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Abstract

The research presented herein is a theoretical investigation of the formation, evolution,
and ultimate fate of low-, intermediate-, and high-mass X-ray binaries (L/I/HMXBs). The
primary theoretical tool used throughout is binary population synthesis. Results of these
calculations are used to account for the numbers and properties of observed X-ray binaries
and their descendants, as well as to direct future observational and theoretical work.

Combining binary population synthesis and binary stellar evolution calculations, I present
a systematic population study of L/IMXBs in the Galactic plane. Since full stellar evolution
calculations are used to model the X-ray binary phase, it is possible to make detailed com-
parisons between the theoretical models and observations. It is demonstrated quantitatively
that IMXBs probably play a crucial role in shaping the population of LMXBs observed at
the current epoch, as well as their descendant binary millisecond radio pulsars. :

Recently, a new class of HMXBs has emerged, distinguished from other HMXBs by
their wide, nearly circular orbits. I show that the discovery of a significant number of such
systems is at odds with the conventional wisdom that most neutron stars receive very large
“kick” speeds at birth. This problem may be rectified in a self-consistent way if the kick
speed depends on the rotation rate of the pre-collapse core, which I propose is strongly
influenced by the evolution of the neutron-star progenitor in a binary system.

The reasonable suggestion that certain globular clusters contain nearly 1000 neutron
stars conflicts with the large mean kick speeds estimated from observations of isolated radio
pulsars, which are 5 to 10 times the present cluster escape speeds. Therefore, most neutron
stars born from single progenitors should have been ejected from their host clusters. I
show that many more neutron stars are retained if a significant fraction are formed with
massive stellar companions, but that the retained fraction is still too small to account for the
inferred large numbers of neutron stars at the current epoch. Several alternative hypotheses
are discussed, including the intriguing possibility that globular clusters we see today were
ten times more massive in the distant past.

The Chandra X-ray Observatory has revealed hundreds of previously undetected point
sources in a small field about the Galactic center. I show that the majority of these sources
may be neutron stars accreting from the winds of unevolved companion stars. Infrared
observations are proposed to search for the stellar counterparts of the X-ray sources.

Thesis Supervisor: Saul Rappaport
Title: Professor of Physics
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Chapter 1

Introduction

Nearly forty years have passed since the first detection of X-ray sources beyond our own
solar system. It quickly became clear that the brightest of these sources are accreting
compact objects with binary stellar companions. With the maturity of X-ray astronomy
came the discovery of hundreds of such binary X-ray sources, including the conspicuous low--
and high-mass X-ray binaries, the more abundant but less luminous cataclysmic variables,
and a dozen or so candidate black-hole binaries. While X-ray binaries are now rather
common-place, many important unanswered questions still remain.

Theoretical motivations for studying X-ray binaries are two-fold. First, X-ray binaries
are unique astrophysical laboratories for addressing fundamental questions regarding matter
at extremely high densities, strong-field gravitation, and the plasma physics that shapes the
accretion flow around and onto the compact object. Second, at a more global, statistical
level, the population of X-ray binaries can offer specific, otherwise inaccessible, data about
the formation and evolution of both binary and single stars. Here we focus on the latter
course of study.

In order to account for the numbers and properties of observed X-ray binaries, it is
necessary to understand quantitatively how such systems form and subsequently evolve.
With these details in hand, it is possible to generate a theoretical population of X-ray
binaries that can then be compared with observations. This procedure is referred to as
binary population synthesis, whereby each of an ensemble of X-ray binary progenitors is
followed analytically or numerically until it resembles the systems of interest or goes down
a different evolutionary path. In later chapters, we demonstrate that binary population
synthesis is a valuable scientific tool, not only for placing the populations of X-ray binaries
and their descendants in a statistical framework, but also for identifying important new
physical phenomena and guiding future observational and theoretical work.

All of the studies presented in this thesis specifically address only binary systems that
contain neutron stars. Thus, the term “X-ray binary” will hereafter refer to only those
systems with neutron-star accretors. However, it is important to mention that the basic
theoretical techniques that we use to model populations of neutron-star X-ray binaries
may also be applied to investigate populations of cataclysmic variables and binaries with

17



18 CHAPTER 1. INTRODUCTION

accreting black holes. We now give a brief and general overview of what is known empirically
about X-ray binaries and how they are classified.

1.1 Observations of X-ray Binaries

Observed X-ray binaries exhibit a wide range of characteristics, including orbital periods
from 11 minutes to ~1 year, companion masses of ~0.01-30 My, and X-ray luminosities
from the detection sensitivities to ~10% ergs s=! (see the catalogs of Liu et al. 2000, 2001).
In the face of this large variety, workers in the field have grouped sources according to some
common observed traits, such as the binary parameters or the X-ray spectral and vari-
ability properties. For the present work, the most important, and somewhat questionable,
classification is based on the companion mass at the current epoch. Historically, a nom-
inal distinction has been made between low- and high-mass X-ray binaries (L/HMXBs),
depending on whether the inferred mass of the stellar companion is <1 Mg or 28 M, re-
spectively. We now discuss how these systems are classified in practice and highlight some
of the associated uncertainties. '

1.1.1 High-Mass X-ray Binaries

The standard picture that applies to most HMXBs is that of a neutron star (NS) accreting
from the wind of a massive (28 M), main-sequence stellar companion, with an orbital
period of several tens of days or longer. The remainder of HMXBs have orbital periods of
<10 days, and contain somewhat evolved, supergiant stars that may fill their Roche lobes.
A massive companion is generally straightforward to identify optically if the binary lies
within a few kiloparsecs in the Galactic plane; more distant Galactic sources may require
infrared observations. When the companion is unidentified, the classification as an HMXB
is based on the properties of the X-ray emission.

HMXBs are typically first detected as X-ray pulsars with hard, nonthermal X-ray spectra
that extend beyond 10keV (e.g., Nagase 1989). Strong X-ray pulsations and the occasional
presence of a cyclotron absorption line at 10-30keV suggest magnetic field strengths for
the NS of >10'2 G. By measuring the secular variations in the apparent pulse period, it has
been possible in more than twenty HMXBs to determine the orbital parameters and mass
function, in some cases very precisely (see Bildsten et al. 1997 and Chapter 4). However,
the set of HMXBs with well-measured orbits comprises only ~20% of the ~130 known
systems in the Milky Way, SMC, and LMC (Liu et al. 2000). Moreover, there are excellent
reasons to believe that we have detected only a few percent of the HMXBs in our Galaxy
(see § 1.2.5).

Approximately 40% of the detected HMXBs are transient X-ray sources. Transient
outburst phases are typically fairly short, lasting less than several months, with X-ray
luminosities exceeding 103° ergs s~!. The outburst frequency sometimes directly reflects the
orbital modulation in the accretion rate onto a NS in an eccentric orbit about its massive
stellar companion (Bildsten et al. 1997). However, it often appears that the transient
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behavior is driven by the activity of the star and its wind, and has no regular temporal
patterns. In fact, quite a few sources have been detected only once in the history of X-ray
astronomy.

1.1.2 Low-Mass X-ray Binaries and their Descendants

In an active LMXB, a Roche-lobe filling companion loses material through the inner La-
grange point and feeds the accretion disk that surrounds the NS. For most LMXBs, the
companion is not detected at optical wavelengths, which indeed strongly suggests that it is
low-mass star. The bulk of the optical emission is usually attributed to reprocessed X-rays
from the accretion disk. Indirect pieces of evidence that have been used to classify sources
as LMXBs are short orbital periods of <1 day, or the detection of type I X-ray bursts, which
have only been seen in LMXBs.

The observational data that may be used to constrain models for the formation and
evolution of LMXBs are really quite limited. Out of ~150 observed systems, roughly 50
have measured orbital periods (Liu et al. 2001). Furthermore, in only a few LMXBs has the
stellar companion been unambiguously detected spectroscopically, and its mass determined
to better than 10-20%. Another important observed characteristic of the population of
LMXBs is their scale height of 2500 pc in the Galactic disk, which is considerably larger
than the scale height of their presumed massive progenitor binaries. This suggests that
LMXBs receive a significant systemic impulse at the time the NS is formed, due to the
combination of supernova mass loss and a possible NS “kick” (see § 1.2).

There are a significant number of active LMXBs for which very detailed X-ray data are
available. However, it is extremely difficult to extract from this data important physical
information regarding accretion disks or compact objects. X-ray spectral and flux variability
are generally indicative of the complex and often erratic processes occurring in the accretion
disk, for which we still lack a complete theoretical understanding. More regular patterns
in the X-ray flux variability are observed as quasi-periodic oscillations, with characteristic
frequencies that range from Hz to kHz (van der Klis 2000). Thus far, only physically
motivated numerological arguments have been put forward to explain these oscillations; no
scenario adequately accounts for the quasi-periodic X-ray emission. During type I X-ray
bursts, more coherent, kHz oscillations are sometimes seen. These burst oscillations may
directly reveal the NS spin, although much work still needs to be done in this active area
of research (see M. Muno 2002, Ph.D. Thesis, MIT).

Coherent X-ray pulsations are detected in only a handful of LMXBs. The rarity of X-ray
pulsars among LMXBs has been attributed to generally weak NS magnetic field strengths
of <108-10° G. Three of the LMXB/X-ray pulsars have pulse periods of ~2ms. It is not
surprising that such systems exist, since the material accreted onto the NS has the specific
angular momentum of the inner part of the accretion disk. The accretion of ~0.1 Mg is
sufficient to yield millisecond spin periods. Long before the discovery of the two millisecond
X-ray pulsars, it was suggested (van den Heuvel 1987 and references therein) that LMXBs
are the progenitors of binary millisecond radio pulsars, with pulse periods of <10 ms, which
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are often called “recycled” pulsars. Nearly 30 binary millisecond radio pulsars (MSRPs) are
observed about the Galactic disk (e.g., Rappaport et al. 1995), and another ~50 MSRPs
(binary and single) have been detected in globular clusters (Camilo et al. 2000; D’ Amico et
al. 2001b).

1.2 Theoretical Problems and Thesis Overview

The remainder of this thesis is directed toward understanding theoretically the origins,
evolution, and ultimate fate of binary systems that harbor NSs. We employ statistical
methods to highlight preferred evolutionary channels and to constrain uncertain model
parameters such that we can properly account for the abundance and variety of the observed
populations of X-ray binaries and their descendants. The work presented herein is directly
motivated by recent X-ray and radio observations. Many of the sources that have inspired
our work do not follow preconceived trends, and in some cases even suggest a theoretical
paradigm shift. As much as possible, we have tried to raise new questions and suggest new
avenues of research, both theoretical and observational, based upon our theoretical results.
We now briefly summarize each chapter of this thesis.

1.2.1 Formation of X-ray Binaries

X-ray binaries in our Galaxy form and evolve in two very different dynamical regimes. In the
Galactic plane, strong dynamical interactions between stars and binaries can be neglected
entirely. Therefore, in the plane, each binary containing a NS descends from a massive
primordial binary, wherein one star is sufficiently massive (~8-20 M) to produce a NS
remnant. In a globular cluster, on the other hand, an incipient X-ray binary is formed when
a single NS is captured into a binary system, via either a three-body exchange interaction
(e.g., Rasio et al. 2000) or possibly two-body tidal capture (Fabian et al. 1975). While we do
not specifically consider the dynamical formation of X-ray binaries in the following chapters,
we provide a comprehensive study in Chapter 5 of how NSs are retained in globular clusters
(see also § 1.2.4).

The evolutionary steps that precede the formation of a NS in a binary system, beginning
with a massive primordial binary, are fully described Chapter 2; here, we provide a short
summary. Each primordial binary undergoes a phase of mass transfer when the initially
more massive star (the NS progenitor) evolves to fill its Roche lobe. The mass transfer may
be stable or dynamically unstable, depending on the initial mass ratio of the two stars and
their evolutionary states when mass transfer begins. If a merger of the two stars is avoided,
the mass transfer terminates when the stellar envelope of the NS progenitor is removed,
leaving the star’s hydrogen-exhausted core. After consuming its remaining nuclear fuel, the
core explodes as a Type Ib or Ic supernova, leaving a NS remnant. The binary is strongly
perturbed by the supernova explosion, and may be disrupted, due to the impulsive mass
loss and a possible NS “kick” of magnitude >100 km s~!. If the binary remains bound,
then the system is an incipient low-, intermediate-, or high-mass X-ray binary, if the mass
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of the companion is <2 Mg, ~2-8 Mg, or 28 Mg, respectively.

1.2.2 Intermediate-Mass X-ray Binaries

It was long thought that mass transfer via Roche-lobe overflow would be dynamically un-
stable if the donor star is significantly more massive than the NS, and therefore that such
systems would not survive to resemble the X-ray binaries we presently observe (see, how-
ever, Kalogera & Webbink 1996). Until recently, this view largely persisted, as only one
exception—Her X-1, with a companion of mass ~2 Mg—has so far been identified. The
situation changed after optical observations of Cyg X-2 (Py, = 9.84 days) revealed the
spectral type and mass (~0.6 M) of the donor star (Casares et al. 1998; Orosz & Kuulk-
ers 1999). It was soon realized that the star is much hotter and more luminous than an
initially low-mass star of the same radius evolving in isolation. Motivated by these results,
several theoretical groups reinvestigated the old paradigm for LMXB evolution (King & Rit-
ter 1999; Podsiadlowski & Rappaport 2000; Tauris et al. 2000; Podsiadlowski et al. 2002).
They found that mass transfer may, in fact, be dynamically stable for companion masses
up to ~4 Mg, with the mass transfer initially proceeding on the thermal timescale of the
donor. Detailed evolutionary calculations show that Cyg X-2 probably began its life as an -
X-ray binary with a donor of mass ~3-4 Mg. That is, Cyg X-2, previously a prototype
LMXB, was originally an intermediate-mass X-ray binary (IMXB).

The example of Cyg X-2 suggests that perhaps many, even the majority, of the observa--
tionally classified LMXBs are descended from IMXBs. This is extremely important, since it
turns out that the evolutionary parameter space available for forming an incipient LMXB
with a companion mass of <1 My, is really very small (e.g., Bhattacharya & van den Heuvel
1991; Kalogera & Webbink 1998). Allowing for initially more massive donors, one finds
that this fine tuning problem all but disappears.

In Chapter 3, we present a systematic population study of L/IMXBs in the Galactic
plane. Our investigation utilizes a library of previously calculated evolutionary sequences
for L/IMXBs that covers a wide range of initial orbital periods and donor masses. By
incorporating evolutionary calculations of the X-ray binary phase, we can assess in detail
the role of IMXBs and the implications thereof, as well as quantify discrepancies between
the theoretical population models and the observations.

1.2.3 HMXBs and Neutron-Star Kicks

Among the HMXBs with measured orbits, there seem to be three distinct classes of systems,
distinguished by their orbital parameters: (i) binaries with supergiant companions, orbital
periods of Py, S 10 days, and eccentricities of e < 0.1 (Bildsten et al. 1997); (ii) moderately
wide, eccentric binaries with Py, ~ 20-100 days and e ~ 0.3-0.5 (Bildsten et al. 1997);
(iii) a recently identified class with long periods of Py, ~ 30-250 days and quite low
eccentricities of e < 0.2. Chapter 4 is devoted to a full discussion of the latter class of
HMXBs. We demonstrate the statistical significance of these systems, and show that their
detection is at odds with the conventional wisdom regarding NS kicks.
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A Maxwellian distribution in kick speeds, with a mean of ~200-300 km s~!, adequately
accounts for the kinematics of isolated radio pulsars and the Galactic scale height of LMXBs
(e.g., Johnston 1996; Hansen & Phinney 1997; Arzoumanian et al. 2002). However, a
Maxwellian with a mean speed of 50 km s™! is required in order to account for the 6
observed long-period, low-eccentricity HMXBs. In Chapter 4, we describe an evolutionary
scenario in which members of the new class of HMXBs are produced in sufficient numbers,
and in which the the abundance and properties of other known NS populations are self-
consistently reproduced. A physical model is proposed that may explain the dichotomous
NS kicks, wherein the kick magnitude depends on the rotation rate of the pre-collapse core,
which in turn is largely determined by the evolution of the NS progenitor in a binary system.

1.2.4 Neutron-Star Retention in Globular Clusters

Recent radio and X-ray observations of globular clusters have found evidence for surprisingly
large numbers of NSs, in the form of MSRPs and low-luminosity X-ray sources (e.g., Camilo
et al. 2000; Grindlay et al. 2001b). Together with the dozen well-known cluster LMXBs
(Deutsch et al. 2000), these objects likely represent only a small fraction of the NSs present
in the Galactic globular cluster system. Observational selection effects and theoretical
formation statistics for LMXBs and MSRPs indicate that of order 1000 NSs may reside
in certain massive clusters, which amounts to >10-20% of the total number formed at
early times. This is extremely problematic, since globular clusters presently have central
escape speeds of <50 km s~!, while the inferred mean kick speeds of isolated radio pulsars
are 2200 km s~!. A fundamental, unresolved question is how a large number of NSs are
retained in globular clusters.

Chapter 5 gives a complete overview of the NS retention problem. Using binary popu-
lation synthesis, we present a detailed quantitative assessment of how binary systems influ-
ence the net NS retention fraction. It has been suggested (Drukier 1996; Davies & Hansen
1998), though not quantitatively confirmed, that the retention problem may be solved if
a significant fraction of NSs are formed in binary systems with massive companions; such
a companion can effectively anchor a NS to the host cluster. Our calculations show that
binaries do indeed lead to a greatly increased retention fraction over single NS progenitors
when the characteristic kick speed is large. However, we find that the percentage of NSs
retained is still only ~1-5%, which may not be sufficient to explain the numbers observed.
We therefore speculate on alternative solutions to the retention problem.

If, as we propose in Chapter 4, a sizable fraction of NSs born in binary systems receive
very small kicks, then the retention problem is not so severe. Using the dichotomous kick
scenario described in Chapter 4, we find that the retention fraction is increased by a factor
of ~4-5. The severity of the retention problem may be further reduced if we allow for NS
formation via accretion-induced collapse of a massive white dwarf, although this process
and its outcomes are very poorly understood. Finally, we note the interesting possibility
that some of the globular clusters that presently have a mass of 105 M are the surviving
remnants of clusters with an initial mass in stars of >107 M. In this case, a small initial
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retention fraction evolves into a large inferred retention fraction as the cluster loses 290%
of its mass before the current epoch.

1.2.5 Wind-Accreting Neutron Stars

Observations with the Chandra X-ray Observatory (Wang et al. 2002) have recently revealed
2500 previously undetected, faint point sources in a 0.8° x 2° field about the Galactic center,
the nature of which are unknown. Based on the extragalactic log N-log S curve in X-rays
(Brandt et al. 2001), we estimate that only 10-20% of the Chandra sources are background
AGN. We propose that the remaining Galactic sources are wind-accreting NSs (WNSs), of
which HMXBs are the best known examples.

We describe in Chapter 6 our motivations for suggesting that many, if not most, of
the Chandra sources are WNSs, as opposed to LMXBs, black-hole binaries, or cataclysmic
variables. Our arguments are supported by a binary population synthesis study of WNSs.
Each theoretically produced WNS is characterized by the orbital parameters and companion
mass. The NS accretes from the wind of its stellar companion via the Bondi-Hoyle-Lyttleton
process (Hoyle & Lyttleton 1941; Bondi & Hoyle 1944), where the emerging X-ray lumi-
nosity sensitively depends on the wind speed and the orbital separation. By incorporating
some reasonable spatial distribution of the WNSs, we calculate a theoretical X-ray flux
distribution. Somewhat surprisingly, the distribution may be dominated by systems with
intermediate-mass companions over a wide range in flux. We propose that an infrared
observing campaign be undertaken to search for the stellar counterparts to the Chandra
sources in order to identify their true nature and possibly corroborate our model.
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Chapter 2

Massive Binary Population
Synthesis

- This chap‘ﬁer is adapted from material in the paper, “A Comprehensive
Study of Neutron-Star Retention in Globular Clusters,” by Eric Pfahl,
Saul Rappaport, & Philipp Podsiadlowski, to appear in The Astrophysical
Journal. ' :

2.1 Introduction

From an operational standpoint, the formation of a NS in a binary system involves three
distinct evolutionary steps. First, we begin with a primordial binary, where the initially
more massive component (the primary) has a mass >8 M, so that it ultimately produces a
NS remnant. Second, we follow the phase of mass transfer from the primary to the initially
less massive star (the secondary). Third, we compute the binary parameters following the
SN ezplosion of the primary, where the often strong dynamical influence of the SN may
unbind the binary system. In this chapter, we discuss each of these formation steps, which
are implemented in the Monte Carlo binary population synthesis code that is utilzed in each
study presented in this thesis. Below, we encapsulate our lack of detailed knowledge in the
form of a set of free parameters, for which we quote reasonable values that are applied in
our standard model of NS binary formation.

2.2 Primordial Binaries

We define a massive primordial binary as a system where at least one component has a large
enough main-sequence mass that it would yield a NS remnant if left to evolve in isolation.
The main-sequence mass threshold for NS formation is ~8 Mg, but may be as low as
~6 My in the low-metallicity environment of a globular cluster (e.g., Marigo et al. 2001
and references therein). Hereafter, we refer to the initially more massive component of the
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binary as the primary and the initially less massive component as the secondary. The main-
sequence masses of the primary and secondary are denoted by M; and M>, respectively,
and we define the corresponding mass ratio as ¢ = My/M; < 1.

2.2.1 Component Masses

Various authors (e.g., Kraicheva et al. 1978; Duquennoy & Mayor 1991) have found that
the primary masses in close binaries are consistent with the initial mass function (IMF) of
single stars. We draw primary masses from a single power-law IMF, which is appropriate
for massive stars (see Miller & Scalo 1979; Scalo 1986; Kroupa et al. 1993):

p(My) = (z = 1)(M ot = My 2o = M (2.1)
where we adopt M min = 8 My. We choose values of z in the range 2-3, where z = 2.35
corresponds to a Salpeter IMF (Salpeter 1955). For our standard model, we adopt z = 2.5.
An isolated star with My > M nax is assumed to leave a black hole remnant rather than a
NS. The precise value of M; max is unknown, but is probably 230 M. Because the IMF
sharply decreases with increasing mass, our results do not depend strongly on the value of
Ml,ma.x- ’ i ‘

It is generally believed that the main-sequence masses of binary components are cor-
related (e.g., Abt & Levy 1978; Garmany, Conti, & Massey 1980; Eggleton, Fitchett, &
Tout 1989). Observations of massive binaries suggest that equal masses may be favored
(e.g., Abt & Levy 1978; Garmany et al. 1980), presumably as a result of the formation
process. However, serious selection effects hamper the determination of the true mass-ratio
distribution, and other authors have found that low-mass companions to massive primaries
appear to be more likely (e.g., Mason et al. 1998; Preibisch et al. 2000). For the distribution
function, p(q), we consider both increasing and decreasing functions of g, as encapsulated
by the power-law form

p(g) = (1 +y)g¥, (2.2)

for y > —1.

Guided by the important work of Garmany et al. (1980), we adopt y = 0 for our
standard model. These authors found that 40% of the O stars in a magnitude limited
sample have binary companions, and that 85% of these systems have ¢ > 0.4. When one
takes into account the difficulty of detecting low-mass companions, the results of Garmany
et al. (1980) seem consistent with a fairly flat distribution of mass ratios.

2.2.2 Eccentricity

It is often assumed in population studies of the sort we have undertaken that the orbits
of primordial binaries are circular. However, since the process of binary formation is only
poorly understood, there is no a priori justification for suggesting that massive primordial
binaries should have small eccentricities. The situation is less clear in globular clusters,
where dynamical interactions may influence binary formation (e.g., Price & Podsiadlowski
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1995; Bonnell et al. 1998). However, it is expected that the binary will eventually circularize
if the orbit is sufficiently compact that mass transfer will take place. From here on, we only
consider circular primordial binaries.

There exists at least one important caveat to the circularization assumption stated
above. Eccentricities of ~0.5 are seen among the wide, interacting VV Cephei binaries,
which consist of a massive red supergiant and an early-type B star (e.g., Cowley 1969;
Cowley et al. 1977). The VV Cephei systems are the widest of the known massive, in-
teracting binaries, with periods 210 yr, and their significant eccentricities may indicate
that not enough time has elapsed for the system to circularize. The growth of the large
red-supergiant envelope occurs over a relatively short timescale of <10° yr, while the cir-
cularization timescale varies as (a/R)® (e.g., Zahn 1977), where a is the binary semimajor
axis and R is the radius of the red supergiant. Therefore, the components of the observed
VV Cephei binaries have experienced strong tidal interactions only very recently, in terms
of the evolutionary history of the more massive star.

2.2.3 Orbital Separation

Observations of young, detached binary systems indicate that the distribution of orbital
periods, and thus the distribution of semimajor axes, a, is logarithmically flat (Abt & Levy
1978; see, however, Duquennoy & Mayor 1991):

pla) = [ln (Z—:?f)]—la—l . (2.3)

Since we assume that the primordial binaries are circular, a is just the orbital separation.
For given component masses, the lower limit, @iy, is determined from the constraint that
neither star overflows its Roche lobe on the main sequence. The upper limit, anay, is
somewhat arbitrary; in practice, we assume ama, = 103 AU.

2.3 Overview of Massive Binary Stellar Evolution

Owing to its larger mass, the primary will be the first star to leave the main sequence.
The subsequent binary evolution depends on the size of the Roche lobe that surrounds the
primary. For circular orbits, the volume-equivalent radius of the Roche lobe of the primary
is well approximated by the formula due to Eggleton (1983):

Ru _ 0.49
a T 06+¢BIn(1+q13)’

(2.4)

where @ in this equation represents the constant orbital separation. The radius of the Roche
lobe of the secondary, Ry, is obtained by replacing g in eq. (2.4) with 1/q.

Left to evolve in isolation, the primary would grow to a maximum radius of ~500-
2000 Rp; the value depends sensitively on mass, metallicity, and especially assumptions
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about stellar winds. So, if the orbit is sufficiently compact (Rp1 < 20 AU), the primary will
grow to fill its Roche lobe. The value of Ry,; is used to determine the evolutionary state of
the primary when it begins to transfer matter through the inner Lagrange point.

It is particularly important to distinguish between mass transfer that is dynamically
stable (proceeding on the nuclear or thermal timescale of the primary) and mass transfer
that is dynamically unstable (proceeding on the dynamical timescale of the primary). For
the case where the mass donor is more massive than the accretor, dynamical instability is
typically attributed to one of two root causes. If the star grows faster than its Roche lobe
(or the Roche lobe shrinks faster than the star), a phase of runaway mass transfer may
ensue. In particular, stars with deep convective envelopes tend to expand in response to
mass loss (e.g., Paczynski & Sienkiewicz 1972; Hjellming & Webbnik 1987), while the Roche
lobe generally shrinks. Also, for systems with extreme mass ratios, the primary may not
be able to achieve synchronous rotation with the orbit, causing the components to spiral
together; this is the classic Darwin tidal instability (Darwin 1879; see also Hut 1981) . The
evolutionary state of the primary when it fills its Roche lobe is a good indicator of the
physical character of the subsequent mass transfer and binary stellar evolution.

. Following Kippenhahn & Weigert (1966; see also Lauterborn 1970 and Podsiadlowski,
Joss, & Hsu 1992), we distinguish among three evolutionary phases of the primary at the
onset of mass transfer. Case A evolution corresponds to core hydrogen burning, Case B
refers to the shell hydrogen burning phase, but prior to central helium ignition, and case
C evolution begins after helium is exhausted in the core. These three cases (see Figs. 2-1
and 2-2) provide a rough framework for categorizing binary stellar evolution during mass
transfer. Of course, not all systems will undergo Roche lobe overflow. A large fraction of
binaries will be sufficiently wide that the primary and secondary evolve as isolated stars
prior to the first SN. We refer to such detached configurations as case D.

Of the three broad categories of mass transfer, case A evolution is potentially the most
problematic. Perhaps the most likely outcome is a merger of the two stars following a
contact phase, wherein both stars fill their Roche lobes, leaving a massive single star (Pols
1994; Wellstein et al. 2001). For a recent detailed discussion of the complex evolutionary
processes that occur during case A mass transfer and the possible outcomes, see Nelson
& Eggleton (2001) and Wellstein, Langer, & Braun (2001). Fortunately, the subtleties of
case A evolution may essentially be overlooked presently. The range in orbital separations
admitted by case A is ~3-20 Ry, which comprises ~5-10% of the primordial binary pop-
ulation. In addition, if the majority of case A systems merge as expected, then a detailed
consideration of case A evolution is unnecessary, since our focus is on binary systems.

Two important subcases comprise case B. Farly case B (case B.) mass transfer occurs
when the primary fills its Roche lobe as it evolves through the Hertzsprung gap. In this
case, the envelope of the primary is still mostly radiative and the mass transfer is thought
to be initially stable for a wide range of mass ratios. Late case B (case B;) mass transfer
occurs when the primary fills its Roche lobe as it evolves up the first giant branch. Case B,
mass transfer is characterized by a deep convective envelope, in which case it is likely that
mass transfer will initially take place on the dynamical timescale of the primary, leading
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to a common-envelope (CE) phase (see § 2.4). The range in orbital separations of case B
systems is ~20-1000 R, which contains ~20-30% of the primordial binary population.

For stars of mass $12-15 M, core helium burning is typically accompanied by a signif-
icant decrease in stellar radius (see Fig. 2-1), so that the primary cannot fill its Roche lobe
during this time. After helium is exhausted in the core, the star develops a deep convective
envelope and begins to ascend the Hayashi track. We refer to this phase as late case C (case
C;). We assume that case C; mass transfer is dynamically unstable, as we do for case B;
(see, however, Podsiadlowski et al. 1992, 1994).

For stars more massive than ~12-15 M, stellar evolution calculations do not provide
a self-consistent physical picture that simultaneously accounts for observations of massive
stars in high- and low-metallicity environments (e.g., the Milky Way and the SMC, respec-
tively). One important problem is to explain the ratio of blue to red supergiants among
massive stars, as a function of metallicity (see Langer & Maeder 1995). For these mas-
sive stars, it is possible for helium to ignite in the core while the star is traversing the
Hertzsprung gap and is still mostly radiative. It is unclear how the radius behaves during
the subsequent phase of core helium burning. The radius may shrink somewhat, so that
Roche lobe overflow is impossible during this phase. However, the radius may continue to
increase after a short plateau (a so-called “failed blue loop” in the HR diagram; see Fig. 2-2).
Therefore, it is theoretically possible for mass transfer to begin during core helium burning,
but the allowed range in stellar radii is sufficiently small that we neglect this possibility.
Following core helium exhaustion, the star still has a radiative envelope. Early case C (case
C.) mass transfer is possible before the primary reaches the base of the asymptotic giant
branch and begins to ascend the Hayashi track, at which point the star is mostly convective
and falls into the case C; category. Cases C, and C; account for ~15% and ~10% of the
primordial binaries, respectively.

For solar metallicity, stars of mass 220-25 M may shed their hydrogen-rich envelopes
following core helium exhaustion as a result of prodigious wind mass loss (Maeder 1992).
However, for the low metallicities of globular clusters (Z < 0.001 typically), stellar wind
mass loss is probably only important above ~30-40 Mg (Maeder 1992), although it should
be emphasized that such mass loss is quite uncertain, both theoretically and observationally.
For most NS progenitors, especially those that undergo mass transfer in a binary system,
stellar winds are not a very important consideration, and thus in our simulations we do not
consider stellar winds prior to the SN explosion.

The mass of the primary and its radius at the onset of Roche-lobe overflow are sufficient
to determine the category of mass transfer. Using the fitting formulae of Hurley et al.
(2000), we compute the radius of an isolated star with the mass of the primary at different
stages of its evolution (e.g., main sequence, core helium ignition, base of the asymptotic
giant branch). The Roche-lobe radius of the primary falls into some range and determines
if mass transfer is categorized as case A, B, By, C., C;, or D.

It is worth adding a note here regarding the possible outcomes of contact evolution.
Unless the initial mass ratio is close to unity, it is likely that the majority of case A, B,,
and C, systems will evolve into a contact configuration (Pols 1994; Nelson & Eggleton 2001;
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Figure 2-1: Evolution of the radius as a func-
tion of time for a star of mass 10 Mg, calcu-
lated with the fitting formulae of Hurley et
al. (2000). The range of radii for each case
of mass transfer is labeled. Note that the ra-
dius decreases by a factor of ~10 immediately
following central helium ignition.

Figure 2-2: Evolution of the radius as a func-
tion of time for a star of mass 15 Mg, calcu-
lated with the fitting formulae of Hurley et al.
(2000). Helium ignites in the core while that
star is evolving through the Hertzsprung gap.
Steady helium burning proceeds rapidly, and
the radial evolution is barely perturbed dur-
ing this phase. This type of evolution permits
early, or radiative, case C mass transfer.
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Wellstein et al. 2001). Shortly after the primary first fills its Roche lobe, the mass transfer
rate rises to values of order M;/7yp 1 ~ 1073-10~* Mg yr—!, where Tth,1 1S the thermal
timescale of the primary. Most of the envelope of the primary is removed during this initial
rapid phase. The secondary reacts to donated material on its own thermal timescale, and
thus can only accrete in an equilibrium fashion if it is very nearly coeval with the primary
at the onset of Roche lobe overflow (i.e., ¢ ~ 1). If the secondary is essentially unevolved
at the time the primary fills its Roche lobe, the transferred gas will fill up the Roche lobe
of the secondary and thus initiate a contact phase.

Some attempts have been made to follow the evolution of both stars during the contact
phase (see Kahler 1989 for an overview of the important issues), but since the problem re-
quires certain three-dimensional hydrodynamical elements, no complete physical description
of this process has emerged. However, there are two distinct possible outcomes: (i) evolu-
tion during contact is dynamically stable, with some fraction of the material ejected from
the system, or (ii) there is sufficient drag on the secondary—owing to the extended com-
mon stellar envelope surrounding the system—that the binary components spiral together
on a dynamical timescale, possibly resulting in the ejection of the common envelope or a
merger of the two stars. Dynamical spiral-in cannot be the generic consequence of contact
evolution, since then we would have great difficulty in explaining the observed long-period
high-mass X-ray binaries in the Galaxy (see § 4). We expect that there is some critical mass
ratio, q., that separates stable and dynamically unstable mass transfer for those systems
that experience a contact phase. In our simulations, we typically choose g. = 0.5 for all
case B, and C, systems, which implies that 50% of these binaries undergo dynamically
unstable mass transfer for a flat distribution in initial mass ratios. As we will show in the
next section, dynamically unstable case B, and C, mass transfer almost always leads to a
merger of the two stars.

2.4 Analytic Prescriptions for Mass Transfer

Dynamically stable mass transfer can be reasonably well characterized by two dimensionless
parameters, not necessarily fixed during the evolution. In a given time step, the secondary
accretes a fraction 3 of the mass lost by the primary. Generally, 8 is a function of the com-
ponent masses, the rate at which mass is transferred from the primary, and the evolutionary
state of the secondary. The complementary mass fraction, 1 — 3, escapes the binary system,
taking with it specific angular momentum ¢, in units of the orbital angular momentum per
unit reduced mass, (GMpya)'/2, where My = My + M, is the total binary mass.

For a circular orbit, the orbital angular momentum is given by

MM,

J M,

(GMya)'/? . (2.5)
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Logarithmic differentiation yields

6_J_6M1+6M2 16Mb+16a
J M, My 2M, 2a’

(2.6)

where it is assumed that the orbits remains circular during mass transfer. From the defini-
tion of the mass capture fraction, 8, it is clear that My = —86M; and 6 M, = (1 —B) OM;.
We neglect the tidal coupling between the rotation of the Roche lobe-filling primary and the
orbit. Therefore, variation in the orbital angular momentum is attributed solely to systemic
mass loss, and it follows that

6J = a (GMjya)26 My . (2.7)

We consider one of two modes of angular momentum loss during stable mass transfer:
mass that is lost from the system takes with it (1) a constant fraction of the specific orbital
angular momentum (constant «), or (2) the specific angular momentum of the secondary.
Constant values of @ and 8 > 0 lead to one possible analytic solution (Podsiadlowski et al.
1992) of eq. (2.6):

a' 3 Ml; M{ C1 Mé Ch . :
(5)=wlr) Ge) 25)
where
C1 = 2a(1-8)-2
Cy = 2« (% - 1) -2. (2.9)

Primes on the masses and semimajor axis indicate the values after some amount of mass
has been transferred. Figure 2-3 illustrates the evolution of (a'/a); as a function of the
fractional mass loss, AM;/M; = 1 — M| /M, from the primary. For our standard model,
we use eq. (2.8) to evolve the orbit, with a = 1.5, a value characteristic of mass loss through
the L2 point, and 8 = 0.75. These values imply that (a’/a); ~ 1 for AM;/M; ~ 0.8, a
characteristic fractional envelope mass. :

A second analytic solution can be obtained for the case where 8 is constant and where
matter lost from the system takes away the specific angular momentum of the accreting
star (perhaps in the form of jets or an axisymmetric wind). In this scenario we have

/ 1 r\ —2 N\ —2/8
(5).-Ge) Go) Ga) 10
a/, M,y M, M,
It can be shown that eq. (2.10) is a weak function of 3, and so (a'/a); closely follows the
B = 1 solution (see Fig. 2-3) within a factor of two for a wide range of initial mass ratios.

Mass that is removed from the primary on a dynamical timescale cannot be assimilated
by the secondary, which can only accept matter on its much longer thermal readjustment
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timescale. Consequently, the transferred material fills the Roche lobe of the secondary and
a common-envelope (CE) phase is initiated (Paczynski & Sienkiewicz 1972). As a result of
hydrodynamic drag, the secondary spirals in toward the core of the primary, depositing a
fraction ncg < 1 of the initial orbital binding energy into the CE as frictional luminosity
(e.g., Meyer & Meyer-Hofmeister 1979; Sandquist et al. 2000). If sufficient energy is available
to unbind the envelope, what remains is a compact binary consisting of the secondary, which
we assume is unaltered during the spiral-in process, and the hydrogen-depleted core of the
primary. On the other hand, if the CE remains gravitationally bound to the system, drag
forces will perpetuate the spiral-in and the two stars will merge.

A simple energy relation determines the outcome of the CE and spiral-in (e.g., Webbink
1984):

GM M, GM .M, GMM,
——~Y__— =7"CE |~ — + )
2a 2a
where M, and M, are the envelope-mass and the core-mass of the primary, respectively. The
left-hand side of eq. (2.11) is the envelope binding energy, taking into account both gravi-

tational and thermal contributions, where A is a parameter that depends on the structure
of the envelope. Solving eq. (2.11) for a'/a, we find

' M_M:. oM, 7
(“—) = T2 (M2 + —e> . (2.12)
a)ce M ATCE TL1
If the secondary fills its Roche lobe for the computed final orbital separation, a’, this
effectively indicates that insufficient energy was available to unbind the CE, and we assume

that a merger is the result. Figure 2-4 illustrates the dependence of (a’/a)cg on the initial
mass ratio, g, for four values of the initial fractional envelope mass, M,/M;.

For the NS progenitors considered here, detailed calculations by Dewi & Tauris (2000)
show that A ~ 0.1-0.5 over a wide range of evolutionary states. We utilize a fixed value
of A = 0.5 for the studies presented in Chapters 4, 5, and 6, where dynamically unstable
mass transfer is of minor importance. On the other hand, the common-envelope phase is a
crucially important aspect of low- and intermediate-mass X-ray binary formation. Thus, in
Chapter 3, we give results for a range of A values.

2.11
Aari ( )

The majority of systems with g < g, that undergo case B, or C, mass transfer end up
merging, a result that we can demonstrate as follows. Typical fractional primary envelope
masses are ~0.7, and thus Fig. 2-4 indicates that dynamically unstable mass transfer causes
the orbit to shrink by a factor of <50 for ¢ < 0.5. Case B, and C, binaries have a < 500 R,
and so we see that most systems with ¢ < g. should merge, since for orbital separations
<10 Rg the secondary is likely to be overfilling its Roche lobe. Therefore, binaries with
wider orbits, which undergo case B; or C; mass transfer, are more likely to survive the
common-envelope phase.

If the primary mass takes its minimum value of 8 M), then case B, or C, mass transfer
is stable for systems where the secondary mass is >q.8 Mg. An 8-My primary sheds its
~6-Mg envelope, of which 86 Mg 1is accreted by the secondary. Thus, we see that the
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minimum secondary mass following stable mass transfer is approximately ¢.8 Mg + 6 Mg.
For our reference values of g. = 0.5 and 8 = 0.75, this minimum mass is 8.5 Mg. It follows
that if we observe an X-ray binary where the secondary is of low- or intermediate-mass,
then the system has likely undergone dynamically unstable case B; or C; mass transfer prior
to the formation of the NS.

In all cases where a stellar merger is avoided, we assume that the entire hydrogen-rich
envelope of the primary is removed, either transferred stably through the inner Lagrange
point or expelled during a CE phase. By the time the primary reaches the end of the main
sequence, its core is well developed, with a mass given approximately by (Hurley et al. 2000)

M, ~0.12 M35 . (2.13)

We assume that this is the mass of the exposed helium core following case B mass transfer.
For case C and D evolution, the mass of the core may be larger by ~0.5-1 M, as a result
of shell nuclear burning.

Following case B mass transfer, the exposed core of the primary is a nascent helium
star. Helium stars with mass 25 Mg, probably experience mass loss in the form of a Wolf-
Rayet wind, where the timescale for mass loss is comparable to the evolutionary timescale
(~106 yr) of the star (see Langer 1989). However, we find hat such massive helium stars are
not produced in sufficient numbers to strongly effect our results on NS retention, and so we
neglect Wolf-Rayet winds in the present study. Stellar winds are less important for helium
stars of lower mass. Although, if the core is exposed following case B mass transfer and
M. £ 3 Mg, the star may grow to giant dimensions (Habets 1986b) upon central helium
exhaustion and possibly fill its Roche lobe, initiating a phase of case BB mass transfer
(De Greve & De Loore 1977; Delgado & Thomas 1981; Habets 1986a). For the maximum
radius of a helium star, we adopt a slightly modified version of the fitting formula derived
by Kalogera & Webbink (1998):

2.3 M, <25

2.14
0.057 [log(M./Mg) — 0.17)725 M, > 2.5 . (214)

1Og(RHe,max/ Rp) = {

This relation is consistent with the results of Habets (1986b). It is expected that <0.5 Mg
is transferred to the secondary during the case BB phase (e.g., Habets 1986a). We consider
case BB mass transfer by assuming that a fixed amount of mass (e.g., 0.3 M) is transferred
conservatively (i.e., no loss of mass or orbital angular momentum) to the secondary, and we
expand the orbit accordingly. The inclusion of this process does not significantly influence
our results.

2.5 Supernova Explosion

At the end of the mass-transfer phase, the result may be a stellar merger or a binary
consisting of the secondary and the core of the primary. Subsequently, the remaining
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nuclear fuel in the primary’s core is consumed, leading to core collapse and a SN explosion.
The post-SN orbital parameters are computed by taking into account the mass lost from the
primary and the kick delivered to the newly-formed NS. In all of the simulations discussed
in this thesis, we neglect the effects of the SN blast wave on the secondary, which is a
very reasonable assumption for the majority of binaries that we consider (e.g., Wheeler
et al. 1975; Fryxell & Arnett 1981; Livne et al. 1992; Marietta et al. 2000). We further
assume that the orientations of the kicks are distributed isotropically, as there is no clear
observational indication that the kicks are preferentially aligned with respect to the spin of
the NS progenitor.

One of two distinct outcomes follows the explosion (see Appendix A for a description
of our computational formalism): (i) the NS and the secondary are gravitationally bound,
with new orbital parameters and a new CM velocity, or (ii) the binary is disrupted, with
the NS and secondary receding along hyperbolic trajectories relative to the new CM. Even
if the binary formally bound (e < 1) following the SN, the binary is not necessarily a
viable, incipient low-, intermediate-, or high-mass X-ray binary. When the characteristic
kick speed is large, the mean eccentricity for the bound post-SN binaries may be 20.7. In
a significant fraction of these systems, the closest approach of the NS immediately after
the SN is smaller than the radius of the secondary, with the likely outcome that the NS
spirals in to the envelope of the secondary to form a Thorne-Zytkow object (Leonard, Hills,
& Dewey 1994; Brandt & Podsiadlowski 1995). The fate of the NS is unlcear in this
case. In Chapter 5, we provide a more detailed discussion and references regarding the
formation of Thorne-Zytkow objects, especially as the evolutionary endpoints of high-mass
X-ray binaries. ‘

2.6 Double Neutron Star Formation

High-mass X-ray binaries are the natural progenitors of double NS binaries. After evolving
off of the main-sequence, the secondary quickly grows to giant dimensions. The extreme
mass ratio guarantees that a common-envelope phase and spiral-in will occur not long after
the secondary fills its Roche lobe. The common envelope will be successfully dispersed by
the engulfed NS if the orbital period is 2100 d (e.g., Taam et al. 1978) at the onset of
the spiral-in. If collapse to a black hole, via “hypercritical” accretion (e.g., Chevalier 1993;
Fryer et al. 1996; Brown et al. 2000), and merger are avoided, the NS will emerge in a
tight orbit with the hydrogen-exhausted core of the secondary. A double NS binary is then
formed if the system remains bound following the SN explosion of the secondary’s core.



Chapter 3

Low- and Intermediate-Mass X-ray
Binaries

3.1 Introductiohz |

Roughly 150 low-mass X-ray binaries (LMXBs) have been observed in the Galaxy (Liu et al.
2001), with orbital periods from 11 minutes to ~1 year, donor masses of ~0.01-2 M, and
X-ray luminosities from the detection sensitivities (~1032 ergs s~! for a distance of ~1kpc)
to ~10% ergs s~!. Over the past twenty years or so, there have been many theoretical
studies of LMXBs aimed at accounting for their abundance and variety. During this time,
a standard picture for their formation and evolution was established. However, recent
observational and theoretical work challenge the conventional wisdom and have prompted
a renewed interest in the origins of observed LMXBs. Specifically, it has been realized
that many, perhaps even the majority, of the identified LMXBs may have descended from
systems with intermediate-mass donor stars.

It was long thought that mass transfer via Roche-lobe overflow would be dynamically
unstable if the donor star is significantly more massive than the neutron star (NS), and
therefore that such systems would not survive to resemble the X-ray binaries we presently
observe. Until recently, this view largely persisted (see, however, Pylyser & Savonije 1988,
1989), as only one exception—Her X-1, with a companion of mass ~2 My—has so far
been identified. This issue was reopened after optical observations of Cyg X-2 revealed the
spectral type and mass (~0.6 Mg) of the secondary (Casares et al. 1998; Orosz & Kuulkers
1999), which turns out to be much hotter and more luminous than a giant that descended
from a star of mass <1.5 M. Evolutionary calculations (King & Ritter 1999; Podsiadlowski
& Rappaport 2000; Kolb et al. 2000) show that Cyg X-2 probably began its life as an X-ray
binary with a donor of mass ~3.5 Mg. That is, Cyg X-2, previously a prototype LMXB,
was originally an intermediate-mass X-ray binary (IMXB).

In the past, the evolution of X-ray binaries and the criteria for dynamically unstable mass
transfer were computed using analytic techniques (e.g., Rappaport et al. 1982; Kalogera &
Webbink 1996). This is a satisfactory approach as long as the structure of the donor star and
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its response to mass loss can be described using relatively simple prescriptions. However,
this is not possible in general. The clear realization that intermediate-mass donor stars
can stably transfer matter to a NS accretor came largely as a result of recent calculations
that utilized full stellar evolution codes (e.g., Tauris & Savonije 1999; Tauris et al. 2000;
Podsiadlowski & Rappaport 2000; Podsiadlowski et al. 2002). Only with such codes can the
evolution of the donor be followed realistically during the rapid phase of thermal timescale
mass transfer that characterizes the early evolution of IMXBs.

All previous binary population synthesis studies of LMXBs have focused on the issues
of formation, and, at best, considered only qualitatively the evolution during mass transfer
onto the NS. Such studies are therefore limited in their applicability to observations. In our
population study, we take the next logical steps of (i) allowing for the possibility that IMXBs
play a major role in shaping the population of observed LMXBs, and (ii) incorporating
detailed binary stellar evolution calculations of the X-ray binary phase.

The present work is a natural extension of the systematic evolutionary study of LMXBs
and IMXBs given in Podsiadlowski et al. (2002), where we describe our library of 100
binary evolution sequences computed with a standard Henyey-type stellar evolution code.
By combining population synthesis models of the formation of incipient LMXBs and IMXBs
with detailed calculations of the subsequent ‘mass transfer phase, it is possible for the first
time to generate theoretical distributions of observable quantities at the current epoch, such
as donor mass, orbital period, and X-ray luminosity.

This Chapter is organized as follows. In § 3.2, we discuss the important aspects of
L/IMXB formation. The subsequent evolution during the X-ray binary phase is considered
in § 3.3 using an analytic approach. We quantify the different mechanisms that drive mass
transfer, determine the conditions for which mass transfer is dynamically unstable, and
show why the evolution of the donor star must be computed self-consistently. The library
of 100 L/IMXBs evolutionary sequences calculated by Podsiadlowski et al. (2002), and some
of the important conclusions of that study, are discussed in § 3.4. Preliminary results and
conclusions of our combined binary population synthesis and evolutionary study are given
in § 3.5.

3.2 Formation of L/IMXBs

An operational discussion of how binaries containing NSs form in the Galactic disk is given
in Chapter 2. We now highlight and expand on the most important points that are relevant
for L/IMXB formation in the Galactic disk. Of particular importance is the common-
envelope phase that precedes the formation of the NS, as well as the mass loss and NS
kick associated with the SN explosion. Results of our population synthesis calculations for
producing incipient L/TMXBs are shown in § 3.5.
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3.2.1 Common-Envelope Evolution

The majority of LMXBs with measured orbital periods have P, < 10 days, corresponding
to separations of <30 Rg. These orbits could not have accommodated an evolved, massive
NS progenitor, which might grow to radii of ~1000 R, in isolation. In the context of cata-
clysmic variables, it was suggested (Paczynski 1976) that such tight orbits can be explained
by common-envelope (CE) evolution (see § 2.3 and § 2.4). For reasons given in § 2.4, which
we reiterate below, it is reasonable to assume that all incipient L/IMXBs of interest are
formed following a CE phase, wherein the primordial secondary—ultimately the donor star
in the X-ray binary—spirals into the envelope of the NS progenitor.

As in Chapter 2, we let M; and M, be, respectively, the masses of the primary and
secondary in the primordial binary, and we denote the initial mass ratio by ¢ = M2 /M; < 1.
We assumed in § 2.3 that there is some critical mass ratio, ¢., below which the mass transfer
is dynamically unstable regardless of the evolutionary state of the primary. A fixed value
of ¢. = 0.5 was adopted, but, in fact, a more correct number is probably somewhat closer
to unity. This critical mass ratio implies the existence of a minimum final secondary mass
for binaries that experience stable mass transfer. If the mass transfer is case B, or C,
(see § 2.3) and the secondary mass is My > q.Mj, then the mass transfer is stable and
the secondary accretes a mass of M., where M, is the mass of the primary’s envelope
and (3 is the (constant) mass capture fraction. Therefore, stable mass transfer results in
a final secondary mass of ¢.M; + fM,. The minimum final secondary mass for systems
that undergo stable mass transfer is obtained when M; = 8 Mg, the mass threshold for
NS formation, and M, = 6 M, the corresponding envelope mass. This minimum mass is
approximately q.8 Mg + 6 My = 8.5 Mg for g. = 0.5 and f = 0.75. With our adopted
parameter values, we see that all primordial binaries with intermediate-mass secondaries
will evolve through a CE phase.

From the standard energy relation (§ 2.11) that describes the spiral-in, we derive the
ratio of the final to the initial orbital separation:

a' MM, oM, \7!
i = My + —2¢ .
( )CE M, ( 2+ AnNcE 7”Ll) ’ (31)

a

where M, is the core mass of the primary, and ary, is the Roche-lobe radius about the
primary. Note that the two crucial parameters that characterize the CE—\, the structure
parameter, and ncg, the CE ejection efficiency—appear only in the product Ancg. In the
present study, we use a fixed value of 7cg = 1 and allow A = 0.1-0.5 (see below) to vary
as a free parameter. For low- and intermediate-mass secondaries, a useful approximation of
eq. (3.1) is

a’ 1 M,
(;) e ~ §>\ 7)CE TL1 93z (3.2)

wherein (a'/a)ck is proportional to both A and g. When ) is made smaller, the CE is
more tightly bound, and ejection of the CE requires more orbital shrinkage. Likewise, for a
smaller mass ratio, more shrinkage is required to deposit the same amount of orbital energy
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into the CE.

The massive NS progenitors we are considering have M./M, ~ 0.3-0.5. Initial mass
ratios of ¢ £ 0.5 and A < 0.5 give (a'/a)cE < 0.02 (see Fig. 2-4). A sufficient mathematical
condition for the merger of the primary and secondary is that the secondary overfills its
Roche lobe for the calculated post-CE orbital separation. Main-sequence secondaries of
mass My > 1 Mg have radii given by Ry ~ (M2/Mg)*® Rgy. Taking M. > 2 Mg and
equating the radius of the secondary to the Roche-lobe radius, we find that the minimum
orbital separation is 23-6 Rg for My = 1-5 M, which corresponds to orbital separations
of 2300-600 R at the onset of the CE phase. Therefore, we expect that the majority
systems that survive the CE undergo case B; or C; mass transfer (see Figs. 2-1 and 2-2).

Dewi & Tauris (2000; see also Tauris & Dewi 2001 and Dewi & Tauris 2001) have
computed A as a function of the radius of an evolving star, over a stellar mass range of
3-100 Mg. For stars of mass 8-20 Mg, the values are A ~ 0.05-0.5 for the particular,
and quite reasonable, definition of the core mass used by Dewi & Tauris (2000). While A
may change by an order of magnitude during the course of a star’s evolution, the variation
is within a factor of ~2 for the range in primary radii that are important for L/IMXB
formation. Furthermore, there is a tendency for' A to decrease as the stellar mass increases.
We do not attempt to include in our calculations the variation of A with radius or mass,
but rather take a constant value of ) for each population synthesis calculation.

If a merger of the two stars is avoided _f“ollow'ivng the s'piral-in,:,“the outcome is a detached
binary consisting of the (unaltered) secondary and the core of the primary. Following case
B, or B; mass transfer, the primary’s core is a nascent helium star (see § 2.3). Helium
stars of mass ~2-3 My expand significantly and may fill their Roche lobes following the
CE and spiral-in, thus initiating a phase of case BB mass transfer (see § 2.4). More massive
(25 M) helium stars experience mass loss in the form of a Wolf-Rayet wind. The inclusion
of these two processes in our study would not significantly influence the main results, and
so they are not considered presently, but may be incorporated into future investigations.

3.2.2 Supernova Explosion

After the core consumes its remaining nuclear fuel, it explodes as a Type Ib or Ic SN and
leaves a NS remnant. Impulsive mass loss and the NS kick strongly perturb the binary
and may cause its disruption. Because the mass of the primary’s core may be greater
than or comparable to the mass of the secondary, the effect of SN mass loss on the binary
is especially significant, and some important quantitative results can be obtained rather
simply by neglecting NS kicks. It is straightforward to show (e.g., Blaauw 1961; Boersma
1961) that for a circular pre-SN orbit the eccentricity, esn, after the SN is simply

M. — Mys

=& 3.3
My + Mys ’ ( )

€SN

where Mys is the mass of the NS. The system is unbound (egy > 1) when M, > M>+2Mys.
Letting My = 1 Mg and Mys = 1.4 Mg, we see that for core masses of M, > 3.8 Mg
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(primary masses of M; 2 13 M) disruption of the binary is guaranteed. In such a situation,
a kick of appropriate magnitude and direction is required in order to keep the system bound.
For intermediate-mass donors, a wider range of pre-SN core masses is permitted when kicks
are neglected. Following the CE phase, the core of the primary will have orbital speeds about
the binary center-of-mass (CM) of v, ~ 100-200 km s~!. It can be also be shown that after
the SN, the CM of the binary acquires a speed of vcy = esnve, so that eccentricities of
esn < 1 correspond to large post-SN systemic speeds of order 100 km s~ 1.

When NS kicks are considered in addition to SN mass loss, it becomes more probable
that a given binary will be disrupted, and those binaries that do remain bound will have
larger CM speeds. We utilize a Maxwellian distribution in kick speeds,

2
plog) = 1/ 2k emE2" (34)
where the directions of the kicks are assumed to be distributed isotropically. Dispersions of
o ~ 100-200 km s~! are consistent with the data on pulsar proper motions (e.g., Hansen
& Phinney 1997; Arzoumanian et al. 2002). In our study, we consider ¢ = 50, 100, and
200 km s~!. For each binary system, the magnitude and direction of the kick are chosen
by Monte Carlo methods. The post-SN orbital parameters are then calculated using the
formalism described in Appendix A.

Significant SN mass loss and large NS kicks are likely to yield a substantial fraction of
bound post-SN binaries with eccentricities of 20.5. Given the post-SN eccentricity, we check
if the radius of the secondary is larger than its Roche lobe at periastron by some amount; if
so, we assume that the NS immediately spirals into the envelope of the unevolved secondary.
The product of the merger may be a Thorne-Zytkow object (Thorne & Zytkow 1975, 1977),
which we do not mention further in this Chapter (see Chapter 5). In our simulations,
we assume a coalescence results if the secondary overfills its Roche lobe at periastron by
>10%, a reasonable but otherwise ad hoc value. This allows for the possibility that tidal
circularization and perhaps some mass loss will prevent the objects from merging. The
details of eccentric binary evolution with mass transfer is well beyond the scope of this
investigation. However, we note in passing that Cir X-1 is most likely a young X-ray binary
undergoing episodic mass transfer as a result of having a highly eccentric (egy 2 0.8) orbit
(Shirey 1998). There is also some evidence that the stellar companion in Cir X-1 is of
intermediate mass.

If the coalescence of the NS and secondary is avoided, we neglect mass loss from the
system and assume that the binary eventually circularizes while conserving orbital angular
momentum. The final orbital separation is then agn(1 — egN), where agy is the semimajor
axis after the SN. Moreover, we assume that the secondary rotates synchronously with the
circularized orbit. As we are neglecting the rotational angular momentum of the secondary,
our treatment of orbital circularization is not completely correct, but is quantitatively ade-
quate for our purposes. Further evolution of the circularized orbit may be driven by orbital
angular momentum loss via magnetic braking (discussed in the next section) if the mass of
the secondary is 1.5 M. Systems that contain low-mass secondaries, with main-sequence
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lifetimes of ~10 Gyr, will become potentially observable X-ray binaries only if magnetic
braking causes the orbit to shrink enough for the star to fill its Roche lobe. Clearly, there is
no such problem for intermediate-mass secondaries, which have nuclear lifetimes of <10° yr.
We now go on to describe the processes that govern the phase of mass transfer that begins
when the secondary fills its Roche lobe.

3.3 Overview of Binary Stellar Evolution

While a full numerical treatment is required to adequately model the stellar evolution
processes during mass transfer in a L/IMXB, a great deal of quantitative insight is gained
by using an analytic approach. In addition to highlighting and quantifying the mechanisms
that drive mass transfer, the analytic calculations presented below may also be used to
determine under what conditions the mass transfer becomes unstable on the dynamical
time scale of the donor. Furthermore, in what follows it will become clear why a simplistic
treatment of the evolution of the secondary is not possible in general.

3.3.1 Analytic Formalism

During dynamically stable mass transfer, we imagine that the donor star precisely fills its
Roche lobe in an orbit with semimajor axis a. The instantaneous masses of the NS accretor
and the donor star are denoted by M, and My, respectively, and the total binary mass is
given by M, = M, + M. A fraction 8 of the material lost from the companion through the
inner Lagrange point is accreted onto the NS, so that

M, =~BMy, My=(1-p)M,. (3.5)

Changes in the masses of the components have an immediate influence on the orbital sep-
aration and the size of the Roche lobe about the secondary. The volume-equivalent radius,
Ryq4, of the donor’s Roche lobe is given by (Eggleton 1983)

R _, _  0as
a T 0.6 +q=2/3In(1 + ¢/3) ’

(3.6)

where g = My/M, is the binary mass ratio. The differential equation that relates the rates
of change of Ry 4, My, and a may be written as

RLd a Md
=1+ . 3.7
Rig (1+Bg)¢(a) i, (3.7)
where
dinrig 2In(1 4 ¢'/3) —1/(1 4+ ¢~ /3)

1
dlng 3 0.6¢2/3 +1In(1 + ¢1/3)
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Equation (3.7) directly couples stellar and orbital evolution if we impose the constraint that
Rrs = Ry, where R, is the radius of the secondary. We now discuss the physical process
that drive changes in ¢ and Ry.

For a circular binary, the orbital angular momentum, J, is given by

_ MaMd

J 7,

(GMya)'/? (3.9)

In what follows, we neglect the rotational angular momentum of the donor star. Logarithmic
differentiation of eq. (3.9) with respect to time yields

My, My 1M, 14

M, My 2M, 24
1g(1 - M, 14

= [1_5q__uJ d it

J
J

— 4 —— . 3.10
2 14+q | M; 2a (3.10)
Clearly, when there is no mass transfer, the orbital separation changes only as a result of the
loss of orbital angular momentum; specifically, we see that a/a = 2J/J. Three independent
mechanisms are responsible for removing angular momentum from the binary orbit, which
We now summarize:

Mass Loss (ML).—When mass is lost from the system (e, M, < 0), it takes with it
Some amount of angular momentum. It is reasonable to suppose that the ejected material
has some fraction, a, of the specific orbital angular momentum of the NS. This would be
the case if, for Instance, mass were lost in the form of a wind from the vicinity of the NS,
or a more collimated outflow, such as a Jet. It is straightforward to show that

J a(l - B)g? My
=) =l=He My 3.11
(J)ML 1+q M, ( )

where, for simplicity, « is taken to be a constant, independent of the component masses
and time. For § = 1, we say that the mass transfer is conservative; that is, the mass of the
system is conserved, and (J/J)yy, = 0.

Gravitational Radiation (GR).—In the quadrupole approximation, it can be shown that

gravitational waves take away orbital angular momentum at a rate given by (e.g., Faulkner
1971; Landau & Lifshitz 1975)

J 32(2)8/3G5/3 ~1/3 5—8/3
(j) = e MMM PR (3.12)
GR

where Py, is the orbital period. Neglecting mass transfer and other sinks of orbital angular
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momentum, we find that the corresponding timescale, 7gr, for orbital contraction is

S lﬁ‘ _ 17
= aler ~ 2| J|ar
1 13 /p 8/3
~ 23x107yr ¢ +qq) (1‘;*1”:) , (3.13)

where we have taken the NS mass to be M, = 1.4 M. For ¢ = 1 and Py, = 10hr, the
timescale is 7gr ~ 10 Gyr, or roughly a Hubble time. Furthermore, note that 7ggr increases
for decreasing q.

Magnetic Braking (MB).—If the wind from an isolated star is forced by coronal magnetic
field lines to corotate with the star out to large distances, then a small amount of mass may
carry away a significant fraction of the star’s rotational angular momentum. This process,
known as magnetic braking, is observed (e.g., Skumanich 1972; Smith 1979) to operate in
low-mass (~ 0.4-1.5 Mg) main-sequence stars, which have appreciable convection zones
that may lead to magnetic field generation via a dynamo process. For a Roche-lobe filling
star in a binary system, tidal interactions';w'ill. cause the star to rotate synchronously with
the orbit, and thus any angular momentum that is lost from the star due to MB will likewise
be lost from the orbit. Applied to the binary orbit, the standard braking law derived by
Verbunt & Zwaan (1981; see also Rappaport et al. 1983) is given by

(1) ~ =2 % 10734k M MR YR (3.14)
MB .

J orb

where all variables are to be given in CGS units. The corresponding timescale, mvg, for
orbital contraction is given by

mMB ~ 5 x 108 yr ri (1 4 ¢) 7% (ﬁ) , (3.15)

where, as in eq. (3.13), we have set M, = 1.4 Mg. Because of its weaker dependence
on P,,, angular momentum loss via MB is more important than GR for sufficiently long
orbital periods. When gq is varied from 0.5 to 2.0, the period for which myp = Tgr changes
from ~24 hr to ~16 hr.

Like the orbital angular momentum, the donor radius changes by virtue of three different
and independent processes, one of which depends explicitly on the mass lost from the star:

Adiabatic Mass Loss—When mass is removed from the donor, the stellar radius changes
on a dynamical timescale (of order an hour) as the star adjusts to a new hydrostatic equi-
librium configuration. This change thus occurs essentially adiabatically, as the thermal
readjustment timescale of a ~ 1-M¢, star is ~ 107 yr (see eq. [3.17]). We suppose that at
each instant the adiabatic radial response of the donor is governed by the power-law relation
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Ry M 5“, where £,4 is referred to as the adiabatic indez, so that

Rd _ Md
(#), - o

For £,q < 0, the secondary expands in response to mass loss, and conversely for £,4 > 0.
Negative adiabatic indices occur for stars that are convective or are supported by nonrela-
tivistic degeneracy pressure, as in the case of a white dwarf. Stars of mass 21 M, that are
near the main sequence have radiative envelopes and large, positive values of £,4 near the
surface. In this case, the removal of a small amount of mass will cause the star to become
smaller than its thermal equilibrium radius, which for main sequence stars is approximately
Rieq o M5, where 0 < £oq < 1.

Thermal Evolution.—In general, the donor star will not be in thermal equilibrium during
mass transfer, and its thermal relaxation is an important aspect of binary stellar evolution.
The thermal, or Kelvin-Helmholtz, timescale of the whole star is given by

GM?
TKH ™ RyLq4 _ '
My\? {Rg\ Y[ Lg\ 7}
~ 3x107yr (—) (—) — , 3.17

where L, is the luminosity of the secondary. If the mass transfer were suddenly turned off,
the star would be able to readjust on this timescale to its thermal equilibrium radius. One
heuristic prescription for the rate of change of the donor’s radius due to thermal relaxation

1S
— ~—\—-1) , 3.18
(Rd)th ki \ Ra (318

where, just to reiterate, Rq is the instantaneous stellar radius. However, in general this
prescription is too simplistic. First, the surface layers of the star respond on a shorter,
local thermal timescale rather than the bulk thermal relaxation time given in eq. (3.17).
Second, when the donor is out of thermal equilibrium, its nuclear luminosity will generally
be different than its photospheric luminosity, and (Rd /R4)tn should somehow depend on
this luminosity deficit. We bring these problems to light only to emphasize the need for a
more detailed treatment of stellar structure and evolution.

Nuclear Evolution.—The radius of an isolated star changes by virtue of its nuclear
evolution. A star spends most of its life on the main sequence, with a timescale given by

M -3
Toue ~ 1019 yr (M_@) , (3.19)

which is a reasonable fit for both low- and intermediate-mass stars of mass M. Following
core hydrogen burning, the star expands to giant dimensions. If the donor star in an X-ray
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binary fills its Roche lobe during the (sub)giant phase, mass transfer will be driven on the
corresponding nuclear expansion timescale. Rapid mass transfer may cause the mass and
structure of the donor to change considerably in a time that is comparable to or shorter
than the initial thermal timescale. As a result, the nuclear burning processes in the stellar
interior may be strongly affected or even interrupted temporarily, although this only occurs
for stars that have not yet become giants with degenerate cores. Therefore, as with the
thermal evolution of the donor during mass transfer, a self-consistent treatment of the
star’s nuclear evolution is necessary.

For the purposes of our analytic discussion, we may suppose that the donor star precisely
fills its Roche lobe during stable mass transfer, so that RLq = Rq and Rpq = Rg. With
these constraints, eqs. (3.7) and (3.10) can be combined to yield an equation for My/Mj:

My _ (Ra/Ra)i + (Ra/Ra)nuc — 2(J/T)ar — 2(J/J)uB

My €ad — &RL ’ (3:20)
where » | |
_(dl —B\ . . »
.= (Gned) = 21— 60 +a (155 ) (200 + (48000 . B21)

The radius-mass exponent &gy, gives the change in the Roche-lobe radius due to mass
transfer (hence the subscript ‘MT") —that is, eq. (3.7) coupled with eq. (3.10), but neglecting
(J/J)GR and (J/J)MB

The numerator in eq. (3.20) contains the secular terms (i.e., those terms that do not
explicitly depend on mass transfer), while the denominator, D(q, o, 5, ad), encapsulates all
those effects that give the dynamical response of the star and the orbit to mass transfer
alone. Equation (3.20) makes it clear mathematically that the secular effects are responsible
for driving (stable) mass transfer. The timescale for the dominant driving mechanism (the
largest term in the numerator) gives roughly the timescale for mass transfer. We show in
the next section that mass transfer is dynamically unstable if D < 0, and thus for stable
mass transfer it must be that both the numerator and denominator of eq. (3.20) are positive,
since My < 0. As g is increased, so is gy, and thus significant mass ratios of ¢ > 1 require
that &,4 be sufficiently large in order for the mass tranfser to be stable. It is the large,
positive values of £,q in radiative stars that allow stable mass transfer when the donor is
initially of intermediate mass; this is discussed more quantitatively in the next section.

An intermediate-mass donor star that is not too massive or too evolved will transfer
material on its thermal timescale in the early phases of Roche-lobe overflow. This can be
seen as follows. When q > 1, the Roche lobe of the donor shrinks when a small amount of
mass is transferred (i.e., £g, > 0). The donor likewise shrinks if its envelope is radiative
(€ag > 1), and since 0 < &eq < 1, the star will be smaller than its thermal equilibrium radius.
Therefore, the tendency for the star to reexpand on its thermal timescale provides the
mechanism to drive further mass transfer. In this situation, the (Rd /Rq)tn term dominates
the numerator in eq. (3.20).
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Most of the mass that is transferred on the thermal timescale of the secondary, where
|Md| > 107 Mg yr~!, will not be accreted by the NS. It is generally assumed that the NS
cannot accrete at rates exceeding the Eddington limit. Assuming spherical symmetry of
the surrounding matter and radiation, the Eddington luminosity for a 1.4-Mg NS is

Lgdq ~ 3.5 x 10% ergs s71 (1 4+ X)71, (3.22)

where X is the mass fraction of hydrogen in the accretion flow. The accretion luminosity
comes at the expense of gravitational potential energy, and thus

GM,M,
Ra ’

Ly ~ (3.23)
where R, ~ 10km is the NS radius. The Eddington mass transfer rate for a NS is then
MEdd ~ 1078 M yr~!. Material that is donated at rates greater than MEdd will likely be
ejected from the system, possibly as a radiatively driven wind from the accretion disk or
in the form of relativistic jets. Evidence for both of these processes is seen in the X-ray

binary SS 433 (Blundell et al. 2001), a system known to be in a phase of super-Eddington
" mass transfer. Thermal-timescale mass transfer is expected to quite nonconservative, with
a mass capture fraction of 8 < 0.1. One heuristic prescription for 8 that covers all mass
transfer rates is

(3.24)

. b |Ma| < Mgaq
bMgqa/|M2|  |Ma| > Mgqq ,

where b < 1 is a constant. This formula limits the accretion rate to be M, < b Mgaq.

An interesting problem arises if b ~ 1, which we now discuss semi-quantitatively. The
amount of mass transferred to the NS will generally be some significant fraction of the initial
donor mass, Mg ;. If the mass transfer is sub-Eddington during the X-ray binary phase, then
the NS accretes a total mass of SbMg;. Intermediate-mass donors lose most of their mass
during the early phase of super-Eddington mass transfer, in which case a more appropriate
estimate of the accreted mass is ~ b Mgdd Tnuc, Where Toyc (see eq. [3.19]) is an approximate
lifetime of the X-ray binary. For b ~ 1 and 7y = 108 yT, we see that the NS may accrete in
excess of ~1 M, giving final NS masses of 22-3 M. However, most modern NS equations
of state give maximum masses of ~2-3 Mg, and thus for b ~ 1 it would follow that perhaps
a large fraction of the NSs in X-ray binaries collapse into low-mass black holes. No binary
with a black hole of mass ~2-3 M, has yet been identified. Such systems would not exhibit
X-ray bursts and are not likely show the twin kHz quasi-periodic oscillations seen in LMXBs
(van der Klis 2000). The severity of this “black-hole problem” is reduced by using a smaller
value of b. Podsiadlowski et al. (2002) utilized b = 0.5 and find that in most cases the NS
mass remains <2 Mg (see § 3.4).
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3.3.2 Stability of Mass Transfer

Using the analytic formulae derived above, we now determine under what conditions the
mass transfer becomes unstable on the dynamical time scale of the donor. In physical terms,
a runaway dynamical instability sets in when further mass transfer will cause the Roche
lobe to penetrate more deeply into the star, which results in a larger mass-transfer rate,
and so on. At the onset of dynamical mass transfer, one finds that there does not exist a
hydrostatic solution for which the secondary precisely fills its Roche lobe. We now derive
the algebraic expression that is equivalent to this statement.

Since we are interested in changes that occur on a dynamical timescale, we can neglect
orbital angular momentum losses via GR and MB, as well as the thermal and nuclear
evolution of the secondary. The dynamical response of the donor radius to mass loss is given
the adiabatic relation (Rg/Rg)aq = &aaMy/My (eq. [3.16]), and the response of the Roche
lobe radius is (Rpq/Rrg)mt = érLMa/My (eq. [3.21]). A necessary and sufficient condition
for runaway dynamical mass transfer is that (Rd /Rd)ad > (RLd /RyLd)mT, or alternatively
émT < £a4, where have assumed that R; ~ Rpo at this instant. Three possibilities are
admitted by this inequality: (i) when both the star and the Roche lobe grow, but the star
grows faster (ii) when the star grows and the Roche lobe shrinks; (iii) when both the star
~ and Roche lobe shrink, but the Roche lobe shrinks faster. Thus, we see that mass transfer
is dynamically unstable if D(g, a, 8, €.q) < 0 in eq. (3.20). In other words, the onset of
dynamically unstable mass transfer is signified by D(q, , 8, &aq) = 0.

For given values of a, 8, and £,4, and sufficiently small values of ¢, we find that
D(q,a,B,€aa) > 0. As ¢ is increased, D approaches zero and eventually becomes neg-
ative. We would like to identify the maximum value of ¢, and thus the maximum donor
mass, for which mass transfer is dynamically stable. For simplicity, we specialize to the case
where a = 1, so that any ejected matter carries away the specific orbital angular momen-
tum of the NS. Figure 3-1 shows the maximum donor mass as a function of {,4, for 8 =0
and 1, where the NS mass is taken to be 1.4 Mg. Secondaries with convective envelopes
(€2a < 0) may be as massive as ~1.6 Mg. Furthermore, notice that the maximum donor
mass increases monotonically with increasing £,4. However, if an initially large value of
€.q decreases as mass is removed from the donor, then mass transfer that is initially stable
according to Fig. 3-1 may quickly become dynamically unstable.

Unevolved stars of mass 21 My have radiative envelopes with &,4 > 1 near the surface.
This can be seen in the lower panel of Fig. 3-2, where {,q and the stellar radius are plotted
as a function of the instantaneous mass of a star that is losing material very rapidly, and
hence adiabatically. In all cases shown in Fig. 3-2, £,4 decreases from {,q > 10 to £, ~ 1 as
the outer ~10% of the star’s mass is removed. Therefore, thermal-timescale mass transfer
from an intermediate-mass donor star in an binary system quickly leads to small values of
.4, which even become negative if rapid mass transfer continues beyond a certain point.
Large initial values of &,4 allow the donor to shrink rapidly and stay within its contracting
Roche lobe, at least for a short time. However, as £,q4 decreases, so does the rate at which -
the star shrinks, and the mass transfer may become dynamically unstable after roughly 10%
of the mass of the donor has been removed. While the formal stability criteria displayed in
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Figure 3-1: Curves showing the maximum
donor mass for which the mass transfer is
dynamically stable, as a function of the adia-
batic index £,4. The two solid curves are for
B = 0 (totally nonconservative mass trans-
fer) and 8 = 1 (conservative mass transfer).
The dashed line indicates the conventional
NS mass.

Figure 3-2: Radius (top panel) and adiabatic
index (bottom panel) as a function of mass
for unevolved stars of masses 1.2, 1.4, 1.6,
1.8, 2.0, and 2.3 Mgy. These were calcu-
lated using a Henyey-type stellar evolution
code, assuming a constant mass-loss rate of
107° Mg yr=!. (This plot was kindly pro-
vided by Ph. Podsiadlowski.)
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Fig. 3-1 indicate that mass transfer be initially stable for rather massive stars, the dynamical
instability is sure to set in very soon thereafter for donors above a certain mass.

It should be clear that it would be very difficult, if not impossible, to correctly estimate
the maximum mass for prolonged stable mass transfer using analytic techniques (with, e.g.,
a polytropic equation of state), since the structure of the donor star must be modeled self-
consistently. In fact, most previous analytic calculations (e.g., Rappaport et al. 1983) of
the stability criteria utilized characteristic adiabatic exponents of {,q ~ 1 (see, however,
Kalogera & Webbink 1996) for the envelopes of radiative stars of mass 21 Mg, which is
certainly incorrect in light of Fig. 3-2. Using a complete stellar evolution code, Podsiad-
lowski et al. (2002) find that all systems with subgiant donors of mass <2 M, are stable
against dynamical mass transfer throughout their evolutions. Stable mass transfer is pos-
sible for donors as massive as ~4 Mg if the envelope is radiative. For somewhat higher
initial masses, systems experience a delayed dynamical instability after a phase of stable,
but very rapid, mass transfer that may last ~10% yr. We now discuss selected results and
conclusions given in the work of Podsiadlowski et al. (2002).

3.4 Library of L/IMXB Evolutionary Sequences

A complete population synthesis "study of L/IMXBs must incorporate both a model for their
formation and an adequate numierical treatment of their evolution. Having discussed the
basics of binary stellar evolution theory in the last section, we now summarize some of the
important results and show a selection of plots from the systematic evolutionary study of
Podsiadlowski et al. (2002). We follow this overview with a description of how the library
of L/IMXB evolutionary sequences is implemented in our population study.

3.4.1 Overview and Examples

The 100 L/IMXB evolutionary sequences described in Podsiadlowski et al. (2002) cover
initial secondary masses of 0.6-7 Mg and initial orbital periods of ~4 hours to ~100 days,
in order to sample the range of parameters that are likely to be encountered in the population
synthesis study. A large variety of evolutionary histories and outcomes is found among the
sequences. Of particular interest is that binaries with intermediate-mass donors experience
an early phase of thermal-timescale mass transfer. After passing through this rapid phase,
some of these systems evolve to resemble LMXBs that we presently observe. We now show
a series of plots that illustrate the important characteristics of binary stellar evolution and
their dependence on the initial orbital period and donor mass.

Figure 3-3 shows all 100 evolutionary sequences in the Po,-My plane, where the de-
gree of shading roughly indicates the logarithm of the time spent in a given bin, where
darker shading implies longer times. The sequences may be broadly divided into three cat-
egories: (1) systems that evolve to shorter orbital periods, (2) systems that evolve to longer
orbital periods, and (3) systems with initially more massive donors (23-4 M) that even-
tually undergo dynamically unstable mass transfer. Binaries with initial secondary masses
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Figure 3-3: Evolutionary tracks of LMXBs and IMXBs in the Poy,-Mj plane. The degree of shading
roughly indicates the logarithm of the time spent in a given pixel, where darker shading implies
to longer times. The circle and triangle symbols mark, respectively, the beginning and end of the
evolution. Notice the well-defined bifurcation period at Py, ~ 1day.

of <1.5 M and initial orbital periods longer than the well-known birfurcation period of
~1day (e.g., Tutukov et al. 1985; Pylyser & Savonije 1988) expand during mass transfer,
while binaries with initial orbital periods <1day contract. Expanding orbits reflect the
tendency for stars to grow by virtue of their nuclear evolution as they evolve off of the main
sequence. The contraction of orbits below the bifurcation period is at first driven by angular
momentum losses via MB, and then later by GR when the period is sufficiently short. For
the contracting systems, minimum orbital periods as short as ~10min are reached after
the hydrogen-depleted stellar core has been exposed. As the mass of the helium core is re-
duced, the degree of degeneracy grows until degeneracy pressure provides the main support
against self-gravity, at which point £,q4 < 0 and the core expands in response to further mass
loss. The ultracompact X-ray binary 4U 1820-30 (P,b, ~ 11 min) in the globular cluster
NGC 6624 may have formed in this way (see, however, Rasio et al. 2000).

For the sequences shown in Fig. 3-3, the binary evolution is terminated near the mini-
mum period for the contracting systems, or when the HeCO core is exposed in the expanding
systems (see Podsiadlowski et al. 2002 for more details). For the systems that evolve to
longer orbital periods, this truly marks the end of the mass transfer phase. The NS is
likely to have accreted 20.1 Mg of material and been spun up to millisecond rotation pe-
riods. Thus, the binaries with final orbital periods of 210day in Fig. 3-3 are expected
to ultimately resemble the observed wide binary radio pulsars with low-mass white-dwarf
companions (see Rappaport et al. 1995 for a full discussion). X-ray binaries that evolve
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Figure 3-4: LMXB evolution with an initial donor mass of 1 M, and initial orbital periods of ~9hr
(left) and ~110hr (right). The solid and dashed curves in the lower left panels indicate the donor
mass and the NS mass, respectively. :

to short periods of <1hr will continue mass transfer after the minimum period is reached.
Gravitational radiation drives further mass transfer from the degenerate companion, with
the result that both the companion and the orbit expand, since ¢ < 1 and &,q9 < 0. Such
a system will ultimately consist of a very low-mass (of order 0.01 Mg) companion in a
2>1-hr orbit with a NS rotating at millisecond periods. There are currently three known
binary millisecond X-ray pulsars with these characteristics, and a handful of similar binary
millisecond radio pulsars that have so far only been detected in globular clusters (Camilo
et al. 2000).

Data from three specific evolutionary sequences are depicted in Figs. 3-4, 3-5, and 3-6.
Each four-panel plot shows the evolution with time of the donor radius, donor mass (solid
curve), NS mass (dashed curve), orbital period, and mass-loss rate from the donor. Figure 3-
4 illustrates canonical LMXB evolution above and below the bifurcation period, with initial
periods of ~9hr (main sequence) and ~110 hr (post-main sequence). IMXB sequences are
shown in Figs. 3-5 and 3-6, in which the early phase of thermal-timescale mass transfer is
clearly evident. Each of the left-hand plots in Figs. 3-5 and 3-6, where the secondary fills
its Roche lobe on the main sequence, show very similar evolutionary behavior. The systems
evolve at a roughly constant period of ~12hr for ~3 x 10° yr, after which MB turns on
when My ~ 1.1 Mg and causes the orbit to shrink by an order of magnitude before GR
drives the mass transfer to a minimum period of ~1 hr.
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Figure 3-5: IMXB evolution with an initial donor mass of 2.1 Mg and initial orbital periods of
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Figure 3-6: IMXB evolution with an initial donor mass of 2.7 Mg and initial orbital periods of
~12hr (left) and ~51hr (right).
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3.4.2 Implementation

Each incipient L/IMXB that emerges from the Monte Carlo population synthesis calculation
is characterized by the mass of the secondary and the circularized orbital period at which
the star first fills its Roche lobe. For any given initial P, and My, there is a sequence
in the library with “nearby” initial parameters, such that the evolution of the synthesized
binary would closely resemble the evolutionary sequence selected from the library. In order
to make this selection, we first identify a subset of sequences in the library with the closest
initial donor mass. We then scan this subset to find the one sequence with the closest initial
orbital period. The next task it to use the evolution data for each sequence selected from
the library to compute distributions at the current epoch of observable quantities, such as
Py, My, and M,.

First, we define a set of times. Let te, be the time since the start of mass transfer, Tyt
be the age of the Galaxy when mass transfer begins (tey = 0), and Thow =~ 13 Gyr be the
present age of the Galaxy, so that tey = Thow — TmT. An additional time that one generally
needs to consider is the time lag between the formation of the massive primordial binary
and the onset of mass transfer in its descendant L/IMXB, which might be ~10° yr for low-
mass secondaries. However, we assume for simplicity that the formation rate of massive
stars and binaries has been constant for the past ~10 Gyr, in which case we may neglect
the evolutionary time lag. Averaged over the Galaxy, the present massive binary formation
rate is Rgy ~ 1072 yr~!, or roughly the rate for core-collapse SNe (e.g., Cappellaro et al.
1999). It is straightforward to extend our formalism to include a variable star formation
rate.

Suppose, for instance, that we would like to compute the distribution of some quantity
Q (e.g., Porp, My, or Ma) at the current epoch for all L/IMXBs throughout the Galaxy,
unweighted by observational selection effects. For a particular sequence, we have @ as a
function of te,, which is generally not monotonic. We imagine an ensemble of identical
evolutionary sequences, each of which is parameterized by a different “birth time” TiyT. An
observer at the current epoch would thus have snapshots of the same sequence at different
evolutionary times te,. For two snapshots separated by a small time dtey = 0Ty, the
quantity @ varies over a small range (Qo,Qo + dQ). The probability of observing the
system with Q in any finite interval (Q1, Q1 + AQ) is then proportional to Y RsndTwmT,
where the symbolic sum is over all times during the evolution when @ € (Q1, Q1 + AQ).
The total (weighted) time Y RgndTT accumulated in a given interval of @ is proportional
to the number of primordial binaries used in the simulation. Therefore, in order to obtain
an actual number of systems present in the Galaxy at the current epoch, we must then
divide the total time by this number of primordial binaries. After all selected sequences
are evolved, the result is a histogram of the number of systems at the current epoch as a
function of the quantity Q.
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3.5 Preliminary Results

We now discuss some of the important results and conlusions of our study. As this research
is still in progress, all of the results presented here are preliminary. In what follows, we
will indicate how our calculations could be made more realistic and what additional topics
related to L/IMXB formation and evolution we may explore in the future.

3.5.1 Incipient Systems

The first step in our study of LMXBs and IMXBs is to generate a population of incipient
X-ray binaries. The output of the population synthesis calculation is a set of binaries with
circular orbits, each identified by the orbital period and mass of the donor; we take the
initial mass of the NS to be 1.4 M. At present, we neglect the shrinkage of the circularized
orbit as a result of MB. However, this is an important effect when Py, < 1day, since the
MB timescale may be shorter than the main-sequence lifetime (Tpye ~ 10° yr) of a <1-Mg
secondary. In fact, for low-mass secondaries it may be impossible for the star to fill its
Roche lobe within the age of the Galaxy unless MB is operative. A complete treatment
of tidal interactions and MB between the time of the SN and Roche-lobe overflow will be
incorporated into future studies.

Figures 3-7, 3-8, 3-9, and 3-10 show distributions of My, Forp,, and the binary CM speed
for the inicpient L/IMXBs. For reference, the initial models from our library of evolutionary
sequences have been overlayed on each scatter plot. We have chosen to vary only two free
parameters of our population study, the CE structure parameter A = {0.1,0.3,0.5} (see
egs. [2.11] and [3.1]) and the parameter o(kms™') = {0, 50, 100,200} in the kick distribution
(eq. [3.4]). The values of these parameters are shown to the left of each pair of plots. Also
given in Figs. 3-7 through 3-10 is the fomation efficiency, Fgg, for each parameter set, which
we define to be the number of incipient L/IMXBs with initial secondary masses of <4 M,
that are produced in the simulation, divided by the chosen number of massive primordial
binaries.

Notice that for all parameter sets shown, the distribution of initial secondary masses has
an overall increasing trend. This trend is, of course, modified if we adopt a somewhat differ-
ent distribution of mass ratios for the components of the primordial binaries. Nonetheless,
the general statistical importance of initally intermediate-mass secondaries is clear. Also
apparent in Figs. 3-7 through 3-10 is the tendency for the initial orbital periods to decrease
as X is decreased, as explained in § 3.2.1. What is most striking, however, is that Frg
drops precipitously as A goes from 0.3 to 0.1 (i.e., as the absolute value of the envelope
binding energy is increased). The reason for this is that the maximum orbital period of the
incipient L/IMXBs grows with increasing secondary mass, largely as a result of the depence
of the post-CE separation on the primordial mass ratio (see § 3.2). Therefore, decreasing A
below a certain value leads to the merger of most of the systems with primordial secondary
masses of Mz < 3 M. The fact that so few incipient L/IMXBs with My < 3 M, are pro-
duced when A = 0.1 is a very interesting sensitivity, since Dewi & Tauris (2001) calculate
A ~ 0.1-0.2 for the primary masses of 8-20 Mg that we are considering. With more refined
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Figure 3-7: On the left are the distribution of binary parameters and systemic speeds for the incipient

L/IMXBs, which we assume have circularized prior to mass transfer.

The scatter plots on the right

show how the orbital periods and secondary masses are correlated. For reference, we have overlayed
the initial parameters from the library of evolutionary sequences described in Podsiadlowski et al.
(2002). The model parameters that we have varied are shown on the left. In each simulation, we

started with 500,000 massive primordial binaries.
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Figure 3-11: Distributions at the current epoch of system parameters and mass accretion rate onto
the NS. Plotted is the logarithm of the actual number of X-ray binaries that are presently active
in the Galaxy. The model parameters for the population synthesis calculation are indicated above,
along with the number Nx of systems with with —10 < log M(Mg yr—') < —8, rounded to the
nearest thousand.

population studies, we may be able to indirectly set limits on the possible values of .

3.5.2 Distributions at the Current Epoch

Using the time-weighting scheme outlined in § 3.4.2, we have computed theoretical distri-
butions at the current epoch of the orbital periods, secondary masses, and mass accretion
rates of LMXBs and IMXBs. From Figs. 3-7 through 3-10, we see that the shapes and
ranges the of distributions of initial orbital periods and secondary masses appear to be
rather insensitive to the value of o, although larger kick speeds cause the distributions to
broaden somewhat. The most important effect of the kicks is to reduce the overall normal-
ization given by Fpg. We have therefore chosen to show in Fig. 3-11 two representative
examples of the current-epoch distributions, both for o = 200 km s~1, but with A = 0.1
(right) and A\ = 0.5 (left). The sharp features in these distributions are not a result of
poor statistical resolution per se, but are a consequence of having a fairly coarse grid of
evolutionary sequences in our library. As more sequences are added, these distributions will
become smoother.

In Fig. 3-11, we show the actual number of systems present in the Galaxy with the
parameters indicated. Also shown above each plot is the estimated present number, Nx, of
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luminous X-ray sources, with —10 < log M, (Mg yr~!) < —8. For both A = 0.1 (Nx = 2600)
and A = 0.5 (Nx = 25700), our calculated numbers strongly disagree with the total observed
number of ~100 LMXBs, since such luminous sources are detectable over a large Galactic
volume. It thus appears that LMXBs are far too easily produced with our current model
assumptions. Kalogera & Webbink (1998) used A = 0.5 and ¢ ~ 200, but obtained num-
bers of potentially observable X-ray binaries that are roughly consistent with observations.
However, her study included only systems with initial donor masses <1.5 M. Possible
resolutions to this overproduction problem will be investigated in the future. Perhaps X is
actually smaller than Dewi & Tauris (2001) suggest, or some of our assumptions regarding
the formation and evolution of massive primordial binaries require significant modification.
Another possibility is that a large fraction of LMXBs are transient X-ray sources for reasons
that we do not yet understand.

3.6 Conclusions

Although our results are preliminary, we have discussed a number of important new ideas
in the preceding sections, which we now briefly review.

(1) In general, we find that incipient IMXBs are more easily produced than LMXBs; there
are two main reasons for this. First, for a given primary mass in the primordial binary,
less orbital shrinkage is required to unbind the CE as the secondary mass is increased (see
§ 3.2.1 and eq.[3.2]), and thus merger of the primordial binary components is less likely if
the secondary is of intermediate mass than if it is a low-mass star. Second, fewer systems
with intermediate-mass secondaries are disrupted at the time of the SN, which is primarily
a result of the reduced fractional mass loss in the explosion (see § 3.2.2).

(2) The number of L/IMXBs that are produced in the population synthesis calculation
depends very sensitively on the value of the envelope binding energy parameter A. Smaller
values of A (i.e., more tightly bound common envelopes) lead to a larger fraction of systems
that merge during the CE phase, and thus fewer incipient X-ray binaries are produced.
Furthermore, decreasing A has the effect of increasing the relative proportion of binaries
with intermediate-mass secondaries, since the low-mass systems are more likely to merge in
any case.

(3) We find that with our current range of model assumptions, potentially observable
LMXBs are greatly overproduced in comparison to the observed number. This is largely
a result of our allowing for IMXBs in the combined population syntehsis and evolutionary
study. After evolving through a short (<107 yr) phase of thermal-timescale mass trans-
fer, where most of the transferred matter is ejected from the system, many of the IMXBs
eventually evolve to resemble standard LMXBs. In fact, once the mass of an initially
intermediate-mass donor is reduced to <1 Mg in the early, rapid phase of mass transfer,
the evolutionary lifetime of the X-ray binary may increase to of order 1 Gyr (see Figs. 3-4
through 3-6). Therefore, many systems that begin as IMXBs actually resemble LMXBs for
most of the X-ray binary phase.



62 CHAPTER 3. LOW- AND INTERMEDIATE-MASS X-RAY BINARIES

(4) Recall that the mass capture fraction 8 < 1 is defined by M, = —BM,. We take B =0b
for sub-Eddington mass transfer (|Mg| < Mgqq) and 8 = bMgqq/| M| for super-Eddington
mass transfer (|My| > Mgqq), so that the accretion rate is always less than bMpgqq. For
b = 0.5, we find that in most cases the NS accretes 0.5 M, after <1 Gyr of mass transfer,
and thus the NSs in most LMXBs at the current epoch would have masses of ~2 M.
Values of b closer to unity would imply final NS masses of 22-3 My, possibly in excess of
the NS maximum mass, in which case the majority of NSs would collapse to low-mass black
holes. No such system has yet been detected, and so perhaps b < 0.5 is the general rule, for
reasons that are not understood.



Chapter 4

A New Class of High-Mass X-ray
Binaries

This chapter is adapted from the paper, “A New Class of High-Mass X-
ray Binaries: Implications for Core Collapse and Neutron-Star Recoil,”
by Eric Pfahl, Saul Rappaport, Philipp Podsiadlowski, & Henrik Spruit,
to appear in The Astrophysical Journal.

4.1 Introduction

It has become fashionable in recent years to suppose that the majority of neutron stars
(NSs) are born with speeds in excess of ~ 100-200 km s~!, presumably as a result of
some asymmetry in the core collapse or the subsequent supernova (SN) explosion of the NS
progenitor. The strongest support for this notion comes from the high speeds inferred for the
~ 100 Galactic pulsars with well-measured interferometric proper motions (Harrison, Lyne,
& Anderson 1993). Mean speeds for these pulsars of 2 300 km s~! have been estimated
by a number of authors (e.g., Lyne & Lorimer 1994; Hansen & Phinney 1997; Cordes &
Chernoff 1998; Arzoumanian et al. 2002). Various classes of binary systems containing NSs
also show strong evidence for substantial natal “kick” velocities, based upon their present
orbital parameters, their systemic speeds, and/or their heights above the Galactic plane
(e.g., Brandt & Podsiadlowski 1995; Verbunt & van den Heuvel 1995; Johnston 1996; van
den Heuvel et al. 2000).

Very large uncertainties, both observational and theoretical, still pervade studies of the
underlying distribution in NS natal kick speeds. Complications include the fairly small
sample of pulsars with proper-motion measurements, questionable dispersion-measure dis-
tances, serious observational selection effects, and uncertainties regarding the formation of
NSs and their dynamical evolution in the Galaxy. Fortunately, the sample of pulsars with
reliable proper motions is growing (see McGary et al. 2001), as is the number of pulsars
with accurate parallax distances (e.g., Toscano et al. 1999; Brisken et al. 2000).

The most popular models for NS kicks involve a momentum impulse delivered around

63
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the time of the core collapse that produced the NS. Mechanisms in this class include purely
hydrodynamical processes, as well as primarily neutrino-driven kicks (see Lai 2001 for a
review). In either case, some process must be responsible for breaking spherical symmetry
during core collapse, such as a combination of Rayleigh-Taylor instabilities and neutrino-
induced convection (e.g., Janka & Mueller 1994; Fryer & Heger 2000). A fundamentally
different mechanism for producing significant NS velocities was proposed by Harrison &
Tademaru (1975), whereby the NS is accelerated after the core-collapse event as a result
of asymmetric electromagnetic (EM) dipole radiation — the so-called EM “rocket” effect,
which is distinctly non-impulsive.

A theoretical determination of the emergent velocity distribution associated with each
kick mechanism is extremely difficult and would require an ensemble of detailed three-
dimensional hydrodynamical simulations (with the exception of the EM “rocket” mecha-
nism). Furthermore, it is unlikely that a single process accounts for the full range of NS
velocities. For instance, it is plausible that the dominant kick mechanism and the magni-
tude of the kick depend at least somewhat on the evolutionary history of the NS progenitor.
In this paper, we explore a possible linkage between the kick magnitude and the evolution of
the NS progenitor in a binary system. This work was inspired by a new observed sub-class
of high-mass X-ray binaries (HMXBs).

Previously, significant eccentricities of e ~ 0.3-0.5 seemed to be the general rule among
HMXBs with P, ~ 20-100 d (see Bildsten et al. 1997), which presumably result from
substantial NS kicks (e.g., Brandt & Podsiadlowski 1995; Verbunt & van den Heuvel 1995;
van den Heuvel et al. 2000). By contrast, the members of the new class of HMXBs are clearly
distinguished by their low eccentricities of e < 0.2 and long orbital periods of Py, ~ 30~
250 d, which indicate that tidal circularization should not have played a significant role
if the massive stellar component is not very evolved. Eccentricities of this magnitude are
roughly consistent with the dynamical effect of mass loss alone in the SN explosion, although
relatively small kick speeds of < 50 km s™! cannot be ruled out on statistical grounds.

There are currently six candidates for the new class of HMXBs. This is a substantial
number, given the difficulties associated with detecting these binaries and measuring their
orbits, and the fact that there are only ~ 20 HMXBs with measured orbital parameters.
We suggest that the observed wide, nearly circular HMXBs are representative of a much
larger intrinsic population, and that the NSs in these systems received only a small kick
(< 50 km s™1). We further speculate that the magnitude of the kick is correlated with the
evolutionary history of the binary system, before the formation of the NS. Specifically, we
propose that the kick speed depends on the rotation rate of the core of the NS progeni-
tor following a phase of mass transfer, wherein the hydrogen-rich envelope of the star is
removed. The sense of the proposed effect is that slowly rotating cores produce NSs with
the conventional large kicks, while the collapse of rapidly rotating cores are accompanied
by relatively small natal kicks. If our basic picture is correct, there may be important im-
plications for magnetic field evolution and core collapse in massive stars, the retention of
NSs in globular clusters, and the birthrate of double NS binaries in the Galaxy.
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Table 4.1. Orbital Parameters for Nearly Circular High-mass X-ray Binaries.

Object P, (days) e fx(M)(Mg)® References
X Per/4U 0352430 .......... 249.90 £ 0.50 0.111 + 0.018 1.61 + 0.06 1
v Cas/MX 0053+604°........ 203.59 £ 0.29  0.260 + 0.035 2
GS 0834-430 ................ 105.80 + 0.40 < 0.17 0.2+0.3 3
XTE J1543-568 ............. 75.56 + 0.25 < 0.03 8.2+ 0.5 4
KS 1947430 ... 41 + 1 < 0.15 ~ 1.8 5,6
2S 1553-542 ... ... 30.60 + 2.20 < 0.09 5.0+ 2.1 7

2Mass function from X-ray timing.

bOrbital parameters determined from the optical light curve.

References. — (1) Delgado-Marti et al. 2001; (2) Harmanec et al. 2000; (3) Wilson et al. 1997;
(4) in ’t Zand, Corbet, & Marshall 2001; (5) Chakrabarty et al. 1995; (6) Galloway et al. 2001, in
preparation; (7) Kelley, Rappaport, & Ayasli 1983

4.2 The New Class of Long-Period, Low-Eccentricity HMXBs

A HMXB consists of a NS, which often appears as an X-ray pulsar, and a massive stellar
companion. Of the ~ 130 known HMXBs (see Liu et al. 2000), ~ 20 have reasonably well-
measured orbital elements (see Bildsten et al. 1997 for a somewhat dated list). In all but
one case (y Cas; Harmanec et al. 2000), the parameters were determined from the timing
of the X-ray pulsar.

Two classes of HMXBs, distinguished by their orbital parameters, are apparent in Ta-
ble 3 of Bildsten et al. (1997): (i) systems with Pop < 10d and e < 0.1, and (ii) moderately
wide, eccentric binaries with Py, ~ 20-100 d and e ~ 0.3-0.5. A new third class of HMXBs
has recently emerged. These systems are distinguished from the well-known HMXBs by their
wide orbits (all have Py, > 30 d) and fairly low eccentricities (e < 0.2). Table 4.1 lists
the names and orbital parameters of these interesting binaries, and below we give a brief
synopsis of relevant observational information for each system. For two of the binary X-ray
pulsars discussed below (XTE J1543-569 and 2S 1553-542), the optical counterpart has not
been identified. In these cases, we should remain open to the possibility that the companion
may have evolved beyond the main sequence and is filling a significant fraction of its Roche
lobe, thus possibly explaining the low eccentricities as being due to tidal circularization.

4.2.1 X Per/4U 0352+309

The X-ray counterpart to the classical O/Be star X Per, 4U 03524309, exhibits pulsations
with a period of ~ 837s. Variations in the pulse period strongly suggest that the X-ray
source is an accreting NS. The X-ray pulsar was observed by Delgado-Marti et al. (2001)
over an interval of nearly 600 days with the Rossi X-ray Timing Ezplorer (RXTE). These
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observations have revealed the orbital period of the system, Py, = 250.3 £ 0.6 d, and the
orbital eccentricity, e = 0.111 &+ 0.018.

Estimates of the distance to X Per range from 700 £ 300 pc to 1.3+ 0.4 pc (see Delgado-
Marti et al. 2001 and references therein). It is then especially interesting to note that X Per
lies at a Galactic latitude of approximately —17°. For an assumed distance of ~ 1 kpc, this
latitude places X Per at a height of ~ 300 pc above the Galactic plane, which is considerably
larger than the scaleheight of massive stars in the Galactic disk. This large height may be
explained by the systemic impulse received due to the mass loss and kick associated with
the formation of the NS. However, the magnitude of the kick would have to be quite large,
and the near circularity of the orbit would make the X Per system a very unlikely object.
A far simpler and more reasonable hypothesis is that the binary was, in fact, born in an
OB association within the Gould Belt (e.g., Torra et al. 2000), a disk-like structure with
a radial extent of 2 500 pc, inclined by ~ 20° to the Galactic plane. It is thought that
the associations comprising the Gould Belt account for roughly 60% of the O and B stars
within ~ 500 pc from the Sun.

4.2.2 5 Cas/MX 00534604

It has long been suspected that  Cas, the first-known Be star (Secchi 1867), is a member
of a binary system; however, the orbit has defied detection at both X-ray and optical
wavelengths until very recently. Harmanec et al. (2000) have measured the orbit of the ~y
Cas system using optical spectroscopy. Periodic shifts in Ha and He I line features were
attributed to the orbital motion of the Be star. The Ha measurements yielded the orbital
parameters Py, = 203.59 +0.29 d and e = 0.26 £ 0.035. The optical mass function implies
that the unseen companion has a mass of ~ 1 Mg, consistent with a massive white dwarf
or a NS.

There is still debate regarding the nature of the X-ray counterpart to y Cas/MX
0053+60. If the companion is indeed a compact object, it is not clear from the X-ray
emission whether it is a NS or a white dwarf. For instance, no significant X-ray pulsa-
tions have ever been confirmed (see Smith et al. 1998). If the system presently contains
a white dwarf, we would expect the orbit to be circular as a result of an earlier episode
of mass transfer. On these grounds, the NS hypothesis is compelling, since the SN that
accompanied the formation of the NS could have easily perturbed the orbit to yield the
observed eccentricity. Smith, Robinson, & Corbet (1998; see also Robinson & Smith 2000)
argue against the hypothesis that the X-rays emanate from a compact object and favor a
model where the X-ray emission is the result of magnetic activity on the stellar surface.
Further observations are required to determine the origin of the X-rays and the nature of
the companion to v Cas.

4.2.3 GS 0834-430

Wilson et al. (1997) analyzed the data from seven outbursts of the transient X-ray pulsar
GS 0834-430, observed with the BATSE instrument on board the Compton Gamma Ray
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Observatory (CGRO). Timing analysis of the 12.3-s X-ray pulsar revealed an orbital period
of Porp, = 105.8+0.4 d, but did not place very tight constraints on the eccentricity. According
to Wilson et al. (1997), a likely value for the eccentricity is e < 0.2; larger values are
permitted, but require a very small binary inclination. From the spin-up behavior of the
X-ray pulsar, the estimated distance of the binary is 2 4.5 kpc. The optical counterpart to
GS 0834-430 has been identified as a Be star by Israel et al. (2000).

4.2.4 XTE J1543-569

After a year-long monitoring campaign with RXTE, In’t Zand et al. (2001) have determined
the orbital parameters of the transient X-ray pulsar XTE J1543-569. The system has an
orbital period of P, = 75.56 + 0.25 d and an eccentricity of e < 0.03 at the 20 level.
This eccentricity is surprisingly small if the massive companion to the NS is near the main
sequence and thus is greatly underfilling its Roche lobe, even if we assume that the NS did
not receive a kick. However, an optical counterpart has yet to be discovered, although the
orbital and pulse periods place XTE J1543-569 amongst the confirmed Be/X-ray transients
in the “Corbet” diagram (Corbet 1986; see also Bildsten et al. 1997).

It is interesting to note that the present eccentricity of XTE J1543-569 is not likely to
be consistent with a vanishing NS kick. If we consider only mass loss in the SN explosion,
the induced eccentricity for an initially circular orbit is e = AM/(M, — AM), where AM is
the mass lost and Mj is the pre-SN mass of the binary (e.g., Blaauw 1961; Dewey & Cordes
1987). An eccentricity of ~ 0.03 is obtained if AM = 0.6 M, for a low pre-collapse core
mass of 2 M, and a somewhat high binary mass of M, = 20 M. However, more typical
values of AM and M are ~ 1.6 Mg and ~ 15 M, respectively, which yield e ~ 0.11. In this
case, a kick is required to “correct” the eccentricity to produce the smaller observed value,
but the magnitude and direction of the kick must be somewhat finely tuned. We suggest
that either the stellar companion to the X-ray source XTE J1543-569 is very massive or that
the companion has evolved well beyond the main sequence and is filling a sizable fraction
of its Roche lobe, so that tidal circularization accounts for the low eccentricity.

4.2.5 KS 1947430

The transient X-ray source KS 1947430 was first detected by the Kvant instrument on board
the Mir space station (Borozdin et al. 1990). In 1994, 18.7-s X-ray pulsations were detected
by BATSE during an outburst that lasted 33d (Chakrabarty 1995 and references therein).
However, the ~ 10deg? position resolution of BATSE was not sufficient to identify the X-
ray pulsar as the Kvant source, and the pulsar was given the designation GRO J1948+-32.
Modulation of the pulse frequency during the 33 d outburst was suggestive of a binary orbit,
but with less than one full orbital cycle of coverage. Preliminary estimates placed the orbital
parameters in the ranges P, = 35-70 d and e < 0.25

A recent outburst has allowed KS 1947+30 to be “rediscovered” by the All Sky Monitor
(ASM) on board RXTE (Galloway et al. 2001, in preparation). It was quickly realized that
GRO J1948+32 and the old Kvant source are the same, and so the earlier designation, KS
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1947430, has been adopted. The X-ray pulsar has now been timed for ~ 5 orbits, and a
more precise orbital solution has been determined, with Fyp, = 41.12+0.65 d and e < 0.15.
Furthermore, the accurate position has led to the identification of an optical counterpart,
probably an O/Be star (Negueruela et al. 2000).

4.2.6 2S 1553-542

The transient X-ray pulsar 2S 1553-542 was first detected with the SAS 3 satellite during
the only known outburst of the source in 1975 (Apparao et al. 1978). Kelley et al. (1983)
analyzed data that spanned 20d of the outburst and discovered regular variations in the
9.27-s pulse period that they attributed to a binary orbit. They determined that the system
has an orbital period of Py, = 30.6 + 2.2 d and an eccentricity of e < 0.09. The orbital
parameters were not well constrained because the observations did not cover a full orbital
cycle. Although no optical counterpart to 2S 1553-542 has been identified, the transient
nature of the source is suggestive of an unevolved Be star companion (see Kelley, Rappaport,
& Ayasli 1983 and references therein).

4.3 The Statistical Signiﬁéance of the New Class of HMXBs

Before we begin to explore alternative models to explain the new class of HMXBs with wide
orbits and small or moderate eccentricities, it is important that we provide some reasonable
confirmation that this class is really a distinct population and does not fit within the
conventional framework of massive binary population synthesis. It is, of course, possible
that these systems are not dynamically significant (e.g., that their low eccentricities are
the result of tidal circularization), or that they represent the tail of a distribution and that
some observational bias favors their detection.

4.3.1 Tidal Circularization

The high, persistent X-ray luminosities of the short-period HMXBs (Pyp, < 10 d) are
maintained by the strong stellar winds from secondaries that are nearly filling their Roche
lobes. This hypothesis is supported by the ellipsoidal variations of the optical lightcurves for
a number of these sources, which indicate that the stellar companions are tidally distorted.
Therefore, strong tidal interactions can easily explain the low eccentricities seen among the
short-period HMXBs. However, it is extremely unlikely that tidal circularization has played
a significant role in modifying the orbits of the new class of wide, nearly circular HMXBs.

Efficient tidal circularization requires that the star almost fills its Roche lobe and that
there be an effective mechanism for damping the tide. These conditions are encapsulated
by the cicularization timescale,

Tcir = Tdis (%)8 ) (4.1)

in the limit of weak tidal friction (e.g., Zahn 1977; Rieutord & Zahn 1997), where a is the
semimajor axis of the orbit, R is the radius of the star, and 74is is the timescale associated
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with viscous dissipation in the star. Radiative dissipation of the tidal luminosity is enor-
mously inefficient in comparison to turbulent dissipation in a convection zone. As a result,
the tidal coupling to the radiative envelope of a massive main-sequence star is much weaker
than the coupling to the convective core (Zahn 1977). However, since the core comprises
only ~ 20% of the radius of the star, the resulting circularization timescale is comparable
to, or shorter than, the star’s nuclear lifetime only when the star is very nearly filling its
Roche lobe. This statement is supported by the near circularity (e < 3 x 1072) of the orbits
of SMC X-1, LMC X-4, and Cen X-3, which have orbital periods shorter < 4 d (Bildsten et
al. 1997; Levine et al. 2000). However, tidal torques should have little effect on the orbit of
a HMXB with Py, 2 10 d, as long as the secondary is not too evolved and the eccentricity
is not so large that the tidal interaction is enhanced dramatically at periastron.

4.3.2 Observational Selection Effects

There are currently six candidates for the class of wide, low-eccentricity HMXBs (Table 4.1),
four of which have identified O or B optical counterparts. If we count all six candidates, then
the new class of binaries accounts for roughly 30% of the HMXBs with measured orbital
parameters. This fairly large fraction suggests that either these systems are preferentially
selected for purely observational reasons or that their intrinsic population is actually quite
large. :

We should expect that an X-ray pulsar in a wide orbit with a low eccentricity is more
difficult to detect and measure than if the orbital period is relatively short. There are
two primary reasons for this. First, Bondi-Hoyle accretion theory (Bondi & Hoyle 1944)
predicts that the persistent luminosity of a wind-fed X-ray pulsar decreases with increasing
orbital period, for a given rate of mass loss from the stellar companion. Therefore, very wide
binaries have a small effective Galactic volume in which their orbits are readily measurable;
e.g., for low-luminosity sources that resemble X Per/4U 0352+309, it would currently be
difficult to determine orbits if the systems lie much beyond 1kpc. Second, an accurate
determination of the orbit from X-ray timing requires a series of observations that cover
at least one full orbital cycle. If the orbital period is very long, this may not be feasible,
especially given the transient behavior of many sources and the limited amounts of observing
time. Transient sources, of which there are four in Table 4.1, may be very conspicuous during
outburst, but because of their transient nature and possibly large pulse-period variations
(due to accretion torque noise), it can be difficult to measure their orbits very precisely.
For all these reasons, we conclude that, if anything, observational selection effects should
be biased against long-period HMXBs with low eccentricities, and in fact such systems may
dominate the Galactic population of HMXBs.

4.3.3 The Case for Small Kicks: Preliminary Arguments

The most important factor in determining from model calculations the number of wide,
low-eccentricity HMXBs in the Galaxy is the distribution in NS natal kick speeds. A kick
speed that is comparable to the relative orbital speed prior to the SN is likely to yield a
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highly eccentric binary following the explosion, including the probable event that the binary
is disrupted (e > 1). This statement is illustrated more quantitatively in Fig. 4-1, where we
plot the probability that the post-SN eccentricity is < 0.2 for a 3-Mg helium-star primary
(NS progenitor) and a 12-M¢, secondary (typical pre-SN masses) with one of three pre-SN
orbital periods, as a function of the kick speed, vg. The distribution in kick directions was
assumed to be isotropic. For all three initial orbital periods, the probability is < 5% when
vk > 0.5 vorb, and the probability is < 10% when vz, > 50 km s~ 1.

Hansen & Phinney (1997) found that a Maxwellian distribution in kick speeds, given by

202 o 2
p(u) = 2k et (@2)

a

is consistent with the data on pulsar proper motions, where the best fit was obtained with
0 ~ 190 km s™!. A recent study by Arzoumanian et al. (2002) utilized a two-component
Maxwellian distribution, and found that 40% of their model pulsars were contained in the
low-speed component with o ~ 90 km s}, while the remaining pulsars populated the high-
speed component with o ~ 500 km s™!. A single-component Maxwellian kick distribution
predicts that ~ 3% of NSs are born with speeds < 50 km s™! for 0 = 100 km s~!, and
~ 0.4% for ¢ = 200 km s~!. This information, combined with the results displayed in
Fig. 4-1, illustrates that the conventional wisdom regarding NS kicks does not lead to the
favorable production of wide binaries with low eccentricities. In order to quantitatively
demonstrate the statistical significance of the new class of HMXBs, we must combine a
complete binary population synthesis study with observational considerations regarding
the discoverability of these systems.
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4.3.4 The Case for Small Kicks: Population Study

Our population synthesis study yields the fraction, Fj, of massive, primordial binaries
that evolve into incipient HMXBs with orbital parameters in the range Py, > 30 d and
e < 0.2. An upper limit to the expected present total number of HMXBs in the Galaxy
with properties similar to those in Table 4.1 is obtained if we mﬁltiply Fy by the Galactic
formation rate of massive stars, ~ 1072 yr~! (the approximate Galactic rate of core-collapse
supernovae; Cappellaro et al. 1999), and the maximum lifetime of the HMXB phase, ~
107 yr (the approximate evolutionary timescale of the massive secondary). Therefore, the
current total number of wide, low-eccentricity HMXBs in the Galaxy is expected to be
Niot < Fp X 105,

Of course, only a fraction, Fg;s = Ngis/Niot, of the Nyt HMXBs could have been dis-
covered by X-ray satellites that have scanned and/or monitored the X-ray sky (e.g., Uhuru,
HEAO-1, RXTE, CGRO). A simple way to estimate Fg;s is to apply a flux limit, Spip, that
is appropriate for a particular satellite instrument. For a given X-ray luminosity, Lx, the
maximum distance at which the source could be detected is dmax = (Lx /47rSmin)1/ 2. An
estimate of Fy;s for a population of HMXBs with luminosity Lx is the probability that an O-
or B star is formed in a cylinder of radius dp,,x about the position of the Sun, perpendicular
to the Galactic plane. Following Paczynski (1990) and Brandt & Podsiadlowski (1995), we
adopt a disk distribution of stars given by

p(R) o« Rexp(—R/Ry) , (4.3)

where R is the Galactocentric radius and Ry is the radial scalelength, taken to be 4.5 kpc
(van der Kruit 1987).

The sensitivity with which the 2-10keV X-ray sky has been probed for weak and tran-
sient HMXB is difficult to estimate. Some early scanning detectors aboard Uhuru and
HEAO-1 surveyed the sky for relatively brief periods (e.g., ~ 1 yr) with detection sensitiv-
ities as low as Smin =~ 6 x 107 ergss~* cm 2. In more recent times, the Ginga and RXTE
satellites have been used to conduct limited pointed surveys of small regions of the sky,
searching for X-ray pulsations from HMXBs; such studies were sensitive down to Smin ~
3x 10~ ergss~! cm~2. However, the most sustained survey of the sky, with reasonable sen-
sitivity, is that being conducted by the ASM aboard the RX TF satellite, which has been op-
erating successfully for the past 6 years. It has sensitivities of Sy, ~ 3x 10~ %ergss~! cm—2
for X-ray sources of known position, and Spin ~ 2 x 10 %ergss™! ecm™2 for the detection of
new sources (e.g., transients).

Sources with persistent luminosities comparable to that of X Per and/or v Cas (i.e.,
~ 10%% ergs s7!) would likely have been detected in previous surveys of the sky out to
distances of ~ 3 kpc. However, objects that are transient in nature, with only infrequent
“on” states at these low luminosities, might be detected with the ASM only out to distances
of ~ 600 pc. Thus, the fractional effective volume of our Galaxy (from eq. [4.3]) that has
been well studied for wide, low-luminosity HMXBs probably lies in the range of ~ 1074~
5x1073. This is the range of values that we then consider for our parameter Fyis. However, if
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transient X-ray sources flare up to much higher luminosities, then the discovery probability
at larger distances can go up dramatically.

Some results of our population synthesis study are shown in Figs. 4-2 and 4-3, where
we have adopted a Maxwellian kick distribution with o = 200 km s~! and our standard-
model parameters that describe the distribution of primordial binaries and mass transfer
(see Chap. 2). It is apparent from Figs. 4-2 and 4-3 that binaries containing a massive
secoﬂdary and that have low eccentricities and long periods are not produced favorably.
These simulations yield a production fraction Fy ~ 4 x 10™%, which corresponds to at most
~ 40 wide, nearly circular HMXBs in the Galaxy. Using Fys = 1073, the number of such
systems that could have been discovered with RXTFE is Ngjs ~ 0.04, or effectively zero. For a
reduced value of ¢ = 100 km s™!, we find that Fj is increased by roughly a factor of five, and
so perhaps as many as 200 such objects are present in the Galaxy, which is again probably
much too small a number. If we adopt Fy; = 1072 as a standard value for the discovery
probability, and we assume that all 6 objects in Table 4.1 rightfully belong to the new class
of HMXBs, then a simple likelihood estimate suggests that Nyot = Nais/ Fais ~ 6000 wide,
low-eccentricity HMXBs may be present in the Galaxy. "

A Maxwellian kick distribution with o ~ 100 km s~!, applied uniformly to all NSs, may

" be consistent with the speeds of a large fraction of isolated pulsars with measured proper
motions (Arzoumanian et al. 2002), but conflicts arise when we consider significantly smaller
values. The kinematics of the populations of single pulsars and LMXBs do suggest a large
mean kick speed (e.g., Hansen & Phinney 1997; Brandt & Podsiadlowski 1995; Johnston
1996), and a Maxwellian distribution with ¢ > 100 km s~! seems to reproduce the properties
of these populations reasonably well. However, based upon our discussion above, we suggest
that there are many wide, nearly circular HMXBs in the Galaxy (possibly several thousand),
and that the NSs in these systems require fairly small kicks (v;y < 50 km s™!) on average!.
The apparent conflict with the other known NS populations is resolved if the mean kick
speed depends on the evolutionary history of the NS progenitor in a binary system. We
now go on to describe this scenario in the next two sections.

4.4 An Evolutionary Model

With some perspective, we can motivate a phenomenological picture that accounts for the
new population of long-period, low-eccentricity HMXBs, and which is consistent with what
we know about other Galactic NS populations. There are four basic constraints that our
model must satisfy. First, the orbits of the systems listed in Table 4.1 suggest that they did
not experience a dynamical spiral-in phase prior to the first SN (see § 2.4), and that the NSs
in these binaries did not receive a very large kick. We propose that a significant fraction of
those NSs whose progenitors underwent case B, or C, mass transfer (see § 2.3) received natal
kick speeds of < 50 km s™!. Second, the orbits of all other binaries containing a NS and a

"Note that the mean of a Maxwellian distribution is given by (8/7)'/%c.
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Figure 4-2: Distributions of binary parameters of systems that have undergone case B or C mass
transfer from the original primary star to the secondary, have been left bound following the subse-
quent supernova explosion, and have not merged to form a TZO (see text). Hatched regions indicate
systems that have undergone stable mass transfer (+45°) and dynamically unstable mass transfer
(—45°). The histogram that encloses the hatched region is the sum of the distributions for stable
and unstable systems. A single Maxwellian kick distribution with ¢ = 200 km s~! has been applied
to all NSs.
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Figure 4-3: Two-dimensional distribution of orbital period and eccentricity for the systems in Fig. 4-
2 with secondary masses > 8 Mg. The intensity and color of a given square “pixel” indicate the
total number of binaries and the stability of mass transfer, respectively. Pure red indicates only
stable mass transfer, while pure blue indicates only dynamically unstable mass transfer. Colors
that are not blue or red represent a mixture of stable and unstable systems; pure green indicates
equal numbers. The intensity scale is linear and the lightest pixels represent ~ 1% of the number
contained in the most intense pixel in the figure. Overlayed on the plot are markers that show
the period and eccentricity (or upper limit) for the wide, low-eccentricity HMXBs (circles), the
better-known eccentric HMXBs (triangles), and the long-period binary radio pulsars with massive |
companions (squares). The short-period, nearly circular HMXBs have not been plotted. (If this
figure does not appear in color, see astro-ph/0109521.)



4.4. AN EVOLUTIONARY MODEL 75

massive stellar companion should be naturally accounted for. Such binaries include short-
period HMXBs and moderately wide, eccentric HMXBs (see § 4.2), as well as the three
long-period binary radio pulsars with massive companions (PSR B1259-63, PSR J1740-
3052, and J0045-7319; Johnston et al. 1992; Kaspi et al. 1994; Manchester et al. 1995; Kaspi
et al. 1996; Stairs et al. 2001). Third, the model should be able to approximately reproduce
the numbers and properties of luminous low-mass X-ray binaries in the Galaxy. Fourth,
our basic picture should also be consistent with the observed kinematical distribution of
isolated pulsars in the Galaxy, on which the NS kick distributions are based.

The third and fourth semi-empirical constraints on our model are satisfied if we suppose
that a NS receives the usual large kick if its progenitor is allowed to evolve into a red
supergiant (i.e., a single progenitor or case B;, C;, or D for a binary system). Within this
framework, isolated, fast-moving pulsars are likely to have come from single progenitors or
wide binaries that were disrupted by the SN explosion. Also, by our hypothesis, the NSs
born in LMXBs would receive kicks drawn from a conventional distribution, since their
standard formation channel involves a common-envelope phase in the case B; or C; scenario
(e.g., Bhattacharya & van den Heuvel 1991; Kalogera & Webbink 1998).

The orbits of the observed short-period HMXBs have been affected by tidal interactions
(see § 4.3), and so tell us very little about the NS kick. HMXBs with orbital parameters
of Pyp ~ 20-100 d and e ~ 0.3-0.5, in addition to the long-period binary radio pulsars are
somewhat difficult to interpret individually, since they are consistent a priori with being
the products of either stable or dynamically unstable mass transfer. If these binaries have
experienced a dynamical spiral-in, then their survival (as opposed to merger) essentially
requires that the mass transfer was case B; or C; (see § 2.3), and we suggest that the NSs
received the conventional large kicks. If the mass transfer was stable (case B, or C,), then a
significant eccentricity is still possible as long as the magnitude of the kick is an appreciable
fraction of the pre-SN orbital speed. This point is important, and it is worthwhile to discuss
a particular example.

Consider the very long-period, highly eccentric binary pulsar PSR B1259-63 with P, =
1236.72 d and e = 0.87. The orbital separation at periastron is ~ 140 R, for an assumed
mass of 10 M, for the secondary. This is the smallest circular pre-SN orbit that is permitted
(e.g., Flannery & van den Heuvel 1975), and so the largest pre-SN relative orbital speed is
Vorb ~ 130-170 km s~!, for a reasonable range in pre-collapse core masses. If the fractional
mass lost in the SN explosion is small, then a post-SN eccentricity of order unity is possible
for a kick speed that is ~ 40% of the orbital speed, or ~ 70 km s~! for PSR B1259-63 (e.g.,
Brandt & Podsiadlowki 1995); in an absolute sense, this is not a very large kick.

We have redone our population synthesis calculation with the following simple modi-
fication. If the mass transfer is case B, or C., the NS kick is chosen from a Maxwellian
distribution with o = 20 km s™!, a small but otherwise arbitrary value. On the other
hand, if the mass transfer begins while the primary is a red supergiant (case B; or C;), or
there is no mass transfer (case D), we adopt a more conventional kick distribution, with
o = 200 km s~!. Rather than applying the same kick distribution to all case B, and C,
systems, we could have focused our attention on only the stable case B, and C, systems,
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Figure 4-4: Same as Fig. 4-2, but with ¢ = 20 km s~! applied to the NSs born in all case B, and C.
binaries, and o = 200 km s~! was applied to all other NSs. Note that the eccentricity distribution
for the stable systems has a distinct peak at e ~ 0.15.
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since these are the alleged progenitors of the new class of HMXBs. However, our choice of
treating all case B, and C, binaries on an equal footing is partly motivated by a theoretical
model, which we discuss in the next section.

Figures 4-4 and 4-5 should be compared to Figs. 4-2 and 4-3, respectively. Many more
systems with long periods and low eccentricities are produced when o = 20 km s~ ! is
adopted for the case B, and C, systems. This simulation yields Fy ~ 2.6 x 1072 and a
present Galactic population of < 2600 wide, low-eccentricity HMXBs, a factor of 65 more
than in the case where o = 200 km s~ ! is applied to all NSs. For Fgs = 1073, we see that
Ngyis ~ 3, which is completely consistent with the 6 observed systems.

We have also calculated the production efficiency for systems that may evolve to resemble
the HMXBs with moderate-to-long periods a,x.id significant eccentricities (triangles in Figs. 4-
3 and 4-5), as well as for systems si‘milar to the massive, long-period, highly eccentric, binary
radio pulsars (squares in Figs. 4-3 and 4-5). In our code, we simply defined the eccentric
HMXBs by the parameter ranges of Py, = 20-100 d and e = 0.3-0.5, and the binary radio
pulsars by Py, = 100 d-1000 d and e = 0.5-0.9. Furthermore, we define the formation
efficiency as the fraction of primordial binaries that ultimately evolve into the systems of
interest (analagous to the parameter Fy for the new class of HMXBs). If we apply the
conventional kick scenario, with ¢ = 200 km s~! for all NSs, the formation efficiencies are
~ 0.4% for both the eccentric HMXBs and massive binary radio pulsars. On the other hand,
in our modified kick scenario described above, the formation efficiencies are ~ 1.5% for both
of classes of binaries. The increase in the number of systems is certainly substantial, but not
nearly as dramatic as the increase in the number of long-period, low-eccentricity HMXBs.

4.5 A Physical Model

The simple scenario we have outlined above is purely phenomenological. If the picture is
essentially correct, then we should ask: What physical process(es) may account for the
dependence of the NS kick on the evolutionary history of its progenitor in a binary system?
We suggest that the rotation of the collapsing core plays a crucial role in determining the
magnitude of the NS kick, and that there is a natural reason to expect a possibly sharp
break in the distribution of rotation rates of stellar cores exposed following mass transfer.
Many young, isolated, massive stars are observed to rotate at ~ 20-50% of their breakup
rates (e.g., Fukuda 1982; Howarth et al. 1997). For a main-sequence star of mass 10 M,
the breakup angular frequency is Q0 ~ 10~4rads™!. If the stellar core initially has the same
angular velocity, and the core retains a constant angular momentum as it evolves, then the
NS that is produced is expected to rotate close to its breakup rate (i.e., with a period of
< 1ms). However, the question of exactly how such rapid rotation on the main sequence
translates to the rotation of the pre-collapse iron core, immediately prior to NS formation, is
difficult to answer, owing to the large number and complexity of hydrodynamical and mag-
netohydrodynamical angular momentum transport processes. Heger, Langer, & Woosley
(2000; hereafter, HLW) have conducted the most sophisticated and detailed study to-date
of isolated, rotating, massive stars, which included treatments of various hydrodynamical
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Figure 4-5: Distribution of orbital period and eccentricity for the systems in Fig. 4-4 with secondary
masses > 8 Mg. A value of ¢ = 20 km s~! applied to the NSs born in all case B, and C, binaries,
and o = 200 km s~! applied to all other NSs. The colors, intensities, and symbols have the same
meaning as in 4-3. (If this figure does not appear in color, see astro-ph/0109521.)
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instabilities, but neglected the influence of magnetic fields. Interestingly, they found that
the angular momentum of the pre-collapse core was quite insensitive to the initial rota-
tion rate of the star, and that the nascent NS remnant would perhaps spin at close to its
breakup rate, although their simulations could not follow the evolution beyond the start of
core collapse.

In the binary systems we are considering, the first phase of mass transfer is expected to
strip the hydrogen-rich envelope from the primary (see § 2.4), thus exposing its core. The
results of HLW suggest that this core will be a fairly rapid rotator if the primary was initially
rapidly rotating. Furthermore, the results of HLW indicate that the angular momentum of
the exposed core should not depend strongly on the evolutionary state of the primary at
the onset of mass transfer, if only hydrodynamical angular momentum transport processes
are considered. However, magnetic fields may introduce just such a dependence.

In the presence of differential rotation, an initially poloidal magnetic field will be wound
up into a predominantly azimuthal field, where the magnitude of the azimuthal component
is proportional to the number of differential turns (for a review of this and related magne-
tohydrodynamic processes in stars, see Spruit 1999). If this generation and amplification of
the magnetic field occurs between the surface of the convective core and the outlying stellar
- envelope of a massive star, then the resulting magnetic torque will cause the core to spin
down. The torque is transmitted by the r-¢ component, B.By/4m, of the Maxwell stress
tensor. Suppose that the core of mass M, is initially rotating with an angular velocity, €.,
and that the stellar envelope is nonrotating. The timescale for the core to spin down, 7, is
approximately (see Spruit 1998)

1.9, k M, 0, B\ 2
w s 0o (o) (i) (5950) (f6) .

where I, = kM_.R? is the moment of inertia of the core and B = (BTB¢,)1/ 2. The geometric
mean field, B, appearing in eq. (4.4) increases with time due to the winding-up of the B,
component. The 1-G field used for scaling in eq. (4.4) is quite small as compared with field
strengths that can, in principle, be reached as a result of the amplification process. It is
thus possible for the coupling timescale, 75, to be shorter than the evolutionary timescale
of the star.

Immediately following the depletion of hydrogen in the core, a massive star expands
to giant dimensions on a thermal timescale (~ 10%*-10° yr). Significant differential rota-
tion between the core and the envelope will only be established after the star crosses the
Hertzsprung gap and develops a deep convective envelope. It is thus reasonable to suggest
that magnetic torques should not be very effective in spinning down the core during this
short-lived evolutionary phase, and that a helium star should still be rapidly rotating if it
is uncovered following case B, or C, mass transfer.

If mass transfer takes place at a later stage of evolution (i.e., during the first giant branch
or asymptotic giant branch), the stellar core may rotate millions of times with respect to the
very slowly rotating convective envelope. One might take the view (Spruit & Phinney 1998)
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that under these circumstances there is sufficient time for a strong toroidal magnetic field to
build up. The consequence of this would be that the cores of evolved stars would approach
corotation with their envelopes, and their angular momentum would then be so small that
the NSs formed will have spin periods of hundreds of seconds. This is problematic, since
the spin periods of observed young NS are tens of milliseconds in several cases (e.g., the
Crab pulsar has a period of 33 ms). Spruit & Phinney (1998) resolved this dilemma by
attributing the current, short spin periods to off-center kicks, which give both rotational
and translational impluses.

In reality, the magnitude of the geometric mean field B that can actually be obtained in
a differentially rotating star is not just a matter of the simple winding-up of field lines. The
approximately azimuthal fields that develop from differential rotation are known to be prone
to instabilities (Tayler 1973; Acheson 1978). These instabilities may limit the attainable
field strengths (for a discussion, see Spruit 1999). On the other hand, the unstable fluid
displacements would create new poloidal field components which in turn would be wound
up to generate more azimuthal field. It is thus possible that an unstable azimuthal field
will develop into a dynamo process operating on the differential rotation. In Spruit (2002),
an estimate is developed for the behavior of such a dynamo process and the B it produces.
Preliminary calculations of the evolution of rotating stars that incorporate this formalism
(Heger, Woosley, & Spruit, in preparation) indicate that the coupling between cores and
envelopes could be less efficient than assumed in Spruit & Phinney (1998).

Based upon the physical arguments presented above, and the phenomenological picture
discussed in § 4.4, we suggest that rapidly rotating stellar cores exposed following stable
case B, or C, mass transfer produce NSs with small natal kicks, while NSs formed at a
later stage of evolution (case B;, C;, or D), where the pre-collapse cores may be spinning
quite slowly, receive the conventional large kicks. The collapse of a rapidly rotating core is
certainly more dynamically complex than the collapse of a core that is initially nonrotating.
However, it is not obvious a priori whether a rapidly or slowly spinning pre-collapse core
should ultimately yield a larger average natal kick to the NS, since the physical mechanisms
that may be responsible for the kick are poorly understood. One possibility is that rapid
rotation has the effect of averaging out the asymmetries that give rise to large NS kicks
(Spruit & Phinney 1998).

4.6 Further Implications of the Model

4.6.1 Neutron Star Retention in Globular Clusters

It is apparent that globular clusters must contain appreciable numbers of NSs. For example,
22 millisecond radio pulsars have been detected in the massive globular cluster 47 Tuc, and
many more are thought to be present (Camilo et al. 2000; see also Chap. 5 and references
therein). This abundance of NSs raises an interesting question. If NSs are born with speeds
that are typically in excess of 100-200 km s~!, how is it that even a very dense globular
cluster, with a central escape speed of ~ 50 km s~!, can retain so many? A conventional
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Maxwellian kick distribution, with o = 200 km s™! applied to all NSs, predicts that only
~ 0.4% of NSs are born with speeds < 50 km s~!, and ~ 3% with speeds < 100 km s~!. In
Chap. 5, we consider the influence of massive binary systems on the NS retention fraction.
Our standard-model calculation shows that < 5% of NSs born in binary systems can be
retained in a typical cluster.

This long-standing retention problem is clearly alleviated if there exists a population of
NSs that are born with kick speeds < 50 km s~!, which is seemingly at odds with the large
speeds inferred for isolated pulsars in the Galactic disk. The scenario that we have proposed
in § 4.4 to account for the long orbital periods and low eccentricities of the HMXBs listed
in Table 4.1 is not in conflict with the speeds of the isolated pulsars, by construction. Our
hypothesis is that low-kick NSs are preferentially born in certain binary systems, and thus
these NSs are much more likely to remain bound to their companions following the SN. If
the secondary is massive, possibly as a result of accretion, the effect of the impulsive kick on
a bound post-SN binary is diluted considerably, thereby allowing the binary to be retained
in the cluster. The simulations in Chap. 5 indicate that the NS retention fraction may
be increased by more than a factor of four (to 2> 20%) if we adopt the phenomenological
picture outlined in § 4.4.

4.6.2 Formation of Double Neutron Star Binaries

A double NS (DNS) — a binary comprised of two NSs — seems like an improbable object;
however, five proposed DNSs have been detected in the Galaxy. In all cases, only one
of the components of the DNS is detected as a radio pulsar, and the other component is
inferred to be a NS based on high-precision timing measurements and their interpretation in
the framework of general relativity. The DNS in the globular cluster M15, PSR 2127+11C,
probably formed dynamically (e.g., Phinney & Sigurdsson 1991), rather than from a massive
primordial binary. The present discussion is restricted to the formation of DNSs in the
Galactic disk, where the dynamical formation of binaries does not occur with any significant
probability.

In § 2.6, we very briefly described the standard formation scenario for DNSs in the
Galactic disk (see, e.g., Bhattacharya & van den Heuvel 1991 for a more detailed discussion).
We stated that the envelope of the secondary can only be successfully ejected by the first-
formed NS if the orbit is sufficiently wide (P, = 100 d; case B; or C;) at the time the
secondary fills its Roche lobe. Therefore, the episode of mass transfer before the first SN
must have been stable for the majority of binaries that ultimately evolve into DNSs in order
to accomodate a red supergiant secondary. Our phenomenological picture for the formation
of wide, low-eccentricity HMXBs involves relatively low kick speeds applied to NSs born in
binary systems that have undergone case B, or C, mass transfer. For about half of the case
B. and C. binaries (for g. = 0.5; see § 2.3) the mass transfer is stable. Thus, our model
may result in a dramatically increased formation efficiency for DNS progenitors, since many
more wide binaries remain bound following the first SN than if the conventional large kicks
are applied to all NSs.
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We investigated the formation of DNSs with the following straightforward extensions to
our population synthesis code. If the binary survives the first episode of mass transfer and
the first SN without merging and without being disrupted, then we consider the eccentric
post-SN orbit of the first-formed NS and the secondary. We suppose that once the secondary
evolves to fill its Roche lobe, the orbit quickly circularizes. Because of the extreme mass
ratio, the subsequent phase of mass transfer is guaranteed to be dynamically unstable,
and the orbital separation following the spiral-in is computed using eq. (2.11). If the new
separation indicates that the radius of the hydrogen-exhausted core of the secondary exceeds
its Roche lobe radius, then we assume a coalescence is the result. Finally, the new orbital
parameters are computed following the SN explosion of the secondary’s core.

It is interesting to note that, for the preferred progenitors of DNSs, the first episode
of mass transfer is stable (case B, or C, mass transfer), in which case the the secondary
accretes a considerable amount of mass and angular momentum and first-formed NS most
likely receives a small kick by hypothesis (see § 4.4). As a result, the secondaries in these
systems should be rotating rapidly following mass transfer. This seems to be borne out
by observations of HMXBs, where many systems contain a Be optical counterpart; the Be
phenomenon is likely a consequence of rapid rotation (e.g., Slettebak 1988). Given that
stable mass transfer produces massive, rapidly rotating secondaries, we apply a kick to the
second NS in precisely the same way as for the first, with a value of o that depends on the
" evolutionary state of the secondary when it fills its Roche lobe. The value of ¢ in this case:
turns out not to be very important, however, since the mass loss from the exploding core
of the secondary typically has a more disruptive influence on the orbit than the kick.

As a point of reference, we applied the more-or-less standard Maxwellian kick distribu-
tion, with ¢ = 200 km s~ !, to all NSs, both first- and second-formed. We find that the
fraction of massive primordial binaries that successfully evolve into DNSs is ~ 1073, For
a core-collapse SN rate of 1072 yr~!, this fraction corresponds to an approximate DNS
birthrate of ~ 1075 yr~!, consistent with other recent theoretical calculations that used
similar methods and assumptions (e.g., Lipunov et al. 1997; Portegies Zwart & Yungelson
1998).

If, by contrast with the above calculation, we assume that NSs born following case B,
or C, mass transfer receive kicks drawn from a Maxwellian with ¢ = 20 km s~!, we find
that the DNS birthrate is increased by roughly a factor of twenty, to ~ 2 x 107% yr=1,
which is high, but not alarmingly so. This order-of-magnitude increase is almost entirely
accounted for by the increase in the number of viable DNS progenitors — systems where
the common-envelope is successfully ejected during the dynamical mass transfer episode
from the secondary to the first-formed NS.

4.7 Summary

Using a combination of observational and theoretical arguments, we have considered the sig-
nificance of a new observed class of HMXBs, with orbits that are distinguished by relatively
long periods (Py, ~ 30-250 d) and low eccentricities (e < 0.2). Our analysis indicates that
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the conventional wisdom regarding NS kicks does not adequately account for the number
of these systems known at present, which comprise roughly 30% of HMXBs with measured
orbital parameters. Members of this new class of HMXBs contain NSs that almost cer-
tainly received a fairly small kick (< 50 km s~!) at the time of formation. The prevalence
of such low-kick NSs is simply incompatible with the large mean natal kick speeds (2> 200-
300 km s~!) inferred for isolated radio pulsars in the Galaxy. However, we have developed a
phenomenological model that simultaneously accounts for the long-period, low-eccentricity
HMXBs and which does not violate any previous notions regarding the numbers and kine-
matics of other NS populations (i.e., radio pulsars, LMXBs, and other HMXBs).

Specifically, we propose that a NS receives a relatively small kick if its progenitor star
experienced case B, or C, mass transfer in a binary system. In operational terms, we
utilized a Maxwellian distribution in kick speeds, but with a somewhat arbitrarily selected
low value of o = 20 km s~! applied to NSs born in case B, or C, binaries, and for all other
NSs (case B;, C;, or D binaries, as well as isolated progenitors) we adopted a much higher
value of o = 200 km s~!. This scenario results in sufficient numbers for the new class of
HMXBs, and, by construction, is consistent with the numbers and properties of other NS
populations in the Galaxy. ,

If this phenomenological picture is basically correct, then there must be some physical
explanation for why the magnitude of the kick depends on the evolutionary history of the -
NS progenitor. We suggest that the rotation of the pre-collapse core of a massive star
introduces just such a dependence. If the hydrogen-exhausted core of an initially rapidly
rotating massive star is exposed following case B, or C, mass transfer in a binary, then
the core is also likely to be a rapid rotator. On the other hand, if the NS progenitor is
allowed to evolve into a red supergiant (case B;, C;, D, or a single star), then significant
magnetic torques, amplified by the strong differential rotation between the core and the
deep convective envelope (Spruit & Phinney 1998; Spruit 1999), may cause the core to
spin down dramatically. Thus, for whatever reason, the dynamics of core collapse may be
such that low kick speeds result for rapidly rotating pre-collapse cores, and cores that are
spinning slowly preferentially yield the conventional large kick speeds.

Our model to explain the new class of HMXBs requires that a significant fraction of all
NSs born in binary systems receive only a small recoil speed following core collapse and
the SN explosion. This simple requirement has important implications for at least two very
different problems. First, the problem of retaining NSs in globular clusters is alleviated if
not solved if our hypothesis is correct. Second, our scenario predicts an order of magnitude
larger birthrate of double NS binaries than if the conventional kick distributions are applied.
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Chapter 5

Neutron-Star Retention in
Globular Clusters

This chapter is adapted from the paper, “A Comprehensive Study of
Neutron-Star Retention in Globular Clusters,” by Eric Pfahl, Saul Rap-
paport, & Philipp Podsiadlowski, to appear in The Astrophysical Journal.

5.1 Neutron-Star Kicks and the Retention Problem

A growing body of observational and theoretical evidence suggests that some massive glob-
ular clusters may contain more than ~ 1000 neutron stars (NSs). However, the presence of
even as few as ~ 100 NSs is difficult to reconcile with the large NS “kicks” inferred from
proper motion studies of single, young radio pulsars in the Galactic disk. The problem is
that globular clusters presently have central escape speeds < 50 km s™!, while it is widely
thought that most NSs are born with speeds > 200 km s~!. This is the essence of the NS
retention problem in globular clusters.

If one accepts the conventional wisdom regarding NS kicks, then only a very small
fraction of NSs that are remnants of isolated progenitors should be retained in a globular
cluster. Hansen & Phinney (1997) found that a Maxwellian distribution in kick speeds,
with a mean of ~ 300 km s~!, is consistent with data on pulsar proper motions. This
distribution predicts that only ~ 0.4% of NSs are born with speeds < 50 km s~1, and ~ 3%
with speeds < 100 km s~!. If one adopts an initial mass function derived from stars in the
solar neighborhood (e.g., Kroupa et al. 1993), it can be shown that < 5000 NSs will be
formed in a cluster that initially contains 10® stars. A retention probability of 1% predicts
that < 50 NSs should be present in a massive globular cluster such as 47 Tuc, where we
have assumed that the cluster has not lost a significant fraction of its mass. Such a small
number of NSs in 47 Tuc is incompatible with the observational sample of more than 20
millisecond radio pulsars (Camilo et al. 2000) when selection effects are taken into account.

Using the NS kick distribution determined by Lyne & Lorimer (1994), in which they
estimated the mean kick speed to be ~ 450 km s~!, Drukier (1996) calculated that < 1%
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of NSs with single progenitors would be retained in a typical globular cluster. However,
if a NS is formed with a massive binary companion, then there is a significant probability
that the NS will remain bound to its companion following the supernova (SN) explosion,
and that the recoil speed of the system could be sufficiently small to allow it to be retained
in the cluster. Applying the results of Brandt & Podsiadlowski (1995), Drukier (1996)
demonstrated quantitatively that the retained fraction of NSs born in binary systems may
be several times larger than for the case of single stars. Davies & Hansen (1998) also
emphasized the importance of binaries for retaining NSs. While these studies provide a
useful verification of the potential importance of massive binaries, they did not involve a
systematic population study to determine a quantitatively realistic NS retention fraction.

Our primary goal in this paper is to make a detailed quantitative assessment of the role
of massive binaries in retaining NSs in globular clusters. This calls for a realistic description
of the population of primordial binaries, as well as a sufficiently detailed consideration of
the relevant stellar evolution processes that precede the first SN explosion. To this end, we
have developed a Monte Carlo population synthesis code that follows each of an ensemble of
massive, primordial binaries from the main-sequence phase, through any important episodes
of mass transfer, up to and immediately beyond the time of the first SN.

We estimate a maximum NS retention fraction for a given cluster by applying the same
nominal central escape speed to all stars and binaries. A more realistic calculation of the
cluster structure (e.g., the Fokker-Planck method used by Drukier 1996) will generally
yield a smaller retention fraction when the mean NS kick speed is large. With this highly
simplified, yet entirely adequate, treatment of the model globular clusters, we are able to
focus our attention on the stellar evolution issues relevant to the retention problem.

5.2 Neutron Stars in Globular Clusters

Several tens of millisecond pulsars (MSPs), a dozen bright X-ray sources, and numerous
low-luminosity X-ray sources have been detected in the Galactic globular cluster system.
See Table 5.1 for a list of clusters that may contain large numbers of NSs. The nature of the
pulsars is clear: these are rapidly spinning NSs, many of which have binary companions.
The luminous cluster X-ray sources are all low-mass X-ray binaries (LMXBs) powered by
accretion onto a NS. An accepted familial relationship exists between LMXBs and the
majority of MSPs, the former being the evolutionary progenitors of the latter. Recent
observations (Grindlay et al. 2001b) provide tantalizing evidence that many of the low-
luminosity X-ray sources may be MSPs for which radio pulsations have not yet been detected
(see, however, Pfahl & Rappaport 2001).

More refined pulsar searches, deeper X-ray observations, and thorough theoretical popu-
lation studies will advance our understanding of the cluster populations of NSs, and in turn
may provide powerful new insights into the formation and evolution of globular clusters.
We now briefly review what is known and what is speculated regarding NSs in globular
clusters.
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Table 5.1. Neutron Stars in Globular Clusters

Luminous? Low-luminosity®? Radio  Distance® log po°

Cluster X-ray Sources  X-ray Sources  Pulsars (kpc) [Fe/H]¢ (Mg pc—?)
Liller 1 .................. 1 0 0 10.5 0.22 5.9
NGC 104/47 Tuc ........ 0 1084 >20° 4.5 -0.76 5.3
NGC 1851 ....u.cvninnn. 1 0 0 12.1 -1.22 5.8
NGC 5904/M5 ........... 0 9 of 7.5 -1.29 4.4
NGC 6205/M13 ......... 0 12 28" 7.7 -1.54 3.8
NGC 6397 ............... 0 200 iy 2.3 -1.95 6.2
NGC 6440 ............... 1 24) 1k 8.4 -0.34 5.8
NGC 6441 ............... 1 0 I 11.2 -0.53 5.7
NGC 6624 ............... 1 0 2m 8.0 -0.42 5.7
NGC 6652 ............... 1 0 0 9.6 -0.96 5.0
NGC 6712 ............... 1 0 0 6.9 -1.01 3.6
NGC 6752 ............... 0 19" 5! 4.0 -1.56 5.4
NGC 7078/M15 ......... 20 0 88 10.3 -2.25 5.9
Terzan 1 ................. 1 0 0 6.2 -0.35 4.0
Terzan 2 ................. 1 0 0 8.7 -0.40 5.1
Terzan 5 ................. 1 0 2P 7.6 -0.28 5.9
Terzan 6 ................. 1 0 0 9.5 -0.50 5.9
References. — (a) Deutsch, Margon, & Anderson 2000, unless otherwise noted; (b) Verbunt 2001, unless

otherwise noted; (c¢) Harris 1996; (d) Grindlay et al. 2001a; (e) Camilo et al. 2000; (f) Anderson et al. 1997;
(g) Anderson 1993; (h) Grindlay et al. 2001b; (i) D’Amico et al. 2001b; (j) Pooley et al. 2001b; (k) Lyne,
Manchester, & D’Amico 1996; (1) Possenti et al. 2001; (m) Biggs et al. 1994; (n) Pooley et al. 2001a; (o) White
& Angelini 2001; (p) Lyne et al. 2000
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5.2.1 Millisecond Radio Pulsars

The last several years have seen a dramatic increase in the number of known single and
binary MSPs in globular clusters. The vast majority of these new pulsars have been detected
with the Parkes radio telescope (see Camilo et al. 2000; D’Amico et al. 2001b). Most notable
among these discoveries is the doubling of the known MSP population in 47 Tuc, bringing
the current total to over 20 (Camilo et al. 2000; see also Freire et al. 2000). With a
cursory analysis of the selection effects and a reasonable pulsar luminosity function, Camilo
et al. (2000) estimated that 47 Tuc may contain ~ 200 potentially observable MSPs, and
therefore the total number of NSs in 47 Tuc is expected to be even larger. It seems likely
that other clusters, with properties similar to those of 47 Tuc, have comparable numbers of
MSPs.

5.2.2 LMXBs

Many of the members of the well-known class of bright X-ray sources in globular clusters,
with X-ray luminosities Ly ~ 10%-10% ergs s~ (see Deutsch et al. 2000 and references
therein), exhibit type I X-ray bursts (Lewin et al. 1993) and are therefore accreting NSs
" in binary systems. Each of these objects resides in a different globular cluster (Table 5.1).
While this sample of X-ray binaries does not constitute a large number of NSs in itself, the
" existence and properties of these systems may: have important implications regarding the
evolution of the NS population in their respective host clusters (see § 5.2.4 below).

5.2.3 Low-Luminosity X—réy Sources

Not as well known, and certainly not as well understood, is the class of low-luminosity
cluster X-ray sources (e.g., Johnston & Verbunt 1996; Verbunt 2001), with Lx ~ 103!-
1034 ergs s~!, where the lower limit is set by detection sensitivities. Prior to the launch of
the Chandra X-ray Observatory, fewer than 50 of these faint sources had been discovered
in the entire Galactic globular cluster system (see Verbunt 2001 for a recent analysis of
the ROSAT database), primarily with the ROSAT and Einstein satellites. However, recent
deep Chandra observations of 47 Tuc have revealed 2 100 faint sources in this cluster alone
(Grindlay et al. 2001b), whereas only 9 had been confirmed previously (Verbunt & Hasinger
1998). There is compelling evidence that the majority of the faint X-ray sources in 47 Tuc
may be NSs, perhaps MSPs that have not yet been detected at radio wavelengths. All of
the 15 MSPs in 47 Tuc with well-measured radio timing positions (Freire et al. 2000) have
counterparts in the Chandra images (Grindlay et al. 2001b).

5.2.4 Theoretical Considerations for Neutron-Star Binary Formation

Variations in the number of detected radio pulsars and X-ray sources from cluster to cluster
may be attributed to the distances of the clusters, selection effects inherent in the obser-
vations, as well as differences between the intrinsic NS populations. Predictions of the
total number of potentially observable NSs — in the form of MSPs or accretion-powered
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X-ray sources — present in a globular cluster are difficult. Empirical likelihood estimates
based on the observational sample are hindered by small-number statistics and uncertain-
ties regarding selection effects. Theoretical studies aimed at accounting for the numbers
and properties of the detected pulsars involve models that utilize various uncertain stellar
evolution and dynamical processes.

Large-scale population studies of the formation and evolution of X-ray binaries and
MSPs in globular clusters have only recently been undertaken (see Davies 1995; Sigurdsson
& Phinney 1995; Rasio et al. 2000; Rappaport et al. 2001). The dense stellar environment
in a globular cluster allows for dynamical binary formation channels not accessible in the
Galactic disk, such as three- and four-body exchange processes (e.g., Hills 1976; Hut et
al. 1991; Sigurdsson & Phinney 1993; Bacon et al. 1996; Rasio et al. 2000), and possibly
two-body tidal capture (e.g., Fabian et al. 1975; Rasio & Shapiro 1991; Di Stefano & Rappa-
port 1992). The absolute probabilities of dynamical encounters depend on the local stellar
environment and thus implicitly on the dynamical evolution of the cluster. This nonlinear
linkage between local dynamical processes and the global cluster evolution poses significant
computational problems, but the potential rewards are far-reaching. Such population stud-
ies promise to be a powerful tool that relates the current NS population to the formation-
and evolution of globular clusters.

Preliminary calculations (Rasio et al. 2000; Rappaport et al. 2001) indicate that a large
initial pool of single NSs (~ 10*) may be required to explain the handful of very short-period
binary radio pulsars in 47 Tuc; i.e., the formation efficiency is quite low. Short-period binary
MSPs and LMXBs in other clusters may be good indicators of an initially large number
of NSs in those clusters as well. The purpose of the present paper is to investigate the
conditions that favor the retention of such a large NS population.

5.3 Semi-Analytic Study of Neutron-Star Retention

We now present a semi-analytic population study of massive binaries and NS formation that
involves the use of characteristic binary component masses and orbital separations, rather
than the full distributions of binary parameters. With this more simplistic approach, we are
able to clearly discern how different assumptions influence the net NS retention fraction,
and highlight the most profitable binary channels for retaining NSs in globular clusters.
The method of calculation described in this section is in the same spirit as the preliminary
estimates by Drukier (1996) of the retained fraction of NSs born in binary systems. With
such approximate techniques, the estimated retention fractions may vary by factors of ~ 2—
3 depending on the very subjective choice of characteristic masses. The use of a complete
binary population synthesis calculation (see § 5.4) is necessary, since it eliminates much
of this subjectivity, and the uncertainty in the retention fraction then reflects mainly the
uncertainties in binary formation and evolution. We begin our semi-analytic study by
providing some reasonably quantitative characterizations of the population of primordial
binaries and the effects of mass transfer.

We recall from Chap. 2 that cases A, B, C, and D comprise roughly 5%, 25%, 25%,
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and 45%, respectively, of the primordial binary population. The 25% of case B systems are
divided into ~ 20% case B, and ~ 5% case B;. Likewise, case C is comprised of ~ 15% case
C. and ~ 10% case C;. Depending on various assumptions, these percentages are found
to increase or decrease by at most one-half of the values given above. It is expected that
~ 35% of the primordial binaries evolve according to the case B, or C. scenario; this has
important implications for the retention problem.

Stable and quasi-conservative mass transfer, which is expected in a significant fraction
of the case B, and case C, systems (depending on the value of ¢.), has two notable con-
sequences: (i) the secondary accretes much of the hydrogen-rich envelope of the primary,
and (ii) the final orbital separation is typically within a factor of a few of the initial sepa-
ration (see Fig. 2-3). The increased mass of the secondary provides a deeper gravitational
potential well for the hydrogen-exhausted core of the primary, which raises the likelihood
that the orbit will remain bound following the SN and hence that the NS will be retained
in the cluster. The modest change in orbital separation during stable mass transfer is in
sharp contrast to the dramatic shrinkage that accompanies CE evolution (see Fig. 2-4).
For the case of small natal NS kicks, there is a clear dynamical distinction between stable
and unstable mass transfer with regard to the subsequent SN explosion. As a general rule,
a NS kick can be considered “small” if it is appreciably less than the relative orbital speed
of the components (see Brandt & Podsiadlowski 1995).

First, consider the case of circular pre-SN orbits and vanishing kicks. If the binary is
intact after the SN, retention in the cluster is determined by the new center-of-mass speed,
vgy (€., Blaauw 1961; Dewey & Cordes 1987):

AM;

/ —

where AM, is the mass lost in the explosion (envelope of the primary) and v, is the pre-SN
orbital speed of the primary (hydrogen-exhausted stellar core) about the CM. The mass M,
and the orbital speed v; used above correspond to the conditions immediately before the
explosion. The factor that multiplies v; can be identified as the post-SN orbital eccentricity,
e’, which gives the memorable result, vpy; = €'v;. Disruption of the binary must occur if the
mass lost in the explosion is more than one-half of the initial systemic mass. In this case it
can be shown that the speed at infinity of the liberated NS is simply equal to v;. Therefore,
regardless of whether or not the binary is unbound following the SN, the relevant speed that
determines if the NS is retained in a globular cluster is proportional to the pre-SN orbital
speed of the primary.

These arguments are made more quantitative by considering a prototypical binary with
a range of initial separations. Suppose this model primordial binary consists of a 10 Mg
primary and a 6 M secondary. A typical initial orbital separation for case B, systems is
~ 0.5 AU. Immediately after a phase of stable mass transfer, the binary will consist of the
~ 2.2 Mg core of the primary and the ~ 10-14 Mg secondary, for 8 2 0.6. The binary
separation at this point is likely to be in the range ~ 0.2-1.5 AU (see Fig. 2-3), in which
case the core has an orbital speed of < 200 km s~1. A spherically symmetric SN will leave
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the system bound, with €’ ~ 0.06 and vy < 15 km s™!. There is then a good chance that
such a binary would be retained in a globular cluster. For the case of CE systems that avoid
a merger (most case B; and C; binaries), a typical initial separation is ~ 5 AU. Following
the expulsion of the CE, the essentially unaltered secondary orbits the core of the primary
with a separation of < 0.05 AU (assuming hundred-fold decrease; see Fig. 2-4), giving the
core an orbital speed of ~ 280 km s~!. For a 6 M, secondary, the binary remains bound
after a symmetric SN, but acquires a larger recoil speed of ~ 30 km s~!. Thus, even in the
case of small kicks, it is expected that a significant fraction of the post-CE binaries would
be ejected from a typical globular cluster.

We now extend this discussion and allow for a distribution in NS kick speeds. The semi-
analytic formalism that we employ is described in Appendix B, and the main results are
displayed in Figure 5-1. Figure 5-1 is a plot of the retained percentage of bound NS binaries
as a function of the orbital separation immediately prior to the SN, where the escape speed
is taken to be vese = 50 km s™! and kick speeds are distributed as a Maxwellian with
o = 200 km s~!. The results are displayed for two different secondary masses, My = 6
and 12 Mg, which are representative values for systems that have undergone dynamically
unstable mass transfer and stable mass transfer, respectively. A range of core masses,
M, = 2-6 Mg, is also considered.

There are a number of notable features in Fig. 5-1. First, the retention fractions are
clearly larger for My = 12 Mg and a given core mass, as expected. Also, for a given M,
and M., there is a maximum retention fraction located at some value of the initial orbital
separation. The fall-off at large separations results from the high characteristic kick speed
relative to the comparatively low orbital speeds; many of these systems are left unbound
following the SN. At sufficiently small orbital separations, which correspond to high orbital
speeds, the mean CM speed of the bound post-SN binaries exceeds the cluster escape
speed, and thus accounts for the decreased retention fraction at small separations. The
location and height of the peak depend on the core mass. In light of the discussion above
regarding vanishing kicks, it is clear that a more massive core will result in a larger dynamical
perturbation to the system at the time of the SN, simply by virtue of the increased mass
loss. More mass loss results in a larger fraction of the orbital speed being transformed into
CM speed for a bound post-SN binary (see eq. [5.1]), and also raises the likelihood that the
system will be disrupted if the characteristic kick speed is large. The combination of these
effects explains the trends in Fig. 5-1, namely that, for a larger core mass, the height of the
peak is reduced and its location shifts to larger separations (i.e., smaller orbital speeds).

If we know the typical pre-SN component masses and orbital separations among the
systems that undergo stable or dynamically unstable mass transfer, Fig. 5-1 can be used to
estimate the fraction of NSs that both remain bound to their companions following the SN
and are retained in the cluster. The secondary masses used for Fig. 5-1 have already been
appropriately chosen for this purpose. A typical core mass is likely to be M, ~ 3 M. For
the characteristic orbital separations, we chose 0.5 AU for the stable systems and 0.05 AU
for the unstable systems (see the discussion above). Restricting ourselves to the case B and
C binaries, we should expect the ratio of stable to unstable systems to be roughly 2 : 3. Now,
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Figure 5-1: Retention probability as a function of the pre-SN orbital separation using the semiana-
lytic formalism outlined in Appendix B. Curves are shown for secondary masses Ma = 12 Mg, (solid)
and My = 6 M (dashed) and five different masses, M.(Mg) = {2,3,4,5, 6}, of the primary’s core
prior to the supernova explosion. We have assumed an escape speed of 50 km s~ and Maxwellian
kicks with o = 200 km s~!.

reading numbers from Fig. 5-1, we estimate the percentage of NS binaries retained following
case B or C mass transfer to be ~ 8%, with ~ 7% being systems where the mass transfer
was stable and the remaining ~ 1% corresponding to the unstable systems. Of course,
since case B and C systems comprise only ~ 50% of the primordial binary population,
the net NS retention fraction is ~ 4%. This estimate is in accord with the results of the
“standard model” discussed in the next section, where we calculate a net retention fraction
of ~ 5% from all binary channels (that is, unweighted by the binary fraction among stars
in the cluster). If we had used a characteristic pre-SN core mass of 5 Mg, as in Brandt &
Podsiadlowski (1995), and our favored secondary mass of 12 Mg to represent the systems
that underwent stable mass transfer, the contributed retention fraction from the stable
systems (using Fig. 5-1 with a = 0.5 AU) is ~ 4%. If, on the other hand, we had chosen
a typical secondary mass of 17 M, for the stable systems, as in Brandt & Podsiadlowski
(1995), and our favored core mass of 3 Mg, we find that the contributed retention fraction
is ~ 12%. We thus see that quite a large variation in the retention fraction is possible given
a modest range of “characteristic” pre-SN component masses.
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5.4 Detailed Population Study

5.4.1 Computational Procedure

We have written two versions of our population synthesis code, each with same basic engine.
One version applies a given distribution in kick speeds (e.g., a Maxwellian) and a single
central escape speed. With this version of the code we are able to discern which individual
evolutionary pathways contribute most to the net NS retention fraction, and we can assess in
a very detailed manner the influence of varying certain parameters. Only < 10 primordial
binaries are sufficient to obtain reliable statistics for the ~ 70 distinct evolutionary channels
followed in our code. _

The second version of our code is more global; here we are interested only in the net
retention fraction. A large regular grid of kick speeds and escape speeds is established. We
consider a range in escape speeds from 0 to 200 km s™! and a range in kick speeds from 0
to 1000 km s™!. At each position in the grid, an ensemble of binaries (typically 2 x 10%) is
generated and evolved. The output of the calculation is an array of retention fractions. It
is then trivial to convolve the results with any tabulated kick distribution. For each escape
speed and a given kick distribution, we compute a net NS retention fraction. Examples of
these retention curves are shown in Figure 5-8. Additionally, we may also convolve the grid
with a distribution of escape speeds in order to gauge the influence of a realistic cluster
potential (§ 5.4.3). '

5.4.2 Primary Results

We begin the discussion of our detailed population synthesis calculations by considering the
Maxwellian kick distribution. Our standard model utilizes the Maxwellian kick distribution
with o = 200 km 57! and vesc = 50 km s™!, a central escape speed characteristic of present-
day clusters. The parameters that describe the primordial binary population and mass
transfer for the standard model are listed in Table 5.3, model 5.

Distributions of the primordial binary parameters for systems that undergo case B or C
mass transfer are shown in Figure 5-2. We have not included systems that merge following
mass transfer, and hence the distribution in loga is not flat over the range shown, as
would be expected from eq. (2.3). Furthermore, case A binaries are not included due to
the small number of systems as well as the large uncertainties regarding their evolution.
Figure 5-3 illustrates the correlation between the orbital separation and secondary mass
for the systems in Fig. 5-2. The binaries that undergo dynamically unstable mass transfer
and avoid a merger have a low mean secondary mass (~ 5 My) and a large mean initial
separation (~ 5 AU).

Figure 5-4 shows histograms of the binary parameters following mass transfer for pre-
cisely the same systems in Fig. 5-2. The distribution of secondary masses (sum of stable
and unstable systems) shows a clear bimodality, with peaks around 5 and 13 M. This
is simply a consequence of the distinction between stable and dynamically unstable mass
transfer. If the mass transfer is stable, a secondary of mass > 4 Mg (assuming g. ~ 0.5)
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Table 5.2. Branching Percentages for Maxwellian Kicks

Outcome A B, B; Ce C; D
~ Total ....... e 540 21.51 3.11 15.03 6.69 48.27
"Stable MT?..... ...l 2,73 10.83 0.00 7.56  0.00 0.00
Unstable MT (CEY) ............. ©2.68 10.67 3.11 747 6.69 0.00
Merger Following MT ........... 3.19 10.64 2.08 5.82 0.30 0.00

Unbound following SN ........... 0.78 7.52  0.47 7.42 396 48.26
Bound following SN ............. 1.43 3.34 0.56 1.78  2.44 0.01
Merger following SN ............. 0.53 0.81 0.24 046 0.93 0.00
Retained single NS .............. 0.01 0.10 0.00 0.08 0.04 0.22
Retained binary NS ............. 0.93 2.60 0.19 0.96 0.67 0.01
Total retained ................... 0.94 270 0.19 1.03 0.71 0.23

¢ = 100 km s~!

Unbound following SN ........... 0.18 4.50 0.17 530 2.05 48.22 -
Bound following SN ........... L 2.03 6.36 0.86 '3.91 434 0.05
Merger following SN ............. 0.33 0.56 0.19 0.38 0.92 0.00
Retained single NS ...... P 0.01 0.27 0.01 0.31 0.09 1.54
‘Retained binary NS ............. 1.52 5.71 0.63 - 290 246 0.05
Total retained ................... 1.53 598 0.64 321 255 1.60

Unbound following SN ........... 0.00 1.73 0.01 2.76 0.63 47.91
Bound following SN ............. 2.20 9.13 1.02 6.45 5.77 0.36
Merger following SN ............. 0.07 0.13 0.07 0.10 0.46 0.00
Retained single NS .............. 0.00 0.31 0.00 0.55 0.08 9.90
Retained binary NS ............. 1.69 8.49 0.94 5.35 441 0.36
Total retained ................... 1.69 8.80 0.94 5.90 449 10.26

AaMT = Mass Transfer.

bPCE = Common-Envelope.

accretes a substantial amount of material, while the secondary mass is assumed to be un-
changed if the system evolves through a CE phase. Therefore, the peak in the distribution
of secondary masses for the stable systems is shifted to a higher value, and the distribution
as a whole is broadened, thus reducing the height of the peak relative to the secondary
mass distribution for the unstable systems. Also noteworthy is the broad peak in orbital
separations (summed distribution) centered at ~ 0.1 AU, which results from the overlap of
the stable and unstable systems.

A scatter plot of the secondary mass and orbital separation following mass transfer is
shown in Figure 5-5. There is a clearly-defined boundary that marks the Roche lobe radius
of the secondary for a given My and M,. Systems below this boundary have merged following
mass transfer, where the majority of merged binaries result from dynamically unstable case
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Figure 5-2: Distributions of masses and or-
bital separations of primordial binaries that
undergo case B or case C mass transfer and
do not merge. Hatched regions indicate
systems that undergo stable mass transfer
{+45°) and dynamically unstable mass trans-
fer (—45°).

Figure 5-3: Scatter plot of circularized orbital
separation versus secondary mass for the pri-
mordial binaries shown in Fig. 5-2. Filled
and unfilled circles indicate systems that un-
dergo stable and dynamically unstable mass
transfer, respectively.
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B, and C, mass transfer. From Table 5.2 we see that roughly one-half of the case B, and
C, systems are expected to merge following mass transfer. This factor of one-half is a direct
consequence of our somewhat arbitrary choice of g. = 0.5. Nearly 50% more stable systems
result if we set g, = 0.25, but additional dilution factors lead to a net retention fraction that
is only ~ 1.3 times as large when vese = 50 km s™! and o = 200 km s~! (see Table 5.3).

Figures 5-6 and 5-7 show distributions relevant to the bound and retained binaries
immediately following the SN that underwent case B or C mass transfer (a subset of the
binaries in Figs. 5-2 and 5-4). Small periastron separations (< 1 AU) among the retained
NS binaries indicate that the secondaries in most of these systems, the majority of which
have a mass > 10 M, will transfer material to the NS at some stage. In fact, in some cases
(log(a/AU) < —1.3) the radius of the secondary is larger than the periastron separation
immediately after the SN, indicating an immediate coalescence (these points are discussed
in § 5.5). Also, note that the speed distribution of the retained binaries has significant
values all the way up to the standard-model escape speed of 50 km s~!. A more realistic
cluster potential and spatial distribution of stars may therefore result in a somewhat reduced
net retention fraction, since the fastest of the binaries in Fig. 5-6 would be preferentially -
removed removed from the retained population (see § 5.4.3).

Table 5.2 and Figure 5-8 show' the main quantitative results of our retention study.
The importance of case B, and C, systems, which contribute a large number of bound -
and retained binaries (see § 5.3), is clear in Table 5.2. Figure 5-8 shows the percentage of
NSs retained in a cluster as a function of the central escape speed (applied to all stars and
binaries); the curves are not weighted by the binary fraction. The range in central escape
speeds we consider extends to 200 km s~!, since the clusters we see today may have been
significantly more massive when the massive stars were present, although a central escape
speed of 200 km s~! may be a bit extreme unless the clusters were extremely massive —
perhaps > 107 Mg (see § 5.7.4). For 0 = 200 km s~!, the retention fraction is ~ 3%
for single stars and ~ 10% for binaries when vese = 100 km s~1. We also note that our
results for single stars with ¢ = 200 km s™! are in excellent agreement with the retention
fractions calculated by Drukier (1996), who used a somewhat different kick distribution
(that of Lyne & Lorimer 1994) and a much more sophisticated treatment of the cluster
structure. It is evident from Table 5.2 and Fig. 5-8 that the retention problem is eliminated
for ¢ = 50 km s~!, where the retained fraction of NSs with isolated progenitors is ~ 10%,
roughly one-half of the binary contribution. However, such a low value of o does not appear
to be consistent with the speeds of isolated pulsars.

Finally, in order to gauge how the net retention fraction changes when the free pa-
rameters of our study are modified, we have tabulated the retention fraction for a rather
comprehensive set of parameters associated with the selection of primordial binaries and the
behavior of mass transfer (Table 5.3). For Table 5.3, we have fixed the escape speed at vesc =
50 km s~! and we have utilized the Maxwellian kick distribution with ¢ = 200 km s~!. The
largest net retention fraction shown in Table 5.3 (~ 8.3%; model 9) is only a factor ~ 1.5
times larger than the retention fraction computed for the standard model (model 5). Thus,
we can be secure that, for reasonable variations in the parameters listed in Table 5.3, the
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Figure 5-4: Distributions of masses and or-
bital parameters of systems that have under-
gone case B or case C mass transfer and have
not merged. The hatchings have the same
meaning as in Fig. 5-2. These parameters in-
dicate the state immediately prior to the SN
of the core of the primary.

Figure 5-5: Scatter plot of separation versus
secondary mass for the post-mass transfer bi-
naries shown in Fig. 5-4. Filled and unfilled
circles indicate systems that have undergone
stable and dynamically unStable mass trans-
fer, respectively.
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Figure 5-6: Distributions of binary parame-
ters of systems that have undergone case B or
C mass transfer, have been left bound follow-
ing the supernova ezplosion, and have been
retained in the cluster. Note that many of
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retained fraction of NSs born in binary systems is not likely to exceed ~ 10%, a num-
ber that probably overestimates the true net retention fraction, and which still seems only
marginally consistent with the inferred large number of NSs in certain globular clusters.

5.4.3 Influence of the Cluster Potential

Up to this point, we have discussed those calculations where the nominal central escape
speed has been applied to all stars and binaries in question. The combination of competi-
tive gas accretion processes, stellar collisions, and dynamical mass segregation in the early
phases of cluster development and star formation may lead to a centrally concentrated pop-
ulation of massive stars (e.g., Bonnell et al. 1998). However, the spatial distribution would
certainly have been finite and the same escape speed would not have applied to all stars. We
investigate the possibility that massive stars and binaries are born within a finite spherical
volume, with a gravitational potential that is appropriate for a young globular cluster. The
calculation presented in this section is meant to be illustrative, but is nonetheless reasonably
quantitative.

For simplicity, we suppose that all massive single stars and binaries are distributed
uniformly within a spherical volume of radius R about the center of the cluster. Thus, the
probability that an object is located within a spherical shell of radius r and thickness dr is
simply
3r2dr

R3
At the time of the SN explosion, we assume that the single star or binary is at rest. This
is reasonable when the mean NS kick speed is large, since it is expected that the velocity
dispersion of these massive objects is < 10 km s~.

We adopt a Plummer model (e.g., Binney & Tremaine 1987) for the background gravi-

p(r)dr = (5.2)
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Table 5.3. Retention Fractions for Various Parameter Sets

Model Percent
Number z* ¢y® af BY  neE® geit® Retained
1...... 2.0 -05 1.5 0.75 1.0 0.50 3.23
2 ..., 2.0 0.0 1.5 0.76 1.0 0.50 5.39
3 ... 2.0 1.0 1.5 0.75 1.0 0.50 7.87
4 ... 2.5 -0.b 1.5 0.75 1.0 0.50 3.28
5% ..... 2.5 0.0 1.5 0.75 1.0 0.50 5.79
6 ...... 2.5 1.0 1.5 0.75 1.0 0.50 8.03
7 ... 3.0 -05 1.5 0.75 1.0 0.50 3.41
8 ...... 3.0 0.0 1.5 0.75 1.0 0.50 5.71
9 ..., 3.0 1.0 1.5 0.75 1.0 0.50 8.27
10 ....- 25, 0.0 1.0 0.25 0.3 0.50 3.70
11 ... 2.5 0.0 1.0 0.25 1.0 0.50 4.12
12 .... 2.5 0.0 1.0 0.75 0.3 0.50 4.20
13 ... 2.5 0.0 1.0 0.75 1.0 0.50 3.70
14 ... 2.5 0.0 1.0 1.00 0.3 0.50 12.94
15 .... 2.5 0.0 1.0 1.00 1.0 0.50 3.32
16 .... 2.5 0.0 1.5 0.25 0.3 0.50 2.23
17 ... 2.5 0.0 1.5 0.25 1.0 0.50 2.63
18 .... 2.5 0.0 1.5 0.75 0.3 0.50 5.15
19 ... 2.5 0.0 1.5 1.00 0.3 0.50 2.94
20 ... 2.5 0.0 1.5 1.00 1.0 0.50 3.32
21 ... 2.5 00 20 025 0.3 0.50 0.72
22 ... 2.5 0.0 20 025 1.0 0.50 1.15
23 ... 2.5 00 20 075 0.3 0.50 5.54
24 ... 2.5 00 20 0.75 1.0 0.50 5.93
25 ... 2.5 0.0 2.0 1.00 0.3 0.50 2.94
26 .... 2.5 0.0 2.0 1.00 1.0 0.50 3.32
27 ... 2.5 0.0 1.5 0.75 1.0 0.25 7.06
28 ... 2.5 0.0 1.5 0.75 1.0 0.75 3.38

*Standard model.

2IMF exponent.

bExponent for mass ratio distribution.
¢Angular momentum-loss parameter.
dMass capture fraction.
¢Common-envelope efficiency.

fCritical mass ratio that separates stable and unstable mass
transfer when the secondary is radiative.
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tational potential, given by
GM,

(r2 + b2)1/2
where M, is the total mass in stars, r is the distance from the cluster center, and b is the
“core” radius of the model. Furthermore, we assume that the potential is static during the

< 10® yr when massive stars are present. This is not very realistic, but is probably adequate
for the present discussion.

B(r) = — (5.3)

In dynamical models of globular cluster evolution that include of the effects of tidal mass
loss, it is often assumed that any star that crosses a sphere of radius r; (the tidal radius)
is lost from the cluster (e.g., Joshi et al. 2001 and references therein). The tidal radius is
a function of position in the Galaxy; at a few kiloparsecs from the Galactic center, r; is of
order 100 pc for a 108 M, cluster. The escape speed, vesc(7), at a radius r is obtained from
the energy relation

1
Sve(r) = B(r2) ~ B(r) (5.4)
However, for the purposes of this investigation we assume that r; is sufficiently large in
comparison to any relevant radius in the cluster that we may drop ®(ry), so that v, (r) =
—2®(r). In this case, the core radius, b, is a simple function of the central escape speed,
Vesc (0): )

_ 2GM,

vsc(0)

The output of our population synthesis code is a two-dimensional grid of retention
fractions as a function of the escape speed and the kick speed (see § 5.4.1). Combining
egs. (5.2), (5.3), and (5.4), with ®(r;) = 0, we obtain a distribution of escape speeds for the
uniform spherical distribution of massive stars:

(5.5)

b\ _
p(uesc) duGSC = 6 (E) uesz (1 - 'u'gsc)l/2 duESC ) (56)

where Uesc = Vesc/Vesc(0) is a dimensionless escape speed.

It is a simple matter to convolve the grid of retention fractions with both the distribution
of kick speeds and the distribution of escape speeds to obtain a net retention fraction,
as a function of vesc(0) and R. Table 5.4 shows the net retention fraction for different
values of vesc(0) and R, where we have used a Maxwellian kick distribution with ¢ =
200 km s and a cluster mass of M, = 10%. For ves(0) = 50 km s~! and R = 10 pc,
the percentage of NSs retained in the cluster is reduced by a factor of ~ 2 below the
standard-model value of ~ 5.6% (see Table 5.3). Thus, a realistic cluster potential and
finite spatial distribution of stars may significantly reduce the NS retention fraction below
our earlier quoted values. Although, it does seem likely that the massive stars will be more
initially centrally concentrated than a uniform 10-pc sphere, as a consequence of both the
star formation process and dynamical mass segregation. Therefore, the reduction factors
listed in Table 5.4 are probably smaller than one would obtain with a more self-consistent
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Table 5.4. Modified Retention Fractions for a Finite Spatial Distribution of Stars

Vesc(0) R b Percent Reduction
(kms~!) (pc) (pc) Retained Factor*
30 5 9.88 2.44 0.94
30 10 9.88 2.10 0.81
30 20 9.88 1.47 0.56
50 5 3.56 4.44 0.79
50 10 3.56 3.12 0.55
50 20 3.56 1.81 0.32
70 5 1.81 5.19 0.64
70 10 1.81 3.38 0.42
70 20 1.81 1.87 0.23

*Factor by which retention fraction is reduced be-
low value obtained with R = 0 pc.

calculation of the cluster structure. Howevei, this just emphasizes that our highly simplified
treatment of the cluster structure, where all objects have the same central escape speed, is
entirely adequate for addressing the NS retention problem.

5.5 Binary Evolution After the First Supernova

The standard model (§ 5.4.2) has a very striking feature: massive secondaries (M> 2 10 M)
are prevalent among the retained binaries following the first SN (see Figs. 5-6 and 5-
7). The majority of these massive systems have periastron separations < 1 AU, which
implies that most of the secondaries will begin to transfer material to the NS at some point.
Furthermore, the extreme mass ratios suggest that the mass transfer will be dynamically
unstable, resulting in a spiral-in of the NS into the envelope of the secondary. It should be
noted that the evolution of the secondary following mass transfer may not precisely resemble
the evolution of an isolated star of the same mass (e.g., Braun & Langer 1995; Wellstein et
al. 2001); in fact, the evolution may be qualitatively different.

Before we discuss the possible outcomes of the spiral-in, we mention an important caveat.
Extreme accretion rates (> 107% Mg yr~!) onto the NS — rates far exceeding the standard,
radiative Eddington limit of ~ 1078 Mg yr~! — may be possible if the gravitational energy
is lost to neutrinos (e.g., Chevalier 1993, 1996; Fryer et al. 1996; Brown et al. 2000). If
this “hypercritical accretion” occurs while the NS spirals into the envelope of a massive sec-
ondary, it is likely that the NS will collapse into a black hole, although the three-dimensional
nature of the hydrodynamical problem implies that this process is very uncertain. Obvi-
ously, this outcome is not desirable in regard to the retention problem, since a NS is lost
if it is transformed into a black hole. We now proceed under the assumption that the NS
does not undergo hypercritical accretion during the spiral-in phase; however, the NS may
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still collapse to a black hole at a later stage.

The envelope of the massive secondary may be successfully ejected if the circularized
orbital separation is 2 1 AU (see Taam et al. 1978). This applies to only a few percent of
the systems in Figs. 5-6 and 5-7. If the envelope is ejected, and the core of the secondary
is exposed, the formation of a second NS is possible. However, because the orbital speed
following the spiral-in is large (> 200 km s™!), as is the fractional mass lost in the SN
(2 30%), both the first- and second-formed NSs are likely to be ejected from the cluster,
even if the kick to the second NS is small and the binary remains bound after the explosion
(see § 5.3).

The much more likely outcome among the retained NS binaries is a complete coalescence
of the NS and the massive secondary, resulting in the formation of a Thorne-Zytkow object
(TZO; Thorne & Zytkow 1975, 1977; Biehle 1991; Cannon 1993; Podsiadlowski, Cannon, &
Rees 1995), where hydrostatic support is provided by gravitational energy release or exotic
nuclear burning processes near the surface of the NS. The ultimate fate of the NS is unclear.
If the NS survives, it will probably emerge as a rapidly rotating object with the slow speed
of the retained post-SN binary. However, it is possible, and perhaps likely, that the NS will
collapse into a black hole during the late stage of massive TZO evolution (Podsiadlowski et
al. 1995; Fryer et al. 1996).

In addition to the high-mass systems in Figs. 5- 6 and 5-7, roughly 10% of the retained
binaries have low- to intermediate-mass secondaries (M2 < 8 M), all of which are the
product of dynamically unstable mass transfer prior to the SN. Mass transfer onto the NS
in the circularized binary is likely to be dynamically unstable for M > 4 M, (Podsiadlowski
et al. 2002), while for secondaries of lower mass the system will exist for some time as a low-
or intermediate-mass X-ray binary, which may ultimately yield a millisecond radio pulsar
with a very low-mass companion.

5.6 Conclusions

The NS retention fraction calculated within our standard model is ~ 5% for NSs born
in binary systems. Reasonable variations of the parameters that describe the primordial
binary population and binary evolution during mass transfer give a retained percentage as
low as ~ 1, but not much larger than ~ 8% (Table 5.3). If we distribute the massive binaries
within a sphere of some finite radius and embed the population in a realistic background
gravitational potential, the retention fraction may be reduced by a factor of < 2 (Table 5.4).
If we suppose that one-half of the massive stars in a young cluster are in binaries, then the
retention fraction is further reduced by a factor of two. Furthermore, since many of the
retained NSs are in close, massive binaries after the first SN, a TZO is likely to form,
which may cause the NS to collapse to a black hole. Therefore, it would seem that a more
realistic net retention fraction is probably no larger than several percent, when we apply the
Maxwellian kick distribution with o = 200 km s™! and a central escape speed of 50 km s~ 1.

As compared to the contribution from single stars, binary systems do provide a much
more efficient channel for retaining NSs when the characteristic kick speed is large. However,
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it appears the net NS retention fraction still may not be sufficient to explain the abundance
of NSs in globular clusters. In fact, even if as many as 10* NSs are formed out of 10°
stars, our standard model, combined with the binary fraction and realistic cluster potential,
predicts that only ~ 100 NSs may have been retained. It is unlikely that ~ 100 retained
NSs is compatible with what is observed in certain clusters (e.g., 47 Tuc). We therefore
suggest that binaries alone may not provide a robust solution to the retention problem, and
we no<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>