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Dancing with Black Holes

Sverre Aarseth!

nstitute of Astronomy, University of Cambridge
email: sverre@Qast.cam.ac.uk

Abstract. In this talk, I will describe my efforts over the last six years to implement regularization methods
suitable for studying one or more interacting black holes by direct N-body simulations. Three different methods
have been adapted to large-N systems: (i) Time-Transformed Leapfrog, (ii) Wheel-Spoke, and (iii) Algorithmic
Regularization. These methods have been tried out with some success on GRAPE-type computers. Special em-
phasis has also been devoted to including post-Newtonian terms, with application to moderately massive black
holes in stellar clusters.

Evolution of Compact Binaries in Globular Clusters
S. Banerjee!, P. Ghosh!

ITata Institute of Fundamental Research, Mumbai, India email: sambaran@mailhost.tifr.res.in;
pranab@mailhost.tifr.res.in

Abstract. We discuss the evolution of compact-binary populations of Globular Clusters (GC) due to dynami-
cal formation, destruction and encounter with surrounding stars — in particular that of the X-ray binary (XB)
populations. We consider the compact binary population distribution n(a,t) as a continuous function of binary
radius a and time ¢ and compute its evolution in a GC core with density p., radius r. and velocity dispersion
v.. We consider dynamical formation and destruction due to tidal capture, exchange and ionisation in a continu-
ous approximation to the stochastic nature of these processes. Evolution of a binary is determined by hardening
due to encounter with surrounding stars (collisional hardening), gravitational radiation, magnetic braking, and
mass transfer after Roche-lobe contact. We compute the total number of XBs formed as a function of two GC
parameters, namely, I' = p2r3 /v, and v = p./v., which are measures of the two-body encounter rate and the
binary-single-star encounter rate respectively. We find agreement with observations of Galactic GC XB popula-
tions. Our computations also predict a roughly uniform binary-period distribution of GC XB population. We argue
that the essential causes for this period distribution are the characteristics of mass transfer following Roche-lobe
contact, by showing that roughly the same binary-period distribution is obtained when we follow the evolution
after “turning oft” the terms representing stellar encounters in a dense GC core.

Infant Mortality: causes, timescales, and implications

Nate Bastian!

!University college London email: bastian@star.ucl.ac.uk

Abstract. Studies of galactic and extra-galactic cluster systems have shown that the majority of clusters formed
do not survive past a few 10s of Myr. This process, which has been dubbed ’infant mortality’, appears to be largely
independent of mass and the likely culprit is the rapid removal of residual gas left over from the star-formation
process. This rapid gas removal which destroys the majority of clusters leaves its imprint on the age distribution
of clusters and field stars, the profile of the cluster, and the internal dynamics of the cluster. I will present a series
of recent studies which quantify this effect and show that this phase cannot last longer than a few 10s of Myr,
despite recent claims in the literature which suggests that infant mortality can last upwards of a few Gyr. Some
implications of this process will also be discussed.



The influence of gas expulsion on the evolution of star clusters
and cluster systems
Holger Baumgardt!, Pavel Kroupa?

LATfA, University of Bonn, Germany, email: holger@astro.uni-bonn.de
2AIfA, University of Bonn, Germany, email: pavel@astro.uni-bonn.de

Abstract. We have performed a large set of N-body simulations studying the effect of residual-gas expulsion
on the survival rate and final properties of star clusters. In our simulations, we have varied the star formation
efficiency, gas expulsion timescale and strength of the external tidal field, obtaining a three-dimensional grid of
models which can be used to predict the evolution of individual star clusters or whole star cluster systems by
interpolating between our runs.

Our simulations show that most star clusters will not survive residual gas expulsion and that the cluster sizes,
bound mass fraction and final velocity profiles of the surviving clusters are all strongly influenced by the details
of the gas expulsion. When applied to the globular cluster system of the Milky Way, our results show that it
is possible to turn an initial power-law profile of cluster masses into a log-normal one by gas expulsion and the
subsequent destruction of low-mass clusters alone. In this case, the log-normal mass profile of the cluster system
is already established within a few 10s of Myrs. Observations of star cluster systems in merging and interacting
galaxies might therefore help to confirm or reject our scenario.

Black hole motion as catalyst of orbital resonances
Christian Boily!

LObservatoire astronomique Strasbourg University email: cmb@astro.u-strasbg.fr

Abstract. The motion of a black hole about the centre of gravity of the host galaxy induces a strong response from
the surrounding stellar population. We treat the case of a harmonic poten tial analytically and show that half of
the stars on circular orbits in that potential shift to orbits of lower energy, while the other half receive a boost and
therefore recede to a larger radius. The black hole acts as a catalyst of evolution of the stellar energy distribution
function f(F) but remains itself on an orbit of fixed amplitude. We show that this effect is operative out to a
radius of ~ 1 to 2 times the hole’s influence radius, Rp,. We use numerical integration to explore more fully the
response of a stellar distribution to black hole motion. We consider orbits in a logarithmic potential and compare
the response of stars on circular orbits, to the situation of a ‘warm’ and ‘hot’ (isotropic) stellar velocity field. While
features seen in density maps are now wiped out, the kinematic signature of black hole motion still imprints the
stellar line-of-sight mean velocity to a magnitude ~ 18% the local root mean-square velocity dispersion o.

Effects of stellar collisions on star cluster evolution and core
collapse

Sourav Chatterjee', John M. Fregeau? Frederic A. Rasio®

!Department of Physics and Astronomy, Northwestern University email: s-chatterjee@northwestern.edu
2Department of Physics and Astronomy, Northwestern University email: fregeau@northwestern.edu
2Department of Physics and Astronomy, Northwestern University email: rasio@northwestern.edu

Abstract. It is well known from previous studies that primordial binary interactions and star-star collisions can
significantly modify the dynamical evolution of dense star clusters. We systematically study the effects of collisions
on the overall dynamical evolution of dense star clusters using Monte Carlo simulations over many relaxation times.
We derive many observable properties of these clusters, including their core radii and the radial distribution of
collision products. We also study different aspects of collisions in a cluster taking into account the shorter lifetimes
of more massive stars, which has not been studied in detail before. Depending on the lifetimes of the significantly
more massive collision products, observable properties of the cluster can be modified qualitatively; for example,
even without binaries, core collapse can sometimes be avoided simply because of stellar collisions.



Star formation in ultra-dense clusters and the creation of
massive stars

Cathie Clarke!
!Cambridge University

Abstract. What are the highest stellar densities achieved during cluster formation? High stellar densities at birth
can lead to a number of potentially observable phenomena such as the generation of dynamical runaways and may
even produce conditions that lead to the creation of massive stars by collisions.

I try to answer this question both from direct observation of embedded clusters and from dynamical modeling
of slightly older (10 Myr old) systems. I also consider the theoretical limit expected for the density of a cluster
core which shrinks adiabatically due to the accretion of inflowing gas, and show that the predicted limit (wherein
the maximum core density exceeds the mean cluster density by the square of the total number of stars in the
cluster) is well reproduced by existing calculations.

Science Highlights from the ACS Virgo and Fornax Cluster
Surveys

Patrick Coté!

'Herzberg Institute of Astrophysics, National Research Council of Canada, Victoria, BC, VOE 2E7,
Canada email: Patrick.Cote@nrc-cnrc.ge.ca

Abstract. The ACS Virgo and Fornax Cluster Surveys are HST/ACS programs to obtain deep, high-resolution
imaging in the F475W (g) and F850LP (z) filters for 143 early-type members of the Virgo and Fornax clusters,
the two galaxy clusters nearest to the Milky Way. The sample galaxies span a range of more than 500 in blue
luminosity, from giants to dwarfs. In this talk, I shall summarize science highlights from the two surveys, paying
particular attention to the properties of galactic nuclei and extragalactic star clusters.

Multiple stellar populations in Globular Clusters: collection of
info from the Horizontal Branch

Francesca D’Antonal & Vittoria Caloi?

IINAF Osservatorio di Roma email: dantona@mporzio.astro.it
2INAF IASF Roma email: vittoria.caloi@iasf-roma.inaf.it

Abstract.

There is now mounting evidence that Globular Cluster (GC) stars were not formed in a single burst of star
formation, even if it is not clear which are the progenitors of the population of helium rich, oxygen poor and
nitrogen rich stars which are found in most GCs so far examined. In this work we summarize the information on
the “second stellar generation” which comes out from the interpretation of the horizontal branch (HB) population
of several GCs in terms of varying helium content of their stars. The sample examined so far has wildly different
HB morphologies (mostly red HB, mostly blue HB, HB containing a populous sample of RR Lyr variables) but
in all of them we can infer the presence of an important helium rich population, and probably, of a gap in the
helium content between the “standard helium” population and its minimum value in the helium rich population.
We examine the very interesting case of the GC M3, in which the distribution of periods of RR Lyr, together with
the assumption of the existence of a helium rich population, severely constraints the mass loss on the red giant
branch, contrary to common assumptions made so far.




Why haven’t loose globular clusters collapsed yet?

Guido De Marchi', Francesco Paresce?, Luigi Pulone?

IESA, Space Science Department, Noordwijk, Netherlands, email: gdemarchi@rssd.esa.int
2INAF, Rome, Italy email: fparesce@inaf.it
3INAF, Observatory of Rome, Monte Porzio Catone, Italy email: pulone@mporzio.astro.it

Abstract.

We report on the discovery of a surprising observed correlation between the slope of the low-mass stellar global
mass function (GMF) of globular clusters (GCs) and their central concentration parameter ¢ = log(r:/r.), i.e.
the logarithmic ratio of tidal and core radii. This result is based on the analysis of a sample of twenty Galactic
GCs with solid GMF measurements from deep HST or VLT data. All the high-concentration clusters in the
sample have a steep GMF, most likely reflecting their initial mass function (IMF). Conversely, low-concentration
clusters tend to have a flatter GMF implying that they have lost many stars via evaporation or tidal stripping. No
GCs are found with a flat GMF and high central concentration. This finding appears counter-intuitive, since the
same two-body relaxation mechanism that causes stars to evaporate and the cluster to eventually dissolve should
also lead to higher central density and possibly core-collapse. Therefore, more concentrated clusters should have
lost proportionately more stars and have a shallower GMF than low concentration clusters, contrary to what is
observed. It is possible that severely depleted GCs have also undergone core collapse and have already recovered
a normal radial density profile. It is, however, more likely that GCs with a flat GMF have a much denser and
smaller core than suggested by their surface brightness profile and may well be undergoing collapse at present. In
either case, we may have so far seriously underestimated the number of post core-collapse clusters and many may
be lurking in the Milky Way.

Problems in the Evolution of Binary Stars
Peter P. Eggleton’

Lawrence Livermore National Laboratory email: ppe@igpp.ucllnl.org

Abstract.

The evolution of single stars in a cluster can be reasonably well modeled with a pre-constructed grid of evolu-
tionary runs. However binaries are harder, because (a) there are more input parameters to define a binary, and
(b) the physics regarding their evolution is less certain. This seems to suggest that an N-body code will need to
connect directly to a binary-star evolution code.

One of the least certain areas of close-binary evolution is contact binaries. These are not common, but they
are not rare either. I shall explore the consequences of certain assumptions regarding the evolutionary progress of
contact binaries.

A UNIFIED PICTURE OF THE LIFECYCLES OF STAR
CLUSTERS
S. Michael Fall

ISpace Telescope Science Insitute email: fall@stsci.edu

Abstract. We present a unified picture of the lifecycles of star clusters, beginning with their formation in dense
molecular clouds in the interstellar medium and ending with their dissolution in the the general field-star popula-
tion. This picture was developed through a combination of detailed observations of clusters systems, particularly
those in the Solar neighborhood and in the interacting Antennae galaxies, along with several theoretical studies,
in collaboration with Rupali Chandar, Brad Whitmore, and Qing Zhang. This picture turns out to be remarkably
simple, although undoubtedly approximate. By a few simple formulae, it accounts for most, if not all, the main
statistical properties of star cluster systems (formation rates, mass functions, age distributions, etc). These formu-
lae embody and clarify the physical processes involved in the formation and evolution of cluster systems, although
there are still a few unresolved theoretical issues. Our recent unpublished work indicates that this picture applies
to clusters of many different types (open, populous, globular) in galaxies of many different types (large, small,
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interacting, quiescent, etc)—hence our claim that it is likely to be "universal.” Since most, if not all, stars form
in clusters of some sort, this unified picture of star clusters probably also provides much of the framework for a
unified picture of stellar populations in galaxies.

Blue Straggler Stars in Galactic Globular clusters: tracing the
effect of dynamics on stellar evolution
F.R. Ferraro!

!Department of Astronomy- Bologna University - email: francesco.ferraro3@unibo.it

Abstract. The ultra-dense cores of Globular Clusters (GCs) are very efficient “furnaces” for generating exotic
objects, such as low-mass X-ray binaries, cataclysmic variables, millisecond pulsars, blue stragglers, etc. Most of
these stars are thought to be the product of the evolution of binary systems, possibly originated and/or hardened
by stellar interactions. Thus, the nature and even the existence of these exotic objects can be strongly affected by
the cluster core dynamics, and their study can serve as powerful diagnostic of the dynamical evolution of GCs.
This talk I review the main properties of Blue Stragglers Stars (BSS) in galactic GCs. A flower of results on the
BSS frequency, radial distribution, and chemical composition are presented and discussed. Recent results on the
measured frequency of binaries in the core of a number of clusters are also presented.

Dynamical evolution of rotating globular clusters with
embedded black holes

Fiestas, Josél!, Spurzem, R.!

!Zentrum fiir Astronomie Heidelberg email: fiestas, spurzem@ari.uni-heidelberg.de

Abstract. Evolution of self-gravitating rotating dense stellar systems (e.g. globular clusters) with embedded black
holes is investigated. The interplay between velocity diffusion due to relaxation and black hole star accretion is
followed together with cluster differential rotation using 2D+1 Fokker Planck numerical methods. The models
can reproduce the Bahcall-Wolf f o< EY* (p o< r~7/*) cusp inside the zone of influence of the black hole. Angular
momentum transport and star accretion processes support the development of central rotation in relaxation time
scales, before re-expansion and cluster dissolution, latter due to mass loss in the tidal field of a parent galaxy.
Gravogyro and gravothermal instabilities conduce the system to a faster evolution leading to shorter collapse
times with respect to models without black hole.

Binary Stars and Globular Cluster Dynamics

John Fregeau!

!Department of Physics and Astronomy, Northwestern University, email: rasio@northwestern.edu

Abstract. I will review recent work on the interplay between binary star evolution and dynamical interactions
in globular clusters, based on both N-body and Monte Carlo simulations. In particular, I will discuss our current
theoretical understanding of “binary burning” and how dynamical interactions of primordial binaries determine
the structural parameters of globular clusters.
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Fully Self-consistent N-body Simulation of Star Clusters in the
Galactic Center

Michiko Fujii', Masaki Iwasawa?, Yoko Funato?, Junichiro Makino?

!Department of Astronomy, Graduate School of Science, The University of Tokyo email:
fujii@astron.s.u-tokyo.ac.jp
2Department of General System Studies, College of Arts and Sciences, The University of Tokyo email:
iwasawa@margaux.astron.s.u-tokyo.ac.jp
2Department of General System Studies, College of Arts and Sciences, The University of Tokyo email:
funato@artcompsci.org
3Division of Theoretical Astronomy, National Astronomical Observatory of Japan email: makino@cfca.jp

Abstract.

In order to follow the evolution of a star cluster in the Galactic center, we developed an N-body code which can
handle the long-term dynamical evolution of star clusters in their parent galaxy. In our code, both a star cluster
and its parent galaxy are modeled by N-body systems. The star cluster is integrated by an Hermite integrator
with direct force calculation and the galaxy and the interaction between the galaxy and the cluster by a leapfrog
integrator with tree force calculation. As far as we know, ours is the first of such codes in the world.

Using this code, we investigated the orbital evolution of a star cluster inspiraling to the Galactic Center. The
central region of the Galaxy contains very young and massive stars. Inspiraling of young and compact clusters is
a possible explanation of the origin of these stars.

We found that the inspiral timescale of the star cluster is significantly shorter than that obtained by previous
works where the dynamical friction was calculated analytically. Our result implies that the timescale problem of
the inspiral scenario was not so severe as previously suggested.

Furthermore, our model can explain the structures of the Galactic center such as the stellar disk which contains
stars in highly eccentric orbits and assemblies of young stars such as IRS 13E. Stars which have eccentric orbits
can be understood as having escaped from a star cluster with an eccentric orbit and IRS 13E may be the remnant
of a star cluster containing an intermediate-mass black hole.

Test of the accuracy of approximate methods to handle distant
binary-single star encounters

Funato, Y., Heggie, D.C.2, Hut, P.3, Makino, J.4,

!Department of General Systems Studies, College of Arts and Sciences, University of Tokyo, Japan
email: funato@artcompsci.org
2School of Mathematics, University of Edinburgh, UK email:d.c.heggie@ed.ac.uk
3Institute for Advanced Study, USA email:piet@ias.edu
4Division of Theoretical Astronomy, National Astronomical Observatory, Japan email:makino@cfca.jp

Abstract. In the numerical simulations of evolution of star clusters, binary-single star interactions frequently
take place. Since the direct integration of them is time consuming, distant interactions between binaries and
field stars are often integrated by using some approximations. Traditionally the effect of the error caused by the
approximated treatment is regarded as small enough to be ignored. However, if we have a binary-dominated core,
the enegy drift would be large. In order to evaluate the effect of this neglect of the weak perturbation from distant
single particles, we perform numerical experiments of integration using higher order and accuracy method. The
result will be reported.




Observational Evidence for Black Holes in Globular Clusters
Karl Gebhardt!

!Department of Astronomy, University of Texas email: gebhardt@astro.as.utexas.edu

Abstract. There have been many observational claims for the existence of intermediate mass black holes, many
of which have been challenged with alternative interpretations. The existence of intermediate mass black holes,
however, has important consequences for understanding how supermassive black holes acquire their mass. Fur-
thermore, whether or not these black holes exist in globular clusters has important implications for the cluster
itself and for estimating their number density. I will review the current observational evidence for black holes in
clusters, including dynamical studies with both radial velocities and proper motions.

How does the environment of star clusters determine their
evolution?
Mark Gieles!

!European Southern Observatory, Santiago email: mgieles@eso.org

Abstract. The first few Gyrs of the evolution of star clusters is determined by several internal and external
effects that lead to the disruption of a large fraction. The time-scale of dissolution and how this may or may
not depend on cluster mass has been under debate recently. We present evidence from observations of the age
distribution of clusters in the Small Magellanic Cloud (SMC), the solar neighbourhood and M51 that the life
time of star clusters that have survived the gas removal phase (first 10 Myr) strongly depends on the (galactic)
environment in which they evolve. These observations can be explained well by the results of N-body. The main
environmental parameters are the strength of the tidal field and the presence of (giant) molecular clouds. Both
effects result in cluster disruption time scales that depend in the same way on cluster mass, in agreement with
the observations. We show some examples of how incompleteness effects in the observations, in particular biases
towards clusters with young ages, affect the age distribution and can lead to the fallacious interpretation of rapid
(mass independent) cluster disruption. As a particular case we discuss the clusters in the SMC, for which it was
claimed recently that they dissolve similarly during the first Gyr as the clusters in the Antennae galaxies. We
show that this interpretation is caused by incompleteness effects. When taking these into account, we find that
star clusters in the SMC in fact live very long (several Gyrs), in good agreement with what is expected from the
tidal field strength of the SMC.

Monte Carlo simulations of star clusters with primordial
binaries. Comparison with N-body simulations and observations.

Mirek Giersz!, Douglas C. Heggie!

!Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, Warsaw, Poland email:
mig@camk.edu.pl
2School of Mathematics and Maxwell Institute for Mathematical Sciences, University of Edinburgh,
Edinburgh Scotland, U.K.

Abstract. We have performed a large set of Monte Carlo simulations of tidally limited star clusters containing
a large fraction of primordial binaries. Stellar evolution of single stars was followed by the algorithm of Hurley
et al. (2000) and internal evolution of binary stars by the methods of Hurley et al. (2002). The results of Monte
Carlo simulations have been compared with N-body simulations available in the literature and others specially
run for the purpose of this comparison. The main aim of this work was to calibrate the Monte Code code, in
particular to find the best values of parameters which hold for as many different numbers of object in the system
as possible. The chosen parameters were then used in simulations of the evolution of the old open cluster M67,
a cluster which has been studied thoroughly in the literature with N-body techniques. We describe in particular
those aspects of the evolution of the global cluster structure, and the binary, white dwarf and blue straggler
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populations, which can be most easily compared with the observations (though not all channels for blue straggler
formation are represented yet in our simulations).

Dynamical Evolution of Globular Clusters in Hierarchical
Cosmology
Oleg Y. Gnedin

University of Michigan, Department of Astronomy

Abstract.

We test the hypothesis that globular clusters form in supergiant molecular clouds within high-redshift galaxies.
Numerical simulations demonstrate that such large, dense, and cold gas clouds assemble naturally in current
hierarchical models of galaxy formation. These clouds are enriched with heavy elements from earlier stars and
could produce star clusters in a similar way to nearby molecular clouds. The masses and sizes of the model clusters
are in excellent agreement with the observations of young massive clusters. Do these model clusters evolve into
globular clusters that we see in our and external galaxies? In order to study their dynamical evolution, we calculate
the orbits of model clusters using the outputs of the cosmological simulation of a Milky Way-sized galaxy. We
find that at present the orbits are isotropic in the inner 50 kpc of the Galaxy and preferentially radial at larger
distances. All clusters located outside 10 kpc from the center formed in the now-disrupted satellite galaxies. The
spatial distribution of model clusters is spheroidal, with a power-law density profile consistent with observations.
The combination of two-body scattering, tidal shocks, and stellar evolution results in the evolution of the cluster
mass function from an initial power law to the observed log-normal distribution. However, not all initial conditions
and not all evolution scenarios are consistent with the observed mass function.

The Star Cluster Systems of Local Group Galaxies
Eva K. Grebel!

1 Astronomisches Rechen-Institut, Zentrum fiir Astronomie, University of Heidelberg, Germany
email: grebel@ari.uni-heidelberg.de

Abstract. The Local Group hosts a wide variety of different star cluster systems in different anvironments.
Already the globular cluster systems of the Milky Way and of M31 exhibit a number of differing properties in
terms of overall census, ages, metallicities, kinematics, and structural parameters. Dwarf galaxies tend to have less
concentrated and more elliptical globular clusters (if they contain any at all). The highest globular cluster specific
frequencies are found in the least massive, least luminous galaxies — the dwarf spheroidal galaxies. For nearby
dwarfs the globular clusters turn out to be as old as the oldest Galactic globulars. Some of the Local Group dwarfs
contain nuclear star clusters. Galaxies like the Magellanic Clouds and M31 have continued to form populous star
clusters throughout their entire life time, a behavior not found in other Local Group galaxies where the epoch of
globular cluster formation ended within a few Gyr after the Big Bang. In these cases, the preferred subsequent
mode of star formation has been the formation of (usually short-lived) open clusters and OB associations. The
properties of these populous clusters as well as their inferred survival times in different environments are being
discussed, along with those of open clusters.

Giant Elliptical Galaxies: Globular Clusters and UCDs

William E. Harris!

!Department of Physics & Astronomy, McMaster University, Hamilton ON L8S 4M1 Canada. email:
harris@physics.mcmaster.ca

Abstract. The huge globular cluster populations found in giant E galaxies allow us to explore numerous emerging
trends and correlations at higher confidence than can be done in smaller galaxies. Some of the most intriguing
of these include, (a) the global shape of the Fundamental Plane, (b) the structural connection between the most
luminous globular clusters and the new class of Ultra-Compact dwarfs (are UCDs the same thing as supermassive
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GCs?), and (c) the mass-metallicity relation affecting the blue, metal-poor GC sequence. What is its origin? This
paper gives an overview and current prospects for studying these correlations from within the nearby giant E
galaxies.

Modelling Individual Globular Star Clusters
D.C. Heggie'

1School of Mathematics and Maxwell Institute for Mathematical Sciences, University of Edinburgh
email: d.c.heggie@ed.ac.uk

Abstract.

Astronomers have constructed models of globular clusters for over 100 years. These models mainly fall into two
categories: (i) static models, such as King’s model and its variants, and (ii) evolutionary models. Most attention has
been given to static models, which are used to estimate mass-to-light ratios and mass segregation, and to combine
data from proper motions and radial velocities. Evolutionary models have been developed for a few objects using
the gaseous model, the Fokker-Planck model, Monte Carlo models and N-body models. These models have had a
significant role in the search for massive black holes in globular clusters.

In this presentation the problems associated with these various techniques will be summarised, and then we
shall describe new work with Giersz’s Monte Carlo code, which has been enhanced recently to include the stellar
evolution of single and binary stars. We describe in particular recent attempts to model the nearby globular cluster
M4, including predictions on the spatial distribution of binary stars and their period distribution, to illustrate the
effects of about 12 Gyr of dynamical evolution. We also discuss an approximate way of predicting the ”initial”
conditions for such modelling.

N-body Models of Open Clusters
Jarrod R. Hurley!

!Centre for Astrophysics and Supercomputing,
Swinburne University of Technology,
P.O. Box 218, VIC 3122, Australia
email: jhurley@swin.edu.au

Abstract. In this talk I will discuss recent results arising from N-body models ranging in size from N = 2000 —
100 000 bodies. Along the way I will touch on subjects such as the morphology of clusters in the Large Magellanic
Cloud, the origin of planetary systems such as our Solar System, and the evolution of binaries in star clusters. I
will discuss limitations of the models, such as simplified initial conditions, and how these will be addressed in the
near future.

Virtual Laboratories and Virtual Worlds

Piet Hut!
! Institute for Advanced Study, Princeton, NJ

Abstract. Since we cannot put stars in a laboratorium, astrophysicists had to wait till the invention of computers
before becoming laboratory scientists. For half a century now, we have been conducting experiments in our virtual
laboratories. However, we ourselves have remained behind the keyboard, with the screen of the monitor separating
us from the world we are simulating. Recently, 3D online technology, developed first for games but now deployed
in virtual worlds like Second Life, is beginning to make it possible for astrophysicists to enter their virtual labs
themselves, in virtual form as avatars. This has several advantages, from new possibilities to explore the results
of the simulations to a shared presence in a virtual lab with remote collaborators on different continents. I
will report my experiences with the use of Qwaq Forums, a virtual world developed by a new company (see
http://www.qwaq.com).
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Neutron Stars in Globular Clusters

Natalia Ivanova!, Craig Heinke?, Frederic A. Rasio®

!Canadian Institute for Theoretical Astrophysics, University of Toronto, 60 S t. George, Toronto, ON
M5S 3H8, Canada email: nata@cita.uoronto.ca
2Northwestern University, Dept of Physics & Astronomy, 2145 Sheridan Rd, Evanston, IL 60208, USA
email: cheinke@northwestern.edu
3Northwestern University, Dept of Physics & Astronomy, 2145 Sheridan Rd, Ev anston, IL 60208, USA
email: rasio@northwestern.edu

Abstract.

In dense star clusters, dynamical interactions lead to the frequent formation of many exotic sources, unusual
binaries and systems of higher multiplicity. This is particularly important for the formation of X-ray binaries
and millisecond pulsars. As only a very small fraction of neutron stars formed in clusters are retained, this study
inevitably becomes a ”million-body problem” that requires the use of specialized numerical tools.

I will discuss how neutron stars are produced and retained in globular clusters, outlining the most important
dynamical channels and evolutionary phases that affect the population of mass-transferring binaries with neutron
stars and result in the formation of recycled pulsars. Another question to be discussed is whether we can put
constraints on binary stellar evolution by comparing the observed millisecond pulsar populations in 47 Tuc and
Terzan 5 with theoretical results.

The Simple Principles That Underlie the Dynamics of Globular
Clusters
Ivan R. King!

!Department of Astronomy, University of Washington, email: king@astro.washington.edu

Abstract. In this era of simulation it is easy to forget how simple the dynamics of globular clusters is. First,
Jeans’ theorem combines with Poisson’s equation to give a unique correspondence between any isotropic velocity
distribution and the spatial density profile of the cluster. The velocity distribution is controlled by relaxation,
which brings it as close to Gaussian as it can get. Relaxation is described by the Fokker-Planck equation, whose
steady-state solution is well approximated by a Gaussian, reduced by a constant that brings it down to zero at
the escape velocity that the Galactic tidal field imposes. Except for scale factors, clusters differ only in central
concentration, which controls how deeply the escape velocity cuts into the velocity distribution.

The dynamical equilibrium of a cluster is especially stable for two reasons. First, if the velocity distribution is
the steady-state solution of the Fokker-Planck equation at one radius, it is equally so at all radii. Second, as the
local relaxation time lengthens with increasing radius, the fraction of stars that escape per relaxation time goes
up in a way that almost exactly compensates, so as to keep the density distribution in balance as stars escape.

The foregoing applies to stars of a single mass, whereas a real cluster has a mass function. To a good approxi-
mation, equipartition of energy applies, and more massive stars are more concentrated to the center — especially
binaries and massive remnants.

Anisotropy adds little complication, as it is observed to be small.

Formation of Stellar Clusters

Ralf S. Klessen!

!Zentrum fiir Astronomie Heidelberg, Institut fiir Theoretische Astrophysik, Albert-Ueberle-Str. 2,
69120 Heidelberg, Germany email: rklessen@ita.uni-heidelberg.de

Abstract. Stars form by gravoturbulent fragmentation of interstellar gas clouds. The supersonic turbulence
ubiquitously observed in Galactic molecular gas generates strong density fluctuations with gravity taking over in
the densest and most massive regions. Collapse sets in to build up stars and star clusters.



11

Turbulence plays a dual role. Or global scales it provides support, while at the same time it can promote
local collapse. Stellar birth is thus intimately linked to the dynamical behavior of parental gas cloud, which
determines when and where protostellar cores form, and how they contract and grow in mass via accretion from
the surrounding cloud material to build up stars. Slow, inefficient, isolated star formation is a hallmark of turbulent
support, whereas fast, efficient, clustered star formation occurs in its absence.

I will review the current progress in star formation theory and discuss results from numerical calculations of
gravoturbulent cloud fragmentation. Special emphasis lies on the complex dynamical evolution of nascent star
clusters, on the mass growth history of individual protostars, and on the resulting mass spectrum of stars, the
IMF.

Ultraviolet Spectroscopy of Stellar Exotica in 47 Tucanae

Christian Knigge', Knox S. Long?, Jestis Maiz-Apellaniz®, Andrea Dieball’, David R. Zurek?, Michael
M. Shara?*

1School of Physics & Astronomy, University of Southampton email: christian@astro.soton.ac.uk
2Space Telescope Science Institute
3Instituto de Astrofisica de Andalucia
4 American Museum of Natural History

Abstract. I will present far-ultraviolet spectroscopy of ~50 exotic and/or evolved objects in the core of 47
Tucanae. The data was obtained with STIS onboard HST in slitless mode, which is possible because crowding is
manageable in the far-UV, even in the cluster core. I will discuss the key results and discoveries emerging from this
spectroscopic survey, including (i) the spectroscopic confirmation of several suspected cataclysmic variables; (ii)
an absence of emission lines from other CV candidates and objects on the white dwarf sequence (thus indicating
that these are not interacting binaries); (iii) a binary system that appears to contain a ‘stripped” secondary star;
(iv) a blue straggler exhibiting a very strong far-UV excess (perhaps due to a WD companion); (v) evidence that
the brightest blue straggler may be a fast rotator.

The formation and disruption of star clusters, and implications
thereof for galactic astrophysics

Pavel Kroupa

Argelander-Institut fuer Astronomie, Universitaet Bonn, Germany ;
email: pavel@astro.uni-bonn.de

Abstract. Star clusters appear to form in very dense configurations with radii near 1 pc independent of mass for
M < 10°Mg. The stellar population within a cluster also appears to be formed in an organised manner, starting
with the least massive stars, such that a well-defined correlation exists between the mass of the most massive star
and the cluster mass. This is most probably a result of stellar feedback on the cluster-forming nebula. Observations
suggest that the star-formation efficiency is typically less than about 40 per cent. If the residual gas is driven
out on a crossing time or faster, then the cluster unbinds dramatically, it ”"pops”. Such ”popping” clusters may
contribute relatively hot kinematical populations to galactic fields.Above about 10°Mg the ”clusters” appear to
become more complex, by being composite populations or cluster complexes. Massive versions of such complexes
may evolve to ultra-compact dwarf galaxies through the merging of the individual clusters on a time-scale of about
100Myr.




12

Clues to Globular Cluster Evolution from Multiwavelength
Observations of Extragalactic Systems

Arunav Kundu®, Thomas J. Maccarone?, Stephen E. Zepf!

!Department of Physics & Astronomy, Michigan State University email: akundu@pa.msu.edu,
zepf@pa.msu.edu
2Department of Physics & Astronomy, University of Southampton email: tjm@phys.soton.ac.uk

Abstract.

We present a study of the globular cluster systems of nearby elliptical and SO galaxies at a variety of wavelengths
from the X-ray to the infrared. Our analysis shows that roughly half of the low mass X-ray binaries, that are
luminous tracers of accreting neutron star or black hole systems, are in globular clusters. The particularly efficient
low mass X-ray binary formation rate in globular clusters is not surprising due to dynamical interactions, especially
in the core. However, our observations reveal a variety of expected and unexpected correlations between low mass
X-ray binaries and various physical characteristics of globular clusters such as mass, metallicity, age, and half-light
radius. We present the implications of this study on the formation and evolution of both globular clusters and
low mass X-ray binaries. In particular, the surprising correlation of the low mass X-ray binary formation rate
with metallicity provides a unique insight into the metallicity structure of extragalactic cluster systems. We weigh
the theoretical models that attempt to explain the metallicity effect. We also comment on the implications of
our observations on neutron star kick velocities, the presence of black holes in globular clusters, and the effect of
galaxy environment on globular cluster formation and evolution.

Observations and simulations of the Blue Straggler Star radial
distributions: clues on the formation mechanisms

Barbara Lanzoni!

'Department of Astronomy, University of Bologna (Italy) email: barbara.lanzoni@bo.astro.it

Abstract. By means of high-resolution and wide-field observations in the UV and optical bands we have derived
the radial distribution of the Blue Stragglers Star (BSS) population in a number of galactic globular clusters.
Monte-Carlo dynamical simulations have then been used to interpret the observed radial distributions in terms of
the percentage of collisional and mass-transfer BSS populating each cluster. I will present the main results thus
obtained and an overall comparison from cluster to cluster for the whole sample collected so far, mainly focussing
on the clues about the BSS formation mechanisms that such an approach is able to provide.

Where the Blue Stragglers Roam: The Link Between Formation
and Environment

Leigh, N.1, Sills, A.!, & Knigge, C.2
!Department of Physics & Astronomy, McMaster University email: leighn@mcmaster.ca
2Department of Physics & Astronomy, University of Southampton email: christian@astro.soton.ac.uk

Abstract. Current observational evidence seems to indicate that blue stragglers are a dynamically created popula-
tion, though exactly how the mechanism(s) of formation operates remains a mystery. We search for links between
blue straggler formation and environment by considering only those stars found within one core radius of the
cluster center. In so doing, we aim to isolate a sample that is representative of an approximately uniform cluster
environment where, ideally, a single blue straggler formation mechanism is predominantly operating. Relative blue
straggler frequencies are found and apart from new anticorrelations with the central velocity dispersion and the
half-mass relaxation time, we find no other statistically significant trends.

A simple, semi-analytic model designed to reproduce the observed trends in the core is also presented. We find
that the majority of the blue stragglers created are the products of mass transfer in tight, low-mass binary systems.
Our results suggest that the binary fraction could be a crucial parameter in shaping blue straggler populations.
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Better and more abundant observations of binary systems and their numbers could therefore prove an important
step in better understanding blue straggler formation.

An X-ray emitting globular cluster black hole
Thomas J. Maccarone!, Arunav Kundu?, Stephen E. Zepf?, Katherine L. Rhode?

!Department of Physics and Astronomy, University of Southampton email: tjm@phys.soton.ac.uk
?Department of Physics and Astronomy, Michigan State University email:
akundu@pa.msu.edu,zepf@pa.msu.edu
3Department of Astronomy, Wesleyan University email:kathy@astro.wesleyan.edu

Abstract.

I will discuss the recent discovery of strong variaiblity from an ultraluminous X-ray source in a spectroscopically
confirmed globular cluster in NGC 4472. These data are the strongest evidence to date for a black hole in a globular
cluster, overcoming all previous major objections - such a bright X-ray source can be only a black hole, since the
variaibility requires that it be a single source, while the spectroscopic identification of the cluster makes it clear
that the optical counterpart is not simply an active galactic nucleus with colors in the globular cluster locus. I
will go on to discuss the implications of this discovery and the points for and against an intermediate mass black
hole nature of the accretor.

The effect of stellar-mass black holes on the structural evolution
of globular clusters

A. D. Mackey', M. I. Wilkinson?, M. B. Davies?, G. F. Gilmore*

nstitute for Astronomy, University of Edinburgh, UK; email: dmy@roe.ac.uk
2Department of Physics & Astronomy, University of Leicester, UK; email: miw6@astro.le.ac.uk
3Lund Observatory, Sweden; email: mbd@astro.lu.se
4Institute of Astronomy, University of Cambridge, UK; email: gil@ast.cam.ac.uk

Abstract. We present the results of direct (N = 10°), realistic N-body modelling of globular clusters in the
Magellanic Clouds, aimed at investigating a dynamical origin for the radius-age trend observed in these systems.
We find that stellar-mass black holes, formed in the supernova explosions of the most massive cluster stars,
constitute a dynamically important population. These objects rapidly form a dense core where interactions are
common, resulting in the scattering of black holes into the cluster halo, and the ejection of black holes from
the cluster. These processes heat the stellar component, resulting in prolonged core expansion of a magnitude
matching the observations. Less massive remnants, such as neutron stars, cannot alone produce the required
expansion. Significant core evolution is also observed in Magellanic Cloud clusters at very early times. We find
that this does not result from the action of black holes, but can be reproduced by the effects of mass-loss due
to rapid stellar evolution in a primordially mass segregated cluster. The possibility of large-scale core expansion
over an extended duration has important implications for much globular cluster work, particularly that involving
cluster survivability.

Current status of GRAPE project

Jun Makino!

! National Astronomical Observatory-Japan

Abstract. In this talk, I'll summarize the current status of GRAPE project. GRAPE-6, completed in 2002, has
been used by a number of people, for a wide variety of problems such as planet formation, star cluster dynamics,
galactic nuclei, and cosmology. In 2004, we started the development of the next-generation machine, GRAPE-
DR. GRAPE-DR has a architecture radically different from that of previous GRAPESs, in that it does not have
hardwired pipeline for gravitational force calculation but a large number of small and simple programmable
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processors. This change make it possible to apply GRAPE-DR to a wide range of problems to which GRAPE was
not efficient, and at the same time it helps us to explore new algorithms for N-body simulations. The GRAPE-
DR chip was completed in 2006, and second prototype board was completed in May 2007. We hope to have full
production-level board commercially available by the end of year 2007. A single board will offer the theoretical
peak speed of 2 Tflops, about 20 times as that of a single PCI card version of GRAPE-6.

Hybrid Direct/Tree Code for Modeling Star Clusters in a
Strong, Time-Dependent Tidal Field

Ernest N. Mamikonyan', Steve McMillan!, Enrico Vesperini®

!Department of Physics, Drexel University email: ernest@physics.drexel.edu, steve@physics.drexel.edu,
vesperin@physics.drexel.edu

Abstract. Accurately modeling the evolution of a star cluster in a strong tidal field poses unique computational
challenges. We present a hybrid code that combines the strengths of two different approaches to computing
gravitational forces. The internal, collisional, dynamics of the cluster is followed with a direct N-body integrator,
Kira, while the galactic tidal field is modeled with a cosmological code, GADGET, that uses a tree to evaluate
gravitational forces in O(NlogN) time. The quadrupole moment at the center of mass of the cluster is used
to compute the external potential and provides a mechanism for mass loss. This forms a robust, bidirectional
interaction. The advantages of combining two highly-developed and well-established software packages at such
high level are obvious and many; not the least of these is the ability to include other physical processes, e.g.,
stellar evolution.

One problem to which we applied this technique is the evolution of a dense star cluster near the Galactic center.
We are also using this code to explore the effects of the strong time variation in the tidal field of merging galaxies
on the evolution of young star clusters forming during the merger.

Resonance, Chaos and Stability in the General Three-Body
Problem
Rosemary A. Mardling

School of Mathematical Sciences, Monash University email: mardling@sci.monash.edu.au

Abstract. Three-body instability is fundamental to astrophysical processes on all length and mass scales, from
construction of planets to construction of massive elliptical galaxies. Thus it is vital that we have a thorough
understanding of this classic problem, both from the mathematical point of view as well as the physical. While
substantial progress has been made in understanding so-called Hill stability, that is, stability against close approach
for systems with small mass ratios, very little has been made for the more general Lagrange stability, that is stability
against escape of one of the bodies. The one exception is the work of Wisdom (1980) who considered the planar
circular restricted three-body problem with small mass ratio. The key idea in Wisdom’s work is that of resonance
overlap, a concept used in the study of chaos in conservative systems.

Most of what we know about (Lagrange) stability in the general three-body problem has been gleaned from
direct numerical integrations. I will present a simple analytical stability criterion which uses the resonance overlap
concept. It has no free parameters, and makes no assumptions about the mass ratios or orbital elements. It reveals
the dependence of stability on all the parameters of the system, providing insight not afforded by numerical
treatments as well as a practical algorithm for use in planetary and stellar N-body simulations.
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Binary Star Populations of Open Clusters. Benchmarks at the
Interface of Stellar Dynamics and Stellar Evolution Theory
Robert D. Mathieu®

!Department of Astronomy, University of Wisconsin - Madison email: mathieu@astro.wisc.edu

Abstract. Current capabilities of N-body calculations permit detailed simulations of rich open clusters with
primordial binary populations over ages of several Gyr. The evolution of the binary populations, and the concurrent
production of stellar products that cannot be explained by standard single-star evolution theory, represent critical
benchmarks - and in some cases, predictions - of the interplay of stellar dynamical and stellar evolutionary theories.

For the past decade, the WIYN Open Cluster Study has been defining in detail the stellar populations of five
rich open clusters spanning ages from 150 Myr to 7 Gyr. In particular, the Wisconsin group has obtained nearly
30,000 radial-velocity measurements of nearly 6000 stars in these clusters, and has identified over 900 binaries
with orbital periods of less than 10,000 days (i.e., hard binaries), of which nearly 400 have yielded orbit solutions.
I will present the hard binary populations in these clusters. I will also discuss particular case studies of binaries
and encounter products that provide insights into dynamical evolution processes.

Internal Structures of Globular Clusters and the Fundamental
Plane

Dean E. McLaughlin!

1School of Physical and Geographical Sciences, Astrophysics Group, Keele University, Keele,
Staffordshire ST5 5BG UK email:dem@astro.keele.ac.uk

Abstract. The high spatial resolution of HST has allowed the measurement of detailed internal surface-brightness
profiles for globular and other massive star clusters in many galaxies beyond our own. We have now derived and/or
analysed the spatial structures of nearly 350 well-resolved globular clusters in 6 galaxies including the Milky Way.
I will summarise our recent work to fit these data with a variety of simple physical models, including critical
comparisons to the standard King lowered-isothermal spheres. We have combined the results of this fitting with
a basic population-synthesis analysis, to derive a full suite of structural and dynamical parameters for all of these
clusters. This homogeneous database is ideally suited for defining and exploring the fundamental plane of globular
clusters, making inter-galaxy comparisons and contrasting with the fundamental planes of massive young clusters,
galaxy nuclei, and even elliptical galaxies. I will review some of our efforts in this direction as well, and discuss
the clues that are emerging about the formation and dynamical histories of globulars.

A Dynamical Origin for Early Mass segregation in Young Star
Clusters

Steve McMillan !, Enrico Vesperini !, Simon Portegies Zwart 2

!Department of Physics Drexel University email: vesperin@physics.drexel.edu, steve@physics.drexel.edu
2 Astronomical Institute, University of Amsterdam email: spz@science.uva.nl

Abstract. Some young star clusters show a degree of mass segregation that is inconsistent with the effects of
standard two-body relaxation from an initially unsegregated system without substructure and in virial equilibrium.
We present the results of a survey of N-body simulations exploring the evolution of initially clumpy clusters. Our
simulations show that mergers of small clumps that are initially mass segregated, or in which mass segregation
can be produced by two-body relaxation before they merge, generically lead to larger systems that inherit the
progenitor clumps’ segregation. We conclude that clusters formed in this way are naturally mass segregated,
accounting for the anomalous observations and suggesting that this process of prompt mass segregation due to
initial clumping should be taken into account in models of cluster formation and dynamics.
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A Brief History of Regularisation

Seppo Mikkola!

!Tuorla Observatory, University of Turku, Finland
email: Seppo.Mikkola@utu.fi

Abstract. The various methods for regularisation of the gravitational few-body problem, from the coordinate
transformation by the Kustaanheimo-Stiefel method to the more recent methods of algorithmic regularisation, are
reviewed. Numerical comparisons of the performance of the methods are presented and future research suggested.

6th and 8th order Hermite Integrator using Snap and Crackle

Keigo Nitadori!, Masaki, Iwasawa?, Junichiro Makino®

!Department of Astronomy, Graduate School of Science, The University of Tokyo email:
nitadori@astron.s.u-tokyo.ac.jp ' Department of General System Studies, College of Arts and Science,
The University of Tokyo email: iwasawa@margaux.astron.s.u-tokyo.ac.jp ®Division of Theoretical
Astronomy, National Astronomical Observatory of Japan email: makino@cfca.jp

Abstract.

The 4th order Hermite integrator can be naturally extended to higher orders by using higher order derivatives of
acceleration calculated directly. We derived 6th and 8th order schemes, which use derivatives up to the second order
(snap) and up to third order (crackle), respectively. These higher order schemes can be combined with individual
timestep algorithm. We implemented an N-body time integration program with these high-order individual time
step algorithms. The additional cost of the direct calculation of higher order terms are not excessive. The floating-
point operation counts per interaction of the 4th, 6th and 8th order scheme are 60, 96 and 144, respectively in
our implementation.

To calculate the contribution of one particle j to snap or crackle of particle ¢, we need acceleration and jerk for
both of particles ¢ and j at the time of particle i. With higher order predictor, we can construct predictors of the
required order for acceleration and jerk. So we do not need to calculate the acceleration and jerk for all particles
to calculate snap and crackle for particle 7, and the time integration algorithm is essentially the same as that for
the traditional 4th order scheme.

We have done a series of numerical experiments. The result suggests that the 6th order integrator allows larger
mean step size compared to that of the 4th order integrator by a factor 2 ~ 3, in a typical required accuracy in
simulations of dense stellar systems. For higher accuracy, the difference can be much larger.

Central Dynamics of Globular Clusters: the Case for a black
hole in w Centauri
Eva Noyola!, Karl Gebhardt?, Marcel Bergmann?

'Max Planck Institute for Extraterrestrial Physics email: noyola@mpe.mpg.de
?Department of Astronomy, University of Texas at Austin
3GEMINI observatory

Abstract. Globular clusters have been classified into two groups due to their dynamical state. They are considered
to be either pre-core-collapse or post-core-collapse systems. Clusters are classified as post-core-collapse when they
show concentrated surface brightness profiles, with a steep central cusp; while pre-core collapse clusters are less
concentrated and have flat central cores. I briefly review recent results from models and observations, which show
that the assumption of bimodality might not give the complete picture of central dynamics in globular clusters.
Some of the observations can be explained by the presence of a single or a binary intermediate mass black hole in
the center of the clusters. As an example, I present a central surface brightness profile from an ACS image, as well
as central velocity dispersion measurements from GEMINI-GMOS that suggest the presence of an intermediate
mass black hole of 4 x 10* My in the center of w Centauri.
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The Origin of the Universal Globular Cluster Mass Function

Genevieve Parmentier!, Gerard Gilmore?
b)

nstitute of Astrophysics & Geophysics, Liege, Belgium - email: gparmentier@ulg.ac.be
2Institute of Astronomy, Cambridge, UK - email: gil@ast.cam.ac.uk

Abstract.

Evidence favouring an initial globular cluster mass function similar to that observed today has accumulated
over recent years. This implies that the observed universal Gaussian globular cluster mass function is the preserved
imprint of the cluster formation process. I investigate how the shape of the initial globular cluster mass function is
affected by expulsion from the protocluster of the leftover star forming gas due to supernova activity. Owing to the
corresponding weakening of its gravitational potential, the protocluster retains a fraction only of its newly formed
stars. The initial mass of a star cluster thus depends on gas removal, which is worth being put to the test as a
possible controlling mechanism of the initial cluster mass function shape. I show that an approximately Gaussian
initial cluster mass function with the observed width and turnover may be the imprint of the gas removal phase,
provided that the protoglobular clouds have a characteristic mass of about 10° Mg . The universality of the globular
cluster mass function may therefore originate from a common value among galaxies for the protoglobular cloud
mass-scale. The distribution function of masses of protoglobular clouds (e.g. truncated power-law or Gaussian)
influences only weakly the shape of the resulting initial globular cluster mass function. The gas removal process and
the protoglobular cloud characteristic mass dominate the relevant physics. Moreover, gas removal is highlighted
as the likely prime cause of the predominance of field stars in the Galactic halo.

Observational Evidence of Multiple Stellar Populations in
Globular Clusters

Giampaolo Piotto!

!Dipartimento di Astronomia, Universita di Padova, vicolo dell’Osservatorio, 3, I-35122 Padova, Italy,
giampaolo.piotto@unipd.it

Abstract. Recent photometric investigations, based on HST high accuracy photometry, have shown that the
color magnitude diagram of Galactic globular clusters is much more complex than once thought. The presence of
multiple main sequences, multiple sub-giant branches, coupled with multimodal horizontal branches are clearly
challenging the paradigm that globular clusters host simple stellar populations, and call for new ideas on star
formation processes in star clusters.

We will present the available photometric and spectroscopic observational facts. We will show that multiple
star formation episodhes must differ from cluster to clusters. The increasing evidence of multiple populations in
globular clusters rises changelling questions both for the cluster dynamical evolution, and for the evolution of
their stars.

Millisecond Pulsars in Globular Clusters

Scott M. Ransom!
INRAO, Charlottesville, VA, USA email: sransom@nrao.edu

Abstract. There are currently more than 130 known pulsars in the Galactic globular cluster system, and almost
half of these have been discovered using the Green Bank Telescope (GBT) within the past 5 years. The vast
majority of these systems are millisecond pulsars and just over half of them are members of binaries. The rich
cluster Terzan 5 alone now contains 33 known millisecond pulsars, by far the most of any globular cluster. Many of
the pulsars are truly unique and/or exotic objects that could only have been produced in dense cluster cores after
stellar interactions. Some of the stranger systems that have been recently uncovered include the fastest known
spinning neutron star (PSR J1748—2446ad at 716 Hz), 10 highly eccentric binary systems, and 4—5 millisecond
pulsars which seemingly have main-sequence-like stellar companions. Several of the pulsars constrain the equation
of state of matter at supra-nuclear densities, while others will eventually provide masses of spun-up neutron stars
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and interesting tests of gravitational theories. In addition, the pulsars will allow us to probe a wide variety of
other astrophysics such as eclipse mechanisms, cluster dynamics, and the structure of the interstellar medium.

Masses and M/L ratios of bright globular clusters in NGC 5128

M. Rejkuba!, P. Dubath?, D. Minniti®, G. Meylan*

'ESO, Garching, Germany email: mrejkuba@eso.org
20Observatoire de Geneve, Switzerland email: pierre.dubath@obs.unige.ch
3Pontificia Universidad Catdlica, Santiago, Chile email: dante@astro.puc.cl
4Ecole Polytechnique Fédérale de Lausanne, Sauverny, Switzerland email: georges.meylan@epfl.ch

Abstract. We present an analysis of the radial velocities and velocity dispersions for 27 bright globular clusters
in the nearby elliptical galaxy NGC 5128 (Centaurus A). For 22 clusters we combine our new velocity dispersion
measurements with the information on the structural parameters, either from the literature when available or
from our own data, in order to derive the cluster masses and mass-to-light (M/L) ratios. The masses range from
1.2 x 10° Mg, typical of Galactic globular clusters, to 1.4 x 10” Mg, similar to more massive dwarf globular
transition objects (DGTOs) or ultra compact dwarfs (UCDs) and to nuclei of nucleated dE galaxies. The average
M/Ly is 3+ 1, larger than the average M /Ly of globular clusters in the Local Group galaxies.

The correlations of structural parameters, velocity dispersion, masses and M /Ly for the bright globular clusters
extend the properties established for the most massive Local Group clusters towards those characteristic of dwarf
elliptical galaxy nuclei and DGTOs/UCDs. The detection of the mass-radius and the mass-M /Ly relations for
the globular clusters with masses greater than ~ 2 x 10° Mg provides the link between “normal” old globular
clusters, young massive clusters, and evolved massive objects.

A Near-infrared Survey of the Rosette Complex: Clues of Early
Cluster Evolution
Roman-Zuniga C., Lada E. and Ferreira B.

Abstract. The majority of stars in our galaxy are born in embedded clusters, which can be considered the
fundamental units of star formation. We have recently surveyed the star forming content of the Rosette Complex
using FLAMINGOS in order to investigate the properties of its embedded clusters. In this talk we will discuss the
results of our near-infrared imaging survey. In particular, we will focus on the first evidence for the early evolution
and expansion of the embedded clusters. In addition we will present data suggesting a temporal sequence of cluster
formation across the cloud and discuss the influence of the HII region on the star forming history of the Rosette.

Changing structures in Galactic star clusters
S. Schmeja!, M. S.N. Kumar!, D. Froebrich?, R.S. Klessen®

!Centro de Astrofisica da Universidade do Porto, Portugal. email: sschmeja@astro.up.pt,
nanda@astro.up.pt
2Centre for Astrophysics and Planetary Science, University of Kent at Canterbury, UK. email:
df@star.kent.ac.uk
3Zentrum fiir Astronomie der Universitit Heidelberg, Germany. email: rklessen@ita.uni-heidelberg.de

Abstract. We investigate the structures of embedded and open clusters using statistical methods, in particular
the normalised mean correlation length, the mean edge length of the minimum spanning tree and the combined
parameter @ (Cartwright & Whitworth 2004, MNRAS, 348, 589), which permits to quantify the cluster structure,
and also to identify previously unknown clusters. While the structure of embedded clusters holds clues to their
formation mechanism, the structure of open clusters reflects their dynamical evolution. Star clusters build up
from several subclusters evolving from a structured to a more centrally concentrated stage. The evolution is not
only a function of time, but also of the mass of the objects. Massive stars are usually centrally concentrated,
while lower-mass stars are more widespread, reflecting the effect of mass segregation. Using this method we find
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that in IC 348 and the Orion Nebula Cluster the spatial distribution of brown dwarfs does not follow the central
clustering of stars at all, giving important clues to their formation mechanism by supporting the ejected embryo
scenario.

The Formation and Dynamics of the SMC Cluster NGC 346

L. J. Smith!, A. Nota', E. Sabbi' et al.

I Space Telescope Science Institute, 3700 San Martin Drive, Baltimore MD 21218, USA email:
Ismith@stsci.edu

Abstract. Young resolved clusters in the SMC provide us with the opportunity to study the details of their
formation and the efficiency of feedback mechanisms at low metallicity. HST/ACS images reveal that the young
cluster NGC 346 is composed of a number of subclusters, and the region as a whole is surrounded by complex
gas structures, indicating a clear interaction with the environment. To probe the dynamics of the subclusters and
the ionized gas, we have obtained high resolution optical spectroscopy for a number of slit positions across the
region. Surprisingly, we find little evidence of gas motions in the ionized gas. This suggests that, at the low SMC
metallicity, the cluster O star winds are not powerful enough to sweep away the residual gas. Instead, we find that
stellar radiation is the dominant process shaping the interstellar environment. We use HST photometry of the
stellar population to derive the star formation history of the region. We find large numbers of pre-main sequence
stars and derive an age of 3+ 1 Myr for the main central cluster. Within the uncertainties, the subclusters appear
to be coeval with each other and the formation of the main cluster. By coupling these results with the dynamics
of the subclusters, we are able to derive the actual formation and assembly history of NGC 346. We compare our
findings to the most recent models of hierarchical molecular cloud fragmentation and cluster formation.

Post-Newtonian Dynamics in Dense Stellar Systems

Rainer Spurzem!, David Merritt?, Peter Berczik!, Ingo Berentzen!, Miguel Preto', Jonathan Downing’

! Astron. Rechen-Inst., Zentrum fiir Astronomie, Univ. Heidelberg, Germany email:
spurzem@ari.uni-heidelberg.de
2Rochester Inst. of Technology, Rochester, New York, USA email: merritt@astro.rit.edu

Abstract. Dense stellar systems (star clusters and galactic nuclei) are some of the most promising sources of
gravitational waves since black holes may form and grow in them. In the talk I will describe how relativistic
dynamics is included in N-body simulations of such systems, and discuss examples how we model sources in
different wavelength regimes, showing results from triple and binary black holes in galactic nuclei, and giving an
outlook to projected work for star clusters. Also I'll explain how these theoretical activities are embedded into
collaborative programs with gravitational wave observatories, such as the VESF (Virgo-EGO science collaboration)
and the German LISA cooperation.

Effects of Hardness of Primordial Binaries on Evolution of Star
Clusters
Ataru Tanikawa!, Toshiyuki Fukushige?

'Department of General System Studies, College of Arts and Sciences email:
tanikawa@Qea.c.u-tokyo.ac.jp
2K & F Computing Research email: fukushig@kfcr.jp

Abstract. We performed N-body simulations of star clusters with primordial binaries using a new code, GO-
RILLA. It is based on Makino and Aarseth (1992)’s integration scheme on GRAPE, and includes a special
treatment for relatively isolated binaries. Using the new code, we investigated effects of hardness of primordial
binaries on whole evolution of the clusters. We simulated four N = 16384 equal-mass clusters containing 10 % (in
mass) primordial binaries whose binding energies are 1,10, 100, and 1000kT, respectively. Additionally, we also
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simulated a cluster without primordial binary and that in which all binaries are replaced by stars with double
mass, as references of soft and hard limits, respectively. We found that, in both soft (< 1kT") and hard (> 1000kT")
limits, clusters experiences deep core collapse and shows gravothermal oscillations. On the other hands, in the
intermediate hardness (10 — 100kT"), the core collapses halt halfway due an energy releases of the primordial
binaries. The core radii at the halt can be explained by their energy budget.

Dynamical Evolution of Star Clusters with Primordial Binaries
and Intermediate Mass Black Holes
Michele Trenti', Douglas Heggie? and Piet Hut?

!Space Telescope Science Institute, Baltimore, MD email: trenti@stsci.edu
2School of Mathematics, University of Edinburgh, Edinburgh Scotland, U.K.
3Institute for Advanced Study, Princeton, NJ

Abstract.

The evolution of a star cluster is strongly influenced by the presence of primordial binaries and of a central
black hole, as dynamical interactions within the core prevents a deep core collapse under these conditions. We
will present the results from a large set of direct N-body simulations of star clusters that include an intermediate
mass black hole (IMBH), single and binary stars. We will highlight the structural and dynamical differences for
the various cases showing in particular that on a timescale of a few relaxation times the density profile of the
star cluster does no longer depend on the details of the initial conditions but only on the efficiency of the energy
generation due to gravitational encounters at the center of the system. The dense cores of these systems are
natural laboratories for stellar dynamics and frequent multiple interactions lead to the formation of hierarchical
systems that we use to predict the abundance of triples stars in globular clusters, in particular with one member
of the triple being a pulsar.

The Imprints of IMBHSs on the Structure of Globular Clusters:
Monte-Carlo Simulations
Stefan Umbreit!, John Fregeau,®, Fred Rasio,’

!Department of Physics and Astronomy, Northwestern University, IL email: s-umbreit@northwestern.edu

Abstract.

While the presence of intermediate mass black holes (IMBHs) in the center of globular clusters has been
predicted more than 30 years ago, it was not until recently that observations could, through the detection of
velocity and density cusps in the cluster cores, provide direct indications for their existence. However, for an
unambiguous confirmation extensive modelling of the cluster evolution is required. We present results of a series
of Monte-Carlo simulations investigating the imprints of a central black hole on the core structure of globular
clusters. We investigate the core radius and velocity dispersion profile of the inner cluster regions as a function
of the stellar mass spectrum and the total number of stars, ranging from 10° up to a few 10°, taking into
account physical stellar collisions, stellar evolution as well as strong binary interactions. We compare our results
to observations, putting new constraints on the masses of potential black holes in the centers of globular clusters,
as well as to other simulations published previously in the literature. The Monte-Carlo technique gives us the
advantage to model the evolution of globular clusters with a realistic number of stars, which is important to
ensure the correct rate of the different dynamical processes at work that all scale differently with N.
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The Problem of Three Stars
M.J.Valtonen!

!Department of Physics and Tuorla Obsrvatory, University of Turku email: mvaltonen2001@yahoo.com

Abstract. The Problem of Three Stars is similar to the Classical Three-Body Problem, but the approach is
different from the usual mathematical discussion. For example, the finite size of the stars has to be taken into
account in dense stellar environments. In addition, problems like three-body scattering are central to the three-
star problem, but have not been studied much in other contexts. Here the classical work by Heggie (1975) is
the foundation of much of the current activity. I will discuss the three-body scattering as an example of rather
complete phase space mixing. Also the stability of hierarchical triple stars is reviewed.

A simultaneous Chandra/HST survey of the compact binaries
in the globular cluster 47 Tuc: optical results
Maureen van den Berg!, Josh Grindlay', Peter Edmonds®, Craig Heinke?

'Harvard/CfA email: maureen@head.cfa.harvard.edu
2Dept. of Physics and Astronomy, Northwestern University

Abstract. Globular clusters are important laboratories to study stellar and binary evolution, and the role therein
of dynamical encounters. In high-resolution Chandra X-ray images of globular clusters dozens of interacting
binaries have been discovered, including exotic systems containing white dwarfs and neutron stars. Optical iden-
tification, although challenging, is the first step towards learning more about their properties and how these may
differ from the field population. With the aim of obtaining a complete census of its compact binaries, we have un-
dertaken a deep survey of simultaneous HST/ACS and Chandra observations of the globular cluster 47 Tuc, which
contains by far the largest numbers of identified compact binaries of any globular cluster. These data include the
first deep images of 47 Tuc in Ha, which is a powerful probe of ongoing accretion. We present new identifications
and source classifications, including the discovery of a counterpart of a candidate quiescent neutron-star low-mass
X-ray binary. We also find optical variability of up to 3.5 mags in the 11-day time span of our data in 5 cata-
clysmic variables (CVs) that is likely related to variations in the mass accretion rate. We show the simultaneous
X-ray/optical behavior and discuss our results in the light of previous suggestions that the CVs in globular clusters
are dominated by magnetic systems and have lower accretion rates when compared to field systems. First results
of an archival study to search for more large-amplitude variations of the CVs in 47 Tuc are also presented.

X-ray sources in globular clusters

F.Verbunt!
L email:F.W.M.Verbunt@astro.uu.nl

Abstract. All stars emit X-rays, but some emit more than others... The increased sensitivity and position accuracy

of the Chandra satellite has opened the study of faint X-ray sources in the clusters of the Milky Way, and of

bright X-ray sources in globular clusters of other galaxies. By comparing clusters with different properties, i.e.

mass, central density, metallicity, we can establish how the number of X-ray sources in them — c.q. the probability

of them to contain a source — depends on these properties; and we can do this for each class of source separately.
I will discuss the observations, dependances, and possible explanations.
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Dynamical Evolution of Mass-segregated Clusters

Enrico Vesperini!, Steve McMillan !

!Department of Physics Drexel University
email: vesperin@physics.drexel.edu, steve@physics.drexel.edu

Abstract. We present the results of N-body simulations exploring the early and long-term dynamical evolution of
initially mass-segregated star clusters. The implications of early mass segregation on the evolution of the clusters
structure, lifetime and stellar content are discussed.

Observational Constraints on the Formation and Evolution of
Globular Cluster Systems

Steve Zepf!

I Department of Physics and Astronomy, Michigan State Universit
P Yy Y. g Yy
email: zepf@pa.msu.edu

Abstract. I will discuss the observational properties of globular cluster systems, with a particularly emphasis
on how these inform and constrain theoretical studies of the formation and dynamical evolution of globular
clusters. The talk will both highlight new observational results and connect these to previous work. I will note
several successful examples of the interplay between theory and observation in the area of dynamical evolution of
globular cluster systems, and will discuss several key open questions.




