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A COMPREHENSIVE STUDY OF BINARY COMPACT OBIECTS AS GRAVITATIONAL WAVE SOURCES:
EVOLUTIONARY CHANNELS, RATES, AND PHYSICAL PROPERTIES
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ABSTRACT

A new generation of ground-based interferometric detectors for gravitational waves is currently under con-
struction or has entered the commissioning phase (Laser Interferometer Gravitational-wave Observatory
[LIGO)], VIRGO, GEO600, TAMA30D0). The purpose of these detectors is to observe gravitational waves
{rom astrophysical sources and help improve our understanding of the source origin and physical properties.
In this paper we study the most promising candidate sources {or these detectors: inspiraling double compact
objects. We use population synthesis methods to calculate the properties and coalescence rates of compact
object binaries: double neutron stars, black hole-neutron star systems, and double black holes. We also
examine the formation channels available to double compact object binaries. We explicitly account for the
evolution of low-mass helium stars and investigate the possibility of common-envelope evolution involving
helium stars as well as two evolved stars. As a result we identify a significant number of new formation chan-
nels for double neutron stars, in particular, leading to populations with very distinet properties. We discuss
the theoretical and observational implications of such populations, but we also note the need for hydro-
dynamical calculations to settle the question of whether such common-envelope evolution is possible. We
also present and discuss the physical properties of compact object binaries and identify a number of robust,
qualitative features as well as their origin. Using the calculated coalescence rates we compare our results to
earlier studies and derive expected detection rates for LIGO. We find that our most optimistic estimate for
the first LIGO detectors reach a couple of events per year and our most pessimistic estimate for advanced
LIGO detectors exceed =10 events per year.
Subject headings: binaries: close — black hole physics — gravitational waves — stars: evolution
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COMPACT OBJECT MODELING WITH THE STARTRACK POPULATION SYNTHESIS CODE
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ABSTRACT

We present a comprehensive descrniption of the population synthesis code StarTrack. The onginal code has been
significantly modified and updated. Special emphasis is placed here on processes leading to the formation and further
evolution of compact objects (white dwarfs, neutron stars, and black holes). Both single and binary star populations
are considered. The code now incorporates detailed calculations of all mass transfer phases, a full implementation
of orbital evolution due to tides, as well as the most recent estimates of magnetic braking. This updated version of
StarTrack can be used for a wide vanety of problems, with relevance to observations with many current and planned
observatones, e.g., studies of X-ray binanes (Chandra, XMM-Newton), gravitational radiation sources ( LIGO, LIS4 ),
and gamma-ray burst progenitors (HETE-fI, Swifi). The code has already been used in studies of Galactic and extra-
galactic X-ray binary populations, black holes in young star clusters, Type la supemova progenitors, and double com-
pact object populations. Here we descnbe in detail the input physics, we present the code calibration and tests, and we
outline our current studies in the context of X-ray binary populations.
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Do binary black holes exist?
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ON THE RARITY OF DOUBLE BLACK HOLE BINARIES: CONSEQUENCES
FOR GRAVITATIONAL WAVE DETECTION
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ABSTRACT

Double black hole binaries are among the most important sources of gravitational radiation for ground-based
detectors such as LIGO or VIRGO. Even if formed with lower efficiency than double neutron star binaries, they could
dominate the predicted detection rates, since black holes are more massive than neutron stars and therefore could be
detected at greater distances. Here we discuss an evolutionary process that could very significantly limit the formation
of close double black hole binaries: the vast majority of their potential progenitors undergo a common-envelope (CE)
phase while the donor, one of the massive binary components, is evolving through the Hertzsprung gap. Our latest
theoretical understanding of the CE process suggests that this will probably lead to a merger, inhibiting double black
hole formation. Barring uncertainties in the physics of CE evolution, we use population synthesis calculations and
find that the corresponding reduction in the merger rate of double black holes formed in galactic fields is so great (by
~500) that their contribution to inspiral detection rates for ground-based detectors could become relatively small
(~1 in 10) compared to double neutron star binaries. A similar process also reduces the merger rates for double
neutron stars, by a factor of ~5, eliminating most of the previously predicted ultracompact NS-NS systems. Our
predicted detection rates for Advanced LIGO are now much lower for double black holes (~2 yr—!), but are still
quite high for double neutron stars (~20 yr—'). If double black holes were found to be dominant in the detected
inspiral signals, this could indicate that they mainly originate from dense star clusters (not included here) or that our
theoretical understanding of the CE phase requires significant revision.

Subject headings: binaries: close — black hole physics — gravitational waves — stars: evolution —
stars: neutron
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THE EFFECT OF METALLICITY ON THE DETECTION PROSPECTS FOR GRAVITATIONAL WAVES
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ABSTRACT

Data from the Sloan Digital Sky Survey (~300,000) galaxies) indicate that recent star formation (within the last |
billion years) is bimodal: half of the stars form from gas with high amounts of metals (solar metallicity) and the
other half form with small contribution of elements heavier than helivm (-~ 10%-30 solar). Theoretical studies of
mass loss from the brightest stars derive significantly higher stellar-origin black hole (BH) masses (~30-80 M)
than previously estimated for sub-solar compositions. We combine these findings to estimate the probability of
detecting gravitational waves (GWs) arising from the inspiral of double compact objects. Our results show that a
low-metallicity environment significantly boosts the formation of double compact object binaries with at least one
BH. In particular, we find the GW detection rate is increased by a factor of 20 if the metallicity is decreased from
solar (as in all previous estimates) to a 50-50 mixture of solar and 10% solar metallicity. The current sensitivity
of the two largest instruments to neutron star-neutron star (N§S=N5) binary inspirals (VIRGO: ~9 Mpc; LIGO:
~18) is not high enough to ensure a first detection. However, our results indicate that if a future instrument in-
creased the sensitivity to ~ 350100 Mpc, a detection of GWs would be expected within the first year of observation.
It was previously thought that NS-NS inspirals were the most likely source for GW detection. Our results indi-
cate that BH-BH binaries are ~25 times more likely sources than NS-NS systems and that we are on the cusp of GW
detection.

Kev words: binaries: close — gravitation - stars: evolution - stars: neutron
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Mass gap — and SN mechanism
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MISSING BLACK HOLES UNVEIL THE SUPERNOVA EXPLOSION MECHANISM
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ABSTRACT

It is firmly established that the stellar mass distribution is smooth, covering the range 0. 1-100 M. It is to be
expected that the masses of the ensuing compact remnants correlate with the masses of their progenitor stars, and
thus it is generally thought that the remnant masses should be smoothly distributed from the lightest white dwarfs
to the heaviest black holes (BHs). However, this intuitive prediction is not borne out by observed data. In the
rapidly growing population of remnants with observationally determined masses, a striking mass gap has emerged
at the boundary between neutron stars (N3s) and BHs. The heaviest NSs reach a maximum of two solar masses,
while the lightest BHs are at least five solar masses. Over a decade after the discovery, the gap has become a
significant challenge to our understanding of compact object formation. We offer new insights into the physical
processes that bifurcate the formation of remnants into lower-mass NSs and heavier BHs. Combining the results
of stellar modeling with hydrodynamic simulations of supernovae, we both explain the existence of the gap and
also put stringent constraints on the inner workings of the supernova explosion mechanism. In particular, we show
that core-collapse supernovae are launched within [00-200 ms of the initial stellar collapse, implying that the
explosions are driven by instabilities with a rapid (10-20 ms) growth time. Alternatively, if future observations fill
in the gap, this will be an indication that these instabilities develop over a longer (=200 ms) timescale.

Key words: stars: neutron — X-rays: binaries
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