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Amelia Stutz: Cluster formation in Orion: the Slingshot mechanism

Lunch

Young star clusters and star forming regions

(chair: Tereza Jerabkova)

Peter Zeidler: Young massive star clusters in the era of integral field
spectroscopy

Michael Grudié: The Structure of Young Massive Clusters via Hierarchical
Star Formation

Diogo Belloni: On Cataclysmic Variables in Globular Clusters

coffee break

New observational frontiers

(chair: Steffen Mieske)

Matthew Benacquista: Gravitational Wave Detection of Compact Bina-
ries

Gerry Gilmore: New observational frontiers - Gaia, and others

David Pooley: The Lynz X-ray Mission

Conference dinner
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Wednesday, September 20

08:30 — 10:25
08:30 — 09:10
09:10 - 09:35
09:35 — 10:00
10:00 — 10:25
10:25 — 10:55
10:55 — 12:35
10:55 - 11:20
11:20 — 11:45
11:45 - 12:10
12:10 — 12:35
12:35 — 14:30
14:30 - 16:00
16:00 — 18:00
18:30 — 20:00

Stellar populations in star clusters

(chair: Amelia Stutz)

Corinne Charbonnel: Multiple stellar populations in globular clusters -
Observational constraints and theoretical challenges

Jongsuk Hong: Dynamical origin of multiple populations in star clusters
in the Magellanic Cloulds

Nikolay Kacharov: Stellar populations and star formation histories in the
nuclei of nearby galazies

Mayte Alfaro Cuello: Connecting globular and nuclear star clusters
through the enigmatic M5/

coffee break

Stellar populations in star clusters

(chair: Nora Luetzgendorf)

Tereza Jerabkova: Stellar populations in extreme star burst clusters and
UCDs

Antonio Sollima: The initial and present-day mass function of Galactic
globular clusters
Hossein Haghi:

clusters in M31

Joerg Dabringhausen: Are globular clusters in the Fornaz Cluster different
from those in the Virgo Cluster?

Lunch

Discussion on perspectives of NBODY6/7 with Sverre Aarseth
(chair: Rainer Spurzem)

The mass-to-light ratio-metallicity relation of globular

Guided tour through Prague / free programme

Concert in the representative hall of the Faculty of Mathematics
and Physics



Programme

XV

Thursday, September 21

08:30 — 10:25
08:30 — 09:10
09:10 — 09:35
09:35 — 10:00
10:00 — 10:25
10:25 — 10:55
10:55 — 12:35
10:55 — 11:20
11:20 — 11:45
11:45 — 12:10
12:10 — 12:35
12:35 — 14:30
14:30 — 16:10
14:30 — 14:55
14:55 — 15:20
15:20 — 15:45
15:45 — 16:10
16:10 — 16:40
16:40 — 18:35
16:40 — 17:20
17:20 — 17:45
17:45 — 18:10
18:10 — 18:35
19:30 — 21:00

Galactic centre / nuclear star clusters

(chair: Jaroslav Haas)

Tuan Do: Observations of the Milky Nuclear Star Cluster

Mark Morris: The Dust-Enshrouded “G” Sources Orbiting the Galactic
Black Hole: Fluffy Stellar Merger Products

Alessandro Ballone: A compact source scenario for the Galactic Center
cloud G2

Alessandra Mastrobuono Battisti: The build up of nuclear star clusters:
simulations and observations

coffee break

Galactic centre / nuclear star clusters

(chair: Giacomo Beccari)

Roberto Capuzzo Dolcetta: Nuclear Star Clusters and Super Massive
Black Holes as Compact Massive Objects

Arianna Picotti: XSHOOTER Survey of the Nearest Nuclear Star Clusters
Karamveer Kaur: Response of a Nuclear Star Cluster to the Slow Accu-
mulation of Gas

Yasna Ordenes Briceno: Nucleated dwarf galazies in the central region of
the Fornar Galaxy Cluster: Nuclear cluster analysis

Lunch

Galactic centre / nuclear star clusters

(chair: Elisa Bortolas)

Alessandro Alberto Trani: Circumnuclear disks and rings of gas as probes
of supermassive black hole presence

Eugene Vasiliev: The adventures of a stellar cusp in the Galactic Center
Taras Panamarev: Direct N-body simulation of the Galactic Centre

Nora Luetzgendorf: An upper limit on the mass of a central black hole in
the large magellanic cloud

coffee break

Blue stragglers / stellar collisions and their products

(chair: Yasna Ordenes Briceno)

Melvyn Davies: Stellar collisions and their products

Michael Fellhauer: Pop III star clusters: The crucial interplay between
accretion and collisions

Silvia Raso: The “UV-route” to Search for Blue Straggler Stars in Glob-
ular Clusters: First Results from the HST UV Legacy Survey

Snehalata Sahu: UV bright population in Globular Cluster NGC 288 -
insights from UVIT

Mark Morris: Extreme Stars at the Center of the Galaxy
(public lecture)
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Friday, September 22

08:30 — 10:25
08:30 — 09:10
09:10 — 09:35
09:35 — 10:00
10:00 — 10:25
10:25 — 10:55
10:55 — 12:35
10:55 — 11:20
11:20 — 11:45
11:45 — 12:10
12:10 — 12:35
12:35 — 14:30
14:30 — 16:25
14:30 — 15:10
15:10 — 15:35
15:35 — 16:00
16:00 — 16:25
16:25 — 16:55
16:55 — 18:35
16:55 — 17:20
17:20 — 17:45
17:45 — 18:10
18:10 — 18:35

Compact objects in star clusters

(chair: Sambaran Banerjee)

Mirek Giersz: Compact objects in star clusters

Carl Rodriguez: Binary Black Hole Mergers from Dense Star Clusters
Anna Sippel: A black hole love story

Alice Zocchi: Kinematical signatures of intermediate-mass black holes in
globular clusters

coffee break

Compact objects in star clusters

(chair: Mirek Giersz)

Paolo Bianchini: The dynamical M/L of globular clusters

Giacomo Fragione: Millisecond pulsars and the gamma-ray excess in the
Galactic Center

Manuel Arca Sedda: Ewolution of intermediate-mass and stellar binary
black holes in galactic nuclei

Steffen Mieske: Super-massive black holes in ultra-compact dwarf galazies

Lunch

Astrophysical sources of gravitational waves

(chair: Joerg Dabringhausen)

Krzysztof Belczynski: GW170104 and the origin of heavy, low-spin binary
black holes via classical isolated binary evolution

Yeong-Bok Bae: Dynamically Formed Black Hole Binaries as Gravita-
tional Wave Sources

Alexander Rasskazov: FEvolution of massive black hole binaries in rotating
stellar nuclei and its implications for gravitational wave detections
Rainer Spurzem: Ezxtragalactic Globular Star Clusters as Sources of Grav-
itational Wave Fvents

coffee break

Astrophysical sources of gravitational waves

(chair: Melvyn Davies)

Elisa Bortolas: Star Cluster Disruption by a Supermassive Black Hole
Binary

Abbas Askar: Gravitational Waves and High Energy Sources Originating
From Globular Clusters

Sambaran Banerjee: Stellar-mass black holes in young massive and open
stellar clusters and their role in gravitational-wave generation

Bence Kocsis: Gravitational wave sources in galactic nuclei
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Stellar dynamics and numerical
methods



2 Stellar dynamics and numerical methods

Modeling Massive Cluster Formation with Stellar
Feedback using FLASH and AMUSE

Steve McMillan

Drexel University

I describe some applications a hybrid simulation code designed to explore the formation and
assembly of massive star clusters. It combines the magnetohydrodynamics code FLASH,
handling gas dynamics and star formation, with the AMUSE software environment, which
manages the dynamics and evolution of stars and binary systems. The gravitational inter-
action between the gas and the stars is treated via a symplectic gravity bridge. Radiative,
wind, and supernova feedback are followed in FLLASH based on information provided by the
AMUSE system. The context for our simulations is provided by kiloparsec-scale simulations
of a turbulent, supernova-driven, stratified ISM, which set both the initial conditions and
the boundary conditions for our (100-pc scale) simulations. I will present results focusing
on stellar feedback during the early phases (1 —2) Myr of the cluster’s lifetime.
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A new high-performance particle® tree code designed
for realistic massive star cluster simulations

Long Wang
RIKEN AICS

As Wang (2016) provided the first million-body simulations of globular clusters (GCs) using
Nbody6++GPU, the realistic GC modelling become possible. However, to perform such
a simulation requires years of computing time on GPU supercomputers due to the very
time-consuming force calculation and complex few-body dynamic algorithms. This limits its
application for general GC studies that require many simulations for parameter sampling. To
overcome this bottleneck, we are developing a new N-body code based on a high-performance
particle-particle particle tree method combined with sophisticated few-body algorithms used
in Nbody6(++). With this new code, high-computing-speed N > 10° simulations including
all important dynamical processes involved in collisional dynamical systems can be possible.
Thus, it will become a powerful tool for efficient realistic modelling of massive star clusters
or more massive systems like Ultra Compact Dwarfs and Nuclear star clusters.
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Fitting self-similar core collapse in N-body models

Vaclav Pavlik

Astronomical Institute of Charles University, Prague

Core collapse is a typical evolutionary stage of star clusters. It is known that in an idealised
case, clusters evolve in a self-similar, or homologous, way prior the core collapse, e.g. the
density outside the core scales as p o< (). As in N-body models the complete collapse is
prevented by the transfer of binding energy of the cluster to binary stars, its time is difficult
to identify. Assuming that N-body clusters evolve self-similarly, we developed a method to
estimate the time of core collapse. We analysed hundreds of realisations of two models: one
single-component and one with Salpeter’s IMF. Both have patterns of homologous evolution,
although, with different power-law index: the former has a =~ 2.3, the latter has a ~ 1.5.
Further, we realised that the multi-component model went through several homologous
collapses with similar properties. Finally, we found a significant correlation between the
time of core collapse and the time of formation of the first hard binary.
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Leveraging the phase space richness of star clusters:
primordial and evolutionary features

Anna Lisa Varri
University of Edinburgh, UK

The study of the structure and dynamics of collisional stellar systems is often pursued under
a relatively stringent set of simplifying assumptions, such as isotropy in the velocity space
and the absence of ordered motions (e.g. rotation), which limit significantly the opportunity
to explore the kinematic richness of star clusters. None the less, recent and forthcoming ob-
servational programmes are unveiling an unexpected degree of phase space complexity, which
offers a refreshingly new and fertile degree of freedom to enrich our fundamental understand-
ing of the formation and evolution of this class of stellar systems. We will present some new
theoretical insight emerging from a more realistic treatment of the three-dimensional velocity
space of star clusters, with emphasis on the distinction between signatures resulting from
the early formation stage (”primordial features”) or from long-term dynamical processes
(”evolutionary features”).
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The E-MOSAICS project: simulating the formation
and evolution of galaxies and their globular cluster
systems

Marta Reina-Campos
Heidelberg University

We present the E-MOSAICS project (MOdelling Star cluster system Assembly In Cosmo-
logical Simulations in the context of EAGLE): a suite of cosmological, hydrodynamical
simulations run with the EAGLE model that includes the semi-analytic model MOSAICS
for star cluster formation and disruption. This is the first work to self-consistently model
the formation and evolution of the entire star cluster population through cosmic history in
fully cosmological, hydrodynamical simulations of galaxy formation. The project includes
zoom simulations of Milky Way-like analogues, galaxy groups and massive galaxy clusters.
We will show how globular cluster and young massive cluster populations form through
the same mechanisms and how globular cluster population properties have finally become
quantitative tracers of the formation histories of their host galaxy.
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Modelling globular clusters with potential escapers

Ian Claydon

University of Surrey

An increasing number of observations of globular clusters have shown a flattening of the
velocity dispersion profile and elevated surface density profile in the outer regions. Explana-
tions include the effects of a dark matter halo and modified gravity theories. Alternatively,
a population of energetically unbound stars trapped within the Jacobi surface can explain
these observables. From exploring the effects of these stars in N-body simulations we can
make predictions for effects on the rotation and velocity dispersion anisotropy and by in-
cluding the contribution of these energetically unbound stars in self-consistent models of
GC’s we show that their properties are sensitive to the details of the Galactic tides, opening
the window to use the potential escapers, as a complementary tool to other methods, to
infer the Galactic mass profile. Understanding this behaviour is paramount to correctly
understanding the wealth of data that will be available from upcoming Gaia data releases.
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The effect of unresolved binary systems on the
determination of dynamical masses

Guido Rodrigo Ismael Moyano Loyola
Lund Observatory

The determination of dynamical masses of star clusters relies on having kinematic infor-
mation of its members and, at the very least, line-of-sight velocity dispersion information
for both single stars and binary systems. The presence of unresolved close binary systems
contaminate the determination of velocity dispersion leading to an overestimation of the
dynamical mass of a given star cluster. In order to quantify this overestimation we have
modelled a range of star clusters with different masses and primordial binary systems, for
which we calculate the dynamical mass of each of them using observational constrains.
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The physical origin of stellar envelopes around
globular clusters

Phil Breen
University of Edinburgh

Recent observational evidence suggests that a number of globular clusters in the Local Group
may be surrounded by diffuse spherical envelopes of stars, extending out to several hundred
parsecs (e.g., see M2, NGC 5694, NGC 1851 in the Milky Way and MGC1 in M31). In
isolation, star clusters can naturally develop diffuse envelopes which may be characterised
by different structural and kinematic properties depending on whether they are populated
by slow diffusion or rapid ejection of cluster stars. In the presence of an external galactic
potential, this picture becomes more complicated as the envelopes respond significantly
to the effects of the tidal field. We investigate several possible formation and disruption
mechanisms of these tenuous envelopes, with emphasis on the role played by the orbital
history of the star cluster, the possible presence of a dark matter mini-halo, or modified
theories of gravity.
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Relaxation and mixing of constants of motion in
globular clusters

Yohai Meiron

E6tvos Lorand University

We explore the relaxation and mixing of energies and angular momenta in globular clusters
using N-body simulations and the diffusion equation. We show that relaxation time is only
a useful concept when considering the cluster as a whole, but when considering particles
of particular orbital families, the mixing time gives a better picture on how quickly those
particles’ constants of motion diffuse. We also show that there is an interesting difference
between how energy and angular momentum mix.
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On the origin and evolution of the old, yet metal-rich,
open cluster NGC 6791

Luis Martinez
Astronomy Institute, UNAM

Due to a unique set of properties, the studies about NGC 6791 are diverse; from orbital
analyses, going through a detailed study of its density distribution, and more recently, to
a deep analysis of its chemical composition. In this talk I will present a new approach and
tools employed to understand how this peculiar cluster was formed and evolved. Since its
metallicity suggests it was born in the inner thin disk, we test a possible radial migration
scenario for the orbit of NGC 6791. Then, we explore how the different possible Galactic
environments the cluster went through determined its evolution. Finally, by using nbody6tt
to simulate NGC 6791, we find the properties of the cluster at its formation time, which let
us understand how it managed to live so long, being metal-rich, and still very massive.



12 Stellar dynamics and numerical methods

Dynamical evolution of tidally limited rotating star
clusters

Maria Tiongco
Indiana University

Many observational studies are providing a rich and growing amount of information on the
internal kinematics of globular clusters. Driven by the opportunity to address a number of
open questions on the dynamical evolution of globular clusters with this new information, I
have investigated by means of N-body simulations, the evolution of the internal kinematical
properties of rotating star clusters evolving in the external tidal field of their host galaxies. 1
will focus my presentation on the results concerning the evolution of the rotation curve and
the velocity anisotropy and show how the evolution of anisotropy and rotation are affected by
the cluster internal evolution and the interaction with the external tidal field. T will present
a number of results illustrating how the interplay between a cluster’s internal evolution and
the interaction with the host galaxy can produce a significant complexity in the cluster’s
morphological and kinematical properties.
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14 Dynamics of (exo)planetary systems in star clusters

The evolution of planetary systems in dense star
clusters

Simon Portegies Zwart
Leiden Observatory

The evolution of planetary systems in dense star clusters Planetary systems in star clusters
are affected by internal dynamical processes and interactions with other stars. Using large
scale numerical simulations I will quantize these effects and discuss the consequences.
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Stability of Multiplanetary Systems in Star Clusters

Maxwell Xu Cai
Leiden Observatory

More than 3500 exoplanets are discovered, but only ~ 1% of them are found in star clusters.
To understand the roles of star cluster environments in shaping the dynamical evolution of
planetary systems, we carry out direct N-body simulations of four planetary systems models
in three different star cluster environments. I will report the results of these simulations.
For details, see: https://arxiv.org/abs/1706.03789
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A Smoothed Particle Hydrodynamics approach to
young protoplanetary disks around single and binary
stars

Luis Diego Pinto

Sapienza, University of Rome

Exoplanetary systems likely rise by condensation of the primordial protoplanetary disks
around young stars. During the last 30 years, such processes have been widely investigated
by studying the gas evolution around both single and binary stars. Of course, circum-
stellar disks may be present not only in an isolated environment but also in more or less
crowded environment. Open Clusters are good examples of regions rich of young stars likely
surrounded by a gaseous disk. Recent numerical investigations have put in evidence the
complex mechanism in which a protoplanetary disk in an open cluster can be perturbed
(impulsively or secularly) by the other stars. We present here an hydrodynamical code we
developed to investigate the evolution of self-gravitating gaseous disks which interact with
stars. We present some applications to the evolution of protoplanetary disks around single
stars (embedded in open clusters) and some investigations on the gas gravitational feedback
to isolated binary star.
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Young star clusters and star
forming regions
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18 Young star clusters and star forming regions

The spatial distribution of young stars and gas in giant
molecular clouds and the implications for cluster
formation.

Tom Megeath
University of Toledo

Understanding the emergence of stellar clusters and associations from the complex spatial
distributions of young stars found in molecular clouds is a key problem in astrophysics. I will
overview our understanding of the formation and early evolution of stellar groups, clusters,
and associations, with a focus on the low mass stars that make up the bulk of the stellar
mass. Taking a primarily observational perspective, I will initially concentrate on surveys
of molecular clouds in the nearest 1 kpc, where young low mass stars and protostars can be
detected and studied in detail. Of particular interest is the interplay of turbulence, grav-
itational collapse, magnetic fields, fragmentation, accretion and feedback from the 10000
AU scales of individual protostars to the parsec scales of clusters. I will also discuss po-
tential differences with more distant and extreme regions and the prospects for extending
observational studies to these more distant regions with JWST and ALMA.
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Non-thermal states of galactic filaments from the
dynamics of two-dimensional self-gravitating systems

Lapo Casetti
Universita di Firenze, INFN and INAF-Arcetri, Ttaly

Observations suggest that filaments in galactic molecular clouds are in a non-thermal state.
As a simple model of a filament we study a two-dimensional system of self-gravitating parti-
cles by means of numerical simulations of the dynamics. In cold collapses, after the damping
of virial oscillations the system settles in a non-thermal steady state whose radial density
profile is very similar to the observed ones. Moreover, for sufficiently small initial virial ratio
the density and kinetic temperature profiles are anticorrelated, i.e., exhibit temperature in-
version, again a feature that has been found in observations. The same happens in the state
reached after a strong perturbation of an initially isothermal cylinder. Finally, we discuss
our results in the light of recent findings in other contexts (including non-astrophysical ones)
and argue that the same kind of non-thermal states may be observed in any physical system
with long-range interactions, including condensed matter ones.
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Fibers in the NGC1333 proto-cluster

Alvaro Hacar
Leiden Observatory

Whether these gas properties for clustered star formation are similar to those found in
isolation remains a matter of strong debate. In a recent paper (Hacar et al. 2017), we
carried out a comprehensive and high-sensitivity study of the internal structure, density,
temperature, and kinematics of the dense gas content of the NGC 1333 region in Perseus,
one of the nearest and best studied embedded proto-clusters. The detailed characterization
of the gas kinematics reveals an intricate underlying gas organization both in space and
velocity. We identified a total of 14 velocity-coherent, (tran-)sonic structures within NGC
1333, with similar physical and kinematic properties than those quiescent, star-forming (aka
fertile) fibers previously reported in low-mass star-forming clouds (see Hacar et al. 2013).
These fibers are arranged in a complex spatial network, build-up the observed total column
density, and contain the dense cores and protostars in this cloud. Our results suggest that
the observational dichotomy between clustered and non-clustered star-forming regions might
be naturally explained by the distinct spatial density of fertile fibers in these environments.
During my talk I will discuss how these fibers can potentially unify our current description
of the star formation process in clusters of increasing complexity and mass.
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Stellar clusters in the star formation complexes G173
and G192

Anton Seleznev
Ural Federal University, UrFU

It is well known that stars are forming generally inside star clusters and associations, in a
single process with the formation of planetary systems. Then the study of star clusters with
different ages gives us the possibility to trace the history of star formation in the Galactic
disk during several giga years. An extremely young star clusters are of a special interest, they
are observed directly in the process of formation inside gas-dust clouds, many stars, being
cluster members, have observable protostellar/protoplanetary disks. An investigation of
extremely young clusters provides an opportunity to find out an initial stellar mass function,
to understand an order of formation of stars with different masses and the duration of star
formation process, to make conclusions about an early dynamical evolution of star clusters
and star formation region as a whole. This talk presents results of an investigation of star
clusters in star formation regions G173 and G192.
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The Evolution of Tight Binaries in Star Forming
Regions

Christian Boily

Observatoire astronomique de Strasbourg

Stars form over large ~ pc scale regions of arbitrary geometry along filaments and clumps.
I will review recent models and observations that motivate a simplified approach to the
dynamics of these regions and in particular the internal dynamics of their sub-structures. I
will argue that many of the observed characteristics of the stellar populations observed must
be set in the very late stages of the formation epoch. I will offer some prospects for multiple-
stars based on results from an on-going project combining dynamics and photometry.
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Simulations of young star clusters: the MYSTIX case

Steven Rieder
RIKEN AICS

Initial conditions for star cluster simulations are often based on simplified models, which
resemble clusters in an evolved state. We investigate how clusters are affected by their initial
conditions, by modelling them after observed clusters from the MYStIX observations. Using
an AMUSE star cluster simulation model that include stellar dynamics, stellar evolution and
gas dynamics, we investigate for three different cluster configurations how they evolve over
a period of 10 Myr. Each cluster configuration is run with a number of different realisations,
varying unknown parameters like the relative position and velocity of sub-clusters to study
how these affect the evolution of these young star clusters.
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Discrete episodes of star formation in the ONC?

Giacomo Beccari
ESO

As part of the Accretion Discs in Halpha with OmegaCAM (ADHOC) survey, we imaged
in 7, ¢ and H-alpha a region of 12 x 8 square degrees around the Orion Nebula Cluster.
Thanks to the high-quality photometry obtained, we discovered three well-separated pre-
main sequences in the colour-magnitude diagram towards the cluster’s center. Although
several reasons could be invoked to explain these sequences including unresolved binaries,
independent high-resolution spectroscopy supports the interpretation that these correspond
to discrete episodes of star formation, each separated by about a million years. Our ob-
servations reveal that these star-forming events occurred in the densest central regions of
the cloud. The stars from the two youngest populations rotate faster than the older ones,
in agreement with the evolution of stellar rotations observed in pre-main sequence stars
younger than 4 Myr in several star forming regions. If confirmed these results prompt for a
revised look at the formation mode and early evolution of stars in clusters.
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Cluster formation in Orion: the Slingshot mechanism

Amelia Stutz

Universidad de Concepcion

The Integral Shaped Filament (ISF) is home to the nearest significant protocluster, the
Orion Nebula Cluster. Recently we proposed the ”Slingshot” mechanism, requiring that
the ISF oscillate. In this work we investigate the ”Slingshot” effect on the ONC structure.
We show that the stellar density follows a Plummer profile with inner softening scale a =
0.36 pc, while the gas follows a cylindrical power law. The stellar contribution to the
gravitational field is nearly equal to that of the gas at r = a. At all other radii the field
is gas-dominated. The cluster crossing time is ~ 0.5 Myr, nearly identical to the filament
oscillation timescale. These results reveal an intimate connection between the stars and the
gas, such that tidal effects due to filament oscillations may set the protocluster structure.
We suggest that clusters that form in oscillating filaments are ultimately ejected, thereby
ending their formation phase.
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Young massive star clusters in the era of integral field
spectroscopy

Peter Zeidler
Space Telescope Science Institute (STScI)

With an age of 1 — 2 Myr at a distance of 4 kpc and a total stellar mass of 37000 solar
masses, Westerlund 2 (Wd2) is the second most massive young massive star cluster (YMC)
in the Milky Way. The numerous OB stars and the surrounding HII region make Wd2 a
perfect testbed to study the interactions of YMCs with their parental molecular gas cloud.
We are mapping Wd2 with the integral field spectrograph MUSE for a complete spectropho-
tometric survey of the cluster region. In combination with our deep multiband Hubble Space
Telescope (HST) photometric catalog we are able to extract stellar spectra down to 1 solar
mass using the software package “Pampelmuse”. A precise wavelength calibration using OH
skylines to accurately measure stellar radial velocities, in combination with multi-epoch HST
data to measure proper motions, provides us with the necessary information on the internal
stellar velocity dispersion to study, for the first time, the 3D kinematics and evolution of a
YMC.
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The Structure of Young Massive Clusters via
Hierarchical Star Formation

Michael Grudié
Caltech

Young massive clusters (YMCs) of widely varying mass, size, and environment have been
observed to have a similar outer surface brightness profile: a power law with a ”shallow”
slope between —2 and —3. We show that the surface brightness profiles of star clusters
formed in multi-physics MHD star formation simulations including stellar feedback are in
agreement with observations. This validates a novel approach to simulating star cluster
formation without resolving individual stars. We show that these shallow outer power-law
profiles are the natural consequence of phase-space mixing in the hierarchical merging of
sub-clusters that eventually form a bound star cluster. This gives physical motivation to
the observational fitting function, and has implications for the initial structure of young
globular clusters at high redshift.
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On Cataclysmic Variables in Globular Clusters

Diogo Belloni

Nicolaus Copernicus Astronomical Center

Cataclysmic variables (CVs) are interacting binaries composed of a white dwarf undergoing
stable mass transfer from (usually) a low-mass main sequence star and they are expected to
exist in non-negligible numbers in globular clusters (GCs) that are natural laboratories for
testing theories of stellar dynamics and evolution. I will present the main aspects related to
our understanding regarding GC CV populations based on the analysis of MOCCA (Hypki
& Giersz 2013) numerical simulations performed by Belloni et al. (2016, 2017a, 2017b)
and Hong et al. (2017). Emphasis will be given to the main differences in present-day
CV properties with respect to CV evolution models; common envelope phase parameters;
influence of nova eruptions on CV evolution and of dynamics on CV formation; initial cluster
conditions; and initial binary populations; and how all these factors influence CV ages, duty
cycles and detectability.
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Gravitational Wave Detection of Compact Binaries

Matthew Benacquista
University of Texas Rio Grande Valley

In light of the recent detections of binary black hole coalescences with LIGO, I will review
the detection process for these binaries and the methods of determining their properties. I
will also discuss the prospects for future detections at lower frequencies with LISA.
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New observational frontiers - Gaia, and others

Gerry Gilmore

Institute of Astronomy, Cambridge

Gaia is here! This changes the observational everything by orders of magnitude. I will give
an update. But for precision studies of specific systems, such as clusters, one needs precise
complementary data, especially radial velocities and abundances to isolate relevant samples
in phase space. These data are being obtained from many projects. I will show examples
from one, the Gaia-ESO Survey.
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The Lynx X-ray Mission

David Pooley
Trinity University

Lynx is a strategic X-ray mission concept with large collecting area, sub-arcsecond angular
resolution over a large field of view, and high spectral resolution. It is one of four mission
concept studies initiated by NASA for the 2020 Decadal Survey. In addition to enabling
frontier science from the first accretion light in the Universe to finding the missing baryons
to galaxy formation and evolution, it will also be the only large mission after Chandra that
will have the spatial resolution necessary to study X-ray sources in globular clusters. I will
discuss the proposed mission capabilities and the next steps going forward into the Decadal
Survey, which will require broad community support and input.
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Multiple stellar populations in globular clusters -
Observational constraints and theoretical challenges

Corinne Charbonnel
Dept of Astronomy, University of Geneva (CH) and CNRS (F)

In this talk I will review the characteristics of the multiple stellar populations observed in
globular clusters, and discuss the various scenarios that have been developed to explain their
origin. I will focus on the (many) current theoretical issues and open questions.
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Dynamical origin of multiple populations in star
clusters in the Magellanic Cloulds

Jongsuk Hong
KIAA-PKU

Numerical simulations were carried out to study the origin of multiple stellar populations
in the intermediate-age clusters NGC 411 and NGC 1806 in the Magellanic Clouds. We
performed NBODY6++ simulations based on two different formation scenarios, an ad hoc
formation model where second-generation (SG) stars are formed inside a cluster of first-
generation (FG) stars using the gas accumulated from the external intergalactic medium
and a minor merger model of unequal mass (Msg/Mpc = 0.05-0.10) clusters with an age
difference of a few hundred million years. In this talk, I will present the comparison between
our simulation results and the observations and will provide some observable properties for
the future observations for a better illustration of the origin of the multiple populations in
the Magellanic Cloud clusters.
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Stellar populations and star formation histories in the
nuclei of nearby galaxies

Nikolay Kacharov
Max Planck Institute for Astronomy - Heidelberg

The majority of galaxies harbour massive star clusters at their centres. These nuclear clusters
are the densest stellar aggregates in the Universe but their origin and evolution are not well
established to date. Being morphologically similar to the most massive globular clusters,
they have multiple, distinct stellar populations covering a large range of age and metallicity.
This is indicative of a merger history or prolonged star formation, sometimes continuing to
the present day. In this talk I will present recent results on the star formation histories of
the nuclei of 6 nearby galaxies (< 7 Mpc) based on X-Shooter unresolved spectroscopy and
comprehensive composite population models.
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Connecting globular and nuclear star clusters through
the enigmatic M54

Mayte Alfaro Cuello

Max-Planck-Institut fiir Astronomie

M54 is the second most massive globular cluster (GC) in the Milky Way, sitting at the
photocenter of the Sagittarius dwarf galaxy, it is one of the nearest nuclear star clusters
(NSCs). M54 shows a large spread in metallicity and age, as an evidence of its complex
star formation history. These facts and its proximity (D = 27.4 kpc) make M54 an ideal
laboratory for studying the still unknown connection between massive GCs and NSCs. We
present a large MUSE data set (= 3.25" x 3.25') covering =~ 2.5 Reff of M54. We have
extracted kinematic information and metallicity estimates for ~ 7000 individual member
stars, being able to disentangle the existence of at least two stellar populations, one old and
metal poor and other young and more metal rich, with clear kinematic differences. Through
these dynamical properties and chemical enrichment information we will be able to constrain
the star formation history of M54. This may pave the way to uncover the origin of the most
massive GCs in the Milky Way.
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Stellar populations in extreme star burst clusters and
UCDs

Tereza Jerabkova
HISKP, University of Bonn

The stellar initial mas function (IMF) has been described as being invariant, bottom heavy
or top-heavy in extremely dense star burst conditions. To provide usable observable diag-
nostic we calculate redshift dependent spectral energy distributions of stellar populations
in extreme star burst clusters which are likely to have been the precursors of present day
massive globular clusters (GCs) and of ultra compact dwarf galaxies (UCDs). Their redshift
dependent photometric properties are calculated as predictions for the James Webb Space
Telescope (JWST) observations. While the present day GCs and UCDs are largely degen-
erate concerning bottom-heavy or top-heavy IMFs, a metallicity- and density-dependent
top-heavy IMF implies the most massive UCDs to appear as objects with quasar-like lumi-
nosities with a variability on a monthly time scale. Implications of the physical environment
in these extreme star burst objects for the emergence of multiple stellar populations will
also be discussed.
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The initial and present-day mass function of Galactic
globular clusters

Antonio Sollima
INAF Osservatorio Astronomico di Bologna

I present the results of a survey aimed at deriving the global mass functions of a sample of
35 Galactic globular clusters. By comparing deep Hubble Space Telescope photometry with
suitable multi-mass dynamical models we were also able to determine dynamical parameters,
mass-to-light ratios and the mass fraction of dark remnants. The shape of the derived
global mass functions as well as their correlations with dynamical and general parameters
is analysed and interpreted in terms of the dynamical evolution of these stellar systems. I
will also discuss the implications of the obtained correlations on the shape and universality
of the Initial Mass Function.
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The mass-to-light ratio-metallicity relation of globular
clusters in M31

Hossein Haghi
Institute for Advanced Studies in Basic Sciences (IASBS)

The structural properties, kinematical properties and the M/L ratios of 163 GCs in the
M31 galaxy in the near infrared (K-band) and optical (V-band) are derived by Strader et
al. (2009 — 2011). Their sample of GCs exhibits M /L ratios which are considerably lower
than what is predicted from SSP models of GCs with a canonical IMF. In addition, one
expects that the M /L ratios of SSP models show a positive correlation with metallicity. In
this talk, I will address this discrepancy and will propose solutions which are mainly based
on the depletion of low-mass stars either due to dynamical evolution, a metallicity- and
density-dependent top-heavy IMF, and the relation between the age and the metallicity of
the GCs.
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Are globular clusters in the Fornax Cluster different
from those in the Virgo Cluster?

Joerg Dabringhausen
Astronomical Institute, Charles University

The Fornax Cluster and the Virgo Cluster are two nearby galaxy clusters in which thousands
of globular clusters (GCs) have been observed with the Hubble Space Telescope. Using the
Chandra Point Source Catalog, I have matched this optical data on GCs with X-ray point
sources. X-ray point sources that can be matched with a GC are interpreted as binary
stars in which one component is a neutron star that accretes matter from its companion.
This makes the frequency of X-ray point sources a valuable indicator for the properties of
the stellar populations of the host GCs. First results do indeed show a noticable difference
between the GCs in the Fornax Cluster and the Virgo Cluster: Luminous GCs in the Fornax
Cluster appear to be rather poor in X-ray sources in comparison to similar GCs in the Virgo
Cluster. One possible interpretation of that finding is that the stellar initial mass function
in luminous GCs in the Fornax Cluster is different from that of comparable GCs in the Virgo
Cluster, but further research is needed to clarify this question.
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Observations of the Milky Nuclear Star Cluster

Tuan Do
UCLA

Due to its proximity, the Milky Way nuclear star cluster provides us with a wealth of
data not available in other galactic nuclei. In particular, we can observe the properties of
individual stars. These properties include the position in two dimension and the velocity in
three dimensions. With the rapid advances integral field and multi-object spectroscopy, we
can also derive the physical properties of individual stars, such as the effective temperature,
abundances, and surface gravity. I will discuss how the pass decade of adaptive optics
measurements from HST, Keck, and Gemini have been used to derive physical properties
of the cluster and constraints on its origins. While these analyses have been very successful
at helping us understand its structure and star formation, there is still enormous untapped
potential in these data sets. I will discuss new work on the physical properties of the stars,
such as their metallicity, and how they will help us understand the origin and evolution.
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The Dust-Enshrouded “G” Sources Orbiting the
Galactic Black Hole: Fluffy Stellar Merger Products

Mark Morris

University of California, Los Angeles

The recently recognized objects G1 and G2 are self-luminous objects with cold dust pho-
tospheres. They follow eccentric orbits around the supermassive black hole at the Galactic
centre, and come close enough at periapse to suffer tidal removal of some of their extended
material. Given that both G1 and G2 have survived their periapse passages, it is now evident
that they are stellar objects rather than compact dust clouds. We argue that these objects
are the result of relatively recent stellar mergers of binary pairs whose internal orbits under-
went rapid evolution toward extremely high eccentricities in response to the gravitational
influence of a third body, the Galactic black hole. The evolution was mediated by the ec-
centric Kozai-Lidov effect, which is manifested in the octupole approximation. The mergers
should equilibrate to normal single stars on a Kelvin-Helmholtz time scale, but such induced
mergers should be sufficiently commonplace that other G-type sources are likely present.
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A compact source scenario for the (Galactic Center
cloud G2

Alessandro Ballone
INAF-OAPd

Since its discovery in 2012, the gas and dust cloud G2, orbiting Sgr A* on a very eccentric
orbit, has caught the attention of the astronomical community. G2 has passed pericenter
in early 2014, but there is still a large debate on the nature and origin of this object.
I will focus on a “compact source” model, where G2 is the outflow from a mass-losing
star. 3D adaptive mesh refinement hydrosimulations with the grid code PLUTO allowed
me to perform a more detailed and realistic comparison to the observed position velocity
diagrams: a slow (50 km/s) outflow can reproduce G2, while a faster one might be able to
simultaneously reproduce G2 and its following tail G2t. I will finally show that the outflow
parameter needed to match the observations are roughly those of a T Tauri star and that
in few years the central source should decouple from the previously ejected material, this
being the smoking gun evidence for such a scenario.
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The build up of nuclear star clusters: simulations and
observations

Alessandra Mastrobuono Battisti
Max Planck Institute for Astronomy

Nuclear star clusters (NSCs) are dense stellar systems known to exist in galactic nuclei.
Although their evolution is connected to that of the host galaxy, their origin is still unknown.
Here we explore one of the possible formation channels in which globular clusters inspiral to
the center of the galaxy, disrupt and build up the NSC. We use several N-body simulations
and models constrained by observations from the Milky Way (MW) to follow the formation
and evolution of NSCs. We find that the simulated system can show properties that make
it comparable with the MW NSC, including significant rotation, a fact that has been so
far attributed to gas infall and in situ star formation. We explore the kinematic evolution
of the simulated NSC to illustrate how the merger history can imprint fossil records on its
dynamical structure. We conclude that the cluster inspiral is a viable mechanism for the
formation of NSCs and we provide fundamental tools to understand their assembly history.
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Nuclear Star Clusters and Super Massive Black Holes
as Compact Massive Objects

Roberto Capuzzo Dolcetta
Dep. of Physics, Sapienza, Univ. of Roma, Italy

Basing also on an enlarged data collection of NSC and SMBH data related to host galaxies
properties, I present some discussion useful to enlighten about the origin of such Compact
Massive Objects in galactic centers.
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XSHOOTER Survey of the Nearest Nuclear Star
Clusters

Arianna Picotti
MPIA

To unveil the formation and evolutionary pathways of nuclear star clusters it is essential to
understand the dynamical properties of both stars and gas at the centre of different galactic
environments. I will present stellar kinematics and the gas content of our XSHOOTER
Survey of the Nearest Nuclear Star Clusters. The survey sample consists of 19 nearby
(< 10 Mpc) nuclear star clusters embedded in a diverse range of galaxy hosts masses and
morphological types along the Hubble sequence. Our dataset allows us to retrieve near-
infrared based stellar kinematic profiles, as well as to estimate the molecular and ionized
hydrogen content and to reveal possible signatures of AGN activity in the nucleus of each
galaxy. Additionally, the survey is ideal for measuring dynamical masses of nuclear star
clusters and identifying candidates for gas-dynamical black hole mass determinations.
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Response of a Nuclear Star Cluster to the Slow
Accumulation of Gas

Karamveer Kaur
Raman Research Institute, Bangalore

The young stars at the Galactic Centre form a compact cluster, and were probably born in
situ in a massive accretion disc around the supermassive black hole. So there must have been
substantial accumulation of gas in the central parsecs before their birth. We are interested
in the secular response of the cusp of old stars to a slowly growing gaseous disc. We present
a simple model in which a spherical cluster of old stars, with anisotropic velocity dispersions,
deforms adiabatically to an axisymmetric configuration. A simple formula for the perturbed
phase space distribution function is derived using linear theory, using which we compute the
spheroidal distortion of the density profile. Linear theory accounts only for stellar orbits
whose apses circulate. The non-linear theory of adiabatic capture into resonance is used to
understand orbits whose apses librate. The process is likely generic in galactic nuclei, and
the dynamical stability of the deformed cluster is of interest.
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Nucleated dwarf galaxies in the central region of the
Fornax Galaxy Cluster: Nuclear cluster analysis

Yasna Ordenes Briceno
Heidelberg University and Catholica University of Chile

We present the analysis of 66 dwarf nucleated galaxies (dEN) in the central region (R <
350 kpc) of the Fornax Galaxy Cluster. The sample dEN were identified as part of the Next
Generation Fornax Survey (NGFS) using deep u, g and i-band images obtained with the 4-
meter Blanco telescope at CTIO. The dEN sample covers a previously unexplored luminosity
range which reaches more than five magnitudes deeper than the ACS Fornax Cluster Survey
(ACSFCS). We have analyzed the dEN inner regions, after subtracting the surface brightness
profile of the spheroids, using various light-profile types fitting to study the nuclei to obtain
their total magnitudes and structural parameters. We have found complex nuclei in our
sample (= 20%) with cuspy centres, double nuclei, and nearby satellite globular clusters.
The rest of nuclei seems to be relatively isolated nuclei with simple surface brightness profile.
This is a benchmark dataset for testing theoretical predictions of nucleus formation scenarios.
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Circumnuclear disks and rings of gas as probes of
supermassive black hole presence

Alessandro Alberto Trani
SISSA

An increasing number of observations are finding circumnuclear gas in nearby galactic nu-
clei (GNs), where the dynamics can be dominated by a supermassive black hole (SMBH).
I explore the link between the properties of circumnuclear gas and the properties of GNs,
specifically the mass of the SMBH and the nuclear star cluster. I present the first systematic
study of the formation of circumnuclear rings/disks in GNs by means of smoothed particle
hydrodynamics simulations. Not only the kinematics, but also the morphology of circum-
nuclear gas shows distinct features of the presence of SMBHs, displaying a disk structure
in SMBH dominated GNs and ring-like structures in nuclear-star-cluster dominated GNs. 1
discuss the implication of this result for the measurement of SMBH mass in nearby GNs. I
also show that stars formed from circumnuclear gas can decouple from the gas and have a
different dynamical evolution. This has strong implications for the formation of stellar disks
around SMBHs.



Galactic centre / nuclear star clusters 53

The adventures of a stellar cusp in the Galactic Center

Eugene Vasiliev
Oxford University

I present evolutionary models of the Milky Way nuclear star cluster based on a novel Fokker—
Planck method in action space. I demonstrate that a Bahcall-Wolf cusp forms in much
less than a Hubble time under realistic assumptions about the mass spectrum, and the
subsequent evolution proceeds nearly self-similarly. These models, especially including a
moderate amount of continuous star formation, agree well with the recently detected weak
cusp in the surface brightness profile.
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Direct N-body simulation of the Galactic Centre

Taras Panamarev
ARI/ZAH Heidelberg

We study the dynamics and evolution of nuclear star cluster of the Milky Way galaxy
performing direct million-Body simulations. We focus on interaction of the stellar system
with the supermassive black hole. We obtain stellar density profiles for different stellar
species, rate of tidal disruption events and detection of gravitational waves emitted by
accretion of compact objects onto the central black hole. We discuss possible presence of
millisecond pulsars in the galactic centre.
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An upper limit on the mass of a central black hole in
the large magellanic cloud

Nora Luetzgendorf
ESA /STScl

We constrain the possible presence of a central black hole (BH) in the center of the Large
Magellanic Cloud (LMC). This requires spectroscopic measurements over an area of order
a square degree, due to the poorly known position of the kinematic center. Such measure-
ments are now possible with the impressive field of view of the Multi Unit Spectroscopic
Explorer (MUSE) on the ESO Very Large Telescope. We used the Calcium Triplet (850
nm) spectral lines in many short-exposure MUSE pointings to create a two-dimensional
integrated-light line-of-sight velocity map from the 10® individual spectra, taking care to
identify and remove Galactic foreground populations. The data reveal a clear velocity gra-
dient at an unprecedented spatial resolution of 1 arcmin?. We fit kinematic models to arrive
at a 3sigma upper-mass-limit of ~ 10" M, for any central BH - consistent with the known
scaling relations for supermassive black holes and their host systems.
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Stellar collisions and their products

Melvyn Davies
Lund University

In this invited talk I review the possible outcomes of stellar collisions within the crowded
cores of stellar clusters. Collisions have a number of consequences: they can alter the
distribution of stellar masses, for example producing more massive main-sequence stars
through the merger of two lower-mass stars. Collisions involving compact objects and red
giants will produce a zoo of exotic objects including those which will spiral in to contact via
the emission of gravitational waves.
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Pop III star clusters: The crucial interplay between
accretion and collisions

Michael Fellhauer

Departamento de Astronomia, Universidad de Concepcion, Chile

The formation of the very first stars still holds a lot of mysteries. Modern metal-free hydro-
dynamical simulations show that we do not expect monolithic collapses of thousands of solar
masses into single objects but that we rather have fragmentation into smaller stars. Our
new models show that with the interplay of accretion and collisions in those star clusters,
we still are able to form massive objects.
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The “UV-route” to Search for Blue Straggler Stars in
Globular Clusters: First Results from the HST UV

Legacy Survey

Silvia Raso
University of Bologna

In this talk I present a detailed study of the Blue Straggler Star (BSS) population in four
intermediate /high density systems (NGC 2808, M15, NGC 6541 and NGC 6388) based on
data acquired within the HST UV Legacy Survey of Galactic Globular Clusters. The data
were analysed by using a "UV-guided” approach, where the master list of detected stars is
obtained from the UV exposures, and the PSF-fitting of each star is then forced to the images
acquired in the other filters. This approach optimizes the detection of hot stars, allowing
to obtain complete samples of BSSs even in the central regions of high density clusters. 1
show the advantages of this method by comparing our selections with those obtained in
previous works based on an ”optical-guided” approach. Finally, I discuss the dynamical
evolution stage reached by the four target clusters, as determined from the observed BSS
radial distributions and the A+ parameter defined in Alessandrini et al. (2016) and Lanzoni
et al. (2016).
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UV bright population in Globular Cluster NGC 288 -
insights from UVIT

Snehalata Sahu

Indian Institute of Astrophysics, Bengaluru

We present the early results of moderately deep Ultraviolet Imaging Telescope (UVIT) ob-
servations of NGC 288 in 3 UV filters. We have performed crowded-field photometry on
the UVIT images and created the Color-Magnitude Diagrams (CMDs). We have fitted the
CMDs with the isochrones generated for UVIT filters using the Flexible Stellar Population
Synthesis (FSPS) model and identified different evolutionary sequences. Taking the advan-
tage of large FOV of UVIT as compared to HST, we detect the full Horizontal Branch (HB)
and Blue Straggler stars (BSS) in near-UV covering the entire cluster. We also detect 3
probable Extreme-HB candidates in the cluster. We have compared our UVIT CMDs with
HST-ACS and ground observations. We found that in the NUV CMD, all the sequences may
not be fitted with one isochrone. We plan to model the UV CMD and estimate parameters
using synthetic CMDs. The UVIT image of NGC 288, put together from our observations,
can be seen in the website http://uvit.iiap.res.in.
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Compact objects in star clusters

Mirek Giersz

Nicolaus Copernicus Astronomical Centre, Polish Academy of Sciences

In the first part of my talk, I will give a very brief and biased, by my scientific interests,
summary about the observations of compact objects present in globular clusters. Namely,
white dwarfs, neutron stars, black holes, intermediate mass black holes and all kinds of
binaries harbouring those objects. From the theoretical point of view I will shortly discuss
the possible influence of such objects on overall globular cluster evolution and observational
imprints which they may leave. In the second part of my talk, I will discuss what kind of
constraints on the presence of compact objects in globular clusters can be imposed from the
analysis of the MOCCA Survey Database of globular clusters models. I will very briefly refer
to the works done with my collaborators on cataclysmic variables, formation of intermediate
mass black holes, formation of black hole subsystems, rates of black hole - black hole mergers,
properties of black hole - main sequence binaries which escaped from globular clusters and
rates of tidal disruption events with intermediate mass black holes.
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Binary Black Hole Mergers from Dense Star Clusters

Carl Rodriguez
MIT

The recent detections of gravitational waves from merging binary black holes have the poten-
tial to revolutionize our understanding of compact object astrophysics. But to fully utilize
this new window into the universe, we must compare these observations to detailed models
of binary black hole formation throughout cosmic time. In this talk, I will review our cur-
rent understanding of cluster dynamics, describing how binary black holes can be formed
through gravitational interactions in dense stellar environments such as globular clusters. I
will review the properties and merger rates of binary black holes from the dynamical for-
mation channel. Finally, I will describe how the initial configuration of a binary black hole
is determined by its formation history, and how we can use this to discriminate between
dynamically-formed binaries and those formed from isolated evolution in galactic fields.
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A black hole love story

Anna Sippel
MPIA

By use of a direct N-body model of a globular cluster, I will illustrate the path two single
stellar mass black holes take to end up in a binary system that can ultimately merge gener-
ating gravitational waves. Many few-body encounters are necessary and not only facilitate
to form our black hole binary, but also create havoc in the cluster core.
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Kinematical signatures of intermediate-mass black
holes in globular clusters

Alice Zocchi

University of Bologna

Finding an intermediate-mass black hole (IMBH) in a globular cluster, or proving its absence,
is a crucial ingredient in our understanding of galaxy formation and evolution. The challenge
is to find a unique signature of an IMBH that cannot be accounted for by other processes.
Observational claims of IMBH detection are often based on analyses of the kinematics of
stars, such as a rise in the velocity dispersion profile towards the cluster centre, but this
signature is degenerate with other scenarios. Here we analyse the case of w Cen by comparing
the observed profiles to those calculated from models that account for the presence of radial
anisotropy and of multiple mass components segregated in the system. We can partially
explain the shape of the projected velocity dispersion profile, even if models that do not
include an IMBH do not exhibit a cusp in the centre. Our analysis cannot rule out the
presence of an IMBH, but puts some caution on the amount of mass that it could have.
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The dynamical M /L of globular clusters

Paolo Bianchini
McMaster University

The mass-to-light ratio (M/L) of globular clusters is a fundamental tool to link their lumi-
nosity to their dynamical mass, unveil their total gravitational potential and their current
stellar population. Using a set of Monte Carlo cluster simulations we investigate the role
of 2-body relaxation in shaping the M /L. Our study shows that M /L profiles are not con-
stant and dynamically younger clusters display a central peak up to &~ 20 M /L due to the
retention of dark remnants, suggesting a novel strategy to understand the degeneracy with
the presence of intermediate-mass black holes. Moreover, we show that the dependence of
the M/L on the dynamical state of a cluster is primarily driven by the dynamical ejection
of dark remnants, offering the possibility to constrain the number of dark remnants based
on accurate measurements of the M /L. Finally, we illustrate the relevance of our work
for dynamical studies of other dense stellar systems, like Nuclear Star Clusters and Ultra
Compact Dwarfs.
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Millisecond pulsars and the gamma-ray excess in the
Galactic Center

Giacomo Fragione
Hebrew University of Jerusalem Israel

The Fermi Large Area Telescope has provided the most detailed view of the emission toward
the Galactic Center (GC) in high-energy gamma-rays. Besides interstellar emission and
point-source contributions, data suggest the presence of a residual gamma-ray excess. The
striking similarity of its spatial distribution with standard dark matter profiles have made
people claim this may be evidence for dark matter particle annihilations. However, the signal
is also compatible with emission from millisecond pulsars (MSPs) formed in dense globular
clusters and left in the GC as a consequence of cluster tidal disruption and evaporation.
By taking into account the fate of star clusters across the Milky Way’s history and the
spin-down rate due to magnetic-dipole breaking, the population of residual MSPs can be
modeled. The final gamma-ray amplitude and spatial distribution are in agreement with
Fermi observations and provide an astrophysical proof of the GC excess.
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Evolution of intermediate-mass and stellar binary
black holes in galactic nuclei

Manuel Arca Sedda

Astronomisches Rechen-Institut - Zentrum fur Astronomie der Universitat Heidelberg

A large fraction of the observed galaxies host in their centre a supermassive black hole
(SMBH), often surrounded by a dense nuclear cluster (NC). The processes that drive NC
formation likely involve strong interactions between massive star clusters (GCs) and the
super-massive black hole. Using N-body simulations, we modelled the evolution of stellar
BH binaries (BHBs) and intermediate-mass black holes (IMBHs) hosted in the infalling
GCs. We show that: i) the SMBH tidal field can induce a significant increase of the BHB
eccentricity, favouring the BHB coalescence; ii) if a triple system composed of 2 IMBH and
an SMBH form, there is a 30% probability that one of the IMBH undergoes a merging
with the SMBH within 1 Gyr. We discuss the outcomes of our models in the framework
of our current knowledge of the MW centre and the implications for current and future
gravitational waves detections.
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Super-massive black holes in ultra-compact dwarf
galaxies

Steffen Mieske
ESO

I propose to give an update on the ongoing search for super-massive black holes in ultra-
compact dwarf galaxies (UCDs). Recently it was shown that the globally elevated dynamical
mass-to-light ratios of UCDs could plausibly be explained by SMBHs having 5 — 15% of the
UCD stellar mass (Mieske et al. 2013). Finding SMBHs in UCDs would thus provide a
very direct support for the hypothesis that those UCDs are the tidally stripped remnants of
originally much more massive galaxies, and that UCDs as a class may harbour a previously
unaccounted for population of SMBHs. In my presentation I will highlight the observational
challenges in detecting the kinematical signal of a central black hole in a UCD and discuss
alternative explanations for such a signal (e.g. stellar-mass remnants) and how the dynamical
modelling constraints those alternatives. Finally, I will discuss the cosmological relevance of
the frequency of UCDs as signposts of tidal disruption of low-mass dark matter halos.
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GW170104 and the origin of heavy, low-spin binary
black holes via classical isolated binary evolution

Krzysztof Belczynski

Copernicus Center, Poland

The Advanced LIGO has observed four BH-BH mergers thus far. The effective spin of
GW170104 has an 82 percent probability of being negative, which would indicate spin-orbit
misalignment. It has been suggested that LIGO’s detections favour a population of binaries
with frequent and significant spin-orbit misalignment, hence supporting dynamical formation
over classical isolated binary evolution. However, it is also well known that massive stars can
have efficient transport of angular momentum within the star and have strong winds that
carry away substantial angular momentum. The progenitors of the heaviest stellar-mass
BHs (M > 30Mg) are expected to efficiently reduce their angular momentum, producing
BHs with low spin (consistent with existing LIGO constraints). A stellar evolution model
that incorporates rotation is used to determine the natal spins of the BHs produced by
core collapse. These natal spins are incorporated into our population synthesis code which
follows the evolution of Population I/II stars across cosmic time and predicts the BH-BH
population in the universe. Our classical isolated binary evolution model produces a BH-BH
population that is consistent with the observed LIGO population. In particular, it produces
systems that are consistent with the measured properties of GW170104; total mass, mass
ratio, effective spin and the overall BH-BH merger rate. Neither strong natal BH kicks
nor dynamical interactions are required to recover GW170104. LIGO’s observations do not
provide evidence for dynamical formation over classical isolated binary formation and it is
not yet possible to establish the evolutionary channel through which GW170104 was formed.
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Dynamically Formed Black Hole Binaries as
Gravitational Wave Sources

Yeong-Bok Bae

Korea Astronomy and Space Science Institute

Gravitational waves (GWs) from binary black holes (BBHs) had been detected by advanced
LIGO. The estimated BH masses of GW150914 are about 30 Mg, rather than 10 M, which
has been considered as a typical mass of BHs. In this talk, we will pay our attention to effects
of a BH mass function on dynamically formed BBHs in globular cluster. We have performed
direct N-body simulations assuming BH populations with (a) two mass components and (b)
continuous BH mass function generated from a low metallicity environment. The hardness
distribution of ejected BBH depends on the central velocity dispersion of the cluster, and
the mass ratios between two BHs are close to 1. The formation efficiency of BBH is larger
for higher-mass BHs, which means that an observed BH mass function inferred from GW
detections can be biased toward heavier BH population. If time allows, we will also show our
latest results on dynamical capture of BHs driven by gravitational radiation with relativistic
simulations.
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Evolution of massive black hole binaries in rotating
stellar nuclei and its implications for gravitational
wave detections

Alexander Rasskazov
E6tvos Lorand University

The subject of our study is a binary supermassive black hole (BSBH) in the center of a
galactic nucleus. We model the evolution of its orbit due to interactions with the stars of
the galaxy by means of 3-body scattering experiments. Our model includes a new degree
of freedom - the orientation of the BSBH’s orbital plane - which is allowed to change due
to interaction with the stars in a rotating nucleus. The binary’s eccentricity also evolves
in an orientation-dependent manner. We find that the dynamics are qualitatively different
compared with non-rotating nuclei: 1) The BSBH’s orbital plane evolves toward alignment
with the plane of rotation of the nucleus; 2) The BSBH’s eccentricity decreases for aligned
BSBHs and increases for counter-aligned ones. We then apply our model to calculate the
effects of stellar environment on the gravitational wave background spectrum produced
by BSBHs. Using the results of recent N-body/Monte-Carlo simulations we account for
different rates of stellar interaction in spherical, axisymmetric and triaxial galaxies. We also
consider the possibility that SBH masses are systematically lower than usually assumed. The
net result of the new physical mechanisms included here is a spectrum for the stochastic
gravitational wave background that has a significantly lower amplitude than in previous
treatments, which could explain the discrepancy that currently exists between the models
and the upper limits set by pulsar timing array observations.
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Extragalactic Globular Star Clusters as Sources of
Gravitational Wave Events

Rainer Spurzem
National Astronomical Observatories, CAS, Beijing, China

The first realistic full direct N-body simulation of a globular cluster simulation with a million
stars and including all required astrophysical effects (the DRAGON simulation, obtained by
a Chinese-European collaboration on massively parallel GPU accelerated supercomputers)
will be shown. The results on distributions of luminous and non-luminous objects (e.g.
black holes and neutron stars, and binaries with them) over up to 12 Gyr evolutionary
time will be shown. I will focus then on the single and binary black holes of stellar origin,
which are naturally present in our simulations. We record some events of binary black hole
mergers (by using high-order Post-Newtonian dynamics when necessary), which are very
similar to those who generated recently the gravitational wave source GW150914 in LIGO.
We plot the LIGO detections and our fictitious detections in the supercomputer together in
one plot, compare them, and deduce some information about the sources (distances, ages).
Also we show synthetic gravitational wave signals (waveforms) from our objects in different
wavebands, not only LIGO; so we can e.g. predict how our computed sources would show
up in new Chinese or European space based GW instruments.
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Star Cluster Disruption by a Supermassive Black Hole
Binary

Elisa Bortolas
University of Padova / INAF-OAPd

Massive black hole binaries (BHBs) are expected to be one of the most powerful sources of
low-frequency gravitational waves (GWs). BHBs are believed to form in the late stages of
galaxy mergers, then harden by close encounters with interacting stars until GWs lead the
BHBs to coalescence. It has been argued that BHBs may stall at ~ 1pc scale and never
enter the GW stage if stars are not continually fed to the binary loss cone. In this talk, I will
discuss the possibility that the loss cone is refilled by the infall of a star cluster (SC) onto
a pc-scale binary. I will present the results of N-body simulations exploring different orbits
for the SC infall. T will show that SCs reaching the BHB on non-zero angular momentum
orbits (with eccentricity ~ 0.7) fail to enhance the binary hardening, while SCs approaching
the BHB on radial orbits considerably contribute to its shrinking and may shorten the BHB
path towards GWs.
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Gravitational Waves and High Energy Sources
Originating From Globular Clusters

Abbas Askar

Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences

Dynamical interactions in extremely dense stellar systems like globular clusters can lead to
the formation of exotic binary systems that can be potential sources of gravitational waves
or high energy electromagnetic radiation. The detection of gravitational waves from at least
three coalescing binary black holes by the LIGO detectors has sparked the debate about
whether such binary systems may have formed in dense stellar clusters. X-ray observations
of globular clusters also show that they harbour many accreting binary systems. In this
talk, I will present results from a survey of thousands of star cluster models that were
simulated using the MOCCA (MOnte Carlo Cluster simulAtor) code that follows the long
term evolution of star clusters. The results will focus on the formation channel and properties
of gravitational wave sources like binary black holes and X-ray sources like accreting compact
objects that originate from globular clusters.
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Stellar-mass black holes in young massive and open
stellar clusters and their role in gravitational-wave
generation

Sambaran Banerjee
University of Bonn

The study of stellar-mass black holes (BH) in dense stellar clusters is under the spotlight,
in the era of the LIGO’s detections. This study presents a set of evolutionary models
of compact open- or young massive-type stellar clusters of varying metallicity. Including
the state-of-the-art schemes for stellar wind and remnant formation, such model clusters
are evolved, for the first time, using the state-of-the-art direct N-body evolution program
NBODY?7, for at least 10 Gyr or until dissolution. In contrast to earlier studies, the BBH
mergers obtained in these models show a prominence in in-cluster, triple-mediated mergers
compared to those occurring among the dynamically-ejected BBHs. This remains to be
true in the presence of a realistic primordial-binary population which, in fact, boosts such
in-situ mergers. These BBH mergers are well consistent with the LIGO-detected events and
suggest a full-sensitivity LIGO detection rate of 10s-100s BBH mergers from stellar clusters,
per year.
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Gravitational wave sources in galactic nuclei

Bence Kocsis
Eotvos University

With the detections of the gravitational waves emitted during black hole mergers, LIGO has
recently opened the field of gravitational wave astrophysics. In this talk I will discuss some
of the astrophysical processes that may be responsible for the observed events. Although
less than 0.5% of the stellar mass is in dense stellar systems, I will argue that a large fraction
of the black hole mergers may originate in these environments. In particular, I will review
black hole mergers in galactic nuclei, including gravitational wave capture events, LIGO
mergers driven by the central supermassive black holes, and those which are accelerated
by gaseous disks. The event rate distribution may be used to understand the astrophysical
origin of the observed gravitational wave events.
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M67 and the origin of the Sun

Timmi Jgrgensen
Lund Observatory

We investigate the stellar cluster M67, in which we believe the Sun might have been born.
The indication for this is that both the Sun and M67 have a common age and metallicity, and
the solar twins in M67 have more Sun-like abundances than field solar twins. We use Nbody
simulations to study the dynamics of stars in M67 as it orbits a Milky Way potential, which
include a galactic bar, spiral arms and giant molecular clouds (GMCs). These components
of the Milky Way heat the orbit of M67. Encounters with GMCs in particular can push
M67 up to the high-altitude orbit on which it is currently observed. In the process M67
loses some of its stars. We then investigate the orbits of stars that are ejected from M67
and in particular whether they are consistent with the Galactic orbit of the Sun.



The Dynamical Evolution of M67 and the
Origin of the Sun

Timmi Jgrgensen, Ross Church and Bengt Gustafsson

Lund Observatory, Department of Astronomy and Theoretical Physics, Lund University
email: timmi@astro.lu.se

UNIVERSITY
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We investigate the stellar cluster M67, in
which we believe the Sun might have been
born. The indication for this is that both the
Sun and M67 have a common age and
metallicity, and the solar twins in M67 have
more Sun-like abundances than field solar
twins.

We use Nbody simulations to study the
dynamics of stars in M67 as it orbits a Milky
Way potential, which include a galactic bar,
spiral arms and giant molecular clouds
(GMCs). These components of the Milky Way
heat the orbit of M67 (Gustafsson et al.
2016). Encounters with GMCs in particular
can push M67 up to the high-altitude orbit on
which it is currently observed.

In the process M67 loses some of its stars. We
then want to investigate the orbits of stars
that are ejected from M67 and in particular
whether they are consistent with the Galactic
orbit of the Sun.

z 200

150

100

Fig. 1

The |z| distribution of 5000 test particles
after 4.6 Gyr. At this point in time, 2.3 % of
the test particles have |z| > 400 pc.

Milky Way Model

For the Galactic model we made a replica of
the one used in Gustafsson et al. (2016). The
Galactic model consists of an axially
symmetric potential according to Potential | of
Binney (2012). Additional to this potential we
added a galactic bar represented by a prolate
spheroid and two spiral arms which are
represented by 100 oblate spheroids for each
arm. Our Milky Way model is scaled such that
it is consistent with a circular speed of 220
km/s at a galactocentric distance of 8 kpc.
Also included in the model are 2500 GMCs
which are born along the spiral arms. Each
GMC will live for 40 Myr before a new one is
born.

We run a simulation of 5000 test particles in
our Milky Way model for a period of 4.6 Gyr.
The end result of heating by the spiral arms
and GMCs can be seen in Fig. 1. This is
consistent with the results found in
Gustafsson et al. (2016).
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Fig. 2

The GMC encounter history for 5 different
particles represented by different colors.
Each of these particles reaches a height of |z|
> 400 pc. The circles indicates GMC
encounters. If the cumulative tidal energy
injected into the cluster exceeds unity the
cluster is destroyed.

Cluster Survival

The survival of a stellar cluster through GMC
interactions is determined by how much tidal
energy it recieves during the encounter. If the
encounter is too strong the stellar cluster will
be destroyed. This tidal energy for each
encounter can be described by the change in
the inner kinetic energy. If the tidal energy
becomes equal or higher than the initial
kinetic energy in the cluster, the cluster will
be destroyed.

For each test particle there is a GMC
encounter history. The cumulative tidal
energy injected into the cluster at each
encounter can be seen in Figure 2 for 5
different particles. Each of these particles
reaches a height of |z| > 400 pc. Each color
represents a different particle and the circles
indicates GMC encounters. If the cummulative
tidal energy reaches unity or above, the
cluster is destroyed. The survival rate for the
clusters that get scattered to |z| > 400 is 27.8
%.

zlpcl
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Fig. 3

The orbit of a test particle in our Milky Way
model followed for 4.6 Gyr in the R-z plane.
The red point specifies where the test
particle is after 4.6 Gyr. This particle survives
up to high |z].

Nbody Simulations

For the Nbody simulations we are going to be
using nbody6tt, a version of nbody6 (Aarseth
2003) where tidal tensors can be
implemented, by Renaud et al. (2011). We
generate the tidal tensors from our Milky Way
model and stop the simluation for each big
GMC encounter.

Each of these GMC encounters are then done
in nbody6. For M67 we assume a total
number of stars of 36 000 with a binary
fraction of 50 %. In Fig. 4 a simulation of M67
has been done where a total tidal energy
input of 0.8 has been injected into the cluster
during one GMC encounter. The red dots show
the initial cluster, whereas the black dots
shows the stars after 20 Myr. The blue line
shows the path of the GMC in the simulation
where an impact parameter of 10 pc was
used.
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Fig. 4

Nbody simulation of an encounter between
M67 and a GMC. The initial cluster has 36
000 stars with a binary fraction of 50 %. The
red points represents the initial stars in the
clusters, whereas the black points are the
stars at the end of the simulation. The blue
line represents the path of the GMC.

Conclusion and Future Work

As of now, we have the GMC encounter
histories of the test particles that get to high
|z| which corresponds to the similar heating
that is produced in Gustafsson et al. (2016).
We are also able to reproduced the velocity
dispersion in U, V and W that is observed for
solar-type stars in the solar neighborhood by
Holmberg et al. (2009). The next step is to
run the Nbody simulations.

Our Milky Way model has a constant spiral
and bar pattern which we want to eliminate

in future work, since it is improbable that
these structures would be constant during a
time scale of 4.6 Gyr. Thus, instead of using
our current Milky Way model, we want to
extract a new model from a galaxy/cosmology
simulation.
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Searching for Triple Populations in Galactic Globular
Clusters

Mirko Simunovic
Gemini Observatory

We combine multi-epoch HST photometric catalogs and select proper-motion members for
multiple galactic globular clusters. We refine the photometry by applying differential red-
dening corrections to our catalogues and are able to accentuate the features in the colour-
magnitude diagram such as the main-sequence and the binary sequence. From here, we
perform a series of data quality assessment steps to find statistically significant detections
brighter and redder than the equal-mass binary line. We compare our selected samples to
the expected triple populations from MOCCA dynamical evolution simulations of globular
clusters, as well as contaminants expected from the field population using galactic models.



Searching for Triple Populations in Galactic Globular Clusters

Mirko Simunovic!, Nathan Leigh
'Gemini Observatory, Hilo, Hawaii / msimunovic@gemini.edu

Introduction

Direct dynamical interactions involving binary star systems are thought to be
catalysts for the formation of exotic stellar populations in globular clusters. The
gravitational binding energy of a few very close binaries rivals that of the rest of
the million stars in a GC [1]. These few stars will have a big effect on the
dynamical evolution of GCs, and the formation and destruction of rich populations
of stellar exotica in their cores. Detailed knowledge of the properties of multiple
star systems in dense GCs is sorely lacking, particularly at low mass-ratios and
intermediate- and long-periods. Binary-binary interactions are predicted by theory
and numerical experiments to produce stable triple star systems [2], but their
existence has not been observationally confirmed.

Data Description

- Multi-epoch HST photometric data from the HST/ACS globular cluster survey
[3] and the HST/WFC3-UVIS globular cluster survey [4].

- The photometry is further refined with a measure of the differential reddening
across the filed of view.

- The catalogs are cleaned from bad photometry sources and objects near bright
saturated stars.
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Figure 1. Differential reddening maps for a sample of four Galactic GCs, derived using the procedure
described in [5). The color scale used to illustrate the reddening corrections across the field of view
are shown to the right of each inset. The maps are able to recover complex structures in the
distribution of dust across the field of view.

Fit
for a sample of GCs in the (F606W-F814W)-F814W-plane. Only objects classified as cluster members
from the proper motions in [6] are shown. All preliminary triple star candidates are highlighted with

bl

Candidate Selection

We select cluster members through proper motion measurements from [6].

We are able to eliminate virtually all foreground and background contaminants
whose proper motions do not match that of the ensemble of cluster stars.

Objects falling above the equal-mass binary sequence in the cluster CMD (see the
dashed red lines in Figure 3) are therefore appropriate candidates of being triple
systems.

‘We use the photometric error distribution to calculate the probability of false
positives having colors redder than the equal-mass binary sequence, for an
arbitrary magnitude.

Statistically significant candidates are inspected for flux contamination from
nearby sources.
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The impact of near stellar flybys on the habitability of
planets

Behzad Bojnordi Arbab
Sharif University of Technology

With discovery of each exoplanet in habitable zone around a star, where we have the right
properties of the star and the planet for supporting life at the present time, we expect to find
life. But life is not born in a day; if our search is for advanced or intelligent type of life, there
must be enough time for it to evolve and it takes billions of years. If the planet is ripped
off of its life-supporting properties in midst of its evolution by a hazard, advanced species
will not be born. My work is on the near stellar flyby hazard. I examine earth-like planets
in different environments (spiral arms, galactic center, star clusters, elliptical galaxies and
collisional galaxies) to calculate the chances for the planet to stay in the habitable zone in
different periods of time needed for life to evolve to advanced stages of life. In this talk I will
discuss the different outcomes of stellar flybys and how much is their chance in long periods
of time in different environments. I will also show how it affects the chances of finding life
in different regions of our galaxy and other galaxies.



Introduction

Earth is the only place we have found life, but
one of the greatest efforts are on finding life

in other places in the universe. The search for
life is mostly the search for habitable planet
but complicated life can not be born in a short
time. The life we see today has evolved for bil-
lions of years and if we want to see this type
of life in another planet, life must have time to
evolve. In this work we investigate the hazard
of stellar encounters that can change the orbit
of the planet to non-habitable orbit.

Simulation and parameters

we use REBOUND N-body integrating soft-
ware package, using non-symplectic IAS15 in-
tegrator.

we have simulated a system consisting of a
sun-like star (we call it the primary star), an
earth-like planet and a secondary star (with
mass = 1M(sun)). The planet is on a 1AU cir-
cular orbit. The aim is to simulate all possible
flybys with in this system and for each simu-
lation, we have 4 parameters:

» Impact parameter of the secondary

Inclination of the star’s path to the orbit-

al plane of the planet

Longitude of the ascending node of the

planet orbit

« True anomaly of the planet in the begin
ning of the simulation

Celestial body,
/
/
/

True anomaly v
Argument of pgriapsis

w
Q
< "
Longitude of ascending node Reference
direction

Pla 4
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Q Inclination

Gt Ascending node
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Figure 1: True anomaly, Longitude of ascending node, argument of
periapsis and inclination are shown in this figure

Chance of remaining in HZ

If the after the star passes by, the planet’s orbit
exceeds the habitable zone, then we call it out.
We do this simulation for many phases in the
4D parameter space. The ratio of total num-
ber of simulations remaining in the habitable
zone by the total number of simulations can
be seen as a probability

100.0 o

Chance of Remaining in the Habitable Zone (%)

00
000 050 100 150 200 250 300 350 400 450
Impact Factor (AU)

Figure 2: portion (or chance) of orbits with different
parameters that remained fully in habitable zone

Results are dependant

Having this data, if we know the velocity dis-
persion and the number density of the stars
around the planetary system, we can estimate
the rate of encounters with specific velocities
and therefor the chance of the planet to have
a dangerous stellar encounter. By our calcula-
tions, the chance of an earth-like planet in the
current position of the system in milky way,
the chance are very low (about 0.001%) to
have a dangerous encounter in 4 billion years

Sensitivity of HCIP to
Habitable Zone width
and velocity

of all four parameters
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Figure 3: The data blocks and sets as the simulations are done for
each set of parameters. dark squares are the simulations that the
planet remains in the habitable zone

Figure 4: Half Chance Impact Parameter plotted for different Habit-
able Zone Half Width (HZHW) and velocities

Another interesting result is how this calcula-
tions are sensitive to the boundaries and stel-
lar velocity. So for different Habitable Zone
Half Width we have the figure 4.

And from this simulations, we fitted a surface
to better understand the how the Half Chance
Impact Parameter (the impact parameter with
half chance for remaining in the habitable
zone) changes with the different definitions of
habitable zone boundary with each stellar ve-
locity.

(HZHW= Habitable Zone Half Width)
(HCIP= Half Chance Impact Parameter)

Dy =—In(W, ) +av™ +b

As the chances are very low, the changes in
definitions of boundaries will not change the
result significantly. For a planet like earth in
the galaxy, if life starts to grow in the planet,
there is very low chance for the planet to get
out of the habitable zone and therefor, life will
not be threatened by this hazard
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Plunging neutron stars as origin of temporary
organised magnetic field component near SMBH

Vladimir Karas
Astronomical Institute, Czech Academy of Sciences

A hidden population of neutron stars is expected to be present in the central Nuclear Star
Cluster in the centre of the Milky Way. These are endowed with dipole-type magnetic field
and the process of orbital decay should bring them gradually towards the central Supermas-
sive Black Hole. Despite the fact that black holes do not support their own internal mag-
netic field, the event horizon can be threaded by organised field lines along which plasma
streams may flow. Various magnetohydrodynamical mechanisms have been suggested to
generate turbulent magnetic fields on small scales, however, the origin of the large-scale
component is unclear. We propose that magnetic fields can be brought onto SMBH by
magnetic stars, in particular, strongly magnetised neutron stars (this contribution based on
https://arxiv.org/abs/1705.09820).
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A hidden population of neutron stars is expected to be present in the central Nuclear Star Cluster in the centre of the Milky Way. These are endowed
with dipole-type magnetic field and the process of orbital decay should bring them gradually towards the central Supermassive Black Hole. Despite
the fact that black holes do not support their own internal magnetic field, the SMBH’s event horizon can be threaded by organised field lines along
which plasma streams may flow. Various magnetohydrodynamical mechanisms have been suggested to generate turbulent magnetic fields on small
scales, however, the origin of the large-scale component is unclear. We propose that magnetic fields can be brought onto SMBH by magnetic stars, in
particular, strongly magnetised neutron stars (this contribution based on Karas et al. 2017, https://arxiv.org/abs/1705.09820).

1. Introduction

Black holes cannot support their own internal magnetic field like, for example, compact stars can. Despite this fact observations
indicate that event horizons of supermassive black holes (SMBH) are threaded by field lines along which plasma streams flow.
Various magnetohydrodynamical mechanisms have been suggested to generate turbulent magnetic fields on small scales, however,
the origin of the large-scale component is unclear. In this write-up we describe our progress in an on-going work and discuss
the possibility of dipole-type magnetic fields being brought onto SMBH by magnetized neutron stars, which are expected to drift
inward from a hidden population in the Nuclear Star Cluster. This can contribute to an organised component of the magnetic
field on the characteristic length-scale of the stellar size, which thread the horizon during the final stages of the magnetized star
plunge into or its close flyby around SMBH. Because of mass—size scaling relations for black holes, the effect is more important
for lower-mass SMBH.

2. Magnetic tubes near a black hole in motion

Effects of mutual i between strong ional and ic fields play an important role in shaping structures
and driving processes in the inner regions of galactic nuclei. These are governed by the system of Einstein-Maxwell equations,
which represent a highly non-linear st of coupled partial differential equations [2]. Special solutions can be derived by impos-
ing various idealized ions and ies, however, ically realistic solutions can only be found by numerical
approaches or approximative methods, such as linearization.

In galactic nuclei, gravity is determined by the central black hole which dominates within its sphere of influence, r < 7.,

M - ? W
= M0, \100kms) P

where M, is the mass of the black hole expressed in units of the inferred mass of the Galactic centre black hole and & denotes the
line-of-sight stellar velocity dispersion in the central region.

Further out, contributions to the gravitational field arise from stars in the Nuclear Star Cluster (NSC), as well as gas and dust in
an accretion disc and a circum-nuclear torus. Nonetheless, the latter terms can be neglected close to the black hole horizon, where
the solution of Einstein’s field equations (in geometric units, ¢ = G = 1), is given by Kerr metric to high degree of accuracy,

Ras = 5Rgap = 87T 2)

Vacuum space-times have the right-hand side of eq. (2) vanishing, whereas for a more general electro-vacuum case the energy-
tensor T, is i y terms:

FUE] = P Fug’) = O + BY). [©)

The electromagnetic field tensor F** contributes to the source, however, astrophysically realistic fields are not strong enough and
their gravitational influence to the space-time metric terms vanishes when linearized in electric (&) and magnetic (5) intensities.

Gravitational radius, r = r, = 1.475 x 10°M/M_ cm, characterizes the typical length-scale in a system which involves action
of strong gravity near a black hole. In the units of gravitational radius, the horizon of a rotating black holes has radius equal to
r.(a) = 14+ /1 — a2, which gradually decreases with black hole dimensionless spin a: . = 2 for a non-rotating (Schwarzschild)
black hole, and 7, = 1 for a maximally spinning (Kerr) black hole. These represent asymptotically flat vacuum solutions endowed
with a regular event horizon, which is present in the Kerr metric for a” < 1.
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Fig. 2. Structure of asymptotically homogeneous (vertically aligned) magnetic field lines influenced by translatory boost of the biack hole (horizon r = r.
is indicated by the shaded sphere). The case of extreme rotation (u 1) of Kerr black hole is shown and the field lines are defined with respect to ZAMO
observers. The field becomes expelled out of the horizon (Meissner-type effect) or the vanishing drift velocity, but it can thread the horizon with an increas-
ing flux when the black hole moves. The direction of boost velocity has been set to coincide with the horizontal axis of the stereometric projection: . > 0,
t, = —v. and v. = 0. In the above-shown panels, from left to right, velocity with respect to speed of light (- = 1) grows according to the following sequence:
2 = 01,03, and 0.7, respectively. Larger velocily causes the accumulation of feld lines and, hence, stronger intensity of the magnetic fied on the front side.

Magnetic fields near accreting black holes operate on vastly different length-scales, ¢, which range from small-scale
turbulent fields (¢ < 7., likely due to magneto-rotational instability), to organized fields operating on larger scales
exceeding the radius of horizon, ¢ > r.. In the present contribution, we are interested in the latter possibility. While it
has been suggested that organized field lines could support the process of launching and pre-collimating jets, the origin of
filamentary structures remains unclear. Here we propose that the horizon of a supermassive black hole may be threaded
by a dipole-type magnetic component that originates in a strongly magnetized neutron star in its vicinity. A significant
number of remnant (isolated) neutron stars is expected to exist in the Nuclear Star Cluster, where they can gradually sink
towards the black hole.

axis of magnetar symmetry
dipole magnetic field

axis of black hole-magnetic field symmetry
(black hole polar axis)
1

uniform magnetic test field § | central electric test feld

l
l
I
I
I
I
I 1, fuid polar cloud
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’
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l equatorial plane barycenter '
< > > ' fuid equatorial torus
a d (accretion disc)

Fig. 1. An artistic sketch of a binary system of a magnetized neutron star interacting with a supermassive biack hole. Magnetic field has dipolar topology near the
surface of the neutron star (on the left side of the diagram), which we assumed to be non-rotating for simplicity. At larger distances, within a limited volume surrounding
the companion black hole, the imposed magnetic field resembles a homogeneous filament of (almost) parallel lines (on the right side)

Figure 1 illustrates the basic idea about magnetic stars as the origin of external magnetic field [3]. A similar set-up was proposed
as a model for the origin of accretion disc coronac levitating because of the presence of an organized magnetic field above the
equatorial plane and in polar regions near an accreting black hole. Let us note that the presence of a magnetar has been reported in
the neighbourhood of the Galactic centre, however, the distance = 0.5 pe is t0o large to provide a convincing example of the system
envisaged in our present discussion.

3. A hidden population of isolated neutron stars in NSC

We have adopted a rotating black-hole solution to Einstein field equations (2) together with the solution of Maxwell equations for
a weak, asymptotically uniform magnetic field, eq. (3), i.e. linearized with respect to € and B. We performed a translatory boost to
take linear motion into account. This can be achieved by a straightforward (albeit tedious) of the Lorentz i
of the field which rotates the ical direction of the field lines. Unlike the case of a non-drifting black hole, an
electric component is induced.

The resulting magnetic field is plotted in Figure 2 for three cases of boost velocity. Let us note that the shape of lines of force
depends on the choice of reference frame: we employ zero-angular-momentum observers (ZAMO) as preferred fiducial observers
for which the lines of force have been constructed in a stereometric projection. We notice that the translational motion of the black
hole enriches the resulting structure very significantly. We can observe formation of a boundary zone, where narrow layers surround
the event horizon. Such layers are typical sites of magnetic ion and the of electrically charged
particles.

So far there have been just very few reports of neutron star candidates near Galactic centre, which has led to a persisting “missing
pulsar problem”. However, among confirmed pulsar detections and other evidence for magnetized neutron stars we can mention two
highly dispersed pulsars at an angular offset of < 0.3 deg from Sgr A*. Also, reported the detection of three pulsars with a large
dispersion measure, indicating the location at a similar distance from us as the Galactic centre itself.

The above-given arguments motivate a scenario where a SMBH is embedded in an organized, uniform-like filament of an externally
generated magnetic field. However, because of fast linear speed of the source (given by the orbital motion of the neutron star
according to our picture), we need to take the effect of the translatory boost into account. To this end we adopted a suitable
formalism to treat weak magnetic fields near the black hole in arbitrary motion. Let us note that a complementary approach can be
applied to explore the magnetic field of a moving dipole near a black hole within Rindler’s approximation. Both methods reveal the

ion between and i effects that are inherent to the coupled system of Einstein-Maxwell equations.

To summarize, we have illustrated the structure of an initially organized (uniform-like) magnetic lines close to the horizon, where
they can be distorted by the translatory motion of the supermassive black hole. Despite a complicated structure of the field lines, a
clear degree of self-organization persists, which distinguishes the field structures discussed here from highly turbulent small-scale
magnetic fields that are thought to develop within accretion flows.

4. Conclusions

We discussed the possibility that strongly magnetized neutron stars can impose an ordered (organized) component of their dipole-
type field onto a nearby supermasive black hole. To this end we discussed a likely scenario with numerous neutron stars produced
as end-points of stellar evolution within the central Nuclear Star Cluster, such as the one surrounding Sgr A* in the Galactic centre.
The intensity of the dipole-type field decreases with the distance from the neutron-star surface with cube of radius in the near zone.
Hence, the resulting component of the organized field comes out rather weak, although the realistic situation gets complicated be-
yond the light cylinder where the field lines open up and the magnetic intensity decays with radius in slower pace. Some members of
the neutron star population are expected to sink very close to the black hole or even plunge into the horizon as a result of the orbital
decay caused by hydrodynamical friction with the ambient gaseous environment and the emission of gravitational waves. Because
of their compactness, neutron stars are not disrupted by SMBH tidal forces and they can support the magnetic intensity at and above
1 G on the SMBH horizon during the final stage of the infall.
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A steeper stellar cusp in the Galactic Center from
binary disruptions and its implications for EMRIs

Giacomo Fragione
Hebrew University of Jerusalem Israel

The relaxed distribution of stars around a massive black hole is known to follow a cusp
profile n(r) o r~* with characteristic slope o = 7/4. This follows from energy conservation
and a scattering rate as given by two body encounters. However, we show that injection of
stars close to the black hole modifies this profile. In the steady-state configuration, the cusp
develops a central region with typical slope o = 9/4 in which stars diffuse outward. Binary
disruption by the intense tidal field of the massive black hole is among the phenomena that
take place in the Galactic Center. In such disruption, one of the binary members remains
bound to the black hole, thus providing a source term of stars close to the black hole. We
show that for the parameters of the Galactic Center, this source is strong enough to modify
the cusp profile. If the binary fraction at the influence radius is of order unity and the orbits
of all the captured stars are efficiently circularized, the steeper cusp extends almost as far
as the radius of influence of the black hole.



Steeper stellar cusps in galactic centers from
binary disruptions and its implications for EMRIs

Giacomo Fragione & Re’em Sari
The Hebrew University of Jerusalem, Israel

Introduction

The relaxed distribution of stars around a massive black hole (BH) is known to follow a cusp profile
plr) oc 7~ with characteristic slope o = 7/4. This follows from energy conservation and a scat-
tering rate as given by two body encounters [2]. In this picture, the injection of stars close to the
BH modifies this profile. Binary disruption by the intense tidal field of the massive BH is among the
phenomena that take place in the Galactic Center (GC). In such disruption, one of the binary members
remains bound to the BH, thus providing a source term of stars [3].

Binary Disruption

A binary of total mass M, undergoes tidal
breakup when passes inside the tidal radius [1]

M 1/3
Ty =a < }\i”) s (€)]

where a is the binary semi-major axis. One
of the stars is expelled the with velocities of
hundreds km s’l, while the other one remains
bound to the massive BH with semimajor axis
131

Mp\*?
TBH ~ (73“) ()

m
If we assume that the binary semi-major axis are distributed according to f(a;) x 1/ay, the typi-
cal 1y of captured stars will follow the same distribution scaled by a factor Q%% = (Mpyy/m)>/>.

Cusp with binaries

Let 7, be the distance at which we inject these stars with rate 7/ F},, where 7 = 1, w is a numer-
ical factor that depends on the binary fraction (7;) and on the effective number of injected stars that
circularize (w), and Py, is the period at the influence radius 7, [1,3]. The stars will scatter each other
via 2-body process, transporting themselves away from the injection point. If the rate of injection
is significant enough, the flux would be in both inward and outward directions. The inward flux is
identical to the standard case, and a constant energy flow dictates p o< r A forr < Tnin- For the
outward flow of stars from the injection point r > r,,;,, energy conservation is less restrictive than
stellar number conservation. The energy flux would be very small, with a constant stellar flux given
by Ninj = N(r)/Toy(r) < P2049/2 — const. Therefore, o = 9/4, in the outer cusp. The extent of
such a region depends on 7 [4]

for r < rpin

M 3/4
— 2 ¢
N(r) =% n'/? (,’7) for ryin < 7 < Rmaz =7 3
S\
(%) for Rmaz =y, <
) - Comparison between the analytical pre-

dictions for the distribution of stars ob-
tained from Eq. 3 along with the results
from simulations in the cases = 0.05
and 1 = 1, when r,,;, = 250 AU. In
the case ) = 1, Ryqr = 7, and the re-
gion with the steeper slope o = 9/4 ex-
tends up to the influence radius. In the
case 77 = (.5, the cusp is steeper up to
.05 7, while returns to the [2]

250 AU

=
Equation 3 -

02 et a° Rinax
beyond it.

ity

Modified cusps for different values of
7. For the Milky Way’s GC, if we as-
sume that the binary fraction at r, is 0.1
(5] and w 0.35 [4], we would get
n ~ 0.035. Such 7 is enough to mod-
ify the cusp within ~ 0.07 pc [4]. The
binary-modified profile would be 8
times denser than the standard cusp at
r < Fpin = 250 AU. Such effect may
not be observable because of the source
crowding and bright stars contamination
within ~ 0.07 pe.

n=1.0 -
Equation 3 -~~~

ity

Recent observational data have shown that the old population of 1-2 Mg, stars follow 3D star distri-
bution with slope & 1.2 up to & 3 pc [7]. Several factors of uncertainty

o challenging observations < 0.07 pc [7]

e uncertain number of binaries at the influence radius [5]

e our model has no initial mass function for binaries [4]

e possible top-heavy initial mass function for disrupted binaries [3]
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Implication for EMRIs

Source of most disolved binaries (
10° XBinary - TOE XY

o'} X-Binary — EMRI

Particles of mass m on eccentric orbits change significantly their angular momentum on a timescale

P(r) (Mpy\* (rp
%(r:m——’?(ﬁ) (). @

) m r

where P(r) is the period, N (r) is the number of particles, r, and 7 the particle pericenter and semi-
major axis. Gravitational waves circularize highly eccentric orbits, while keeping the pericenter
roughly fixed, on a timescale

RsMpy (o \* [ r\?
Ty () = —SBH (P ) (T . 5
aw(r,mp) c m Rg p ®

where Rg is the Schwarzschild radius and ¢ the velocity of the light.
For small enough galaxies, tidal disruption
mass transfer occurs before the star hits the
Schwarzschild radius. If this encounter hap-
pens on an extremely eccentric orbit, this re-
sult in a violent tidal disruption event (TDE)
of the star over its dynamical time at r; =
Ri(Mp/m)'/3. If the star approaches on a
slowly shrinking circular orbit, the star trans-
fers mass to the BH on the gravitational wave
timescale as an EMRI (extreme-mass ratio inspi-
ral). The rate of TDEs is dominated by the supply from roughly circular orbits at the radius of influ-
ence [6]

N(ry) 1
Rrpp = ——% = — 6
TOE =T ()~ Plrg) ©

The rate of EMRIs is given by the supply of from
roughly circular orbits of the largest radius that does re-
sultin a TDE (rq = r,(Rg/r1)%) [6]

(@]

Binary injection changes the typical distribution of stars N(r) inside 7}, as in Eq. 3. These stars
are on highly eccentric orbits and are more prone to evolution by gravitational waves when [6]

- .\ 12
BHp _ ( 0 ) ®
Rg rBH

Conclusions

e binary tidal disruptions can changes the slope of the cusp external to the source position leading to
a steeper slope a = 9/4 when the rate is high enough

o if we assume that the binary fraction in the GC is 0.1, binary injection is strong enough to modify
the cusp within =~ 0.07 pc

e larger number of stars useful to measure relativistic precession with GRAVITY

o implications for BH-BH mergers due to Kozai-Lidov oscillations

e implications for EMRIs
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3D adaptive mesh refinement simulations of star
formation in the inner parsecs of the Milky Way

Alessandro Ballone
INAF-OAPd

The Galactic Center is a dense environment, hosting a supermassive black hole and a varie-
gated stellar population, with hundreds of young stars within the central parsec. Analytic
work and smoothed-particle hydrodynamics simulations show that the young stars can be
born out of molecular clouds, infalling from larger distances. Recent studies also highlighted
the presence of gas streamers, possibly connected to the +20 km/s and +50 km/s molecular
clouds. Whether the young stars formed already in the central parsec or in these gas stream-
ers, few parsecs away from Sgr A*| is still an open question. I present a set of 3D adaptive
mesh refinement hydrodynamic simulations of star formation in the Galactic Center, per-
formed with the code RAMSES. I explore a wide range of initial gas cloud properties. I
discuss for which cases star formation occurs only in the central parsec (when the cloud has

disrupted and formed a dense disk), or already in gas streamers, still on their way toward
Sgr A*.



State of the art

The inner few parsecs of the Galactic Center are an extremely dense environment, with several components:

- SgrA*, a supermassive black hole with mass of 4x10°M,; - a circumnuclear disk (CND) of molecular/neutral gas and dust, at

- alate-type star cluster (cusp); 2-7 pc from SgrA*;

- adisk of young (O/WR type) stars; - 2 near molecular clouds, often named +20 km/s and +50 km/s,

- few tens of B-type stars (the so-called S-stars) with possibly interacting with the CND from outside through streamers;
isotropically oriented, highly eccentric orbits in the inner - The “minispiral”, a inward spiral pattern of ionized gas inside (and
0.05 pc from the SMBH; possibly fed by) the CND.

Objectives Methods

Many studies have showed that in-situ fragmentation by AMR simulations of molecular clouds plunging into SgrA* were never

the infall and tidal disruption of a molecular cloud could attempted. For this purpose, we used the code RAMSES (Teyssier,

lead to star formation in the inner parsecs of the Milky 2002) and its sink particle formation algorithm to study the formation

Way (e.g., Mapelli & Trani, 2016, and references and dynamics of the putative stars (star clusters).

therein). A key problem still remains unsolved: were the In order to understand how star formation occurs, depending on the

observed stars already born in gas streamers initial properties of the plunging cloud, we ran a set of 12 (2x2x2x2)

reaching SgrA* from tens of parsecs distance or, simulated turbulent clouds with

later, in a gravitationally unstable disk formed by the 2 masses, 104 and 105 M;

material directly impinging on the SMBH? 2 radii, 5 and 10 pc;

Answering this question is linked to the past star 2 distances from SgrA*, 30 and 60 pc;

formation history, as well as to the current and future 2 initial velocities, 10 and 100 km/s.

interplay between all the different components of We currently assumed an isothermal equation of state and a temperature

SgrA*’s near environment. of 100 K for the molecular gas. The gravitational potential of the

SMBH, the old stellar cusp and the galactic bulge have been included in
the simulation.

First Results

Fig. 1 shows the time evolution

T t=0.10 Mys@illie | t=0.25 Myr TLE) of our model with mass equal
. ’ 5. o 10° M., initial radius of 10
- + % pe, distance from SgrA* of 30
’ S pe and velocity of 10 km/s.
0O The latter is a small fraction of
k D the escape velocity from the
i 1 ‘8 SMBH-+cusp potential, at that
=20-10 0 10 20 —20-10 0 10 20 ~20-10 0 10 20 —20 o distance. For this reason, the
o molecular cloud reaches SgrA*

z (pc) z (pc) z (pc) z (pc) on a very eccentric orbit.

Part of the cloud has formed a disk at few pc distance from SgrA*. The remaining gas is forming stars and it is partially keeping on
receeding from the SMBH and partially feeding the disk in a long streamer. This model might remind the current configuration of the
+20 km/s molecular cloud, which also shows indication of recent star formation (Lu+, 2015) and seems to be interacting with the CND

(e.g., Liut, 2012; Takekawa+, 2017). 1.0

A first burst of coheval stars forms around 2x10° yr of the t=0.52 Myr | (=040 Myr
simulation, at the cloud’s pericenter passage, where the tidal 0.8

squeezing of the cloud is maximum; A second population ,E

forms more gradually later on, in the density peaks arising g 0.6

from turbulence (Fig. 2 shows a cumulative timeline of sink < 8
formation). Fig.3 (the cloud is seen edge-on, here) also shows ;5) 04

that the orbital plane of the first group of stars is basically 0.2

equal to the one of the cloud (the white line shows the Fig. 2

orientation of its angular momentum), while the second :

e
o

population has various heights with respect to this plane. 02 03 04 05

Lsim (Myr)
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The black hole retention fraction in star clusters

Vaclav Pavlik

Astronomical Institute of Charles University, Prague

Recent works, e.g. Peuten (2016) and Baumgradt & Sollima (2017), have been constraining
the retention fraction of black holes (BHs) in globular clusters by comparing the degree
of mass segregation with N-body simulations. They are consistent with an upper limit
of the retention fraction being 50 % or less (e.g. 10%). In this work we focus on direct
simulations of the dynamics of BHs in star clusters, aiming to constrain the distribution
of natal kicks which BHs receive during supernovae explosions. To do so, we modified the
Aarseth’s nbody6 code so that we can measure the retention fraction of BHs for a given set
of parameters which are: the initial mass of a star cluster, the initial half-mass radius and o,
the value of the Maxwellian BH velocity kick distribution. We compare these direct N-body
models with our analytic estimates and observational constraints derived by Peuten (2016)
and Baumgardt & Sollima (2017). Our results as well as this poster are available online at
http://sirrah.troja.mff.cuni.cz/"pavlik/bh/.
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Abstract
Recent works, e.g. Peuten
(2016) and Baumgradt & Sol-
lima (2017), have been constraining the
retention fraction of black holes (BHs) in globular
clusters by comparing the degree of mass segregation with N-body simula-
tions. They are consistent with an upper limit of the retention fraction be-
ing 50 % or less (e.g. 10 %). In this work we focus on direct simulations of
the dynamics of BHs in star clusters, aiming to constrain the distribution of
natal kicks which BHs receive during supernovae explosions. To do so, we
modified the Aarseth's nbody6 code so that we can measure the retention
fraction of BHs for a given set of parameters which are: the initial mass of
initial half-mass radius and o, the value of the

a star cluster, the

Maxwellian BH velocity kick distribution. We compare these direct N-body
models with our analytic estimates and observational constraints derived by

Peuten (2016) and Baumgardt & Sollima (2017).

Numerical models

We performeded over 1100 N-body simulations of isolated star clusters. Our mod-
els have 1k, 10k, 25k, 50k, and 100k stars with the Kroupa (2001) IMF in the
range from 0.08 to 150 M. Smaller clusters were evolved in the single CPU
nbody6 integrator and larger models in the parallel nbody6.sse version (Aarseth
2003; Nitadori & Aarseth 2012). All models started from the Plummer (1911) dis-
tribution with an initial half-mass radius of either

T« 0k =2k =50k =100k

10%

0.5, 1.0 or 2.0 pc. The stellar evolution was based
on an algorithm from Hurley, Pols & Tout (2000).
We assumed the average metallicity of globular
clusters in the Galaxy (Baumgardt & Sollima 2017),
i.e. [Fe/H] = —1.30. Finally, we considered three
values of the velocity dispersion for the supernova
(SN) kicks, namely o =3, 50 and 190 kms™*.

We show the evolution of our models on the left

by the means of their half-mass (solid lines) and

tidal radii (dashed lines). The latter comes from
M 3
re=Rg <2/V;g> s
where M_ is the cluster's mass within the tidal radi-

10%

7 [pe]

us, Ry is its distance from the centre of the Galaxy

(¥5kpc), and M, is the mass of the Galaxy up to
R, (225-10" Mg, from Faber & Gallagher 1979).

Retention fraction

1

In each realisation of our models, we tracked the g‘;
positions of all newly formed and existing BHs. S o
The retention fraction, denoted as 7y, corres- 004 w0 100 150

1
ponds to the fraction of BHs that are inside a 08
or the Z¢5

tidal radius. The plots on the right show the (%

certain radius, e.g. the

evolution of the mean 7y in our models with the 1035

< 08
initial half-mass radius of 1.0pc and o =3kms™. . gﬁ

After a certain amount of time, the retention o

fraction reaches a stacionary value which depends :;0 1020 30 40 50 6
on the number of stars in the model, i.e. its initial ) g‘; * 5%
mass. The oscillations or a slight decrease of this 58;

value that we see after all BHs (black line) — oof—t—o—r—ro——

formed are due to ejections through close encoun- o™

ters of BHs and other stars.

The plots of 7y in other models and the an-

0 15 20 2
t [Myl]

imations of our star clusters are available online.
k.
Go to http://sirrah.troja.mff.cuni.cz/~pavlik/bh/ or use the QR code to download this poster
and to see more online content, e.g. the animations from our simulations. r ’
This study was supported by the Charles University grants SVV-260441 and GAUK'186216. We also
3 e rch, De

Grid Infrastructure MetaCentrum, provided under the programme Projects of Ls

Analytic estimate in comparison to N-body models
We generated star clusters with the Kroupa (2001) IMF in the same mass range as
our N-body models. First, we assume that at the time of the kick the systems are
Plummer (1911) models with the parameter a and that the kick velocities follow
the Maxwell-Boltzmann distribution with a velocity dispersion o. Then, we con-
sider every star above 8 Mg to be a black hole. The estimated BH retention frac-
tion, 7y, is the fraction of BHs that did not ecsape from the cluster, assuming

wollie that the stellar remnants are
3kms
S0kms
190kms

lost if their velocity after a SN
kick is larger than the escape
velocity at their current radius.

>

The limit velocity is defin&ed as

Vel ) = (267’"> ,
Ve

is the mass of the

=

retention fraction ew

where m
¥ -
* black hole and r is its current

20 25 30 distance from the centre of the

35
s o111 star cluster.

The results are plotted in the figure above. The upper limit of 7gy (dotted
lines) is calculated as if all the BHs were ejected directly from the centre. For the
lower limit (solid Iines), we assumed the ejections from r=10 pc, which corres-
ponds to the radius of an expanded cluster. The data from our N-body results are
marked by 'x'. There is a general agreement within the analytic estimates and the
N-body simulations. The main effect causing the differences between these two is
the dynamical evolution of star clusters which was not accounted for in the

analytic predictions.

Conclusions
The preliminary results shown here indicate that:
i) The black hole retention fraction grows with an increasing initial star cluster
mass. This is shown by direct N-body simulations which corroborate the analytical
estimates. Thus, it is possible to estimate the BH retention fraction using a simple
analytical formula, taking into account the tidal radius of a given cluster. The es-
timate agrees well with the N-body results, especially for star clusters with the ini-
tial mass greater than 10* Mo,
i) Given the predicted velocity dispersion of SN kicks (=190kms™), no BH
would remain in even a very massive globular cluster. The only possible BHs re-
tained are the most massive ones due to two reasons: a) The BH kick velocity
might be scaled with its mass (conservation of momentum), or b) the most
massive stars might implode leaving BH remnants without a kick.
ii) If the retention fraction of BHs is about 50 % in globular clusters (Pueten
2016; Baumgardt & Sollima 2017), then the velocity distribution of kicks cannot

1

be a simple Maxwellian with a velocity dispersion of 190kms ' or larger. This

suggests implosions or a bimodal kick velocity distribution (as it has been found

for neutron stars by Verbunt et al. 2017) are valid.
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Mass-transferring black hole binaries in globular
clusters

Kyle Kremer
Northwestern University-CIERA

We explore the formation of mass-transferring binary systems containing black holes (BHs)
within globular clusters (GCs). We show that it is possible to form mass-transferring BH
binaries with main sequence, giant, and white dwarf companions with a variety of orbital
parameters in GCs which span large ranges in various initial cluster properties. We demon-
strate that the formation of these systems is dominated by binary-mediated strong dynamical
scattering encounters within the cluster. Furthermore, we show that at any given time, the
number of mass-transferring BH systems within a GC has little correlation with the total
number of BHs retained by the GC at that time. Our results strongly suggest that the pres-
ence of observed BH X-ray binaries in GCs cannot put any constraints on the total number
of (unobservable) BHs the host clusters may retain today.
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Motivation Dynamical Formation of BH XRBs

Using a collection of 70 fully-evolved globular cluster models, we identified all BHs found in a mass-transferring binary (MTB) at t > 8
Modeling dense star clusters such as globular clusters is one Gyr. All identified MTBs are dynamically created; the median number of strong encounters involving the BHs in these systems is 30.
of the most challenging problems in computational These binaries are formed through two distinct dynamical channels:
astrophysics. We have developed a highly parallelized and (1) Binary-mediated formation, in which binary star evolution and a series of scattering and/or exchange interactions drive a BH-
advanced Monte Carlo approach to stellar dynamics that non-BH binary to mass-transfer.

allows us to model clusters with
up to N~106 particles in at
most ~1 week of computing

(2) Triple-mediated formation, in which a hierarchical triple with a BH-non-BH inner binary is formed through a binary-binary
interaction. The inner binary is driven to Roche-lobe overflow through Lidov-Kozai oscillations.

time. Our parallelized Monte ll*\/i[naTY-moeg;ﬂ;:d Mﬁiple-anle;iiﬁed 4
Carlo approach allows us to 5 comp = 1. @[ Meomp =1. ©
i Lo o o] BH = 1D (]
model clusters significantly o, bt sisieateie | Men =114 Mo | Mpn = 159 M
more rapidly than a & Scatteri 3 - .
traditional N-body integrator, °° o e '";_ ';_:: St dj
enabling us to fully explore ot ,o° Exchange P
the population of dense star & PP — 2 -
clusters found in the Milky o N, (D - Fxchnge D a=039AU @2 ¢ et e  cme -—
Way and other galaxies. a0 & =
Globular Cluster 47 Tuc o ::,T_mm"y : 5 =
ESO/M.-R. Cioni/VISTA Magellanic Clour survey .
(x2) @ a=039AU] P> 2=0204U 1 .o oo — .
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RCIESTICUEIN Our Cluster Monte Carlo code (CMC) o e
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modeling dense star clusters, including ‘f T
two-body scatterings, 3- and 4- body ! a=038AU :'6 Ofe = = oocossmmmme—— ¢ ¢oo wem—
strong encounters, and three-body ¢ &
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detailed prescriptions for single and o 3) " rivte forma log N1
binary stellar evolution, equivalent to > C e omaion SNpi
5 : < Kozai oscillations ot .
the most recent population synthesis L3 osrau D Giiveimner binay Number of MTBs (Nurs) versus total number of BHs (NsH ) in ealxch
studies of isolated binary evolution in Roche-lobe overflow begins ; = NVidas cluster for all snapshots with t > 8 Gyr. We conclude no correlation
galactic fields. . \‘< ( - T Na=02AU exists between the number of BH XRBs and total number of BHs in
| Dynamical Interactions a=0.016 AU Cinner = 0.995 a globular cluster.

—

»
Scatterings  ° . .

i . > » Understanding the Lack of Correlation
Strong BH-non-BH binaries that may eventually become BH XRBs form in regions of the cluster where BHs and non-BHs mix. The
Encounters formation rate of BH-non-BH binaries within this mixing zone (MZ), given by the equation below, is found to be nearly

independent of the total number of BHs within a cluster. We assume that the interactions are dominated by the widest non-
BH binaries at the hard-soft boundary in the MZ. i - - i ies:

- I' x npXo, Ngu na;g’NBH
Cluster with many BHs| ns : number density of non-BH binaries in the MZ
o P o

When a large population of
BHs is present, the density in
the mixing zone is low,

CMC can be used to model in detail the dynamical formation
of binary systems containing black holes. If these systems are
mass-transferring at late times, they could potentially be

2 :interaction cross section in the MZ
oy : velocity dispersion of BHs in the MZ

observed as Black Hole X-ray binaries (BH XRBS). keeping the dynamical e 0 N mimber density of nen-BHs in the iz
. . . . formation rate of BH-non-BH [ °
In recent years, ' »° ‘/'f binaries low. As more BHs are =3 °
several stellar 5 -r ejected from the cluster, the u% o o ° 40
mass BHs have £ [ ] density in the mixing zone §N o o
been observed as | increases, but the rate of g ° o o 20 '
X-ray and Radio formation is then regulated &3 L
sources within 3 , by the low number of [ P - '
Milky Way and & remaining BHs. This [ o !
elx;rlagallatctlc & 7] dynamical self-regulation of [28 e o V¥ - H
globular clusters. | | the formation rate of BH Ml /o o ol T
. XRBs is directly responsible ° . i
10% 10* 10% w0* | for the lack of correlation ° °
39keV Xray Luminosity (e ') between the number of BH o ° -40
Observed BH XRBs in globular clusters. From XRBs and the number of BHs \ ° -
Strader et al. (2012). ina g[obu[ar cluster. ¢ o4 / 10
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Mass transfer in white dwarf-neutron star binaries

Alexey Bobrick
Lund Observatory

White dwarf-neutron star binaries are an important source of ultra-compact X-ray bina-
ries in globular clusters. These binaries inspiral and come into contact due to emission of
gravitational waves. The ensuing onset of mass transfer either leads to stably transferring
ultra-compact X-ray binaries or to a tidal disruption of the donor star. I will describe how
the loss of mass and angular momentum in these binaries determines the outcome of mass
transfer. In our recent study we showed that only helium white dwarfs with masses below
about 0.2 Mg evolve into stably transferring systems. We used a combination of hydro-
dynamic simulations and long term modelling. I will summarise the key ideas behind our
approach and provide the main observational implications of the result. In particular, chem-
ical compositions of the observed ultra-compact X-ray binaries put constraints on whether
they formed from white dwarfs or non-degenerate helium-burning stars.
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Mass Transfer in White Dwarf-Neutron Star Binaries

Alexey Bobrick, Melvyn B. Davies, Ross Church

Lund Observatory, Department of Astronomy and Theoretical Physics, Lund University

2 Observations
eAbout 150 detached WD-NS binaries in the

The present work introduces a new method for model-
ling the long-term evolution of white dwarf neutron star
binaries by using hydrodynamical simulations. We find that
the critical mass dividing stable and unstable outcomes is
about 0.2M,, much smaller than previously thought. The
eccentricity is observed to have no effect on the angular
momentum loss, and may be important only if it changes
on timescales shorter than those of mass transfer.

4 Hydrodynamical Simulations

Galaxy, observed as binary radio pulsars

10 of them will inspiral into contact in less than a
Hubble time due to GW emission

®14 systems are stably transferring material,
observed as ultra-compact X-ray binaries

eTwelve Calcium-rich gap transients observed,
possibly outcomes of mergers of these systems

LUND

UNIVERSITY

3 Globular Clusters

e Contain about one third of known detached
and transferring WD-NS binaries

eDirect collisions of neutron stars and back-
ground post-MS stars are thought to be an im-
portant formation channel

eMay contain a population of radio-quiet de-
tached WD-NS binaries which formed through
exchange encounters

5 Angular Momentum Loss

We use the results of our simu-
lations to measure the amount
of angular momentum lost by
white dwarf neutron star bina-
ries through mechanical disc
winds. This is used to construct
a model of their long-term evo-
] lution. We additionally investi-
gate the role of eccentricity on
mass transfer.

— Jns

“o= Jdise
o afromsph |
® Critical j

We use a modified Smoothed Particle 1.25 " " "
Hydrodynamics scheme called Oil-on- log,gp, glem?
Water. It treats the stellar body (Water) 6 357 -8 b
separately from the atmosphere (Qil). 4
This allows us to model arbitrarily small N -7
mass transfer rates. The present proj- o 2 ’
ect improves on the original research & 0 -6
by Church et al. (2009). *_2 I LR
-5
-4
-6 5 -4
-6 -4 -2 0 2 4 6
X, Rwp 0 :

Figure: Density section in the orbital plane
for a 0.15M, He white dwarf in a binary with
al.4M.neutronstar with eccentricity of 0.04.
The snapshot is taken after 13 orbital peri-
ods since the beginning of the simulation.

0 0.2

L L
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Mwp/Me
Figure: Stable systems are below the brown curve.
Standard mass loss model through a jet predicts rel-
atively low angular momentum loss (black curve).
We measure that the disc winds, occurring at rates
above a few M, carry away more angular mo-
mentum, thus making more systems unstable (blue
curve). This is in agreement with a semi-empirical
estimate assuming that the material is removed at

Below: A 0.15M. white dwarf in a binary with a
1.4 M. neutron star. Initially, the mass transfer rate
grows exponentially over time, but then turns over,
leading to formation of an ultracompact X-ray bi-
nary.
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circularisation radius of the disc (red curve).

6 Long-term Evolution

eThe binary spirals in due to GW emission

eThe mass transfer rates reach the Eddington limit,
leading to mass loss

eThe coupled loss of angular momentum is critical
to stability of the binaries

7 Evolutionary Channels

Stable Unstable

A)(He wn) (He star)|(co w ) (one wp)

0.01
107

1012

1077

Phase 1

107°

0.1

10000

eBinaries containing a low-mass donor turn into  Our
stably transferring X-ray binaries modelling: ¢ \ \ l
(ivcxn) (coonevens) (remsen)
B) [He WD} [He Slar] [co WD} [ONe WD}
Standard
picture: ¢ \ / / ¢

1010

0.01

M /Mpaa
M /Mg yr—!

10000
100 1077

1

0.01 .
101 10°° 1077

AMwp/Mo

101

Above: A 0.75M. white dwarf initially undergoes a
similar evolution, but the mass transfer does not
stabilize over time, leading to a tidal disruption
of the white dwarf. During phases 2-3 the jet is
still visible, whereas during phases 4-5 the system
is surrounded by a thick opaque envelope.

8 Rates and Implications

e All C-O and O-Ne white dwarfs lead to unstable
mass transfer

e Ultra-compact X-ray binaries transferring C/O/Ne
must have formed from non-degenerate donors,
e.g. through collisions of neutron stars and hori-
zontal branch stars

eEmpirical galactic merger rates of UCXBs, binary
pulsars and the observed rates of Ca-rich gap tran-
sients are consistent with our modelling

[He UCXB] [CO/ONe UCXB] [Transiem}

Figure: Evolutionary channels for WD-NS binaries as implied
by our modelling (Panel A). The diagram differs from the
one which follows from the standard jet-only model of mass
loss (Panel B). Most importantly, we predict more systems
to be unstable than previously thought.

WD: white dwarf, NS: neutron star, He Star: helium burn-
ing star without a hydrogen envelope, UCXB: ultra-compact
X-ray binary, Transient: Ca-rich gap transient.
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Testing the Slingshot: stellar dynamics in an
oscillating filament

Tjarda Boekholt

Universidade de Aveiro

We describe a new gravitational potential based on observations of the integral shaped fila-
ment (ISF) in Orion A. The potential has two main characteristics: (1) it is cylindrical, and
(2) it is time dependent as the filament shows signs of oscillatory motion. We use AMUSE
to couple this potential to N-body dynamics of test particles ("stars”). We investigate the
early dynamical evolution of the ”stars” in the potential. We reproduce the observed spread
of actual young stars in the ISF, but only when the potential is oscillating. This confirms
the previously proposed Slingshot mechanism. Furthermore, stellar ejection from the fila-
ment cuts protostars off from the dense gas where they accrete their mass. We find that
a constant ”stellar” accretion rate, combined with the oscillating potential, can produce a
Salpeter slope in the mass function.
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Theory and Star formation Group
University of Concepcion

1. The Integral Shaped Filament in Orion A

‘ *»_.._’-. g On the left we show a column
density map (red shade) of the
Integral Shaped Filament ((ISF)
in Orion A.

Superposed are the positions of
protostars (left panel) and stars
with disks (right panel) (in

blue). The latter are much more
spread out.

What is the mechanism for this
early dynamical heating of
young stars?

3. Numerical Simulations of the Slingshot Al\ﬁSE

To test the Slingshot Mechanism we perform numerical simulations.
We derive a gravitational potential based on observations of the ISF
profile and let it oscillate sinusoidally. We populate the cylinder with
point-particles (stars) and

couple the dynamics of the 8
potential with the stars using
the AMUSE framework.

4

On the right we present
three simulations with
increasing oscillation speeds..

In the top row the filament is
oscillating slowly and we
hardly observe any ejections.

z [pc

In the middle row, some stars
are ejected towards the right,
and some towards the left,
leading to a spread of stars,
similar to what is observed. 8

In the borrom row, the
filament moves to fast, and & 9
all the stars are ejected. h

a 0 4
x [pe]

4. Dynamically Shaping the IMF

The ejection of a protostar due .
10

@

2. The Slingshot Mechanism

N\

young
star
protostar.

¥

time —

The Slingshot Mechanism provides an explanation (see
cartoon above). It starts with a protostar born in the
center of a gas filament, which is represented by an
oscillating cylinder. The protostar becomes more massive
by accreting gas. At the same time it experiences an
acceleration due to the moving filament. The protostar is
ejected if its inertia has grown beyond some threshold.

8, 8,

4 4

2o

N
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z [pc|

0
x [pc

z |pc

x [pc
5. Discussion

We have shown that the Slingshot Mechanism can

to the Slingshot also terminates
its growth. Therefore the

Salpeter

« Slingshot

explain
- the spreading out of young stars in gas filaments

Slingshot provides a dynamical 10°
means of shaping the IMF.

The shape is determined by the
oscillation amplitude and period ,
of the gas filament, the 10 -
accretion rate of the protostars

and the coupling strength of the  10°
protostars to the gas.

- the shape of the IMF
Alternative explanations such as stellar encounters
and ejections fail as observations show that the ISF
is a gas-dominated system.
The upcoming Gaia data, with accurate positions
and proper motions will allow us to further
scrutinize the dynamics of stars in gas filaments.

References:

10
On the right we show an '
illustrative example.

10 Stutz and Gould 2016, Boekholt et al. 2017,
Stutz 2017, Schleicher and Stutz in prep.
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Stellar black hole binary mergers in open clusters

Sara Rastello

Universita di Roma, La Sapienza

The recent detections of gravitational waves by the LIGO/VIRGO collaboration, produced
by the merging of two massive black holes of stellar origin, provides the first evidence that
such massive objects exist and may merge within the Hubble time. To investigate on the
merger process, we studied the dynamical evolution of a massive black hole binary (BHB) in
a star cluster of the size of typical Open Clusters in our galaxy (mass ~ (0.8 —4) x 10> M),
using the NBODY7 code. Although preliminary, our results indicate that in these young,
low density and dynamically active stellar systems, repeated stellar encounters can drive the
BHB coalescence on reasonable time scales in a fraction of the investigated cases (= 1%),
in dependence on the host cluster properties.
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Introduction

The recent detections of gravitational waves by the LIGO/VIRGO collaboration, produced
by the merging of two massive stellar black holes, provides the first evidence that such
massive objects exist and may merge within the Hubble time. To investigate the merger
process, we studied the dynamical evolution of a massive black hole binary (BHB) in a
star cluster of the size of typical Open Clusters in our galaxy, Moc~(0.8-4)10°> Mo, using
the NBODY7 code. Our results indicate that in these young, low density and dynamically
active stellar systems, repeated stellar encounters can drive the BHB coalescence on
reasonable timescales.

Results

We explored the fraction of cases, for each model, in which the BHB is ejected from the
cluster as a bound system, BHBbesc, the BHB is disrupted (unbound) and expelled from
the cluster, BHB',, and it merges BHB,,, (Table 2 column 2, 3 and 4). In very low
density stellar systems (SOa & SOb) the BHB is never ejected from the cluster while
systems with higher density show a progressive percentage increasing of BHBs bound
ejected. On the other hand, the disruption of the BHB has more scattered results with a
maximum percentage of BHB",. in model S3a. This results may indicate that high density
stellar systems are more likely to eject heavy objects and binary systems.

Model S1 (a & b), shows a low percentage of merger (0.7%). As the mass of the cluster
increases, the percentage of merger increases with a maximum in model S3a (7%). Both
in model S2 and S3 the larger number of merger is found in case a. All the mergers
detected occur inside the clusters, between 10 and 400 Myr with only two exceptions, at
800 Myr and 1 Gyr.

Method
In order to span a wide range of physical models, we prepared a suit of initial conditions
summarized in Table 1: the physical parameters selected for the stellar environment are
based on observations, while the BHB system is modeled on the basis of the recent
LIGO/VIRGO detection (Abbott et al., 2016). We created 4 realizations of an isolated
Open cluster (models SO, S1, S2 and S3), varying the total number of cluster stars (512,
1024, 2048 and 4096, respectively). Each cluster is modeled with a Plummer density
profile (r. = 1pc), a Kroupa IMF and Zo. The BHB is initially placed in the very center of

| the cluster. It is formed by two equal-mass BHs (Mpy = 30Mo) placed at an initial

distance r'zup-0.01 pc each other. Case a and b denotes a BHB on an initial circular orbit
(ea=0.0) and on an initial eccentric orbit (ep=0.5). We followed the dynamical evolution
of such BHB for a total time of about 3 Gyr running, for each model, 150 simulations
with NBODY?7 (Aarseth, 2012).

Cluster Models

BHB Models Sets

N. My Pel MpuB Ttsuyp €pup  Stet Sefsf Name
[ Mo Mg pe
512 ~4.10° Plummer 60 001 00 10 140S0a

0.5 150 146 SOb
0.0 150 146 Sla
0.5 150 149 Sib
0.0 150 148 S2a
0.5 150 143 S2b
0.0 150 144 S3a
0.5 150 140 S3b

1024  ~7-10> Plummer 60 0.01

2048 ~1-10° Plummer 60 0.01

4096 ~2-10° Plummer 60 0.01

Tab.1: Summary of the initial conditions adopted in this work.

< Tab.2: Percentage To investigate the degree of shrinkage of the BHB as result of dynamical encounters with
Model |BHB? BHBY, BHB, s ; . . . - .
ode esc % esc yerg g::‘:;l°f‘r‘om°£m‘3c$s‘?; the cluster stars, we studied the evolution of its pericenter (r,) for each model. Fig. 3
0 0 0 boupnd (BHB®,..) shows the histograms of the distribution of 1, for four models (SOb, S1a, S2a, & S3b). In
unbound (BHB') and each plot, three histograms are overlapped, referred respectively to th§ fgllowing time
S0a 0.0 2.9 0.0 BHBs that merge range: 0-1 Gyr, 0-2 Gyr and 0-3 Gyr. In each histogram the dashed line indicates r, at the
SOb 0.0 0.7 0.0 (BHB,,,,,) inside the beginning of the simulation r',=1.0e-02 pc and r;,=3.3e-03 pc. The results for all the
Sla 0.7 5.5 0.7 cluster for cach model. models are summarized in Table 3. Globally all these results show that the mean
S1b 3.4 5.4 0.7 pericenter, <r,>, decreases as time pass. This is also evident in Fig. 3 where the “peak”
S2a 4.7 8.1 2.1 moves to the 1efl'as timg incyeases. Th?s %rend gives evidence of a general decreasing of
3$2b rérd 4.9 1.4 the BHB separation which, in the majority of the models, occurs soon after 1 Gyr. In
S3a 8‘3 9' 1 7'0 some cases, there is also a “tail” at very low r, (Fig. 3 and Table 3, column 5).
S3b 7.1 5.7 1.5
S0b = 2o s2a = wzon
0zs Do | oas =g
Tab.3: Evolution of the mean BHB
In order to understand if the ejected (bound) BHB would merge 020 020 pericenters for all the models.
outside the cluster in a Hubble time, we plot the distribution of - -
S . . 1 01s o1s
the semi major axis (a) and the eccentricity (e) for all BHB"esc in Model 1) T <, o
each model (Fig.2). The colormap indicates the corresponding 010 010 pe Gy pe pe
time of gravitational wave emission (Peters, 1964). The three red oo o B o L 2l oels
curves indicate the expected values of a and e for three fix Tgw ) 3 31605
(10, 15 & 20 Gyr). We observed that a small fraction of BHBs is o0g e B R e 1 18007
likely to merge in a Hubble time (model S3a, S3b), while the Log rp (pc) Log r;, (pc) b 33003 : :;:g;
majority of the other models will never merge in such time (Tgw . . T oo
> 20 Gyr). s1a S s3b S Sla  1.0e-02 2 1Lde-07
025 3 t=36yr 025 = t=30yr 3 1.4e-07
1 8.7e-08
0.20 0.20 Sib 3.3e-03 2 8.7e-08
W Sla < s2a + sh 3 8.70-08
4 Sl » S2b * S3b %~ 015 4~ 015 1 1.8e-08
S2a 1.0e-02 2 1.8e-08
010 010 3 1.8e-08
1 9.9e-08
0.05 0.05 S2b 3.3e-03 2 1.6e-08
3 1.6e-08
~ L e 000 F B ey S Loe0s
0 : Log r,, (pc) Log rp, (pc) 3 © 3 Loeos
TS Fig. 3: Distribution of the BHB pericenters for all the simulation of model SOb, S1a, S2a and S3b 1 3.90-08
[G) (from top lefi to bottom right). The x-axis is the logarithmic of the BHB pericenter in pc (r,) and S3b 3.3e-03 2 3.9e-08
; the v-axis the freauencv (£). 3 3.90-08
o
8

Fig. 2: The red curves indicate the expected a and e for three fix Ty, (10 straight , 15
dashed and 20 Gyr, dotted, linc).
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The results of our study indicate that a massive black hole binary which evolves in a low density stellar
cluster may merge in a Hubble time within the cluster itself in a percentage that even if low is not negligible.
Moreover, a small fraction of BHBs may coalescence outside the stellar system after they have been ejected,
on reasonable time scales. In addition, in low density environments, the repeated encounters and dynamical
interactions between the stars and a massive black hole binary can thus drive the shrinkage of the BHB semi
major axis soon after 1 Gyr (Rastello et al., in prep.).
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Noise, discreteness effects and the continuum limit in
N-body systems, revisited

Pierfrancesco Di Cintio
CNR-IFAC & INFN Firenze

By means of active and frozen N-Body simulations we revise the role of discreteness effects
and external noise in the dynamics of self gravitating systems and non-neutral plasmas. In
particular, we show that the use of frozen N-body realization may, in certain cases, lead to
misleading conclusions.
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The dynamics of N—body gravitational systems, due to the long-
range nature of the 1/72 force, is principally dominated by mean field
effects rather than by inter-particle collisions for large N. Due to

the extremely large number of particles it is often natural to adopt a
description in the continnum (N — oo, m — 0) collisionless limit in
terms of the Collisionless Boltzmann Equation (CBE, see c.g. [2]) for
the phase-space distribution f(r,v,t)

hf+v-Vef+VE-Vyf =0, (1)

coupled to the Poisson equation A®(r) = 47Gp(r).

In real systems, such as elliptical galaxies, N is always finite though
large (N ~ 11)“) while the typical relaxation times excede the age of
the universe. It is nevertheless interesting to question the validity of the
continuum limit.

Several authors (see e.g. [8, 9, 6, 7, 10]) rely to frozen N—body models,
namely following the dynamics of a tracer particle in the potential built
up by N fixed part for different values of N.

Here we revisit tho 50 the dynamics of individual
tracer particle in active equilibrium N—body models, aiming at under-
standing whether information extracted from frozen models is relevant in
the context of the real N—body problem.

tudics and consider

Initial conditions

In both frozen and active models we consider two different spherically
symmetric density profiles, the flat cored Plummer profile

)
(r) = % (2)
A (12 +12)
and the centrally cusped Hernquist profile
M
plr) ®)

2w (L /e

‘Where M is the the total mass and .. a scale radius. Potentials gen-
erated by those distributions are integrable thus admitting only reg
ular orbits. In order to generate the velocities for the active simula-

tions, we use the standard rejection technique to sample the isotropic
equilibrium phase-space distribution function f obtained from p with
the Eddington inversion [4] as

i 1 d [Odp do
1= 753 |, 67— @

The integrator

We use a family of symplectic integrators with order between 1 and 4.
When the Hamiltonian H (p, q) is separable in kinetic and potential
part such that

H(p,q) = K(p) + Ula), (5)
symplectic integrators in the operator splitting form are best
suited to solve the associated Hamilton eqautions —0H/dq = p;

OH/Op = ¢. Inour casc where the potential is given by the static
density distribution, the Hamiltonian of our problem becomes

9

H=—m+U(q): p=mv,q=r, (6)
where U = ¢(q).

Let us now for reasons of simplicity consider a one degree of freedom
case H(p,q) and substitute the canonical pair of coordinates with

z = (g.p). The Hamilton equations become in terms of Poisson
brackets 2 = [z, H(z)] = Dz, whose solution in terms of matrix
exponential is given by

2(r) =

where 7 corresponds to the suitable discretization of time. Expanding
the operator D in terms of Kinetic and potential terms on has

p(7D)=(0), (7)

k
exp(7D) = chp(qr}C) exp(d;7U) + O(Tkﬂ). (8)
i=1
The sum in & of the real constants ¢; and d; yields 1. Turning back

to conjugate coordinates p and ¢ this corresponds to a iterable sym-
plectic combination of mappings of the form

oK
Gnt1/2= o+ rc,afp(pn), Pns1/2="Pn (9)

and
U
An+1 = n1/2 Potl = Pns1j2 = Tdi?q(%ﬁlﬂ)' (10)

The order of the algorithm is given by the number k of iterations
required during a timestep 7 while, in general, the values of the co-
cffcients ¢; and d; are not obtainable analytically in terms of simple
functions but can be obtained recursively according to the Baker-
Campbell-Hausdorff formula.

In order to compare on the same scale different simulations, we use
normalized units where positions times and velocities are given in

units of 7¢, tx = /r3/GM and vy = r/ts, vesp

Consistently with previous work [6, 10], the orbits evolved in the
frozen N—body potential qualitatively resemble orbits integrated in
the parent smooth potentials as N increases, see Fig. above for a
Plummer model.

lummer Hernquist
1
Smooth potential
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Using the Benettin-Galgani-Streleyn technique [1] we evaluate the

maximum Lyapunov exponent Apayx for all orbits as the limit for

large t of

1 0Z(nAt
)

X(t):m d

n

5 (11)

where 67 is the distance between the reference orbit and the evolved
perturbation implemented as an euclidean norm in 6D, and d is the
distance between the initial condition and the perturbation. The per-
turbation is typically taken of the order of 1072 in double precision
while using a third order scheme for the numerical integration with
At = t4/200. From the figure above appears clear that for both mod-
els explored the maximum Lyapunov exponent of the orbits evolved
in forzen potentials rapidly relaxes to a small finite value while (as
expectable), it stedily goes to 0 for the orbits evolved in smooth (inte-
grable) potential. Remarkably, such value seamingly does not depend
much on N when N < 15000.
0.4
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Surprizingly, Apax shows little dependence on N for active
and rapidly converges to lower values than its counterpart for frozen
systems even though individual orbits in configuration space appear
to be less regular.
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We interpret this fact as a hint that the continuum limit shall be ques-
tioned at least concerning the conept of N—body chaos [5]. In particular,
the diffusion in phase-space (connected to relaxation phenomena such as
violent relaxation and phase mixing) should be quite different in the two

cases since in a froze model the single particle energy is al
independently on N, while in ac
exchange energy, even in the limit of N — oo.

conserved
ve N—body models particles could

We introduce now the so-called emittance [7]
in the context of charged particles beams a
in phase-space, defined by

a quantity introduced
ciated to the diffusion

(I (]) — (riv)?, (12)

€= (e_re_,,sg)l/s, €=

where (...) indicate ensamble averages
Self consistent simulation

Frozen N-body system

£(t)

The emittance of a cluster of tracers in an active N—body simula-

tion is compared to the same quantity for a subset of active particles
and that of a cluster in a frozen N —body simulation. For large N

€ grows in the same fashion for both tracers and active particles in
the self-consistent simulation, while it retains lower values for the
frozen case. This is apparenlty in contraddiction with what observed
for Apax. However, a lower emittance in the frozen cases is simply
nsequence of the long lasting correl particles
given by the fixed distribution of scatterers (i.e. finite N noise) and
has nothing to do with the chaoticity of the model.

108 107 100 100 107 100 10 107 100
100%t470
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On the other hand, orbits integrated in the self consistent simula-
tion experience stronger diffusion in phase-space associated with a
more complex strucure of their frequency spectrum, that does not
become continuum (as expected for wildly chaotic orbits) but is still
characterized by a finite number of frequencies (peaks).

Conclusions

The main results of this preparatory study can be summarized as
follows:

® Orbital structure in frozen models approaches that of continuum
potentials, however the dependance on N of this trend is not triv-
ial.

© Orbits in frozen models and active self consistent models have (ob-
viously) different mixing properties and have, in general, different
maximal Lyapunov exponents. Apax depends more on N in frozen
systems.

@ The concept of regular and chaotic orbits for large N models can
not be naively extrapolated from that for lower degrees of freedom
systems.

o Given that orbits in potentials of integrable models (in the contin-
uum limit) behave differently in frozen simulations and self consis-
tent simulations, nothing can be deduced from studies with tracer
particels in frozen N—body models reproducing non-integrable
models, such for example triaxial systems [3].
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Supernova Kicks and Dynamics of Compact Remnants
in the Galactic Centre

Elisa Bortolas
University of Padova / INAF-OAPd

The Galactic Centre (GC) is a unique place to study the extreme dynamical processes
occurring near a massive black hole (MBH). In this work I study the role of supernova (SN)
explosions occurring in massive binary stellar systems lying in a discy structure within the
innermost pc. In this poster I show the results of a suite of 3-body simulations of binaries
orbiting the central MBH, while the primary star undergoes a SN explosion. The associated
kicks scatter the lighter stars in the pair on completely new orbits, with higher eccentricity
and inclination. In contrast, stellar black holes (BHs) and massive stars retain memory of
the orbit of their progenitor star. My results suggest that SN kicks are not sufficient to eject
BHs from the GC: all BHs that form in situ in the central parsec of our Galaxy probably
remain in the GC, building up a cluster of dark remnants. I also present the implications of
this study on the observed dearth of NSs in the GC and I speculate on the possible origin
of peculiar GC objects, such as the S-stars, G1 and G2.
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Introduction

The Galactic Centre (GC) is an
ideal laboratory to study the

extreme dynamical processes
occurring in proximity of a super- 8 p

)

massive black hole (SMBH). RES u ltS
The GCis a very HXAfter the kick, the lighter stars (i.e. neutron stars or low
crowded and puzzling place, A mass secondary binary components) are generally
and it still poses a plethora of questions: . ND: scattered
> What is the origin of the S-cluster of DISfV[bMLEG "("\ai distro\ ©On completely
young B stars around the SMBH? eccer;?}).'oa,axes and %Iwy‘\dav‘* stars different
HWhat is the nature of G1 and G2, two dusty bound Tco’ ’erhse {SOV stars [ s)Ye\\aV BHs orbits,
objects recently spotted near the SMBH? e end of the ; MBH eu)WOV‘s)( o with higher
Why pulsars seem to be missing in the GC? un (=95 INY a eccentric-
X Why do we observe a cored distribution of red 100% IARE: Ab bbb k;‘fhs Wit ities and
giants instead of a cuspy one? 5 10% Seol«/ ’”agh inclinations.
g Seq, s
- I < b/nak:”Q;arg Kotellar mass
1% s
. - . %1 4 Targ black holes
ake u:se of 3-body simulations to understand 100 M@) 3 (BHs) and
what is the role of Supernova (SN) ) = EEEE
explosions occurring in binary stellar F10% ] quns wih Secondafy
systems within the GC > vigh Mmass | starsretain
L o % cecondart .| memory of
R m— o nart S*a{ their initial
SN kicks may: e 0 (=4 MOV orbit instead
. semimajor axis [pc]  eccentricity )
X reshuffle the orbits of pulsars, (Fig. on the left).

40% of remnants stay bound
to the companion after the |
SN kick = up to 70% of them
might become X-ray binaries
through Roche lobe filling.

other dark remnants and red giants
% push low mass stars into high
eccentric orbits, such as the
ones of Gland G2

Eccentricity vs

semimajor axis of

oW mass 2ndary
sfars at the end ofj
he runs

—
o
(=]

jor axis [pc]

r I X-~3% of the low mass | g | 62}
secondary star orbits are ‘g0-01
MethOdS compatible with those of G1 | &

o o ' . 02 04 06 08 1
i e zaCh run:_’-SOk regularized 3-body simulations eccentricity
1. a stellar binary is placed within the
clockwise disk and orbits around
the SMBH
2. the more massive (primary)
star explodes as a SN
3. the perturbed stellar system
is evolved around the
SMBH for 1 Myr
An example in the right Fig.

and G2 (right scatter plot). | 0

N

Conclusion
*BHs do not change their orbits significantly
—a cusp of BHs may have formed around the SMBH
eutron stars are generally scattered away from
the SMBH — the missing pulsars problem may

be a result of SN natal kicks.
*G1and G2 might have been low-mass \)
stellar companions to massive GC stars.

v

Bortolas, Mapelli &« Spera
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Binary Star Cluster Population in the Milky Way and
LMC

Mochamad Ikbal Arifyanto
Dept. of Astronomy, Institut Teknologi Bandung

We present the statistical analysis of binary star cluster population in Milky Way (MW)
and Large Magellanic Cloud (LMC). The data is collected from several published catalogues,
complemented by original data produced in our study. We determined the empirical distri-
bution of MW and LMC'’s binary star clusters. From the established distributions, it can be
deduced that the binary clusters tend to be young (less than 100 Myr) while their locations
coincide with the locations of star forming complexes. There is an indication that the binary
fraction increases with the rise of star formation rate in the last millions years. In the LMC,
the increasing of binary fraction at ¢ &~ —100 Myr can be associated to the last episode
of close encounter with the Small Magellanic Cloud at ¢ ~ —150 Myr. This observational
evidence supports the theory of binary cluster formation through fission of molecular clouds
where the encounter between galaxies enhanced the clouds velocity dispersion, which in turn
increased the probability of cloud-cloud collisions that produce binary clusters.
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Data and Methods

@ Star clusters were born from giant
molecular clouds that contracted
gravitationally and fragmented.

@ Hierarchical fragmentation during cluster
formations may produce cluster families
or even binary clusters with typical
lifetime ~ 100 Myr.

@ Binary clusters can also be formed
through sequential formation and tidal
capture, but cloud fission induced by
oblique collision is believed to contribute
more.

@ Improved census of clusters in the Milky
Way (MW) and neighboring Large
Magellanic Cloud (LMC) provide clue
about binary star population and their
formation history.

@ Cluster catalogue used in this study:

e Milky Way Star Clusters (Kharchenko et al. 2013) — 3006 clusters with position, distance, age, size, and
proper motion. The catalog is complete up to 1.8 kpc from the Sun, consist of 1414 clusters.

o The LMC Extended Objects (Bica et al. 2008) — 3086 clusters with position and size. Cluster ages are
compiled from Bica et al. (1996), Pietrzynski et al. (2000), Glatt et al. (2010), Popescu et al. (2012), and
complemented by original data produced in our study using CMD fitting.

@ There are 104 MW clusters identified as the member of pairs/groups with physical separation s < 30

pc. The average binary fraction is 7%.

@ In the LMC, 634 clusters identified in pairs/groups. Based on Monte Carlo simulations, it was found
that approximately 310 clusters are possibly chance pairs. Thus, binary fraction for the LMC cluster

is

~ 10%.

log(t) Popescu+(2012)

@ To identify binary cluster candidates in
the Milky Way and LMC.

@ To construct empirical distributions of
binary cluster, in particular the age
distribution that shed light on the
formation history of this population.
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Comparison of
cluster ages from

literatures.
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Figure 2. Photometry data from MCPS (Zaritsky et al.
2004) and OGLE (Udalski et al. 1997) were analyzed in order
to estimate LMC clusters’ ages. For each cluster, the CMD
was decontaminated from field stars before isochrone fitting.

Results and Discussion

W
S

Figure 3. Age distribution of
clusters in the Milky Way
(open circle) and clusters in
pairs/groups (filled circle).
Binary fraction is defined as

I
=

binary frac [%]
S
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/ increase of binary fraction

binary frac [%]

increase of binary fraction i Figure 4. Age distribution
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increase of binary fracti and the variation of binary
/ 4 fraction in the LMC. Not all
1 clusters analyzed here have

‘ determined age, such that the

the ratio between the number R
of clusters in pairs/groups and 10
the overall clusters in every
age bin.

At t = —40 Myr, binary
fraction significantly increased

aN/dt [Myr™]

[ O

formation rate (CFR). Young

- all clusters
along with the rise of cluster 10%E o eroup components

\
O increase of CFR J oL
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@ group components

Vs increase of CFR 1 obtained binary fraction is
4 higher than the actual value.

1 High binary fraction for young
clusters is observed. The

4 increase of both CFR and
binary fraction are prominent
3 at t &~ —150 Myr — related
to the latest episode of

clusters tend to be in 10°
pairs/groups.

Distribution of pair separation (Figure 5) exhibits positive trend with obvious fluctuation, or multimodal Conclusions

distribution. For the case of MW cluster pairs, the first two peaks are located at 7 and 15 pc. Fore the @ Clusters tend to be formed in groups and
case of LMC, the peaks are at 6 and 12 pc. the rise of cluster formation rate is usually
Multimodal distribution is likely to be related to the stability of binary clusters from dynamical point of in line with the increase of binary fraction.
view (e.g. Priyatikanto et al. 2016). A gap at 10 pc may be related to the merger-separation boundary @ The increase of binary fraction at

resulted from the dynamical simulation of typical binary clusters with planar prograde orbit.

L
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T 10° 10 1 LMC-SMC encounter (Bekki &
Chiba 2005).

t ~ —150 Myr supports the theory of
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Figure 5. Distribution of pair separation
in MW.
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binary cluster formation through oblique
collision of molecular clouds.
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from Priyatikanto et al. (2016).

_ @ Multimodal distribution of ‘physical
separation’ of cluster pairs in MW is likely
to be related to the stability issue.
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A new spherical basis set for halo expansions

Edward Lilley

Institute of Astronomy, University of Cambridge

Halo expansion (HEX) techniques can provide a compact way of describing numerically
constructed cosmological haloes, incorporating non-spherical effects; and they can provide
the basis functions for self-consistent field expansion algorithms for evolution of N body
systems. We construct a completely new family of biorthogonal basis sets using the Hankel
transform of the Laguerre polynomials. The lowest-order density profiles are cusped at
small radii as 7(=2¥1/9) and have asymptotic density fall-off like (=3=1/(20))  Here, a is a
parameter satisfying a > 1/2. The family therefore spans the range of inner density cusps
found in numerical simulations, but has much shallower and hence more realistic outer slopes
than the corresponding members of the family deduced by Zhao (1996) and exemplified by
Hernquist & Ostriker (1992). We focus on the a = 1 case, whose lowest-order density has a
1/r cusp and falls off as 7(=3:%) similar to NFW.
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Overview of bi-orthogonal basis sets

* Calculating the force on each particle in an N-body simulation is expensive, requiring O (N 2)
steps. Things are considerably simplified if we have a set of potential-density pairs satisfying

f L7 D, &y V2, = 4G p,

* We can approximately represent any density p and potential @ using a truncated series of

basis functions
o(f)=3 o), p() =X cn(?)

«If the density is formed of a cloud of N point-like particles, finding the coeflicients C; is
simply a sum over those N points,

N N
7 j

* We call a basis set spherical when the angular part of the basis functions is expressed using
spherical harmonics. If we fix the maximum radial order to 71, and the maximum angular

2
order to I, we have (nmx + 1) (lmx + 1) terms in total

Dy (F) = D) Y10, ), Putn (F) = put®) Y6, 9),

* The complication comes when trying to find a simple form for the radial basis functions

D,,(r) and p,(r); these must obey
I1+1
[Rdr@pu s b (VZ -5 ))% —inGp,  Viez*

* We have developed a general method of calculating basis functions that obey this condition,
by Hankel-transforming sets of functions that are orthogonal on (0, c0).

Expanding flattened NFW halos

Our family of basis sets

* While basis sets for cylindrical systems are abundant in the literature, spherical basis sets are
somewhat rarer, and all those currently in use are in fact special cases of that of Zhao (1996),
who generalised both the original basis set of Clutton-Brock (1973) and the subsequent one
of Hernquist & Ostriker (1992).

* It is desirable that the lowest-order term in the expansion capture the overall form of the
system as well as possible. Zhao’s basis set illustrates this well, as the form of the lowest-
order density function is (in units where the scale length equals unity)

1
i (1 4 i)

which reproduces the well-known models of Plummer and Hernquist when o = 1/2 and
a = 1 respectively.

hao

7
Pooo

* We introduce a new basis set whose lowest-order in density is

1
Pl &« —— @32
e (14 1)
Here the & = 1/2 basis set gives de Zeeuw’s perfect sphere at lowest order, and was discovered
(in a slightly different form) by Rahmati & Jalali (2009). Basis sets with @ > 1/2 are
completely new, and we note particularly the & = 1 case,
1
SH
[ —T
r(l+ r)5/ 2
which we dub the super-Hernquist (SH) model. It has properties intermediate between
those of the NFW and Hernquist models, and has an analytical distribution function in the
spherically-symmetric case.
* Our basis functions are all expressed in terms of well-known analytical functions. For ex-
ample, the SH radial density basis functions are written using the Gegenbauer polynomials,

312+ n+20) CP* (%) — 2+ 420 CE2 (L - 1)]

r- (
r)5/2+21 r+1

Pl (T) & a+

Expanding numerical halos

We take the @ = 1 super-Hernquist (SH) member of our family of basis sets and use it to
represent flattened NFW models; we compare this with the Hernquist & Ostriker (1992) (HO)
basis set (the @ = 1 member of Zhao’s family), which is the basis set most commonly used
in the literature to expand halos, for example to study stellar streams — see e.g. Lowing et al.
(2011); Ngan et al. (2015).
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Fig. 1: Expansion of a flattened (g = 0.8) NFW density. Viewing angle 6 is shown on each plot. Both expansions use radial terms up
to 11 =20 and angular terms up to | = 12. The error measure is A, = 10g |1 = Papprox/Pesace] (ower is better; the dips are due to the

oscillations around the true value).
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Initial Dynamical Evolution of Star Clusters near the
Galactic Centre

So-Myoung Park
Kyung Hee University

Recent observations have shown that star-forming regions are clumpy, substructured, and
filamentary, but star clusters are bound, gas-free, and spherical. In this study, we investigate
how initial fractal star clusters evolve near the galactic centre with N-body simulations. We
find that clusters have to initially be contained within their (nominal) tidal radii to survive.
Because our fractal star clusters have high initial densities, they very rapidly evolve into
dense and spherical star clusters, therefore they are almost indistinguishable from initially
spherical clusters. The density at which Galactic Centre clusters like the Arches must have
formed is therefore set by their formation distance from the GC, and if the Arches formed
at 100pc from the GC its initial density could have been several times lower than its current
value.
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ABSTRACT

We investigate how initial Plummer and fractal star clusters evolve near the Galactic centre (GC) with N-body simulations to examine which initial conditions can give us the Arches-like young massive star cluster. We find that
clusters have to initially be contained within their (nominal) tidal radii to survive. Because our star clusters have high initial densities, they very rapidly evolve into dense and spherical star clusters, therefore they all look extremely
similar after 2 Myr, no matter how they start. The density at which Galactic Centre clusters like the Arches must have formed is therefore set by their formation distance from the GC. That is, a lower limit of the initial density of the
Arches cluster is ~ 600 M, pc3 at ~30 pc from the GC and ~ 200 M, pc at ~100 pc from the GC.

INTRODUCTION METHOD & INITIAL CONDITIONS
Method
*  We use NBODY6 code modified by Kim et al. (2000).
« The strong tidal fields are applied: 30 pc & 100 pc from the GC.
— Enclosed mass: 5.5x107 M, & 6.4x108 M, respectively. (Launhardt et al. 2002)
* We make three star clusters: low, intermediate, and high densities.

One of the important routes to understanding star formation are star
clusters. Many young stars are observed in dense, spherical clusters (Lada &
Lada 2003) even in regions where the tidal field is strong, e.g. the Arches and
Quintuplet clusters whose projected distance is ~30 pc from the GC. Star
forming regions, however, are often found to be substructured (Arzoumanian et
al. 2011). Numerical simulations have shown that dense, spherical star
clusters can form from initially fractal distributions without a tidal field (Allison
etal. 2009). But do Arches-like star clusters have to form as we now see them,
or can they collapse from larger, substructured distributions? In this poster,
we present the results of simulations of star cluster evolving in a (very) (C/-r\;glf"ves Cluster Fractal (Goodwin & Whitworth 2004) ~2x 10° M, ~2pc

Initial conditions M:Themassofclusier  *R;Tidalradius  *Ry Galaclocenricradius  *IMF: Inial Mass Function

Initial distributions

~3pc
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strong tidal field. Plummer (Aarseth, Henon & Wielen 1974) (Kim et al. 2000) (Rye ~30pC) + (Rye ~ 100 pe)
RESULTS “AThe0mosmssvestas R Thetol uen chsterads  Qvearaio | T "Overflowing clusters |
ﬁ e S — 10 I Anas
AT Ll T ] <Degree of mass segregation> Il A Too0mr + 1-s0my | (Rge=30pC)
= 0.0 Myr = 2.0 Myr = 2.0 Myr —thesomest || R, = 4.0 pc Tgm > 25 M 1. Plummer ( A ): It shredded apart in 2 Myr.
- [¢] h
R, = 1.0 pc m> 2.5 Mg Plummer massive stars | Q=05 i
a=05 : T e somost | : :

some sub-clusters can survive.

.. The Plummer spheres and fractals cannot
survive as a single cluster, however, there are
some surviving sub-clusters in the fractal case.

|
|
|
|
2. Fractal ( B ): It also shredded in 2 Myr, but |
|
|
|
|
I

Fractal

. [0 S |l

s Tidal tails are 2 ™~ & I | -5 . I simply scaled-up versions of those at 30 with
disappeared when . . Nomass | x I some subtle differences.
applying ~ 2.5 M, segregation | | |

Ut (Hosek et al. 2015). o !

00 I 2.0 Plummer

|| 1. Well-contained clusters: As in the 30

Plurnm Iverse mass . >
ol e e T (e oo 1! = boorboodioebolo || pe case, both Plummer and fractal initial
. conditions evolve very similar to each other b
I T =20 Myr T=20m | (R =30 il T=2ome |7 Myr, However, if R 3 pe, their dynamical ¢
Ro=10pc [ m>25M (Rge = PC) 1 om0 29V G olution is slightly siower so they mass
e = © ¢ Mo . . Q=03
Q=05 1. P'“”"_"?"_ (A):In2Myr, ithas not‘ | 1 segregate to a slightly lesser degree than for
5 evolved significantly. 1

I

|| 2. Just-contained clusters: Both

| | Plummer and fractal initial conditions evolve

|| very similarly to the 30 pc case. However, the

|| Plummer sphere is destroyed on a longer time
scale because of the weaker tidal field and a

2. Fractal ( B ): In 2 Myr, it rapidly \‘
evolves like a Plummer sphere, erasing | |
initial substructures, because of a 1
violent relaxation (Allison et al. 2009). | |
|
— InFig. C , the fractal is slightly more } |

|

|

|

|

|

|

|

|

| |
| well-contained clusters at 30 pc. |
|

|

|

|

|

longer dynamical timescales. |
|

|

-5 . Tidal tails are mass segregated then the Plummer | | L
disappeared when sphere. I I 3. overflowing clusters: As at 30 pc case,
applying ~ 2.5 M., |

|| the Plummer spheres are completely destroyed. |
|| However, in the fractal case, there are I
I considerable surviving overdensities, often in a

| | long ‘filament', because of the weaker tidal field,J

CUt (Hosek et al. 2015).

*. Fractals are more dynamically | |
evolved than the Plummer spheres | |
because of a rapid violent relaxation. | |

|
|
|
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|
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1. Just-contained clusters

CONCLUSION

10 [rrrTe E— SN S We investigate the early evolution of ~ 2 x 10* M, Plummer and fractal initial conditions in
A T =00 Myr T =20 Myr 1. Plummer ( A ): In 2 Myr, it has not survived as a cluster. a strong tidal fields at ~ 30 and ~ 100 pc from the GC where the nominal tidal radii are ~ 2
R, = 1.0 pc m > 2.5 Mg and ~3 pc respectively.
Q=05 2. Fractals: We perform N-body simulations using NBODY6 code with full tidal fields (Kim et al. 2000).

a. Tepid (Q = 0.5) fractal ( B ): In 2 Myr, it has survived
as a star cluster within the tidal radius.

b. Cool (Q = 0.3) fractal ( C ): In 2 Myr, we can see a
surviving substructures on the tidal arms.

1. Both Plummer sphere and fractal initial conditions that are well-contained within the
nominal tidal radii survive for 2 Myr as distinct bound clusters.

- Fractals evolve dynamically faster than Plummer spheres, erasing initial substructures
due to a rapid violent relaxation. Hence all surviving clusters look very similar at 2 Myr.

- They give rise to tidal tails of low-mass stars that would be difficult to observe at the GC.

Wb Froctol — In Fig. B, we run 10 ensembles of
Fig. B by only changing the random
« 3 | A /T 7/ \I number seed. Around half of them

shows significant mass segregation

2. If the initial conditions completely fill the tidal radius then if a single significant cluster
survive depends somewhat on the initial conditions.

- Plummer spheres are destroyed.

- Tepid (virial ratio 0.5) fractals survive, but cool (virial ratio 0.3) fractals destroyed (but
substructure often survives).

.. The Plummer spheres cannot
survive as a cluster while fractals can.

Plummer

10 [T T

3. Any initial conditions that overflow the nominal tidal radius are destroyed.

T = 0.0 Myr
- But if the initial conditions are fractal then significant ‘subclusters’ can survive.

T = 2.0 Myr
m > 2.5 Mg

T = 2.0 Myr
m > 2.5 Mg

.. If a single significant cluster like the Arches cluster survives then after 2 Myr it appears as a
mass segregated Plummer-like object irrespective of the initial conditions.

— If the Arches-like cluster formed at 30 or 100 pc from the GC, this sets a lower limit on the
formation density > 600 M, pc®and at 30 pc, or > 200 M., pc®at 100 pc.
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Hypervelocity runaways from the Large Magellanic
Cloud

Douglas Boubert
University of Cambridge

We explore the possibility that the observed population of Galactic hypervelocity stars
(HVSs) originate as runaway stars from the Large Magellanic Cloud (LMC). Pairing a binary
evolution code with an N-body simulation of the interaction of the LMC with the Milky Way,
we predict the spatial distribution and kinematics of an LMC runaway population. We find
that runaway stars from the LMC can contribute Galactic HVSs at a rate of three every
million years. This is composed of stars at different points of stellar evolution, ranging from
the main-sequence to those at the tip of the asymptotic giant branch. We find that the known
B-type HVSs have kinematics which are consistent with an LMC origin. Massive runaways
will themselves go supernova, producing a remnant whose velocity will be modulated by
a supernova kick. This latter scenario has some exotic consequences, such as pulsars and
supernovae far from star-forming regions.



1. Context: We do not know the origins
of the hypervelocity stars.

Hypervelocity stars are defined to have velocities greater than the escape speed
of the Milky Way. We know of twenty two B type hypervelocity stars between 50 and
120 kpc from the Earth. The other peculiar characteristic of these stars is that they are
not distributed evenly across the sky. In this figure we show the footprint of SDSS DR9
in grey, corresponding to the region that was searched by Brown et al. (2006, 2007,
2014), and the hypervelocity stars that were found in red.

If the hypervelocity stars are born in the Milky Way then they must be produced
through the Hills mechanism (Brown, 2015). In the Hills mechanism binary stars are
tidally disrupted during a close encounter with the massive black hole at the centre of
the Galaxy. This cannot explain why the hypervelocity stars are preferentially found in
one part of the sky.

However, the location and past orbit of the LMC (shown in purple in the figure
below) are intriguingly aligned with where we see the hypervelocity stars. The LMC is
travelling at 378 km/s past the Milky Way and thus a star ejected at 200 km/s in the
direction of travel of the LMC would escape the LMC and become a hypervelocity star.

2. Are they hypervelocity runaway stars?

If a star only has to be ejected faster than 200 km/s we can consider a less
extreme mechanism. The binary supernova scenario first described by Blaauw (1961),
where a star is ejected by the core-collapse supernova of its companion, is observed
to produce runaway stars with velocities in excess of 200 km/s.

We simulate a sample of runaway stars
" formed over the past 2 Gyr in the LMC by
assuming a SFR of 0.2 Mo yr~! and sampling
107 binary stars from analytic distributions for
_ their initial properties. We evolve these
" T binaries to identify the runaway stars that are
) formed using binary_c (lzzard et al., 2004,
2006, 2009). In this figure we show the PDF for
the ejection velocity and colour of the
runaway stars that are formed. Interestingly,
all the stars that have velocities in excess of
200 km/s have interacted with their binary
companion prior to the supernova.

A key technical advance of this work is
that we follow the single star evolution of the
runaways after they are ejected. This allows us
to predict stellar properties at present day.

—
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3. Eject the runaways in a model of the
LMC-MW and find out where they go.

Once we have the time and supernova velocity kick
for the runaway stars formed in the LMC over the past 2
Gyr, we pick a random starting location in the LMC disc and
a random orientation for the supernova kick. We also
randomly sample velocity dispersions from the LMC disc

" and add on the rotation velocity of the disc.

We integrate the orbits of the runaway stars until
present day in a live N-body model of the LMC flying past
the Milky Way, taken from Mackey et al. (2016). In this
figure we show the particles which represent the LMC
potential at the final timestep. The features top and bottom
are due to the tidal disruption of the LMC by the Milky Way.

4. The runaway stars can perfectly
reproduce the hypervelocity stars.

We predict that there are 10,000 main
sequence runaway stars that have escaped
the LMC and are now hypervelocity stars of
the Milky Way.

In the figures on the right we show
density contours for the simulated runaway
stars where the red triangles are the known
hypervelocity stars. The first plot on the
right is in Galactic coordinates and
demonstrates that the clump of
hypervelocity stars is naturally explained as
the tip of a leading arm of hypervelocity
stars. The second plot shows that our
model can replicate the radial velocities of
the hypervelocity stars. Our model can also
match their proper motions and distances.

The major caveat of this model is that
the high ejection velocities require binaries
to experience common envelope evolution,
a process that is not entirely understood.
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5. Gaia DR2 will provide a definitive test.

Searches for hypervelocity stars in
5 the past have been limited to parts of
the sky which are covered by deep
surveys. With Gaia the entire sky will
be mapped down to G = 20.7 and, as
shown in the figure on the left, this is
sufficiently deep to discover the
leading arm of hypervelocity stars from
the LMC. The proper-motion errors of
Gaia are magnitude-dependent and
estimates of these are also shown. Not
only will Gaia detect these stars, it will
measure their proper motions.
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6. Conclusions

* We can explain the hypervelocity stars as runaway stars that have

escaped the Large Magellanic Cloud.

* The known hypervelocity stars are the tip of a leading arm of 10,000

hypervelocity stars stretching 100° on the sky from the Large
Magellanic Cloud to the constellation of Leo.

* We predict that Gaia will have discovered stars in this leading arm and
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measured their proper motions by the end of the five year mission.
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Boxy Orbital Structures in Rotating Bar Models

Luis Leonardo Chaves Velasquez
INAOE, México

We investigate regular and chaotic orbits of stars in models of a galactic potential consisting
in a disk, a halo, and a bar, in order to find the origin of 3D boxy components, which are part
of the bar. Our models originate in snapshots of an N-body simulation presented by Machado
& Athanassoula (2010), which develops a conspicuous bar component at times ¢ = 4.2 Gyr,
t = 7.0 Gyr, and t = 11.2 Gyr. For the orbital study we treat each snapshot independently, as
an autonomous Hamiltonian system. The calculated corotation-to-bar-length ratios indicate
that in all three cases the bar rotates slowly. We calculated the characteristic curves of the
three models and we found that in all cases, the ellipticity and the orientation of the main
family of periodic orbits vary along these curves. The shape of the characteristic of the
main family also evolves from model to model. In all three cases we present in this paper
it has a complicated shape and changes directions at several energies between the center
of the system and corotation. In order to study the regular, chaotic, or sticky character of
the orbits and their contribution to the appearance of specific morphological features, we
have used the GALI2 index. We characterize the orbits as regular, sticky, or chaotic after
integrating them for 10 Gyr period. We study the non-periodic orbits in the outer parts of
stability islands, or with sticky orbits around them. By perturbing such orbits in the vertical
direction we find a class of non-periodic orbits that are characterized by boxy projections
both in their face-on and side-on views, since they are 3D boxy structures.
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Abstract = For regular orbits:

We investigate regular and chaotic two-dimensional (2D) and
three-dimensional (3D) orbits of stars in models of a galactic
potential consisting in a disk, a halo and a bar, to find the ori-
gin of boxy components, which are part of the bar or (almost)
the bar itself. Our models originate in snapshots of a cosmo-
logical N -body simulation, which develops a strong bar. We
consider three snapshots of the simulation and for the orbital
study we treat each snapshot independently, as an autonomous
Hamiltonian system. The calculated corotation-to-bar-length
ratios indicate that in all three cases the bar rotates slowly,
while the orientation of the orbits of the main family of pe-
riodic orbits changes along its characteristic. We characterize
the orbits as regular, sticky, or chaotic after integrating them
for a 10 Gyr period by using the GALIL, index. Boxiness in
the equatorial plane is associated either with quasi-periodic or-
bits in the outer parts of stability islands, or with sticky orbits
around them, which can be found in a large range of energies.
We indicate the location of such orbits in diagrams, which in-
clude the characteristic of the main family. They are always
found about the transition region from order to chaos. By per-
turbing such orbits in the vertical direction we find a class of
3D non-periodic orbits, which have boxy projections both in
their face-on and side-on views.

Introduction

In the present study we want to investigate what kind of orbits
support 2D and 3D boxy morphologies in the successive snapshots,
and how they evolve in time, i.e. from the model of the earlier snap-
shot to the model for the final one. We want to examine whether
this dynamical mechanism is associated with orbits just beyond
the vertical 2:1 resonance region, or if it can be applied in a large
energy range in which we can find bar-supporting orbits. For this
purpose we do not investigate in detail the structure of phase space
in a large number of energies, for this purpose we investigate the
system’s global dynamics.

Modelling the N-body Snapshots

The N-body simulation is described in Manos &
Machado (2014) [3]. We approximate the morphology
of the snapshots by using the following components.

= The bar (Ferrers 1877) [2]:

pe [*_du 2(0,))3
Op = —nGabe— | ——(1— 1
b= —nGans [Tt (1)
= The disk (Miyamoto and Nagai 1975) [4]:
M,
= e e
Vot + (A VT B
= The spherical dark mater halo (Dehnen 1993) [1]:
GMy ro\*7
by =——— |1 - s 3
" an(2=7) { (7' + alr) ] ®)

Autonomous Hamiltonian system
and the GALI, index

The Hamiltonian of the system is given by
1 3 5
H =0} + 0+ 1)+ ®(0,,2) = Qulap, —ypa) = By (4)
The equations of motion are:

T=p,+ Oy,  Y=p,—Qr, Z=p,
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The variational equations are given by:
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The GALI, index is given by (Skokos et al. 2007) [5]:

GALL(t) = [#(t) A Wa(0). (7)

= For chaotic orbits:

GALIy(t) o< exp (—=(A1 — A)t) (8)

GALLy(t) o constant. 9)

The degree of chaoticity of the orbits

snapshot 2
=10 Gyr

snapshot 2
Y| t=16yr

W »  osp, @ s w = E,
u| snapshot3 = [ snapshot 4 2
Wl t=106Gyr .| t=106yr .
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Figure 1: The chaoticity of the planar orbits on the equatorial plane
of models 2,3,4. Dark areas correspond to chaotic initial conditions
according to their GALI, value (see colour bars to the right of the
panels)

Figure 2: The Poincaré surface of section of model 2 for £; = —0.2.
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Figure 3: Five orbits with boxy character on the equatorial plane of
the model of snapshot 2.
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Figure 4: Three orbits with boxy character on the equatorial plane
of the model of snapshot 3.
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Figure 5: 3D orbit associated with 3D boxy structures in the model
of snapshot 2.

Conclusions

©In models where the family of x1 ellipses exists we
can find a class of sticky chaotic orbits with a 2D
and/or 3D boxy structure. The shape of these
orbits, after integrating them for 10 Gyr and the
evolution of their GALI, index show that they
can be used as building blocks for structures that
last for several Gyr. They exist in a large range of
EJ’S.

®2D non-periodic boxy orbits can be found on the
outermost invariant curves around x1 on a surface
of section, or in regions in the immediate
neighbourhood of the stability islands. We find
them in all E;’s we encounter x1 periodic orbits
that match the size of the N-body bar.

o For finding 3D orbits with boxy morphology in
both face-on and edge-on views, one has to
perturb in the vertical direction the boxy planar
orbits. There is always a Ap, interval in the
initial conditions of the perturbed, initially
planar, orbits in which the 3D orbits will have a
boxy structure. These are 3D sticky chaotic
orbits. Their face-on projections are different from
those of the quasi-periodic orbits close to x1 and
its 3D bifurcations, at all E;’s we find them.

oIn the face-on projections of these sticky boxy
orbits we find the formation of an X embedded in
the boxy structure.

©Such orbits can be used to construct models with
boxy isophotes inside the face-on views of the
bars. The areas of the boxy isophotes in these
cases correspond to the extent of the edge-on
boxy bulges, in agreement with the result of

0 The degree of boxiness of a bar, or of a part of it,
indicates which orbits are populated. If
quasi-periodic orbits in the immediate
neighbourhood of the periodic orbits of the central
family prevail, the face-on projections will be
elliptical. On the other hand if the majority of the
non-periodic orbits building the bar, or its part,
are at the edges of the stability islands and/or
sticky chaotic orbits next to them, then the
supported shape in the face-on views will be boxy.

In both cases we can have boxy edge-on profiles.
]
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Global Stabilities in Isolated and Perturbed Barred
Models

Diego Valencia-Enriquez
INAOE

It has been known that the origin of stellar bars in isolated disc galaxies depends on the
angular momentum exchange and on the properties of the model -the ratio between disc mass
and halo mass, halo concentration, velocity dispersion, etc.- which they can be characterized
by the Global Stabilities. However, it remains unclear what is the lower limit on these Global
Stabilities to get a model stable or unstable to bar formation, and how they behave during
the evolution of a disc. In this work, we explore Global Stabilities from numerical models
where we only change the spin parameter to get two classical models -disc dominate and halo
dominate models- and follow them through the time. As we expect, disc dominate models
develop a bar while halo dominate ones do not. However, we find while the Global Stabilities
are closer from its stabilities limit, the bar formation is more delayed, the spiral structures
are stronger, the pattern speed of the bar is slower, and the bar catches surprisingly more
particles at the buckles phase. Besides, we perturb these models by a flyby elliptical galaxy
to analyse the evolution of the Global Stability Limits of the galaxy and the bar growth
under perturbation.
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Abstract

It remains unclear what are the lower limits of the Global
Stabilities parameters to get a model stable or unstable to
bar formation, and how they behave during the evolution
of a disc. In this work, we explore the Global Stabilities pa-
rameters from N-body simulations in which we only change
the spin parameter to get two classical models -disc domi-
nate and halo dominate models- and follow them through
the time. As we expect, disc dominate models develop a
bar while halo dominate ones do not. We find that while
the Global Stabilities parameters are closer to their stabili-
ties limit, the bar formation is delayed, the spiral structures
are stronger, the pattern speed of the bar is slower, and
the bar catches surprisingly more particles at the buckles
phase. Besides, we perturb these models by a flyby ellipti-
cal galaxy to analyse the evolution of the Global Stability
Limits of the galaxy model and the bar growth under per-
turbation.

Global disc instabilities

We focus on the behavior of global instabilities that can
trigger a bar in isolated and perturbed models. [1] sug-
gested a criterion for bar instability characterized by the
parameter

€m = Vmux Y (1)
\GMa/Trq

where Vinqy is the maximum circular velocity, M4 and 14
are the disc mass and disc radial scale length, respectively.
The parameter €., has the advantage of being expressible
in terms of quantities that are easy to obtain observation-
ally.
In addition, [2] show that disc stability is characterized by
a lower limit of the spin parameter Ay4. They showed that
a disc can be unstable to bar formation if

0.7<en<12 and A <Aqit. (2)
where,
2
€m,crit 2fc
Acrit = |2 3
crit e ) dTZOOer ( )

with €mcrit & 1 being the critical value of €, for disc
stability, f. is a function which depends of the halo con-
centration ¢, f, is a function which depends of the scale
radius of the disc 14, and 1290 is the radius where the mean
enclosed dark matter density is 200 times the critical den-
sity.

Simulations

Isolated models:

Figure 1 : Description in the text.

2Universidade do Vale do Paraiba, Brasil.

Figure 1 shows the face-on surface density maps -in a log
scale- for our models and at times of 0, 1, 2, 3, 4, 5, 6 Gyr.
From top to bottom, we present the evolution of models
AN03, AN04, ANOS, and ANO6, respectively.
Perturbed models:

In Figure 2 the angular velocity of the companion at the
perigalacticon in all encounters is around of 40km/s/kpc;
we can observe that those interactions produce well de-
fined strong spiral arms and extended tidal features, such
as bridges and tails, that are all transient, but distinct in
nature.

= =y =

Figure 2 : As in figure 1, interactions of our Pm set.

From top to bottom, we present the evolution of models
PmMAAO3, PmAA04, PmANAOS, and PmAA06, respec-
tively.

Measurement of Global Stabilities

Isolated models:

We observe in Fig. 3 how the bar models begin in the
range 0.7 < € < 1 and evolve asymptotically toward the
unity, while the stable model keeps €, beyond the unity.
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Figure 3 : Evolution of the stability experimental parame-

ter €y, for the isolated models.

Perturbed models:

We observe in Fig. 4 how the parameter €, falls into the
range 0.7 < € < 1 due to the passing of the perturbation
for all models.
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Figure 4 : Evolution of the stability experimental parame-
ter €y, for the perturbed models.
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Figure 5 : The spin parameter of the disc Aq (dashed line)

and the critical spin parameter A,i; (continuous line) as a
function of time for the isolated models.

We can observe that models forming a bar have Ay <
Acrit, and the stable model against the bar formation has
Ad > Acrit.

Perturbed models:
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Figure 6 : As in Figure 5, but for perturbed models.

In general, once the perturbation passes and it is far from
the studied galaxy, the Aq parameter tends to return to
the equilibrium values that it had before the flyby. Fur-
thermore, the Ayt parameter tends to rise to higher val-
ues causing the disc to become more unstable, and the
€ parameter is almost constant through the rest of the
simulation with a lower value compared to the initial one.

Table 1 : Evolution of stability parameters.

Model | A; Initial Final  [Final Status
AAO3  [0.03|Ag < Acrit|Ad < Acrit| Strong Bar
ANO4  0.04|Ag < Acrit |Ad < Acrit Bar
ANO5  [0.05|Agq = Acrit|Ad < Acrit| Weak Bar
ANO6  [0.06|Aq > Acrit|Ad > Acrit|  Stable

PmAAO3 Ad < Acrit|Ad < Acrit| Strong Bar
PmAAO4 Ad < Acrit|Ad < Acrit| Strong Bar
PmAA05 A~ Aarit| A < Aerie|  Bar
PmMAAN0O6 Ad > Acrit [ M < Acrit Bar

Conclusion

We get a stable disc against bar formation when the model
begins with the spin parameter greater than its critical spin
parameter, and the experimental parameter €, is larger
than the unity. On the other hand, we get an unstable
disc to bar formation when its spin parameter is less than
its critical spin parameter and the parameter €, is in the
range from 0.7 to 1. The perturbed models also show that
behavior.
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INDICATE: an INdex to Define Inherent Clustering
And TEndencies

Anne Buckner
University of Leeds

StarFormMapper (SFM) is an EU H2020 funded international collaborative project whose
aim is to constrain the mechanisms that underlie massive star and cluster formation. We
present our new novel automated statistical clustering tool INDICATE (Buckner et al.,
submit.). Traditional clustering algorithms find clusters centroids and members in datasets
- but this is insufficient for studies of e.g. mass segregation and substructure in young
star clusters/forming regions. INDICATE enables the user to quantitatively trace how
“clustered” individual objects are in distribution and how this changes as the system evolves.
We will show that for both observed & simulated data INDICATE is robust against noise
and can be applied in any specified parameter space without preference for the data sets
size, shape or number of dimensions (2D, 3D, 6D).



INdex to Define Inherent Clustering And TEndencies

A. Buckner' and the StarFormMapper Collaboration

1 School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT , United Kingdom

What is it?

A new novel automated statistical clustering tool (Buckner et al., in
prep.).

Traditional clustering algorithms find cluster centroids and members in
datasets- but this is insufficient for studies of e.g. mass segregation and
substructure in young star clusters/forming regions. INDICATE enables
the user to quantitatively trace how “clustered” individual objects are in
distribution and how this changes as the system evolves.

How does it work?

Calculates a 'clustering' index for every vector in a discrete distribution.
The Index:
m  quantitatively describes the degree (or lack of) of spatial clustering in

the local neighbourhood of the vector

derived by comparing the number density of the vector's local

neighbourhood with a generated evenly spaced uniform distribution

Why do YOU want to use it?

INDICATE has been developed as a tool
quantitatively trace:

for the community to

m  Mass Segregation

m  Stellar Substructure

m  Dynamical Evolution of a Cluster System

m  Spatial Evolution of Individual Stars in Cluster Mergers

As stars indexes are derived through direct comparisons to generated
uniform distributions, direct comparisons of the Index values derived for
individual stars in the cluster system, as well as between multiple cluster
systems, is possible.

Thus INDICATE grants the ability to trace how the degree of clustering
varies for individual stars, whole cluster systems, and globally, with e.g.
stellar/cluster mass, age, position etc.

(i.e. definitively non-clustered) with the same overall number density
of the distribution

as such, is independent of shape (circular, filamentary etc.), size and
spatial compactness of distributions sub/structure

can be derived for 2D, 3D and/or 6D discrete distributions

is calibrated against random distributions

Figure 1. Demonstration of applying INDICATE to a discrete 2D dataset. (Left:) Synthetic 2D dataset of 6000
vectors and 15 Gaussian clusters with different degree of cluster overlapping (augmented from original form by
Franti & Virmajoki, 2006) (Right:) after applying INDICATE. The higher the clustering index, the more
(absolutely) spatially clustered the vector is.

Example: Mass Segregation

Mass segregation can be defined as a difference in distribution of stars as a function of stellar
mass, such that the more massive stars are more spatially concentrated than their lower
mass counter parts.

Thus INDICATE (which quantifies the spatial concentration of objects) allows the variation in
the spatial distribution of stars as a function of mass to be easily seen. Advantageously, it is
independent (and does not require prior knowledge) of cluster centres, radii or density
profiles. An example is shown in Figure 2: cluster (A) has no mass segregation so the
Indexes of the most massive stars are randomly distributed about the median value of the
cluster. Comparatively, clusters (B) (C) & (D) show a trend of increasing higher clustering
indexes for the individual massive stars with greater degrees of mass segregation.

However, the true power of INDICATE for mass segregation applications is the ability to
quantitatively describe and compare the spatial clustering of individual stars of similar
masses. For example in (B) there are 4 O-type stars [circled] which have a Index value that is
statistically significantly lower than the other stars in the cluster with similar masses.
Therefore INDICATE has identified/quantified which massive stars are not spatially clustered
(respectively) - information which can then be used as a focal point for further studies into
e.g. the effects of local environment formation conditions on the dynamical history's of cluster
members and cluster spatial structure.

lots Stellar
h a ZAMS stellar population of 20,000 members between 0.08-100 M,,
) B) 5=0.25 (C) 50 and (D) degree of m: regation respectiv
tentatively colour coded by spectral type based on mass ranges given for MS stars by P
B-orange, A-yellow, F-green, G-blue, K-purple, M- nd the blue dashed line on (A) mark
of the clu

r (Kuepper et al.,
adius of 1pc; and

Figure 2: e clu

2011) v

lustering Index for mas: generated using
no binaries; half.
As a visual aid
& Mamajek (20!
he median CI

References

ABuckner et al., “The Spatial Evolution of Young
Massive Clusters I. - New Tool to Quantify
Substructure & Mass Segregation”, A&A, in prep.

The StarFormMapper Project
INDICATE was developed for, and this research was conducted on behalf of, the StarFormMapper (SFM) project. The key aim
of the project is to combine data from two of ESA’s major space missions, Gaia and Herschel, together with ground based
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Star Clusters in outskirts of the Magellanic Clouds
and the Bridge

Monika Sitek

Astronomical Observatory of Warsaw University

The Magellanic System (MS), consisting of the Large Magellanic Cloud (LMC), the Small
Magellanic Cloud (SMC) and the Magellanic Bridge (MBR), contains diverse sample of star
clusters. Their spatial distribution, ages and chemical abundances may provide important
information about the history of formation of the whole System. We use deep photometric
maps derived from the images collected during the fourth phase of The Optical Gravitational
Lensing Experiment (OGLE-IV) to construct the most complete catalog of star clusters in
the Magellanic System using the homogeneous photometric data. We present the collection
of star clusters (877) found in the area of about 600 square degrees in the outer regions
of the Magellanic Clouds and the Bridge. Our sample contains 303 visually identified new
star cluster candidates, 77 of which were not published yet, and 226 were already published
by us in M. Sitek et. al. 2016. The new clusters are mainly young small open clusters or
clusters similar to associations. The main goal of this research project is to prepare the most
recent, full census of star clusters in the Magellanic System, based on rich photometric data
of the OGLE project. Considering that the OGLE project covers whole Magellanic System
on unprecedented scale, it is anticipated that we will be able to determine very accurate
parameters of all known clusters, with possible new findings in that area.
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The Magellanic System (MS), consisting of the Large Magellanic Cloud (LMC), the Small Magellanic' Cloud (SMC) and the
-Magellanic Bridge (MBR), contains diverse sample of star clusters. Their spatial distribution, ages and chemical abundances may
provide important information about the history of formation of the whole System. We use deep photometric maps derived from
the images collected during the fourth phase of The Optical Gravitational Lensing Experiment (OGLE-IV) to construct the most
complete catalog of star clusters in the Magellanic System using the homogeneous photometric data. We present the collection of
star clusters (877) found in the area of about 600 square degrees in the outer regions of the Magellanic Clouds and the Bridge.
“ Our sample contains 303 visually identified new star cluster candidates, 77 of which were not published yet, and 226 were
-already published by us in M. Sitek et. al. 2016. The new clusters are mainly young small open clusters or clusters similar to
associations. 2
The main goal of this research project is to prepare the most recent, full census of star clusters in the Magellanic System, based
on rich photometric data of the OGLE project. Considering that the OGLE project covers whole Magellanic System on
unprecedented scale, it is anticipated that we will be able to determine very accurate parameters of all known clusters, W|th
(findings in that area. The catalog will contain the basic parameters of detected clusters: size, number of objects and
in-each cluster/reddening, estimated age, etc. Those parameters will be derived in the most accurate way p055|ble
‘methods andgnultiple tests in order to obtain good statistics.
(1998 1999) published a catalog of 615 (including 126 new findings) star clusters in the SMC and LMC, based on
15 of the OGLE-Il/project. This was by far the largest collection of clusters in LMC and SMC based on the data of smgle
observation project, but only in central parts of Magellanic Clouds. Now we have found 877 star clusters only in the outskirts of
the Magellanic Clouds and'in the Bridge. Our sample contains almost all star clusters from the biggest catalog of extended objects
(Bica et. al. 2008) in this area and 303 new objects.
Methods of searching and analyzing star clusters are not new idea in astronomy but still challenging. Construction, testing and
application of algorithms which will work effectively in highly distinct environments such as LMC and SMC centers and vast,
mostly empty regions of the Bridge have been never done before in such scale of a single, homogeneous set of data.

Together with other OGLE projects regarding the Magellanic System which are currently
underway this project should yield and up-to-date view of the structure
and content of one of the most important stellar systems in astronomy.
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128 Posters

The secular evolution of the Nuclear Star Cluster of
the Milky Way

Sara Rastello

Universita di Roma, La Sapienza

Nuclear Stellar Clusters are stellar systems (up to 107 stars in few parsec radius) so dense
that their dynamics cannot be followed with the high precision, direct summation available
N-body codes over a long integration time. This poster introduces the main idea of our
project, that is of studying the dynamics of the MW NSC by means of a new approach to
work in a direct summation code. The focus is on setting an inner region of the MW NSC
containing a “treatable” number of stars (10° to 10° stars) where we run the direct N-body
simulation with the advanced code NBODY6++GPU while modeling the region surrounding
the subset sphere “boundary” by a suitable method preserving precision and speed. This
strategy will allow us to study the evolution of the NSC over its 2-body relaxation time with
an acceptable numerical effort by mean of a massive computational platform.
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Features of globular clusters dynamics with
intermediate mass black holes

Marina Ryabova

Southern Federal University, Russia

Recent photometric and spectroscopic analysis of several Galactic globular clusters (e.g., 47
Tuc, Omega Cen, NGC 5286, NGC 6266, NGC 6388, NGC 6624) is evidence that the clusters
probably contain black holes of intermediate mass (around 1% of the cluster mass). Using
N-body simulations, we follow the dynamical evolution of globular cluster in the presence
of an intermediate-mass black hole. Black hole forms a hard binary system that affects
kinematics of central region of the cluster, and black holes with masses exceeding 1.5% of
the total cluster mass are able to prevent core collapse.



130 Posters

A chemical study of blue straggler stars in the open
cluster M67

Clio Bertelli Motta
ARI - ZAH - University of Heidelberg

Blue straggler stars (BSS) are among the most puzzling objects found in stellar clusters.
Since their discovery in globular clusters, they have been shown to exist also in old open
clusters of the Milky Way. Their formation is currently explained by two main theoretical
scenarios (collision and mass transfer), but the observational evidence in support of the one
or the other is still incomplete, especially with respect to the chemical composition of these
stars. Using APOGEE observations of the old open cluster M67, we performed a mem-
bership analysis based on kinematic criteria (radial velocity and proper motions from the
PPMXL catalogue). Among the selected stars, we found 10 whose position on the colour-
magnitude diagram suggests a blue straggler nature. Since no abundances were available for
these objects from the APOGEE pipeline ASPCAP, we conducted an independent chemical
analysis of the sample. We found that the BSS candidates share the same surface chemical
composition as the stars situated at the turn-off of M67. In particular, their carbon abun-
dances do not show any anomaly, and thus seems to support a collisional formation scenario
for these stars. Furthermore, we note that the abundances of the yellow straggler 2MASS
J08515020 + 1146069 are consistent with the abundances of the red clump stars in M67,
confirming the evolved nature of this object.
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The viscous evolution of circumstellar discs in young
star clusters

Francisca Concha-Ramirez
Leiden Observatory

Stars with circumstellar disks form in environments with high stellar and gas densities which
affects disks through processes such as truncation from dynamical interactions, ram pressure
stripping, and external photoevaporation. Circumstellar disks also undergo internal viscous
evolution, leading to disk expansion and mass accretion onto the central star. Previous work
indicates that dynamical truncation and viscous evolution play a major role in determining
circumstellar disk size and mass distributions. However, it remains unclear under what
circumstances which of these two processes dominates. Here we present results of simulations
of young clusters taking into account dynamical interaction between stars and the viscous
evolution of disks. Coupling viscous disk evolution with direct N-body code is done using
the AMUSE framework. Cluster gas is modelled as a time variable background potential.
We compare these results with actual observations of size, mass, and accretion rates of
circumstellar disks inside star clusters. We argue that the relative importance of dynamical
truncation and the viscous evolution of disks changes with time and cluster density. Viscous
evolution causes the importance of dynamical encounters increase with time. The presence
of gas results in more dynamical encounters, compared to simulations without gas. Gas
expulsion causes the cluster to expand, making the moment of gas expulsion a critical
variable in the importance of dynamical truncation. Simulation results for disk masses and
accretion rates are in agreement with observations of the Trapezium cluster. Disk sizes are
overestimated by our model, suggesting the need to include other physical processes that
might be triggering disk truncation.
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Hydrodynamic simulations of the central molecular
zone with realistic (zalactic potential

Jihye Shin

Korea Institute for Advanced Study

We present hydrodynamic simulations of gas clouds inflowing from the disk to a few hun-
dred parsec region of the Milky Way. A gravitational potential is generated to include
realistic Galactic structures by using thousands of multipole expansions that describe 6.4
million stellar particles of a self-consistent Galaxy simulation. We find that a hybrid multi-
pole expansion model, with two different basis sets and a thick disk correction, accurately
reproduces the overall structures of the Milky Way. Through non-axisymmetric Galactic
structures of an elongated bar and spiral arms, gas clouds in the disk inflow to the nuclear
region and form a central molecular zone (CMZ)-like nuclear ring. We find that the size of
the nuclear ring evolves into ~ 240 pc at T = 1500 Myr, regardless of the initial size. For
most simulation runs, the rate of gas inflow to the nuclear region is equilibrated to = 0.02
Mg /yr. The nuclear ring is off-centered, relative to the Galactic center, by the lopsided
central.
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Globular Clusters within Dark Matter Halos - 47 Tuc,
NGC 1851 and M 15

Joowon Lee
Kyung Hee University

From the observation and numerical studies, Globular clusters (GCs) are known to have a
very small amount of or no dark matter (DM). GCs must have lost the majority of the DM
through dynamical processes such as mass segregation or tidal stripping even if GCs formed
within individual DM halos. Nevertheless, further studies are necessary to see if there is any
GC that has been formed with a significant amount of DM. For our study, we select three
Galactic GCs, 47 Tuc, NGC 1851, and M 15, which have different origins and properties
since the clusters’ origins can affect the initial amount of DM. Using the Fokker-Planck (FP)
calculations, we investigate the dynamical evolution of the three GCs with an assumption
that they were formed in mini DM halos. We compare the FP results to the present-day
observational data to trace the amount of initial DM of the three clusters. We find that
these three GCs must have initially had insignificant amounts of DM, less than 10% of the
initial stellar mass less than 10% of the initial stellar mass of each cluster.
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nProFit: a toolkit for the analysis of intensity profiles
of n objects in an image

Bolivia Teresa Cuevas Otahola
INAOE

We present here nProFiT, a profile fitting tool designed specifically to compute and analyze
intensity profiles of extra-galactic star clusters and compact galaxies. The tool, developed in
PyRAF, starts by obtaining intensity profiles in elliptical rings around user-given coordinates
using the TRAF/STSDAS task ellipse. Subsequently, the tool allows the user to fit the
observed profiles with a number of commonly used theoretical/empirical profiles (King,
Moffat-EFF, Sersic, Nuker, etc.) to derive the structural parameters associated to the fitted
objects. Critical image-related parameters such as background level, the rms, the ellipticity,
position angle of the object and the fitting radius, are automatically determined by the tool.
Unlike other publicly available toolkits like GALFIT and iSHAPE, nProFit allows complete
characterization of structural parameters for each object in a list automatically. We also
present the structural parameters distributions of Super Stelar Clusters in the M82 disk,
contained in the Maya et al. (2008) catalogue, computed using nProFit, for 146 objects in
the HST passbands F435W(B), F555W (V) y F814W(I). The best fits where obtained using
Moftat-EFF profile.



