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ABSTRACT

In this paper, the second of a series, we study the stellardigal and evolutionary processes
leading to the formation of compact binaries containingtr@ustars in dense globular clus-
ters. For this study, 70 dense clusters were simulated erdbgmntly, with a total stellar mass
~ 2 x 107 M, well exceeding the mass of all dense globular clusters irGalaxy. We find
that, in order to reproduce the empirically derived formatrate of low-mass X-ray bina-
ries (LMXBs), we must assume that NSs can be formed via eleatapture supernovae with
typical natal kicks smaller than in core-collapse supeago®ur results explain the observed
dependence of the number of LMXBs on “collision number” a8l we the large scatter ob-
served between different globular clusters. We predidtttm@number of quiescent LMXBs
should not have a strong metallicity dependence. For mdbsd pulsars (MSPs), we distin-
guish high-magnetic-field (short-lived) and low-magn#iitd (long-lived) populations. With
this distinction, we obtain good agreement of our modelf Wie numbers and characteris-
tics of observed MSPs in 47 Tuc and Terzan 5, as well as witlctineulative statistics for
MSPs detected in globular clusters of different dynamicapprties. We find that significant
production of merging double neutron stars potentiallyditble as short-ray bursts occurs
only in very dense, most likely core-collapse clusters.

Key words: stellar dynamics — binaries: close — binaries: generalrs:steeutron — pulsars:
general — globular clusters: general — X-rays: binaries.

1 INTRODUCTION 10%® ergs s*. In bright LMXBs, the NS is actively accreting
from a companion star via Roche-lobe overflow and an aceretio
disk. Thirteen sources are known in Galactic GCs, of which 12
are known to contain NSs through the detection of thermaauicl
bursts. Six are transient systems (two have remained inusitfor

Neutron stars (NSs) are seen in globular clusters (GCs)hé t
(current or past) participation in interacting binary gyss. From
the earliest observations of X-ray binaries in GCs it hanlrexted

that t_he|r abundance per unit mass\loo tlme_s greater in GCs more than a decade; the others have outburst time-scaleseti)y
than in the Galaxy as awho75). Th's was undedgkmo while the other seven seem to be persistent. Orbital petiaste
be a consequence of the high stellar Qenglty pf GCs, which may been identified for six systems (Dieball etlal. 2005), of vaHalf
lead fo the cre_atlo_n of compact NS_bmanes n cI_ose_ _steHar € are below one hour, indicating an ultracompact system ceegbo
counters. NS b|nar|e§ are often relatively easy to |demt|fg§Cs of a neutron star and white dwarf companion. Efficient susvefy
(compared to other binaries), and they allow us to consthaiy- the X-ray sky give us confidence that we have detected alhbrig

“f”‘m'ca' history of clusters and the evolution of NS_ projasrin . LMXBs that have existed in Galactic GCs during the past 10s/ea
binary systems. They have been observed so far in threesguise

(i) as bright low-mass X-ray binaries (LMXBs); (ii) as quiesit Quiescent LMXBs have lower X-ray luminosities0f! <

LMXBs (qLMXBs); and (iii) as binary or single millisecond pu Lx < 103! ergs/s), indicating that accretion is not active or is

sars (MSPs). In the future, they could also be detected aseu  significantly reduced during quiescence. Their X-ray lupsity

of gravitational radiation. is thought to derive at least in part from the re-radiatiorheét
Bright LMXBs have X-ray luminosities of typicallyl0%°— from the core of the NS, which was generated during accretinn

bursts . 1998), though other mechanisms aresaigo
gested (see, e.g.. Campana etlal. (1998) ). They can befidenti

* E-mail:nata@cita.utoronto.ca through their positional coincidence with the location dbréght

t Lindheimer Fellow transient LMXB in outburst (Wijnands etlal. 2005), and/amotigh
1 Tombaugh Fellow their characteristically soft X-ray spectrum (Rutledgele2002).
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[1 The total number of gLMXBs in the Galactic GC system is in-
ferred to be~100-200 [(Heinke et l. 2003), although only a frac-
tion of the Galactic clusters have been studied sufficicotiglen-
tify gLMXBs.

As of this writing 129 millisecond radio pulsars have been

the range of GC models that we consider. Formation and reten-
tion of NSs are analyzed in Section 4, and the following secti

is devoted to the formation of binaries containing NSs. V¢euts

the formation of LMXBs in Section 6, and MSPs are considered i
Section 7. Section 8 briefly describes double neutron stégson-

observed in GCs, with more than 10, 20 and 30 seen from the clude by summarizing the connection between our resultstzd

clusters M28[(Stairs et Al 2006), 47 Tlic (Camilo ét al. 2086y
Terzan 5@05), respectiglyThese millisecond

pulsars (MSPs) are thought to be descendants of LMXBs (e.g.,

Bhattacharya & van den Heulel 1991). It is estimated thatdéio

1000 MSPs are present in the Galactic GC sys
[2005), of which half or more are potentially detectable. rént
pulsar searches have reached the bottom of the pulsar lemino
ity function in very few clusters (e.g., 47 Tuc and M15). As an
example, the total radio luminosity from Terzan 5 suggesied
this cluster may contain 100 pulsars (Fruchter & Goss|199h)s—
number is 3 times more than the number of identified pulsars.
Since NSs in GCs appear to be excellent tests for our un-
derstanding of both stellar dynamics and neutron star &eolu
it is not surprising that this issue has attracted significamtin-
uing attention. The largest challenge for these studiesngpcita-
tional. It has been estimated that a cluster consisting06fstars
(~ 250,000M ) will contain only a few hundred NSs, and mod-
els with a smaller number of stars will not therefore havdisuf
cient statistics. DireciV-body methods are unlikely to address the
million-body problem before 202@06). Monte Carlotime
ods now allow million-body simulations for spherically spmat-
ric systems with single starOG) and with large-fr
tions of primordial binaries, including direct integrat®of all bi-
nary encounters_(Fregeau & Rasio 2006), but a full implement
tion of binary star evolution is still Iackin). As
a result, most previous theoretical studies of NSs in ctastere
performed using simple scattering experiments, with acsietck-
ground of single or binary stars (e.q.. Sigurdsson & Phirf@85;
Rasio et all_ 2000; Kuranov & Postnov 2006). We chose instead t
use a method that treats in detail the stellar evolution cdrgel
population of stars and binaries in a dense cluster envieomnbut
with a highly simplified description of the stellar dynamiekich
is not fully self-consistent.
In this paper we present the results of our ongoing study of
compact binary formation in GCs, concentrating on the faioma
of binaries with NSs. For the first time we have used cluster si
ulations that include a dynamically evolving system andesent
consistently an entire stellar population with numberstafssand
binaries comparable to those in observed GCs. In additeweral
statistically independent simulations were performecefmh clus-
ter model, to show how different the outcomes can be with#lig
different but equivalent initial conditions. Some prelivary results
on NS binaries from our work were reported.in_lvanova & Rasio
(2004); Ivanova et al| (2005): lvanova & Rasio (2005): Rasial.
_@‘S), and detailed results for the formation of binariestain-
ing white dwarfs (WDs) were presented in Pap eta
). We refer the reader to Paper | for a complete desonipti
of the physical processes of formation and destruction ofsma
transferring compact binaries, as well as our numericahou.
We outline updates to the method and our assumptions thasare
pecially relevant to NSs in Section 2. In Section 3 we describ

1 Not all gLMXBs show the characteristic soft X-ray spectrum
5), though it seems that the majority do.
2 Seé€ http://lwww.naic.edupfreire/GCpsr.htril for an updated list.
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observations, as well as giving predictions for future otestions
and discussing constraints on NS formation.

2 METHOD

Our numerical methods generally remain the same as deddribe

1.(200%, 20D6). To study the population of NSsijw
troduced a number of updates to the population synthesieimod
specifically for NS formation, and we revised the treatmdrtyo
namical events with NSs. We also optimized numerical aspefct
our code for more efficient use of parallel supercomputers.

2.1 Population synthesisupdates

We adopt the binary evolution model from the population syn-
thesis codeSt ar Tr ack (Belczynski et all 2002, 2007). In our
first study of binary populations in GC core t al.
M) we used a previous version 8f ar Track described

in Belczynski et &ll. [(2002). In our study of close binarieshwi
white dwarfs 6, paper I) we employed a more
recent version ofStar Track available at the time (as in
Belczynski et all 2007, but including updates only for WD evo
lution compared to the previous version). In this paper we in
corporated all the latest updates 8f ar Tr ack, as described

in IBelczynski et al. [(2007). Below we outline several of the
most important changes i8t ar Tr ack that affect the forma-
tion and evolution of NSs compared to our previous studies of
NSs in GCs|(lvanova & Rasio 2004; Ivanova etlal. 2005, 2006).
We also provide detailed descriptions of further modifimasi to
the St ar Tr ack model, beyond those In Belczynski et al. (2007),
which we developed for the treatments of electron-captupeis
novae and common-envelope events.

2.1.1 Natal kicksand supernova disruptions

At the moment of formation, both NSs and BHs receive addi-
tional speed (a natal kick), most likely due to asymmetrie su
pernova eject04). Although most recent sinuati
are in relatively good agreement with the measured digtdabu
of pulsar velocities, the agreement is not yet firmly estdgld
6). In this paper we adopt the most receetly
rived pulsar kick velocity distribution frorh_Hobbs et d@),
which is a Maxwellian distribution with one-dimensional M
velocity o = 265 km s ! (the mean three-dimensional velocity
is ~ 400 km s7'). In contrast to some earlier studies (e.g., see
|Arzoumanian et al. 2002), no evidence for a bimodal velodisy
tribution is present.

At the moment of the explosion, the supernova progenitor can
be a binary companion. Because of the kick, the binary caorhec
unbound (and the binary components will separate) or thieeent
binary can be affected by the natal kick. In our previousissidn
order to find the velocities of the components of an unboundry;j
we used the derivation by Tauris & Takehs (1998), where tiee pr
supernova orbit is assumed to be circular. The approach insed
the current version dbt ar Tr ack allows us to properly calculate
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cases with an arbitrary pre-explosion orbital eccenyri¢ior full

details, se6.3 in[Belczynski et al. 2007).

2.1.2 Electron-capture supernovae

Through our studies of accreting demo%) we
found that electron-capture supernovae (ECSe) could bddire
inant source of retained NSs in clusters. Similar resultevedso
recently obtained in Kuranov & Postnav (2006). We have thueee
considered in great detail all possible types of ECSe farwhrk.

It has been argued that whendagenerate ONeMg core
reachesVl..s = 1.38 M, its collapse is triggered by electron cap-
ture on**Mg and?’Ne before neon and subsequent burnlngs start
and, therefore, before the iron core formati
Nomoto (1984, 1987]_ Timmes & Woosldy 1992: Timmes ét al.
M) The explosion energy of such an event is significantly
lower than that inferred for core-collapse supernovae $Be®
[2006). There are several possible situations when a staimminp
a degenerate ONeMg core that will eventually reA¢h..

First, this can occur during the normal evolution of single
stars. It was initially proposed MQM) thagtar
of 7-10 My, after non-explosive carbon burning, develops an
ONeMg core. If the initial core mass is less than required for
the neon ignition,1.37M¢,, the core becomes strongly degener-
ate. Through the continuing He shell burning, this core groav
Mecs. In more massive starg, 10 M, carbon, oxygen, neon and
silicon burnings progress under non-degenerate conditamd, in
less massive stars, ONeMg cores never form. The formatide-of
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lapse (AIC). In this case, a massive ONeMg WD steadily accumu
lates mass until it reaches the critical mass.s (for more detail on
the adopted model of the accretion on the WD see lvanova & /Taam
[2004; Belczynski et al. 2007). In addition, ONeMg WDs can be
formed from CO WDs via off-centre carbon ignition if the mass
of CO WDs is above 1.0/ and the accretion rate is high,
M > 2.7 x 10~ Mgyr—" (Kawai et al[ 1987) so that eventually
this also leads to AIC.

The third case that we consider is coalescing double WDs with
a total mass exceedintfecs. To distinguish it from AIC, we will
refer to this case as merger-induced collapse (MIC). Thereatf
NS formation is the same as in the case of AIC (accumulation of
mass by a massive ONeMG WD). In the case of coalescing CO
WDs, then, as in the case of single stars, off-centre canpation
occurs first, which quiescently converts the star into an Kgle
core, and this proceeds with an ECS (Saio & Nomoto 11985 ]2004)
Although the approach above was proposed for coalescing WDs
in binaries only, we assume that in the casealfisions between
two WDs it is applicable as well: except for the rare caseseafrn
head-on collisions, a less massive WD will be tidally disegpand
accreted at high rate on to the more massive WD.

We therefore assume in our simulations that a NS will be
formed via ECS in the following cases:

e if at the start of the AGB the He core mass is
1.83 Moy < Mepacs S 2.25 Mg (EIC)

e if an accreting ONeMg WD reachéd..s (AIC)

o if the total mass of two merging or colliding WDs exceeds

Mees (MIC)

generate or non-degenerate ONeMg cores depends on the éle cor

mass at the start of the asymptotic giant branch, whegeb Mg,
is a rough boundary between the ca 1984). If the in
tial He core mass is below.83 Mg, no off-centre ignition will
happen—the carbon core burning will occur when the degémera
core reaches the Chandrasekhar mass, resulting in a thectaan
explosion 0, also J. Eldridge 2006, proman.).

The conditions for ECS were shown to occur in single stars of
initial mass 8-1QV/, by ). This critical mass range
depends on the properties of the He and CO cores, which,rin tur
are highly dependent on the mixing prescription (semicotivg,
overshooting, rotational mixing, etc.) as well as on thepaeld
opacities. As a result, the range varies between differeolue
tionary codes (see discussion|in_Podsiadlowski et al. | 280Ess
), and is generally reduced compared to that propogéalin
by [Nomotb (1984, 1987). In the code that we use for our cluster
simulations, a non-degenerate ONeMg core is formed wheinithe
tial He core mass is abo@t25 M, (Pols et all 1998: Hurley et al.
@b) and the range of initial masses for single stars of sotdal-
licity that leads to the formation of such a core is 7.66 t068.2
Mg. The equivalent mass ranges are from 6.85 to b7 and
from 6.17 to 6.76M, for single stars with GC-like metallicities,
Z = 0.005 andZ = 0.0005, respectively.

The initial stellar mass is not the only parameter that dsfine
whether a star will form a degenerate ONeMg core. It was icen

pointed out by Podsiadlowski et/dl. (2004) that the rangeagen-

For NSs formed via ECS we assume that the values of na-
tal kick velocities are proportional to the explosion enesgand,
accordingly, are ten times smaller than in the core-colapmse
6). We will provide the separate stasi$tir NSs
created by different channels (core-collapse, EIC, AIC ¢€Mso
that if one of the channels later turns out to have been oterated
it will be easy to make the recalibration.

The gravitational mass of the newly formed NSILig&6 M.

This is~ 0.9 of its baryonic mass (which cannot exceed the pre-
collapse core mass) after subtracting the binding enerdysacal-

culated as in Timmes etlal. (1996):
— Mgray = AM = 0.075M 2.y,

@

where the masses are in solar masses. As the angular momeintum
the binary is conserved, in the case of no kick, the binaryensd

The condition for ECS to occur depends essentially on the
central density of the object. As a consequence, a rapidating
WD can reach a much higher mass than the Chandrasekhar limit
before the central density becomes high enough for electapn
tures on**Mg and ?°Ne to occur. For example, its mass can be
as high asl.92 M, if the ratio of the WD rotational energy to
the gravitational binding energy is 0.0833 and the star glki
oblate 06). Such rapidly rotating heavysWwan
be formed, e.qg., during the coalescence of two WDs with totss
exceeding the Chandrasekhar mass. During such a mergehdes

Mbaryon

itor masses for which an ECS can occur depends also on the mas®-5 per cent of mass will be lost from the systém (Guerrerdlet a

transfer history of the star, and therefore may be diffef@nbinary
stars, making it possible for more massive progenitors tiajgse
via ECS. We will refer to the single and binary scenarios f&SE
in non-degenerate stars, as described above, as evointinoed
collapse (EIC).

The second possibility for an ECS to occur is by accretion on
to a degenerate ONeMg WD in a binary: accretion-induced col-

M) The collapse of a rapidly rotating WD can therefoeal o
the formation of a more massive and very fast spinning NS.

2.1.3 Convective and radiative envel opes

The presence or absence of a deep outer convective envafape i
ences a star’s behavior during various phases of closeybimar-
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actions (e.g., angular momentum loss via magnetic brakidal

interactions, stable or unstable mass transfer). In paaticit has

been pointed out in i06) that the absence of a dgep o

convective zone in low-metallicity GCs may explain the preh-

tial formation of LMXBs in metal-rich clustermf:im,
Bellazzini et all 1995; Zepf et Al. 2006).

In this study, for main-sequence stars we adopt the matgilic
dependent mass range to develop a convective envelopebdescr
by (eq.(10) in_Belczynski et &l. 2007) In addition, in our\iceis
work, all giant-like stars were assumed to have outer cdiweec
envelopes. Now stars crossing the Hertzsprung gap andsties
blue loop are not assumed to have convective envelopesiif the
effective temperature satisfiesT.gq > 3.73.

2.1.4 Common-envelope phases

For common-envelope (CE) events we use the standard erargy f
malism @4). In this approach, the outcome of tke C
phase depends on the adopted efficiency for orbital eneaggfer
into envelope expansion energy. and on the donor envelope cen-
tral concentration parametar The commonly used prescription is
ace X X = 1, and this is adopted in our models as well. How-
ever, for He stars with an outer convective envelope we deter

A from the set of detailed He star evolution models calculéted
llvanova et al.[(2003). In this cask,= 0.3R~°%, whereR is the
radius of the He star in solar radii. As many He stars end tiveis

as NSs, the CE evolution of He stars is an important chanmel fo
the formation of close binaries with NSs. Indeed, the pipton
above was recently used in a study of double neutron staiaftiom

as shorty-ray burst progenitors (Belczynski et al. 2006).

2.2 Dynamical events
2.2.1 Binary formation via physical collisions with giants

We consider in our models the possiblity of (eccentric) byrfar-
mation via physical collisions involving a red giant (RGpribina-
ries formed through NS—-RG collisions, the final binary sapan
as and eccentricityes depend on the closest approach distapce
(Lombardi et al| 2006) and can be estimated using the resilts
hydrodynamic calculations as

e P

er =088 — 20— @)
P

_ 3

YT 330 ®

More details on our treatment of these collisions can beddan

llvanova et al.[(2006)

2.2.2 Callisions and mergers with NSs

We assume that the amount of matter accreted by a NS follosving
merger or collision depends on the evolutionary stage obther
star. If a NS collides or merges with a MS or a He MS star, we
assume that it accretes no more that B2 m&. In
the case of a collision with a giant-like star, the maximurcrated
mass is 0.01M, (Lombardi et all 2006). When the other star is a
WD, all the WD mass is accreted. In essentially all mergers an
collisions, the accreted mass must have gone through aetecr
disk, implying that, if a significant amount of matter is ssted, a
recycled pulsar will be formed.

2.2.3 Triplesand their treatment

Stable hierarchical triples can be formed through binaina#y en-
counters. Although these triples would be stable in isofgtit is
likely that they will be destroyed during their next dynaalien-
counter. As there are no developed population synthesibaudst
for handling triple star evolution, we cannot keep thesglds in
our simulations and instead we have to break them immedyliatel
ter formation into a binary and a single star. We do this wbie-
serving energy: the energy required to eject the outer caiopas
balanced by shrinking the inner binary orbit. The outer camign
is released unless the required energy is such that the lnmasny
merges. In the latter case the inner system is allowed toereerg
the outer companion is kept in a new, wider orbit to form thalfin
binary system.

It is possible that in a triple the inner orbit’s eccentsioitill
be increased via the Kozai mechanigm_(Kdzai 1962). This-secu
lar coupling causes large variations in the eccentricitg gatli-
nation of the orbits and could drive the inner binary of thplér
system to merge before the next dynamical interaction. Téei-m
mum eccentricity in systems with large initial inclinat®ia, such
thatsinio > (2/5)"/? (io > 39°) is (e.g. Innanen et Hl. 1997;
[Eggleton & Kiseleva-Egglettn 20

01):

1—5/3cos?(io) - (4)

The period of the cycle to achievg,ax is m-7
Miller & Hamilton/2002)

0.421n(1/e;) m1+m2g 1/2 b 1/2 -
Sin2 (’Lo) —0.4 mo a,?’ Gmo )

i

~
€max =

TKoz ==

wheree; is the initial eccentricity of the inner binary,, m2 and
m, are the masses of the inner binary companions and the mass of
the outer starg; anda, are initial orbital separations for the inner
and outer orbits, antl, = a.(1 — e,)*/? is the semiminor axis of
the outer orbit.

We compare the Kozai time-scatg,, with the collision time

Teon (computed as in Ivanova etal. 2005):

1/3 2/3 —1 -1
/Mtot/ ng Vg X

(Mior + (M) ) -

Teonl = 8.5 x 10" yr P, (6)

(1 + 913kP2/3M1/3 -

td tot

Here P4 is the triple period in days)/;.: is the total triple mass
in Mg, (M) is the mass of an average single stai\iy), vio
Voo /(10km/s) andns = n/(10° pc=?), wheren is the stellar
number density.

If Tkoz > Teol, the Kozai mechanism does not affect the
triple evolution before the next encounter occurs, and wealor
the triple as describe above. However, for triples with,, <
Teoll, We consider the circularization time-scale.. (see§3.3 in
Belczynski et al. 2007). The characteristic time-scalettierinner
binary separation to decrease through tidal dissipation,is/2¢?
dMazeh & Shahah 19[79). Pfcirc/2ei2 < Teon, the inner binary
will shrink until one of the components overfills its Rochéoédo
or its separation will small enough to cause the Darwin inita
ity resulting in a merger (Eggleton & Kiseleva-Egaleton 2pan
the opposite case, Whengim/Qei2 > Teoll, WE assume that mass
transfer starts ibmax iS such that at least one of the stars in the
inner binary overfills its Roche lobe at pericentre. As altetiple
formation may enhance the formation of mass-transferringries
with a NS.




For sufficiently compact inner binaries, relativistic efemay
play an important role. The relativistic precession peiiydof the
inner binary, to first post-Newtonian order, is (5ee Weig 972,
p.197):

2rc?a®/?(1 — €?)

= 3G32(my + ma)?/2

If Tkoz > Ppr, Kozai cycles are strongly suppresﬁMﬂkt al.
1997).

We expect that some dynamically formed triples can also un-
dergo significant secular eccentricity evolution even fdmital in-
clinations smaller than the Kozai angle (see ),

but here we neglect this possibility.

Po: @)

2.3 Millisecond pulsars

In our standard model, MSPs are identified with NSs that heea b
spun up and had their magnetic fields reduced during an @mtret
phasel(van den Heuliel 1984). The amount of material thasrteed
be accreted on to a NS to form a MSP is not established firmly. In
our simulations we assume that in order to spin up to a miied
period, a NS must accrete at least 0/0L,. We distinguish mass
gain through steady accretion from that which can resulinfeo
physical collision (see als§P.2.2) or a CE event.

The time over which a MSP will spin down from its initial
period Py to a current period is

P?-P; 1

2 pp’
wherePP = B?/10* [s]. With the assumption that the magnetic
field B does not decay?’ P remains constant with time.

Several radio pulsars in GCs are slowly spinning (>
0.1s) and have highPs (higher than can be produced by grav-
itational acceleration in the cluster potential) implyingla-
tively high B fields, > 10'!-gauss. These include NGC 6342A
(van Kerkwijk et al.| 2000), NGC 66248 (Biggs ef 4. 1094), and
NGC 644OAJMI.@6). Their inferred characteristies
range from107 yr to 2 x 10 yr, compared td0'! — 10" yr for
“normal” MSPs. The inferred birthrate for this class of atfeis
similar to that of “normal” MSPs, but observationally theaesn to
be concentrated in the densest clusters, and 2 of 3 areadgiat-
sars. Several other pulsars in clusters may also be prodicaeyh
a related mechanism; these include the numerous isolatésiiS
M15, and the isolated young pulsars NGC 6624A and M28A, both
of which appear to be above the “spin-up line” for MSP proghrct

11994).

Strong magnetic field of 10'!-gauss can be a result of the
collapse, assuming flux conservation, of a typical magnétia
with B ~ 10°-gauss. Observed magnetic WDs typically have
higher masses than nonmagnetic WDs(Wickramasinghe & fi@rra
), indicating that they may dominate the population &V
that undergo AIC. Stellar dynamo theory supports the lirtkveen
strong magnetic fields and massive WIDs_(Thompson & Duncan
). Itis also possible that a strong magnetic field maydmeg
ated during the merger of a WD pair, where one or more WD had
a strong magnetic field, leading to the production16f?-gauss
magnetic fields, or even magnefaffield strengths 0f0'* +10"°-
gaussl(King et al. 2001; Levan et al. 2006; Chapman et al.}2006
MSPs formed with such high magnetic fields will have reldsive
short lifetimes, and thus will make up only a small portionttod
observed globular cluster MSP population.

®)

TMSP =
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3 MODELS

Our “standard” cluster model has an initial binary fractmfnl00
per cent. The distribution of initial binary periods is ctargt in
the logarithm between contact ah@” d and the eccentricities are
distributed thermally. We emphasize that about 2/3 of tlsa-
ries are soft initially (the initial binary fraction for haubinaries is
about20 per cent if the 1-D velocity dispersion is 10 km/s) and
most very tight binaries are destroyed through evolutipmaerg-
ers. Our initial binary fraction is therefore comparabléhte initial
binary fractions that are usually adopted Arbody simulations,
10-15 per centin hard binaries (soft binaries are shoeglin dense
clusters but slow down the calculations considerably).dorore
detailed discussion of the choice of primordial binary fiae, see
lvanova et al.[(2005).

For single stars and primaries we adopt the broken power law
initial mass function (IMF) 02) and we assumeas fl
mass-ratio distribution for secondaries. The initial corass is 5
per cent of the total cluster mass and no initial mass setioega
assumed (an average object in the core is as massive as ageaver
cluster star). At the age of 11 Gyr, which we adpot as a tyigal
of a Galactic GC, the mass of such a cluster in our simulati®ns
~ 2.2 x 10° M, for a metallicity of a typical metal-rich cluster
(Z = 0.005) and is comparable to the mass of typical GCs in our
Galaxy. In the case of a metal-poor cluster (Z=0.0005), thesis
~ 2.5 x 10° M. To make a comparison between cluster models
of different metallicities we will show all results scalemld cluster
mass2 x 10° M. As the metal-rich case observationally is more
important — most of bright LMXBs and MSPs detected so far are
located there, we take for our standard model the v&lue 0.005.

For our standard model we fix the core densitynat =
10° pc3. The link to an observed luminosity density can be found
using the number density-to-mass density ratio, which isseau-
lations~ 2 M ! at the ages of 7-14 Gyr, and mass-to-light ra-
tio, which on average is- 2.3 My /Le and is2 Mg /Lg for
47 Tuc [(Pryor & Meylarl 1993). We adopt a half-mass relaxation
time t,, = 1 Gyr (Harri$[1996). The characteristic velocities are
computed for a King model with dimensionless central paaént
Wo = 7 and the total mass of the model, giving a one-dimensional
velocity dispersiono; = 10 km/s and a central escape velocity
vese = 40 km/s. If, after an interaction or SN explosion, an ob-
ject in the core acquires a velocity higher than theoil velocity
vrec = 30 km/s, the object is moved from the core to the halo. The
ejection velocity for objects in the halo is;,, = 28 km/s. This
standard model represents a typical dense globular clirsi@ur
Galaxy.

In addition to this “standard” model we also consideredtelus
models with the following modifications:

e a metal-poor cluster with = 0.0005 — “metal-poor”;

o different central densitiesi. = 10° pc™2 , n. = 10* pc~
andn. = 10® pc~? — “high-dens”, “med-dens” and “low-dens”
respectively;

e a cluster with smaller velocity dispersion and smaller jec
velocity — “low-0";

e shorter half-mass relaxation time “lorg;”;

e reduced initial binary fractionf? = 50 per cent — “BF05";

e magnetic braking taken as lin Rappaport etlal. (1983) — “fast
MB”;

e reduced efficiency of the common envelopg;r A = 0.1 —
“CE-reduced”;

e natal kick distribution is doubled peaked Maxwellian as in

|Arzoumanian et all (2002) — “oldkicks”

3
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Table 1. Models.

nc tin Z o1 Vesc fg acgA MB M 1uster Runs (number of stars)
standard 10° 1.0  0.005 10 40  100% 1.0 ITO3 2 x 10°Mg 5 with 108, 5with2 x 10°
metal-poor . 0.0005 - . . . . 5 with 106
high-dens 106 . 5 with 106
med-dens 10 . . . . . . . . 5 with 106
low-dens 102 . . . . . . . . 5 with 106
low-o . . 5 20 5 with 106
long-t,, . 3.0 . 5 with 106
BF05 . 50% . 5 with 106
fast-MB . . . . . . RVJ 5 with 106
CE-reduced . . . . . . 0.1 . 5 with 106
oldkicks . . . . . . . . 5 with 106
47 Tuc 2.5-10° 3.0 0.0035 115 57 109 Mg, 5 with 2 x 106
Terzan 5 8.10° 093 0.013 116 49 3.7 x 10° Mg, 5with 1.7 x 106

Notations:n. — core number density¢ —3); ¢4, — half-mass relaxation time (Gyr¥ — metallicity; o1 — one-dimensional velocity dispersion (km/g);c —
central escape velocity (km@g — initial binary fraction (see text for corresponding bin#naction of hard binariesyxcg A — CE efficiency; MB — adopted
prescription for magnetic braking (ITO3 is fr @) and RVJ is frol MQSB/Y)O'luste, — all the results for this model
are scaled to this adopted cluster mass. “Oldkicks” moded tise distribution of natal kick velocities fr02). Symbol* means that

the value is the same as in the standard model.

e 47 Tuc-type cluster, characterized by a higher density=

10%*pc? (with M/L=2 as in (Pryor & Meylah 1993) it corre-

Table 2. Production of NSs, field population.

sponds top. = 10*® L, pc™? as in[Harris [(1996)) , metallic- CC ECS AIC MC N§& NI Nys
ity Z = 0.0035, t,, = 3 Gyr [1996)0; = 11.5 km/s _
(Pryor & Meylafl 1998)p... = 57 (Webbink 1985), with the recoil ~ single
velocity of 51 km/s andi;j 1, = 32 km/s (King modelW, = 12)) £70.0005 3354 594 ) ) 21 251 584848
%47 Tuc™ 7=0.001 3255 581 - - 19 245 565168
’ 7=0.005 2833 570 - - 12 243 498513
e s cen, 0P < R gt IO S a4 e
as in Heinke et al[ (2003)), metallicity = 0.013 binary ’ ’
2004),t:1, = 0.9 Gyr (Harris 19961 = 11.6 km/s,vese =494 7200005 3079 545 50 14 19 329 249775
), with the recoil velocity of 39 km/s and,;, = 29 7=0.001 3056 553 60 15 15 332 242601
km/s (King modelivy = 8.3) — “Terzan 5 7=0.005 2750 576 58 16 14 335 219236
7=0.02 2463 406 33 20 12 240 180582
oldkicks 2929 - - - 58 58 237705

For the complete list of models see Table 1.

Notations for channels — CC - core-collapse supernova; E€l8ctron-

capture supernova; AIC - accretion induced collapse; MI@rgar-induced
collapse. Numbers are scaled per 200,000 stellar population mass at
the age of 11 GyrN§§ and V;5® are the retained numbers of NSs formed
via core-collapse and through all channels, if the escapecite is 40
km/s. Nng are the total numbers of formed NSs in simulated populations

4 NEUTRON STAR FORMATION AND RETENTION

4.1 Formation

We expect that only a few LMXBs can be formed in every
cluster with a typical mass of 200,00d, through 11 Gyr of dy-
namical evolution, and therefore we perform 5 runs for eaotdeh
with 10° initial stars and for the standard models - five runs with
2 x 10° stars, to check that statistics for rare objects like LMXBs

To estimate how many NSs can be formed and retained in GCs,
we first studied stellar populations without dynamics, @desng
separately populations with only primordial single stamsl anly
primordial binaries. We considered several metallicitidsom so-

is not different when the resolution is increased (for mdsbur
results presented below we did not find statistical diffeemnbe-
tween high and low resolution models, and fluctuations ferrtite
events are smaller in the case of high resolution). For Tefzand
47 Tuc models, though, we do all runs at high resolutions.an p
ticular, in the case of Terzani57 x 10° stars provide at 11 Gyr the
mass comparable to the estimated observed mass of 370/600
In the case of 47 Tuc the reason for a higher resolution isttieat
relative core mass is smaller than in the case of a standastec|
due to longet,,.

lar (as in the Galactic field) to that of a typical metal-poluster:
Z=0.02, 0.005, 0.001, 0.0005. In addition, we also studbeaddm-
parison a model (with Z=0.005) with the previously acceptathl
kick distribution, 2 Maxwellians with a lower peak for kiclev

3 The recent study 07) suggests a shdig@nce, and
thus higher central density for Terzang (= 10°-61 L /pc?). If this study
is correct, then Terzan 5's characteristics may be morelgl@pproximated
by our “high-density” cluster.
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Figure 1. The retention fractions as a function of escape velocity fel-
lar evolution unaffected by dynamics). Dotted and dasledolines show
the retention fractions for single and binary populati@me-collapse NSs
only. Solid and short-dashed lines show the total reterftiactions for sin-
gle and binary populations, all NSs. Long-dashed line shbes$otal reten-
tion fraction of a binary population with the old kick diddution.

locities at 90 km/s|(Arzoumanian et al. 2002). The results\i8

production via different channels are shown in Téble 2.
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ulation are rarely retained (see also Tdble 2). In a pojmuriabf
primordial binaries, the fraction of retained CC NSs is leigthan

for single stars. None the less, the resulting number ofimetaCC
NSs is significantly smaller than we get from the other NS form
tion channels. We conclude that if indeed ECS, AIC or MIC are
not accompanied by a large natal kick, the total number aimed
NSs is high and only a negligible number of CC NSs is presesnt. A
the ECS NS masses are orl26 M, this may lead to a NS mass
function skewed towards low values.

With the old distribution for natal kick velocities, reasdne
numbers of NSs can be produced and retained in a typical GC,
while a massive cluster like 47 Tuc could retain as many as 600
NSs (see also Fifi] 1). This result agrees with the retentamtibns

obtained in Pfahl et all (2002).

4.3 Effectsof dynamics

The effects of dynamics on the production and retention of &l®
illustrated in Tabl€. The number of formed CC and ECSs NBs is
agreement with the retained fraction of the stellar pojtatvhere
binaries have been partially depleted and some of the SNeprog
tors were located in the halo, where the escape speed is tbawer
in the core. We find that the production of NSs via AIC and MIC
is strongly enhanced by dynamical encounters compared &b fi
population. As a result, those formation channels togdikeome
comparable to the ECS channel, and produce many more retaine
NSs than the CC channel. A metal-poor cluster, followingtthad
of field populations, possesses a few per cent more NSs.

As noted before, MIC could lead to the formation of magne-
tars, which also appear as anomalous X-ray pulsars (AXRs}. C
rently, there are no AXPs detected in old GCs, and only one BXP

The production of NSs via core-collapse SNe (CC NSs), per detected in a young “super star cluster,” Westerlu

unit of total stellar mass at 11 Gyr, decreases as metgllicit
creases. The difference between the Galactic field case raeted:
poor case is about 20 per cent, while the difference betwestalm
rich and metal-poor clusters (Z=0.005 and Z=0.0005) is ahOu
15 per cent, for primordial single or binary populations.

ECSe in single stars for metal-rich populations occursansst
of higher masses. The range of initial masses is, howewegdme
for both populations and is abow6 M, . As aresult, the number of

). On the other hand, all known AXPs are younger thary.0
In this case, AXPs could be found in GCs only if their formatio
rate is above 1 per 200 (GCs) per}@, or at least 500 per typical
cluster, over the cluster lifetime. Our formation rates signifi-
cantly smaller and therefore the hypothesis of a MIC conoedb
AXPs does not contradict our results.

NSs produced via ECSe (ECS NSs) from the population of single 4.4 Location

stars is smaller in the case of a Galactic field populatiom iha
the case of a GC population by 30 per cent, while the diffezenc
between metal-rich and metal-poor clusters is only 5 pet. Géris

is in complete agreement with the adopted power law for the.IM
In binaries, the mass interval where ECSe could occur isredguh
compared to single stars of the same metallicity. This difiee

is large enough that metal-rich clusters produce more EG&e t
metal-poor clusters.

NSs produced via AIC and MIC also have similar production
rates in metal-rich and metal-poor populations. We noteNHE&s
give the smallest contribution to the production of NSs ipyda-
tions evolved without dynamics.

4.2 Retention

In Fig.[d we show the retention fraction of NSs at formatioraas
function of the central escape velocity, considering pafohs of
metal-poor primordial singles and binaries; CC NSs and thelev
NS population are shown separately. It can be seen that,théth
adopted natal kick distribution, CC NSs from a single stgp-po

We consider the position of retained NSs in the cluster. Thgen-
itors of CC NSs are mainly massive stars with masze20 M, .
However a significant fraction of progenitors of ECSe, eigllyc
those that evolved from a primordial binary, have interratslini-

tial masses—as low asM,. The evolutionary time-scales for NSs
to be formed are~ 107 yr for an CC NS and~ 10% yr for an
ECS NS. These are onky 2 per cent and~ 10 per cent, cor-
respondingly, of the cluster half-mass relaxation titmng where

t.n, = 10° yr in a typical cluster. Even massive stars do not experi-
ence strong mass segregation during.02t,y,, the same is true for
stars of intermediate masses that produce ECS NSs (sed;ig.g.

in I4, , Where the mass segregation with itinae
cluster with stars between 0M, and 120M, is shown). When a
NS is formed, the mass of the star is significantly decreased
result, a significant fraction of NSs is formed in the halal amany

will remain there. As many as 60 per cent of all ECS NSs in the
case of a typical clustett,§, = 10° yr) remain in the halo at 11
Gyr. AIC and MIC NSs are also present in the halo, but in a lesse
proportion, as they are mainly produced in a dense envirahme
Many of the halo AIC and MIC NSs have recoiled from the core as
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Table 3. Retained NSs and their locations at 11 Gyr, for differenbglar cluster models.

model Core Halo

CcC ECS AIC MIC+CIC CcC ECS AIC MIC+CIC
standard 3.5+1.5 65.6+9.3 21.1+3.7 10.34+4.0 4.8+ 1.7 914+ 11 18.0 £3.9 9.7+ 1.7
metal-poor 3.6 1.7 71.5 + 12 30.4 +3.2 8.4+4.5 23+1.1 91.7+9.2 209+4.8 10.9+3.8
high-den 3.3+1.7 65.5+7.8 42.7+58 20.7+6.1 4.2+3.3 111+ 12 29.0+5.2 128+ 34
med-den 3.3+2.1 63.7+5.2 18.6 £4.5 6.4+ 3.0 4.8+ 1.5 85.6 £8.0 14.3+3.1 9.4+3.7
low-den 3.2+1.3 65.1+59 14.2+3.3 9.8+ 0.9 3.8+1.3 91.2+ 11 15.4 £2.1 7.0+ 2.0
low-o 0.5+0.8 15.5 4+ 3.2 5.5 +2.3 10.7 £ 2.5 09+1.1 19.44+4.2 4.3+1.7 11.5 £+ 1.8
long-t,, 1.4+1.0 30.0 £ 4.7 9.3+2.1 3.0+1.2 5.3+ 0.9 124 + 15 22.5+55 155433
BFO5 1.84+1.2 64.1£5.0 15.0+£3.1 6.7+ 2.5 3.9+1.0 88.6 £6.7 11.4+2.7 6.2+ 1.7
fast-MB 3.8+1.6 77.3+6.0 229433 10.6+4.3 51+1.9 93.7+6.9 17.2+3.3 8.3+ 3.2
CE-reduced 2.9+1.9 72.2+56 12.7+238 94+1.9 3.6 £2.6 99.2 +4.0 4.5+ 1.7 11.7+1.9
oldkicks 14.6 £ 3.9 0.0+ 0.0 0.0+ 0.0 0.3+0.4 21.3+4.0 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0
47 Tuc 11.8+ 7.5 215 + 20 91.8 + 23 27.7+80 383+7.9 598 4+ 41 102 +£4.9 69.3 + 12
Terzan 5 51+1.4 132+ 8.9 91.9+ 11 47.8 £4.6 89+14 143 + 10 38.0+6.6 22.7+4.5

Notations for channels as in Table 2. For all GC models, ex¢&Tuc and Terzan 5, the numbers are scaled per 200D9Gtellar population mass at the
age of 11 Gyr; for 47 Tuc the numbers are given per its totalsrteeen ad0% Mo, for Terzan 5 - per 370 000/. Numbers show the results averaged
over all runs for each cluster model (for the number of ruresTable1).

a result of dynamical encounters. A significant differendtthe
distribution of NSs over the clusters can only be expectednio
tial mass segregation, or if the initigl, was much shorter than the

Table 4. Binary fractions for NSs in primordial binaries.

z after NS formation at11 Gyr
currentt,y, resulting in faster mass segregation at early stages. Ob- cc ECS AIC cc ECS AIC
servations find (e.02) that the radistriiution
of MSPs within globular clusters in 47 Tuc is consistent witik 8'88(1)5 ;gs//" g'ng’ gg'gt‘;ﬂ’ g'gng’ iii?//“ gf'g;/"
l;ctlon of all MSPs within the core (but ¢ Si 0005  26% 34% 960% 018% 154%  88.0%

: 0.02 1.4% 42% 952% 0.12% 1.49% 85.9%

5 FORMATION OF BINARIESWITH NEUTRON STARS
5.1 Primordial binarieswith NSs

The probability for a NS to remain in a primordial binary degds
strongly on its formation channel (see Table 4). By definitidIC
leads to the formation of a single NS star. AIC occurs in a Vigiyt
binary. Accordingly, a NS formed this way will most likelymain
in a binary. Among CC NSs or ECS NSs, only several per cent
remains in binaries immediately after NS formation. A sued
post-SN binary has a relatively massive secondary thasdslikiely
to experience SN or the binary may evolve through dynamnyicall
unstable mass transfer resulting in the merger, with stribinary
depletion in the case of more massive initially binarieshvatCC
NS. As a result, very little of NS binaries formed throughgéo
channels eventually remain in binaries. Most likely for arpordial
binary in a GC to contain a NS is in the case of a post-AIC binary
Low probability for CC NSs and ECS NSs to be members of a
primordial binary does not change strongly with the charfgh®
metallicity.

The formation rate of AIC NSs in GCs shows that as many as
40 NS-MS binaries can be formed in a typical cluster. Mosheft
will evolve through LMXB stage before the age of 11 Gyr, produ
ing in the result 20-30 recycled pulsars, although those $4%Rld
be very short living and be not observed today (§&8&). Overall,
NSs that remain in binaries may evolve through the massfiean
phase, but most of such events occurs very early in the éon|ut
mainly within first 2 Gyr. In more details, per sample of 2700
NSs formed from primordial binaries (Z=0.005), none of bies.
started the MT with a MS star after the stellar populatiorcheal

The fractions of NSs that remain in primordial binaries irdiately after
NS formation (columng =+ 4) and at 11 Gyr (column$ =+ 7), for each
formation channel.

the age of 8 Gyr; for the ages between 10 and 11 Gyr we encoun-
tered only 1 LMXB with a RG and 2 LMXBs with a WD. From
this stellar population runs it is clear that it is highly ikely that
LMXBs observed in GCs of our Galaxy today are primordial. An
exception to this can occur only if a primordial binary haditjca
ipated in an encounter, retained its both companions, kanggd
binary separation and/or eccentricity, resulting in thessrtaansfer
at older cluster ages.

The number of double neutron star (DNS) systems formed in
a field is very low, typically just a few DNSs per 200,000 at
11 Gyr. For a typical GC this number will be smaller since some
of the primordial binaries will be destroyed dynamicallydanost
DNSs will be ejected. In fact, more than 99 per cent of NSs that
were formed first are CC NSs, and, accordingly, had a higH nata
kick. Formation of primordial DNSs occurred very early ietBC
evolution. Most of them are very tight and merge quickly,viea
ing very little chance for one to be observed today. As thizepa
only uses the results of the NS formation and evolution irfigld
as a reference point, we refer the reader to the complety stfud
DNS formation channels from primordial binaries, rategegy-
ance with time, metallicity dependence and other detaisiged
in (Belczynski & et all 2007). We conclude that essentiatypni-

mordial DNS can be present in a Galactic GC at the current time




Table 5. NS binaries formed in scattering experiments.

4 o PC TC
km/s Tot MT Tot MT

standard 0.005 10 3.68% 1.75% 2.35% 1.20%
metal-poor  0.0005 10 3.25% 1.30% 1.93% 0.95%
low-o 0.05 5 6.80% 3.61% 9.24% 4.37%

The table shows the fraction of NSs that successfully foraéihary via
physical collision (PS) or tidal capture (TC). Tot is thealatumber and MT
is the fraction of NSs that not only formed a binary, but alsrted mass
transfer before 11 Gyr.
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Figure2. Companions in binary systems formed via physical collisidth

a red giant during the scattering experiment (Z=0.001pngies are WDs,
circles are He stars; solid symbols denote the systemsttréed the mass
tranfer before 11 Gyr.

5.2 Physical collisions

A binary with a NS and a WD can be formed via physical colli-
sion with a giant (seg2.2.1). This binary formation mainly works
during single-single star collisions, although it may acduring a
binary-single encounter as well. As we shown above, the eumb
of NSs that can be retained in globular clusters is aboutlecnip
hundreds per a typical globular cluster. Let us estimateate of
the encounter. The cross-section for two stars that havéatvee
velocity at infinityv.. to pass within a distancg,x is

2 2G(m1 + m2)

0= ﬂ-rmin(l +

Tmaxvgo ) ’ (9)
where the second term is gravitational focussing and ilas&y/s-
tems with low velocity disperion loke GCs, it exceeds the feam.
The time-scale for a NS to undego an encounter with a red gamt
be estimated as.on = 1/frcnovss, Where fre is the relative
fraction of red giant in the stellar population:

Teon = 1.6 x 10'" yr vlongl(MNs + MRG)flR;;xfl{é , (10)
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where Mxs and Mgrc are masses of a NS and a red giant in
Me and Rmax = Tmax/Roe is the maximum distance between
the stars during the encounter that leads to the binary fitmma
[Lombardi et al.|(2006) shown that,.x ~ 1.5Rrc, where Rra

is the radius of the red gaint. An averaged with tiRgc is about
few solar radii5), arfde =~ 5 per cent. Using
eq. [10) we estimate that during 11 Gyr about 5 per cent of M8s ¢
participate in binaries formation through physical cadiiss.

As the estimate shows, having ab@d0 NSs in our models
of GCs (and about 400 for models with the largest resolutior,

106 stars), we can form maximum 10 binary systems through the
whole cluster simulation. To study statistically the cluéeaistics of
post-encounter binaries, we made the scattering expetiasetine
following: we considered the population ®° single stars, with

an IMF from 0.2V/, to 3.0/ and 10000 NSs of .4 Ng,. All stars

are initially placed in the core with. = 10° pc~2. We considered
three different models - with the standard and low metaidisi and
with low velocity dispersion (see also Table 5). In theseuations
only single-single encounters were allowed.

The scattering experiment shows that 3.7 per cent of all NSs
participated in a successful binary formation via physemlision
with a RG or an AGB star. This fraction slightly decreases mvhe
the metal-poor population is considered and increases hgtarf
of about 2 (in accordance with €lg.]10) in the case of the lower
velocity dispersion. The fraction of NS-WD systems thattsth
MT before 11 Gyr is high, 50 per cent (see Tablé 5).

Let us consider what are the companions of NSs in these bi-
naries. On Fid. ]2 we show masses of companions in post-icallis
binaries versus orbital periods. We form about the same euiwib
systems with WD companions and stripped He stars companions
(from collisions with AGB stars). Systems with He star compa
ions are mainly formed within first 2 Gyr and start the MT mypstl
within 3 Gyr. After about 3 Gyr both the formation rate and &mel
appearance rate is slightly higher for systems with WD cargpes
The evolution of mass-transferring systems with a He stanpam-
ion is a bit different from those with a WD companion. They are
few times wider (for the same companion mass) and do not §ve a
long in the mass-transferring phase at high luminosities.

In our numerical simulation of different models of GCs the
actual rates are smaller. For instance, not all NSs are inatedygl
present in the core at the time of their formation, and abaiftdf
them are still in the halo at the age of 11 Gyr. As a result, starf-
dard” model shows about 2 per cent formation rate per NS ptese
in the core (or 1 per cent per all NSs in the cluster), prodyoinly
2 systems. The scatter between several realizations isnbépme
simulations we had formed twice less binaries via this cegramd,
in one simulation, 3 times more of the average binary systeass
formed. For a standard model, none of simulations had nayina
formed. We note that low- cluster model, unlike the scattering re-
sults, does not produce twice more NS-WD binaries than aatdn
— low-o cluster retains less of NSs that standard.

5.3 Tidal captures

In our previous study, devoted to the formation of catacligsrari-
ables (CVs) in globular clustefs (lvanova ef al. 2006), wmtbthat
the tidal captures play a relatively small role in the whojaami-
cal binaries formation, only 1 — 2 per cent of the total formation
rate. Two main reasons were responsible for this: (a) afsignt
fraction of CVs have been formed directly from primordiaidiies
and (b) both physical collisions and exchange encountensrced
with a less massive than a NS objects form tighter binameseas-
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ing their chance to start the MT. For the case of tidal cagtwi¢h
NSs, the results are different.

At first, we analyze the results of the scattering experiment
which are set up as described before. We find that enlg per
cent of NSs have formed a binary via TC (see Téble 5); with kmal
decrease in the case of metal-poor population and with 4stime
crease in the case of the lower velocity dispersion. Therlégtex-
plained as in the case of the tidal capturgs. is also the function
of the velocity and is increasing as the relative velocitgrdases
(for more details, sée Ivanova ef 06)).

The rate of tidal captures is flat both with time and the com-
panion mass. In the case of metal-poor population, almdgtah
systems formed before 5 Gyr have started the MT before thee clu
ter age of 11 Gyr. In the case of our standard metal-rich adijgu,
only some systems with MS companions 0.85M, started the
MT before 11 Gyr being formed with few last Gyr. We conclude
that< 1 per cent of NSs can form a LMXB via tidal captures and
the number of LMXB mainly depends not on the current cluster
properties, but on the dynamical conditions in the clusbee ecnore
that 5 Gyr ago. In the case of metal-rich clusters, theredsgton
for initially more massive MS companions.

In our numerical simulations the formation rate is even
smaller, due to the same reasons ag5idl. An average probability
in our “standard” model for a NS to participate in a TC is 0.6 pe
cent and two times less to form an LMXBs via this channel. None
the less, even being very small, TC formation channel for LB4X
is comparable to that of physical collisions (see for mor&itke

o)

5.4 Exchangeencounters

As can be seen from €q.]10, due to a larggr., binary encounters
are much more likely than single star collisions. Howeveme
pared to the case of physical collisions and TC, where vet ti
binaries are formed, a smaller fraction of the successfcthamnge
encounters is expected to result in the MT binary. The reason
that when the binary exchange occurs, the binary separatithe
formed post-exchange binary roughly scales with the pof@xge
binary separation as the ratio of the new companion masseto th
mass of the replaced compani 1996). Thexefo

Table 7. Presence probability of LMXBs with different donors

model MS RG WD
standard 1.847 £0.562  0.120 4 0.158 0.684 4+ 0.594
metal-poor  1.216 +1.053  0.096 % 0.065 0.507 4+ 0.643
high-den 7.3124+2.206 0.196 + 0.270 8.222 +2.975
med-den 0.455 +0.404  0.026 £ 0.042 0.206 4+ 0.381
low-den 0.507 +0.630 0.005 £+ 0.011 0.113 +0.254
low-o 3.134 £ 1.251  0.066 £ 0.062 0.493 4+ 0.452
long-t,1, 0.835+0.735 0.089 +0.181 0.358 4+ 0.494
BF05 1.116 £0.316 0.075 £ 0.116 0.747 £ 0.279
fast-MB 1.377 £0.931 0.102 4+ 0.113 1.687 £+ 1.061
CE-reduced 1.976 +1.332  0.064 4 0.062 0.775 + 0.555
oldkicks 0.287 + 0.485 0.0 0.0

47 Tuc 9.280 +4.095 0.133 £ 0.088 7.718 £ 2.348
Terzan 5 7.160 £1.949 0.1434+0.115 13.582 + 6.573

The table shows the probability of LMXB presence at ages 1.5 Gyr, for
different donors (RG includes also subgiants and Hertrgpfap stars).

nels that involve a NS directly, in a typical dense metah-dluster,
the combined rate is only 3 per cent per NS. This is 6 LMXBs
per 11 Gyr of the cluster life, where 2 LMXBs are with a WD com-
panion and 4 LMXBs are with a MS or a RG companion. There
is a small number of LMXBs that may come from primordial, but
dynamically modified binaries (where the encounters charige
binary eccentricity or separation). In addition, howegeme frac-
tion of LMXBs is expected to be provided by dynamically forne
binaries with heavy WDs. Such binaries, if evolve througiCAl
create a binary that reinstates MT on a NS soon after AIC oedur
The resulting post-AIC binary can have the MT with either MS,
WD or RG donor. For all the details on the dynamical formation
of WD-binaries, see Ivanova etlal. (2006). From our currémt s
ulations, we find that the channel of LMXB production from AIC
of dynamically formed WD binaries produces more LMXBs than
all the dynamical LMXB production channels discussed abGwe
overall, in a typical cluster it is 2-3 times more efficientridg
9.5-12.5 Gyr than physical collisions, tidal captures aiméty ex-
changes (see Tab[é 6). The exception only are very high tyensi

when a single NS become a member of a binary system at the ageslusters. We note also tha.t if this is indegd true, and if Nisied .
of several Gyrs, the post-exchange system expands, as tie ma through an AIC posses high magnetic field , then the prodactio
of the replaced companion is always less than a mass of a NS. Inrate of LMXBs should not be expected to be coupled directly-co

addition, when a binary encounter occurs with very tighebies,
those that would be likely to start the MT soon even in the cdise
post-exchange expansion, will more likely collide durihg binary
encounter instead of result in the excha.)2

On overall, in our standard model 20 — 25 per cent of NSs
in a cluster (40-50 per cent if consider only NSs in the cor#l) w
sucesfully form a binary through an exchange encountei() per
cemt of post-exchange binaries will have a MS companion,~and
15 per cent —a WD companion. Only 1.5 per cent of NSs will form
a MT binary with a MS companion, and only 0.2 per cent — with
a WD companion. The role of binary exchanges in the formation
of NS-WD LMXBs is therefore negligible compared to physical
collisions.

6 LOW-MASSX-RAY BINARIES

From the discussion above, one can see that the expectedltionm
rate of LMXBs is rather small. For all dynamical formationach

pled with the number of observed MSPs, as the life-times ofisu
MSPs is very short (s€.3).

On Fig[3 we show when LMXBs (with different companions)
appear during the cluster evolution. We show only the chesges
after 4 Gyr as before that mainly primordial LMXBs appeareTh
connection between the number of LMXBs that appeared at-a cer
tain time and those that are present at the same time in a GC is
provided by the life-timer,vixs of an LMXBs with the certain
donor. An averagervxs for NS-MS LMXBs is about 1 Gyr. De-
pending on the metallicity and the initial donor mass, aaystan
be persistent 5-40 per cent of the MT time for metal-rich deno
> 0.6My and transient at the rest; for donors of lower metal-
licities or smaller masses, a NS-MS LMXB will be transient at
all the time 6), and therefore most likely bensag
a qLMXBs rather than a bright LMXB. In the case of NS-WD
LMXBs — an ultra-compact X-ray binary (UCXBSs), total\ixs
is few Gyr, however the time when a system is persistent asd ha
X-ray luminosity abovel0°¢ erg/s is10® yr only. An LMXBs with
a red giant companion or a companion that is in a Hertzsprapg g
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Table 6. Average appearance rate of LMXBs formed via different dyicairchannels.

model AIC TC PC BE/MS BE/WD
standard 1.495£0.537 0.070 £0.099 0.139£0.172 0.512+0.577 0.056 = 0.098
metal-poor  2.402 +£0.543  0.112 £0.153  0.056 + 0.125  0.672 +0.730 0.0
high-den 3.624 £ 1.418 0.966 £0.755  1.266 £ 0.655  1.812 £ 0.706 0.0
med-den 0.540 £0.191  0.108 £ 0.148 0.0 0.108 £ 0.148 0.0
low-den 0.216 £ 0.226 0.0 0.0 0.0 0.0
low-o 0.768 £ 0.444  0.060 £ 0.134 0.0 0.474 £0.265  0.058 £ 0.130
long-t,p, 0.866 £ 0.676 0.0 0.0 0.108 £0.148  0.054 £0.121
BFO5 1.204 £0.518  0.050 £0.112  0.100 +0.224  0.400 £ 0.137 0.0
fast-MB 1.886 £0.362 0.056 £0.125  0.168 £=0.153  0.888 £ 0.363 0.0
CE-reduced 1.322 £ 0.531 0.0 0.0 0.498 £ 0.229 0.0
oldkicks 0.0 0.0 0.0 0.112 £0.153 0.0

47 Tuc 8.030 £1.160 0.280 £0.626  0.560 +0.586  2.490 +0.356  0.140 £ 0.313
Terzan 5 9.350 £1.198 1.428 £0.493 2.205£0.419 2.209£0.701  0.129 £0.290
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The table shows the number of LMXBs that appear per Gyr at Ages1.5 Gyr, for different formation channels: AIC in a dynamicalyrmed WD-binary,
TC —tidal capture, PC— physical collision, BE/MS — binargleanges when a MS companion is acquired, BE/WD — binary exggsawhen a WD
companion is acquired.
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Figure 3. Number of appearing LMXBs per Gyr with different donor tygesth all donors, with MS donor, with WD donors and with doadhat are RG or
subgiants or are in the Hertzsprung Gap). The left panel shiog/results for standard model (solid line) and metal-poodel (dotted line). The right panel
shows the results for 47 Tuc (solid line) and Terzan 5 (ddites).

is very short-living,10° — 107 yr, and in only very rare cases they

can leave as long d9® yr.

Combining the number of appearing LMXBs with their life-
times in the simulations, we find that a typical dense clustet 4
1.5 Gyr age can contain up to 2 LMXBs with a MS companion and
up to 1 LMXB with a WD companion (see also Table 7, note very
large scatter). As expected, the number of LMXBs shows agtro
dependence on the core density; the dependence on thetyeloci
dispersion and the half-mass relaxation time is also oleserwe
specify, that Tabl€]7 shows th®esence probability of LMXB —
this is the probability to contain both bright LMXBs and qLNBX.

A strong dependence of LMXB production on cluster density
has been inferred observationally, both in Galactic glabclusters

(e.g.[Verbunt & Hut 1987: Pooley etlal. 2003; Heinke et a0

and in extragalactic globular clusters (e.dm;

Sivakoff et al.| 2006). The interpretation has been thahixs

scales roughly with the encounter frequerty= p?2

r. is the core radius (Verbunt & Hlt 1987).

rd /o, where

The observations of LMXBs in our galaxy suffer from low
number statistics—only 12 clusters have LMXBs—so attenpts
understand the LMXB formation rate from them have difficul-

ties (e.g/ Bregman etldl. 2006). Observations of qLMXBs in ou

galaxy also suffer from low number statistics, as only twaeio
clusters have been observed with Chandra sufficiently to-ide

tify most qLMXBs.[Pooley & Hut[(2006) and Heinke et al. (2006)

study overlapping samples of clusters using differentraggions.

Their estimates of the density dependence of qLMXB producti
for the case of no metallicity dependence also overlap, estgg



12 N lvanova et al.

T TTTTTH

100

nlmxb

1000

104

100
v

Figure 4. The collision numbersy and numbers of LMXBs in simulated
clusters. The solid line correspondsitpyixs = (2.7+6) +0.028~. The
error bars correspond to the scatter in our simulations.

ing a density dependence larger than suggested',blyut with
large error06) also investigate theipiisg of
metallicity dependence, which decreases the requiredtyate
pendence.

Observations of LMXBs in globular clusters of other galax-
ies do not suffer from low statistics, and thus have cleagijndn-
strated a strong dependence of LMXB production on metgflici
(Kundu et al[ 20d2 2007). Analyses by Jordan étlal. (2004) a
[Sivakoff et al. [(2006) both find that LMXB production has a den
sity dependence lower thdh However, it may not be possible to
determine the structural properties of extragalactic gjbclus-
ters with high accuracy, so uncertainty in the density ddpane
remains.

On Fig[4 we demonstrate how the specific number of LMXBs
nuvxs = Nouxs/M depends on the specific collision frequency
v =T'/M, taken per units of0° M, as il Pooley & Hit (2006).

It can be clearly seen, that for the case when only densithef t
clusters is variedprvxs depends linearly on, however all the
other models create a scatter. We urge therefore not to apptiy
the dependence of the number of LMXBs brfor the observed
clusters and not to search for an unique power law; the sdatte

LMXBs in a typical metal-rich cluster and 10 per cent chandée —
a metal-poor cluster. This may explain the observed ratiovéen
the bright LMXBs in metal-poor and metal-rich clusters. Hwer,
to confirm that, it is necessary to have observational sizion
gLMXBs in both metal-poor and metal-rich clusters — if the ex
planation above is correct, the number of gLMXbs will notwho
the dependence on the metallicity. Considering rich Galagob-
ular clusters, we find that our formation rate of UCXBs at 11 @y
Terzan 5 is about 10 per Gyr and5 per Gyr in Tuc 47 (see Fifil 3).
Sincerycxs ~ 108 yr, this is in agreement with the presence of
one bright UCXB in Terzan 5 and no bright UCXB detected in 47
Tuc.

To compare the entire population of UCXBs in GCs with the
results of our simulations, we integrated through the wisalen-
ple of galactic globular clusters, using data for velositieom

[Gnedin et al.[(2002) and for other quantities from_HhrrisOf)9

For these calculation, we used the formation rates showmeiTa-
ble[@ and assumed that an UCXB will be bright odly® yr. As

a result, the integral value of bright UCXBs in our Galaxy i§,7
which is pretty close to the observed number of 4 to 10 UCXBs
in GCs. The clusters that are most likely to contain UCXBsrove
lap very well with the clusters where those UCXBs are obskrve
NGC 1851 and NGC 7078 each have a probability to contain an
UCXB > 20 per cent. NGC 6712 is known to have been heavily
tidally stripped, so its current cluster conditions do reftect the
conditions that produced its UCXB (OOB)e-
collapsed clusters are not properly modeled by our code,uso o
failure to predict UCXBs in NGC 6624 and NGC 6652 (a likely
UCXB) is not meaningful. Other clusters that have-a20 per
cent chance to contain a UCXB include 47 Tuc, Terzan 5, NGC
6266, NGC 6388, NGC 6440, NGC 6441, NGC 6517, and NGC
6715 (M54). Those clusters have not been shown to contaghtbori
UCXBs, but they generally contain numerous quiescent LMXBs
(some of which may be UCXBs) and MSPs (some of which may
be products of UCXB evolution). Overall, it seems that pbgbi
collisions are able to produce UCBXs in numbers comparable t
observed in our Galaxy.

It is more difficult to make a similar comparison for NS-MS
LMXBs, as the life-time at the bright stage is much less ¢erta/e
identified those clusters that are predicted to contain 5areriS-

MS LMXBs, and most of those LMXBs will be at quiescence. In
the whole GCs population we expect to have about 180 qLMXBs
formed through tidal captures and binary exchanges. Wethate
since our numbers for core-collapse clusters are at ther linvit,

the real number of qLMXBs is expected to be higher. The lishef
clusters is the same 10 clusters as noted above for UCXBsud,7 T
Terzan 5, NGC 1851, NGC 6266, NGC 6388, NGC 6440, NGC
6441, NGC 6517, M 54, NGC 7078. 5 of them, 47 Tuc, Terzan

~ in the observed GCs could easily be explained by the variance 5, NGC 6266, NGC 6388 and NGC 6440 are known to contain 5

in other dynamical properties. If one assumes that in thervbs
sample of GCs the density increase is likely to be accompganie
with the increases of the cluster mass, and, accordinglyand

or more qLMXBs (Heinke et al. 2003, Cohn et al. 2007 in prep).
NGC 6441 and NGC 7078 contain bright LMXBs with MS donors
(Verbunt & Lewinl2004). We cannot make clear predictionstier

o, then we expect from our results that the power dependence of core-collapsed, heavily reddened clusters Terzan 1,rl1ljeand
nLMxp With v is a bit less than one and close to the value of 0.8 Terzan 6 because we do not model dynamical evolution ofesist

as in Sivakoff et al.[(2006), where metallicity effects aeparated
from dynamical effects.

Even though a typical cluster contains 1 or 2 NS-MS LMXBs,
there is only~ 10 — 20 per cent chance that those LMXBs will be
bright and persistent, and only in the case of a metal-riaktel.
The probability to contain a bright persistent UCXBs is noreno

experiencing core collapse. We note that if AIC binariestigbuate
to the LMXBs formation, the numbers will go up, although not
strongly as the characteristic MT time in this case is shohi@n in
the case of an average dynamically formed NS-MS binary.

For extragalactic globular clusters, it was shown that thxe o
served luminosity functions can be explained by constanti loif

than 10 per cent and does not depend strongly on the metallic- UCXB binaries|(Bildsten & Deloye 2004), at the average réte0o

ity. Overall, there is at best 30 per cent chance to contairghto

per Gyr per 200,000/,. Even though we indeed obtained almost



Table 9. Types of pulsars, at 11 Gyr, Terzan 5.
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Table 10. Types of pulsars at 11 Gyr, 47 Tuc.

Halo Core Halo Core

Total Binary Total Binary Total Binary Total Binary
All pulsars All pulsars
All 55.2+6.8 38.0+3.0 201 £11 56.5 £ 8.9 All 140 + 15 79.1+£3.9 177 + 16 75.0 + 13
MT 36.7£5.7 35.3+4.9 109 + 12 49.24+7.9 MT 71.8£5.7 714453 926+20 59.1+15
CE 2.14+2.2 1.9+22 6.24+2.9 1.5+1.1 CE 94+4.2 7.8+ 3.6 6.9+ 3.1 3.3+2.7
DCE 0.0+0.0 0.0+0.0 23+1.6 23+1.6 DCE 0.0+0.0 0.0+0.0 8.2+29 8.2+29
Merg 16.4 + 3.9 0.8+ 0.8 83.5+7.3 3.6 +1.2 Merg 59.1 + 11 0.0+0.0 69.3+£5.1 45+22
Core Collapse Core Collapse
All 6.6 +0.9 0.0+0.0 45+14 0.84+0.4 All 22.4£8.38 1.6 £2.7 6.9 +6.0 2.0+2.0
MT 0.0+0.0 0.0+0.0 09+1.2 0.24+0.4 MT 1.6 £2.7 1.6 £2.7 08+1.1 0.44+0.9
CE 0.0+ 0.0 0.0+0.0 0.0+ 0.0 0.0+0.0 CE 0.8+ 1.1 0.0+0.0 0.0+ 0.0 0.0+0.0
DCE 0.0+0.0 0.0+0.0 0.24+04 0.24+0.4 DCE 0.0+0.0 0.0+0.0 08+1.1 0.8+1.1
Merg 6.6 +0.9 0.0+0.0 3.4+1.6 0.44+0.5 Merg 20.0 £6.0 0.0+0.0 53+5.5 0.8+1.1
ECS ECS
All 104 +1.8 3.8+ 1.6 80.9+9.1 11.94+3.0 All 33.4+£6.2 82+4.3 779+14 220411
MT 1.3£0.8 1.1£0.8 20.6 £ 3.9 72422 MT 04+09 04+09 15.54+4.5 9.8+5.8
CE 2.14+2.2 1.9+22 4.3+2.7 1.3+£0.8 CE 8.6 + 3.6 7.8+ 3.6 6.5+ 2.7 3.3+2.7
DCE 0.0+0.0 0.0+0.0 1.5+1.1 1.5+1.1 DCE 0.0+0.0 0.0+0.0 5.7+ 1.7 5.7+ 1.7
Merg 7.0+ 2.6 0.8+ 0.8 54.4+29 1.9+1.3 Merg 24.5+4.8 0.0+0.0 50.2+9.6 3.3+£23
AlC AlC
All 36.5+£56 33.14+43 89.24+10 40.3£6.9 All 84.4+45 69.3+6.7 85.24+21 489415
MT 342+48 33.14+43 8244+10 399+£73 MT 69.7£72 693+6.7 T754+18 485+14
CE 0.0+ 0.0 0.0+0.0 0.0+ 0.0 0.0+0.0 CE 0.0+ 0.0 0.0+0.0 0.44+0.9 0.0+0.0
DCE 0.0+0.0 0.0+0.0 0.24+04 0.24+0.4 DCE 0.0+0.0 0.0+0.0 0.44+0.9 0.44+0.9
Merg 2.34+0.8 0.0+0.0 6.6 = 0.9 0.24+0.4 Merg 14.74+ 4.6 0.0+0.0 9.0+4.9 0.0+0.0
MIC+CIC MIC+CIC
All 1.7+14 1.1£1.2 26.3 +4.4 3.6 +2.4 All 0.0+ 0.0 0.0+0.0 6.9+ 2.3 2.0+2.0
MT 1.1£1.2 1.1+£1.2 49+35 1.9+1.3 MT 0.0+0.0 0.0+0.0 0.8+ 1.8 0.44+0.9
CE 0.0+0.0 0.0+0.0 1.9+1.3 0.24+0.4 CE 0.0+0.0 0.0+0.0 0.0+ 0.0 0.0+0.0
DCE 0.0+ 0.0 0.0+0.0 0.44+0.5 0.44+0.5 DCE 0.0+ 0.0 0.0+0.0 1.2+1.8 1.2+1.8
Merg 0.6 +0.5 0.0+0.0 19.1+4.6 1.1+1.2 Merg 0.0+0.0 0.0+0.0 49+1.1 0.44+0.9

The number of pulsars that are retained in the halo and indhe af the
model of Terzan 5. Shown separately pulsars that were foungdC, ECS,
AIC or MIC, and that gained mass through different mechanjarmass

transfer, during a common envelope or as a result of a merger)

constant birth for such binaries, our rates are signifigdatier (it
is one per Gyr for 200,000/, in a typical “dense” cluster). A 10
times higher UCXB formation rate must result in the presesfce
as many as 10 bright persistent LMXBs in Terzan 5. Therelissti
possibility that the mass function of GCs in ellipticalsfeit from
that in our galaxy. Then more massive GCs will produce onailer

Notations are as in Tadé 9, but for the model of 47 Tuc.

pulsars in specific galactic clusters (compare 320 MSPsvinls-
tions vs 22 detected MSPs for 47 Tuc or 250 MSPs in simulation
vs 33 detected MSPs in Terzan 5).

The latter shows that a direct comparison of numbers of NSs
that gained a mass with the observed numbers of MSPs faiésain
the detection probability is only about 10 per cent (howehés
should be at least 33 per cent and may be even close to one, see

5). The alternative is that we produce atairre

more UCXBs, however the mass of such clusters then must be 10in simulations much more NSs than are retained in real GCs. In

times more than the mass of Terzan 5. In addition, as we dombt fi
any difference in the number of formed UCXBs binaries in meta
poor and metal-rich populations, our simulations do nopsuithe
idea that most X-ray binaries in extragalactic GCs are UCXBs

7 MILLISECOND PULSARS

In the TabléB we show the number of pulsars that are formedrin o
simulations (see alg®.3). In this table, we count as pulsars all NSs
that gained more than 0.QW/, after their formation, through all
the possible mechanisms of mass gain (mass transfer, common
velope accretion and during mergers or physical colligionkere
are three most important facts that can be seen from the {glifee
numbers of ejected and retained pulsars are comparablainfiost

all NSs in binaries are pulsars; (iii) the numbers of produpel-
sars are very large, more than several times the numberexftéet

this case we could not explain with our simulations the olzdge
number of LMXBs. On the other hand, as we discussef2id,

the detectability of a MSP might depend on its formationdrist
Those NSs that were formed through AIC or MIC are likely todav
high magnetic fields, and, accordingly, their lifetimes aSR4 can

be only10” — 10°® years (see Ef] 8), meaning that they can be seen
as MSPs only if they experienced MT during the lasb.1 Gyr or
less. In addition, it is not certain that all the mechanisorsniass
gain lead to NS spin-up. Physical collisions resulting ingees are
quite poorly understood, for example.

Let us also review the expected differences between the ob-
served periods of short-period bMSPs with very low-mass-com
panions and the modeled periods. Using a standard masssradi
relation for WDs during the MT evolution of a NS-WD binary,
formed binaries have the period several times smaller tharbi
served binary MSPs (bMSPs) with companions of similar msasse
It has been shown that even the consideration of more riealidDd
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Table 8. Pulsars and their location at 11 Gyr.

model Halo Core Ejected
All psrs Bin psrs NS-bin All psrs Bin psrs NS-bin All psrs Bisrs NS-bin

standard 248+35 169£33 195£31 39.0+44 17026 199+£28 103 £9.1 34.6+51 41.6%£6.2
metal-poor 23.3+4.8 17.6+4.0 20.7+4.1 424+£56 19.2+£22 233+26 1254+10.0 339442 51.9+11
high-den 41.7+10 31.3+£5.1 353+£55 97551 21.8+45 23.2£46 223147 138 £12 159 + 16
med-den 11.8+34 11.6+3.7 15033 162+29 143+£32 19.0+43 266+23 263+23 62.5+36

low-den 21.8+12 152£15 17.7£24 184426 13.1+15 173£22 85.5£9.2 253£54 429%15
low-o 9.1+3.7 53+2.1 6.4+1.38 141£28 3.6+1.7 4.6+23 167+9.3 86.3+7.9 106 £+ 14
long-t,1, 30.2+£5.0 21641 259£50 17.1+2.1 7.5+£3.2 8.6 £3.2 93.0+9.7 299437 55.8+24
BFO5 156+39 102+35 124+29 295+£6.3 13.6+£28 158+26 67.1+£76 23.0+£46 38.0+£13
fast-MB 245+36 16.0£39 183+£43 454+43 18627 222£25 107 £10 36.9+4.6 50.3£9.9
CE-reduced 7.8+1.1 32+15 49+25 30730 120+£24 153+£29 17.0+14 6.8+24 18.7 £ 11
oldkicks 8.9+3.7 0.3+£0.7 03£07 102+32 21416 23+£18 67.0 4.7 4.4+£23 124+ 4.6
47 Tuc 140 £ 15 79.1+£39 104£9.1 177 £ 16 75.0 £ 13 85.6 = 15 403 £15 104 £ 10 136 £ 11

Terzan 5 55.2+6.8 38.0£3.0 40.3+t24 201 £11 56.5£89 64.1+£9.1 224 £13 139 £11 178 + 32

The number of pulsars that are retained in the halo or coreeoluster, as well as the number of ejected pulsars. As apuksdefine here a NS that gained

mass> 0.01 M, after its formation. “All psrs” - the number of all pulsraBit psrs” - the number of binary pulsars and “NS-bin” - the ringmnof all NSs in

binaries, provided for the comparison. For all GC modelsepk47 Tuc and Terzan 5, the numbers are scaled per 200/Q08tellar population mass at the
age of 11 Gyr; for 47 Tuc the numbers are given per its totalrteggen ad0 Mg, for Terzan 5 - per 370 000/ .

Table 11. “Observable” pulsars at 11 Gyr.

model low-B high-B
All psrs Single Binary Total

Companion BD WD MS He WD heavy WD

M. < 0.01Mg <0.5Me 2 0.5Mg

Period < 0.1d < 0.1d > 10d 0.1=+10d 0.1+ 10d

standard 3.5+14 0.9+0.7 0.6 £0.8 02£03 09+£09 05+£05 02£03 07£1.1 00+£00 34.6=£6.2
metal-poor 2.6 £1.1 1.0+£0.7 0.3+0.4 00+00 05+04 03+04 00£00 08+£06 00+00 41.8£57
high-den 11.8+2.1 6.0£1.5 1.2+1.5 09+11 18+14 00+£00 11£14 23+£05 04+£05 68.0=£6.0
med-den 0.6 £0.7 0.3+0.4 0.0+0.0 0.0+00 004+00 00+00 024+04 02+£04 0.0+00 274+£47

low-den 0.0£0.0 0.0£0.0 0.0£0.0 00£00 00£00 00+£00 00£00 00+£00 00+£00 24.1£39
low-o 1.7+1.2 1.0£1.1 0.24+04 02+04 024+04 02404 024+04 024+04 0.0£0.0 9.3+ 34
long-t,1, 0.6 £0.7 0.0£0.0 02+04 02£+04 02+04 02+£04 00£00 02+£04 00+£00 27.3£58
BFO5 25408 0.44+0.7 0.9+0.6 01+03 1.0+04 044+04 014+03 03+£07 00£00 228+£52
fast-MB 6.1+£1.2 1.5+0.9 1.0£0.9 1.0+0.7 11+£07 03£04 114+£07 15£09 00£00 353%15
CE-reduced 3.1+1.8 1.0+£1.5 0.6 £0.7 024+04 10+04 03+04 024+04 05+£07 00£00 14.0£4.8
oldkicks 1.5+ 1.5 0.0£0.0 0.0£0.0 03£04 00£00 08+£08 05£04 03+£07 00x£0.0 0.0£0.0
47 Tuc 2244+45 6.1+£38 3.3+23 1.6+£1.7 45+£39 29+£34 12+18 6.1£20 04+09 149 £+ 21

Terzan 5 22.7+3.2 14.7+3.0 25+1.6 09+12 454+10 044+05 08+08 1.5+08 04=£0.5 125 £ 8.7

The numbers of pulsars that can be detected in a GC. Assuraiid thrder to become a MSP, a NS gained mass only via MT or DO®#:- B pulsars are the
pulsars that were formed via CC or ECS and higlpulsars are the pulsars that were formed via AIC, MIC or CI@-.this table, we count higli pulsars
which were formed less tharo® years ago as lowB pulsars, as they did not yet spun down. Mass-transferringVi$Jinaries where a MS star is
2 0.2M, are excluded as appearing as LMXBs/qLMXBs. Companion stibergype of the companion\/. is the mass of the companion and period is the
orbital period. For all GC models, except 47 Tuc and Terzghénumbers are scaled per 200 0QQ, stellar population mass at the age of 11 Gyr; for 47
Tuc the numbers are given per its total mass taker0&s\M o, for Terzan 5 - per 370 000/ .

model does not change the result strongly — hotter donors, dgn fore some MT interruption mechanism must exist and it isljike

themselves, give the periods one needs to explain the pbadd that in our simulations we keep too many of bMSPs with low-snas

bMSPs|(Deloye & Bildsten 2003). If a mass-losing companioa i companions.

WD, some special processes must be involved - e.g., tidéhigea If the MT occurred in a NS-MS binary, then the resulting bi-

of a WD during the MT[(Rasio et &l. 2000). In that case, it is not nary will have at short periods a degenerate hydrogen coimpan

possible to predict well their periods during the MT or atatsl. Such a companion is bigger than a regular WD and, accordingly
Speaking about the end of the MT we must mention that there the binary period of a formed bMSP is larger and explains the o

is no special external mechanism that would interrupt thefidim served ones better.

a degenerate donor. As a result, the MT continues unintedup In order to understand the modeled population better, weemak

and within the Hubble time the companion mass can be as smallthe comparison of our results with the observations of 47 anat
as unde0.01 Mg . No observed bMSPs have been shown to have Terzan 5. On Fig§l5 amd 6 we compare the populations of abgerv
such low-mass companions, in globular clusters or the fididre- and modeled binary MSPs in 47 Tucanae and Terzan 5. We use all
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simulated models for those clusters, and, as a result, shoveh The population of bMSPs where a pulsar has been spun-up via
eled populations are about 2 times larger than in the obdetus- DCE agrees nicely with the observations of eccentric pslsar
ter for 47 Tuc and 5 times larger than in the case of Terzan &cer'h Tidal captures. This population is present on all the panels as

are three panels for each cluster, each panel shows theveldser the spin-up occurred before the system was formed. Thisetha
population and the simulated population where pulsarsegiimass the best to explain the observed non-eccentric bMSPs withgse
via different mechanism (MT, CE or dynamical common envelop less than a day.
(DCE) during a physical collision with a giant, and as a restihe Binary exchanges lead to the formation of an eccentric popu-
merger). For most of the observed MSPs, the companion massedation with periods extending to 1000 days and companiorsems
are calculated assuming a pulsar mass of 1.35 solar mas$@san up to above the turn-off mass (blue stragglers); most of tim-c
inclination of 60 degreés leading to an uncertainty in the direct panions are non-degenerate. The top panels on[Higs.[d ara6 sh
comparison of observations and simulations. In Tdbles @&@nle those of BE bMSPs which still undergone MT. When a compan-
show the data for MSPs in 47 Tucanae and Terzan 5 distinguish-ion mass is above- 0.2M, the MT rate in these systems is high
ing them by their formation mechanism and by the processigiro and they will rather appear as LMXBs. Those of the bMSPS which
which they acquired mass after the NS formation. are presumably spun-up via mergers during a previous dyr@mi
Primordial bMPS. This population is present on the panels interaction, have companions too massive and periods toe,la
that show pulsars that gained mass via MT and via CE. The first compared to the observed populations. It is likely theeefibrat

population (MT) is characterized by rather large period amzll mergers do not lead to a NS spun-up. We note that we do not dy-
companion masses. A representative of such population eas d namically form binaries that would undergo a stable MT witi-a
tected in Terzan 5, but was not in 47 Tuc. Quite likely thas thie ant and would be non-eccentric having large periods. Sustes)s

to a smaller total number of bMSPs in 47 Tuc. only come from the primordial population.

The second population, characterized by a companion mass We conclude that bMSPs produced in our simulations, but not
aroundl M, is however undetected in both clusters. A typical pro- present, or not detectable, in GCs include:
genitor is an initially wide binary with two companions ofthar
similar masses from 6 to 10/ . Most of the primordial bMPSs
are located in the halo. There are several possible expiasaor
these bMSPs to not be present in real clusters:

e Primordial bMSPs where a NS gained mass via CE
e bMSPs where a NS gained mass via merger
e Mass transferring NS-MS systems with MS mas$).2M),
as they most likely are seen only as LMXBs/qLMXBs
e CE does not lead to the NS spun up and MSPs formation; o Systems where a NS was formed via AIC/MIC more theah
e as NSs in those bMSPs are mainly post-ECS or post-AIC (see YI 290
Tabled® anfl10) — possibly, kicks must be higher and so sieh sy

J Excluding these bMSPs from our statistics, we find that the
tems would rather be destroyed than evolve via CE;

L d di firm lowest estimate for the numbers of produced MSP2are 3
* CE prescription adopted in our codec(s A = 1) can not pro- MSPs in Terzan 5 an?2 £ 5 in 47 Tuc. This estimate is close to

duce realistic results; ) ) the observations — 22 detected MSPs in 47 Tuc and 33 in Tetzan 5
e our mass segregation does not work properly for progenitors The binary population of MSPs i5/2 — 1/3 of all MSPs.

of this bMSPs — if they would segregate in the code fasten they We predict that the fraction of single pulsars is higher in
would be destroyed and will not produce bMSPs. Terzan 5 than in 47 Tuc, as observed. The origin of isolate®#S
Physical collisions. This population is present on two panels depends on the cluster dynamical properties. For exampleyn

on Figs[% andl6 — among the NSs that gained mass via MT and standard model, about half of isolated MSPs were formed &+ a r
via DCE. In the first case, bMSPs still continue MT and appsar a sult of an evolutionary merger at the .end of thg MT from a MS
UCXBs. As we mentioned before, we (i) don't have a theoréifica companion, and another half Io;t their companion as a re§ult
predicted mechanism to stop the MT and (ii) such binariesato n a blnar)t; encounter. Most such t()jlna_lry encc:cunters qccurreg:jsg d
reach periods comparable to observed ones. Binary enaslayie tems where a N,S was spun-up during ,MT rom a giant, and had a
peared to be inefficient in breaking those systems. and asuit re YWD companion just before it become single. In the case of 47 Tu
they are present in large numbers in both clusters, inctuthinse very few isolated pulsars were formed in a_result of an evahary
bMSPs that have extremely low-mass companigfs(01 M) merger at the end of the MT. Most lost their companion as dtresu
and were not detected in Galactic GCs. It does not mean how- of a binary encounter, where in half of the cases the compatsge
ever that we overproduce low-mass companions bMSPs which ar fore the binary destruction was a low-mass WD or MS star at the
UCXBs descendants — if in nature a WD is blown up, then the MT end (;fth?'r”MT ssequence. likel be dwh h

rate, which is mainly driven by gravitational waves radiatis de- patially, M ,PS are more likely to be ocgte where ey were
creasing. An NS-WD system will live longer, but will have ager formed — mostly in the core. Less than a third are located én th

period and its companion will have a bigger mass for a lorigee t halo — primordial or recoiled. Fraction of recoiled MSPsisreas-
than in our simulations ing with v, decrease. Roughly half of observed pulsars are found

The rate of PCs has the largest variation between the five sim- OPtS"?'e t_helr_ cluster core raduhs_(Q_annlp_&_Rﬁsw_ZOOS),tbatra—
ulated models in the case of Terzan 5. For this cluster, weym® d'a}l dlstrlbgtlon of most. pulsars is exactly as expectechfplopu-
rather small number of binary pulsars with low-mass compasi lation that |s|%iuceq ;]n r?r around. the ?dﬁe—(ﬁfll?%@maﬂ%
0.01Ms < Me < 0.1Mg (as a fraction of the total bMSPs popu- 5), with the exception of a few, likely eftpul-

lation), this fraction is smaller than in the case of 47 Tweeand it sars in_ M15 and NGC 6752 (elg. Colpi etlal. 2002). .
seems to coincide with the observations. It is possible that not all of the AIC MSPs posses high mag-

netic field, and therefore may contribute both to the totahber
of the pulsars as well as to the binary fraction of MSPs anteo t
location (see Tabldg 9 ahd]10). The creation rate of highretag

4 See http:/lwww?2.naic.edupfreire/GCpsr.htril field AIC MSPs, at the age of 11 Gyr, is about 10 per Gyr in Terzan



http://www2.naic.edu~pfreire/GCpsr.html
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Figure5. Binary MSPs in 47 Tucanae: observed and modeled populations
circles — observed, stars — formed via TC, squares — fornzeB@j triangles
—formed via binary encounters and diamonds — “primordiataby MSPs.
Filled symbols represent binary MSPs with non-WD compastidn the
case of observed systems filled symbols represent eclipi®Ps. Crosses
mark eccentric bMSP& (> 0.05), small rotated diamonds mark bMSPs in
the halo. Modeled population represents accumulativteesom 5 mod-

els and corresponds to 2 times bigger stellar populatiomithd7 Tucanae.
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Figure6. Binary MSPs in Terzan 5: observed (circles) and modelean{ri
gles) populations, symbols are as on Eig. 5. Modeled pdpulatpresents
accumulative results from 5 models and corresponds to Sthigger stel-
lar population than in Terzan 5.



5 and 47 Tuc. This leads to the presence probability of a high-
magnetic field MSPsR < 10'2-gauss) with a periog= 100 ms
less than 1 per cent, and f& < 10*'-gauss, it is about 15 per
cent (see e]8). One pulsar in Terzan 5 (J1748-2446 ) hasRs80
[Ransom et al/ (2005), and might be a high-field system pratiuce
by AIC. Absence of slow-period MSPs in 47 Tucanae suggeats th
the magnetic field in formed AIC NSs is most likely be at a highe
end,> 10*?-gauss.

We also compared the predictions of the types of pulsars
generated in our models to the observations of all knownoup-t
date globular cluster pulsars (see Tdblé 12). We divide the- c
ters containing MSPs with known properties into categori@se-
sponding to the central densities used in the models: Hegisitly
(pc > 5.35; also containing other core-collapsed): NGC 1851,
NGC 6342, NGC 6397, NGC 6522, NGC 6544, NGC 6624, M15,
M30. Terzan-5-like §.05 < p. < 5.35): NGC 6266, Terzan 5,
NGC 6440, NGC 6441. 47Tuc-likel6 < p. < 5.05): 47 Tuc,
NGC 6626, NGC 6752. Standard.§ < p. < 4.6): M5, M4,
NGC 6760. Medium-density2(8 < p. < 3.8): M53, M3, M13,
NGC 6539, NGC 6749, M71. No pulsars have been found to in-
habit low-density clusters yet.

The column “All pulsars” indicates the total number of pul-
sars used in that category; other columns refer to fractdribat
number. The total numbers of pulsars cannot be directly emetp
to the numbers of pulsars in the model, but the fractions &f pu
sar system types can be compared. Field systems includeldll fi
pulsars withP < 100 ms andB < 5 x 10'° G. BD refers to
brown dwarf systemsjycomp < 0.07 Mp. MS identifies likely
main-sequence companions, identified by being eclipsistegys
with Meomp > 0.07 Mg ). He WDs refer to all non-
eclipsing companions with.07 < M < 0.5 Ms. C/O WDs were
all MSPs with companion massgs0.5 M, unless the companion
is known to be a NS.* 10 d” refers to that subset of all MSPs with
orbital periods longer than 10 days. Highpulsars are taken to be
MSPs with spin-period® 2 100 ms in globular clusters, which
may have an unusual formation mechaniM@ 1996). W
compare the observed systems to our model systems. Not@that
our predicted numbers of higB-systems we consider all high-
pulsars that were spun-up within last 3 Gyr and divide thisber
by a factor of 30 to account for their shorter lifetimes.

Several clear trends with the central density of globulas<l
ters can be seen in the observations. Single MSPs rise siypooth
from a rate of 0.25 of all MSPs in the field, to 0.6 of all MSPs in
clusters. This is well-described by our model, suggestitag the
formation of single MSPs may be reasonably understood rfagai
please note a large scatter, especially for “med-den” nsodéiere
very few pulsars were formed). The formation of MSPs with
“brown dwarf” companions, with very low masses, exhibit aco
plicated density dependence, with few in the field, a quartex
MSPs in medium-density clusters, and declining fractiortsgher
density clusters. This indicates that their formation rezgia high
density environment, but also suggests that their binaoyugon
can be disrupted in high density conditions. A similar trexach
bee seen in our results, with the exception for “med-den§spo
bly due to small number statistics. The production of MSPth wi
main-sequence companions and of highMSPs are sharply de-
pendent on the central density of the cluster, in agreemihttiae
suggestions by Frelre (2005) and Lyne etlal. (1996) that firer
duction requires multiple binary interactions, and diriegpact of
NSs with other stars, respectively. Overall, almost all mumbers
are in agreement with the observations if the numericatecat
taken into account.
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8 DOUBLE NEUTRON STARSIN GCS

As it was predicted irfl5.1, we did not find an efficient primor-

dial double neutron star formation. In all our simulation&d-clus-

ter models or x 107 M, of stellar population evolved in differ-

ent clusters, only 3 primordial DNSs has been formed. Inhaée
systems, NSs were formed via ECS and none of the systems has
merged within a Hubble time.

Let us estimate the rate of dynamical DNSs formation. The
characteristic time for a single NS to have an encounter @aith
NS-binary can be estimated using the[ed. 10. A binary coropani
in a NS-binary is usually less massive than a NS. If an exahang
occurs, the binary separation in a formed post-exchangaybin
is larger than the binary separatiag in the pre-exchange binary,

a ~ apmns/mz, Wherems is the mass of the replaced companion
(Mél_l_&%). Binary eccentricities in hard binaf@low a
thermal distribution, with an average eccentricity 2/3
). The maximuna that leads to a merger within 11 Gyr, if the
post-exchange eccentricity is 2/3, is ab@UiR;. The maximum
mass for a NS-companion before the exchange is about theahass
a turn-off MS star -0.9M . Then the maximum binary separation
in a pre-exchange binary that leads to the formation of a mgrg
DNSisap = 48R@

From our simulations we find that the relative fraction of NS-
binaries in the Corchsfbin,corc - NNS*bin,corc/Nobjccts,corc iS
0.175 per cent in the case of a standard model, and 0.6 peincent
the case of Terzan 5. Then the characteristic time for a N&wve h
an encounter that may lead to the formation of a merging DNS is
ToNns,m & 5 x 10'2 Gyr in the case of a standard cluster, in other
words, about 500 NSs is required to form one merging DNS withi
11 Gyr. This assumed thatery encounter will lead to the exchange
and thatall NS-binaries have the separation~of R, . In the case
of Terzan 5, a chance to form a merging DNS, per NS, is 25 times
bigger than in standard cluster — the formation rate is Kigld-
pendent on the cluster density, as in power 2, and the nunfber o
retained NSs is increasing when escape velocity is incde&smv-
ever, most of the NS-binaries have bigger binary separstioan
~ 5Ra, and even though encounters are more frequent in this case,
they do not lead to the formation of a merging DNS directlyesa
subsequent encounters of a formed DNS with other stars icottee
will increase DNS'’s eccentricity, reducing in the resudt iherg-
ing time. In addition, an NS-binary with@9M; MS companion,

a = 4.8R ande =~ 2/3 will more likely evolve to start the MT
and form an LMXB rather than have an encounter with another NS

Only 14 DNSs have been formed dynamically during 11 Gyr
in all our 70 cluster models. As the formation rate of DNSs is
highly density dependent, most of those DNSs were formellig: ¢
ter models of Terzan 5. Only two of these 14 DNSs merged, anoth
two DNSs merged after 11 Gyr but within the Hubble time 14 Gyr.
5 out of 14 formed DNSs stayed in the cluster for a long tinik, ti
11 Gyr, and 9 remaining were destroyed within a Gyr afterrthei
formation.

We note that the formation rate of DNSs is strongly connected
to the formation rate of LMXBs, as the main building mateoél
DNSs is NS-binaries that otherwise become LMXBs. As we show
in g6, we produce LMXBs in numbers comparable to those ob-
served, but we underestimate the formation rates for coltepsed
clusters. In core-collapsed clusters it is especially rctbat our
simplified models do not properly treat the cluster dynanaicd
therefore we cannot be very quantitative about the totallbarm
of DNSs that should be produced by all GCs, although only a
small fraction of GCs are core-collapsed. We conclude fbeze
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Table 12. Detected pulsars and simulations.

Cluster All pulsars Single BD He WD MS C/O WD >10d high-B
High-den model 11.8 +2.1 0.51£+0.11 0.06£0.05 0.20£0.07 0.10£0.09 0.03£0.04 0.00£0.00 0.03+£0.01
All high-den 16 0.63 0 0.06 0.19 0.06 0.06 0.25
Terzan 5 model  22.7 4+ 3.2 0.65+0.06 0.11£0.06 0.07£0.04 0.03£0.03 0.03£0.02 0.02+£0.02 0.03+£0.01
All Ter5 48 0.62 0.10 0.27 0.10 0.06 0.08 0.02
47Tuc model 22.4+4.5 0.27+0.14 0.11£0.13 0.38+0.11 0.06£0.08 0.04£0.08 0.11£0.12 0.02+£0.00
All 47Tuc 32 0.47 0.19 0.25 0.09 0 0 0
Standard model 3.5+1.4 0.25+0.20 0.11£0.10 0.32£0.19 0.19£0.31 0.02£0.06 0.13£0.13 0.03£0.02
all stand 9 0.22 0.22 0.56 0 0 0.22 0
Med-den model 0.64 +0.67 0.40+0.55 0.004+0.00 0.10+0.22 0.10+0.22 0.00+0.00 0.00+0.00 0.084+0.08
All med-den 8 0.25 0.25 0.50 0 0 0 0
Field 77 0.25 0.04 0.53 0 0.13 0.30 -

Comparisons of the predictions about the nature of clustisiap systems with observations of globular cluster palésummarized by Camilo & Rasio
@), with additions noted at http://www.naic.edofreire/ GCpsr.html as of early 2007). See t€jt)(for details.

that if GCs are important for the formation of merging DNSsl an
provide a significant contribution to the production of gher

ray bursts in distant galaxies (as it was proposed in Grineltal.

M), such systems can only be produced in core-collagasd c

range (100-200) estimated from observatidm 613
Heinke et all 2003, 2005). From our list of clusters which exe
pected to have one or more LMXBs (bright or in quiescence) —
47 Tuc, Terzan 5, NGC 1851, NGC 6266, NGC 6388, NGC 6440,

ters, like M15, where such a system is observed (Anderson eta NGC 6441, NGC 6517, M54, NGC 7078 — all clusters which have

[1990; Jacoby et &l. 2006).

9 SUMMARY

In our study of binaries with neutron stars in globular chustwe
considered in detail the problem of formation of LMXBs and R&S
in GCs. With our simulations we predict that most of the retdi
neutron stars in GCs must come from an electron capturersoyzer
formation channel (c.f. the field, where most NSs are frone<or
collapse supernovae). A typical GC could contain at pre@emere
the adopted cluster age is 11 Gyr) as many-a820 NSs where

been studied with Chandra (all but NGC 6517) show at least one
LMXB or qLMXB. Our results do not support the idea that the
observed luminosity function in extragalactic globulansters is
mainly formed by UCXBs.

We find that if all possible channels of NS formation and all
possible mechanisms for its spin-up lead to MSP formatioen t
we overproduce MSPs even though at the same time we need just
that many NSs for agreement with the formation rate of LMXBs
from observations. We proposed that AIC and MIC produce NSs
with very high magnetic fields (such as the MSP NGC 6440A).
Such a NS, being spun up, lives only briefly as an MSP. Also, we
find that if we assume that a NS would accrete and spin up dur-

about half of them are located in the halo; a massive GC like 47 ing a common envelope, we overproduce bMSPs in the cluster ha

Tuc could have more than a thousand NSs.

los from primordial binaries of intermediate masses. SudisBs

Analyzing encounters with NSs, we find that for NSs located would be present in low-density clusters and have not yet been.

in the core, about half of them formed a binary through an argk

Excluding the systems discussed above, as well as thosé watec

encounter and only a few per cent formed a binary through a-phy siill actively accreting their donor's material and arersesther as

ical collision with a giant or via tidal capture. The relaiimpor-
tance of tidal captures to physical collisions increaseb@aseloc-
ity dispersion decreases. Although there are fewer bisdoened
though PC and TC than through binary encounters, the primuct
of mass-transferring systems is roughly the same for alttaan-
nels. We note as well that there are many physical collidiessding

to mergers between NSs and other stars in the core.

Considering LMXB formation, we derived the collision num-
ber that seems to be consistent with being linear with thebraim
of LMXBs, although only for the case when only the core dgnsit
varies. Variations of other GC dynamical properties withxadi
core density lead to large scatter. This explains the obsedevi-
ations from a linear dependence between the collision nuaute
the number of LMXBs in non-core-collapsed clusters. We jated

LMXBs, we obtained the number of “detectable” bMSPs. The pre
dicted numbers are in a good agreement with the observations
22 + 5 MSPs in 47 Tuc an@3 =+ 3 in Terzan 5. The fraction of
isolated pulsars is comparable with observations and igebith
Terzan 5 than in 47 Tuc.

Comparing the population census of our models with the ob-
servations of all detected pulsars to date in GCs, we find good
agreement for all types of pulsars — single, with brown dwarh-
panion, with MS companions, with light or heavy WD compaision
and with large periods.

We do not find very efficient formation rates for double NSs
— only a dozen were formed in 70 simulated models. These rates
increase with the square of the GC core density. We conchate t

that the number of gLMXB may have no dependence on the metal- NS formation is most likely to occur in massive, very derese]

licity, contrary to the number of bright LMXBs.
Our rates of LMXB formation predict 7.5 UCXBs in all
galactic GCs, which is consistent with the observed numnber.

preferentially core-collapsed GCs, as suggested by thifida-
tion of only one double NS so far, in the core-collapsed GC M15

In conclusion we outline several important issues that rbest

gLMXBs, we expect about 180 systems, which agrees with the addressed for further progress in studies of NSs in glololuaters:


http://www.naic.edu~pfreire/GCpsr.html

e A common envelope event in primordial binaries of intermedi
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Deloye C. J., Bildsten L., 2003, ApJ, 598, 1217

ate masses that produce a NS via ECS — whether a NS accretes theDessart L., Burrows A., Ott C., Livne E., Yoon S.-C., Langer N

material and spun up and what is the common envelope effigienc

2006, ArXiv Astrophysics e-prints

e Aresult of the mass accretion on a NS after it has experienced Dieball A., Knigge C., Zurek D. R., Shara M. M., Long K. S.,

a merger —in a binary as a result of unstable mass transfeiriogd
an encounter;

e The final fate of a mass-transferring NS-WD binary — what is
the post-MT period or how it lost its companion;

e The dependence of qLMXBs on the cluster metallicity. In par-
ticular, if future observations will show that the depenckin the
metallicity for gLMXBs follows the one for bright LMXBs, it il
most likely indicate that these two types of clusters hafbdihce
history of star formation and had different initial massdtions, as
was predicted by Grindlay (1993) and is expected by the stard-
tion theory in the case of a dense metal-rich environmentrdjy
priv. comm.).
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