msun T
—M,,=5M
M, =10M_ g
_MBH=20Msun
——M,=100M
=My, =200M__
1 M,,=500M ]

=M, =1000M_

t (Gyr)

Fig.5 Same as Fig. 3 but for the evolution of the orbital period.

Table2 Final Orbital Periods and Donor Remnant Masses at the EntlOFR
for LMXBs with an Initial Period of 2 d

M ;(Me) 1.4 5 10 20 100 200 500 1000

Py (d) 18.34 44.72 5254 5549 40.03 0.064 0.084 0.091
Mwp(Me) 0.262 0.291 0.297 0.300 0.288 0.026 0.026 0.027
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Fig.6 The P — Mwnp relation for the binary systems presented in this work. IEgcsquares,
diamonds, triangles, down triangles and stars depict s\ssteth accreting stars with initial mass of
1.4, 10, 20, 100, 500 and 100@, respectively. In addition, we plot the relation given by fiauk
Savonije (1999) with a dashed line.

all of its envelope and becomes an He/CO WD. At this time wekntlais core mass (as the WD
mass) and the corresponding orbit period. Then altogetkeram obtain thé> — My relation.

In Figure 6 we plot theP — Mwp relation for diverging systems from our calculations. In
the figure we also include the relation obtained by Tauris &®ge (1999). As can be seen, our
evolutionary calculations agree with the prediction thmtide binaries the® — Myyp relation
is fairly independent of the value of the initial mass of theerator, no matter if it is an NS or a
BH. Rappaport et al. (1995) claim that this relation showdfdirly insensitive to changes in the
initial NS mass. Our calculations validate their concladior compact objects ranging from NSs to
intermediate-mass BHs.

4 DISCUSSION AND CONCLUSIONS

The concept of bifurcation period was firstly used in NS LMXBsthis paper we extend it to BH
LMXBs and present our calculated results of tRg; for different types of LMXBs, to examine
the dependence of binary evolution, with the accretingrstaging from NSs to intermediate-mass
BHs, and the applicability of the relation between the finbital period and the mass of the He WD
remnant.

First, our calculations show that the value f;; varies with increasing initial accretor mass
from 1.4 M, to 1000M,. The main reason is that the dominant mechanism of angularentum
loss in these systems is different. For a specific systemyahee of A,;¢ is determined by the com-
bined action of the nuclear expansion and orbital shrinkdageto angular momentum loss. Along
with the increase of the accretor star mass, the efficiendyi®finduced angular momentum loss
decreases, while GR becomes more and more important. WehimihtLMXBs with a1000 M,
BH, GR dominates the angular momentum loss, giving a relgtiarge value off,;; .

This means that the LMXB evolution with a given orbital periand donor star dramatically
diverge for different kinds of accreting star. For exampligh an NS or stellar-mass BH, the system
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with fixed initial donor star massl (/) and orbital period X 1.0 — 1.3 d) evolves to a well-
detached He WD-NS/BH pair; if the compact object is more mage.g. intermediate-mass BH),
it may contract down to an ultra-compact configuration.

This result may have interesting implications for intermaégtmass BH LMXBs in particular.
These exotic objects may be formed in dense star clusteysglebular clusters) where they form
binary systems by dynamical interactions (tidal capture exchange collisions) with normal low-
mass stars in the cluster. Depending on the distributioheftitial binary’s orbital period (which,
unfortunately, is still unclear), the intermediate-mabslBVIXBs may have different characteristics.
If P > Py initially, they may evolve to be transient X-ray sources @rywwide orbits with ultra-
luminous outbursts (Kalogera et al. 2004). If their inittabits are narrow® < P;¢), they may
shrink further, and some of them might contribute to the Veiyt X-ray transients discovered in the
Galaxy, if the donor’s hydrogen abundance is extremely IKing & Wijnands 2006).

Our investigation covers a broad range of the initial acerstar masses, from NSs to IMBHSs,
but the results suggest that the final orbital period - He WBswalation is insensitive to the initial
accreting star’'s mass, as claimed by Rappaport et al. (1f88@HS LMXBs (see also De Vito &
Benvenuto 2010). Among the period - WD mass relations aviailm the literature, we find a good
agreement between our results and those presented by ZaBagonije (1999).
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