UvA-DARE (Digital Academic Repository)

Simulating self-gravitating systems on parallel computers
Gualandris, A.
Publication date
2006
Document Version
Final published version

Link to publication
Citation for published version (APA):
Gualandris, A. (2006). Simulating self-gravitating systems on parallel computers. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

Simulating
self-gravitating systems
on parallel computers

Simulating
self-gravitating systems
on parallel computers
ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
prof. mr. P. F. van der Heijden
ten overstaan van een door het college voor promoties
ingestelde commissie, in het openbaar te verdedigen
in de Aula der Universiteit
op dinsdag 12 september 2006, te 12:00 uur

door

Alessia Gualandris
geboren te Bergamo, Italië
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1
Introduction

Gravity is the one truly universal force.
M. Begelman and M. Rees

1.1

Self-gravitating systems

Gravity is the one truly universal force. Everything in the universe, from
matter to light, is subject to its grasp. It was Isaac Newton who, over three
hundred years ago, realised that the force holding us to the ground is the
same force that keeps the Moon in orbit around the Earth. This force, which
later came to be called gravity, is the mutual attraction among all bodies.
It is the attractive nature of this force, combined with its long-range property, that makes it so special. Unlike a group of protons and electrons,
where like charges repel and opposite charges attract, a group of stars (or
any bodies with mass) shows attraction between every pair. As a result,
despite being the weakest of the four forces of nature, gravity is the dominant force in sculpting the universe on the largest scales. The only other
long-range force, electromagnetism, is generally not important on very large
scales, while short-range forces, like for example gas pressure, are usually
only important on small scales, such as the interiors of stars. Every significant level of structure in the universe - stars, clusters of stars, galaxies and
clusters of galaxies - is maintained by the force of gravity.
In this work we will focus on star clusters, groups of stars isolated in
space held together by the gravitational attraction among all pairs. Clusters
vary enormously in the compactness of their structure, their luminosities
and their metallicities. The more compact, luminous and metal poor objects are classified as globular clusters, spherical agglomerations of old stars
found throughout the Milky Way at positions ranging from the Galactic centre out to remote regions in the halo. These clusters represent the oldest
systems in the Galaxy and are therefore free of any dust or gas, so that
1
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star formation cannot take place any longer. The less compact and more
metal-rich clusters are called open clusters, young collections of stars predominantly found in the Galactic disk, with typical ages shorter than about
100 million years. An example of each type of cluster is shown in Fig. 1.1.

Figure 1.1: The globular cluster M15 (left) and the young Quintuplet cluster (right).

Star clusters have been studied by astronomers throughout the last hundred years for their great importance in the history of the Galaxy. Globular
clusters represent the oldest recognisable structures in galaxies like ours
and therefore their age provides a vital constraint on that of the Universe. In
addition, all the stars in globular clusters were born at the same time from
the same gas cloud, thus constituting a clean and homogeneous sample for
evolutionary studies. Finally, they are extremely rich in exotic stellar populations like X-ray binaries, millisecond pulsars, cataclysmic variables and
blue stragglers. On the other hand, the study of young open clusters and associations can provide insight in the physics of stellar and binary formation,
the initial mass distribution and the early dynamics of self-gravitating systems, before the most massive stars explode leaving behind compact objects.
Recent observational evidence indicates that young star clusters can be as
massive and dense as old globular clusters, so that gravitational interactions
among stars can be very strong. Both types of clusters are characterised by
large central densities, in the range 103 -107 stars pc−3 , and are therefore
largely collisional. Packed in a small volume at the bottom of the cluster
potential well, stars are not only subject to large distance encounters, which
tend to wipe out any memory of their initial orbital properties, but also to
strong close encounters with other stars. Such close encounters, which will
be of primary importance in this work, can have dramatic consequences on
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the evolution of the cluster itself. Binaries are particularly likely to participate in these encounters, due to their large geometric cross-section, and
they can release huge amounts of energy. Exotic objects can be formed in
close encounters, as well as in physical collisions, and high velocity stars
can be ejected by their parent clusters. The study of the acceleration of
stars to high velocities will be the primary scientific goal of this work.
Star clusters are not only of interest for astronomy, but also for computational physics. The modelling and the simulation of star clusters pose
formidable challenges even in modern days. Small groups of bodies, like
planetary systems, can be well understood theoretically and studied with
the tools of celestial mechanics. Very large groups of bodies, like galaxies,
can be studied with approximated methods without loss of crucial information. With an intermediate range of particle numbers, the physics of star
clusters can not be easily understood by means of analytical calculations
nor can it be reproduced by approximated methods. If in a typical galaxy an
individual star feels, for all purposes, only the smooth average background
field of all the other stars, a star in a typical cluster feels the granularity of
the gravitational field of the other stars and can undergo close encounters or
physical collisions. As a result, understanding the evolution of star clusters
requires a direct time-consuming method.

1.2

The gravitational N-body problem

Star clusters can be represented as N -body systems, that is systems composed of N point-like particles which interact through the gravitational force
(see Fig. 1.2 for an example). The term body is an archaic term for a material
object, in this case a star. Stars are represented as simple mass points, with
a mass but without an extension and an internal structure. The task of simulating the evolution of a star cluster coincides, from a computational point
of view, with the numerical solution of what is called the gravitational N-body
problem: given the initial conditions for masses, positions and velocities of
all particles, the set of 3N second order differential equations
Fi = mi ai = −Gmi

j=N
X

j=1,j6=i

mj (ri − rj )
.
|ri − rj |3

(1.1)

defines the solutions for the trajectories at any time. This simple set of equations, first introduced by Newton to explain the motion of planets in the solar
system, can accurately describe the behaviour of any astrophysical system
with non-relativistic velocities. It is well known that the N -body problem
only admits exact solutions for the case N = 2. Any larger problem requires
a numerical solution, whose accuracy can only be verified by controlling the
conservation of the integrals of motion, like the total energy and angular momentum. A reliable numerical scheme needs to maintain satisfactory values
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Figure 1.2: A model for a star cluster.

for the constants of the motion at all times of interest. Since the system’s
total energy has proven to be the most sensitive quantity to the accuracy of
a numerical integration, all schemes implement rigorous energy checks to
monitor the reliability and correctness of the calculation.

1.3

N-body simulations

The most straightforward and accurate technique to solve the gravitational
N -body problem is that of direct summation (Aarseth, 1999; Spurzem,
1999; Portegies Zwart et al., 2001). In this approach, the force exerted
on each particle is computed by summing up the contributions from any
other particle (see Eq. 1.1). No simplifying assumption is made and no contribution is neglected, not even those of distant particles. The force is used
to solve the equations of motion of each body and all the trajectories are
computed by means of a numerical solver.
Alternative particle methods adopt the strategy of grouping particles together according to their spatial distribution and compute the force exerted
by the whole group instead of considering the contribution of each particle.
Two main methods exist in this class for the computation of inverse square
law interactions: the tree code (Barnes and Hut, 1986; Springel et al., 2001),
which arranges particles in cells and computes the force contributions from
these cells by means of truncated multipole expansions, and the Fast Multipole Method (FMM) (Greengard and Rockhlin, 1987, 1997), which employs a
fast calculation of the potential field by means of a multipole expansion. The
tree code is generally used for the simulation of large gravitational systems
while the FMM method, being more suited for systems with an homoge-
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neous density distribution, is used for electrostatic calculations in plasmas
or chemical solutions. Another scheme in this class is the particle-mesh
method (Hockney, 1965; Hockney and Eastwood, 1988; Fellhauer et al.,
2000), in which the field is computed on a regular grid rather then with
a multipole expansion by solving a field equation for the potential.
A different class of approximated methods includes Monte Carlo methods, Fokker-Planck methods and gaseous methods. Monte Carlo methods
(Hénon, 1975; Giersz, 1998; Joshi et al., 2000) treat the N -body system as
a continuous system in which particles are replaced by spherical shells of
matter. Assuming equilibrium in a smooth spherical potential, the global
evolution of the system is followed. A similar approach is used in FokkerPlanck methods (Cohn, 1980; Murphy et al., 1991), with the difference that
distribution functions are used instead of particles. The evolution of the system is followed by direct integration of the Fokker-Planck equation. Gaseous
methods (Louis and Spurzem, 1991; Spurzem, 1996) solve several equations
for higher order momenta of the Fokker-Planck equation.
A direct approach to the N -body problem is a necessity in the case of
star clusters, whose fast and complex dynamics cannot be adequately reproduced by approximated methods. Star clusters are usually centrally concentrated, with an extended halo. The majority of central stars are strongly
bound and therefore experience changes in their orbital parameters on short
time-scales. The large density of the central regions favours close encounters among stars and binaries, whose treatment, of crucial importance for
the evolution of the cluster, necessarily requires a direct method. For a discussion on the accuracy of approximated methods and a comparison with
direct methods see Aarseth (2003).
The larger accuracy of direct methods does not come for free. The number
of force computations per particle is N (N − 1)/2 so that the these methods
present an O(N 2 ) scaling with the number of particles. The scaling rises
to O(N 3 ) if we consider that a realistic simulation requires an integration
for a characteristic time, called the relaxation time, which is proportional
to the particle number. Direct N -body simulations are therefore computationally demanding, and many attempts have been made to reduce their
requirements, both from a software and from a hardware point of view. The
development of approximated methods was motivated in the first place by
the intention to reduce the computational complexity of direct methods, although at the expense of a reduced accuracy. These methods are not accurate enough for our purposes and will not be considered in this work.
From an hardware point of view, special purpose hardware is continuously
being built to accelerate the computation of gravitational forces. The GRAPE
family of computers, developed in Japan by Jun Makino and collaborators,
has proven very efficient for this purpose. In this work we will turn to parallel computing on distributed architectures to accelerate the computation
of gravitational forces.
Dealing with the computational demands of direct summation is not the
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only difficulty in N -body simulations: developing the software is also challenging. In fact, modelling the evolution of a star cluster is among the most
delicate problems in computational physics due to the extreme ranges in
length and time-scales. In the case of globular clusters, for example, length
scales span the range from kilometres to parsecs (a factor of more than 1013 )
and time-scales span the range from milliseconds to the lifetime of the Universe (a factor of more than 1020 ). As a result, special integration methods
have been developed for the purpose.
Computer simulations are emerging as a new pillar of science, although
their acceptance as such will require more time in the scientific community.
Recent advances in computer technology and hardware have pushed a great
advance in the software used for simulations. Started as mere toy models
of real systems or simple extensions of theoretical calculations, computer
simulations have now become real simulation environments with predictive
potentialities. Not only can they be applied to reproduce observed phenomena but they can be used to investigate unobservable circumstances and
physical processes. For these reasons, we are now in the middle of a transition to adding simulations as a third paradigm of science, next to theory and
observation. Theory was started by the Greeks with an axiomatic and philosophical approach, and represented the reality of science until four hundred
years ago, when Galileo provoked the first scientific revolution. By building
tools to investigate the Universe, he started the field of astronomical observations and immediately joined theory and experiments in the conception of
modern science. Galileo gave birth to the scientific method which has been
adopted until now, sustained by the two pillars of theory and observation.
The next decades will probably see numerical simulations taking their place
as a third paradigm of science.

1.4

Aims of this thesis

The work described in this thesis is intended as a bridge between the computational and the astrophysical side of N -body simulations. Having established that direct N -body simulations are the most adequate method to
model dense star clusters and to study the complex dynamics of their cores,
in the first part of the thesis we investigate some possibilities to accelerate
these simulations without introducing simplifications or approximations of
any sort. There are two ways to speed up direct summation methods: (i)
general purpose parallel computers and (ii) special purpose hardware. Parallel computers represent a natural way to accelerate the computations by
distributing the work load among different computing elements. Parallel
computing has become widely spread in the last years because of its simplicity and reliability. Beowulf clusters and larger parallel computers are
easily available to the scientific community, relatively easy to use and extremely reliable. Special purpose hardware, like FPGAs (Field-Programmable
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Gate Array) or GRAPEs (GRAvity piPEs), represent the state-of-the-art way
to carry out direct-summation N -body calculations, although at the expense
of limited memory. In particular, GRAPEs are specialised in the computation of the gravitational force among particles according to Newton’s law. As
opposed to parallel computers, special purpose hardware is available to only
a few institutes worldwide because of its much larger cost and because of
the specific expertise it requires. Given the large availability of computational resources at the University of Amsterdam (in the form of clusters of
general purpose computers and GRAPEs), we decided to explore both possibilities in this work.
First, we study the efficiency of parallel computing in combination with
N -body dynamics. The parallelisation of a direct code is a non trivial task.
Every time a particle (a star in our case) needs to be advanced, all the interparticle forces need to be computed and summed up to obtain the total force
exerted on the star under consideration. The intrinsic coupling of the equations of motion of all stars make the parallelisation challenging since it is not
possible to evolve groups of stars independently. Every single star requires
the contribution from any other star in the system. If a decomposition of
the system is performed in a parallel scheme, some kind of global communication must take place at each integration step to obtain the total forces
and proceed with the computation of the trajectories. A large amount of
communication can be problematic as it can affect the efficiency of the parallelisation itself. If, on one hand, it is necessary to parallelise an N -body
code to keep up with the O(N 2 ) scaling, on the other hand the overhead introduced by the necessary communication can affect the performance of the
parallel code and even become a bottleneck. It is the objective of the first
part of this thesis to investigate these issues and to study the performance of
parallel N -body codes. The parallelisation of a direct code can be achieved in
different ways. In Chapter 2 we describe the implementation of two parallel
schemes for direct N -body algorithms and we study their performance and
efficiency on different parallel computers, ranging from a Beowulf cluster
to large supercomputers. In Chapter 3 we extend the performance analysis
to small and large computational grids, connecting computers residing in
different countries in Europe.
We then study the performance of direct methods in combination with
GRAPE hardware, which acts as an accelerator of the force calculation. A
GRAPE-6 board is about 100 times faster than a single node of a typical
Beowulf cluster. As a result, the ratio of computation to communication is
dramatically different in GRAPE clusters. The time spent in communication
between the host and the special purpose hardware and in communication
among different nodes may represent a large fraction of the total execution
time. In Chapter 4 we describe the implementation of a direct N -body code
with support for GRAPE hardware and compare its performance with that of
a typical Beowulf cluster. We then describe a new parallel scheme optimised
for GRAPE clusters and study its performance on a large GRAPE cluster.
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After studying the performance of parallel N -body codes, we apply the
direct summation technique to an open astrophysical problem. The origin
of high velocity stars in the Galaxy has been investigated for the last 40
years, since the time of the discovery of the first runaways. There are two
possible mechanisms than can result in the ejection of high velocity stars:
(i) supernova explosions in binary systems and (ii) dynamical encounters in
dense stellar regions. The two mechanisms are complementary and it is believed that they both contribute to the galactic population of high velocity
stars. Direct N -body methods represent the best tool to simulate dynamical encounters and the ejection of high velocity escapers. Therefore, in the
second part of the thesis, we apply a direct summation code to the study of
the acceleration of stars to high velocities in different high density environments in the Galaxy. In Chapter 5 we consider the ejection of high velocity
stars from young dense star clusters or associations by means of dynamical
encounters involving massive stars and/or binaries. In Chapter 6 we study
the origin of the large velocity of a black hole binary, and trace a possible
evolutionary scenario which explains its current kinematic parameters. In
Chapter 7 and 8 we move from star clusters to galactic nuclei, which can
have extremely large stellar densities in the inner regions and are believed
to contain massive black holes. The presence of a massive black hole at
the centre of a dense stellar distribution results in a very rich dynamics,
of which the ejection of high velocity stars is but one manifestation. We
consider two possible scenarios to accelerate stars to extreme velocities: dynamical encounters between stellar binaries and a supermassive black hole
and the infall of an intermediate mass black hole into a galactic nucleus. We
simulate both processes by means of direct methods and investigate the dynamical signatures in the populations of ejected stars that can help identify
the origin of the currently observed high velocity stars in the Galaxy.

2
Performance of direct N-body algorithms on
distributed systems

Based on
A. Gualandris, S.F. Portegies Zwart, A. Tirado-Ramos
PARCO, 2005, submitted
Numerical methods for solving the classical astrophysical N -body problem have evolved in two main directions in recent years. On the one hand,
approximated models like Fokker-Planck models (Cohn, 1980), (Murphy
et al., 1991), gaseous models (Louis and Spurzem, 1991) and Monte Carlo
models (Hénon, 1975), (Spitzer, 1975), (Giersz, 1998) have been applied to
the simulation of globular clusters and galactic nuclei. These models permit
to follow the global evolution of large systems along their lifetime but at the
expense of moderate accuracy and resolution. On the other hand, direct
summation methods have been developed to accurately model the dynamics
and evolution of collisional systems like dense star clusters. These codes
compute all the inter-particle forces and are therefore the most accurate.
They are also more general, as they can be used to simulate both low and
high density regions. Their high accuracy is necessary when studying physical phenomena like mass segregation, core collapse, dynamical encounters,
formation of binaries or higher order systems, ejection of high velocity stars
and runaway collisions. Direct methods have an O(N 2 ) scaling with the
number of stars and are therefore limited to smaller particle numbers compared to approximated methods. For this reason, so far they have only been
applied to the simulation of moderate size star clusters. The simulation
of globular clusters containing one million stars is still a challenge from a
computational point of view, but it is an important astrophysical problem.
It will provide insight in the complex dynamics of these collisional systems,
in the microscopic and macroscopic physical phenomena, and it will help
finding evidence of the controversial presence of a central black hole. The
9
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simulation of the evolution of these systems under the combined effects of
gravity, stellar evolution and hydrodynamics will allow to study the stellar
population and to compare the results with observations.
The need to simulate ever larger systems and to include a realistic physical treatment of stars asks for a speedup in the most demanding part of the
calculation: the gravitational dynamics. Significant improvement in the performance of direct codes can be obtained either by means of special purpose
computers like GRAPE hardware (Makino et al., 2003) or of general purpose
distributed systems (Dorband et al., 2003). In this chapter, we focus on
the performance of direct N -body codes on distributed systems. We provide
theoretical predictions and actual measurements for the execution time on
different platforms, allowing the choice of the best performing scheme for
a given architecture.

2.1

Development of a direct N-body integrator

In order to study the performance of direct methods on parallel systems,
we implemented a simple direct integrator to solve the gravitational N -body
problem. All the integrators available to the scientific community implement,
in addition to the computation of the gravitational forces, special treatment
for other physical phenomena, like binary treatment and stellar and binary
evolution. These additional features are highly desirable in realistic simulations but affect the performance of the integrator. For this reason, we
developed an integrator which solves the equations of motion of a group of
N particles without any additional feature.
In a direct method the gravitational force acting on a particle is computed
by summing up the contributions from all the other particles according to
Newton’s law
Fi = mi ai = −Gmi

j=N
X

j=1,j6=i

mj (ri − rj )
.
|ri − rj |3

(2.1)

The number of force calculations per particle is N (N − 1)/2 . Given the fact
that the force acting on a particle usually varies smoothly with time, the
integration of the particle trajectory makes use of force polynomial fitting.
For this work, we chose a fourth-order Hermite integrator with a predictorcorrector scheme and hierarchical time-steps.
In the Hermite scheme (Makino and Aarseth, 1992) high order derivatives are explicitly computed to construct interpolation polynomials of the
force. After the group of particles to be integrated at time t has been selected, the positions and velocities of all particles are predicted at time t
(predictor phase) using the values of positions, velocities, accelerations and
first derivative of accelerations (hereafter jerks) computed at the previous
step. The prediction uses a third order Taylor expansion. By means of the
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predicted quantities, new values of the accelerations and jerks at time t are
computed. This calculation is the most computationally expensive of the
whole scheme, having an N 2 scaling. The second and third derivative of the
accelerations are then calculated using the Hermite interpolation based on
the values of acceleration and jerk. These correcting factors are added to the
predicted positions and velocities (corrector phase) at time t. The new timestep of the particles is estimated according to the time-step prescription in
use and the time of the particles is updated.
The hierarchical time-step scheme is a modification of the individual
time-step scheme in which groups of particles are forced to share the same
time-step. In the individual time-step scheme every particle has its own time
ti and its own time-step ∆ti , with a step-size depending on the value of the
(n)
acceleration ai and its higher order derivatives ai according to

v
u
u |ai ||a(2) | + |a(1) |2
i
.
∆ti = tη (1) i (3)
(2)
|ai ||ai | + |ai |2

(2.2)

The parameter η controls the accuracy of the integration and is typically set
to 0.02. Only particles requiring a short time-step are integrated with such
a short step-size, while other particles can be integrated with a longer one.
This reduces the total calculation cost by a factor O(N 1/3 ) with respect to
a shared time-step code, where all the particles share the same time-step
(Makino and Hut, 1988).
However, it is not efficient to use the individual time-step scheme in its
original form on a parallel computer since only one particle is integrated at
each step, that is the particle with the smallest value of ti + ∆ti . In order
to fully exploit a parallel code, several particles need to be updated at the
same time, or, equivalently, several particles need to share the same timestep. In the hierarchical or block time-step scheme (McMillan, 1986) the
time-steps are quantised to powers of two, so that a group of particles can
be advanced at the same time. After the computation of ∆ti according to
the individual time-step prescription, the largest power of two smaller than
∆ti is actually assigned as a time-step to the particle under consideration.
The group of particles sharing the same time-step are said to form a block.
The use of block time-steps results in a better performance since it permits to advance several particles simultaneously: the computation of the
force exerted upon the particles in a block and the integration of the trajectories can be done in parallel by different processors. Furthermore, the
positions and velocities in the predictor phase need to be calculated only
once for these particles.
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Parallel schemes for direct N-body codes

The parallelisation of a direct N -body code can proceed in different ways
depending on the desired intrinsic degree of parallelism and communication
to computation ratio. We implemented two different parallelisation algorithms, the copy algorithm and the ring algorithm, for an Hermite scheme
with block time-steps using the standard MPI library package. For both we
use domain decomposition as a partitioning technique. If we denote with N
the total number of particles in the system and with p the number of available processors, both algorithms have a theoretical computational complexity O(N p) for the communication and O(N 2 /p) for the calculation (see § 2.3
for a derivation of more detailed scaling relations).

2.2.1 The copy scheme
The copy algorithm (Makino, 2002), also called the “replicated data algorithm” (Dorband et al., 2003), is a parallelisation scheme which relies on
the assumption that each processor has a local copy of the whole system. A
schematic representation of the copy algorithm is shown in Fig. 2.1. At each
integration step, the particles to be advanced are distributed among the
processors. The nodes proceed in parallel to the computation of the forces
exerted by all the N particles on the local particles, of the trajectories and of
the new time-steps. At the end of the step all the processors broadcast the
new data to all the other processors for a complete update.
This algorithm minimises the amount of communication since it only
requires one collective communication at the end of each step. The main
disadvantage is its limitation in memory because of the need to store the
data relative to all the particles on each node1 . This scheme may suffer from
load imbalance as the number of particles to update can be different for
the different nodes. For high number of particles, however, a random initial
distribution is sufficient to ensure a relatively good balance.

2.2.2 The ring scheme
The ring or systolic algorithm (e.g. Fox, 1988) makes use of a virtual ring
topology of the processors to circulate the particles which need to be advanced. In this scheme, each processor is assigned a group of n = N/p particles and only needs to store the data relative to those particles throughout
the whole integration. Therefore, the scheme has the advantage of minimising the memory requirements on each node. A schematic representation of
the ring algorithm is shown in Fig. 2.2.
1 Our code requires approximately 124 bytes for each particle, which amounts to about 130
Mbytes for a million particles system. This requirement is not prohibitive for present PCs, but
becomes important in the case of a parallel setup of GRAPE-6A, for which a maximum of 128
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Figure 2.1: Schematic representation of the force calculation in the copy algorithm
in the simple case of p = 4 processors and N = 24 particles. Each processor has a
local copy of the whole system but at step 1 is assigned n = 6 local particles (selected
particles). Among these, at step 2 each processor selects the local subgroup si of the
block of particles to be updated (circled particles). At step 3 each node calculates the
total force exerted by all the N particles (those on top of the arrow) on the selected
particles (those below the arrow). At step 4 every processor broadcasts the new data
to all the other processors. For clarity only the communication operations (indicated
with arrows) of processor 0 and 1 are shown in the figure.
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Figure 2.2: Schematic representation of the force calculation in the ring algorithm
in the simple case of p = 4 processors and N = 24 particles. The processors are virtually connected in a ring-like structure topology. At the beginning every processor
has n = 6 particles and a subset si of them needs to be updated. Each node starts
computing the partial forces exerted by its n particles on those in the block. At step 1
each processor sends the data relative to the si particles (circled particles in the first
row) to its right neighbour, receives particles (second row) from the left neighbour
and computes the force on the received particles (those below the arrow). The force
computation is indicated with vertical arrows. The same procedure is repeated in
step 2 and 3 until in step 4 the total forces on the block of particles are computed
and the si particles are returned to their owners.

Among all the particles that need to be updated, each processor selects
those belonging to its local group. The initialisation, the predictor phase and
the corrector phase are performed in parallel by all the processors on their
local subgroup of particles. When the acceleration on the subgroup needs
to be computed, each node first calculates the partial forces exerted by all
the n particles and then sends the data (including the partial acceleration) to
the processor which is defined as the right neighbour in the virtual topology.
At the same time, the node receives data from its left neighbour and starts
incrementing the accelerations exerted by its local n particles on the received
ones. After p shifts, the complete forces are calculated and the particles are
returned to their original processors for the computation of the trajectory
thousands particles can be stored.
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and the update of the time and time-step values.
The ring algorithm can be implemented using MPI non-blocking communication routines (Dorband et al., 2003). This technique is called latency
hiding and is most efficient in the case of small number of particles or of
very concentrated models, when the block sizes are smaller and hence the
load imbalance becomes more important. Non-blocking MPI communication
routines allow the separation between the initiation and the completion of
a communication by returning immediately after the start of the communication. In this way, some computation can be performed at the same time
as the sending and receiving of data is ongoing. The implementation of nonblocking communication in our Hermite code exploits the property that the
computation of the force only requires the positions and velocities of the particles. The transfer of positions and velocities can then be separated from
the transfer of accelerations and jerks. In each shift of the systolic scheme,
the communication is split in two branches and overlaps with the computation of new forces and their derivatives. The branch of accelerations and
jerks follows one step behind that of positions and velocities. As a consequence of that, the transfer of the forces starts only at the second shift and
one final transfer is necessary at the end of the last shift.

2.3

Performance analysis of parallel N-body schemes

The performance of a parallel code does not only depend on the properties
of the code itself, like the parallelisation scheme and the intrinsic degree of
parallelism, but also on the properties of the parallel computer used for the
computation. The main factors determining the general performance are the
calculation speed of each node, the bandwidth of the inter-processor communication and the start-up time (latency). A theoretical estimate of the total
time needed for one full force calculation loop must take into account the
properties of the parallel computer (Dorband et al., 2003), (Makino, 2002).
Table 2.1 shows the hardware specifications of the different platforms used
for our performance runs: a Beowulf cluster, a SGI Origin supercomputer
(Teras), an experimental low latency cluster (DAS-AMS) and a state-of-theart computer cluster (Lisa).
The Beowulf cluster and Teras are hosted by the SARA computing and
networking services centre in Amsterdam. DAS-2 (Bal, 2000) is a wide-area
distributed computer composed by clusters located at five different universities in the Netherlands (see Chapter 3). For the tests described in this
section we only use the nodes in Amsterdam (DAS-AMS) which are interconnected by a fast and low latency network. Lisa is the Dutch national
computer cluster hosted by SARA. In the table we report the specifications,
the time τf for the computation of one inter-particle force, the time τl for
the start-up of a communication, and the time τc needed to send the data
relative to one particle to another processor.
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Table 2.1: Specifications for the different distributed architectures.

OS
Compiler
CPU
CPU speed
Network
τf [sec]
τl [sec]
τc [sec]

Beowulf
Linux
gcc-2.95.4
AMD Athlon
700 MHz
Fast Ethernet
5.5×10−7
5.0×10−5
8.0×10−4

Teras
Irix
gcc-3.0.4
MIPS R14000
500 MHz
Gbit Ethernet
3.5×10−7
2.0×10−5
1.5×10−4

DAS-AMS
Linux
gcc-2.96
Pentium-III
1 GHz
Myrinet-2000
4.5×10−7
1.0×10−5
1.5×10−4

Lisa
Linux
gcc-3.3
Intel Xeon
3.4 GHz
Infiniband
1.2×10−7
5.0×10−6
5.0×10−5

To measure the performance of our code and to compare the results with
the theoretical estimates, we consider the total wallclock time for an integration of one N -body time-unit. Our code employs “standard N-body units”
(Heggie and Mathieu, 1986a), according to which the gravitational constant,
the total mass and the radius of the system are taken to be unity. The resulting unit for time is called N -body time-unit and is related
√ to the physical
crossing time of the system through the relation Tcross = 2 2. This time is
proportional to the number of particles in the system and represents therefore a suitable unit to check the dependency of the execution time on N .

2.3.1 Performance of the copy algorithm
The time needed for the computation of the force on a block of particles of
certain size can be estimated as follows. Let s be the number of particles
to be updated at a particular step (block size) and let si be the size of the
subgroup of particles that processor of rank i has to update so that s =
P
p
i=1 si . The values of si will in general be different and the total time for
the computation will be determined by the processor with the largest block
size smax = maxi=1,...p {si } . If we indicate with τf the time needed for one
computation of the force between two particles, then the time to compute
the force on the block of particles is given by Tcalc = τf N smax , since all the
processors need to wait until the one with the largest block of particles has
terminated. The time for the communication taking place at P
the end of
p
the computation can be approximated with Tcomm = τl log2 (p) + i=1 τc si =
τl log2 (p) + τc s, where τl is the latency and τc is the time needed to send the
data relative to one particle from one processor to another. The total time to
compute the force on the block of s particles is
Tforce = Tcalc + Tcomm = τf N smax + τl log2 (p) + τc s .

(2.3)

Equation 2.3 shows how the time for the force computation depends on the
speed of calculation of each processor, on the latency and on the bandwidth
of communication. If we rewrite smax = s/p + δ, where the parameter δ repre-
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p
sents the deviation from the mean value (δ ∝ s/p), then the calculation time
scales as Tcalc ∝ 1/p while the communication time scales as Tcomm ∝ log(p).
In Fig. 2.3 we report the total wall-clock time for an integration of a Plummer model 2 (Plummer, 1911) with equal mass stars in virial equilibrium for
one N -body time-unit using the copy algorithm on the four different architectures (Table 2.1). The symbols represent the data obtained from the
timing measurements while the dotted lines represent the predictions by
the theoretical model. Given the long execution times for large N , the measurements shown in the plot were performed only once. Nonetheless, we
performed more measurements for a few cases to assess the typical uncertainties associated with the timings and we found that the errors are always
smaller than 10%. For large N , when the system is calculation dominated,
the performance is similar on the Beowulf, Teras and DAS-AMS while LISA
is about three times faster. For small N , when the system is communication dominated, the execution times are shorter on the clusters with faster
network, and this is especially true for a larger number of processors. For
a fixed number of particles, the parallelisation efficiency of the copy algorithm reduces as the number of processors increases. This is due to the
ever increasing amount of communication which takes place as the number
of processors becomes larger. On the other hand, for a fixed processor number, the efficiency increases as the number of particles increases. For larger
N , in fact, the block sizes become larger and the particles in the block tend
to be more evenly distributed among the available nodes (i.e. δ → 0). Load
imbalance can affect the performance of any parallel code and is a result of
the use of block time-steps . Fortunately, for a large number of particles a
good load balance is achieved if the particles are randomly assigned to the
processors in the initialisation phase (probabilistic method). The theoretical model used to predict the execution time is based on Eq. 2.3 with the
parameters reported in Table 2.1. Since the block size is different at each
integration step, the total time for one N -body time-unit is obtained considering the measured average block size hsi ∼ 0.1 N 2/3 . The agreement between
the model and the measured times is generally acceptable and improves for
large N , which is the regime of interest for N -body simulations.

2.3.2 Performance of the ring algorithm
In the case of the ring algorithm with blocking communication the total time
for one full force loop calculation can be estimated as follows. If we first
consider the time for one shift in the ring, the time to compute the force on
the local subgroups of particles si is given by Tcalc,1shift = τf nsmax while the
time for communication is given by Tcomm,1shift = τl + τc smax . After p shifts in
2 A Plummer model is a spherically symmetric potential used to fit observations of low concentration globular clusters.
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Figure 2.3: Wall-clock time as a function of the number of particles for the copy algorithm on the four different architectures. The symbols represent the data obtained
from the timing measurements while the dotted lines represent the predictions by
the performance model for p = 1,2,4,8, from top to bottom.
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the ring, the total time to compute the force on the block of s particles is
Tforce = (Tcalc,1shift + Tcomm,1shift ) p = τf N smax + τl p + τc psmax

(2.4)

where we have substituted n = N/p. As in the case of the copy algorithm,
the time for the force computation depends on the speed of calculation of
each processor, on the latency, and on the bandwidth of communication.
A comparison of Eq. 2.3 and Eq. 2.4 shows how the computation time required by the two algorithms is exactly the same while the communication
time is generally slightly shorter for the copy algorithm. In the special case
smax = s/p, the communication time for the ring algorithm equals that of
the copy algorithm.
If the block size is the same for all the processors, for example si = s/p,
the total time for the force calculation is given by
Tforce = τf N

s
+ τl p + τc s .
p

(2.5)

The value peq of the number of processors for which the calculation time and
the communication time are equal is given by
p
−τc s + τc2 s2 + 4τl τf N s
peq =
.
(2.6)
2τl
Since the calculation time monotonically decreases as a function of p while
the communication time monotonically increases as a function of p, there
exists a specific value pmin for the number of processors which minimises
the total time. Solving for the minimum yields
r
τf
Ns .
(2.7)
pmin =
τl
For moderately concentrated models, s ∝ N 2/3 (Makino, 1991) and hence
pmin ∝ N 5/6 . In the simple case si = s/p, the time to compute the force exerted
on the block of particles is the same for the copy and the ring algorithms, and
therefore the expressions for peq and pmin hold for both schemes. In the more
general case of different si , the expressions for peq and pmin differ slightly.
In the case of a shared time-step code the block size is the same for all
the processors and is given by si = n. The total time for the force calculation becomes
Tforce = τf

N2
+ τl p + τ c N
p

(2.8)

so that for a fixed number of particles Tcalc ∝ 1/p and Tcomm ∝ p. Fig. 2.4
shows the calculation and communication time as a function of the number
of processors for a fixed number of particles. The total time has a minimum
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Figure 2.4: Theoretical estimate of the total time for one full force loop obtained from
Eq. 2.5 in the simple case N = 1024, si = N/p for each processor, using the parameters for a Beowulf cluster (see Table 2.1). The calculation time scales as Tcalc ∝ 1/p
while the communication time scales as Tcomm ∝ p so that there exists a particular
value of the processor number for which the two times are equal. In this case peq = 24.
The number of processors in correspondence of which the total time is minimum is
pmin = 102.

p
in correspondence of pmin = τf /τl N while the calculation and communip

N
cation time are equal for peq = 2τ
−τc + τc2 + 4τf τl . A shared time-step
l
code allows the use of a larger number of processors compared to a block
time-step code for the same efficiency because of the larger block size.
To validate the model we compare the execution time predicted by Eq. 2.8
with the results obtained integrating a shared time-step code for one step.
The prediction is accurate to a level of 10-20% for the range N = 1024 16384. The theoretical prediction of the execution time for a block time-step
code is complicated by the fact that the block size changes with time. Eq. 2.5
can be satisfactorily applied to predict the time Tforce at a specific step only if
the value of the block size is known. Nonetheless, by assuming an average
block size hsi ∼ 0.1 N 2/3 (which is appropriate for a Plummer profile), we can
apply the performance model to the block time-step code and predict the
execution over one N -body time-unit fairly accurately.
In Fig. 2.5 we report the total wall-clock time for the integration of the
block time-step code using the ring algorithm on the four different architectures (Table 2.1). The symbols represent the data obtained from the timing
measurements while the dotted lines represent the predictions by the theoretical model. The particles are initially distributed in space according to
a Plummer model with equal mass stars in virial equilibrium and the inte-
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Figure 2.5: Wall-clock time as a function of the number of particles for the ring
algorithm with blocking communication on the different architectures. The symbols
represent the data obtained from the timing measurements while the dotted lines
represent the predictions by the performance model for p = 1,2,4,8, from top to bottom.

22

Performance of direct N-body algorithms on distributed systems

gration is for one N -body time-unit. The ring and the copy algorithm have
a similar performance in terms of total execution time for large numbers of
particles, whereas the ring algorithm is heavily dominated by communication for small numbers of particles. Like in the case of the copy algorithm,
the efficiency decreases for large numbers of processors, where the communication governs the general performance, but increases for large numbers
of particles. The agreement between the model and the measured times is
generally good, especially for large N .

Figure 2.6: Timing comparison between the blocking and non-blocking communication ring algorithm. The runs were performed on the Lisa cluster with p = 16 using
a Plummer model and the integration time was one N -body time-unit in all cases.
The symbols represent the data obtained from the timing measurements while the
dotted lines represent the predictions by the performance model. For small N the
non-blocking scheme reduces the execution time by about a factor two, presenting
an almost linear scaling. For larger N , where the total time is dominated by the force
computation, both schemes present an O(N 2 ) scaling with the number of particles
and achieve a similar performance.

If non-blocking communication is used for the ring algorithm (Dorband
et al., 2003), the total execution time for one full force calculation can be
significantly reduced. The calculation time for one shift of the systolic loop
is the same as in the blocking case: Tcalc,1shift = τf nsmax . The communication time has two separate contributions, one from the transfer of the
positions and velocities and one from the transfer of the accelerations and
jerks. We define τpv as the time needed to send the position and the velocity
vectors of one particle to another processor. Similarly, we define τaj as the
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time needed to send the acceleration and the jerk vectors of one particle to
another processor. Since the two communications are taking place simultaneously, the total communication time is given by the maximum between
the two: Tcomm,1shift = max [Tcomm,1 , Tcomm,2 ], where Tcomm,1 = τl + τpv smax is the
time needed to transfer the positions and velocities of the block of particles
while Tcomm,2 = τl + τaj smax is the time needed to transfer the accelerations
and jerks of the same block. At the end of the last shift an additional communication is required Tcomm,final = Tcomm,2 . After p shifts in the ring the total
time to compute the force on the block of s particles is
Tforce = max [Tcalc,1shift , Tcomm,1shift ] p + Tcomm,final .

(2.9)

The use of non-blocking communication is efficient whenever the communication time is not negligible compared to the calculation time. For moderately concentrated models like the Plummer model this happens for small
numbers of particles, when the average block size is small and hence the
particles are less likely to be evenly distributed (see Fig. 2.6).

2.4

Performance on the Blue Gene/L supercomputer

Figure 2.7: The Blue Gene/L configuration at the Watson research centre.

The Blue Gene/L supercomputer is a novel machine developed by IBM
to provide a very high number of computing nodes with a modest power requirement. Each node consists of two processors, a special variant of IBM’s
Power family, with a clock speed of 700 MHz. To obtain good performance
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at this relatively low frequency, each node processes multiple instructions
per clock cycle. The nodes are interconnected through multiple complementary high-speed low-latency networks, including a 3D torus network and a
combining tree network.
We could perform test runs on the Blue Gene/L machine hosted by the
IBM Watson research centre (see Fig. 2.7). We evolved an N = 32768 Plummer model for a time t = 0.03125 time-units using the block time-step code
parallelised with the non-blocking ring algorithm. The execution times on
32, 64, 128 processors were 320 sec, 256 sec, 222 sec, respectively. Consequently, the speedup on 64 and 128 processors, relative to 32 nodes, was
of only 1.25 and 1.5 respectively. We realized that a block time-step code is
not efficient for a combination of a relatively small number of particles and a
large number of processors. We then evolved a N = 131072 Plummer model
for one time-step using a shared time-step code parallelised with the ring
algorithm. In Fig. 2.8 we show the timing results, together with the predic-

Figure 2.8: BlueGene/L speedup over 32 nodes in the case of the integration of a
N =131072 Plummer model with a shared time-step code for one step. The full dots
are the results for the Coprocessor mode (CPM) while the full square is the result for
the Virtual Node Mode (VNM) (see (Almasi, 2004) for technical details). The dotted
line represents the prediction by Eq. 2.8.

tions by the theoretical model, as a function of the number of processors.
An almost linear speedup is achieved by means of an efficient use of both
processors in a node (Almasi, 2004), with a peak speed of 2.8 GFlop/s per
node. The theoretical model for a shared time-step code, which is based
on Eq. 2.8, provides a very accurate prediction of the execution time for the
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following set of parameters: τf = 1.5×10−7 s, τl = 5.0×10−6 s, τc = 1.0×10−5 s.
These short test runs show that the Blue Gene/L supercomputer can
achieve good performance and almost optimal speedup under conditions of
good load balance.

2.5

Discussion

A numerical challenge for the astronomical community in the next years
will be the simulation of star clusters containing one million stars. We have
shown that direct N -body codes can efficiently be applied to the simulation
of large stellar systems and that their performance can be predicted with
simple models.
In Table 2.2 we report our predictions for the execution times in the simulation of a star cluster. For the prediction we consider the parameters of
current state-of-the-art supercomputers (Lisa and BlueGene) and of an expected state-of-the-art supercomputer in ten years time (Future). For the
Future computer we consider the Lisa cluster as a reference and we assume that the CPU speed doubles every 18 months and the network speed
doubles every 9 months.

Table 2.2: Predicted execution time for the simulation of a cluster containing one
million stars.

System
Lisa
BlueGene
Future

N
106
106
106

pmin
1000
1000
1000

time (1 N -body unit)
1.3 days
1.0 day
20 min

time (1000 N -body units)
3.5 years
3.1 years
12 days

We find that a typical supercomputer in ten years will be able to simulate
a star cluster (one million stars) for one N -body time-unit in about twenty
minutes using 1000 processors. A full simulation of 1000 N -body units will
thus require less than two weeks to complete3 . The simulation of larger systems like galactic nuclei (109 stars) or galaxies (1011 stars) will be unrealistic
to perform even with future special purpose hardware. The best method
for this objective is the use of hybrid codes in which a direct integration is
combined with less accurate but faster techniques, like Monte Carlo codes
or tree codes (e.g. Spinnato, 2003).
3 The prediction assumes a linear scaling of the execution time and does not take into account
a possible reduction in the time-steps of the particles as the system evolves dynamically.
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Summary and conclusions

We implemented a direct N -body integrator with hierarchical time-steps to
study its performance on different parallel computers. We developed two
independent parallel versions using the copy and ring the algorithm, and
compared their performance on different architectures. In the case of both
clusters and supercomputers, the execution times for the two schemes are
comparable except for very small systems, where the communication time
dominates over the calculation time and hence the copy algorithm performs
slightly better. The ring algorithm is well suited for the integration of very
large systems, because of its reduced memory demands, and for very concentrated models, where the average block size becomes very small and the
algorithm can be implemented with non-blocking communication to limit
the effects of load imbalance.
We developed a performance model for each parallel scheme and compared its predictions to real timing experiments conducted on the available
parallel systems. The model reproduces successfully the measured execution times for the range of particle and processor number under consideration. We applied the model to the prediction of the execution time for the
simulation of a star cluster containing one million stars. We expect such
simulation to become feasible on a supercomputer in about ten years. Simulating entire galaxies, however, is not foreseeable in the near future without
major software developments. Hybrid schemes of direct and approximated
methods look the most promising for this purpose.

3
Performance of direct N-body algorithms on
computational grids

Based on
A. Tirado-Ramos, A. Gualandris, S.F. Portegies Zwart
Advances in Grid Computing - EGC 2005, 2005, 3470
In this Chapter we extend the performance analysis introduced in § 2.3
to the case of computational grids. Grid technology is rapidly becoming
a major component of computational science. It offers a unified mean of
access to different and distant computational resources, with the possibility
to securely access highly distributed resources owned by other institutions.
Despite the large interest in the emerging Grid technology, the use of highly
distributed clusters within computational grids has not yet been explored for
scientific simulations. We therefore investigate the effects of long distance
communication on the performance of the N -body code parallelised with
a systolic algorithm. We develop a simple performance model for parallel
N -body codes on long-distance distributed architectures and compare the
predictions with real timing experiments on the DAS-2 Grid testbed as well
as on the 18-node CrossGrid testbed.

3.1

The experimental grid setup

In order to study the effects of long distance network communication on the
performance of parallel N -body codes, we perform experiments on two different computational grids (Foster et al., 2001): the DAS-2 Grid testbed, distributed within the Netherlands and running the Globus toolkit (Foster and
Kesselman, 1997), and the CrossGrid testbed, a large European distributed
platform running the LCG2 1 infrastructure software (Bubak et al., 2003).
1 http://lcg.web.cern.ch/LCG/Documents/default.htm
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3.1.1 The DAS-2 testbed
For our first set of experiments, we used the Distributed ASCI Supercomputer (DAS-2) (Bal, 2000), a wide-area computer which consists of clusters
of workstations distributed across the Netherlands (see Fig. 3.1 for a picture of one cluster).

Figure 3.1: The Distributed ASCI supercomputer 2 (DAS-2) at the Vrije Universiteit.

The DAS-2 machine is used for research on parallel and distributed computing by five Dutch universities. One cluster contains 72 nodes while the
other four clusters have 32 nodes. Each node contains two 1-GHz PentiumIIIs, at least 1 GB RAM, a local IDE disk of at least 20 GB, a Myrinet interface card and a Fast Ethernet interface. The nodes within a local cluster are
connected by a Myrinet-2000 network, which is used as high-speed interconnect. In addition, Fast Ethernet is used as OS network. The five local
clusters are connected by Surfnet, the Dutch university Internet backbone
for wide-area communication.
The MPI implementation that is used in a Globus environment is MPICHG2 (Karonis et al., 2003), which is a grid-enabled implementation of the MPI
v1.1 standard. Using services from the Globus Toolkit, MPICH-G2 allows to
couple multiple machines, potentially of different architectures, to run MPI
applications. MPICH-G2 automatically converts data in messages sent between machines of different architectures and supports multi-protocol com-
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munication by automatically selecting TCP for inter-machine messaging and
vendor-supplied MPI for intra-machine messaging. The version available
on DAS-2 is MPICH-GM, which uses Myricom’s GM as its message passing
layer on Myrinet. The current version is now able to use the fast local DAS-2
interconnect (Myrinet) on the local clusters; only communication between
clusters goes over TCP/IP sockets.

3.1.2 The CrossGrid testbed
For our more widely distributed set of experiments, we used the CrossGrid
pan-European distributed testbed. This infrastructure combines resources
across 16 European sites (Fig. 3.2) into a large Grid Virtual Organization.
The sites range from relatively small computing facilities in universities to

Figure 3.2: Different locations in Europe participating in the CrossGrid network.

large research computing centres, offering a heterogeneous set of resources
to test the possibilities of a widely distributed experimental Grid framework.
National research networks and the high-performance European network,
Geant, assure interconnectivity between all sites. The network includes a
local step, typically inside a research centre or university via Fast or Gigabit
Ethernet, a jump via a national network provider at speeds that will range
from 34 Mbits/s to 622 Mbits/s or even Gigabit, and a link to the Geant
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European network at 155 Mbits/s to 2.5 Gbits/s.
The CrossGrid testbed architecture and minimum hardware requirements
are modelled after the LCG2 specification, with each site offering at least
five system components:
• a gatekeeper that provides the gateway through which jobs are submitted to local farm nodes.
• a set of worker nodes or local farm computing nodes where jobs are actually executed; the combination of a gatekeeper with its worker nodes
is usually called a computing element.
• a storage element or storage resource that includes a Grid interface
ranging from large hierarchical storage management systems to disk
pools.
• a user interface machine, used by end-users to submit jobs to the Grid
computing elements.
• a local configuration server, used to install, configure and maintain the
above systems from a single management system.
The CrossGrid testbed includes a set of tools and services such as monitoring tools, development tools, a remote access server, portals and a prototype of the parallel resource broker.
Since the support of the CrossGrid resource broker for parallel applications using the MPICH-G2 device was still being deployed at the time of
our experiments, our job submissions were performed using the Globus job
submission capabilities directly. As was the case for our experiments in the
DAS2 network, the MPI package used for the tests was MPICH-G2, to allow for submission of a simulation job to a number of different sites, using
different distributed processor topologies per run.

3.2

Performance analysis on the GRID

In this section we present the results of experiments conducted on the two
computational grids using the N -body code parallelised with a systolic algorithm and the MPICH-G2 device across large geographical distances. As explained in Chapter 2, the main factors determining the general performance
of a parallel code are the calculation speed of each node, the bandwidth of
the inter-processor communication, and the network latency. In the case
of a computational grid, the small bandwidth and the large latency between
different clusters may sensibly affect the execution times.
Adopting the same nomenclature as in § 2.3.1 and 2.3.2, we derive a theoretical estimate for the time Tforce in the most general case of a heterogeneous
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grid, where each processor has a different CPU speed and any pair of processors is interconnected by a different network. In the case of the ring algorithm with blocking communication the total time after one shift is given by
Tforce,1shift = max {τf,i n si } + max {τl,i + τc,i si } ,
i=1...p

i=1...p

(3.1)

where the subscript i refers to processor i. Taking into account the fact
that each processor may have a different block size si , the total time needed
for the computation of the forces exerted on the block of s particles can
be written as
Tforce =

p
X

shif t=1

n max {τf,i si } +
i=1...p

p
X

shif t=1

max {τl,i + τc,i si } .

i=1...p

(3.2)

In the ideal case of all processors having the same block size si = s/p, the
previous equation simplifies to


s
s
.
(3.3)
max {τf,i } + p max τl,i + τc,i
Tforce = N
i=1...p
p i=1...p
p
To measure the effect of latency, we performed test runs on the DAS-2
and the CrossGrid testbed using the direct N -body code described in § 2.2.2.
The specifications for the DAS-2 (Iskra et al., 2003) and for the CrossGrid
are shown in Table 3.1.
Table 3.1: Specifications for the grid testbeds.

DAS-2
CrossGrid

CPU
1 GHz
1 GHz

Network
Surfnet
Geant

τf [sec]
4.5×10−7
4.5×10−7

τl [sec]
5.0×10−5
2.0×10−3

τc [sec]
8.0×10−4
4.0×10−3

We evolved the same initial configuration (Plummer model) for one N body time-unit using 4 processors. The total execution time is plotted in
Fig. 3.3 as a function of the number of different locations hosting the computing nodes.
The low latency network on the DAS-2 generally results in a good performance even if the nodes are allocated in different clusters. Only in the
case of a very small number of particles, like for the N = 4096 run, the execution time increases steadily with the number of locations. This is due
to an unfavourable computation to communication ratio for small N . The
effects of inter-process communication are more evident for the CrossGrid
runs, where the execution time increases substantially with the number of
locations. However, the performance improves as the size of the N -body
system increases since the computation to communication ratio becomes
higher and a better load balance can be achieved. For large systems, the
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Figure 3.3: Performance comparison of the direct N -body code parallelised with the
ring algorithm on the DAS-2 wide-area supercomputer (dashed lines) and the CrossGrid distributed testbed (dotted lines). The wall-clock time is plotted as a function of
the number of locations where the computing nodes are selected. The timing refers
to the integration of a Plummer model for N = 4096 (full dots), 16384 (full triangles),
65536 (full squares), for one N -body time-unit. The dotted and dashed lines indicate
the predictions by the performance model (Eq. 3.2) using the parameters given in
Table 3.1. For all the runs we allocated 4 processors, distributed in 1 to 4 different
locations. For example, in the case of one location all the 4 processors were selected
in the same cluster, for two locations the processors were selected either two per
location or three in one location and one in another, for four locations one processor
per location was selected.

performance on the CrossGrid is at most a factor three worse than that on
DAS-2. The performance model can predict the execution time for DAS-2,
which is an homogeneous system, while it can only reproduce the behaviour
of the CrossGrid for large N , when the calculation dominates over communication. Even though the clusters have been selected to be as similar as
possible, the CrossGrid is not an homogeneous system and the different
distances between the locations result in different communication times. In
addition, competition for bandwidth may result in waiting times before sending and receiving of messages can proceed. If the nodes are not dedicated to
a single job, other jobs may also affect the global performance.

3.3 Summary and conclusions

3.3
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Summary and conclusions

We conducted performance tests on two computational grids, the Dutch
DAS-2 and the pan-European CrossGrid infrastructure, using the direct
gravitational N -body code developed for the simulation of star clusters and
parallelised using a systolic scheme by means of the MPI library. For both
grids we have allocated computing nodes in different locations, that is among
different clusters participating in the grid network. The timing results indicate that the effects of latency are more prominent on the CrossGrid than
on the DAS-2, as, for the latter, the clusters are interconnected with a faster
and lower latency network. For both grids the communication effects on
the performance decrease as the number of simulated particles increase.
For large systems the total execution time is dominated by the computation
rather than the communication and the load balance among the nodes is
higher. As a result, the performance on large grids is not significantly worsened by the communication among nodes residing in different locations,
provided that the size of the N -body system is sufficiently large to ensure
a high computation to communication ratio and a good load balance. Although these results are only preliminary, they appear very promising in
the direction of ever larger N -body simulations of star clusters, where the
sheer number of required force calculations demands a very large number
of computing nodes.

4
Performance of direct N-body algorithms on
special purpose computers

Based on
S. Harfst, A. Gualandris, D. Merritt,
R. Spurzem, S.F. Portegies Zwart, P. Berczik
to be submitted
The state-of-the-art way to carry out direct summation N -body calculations is via specialised hardware, either FPGA’s, or GRAPEs (GRavity piPEs);
the latter contains pipelines optimised for gravitational force calculations
(Makino and Taiji, 1998). The GRAPE family of computers is designed and
built in Japan by Jun Makino and collaborators with the precise aim to compute gravitational forces according to Newton’s law of gravitation and proved
to be extremely successful in recent years. The GRAPE-4 was the world’s
fastest computer from 1995 to 1997. The most recent in the GRAPE series,
the GRAPE-6A, consists of a single, 32-chip PCI card designed to be inserted
into one node of a computer cluster. In this way, both large (&106 ) particle
numbers and high (&1 TFlop/s) speeds can be achieved. In this chapter, we
describe the performance of direct summation N -body algorithms on a large
computer cluster that incorporates GRAPE hardware.

4.1

The GRAPE technology

The GRAPE (short for GRAvity PipE) is a special-purpose hardware specifically designed to compute the gravitational interaction among particles.
It consists of a fully pipelined processor able to compute the gravitational
force, its derivative, and the gravitational potential of an N -body system.
The special-purpose hardware is connected to a general-purpose host and
is used as a back-end processor, on which the force calculation is performed.
35
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Figure 4.1: Interior of one node showing a GRAPE-6A card (underneath the large
black fan) and an Infiniband card.

The rest of the computation, such as the orbit integration, is performed on
the host computer. Like a graphics accelerator speeding up graphics calculations on a workstation, without changing the software running on that
workstation, the GRAPE acts as a Newtonian force accelerator, in the form
of an additional piece of hardware.

4.1.1 The GRAPE clusters
For the tests described in this chapter, we have used two different GRAPE
clusters: the RIT cluster at the Rochester Institute of Technology (USA) and
the MODESTA cluster at the University of Amsterdam (the Netherlands).
The RIT cluster consists of 32 GRAPE-6A boards (Fig. 4.1), each containing
1 module of 4 GRAPE chips, for a peak performance of 131.3 GFlop/s per
board. The MODESTA cluster consists of 4 GRAPE-6 boards, each containing 2 modules of 4 GRAPE chips, for a peak performance of 240 GFlop/s
per board. The GRAPE chips can calculate forces on a maximum of 48 particles at a time; this limit is set by the number of pipelines present. The
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forces computed by the processor chips are summed and sent to the host
computer. A maximum of 131072 particles can be stored in the GRAPE6A/GRAPE-6 memory.
While the nodes of the MODESTA cluster are interconnected with a standard Gbit-ethernet, the nodes of the RIT cluster are connected via a lowlatency Infiniband network with a transfer rate of 10 Gbit s−1 . The typical
latency for an Infiniband network is of the order of 10−6 s, or a factor ∼ 100
better then the Gbit-Ethernet (Liu et al., 2003).

4.2

Performance of a sequential GRAPE N-body code

4.2.1 A sequential GRAPE N-body code
In order to make use of the GRAPE hardware, an N -body code needs to
be adapted to be able to send data to the GRAPE memory and retrieve the
results of the calculation. We have implemented a sequential direct summation code with GRAPE support by adapting the Hermite integration scheme
(Makino and Aarseth, 1992) with block time-steps presented in § 2.1. The
GRAPE-6 and GRAPE-6A hardware have been designed to work with a Hermite scheme and therefore the function calls to the GRAPE libraries can
be easily integrated.
In detail, a direct summation code with GRAPE support consists of the
following steps:
1. Initialisation The GRAPE is initialised and all initial particle data (masses, positions, velocities, accelerations, jerks, time-steps) are sent to
GRAPE memory.
2. Selection of active particles The next block of particles to be advanced is selected on the host computer based on the particles timesteps and times of last update.
3. Predictor The positions and velocities of active particles are predicted
to the current system’s time and sent to the GRAPE’s force calculation
pipeline.
4. Force calculation The GRAPE retrieves the predicted positions and
velocities of the active particles, predicts the positions and velocities
of all other particles stored in memory and computes forces and their
time derivatives on all active particles.
5. Corrector The host retrieves the forces and their time derivatives from
the GRAPE and corrects the positions and velocities of the active particles. Using the new particle data, the host computes the new timesteps for the active particles.
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Figure 4.2: Performance comparison between a GRAPE-6A board, a GRAPE-6 board
and a Beowulf cluster. We plot the wall-clock time as a function of the number
of particles for the integration of Plummer models over one N -body time-unit. The
runs on the Beowulf cluster were performed for p = 1-16 using the non-blocking
communication code parallelised with the ring algorithm. The runs on the GRAPE
were performed on one board, which corresponds to 4 chips for the GRAPE-6A and
to 8 chips for the GRAPE-6.

6. Update The host sends all the new data relative to the active particles
to the GRAPE memory for update.
7. Repeat Repeat from step (2) until the final time is reached.
As a first performance test, we compared the timings for the simulation
of Plummer models with different particle numbers N on one GRAPE-6A
(RIT), one GRAPE-6 (MODESTA) and on the Beowulf cluster (see § 2.3). The
total execution times on the GRAPE-6 are about two orders of magnitude
shorter than on a single processor of the Beowulf cluster and one order of
magnitude shorter than on 16 processors for the same accuracy. For N &8k,
in the computation dominated regime, the GRAPE-6 board is about twice as
fast as the GRAPE-6A board, in agreement with expectations. For smaller
N , the slower communication between the GRAPE-6 and the host affects
the performance and makes the GRAPE-6A the most efficient. In the case of
small particle numbers, the systolic scheme on the Beowulf cluster is also
inefficient for large p. This is due to the large amount of communication
required in this regime (see § 2.3.2).
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Table 4.1: Parameters of one GRAPE-6A board at RIT.

Tpred (1)
(1.1 ± 0.2)×10−7

Tcorr (1)
(3.4 ± 0.3)×10−7

Tpipe
(2.2 ± 0.4)×10−8

tj
(3.1 ± 0.2)×10−8

4.2.2 Performance modelling of a sequential GRAPE code
If we consider a sequential block time-step code to be used in combination
with GRAPE-6A, the time required to advance one active particle for one
integration step can be written as
T (1) = Thost (1) + Tgrape (1) + Tcomm (1)

(4.1)

where Thost (1) = Tpred (1) + Tcorr (1) is the time spent on the host for the predictor and corrector operations, Tgrape (1) = N Tpipe is the time spent on the
GRAPE for the force calculation and Tcomm (1) is the time spent in communication between the host and the GRAPE. The communication time between
GRAPE and host has three terms:
Tcomm (1) = 60 ti + 56 tf + 72 tj

(4.2)

where the first term represents the time to send the predicted positions and
velocities to the GRAPE, the second term is the time to retrieve acceleration, jerk, and potential from the GRAPE and the third term represents the
time to send new data to the GRAPE memory for update. Table 4.1 reports
the parameters measured on one GRAPE6-A at RIT. The times Tpred for the
predictor and Tcorr for the corrector are measured on the host node. The
parameter tj is derived by measuring the time Tsend to send the data relative to one particle to the GRAPE memory: tj = Tsend /72. We then assume
ti = tf = tj as in Fukushige et al. (2005). The GRAPE parameter Tpipe is
not measured directly but derived from the total time for the force calculation by subtracting the time for communication between the host and the
GRAPE. This approach is necessary since the measured time Tforce for the
force calculation contains both the time for the force computation and the
communication time between host and GRAPE. In this way Tpipe is given by
Tpipe = (Tforce − (60 ti + 56 tf )) /N .
The time for a block of active particles of size s can then be written as
T (s) = Thost (s) + Tgrape (s) + Tcomm (s)

(4.3)

Thost (s) = Tpred (s) + Tcorr (s) = Thost (1) s ,

(4.4)

Tgrape (s) = N Tpipe [s/48] ,

(4.5)

Tcomm (s) = 60 ti s + 56 tf s + 72 tj s ,

(4.6)

where
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with [x/y] = (int)(x/y) + 1. Since the GRAPE pipeline accepts a maximum
of 48 particles, Tgrape is a step function with a step in correspondence of
multiples of 48 in block size.
Fig. 4.3 shows a comparison between the predicted times for given block
sizes s and timing measurements (data points) conducted on the RIT cluster.
The models used were two Plummer models with N =8k (left) and N =128k
(right). The timing data are obtained by averaging 100 successive measure-

Figure 4.3: Times, predicted by the theoretical model, spent on the host (lower
curve), the GRAPE (upper curve) and in communication (middle curve) as a function of the block size for a sequential GRAPE code with block time-steps. For a
comparison, the data points represent the actual timing measurements on a single
GRAPE-6A of the RIT cluster. The models used were two Plummer models with N =8k
(left) and N =128k (right).

ments for each block size. Given the errors on the timing measurements and
on the parameters reported in Table 4.1, there is good agreement between
the data and the performance model. The non-linear increase in the host
time for block sizes larger than about 1000 is not yet understood but we expect the deviation to be due to cache misses. For the N =8k model, the time
spent in communication between the host and the GRAPE is larger then the
time spent on the GRAPE itself for the force calculation. For N & 16k, the
time for the force calculation becomes larger then the communication time
so that for the N =128k system the total execution time is dominated by the
force calculation on the GRAPE. This shows that the use of GRAPE hardware for N -body simulations is most efficient in the case of large systems,
which are the most interesting from the scientific point of view.

4.3 Performance analysis of a parallel GRAPE code
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Performance analysis of a parallel GRAPE code

4.3.1 Parallel GRAPE N-body codes
Motivated by the scientific challenge of simulating a star cluster with one
million stars, we have implemented a parallel scheme to be used on a GRAPE
cluster. In Chapter 2 we have introduced two parallel algorithms for direct
N -body codes. The copy algorithm is a replicated data algorithm in which
each compute node has a copy of the whole system. At every step, each node
computes the forces exerted by all N particles on a subset of the active particles. These particles are then advanced and their updated positions and
velocities are sent to the other processors by means of a global communication operation. The systolic or ring algorithm is a distributed data algorithm
in which each node is only assigned a subset of N/p particles. At each step,
the particles to be advanced circulate along the ring of processors which
compute partial forces on them. After p − 1 such shifts, all of the force pairs
have been computed and the particles are returned to their original nodes
where their trajectories can be advanced. Both the replicated and systolic algorithms exhibit an O(N p) scaling in communication and an O(N 2 /p) scaling
in number of force computations. When combined with GRAPE hardware,
neither of these schemes appears a good choice. The GRAPE memory holds
only NG ≈ 105 particles, so that the copy algorithm doesn’t allow to simulate
larger numbers of particles. The systolic algorithm doesn’t have memory
limitations but can be inefficient any time the block size is smaller than 48,
since the time required by the GRAPE to compute forces on one particle is
the same as the time to compute the forces on 48.
For these reasons, we decided to implement an hybrid scheme. As in
the systolic algorithm, the particles are distributed among the nodes, N/p
particles to each node, with N/p < NG , ensuring that all N/p particles can be
stored in the GRAPE memory. However, once the particles to be advanced
(active particles) have been identified on each node, they are broadcast to
all the other nodes, thus minimising the possibility that any one GRAPE
will be required to compute forces on less than 48 particles. Each node
computes partial forces on all the active particles and the forces are summed
up and redistributed via a global communication. The integration of the
trajectories is then performed by the single nodes only on the subset of the
active particles which reside in their memory.
In detail, the hybrid algorithm consists of the following steps:
1. Particle distribution The particle data are distributed equally among
all nodes such that each node receives N/p particles.
2. Initialization Each node performs locally the initialization of the GRAPE
card attached to it and sends the local particle data to the GRAPE memory.
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3. Selection of active particles The time of the block of particles to be
advanced is determined by means of a global minimum operation over
all nodes. Each node then selects its local subset of active particles
and broadcasts it to all other nodes. In this way, every node possesses
the complete set of active particles.
4. Predictor The positions and velocities of all the active particles are
predicted to the current system’s time and sent to the local GRAPEs.
5. Force calculation The GRAPEs retrieve the predicted positions and
velocities of the active particles, predict the positions and velocities of
all other N/p particles stored in their memory and compute the partial
accelerations and jerks on all active particles.
6. Retrieve The hosts retrieve the partial forces and their time derivatives
from the GRAPEs, which are summed to get the total forces by means
of a global operation.
7. Corrector The hosts correct the positions and velocities of the subset
of local active particles and, using the new particle data, they compute
the new time-steps .
8. Update The hosts send all the new data relative to the local active
particles to the GRAPE memory for update.
9. Repeat Repeat from step (3) until the final time is reached.

4.3.2 Performance modelling of a parallel GRAPE code
In the case of the hybrid scheme, the total execution time can be written as
T = Thost + Tgrape + Tcomm + TMPI

(4.7)

where Thost represents the time spent on the host computer, Tgrape represents the time spent on the GRAPE, Tcomm denotes the communication time
between the GRAPE and the host and TMPI indicates the time spent in communication among the nodes. If s is the block size at a specific step during
the integration and smax = maxi=1,...p {si } is the maximum of the local blocks
of the different nodes, the time spent on the host is given by
Thost = Tpred (s) + Tcorr (smax ) = Tpred (1) s + Tcorr (1) smax ,

(4.8)

the time spent on the GRAPE is given by
Tgrape =

N
Tpipe [s/48] ,
p

(4.9)

the time spent in communication between the host and the GRAPE is
Tcomm = 60 ti s + 56 tf s + 72 tj smax ,

(4.10)
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and the time spent in communication among the nodes is given by
TMPI = 2 T (MPI_Allreduce) + T (MPI_Allgatherv) ,

(4.11)

the time to perform two calls to the MPI function MPI_Allreduce with
a sum operation of 3 arrays of size s and one call to the MPI function
MPI_Allgatherv. We adopt the following models for the MPI functions:
TMPI_Allreduce = (α + β x) log2 p

(4.12)

TMPI_Allgatherv = (δ + γ x) log2 p

(4.13)

where x represents the size of transferred data measured in bytes and α,
β, δ, γ are parameters obtained by fitting timing measurements on the RIT
cluster (see Table 4.2).
Table 4.2: Fit parameters for the model of MPI functions.

α [sec]
1.0×10−5

β [sec]
1.0×10−8

δ [sec]
1.2×10−5

γ [sec]
2.5×10−9

Fig. 4.4 reports the comparison between the prediction for the total execution time as a function of the block size at one specific step and the
timing results on the RIT cluster. The timing data are obtained by averaging 100 successive measurements for each block size. As in the case of the
theoretical model, the times spent on the host, the GRAPE, in communication with the GRAPE and in communication among the nodes are measured
separately and then added together.

4.3.3 Performance results
In order to analyse the performance of the hybrid code we ran different test
models on the RIT cluster: a Plummer model (Plummer, 1911), (the most
common test case), a Dehnen model (Dehnen, 1993) with γ = 0.5 (which fits
well the inner density profile of bright elliptical galaxies) and two King models
(King, 1966) with different concentration parameters W0 = 9 and W0 = 12
(which are appropriate to globular clusters). We used 1, 2, 4, 8, 16, and
32 nodes and measured the total execution time for one N -body unit. Due
to the nature of the N -body problem most of the inter-node communication
consists of many small messages rather then sporadic transfers of large
amount of data. As a consequence, the performance of a direct N -body
code will largely benefit from a low-latency network such as the Infiniband
available at the RIT cluster. For this reason, as well as for the availability
of a much larger number of nodes, we decided to perform the test runs
described in this section on the RIT cluster.
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Figure 4.4: Comparison between the execution time predicted by the model for the
integration of a Plummer model with N = 131072 and timing experiments on the RIT
cluster. The total execution time is plotted as a function of the block size.

Fig. 4.5 shows the wallclock times wN,p from all integrations on the RIT
cluster as a function of particle number N and processor number p. For
any p, the clock time increases with N , roughly as N 2 for large N . When N
is small, communication dominates the total time, and w increases as the
number of processors increases. This behaviour changes as N is increased;
for N &10k (the precise value depends on the model), the wallclock time
is found to be a decreasing function of p, indicating that the total time is
dominated by force computations. The wallclock time is longer for the more
centrally concentrated models since smaller time steps are required.
The speedup
sN,p =

wN,1
.
wN,p

(4.14)

for the selected test runs is shown in Fig. 4.6. The ideal speedup (zero communication and latency) is sN,p = p. For particle numbers N & 128k the
wallclock time wN,1 on one processor is undefined as N exceeds the memory
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Figure 4.5: Wallclock time as a function of the number of particles N for different
numbers of processors p on the RIT cluster.

of the GRAPE card. In that case we used wN,1 = w128k,1 · (N/128k)2 assuming
a simple N 2 -scaling. In general, the speedup for any given particle number
is roughly proportional to p for small p, then reaches a maximum before
dropping at large p. The number of processors at the the point of maximum speedup is “optimum” in the sense that it provides the fastest possible
integration of the given problem.
As mentioned in § 4.1.1, the theoretical peak performance of a single
GRAPE-6A card is ∼131 GFlop/s. We determined the compute speed f from
the measured total number of force updates Nf in each run, using
fN,p =

57 N Nf
,
wN,p

(4.15)

which assumes 57 floating point operations per force calculation. The measured compute speed is shown in Fig. 4.7.
The speed ratio r is given by
rN,p =

fN,p
p 131 TFlops

(4.16)
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Figure 4.6: Speedup as a function of the number of processors p for different particle
numbers N on the RIT cluster.

and shown in Fig. 4.8. The speed ratio reaches a maximum of ∼0.8 on the
RIT cluster. The reason why we do not reach the peak speed is that in the
case of a block time-step scheme it is impossible to keep the 48 pipelines
on every GRAPE always fully busy. At some integration steps the block
sizes are too small to allow for that. This explanation is consistent with the
observation that the peaked density distributions, which more frequently
require small blocks, achieve

4.4

Summary and conclusions

We implemented a direct summation code to be used in combination with
GRAPE hardware and compared its performance on a GRAPE-6A board at
RIT and on a GRAPE-6 board at MODESTA. As expected, in the calculation
dominated regime, the GRAPE-6 board is about twice as fast as the GRAPE6A board. For small systems, however, the communication time between
the GRAPE and the host computer represents a considerable fraction of the
total time and in this regime the faster communication of the GRAPE-6A
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Figure 4.7: Speed as a function of particle numbers N for different numbers of
processors p on the RIT cluster.

results in a better performance.
We also compared the performance of a typical Beowulf cluster with that
of a single node attached to a GRAPE-6 board (which consists of 8 chips) or
GRAPE-6A board (which consists of 4 chips). The use of the GRAPE hardware for the force calculation reduces the execution times by about two orders of magnitude with respect to a single processor with the same accuracy.
We implemented a new parallel scheme optimised for use on a GRAPE
cluster and analysed its performance on the RIT cluster. The scheme employs data distribution among the available nodes to allow the integration
of larger systems and implements a parallel integration of all active particles at each step to minimise the possibility of inefficient use of the GRAPE
pipelines.
Even though we achieve a performance of about 2 TFlop/s, direct summation simulations beyond one million particles would still require a total computation time of the order of months or even years. For example,
the simulation of a cluster containing one million stars requires about 7-8
hours on 32 GRAPE-6A for a time of one N -body unit. A realistic simulation
of 1000 N -body time units would thus require almost a year to perform.
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Figure 4.8: Speed ratio as a function of the particle number N for different numbers
of processors p on the RIT cluster.

Therefore, in addition to the continuing development of special-purpose supercomputers, there is also a need for more efficient N -body codes. Improvements could be achieved by combining different methods, for example
the TREE algorithm and GRAPEs (e.g. Spinnato et al. (2003), Fukushige
et al. (2005)).
To draw some general conclusions about the performance of parallel direct summation methods, the GRAPE hardware stands out as the fastest
way of performing simulations of N -body systems. A parallel setup of GRAPEs, like the RIT and MODESTA clusters described in this chapter, achieves
the largest performance in terms of execution time. The hybrid scheme developed for a GRAPE cluster achieves a good parallel efficiency on the RIT
cluster. From the point of view of scientific simulations, parallel computers
like Lisa can only be used for the study of clusters with N ∼ 104 -105 . In
order to simulate the most massive clusters observed in the Galaxy, with
N ∼ 106 , a GRAPE cluster is necessary. In about ten years time, supercomputers with 1000 processors should also be able to handle million particles
simulations. Distributed systems with a large number of computing elements might also be an option in the near future. As already mentioned,
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simulations of galactic nuclei (N ∼ 109 ) or galaxies (N ∼ 1011 ), will not be
possible in the foreseeable future by means of direct integration, not even
on large GRAPE clusters. Different methods will need to be implemented
for this purpose. Larger N -body systems become less collisional and therefore the use of approximated methods, which is in any way a necessity,
becomes more and more appropriate as N increases. Despite this general
tendency, the central regions of galaxies, which are known to host massive
black holes, can reach densities comparable to those of star clusters and
show collisional phenomena. The simulation of galactic nuclei thus require
direct methods. A natural and reasonable solution is therefore the use of
hybrid schemes which apply direct integration to the inner regions around
the massive black hole and faster methods to the outer regions. The architecture for these kinds of simulations might also be hybrid, with a direct
integrator running on a cluster of GRAPEs and a faster method running on
a large parallel computer.

5
N-body simulations of stars escaping from
the Orion nebula

Based on
A. Gualandris, S.F. Portegies Zwart and P. Eggleton
MNRAS, 2004, 350, 615
The dense cores of young clusters as well as old globular clusters are sites
of gravitational encounters between stars. Subsequent distant encounters
tend to smoothly deflect the orbits of all stars on timescales of billions of
years while strong close encounters can dramatically affect their orbital parameters on very short timescales. If the first class of encounters drives the
global evolution of star clusters, the second class of encounters is responsible for the population of runaway stars in the Galaxy and for the production
of exotic systems. In this chapter we focus on close dynamical encounters
in young dense clusters and associations, where a significant population
of young massive stars can be found. In particular, we study the ejection
of high velocity stars from young clusters and investigate the origin of four
runaway stars escaped from the Orion star forming region.

5.1

OB runaway stars

OB runaway stars are a subgroup of the massive O and B type stars characterised by unusually high peculiar velocities. The distribution of velocities
has a mean dispersion of about 30 km s−1 , three times larger than the average velocity of the OB population in the Milky Way (10 km s−1 , Stone, 1979),
and extends up to about 200 km s−1 . Since these stars appear to be moving
on the plane of the sky away from known star forming regions, they were
defined runaways (Blaauw, 1961). Stone (1979) also included stars at large
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distance (up to several kpc) from the Galactic plane for which no parent
association could be found.
About 40% of O stars and 5-10% of B stars are runaways (Stone, 1991),
and only one in ten OB runaways has a known binary companion (Gies
and Bolton, 1986).
The three-dimensional velocities of about 50 OB runaways have been
determined and the trajectories of ∼20 can be traced back to a nearby association (Hoogerwerf et al., 2000, 2001), supporting the idea that these stars
originated in stellar clusters or associations close to the Galactic plane from
which they were later ejected with high velocities.
The origin of the high velocity of the runaways has been debated since
the time of their discovery. Two main mechanisms have been proposed to
explain the high velocities of OB runaways:
1. ejection upon a supernova in a binary system (Zwicky, 1957; Blaauw,
1961);
2. ejection by a close dynamical encounter in a star cluster (Poveda et al.,
1967).
We refer to scenario 1 and 2 as supernova ejection and dynamical ejection,
respectively.
In the supernova ejection scenario the OB runaway gets a high velocity
from the explosion of the companion star. If more than half the total mass of
the system is ejected during the explosion, the binary is dissociated and the
two stars receive a recoil velocity of the order of their orbital velocity prior to
the explosion. If, on the other hand, the binary remains bound, the mass
loss in the supernova induces a recoil velocity in the centre of mass of the
binary (Blaauw, 1961; Hills, 1980; Tauris and Takens, 1998) due to conservation of linear momentum. This scenario predicts that about 30% of the OB
runaways should still be in a binary with a compact companion. This result
doesn’t change significantly even if initially eccentric orbits and natal kicks
are taken into account (Leonard and Dewey, 1993). Large natal kicks (up
to 1000 km s−1 ) are observed in isolated pulsars (Lyne and Lorimer, 1994;
Cordes and Chernoff, 1998), but are not sufficient to explain the low binarity
fraction observed for OB runaways. Even if the formation of a neutron star
is accompanied by a kick drawn from a Maxwellian distribution with a mean
of 600 km s−1 , about 30% of the binaries remains bound (Portegies Zwart,
2000). Selection effects may be important in preventing the observation of
compact companions to the runaways, but the supernova ejection scenario
seems insufficient to explain all the known OB runaways (Portegies Zwart,
2000). The supernova ejection scenario, however, satisfactorily explains the
high velocities (∼ 50 km s−1 ) of some known high-mass X-ray binaries (van
den Heuvel et al., 2000). In one of these, Vela X-1, the high space velocity
is inferred from the morphology of a bow shock (Kaper et al., 1997) while
the neutron star is visible as an X-ray pulsar. The only known example of
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a binary dissociated by a natal kick is given by the O9.5V star ζ Oph and
the pulsar PSR J1932+1059. The large rotational velocity (Penny, 1996) and
helium abundance (Herrero et al., 1992) of ζ Oph indicate that a phase of
mass transfer occurred, as expected for runaways ejected by a supernova
explosion. Under this hypothesis, a natal kick of about 400 km s−1 can be
inferred for the pulsar (Hoogerwerf et al., 2001).
An alternative scenario to the supernova ejection is the dynamical ejection scenario (Poveda et al., 1967; Gies and Bolton, 1986; Leonard, 1990), in
which close encounters between binaries and/or single stars in dense stellar
regions can lead to the ejection of high velocity stars. Young stellar clusters
and OB associations in early evolutionary stages can have high stellar densities (∼105 pc−3 ) in their cores and therefore close encounters between single
stars, binaries or higher order systems can be very frequent. These encounters can result in the ejection of stars with high velocities. O and B stars
are likely to participate in strong encounters because of mass segregation
and gravitational focusing. As a consequence, the number of close encounters involving O and B type stars can be high despite their short lifetime,
especially when the cluster is young and the binary fraction is high.
To help understanding the runaway mechanism we define the kinematical
age τkin as the time since the ejection from the parent association. This
time can be derived integrating the trajectory of the runaway in the Galactic
potential. At first order τkin = d/v, where d is the distance travelled from
the cluster and v the velocity of the runaway. The kinematical age can
help to identify the ejection mechanism. A runaway which is ejected by
a supernova explosion has a kinematical age smaller than the age of the
parent cluster because the primary star in the original binary evolved for
a few million years before it exploded ejecting its companion. Dynamical
ejection is likely to occur when the cluster is very young and therefore in
this case the kinematical age is often similar to the age of the parent system.
An example of stars ejected by a dynamical encounter is provided by
the single runaways AE Aurigae and µ Columbae and the spectroscopic binary ι Orionis, whose trajectories in the Galactic potential have been traced
back in time and intersect about 2.5 Myr ago at the expected location of
the Trapezium cluster (Hoogerwerf et al., 2001). The runaways AE Aurigae
and µ Columbae show no evidence of binary evolution, like a high rotational
velocity or an increased helium abundance, and move in almost opposite
directions away from the Trapezium cluster. The kinematical and evolutionary properties of the system suggest the hypothesis that the stars were
involved in a 4-body encounter that ejected them with high velocity (Gies
and Bolton, 1986).
In the next sections we describe a combined use of direct N -body simulations and stellar and binary evolution calculations to identify the type of
encounter that ejected AE Aurigae, µ Columbae and ι Orionis.
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The runaway stars AE Aurigae, µ Columbae and
ι Orionis

5.2.1 The kinematics
The single runaway stars AE Aur and µ Col are O type stars moving away
from the Orion star forming region (see left panel of Fig. 5.1). Blaauw and
Morgan (1954) recognised them as a remarkable pair of runaways having similar spectral types and moving in almost opposite directions with
space velocities of about 100 km s−1 . At a distance of about 250 pc from the
Trapezium cluster (see right panel of Fig. 5.1) the kinematical age of both
stars is about 2.5 Myr.

Figure 5.1: (Left) The Orion star forming region, including the Orion nebula and the
Trapezium cluster. (Right) The Trapezium cluster (NICMOS image).

The same kinematical age and parent cluster for the two stars together
with their relative straight angle of motion suggest a common origin in a
dynamical encounter. Gies and Bolton (1986) advanced the hypothesis of a
binary-binary interaction that ejected AE Aurigae and µ Columbae and left
ι Orionis as the surviving binary. They noticed that ι Ori is one of the most
massive objects in the Orion nebula, has a highly eccentric orbit and its
component stars have relative orbital velocities similar to the space velocities
of AE Aur and µ Col.
Parallaxes and proper motions provided by Hipparcos together with radial velocity measurements (Turon et al., 1992) are shown in Table 5.1 and
allow precise determinations of the Galactic trajectories of the binary and
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the single stars.
Table 5.1: Parallax, distance from the sun and proper motions from the Hipparcos
Catalogue (ESA 1997), radial velocities from the Hipparcos Input Catalogue (Turon
et al., 1992), velocity relative to the Local Standard of Rest and velocity relative to
the centre of mass of the 4-body system for AE Aur, µ Col and ι Ori.

π [mas]
d [pc]
µα∗ [mas yr−1 ]
µδ [mas yr−1 ]
Vrad [ km s−1 ]
VLSR [ km s−1 ]
Vcm [ km s−1 ]

AE Aur
2.24 ± 0.74
446+220
−111
-4.05 ± 0.66
43.22 ± 0.44
57.5 ± 1.2
111.9 ± 24.2
115 ± 5

µ Col
2.52 ± 0.55
397+110
−71
3.01 ± 0.52
-22.62 ± 0.50
109.0 ± 2.5
108.2 ± 4.2
103 ± 2

ι Ori
2.27 ± 0.65
406+185
−96
2.27 ± 0.65
-0.62 ± 0.47
28.7 ± 1.1
17.4 ± 0.8
18 ± 1

The integration of the trajectories of AE Aur, µ Col and ι Ori (Hoogerwerf
et al., 2001) in the Galactic potential shows that 2.5 ± 0.2 Myr ago all the
stars had a minimum separation of about 4 pc (see Fig. 5.2). The position
and velocity of the parent cluster, derived from the orbit integration and the
4-body centre of mass velocity, are consistent with those of the Trapezium
cluster in the Orion nebula.
We here summarise the arguments in favour of a common origin of the
runaways AE Aur, µ Col and the ι Ori binary in the Trapezium cluster:
1. The trajectories of the single stars and the binary intersect 2.5 Myr ago
in the Trapezium cluster.
2. The velocity of the centre of mass of the 4-body system is compatible
with the velocity of the Trapezium cluster.
3. The ages of all the four stars (see section 5.2.2 and 5.5.2) are consistent
with the range in ages of the stars in the cluster (Palla and Stahler,
1999).
4. The high stellar density (> 2 × 104 pc−3 , McCaughrean and Stauffer
1994) in the core of the Trapezium favours dynamical interactions.

5.2.2 The stellar evolution
The ι Orionis binary consists of a O9 III primary and a B0.8 III-IV secondary
with a mass ratio of q = 0.5 (Stickland et al., 1987) or q = 0.57 (Marchenko
et al., 2000). Using the single-star evolutionary tracks by Schaller et al.
(1992), Bagnuolo et al. (2001) estimate a difference in age of roughly a factor
of two in the components and conclude that the system did not co-evolve.
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Figure 5.2: Orbits, calculated back in time, of the runaways AE Aur (dotted line) and
µ Col (solid line) and the binary ι Ori projected on the sky in Galactic coordinates.
The starred symbols represent the present position of the stars. The orbits intersect
at a time of about 2.5 Myr ago. Using conservation of linear momentum, the orbit
of the parent cluster (grey solid line, see blow up) is calculated from the time of the
assumed encounter till present. The Orion constellation is indicated for reference.
Taken from Hoogerwerf et al. (2001).

Therefore they propose that the system originated in a binary-binary encounter in which an exchange interaction occurred. The age difference cannot be explained by a phase of mass transfer because of the high eccentricity
of the binary: mass transfer would have circularised the orbit of the binary.
Exchange encounters are known to alter the eccentricity of the interacting
binaries and could provide a natural explanation for the high eccentricity of
the system. Observational data on ι Ori, AE Aur and µ Col are presented
in Table 5.2.
Mason et al. (1998) list ι Ori with a speckle companion at a separation
of about 0.1′′ . This could mean that ι Ori is the primary component of a
hierarchical triple system. If the speckle companion is indeed bound to the
binary, it has considerable consequences for the proposed origin of ι Ori, as
we discuss in § 5.5.1. However, at the moment it is not clear whether the
third component is bound to the binary.
A possible evolutionary scheme for the system is shown in Table 5.3.
Starting from the currently observed parameters reported in Table 5.2, the
stellar and binary evolution package SeBa (see Portegies Zwart and Verbunt,
1996) is used to infer masses and radii of each single star at the moment
of the encounter.

5.3 Binary-binary scatterings
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Table 5.2: Properties for AE Aurigae, µ Columbae (Gies and Lambert, 1992; Bagnuolo et al., 2001) and the primary (ι Ori A) and secondary (ι Ori B) component of
ι Orionis (Stickland et al., 1987; Bagnuolo et al., 1994).

Spectral type
Teff [◦ K]
log(g)
Mass [ M⊙ ]
Radius [ R⊙ ]
Period [days]
Eccentricity

AE Aur
O9.5 V
31420
4.07
16
6.0

µ Col
O9.5V/B0
31790
3.85
16
8.0

ι Ori A
ι Ori B
O9 III B0.8 III-IV
32500
27000
3.73
3.78
39
19
16
11
29.134
0.764

5.2.3 The dynamical encounter
We explore the hypothesis of a dynamical ejection for AE Aur, µ Col and ι Ori
using numerical simulations of binary-binary encounters and try to infer the
interaction that is needed to produce the observed properties of the stars.
First of all, one binary must be ionised during the encounter in order to eject
the two single stars. In addition, an exchange is needed to solve the age
discrepancy in the ι Orionis binary. An example of a dynamical encounter
producing a system like ι Ori, AE Aur and µ Col is shown in Fig. 5.3. A
binary consisting of ι Ori B and µ Col interacts with a binary containing
ι Ori A and AE Aur. In the encounter the softer binary is unbound releasing
µ Col and ι Ori B, which is exchanged in the other binary and together with
ι Ori A forms the ι Orionis binary while AE Aur and µ Col escape in almost
opposite directions.

5.3

Binary-binary scatterings

5.3.1 The numerical simulations
The numerical simulations described in this chapter are carried out with the
scatter package included in the STARLAB software environment 1 (McMillan and Hut, 1996; Portegies Zwart et al., 2001). An N -body encounter is
resolved integrating the equations of motions of all the particles under the
influence of their mutual gravitational forces using a fourth-order Hermite
predictor-corrector scheme (Makino and Aarseth, 1992).
We consider a target binary composed of stars of mass Mt1 and Mt2 , semimajor axis at and eccentricity et , and a projectile binary composed of stars
of mass Mp1 and Mp2 , semi-major axis ap and eccentricity ep . Standard N 1 http://www.ids.ias.edu/˜ starlab
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Table 5.3: Scheme of the evolutionary model adopted in this work for ι Ori, AE Aur
and µ Col. Current values of mass, radius and age for AE Aur, µ Col (Gies and Lambert, 1992; Bagnuolo et al., 2001) and the primary (ι Ori A) and secondary (ι Ori B)
component of ι Ori (Bagnuolo et al., 1994) are used to predict masses and radii at
the moment of the encounter. These parameters are used as initial conditions in the
simulations.

T=0

T = 3.5 Myr

T = 4.5 Myr

T = 7 Myr

(ι Ori B, µ Col)
ι Ori B
22 M⊙
6.0 R⊙
µ Col
18 M⊙
5.0 R⊙
(ι Ori A, AE Aur)
ι Ori A
42 M⊙
8.5 R⊙
AE Aur
18 M⊙
5.0 R⊙
(ι Ori A, AE Aur) + (ι Ori B, µ Col)
→ (ι Ori A, ι Ori B) + AE Aur + µ Col
ι Ori A
42 M⊙
10 R⊙
ι Ori B 21.5 M⊙
9.0 R⊙
AE Aur
18 M⊙
5.5 R⊙
µ Col
18 M⊙
7.0 R⊙
(ι Ori A, ι Ori B) + AE Aur + µ Col
ι Ori A
39 M⊙
20 R⊙
ι Ori B
20 M⊙
16 R⊙
AE Aur
18 M⊙
6.5 R⊙
µ Col
18 M⊙
10 R⊙

body units (Heggie and Mathieu, 1986b) are used in which Mt1 + Mt2 = 1,
at = 1 and G = 1. The relative velocity v∞ is given in units of the critical
velocity Vc for which the total energy of the system in the 4-body centre of
mass reference frame is zero:
s 

Mp1 Mp2
G Mt1 Mt2
Vc =
+
,
(5.1)
µ
at
ap
where µ = (Mt1 + Mt2 )(Mp1 + Mp2 )/Mtot is the reduced mass and Mtot the
total mass of the system. Additional parameters like the orbital phase and
the relative orientation of the two binaries are randomly drawn from uniform
distributions (Hut and Bahcall, 1983). The initial eccentricities are drawn
from a thermal distribution P (e) = 2e (Heggie, 1975).
The impact parameter b is chosen between zero and a maximum value
according to an equal probability distribution for b2 . The maximum value
bmax is determined automatically for each experiment. The code defines different cylindrical shells with the same cross-sectional area and performs an
arbitrary number of scatterings in successive shells until all the encounters
in the outermost shell result in a preservation of the binaries. The limiting
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Figure 5.3: Example of a binary-binary encounter leading to the ionisation of a
binary and the exchange of one star. The two binaries are initially in the top right
and bottom left corner and approach in the direction indicated by the arrows. The
binary containing µ Col is unbound and ι Ori B is exchanged in the other binary. As
a result, the ι Orionis binary is formed and AE Aurigae and µ Columbae are ejected
as singles.

impact parameter of the outermost shell defines the value of bmax specific to
the experiment under consideration.
Energy conservation in our simulations is typically better than one part
in 106 . The error in energy conservation is checked in each experiment and if
it exceeds 10−5 the encounter is rejected. The accuracy in the code is chosen
in such a way that at most a few per cent of the encounters are rejected.

5.3.2 Classification system for binary-binary encounters
When the integration of the equations of motion is stopped (see appendix
5.6 for the stopping criteria) the encounters are classified. During the calculation we keep track of the nearest neighbours of all the stars and we
compute the distances between them. If two stars approach each other
within a distance smaller than the sum of their radii we classify the encounter as a collision.
Many outcomes are possible in binary-binary interactions (see Fig. 5.4
for examples of possible outcomes and corresponding Feynman diagrams):
two bound systems can be left, or one binary and two single stars, or a
triple and a single star, or four single stars. The encounters are classified as
follows: (i) preservation or flyby if the two original binaries remain bound,
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Figure 5.4: Examples of different outcomes in binary-binary scattering events and
the corresponding Feynman diagrams. In the diagrams the paths of two stars are
placed close together when they are bound, and the wavy lines represent gravitational perturbations.
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even though strongly perturbed; (ii) exchange if one star is exchanged by
the binaries and two new binaries are formed; (iii) ionisation if one binary
is unbound leaving a binary and two single stars recoiling to infinity; (iv)
exchange-ionisation if one binary is unbound and one star is exchanged in
the other binary; (v) triple if one binary is unbound and one of the stars is
captured by the other binary in a bound stable orbit while the other star is
ejected as single; (vi) total ionisation if both binaries are unbound and four
single stars recede to infinity.

5.4

Numerical simulations

5.4.1 Initial conditions
We consider interactions between a target binary composed by AE Aur and
the primary component of ι Ori (ι Ori A) and a projectile binary composed by
µ Col and the secondary component of ι Ori (ι Ori B). The values of masses,
radii and ages used as initial conditions for the simulations are reported
in Table 5.3. After the two binaries and their relative orbits are selected,
we integrate the equations of motion until the encounter is resolved (see
appendix 5.6). The relative velocity at infinity between the centres of mass of
the two binaries is set equal to the mean dispersion velocity in the Trapezium
cluster (2 km s−1 , Herbig and Terndrup 1986). Conservation of total energy
and momentum in the 4-body system centre of mass frame is applied to
derive the binding energies of the initial binaries. Only the sum of the two
binding energies can be derived from the conservation laws, so the ratio
between the two remains as a free parameter: α = Et /Ep .
For each value of α between 0.1 and 10 we perform 2000 scattering experiments and the resulting branching ratios and cross-sections are presented in Fig. 5.5. Most of the encounters lead to the disruption of one
binary, possibly accompanied by an exchange or a capture in a stable triple.
Only about 10% of the encounters result in an exchange. The fraction of
flybys decreases as a function of α while the fraction of triples increases for
α > 1. A value α > 1 means that the projectile binary is softer than the
target binary and is more easily ionised. The larger is α the wider is the
projectile binary. After an ionisation, one of the component stars can be
captured by the target binary which contains the most massive star of the
system. The normalised cross section decreases steadily as a function of α
because of the decrease in the normalisation factor. For values α & 4 the
cross-section scales as α−2 .
We mainly focus on encounters of the type
(ι Ori A, AE Aur) + (ι Ori B, µ Col) → (ι Ori A, ι Ori B) + AE Aur + µ Col
leading to the ionisation of one binary and the exchange of one specific star.
This interaction is most favoured for α . 3 (see Fig. 5.5). For clarity we select
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Figure 5.5: Left: branching ratios for different types of outcome as a function of
the ratio α between the initial binding energies of the two binaries. Only flybys,
exchanges, ionisations, triples and encounters leading to systems like AE Aur, µ Col
and ι Ori are shown. Right: normalised total cross-section as a function of the
parameter α.

α = 2 and for this value we perform 15000 scattering experiments.

5.4.2 The point particle limit
We first analyse the properties of the stars resulting from the simulations in
the approximate case of point particles. The final velocity distributions for
ι Ori, AE Aur and µ Col are shown in Fig. 5.6. The velocities are relative to the
centre of mass of the 4-body system and the observed values (see Table 5.1)
are presented as dashed lines. Due to momentum conservation the two
single stars recoil with a velocity ∼3 times higher than the binary. Typical
velocities for the stars range from 30 to 100 km s−1 , with an average of the
order of their orbital velocities (∼ 60-70 km s−1 ) in the initial binaries. The
velocity of the binary has a peak at about 25 km s−1 , close to the observed
velocity 18 ± 1 km s−1 .
We observe a correlation between the velocity of the binary and that of the
single stars, though with a large scatter, while there is no apparent correlation between the space velocities of the two single stars (see Fig. 5.7). This
might be due to the many degrees of freedom present in 4-body scatterings.
In Fig. 5.8 we show the distribution of the semi-major axis of the binary
after the encounter. The observed value (Stickland et al., 1987; Marchenko
et al., 2000) is consistent with the most probable value in the distribution.
The distribution of velocities and semi-major axis does not change for α .
3 but becomes significantly different for larger values of α. The consistency
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Figure 5.6: Distribution of velocities relative to the centre of mass of the 4-body
system for ι Ori, AE Aur and µ Col (solid line) compared with the observed values
(dashed line) for α = 2.

of the distributions with the observed values reflects the right choice of the
total energy in the encounter. The total energy of the 4-body system is known
at present and its conservation before and after the encounter was used in
the choice of the initial conditions. Different choices of the total energy
available in the interaction lead to different distributions for the velocities
and the binary semi-major axis. This seems to exclude the possibility that
a fifth body was involved in the encounter.
In order to verify the possibility of producing two single runaways moving in almost opposite directions, as is observed for AE Aur and µ Col, we
study the distribution of the angular displacement of the two stars with respect to the centre of mass of the 4-body system. We compute the angle θ
between the velocity vectors of the two single stars and report its distribution fθ in Fig. 5.9. We find that fθ increases as θ increases so that about
35% of all encounters result in an angular displacement θ in the 45 degrees
range 135◦ ≤ θ < 180◦ .
The eccentricity e of the binary after the encounter is consistent with a
thermal distribution and therefore more than 50% of the encounters result
in a binary with e > 0.67.
We computed the absolute fractions and the cross-sections of different
types of encounters using the procedure described in appendix 5.6. If σX is
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Figure 5.7: Velocity of AE Aur versus velocity of ι Ori (left) and versus velocity of
µ Col (right). The error boxes of the measured velocities are shown in each plot as
filled rectangles.

the cross-section for process X, a normalised cross-section can be defined as
σ̃X ≡

σX

π a2t + a2p



v∞
Vc

2

,

(5.2)

where v∞ represents the relative velocity between the centres of mass of the
interacting binaries. As shown in Table 5.4, about 1 in 6 encounters results
in the ionisation of one binary and the exchange of one specific star, leading
to systems like AE Aur, µ Col and ι Ori.
Table 5.4: Branching ratios fX and normalised cross-sections σ̃X for different types
of outcomes in the case α = 2. 1σ error bars are of the order of 1%. We specifically split off encounters which lead to a system like ι Ori, at the bottom, below the
horizontal line.

Encounter
Preservation
Exchange
Ionisation
Exchange-ionisation
Triple
Total ionisation
ι Orionis

fX
0.21
0.03
0.17
0.35
0.24
0.00
0.20

σ̃X
1.20
0.18
1.00
2.06
1.42
0.00
1.17
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Figure 5.8: Distribution of the final binary semi-major axis (solid line) compared
with the observed value (dashed line) for α = 2.

From the cross-section it is possible to derive the typical time-scale of
the process under consideration if the stellar density and the stellar velocity
dispersion of the region are known
TX ∼

π

a2t

1
1
v
 ∞2
,
2
V
n
f
+ ap c
b σ̃X

(5.3)

where n represents the mean stellar density in the cluster and fb is the fraction of binaries in the core. Substituting typical parameters of the Trapezium cluster (with a binary fraction fb ∼ 0.6; Duquennoy and Mayor 1991a)
we obtain





AU2
v 2 5 km s−1
3 Myr 5 × 104 pc−3
(5.4)
TX ∼
σ̃X
n
a2t + a2p
0.01
v∞
where v = v∞ /Vc . In the case α = 2 the typical time-scale for a binary-binary
encounter resulting in an exchange-ionisation is about 3 Myr.

5.4.3 Collisions in binary-binary encounters
In this section we relax the hypothesis of point mass stars and investigate
the effects of physical radii on the outcomes of binary-binary encounters. In
the simulations described in the previous sections, we keep track of the minimum distances between all stars. In this way we are able to use the same
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Figure 5.9: Distribution of the relative angle θ between the velocity vectors of AE Aur
and µ Col (solid line) with respect to the centre of mass of the 4-body system. The
dashed line indicates the value of the relative angle derived from observations.

data and test the effect of finite stellar radii, assuming that stars collide if
they approach each other within some minimum distance dcoll .
Since the initial eccentricities of both binaries are randomly drawn from
a thermal distribution between 0 and 1, stars in very eccentric orbits may
collide at the first pericentre passage. This would not be realistic, and therefore we limit the range in initial eccentricities. In a highly eccentric orbit
two stars with total radius R collide if R & 0.75 a (1 − e) (Kopal, 1959). Inverting this equation leads to our definition of emax . For the observed stellar
radii (see Table 5.3) emax = 0.9. We therefore exclude binaries with initial
eccentricity e > 0.9 from further consideration.
Fig. 5.10 shows the cumulative distribution for minimum distances between any two stars for the ∼8000 encounters which remained after selecting the systems with e < emax (solid curve) and for circular initial binaries
(dashed curve). Since circular orbits are very rare in our standard initial
conditions, we performed a separate simulation of 8000 encounters. If we
assume stellar radii from Table 5.3 at the moment of the encounter, a collision occurs if rmin /a . 0.07. In that case about half of the initially circular
binaries result in a collision, whereas only 25% of the eccentric systems
survive merging. In Fig. 5.11 we show the fraction of binaries experiencing
a collision as a function of emax . The two figures 5.10 and 5.11 show similar
trends; high initial eccentricities enhance the collision rate.
In Fig. 5.12 we show the proportion of ionised systems and systems like
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Figure 5.10: Cumulative distribution for minimum distances rmin , between stars
during binary-binary encounters. The solid line represents the result for systems
with e < 0.9 from our standard run. The dashed line is for binaries with initially
circular orbits. With the observed stellar radii a collision would occur at about
rmin /a . 0.07.

ι Ori which resulted from the standard run. There seems to be a slight
preference for initial eccentricities in the range 0.4 . e . 0.6.
To further study the dependence of the collision probability on the stellar
radii we define β ≡ dcoll /r, the dimensionless effective radius for collisions.
In Fig. 5.13 we show the branching ratios for collisions, ionisations and the
sub-type of ι Ori as a function of β. Changing the stellar radii (or β) by a
factor of a few does not affect the collision rate significantly and therefore
the choice of the stellar radii is not critical to the results.

5.5

The evolution of ι Orionis after the encounter

Until now we have considered the implications of a binary-binary encounter
on the dynamical properties of AE Aur, µ Col and ι Ori. The current observations of the binary allow us to constrain its evolution in the ∼ 2.5 Myr
elapsed from the moment of the encounter till now. There are at least three
further aspects that have to be integrated into a wholly plausible model of
the interaction under consideration. They are:
1. ι Ori might be a triple system, and possibly even quadruple or quintuple
(see § 5.5.1);
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Figure 5.11: Fraction of collisions as a function of emax .

2. stellar evolution models make it difficult to confirm that ι Ori B is of
the same age as any of the other three stars (see § 5.5.2);
3. tidal friction must have operated within the ι Ori system since the time
of the encounter 2.5 Myr ago, possibly reducing its eccentricity (see §
5.5.3).
We deal with these issues in turn.

5.5.1 Is ι Orionis a multiple system?
The spectroscopic binary ι Ori is the brightest (component A) of three members of the multiple star ADS 4193. The other two members (B and C)
are 11′′ and 50′′ distant. At the distance of ι Ori (∼400 pc, see Table 5.1)
these are quite widely separate, and for the time being we discount them
as gravitationally bound companions. But ADS 4193A is also a speckle binary, CHARA 250Aa/Ab, with a separation of 0.10′′ (Mason et al., 1998).
This suggests an orbital period & 40 yr. The brighter component (Aa) of this
speckle pair is the spectroscopic binary. Strictly speaking we should refer
to the O9III and B0.8III-IV components of this 29 d binary as ι Ori Aa1 and
ι Ori Aa2, and we do so from now on.
The close speckle companion raises at least two questions. Is it reasonable that the companion was carried along during the 4-body (or rather 5body) encounter that we have supposed? And could it affect the eccentricity
of the spectroscopic orbit, by the mechanism of Kozai cycles (Kozai, 1962)?
We have not attempted to model 5-body encounters because of the enormous parameter space that they can be drawn from. We can imagine it
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Figure 5.12: Branching ratios as a function of emax . The solid line gives the results
for encounters in which one binary was ionised. The dashed line gives results for a
subset of these, namely the ones which lead to systems like ι Ori (see § 5.4.1 for the
specifics of this encounter).

would be possible for the companion to remain bound after an encounter
but we doubt the energy released would be enough to eject AE Aur and
µ Col with high speed. It might be worth investigating this possibility in the
future and testing these predictions.

In a triple system in which the outer orbit is fairly highly inclined to the
inner orbit, the third body can have a major long-term effect on the inner
pair, causing its eccentricity to cycle between a low and a high value. For
instance, if the mutual inclination is 60◦ , the eccentricity can cycle between
0 and 0.76, or between 0.5 and 0.86 (Kiseleva et al., 1998). The period of the
2
/Pin ∼ 20000 yr in this case. If the triple were formed early in
cycle is ∼ Pout
the life of the cluster by some random encounter, an inclination of 60◦ would
be quite likely; alternatively, the kind of encounter that we think is needed to
create the binary ι Ori Aa would probably randomise its inclination relative
to the (ι Ori Aa, ι Ori Ab) speckle pair. Thus it is possible that the observed
high eccentricity of the spectroscopic binary ι Ori Aa is not a result of the
encounter, but of the third body ι Ori Ab.
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Figure 5.13: The fraction of collisions (dotted line) and the branching ratio for ionisations (solid curve) as a function of β. Our system of interest is represented with
the dashed line.

5.5.2 Stellar evolution models for AE Aurigae, µ Columbae and
ι Orionis
We now use stellar evolution models to constrain the ages of the four stars.
Fig. 5.14 is a theoretical HR diagram for masses in the required range. The
positions of all four stars, according to their effective temperatures and gravities as given by Bagnuolo et al. (2001), are indicated. Two isochrones are
indicated, for 5 and 10 Myr. It appears that the apparent ages of ι Ori Aa1
and ι Ori Aa2 are substantially different: we estimate 5 and 10 Myr respectively. The uncertainties seem to be of the order of ± 1 Myr, but could be
substantially greater on account of unquantifiable systematic errors. The
possibility that discrepant ages can be accounted for by Roche-lobe overflow
can almost certainly be discounted by the high eccentricity of the system.
The ages of AE Aur and µ Col are comparable to that of ι Ori Aa1, though
AE Aur might be a little younger and µ Col a little older.
The Trapezium Cluster, from which the four stars appear to have been
ejected, is a well studied young cluster, the core of the Orion Nebula Cluster,
which contains about a dozen OB stars and many more fainter stars. It is estimated that these stars are .1 Myr old (Herbig and Terndrup, 1986; Brown
et al., 1994; Prosser et al., 1994). Stars later than B2 are often though not
always above the main sequence. We may therefore wonder if the two giants
of ι Ori are still evolving towards the main sequence rather than away from
it. This seems improbable, because their ejection from the cluster 2.5 Myr
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Figure 5.14: Evolutionary tracks in the HR diagram for log M = 1.1, 1.125,...,1.5.
Also shown (thick lines) are isochrones for ages 5 Myr and 10 Myr. Sloping nearlystraight dotted lines are for log g = 3.0,3.2,...,3.8, starting from the upper right corner
and ending near the ZAMS. Approximate positions for ι Ori Aa1, ι Ori Aa2, AE Aur
and µ Col, based on their temperatures and gravities, are indicated by Aa1, Aa2, AE
and µ Col respectively.

ago is amply long enough for contraction to the main sequence at their high
luminosities. This suggests, incidentally, that not all the Trapezium stars
are as young as 1 Myr, and we appear to require that some massive stars
have been forming over the last 10 Myr. An age spread from 1 to 10 Myr
has already been observed for stars .6 M⊙ (Palla and Stahler, 1999), and we
suggest that there may be a similar spread for OB stars.
An alternative possibility is that the parent cluster is one of the older subgroups in Orion such as subgroup 1a or 1c (see Brown et al., 1998). These
subgroups have a kinematics very similar to the one of subgroup 1d (which
contains the Trapezium cluster) and overlap in position on the sky with ι Ori.
The uncertainties in the theoretical HR diagram are of course substantial,
and hard to quantify. The models were computed using the code of Pols et al.
(1997), which was found to give good agreement with the observational data
of Andersen (1991). The theoretical uncertainties have to be convolved with
observational uncertainties but very substantial errors must be involved if
ι Ori Aa2 is to be of the same age as any of the other three stars.
A rather long shot is the possibility that the speckle companion is in fact
the missing 10 Myr-old companion of ι Ori B. This would require a binarytriple interaction of the form:
(ι Ori Aa2, ι Ori Ab) + (ι Ori Aa1, (AE Aur, µ Col)) →
((ι Ori Aa1, ι Ori Aa2), ι Ori Ab) + AE Aur + µ Col.
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It is hard to assess the likelihood of this scenario but in any event we should
not ignore the possible existence of a fifth body in a complete analysis.

5.5.3 The effects of tidal friction on the binary orbit
An important aspect to consider in the post-encounter evolution is the effect
of tidal friction on the spectroscopic orbit. The sum of the radii that we
infer is 60% of the periastron separation, which would seem sufficient for
tidal effects to be important. We have used the equilibrium-tide model of
Hut (1981) as further developed by Eggleton et al. (1998). This model was
successfully tested on the SMC radio-pulsar binary 0045-7319 (Eggleton
and Kiseleva-Eggleton, 2001).
The orbital evolution expected since the encounter 2.5 Myr ago is shown
in Fig. 5.15. We find that we could reach the present eccentricity and orbital

Figure 5.15: The evolution with age of orbital and spin parameters subject to tidal
friction. The present epoch is at 2.5 Myr. (a) Left panel: eccentricity (decreasing), and
the cosine of the inclination ζ of the stellar spin axis to the orbital axis (increasing;
ι Ori Aa1 only). The components were started with rotational axes oblique to the
orbital axis; nutation on a short time-scale causes the apparent breadth of the inclination curve before parallelisation is complete. (b) Right panel: orbital period (upper
curve), and spin period (lower curve; ι Ori Aa1 only).

period if we started with P = 110 days and e = 0.91. A high eccentricity is
common for binaries which undergo exchange-ionisation encounters as the
final eccentricity distribution is expected to be thermal (see § 5.4.2). On the
other hand, a long-period binary as a final outcome implies an even wider
initial target binary, which means a lower binding energy available in the
encounter. It is unlikely to obtain recoil velocities as high as 100 km s−1
with a pre-encounter total energy which is smaller than the current one. A
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tight binary (with an orbital period similar to the observed one) is needed in
order to reproduce the velocities of the single runways.
Fig. 5.15 shows that parallelisation (the alignment of the spin axis of
the two binary components) and pseudo-synchronisation took ∼2 Myr to
achieve. Given the uncertainty in the viscous time-scale – at least a factor of
10 – it is possible that they have actually not yet been achieved. The pseudosynchronous rotation period (Hut, 1981) is a fraction of the orbital period dependent only on eccentricity: the factor is 9.51 for e = 0.76, i.e. Prot ∼ 3 days
currently. With the radii computed from the evolutionary tracks of Fig. 5.14,
the rotation speeds we expect are V sin i ∼ 150 and 115 km s−1 for the primary and the secondary respectively. These values are somewhat greater
than the values (110 and 70 km s−1 ) quoted by Marchenko et al. (2000),
and may indicate that pseudo-synchronism has not yet been reached.
However we have already noted that the high eccentricity of the spectroscopic binary may not in fact have been generated by the collision but
may be an artifact of Kozai cycles driven by the third (speckle) body (see §
5.5.1). In Kozai cycles, while the eccentricity fluctuates the semi-major axis
is unperturbed (to lowest order), and as a result the two components will in
the long term seldom be as close together as they are at the periastra of the
current orbit. Thus tidal friction might be negligible in this case.
The possibility that the eccentricity is due to the third body rather than
to the interaction could mean that we have to revise our earlier conclusion
that the apparently non-coeval nature of the spectroscopic binary is not
due to Roche lobe overflow, since the main argument against there having
been any Roche lobe overflow is that the orbit is eccentric. However Kozai
cycles are normally suppressed if the quadrupolar distortion of the stars
in the close binary is large; and it usually is large enough as a star approaches Roche lobe overflow. Once a star fills its Roche lobe it normally
grows larger still, until a very late stage of evolution when it has lost ∼70%
of its mass. Thus once Kozai cycles are suppressed they are unlikely to reestablish themselves till this late stage, when the donor would be a small
helium star rather than a B giant.
We hope that in the near future more information will be available on the
speckle orbit, which should move appreciably in ∼10 yr. The spectroscopic
orbit may also be on the margin of detectability by speckle or adaptive optics;
a direct measure of its inclination could limit the possibilities substantially.
It will be desirable to search for the speckle companion in the spectrum
of ι Ori. If it can be detected it may modify significantly the spectroscopic
elements of the 29 days orbit.

5.6

Summary and conclusions

We have tried to reconstruct the event that ejected the runaways AE Aur
and µ Col and the binary ι Ori from their parent cluster about 2.5 Myr ago.
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We here summarise different models that could explain the high velocities of
the single stars and the discrepant ages of the binary components.
1. The single stars and the binary are all unrelated. As shown by Gies and
Bolton (1986) and Hoogerwerf et al. (2000, 2001) this can be excluded
on the basis of their kinematical and evolutionary properties. The same
dynamical encounter must have ejected the stars from the Trapezium
about 2.5 Myr ago. In order to explain the high velocities of the single
stars and the age difference in the binary, the encounter must have
involved an ionisation and an exchange.
2. The stars were ejected as a result of a binary-binary interaction that occurred in the Trapezium cluster about 2.5 Myr ago. This model is based
on the observation that the velocity of the 4-body system is comparable to the velocity of the Trapezium cluster. The velocities of the stars
and the period of the binary after the encounter are consistent with the
observed values, so that we can conclude that this model can well reproduce the kinematics of the 4-body system. If we consider stars with
physical radii, a fraction of encounters result in a collision between two
stars. We thus expect to find collision products in dynamically active
young clusters like the Trapezium. The fraction of collisions strongly
depends on the initial eccentricity of the two binaries and therefore we
consider it likely that ι Ori, AE Aur and µ Col were ejected in an encounter between two low-eccentricity binaries. In this case, the final
properties of the system like the recoil velocities of the stars and the
orbital period and eccentricity of ι Ori do not differ from the ones obtained for highly eccentric initial binaries. The occurrence rate of this
type of encounter, once corrected for the collision probability, is about
one in 10 Myr.
A possible difficulty in this model is the short circularisation time-scale
for the orbit of the binary after the encounter. Our calculations show
that only extremely eccentric post-encounter orbits (e ∼ 0.9) evolve in
an eccentricity like that of ι Ori after 2.5 Myr.
In addition, the model relies on the assumption that ι Ori B and µ Col
are in the same binary before the encounter, implying that the two stars
must be coeval. Our evolutionary calculations show that µ Col might
be too hot, or equivalently too early in spectral type, to be on the same
isochrone as ι Ori B. However, our knowledge about the temperatures
and gravities of the stars is sufficiently imprecise that we can assume
coevality for all four stars.
3. The stars were ejected as a result of a triple-binary interaction. This
model is based on the possibility that ι Ori is the brightest component
of a speckle pair, making it a stable hierarchical triple. This would
require a 5-body encounter with the same total energy as our standard

5.6 Summary and conclusions

75

4-body encounter resulting in the ejection of a triple and two single
stars. According to this model, the high eccentricity of ι Ori may be
a result of Kozai cycles driven by the third body. We haven’t tested
this possibility but we can argue that this type of encounter would be
rather rare and not energetic enough to explain the velocities of the
runaways. It may certainly be worth investigating this scenario to test
these predictions as well as the ones about corotation and pseudosynchronisation.
The last word has evidently not been said on the interesting interaction
between ι Ori, AE Aur and µ Col. In addition to more elaborate numerical simulations, high accuracy parameters for the stars are needed in order to settle the coevality issue. New interferometric speckle observations,
possibly resolving the spectroscopic binary too, will be crucial for a better
understanding of the dynamical encounter that ejected the runaway stars.

Appendix
Computation of cross-sections
The procedure described in section §5.3.1 for the computation of the maximum impact parameter in each scattering experiment is incorporated in
the actual computation of cross-sections. The code defines different cylindrical shells with the same cross-sectional area and performs an arbitrary
number of scatterings in successive shells until all the encounters in the
outermost shell result in a preservation of the binaries. The limiting impact
parameter of the outermost shell defines the value of bmax specific to the experiment under consideration. The cross-section for an event X is derived
from (McMillan and Hut, 1996)
σX =

iX
max

π

b2i+1

i=0

−

b2i





NX,i
Ni



,

(5.5)

where b represents the impact parameter, NX,i is the total number of scatterings resulting in an outcome X in the shell i and Ni is the total number
of scatterings performed in the shell i. The statistical uncertainty in the
cross-section is given by
∆σX =

iX
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(5.6)

In analogy to the case of binary-single star scattering (Hut and Bahcall,
1983), (Sigurdsson and Phinney, 1993) and in order to compute physical

76

N-body simulations of stars escaping from the Orion nebula

time-scales for different type of interactions, we define a cross-section
σ̃X =

σX

π a2t + a2p



v∞
Vc

2

(5.7)

normalised to the geometric cross-section and corrected for gravitational
focusing.
A characteristic time-scale for a process X, defined as the mean time
between subsequent occurrences of X, can be evaluated from (Bacon, Sigurdsson & Davies 1996)
TX ∼

π

a2t

1
1
v
 ∞2
2
+ ap Vc n fb σ̃X

(5.8)

where n represents the mean stellar density in the cluster and fb is the
fraction of binaries in the core.

Criteria for stopping the integration
During the numerical integration of a binary-binary encounter the status
of the system is analysed after each 20 orbital periods of the initial target
binary and the simulation is stopped if one of the following criteria is met:
1. only two stars remain, in which case their orbits are determined and
the system is classified as a binary if it is bound or as two single stars
if it is unbound;
2. three stars remain, in which case the system is considered ionised if
the total energy is positive, the stars are widely separated and receding
from each other while it is considered as a binary and a single star
if the total energy is negative but the single star is escaping from the
binary centre of mass;
3. the 4-body system is split in binaries whose centres of mass are unbound, widely separated and receding. In the other cases the system is
considered bound and the integration continues until a stopping criterion is satisfied or a maximum integration time is reached.

6
XTE J1118+480: a high velocity black hole in
the Galactic halo

Based on
A. Gualandris, M. Colpi, S.F. Portegies Zwart, A. Possenti
ApJ, 2005, 618, 845
The dynamical mechanisms described in the previous chapters can operate on any kind of star which happens to be in a dense stellar environment.
Compact objects, like white-dwarfs and black holes, can also be accelerated to high velocities by dynamical encounters with other massive stars.
Numerical simulations of the evolution of star clusters (Portegies Zwart and
McMillan, 2000) indicate that most black holes eject each other from their
parent cluster during the strong gravitational encounters that take place in
the early evolution of the system. Alternatively, black holes can receive large
kick velocities during the supernova explosion in which they form, both in a
cluster or in the Galactic disc. Motivated by these findings, in this chapter
we explore the origin of the high velocity and high galactic latitude black
hole X-ray binary XTE J1118+480. Combining information on the kinematics of the binary and on its evolution, we constrain its birth location and the
mechanism by which it acquired its peculiar high velocity. This intriguing
system allows to draw important conclusions on the physics of the formation of black holes in the Galaxy.

6.1

Supernova kicks in black hole binaries

The velocity dispersion of the low mass X-ray binaries hosting a black hole
(Liu et al., 2001) is around 40 km s−1 , as derived by White and van Paradijs
(1996) from a study of the vertical distribution of these systems in the
Galaxy. Since the velocity dispersion of the population of their progenitors
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(i.e. binary systems containing a star more massive than ∼20 M⊙ , Portegies Zwart et al. (1997)) is estimated to be ∼20 km s−1 (Mihalas and Binney,
1981), there is evidence for the acquisition of an extra velocity during the
formation of the black hole. There are two possible mechanisms to accelerate a binary system when a massive star explodes as a supernova. The first
is the ejection of mass from the binary (Blaauw, 1961) during the explosion.
The mass released by the exploding star continues to move with the velocity
of its centre of mass and, for conservation of linear momentum, the binary
recoils in the opposite direction. We will refer to this velocity acquired by
the binary as symmetric kick . The direction of the symmetric kick lies in
the orbital plane of the binary which means that the direction of the orbital
angular momentum vector of the system is conserved by the explosion. The
second mechanism is known as asymmetric kick and represents an additional kick generated by asymmetries seeded in the collapsing star that are
transmitted to the ejecta. These kicks are also called natal kicks and can
have random directions relative to the orbital plane. There is evidence for
the occurrence of asymmetric kicks in the formation of neutron stars (see Lai
et al., 2001, for a review) but the physical interpretation is still controversial: mechanisms proposed include large scale density asymmetries in the
pre-supernova core (Burrows and Hayes, 1996), or non-axisymmetric instabilities in the rapidly rotating proto-neutron star core (Colpi and Wasserman,
2002). These hydro-dynamically driven impulses can in principle operate at
the time of the formation of a black hole as well as in the case of a neutron star. This is expected in particular if a proto-neutron star forms first,
launching a successful shock wave, and later the neutron star collapses to a
black hole due to falling back material (Heger et al., 2000). The largest neutron star kick measured so far is of 800-1600 km s−1 (Cordes et al., 1993),
so that if kicks scale approximately with the inverse of the mass of the compact object, peculiar velocities as large as 100 km s−1 are expected for black
holes. The first discovered runaway black hole is in the binary X-Ray Nova
GRO J1655-40 (Mirabel et al., 2002) for which there is evidence of a motion
of 112±18 km s−1 . GRO J1655-40 is a source that shows alpha-elements
in its optical spectrum indicating that a supernova explosion preceded the
formation of the black hole (Israelian et al., 1999).

6.2

The soft X-ray transient XTE J1118+480

Soft X-ray transients, also known as X-ray novae, comprise a subset of lowmass X-ray binaries exhibiting recurrent bright optical and X-ray outbursts,
often accompanied by radio activity (Tanaka and Shibazaki, 1996; Campana et al., 1998). Strong dynamical evidence now exists for 17 black holes
in X-ray novae (Lee et al., 2002; Orosz et al., 2002) but only a few have
been observed away from the galactic plane (White and van Paradijs, 1996).
XTE J1118+480 is a soft X-ray transient with a mass function large enough
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(f (M ) ≈ 6.0±0.4 M⊙ , McClintock et al., 2001) to ensure it hosts a black hole.
Three features distinguish XTE J1118+480 in the sample of similar systems:
(i) the high-galactic latitude (l = 157.7◦ , b = 62.3◦ , corresponding to a distance of 1.9±0.4 kpc from the Sun with a height of 1.7±0.4 kpc above the
Galactic plane, Wagner et al., 2001); (ii) the high space velocity (∼145 km s−1
relative to the Local Standard of Rest, (Mirabel et al., 2001), much larger
than the aforementioned velocity dispersion of the population); (iii) the shortest orbital period P = 4.08 hours (Cook et al., 2000). Optical photometry
(Wagner et al., 2001) suggests that the donor is a ∼ 0.3 ± 0.2 M⊙ star now
filling its Roche lobe of ∼ 0.35 R⊙ . Modelling of the light curve (McClintock
et al., 2001) indicates that the inclination of the system is high, i & 55◦ , and
the mass of the black hole is consequently modest, Mbh . 10 M⊙ . Additional
evidence for a high inclination (i & 60◦ ) comes from measurements of tidal
distortion (Frontera et al., 2001) whereas the lack of dips or eclipses for a
Roche-lobe filling secondary yields upper limits of i < 80◦ and Mbh & 7.1 M⊙ .
The extremely low hydrogen column depth (NH ≈ 1.3 × 1020 cm−2 ) and the
modest distance make this system a primary target for the study of the origin and the dynamics of Galactic black holes.
Mirabel et al. (2001) noticed that the orbit of XTE J1118+480 resembles that of halo objects like Galactic globular clusters. In addition, the
radial and azimuthal components of the velocity seem consistent with the
large random motions of old halo stars with low metallicities. According
to these characteristics, Mirabel et al. suggested that the black hole in
XTE J1118+480 may be one of the black holes ejected from globular clusters which are believed to swirl around in the halo of the Galaxy (Portegies
Zwart and McMillan, 2000). This hypothesis requires the binary system to
be coeval with the globular clusters.

6.3

The birthplace of the system

Spectroscopic studies of XTE J1118+480 provide important clues about the
nature of the system and the evolution of its orbital parameters. The UV
spectrum of XTE J1118+480 (Haswell et al., 2002) shows evidence of an
under-abundance of carbon compared to nitrogen which suggests that the
material accreted by the black hole has been substantially CNO-processed.
This implies that the companion star has lost its outer layers and is now exposing inner regions which have been enriched with CNO-processed material
from the central core. Haswell et al. interpret these qualitative observations
as an indication that the system came into contact when the companion
star was sufficiently massive to allow for the CNO cycle and was already
somehow evolved. These requirements constrain the orbital period at contact Pi to be longer than about 12 hours and the companion mass to be
about 1.5 M⊙ . The evolution of the system after contact was driven by an-
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Figure 6.1: Evolution of a binary system composed by a black hole of 7 M⊙ and a
main sequence star of 1.4 M⊙ with an orbital period at first contact Pi = 0.5 days (as
calculated by J. Dewi). Angular momentum losses drive the shrinking of the binary
until, after a time Tev ≃800 Myr, the system reaches the current period of about 0.17
days. At that point the companion star has a mass of about 0.48 M⊙ , compatible
with the observed mass m = (0.3±0.2) M⊙ of the donor in XTE J1118+480.

gular momentum losses, mainly magnetic braking1 , toward shorter orbital
periods. The estimate of the initial mass of the companion star is crucial to
this investigation as it allows a determination of an upper limit for the age
of the system. The latter can in turn constrain the system’s birthplace to be
the Galactic disc or a globular cluster.
Supernova explosions of massive stars occur in the first 107 years since
the formation of a globular cluster, producing neutron stars and black holes.
The age of XTE J1118+480 is hence determined by the main sequence lifetime of the companion star and by the binary evolution phase after contact.
A 1.5 M⊙ star has a main sequence lifetime TMS ∼ 2 Gyr. The duration of the
mass transfer phase can be estimated by means of binary evolution calculations. Using the code by Eggleton (Pols et al., 1995), J.Dewi (private communication) followed the evolution of a system composed by a black hole
of 7 M⊙ and a main sequence companion of 1.4 M⊙ with an initial period
Pi = 15 hours. Fig. 6.1 reports the evolution of the mass of the companion
star as a function of the binary orbital period. The binary shrinks, reaching the period (P = 4.08 hours) currently observed in XTE J1118+480 after
1 Magnetic braking is a combined effect of a magnetically coupled stellar wind and tidal
spin-orbit coupling which tend to keep the donor star spinning synchronously with the orbital
motion (Verbunt and Zwaan, 1981; Tauris and Savonije, 1999).
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a time Tev ∼ 0.8 Gyr. An upper limit for the age of the system can then
be determined as
τ = TMS + Tev ∼ 3 Gyr.

(6.1)

If, according to the uncertainties in the evolutionary models, we allow for a
range of initial masses of the companion star 1.2 M⊙ . m .1.8 M⊙ , the main
sequence lifetime for the companion is limited to the interval 1 Gyr . TMS .
4.5 Gyr, and, as a consequence, the age of the system must lie in the range
2 Gyr . τ . 5.5 Gyr. On the basis of these estimates we can exclude that the
system was formed and then ejected from one of the known Galactic globular
clusters, which halted forming stars more than 10 Gyr ago 2 .
There exist further uncertainties associated with the evolution of XTEJ1118+480 which may somehow affect the estimate of τ . In particular, differences in the modelling of magnetic braking can introduce a scatter in
the value of τ : a weaker braking would cause the binary to harden up to
the semi-detached state on a longer time. Other uncertainties are related
to the observed properties of the companion star, like the luminosity, effective temperature and metallicity, which may affect the estimate of the age of
the system. A quantitative evaluation of such uncertainties would require
detailed studies which are beyond the aim of this work. Nonetheless, conciliating τ with the hypothesis of the origin of the binary in a globular cluster
would demand an unlikely fine-tuning of the binary evolution. For this work
we assume a standard model for the binary evolution, like the one adopted
by Haswell et al. (2002), according to which XTE J1118+480 is too young to
have been ejected from a globular cluster 3 and hence we conclude that the
system was very likely born in the disc of the Galaxy.

6.4

The orbit of XTE J1118+480 in the Galactic potential

We now consider the hypothesis that the system originated in the disc of the
Galaxy and was launched at high galactic latitude by a kick induced by the
2 There exists a possibility that the black hole in XTE J1118+480 experienced a dynamical
encounter in a globular cluster with a blue straggler in a binary system tight enough to lead to
the ejection of the black hole and the newly acquired companion. Stellar encounters involving
black holes are effective in the first billion year since the cluster formation (Portegies Zwart
and McMillan, 2000) as the black holes tend to interact with each other, form binaries which
harden through subsequent interactions and eject each other from the cluster (Sigurdsson and
Hernquist, 1993; Kulkarni et al., 1993) This scenario requires that at least one black hole is
retained and that blue stragglers are continuously formed in the core, preferentially in a hard
binary. We consider this possibility very unlikely.
3 The only scenario compatible with an origin in a cluster is that of a black hole ejected
∼10 Gyr ago from a cluster and then capable of capturing a main sequence star of about 1.5 M⊙
while wandering through the Galaxy: the probability for such an event in the low stellar density
of the Galaxy is in fact negligible.

82

XTE J1118+480: a high velocity black hole in the Galactic halo

supernova explosion which produced the black hole. Given the large mass
of the black hole progenitor, its evolution must have been very fast, hence we
can assume that the supernova event took place shortly after the beginning
of the main sequence life of the donor star. However, the time of expulsion
τex from the Galactic disc is affected by the uncertainties in the duration
of the X-ray phase and in the mass interval of the donor star. The length
of the X-ray phase determines a lower limit of 0.8 Gyr since mass transfer
necessarily begins after the black hole formation. On the other hand, an
upper limit of 2-5 Gyr, equal to the estimated age of the system, reflects the
age of the companion star on the main sequence. More specifically, the lower
and upper values refer to a star which is now respectively at the beginning or
at the end of its main sequence phase. Combining these limits, for the most
probable mass of the donor star m = 1.5 M⊙ (Haswell et al., 2002) we obtain
0.8 . τex . 3 Gyr .

(6.2)

In order to infer the value of the kick velocity acquired at the moment of
the supernova explosion, we back-trace the orbit of XTE J1118+480 in the
Galactic potential for a time equal to τex .

6.4.1 A model for the galactic potential
To trace the orbit of the black hole system in the Galaxy, we implement a
numerical integrator which solves the equations of motion of a test particle
subject to an analytical potential. We choose a fifth order Runge-Kutta integrator with adaptive step-size and the Paczynski model (Paczynski, 1990)
for the potential of the Galaxy. The Galactic potential can be represented by
three separate components, the bulge, the disc and the halo:
Φ = Φbulge + Φdisc + Φhalo .

(6.3)

The potential of the bulge is represented by a Plummer model
−GMb
Φbulge = √
r 2 + b2

(6.4)

with parameters Mb = 1.12×1010 M⊙ and b = 0.277 kpc and with r representing the spherical radial coordinate. The potential of the disc is represented
by a Kuzmin axisymmetric model of the type
Φdisc = q

−GMd
√
2

R 2 + c + z 2 + d2

(6.5)

with Md = 8.07×1010 M⊙ , c = 3.7 kpc and d = 0.2 kpc, and with R and z representing the coordinates in a cylindrical reference frame. The potential of the
halo is represented by the spherical model
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with parameters Mh = 5.0×1010 M⊙ , rh = 6.0 kpc. All three components must
satisfy Poisson’s equation ∇2 Φ = 4πGρ, where ρ is the correspondent mass
density. The parameters of the potential are chosen to provide a good agreement with the Galactic rotation curve and to reproduce as closely as possible
the local density near the Sun.
The force exerted on a test particle is given by F = −∇Φ. If we choose
a cylindrical coordinate system (R, φ, Z), which reflects the symmetry of
the disc potential, the equations of motion of a particle of unit mass can
be written as:

dΦ
 R̈ − Rφ̇2 = − dR
(6.7)
Rφ̈ + 2Ṙφ̇ = 0

Z̈ = − dΦ
dZ
This system of coupled second order differential equations is solved by the
numerical integrator starting from assigned initial conditions for the position
and the velocity of the particle. The accuracy of the integration is controlled
by checking the conservation of the integrals of motion: the total energy and
the z-component of the angular momentum.

6.4.2 Integration of the orbit of XTE J1118+480 backward in time
The integration of the trajectory of XTE J1118+480 backward in time provides the value of the kick velocity acquired at birth by the black hole when
residing in the Galactic disc. It is our aim to compute this value which is
nonetheless affected by a number of uncertainties. The orbit of the system is in fact not unique given the finite interval of expulsion times and
the observational errors in the velocity vector. The observed proper motion
and the radial velocity are known with 20% and 50% accuracy, respectively.
Thus, a statistical approach is necessary for the study of the orbit. We
generate the initial conditions for the integration by drawing at random the
three components of the velocity vector from Gaussian distributions. Once
we have initialised the velocity components for 10000 different Monte Carlo
realisations, we trace the trajectories backward in time in the potential of
the Galaxy.
In Fig. 6.2 we show the position of the source in the Galactic plane obtained integrating up to a time 0.5 Gyr (left panel) and, continuing the integration, up to 5 Gyr (right panel). We notice that, due to the uncertainties in
the current 3D velocity, memory is lost of the position of the binary at the
time of formation, if the explosion occurred more than 1 Gyr ago. (We verified that a change of 10% in the parameters of the Galactic potential results
in differences of at most 5% in the velocity of the system.)
For reference, the trajectory obtained using the mean values for the velocity components is shown in Fig. 6.3 as seen from above the Galactic plane
and from the side.
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Figure 6.2: Position of XTE J1118+480 in the Galactic plane (the Sun being at
a position X = -8.5 kpc, Y = 0) at an epoch of 0.5 Gyr ago (left plot) and 5 Gyr ago
(right plot) obtained from 10000 integrations of its trajectory backward in time
starting from its current position (l = 157.7◦ , δ = +62.3◦ , d = 1.85 kpc). The velocity
components are randomly drawn from Gaussian distributions (U = -105±16 km s−1 ,
V = +122±16 km s−1 , W = -21±10 km s−1 relative to the Galactic centre) using the
code described in § 6.4.1. This analysis shows that the uncertainties on the current
3D velocity of the system propagate throughout the integration with a resulting loss
of information on the position of the system at any time in the past anterior to about
1 Gyr ago. However, the shape of the orbit is such that the system always remains at
a distance greater than about 2 kpc from the Galactic centre.

Figure 6.4 shows the distributions of the modulus of the peculiar velocity of the system (after correcting for rotation around the Galactic centre)
obtained from the Monte Carlo realisations corresponding to the passages
through the disc closer to some specified time. In particular, we select the
crossings closest to 0.5, 2, 3 and 5 Gyr in the past. The distributions for
the peculiar velocity tend to widen while increasing time backward, but the
mean and the shape of the distributions do not change considerably at the
different passages through the disc, allowing to safely adopt as reference
value for the peculiar velocity the average computed over all the disc crossings between 0.5 and 5 Gyr ago, < Vp >= 183 ± 31 km s−1 .

We first explore (§ 6.4.3) the possibility that a symmetric kick is entirely
responsible for the large peculiar velocity of XTE J1118+480 and show that
this scenario is very unlikely. In § 6.4.4 we combine the available information on the 3D orientation of the binary in the celestial sphere and the results
on its dynamics through the Galaxy to put constraints on the contribution
from an additional asymmetric kick, intrinsic to the supernova event.
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Figure 6.3: Trajectory of XTE J1118+480 integrated backward in time for 3 Gyr
starting from the current position (l = 157.7◦ , δ = +62.3◦ , d = 1.85 kpc) and velocity
components (U = -105 km s−1 , V = +122 km s−1 , W = -21 km s−1 ) relative to the Galactic centre. The trajectory is seen from above the Galactic plane (left panel) and from
the side (right panel). The full dot indicates the present position of the system while
the star symbol indicates the position of the Sun.

6.4.3 Symmetric kick
The amount of mass ∆M which has to be ejected during a symmetric supernova explosion in order to produce a kick velocity Vsym can be written as
a function of the black hole mass Mbh and the companion mass m (Bhattacharya and van den Heuvel, 1991; Nelemans et al., 1999) as


∆M
M⊙



=



Vsym
213 km s−1



P
day

 13 

Mbh + m
M⊙

 53 

M⊙
m



(6.8)

where P is the orbital period of the circularised binary after the explosion.
The system remains bound after the supernova only if the amount of ejected
mass is smaller than half the total mass of the system before the explosion,
∆M < 0.5 (m + MHe ), where we indicate with MHe the mass of the black
hole progenitor. If we replace MHe = Mbh + ∆M , the above condition can be
written as ∆M < (Mbh + m) .
The peculiar velocity of the system at the most recent disc crossing, as
determined by Mirabel et al. (2001), is Vp = 217 ± 18 km s−1 . They used
this value of the velocity together with the current mass (∼0.3 M⊙ ) of the
companion star and the current orbital period to estimate the ejected mass
needed in a symmetric supernova explosion. They found that more than
40 M⊙ should have been ejected during the stellar collapse in order to accel-
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Figure 6.4: Probability distributions for the peculiar velocity of XTE J1118+480 at
different disc crossings as obtained from the integration of 10000 orbits backward
in time, where the current velocity components are drawn randomly from Gaussian
distributions centred around the observed values. The distributions at different disc
crossings do not differ significantly. This property allows the determination of an
average mean peculiar velocity at the moment of the ejection from the Galactic disc
which is independent of the exact time of the ejection.

erate the black hole system up to the velocity Vp . This value is implausibly
large for the binary to remain bound.
In order to improve on that calculation, we have integrated the orbit of
the system backward in time in the Galactic potential and derived the peculiar velocity of the binary centre of mass at different disc crossings. As
shown in § 6.4.2, the average peculiar velocity of the binary computed over
all the disc crossings between 0.5 and 5 Gyr ago is < Vp >= 183 ± 31 km s−1 .
We now explore the possibility that XTE J1118+480 acquired its high peculiar velocity as a result of a symmetric kick. The maximum symmetric
kick compatible with the survival of the binary as a function of the orbital
period after secularisation is shown in Fig. 6.5. It is obtained when the mass
ejected in the explosion is maximum, ∆M = Mbh +m . The three regions refer
to values of the donor star mass m of 1.2, 1.5 and 1.8 M⊙ , respectively, from
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Figure 6.5: Maximum recoil velocity imparted to the binary centre of mass in a
symmetric supernova explosion as a function of the orbital period after the recircularisation phase. The minimum value for the orbital period is set by the condition
that the companion star fills its Roche lobe after recircularisation while the maximum value is set by the constraint that the donor star fills its Roche lobe within its
lifetime because of magnetic braking. The three regions refer to values of the donor
star mass m of 1.2, 1.5 and 1.8 M⊙ , respectively, from bottom to top. For each value
of m, the black hole mass vary in the range 6.0-8.0 M⊙ .

bottom to top. For each value of m, the black hole mass vary in the range
6.0-8.0 M⊙ . The orbital period of the circularised binary is allowed to vary
between a minimum value, corresponding to the case where the companion
star fills its Roche Lobe and the system comes into contact after recircularisation, and a maximum value set by the constraint that the donor star
fills its Roche lobe within its lifetime because of magnetic braking (Kalogera,
1999). The maximum kick velocity obtainable with a symmetric supernova
explosion is then Vsym,max ≃ 120 km s−1 , not enough to impart a recoil to
XTE J1118+480 as large as the observed peculiar velocity. In fact, the distribution of the peculiar velocity is such that there is a very low probability
(0.9%) for Vp ≤ 120 km s−1 at a disc crossing (see Fig. 6.4). In particular, for
the reference case (m = 1.5 M⊙ , Mbh = 7 M⊙ ), Vsym,max ≃100 km s−1 .

6.4.4 Asymmetric kick
The considerations of § 6.4.3 indicate that an asymmetric kick is likely to
be needed in addition to a symmetric kick to produce the large space velocity of XTE J1118+480. A lower limit on the value of the asymmetric kick
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imparted to the system can be obtained if the direction of the orbital angular momentum vector of the system is known. Estimates of the inclination
of the orbital plane of the binary relative to the line of sight are available
from optical spectroscopy and photometry combined with theoretical models, giving 60◦ . i . 80◦ (Wagner et al., 2001; Frontera et al., 2001). We
will consider an intermediate i = 70◦ as a reference value. Unfortunately,
the position angle Ω of the line of nodes with respect to the celestial coordinates is not known and therefore the exact 3D-orientation of the orbital
plane of the binary can not be reconstructed. However, the components of
the angular momentum vector can be written as a function of i and Ω. If
we randomly draw values for the undetermined angle from a uniform distribution in the range [0 − 2π), we can compute – at each disc crossing – the
component Vp,⊥ of the peculiar velocity of XTE J1118+480 which is perpendicular to its orbital plane. Since the symmetric kick lies in the orbital plane
while the asymmetric kick can have any direction, the component Vp,⊥ provides a lower limit for the magnitude of the asymmetric kick , once corrected
for the contribution of the random motion of the binary’s progenitor (about
10 km s−1 for one component).
Fig. 6.6 reports the distribution for Vp,⊥ at disc crossing from the 10000
Monte Carlo realisations which are closer to some specified times in the
past, namely 0.5 Gyr (the likely lower limit for τex ) and 2, 3, 5 Gyr ago, corresponding to the upper limit of τex for a companion star with initial mass of
1.8, 1.5 and 1.2 M⊙ respectively. These histograms have broad peaks covering a range in Vp,⊥ from 60 to 140 km s−1 . They show that the hypothesis of
a null intrinsic kick in the direction perpendicular to the orbital plane has
a probability of at most 5%. Such probability corresponds to all the Monte
Carlo realisations of the motion of XTE J1118+480 in the Galaxy for which
Vp,⊥ at disc crossing is less than the uni-dimensional dispersion velocity of
the progenitor of the binary system.
The distributions of Vp,⊥ presented in Fig. 6.6 are wider and flatter than
those of Vp (Fig. 6.4) since they result from the overlap of the distributions
obtained for any possible value of Ω (in the upper panel of Fig. 6.7 we display a set of these distributions, for the case τex =3 Gyr ago). The dominant
source of indetermination arises from the uncertainties on the current kinematic parameters of XTE J1118+480 and on the time of occurrence of the
supernova event τex . As an example, comparison of the upper and central
panels of Fig. 6.7 shows that even the knowledge of Ω with a 10◦ accuracy
could not ensure a significant determination of Vp,⊥ , unless the errors on the
measured radial and transverse velocity of XTE J1118+480 were reduced
down to about 1%. In particular, the large uncertainties on the radial velocity (Vr = 26±17 km s−1 , McClintock et al., 2001; 15±10 km s−1 ,Wagner et al.,
2001) sensibly affect the global error on the system’s space velocity. The
lower panel in Fig. 6.7 displays the effect of the indetermination on τex : the
distributions of Vp,⊥ summed over all the disc passages between 0.5 and 3
Gyr ago have broader peaks than those corresponding to the single passage
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Figure 6.6: Probability distributions for the component of the peculiar velocity of
XTE J1118+480 which is perpendicular to its orbital plane. The histograms are
obtained with the orbit integrator described in § 6.4.1 assuming an inclination angle
of the orbital plane i = 70◦ . Distributions at different disc crossings, between 0.5
and 5 Gyr ago, are represented.

at about 3 Gyr ago.

6.5

Summary and conclusions

We have investigated the origin of the large peculiar velocity and high-latitude
orbit of the soft X-ray transient XTE J1118+480. We constrain the origin
of the binary system by studying the evolutionary state of the companion
star and by calculating the orbital trajectory of the binary system in the
potential of the Galaxy.
Based on the high CNO enrichment of the donor star, we argue that it
was born as a 1.2-1.8 M⊙ main-sequence star, with a most probable value
of 1.5 M⊙ (Haswell et al., 2002). The turn-off age of such a star is between
1 and 4.5 Gyr. The subsequent evolution as a semi-detached binary lasts
for about 0.8 Gyr, providing a tentative upper limit to the age of the binary
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Figure 6.7: Probability distributions for the component of the peculiar velocity of
the binary perpendicular to the orbital plane. The histograms are obtained with the
orbit integrator described in § 6.4.1 assuming an inclination angle of the orbital plane
i = 70◦ . The distributions in the upper panel are for a supernova event occurred
τex =3 Gyr ago in the Galactic disc and for different possible ranges of values of the
position angle of the line of the node Ω. The distributions in the central panel are
for the same parameters but reducing of a factor 10 the error bars on the available
determination of the current 3D-velocity of the system. The distributions in the lower
panel are as in the central panel but summed over all the disc crossings between 0.5
and 3 Gyr ago.

system of about 2 to 5.5 Gyr, which is much smaller than the typical age of
globular clusters. We therefore conclude that the binary cannot have formed
in a globular cluster, but must have formed in the Galactic disc.
In that case, the binary must have been propelled in its current galactic high latitude orbit by the supernova explosion in which the black hole
formed. This must have happened shortly after the formation of the binary as the progenitor of the black hole lives very short compared to the
companion star.
We calculate the orbital trajectory of the binary backward in time through
the potential of the Galaxy for a time comparable to the age of the system
to find the average peculiar velocity of the system at the location where
it was ejected about 0.5-5 Gyr ago. From these calculations we conclude
that, upon birth, the binary system must have received an average kick
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of 183±31 km s−1 .
The maximum systemic velocity which can be acquired by the binary
upon symmetric mass loss is about 100-120 km s−1 . Therefore, a symmetric
supernova is not likely (on a 2.7 σ level) to have propelled the binary in its
current orbit but an additional asymmetric kick is required. Using the available information on the 3D orientation of the binary, we derive a probability
of 95% for the component of the kick perpendicular to the orbital plane to
exceed the random vertical motion in the Galactic disc. The average of this
−1
. These results are rather insensitive to the exdistribution is 93+55
−60 km s
act age of the system but depend heavily on the kinematic parameters of
the system. The measurements of the spatial velocity of the binary should
be ten times more accurate than currently available in order to draw tight
values on the asymmetric kick.

7
The ejection of hypervelocity stars by the
Galactic massive black hole

Based on
A. Gualandris, S.F. Portegies Zwart and M. Sipior
MNRAS, 2005, 363, 223
Dynamical interactions similar to those taking place in the cores of star
clusters are operational in the dense nuclei of galaxies, where the deep potential wells of these systems create the most favourable conditions for stellar encounters. In addition, the supermassive black holes that inhabit all
galactic nuclei (except possibly the smallest dwarf galaxies) are primary actors in this complex dynamics.
In the late 1980s Hills predicted that runaway stars could be accelerated to velocities larger than 1000 km s−1 by dynamical encounters with the
supermassive black hole (SMBH) in the Galactic centre. The recently discovered hypervelocity star SDSS J090745.0+024507 (hereafter HVS) is escaping the Galaxy at high speed and could be the first object in this class.
We investigate the origin of this star by studying the trajectory of the star
in the Galaxy and the likelihood of dynamical ejections from the Galactic
centre. In particular, we perform three-body scattering experiments to constrain the progenitor encounter which accelerated the HVS. As proposed by
Yu & Tremaine (2003), we consider the tidal disruption of binary systems
by the SMBH and the encounter between a star and a binary black hole, as
well as an alternative scenario involving intermediate mass black holes.

7.1

The first hypervelocity star in the Galaxy

In a survey of faint blue horizontal branch stars in the Galactic halo, Brown
et al. (2005) recently discovered a star, SDSS J090745.0+024507, travelling
93
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with a heliocentric radial velocity of 853±12 km s−1 in a direction of 174◦
from the Galactic centre. Once corrected for solar motion and Galactic rotation, this translates into a velocity of about 730 km s−1 relative to the Local
Standard of Rest. The observed radial velocity is only a lower limit to the
star’s true space velocity but the radial velocity alone substantially exceeds
the escape velocity from the Galaxy. The distance to the HVS is 40-70 kpc.
At a Galacto-centric distance of 50 kpc, the escape speed from the Milky Way
is of about 300 km s−1 and so the HVS is moving well over twice the escape
velocity. More important, the velocity of the HVS is significantly higher than
that of any other runaway or high-velocity star in the Galaxy (Stone, 1991).
We investigate the origin of the extreme velocity of the HVS by means of
kinematic analyses, binary evolution calculations and numerical scattering
experiments. There are three possible explanations for the velocity of the
HVS: (i) ejection upon supernova explosion of the companion in a binary
system; (ii) dynamical ejection after a close encounter with main sequence
stars or stellar mass compact objects; (iii) dynamical ejection from the Galactic centre as a result of an encounter with the supermassive black hole.

7.2

The origin of the high velocity of the HVS

To address the possibility that the HVS is a high-velocity runaway resulting
from the disintegration of a binary system, we turn to population synthesis. Making use of the SeBa stellar evolution package (Portegies Zwart et al.,
2001), we generate two sets of 106 binaries each. In the first set, primary
masses range from 100 M⊙ down to the hydrogen burning limit. In the second set, the minimum primary mass is increased to 8 M⊙ , in order to get
a larger sample of events for statistical purposes. The mass ratio in both
cases is chosen from the distribution of Hogeveen (1992), whilst the initial
orbital separation is drawn from that of Duquennoy and Mayor (1991b) and
truncated at 105 R⊙ . The distribution of natal kick speeds for neutron stars
is taken from Paczynski (1990), with a dispersion of 300 km s−1 . We assume
that the escape speed is the orbital speed of the secondary immediately before the binary disintegrated. As well, we only consider secondary stars with
a mass below 10 M⊙ , given the known constraints on the mass of the HVS.
From this synthesis experiment, we obtain maximum escape speeds of ∼
70 km s−1 , an order of magnitude below the space velocity of the HVS. Based
upon this, we reject the high-velocity runaway hypothesis. The possibility
that the system is a binary and that its high speed is the result of an asymmetric supernova kick can be discounted because, if we assume that the
visible companion is on the main sequence, a kick magnitude in excess of
2000 km s−1 would be required. While this can not be ruled out physically,
the probability of the system remaining bound in such an event is negligible.
The only alternative explanation for the high velocity of the HVS is an
ejection during a dynamical encounter. Stellar encounters involving main
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sequence stars (MS), neutron stars or stellar mass black holes eject stars
with maximum velocities on the order of the orbital velocity in binary systems (Sigurdsson and Phinney, 1993, and Chapter 5). Brown et al. (2005)
assume therefore that the HVS was ejected from the Galactic centre by a
strong encounter with the SMBH.

7.3

Ejection of stars by the Galactic centre black hole

The Milky Way, as well as most nearby galactic nuclei, is believed to host a
massive black hole (SMBH) at its centre (e.g. Schödel et al., 2002, Schödel
et al., 2003a, Genzel et al., 2003). The possibility that stars might be expelled from the vicinity of the SMBH was first proposed by Hills (1988),
whose argument can be explained as follows. If we consider a star with velocity v at position r, its total energy per unit mass (specific energy) can be
written as E = 12 v 2 + Φ(r), where Φ(r) represents the specific potential at
the same position. Close to the SMBH, the potential is dominated by the
black hole Φ(r) ≃ − GMrBH , where G is the gravitational constant and MBH is
the black hole mass. If the star approaches close enough to the SMBH that
|Φ(r)| ≫ |E|, its velocity will be
v

=
=

r

2GMBH
r

1/2  −3 1/2
MBH
10 pc
2.9 × 103 km s−1
.
106 M⊙
r

p

2 [E − Φ(r)] ≃

(7.1)

If the star then suffers a velocity change δv ≪ v (for example due to encounters with surrounding stars) and the increase in the specific energy
2
δE = 21 (v + δv) − 12 v 2 ≃ vδv is much larger than |E|, the star will escape from
the SMBH with a velocity roughly given by
vej

≃
≃
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1.5 × 10 km s
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10−3 pc
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Hills’s analysis, which considered encounters of binaries with a SMBH,
was then further developed by Yu and Tremaine (2003), who considered
three possible scattering processes to eject hypervelocity stars:
1. Gravitational encounter of single stars – The gravitational interaction
between two single stars can lead to a velocity change for the stars but
only rare close encounters (impact parameters of a few solar radii) can
produce velocity changes large enough for a star to escape from the
SMBH.
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2. Tidal breakup of a binary star – A binary consisting of stars with masses
m1 and m2 and semi-major axis ab is tidally disrupted by the gravitational field of the SMBH if it approaches the black hole closer than its
tidal radius
1/3
1/3


 a
MBH
MBH
b
.
(7.3)
≃ 10 AU
Rt = ab
m1 + m 2
0.1 AU
106 (m1 + m2 )
During the tidal breakup, each star receives a velocity change of the
order of its orbital velocity relative to the centre of mass of the binary;
e.g. star m1 receives a velocity change
s


m2
G (m1 + m2 )
δv ∼
ab
m1 + m 2

1/2 
1/2 
1/2
2 m2
m2
0.1 AU
−1
≃ 67 km s
(7.4)
m1 + m 2
1 M⊙
ab
(Hills, 1988). If one star gains energy in this process, the other star
loses energy and becomes more tightly bound to the SMBH.
3. Ejection by a binary black hole – Some galactic nuclei are expected to
host a binary black hole, as a consequence of the hierarchical galaxy
formation model. Given a binary consisting of black holes of masses
M1 and M2 with semi-major axis a, if the binary is hard with respect
to the surrounding stars, then most stars on low angular momentum
orbits passing close to the binary receive a velocity change of the order
δv ∼ 1.5 × 103 km s−1
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(Quinlan, 1996). After one or several such encounters these stars are
expelled with an average ejection speed
s
1/2

1/2 
3.2GM1 M2
M1 M2
AU
3
−1
,
vej ≃
≃ 1.7×10 km s
(M1 + M2 ) a
(M1 + M2 ) 103 M⊙
a
(7.6)
in the regime of hypervelocity stars.

7.4

The trajectory of the HVS in the Galaxy

In the previous sections we have argued that the HVS must have been
ejected from the Galactic centre by a dynamical encounter with the SMBH.
This implies that the HVS originated in the Milky Way’s central region. Despite the incompleteness of available kinematic data, we trace back the orbit
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Table 7.1: Kinematic parameters of the HVS which minimise the distance from the
Galactic centre. For each distance value, we report the average proper motion in right
ascension µα and declination µδ such that dmin <10 pc, the corresponding heliocentric velocity VSUN and the velocity Vej at a distance dmin from the centre corrected for
Galactic rotation.

d
(kpc)
39
55
71

µα
(mas/yr)
-1.4916 ± 0.0007
-0.9769 ± 0.0004
-0.7214 ± 0.0002

µδ
(mas/yr)
2.1679 ± 0.0009
1.5379 ± 0.0003
1.1917 ± 0.0003

VSUN
(km/s)
982 ± 1
976 ± 1
973 ± 1

Vej
(km/s)
1246 ± 144
1266 ± 66
1249 ± 142

of the HVS in the Galactic potential. The distance of the object is still uncertain, as it depends on its spectral type and evolutionary state. Brown
et al. (2005) estimate a distance of 71 kpc for a B9.2 MS star and 39 kpc for
a blue horizontal branch star, with an average value d = 55 kpc. We consider
all three values in our analysis.
We first assume that the star has no proper motion and trace its trajectory backward in time until it crosses the disc, using Paczynski’s model
(1990) for the potential of the Galaxy (see § 6.4.1). The orbit, shown in
Fig. 7.1 (dashed line) for the case d = 55 kpc, doesn’t pass through the Galactic centre region. We then randomly generate the two proper motion components in the range 1-3 mas yr−1 and derive the three-dimensional positions and velocities in the Galacto-centric reference frame (Johnson and
Soderblom, 1987). For each distance value we generate about 5000 sets
of initial conditions, integrate the trajectories and determine the minimum
distance dmin to the Galactic centre. We find that there is at least one combination of proper motion components for each distance such that dmin <
5 pc. In Table 7.1 we report, for each distance d, the average values µα and
µδ of the proper motion components such that dmin < 10 pc, the corresponding heliocentric velocity VSUN and the velocity Vej at a distance dmin from
the centre, corrected for Galactic rotation. The ejection velocity Vej is about
1250 km s−1 , independent of the assumed distance. In the case d = 55 kpc,
the mean values µα and µδ given in Table 7.1 result in the orbit shown in
Fig. 7.1 (solid line).
We can use this analysis to calculate the minimum velocity with which
the HVS should have been ejected from the disk in the case of the binary
supernova scenario. Assuming a random proper motion in the range 13 mas yr−1 , the minimum velocity at disk crossing (corrected for Galactic
rotation) is about 500 km s−1 , much larger than the average recoil velocity
from a supernova explosion (see § 2). This result supports the scenario of
an origin in the Galactic centre.
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Figure 7.1: Trajectory of the HVS integrated backward in time in the Galactic potential without any proper motion component (dashed line) and with a proper motion of
about 1.8 mas yr−1 (solid line). The integration is stopped upon passage through the
disc. The full dot represents the present position of the star at a distance of 55 kpc
while the grey dots represent a schematic model of the Galaxy.
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7.5

Simulations of 3-body encounters with the supermassive black hole

We now explore the hypothesis of a dynamical ejection from the Galactic
centre by means of numerical simulations of three-body scatterings with the
SMBH. The experiments are carried out with the sigma3 package included
in the STARLAB1 software environment (McMillan and Hut, 1996; Portegies
Zwart et al., 2001). For each simulation we specify: the masses of the three
stars, the semi-major axis and eccentricity of the binary and the relative
velocity at infinity between the binary’s centre of mass and the single star.
In order to classify possible collisions and mergers, physical radii are also
specified for the stars. Additional parameters like the orbital phase of the
binary and its orientation relative to the incoming star are randomly drawn
from uniform distributions (Hut and Bahcall, 1983). The initial eccentricity
is drawn from a thermal distribution (Heggie, 1975). The impact parameter b is randomised according to an equal probability distribution for b2 in
the range [0 − bmax ]. The maximum value bmax is determined automatically
for each experiment (see § 5.3.1 for a description). Energy conservation is
usually better than one part in 106 and, in case the error exceeds 10−5 , the
encounter is rejected. The accuracy in the integrator is chosen in such a
way that at most 5% of the encounters are rejected.
In the experiments, we consider MS stars of mass m = 3 M⊙ (as indicated
by Brown et al. (2005) for a B9 star) and radius R = 2.4 R⊙ , an IMBH of mass
mBH = 3000 M⊙ and a SMBH of mass MBH = 3.5×106 M⊙ (Ghez et al., 2003;
Schödel et al., 2003a). The relative velocity at infinity between the single
star and the binary’s centre of mass is set equal to the dispersion velocity
in the Galactic centre (∼ 100 km s−1 ). The ejection velocities of escapers are
taken at the distance at which the integrator stops. The termination of the
integration occurs when the perturbations of all stars and/or binary on each
other are smaller than an assigned value (see McMillan and Hut, 1996, for
details). The effect of the black hole potential is negligible at this distance.

7.5.1 Encounters between a binary of MS stars and the SMBH
Close encounters between a binary and a very massive object can (i) break
up the binary and eject the two components with high speed (ionisations)
(see the left panel of Fig. 7.2), (ii) eject one star and leave the second star
bound to the SMBH (exchange) (see the right panel of Fig. 7.2). We perform
scattering experiments between the SMBH and binaries of MS stars. In all
the runs, the binary stars have equal mass m and the semi-major axis is
varied in the range 0.05 AU < a < 1 AU.
1 http://www.manybody.org/manybody/starlab.html
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Figure 7.2: (Left) Example of a three-body encounter between a binary of MS stars
and the SMBH resulting in the ionisation of the binary. (Right) Example of a threebody encounter between a binary of MS stars and the SMBH resulting in an exchange
which leaves one of the binary components bound to the SMBH while the other star
is ejected. The positions are in units of the initial binary semi-major axis.

In Fig. 7.3 we show the average ejection velocity Vej of escapers as a function of the initial binary semi-major axis. Sufficiently high ejection velocities
(Vej & 1250 km s−1 ) are obtained for a . 0.3 AU. The dotted line represents
the theoretical prediction by Yu and Tremaine (2003) with an ejection speed
′
parameter vBH
= 130 km s−1 (see Eq. 20).
In Fig. 7.4 we show the fractions of encounters (branching ratios) resulting in ionisation, exchange of the secondary star or merger for the range of
a under consideration. The fraction of encounters resulting in an exchange
of the secondary star increases slowly from about 25% for a = 0.005 AU to
about 30% for a = 1 AU. Since the binary components have equal masses, the
probability of ejection for the two stars is equal in exchange encounters. Ionisations are rare and only occur for a & 0.2 AU, which marks the transition
between hard and soft binaries (Heggie, 1975). As a result, high ejection
velocities are mostly produced in exchange encounters. The total fraction
of scatterings whose outcome is a star escaping with a velocity larger than
1250 km s−1 decreases rapidly with increasing a, and therefore binaries with
semi-major axis 0.05 AU . a . 0.3 AU are the most suitable progenitors of
hypervelocity stars. If we consider that about 20% of the simulated encounters result in the ejection of a hypervelocity star over the suggested range of
orbital separations, the ejection rate obtained by Yu and Tremaine (2003)2
can be refined to ∼3×10−6 (η/0.1) yr−1 , where η is the binary fraction.
2 by

means of loss cone theory applied to the Galactic centre
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Figure 7.3: Average recoil velocity of escapers as a function of the initial binary
semi-major axis in the interaction of a stellar binary with the SMBH. The error bars
indicate the 2σ deviation from the mean. The squares indicate the velocity Vmax for
which 1% of the encounters have Vej > Vmax . The triangles indicate the velocity
Vmin for which 1% of the encounters have Vej < Vmin . The horizontal line marks the
1250 km s−1 ejection velocity of the HVS while the dotted line gives the theoretical
estimate by Yu and Tremaine (2003).

The fraction of physical collisions and mergers decreases steadily with
increasing a from ∼20% to ∼2%, and mainly involve the binary components.
Collisions with the SMBH occur in less than 1% of the cases. The merger
products can remain bound to the SMBH or escape its gravitational potential. We perform additional scattering experiments of encounters between
binaries and the SMBH to study the properties of the merger products. We
consider equal mass binaries with mass m = 1.5 M⊙ (in such a way that the
mass of any possible merger is ∼ 3 M⊙ ) and radius R = 1.4 R⊙ . Escapers
are ejected with velocities larger than 1000 km s−1 if the initial semi-major
axis is in the range 0.03 AU . a . 0.05 AU. In this range, only about 6% of
the encounters result in a binary merger with escape of the collision product. We therefore consider this scenario inefficient for the production of
hypervelocity stars.

7.5.2 Encounters between a single star and a binary black hole
We now consider the hypothesis that the SMBH is in a binary with an IMBH
and interacts with single stars (see Fig. 7.5 for an example). The semi-major
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Figure 7.4: Branching ratios as a function of the initial binary semi-major axis for
encounters between a stellar binary and the SMBH. The empty symbols indicate
the total fraction of ionisations, exchanges and mergers while the full dots indicate
the fraction of encounters which produce escaping stars with a velocity larger than
1250 km s−1 .

axis of the black hole binary is taken in the range 2 AU < a < 1000 AU. All
the simulated encounters result in a preservation of the black hole binary,
during which the single star gains kinetic energy and escapes.
In Fig. 7.6 we show the average ejection velocity of the escaping star as a
function of a. The maximum velocity obtained in these encounters is about
1000 km s−1 , barely sufficient to explain the velocity of the HVS. The comparison with the theoretical estimate (dotted line) by Yu and Tremaine (2003)
(see Eq. 7.6) reveals a discrepancy of about a factor of 2 in the ejection velocities. The numerical results also flatten at large initial semi-major axes
at a velocity of about 100 km s−1 . This represents the initial relative velocity
given in the setup of the simulation. The apparent deviation from the expected Vej ∝ a−1/2 scaling is therefore a result of the non null initial relative
velocity. The discrepancy between the theoretical estimate and the results
from the simulations is not yet understood but it is likely due to differences
in the choice of the initial conditions, like the impact parameter, the initial
distance, and the mass of the star. We have performed additional calculations with 1 M⊙ incoming stars but the average Vej appears to be insensitive
to the mass of the single star.
The ejection rate obtained by Yu and Tremaine (2003) for this type of
encounter is ∼1-3×10−4 (η/0.1) yr−1 , where η is the binary fraction.
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Figure 7.5: Example of a three-body encounter between a binary black hole and
a single star resulting in a flyby. The positions are in units of the initial binary
semi-major axis.

Figure 7.6: Average recoil velocity of a single MS star escaping from a black hole
binary as a function of the binary’s initial semi-major axis. The horizontal line marks
the 1250 km s−1 ejection velocity of the HVS while the dotted line represents the
analytical estimate by Yu and Tremaine (2003).
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7.5.3 Encounters between a SMBH and a main sequence star
in a binary with an IMBH
It has been proposed (Hansen and Milosavljević, 2003) that the Galactic
centre is populated by IMBHs, with masses in the range 100-10000 M⊙ .
These IMBHs may form in young dense star clusters as a result of runaway
collisions (Portegies Zwart et al., 2004) and sink toward the Galactic centre together with their parent cluster due to dynamical friction. While the
cluster dissolves in the Galactic potential, the IMBHs continue to spiral in,
possibly with a stellar companion, until they eventually interact with the
SMBH (Ebisuzaki et al., 2001). If this is the case, IMBHs must play a role
in the dynamical encounters taking place in the few inner parsecs of the
Galaxy. We consider encounters between the SMBH and a binary consisting of a MS star and an IMBH. We select the binary semi-major axis in the
range 0.1 AU< a <100 AU, with the lower limit set by the IMBH’s tidal radius
1/3
Rt = R (mBH /m) = 24 R⊙ for the adopted masses and radii. We focus on the
encounters whose final outcome is the break-up of the binary with subsequent ejection of star m to infinity, while the IMBH can either remain bound
to the SMBH (see the left panel of Fig. 7.7) or escape (see the right panel of
Fig. 7.7). Figure 7.8 reports the velocity of the escaping star after the encounter as a function of the initial a. This type of encounter can easily eject

Figure 7.7: (Left) Example of a three-body encounter between a binary of MS stars
and the SMBH resulting in the ionisation of the binary. (Right) Example of a threebody encounter between a binary of MS stars and the SMBH resulting in an exchange
which leaves one of the binary components bound to the SMBH while the other star
is ejected. The positions are in units of the initial binary semi-major axis.
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stars with velocities of thousands of kilometres per second. A theoretical
estimate derived from Yu and Tremaine (2003) (see Eq. 1–3) is shown with a
dotted line. The numerical results agree well with the theoretical estimate.

Figure 7.8: Average recoil velocity of escapers as a function of the initial binary
semi-major axis in the interaction between a normal star in a binary with an IMBH
and the SMBH. The error bars indicate a 2σ deviation from the mean. The squares
and triangles are defined as in Fig. 7.3. The horizontal line marks the 1250 km s−1
ejection velocity of the HVS while the dotted line gives the theoretical estimate by Yu
and Tremaine (2003).

In Fig. 7.9 we show the fraction of encounters resulting in ionisation,
exchange of the secondary star or merger for the range of a under consideration. For a . 0.3 AU the binary is hard and the total cross-section is
dominated by exchange encounters. In this case, the escaping star gains
energy at the expense of the IMBH, which becomes bound to the SMBH.
For larger semi-major axes, the binary is soft and tends to be ionised. The
highest recoil velocities are generally obtained in exchange encounters.
Although this scenario can eject stars with hypervelocities over a wide
range of orbital separations, only rarely eccentric orbits result in prompt
ionisation. Prompt ionisation only occurs for low angular momentum orbits,
which comprise a fraction of about 10−5 if we assume an isotropic velocity distribution. Adopting a formation rate of ∼ 10−7 yr−1 for IMBHs, the
ejection rate can be as small as η 10−11 yr−1 , where η represents the fraction of IMBHs with a stellar companion. Low eccentricity orbits result in a
slow inspiral of the binary due to dynamical friction, but, in this case, it is
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Figure 7.9: Branching ratios as a function of the initial binary semi-major axis in
the interaction between a normal star in a binary with an IMBH and the SMBH.

not clear whether the stellar density is sufficiently high to drag the binary
to the tidal radius of the SMBH. If an encounter with the SMBH does take
place, we expect the ejection velocity to be much lower than in the case of
a prompt ionisation.

7.6

Summary and conclusions

We have investigated the origin of the extreme velocity of the HVS by means
of kinematic analyses, binary evolution calculations and numerical simulations of three-body encounters.
By tracing the trajectory of the HVS in the Galactic potential (using the
available measurements for the distance and the radial velocity), we have
shown that a proper motion of about 2 mas yr−1 is required for the star to
have come within a few parsecs from the SMBH.
We confirm the prediction by Hills (1988) and Yu and Tremaine (2003)
that dynamical encounters with the SMBH can eject hypervelocity stars to
the Galactic halo; the HVS is likely the first discovered object of this kind.
The most promising scenarios are dynamical encounters of MS stars with
the SMBH, possibly in a binary with an IMBH. In particular, the encounter
between a SMBH and a stellar binary or between a single star and a binary
black hole provide enough kinetic energy to eject hypervelocity stars over
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a restricted range of initial semi-major axes. We have also investigated the
more exotic encounter between a SMBH and an IMBH orbited by a stellar
companion. Although this type of encounter can be very energetic and does
not require any constraint on the binary’s hardness, it has a very low probability. The possibility that the HVS is the product of a merger induced by
the SMBH is intriguing but not very likely.

8
The ejection of hypervelocity stars by
intermediate-mass black holes

Based on
H. Baumgardt, A. Gualandris and S.F. Portegies Zwart
accepted for publication in MNRAS, 2006
In this chapter we explore an additional dynamical mechanism that can
result in the ejection of hypervelocity stars (HVSs) from the Galactic centre
region. The scenario is based on the possibility, currently still highly controversial, that black holes of intermediate mass (IMBHs) (100-10000 M⊙ )
may form in star clusters close to the Galactic centre and interact with the
stars bound to the supermassive black hole (SMBH). An IMBH deposited
by a star cluster will sink towards the centre driven by dynamical friction.
During the inspiral phase, the IMBH will interact with the stars bound to
the SMBH and eject some with high velocities. A fraction of these stars will
have velocities large enough to become unbound to the Galaxy and will form
a new class of hypervelocity stars. In this chapter we describe the results of
numerical simulations of this scenario and explore the possibility to distinguish between the population of HVSs created by stellar encounters and the
one created by infalling IMBHs. This might be very important for the search
of dynamical signatures of IMBHs in the Galaxy.

8.1

Intermediate-mass black holes

Until recently, observational evidence for black holes had only been gathered
in two distinct mass ranges: stellar mass (3-20 M⊙ ), which are produced by
the core collapse of massive stars, and supermassive (106 -1010 M⊙ ), which
are found in the centres of galaxies, and for which the process of formation
and evolution is still a topic of scientific debate. Stellar mass black holes are
109
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typically detected only when they are in close binary systems and accrete
matter from their companions, radiating X-rays from a hot accretion disk;
supermassive black holes can be detected either from their accretion signatures, as active galactic nuclei (AGN), or directly through the effects on the
gravitational potentials of their hosts galaxies. It is generally accepted that
all galaxies (except possibly the smallest dwarf galaxies) contain black holes
with masses proportional to their bulge masses. In the last few years, however, tentative (although, in some cases, controversial) evidence has accumulated for the existence of a class of intermediate-mass (102 -105 M⊙ ) black
holes (IMBHs), both in the Milky Way and other galaxies. First, there are a
number of X-ray point sources, called ultraluminous X-ray sources, that are
not associated with AGNs but have luminosities in excess of the maximum
luminosities seen from stellar mass black holes in our Galaxy. Second, several globular clusters show an excess of dark mass in their cores, like G1 in
M31 (Gebhardt et al., 2005) and M15 in the Milky Way (van der Marel et al.,
2002; Gerssen et al., 2002; McNamara et al., 2003), or display dynamical
signatures of an IMBH, like NGC 6752 (Colpi et al., 2002).
If IMBHs indeed constitute a separate class of black holes in the Universe, they most likely form via a different scenario than stellar mass and
supermassive black holes. Recently Portegies Zwart et al. (2004) have proposed that an IMBH may form in young dense star clusters as a result of
runaway collisions. If the initial relaxation time of the cluster is shorter
than about 30 Myr (i.e. the cluster is dense and compact), the cluster can
experience core collapse and undergo a sequence of stellar collisions before
the massive stars explode as supernova. In fact, massive stars sink towards
the core of the cluster due to mass segregation and, once in the core, interact and collide with other massive stars. The collision product, being
the most massive object, is likely to collide repeatedly and to increase its
mass up to a few thousands solar masses. Such massive star will eventually collapse to an IMBH.
If born sufficiently close to the Galactic centre, the cluster can experience the runaway collision process while spiralling in towards the Galactic
centre due to dynamical friction (Portegies Zwart et al., 2003). While the
cluster dissolves in the Galactic potential, the IMBH continues to sink to
the centre where eventually it interacts with the SMBH. During the inspiral phase, the IMBH interacts with the surrounding stars and can eject a
large number of them with hypervelocities, generating a new population of
hypervelocity stars.

8.2

Ejection of hypervelocity stars

As explained in § 7.3, there at least two processes that can eject stars from
the vicinity of SMBHs: (1) encounters between stellar binaries and the central SMBH and (2) encounters between single stars and a massive black
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hole binary. The two processes eject stars with rates of up to 10−4 yr−1
(see § 7.5.1 and 7.5.2), sufficiently high to explain the observed number1 of
HVSs in the halo of the Milky Way.
A distinction between the two scenarios might come from a detailed analysis of the spatial and kinematical distribution of HVSs. In the first place,
the ejection of stars due to the interaction of stellar binaries with a SMBH
is expected to be nearly constant in time as the reservoir of binary stars in
the Galactic centre is depleted slowly. Furthermore, the distribution of binary orbits is expected to be nearly isotropic in sufficiently relaxed nuclei,
resulting in an isotropic distribution of HVSs. In contrast, the ejection of
stars from a SMBH-IMBH binary should show characteristic variations with
time and spatial direction: HVSs are mainly ejected when the inspiralling
IMBH reaches the centre as the density of stars and the velocity dispersion
are highest close to the SMBH. In addition, escaping stars acquire their extra velocities mainly in the direction of motion of the IMBH, introducing a
spatial anisotropy in the distribution of HVSs.
These considerations were confirmed by Levin et al. (2005), who studied
analytically the distribution of escapers created by an SMBH-IMBH pair in a
dense stellar cusp. He found that the ejection of stars in the case of a black
hole binary occurs mainly in a burst which lasts a few dynamical friction
timescales. If the IMBH is initially in a nearly circular orbit, the velocity
vectors of the ejected stars also cluster around the orbital plane.
In order to assess the possibility of distinguishing between the two ejection scenarios for HVSs, we have performed full N -body simulations of
IMBHs inspiralling in stellar cusps around a supermassive black hole. If
the ejection of stars by IMBHs led to observable signatures in the distribution of HVSs, hypervelocity stars could provide indirect evidence of the
presence of one or more IMBHs in the centre of the Milky Way.

8.3

Numerical simulations of infalling IMBHs

For the simulations described in this chapter we have used the collisional N body code NBODY4 (Aarseth, 1999) running on the GRAPE6 special purpose
computers (Makino et al., 2003) in Bonn and Tokyo University. In order
to study the ejection process as accurately as possible, we include in the
simulations a central supermassive black hole, an intermediate-mass black
hole and a distribution of stars. In all runs the SMBH is initially at rest
at the origin of the reference frame and has a mass of MSMBH = 3×106 M⊙ ,
similar to the mass of the SMBH in the Galactic centre (Schödel et al., 2003b;
Ghez et al., 2005). The IMBH is initially in a circular orbit at a distance
of 0.1 pc from the SMBH. We performed three runs, with IMBH masses of
MIMBH = 103 M⊙ , 3×103 M⊙ and 104 M⊙ . The stars have masses of m∗ = 30 M⊙
1 at

the moment of submission of this thesis the number of observed hypervelocity stars is 5.
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and are initially distributed in a cusp around the SMBH according to the
following density law:
ρ(r) = 

ρ0
7/4 
 5 
r
r
1
+
r0
r0

(8.1)

with ρ0 = 3×105 M⊙ pc−3 and r0 = 1 pc. For distances r ≪ r0 , this distribution
corresponds to a r−7/4 power-law cusp which theoretical arguments and N body simulations have shown to be appropriate to a stellar system around
a SMBH (Bahcall and Wolf, 1976; Baumgardt et al., 2004a,b; Preto et al.,
2004). The chosen form for the cusp is also compatible with observations of
the stellar density distribution in the Galactic centre, which shows a powerlaw cusp inside 10′′ (Genzel et al., 2003). It has the additional advantage
that at larger distances, where the stellar distribution has little influence on
the outcome of the simulations, the stellar density drops off quickly. The
overall density was chosen in such a way to be compatible with current
limits on the density of stars in the Galactic centre (Genzel et al., 2003).
Stars are merged with the black holes if their separation becomes smaller
than their tidal radius

1/3
MBH
rt =
R∗ .
(8.2)
m∗
where R∗ is the radius of the stars, which we set equal to 1 R⊙ . When a
merger takes place, the mass of the disrupted star is added to the mass
of the black hole. The spiralling IMBH is merged with the central SMBH if
it reaches a distance equal to the radius of the last stable orbit, assumed
to be 3 Schwarzschild radii. We do not include the effects of gravitational
radiation into our runs. The simulations are carried on for 15 Myr or until
an IMBH merges with the SMBH, whichever happens first.
The masses of the stars in our simulations are arguably higher than in
real Galactic nuclei as the average mass is unlikely to be higher than a few
M⊙ . We therefore have to study to which extent the high stellar masses in
our runs can bias our results.
The inspiral time of the IMBHs should not be affected by our choice
of stellar masses since dynamical friction is independent of the mass of
the background particles as long as MIMBH ≫ m∗ (Binney and Tremaine,
1987), which is the case both in our simulations and in real Galactic nuclei.
Stochastic changes to the orbits of the IMBHs happen on a relaxation time
scale due to encounters with stars and should scale with the average stellar
mass hmi of cusp stars as hmi−1 . Therefore, IMBHs in real nuclei change
their orbital parameters on a longer timescale than the IMBHs in our simulations, although the difference should not be larger than a factor of 10.
The number of stars removed from the cusps after the IMBHs have spiralled into the centre will to first order scale linearly with the number of

8.4 Results of the simulations

113

stars present if the overall mass density profile is fixed, i.e. would roughly
be a factor of 10 to 30 times higher in the Milky Way than in our simulations. At later stages, the inner cusps become depleted and stars need to be
scattered into low-angular momentum orbits through relaxation processes
to refill the cusp. The number of stars scattered into low-angular momentum orbits scales as dN ∼ n(r)/Trlx dt, where n(r) is the number density of
stars at radius r and Trlx is the relaxation time at radius r. Since the relaxation time scales with the mass of the stars as hmi−1 (Stickland et al.,
1987), and since the total number of stars n(r) scales as hmi−1 , the number
of stars that refills the cusp is to first order approximation independent of
the average stellar mass.

8.4

Results of the simulations

8.4.1 The IMBHs inspiral and the formation of a core
As expected from analytical considerations, the simulated IMBHs sink towards the central SMBH due to dynamical friction. Since in all runs the
mass of the IMBHs is much larger than the mass of the background stars,
the frictional drag on the IMBHs is given by (see Binney and Tremaine,
1987, Eq. 7-18):


2X −X 2
−4π ln ΛG2 ρ(r)MIMBH
d~v
erf(X) − √ e
=−
~v
(8.3)
dt
v3
π
where ρ(r) is √
the background density of stars, ln Λ the Coulomb logarithm,
and X = ~v /( 2σ) is the ratio between the velocity of the IMBH and the
one-dimensional stellar velocity dispersion σ. For an r−1.75 cusp profile, σ
is approximately 0.60 times the circular velocity. Assuming that the IMBH
moves in a circular orbit, and setting ln Λ = 6.6 (Spinnato et al., 2003), Eq. 8.3
can be rewritten as:
F = −47.51

2
G2 ρ0 MIMBH
vc2 r1.75

(8.4)

Since the rate of angular momentum change is equal to dL/dt √
= F r/MIMBH
and since the angular momentum itself is given by L = r vc = G MSMBH r,
this can be rewritten as:
√
Gρ0 MIMBH
−3/4 dr
r
= −95.0
.
(8.5)
3/2
dt
M
SMBH

Solving this equation with the initial condition r0 = 0.1 pc, we find that the
radius reached at time t is:
!4
√
Gρ0 MIMBH
1/4
t .
(8.6)
r(t) = r0 − 23.8
3/2
MSMBH
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It follows that the time required to reach the centre of the galaxy is:
3/2

tdf

1/4

r
M
0.042 √ SMBH 0
Gρ0 MIMBH
1.5 
−1

MIMBH
MSMBH
.
= 6.1 Myr
3 × 106 M⊙
103 M⊙

=

(8.7)

Figure 8.1: Semi-major axis of the IMBHs as a function of time for the three runs
performed. Solid lines show the measured semi-major axis, dashed lines the prediction from Eqs. 8.6 and 8.7. They agree very well for the initial inspiral phase.
At a distance of about r ≈ 0.003 pc, the inspiral of the IMBHs slows down in our
simulations since the central cusps run out of stars.

Fig. 8.1 compares the inspiral predicted by the above theory with the results of the N -body runs. We obtain reasonable agreement with the N -body
data as long as the distance of the IMBHs is larger than r > 0.003 pc: the
differences between the theoretical curves and the data are within the errors with which the Coulomb logarithm was determined by Spinnato et al.
(2003). Inside r = 0.003 pc, the stellar cusps around the SMBHs contain so
few stars that the mass in stars is less than the mass of the inspiralling
IMBHs. As a consequence, the inspiral of the IMBHs slows down and comes
to a complete halt at r = 0.001 pc. The remaining evolution until the end of
the simulations at T = 15 Myr is mainly driven by relaxation between stars
at larger radii and unbound to the SMBH. Due to two-body relaxation, some
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stars are scattered into the central loss cone around the SMBH and partially
refill it. The interactions between the stars which sporadically diffuse into
the loss cone and the IMBHs result in a slow inspiral of the IMBHs. These
stars are also ejected with large velocities. For the 104 M⊙ IMBH, there is
an apparent increase in the distance r from the Galactic centre after the
stalling at r = 0.003 pc. This unexpected feature in the simulation might be
due the large eccentricity in the orbit, which would result in the IMBH being heated up at apocentre, where its velocity is smaller then the stellar
velocity, rather than slowed down.

Figure 8.2: Evolution of the orbital eccentricity of the inspiralling IMBHs. The orbits
remain nearly circular during the inspiral phase while they become highly eccentric
in the stalling phase. The dashed lines show the value of the eccentricity at which
the inspiral time becomes smaller than 10 orbital periods. The IMBHs reach such
high-eccentricity orbits within a few Myr, implying that the lifetime of an IMBH in
the Galactic centre is very short.

Fig. 8.2 shows the evolution of the orbital eccentricity of the IMBHs. During the inspiral phase, because of dynamical friction, the orbital eccentricity
of all IMBHs stays nearly circular, despite a decrease in semi-major axis by
almost a factor of 100. This is in agreement with analytical estimates which
predict that dynamical friction in power-law halos with an isotropic velocity distribution should circularise the orbit of an infalling body (Tsuchiya
and Shimada, 2000).
After the IMBHs have reached the centre of the galaxy and removed most
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stars from the inner cusp, dynamical friction becomes unimportant and the
orbits of the IMBHs change only due to interactions with passing stars coming from larger distances. In this phase, the orbits acquire eccentricities as
high as 1 − e = 10−5 , which, in the case of the MIMBH = 104 M⊙ IMBH, is high
enough for the IMBH to be captured by the SMBH.
In the absence of perturbations, the time for two orbiting black holes
to merge due to the emission of gravitational waves can be approximated
with (Peters, 1964):
TGW = 0.0353

7/2
a4 c5
1 − e2
.
2
G M1 M2 (M1 + M2 )

(8.8)

Here, a and e are the semi-major axis and eccentricity of the orbit of the two
black holes, M1 and M2 are their masses and c is the speed of light. The
dashed lines in Fig. 8.2 show the eccentricity for which the time for gravitational inspiral becomes smaller than 10 orbital periods. In this regime,
the emission of gravitational waves dominates the evolution of the orbit, and
the two black holes are likely to merge before dynamical interactions can
reduce the eccentricity again. As a consequence, the lifetime of an IMBH in
the Galactic centre is limited to a few Myr. The time over which stars are
ejected by an IMBH is therefore also limited to a few Myr, i.e. the majority
of HVSs are generated in short bursts. This sets IMBH induced ejections
apart from encounters of stellar binaries with a SMBH, which would create escapers nearly continuously and is therefore an important criterion to
distinguish between the two cases.
As introduced in §8.2, one possibility to distinguish the ejection of HVSs
by infalling IMBHs from binary induced ejections is by studying the spatial
distribution of the ejected stars. Since stars ejected by a spiralling IMBH
acquire their velocities mainly in the direction of motion of the IMBH, they
should be ejected preferentially in the orbital plane of the IMBH. If the orbit of the IMBH is eccentric, stars should be ejected mainly in one direction since the density of stars increases strongly towards the centre (Levin
et al., 2005). In both cases it is however necessary that the orbital angular
momentum and Runge-Lenz vectors of the IMBH stay constant for a sufficiently long time interval.
Fig. 8.3 shows the direction of the orbital angular momentum vector of
the M = 3×103 M⊙ IMBH as a function of time. Initially all IMBHs orbit in
~ points towards the z-direction. For the M = 3×103 M⊙
the x-y plane, so L
IMBH, the orientation of the angular momentum stays approximately constant during the inspiral phase, but changes significantly once the IMBH
has reached the inner cusp and undergoes frequent interactions with cusp
stars. After the IMBH has reached the centre, the angular momentum vector
changes on timescales of one Myr, and even more rapidly when the IMBH
moves on a high-eccentricity orbit. Any correlation between the escape direction of different HVSs is therefore destroyed on a timescale of a few Myr
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Figure 8.3: Direction of the orbital angular momentum of the M = 3 × 103 M⊙ IMBH.
Shown are the x (bottom panel), y (middle panel) and z component (top panel) of
the angular momentum vector relative to the total angular momentum. Initially,
all IMBHs move in the x-y plane. Once the IMBHs have spiralled into the Galactic
centre, the angular momentum vector changes its direction on a timescale of one
Myr or even faster. The direction of motion of the escaping stars will therefore also
show correlations only on small timescales while the general distribution should be
nearly isotropic.

and the general distribution should be nearly isotropic. We observe this
behaviour for all the three IMBH masses.
Fig. 8.4 shows the density profile of the stellar cusp for the MIMBH = 104 M⊙
and MIMBH = 3×103 M⊙ runs at the start and the end of the runs. The initial
density profile follows an α = 1.75 power-law cusp for radii r < 1 pc down
to about r = 3×10−4 pc, at which radius the cusp runs out of stars. Due to
mergers of cusp stars with the central SMBH and the ejection of stars by
the IMBHs, the initial cusp profiles are turned into core profiles with a core
radius of about r = 0.05 pc. The core radii stay nearly constant in time since
the ejection rate of stars is low after the initial peak. The only exception is
the MIMBH = 103 M⊙ run which did not proceed long enough to completely
deplete the central cusp.
Although so far no indication for a cored density profile has been found
in the Galactic centre, observational techniques are only now reaching the
spatial resolution to measure the density profile inside the central 1′′ . If
future observations were to reveal a cored density profile, that would be
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Figure 8.4:
Density distribution of stars at three different times for the
MIMBH = 104 M⊙ and MIMBH = 3×103 M⊙ runs. In both runs, the initial density distribution follows a ρ ∼ r−1.75 power-law cusp which is depleted in the central parts and
turned into a core profile after the IMBHs have spiralled into the centre. The stellar
cusp in the Galactic centre should show a similar core if it contained an IMBH within
the last 100 Myr.

evidence for an IMBH in the Galactic centre. In order to test how quickly
the core is replenished with stars, we have continued the MIMBH = 104 M⊙
run after the IMBH merged with the SMBH. Even after 1 Myr, there was
no noticeable change in the density profile. As the relaxation time in our
simulations is about ten times smaller than in real galactic nuclei (see § 8.3),
we conclude that replenishing the cusp in the Galactic centre should take
at least 100 Myr or longer. Similarly long refilling times were also obtained
by Wang and Merritt (2004) by means of analytic estimates. If observations
were to show that the power-law cusp in the Galactic centre extends down
to radii much smaller than 0.05 pc, the presence of massive IMBHs in the
Galactic centre within the last 100 Myr could be excluded. In this case, the
HVSs in the Galactic halo would not have been ejected by IMBHs, since most
HVSs have travel times from the centre to the halo smaller than 108 years.
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8.4.2 The ejection of HVSs
As the IMBHs sink towards the Galactic centre, interactions with the background stars that orbit the SMBH result in a large number of ejections. We
consider as escaping stars all the stars that acquire positive energies during
the calculation, i.e. the stars that can leave the inner cusp region modelled
in our simulations.

Figure 8.5: Number of stars ejected per Myr from the central cusp as a function of
time. The stellar escape rate rises once the IMBHs have reached the centre and drops
as the IMBHs deplete the central cusps. Dotted lines show the part of the inspiral
which would not have been reached if we had included GW emission. The dashed
lines show the contribution of star-star interactions to the escape rate, which are
responsible for only a small fraction of the escapers.

Fig. 8.5 shows the escape rate of all escaping stars as a function of time.
The overall evolution is very similar for all the three IMBH masses. The
escape rate rises with time and reaches a maximum when the IMBHs reach
the centre. It then drops on a similar timescale during which the IMBHs
scatter away all stars from the inner cusp region (see also Fig. 8.4). At later
times, escapers are created mainly by relaxation processes in the outer cusp,
due to which stars with large semi-major axis can be scattered into low
angular momentum orbits and reach the inner cusp.
As shown in Fig. 8.2, the orbital evolution of the IMBH around the SMBH
may be terminated by the emission of gravitational waves before the end
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of the calculation. The further evolution of the escape rate is presented in
Fig. 8.5 as the dotted line. For the higher mass IMBHs (MIMBH ≥3×103 M⊙ ),
the majority of escapers are ejected well before the two black holes merge
due to GW emission.
The dashed lines in Fig. 8.5 show the contribution of star-star interactions to the escape rate. Since we did not check for collisions between the
stars during the simulations, the rate of star-star escapers should be higher
in our runs than what it would be in reality. We can estimate the rate of
star-star escapers from the MIMBH = 103 M⊙ run where, in the beginning,
the IMBH moves through a low-density environment and encounters only
a few stars. We find about 40 escapers/Myr in this phase, which gives an
upper limit for the rate of star-star escapers. We find a similar escape rate
for the MIMBH = 104 M⊙ run after the IMBH merged with the SMBH. Hence,
star-star interactions contribute only a small fraction to the overall escape
rate once the IMBH have reached the centres and can therefore be neglected
when discussing the properties of HVSs.
In order to find the HVSs in our simulations, we have followed the orbits of all escapers in the potential of the Galaxy after they left the Galactic
centre region. We have chosen a fifth order Runge-Kutta integrator with
adaptive step-size and a model for the Galactic potential which is a combination of four separate components: the galactic centre, represented by a
power law density profile (Genzel et al., 2003), the bulge, represented by a
Plummer model, the disc, represented by a Kuzmin axisymmetric profile and
the halo, represented by the Paczynski model 2 (Paczynski, 1990). We have
computed the trajectories of all escapers for 200 Myr or until the stars reach
a distance of 100 kpc from the centre and we have considered as HVSs only
those stars which have large enough velocities to be unbound and escape
the Milky Way potential.
Fig. 8.6 shows the rate of ejected HVSs in the simulations. The escape
rate of HVSs follows a trend very similar to the overall escape rate. It reaches
a sharp maximum when the IMBHs reach the centre and drops as the central cusps are depleted in stars.
The largest escape rates, which are reached when the IMBHs have spiralled down to a radius of about r = 0.002 pc, are 150 stars/Myr for MIMBH =
104 M⊙ , 42 stars/Myr for MIMBH = 3×103 M⊙ and 15 stars/Myr for MIMBH =
103 M⊙ , scaling roughly with MIMBH . These numbers could be a factor of
10 to 30 higher for real Galactic nuclei. The average rate for HVSs after the cusps have been depleted are 15 stars/Myr for MIMBH = 104 M⊙ , 10
stars/Myr for MIMBH = 3×103 M⊙ and 4 stars/Myr for MIMBH = 103 M⊙ , scal1/2
ing roughly with MIMBH . We expect these numbers to be independent of the
average mass of stars in our runs (see §8.3).
Based on the above numbers, we can estimate that IMBHs with masses of
2 this model of the Galactic potential is a modification of the model described in §6.4.1 to
include a correct treatment of the inner parsec region.

8.4 Results of the simulations

121

Figure 8.6: Number of HVSs created per Myr as a function of time for different IMBH
masses. The escape rate of HVSs shows a similar trend to the overall escape rate.

104 M⊙ , 3×103 M⊙ or 103 M⊙ create 4000, 2000 and 600 HVSs respectively
within 100 Myr after arriving in the Galactic centre. If we assume a standard
IMF, about 3% of these stars would be O or B type stars. Especially for
the high-mass IMBHs, the numbers are therefore large enough to explain
the 5 observed HVSs.
Fig. 8.7 shows the cumulative distribution of ejection velocities of the
HVSs (left) and of the velocities at a distance of 100 kpc from the Galactic
centre (right), for the three different runs (solid line, dotted line, dashed line).
The ejection velocities span a range between ∼ 800 km s−1 and ∼ 5000 km s−1 ,
with the minimum being determined by the Galactic escape velocity . The
distributions are very similar for the three runs, implying that the velocity
with which stars escape does not depend strongly on the IMBH mass but
rather on the local orbital velocity at the radius where the interaction takes
place. We compare these distributions with those generated by encounters
between stellar binaries and the SMBH (see § 7.5.1). We consider equal mass
binaries with 3 M⊙ stars and two extreme values for the initial semi-major
axis: a = 0.05 AU (dash-dotted line) and a = 1 AU (long dash-dotted line). The
distribution for the smallest semi-major axis, which is the one that generates
the fastest escapers, is significantly different from the distribution of HVSs
ejected by an IMBH. When a large sample of HVSs will be available from
observational campaign, it will be possible to discriminate between the two
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Figure 8.7: Velocity distribution of HVSs for the three different black holes masses
(solid line, dotted line, dashed line), compared with the distribution of escapers generated by encounters between stellar binaries and the SMBH (dash-dotted line and
long dash-dotted line, see Chapter 7). The left panel shows the distribution of the
ejection velocity while the right panel shows the distribution of the velocity at a distance of 100 kpc from the Galactic centre. The HVS distribution created by stellar
binaries can be significantly different from the one created by infalling IMBHs, which
is practically independent of the IMBH mass.

ejection scenarios based on the measured velocity distribution. We notice
here that three-dimensional velocities are needed for this kind of analysis.
Fig. 8.8 shows the spatial distribution of HVSs for the MIMBH = 3000 M⊙ and
the MIMBH = 104 M⊙ runs after 100 Myr from the start of the simulation during which the orbits of the HVSs have been followed in the potential of the
Galaxy. The distribution of HVSs is nearly isotropic in the x-y plane and
would be indistinguishable from a HVSs distribution created by encounters
of stellar binaries with a single SMBH. For the MIMBH = 104 M⊙ case, there is
an overdensity of stars around the z = 0 plane. This is due to the fact that
the inspiralling IMBH had Lz /(L2x + L2y + L2z ) ≈ 1 during the first Myr of the
inspiral, and consequently ejected stars preferentially in the x-y plane. For
the other runs we could not find such overdensities and we notice that they
disappear for the MIMBH = 104 M⊙ IMBH if we assume that the orbital plane
of the IMBH does not coincide with the Galactic plane. Although it is not
impossible to find a non-isotropic spatial distribution of HVSs, we conclude
that this is at least unlikely.
Also shown in Fig. 8.8 are the velocity vectors of the HVSs. As expected,
they all point away from the galactic centre and increase in magnitude with
the distance from the centre. This is due to the fact that HVSs are created
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Figure 8.8: Spatial distribution of all the HVSs created in the MIMBH = 3000 M⊙ run
(upper plots) and in the MIMBH = 104 M⊙ run (lower plots) after 100 Myr from the start
of the simulations. The orbits of all escapers are followed in a realistic 3D Galactic
potential to find their spatial distribution. The Galactic disc is assumed to be in
the x-y plane. Also shown in the two different projections are the velocity vectors of
each star. As expected, they all point away from the galactic centre and increase in
magnitude with the distance from the centre. In both cases, the distribution of HVSs
after 100 Myr appears isotropic in the x-y plane, while some overdensity can be seen
in the MIMBH = 104 M⊙ case around z = 0.

124

The ejection of hypervelocity stars by intermediate-mass black holes

in a short burst whose duration is much smaller than the time required for
a typical HVSs to escape from the centre. In case HVSs are created by an
IMBH, we therefore expect a similar correlation of escape velocity with galactocentric distance with the fastest HVSs to be found at the largest distances.

8.5

Conclusions

We have performed simulations of the inspiral of intermediate mass black
holes into the centres of galaxies and of the subsequent ejection of hypervelocity stars. We found that the spatial distribution of HVSs is nearly isotropic
and would be difficult to distinguish from a HVSs distribution created by
interactions of stellar binaries with a SMBH if only few HVSs were found,
as is presently the case. A better indication comes from the escape times
of HVSs: the numerical simulations we have performed confirm that most
HVSs are ejected in short bursts, lasting between 1 and 10 Myr for typical
IMBH masses. The ejection phase ends when the IMBH merges with the central SMBH due to emission of gravitational waves, which occurs in less than
about 10 Myr. Even if the merger can somehow be avoided, the ejection rate
of HVSs is a factor of 30 to 100 times lower than during the burst maximum.
The currently observed HVSs show a broad distribution of escape times
(Brown et al., 2006), which argues against ejection due to an IMBH. The
evidence is however not conclusive and the data is consistent with the inspiral of several IMBHs. A final answer to the problem could come from
future surveys like e.g. GAIA, which will be able to find low-mass HVSs
in large numbers.
Another prediction from our simulations is that IMBHs deplete the central region of stars so that an initial cusp profile is turned into a nearly
constant density core with core radius r ≃ 0.03 pc. If an IMBH was present
in the Galactic centre in the last 100 Myr, such a core should still be visible
in the stellar density distribution. If, on the other hand, the cusp profile
observed at larger radii continues down to much smaller radii, this would
be strong evidence against the presence of an IMBH in the Galactic centre
within the last 100 Myr.

9
Conclusions

Chi vorrà dire che lo spazio che costoro chiamano troppo vasto ed inutile,
tra Saturno e le stelle fisse, sia privo d’altri corpi mondani?
forse perchè non gli vediamo?
adunque i quattro pianeti Medicei e i compagni di Saturno
vennero in cielo quando noi cominciammo a vedergli, e non prima?
e così le altre innumerevoli stelle fisse non vi erano avanti che gli uomini le
vedessero? Presuntuosa, anzi temeraria, ignoranza de gli uomini!
Galileo Galilei

9.1

Discussion and conclusions

In the work described in this thesis we have investigated the origin of high
velocity stars in the Galaxy by means of direct N -body simulations. The
acceleration of stars to large velocities is a result of the complex dynamical
behaviour of collisional systems. Dense star clusters represent the typical
collisional systems in that they are self-gravitating groups of stars characterised by very large densities in their central regions. Globular clusters and
young compact star clusters can reach densities of the order of 105 -108 stars
pc−3 in their cores. Under these conditions, stars likely interact with each
other, forming binaries and higher order systems and ejecting stars with
large velocities. Similar conditions appear in galactic nuclei, where large
concentrations of stars confined in a small volume result in close encounters. The presence of a massive black hole at the very centre of most, if not
all, galaxies enriches the dynamics with the formation of stellar cusps and
with the ejection of stars with extreme velocities.
The simulation of strong gravitational encounters, whether in a star cluster or in a galactic nucleus, requires the use of a direct summation method.
Approximated methods, like tree codes or Monte Carlo methods, are efficiently used for the simulation of collisionless systems (galaxies) but cannot
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be applied to the study of dense stellar systems. Complex dynamical phenomena occurring during the evolution of these systems, like core collapse
and close gravitational encounters, can not be adequately reproduced with
approximated methods. For these reasons, we have chosen to apply a direct summation method to the study of high velocity stars. Direct methods
simulate the evolution of an N -body system by computing the gravitational
forces exerted by every star on every other star according to Newton’s law
of universal gravitation. Each star is subject to a total force given by the
sum of all the contributions from the other stars. The trajectories are then
computed by solving the equations of motion via a numerical solver. This
procedure provides accurate solutions but presents an O(N 2 ) scaling with
the number of particles.
In order to accelerate the force computation without introducing any approximation, we have turned to parallel computing and special purpose
hardware (GRAPEs) and investigated the performance of N -body simulations. For this purpose, in Chapter 2 we have developed a simple N -body
code using a fourth order Hermite integrator with hierarchical time-steps
and a predictor-corrector scheme. We have then implemented two different
parallel versions of the same code and studied their performance. In the
first scheme, the copy scheme, every processor has a local copy of the whole
system and the particles to be advanced are distributed among the different
processors so that each node can compute total forces on the selected particles. In the second scheme, the ring scheme, each processor only stores a
subset of the total system and the particles to be advanced circulate through
the nodes which are virtually arranged in a ring-like structure. Each node
only computes partial forces on the received particles which are summed up
to produce the total force. We have developed a performance model for both
schemes to predict the total execution time on a given platform. Given a certain number of particles and the specifications of the parallel computer, the
model predicts the time spent in computation and the time spent in communication among the nodes. The ratio between the two times determines the
efficiency of the parallelisation and, for a fixed set of hardware parameters,
is a function of the number of particles and the number of processors. For
a fixed particle number, as the number of processors increases the computation time decreases while the communication time increases. Therefore
there exists an optimum number of processors that minimises the total execution time. Any larger number of nodes results in a longer total time.
We have conducted timing experiments on different parallel computers,
ranging from a Beowulf cluster to a large supercomputer, and compared the
resulting execution times with the predictions from the model for the two
parallel schemes. We find that the two schemes have a very similar performance in most cases of interest (only for very small particle numbers the
copy algorithm performs better), so that the choice between the two schemes
must lay upon simplicity or memory limitations. The copy scheme is the
most straightforward to implement but requires to store the whole system
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on each node. The ring scheme distributes the particles among the available
nodes but requires to define a virtual ring topology for the processors and
to perform a large number of short communications. Memory limitations
are usually not important for modern parallel computers but can become an
issue in combination with GRAPE hardware, which can only store a limited
number of particles. The performance model we have developed is very accurate in the case when the number of particles to be advanced is known (like
for a shared time-step code) but can adequately reproduce the timing results
for a block time-step code by considering an average block-size. Interestingly, the model predicts the optimum number of processors to be used, on
a given architecture, for the simulation of a cluster of a given star number.
A current challenge in the scientific community studying star clusters is
the simulation of a cluster with one million stars, which would represent a
realistic globular cluster. The collisionality of a self-gravitating system and
hence its dynamical evolution depends primarily on the particle number,
with the result that simulations of star clusters cannot be rescaled to larger
particle numbers in any sensible way. Current state-of-the-art N -body simulations reach a maximum of one hundred thousand particles, and only
in combination with special purpose hardware. Motivated by the need to
simulate larger and larger systems up to the realistic value of a million,
in Chapter 3 we have studied the performance of the previously described
parallel N -body codes on computational grids. Despite the large interest
in the emerging Grid technology, the use of computational grids has not
yet been explored for scientific simulations. We have extended the theoretical model for a parallel computer to a grid of elements at different physical
locations and investigated the effects of long distance communications on
the overall performance. We have conducted experiments using 4 nodes
allocated in 1–4 different sites varying the number of particles in the simulation. The effects of long distance communication are evident in the case
of small N systems, where the communication time becomes the bottleneck
of the whole simulation. In the case of large systems, which are the interesting ones from a scientific point of view, the communication time is only a
relatively small fraction of the total time and hence the global performance
is not dramatically affected by having the computing nodes at different locations in Europe. If this trend persists for larger numbers of processors
distributed at various locations, simulations of systems with N > 105 might
be conducted with acceptable performance.
The current state-of-the-art way to carry out direct-summation N -body
calculations is via special purpose GRAPE hardware. The GRAPE consists of
a pipelined processor specifically designed to compute the gravitational force
among particles according to Newton’s law. The special purpose hardware
is attached to a host computer which performs all the other tasks in a simulation. This technology has proved extremely efficient and has been applied
to a number of important problems in astrophysics (e.g. simulations of realistic open clusters, formation of dark matter halos, runaway collisions and
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formation of massive stars, demonstration of the existence of gravothermal
oscillations in star clusters). In Chapter 4 we have presented the adaptation
of a direct N -body code to support the computation of gravitational forces
on GRAPE hardware. We have implemented a theoretical model that predicts the total execution time for the simulation of an N -body system on
one node attached to a GRAPE-6 card. We have compared the predictions
from the model with timing experiments on a GRAPE node and on a typical Beowulf cluster. As expected, we find that a GRAPE node is about 100
times faster than a single node of the Beowulf cluster. We have also implemented a new parallel scheme to be used on a cluster of computers, each
one attached to a GRAPE board. We have developed a simple performance
model for the parallel GRAPE code and compared its predictions with real
data obtained on a GRAPE cluster. We then studied the performance of
the scheme on a cluster of 32 GRAPE-6A nodes and achieved a maximum
performance of about 2 TFlop/s.
After having studied the performance and scalability of parallel N -body
codes on both general purpose and special purpose computers, we have
applied the same methods to the study of high velocity stars in the Milky
Way. Stars can only be accelerated to large velocities in dense stellar environments, where gravitational encounters between single stars and binaries
can result in the ejection of high velocity escapers. There are two different regimes in the Galaxy in which dynamical encounters are efficient at
expelling high velocity stars: dense star clusters and the Galactic centre.
Dense star clusters, either young compact clusters or old globular clusters,
can have very high densities in their central regions, where massive stars
tend to sink due to dynamical friction. Under these conditions, close encounters occur on a time-scale which is much shorter than the lifetime of
the system and easily accelerate stars to large velocities. Binaries, being on
average more massive than the other stars and having a larger geometrical
cross-section, are very likely to interact. Encounters between a binary and
a single star and between two binaries are therefore the most common. If a
binary is disrupted by one such encounter, the two component stars recoil
with a velocity which is of the order of their orbital velocity relative to the
centre of mass. In the case of tight binaries the velocity can be as large as
100-300 km s−1 , largely in excess of the typical escape speed from a cluster
(≃ 10-30 km s−1 ). In this framework, in Chapter 5 we have studied binarybinary encounters in the Trapezium cluster, a young cluster in the Orion
star forming region. We have performed numerical scattering experiments
in order to reproduce the physical properties of a peculiar system of runaway stars: the two single stars AE Aurigae and µ Columbae and the binary
ι Orionis. The two stars move in almost opposite directions with a velocity
greater than 100 km s−1 away from the Trapezium. The ι Orionis system is
an eccentric (e ≃ 0.8) binary moving with a ≃ 10 km s−1 velocity in an almost
right angle with respect to the two single stars. The kinematic properties
of the system suggest that a strong dynamical encounter occurred in the
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Trapezium cluster about 2.5 Myr ago. The two binary components have similar spectral type but very different masses, indicating that their ages must
be quite different. This observation led to the hypothesis that an exchange
interaction occurred in which a young star was swapped into the original
ι Orionis binary. We have tested this hypothesis by a combination of numerical and theoretical techniques, using N -body simulations to constrain
the dynamical encounter, binary evolution calculations to constrain the high
orbital eccentricity of ι Orionis and stellar evolution calculations to constrain
the age discrepancy of the two binary components. We have found that an
encounter between two binaries with comparable binding energy leading to
an exchange and the ionisation of the wider binary, results in orbital parameters consistent with the observed values.
Dynamical encounters in dense clusters can also involve compact objects: white dwarfs, neutron stars and black holes. The high galactic latitude and the large space velocity of the black hole X-ray binary XTEJ1118480 motivated us to explore a dynamical scenario also for this peculiar system. In this hypothesis, the system originated in a globular cluster and was
ejected, together with its binary companion, as a result of a strong dynamical encounter with another massive object (binary or single star). Since the
black hole is not single but has a companion star, in Chapter 6 we combined
a kinematic analysis and binary evolution calculations to investigate the origin of the system. The dynamical ejection scenario results incompatible with
the age of the binary system, which can be determined by the mass of the
secondary star. As a consequence, the system must have acquired its large
velocity in the supernova explosion in which the black hole formed. An open
question in the study of the collapse of massive stars to compact objects is
the occurrence of asymmetric natal kicks in black hole systems, similarly to
the case of neutron stars (for which there is observational evidence in pulsars). In the case of XTEJ1118-480, we have been able to put constraints
on the velocity of the system at the moment of the ejection from the Galactic
plane by tracing its trajectory backward in time in the Galactic potential. We
find that the standard recoil due to mass loss from a symmetric supernova
explosion cannot account for the large space velocity of the system and we
conclude that an additional asymmetric kick is required during the supernova. This result has very interesting implications for the understanding of
the physical processes behind the formation of stellar mass black holes.
A different environment in which stars can be accelerated to large velocities is that of galactic nuclei, where the high stellar densities favour gravitational encounters. Trapped at the bottom of the potential well of their galaxy,
stars recoiling from encounters with other stars don’t gain enough kinetic
energy to escape from the innermost regions and cannot therefore be considered as high velocity escapers. However, the presence of a massive black
hole at the centre of galaxies (with masses in the range 106 –108 M⊙ ) provides
an additional channel to accelerate stars. Stars on low angular momentum
orbits passing close to the black hole can receive significant velocity changes
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and be expelled to large distances. Five stars with extremely large velocities
(& 700 km s−1 ), called hypervelocity stars, have been discovered in the last
year in the halo of the Milky Way. In order to test existing theoretical models
of these extremely energetic stars, we have performed numerical scattering
experiments of encounters between stellar binaries and the supermassive
black hole (SMBH) in our Galaxy. In particular, in Chapter 7 we tried to investigate the origin of SDSS J090745.0+024507, the first hypervelocity star
discovered in the halo. We considered the tidal disruption of binary systems by the SMBH and the encounter between a star and a binary black
hole, as well as an alternative scenario involving intermediate mass black
holes. We have found that the tidal disruption of a stellar binary ejects stars
with a larger velocity compared to the encounter between a single star and
a binary black hole, but has a somewhat smaller ejection rate due to the
greater availability of single stars. With the measured radial velocity and the
estimated distance to the HVS, we back-traced its trajectory in the Galactic
potential and, assuming it was ejected from the centre, we have constrained
the proper motion components of the star. We have found that a non-null
(∼ 2 mas yr−1 ) proper motion is necessary for the star to have come within
a few parsecs from the SMBH. This prediction for the proper motion will be
tested by future observational missions.
In Chapter 8 we have studied an additional formation scenario for hypervelocity stars involving intermediate mass black holes (IMBHs). If IMBHs
are formed in young star clusters not far from the Galactic centre, as recently proposed by several authors, they sink towards the centre due to
dynamical friction. During the inspiral phase they interact with background
stars bound to the SMBH and can eject them with large velocities. In particular, there is a burst of ejections once the IMBH reaches the innermost
regions, where the stellar densities is higher. The IMBH depletes the central cusp surrounding the SMBH and its inspiral comes to a halt when no
more stars are left. Only stars scattered from larger radii onto low angular momentum orbits will slowly refill the cusp after its depletion. We have
performed numerical simulations of the infall of an IMBH in a stellar cusp
surrounding a SMBH and studied the ejection of hypervelocity stars. We
have found that the spatial distribution of HVSs is nearly isotropic and is
difficult to distinguish from a HVSs distribution created by interactions of
stellar binaries with a SMBH. A better indication comes from the escape
times of HVSs: the numerical simulations we have performed confirm that
most HVSs are ejected in short bursts, lasting between 1 and 10 Myr for
typical IMBH masses.
The currently observed HVSs show a broad distribution of escape times,
which argues against ejection due to an IMBH. The evidence is however not
conclusive and the data is consistent with the inspiral of several IMBHs. A
final answer to the problem could come from future surveys like e.g. GAIA,
which will be able to find low-mass HVSs in large numbers.
A second prediction from the simulations is that IMBHs deplete the cen-
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tral region of stars so that an initial cusp profile is turned into a nearly
constant density core with core radius r ≃ 0.03 pc. If an IMBH was present
in the Galactic centre in the last 100 Myr, such a core should still be visible
in the stellar density distribution. If, on the other hand, the cusp profile
observed at larger radii continues down to much smaller radii, this would
be strong evidence against the presence of an IMBH in the Galactic centre
within the last 100 Myr.

9.2

Future work

As a natural continuation to the work presented in Chapter 4 we intend to
further explore the use of special purpose hardware for direct N -body simulations. The GRAPE hardware is the current state-of-the-art way to perform
large N -body calculations, like the simulation of a globular cluster containing one million particles, the so called million body problem. The analysis
presented in Chapter 4 shows that, even with a performance of 2 TFlop/s on
a 32 processors GRAPE cluster, direct summation simulations beyond one
million particles still require a total computation time of the order of months
or even years. In order to reach larger particle numbers and move on to the
simulation of galaxies, which will be the highlight of N -body dynamics in the
next decade, new hybrid schemes will be required. For example, a combination of direct summation methods and other less accurate particle methods
(like tree methods) will likely provide a solution to this problem. In the next
few years, we intend to explore the adequacy and efficiency of parallel hybrid
codes on large GRAPE clusters for the simulations of globular clusters (106
stars), galactic bulges (108 stars) and galaxies (1010 stars).
From an astrophysical point of view, we also intend to continue studying
the effects of dynamical encounters in galactic nuclei hosting supermassive
black holes. A recently discovered hypervelocity star (HVS) appears peculiar
as it has a travel time from the Galactic centre to its current location which is
longer than its expected lifetime. Given the fact that the star is closer to the
Large Magellanic Cloud (LMC) than to the Milky Way, it is more likely that
it was ejected from the LMC itself rather than from our own Galactic centre.
This implies that the LMC, which is a small irregular galaxy, hosts a massive
black hole (103 –105 M⊙ ). By means of scattering experiments involving main
sequence stars and black holes of different mass we will be able to derive a
lower limit for the mass of the black hole in the LMC.
New observations are being carried out to detect hypervelocity stars in the
halo of the Milky Way and we expect that many more HVSs will be discovered
in the next years. A statistically significant sample of HVSs will be very
valuable for dynamical studies of the Galactic centre regarding the possible
presence of a smaller black hole bound to the SMBH, the stellar population
close to the SMBH and the existence of intermediate mass black holes in
young star clusters.

Samenvatting in het Nederlands

Het heelal op grote schaal wordt gedomineerd door zwaartekracht. Alles,
van sterren tot melkwegstels, wordt bijeengehouden door de onderlinge gravitationele aantrekkingskracht. De vorming van structuren, hetzij planetarische systemen, sterhopen, melkwegstels of clusters van melkwegstels,
is mogelijk dankzij de zwaartekracht in het heelal. In dit proefschrift concentreren we ons op de dynamica van sterhopen, groepen van duizenden
tot miljoenen sterren die door de zwaartekracht bijelkaar worden gehouden.
Sterhopen zijn uiterst interessante systemen, zowel vanuit een astrofysisch
als vanuit een computationeel standpunt en zijn daarom de ideale keuze
voor deze interdisciplinaire studie. Van een astrofysisch standpunt hebben
sterhopen grote aandacht gekregen vanwege hun botsing gedomineerde gedrag. Zowel de jonge sterhopen als de bolvormige sterhopen zijn gewoonlijk
zeer compact en hebben hoge dichtheden, vooral in de centrale gebieden.
De sterren die in hoge dichtheidsgebieden cirkelen ondergaan gemakkelijk
gravitatie interactie, zogenaamde stellaire ontmoetingen, die in een verscheidenheid van dynamische fenomenen kan resulteren: vorming/vernietiging
van dubbelsterren, botsingen en ejectie van sterren met hoge snelheid. Van
een computationeel standpunt zijn sterhopen uitdagende systemen om te
modelleren en te simuleren. Ze zijn te groot om analytisch gemodeleerd te
worden en te klein om met benaderingsmethoden te bestuderen en daarom
kunnen sterhopen alleen nauwkeurig worden gemodelleerd door middel van
directe integratie. De directe optellingsmethode berekent de zwaartekracht
tussen alle paren van sterren volgens Newton’s gravitatiewet en gebruiken
een numerieke integratie van de bewegingsvergelijkingen van alle deeltjes
om hun banen te vinden.
In dit werk hebben wij de directe optellingsmethode toegepast op de studie van de dynamica van zelf-graviterende systemen, zoals sterhopen en galactische kernen, met het doel fysieke mechanismen voor de versnelling van
sterren tot hoge snelheden te begrijpen.
In het eerste deel van het proefschrift hebben we de prestaties van directe
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N -body integrators op verdeelde architectuur bestudeerd. Twee verschillende parallele schema’s voor grote simulaties op clusters van computers en
computernetwerken zijn uitgevoerd. Wij hebben theoretische prestatiemodellen voor beiden schema’s ontwikkeld en deze met timing experimenten op
verschillende supercomputers vergeleken. Met het doel de berekeningen te
versnellen, hebben we testexperimenten op kleine en grote computernetten
uitgevoerd. Wij hebben de theoretische modellen voor een parallelle computer tot een net van computers bij verschillende fysieke plaatsen uitgebreid en
de gevolgen van lange-afstandscommunicaties over de algemene prestaties
onderzocht. Wij vonden dat de gevolgen van lange-afstandscommunicatie in
het geval van kleine systemen duidelijk zijn, waar de communicatietijd het
knelpunt van de simulatie wordt. In het geval van grote systemen, die interessant zijn vanuit een wetenschappelijk standpunt, is de communicatietijd
slechts een vrij kleine fractie van de totale tijd en vandaar worden de globale prestaties niet dramatisch beïnvloed door het hebben van de gegevensverwerkings nodes op verschillende plaatsen in Europa. Als deze tendens
geëtrapoleerd kan worden naar grotere aantallen processoren die op diverse
plaatsen zijn verdeeld, zouden de simulaties van systemen met N > 105 met
aanvaardbare prestaties kunnen worden uitgevoerd.
De huidige state-of-the-art manier om directe optelling N -body berekeningen uit te voeren is met behulp van de speciale hardware computer GRAPE, een in een pijpleiding ontworpen processor die specifiek is ontworpen
om de zwaartekracht tussen deeltjes volgens de wet van Newton te berekenen. Wij hebben een directe N -body code ontwikkeld die in combinatie
met de GRAPE moet worden gebruikt en de prestaties zijn vergeleken met
die van een typisch Beowulf cluster. We vonden dat een enkele node verbonden met een GRAPE-6 kaart tien keer sneller is dan 16 processoren in
een Beowolf cluster. Wij hebben ook een parallel schema ontwikkeld voor
simulaties op een cluster van GRAPEs en ontwikkelden een prestatiemodel
om de rekentijd voor een gegeven N -body systeem te voorspellen. Simulaties
van sterhopen met een miljoen sterren kunnen alleen uitgevoerd worden op
zo een cluster van GRAPEs. Simulaties van meer dan een miljoen deeltjes
(in het regime van galactische kernen) vereisen nog het gebruik van benaderingsmethoden. De hybride schema’s die een combinatie van directe en
benaderingsmethoden gebruiken zijn veelbelovend.
In het tweede deel van dit proefschrift, hebben wij de directe N -body
techniek op de studie van de versnelling van sterren tot grote snelheid toegepast. Wij hebben twee regimes overwogen waarin de fysische voorwaarden
in de ejectie van hoge snelheidsontsnappers kunnen resulteren: sterhopen
en galactische kernen. De dichte sterhopen kunnen zeer hoge dichtheid
hebben in hun centrale gebieden, waar de massieve sterren neigen naar het
centrum te dalen door dynamische wrijving. Onder deze omstandigheden
komen de dichte gravitationele ontmoetingen op een tijdschaal voor die veel
korter is dan het leven van het systeem en versnellen gemakkelijk sterren
tot grote snelheden. De dubbelsterren, die gemiddeld massiever zijn dan de
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andere (enkele) sterren en een grotere geometrische dwarsdoorsnede hebben, zullen zeer waarschijnlijk interactie hebben. Ontmoetingen tussen een
dubbelster en een enkele ster en tussen twee dubbelsterren zijn daarom het
meestvoorkomend. Als een dubbelster door een dergelijke ontmoeting wordt
ontboden, bewegen de twee sterren van elkaar af met een snelheid die van
de orde is van hun omloopssnelheid ten opzichte van hun massacentrum.
In dit kader hebben wij dubbelster-dubbelster ontmoetingen in de Trapezium sterhoop, een jonge sterhoop die in het Orion stervormingsgebied staat,
bestudeerd. Wij hebben numerieke verstrooiïngs experimenten uitgevoerd
en hebben beperkingen op de ontmoeting gepaald op de ontmoeting die vier
bekende ontsnappende sterren uit het gebied heeft geslingerd.
Naast grote stellaire dichtheden, worden galactische kernen verondersteld om massieve zwarte gaten te bevatten. De sterren in banen met een
laag impulsmoment die dicht langs het zwarte gat bewegen kunnen significante snelheidsveranderingen oplopen en kunnen worden verdreven tot
grote afstanden. Vijf sterren met uiterst grote snelheden (& 700 km s−1 ),
zogenaamde hypervelocity sterren, zijn vorig jaar ontdekt in de halo van de
Melkweg. Om bestaande theoretische modellen van deze uiterst energieke
sterren te testen, hebben wij numerieke verstrooiïngsexperimenten van ontmoetingen tussen stellaire dubbeslterren en het super massieve zwarte gat
in onze Melkweg uitgevoerd. Wij onderzochten de oorsprong van de eerst
ontdekte hypervelocity ster in de halo van de Melkweg en, door zijn baan
terug in de tijd te volgen in de Galactische potentieel, voorspelden wij de
waarde van de eigen beweging van de ster die compatibel is met een uitwerping vanuit het Galactische centrum.
We bestudeerden ook een extra vormingsscenario voor hypervelocity sterren, die medium massieve zwarte gaten (MMZG) vereist. Als MMZG in het
Galactische centrumgebied worden gevormd, dalen zij naar het centrum
door dynamische wrijving. Tijdens de inspiralisering, is er wisselwerking
tussen de zwarte gaten en de sterren die gebonden zijn aan het massieve
zwarte gat en die worden met hoge snelheden uitgeworpen. Wij hebben numerieke simulaties uitgevoerd van de uitwerping van hypervelocity sterren
door medium massa zwarte gaten en hun daaropvolgende reis door de Melkweg. Wij onderzochten de mogelijkheid om een onderscheid te maken tussen de bevolking van hypervelocity sterren die door stellaire ontmoetingen
wordt gecreeerd en die door medium massa zwarte gaten. Dit is belangrijk
voor het onderzoek naar dynamische kenmerken van medium massa zwarte
gaten in de Melkweg.
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L’ Universo su larga scala è dominato dalla forza gravitazionale. Tutto, dalle
stelle alle galassie, è tenuto insieme dall’ attrazione gravitazionale tra i corpi.
La formazione di strutture quali sistemi planetari, ammassi stellari, galassie
o ammassi di galassie, è possibile nell’ Universo grazie all’ attrazione fatale
della gravità. In questa tesi, ci siamo concentrati sulla dinamica degli ammassi stellari, insiemi di stelle (da migliaia a milioni) mantenute legate tra
di loro dalla forza gravitazionale. Gli ammassi stellari sono sistemi estremamente interessanti sia da un punto di vista astrofisico che computazionale,
e rappresentano una scelta ideale per questo lavoro interdisciplinare. Da
un punto di vista astrofisico, gli ammassi stellari attirano grande attenzione
per la loro collisionalità. Sia gli ammassi giovani sia gli ammassi globulari
sono generalmente molto densi e compatti, soprattutto nelle regioni centrali. Stelle che orbitano in regioni di alta densità sono facilmente soggette a
interazioni gravitazionali, i cosiddetti incontri stellari, che possono risultare
in diversi fenomeni dinamici: formazione/distruzione di binarie, collisioni
ed espulsioni di stelle con alta velocità. Da un punto di vista computazionale, gli ammassi stellari sono sistemi complessi da modellare e simulare.
Troppo grandi per essere modellati analiticamente e troppo piccoli per essere trattati con metodi approssimati, gli ammassi stellari possono essere
modellati accuratamente solo attraverso una integrazione diretta. I metodi
di sommazione diretta calcolano le forze gravitazionali che si esercitano tra
tutte le coppie di stelle secondo la legge di gravitazione di Newton e adottano
una integrazione numerica delle equazioni del moto di tutte le particelle per
tracciare le loro traiettorie.
In questo lavoro abbiamo applicato il metodo di sommazione diretta allo
studio della dinamica di sistemi auto-gravitanti. come gli ammassi stellari e
i nuclei galattici, con lo scopo di scoprire i diversi tipi di processi fisici che
conducono all’ accelerazione di stelle ad alte velocità.
Nella prima parte della tesi, abbiamo studiato la performance degli integratori diretti a N corpi su architetture distribuite. Abbiamo implementato
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due diversi schemi di parallelizzazione per grandi simulazioni su cluster di
computer e grid. Abbiamo sviluppato modelli teorici di performance per
entrambi gli schemi e li abbiamo confrontati con esperimenti di timing su
diversi supercomputer. Con lo scopo di velocizzare i calcoli, abbiamo effettuato test di performance su piccoli e grandi grid. Abbiamo esteso i modelli
teorici sviluppati per computer paralleli a grid di computer situati in diverse posizioni geografiche e abbiamo investigato gli effetti delle comunicazioni
a lunga distanza sulla performance globale. Abbiamo trovato che gli effetti delle comunicazioni a lunga distanza sono evidenti per sistemi di piccole
dimensioni, nel cui caso il tempo per la comunicazione diventa il collo di bottiglia di tutta la simulazione. Nel caso di sistemi di grandi dimensioni, che
sono i più interessanti dal punto di vista scientifico, il tempo per la comunicazione rappresenta solo una frazione relativamente piccola del tempo totale
e quindi la performance globale non é drammaticamente affetta dall’ avere
i diversi nodi in diversi luoghi in Europa. Se questo andamento persiste
per numeri elevati di processori distribuiti in diversi luoghi, simulazioni di
sistemi con N > 105 potrebbero essere condotte con performance accettabile.
Attualmente, lo stato dell’ arte delle simulazioni dirette a N -corpi è rappresentato dall’ hardware dedicato GRAPE, un processore progettato specificatamente per il calcolo della forza gravitazionale tra corpi secondo la legge
di Newton. Abbiamo implementato un codice a N -corpi diretto da usarsi
in combinazione con GRAPE hardware e ne abbiamo confrontato la performance con quella di un cluster Beowulf. Abbiamo trovato che un singolo
nodo attaccato a una scheda GRAPE è dieci volte più veloce di 16 processori
di un cluster Beowulf. Abbiamo anche implementato uno schema parallelo
per simulazioni su cluster GRAPE e sviluppato un modello di performance
per predire il tempo di esecuzione per un dato sistema di N corpi. Abbiamo trovato che le simulazioni di ammassi stellari contenenti un milione di
stelle possono essere condotte solo su grandi cluster GRAPE. Simulazioni
con sommazione diretta di sistemi con più di un milione di stelle (nel regime
dei nuclei galattici) richiedono ancora l’ uso di metodi approssimati. Schemi
ibridi costituiti da una combinazione di metodi diretti e metodi approssimati
appaiono promettenti per questi scopi.
Nella seconda parte della tesi, abbiamo applicato la tecnica di integrazione diretta a N -corpi allo studio dell’ accelerazione di stelle a grandi velocità.
Abbiamo considerato due regimi sotto cui le condizioni fisiche possono risultare nell’ espulsione di stelle ad alta velocità: gli ammassi stellari e i nuclei
galattici. Gli ammassi stellari più densi possono raggiungere densità molto
elevate nelle loro regioni centrali, dove le stelle massive tendono a concentrarsi a causa della frizione dinamica. Sotto queste circostanze, gli incontri
gravitazionali hanno luogo su tempi scala molto più brevi della vita del sistema e facilmente accelerano stelle a grandi velocità. I sistemi binari, essendo
in media più massivi delle altre stelle ed avendo una sezione d’ urto geometrica più grande, interagiscono con grande probabilità. Gli incontri tra
una binaria e una stella singola e tra due binarie sono quindi i più comuni.
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Se una binaria viene distrutta da un incontro di questo tipo, le due stelle
componenti rinculano con una velocità che è dell’ ordine della loro velocità
orbitale relativa al centro di massa. In questo contesto, abbiamo studiato
incontri binaria-binaria nell’ ammasso del Trapezio, un giovane ammasso
nella regione di formazione stellare di Orione. Abbiamo eseguito esperimenti
numerici di scattering e posto vincoli sull’ incontro che ha espulso quattro
note runaways dalla regione.
Si ritiene che i nuclei galattici, oltre ad avere elevate densità, ospitino
buchi neri massivi. Stelle su orbite con piccolo momento angolare che passano vicino al buco nero possono subire significative variazioni di velocità ed
essere espulse a grandi distanze. Cinque stelle con velocità estremamente
elevate (& 700 km s−1 ), chiamate stelle iperveloci, sono state scoperte lo scorso anno nell’ alone della Via Lattea. Allo scopo di testare alcuni modelli teorici esistenti per queste stelle estremamente energetiche, abbiamo condotto
esperimenti numerici di scattering tra binarie di stelle e il buco nero supermassivo nella nostra galassia. Abbiamo studiato l’ origine della prima stella
iperveloce scoperta nell’ alone della Galassia e, calcolando la sua orbita indietro nel tempo nel potenziale Galattico, abbiamo predetto il valore del moto
proprio della stella compatibile con una espulsione dal centro Galattico.
Abbiamo anche studiato un diverso scenario di formazione per stelle iperveloci che coinvolge buchi neri di massa intermedia (BNMI). Quando dei BNMI si formano nella regione del centro Galattico, essi decadono verso il centro a causa della frizione dinamica. Durante lo spiraleggiamento, i buchi neri
interagiscono con le stelle legate al buco nero massivo e ne espellono alcune
con grandi velocità. Abbiamo realizzato simulazioni numeriche dell’ espulsione di stelle iperveloci da parte di buchi neri di massa intermedia e del loro
viaggio attraverso la Galassia. Abbiamo considerato la possibilità di distinguere la popolazione di stelle iperveloci create da incontri di binarie stellare
con il buco nero centrale da quella creata da BNMI che spiraleggiano verso il
centro Galattico. Questo potrebbe avere particolare importanza nella ricerca
di segnature dinamiche di buchi neri di massa intermedia nella Galassia.
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