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RESUMEN

Se analizan las propiedades principales de la poblacién de satélites de galaxias pri-
marias ~ L, en el modelo ACDM usando simulaciones cosmolégicas N—cuerpos/SPH
de alta resolucién y la muestra semi—analitica de galaxias de la simulacién Millennium
Run. El andlisis estd enfocado en el rol fundamental de los satélites en el proceso de
formacién de galaxias, como asi también en la informacién que nos ofrecen como
trazadores de la materia oscura de los halos que habitan. Se encuentra que existe un
sesgo (bias) muy pequerio entre las posiciones y la cinemadtica de las particulas de
materia oscura y la poblacioén de satélites sobrevivientes. La posicion de los satélites
puede ser utilizada para inferir la distribucién radial de materia oscura en los halos
primarios para distancias v > 0.2r,i,. En projeccién, se espera a partir de catdlogos
sintéticos (mock catalogs) un perfil radial proyectado de namero de satélites consistente
con una ley de potencia con pendiente « = —1.5. Se seleccionaron satélites del catdlogo
Sloan Digital Sky Survey encontrando « = —1.4, en buen acuerdo con las predicciones
tedricas extraidas de las simulaciones. La dispersién de velocidad de los satélites es
también un buen indicador de la velocidad virial del halo primario. Se encuentra
Osat/Vvir = 0.9 £0.2, que aplicado al Grupo Local da: V},\frw ~ 109 +22 km/s y
V‘IX?I ~ 138+ 35 km/s para la Via Lactea y la galaxia de Andromeda respectivamente,
sugiriendo que la velocidad virial en las galaxias podria ser sustancialmente menor
que la velocidad de rotacién de sus discos.

Por otro lado, existen diferencias apreciables entre la poblacién de satélites y el
halo estelar de las galaxias, el cual consiste principalmente de los escombros estelares
de satélites que han sido destruidos. Estas estrellas muestran una distribucién radial
mas concentrada y movimientos orbitales mas eccéntricos. La poblacion de satélites
sobrevivientes es diferente de los satélites fusionados que construyeron la galaxia, y
muestra un sesgo apreciable hacia objetos de baja masa que han sido acretados mas
recientemente por la galaxia. Nuestros resultados pueden reconciliar las diferencias
sistemadticas entre las estrellas en el halo de la Via Lactea y los satélites de nuestra
Galaxia.

Los halos primarios son ambientes hostiles para los satélites, quienes sufren modi-
ficaciones fuertes de sus masas y Orbitas iniciales. La friccién dindmica con el halo
primario circulariza las 6rbitas de los satélites y continuamente reduce sus apocen-
tros. Sin embargo, alrededor de un tercio de la poblacién de satélites sobrevivientes
se encuentra en 6rbitas no ortodoxas, con apocentros que exceden sus radios de
turn—around. Estos satélites intrigantes son mayormente el miembro mas débil de
un par, y fueron expulsados a dichas 6rbitas de altas energias debido a mecanismos
de interacién de tres cuerpos durante sus primeros pasajes por el pericentro. Se
especula sobre la posibilidad de que algunas galaxias enanas del Grupo Local deban
sus cinematicas peculiares a este proceso, como el caso de Leo I, las aisladas Cetus y
Tucana como asi también los satélites con altas velocidades descubiertos recientemente
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alrededor de Andrémeda: AndXII y AndXIV.

ABSTRACT

We analyze the main properties of the satellite population of L, primary galaxies in
the ACDM model using high resolution N—body/gasdynamical simulations and the
semi—analytical sample of galaxies from the Millennium Run simulation. We focus on
the fundamental role of satellites in the galaxy formation process as well as on the
important insights they offer as tracers of the dark matter in host halos. We find that
there are little spatial or kinematical biases between the dark matter particles of hosts
and their surviving satellite population. Positions of satellites may be used to infer the
dark matter radial distribution of host halos in distances r > 0.2r,;,. In projection, we
expect from simulated mock catalogs a power—law for the satellite projected number
density profile with slope & = —1.5. We select satellites from the Sloan Digital Sky
Survey finding & = —1.4, in good agreement with the theoretical predictions from
simulations. The velocity dispersion of satellites is also a good indicator of the virial
velocity of their host. We find 054t/ Vyir = 0.9 £ 0.2, that applied to the Local Group

galaxies gives: VMW ~ 109 + 22 km/s and Vx?l ~ 138 £ 35 km/s for the Milky Way
and Andromeda galaxy respectively, suggesting that the virial velocities of galaxies
might be substantially lower than the rotation speed of their disk components.

On the other hand, substantial differences exist between the satellite population and
the stellar halo of galaxies, which mainly consists of the stellar debris of disrupted
satellites. These stars show a more concentrated radial distribution and more eccentric
orbital motions. The surviving satellite population is not reminiscent of the merged
satellites that build-up the galaxy, but shows a significant bias toward low—mass
systems that have been accreted more recently by the galaxy. Our results can reconcile
the systematic differences between stars in the halo of the Milky Way and in the
Galactic satellites.

Host halos are hostile environments for satellites who suffer strong modifications
to their initial masses and orbits. Dynamical friction with the host halo circularize the
satellite orbits and also continuously shrinks their apocenters. Nevertheless, about
one-third of the surviving satellites are on unorthodox orbits, with apocenters that
exceed their turn—around radius. This intriguing satellites are typically the faint
member of a pair that were ejected onto highly—energetic orbits due to three—body
interaction mechanisms during their first pericenter passage. We speculate that some
Local Group dwarfs owe their outstanding dynamics to this process, such as Leol,
the isolated Cetus and Tucana as well as the newly—discovered high—speed satellites
around Andromeda: AndXII and AndXIV.
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INTRODUCTION

Galaxies are fascinating objects that combine the beauty of their appearance with
the complexity of the processes that drive their formation and evolution. Since their
discovery galaxies have challenged our theories of formation of structures in the
Universe, seducing and capturing our attention with the questions they pose and
mysteries they harbor. Less than a century ago we gave our first steps towards
the understanding of galaxies with the famous Shapley—Curtis debate (1920)*. The
confirmation that "nebulae" were indeed objects like our Galaxy but lying beyond its
limits promted joint observational and theoretical efforts designed to improve our
knowledge of these Island Universes.

1.1 Galaxies in the ACDM scenario

The galaxies we know today are intricate systems of stars, gas and dust inhabit-
ing a much extended and massive dark matter halo. We believe that the seeds of
present—day galaxies began as very small fluctuations in the almost uniform early
Universe. WMAP satellite mission has recently measured such departures from full
homogeneity, and reliable estimates of the initial spectrum of density fluctuations
have become available (Spergel et al. 2001,2006). Linear theory (Peebles 1980 ) predicts
that these density fluctuations grow under the influence of their self—gravity and
eventually became large enough to capture and retain the gas that fueled star forma-
tion. Dissipative processes cool and precipitate the gas at the bottom of the potential
wells provided by the dark matter generating a substantial segregation between the
luminous and the dark component of galaxies (White and Rees 1978 ). On the other
hand, collisionless physics dominate the mass growth and the clustering of galaxies
determining the global distribution of objects in the Universe.

Although the precise nature of the dark matter is still unknown, current observations
suggest Cold Dark Matter (CDM) as the favorite model describing our Universe. The
mass assembly history of objects in this model is bottom—up, meaning that small
objects form first and then merge with others to build up the large structures we
observe today. Basically, it follows the Spherical Collapse prescriptions where a given
region around an initial overdensity decouples from the general expansion of the
universe, reach their maximum extension (the turnaround radius) and then collapse,
virializing as bound objects. Subsequent studies showed that this process has no
preferred scale, guaranteeing the self—similarity of dark matter halos. .

As halos are assembled in this hierarchical scenario, the inner regions of early
virialized objects often survive accretion onto a larger system, thus originating a

1 During which the existence of other external galaxies different from our own was discussed
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population of subhalos. The self—similarity mentioned above makes galactic halos
look like scaled versions of the cluster—sized ones (Moore et al 1999 , Gao et al
2004 , Diemand et al. 2004 ). Objects that cross the virial radius of a more massive
system are immediately exposed to a hostile environment where the dynamical
friction, tidal forces and impulsive collisions could determine their final destiny (the
merging with the central host). The fate of subhalos after entering the host depend
on intrinsic (central concentrations and masses) as well as on external (infall times,
orbit eccentricities, mass of the host) factors that determine whether a given subhalo
survives until the present epoch (surviving population) or merges with the central
host (merged population). The N—body numerical simulations of Moore et al, Gao et
al. and Diemand et al. mentioned before have shown that dark matter halos host at
z = 0 several hundreds of such surviving subhalos, and that these account for ~ 10%
of the total mass of the system.

These predictions are difficult to reconcile with the ~ 20 satellite galaxies discovered
so far around the Milky Way and Andromeda, and other external galaxies. This
emphasizes that the mapping between the dark and the luminous components of
satellite galaxies is highly non—linear. Possible resolutions of this “satellite crisis” have
been discussed by a number of authors, and there is reasonably broad consensus that
it originates from inefficiencies in star formation caused by the combined effects of
energetic feedback from evolving stars and by the diminished supply of cold gas due
to reionization (see, e.g. Kauffmann & White 1993 , Bullotck et al. 2000 , Somerville
et al 2001 , Benson et al 2002 ). These effects combine to reduce dramatically the
star formation activity in substructure halos, and can reconcile, under plausible
assumptions, the substructure halo mass function with the faint end of the satellite
luminosity function (Stoher et al. 2002, Kazantzidis et al. 2004, Pefiarrubia et al. 2007) .

Besides their contribution to a better understanding of how galaxy formation
proceeds in smaller objects, satellite galaxies may be thought of as the visible fossil
relics of the hierarchical process that in the past formed their host galaxy. They are the
remnants of the series of accretion events that shaped the primary galaxy; the surviving
members of a much larger population of satellites that once crossed the virial radius
of their host. Sometimes, they also offer us the chance of studying on—going mergers,
showing spectacular signatures of disruption. These resulting "tidal—tails" are also
important proofs of the hierarchical build—up of galaxies, one of the cornerstones of
the currently accepted models for our Universe.

1.2 Three Fundamental Tools of Satellite Studies

Historically, interest in satellite galaxies began in the early "7oth, when the available
observational and numerical techniques first allowed for systematic studies. Satellites
are typically faint and low mass objects, and in the past both observations and
numerical simulations have been affected by small number statistics. However, the
advent of large spectroscopic surveys of galaxies, of detailed studies of structures in
the Milky Way and Andromeda galaxies as well as improvements in the dynamic
range of numerical simulations and the implementation of semi—analytical models
of galaxy evolution have enabled the observation, prediction and characterization of



1.2 THREE FUNDAMENTAL TOOLS OF SATELLITE STUDIES

satellite galaxy properties. Here we present a brief review of the principal tools used
in the studies of satellite galaxies.

1.2.1  Observations of satellites of external galaxies: a statistical approach

Satellite studies in external galaxies have traditionally been hampered by small num-
ber statistics, with typically less than 5 objects detected per host. Statistical samples
constructed by stacking the satellites of many primaries partially overcome this prob-
lem and have been extensively used in the past. Furthermore, it is desirable to use
satellites as true “tracers” of the potential of the host in order to minimize complica-
tions in the interpretation of their dynamical properties. Most studies accomplish this
by imposing “isolation” criteria; typically a brightness difference exceeding ~ 2 mag is
required between the host and its brightest companion within ~ 500 kpc, which results
in most primaries having one or two satellites bright enough to render them amenable
to observation. Following the pioneering work of Holmberg (1969), Zaritsky et al
(1993, 1997) compiled perhaps the first statistically sound sample of satellite—primary
systems with accurate kinematics, and were able to provide persuasive evidence that
the dark matter halos hinted at by the rotation curves of spiral galaxies are indeed
rather massive and extend to several hundred kpc away. This kind of studies have
entered a new realm since the advent of large redshift surveys, such as the 2dFGRS
(Colless et al 2001 ) and the SDSS (York et al 2000 , Strauss et al 2002 ), which have
increased many—fold the number of primary—satellite systems known. Studies based
on these datasets have corroborated and extended the results of Zaritsky et al, and
predictions about the abundance, distribution, and dynamics of satellites now appear
robust (McKay et al 2002, Prada et al. 2003, Brainerd 2004a,b, 2005, Sales & Lambas
2005, van den Bosch 2005a,b, Agustsson & Brainerd 2006, Yang et al 2006, Chen et al.
2006) .

1.2.2 Satellites on Numerical Simulations and Semi-analytical models

N—body simulations are extensively used to study the evolution of cosmic structures.
Nevertheless, it has only recently been possible to apply N—body techniques to the
study of the satellite dynamics. Early attempts in this field were unable to follow
the evolution of subhalos once they fall onto a larger halo. This artificial destruction
of the DM subhalos arises from numerical artifacts due to the low number particles
and the poor resolution of the forces involved (Klypin et al. 1997, Moore et al. 1999).
In the late 9o’s significant improvements in the numerical codes and computational
power revealed that halos contain a significant population of substructures able to
survive during several orbital times (Ghigna et al 1998, Moore et al. 1999, Lewis et al
2000, Jing and Suto 2000, Fukushige & Makino 2001) . Moreover, the inclusion of the
dissipative processes associated with baryons may make subhalos more resilient to
tidal disruption (Nagai and Kravtsov 2005, Weinberg et al. 2006) .

Present numerical capabilities allow reliable simulation of the dark matter and gas
physics on galactic scales, although such simulations are computationally expensive.
An alternative approach for studying the formation and evolution of galaxies (and
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their satellites) is provided by the semi—analytical methods. These techniques follow
the merging and survival of dark matter halos by means of analytical Monte—Carlo
prescriptions or the results of N—body simulations and combines this with a set of
physically—motivated recipes to describe the baryon—driven processes that govern
sub—galactic scales. The study of the evolution of substructures is then greatly sim-
plified although we pay the price of dealing with results that may depend on the
particular astrophysical recipe implemented (see Baugh 2006 for a comprehensive
review) .

Unlike observations, numerical simulations allow a detailed description of the
three—dimensional spatial and velocity distributions of satellites, as well as the tracking
over time of the structural evolutions that they experience after crossing the virial
radius of the hosts.

1.2.3 The Best Laboratory: Satellites in the Local Group

The satellite population of the Local Group differs considerably from those studied
in external galaxies, as the proximity of the satellites allow us to probe much further
down their luminosity function than around a typical primary. The Local Group is the
only place where we can study stellar properties individually, i.e., we observationally
resolve each star determining its age, metallicity and dynamics as separate objects.
Some of these stars belong to the present—day satellite galaxies orbiting within
the local group and still remains gravitationally bound to them at the present. The
other set of stars we study is associated to the Galactic components, where the
contribution from merged satellites is thought to be important. The comparison of
general properties between both stellar populations is extremely relevant to validate
our hierarchical picture of how galaxies assemble their masses. In the last decade,
observational evidence of the lumpy build—up of the Milky Way and Andromeda
galaxy has emerged. Examples of the important role of these minor mergers in shaping
our galaxy are: the disrupting Sagittarius dwarf (Ibata, Gilmore & Irwin 1994), the
Arcturus stream (Eggen 1996, Navarro, Helmi & Freeman 2004), the Monoceros ring
(Yanny et al 2003), the Canis Major dwarf (Martin et al. 2004) and the Orphan stream
(Belokurov et al 2007).

The study of Local Group satellite galaxies has been revolutionized recently by
digital imaging surveys of large areas of the sky. More than a dozen new satellites
have been discovered in the past couple of years (Zucker et al. 2004, 2006; Belokurov
et al. 2006, 2007; Irwin et al. 2007; Majewski et al. 2007), due in large part to the
completion of the Sloan Digital Sky Survey and to concerted campaigns designed to
image in detail the Andromeda galaxy and its immediate surroundings (Ibata et al.
2001, Ferguson et al. 2002, Reitzel & Guhathakurta 2002; McConnachie et al. 2003; Rich
et al. 2004; Guhathakurta et al. 2006; Gilbert et al. 2006; Chapman et al. 2006; Ibata et
al. 2007 submitted). The newly discovered satellites have extended the faint—end of
the galaxy luminosity function down to roughly ~ 103 L, and are likely to provide
important constraints regarding the mechanisms responsible for “lighting up” the
baryons in low-mass halos. These, in turn, will serve to validate (or falsify) the various
theoretical models attempting to reconcile the wealth of “substructure” predicted in
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cold dark matter (CDM) halos with the scarcity of luminous satellites in the Local
Group mentioned in Section 1.

1.3 What we know (and do not know!) about Satellites

The implementation of the above described techniques to study satellite galaxies
has led to substantial improvements in our understanding of low mass galaxies. We
summarize in several points the main findings obtained so far regarding satellites,
some of them being the source of motivation for the present Thesis.

 The angular distribution of satellites

Primary—satellite samples in observational surveys are used to search for correla-
tions between the position angle of the host galaxy and that of the satellites, since
anisotropies in the satellite distribution around the host would signal a possible
flattening of the surrounding halo; a preferential direction of accretion; and/or
the secular effect of orbital decay. The intriguing observation by Holmberg (1969)
that satellites tend to align with the minor axis of disk galaxies (the “Holmberg
effect”, see also Zaritsky et al 1997) has now been revisited by several authors
and some degree of consensus has been reached in the opposite direction: struc-
tures tend to align with the disk (major axes) of the hosts (Brainerd et al. 2005,
Agustsson & Brainerd 2006 , Yang et al. 2006 ). Regardless of the resolution of
this controversy, it is clear that in the case of our own Galaxy, the Milky Way,
some kind of “Holmberg effect” is present (Lynden—Bell 1982 , Majewski 1994 ).
This peculiar arrangement seems to apply as well to M31 once a particular type
of dwarfs are selected (Hartwick 2000 , Koch & Grebel 2006 ), and is at odds
with what would be expected from fair tracers of the dark matter halo, which is
thought to be only mildly triaxial (Kroupa et al 2005 ). This stresses that further
interplay between numerical simulations and observations is needed to bring
observations and theoretical predictions into agreement.

e The radial distribution of satellites

In absence of no other luminous tracers, satellite galaxies place important con-
straints on the density profiles of host halos beyond ~ 100 kpc. Recent numerical
simulations of galactic and clusters scales have shown that the number density
profile of subhalos is shallower in the inner regions than the one corresponding
to the smooth dark matter component (Ghigna et al. 2001, Gao et al. 2004b,
Diemand et al. 2004) Nevertheless, when some semi—analytical prescription is
added to mimic the galaxy satellites inhabiting within these subhalos, the match
between the dark matter and the satellites profiles is improved (see also Nagai
& Kravtsov 2005). Statistical constraints may also be drawn from the analysis
of large redshift surveys, although the results have remained inconclusive due
to the high fraction of interlopers® usually found in these primary—satellite
systems (van den Bosch et al. 2005, Sales & Lambas 2005, Chen et al. 2006).

2 Spurious satelites physically unbound to the primary, that are misclassified as "satellites" in projected
data contaminating the samples of "real" primary-satellite systems
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e Satellite velocities and the mass of the host halos

For the Local Group galaxies, the ~ 10 brightest dwarf galaxies associated to
each, the Milky Way and Andromeda galaxies, have been combined with other
luminous tracer to estimate the mass of these galaxies (Wilkinson & Evans 1999,
Evan & Wilkinson 2000, Sakamoto et al. 2003, Battaglia et al. 2005) . In external
systems, following the early works of Zaritsky and White (1994), the dynamics
of satellite galaxies have been used to put constrains on the shape and mass of
the host halos. The evidence suggests that early—type galaxies are surrounded
by halos about twice as massive as late—type systems of similar luminosity (see
Brainerd 2004a).

* Structural changes induced in satellite galaxies due to tides

Satellites orbiting in external gravitational fields experience harmful forces
that may drive its disruption and/or merging with the host as soon as the
satellite approaches the primary. If the satellite manages to survive, its structural
properties (mass, morphological type, intrinsic velocity dispersion of stars)
would be altered depending on the amount of mass that have been removed.
In the case of close pericenter passages, where tidal forces are maximum, the
dwarf galaxy may develop a bar instability able to transform faint spirals or
irregulars onto dwarf spheroidals (Mayer et al. 2001a,b). This may also explain
the morphological segregation of Local Group satellites that shows satellite
galaxies with considerable gas content are located preferentially in the outskirts
of the system.

e Tidal debris of satellites and the formation of galactic components

Once a satellite finally merges with the host its stars are incorporated to the
central primary galaxy. A satellite contribution to either galaxy component
(thin/thick disk, bulge, stellar halo) depends mainly on its orbit and on the
degree to which dynamical friction circularizes the orbit before disruption (Abadi
et al. 2003b). Satellites on nearly circular orbits are expected to contribute to the
disk components, specially if the plane of the orbit is roughly coincident with
the plane of the disk. In this picture, extended disks as that observed for the
Andromeda galaxy (Ibata et al. 2005) might be a common feature of hierarchical
models (Pefiarrubia, McConnachie & Babul 2006). The oldest stars in galaxies
might therefore have been brought in by the population of satellites that merged
in the past with the host.

1.4 Outline of this Thesis

This Thesis is based on two main approaches to study the satellite population of
galaxies: a statistical analysis of a large semi—analytical catalog of galaxies (Part I),
and a dynamical study of N—body/SPH simulations of galaxy formation (Part II).
The first Part is aimed at characterizing statistically primary—satellites galaxy systems
in a ACDM Universe. In Chapter 2, we present an analysis of the properties of the
satellite galaxies at z = 0 identified in the N—body Millennium Run with the help of
a semi—analytical code (Springel et al. 2005, Croton et al. 2006). This is the largest
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resolution simulation able to resolve galaxies as faint as the Large Magellanic Cloud
in a box size of 500 h™'Mpc side. It allows a comprehensive analysis of the satellite
spatial and velocity distributions around isolated hosts based on a robust statistical
sample. This chapter evaluates to what extent satellite galaxies might be considered
faithful tracers of the hosts’s dark matter distribution. It also provides insight into how
the cosmological predictions of ACDM models should be interpreted in observational
samples. In Chapter 3, we use the dependence on mass of the color—magnitude
relation of isolated hosts galaxies found in the Millennium Run analysis to propose a
new algorithm for selecting satellites from large redshift surveys. This method builds
on lowering the fraction of interlopers in the sample, and after testing in a mock
catalog, we apply the algorithm to the Sloan survey and explore the projected radial
density profile of satellites in observations.

In the second Part we also focus on numerical simulations, although the approach
is less statistical and more dynamical. It is mainly based on the analysis of 8 high
resolution N—body/gasdynamical simulations of galaxy formation in a ACDM Uni-
verse. In Chapter 4 we concentrate on the time evolution of satellite populations,
specially on the differences that characterize surviving and merged satellites. We find
that the interaction with the host potential substantially alters the orbits and mass
contents of satellite galaxies. This motivates our last chapter where we focus our
attention on a particular subset of satellite that, as a result of three—body interactions
end up on highly energetic orbits, escaping from the host after their first pericenter
passage. These satellites are quite reminiscent of some high—velocity dwarfs of the
Local Group, and we speculate about its possible origin linked to this effect. Finally,
Chapter 6 summarizes the main results.
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SPATIAL AND VELOCITY
DISTRIBUTION OF SATELLITE
GALAXIES IN THE
MILLENNIUM RUN

2.1 Abstract

We study the spatial distribution and kinematics of satellites galaxies selected from
the Millennium Run N—body simulation + semi—analytic galaxy catalog (Springel et
al. 2005, Croton et al. 2006). A sample of ~ 80000 isolated host galaxies have been
selected that expand almost three decades in dark matter halo mass. This allows us
to study the typical satellite properties predicted by the ACDM model in a wide
range of local low—density environments. We find that satellite galaxies are radially
distributed according to an NFW profile of average concentration parameter ¢ ~ 5.6.
Satellite galaxies are reasonable good tracers of the dark matter content of their hosts
in the range 0.2r200 < 1T < 2r200. However, the large majority of satellites within
~ 0.51300 have been stripped of their own dark matter subhalos, causing strong radial
biases between the smooth dark matter background in hosts and the distribution of
the dark matter clumps. Satellite populations are segregated according to their color
indices and magnitudes, with a tendency for redder and more luminous satellites
to be more concentrated towards the center of the hosts. We also explore satellite
velocities, finding evidence of a strong infall pattern beyond the virial radius of
hosts, with typical infall velocity dispersions o, ~ 0.15 —0.25V;¢0. Within the virial
radii, velocities are well represented by Gaussian distributions, with dispersions
that decay from center outwards by a factor of ~2 at 120¢. The general LSt — ¢
relation follows a double power—law behavior, with a change of slope at o1p ~ 200
km/s, which can be interpreted as a transition region between single galactic halos to
fossil group—like systems. Blue host galaxies do not show this break, supporting our
previous hypothesis. Regarding satellite orbits, we find a clear tendency of satellites
to move in pro—grade sense compared to the host angular momentum, in agreement
with the CDM model predictions. The angular distribution of satellites shows certain
degree of anisotropy, with an excess of satellites in the direction perpendicular to the
angular momentum of the hosts, confirming previous numerical and observational
findings.

11
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2.2 Introduction

The present Chapter aims to explore the spatial distribution and kinematics of satellites
orbiting isolated host galaxies in a ACDM universe. The Millennium simulation plus
a semi—analytical code run on top of it (Springel et al. 2005, Croton et al. 2006) allow
us to resolve galaxies as faint as the Large Magellanic Cloud within a cubic region of
500h~! Mpc on a side. A total of ~ 2x10° galaxies can be identified at z = 0, providing
an unprecedented simulated catalog to study satellite galaxies in a statistical way.
The fundamental difference between this work and previous studies of satellites in
numerical simulations is the large number of galaxy systems here analyzed, ~ 80
thousand, where previous studies rely on less than a couple of dozen hosts.

As highlighted in Chapter 1, how satellites are radially distributed within host halos
is a fundamental question still under debate. Since several conclusions from observa-
tions are obtained based on the hypothesis that satellite galaxies are faithful tracers
of the underlying dark matter distribution, this point surely deserves to be carefully
addressed. It seems like N—body simulations of different scales are converging to
a scenario where dark matter subhalos have a notably shallower distribution than
the dark matter in CDM halos (Ghigna et al. 2000, Diemand, Moore & Stadel 2004,
Gao et al. 2004a) while more realistic treatments that includes SPH or semi—analytical
modeling of baryon physics produce satellite galaxies that are more similar to the dark
matter profile. Springel et al. (2001) suggest that the relation between galaxy luminos-
ity and virial mass of the subhalo depends on clustercentric distance. Since luminosity
is related mostly to stellar mass, and stars are concentrated on a few central kpc of
subhalos, the tidal stripping that substructures experience when orbiting in the host
halo affects the stellar mass less than the dark matter contents of subhalos. Therefore,
substructure in DM only simulations may miss objects that have lost a significant
fraction of their dark matter, but still could survive as a dwarf due to the almost unper-
turbed bound core of baryons. Taking this into account, also Gao et al. 2004b found no
spatial bias between dark matter and modeled galaxies in cluster—sized dark matter
halos. Similarly, Kravtsov, Gnedin & Klypin (2004) reconcile the galaxy and the dark
matter radial distribution on Milky Way—sized halos by modeling galaxy formation
in such a way that today visible satellite galaxies are not the most massive subhalos
at z=0, but they are the descendant of the most massive subhalos at higher redshifts.
Also numerical simulations that includes baryons have been explored. Recent works
(Maccio et al. 2006, Sales et al., submitted) using a SPH modeling found that satellites
closely follows dark matter distribution of a host galactic halo M, ~ 10127\/[@, and
this is mainly due to the inclusion of dissipative processes that enlarge the survival
times of subhalos. Similar conclusions were obtained previously by Nagai & Kravtsov
(2004) in galaxy cluster halos.

The discussion above highlights the importance of the study of satellite spatial
distribution, but also satellite velocities reveal important properties about host halos.
Satellite dynamics are largely determined by the host potential well, and therefore we
can constrain not only the total amount of mass within the host, but also we learn how
concentrated its distribution is. Notice that both of these parameters are impossible to
get directly from observations and then satellite velocities may help to constrain them.
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Nevertheless, it only becomes possible if we are able to quantify precisely how well
satellite dynamics reflect the dark matter properties of host halos. This constitutes the
main motivation for studying 3D satellite velocities in numerical simulations, trying to
determine whether there exist a bias or not between velocity dispersion of substructure
and dark matter particles within the halos. Ghigna et al. 2000 and Diemand et al.
2004 find that although velocity dispersion of satellites is not the same than dark
matter particles of hosts, their anisotropy parameter p = 1— 07/(202) (where oy and
o, are the tangential and radial velocity dispersion) seems not to differ significantly.
This is an important result, that allow us to use formalisms, such as that of Jeans, to
put constrains on host halo concentrations starting from 3D satellite velocities. But
careful attention must be paid to this offset between substructure and host dark matter
halo, since several mass determinations of galaxy systems on observations rely on the
hypothesis of satellites as un—biased tracers of the host halo potential.

In the following section we briefly describe the Millennium Run simulations, the
selection criteria applied and the final host and satellite samples. Section § 2.4 describes
our main results and the partial conclusions drawn from this Chapter are shown
in section § 2.5. Throughout this Chapter we assume a Hubble constant Hy = 100h
km/s Mpc*] with h = 0.73. Masses, scales and velocities are expressed in M@h;(} ,
h~'kpc and km/s respectively unless contrary stated. Virial values are computed at
the distance where their mean spherical overdensity is 200 times the critical density of
the universe. This defines implicitly the virial mass, Moo, virial radius, 1200 and the
circular velocity, V200, of halos.

2.3 The Catalog

This Chapter describes several properties of satellite galaxies selected from the Millen-
nium Run N—body simulation + semi—analytical code (Springel et al. 2005, Croton et
al. 2006). In the following two subsections we provide a brief review of the Millennium
Run simulation and the semi—analytic model (focusing mainly on those points more
relevant in satellite galaxies) and we also describe in Section 2.3.2 the selection criteria
applied to build the samples.

2.3.1 The Millennium Run and the Semi—analytic Model

The Millennium Run is one of the projects of the Virgo Consortium *, aimed to have
an unprecedented high mass resolution combined with a large box size. It follows
the evolution of almost 10 billion particles spread on a box of 500 h~! Mpc on a side.
The particle mass is 8.6 x 10°h~ Mg, giving a spatial resolution of 5 h~! kpc. The
simulation adopts parameters consistent with the WMAP1 results (Spergel et al. 2003;
Seljak et al. 2005): Oy, = 0.25, QA =0.75, h =0.73, n =1, and og = 0.9 (for details
see Springel et al. 2005).

The output of this collisionless simulation is combined with a semi—analytical code
(Croton et al. 2006) that provides astrophysical quantities such as Sloan magnitudes

1 http://www.virgo.dur.ac.uk/new/index.php
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ugriz, star formation rate, mass in stars and cold gas, bulge and disk masses, etc.
Also a careful treatment of processes like radiative cooling, star formation, growth of
supermassive black holes, metal enrichment, feedback, morphological transformation
of galaxies and effects due to a reionising UV background are included.

Some of the above mentioned physical processes are extremely important at the faint
end of the luminosity function, and therefore in the satellite galaxies we will study
later in Section 2.4. It is the case of the implementation of the supernova feedback,
the reionization and the mass evolution and merging of subhalos. It is then worth to
keep in mind how these three relevant points are particularly modeled in our catalog,
although we refer the reader to Croton et al. 2006 for a much more comprehensive
description of the code:

* Supernova feedback
Star formation activity and the evolution of the high mass stars involve an
injection of energy and metals to the surroundings at the end of their lives.
This mechanism is usually referred as "supernova feedback" and represents an
effective way of heating the gas that fuel the star formation activity, decreasing
the efficiency with which gas turns into stars in galaxies.

The amount of gas reheated by supernova ejecta (AMyeheated) is proportional
to the mass of stars formed during a given time—interval Am,:

AMieheated = €diskAMy

where the proportionality constant €4isx is one of the free parameters of the
semi—analytical code and has been fixed to 0.35 in the model. The energy
released by this depends on Am,eheatea and on the mean energy in supernova
ejecta per unit mass of stars formed (O.SVSZN) through the efficiency with which
this energy is able to reheat the disk gas (ehaq10) as:

AEsN = 0.5€nq10AM, Vay

with enq1o = 0.35 and Vsn = 630 km/s based on supernova theoretical esti-
mations. If all the reheated gas were added to the hot halo, its thermal energy
would change by:

Aot = 0~5Amreheatedv2200

And therefore the ejection of gas from the halo is determined by the sign of the
difference between AEgyn and AEpo¢:

Esn — Enot

ATnejected = E
hot

vZ
N
— €disk | Am,

S
Mhot = <€halo V2.,
200

where the total energy in the hot halo is E ot = O.SmhotVi)O. If (Esn —Ehot) <
0 the energy transferred with the reheated gas is insufficient to eject any gas
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out of the halo; on the other hand, if (Esny — Enot) > 0 an amount Amejected
of the original mpe+ is removed from the halo into an external reservoir from
where it can be re—accreted later under favorable conditions. The last equation
shows that for small Vo0 values, the entire hot gas content can be expelled
whereas for halos exceeding ~ 200 km/s this mechanism is very inefficient. As
shown, supernova feedback has a fundamental role in shaping the faint end
of the luminosity function of galaxies, and therefore is quite important in the
modeling of satellites.

Reionization

A second process invoked to lower the efficiency of cooling and accretion of gas
into low mass halos is the photoionization heating of the intergalactic medium,
which suppresses the condensation of baryons in shallow potentials.

Based on Gnedin (2000) the model adopt a filtering mass Mg (z) below which
the baryonic fraction fy, is reduced compared to the universal value:
f}c)osmic

(14 0.26Mg(z)/M200)3

fralo(z, Maoo) =

Evolution and merging of subhalos

The substructure identification algorithm is able to track the positions and
velocities of all groups of dark matter particles in the simulation that exceed 20
members, or equivalently, halos more massive than Moo = 1.7x1070R ! Mg.
When subhalos lose a fraction of their mass and drop below this limit, the
positions and velocities of these "galaxies" are thereafter traced by those of the
most bound dark matter particle at the last output time before this occurs. At
the same time, a typical time—scale for the dynamical friction with the host halo
is computed for each one in order to estimate the merging time, tyerge, of such
satellites. For a satellite of mass mgsq¢ orbiting on an isothermal potential of
circular velocity V200 we have:

2
teriction = ]-]7(%
(Binney & Tremaine 1987), where the Coulomb logarithm is approximated by
InA = In(1 4+ Mygo/Msat) and Ts5q¢ and mgq are the values measured the
last time the subhalo was identified. The model then merges the satellite with
the central galaxy when a time t;ergeq has passed after its last identification.
Depending on the mass ratio between the central and the satellite galaxy the
merge can be classified as: "minor" or "major", which involves differences in the
bulge—to—disk ratio and star formation activity of the merger remnant.

We should notice however that the estimated tiergeqd is only a crude approxi-
mation to the real time the satellite would take to merge, since the flattening of

15
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the host potential, the mass loss suffered by satellites and the possible circular-
ization acting on their orbits have not been taking into account in the previous
formulation. These effects can notably affect tiergeq (€.g., see Taylor & Babul
2001, Pefiarrubia, Just & Kroupa 2004, Zhao 2004) and then the results based
on this particular population of satellites without subhalo should be taken with
caution and might be subject to a rigorous comparison against the dynamics of
satellite galaxies observed in the real data.

2.3.2 Satellite Selection Criteria

We have selected from the Millennium Run z=o output a sample of primary and satellite
galaxies applying the following selection criteria: an isolated is, by definition, a galaxy
brighter than r—band absolute magnitude M, = —20.5 where all galaxy companion
within a sphere of 1 h™! Mpc is at least 2 magnitude fainter than our isolated galaxy
candidate. In this way we assure that the local dynamics are mostly dominated by the
potential well of the primary galaxy. Once the sample of isolated galaxies is identified,
we search for satellites in the vicinity of each one, considering as satellites to all galaxy
brighter than M, < —17 and being at least 2 magnitudes fainter than the associated
primary. The number of satellites (NS) we find within the virial radius of each isolated
galaxy halo splits the sample into two subsamples: singles and primaries. If NS = 0
the isolated galaxy is labeled as a single while, if we find one or more satellites with
distance r < 1200, the galaxy is considered a primary or alternatively, a host. The
probability of being either a single or a host galaxy varies with galaxy luminosity. In
table 1 we show the fraction of isolated galaxies in 6 luminosity ranges, together with
the fraction of them having at least 1 satellite brighter than M, = —17 within 1,¢0.
For those brighter than M, = —23 approximately ~ 23% fulfill the requirements to
be isolated and the large majority of them (~ 93%) host satellites within their virial
radii. On the other hand, for the most faint galaxies (M, > —21) the probability of
being isolated is ~ 19% but the chance of having at least one satellite brighter than
the LMC (M, < —17) remarkably drops to ~ 15%. We notice that a galaxy like the
Milky Way would be not included in our sample since, due to the proximity and
comparable brightness of our neighbor M31, the MW does not fulfill the proposed
isolation criteria. Certainly, we could be less restrictive to define isolated galaxies in
order to include a larger fraction of galaxies as hosts. However, by doing so we would
enlarge the host sample at the expense of including a large number of primaries that
are not the central galaxy of a given dark matter halo. In other words, we look for
systems where the host galaxy is already settled in the center of the host halo potential
(i.e. it is a central galaxy), trying to avoid considering as hosts those galaxies that are
themselves orbiting within another system (e.g., a group or a cluster). Therefore the
isolation criteria is always a compromise between having a large number of hosts and
maintain as low as possible the number of non—central primaries. We have checked
that applying the criteria described above the fraction of hosts that are of the central
type is larger than 99%, which guarantees our results will be not seriously affected
by these non—central primaries. The sample we analyze here is composed by 258321
isolated galaxies and ~ 79000 hosts. More than ~ 178000 satellites have been found
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log(L/Lo) M. fiso (%) Thost (%) fhost/fiso (%)
10.0—-10.2 (-20.5,-21.1) 18.8 2.9 15

10.2—-104 (-21.1,-21.6) 22.1 8.3 37.5
10.4—10.6 (-21.6,-22.1) 24.8 15.4 62.1

10.6 —10.8 (-22.1,-22.6) 23.4 19.1 81.6
10.8—11.0 (-22.6,-23.1) 25.2 11.5 89.9

> 11 < —23.1 24.9 23.05 92.6

Table 1. Fraction of isolated galaxies fis, and of those isolated galaxies having at least 1
satellite within 1,00 brighter than M, < —17, f5s¢ in the Millennium Run. We have
computed these fractions by a comparison between the number of isolated and host
galaxies in each luminosity range in our samples and the total luminosity function

computed for all galaxies in the Millennium Run semianalytical catalog (Croton et al.

2006).
orbiting within the virial radii of our hosts, while this number raises to ~ 508000 if we
consider satellites within Th™! Mpc radius spheres centered at each host galaxies.

2.4 Characterization of the Satellite Population

2.4.1 Mass—Luminosity—Color relation for primaries

Determining the dark matter surrounding galaxies is a difficult observational task.

Because of this, numerical simulations have become a very powerful tool to make
predictions about the dependencies of DM halo properties on observable quantities
such as luminosity, color, environment, etc. Probably, the most widely studied relation
of this kind is the virial mass—to—light ratio (M/L); i.e. the relation between the total
mass of the halo and the luminosity of its "central" galaxy. This relation shows large
scatter, mostly attributed to different galaxy Hubble types, different environments
and halo merger histories, among others. We show in panel a) of figure 1 the (r band)
luminosity—halo virial mass relation (M—L) for the isolated galaxy sample, where the

color—coding indicates the number density of points in the plot (see figure caption).

It can be seen from this figure that isolated galaxies at fixed luminosity span almost
a decade in dark halo virial mass, what indicates that we should not expect strong
constrains on Moo coming only from their luminosities.

A careful inspection of panel a) of figure 1 reveals the existence of three relatively
well—defined sequences of isolated galaxies in the M—L plane. Dotted, solid and
dashed lines indicate different constant mass—to—light ratio relations drawn by eye
highlighting the three sequences. Starting at the low mass end, there is a tail of
objects with quite high luminosity given their Moo value (dotted line). These are
probably truly low mass galaxies undergoing some kind of starburst. Also noticeable
is a main sequence (solid line), with intermediate virial mass halos and luminosities
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lower than L ~ 10""L; where most of the isolated galaxies tend to reside. And
finally the remaining galaxies (dashed line), having typically high virial mass and in
some cases with high luminosities exceeding L > 10''L,. These extremely luminous
galaxies are likely to be strongly affected by the AGN heating implementation of
the semi—analytical code (Croton et al. 2006), which stops the gas condensation onto
central galaxies of massive systems, preventing the formation of new stars. This
feedback effect naturally reproduces the red colors associated with elliptical galaxies
in massive systems. The dominance of either starburst or feedback processes on both
extremes of the primary virial mass distribution suggests that galaxy colors should
differ in each of these sequences. Inspired by this and in order to obtain more accurate
DM mass estimates from observational data, we have applied simple color cuts to the
primary sample according to: (g — 1) < 0.65, 0.65 < (g—71) < 0.95and (g —71) > 0.95,
exploring the M—L relation for each subsample separately (see panels b), ¢) and d) of
figure 1). Although the cuts are somewhat arbitrary, the color restricted subsamples
exhibit a better defined sequence in the M—L plane, significantly lowering the scatter
of panel a).

The virial masses of systems define implicitly their virial radii, and hence the
(projected) sphere we need to define for satellite finding observational algorithms. It
is common in the literature to search for satellites within a circular region centered
on each primary candidate using a fixed projected radius for all potential hosts
(for instance Rseqrch ~500 kpc). As shown in figure 1, the virial mass of primary
galaxies can significantly vary through the sample, and then, a single Rseqrcn value
produces an under(over)—estimation of the virial radius in low (high) mass systems.
We come back to these ideas and findings in Chapter 3 and use them to develop a
new identification algorithm of satellites in large redshift surveys.

The next step in our analysis is to compare the mass—luminosity relations for host
galaxies (those for which we detect satellites within their r,¢0) to the obtained for iso-
lated without satellites (single galaxies). In figure 2 we show the M distribution of
hosts and single galaxies for 6 luminosity bins, taking into account the color sequences
defined previously. Histograms are normalized to the total number of galaxies in each
luminosity bin indicating the relative fraction of galaxies in a given color subsample.
The first clue about differences between hosts (upper panel) and singles (lower panel)
comes from the fraction of red galaxies in each sample. As the upper panel indicates,
the relative fraction of red (host) galaxies increases monotonically with host luminosity
from 20% to 60%, but remains lower than 20% in the case of single galaxies irrespec-
tive of luminosity. This is in agreement with the common expectation of isolated
galaxies being on average bluer than galaxies of similar luminosities living in multiple
systems. Intermediate color galaxies clearly dominate both samples of galaxies up to
log(L/Lg) =~ 11, nevertheless, this "main sequence" almost disappears for luminosities
brighter than 10" L. This analysis suggests that such extremely luminous primaries
cannot be ordinary galaxies but they are either undergoing starburst events showing
blue colors, or they are the central galaxy of high mass systems such as groups, where
the accretion of cold gas have been suppressed by primordial AGN feedback turning
redder their colors.

The virial mass ranges involved in both distributions (figure 2) although similar
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Figure 1. Virial mass—Luminosity (r—band) relation for isolated galaxies. Dotted, solid

and dashed white curves show a drawn—by—eye constant mass—to—light ratio.
Panel a) shows the general relation where all isolated galaxies are included.

Colors show local density of points, so that for panel a) limits are (in units of
the log(ppoints/rhopoints)): At. —4 (cyan), (—4,—3) (b_lue)r (=3,—2) green, (—2,—1)
magenta,(—1,0) yellow and densities larger than rhoygints in red. In panels b), c)
and d) only blue, intermediate and red isolated galaxies respectively are shown. The
limits for the color codding according to the local point densities are: —2.5,—2,—1.5,—1
and o. Dotted, solid and dashed line indicate constant M /L ratios to guide the eye
once color cuts are applied in panels b), c), and d).
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bin.
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for the low luminosity bins, differs appreciably for the brightest primaries. In all
luminosity bins, the model predicts that single galaxies tend to live in less massive
halos than hosts of similar luminosity. Moreover, our results indicate that there exists
an upper limit to the halo virial masses of single galaxies, Moo < 10'3M, regardless
of galaxy luminosity beyond that the corresponding amount of baryons available
allows the formation of at least one satellite galaxy as bright as or brighter than the
LMC.

The probability of a bright galaxy to fulfill the isolation criteria adopted here
provides valuable insights to the statistics of fossil groups (FGs hereafter). FGs are
X—ray bright galaxy groups with an integrated optical luminosity dominated almost
totally by the central massive elliptical galaxy and where the magnitude gap between
the first and second brightest galaxies is at least two (Jones et al. 2003) . Although we
do not have estimate of the X—ray emission of our host systems, the currently adopted
limit on the magnitude gap of fossil groups (2 magnitudes) makes our isolated galaxies
very comparable to them. Several authors have argued that FGs are the result of an
early group formation time, followed by a quiet dynamical evolution after z ~ 1 in
a relatively low density environment (see for instance D’Onghia et al. 2005). Also
highly anisotropic galaxy orbits are expected to favor FGs formation (Sommer—Larsen
2006). The fraction of groups that are fossil—type is an intriguing issue that is still
uncertain today. It may depend on group mass, but for comparable mass ranges
(10" —10""M,) observations suggests that between 10—20% of groups are FG (Jones
et al. 2003), while numerical simulations suggests a higher fraction ~ 33% (D’Onghia
et al. 2005). Contrary to this, based on analytical estimations Milosavljevic et al. (2006)
uses the extended Press Schechter Formulation (plus some modifications) assuming
that the luminosity of galaxies correlate with the mass in which they reside to derive
the probability of halos to host a fossil—group like system. Their analysis shows clearly
how this probability changes with halo mass, obtaining that in the 10’3 —10"*M,,
range ~ 10 — 20% of groups are fossil type in good agreement with observations. For
the low mass groups it can raise up to ~ 50 — 60% whereas the fraction of fossil type
systems in the cluster-sized halos (masses larger than 10'*M,) is significantly lower
(< 6%).

Given the similarities between FGs and our satellite systems, we can compare these
fractions with the probability on the Millennium simulation of finding a halo that
contain an isolated red galaxy. We have used the mass function computed by Springel
et al. 2005 to calculate the total number of halos of a given mass, comparing this
with the number of isolated galaxies per mass interval in our sample. We show in
table 2 the fraction of fossil—like systems in the total sample of isolated galaxies (ftot)
as well as splitting them according to their colors as defined in figure 1. In order
to compare with previous estimation of the fossil—groups statistics, we use the last
column of table 2 referring only to the red isolated galaxies. We obtain that ~ 9.7% and
~ 7.5 of halos in the mass ranges: 10'3 —10'* M, and 10'* — 10" M, respectively
can be classified as a fossil—like system, in good agreement with observational and
theoretical estimates (Jones et al. 2003, Milosavljevic et al. 2006). In the mass range
10'2 —10"3M, we obtain ~ 35% as possible fossil—group candidates, a lower value
than that derived by Milosavljevic et al. (2006), although in these low mass systems the
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Mass (M) ftot (%) Toru (%) fint (%)  frea ()
101 —10'2 24.7 1.6 21.2 1.9

1012 —10'3 72.1 0.6 37.0 34.5
1013 —10'4 10.1 0.1 0.3 9.7

10'% —10'° 8.3 0.2 0.6 7.5

Table 2. Fraction of halos per mass interval in the Millennium Run simulation hosting an
isolated galaxy. Three last columns show the percentages once applied the color cuts
defined in figure 1. The total number of halos as a function of mass has been derived
from Springel et al. 2005.

contribution from intermediate color galaxies is important and could help to explain
the differences between our estimation and the ~ 50 — 60% expected from analytical
studies.

2.4.2 Satellite radial distribution

Figure 3 shows the number density profile of satellites (p(x)) obtained by stacking
all systems after re—scaling satellite—host relative distances (x=r/1200). Error bars
correspond to 20 bootstrap re—samplings, but due to the large number statistics they
are smaller than the line width. We fit an NFW profile to this curve obtaining the
best value for the concentration parameter ¢ = 5.6 + 0.4, shown as a red dashed line
in the figure. Moreover, we find this c value to be nearly independent of host mass
and luminosity. A relevant question is to what extent satellites trace the underlying
dark matter mass distribution. As it is well known, the concentration of dark matter
halos varies with mass, ranging between ~5 to ~20 from cluster—sized to galactic
halos. In a recent work, Fausti-Neto et al. (in prep) find that Millennium Run dark
matter halos follow the relation log(c) = 1.97 — 0.077log(M,i»(Mg/h)~1)?, with a
dispersion o(log(c)) = 0.148. We use this formula to estimate the average dark matter
concentration expected for our host sample, i.e, from the actual M¢ of each host halo
and using these relations we draw at random a concentration, and obtain the mean
dark matter concentration by averaging over all systems. We find a mean concentration
of ¢ = 8.4 (see red dotted line in figure 3), where we have accounted for the difference
between c,i; and co0 considering vyir =~ 1.3r200. We notice from figure 3 that the
average distribution of satellites closely resembles that of the dark matter for distances
T > 0.21200, Whereas inside in the omission of the central galaxy together with a
difficult identification of object closer to the primary determine a satellite number
density profile slighter shallower than the dark matter in the host halos. The half

2 the virial radius, 1y, of a system is defined as the radius of a sphere of mean density, Ayi;(z) times the
critical density for closure. This definition defines implicitly the virial mass, My, as that enclosed within
Tyvir, and the virial velocity, Vi, as the circular velocity measured at ry;,. The virial density contrast,
Avir(2) is given by Ay (z) = 18n2 + 82f(z) — 39f(z)?, where f(z) = [Qo (1 +2)3/(Qo(1+2)3 + Qp))] — 1
and Qo = Qcpm + OQpar (Bryan & Norman 1998).
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Figure 3. 3D radial distribution of satellites up to 2r2¢¢. Errors are based on 20 bootstrap, but
they are smaller than line width. Dashed line shows an NFW profile with best—fit ¢
value of 5.6 (£0.4). We estimate the dark matter particles profile in the host halos
using the M,,;; — c relation of Fausti—Neto et al. (in prep) finding c ~ 8.4 (see red
dotted line). Also quoted in this figure are the number density profiles of satellites
that conserve their dark matter substructure (W—SUB satellites, short dashed blue
curve) and those that have lost all their dark matter component (N—SUB satellites,
long dashed—green line). Vertical arrows show the half mass radii of each sample
with the corresponding line and color coding.

mass radii of both distributions are quite similar (see dotted and solid arrows in
figure 3): half of the total sample of satellites is contained within r ~ 0.44r;¢0, in close
agreement with the r ~ 0.4r,0¢ that encloses the 50% of the mass of an NFW halo of
concentration ¢ = 8.4. This reinforces the important role of satellites as tracers of the
underlying dark matter distribution in their host halos, specially at large distances,
where no other luminous tracers exist.

Galaxies that orbit within systems of larger mass experience several forces that tend
to disrupt them, for instance, dynamical friction, tidal stripping, galaxy harassment,
evaporation, etc. These effects modify the mass content of galaxies, specially the dark
matter and gas components, which are generally less gravitationally bound than
stars. In this scenario, a satellite may lose most of its dark matter (sub)halo, but still
survive complete disruption due to their central core of stars. The semi—analytical
code implemented on the Millennium catalog accounts for this fact by classifying
satellite galaxies as type 1 or type 2, depending on whether they retain their dark
matter subhalo or have completely lost it, respectively (see Section 2.3). For simplicity,
we will refer in what follows as W—SUB satellites to type 1 (with subhalo) satellites
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while N—SUB will be used to indicate (no subhalo) type 2 satellites. For N—SUB
satellites, their positions and velocities are determined by those of the most bound
dark matter particle before subhalo disruption (see Croton et al. 2006 for further
details). We explore the radial distribution of satellites with and without subhalos,
finding very different profiles (see figure 3). Satellites that retain their subhalo (blue
short—dashed line) are located well outside the central regions of their host halos,
contributing significantly to the total satellite profile p only for distances greater
than ~ 0.71200. On the other hand, satellites without dark matter subhalos (green
long—dashed line) fully build—up the general profile up to ~ 0.5r209 from where
their contribution to p starts to decline. This difference is also reflected in the radius
enclosing half of the objects in each subsample: 0.71 and 0.34 for satellites with and
without dark matter substructure respectively. We observe that subhalos (W—SUB
satellites), due to a combination of both simulation resolution and the previously
mentioned satellite mass content variation, become a very biased tracer population
of the dark matter profile of hosts. The satellite distribution following a NFW profile
arises only as the result of adding up the contribution from dark matter stripped
satellites, which are preferentially located in the central regions of host halos.

This segregation between W—SUB and N—SUB satellites has relatively low interest
from the observational point of view. Nevertheless, some correlations between the
dark matter content and the luminous properties of satellites are likely to be present,
making our prediction possible to test in observational samples. We have explored
the color distribution of satellites, finding that those with the stripped subhalo are on
average redder than those who still retain their dark matter. This can be understood
in terms of gas mass content, expected to be more significant for late accretion times
and large orbital pericenters. Notice that both conditions are satisfied for satellites
located in the outer regions of host halos, precisely the region which we have found
to be largely dominated by W—SUB satellites. Figure 4 shows the number density
profiles obtained by considering one—third of the bluest (reddest) satellites of the
sample (color cuts correspond to: (g — 1) < 0.95 and (g —r) > 1.01). From this figure
it is clear that satellites with redder colors are more centrally concentrated than the
bluer ones, where the radius that contains half the number of satellites within 1,99
of both subsamples is: 0.321200 and 0.71100 respectively. This trend seems to apply
to our own Galaxy, where the population of dwarf galaxies closer to the Milky Way
is dominated by red dwarf spheroidals while in the outskirts dwarf irregulars (with
important gas mass content and younger stellar populations) are more common.
The improvements in the number statistics of satellite systems observed in external
galaxies should allow in the near future a detailed study of satellite distribution that
confirm (or reject) this theoretical prediction.

On galaxy cluster scales, luminosity segregation of member objects is an important
issue still under debate. Prior works have argued in favor of (Yepes et al. 1991,
Kashikawa et al. 1998, Girardi et al. 2003, Pracy et al. 2004, Mathews et al. 2004,
Coenda et al. 2006) and against of (Bahcall et al. 1973, Pracy et al. 2005) a trend where
galaxies near the cluster centers are brighter than those in the outskirts. Although our
halos may not be considered as clusters, the comparison of both systems of galaxies
would be equally fruitful if we keep in mind possible differences in masses and
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Figure 4. Number density profiles according to satellite colors. We split satellites within
T < T200 into three roughly equal-number (~ 84000) subsamples of increasing
color indexes. Here we show the profiles corresponding to the 33% bluest (reddest)
objects in solid blue (dashed red) curve. Color cuts correspond to (g — 1) < 0.95 and
(g —71) > 1.01. Both subsample number densities has been normalized to the total
density of satellites at 1 = 1200. For comparison we also show in dotted line the
profile obtained including all satellites (figure 3). Red satellites are more centrally
concentrated with a radius enclosing half of satellites within 1,00 equal to ~ 0.32r2¢0,
significantly smaller than the v ~ 0.7112¢
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environments involved. We have therefore computed the average relative luminosity
of satellites, (L5%t/L"°sY) as a function of x = 1/1200. We analyze this relation in
different bins of host luminosity, consequently we divide the host sample into faint,
intermediate and bright subsample hosts (log(L/Ls) < 10.3, 10.3 < log(L/Lg) < 10.6
and log(L/Ly) > 10.6, respectively). Here we must be careful in order to make a
fair comparison between these subsamples, since due to the absolute magnitude
limit of the satellites (M9t < —17), we are able to detect fewer satellites in low
luminosity primaries. Therefore, we have considered different AM = M$at — MItost
intervals: 2 < AM < X, with X=3.5, 4.5 and 5.5, where only the hosts brighter
than MI*°st = 17 — X are taken into account in order to obtain unbiased results.
We display these curves in figure 5, where cyan, blue and red lines correspond to
increasingly bright hosts. We can clearly see by inspection to this figure that satellites
closer to the host galaxy tend to be brighter than those located further, although this
luminosity segregation becomes evident only when a wide range in AM is considered
(AM > 2.5). We also notice from this figure that this trend does not depend on
host luminosity, once the previously mentioned restrictions to satellite—host relative
magnitudes are taken into account. The obtained luminosity segregation of satellites
could be possibly explained as a consequence of differential orbital decay induced
by dynamical friction. The more massive objects are expected to sink quicker into the
central regions of host halos, so that the most luminous satellites, which are likely to
be the most massive at the time of first infall onto the host, are the most affected by
dynamical friction. A careful de—contamination of background galaxies together with
a large magnitude range and a large statistical sample of analyzed systems are likely
to be required in order to confirm these results from observational data.

2.4.3 Satellite Velocities

As explained in Section 2.3.2, the host galaxy sample includes a small fraction (less
than ~ 1%) of primaries that are of non—central type (i.e., they are orbiting within
the potential of some larger mass system of galaxies). We exclude in this subsection
satellites associated with non—central hosts, since their kinematics respond not only
to the host galaxy potential, but also to the potential well of the whole galaxy system
where they are orbiting. We shall thereafter consider only satellites associated to
central hosts.

Satellite velocity dispersions

We show the satellite radial velocities, V, as a function of distance in figure 6. Both
velocities and distances have been normalized to host virial values Vo0 and r390.
The solid line indicates the median of the distribution as a function of x = /1300,
while dashed curves indicate the 25% and 75% percentiles. As expected, satellites
in the central regions exhibit a large radial velocity dispersion, o, which tends to
decline from center outwards. For distances larger than 100, there exists an excess
of satellites with negative V; likely to be objects in their first—infall onto their hosts,
which confirms the presence of a strong satellite infall onto host halos on scales
T > 1.51200. We show the distribution of radial velocities for different distance ranges
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Figure 5. Mean satellite luminosity (in units of L"*°%t) as a function of radius. We have taken
satellites in different relative—magnitude ranges (see labels on top of lines). In each

range (2 < AM < XX), only hosts brighter than —17 — XX have been considered.

This means that in XX = 4.5 there exist no hosts with L < 10.3 (cyan line) and in
XX = 5.5 only hosts with L > 10.6 (Mr < —22.1) are considered.

in figure 7. We have fit Gaussian profiles to the distribution of satellite radial velocities
which are shown as dashed lines. The distributions show that satellite velocities are
well approximated by a single Gaussian only for distances smaller than the virial
radius of the host (upper panels). On the contrary, at larger separations (x > 1) it is
required a second Gaussian to suitably reproduce the infalling satellite population
shown in figure 6. This was performed by adding up a zero—mean Gaussian function
with dispersion oy plus a second one with negative mean and dispersion o_. The
mean values are shown as vertical dotted lines in figure 7 and the dispersions, oo
and o_, are quoted in all panels. Table 3 also contains the skewness and kurtosis of
both distributions in each distance range. As may be seen in figure 7, satellite radial
velocity distributions change from wide Gaussian functions in the inner host halo
regions to strongly peaked distributions, as the relative importance of satellite infall
velocities increases in the external regions. Interestingly, dark matter particles in halos
show a very similar velocity behavior (Wojtak et al. 2005).

The presence of this cold population on the external regions of hosts may be related
to the existence and possible detection of caustics on dark matter halos. The spherically
infall model for the collapse of objects in a universe dominated by collisionless particles
(Gunn & Gott 1972, Gott 1975, Gunn 1977, Bertschinger 1985) predicts the existence
of two well defined regimes, an internal region with a large velocity dispersion, and
the external one limited by the turn around radius, characterized by a cold infall
of particles. The transition between these two states are determined by very high
density boundaries, the caustics. While numerical simulations need to achieve very
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Figure 6. V. / V0 as function of /7,00 for Millennium satellites. Solid curve shows the median
of the distribution, while dashed lines correspond to 25% and 75% percentiles as
function of radius.
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high spatial and mass resolutions in order to detect these caustics, in observations
it can be done through a variety of methods, including overdensities of baryonic
matter placed at caustic positions, bumps in galactic rotation curves, an enhanced in
the WIMP annihilation signal and also through distortions on gravitational lensing
patterns (Natarajan & Sikivie 2005, Mohayaee et al. 2006a and references therein).
Unfortunately, projection effects, asymmetries and peculiar velocities make these
caustic evidences very difficult to detect. Nevertheless, there still exist some evidence
of these caustics coming from observational data. For instance, Mahdavi et al. 2005
using the Canada—France—Hawaii and Keck I telescopes were able to obtain clear
evidence of the two distinct velocity dispersion regimes in a group of galaxies. The
detection of caustics in numerical simulations has been unsuccessful, due in part for
the lack of the numerical resolution needed (Moore 2001, Mohayaee & Shandarin 2006)
. Our analysis might shed some light on this regard, since it reveals that cold infall
of satellites is a very common feature in the external regions of dark matter halos
of isolated primaries, with velocity dispersions ranging from ~ 20% to ~ 40% of the
infall velocities. However, if satellite velocities does not significantly differ from dark
matter particle velocities, we notice that the coldness of the infalling matter may not
be as high as required (less than 10%, see Moore 2001) in order to make the caustic
density enhancements appreciable in dark matter halos.

A full characterization of satellite velocities requires also the analysis of the two
remaining spherical components of Vs9t;, Vg and Vp. In what follows and in order
to simplify the interpretation, we rotate all systems so that the host halo angular
momentum lies along the z—coordinate axis and define the azimuthal spherical angle
¢ to increase in the same sense as the host rotation. In figure 8 we show Vy (top) and
Vy (bottom) distributions for the same distance bins as in figure 7. Inspired by the
radial component analysis, we have divided satellites into two Gaussian subsamples,
zero—mean velocity (hereafter ZMV) and infalling (hereafter INF) satellites. More
precisely, we consider for each satellite its V; component and compute the probability
of being a member of either, the ZMV or the INF Gaussian subsamples resulting from
the fits of figure 7. Once more, we compare with Gaussian functions the obtained Vjy
and V, distributions of both satellite subsamples, finding the best—fitting parameters
Vp, 0g and Vg, 0 respectively. The mean values are shown as vertical dashed lines
and the dispersions are quoted in all panels. Skewness and kurtosis are listed in table
3 Notice that for r < 100 a double—Gaussian fit to the V, distribution is not required,
so that all satellites are considered to belong to the ZMV subsample. In the upper
panel of figure 8 we can see that the 6 component of satellite velocities is roughly
well approximated by Gaussian functions centered on Vg ~ 0 over almost all distance
ranges, although for r < 1209 the velocity distribution is slightly more peaked than a
Gaussian function of the same dispersion.

We repeat this analysis also for Vy;, (see bottom panel of figure 8). In this case we
observe that, contrary to previously studied velocity components, V¢, has a highly
skewed distribution, showing a clear preference for satellites to co—rotate with the host
halo. This is supported also by the positive (non—zero) mean values of the distributions
in all distance ranges (see table 3). It is of interest to explore which satellite population
is mainly driving this behavior in V. By comparing ZMV (solid) and INF (dashed)
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Figure 7. Radial velocity distribution in different distance bins. Only satellites belonging to
central hosts have been considered. Upper left labels indicate the x range considered,
where x = 1/1200. In dashed line we show a double—Gaussian fit to the distributions
(for x > 1, within the virial radius only 1 Gaussian function is needed). For x > 1, we
proceeded as follows: we fit a zero—mean Gaussian, subtract it and then fit another
Gaussian to the remainder. Mean values are shown as dotted vertical lines, while
dispersion values of both Gaussian are quoted in each panel.
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subsamples we can see that those satellites included in the zero—mean velocity
subsample have the more skewed distribution, with skewness values almost twice
larger than the infalling population, an effect present out to 2.51200. On the other hand,
infalling satellites are characterized by more symmetrical distributions, with lower
velocity dispersions than the ZMV population in the external halo regions (x > 1.5).
Notice that this also occurs in the 6 component (top panel of the same figure). We can
explain this as a simple consequence of the selection procedure, since by construction
infalling satellites are a colder population compared than the ZMV subsample (with
velocity dispersions up to ~2.5 times lower), and therefore, we should expect this
behavior not only on V; but also in the other two spherical components 0 and ¢.

The anisotropy parameter of satellite orbits

The comparison of the three components of satellite velocity dispersions as a function
of radius allows us to characterize their orbits by means of the anisotropy parameter
B (Binney & Tremaine 1987). 3 is defined as B =1 — 02/(202), where oy = O'é + O'é,
indicating for  ~ 1 a predominance of the radial component over the other two, i.e.
the case for very eccentric orbits, while for isotropic orbits we expect 3 ~ 0. Figure 9
shows oy, 0g and o, profiles (upper panel), and the resulting anisotropy parameter
as a function of radius (bottom). As in density profile case, host—satellites systems
have been stacked after a re—scaling of position and velocities to host virial values,
in order to obtain the average V; g ¢ behaviors. The three spherical components of
satellite velocity dispersion decline substantially from the center outwards by typically
a factor o~ 1.5 — 2. at the host virial radius. Within this region, the radial dispersion
is significantly larger than og and oy, indicating a positive anisotropy parameter
3. However, this is not longer true for distances larger than 1,90, where the three
components of the satellite velocity dispersion start to be comparable, and then, {3
approach o at v ~ 212¢0.

The behavior of 3 in the bottom panel of figure 9 is quite different from that reported
in previous work (see Wojtak et al. 2005, Diemand et al. 2004 and 2005, Faltenbacher
& Mathews 2006), who find both dark matter particles and also subhalos to have an
anisotropy parameter profile that increases with radius. Contrary to this, our satellite
sample shows that (3 reaches a maximum at r ~ 0.31200 and declines beyond this
radius approaching 3 ~ 0 at the virial radius. The explanation for this drop in 3 may
come from the mixing of satellites with dark matter subhalos (W—SUB) and those with
no attached subhalos (N—SUB). We have explored the three spherical components
of the velocity dispersion of these two satellite populations separately finding: a)
or0,4 are larger for W—SUB than for N—SUB satellites in approximately ~ 20%
for the radial component and ~ 50% in both angular coordinates, and b) that both
anisotropy profiles are approximately constant in the external regions, although for
all radii satellites without subhalo have higher 3 values than satellites with bounded
substructure ( ~ 0.5 and ~ 0.13 at v = 1,00 respectively, see bottom panel of figure 9).
As the relative fraction of satellites with subhalos increases with distance (see figure
3), the total B profile is completely dominated in the inner regions by the anisotropy
parameter of satellites with no dark matter subhalo, and changes to the typical 3
values of W—SUB satellites for r > 0.5, resulting in the declining anisotropy profile
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Figure 8. Vg and V, distributions dividing the satellite sample into infalling (long—dashed
lines) and ’‘zero—mean velocity’ (solid lines) subsamples according to the
double—Gaussian function fit in the radial velocity distributions (figure 7). No-
tice that for satellites within 1,59 we cannot define two Gaussian functions and
then we include all satellites in the ‘'main Gaussian’ subsample. Gaussian func-
tions have been fit to these distributions (dotted curves), mean values are shown in
short—dashed lines while sigma values are quoted in each panel.
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COMPONENT X =T/T200 MEAN o SKEWNESS KURTOSIS
Vi 0.0-0.5 -0.01 (-) 0.96 (-) 0.02 (-) -0.67 (-)
0.5-1.0 -0.07 (-) 0.70 (-) 0.00 (-) -0.52 (-)

1.0-1.5 0 (-0.84) 0.47 (0.25) 0.00 (0.16)  0.79 (1.14)

1.5-2.0 0.01 (-0.72) 0.40 (0.17) -0.11 (-0.11) 3.16 (0.41)

2.0-2.5 -0.01 (-0.56) 0.38 (0.16) 0.01 (-0.13)  4.56 (0.36)

2.5-3.0 -0.03 (-0.41) 0.42 (0.15) -0.10 (-0.01) 3.56 (0.19)
Vo 0.0-0.5 0.00 (-) 0.45 (-) 0.00 (-) 0.98 (-)
0.5-1.0 0.00 (-) 0.39 (-) 0.01 (-) 0.77 (-)

1.0-1.5 0.00 (0.00)  0.46 (0.45) -0.01 (0.09) 0.66 (0.91)

1.5-2.0 0.00 (0.00)  0.49 (0.40) -0.04 (0.04) 1.42 (1.44)

2.0-2.5 0.00 (-0.01)  0.51 (0.36) -0.12 (-0.06) 2.37 (3.10)

2.5-3.0 0.00 (0.00)  0.50 (0.33) 0.034 (0.14) 2.52(3.87)
Vo 0.0-0.5 0.20 (-) 0.55 (-) -0.02 (-) 0.48 (-)
0.5-1.0 0.25 (-) 0.50 (-) -0.26 (-) 0.40 (-)

1.0-1.5 0.22 (0.16)  0.49 (0.47) -0.42 (-0.28) 0.58 (0.52)

1.5-2.0 0.16 (0.11)  0.52 (0.42) -0.38 (-0.20) 0.94 (1.74)

2.0-2.5 0.10 (0.08)  0.54 (0.40) -0.29 (-0.16) 1.95 (2.75)

2.5-3.0 0.06 (0.05 0.54 (0.36) -0.09 (-0.15) 2.33 (3.41)

Table 3. Parameters of the Gaussian distribution fits to the satellite velocities (in its three
spherical components) up to r = 3r200. Middle lines divide from top to bottom
the radial (V;), polar (Vp) and azimuthal (V) components of V@t We show both
the values corresponding to the zero-mean velocity sample, ZMV, and between
parenthesis those that best reproduce the velocity distributions of the infalling satellite

population, INF.
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shown in figure 9. Nevertheless, we need to understand why satellites with no dark
matter particles lie on more radial orbits than those who still conserve their subhalo.
We could naturally expect stripped satellites orbiting far from the hosts to have highly
radial motions, since we need small pericenter distances for the tidal forces to be
effective at removing material from satellites. Therefore, the only possibility for a
satellite who has lost their dark matter content of having large apocenter distances is
to have very radial orbits, that push it from very small pericenters (where the stripping
occurs) to large separations from the host at apocenters. On the other hand, satellites
with bound dark matter particles must maintain themselves as far as possible from
the center of the host potential in order to retain their subhalo, and then, we expect
them to be moving on more circular orbits (lower (3 parameters). There is another
factor contributing to more isotropic velocities in the outskirts of halos, and is related
to the increasing presence of satellites in their first infall as one moves further from
the host galaxy. These recently accreted satellites are flowing into the hosts with the
intrinsic velocity of the surrounding field, which is typically ~ 50% of the host virial
velocity (see figure 9), and is characterized by no preferred direction. Due to their
isotropic velocity dispersions together with their relatively late accretion times and
large separations from the hosts, this satellite population on the first infall phase is
very likely to conserve their dark matter component, causing S—SUB satellites to lie
on quite circular orbits as found here.

Predictions from the Jeans formalism

The so far studied properties of the satellite galaxies allow us to predict the circular
velocity V. expected for the dark matter host halos through the well known Jeans
formalism (Binney & Tremaine 1987). In its spherical approximation, the Jeans equa-
tion relates the density (p(r)), the velocity anisotropy (3(r)) and the radial velocity
dispersion (o (1)) profiles of some observable tracer population to the circular velocity
of the dark matter halo that hosts it. More specifically, we have:

dinp = dino?

V2 — 2
o dlnr dinr

C

+2p) (2.1)

using p, B and o of satellites, in order to obtain a prediction for the typical circular
velocity of the host halos. We show in figure 10 all the quantities taking part of
equation 2.1. In order to obtain a less noisy first derivative for velocity dispersion, we
have used an analytical function of the form: o, = 0o + (x/Xx0)exp(—(x/x0)%) with
best—fitting parameters xo = 0.068, « = 3/4 and oo = 0.6 km/s. We see from this
figure that the proposed fit (magenta dotted line) suitably reproduces the behavior of
the satellite radial velocity dispersion at all radii, and also all terms of equation 2.1
are reasonably smooth functions.

In CDM models, the dark matter in halos follows a NFW—like density profile inside
the virial radius (Navarro, Frenk & White 1997). This matter distribution implies a very
well defined circular velocity profile for the dark matter particles that we can compare
to the circular velocity obtained using satellites as tracers in the Jeans equation (eq.
2.1). Figure 11 shows this, where solid line corresponds to Jeans predictions, while



2.4 CHARACTERIZATION OF THE SATELLITE POPULATION 35

a(V/Vago)

)

2
g,
20

B=(1-

r/rzoo

Figure 9. Mean spherical components of velocity dispersion as a function of radius up to 2
times 1200. It is computed by stacking all satellites associated to central hosts. Errors
are included, but they are smaller than line width. Lower panel shows in solid line
the anisotropy parameter defined as: $ =1— 0¢2/20+2, where 02 = 0(23 + O'é of the
total sample. Filled triangles and open circles indicate the 3 profile corresponding to
satellites with and without dark matter subhalo respectively.
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Figure 10. Quantities that take part in the Jeans’s equation. Magenta dotted line shows the
fit to o, of the form: o = 0g + (x/xp)exp(—(x/x0)%). Best—{fitting parameters are:
xo = 0.068, x = 3/4 and oy = 0.6 km/s.

magenta dotted curves show the circular velocity profile associated to NFW halos
of concentrations ¢ = 5.6,7 and 8.4 (accordingly to the previously studied satellite
number density profile and the Moo — ¢ relation found in Millennium halos, see 3.2).
This figure indicates that the Jeans formalism applied to satellite kinematics predicts
a circular velocity profile that rises in the inner regions, reaches a maximum V">
at r ~ 0.3r200 and steadily declines beyond this to 65 —70% of VI*** at v ~ r200. This
behavior is broadly consistent with the circular velocity profile expected for an NFW
halo and the location of the maximum suggests a concentration of ¢ ~ 7, in reasonable
agreement with the ¢ ~ 8.4 expected for the dark matter particles in the host halos.

Satellite velocity dispersions and the L—o relation of hosts

What is the typical velocity dispersion of satellites orbiting around hosts of a given
luminosity?. In figure 12 we show in panel a) (black solid curve) the average o3 of
all satellites within 1200 for different bins of the host galaxy luminosity. As we can
see, both quantities are not related through a simple power law but instead the slope
changes at approximately log(L/Ls) ~ 10.8 (dotted lines indicate two power—laws
L « 023 in order to guide the eye). For hosts fainter than this luminosity we find
L « 02? with velocity dispersions below 200 km/s, whereas for bright hosts the
relation is shallower, showing L oc o'-!. We argue that this break in the L — o relation
is due to the increasing relevance of satellite luminosities on the total luminosity
(Lsvstem) of each system as we move towards brighter hosts. The total luminosity of

3 During this subsection we refer to 0 meaning the 1D velocity dispersion of satellites, o1p. It is computed
as o5 = 1/3(02 + GlzJ + 02) by stacking all considered satellites after re—scaling their positions and
velocities to 1200 and vyop respectively.
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Figure 11. Circular velocity profile obtained from the Jeans equation. For comparison we also
show the V. profiles expected for NFW halos of concentrations ¢ = 5.6, 7 and 8.4.

a bound system is computed by summing up the contribution of all galaxy members
within the virial radius, and we expect this LSYSt¢™ to be strongly related with the
system total mass M, i,, and through this, also with their velocity dispersions since
M,ir  03. In our sample, the fraction of LYst¢™ that corresponds to the host galaxy
luminosity ranges from 99% to 40% as we increase host luminosity. Consequently, for
bright hosts their luminosity is more weakly related to the system velocity dispersion
than for faint ones (where L"°! dominate the total luminosity), resulting in the
flattening of the L — o relation seen in figure 12. As an additional test for this, we
have computed the L — o relation for those systems where the primary luminosity
represents more than 70%, 85% and 95% of the total luminosity L$¥$**™ and show
them in panels b), c¢) and d) of figure 12 respectively. As it can be seen the L — ¢
relation becomes progressively steeper as we consider only primary galaxies that
dominate the total luminosity of each system; i.e., we have L ~ o? if all systems are
included (panel a)) whereas L « o3 (in agreement with theoretical expectations) is
found when restricting to hosts with L0t > 0.9L5V$ (panel d)). This suggests that
for the brightest primaries (L't > 101031 ) we are switching from single galactic
halos (o0 < 200 km/s) to the regime of group and cluster sized halos characterized
by higher velocity dispersions. This findings support the observational results from
the recent work of Eke et al. 2006. These authors study the relation between the
velocity dispersion and luminosity of the brightest member of galaxy groups from the
2PIGG catalog and a mock sample, comparing this with the expected galaxy rotation
velocity inferred from the well known Tully Fisher relation. They conclude that for
low luminous hosts these two velocities differ by less than 20%, while for bright hosts
the rotational speed may represent only 10% of the typical circular velocity speed of
halos hosting brightest galaxies of the same luminosity. This stresses the poor relation
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between the brightest galaxy and the halo mass at the bright end of the halo mass
function.

The interpretation of the L — o relation is complicated further for the large spread in
the L — M relation analyzed in Section 3.1. We have found that applying color cuts to
the isolated galaxies sample we are actually constraining the mass of the halo in which
galaxies live. We therefore expect the satellite velocity dispersions of red, intermediate
and blue hosts to be different as a consequence of this. We show in a)-d) panels of
figure 12 the L — o relation for the previously defined color host subsamples using
blue short dashed ((g —r) < 0.65), green long dashed (0.65 < (g — 1) < 0.95) and
red dot—dashed lines ((g — 1) > 0.95). The three sequences split in the L — o plane as
expected, with increasingly higher velocity dispersions associated to the redder hosts.
The differences are quite appreciable, with satellites of blue hosts moving typically
with half of the speed of satellites associated to red hosts of the same luminosity. This
difference could be even larger in the case of brighter hosts, where the inclusion of
group and cluster sized halos starts to dominate the statistics. An interesting feature
seen in figure 12 is the single power—law relation that follow the hosts included
in the blue subsample in each panel, that stands out over all the luminosity range.
This clearly differ from the other two sequences, who show the break in the L — o
relation we have found when all hosts were taken into account. We notice that velocity
dispersions of blue hosts are always below ~ 200 km/s, the transition value from
galactic to group—sized halos we find for the full host sample, and therefore a change
in the slope for them is not very likely to occur. This suggests that blue hosts tend
to live typically in low mass galactic—sized halos with o between 100—200 km/s and
surrounded only by faint satellites (since the no—break behavior here implies that
L"ost is very close to the total luminosity of the system). For intermediate color hosts,
the satellite contribution to LSY$t¢™ js unimportant for hosts fainter than 6x1 0! Lo,
and beyond this we start to include in our sample group—like systems rather than
single primary galaxies with their satellites orbiting around them. For the reddest host
subsample this threshold moves to 4x10'°L, reflecting the tendency of early—type
red—color galaxies to always lie on massive multiple galaxy systems.

We repeated this analysis of satellite velocity dispersions but now as a function
of host stellar masses instead of luminosities, also splitting the sample according to
host color indexes. Results are displayed in figure 13 and lines and color coding is
used as in figure 12. We obtain as before no consistence with a single power—law,
finding a break point towards o ~ 200 km/s. However, unless the L — o case, now
all host color sequences (red, intermediate and blue) do indeed show a change of
slope in the M — 0. We study the M — Mg relation of hosts and find that the
mass in stars of a given galaxy is a better estimator of the virial mass of the halo
than their luminosities, in the sense that it shows significant less scatter than the
L — Moo plot of figure 1. As a consequence of this, the shift in velocity dispersion
between primaries of different color basically disappears when stellar masses are
considered instead of r-band luminosities. Using, whenever possible, stellar mass
estimates rather than luminosity in order to bin galaxies is likely to give more robust
results in observational studies. The change of slope for ¢ ~ 200 km/s seen in figure
13 is also here a consequence of plotting the host stellar masses instead of the whole
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(black solid line). We need two power—laws in order to reproduce this curve (see
dotted line), with slopes L o 0%? and L  o'*! for low and high luminosity ranges
respectively. This break may be associated to a transition between single galaxy
halos and group—Ilike halos (see text below). Error bars are bootstrap re—sampling
of the data. We also show the luminosity—satellite velocity dispersion of hosts when

they are split in three subsamples according to the color cuts applied in Section 3.1.
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Figure 13. Same as figure 12 but using the stellar mass of the hosts instead of their luminosities.

system stellar mass. When satellite contributions are included into szﬂf tem we find

a single power—law behavior of the form Mg, 025, with a less pronounced shift
on the satellite velocity dispersion between different host color subsamples than in
the L — o relation shown in figure 12.

2.4.4 Satellite Orbits and Alignments

In this Section we analyze how satellite orbits and angular positions are related to
the orientation of the host halo angular momentum. The angular momentum in dark
matter halos is determined by tidal torques from the infalling material (Peebles 1969,
Barnes & Efstathiou 1987) and the cumulative acquisition of angular momentum
from satellite accretion (Vitvitska et al. 2002). Recent numerical simulations have
found that ~ 60% of satellites are orbiting in a pro—grade sense compared to the
angular momentum of their host halo (Azzaro et al. 2006, Warnick & Knebe 2006).
Our previous analysis of Section 2.4.3 revealed that satellite orbits are not randomly
oriented, as shown by the slightly skewed distribution of the ¢ component of satellite
velocities (see lower panel of figure 8). We explore further the orientation of satellite
orbits in figure 14. We define as « the angle subtended by the orbital rotation axis of
satellites, L$9¢, and the host halo spin, J"°st. A measure of the correlation between
satellite orbit orientation and the host angular momentum vector is provided by:
cos(a) = Lsab Jhost/(jLsat([jhost|). Satellites orbiting pro—grade have cos(a) > 0
while negative values indicate an anti—alignment between the satellite orbit and
Jhost, The different panels in figure 14 show cos(«) distributions for several bins of
satellite separations up to 1.5 times 1200. We also distinguish between satellites who
have lost (shaded magenta histograms) or retained (black curves) their dark matter
subhalos (subsamples N—SUB and W—SUB respectively) in order to test if different
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Figure 14. Distributions of satellite orbit orientations for different ranges of satellite distances.

« is the angle formed by the satellite orbital angular momentum, L$%{, and the host

halo particles angular momentum, J"°st. Black solid lines and magenta shaded
histograms show satellites with and without subhalos (W—SUB and N—SUB)
respectively. We see the clear trend of satellites to move on orbits co—rotating with
Jost up to distances ~ 1.5R ;.

orbit orientations may significant favor the stripping of the dark matter component
on the N—SUB satellite subsample. This figure shows a clear tendency of satellites
to move in pro—grade sense (positive cos(«) values) following the host halo particle
rotation. No significant difference is found for magenta and black-shaded histograms
showing that the trend is almost independent of the satellite dark matter content. The
average fractions of satellites with positive cos(«) values are ~ 72% and ~ 65% for
satellites with and without dark matter subhalo respectively. This effect is somewhat
stronger than that previously reported by Azzaro et al. (2006) and Warnick & Knebe
(2006) of ~ 60%. Notice that this preference for co—rotating orbits is only weakly
dependent on satellite distances to the host up to 1.513¢0, in agreement with the
Warnick & Knebe (2006) findings. This highlights the important role of the large scale
tidal fields in the determination of the host angular momentum.

Galaxies and subhalos in numerical simulations show anisotropies in their distri-
bution within host halos, with an excess of satellites preferentially aligned with the
major axis of their hosts (Knebe et al. 2004, Zentner et al. 2005, Wang et al. 2005,
Libeskind et al. 2005). Evidence for a preferential satellite alignment with the disk of
their central galaxies has also been found in large observational samples of satellite
galaxies selected from the 2dFGRS and SDSS (Brainerd 2005, Agustsson & Brainerd
2006, Yang et al. 2006 and references therein). Since we expect a certain degree of
correlation between the halo angular momentum and their minor axes (Faltenbacher
et al. 2005, Wang et al. 2005), these observational results are in good agreement with
numerical simulations once we assume no misalignment between the baryonic and
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dark matter angular momentum. This bias towards disk—alignments of satellites in
spiral galaxies, constitutes a curious contradiction with what we find in our own
galaxy and also in our closest neighbor, M31. The Milky Way has their satellite system
in a disk—like structure arranged perpendicular to the disk (Libeskind et al. 2005). Also,
the Andromeda Galaxy seems to show an anisotropic distribution of satellites with
its long—axis approximately at ~ 60° of the M31 disk direction (Koch & Grebel 2006).
Besides particular cases, anisotropies in satellite distributions can be understood in
terms of the existence of preferred directions for satellite accretion, mostly related to
the direction of filaments that fed the host halos. Here we explore possible correlations
between satellite positions and J"°st by stacking several systems according to the host
galaxy luminosity. We show this in figure 15, where we compute the distributions of
the 0 (spherical) component of satellite positions in a system oriented with J™°st in
the z—axis. A fully isotropic distribution of satellites around J"°$t corresponds in this
figure to a horizontal line. Hence, the over—abundance of satellites with low values
of [cos(0)| seen in figure 15 indicates a tendency of satellites to reside preferentially
in the direction perpendicular to the host angular momentum, in agreement with
previous numerical results and disk—alignment trends found in observations. This
effect is present for all host luminosities, although the anisotropy seems to be larger
in the faintest bin (log(L/Ly) < 10.3, blue thick curve). Nevertheless, this dependence
on the primary luminosity might not be real but instead a consequence of the lower
number of particles used to define Jhost The host angular momentum direction is
determined by counting all dark matter particles within the virial radius of a given
halo. This set of particles also includes those associated with satellites, since substruc-
ture has not been removed when computing J"°st. In the case of low mass (faint)
hosts, massive satellites could represent a significant fraction of the host particles,
biasing the determination of J"°st towards a direction perpendicular to their orbital
plane. This would cause an artificial increase of the number of satellites with low
lcos(0)| values. To disentangle this, we study the distribution of |cos(0)| considering
different subsamples: only bright satellites (with Ms%t < MM0st 4 3.5) intermediate
(Msat < Mhost 4 45) and including also faint satellites (M$¢t < MTost 4 55) The
results are shown as thick solid, dashed and thin solid lines in figure 15. We obtain a
larger anisotropy signal when only bright satellites are considered, partially support-
ing our hypothesis about the impact of satellite particles in the J*°st determinations.
Due to the simulation resolution, low mass (and likely faint) hosts have only relatively
bright satellites (M2t < M"°st 4 3.5), so they are more strongly affected by this bias.
Based on this we argue that satellite galaxies are preferentially located near the plane
perpendicular to the host angular momentum, but further analysis is required in order
to confirm (or rule out) any trend of this alignment with the luminosity and mass of
the host halos.

2.5 Conclusions from this Chapter

The main conclusions from our study of satellite galaxies in the Millennium Run can
be summarized as follows:
e Using the selection criteria described in Section 2, the probability for a galaxy
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Figure 15. Distribution of |cos(8)|, where 0 is the polar angle of each satellite in a system
oriented with the host angular momentum in the z—axis direction. Satellites are
separated according to their host luminosity as in figure 5. We show in different

line types the result for satellites within limiting magnitude ranges: 2 < AM < XX,

where XX = 3.5 (thick solid line), 4.5 (dashed line) and 5.5 (thin solid line). As done
in figure 5, we consider only hosts brighter than —17 — XX in order to deal with
comparable samples. An isotropic distribution of satellites around hosts corresponds
to a horizontal line here, and therefore, the excess of satellites towards zero means
a tendency of satellite spatial distribution to be anti—aligned with the host angular

momentum.
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of being isolated is about ~ 20%, quite independent of its luminosity. On the other
hand, the probability that these isolated galaxies host at least one satellite brighter
than M, < —17 within their virial radius substantially depends on their luminosity,
ranging from 38% (for faint isolated galaxies with M, > —21) up to 92% for the
brightest (M, < —23).

o Isolated galaxies of comparable luminosity tend to live in less massive dark matter
halos if they do not host any satellite than compared to the case when they do (singles
or hosts respectively). Also color indices may differ between these two populations
since hosts sample show in comparison a larger fraction of red galaxies than those
primaries without satellites.

e Satellite galaxies are radially distributed consistently with an NFW profile of
concentration ~ 5.6. This is somewhat shallower than the average expectation for the
dark matter particles in Millennium Run halos (of about ~ 8.4). However, satellite
galaxies are still reasonable good tracers of the underlying dark matter distribution
for distances larger than ~ 0.2r;00. We find no dependence of the number density
profile of satellites on host luminosities, which is in good agreement with previous
observational studies based on SDSS data (Chen et al. 2006).

o Satellites suffer strong stripping of their dark matter content while orbiting around
the central potentials, specially those located close to their hosts. This implies differ-
ences on the radial distribution of all satellite galaxies compared to the distribution of
the dark matter subhalos.

e We find that satellite galaxies are distributed differently according to their color
indices and luminosities. In the central regions of hosts, satellites tend to be redder
than in the outskirts, probably as a combination of earlier accretion times and a
stronger and more efficient stripping of their gas. Therefore the radial distribution
of red satellites is appreciably steeper in the inner regions than the flat distribution
associated with the blue satellite population, which in turn dominates the total profile
for r > 0.77r200 - Not only a color but also a luminosity segregation has been found,
with satellites in the inner regions being on average brighter than in the external
ones, in agreement with some observational studies. However, this radial segregation
appears only if a large range of satellite relative magnitudes is resolved.

o The radial component of satellite velocity dispersions have a Gaussian distribution
within 1700, with a radial dispersion that decreases from the center outwards from
or ~ V200 at 0.11200 to typically 0.55V>0¢ at the virial radius. Outside this region a
clear infall pattern is present, with satellites falling into host halos with average values
oy ~ 0.25—0.15 times the virial velocity of their hosts. The satellite V, distribution
is thus well described by a double—Gaussian function for regions outside 120¢. The
angular components of satellite velocities, Vg and V,, are also consistent with Gaussian
distributions, although the ¢ component shows some skewness due to the preference
of satellites to co—rotate.

o Satellite orbits are radially anisotropic, with a maximum 3 ~ 0.5. For v > 0.41;00
the inclusion of satellites recently accreted tends to lower this value reducing the
radial bias of their orbits. This can be used in combination with the Jeans equation to
explore the consistency of the satellite circular velocities with the expected for CDM
dark matter halos. The Jeans formalism predicts a raising inner circular velocity profile
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that decreases beyond r ~ 0.41r,¢0, in agreement with the behavior of NFW-like density
profiles for the underlying dark matter distribution. The location of the maximum
suggests a concentration of ¢ ~ 7, in reasonable agreement with the ¢ ~ 8.4 expected on
average for the host halos. The circular velocity inferred using the satellite population
as tracers in the Jeans equation is lower than theoretical expectations for distances
larger than ~ 0.412¢0. This may be attributed to the lack of virial equilibrium that
stands on the external regions of halos.

e The L't — 5 relation shows a double power law—behavior: LMst o 622 for o <
200 km/s, and for larger o values we find a break in the relation that become shallower
(Lhost o ¢!1). This is likely to be caused by the increasing importance of satellite
contribution to the total luminosity of the system. This break then can be understood
as a transition region between single galactic sized halos to multiple populated
group—like halos. When only host galaxies that dominates the total luminosity of the
system are taken into account, we find Lhost 5 53 in agreement with the scaling laws
expected for halos in the CDM cosmology.

e The velocity dispersion of satellites also reflects the large spread in the M — L
relation of primaries. On average, satellites associated to blue hosts have o < 200
km /s whereas for the reddest hosts, satellite’s velocities almost double this value.
When the Mg, — o relation is analyzed, the difference between blue, intermediate
and red galaxies tends to disappear as a consequence of the strong correlation that
links Mgy to M,i» in halos.

o Satellites are preferentially moving in a pro—grade sense respect to the host angu-
lar momentum, with a percentage of ~ 65 — 70% of satellites in co—rotating orbits. This
effect does not depend on satellite distances up to 1.512¢0, emphasizing the important
role of satellite galaxy accretions on the acquisition of the host angular momentum.
Satellite spatial distribution is also correlated with the host angular momentum, show-
ing a mild preference of satellites to be located in the plane perpendicular to the
angular momentum of the host, probably aligned with the long axis of the dark matter
host halo. This finding is in agreement with previous observational and numerical
results.
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AN IMPROVED SATELLITE
IDENTIFICATION METHOD IN
GALAXY CATALOGS

3.1 Abstract

We describe a new method for the identification of satellite galaxies in large—scale
observational catalogs. It defines adaptively a projected search radius A, to look for
candidate satellites around bright isolated hosts. A; is automatically adjusted to the
virial mass of the host halo, estimated using the luminosity and color of the primary
galaxy. We use a relation of the form log(M200/Mg) = Alog(L/Ly) + B (where A
and B are a function of the color of the primary) in order to assign virial masses to
candidate isolated host halos. We apply this method in first place to a mock galaxy
catalog of the Millennium Run and find a significant reduction in the number of
interlopers misclassified as satellites when compared with a fixed A, identification
algorithm. The decontamination is more substantial for the faintest hosts, where the
expected fraction of interlopers decreases from ~ 80% to ~ 21% of the sample. The
completeness level in samples is also improved by up to 30% in the most luminous
host galaxies. We apply this algorithm to study the projected radial distribution of
satellites around bright hosts. For the mock catalog we find a suitable power law
fit over x = Ry, /1200 of the form X(x) ox x* with « = —1.5£0.1, in good agreement
with the value o = —1.6 & 0.1 obtained by projecting the three—dimensional NFW
distribution of satellites found in the previous Chapter. The algorithm, when applied
to the SDSS DR4 sample, gives results consistent with these findings (« = —1.4 +0.2)
for distances Ry, > 0.3r200, where observational effects such as fiber—fiber collisions
are negligible. We also explore the number density profiles of the reddest and the
bluest satellites, finding a pronounced segregation of the former towards the central
regions of the host halo. This closely resembles a similar effect found for satellites in
the 3D analysis of the Millennium Run simulation, although we expect that real signal
may have been strongly degraded due to projection effects. Both tests highlight the
good performance of the proposed algorithm to avoid contamination by interlopers
reconciling projected and three—dimensional results.

3.2 Introduction

Although the assignment of satellites to a host halo is a simple task in numerical
simulations, it is far from straightforward in real data. In simulations we only need to
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check whether the distance of the (candidate)—satellite to its (candidate)—host places
it within or beyond the virial radius of the main halo. On the other hand, two serious
obstacles are found in observations: i) we do not have information about the spatial
extension of the host halo (namely its virial radius), and ii) we measure projected
distances and velocities, an issue that sometimes can conspire to make objects look
either closer or further from the host than they actually are. We propose a new method
that builds on the first of these items, providing an estimation of the mass of the halo
where an isolated galaxy settles that is only based on its observational properties. The
cornerstone of the algorithm is the well—-defined relation between color, luminosity
and virial masses of galaxies we explored using the Millennium Run simulation and
presented in the previous Chapter (see figure 1).

It is common in the literature to search for satellites within a circular region
centered on each primary candidate using a fixed projected radius for all potential
hosts (Zaritski et al. 1993, 1997; McKay et al. 2002; Brainerd & Specian 2003; Prada
et al. 2003, Brainerd et al 2004a,b,2005; Sales & Lambas 2005; van den Bosch et al.
2005a,b, Agustsson & Brainerd 2006, Chen et al. 2006) As shown in figure 1, the
virial mass of primary galaxies can vary significantly as a function of L, and then,
a single Ag value would produce an under(over)—estimation of the virial radius
in low (high) mass systems. The consequence of this is satellite samples highly
contaminated by interlopers * for the low mass primaries, whereas for the high mass
case satellite samples are likely to be incomplete. In this regard, an interesting and
useful implementation of the M—L—color relation found for primary galaxies in
the Millennium simulation is used here to improve satellite—search algorithms in
observational catalogs. More precisely, by taking into account both, luminosity and
color index of primaries, we are able to determine more accurately the primary galaxy
mass, and therefore a more appropriate search radius in each host. We point out
that the implementation of this method in an observational survey is straightforward
and also computationally inexpensive compared to more rigorous alternative satellite
identification algorithms (see for instance van den Bosch et al. 2004, Chen et al. 2006).

We describe in Section § 3.3 the projected data samples we use (Sloan and the mock
catalog). We first apply our selection algorithm to the mock catalog and compare its
performance to fixed A, methods. In Section § 3.5 we identify satellites from the Sloan
survey and study their spatial distribution around isolated hosts. We summarize our
results in Section § 3.6.

3.3 2D Galaxy Data Samples: The Sloan Survey and the Mock Catalog
Construction

Statistical studies of galaxy properties can now be made thanks to the availability of
large photometric and redshift surveys. Among them, the most recent and ambitious
projects are the 2—degree Field Galaxy Redshift Sample > (2dFGRS, Colless et al. 2003)
and the Sloan Sky Digital Survey 3 (York et al. 2000, Strauss et al. 2002). We use the

1 not physically bound pair of galaxies
2 http:/ /www.mso.anu.edu.au/2dFGRS/
3 http://cas.sdss.org/drq/en/
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data release 4 (DR4, Adelman—McCarty et al. 2005) to select and analyze a sample of
hosts and their satellite galaxies as a practical example on the implementation of our
algorithm. In its spectroscopic version, the SDSS DR4 covers an area of 4784 deg? on
the sky and provides positions, Petrosian magnitudes u,g,1,1,z, concentrations, spectral
indices and accurate redshifts (average error ~ 30 km/s) for approximately 480000
galaxies. The spectroscopic targets are objects brighter than m, = 17.77, have r—band
half light surface brightness pso < 24.5 mag arcsec? and the redshifts of these peak
at around z ~ 0.1.

According to this, we construct a 2D mock catalog from the 3D information of the
Millennium Run simulation described in the previous Chapter, aimed to reproduce
the DR4 main characteristics. The procedure involves projecting the data from the
simulated box in a random direction assigning to each object a pair of spherical
angular coordinates analogous of the («, d) (equatorial) or (1,b) (galactic) used for
real objects on the sky. The area of coverage has been fixed to 4783 deg? according to
the DR4 spectroscopic sample. Line—of—sight velocities depends on both the velocity
and the distance to the object and is computed as Vi,s = Vi + VH, where V; is the
projection of the real velocity into the line of sight and Vy; = rHy is the Hubble
flow at the 3D distance r. Redshifts are then obtained from z = Vi,5/c with c the
speed of light*. Apparent magnitude assignment needs some extra caution since
the semi—analytical code has evolved all galaxies up to z = 0 whereas now they
span a non—zero volume in redshift space. We therefore apply K—correction and
evolution to the absolute magnitudes in order to refer galaxies to their position in
the mock z—space. The final apparent magnitudes in the x—band (x = u, g, 1,1, z, the
5 Petrosian magnitude bands provided by Sloan data) are then computed as: m, =
My + DM(z) — K« (z) —5log(h) — e, where My is the absolute x—band magnitude,
DM(z) is the distance modulus, e = 1.6(z) is the correction for evolution (we apply
the same correction to all bands) and we use the algorithm correct.v4 1 4 (Blanton et
al. 2003) to estimate the K—corrections Ky in each magnitude—band. As a final step,
we select the catalog of galaxies by applying the r—band magnitude cut used in the
DR4: m, < 17.77 that assures completeness in observation up to ~ 90% level.

3.4 Description of the new satellite finding algorithm
3.4.1 Algorithm scheme

We outline a method to select satellites in observational samples aimed at reducing
the fraction of interloper contamination included by previously used algorithms. We
make use of the relation between the color, luminosities and masses of isolated hosts
explored in Chapter 2 (see figure 1). Based on a simple tabulation of this relation,
we assign virial masses to possible host halo candidates. From the virial mass of a
given system we can directly infer its virial radius by T%oo = Moo/ (4/31)Ap., where
A is the mean overdensity of mass enclosed within the virial radius expressed in

4 We adopt Hy = 73 km/s Mpc~! and ¢ = 3 x10° km/s throughout this Chapter
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units of the critical density of the universe®. It is clear that an estimation of Mo
for isolated galaxies can therefore be translated into the (projected) area we need to
identify satellites around these isolated hosts.

3.4.2 Quick recipe for satellite finding
The selection of host and satellite galaxies involves the following steps:

* Identification of bright isolated galaxies. This is required in order to maximize
the chance of primary galaxies assigned as central objects in a given dark
mater host halo. This means we look for galaxies whose gravitational potential
dominates the local dynamics and we consequently avoid bright galaxies that
are members themselves of a larger system like a galaxy group or cluster. For the
present work we will consider as isolated all galaxies brighter than M, = —19.5
(r—band absolute magnitude) and whose neighbors within a projected distance
of 1Mpc and velocity difference smaller than 700 km/s are at least two (r—band)
magnitudes fainter than the targeted isolated candidate. We refer to this sample
as ISO.

e Search for satellites around isolated primaries with a fixed radius and velocity criteria.
This step, although not strictly required, considerably improves the estimations
of Mo achieved for host galaxies. As highlighted in Chapter 2, isolated galaxies
without satellites tend to reside in lower mass dark matter halos when compared
to galaxies of similar luminosity and color that do have associated satellites.
Since the algorithm is optimized for the latter case, this auxiliary step enables a
a rough characterization of the host population, getting rid of the largest fraction
of isolated primaries from sample ISO. Based on the color distribution of these
tentative host galaxies (sample HSTFIX) we select the color cuts that (inspired
by the analysis performed on the 3D data) define the 5% bluest and the 35%
reddst host sequences. Notice by chosing Ag = 500 kpc and Ay = 500 km/s we
will generate as a sub product also a sample of satellites (SATFIX) composed
by all galaxies within a projected (fixed) distance of 500 kpc and with velocity
differences lower than 500 km/s from any isolated galaxy in sample ISO. We
will use these satellites to establish further comparisons with the counterparts
identified once the full adaptive method is applied.

* Derivation of Ag and Ay . Once the sequences in the M—L—color space are defined,
we assign a virial mass Mg to each isolated primary in sample ISO establishing
for each one an adaptive searching radius Agr = 1200 and a maximum velocity
for candidate satellites AV = Vs (Ry, ), where Vg (R) is the local escape velocity
at r = R, for an NFW halo of mass M oo.

e Search for satellites around isolated primaries with adaptive radius and velocity criteria.
In the last step we look for satellite galaxies associated to galaxies in sample ISO

5 we use here A = 200 following the convention adopted in the previous chapter; therefore M,,;; = M09
and Tyi; = 1200 for sake of simplicity
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log(MEOﬂ/M@)

Figure 16. Mass—Luminosity relation of host galaxies in the HSTFIX sample. Solid points,
crosses and triangles indicate the blue, intermediate and red color subsamples
defined to estimate 15¢g.

defined to be at least A, = 2 (r—band) magnitudes fainter than the candidate
host, within a projected distance R < Ag and with a relative line—of—sight
velocity difference between them lower than Ay. These are the final samples
of hosts and satellite galaxies and will be referred as HSTADP and SATADP
respectively.

We notice that the adaptively definition of Ag and of Ay both introduce changes in
the SATFIX sample building the SATADP sample. However, a quick analysis shows
that the largest suppression of interlopers are introduced by restringing the satellite
projected distances and not by their relative velocities. As discussed in van den
Bosch et al. 2004 interlopers do not have a homogeneous distribution of velocities,
but instead they have preferentially low velocities. Therefore, applying cuts only to
AV (and keeping fixed Ag = 500 kpc) is not as effective as restricting the projected
distance of satellites according to the virial radius of their hosts.

3.4.3 Application to the mock & algorithm performance

We start by testing our adaptive satellite finding method by applying it to the mock

galaxy catalog constructed from the Millennium simulation as explained in Section 3.3.

We identified ~ 67000 isolated galaxies out of which only about ~ 1% (696) have at
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COLOR SUBSAMPLE A B o
Blue 0.74+0.16 4.28+1.64 0.07log(L/Ls) — 0.64
Intermediate 126 £0.04 —0.69+041 0.02log(L/Lg)—0.1
Red 1464007 —2.224+0.68 0.07log(L/Le) — 0.47

Table 4. Coefficients for the assignment of virial masses to isolated galaxies:
log(M2oo/Meh™ 1) = alog(L/Lg) + b. Last column lists the dispersion introduced
to this mean relation computed as a function of the luminosity.

SAMPLE NAME MOCK DR4
isolated glxs ISO 67643 59909
hosts A, fix HSTFIX 696 955
sats A, fix SATFIX 997 1199
hosts A, adap HSTADP 448 638
sats A, adap SATADP 723 865

Table 5. Number of galaxies in each subsample for the Mock catalog and the DR4 survey.

least 1 satellite when applied the fixed A, and Ay criteria for satellite finding (see table
5). From the color distribution of these HSTFIX galaxies we derive (g —1) = 0.35,0.83
as the limiting color indices that divide blue, intermediate and red host galaxies. The
Mass—Luminosity relation of each color subsample defines a sequence in the M—L
plane as shown in figure 16, that can be roughly reproduced by a linear relation
of the form: log(Mo0) = Alog(L) + B plus a Gaussian function that regulates the
dispersion of the points around this mean trend. Table 4 summarizes the A and
B coefficients found in each color subsample together with the expression used to
reproduce the dispersion o of points as a function of luminosity (we use the 3D
sample in o estimating in order to mitigate the noise introduced by the low number
statistics in the projected host sample). We allocate M, for each isolated galaxy
in sample ISO by means of a and b coefficients according to the galaxy color index
and generate a dispersion from this mean value using a Gaussian distribution with
o(L/Lg). We finally proceed to the last step by searching for satellite galaxies with
projected distances R, < Ar = 1200 and limiting their relative velocities to be lower
than the local escape velocity of the host halo®. This gives us the HSTADP and
SATADP samples of host and satellite galaxies that contains 448 and 723 objects each
(see tables).

The performance of this satellite finding method can be evaluated by inspection

NFW concentrations here have been estimated for each primary using log(c) = 1.97 —
0.7710g(M2g0/(Meh™1)) and o(log(c)) = 0.149 as explained in Chapter 2
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Figure 17. Upper: true vs estimated virial radius of host galaxies in the HSTFIX sample. The
latter is derived using log(Mz00) = Alog(L) + B with A and B tabulated according
to galaxy color and listed in table 4. Middle: Interloper fraction in bins of host
luminosities computed for galaxies in the HSTFIX (magenta dashed lines) and
HSTADP (black solid curve) samples. Bottom: completeness of the satellite samples
found selecting with the fixed (magenta dashed) and the adaptive (black solid)
searching radius criteria.
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of figure 17. In the upper panel we compare the true vs estimated values of 1200
inferred for hosts in the HSTADP sample using the M—L relations tabulated before.
Points lie mostly clustered around ~ 1, suggesting that the estimations of galaxy
masses from their luminosity and colors are quite reliable. However, the relation also
shows a non—negligible scatter with some galaxies (less than 1%) having their radius
over or sub estimated by a factor of ~ 2. These outliers are largely dominated by
hosts assigned to the red sequence for which the spread on the M—L plane is poorly
constrained compared to the blue or intermediate color companions. Besides those
cases where we naturally expect a considerable scatter, the large bulk of galaxies (80%)
have a guessing for their r,90 with an accuracy better than 25%.

The systematic underestimation of r,¢ for galaxies more luminous than log(L/Lg) >
10.7 inherits the weaker dependence of the dark matter mass on the luminosity of
the host when we move towards the high mass end of the halo mass function. As
discussed in Chapter 2, this is only a reflection of the increasing contribution of
satellites to the total luminosity of the galaxy system that produce the break around
log(L/Ls) ~ 10.8 in the o—L relation shown in figure 1 of previous Chapter. We do not
find this effect to be highly relevant in our samples since massive halos are likely to be
populated by more than one bright galaxy not fulfilling our isolation criteria; actually,
a very low percentage (lower than ~ 1%) of the host primaries have luminosities
exceeding 101°7Ly (M, < —22.3).

Middle and bottom panels of figure 17 show the good performance of our new
satellite identification method. We find that by selecting satellites in this way we
sharply reduce the contamination due to interlopers to less than 20% of the sample
regardeless the host luminosity”. This is among the lowest levels of contaminations
reached by previous identification methods in the literature (see for instance van den
Bosch et al. 2004). The largest improvement is for the faintest host galaxies, where
a fixed search radius results in around 80% of interlopers. For these hosts, we now
estimate a factor 4 reduction in spurious satellites. As we consider higher luminosity
hosts the number of interlopers picked up by either the fixed and adaptive A, methods
match each other. However, also for these galaxies varying A, with luminosity and
colors of primaries translates into benefits since the completeness of the sample
increases ~ 50% by allowing distant satellites with R, > 500 kpc to enter the sample.

3.5 Application to the SDSS & the radial distribution of satellite galaxies

In this last Section we applied the adaptive criteria to search for satellites around iso-
lated hosts in the SDSS DR4 data (York et al. 2000, Strauss et al 2002, Adelman—McCarty
et al. 2005). We use this sample to compare the number density profile expected in
projection and its relation to the three—dimensional distribution of satellites analyzed
in Chapter 2.

We follow the procedure outlined in Section 3.4.2 using all galaxies from the Sloan
catalog up to redshift z = 0.1. The A and B coefficients were taken from table 5 to

Here we consider as an interloper to all galaxy identified as a satellite in projection but with a
three—dimensional distance to the host larger than the real virial radius of the main halo
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Figure 18. Comparison of magnitude, color, redshifts and estimated virial radius for isolated
galaxies (ISOADP) in the mock catalog (magenta dashed line) and the DR4 (black
solid—shaded histogram) sample.

assign virial masses to the ~ 59000 isolated primaries identified. Figure 18 compares
the main properties of these galaxies to their counterparts selected from the mock
catalog described in Section 3.4. Luminosities, colors and redshifts distributions seem
to be in reasonable agreement in both samples although there is a tendency of galaxies
in the Sloan sample to be shifted towards higher luminosities. This translates into 1200
estimations shifted to slightly larger values than their distribution obtained from the
mock galaxies. Color cuts applied to hosts in the Sloan survey are (g — 1) = 0.37,0.81
also consistent with those defined for the mock catalog. The final number of hosts and
satellites in samples HSTADP and SATADP are 638 and 865 respectively and are listed
in table 5. As found in the last Section using galaxies in the mock catalog, the fraction
of isolated galaxies with positive identification of satellites is considerably low (less
than ~ 1.1%). For most of them (78%) we detect only 1 satellite within their assigned
Tvir and the fraction decreases for larger number of satellites per hosts; only about
~ 3% of galaxies in HSTADP sample host 4 or more satellites. The distribution of the
number of satellites per hosts in shown in figure 19 and it is found to be in excellent
agreement with the mock sample.

We use samples HSTADP and SATADP selected from the mock and DR4 survey
to characterize the radial distribution of satellite galaxies around their hosts. The
preliminary analysis carried out on the 3D data from the Millennium Run simulation
in Chapter 2 suggests that satellites are good tracers of the dark matter distribution of
host halos if we restrict to look at distances beyond r > 0.2ri,. This is in agreement
with other previous works based on numerical simulations that mainly deal with
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Figure 19. Number of satellites per hosts in the DR4 (black solid) and mock (magenta dashed
curve) samples. Error bars indicate Poisson errors and numbers at each side of
points the total (not normalized) number of hosts per bin.
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Figure 20. Projected number density distribution of satellites in the mock sample (thick
magenta dashed line) compared to that obtained by projection of the 3D distribution
of satellites analyzed in the previous Chapter (green dot—dashed line). Both curves
are consistent with a power—law X(x) o x* of slope o ~ —1.5,—1.6. We also
superimpose the data from the Sloan sample, shown in black dots. There is a
reasonable agreement for R, > 0.312¢0. Error bars correspond to 100 bootstrap
re—sampling of the data. The expected contribution of interlopers when selecting
satellites with the fixed Ay criteria is also shown in thin magenta dashed line (see
text for further details).
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Figure 21. Red dashed and blue solid curves show the density profiles of the one—third reddest
and the one—third bluest satellites in the Sloan sample. Dotted lines indicate the
best—fit power law slopes obtained: o;eq = —1.6 £0.1 and apiye = —1.21+0.1 for
red and blue satellite samples respectively. This reflects the spatial segregation of
satellites expected from the 3D analysis in the previous Chapter, although the signal
has been erased by projection effects. The mock sample also shows comparable
slopes: &req = —1.6 0.1 and opye = —1.3£0.1.
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dark matter subhalos and also galaxies associated to multiple systems like groups
and clusters (Ghigna et al. 2002, Diemand et al. 2004, Nagai & Kravtsov 2005, Maccio
et al. 2005, Weinberg et al. 2006). On the other hand, the projected radial distribution
of satellite galaxies in observational samples is still far from being well constrained
(e.g. van den Bosch et al. 2005, Sales et al. 2005, Chen et al. 2006). The main reason for
discrepancies between independent studies may come from the way of accounting for
interloper contamination. Therefore, our samples of satellite galaxies offer a suitable
chance of disentangle this issue owing to the low fraction (< 20%) of interloper
contamination expected.

Figure 20 compares the (averaged) projected number density profile of satellites
Z(x) in the mock catalog to the profile obtained from the projection of the 3D satellite
sample analyzed in Chapter 2 (see figure 3). X is computed by counting the number
of objects in circular annuli of projected distances R, > 0.2r;¢0, dividing by the
corresponding area and then normalizing to the total number of hosts in the sample.
We notice that 0.2r,¢¢ translates onto ~ 25 kpc in the lowest mass hosts, and then,
the central regions of halos likely to hold the central primary galaxy are correctly
avoided in the plot. Error bars were computed with 100 bootstrap re—sampling of
the data. We find in Chapter 2 that satellites are distributed in the three—dimensional
space following an NFW profile of concentration ¢ ~ 5.6. We project randomly each of
these systems considering only satellites within r = 1500, stack them (after rescaling
distances to 1200) and take the average among all primaries. The resulting profile is
close to a power law L oc x* with slope & = —1.56 £ 0.02 which is in good agreement
with the value « = —1.5 £ 0.1 found for the mock sample. The likeness of both curves
in figure 20 is a direct test of the ability of the satellite selection method to reflect in
projected data the real three—dimensional distribution of satellites without biasing it
with interloper contamination.

Interlopers are expected to flatten the distribution of real satellites, as shown by the
thin dashed line in figure 20. This curve shows the projected profile of those objects
identified as satellites by the fixed Ar — Ay method, but that have been excluded from
the sample SATADP when selecting with adaptive Ag and Ay . The effective removal
of this subsample of objects allows proper match between the 2D distributions of
satellites and the 3D space counterparts.

Figure 20 also shows the number density profile of satellites in the Sloan sample
(black dots). We can see that this observational sample is also in agreement with
both the mock and the 3D—projected data, although only at distances larger than
Rp > 0.31200. For the inner regions, there is an artificial flattening of X that is likely
due to the fiber—fiber collision not taken into account when constructing the mock
catalog. In the SDSS sample, there is a restriction in the targeted objects since the fiber
centers can not be placed closer than 55" on a given plate. This limitation produces the
missing—pair problem, i.e. one of the pair components can not be observed. Strauss
et al. 2002 quantified that about ~ 6% of galaxies are lost to fiber—fiber collisions. At
redshift z ~ 0.6, this restriction translate to ~ 65 kpc, or equivalently to 0.321,¢0 for a
typical 1200 = 200 kpc in our host sample accounting for the apparent flattening of the
number density profiles of satellites in the Sloan catalog. As this may be affecting our
results, we excluded the two innermost points in figure 20 when estimating the slope
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of the satellite distribution in this sample. We find &« = —1.4 £0.2, a profile slightly
shallower than (but consistent to) the distributions derived from the mock and the 3D
projected data.

In a previous work, Chen et al 2006 derive o« = —1.7 = 0.1 for the projected radial
distribution of satellites in the Sloan Survey. These authors compared several interloper
rejection methods concluding that their “nearby points” procedure performs best. After
the removal of the interloper contribution to the real profile, and based on empirical
tests performed with numerical simulations, these authors apply an extra shift to « by
adding A, = —0.1. Our power law distribution for satellites in the Sloan catalog is in
(marginal) agreement with Chen et al work. However, we notice the link between both
results is not straightforward and must be considered with caution. Whereas Chen et
al compute the best—fit « over physical radial units (kpc), we rescale each satellite to
the estimated host 1200 value. This may introduce significant changes to the derived
shape because the host luminosity interval considered in Chen et al (M, = [-22,—20])
span a wide range of masses (and therefore of r500) in our method, and therefore,
the inclusion of a normalization to each satellite could have non—negligible effects.
Nevertheless and taken at face value, these results are encouraging since they show a
reasonable agreement for the projected distribution of satellite galaxies that were both
obtained by two independent methods.

Red satellite galaxies are shown to be more centrally clustered than blue ones
in the three—dimensional analysis of Chapter 2. We analyzed the projected spatial
segregation of satellites according to their colors with our 2D samples, as previously
done for 3D data. Figure 21 shows the projected density profiles computed from the
1/3 reddest (red short—dashed) and the 1/3 bluest (solid lines) satellite fractions in the
DR4 sample. Power laws fit to each curve are also quoted in these panels. We obtain
Aplue = —1.2+0.1 and &req = —1.6 0.1 for blue and red satellites respectively. The
same analysis performed in the mock data shows opiye = —1.3£0.1 and xreq =
—1.6 £ 0.1 in good agreement with the Sloan values. Profiles in both samples therefore
predicts an over—abundance of red satellites of a factor ~ 1.5 at R, ~ 0.3r200. This
is comparably weaker than the difference in the spatial distribution of red and blue
satellites found in the three—dimensional analysis, where the over—abundance of red
satellites at v = 0.3120¢ is a factor ~ 4 (see figure 4). This points out that some degree
of segregation according to satellite colors is still conserved even in 2 dimensional
data, although projection effects may induce a significant degradation of the signal.

We should not forget to mention the possible model—dependence of these results
on the specific semi—analytical treatment applied to satellites. Galaxies that enter
the virial radius of a larger system suffer significant modifications to their intrinsic
properties like stellar and dark matter mass contents, colors, concentrations, etc,
mainly due to a combination of the dynamical friction, tidal forces, strangulation and
ram pressure stripping. All these effects are accounted for in different ways in each
semi—analytical model, although it is most of the time only a crude attempt to mimic
the real physics (still not well-known) that operates in such scales and dynamics.
In the particular case of the Croton et al. (2006) code it has been found that satellite
galaxies tend to be redder than satellites in comparable systems of real catalogs.
However, although the relative fraction of red and blue satellites in our samples might
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therefore be affected by this, we indeed compare the 3D data to the mock catalog
generated under the same semi—analytical prescriptions. This is then a fair comparison
that get rid of the dependence in the satellite modelling and suggests that the smaller
segregation we found between blue and red satellites in 2D data (compared to that
present in the 3D space) is a real effect caused only by the information lost when
projecting the positions and velocities of satellites. This reinforces the idea that the
differences in the radial distribution of blue and red satellites might be stronger in the
three—dimensional space than that found here in projection for the SDSS data.

3.6 Conclusions from this Chapter

In this Chapter we have developed a new method for the identification of satellite
galaxies in observational catalogs that adaptively defines a search area to look for
candidate satellites that depends upon the expected mass for the host halo. We use the
Mass—Luminosity relations found in the previous Chapter taking also into account
the color indices of galaxies. Using a mock galaxy catalog we constructed from the
Millennium Run simulation, we calibrate a relation of the form: log(Mjp0/M¢g) =
Alog(L/Ls) + B, where A and B vary for blue, intermediate or red color hosts. We
finally apply the algorithm to identify satellite galaxies in the SDSS DR4 catalog and
analyze their projected radial distribution around isolated hosts. Our main results can
be summarized as follows:

¢ We can recover virial radii of hosts based on their color and luminosities to
an accuracy better than 25% for the large (80%) majority of isolated primary
galaxies.

¢ The inclusion of interlopers in the sample is limited to less than ~ 20% regardless
of the host luminosity. This is among the lowest levels of contamination reached
by previous identification methods in the literature. Also the completeness level
performs better by up to 30% for the brightest hosts although for these galaxies
the inclusion of interlopers is higher than in the fixed Ag method. This is a
consequence of the larger search area for satellites, which allows the inclusion of
a higher fraction of spurious pairs. Nevertheless, the number of isolated primary
galaxies in the last luminosity bin is small (~ 6%) so we do not expect our results
to be strongly affected by them.

¢ We study the projected radial distribution of satellites in the mock and the Sloan
catalogs. We fit power law relations to these profiles (X(Ry,) o< RY) finding & =
—1.5£0.1 for the mock sample. This is in agreement with the projection of the
NFW distribution of satellite galaxies found previously in the three—dimensional
analysis of Chapter 2. In the case of the Sloan sample, the slope is slightly
shallower (¢ = —1.4 £ 0.2) although consistent with those derived from the
Millennium data (3D and mock).

¢ Satellites in the Sloan sample show a spatial segregation that depends on their
colors: red satellites are preferentially found closer to the host than the blue
counterparts. This is reflected on the slope of their number density profiles:
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aplue = —1.2+0.1 and xeq = —1.6 £0.1 for the 1/3 bluest and reddest
satellite fractions respectively. This is in agreement with our analysis of the
radial distribution of red and blue satellites in three—dimensions performed in
Chapter 2. Nevertheless we find the signal present in the latter to be significantly
reduced due to projection effects in observational samples.

The semi—analytical modelling of galaxies has been shown to be able to reproduce
several global properties of real galaxies, distribution of colors, magnitudes, clustering,
etc. Nevertheless, the detailed analysis of galaxies in all scales is indispensable to fully
support a particular and specific modelling. The comparison between observations
and simulations demands suitable methods to select comparable samples from both
sources. We propose an identification algorithm of satellites based on the color and
luminosities of their host primaries aimed to reduce the inclusion of interlopers in
observational catalogs. A successful implementation of this or other similar—aimed
methods to improve the agreement between real and simulated data will provide
the fundamental proofs about how well our theoretical models provide a reliable
understanding of galaxy formation.
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SATELLITES OF SIMULATED
GALAXIES: SURVIVAL,
MERGING, AND THEIR
RELATION TO THE DARK AND
STELLAR HALOS

4.1 Abstract

We study the population of satellite galaxies formed in a suite of N—body/gasdynamical
simulations of galaxy formation in a ACDM universe. The simulations resolve the
~ 10 most luminous satellites around each host, and probe systems up to six or seven
magnitudes fainter than the primary. We find little spatial or kinematic bias between
the dark matter and the satellite population. The radius containing half of all satel-
lites is comparable to the half—mass radius of the dark matter component, and the
velocity dispersion of the satellites is a good indicator of the virial velocity of the halo;
Osat/ Vyir ~ 0.9 £0.2. Applied to the Local Group, this result suggests that the virial
velocity of M31 and the Milky Way might be substantially lower than the rotation
speed of their disk components; we find VMW ~ 109 + 22 km/s and V}l\ffl ~138+35
km/s, respectively, compared with VMW ~ 220 km/s and ngl ~ 260 km/s. Although
the uncertainties are large, it is intriguing that both estimates are significantly lower
than expected from recent semianalytic models, which predict only a small differ-
ence between Vi and V. The detailed kinematics of simulated satellites and dark
matter are also in good agreement: both components show a steadily decreasing
velocity dispersion profile and a mild radial anisotropy in their velocity distribution.
By contrast, the stellar halo of the simulated galaxies, which consists predominantly
of stellar debris from disrupted satellites, is kinematically and spatially distinct from
the population of surviving satellites. This is because the survival of a satellite as a
self—bound entity depends sensitively on mass and on time of accretion; surviving
satellites are significantly biased toward low—mass systems that have been recently
accreted by the galaxy. Our results support recent proposals for the origin of the
systematic differences between stars in the Galactic halo and in Galactic satellites:
the elusive “building blocks” of the Milky Way stellar halo were on average more
massive, and were accreted (and disrupted) earlier than the population of dwarfs that
has survived self—bound until the present.
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4.2 Introduction

The satellite companions of bright galaxies are exceptionally useful probes of the
process of galaxy formation. Studies of the dynamics of satellites around bright
galaxies, for example, have provided incontrovertible evidence for the ubiquitous
presence of massive dark halos surrounding luminous galaxies, a cornerstone of the
present galaxy formation paradigm.

Satellites may also be thought of as probes of the faint end of the luminosity function.
After all, satellite galaxies are, by definition, dwarf systems, thought to be themselves
surrounded by their own low—mass dark matter halos. These low—mass halos are
expected to be the sites where the astrophysical processes that regulate galaxy forma-
tion (i.e., feedback) operate at maximum efficiency. Thus, the internal structure, star
formation history, and chemical enrichment of satellites provide important constraints
on the process of galaxy formation in systems where theoretical models predict a
highly non—trivial relation between dark mass and luminosity (see, e.g., White & Rees
1978; Kauffmann et al. 1993; Cole et al. 1994; see as well Cole et al. 2000 and Benson et
al. 2002).

The anticipated highly non—linear mapping between dark matter and light at
the faint—end of the luminosity function is perhaps best appreciated in the satellite
population of the Local Group, where the relatively few known satellites stand
in contrast with the hundreds of “substructure” cold dark matter (CDM) halos of
comparable mass found in cosmological N—body simulations (Klypin et al. 1999;
Moore et al. 1999). One possible resolution to this “satellite crisis” invokes the energetic
feedback from stars plus the effects of reionization to reduce the star formation activity
in substructure halos. (see, e.g. Kauffmann et al. 1993; Bullock et al. 2000; Somerville
et al. 2001; Benson et al. 2002)

The price paid for reconciling cold dark matter substructure with the Local Group
satellite population is one of simplicity, as the “feedback” processes invoked involve
complex astrophysics that is not yet well understood nor constrained. It is not yet clear,
for example, whether the brighter satellites inhabit the more massive substructures, or
whether, in fact, there is even a monotonic relation between light and mass amongst
satellites. This issue is further complicated by the possibility that a substantial fraction
of a satellite’s mass may have been lost to tides. Tidal stripping is expected to affect
stars and dark matter differently, complicating further the detailed relation between
light and mass in substructure halos (Hayashi et al. 2003; Kravtsov et al. 2004, Strigari
et al. 2007a,b).

These uncertainties hinder as well the interpretation of satellites as relicts of the
hierarchical galaxy assembly process, and consensus has yet to emerge regarding the
severity of the biases that the various effects mentioned above may engender. Do the
spatial distribution of satellites follow the dark matter? Is the kinematics of the satellite
population substantially biased relative to the dark matter’s? Have satellites lost a
substantial fraction of their stars/dark matter to stripping? Are surviving satellites
fair tracers of the population of accreted dwarfs?

Of particular interest is whether satellites may be considered relicts of the “building
blocks” that coalesced to form the early Galaxy. Indeed, the stellar halo of the Milky
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Way is regarded, in hierarchical models, to consist of the overlap of the debris of many
accreted satellites which have now merged and mixed to form a kinematically hot,
monolithic stellar spheroid (Searle & Zinn 1978; Bullock & Johnston 2005; Abadi et al.
2006; Moore et al. 2006). A challenge to this view comes from detailed observation of
stellar abundance patterns in satellite galaxies in the vicinity of the Milky Way. At given
metallicity, the stellar halo (at least as sampled by stars in the solar neighbourhood) is
systematically more enriched in «—elements than stars in Galactic satellites (Fuhrmann
1998; Shetrone et al. 2001, 2003; Venn et al. 2004) , a result that remains true even when
attempting to match stars of various ages or metallicities (Unavane et al. 1996; Gilmore
& Wyse 1998; Pritzl et al. 2005). Can hierarchical models explain why satellites
identified today around the Milky Way differ from the ones that fused to form the
Galactic halo?

Preliminary clues to these questions have been provided by the semianalytic ap-
proach of Bullock, Johnston and collaborators (Bullock & Johnston 2005; Font et al.
2006a,b) , who argue that hierarchical models predict naturally well-defined distinc-
tions between the halo and satellite stellar populations. Detailed answers, however,
depend critically on which and when substructure halos are “lit up” and how they
evolve within “live” dark matter halos. These are perhaps best addressed with direct
numerical simulation that incorporates the proper cosmological context of accretion as
well as the gasdynamical effects of cooling and star formation in an evolving popula-
tion of dark matter halos. The study we present in this Chapter aims to address these
issues by analyzing the properties of the satellite population of L, galaxies simulated
in the ACDM scenario. We introduce briefly the simulations in § 4.3, analyze and
discuss them in § 5.3 and we conclude with a summary of the main results § 5.5.

4.3 The Numerical Simulations

Our suite of eight simulations of the formation of L, galaxies in the ACDM scenario is
the same discussed recently by Abadi, Navarro and Steinmetz (2006). The simulations
are similar to the one originally presented by Steinmetz & Navarro (2002), and have
been analyzed in detail in several recent papers, which the interested reader may wish
to consult for details on the numerical setup (Abadi et al. 2003a,b; Meza et al. 2003,
2005; Navarro et al. 2004).

Briefly, each simulation follows the evolution of a small region of the universe chosen
so as to encompass the mass of an L, galaxy system. This region is chosen from a large
periodic box and resimulated at higher resolution preserving the tidal fields from
the whole box. The simulation includes the gravitational effects of dark matter, gas
and stars, and follows the hydrodynamical evolution of the gaseous component using
the Smooth Particle Hydrodynamics (SPH) technique (Steinmetz 1996). We adopt
the following cosmological parameters for the ACDM scenario: Hy = 65 km/s/Mpc,
08 =0.9, Oa = 0.7, Qcpm = 0.255, Qp,ar = 0.045, with no tilt in the primordial power
spectrum.

All simulations start at redshift zij,;; = 50, have force resolution of order 1 kpc,
and the mass resolution is chosen so that each galaxy is represented on average, at
z = 0, with ~ 50,000 gas/dark matter particles and ~ 125,000 star particles. Each
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Figure 22. Spatial distribution of the stellar component of four of our simulated galaxies at z=o.
Each panel corresponds to a different simulation, projected so that the inner galaxy
is seen approximately “edge—on”. The virial radius of the system is marked by the
outer green circle in each panel. The inner circle has a radius of 20 kpc, where most
the stars in each galaxy are found. Stars that have formed in satellites that survive
as self—bound entities until z = 0 are shown in yellow. “In situ” stars, i.e., those
formed in the most massive progenitor of the galaxy, are shown in cyan, whereas
those formed in satellites that have been accreted and disrupted by the main galaxy
are shown in red. Note that the diffuse outer stellar halo reaches almost out to the
virial radius, and consists almost exclusively of accreted stars. The inner galaxy, on
the other hand, is dominated by stars formed “in situ”.
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re—simulation follows a single ~ L, galaxy in detail, and resolves a number of smaller,
self—bound systems we shall call generically “satellites”. We shall hereafter refer to
the main galaxy indistinctly as “primary” or “host”.

Gas is allowed to turn into stars at rates consistent with the empirical Schmidt—like
law of Kennicutt (1998) in collapsed regions at the center of dark matter halos. Be-
cause star formation proceeds efficiently only in high—density regions, the stellar
components of primary and satellites are strongly segregated spatially from the dark
matter. We include the energetic feedback of evolving stars, although its implementa-
tion mainly as a heating term on the (dense) gas surrounding regions of active star
formation implies that most of this energy is lost to radiation and that feedback is
ineffective at curtailing star formation. The transformation of gas into stars thus tracks
closely the rate at which gas cools and condenses at the center of dark matter halos.
This results in an early onset of star—forming activity in the many progenitors of the
galaxy that collapse at high redshift, as well as in many of the satellite systems we
analyze here.

Another consequence of our inefficient feedback algorithm is that gas cooling and,
therefore, star formation, proceed with similar efficiency in all well—resolved dark
matter halos, irrespective of their mass. As a result, the total stellar mass of a satellite
correlates quite well with the “original” mass of its progenitor dark halo; i.e., the
total mass of the satellite before its accretion into the virial radius of its host. We
define the virial radius, ryir, of a system as the radius of a sphere of mean density
Ayir(z) times the critical density for closure. This expression defines implicitly the
virial mass, Myj, as that enclosed within vy, and the virial velocity, Vi, as the
circular velocity measured at ry;;. Quantities characterizing a system will be measured
within ry;,, unless otherwise specified. The virial density contrast, Ayi:(z) is given by
Avir(2) = 1872 4 82f(2)-39f(2)%, where f(z) = [Qo(1 +2)3/(Qo(1 +2)3 + QA))]-1 and
Qo = Qcpm + Opar (Bryan & Norman 1998). Ayir ~ 100 at z = 0.

It is likely that improvements to our feedback algorithms may lead to revisions in the
efficiency and timing of star formation in these galaxies, and especially in the satellites,
but we think our results will nonethelesss apply provided that these revisions do not
compromise the relatively simple relation between stellar mass and halo mass that
underpins many of our results. For example, we expect that modifications of the star
formation algorithm will affect principally the number, age, and chemical composition
of stars, rather than the dynamical properties of the satellites. This is because the
latter depend mainly on the mass, orbit, and timing of the merging progenitors, which
are largely dictated by the assumed cosmological model. These properties are less
sensitive to the complex astrophysics of star formation and feedback, and therefore our
analysis focuses on the kinematics and dynamical evolution of the satellite population
around the eight galaxies in our simulation suite.
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Figure 23. Cumulative luminosity distribution of simulated satellites (filled circles), averaged
over our eight simulations, and compared with the Milky Way (blue dashed line)
and M31 (red dotted curve) satellite systems. Satellite luminosities are scaled
to the luminosity of the host. Error bars in the simulated data indicate Poisson
uncertainties in the computation of the average. The flattening of the simulated
satellite distribution below 0.1% of the primary luminosity is due to numerical
limitations. The Local Group data are taken from van den Bergh (1999). For the
MW and M31 systems we include only satellites at distances closer than 300 kpc
from the central galaxy.
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Figure 24. Number density profile of simulated satellites, after scaling their positions to the
virial radius of each host and stacking all eight simulations (solid circles; error
bars denote Poisson uncertainties associated with the total number of satellites in
each radial bin). The dotted line corresponds to the average dark matter density
profile, and the dashed line to the stars in the outer stellar halo. The vertical
normalization for the satellite and stellar halo profiles has been chosen so that all
profiles approximately coincide at v ~ 0.15 rj,. Note that the spatial distribution
of satellites is similar to the dark matter, and that stars in the stellar halo are
significantly more centrally concentrated. Arrows mark the radius containing half
the objects in each component. See text for further discussion.
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4.4 Results and Discussion
4.4.1 Characterization of the satellite population

Figure 22 shows the spatial distribution of all star particles in four of our simulated
galaxies. Stars are assigned to one of three components and colored accordingly.
Particles in cyan are “in—situ” stars; i.e., stars that formed in the main progenitor of
the primary galaxy. Stars in red formed in satellites that have since been accreted and
fully disrupted by the tidal field of the galaxy. Stars in yellow formed in systems that
survive as recognizable self—bound satellites until z = 0. As discussed in detail by
Abadi et al (2006), the tidal debris of fully disrupted satellites makes up the majority of
the smooth outer stellar halo component. “In—situ” stars, on the other hand, dominate
the inner galaxy, whereas surviving satellites are easily identifiable as overdense,
tightly bound clumps of stars.

In practice, we identify satellite systems using a friends—of—friends algorithm to
construct a list of potential stellar groupings, each of which is checked to make sure
that (i) they are self—bound, and that (ii) they contain at least 35 star particles. This
minimum number of stars (which corresponds roughly to ~ 0.03% of the stellar mass
of the primary at z = 0) is enough to ensure the reliable identification of the satellite at
various times and the robust measurement of their orbital properties, but is insufficient
to study the internal structure of the satellite. The satellite identification procedure is
run for all snapshots stored for our simulations, allowing us to track the evolution of
individual satellites.

With these constraints, our simulations resolve, at z = 0, an average of about 10
satellites within the virial radius of each simulated galaxy. The cumulative luminosity
distribution of these satellites (computed in the V band" for ease of comparison with
data available for the Local Group satellites) is shown in Figure 23. The brightest
satellite is, on average, about ~ 12% as bright as the primary, in reasonable agreement
with the most luminous satellite around the Milky Way and M31: the LMC and M33
are, respectively, 11% and 8% as bright as the MW and M31 (van den Bergh 1999).

At brightnesses below 0.2% of Lot the number of simulated satellites levels off
as a result of numerical limitations. Independent tests (Abadi et al, in preparation)
show that this brightness limit corresponds to where satellite identification in the
simulations becomes severely incomplete. We note that this limitation precludes
us from addressing the “satellite crisis” alluded to in §1: our simulations lack the
numerical resolution needed to resolve the hundreds of low—mass substructure halos
found in higher—resolution CDM simulations. On average, the 10th brightest satellite
in our simulations is ~ 5.6 mag fainter than the primary; for comparison, the MW and
M31 have only 2 and 5 satellites as bright as that.

Given the small number of systems involved and the considerable scatter from
simulation to simulation (the number of bright satellites ranges from 4 to 21 in our
eight simulations) we conclude that there is no dramatic discrepancy between observa-
tions and simulations at the bright end of the satellite luminosity function. Applying

Luminosity estimates in various bands are made by convolving the masses and ages of star particles
with standard spectrophotometric models, see, e.g., Abadi et al 2006 for details.
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our results to the full Local Group satellite population, including, in particular, the
extremely faint dwarfs being discovered by panoramic surveys of M31 and by the
SDSS (Zucker et al. 2004, 2006; Willman et al. 2005; Martin et al. 2006; Belokurov et al.
2006, 2007; Irwin et al. 2007; Majewski et al. 2007), involves a fairly large extrapolation,
and should be undertaken with caution (see, e.g., Pefiarrubia, McConnachie & Navarro
2007 for a recent discussion).

4.4.2 Spatial distribution

Figure 22 shows that satellites are found throughout the virial radius of the host and
that, unlike stars in the smooth stellar halo, satellites show little obvious preference
for clustering in the vicinity of the central galaxy. This is confirmed in Figure 24,
where the solid circles show the number density profile of satellites, after rescaling
their positions to the virial radius of each host and stacking all eight simulations. The
dashed and dotted lines in this figure correspond, respectively, to the density profile
of the stellar and dark matter halos, scaled and stacked in a similar way. The vertical
normalization of the satellite and stellar halo profiles is arbitrary, and has been chosen
so that all profiles approximately match at r ~ 0.15 ry;;.

There is little difference in the shape of the dark matter and satellite profiles: half
of the satellites are contained within ~ 0.37 ry;,, a radius similar to the half—mass
radius of the dark matter, ~ 0.3 ry;;. We conclude that, within the uncertainties, the
satellites follow the dark matter. The stellar halo, on the other hand, is much more
centrally concentrated than the dark matter and satellites; its half—mass radius is only
~ 0.05 1yir, as shown by the arrows in Figure 24.

This result implies that the spatial distribution of simulated satellites is distinct from
that of CDM substructure halos, whose density profile is known to be significantly
shallower than the dark matter’s (Ghigna et al. 1998; 2000; Gao et al. 2004; Diemand et
al. 2004). This suggests that the “mapping” between dark and luminous substructure
is highly non—trivial, as argued by Springel et al. (2001) and De Lucia et al. (2004). Our
results, which are based on direct numerical simulation, validate these argumnents
and illustrate the complex relation between galaxies and the subhalos in which they
may reside (see also Kravtsov et al. 2004; Nagai & Kravtsov 2005; Gnedin et al. 2006;
Weinberg et al. 2006). Luminous satellites are resilient to disruption by tides, and they
can survive as self—bound entities closer to the primary, where substructures in dark
matter—only simulations may quickly disrupt, as first pointed out by White & Rees
(1978).

We conclude that using dark matter substructures to trace directly the properties
of luminous satellites is likely to incur substantial and subtle biases which may
be difficult to avoid. Models that attempt to follow the evolution of dark matter
substructures and their luminous components are likely to fare better (Croton et al.
2006; Bower et al. 2006), but definitive conclusions will probably need to wait until
realistic simulations with enhanced numerical resolution and improved treatment of
star formation become available.
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Figure 25. Spherical components of satellite velocities at z = 0 as a function of their distance
to the center of the host galaxy. Each system has been rotated so that the angular
momentum of the inner galaxy is aligned with the direction of the z—coordinate
axis. Positions and velocities have been scaled to the virial radius and velocity of
each host halo. Panels on the right show the velocity distributions of the satellite
population within 1y, (solid lines) and compare it to the dark matter particles
(dotted lines). The velocity dispersions are given in each panel. Note the slight
asymmetry in the satellites” V, velocity distribution, which results from the net
co—rotation of satellites around the primary.
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Figure 26. Top panel: Radial and tangential velocity dispersion profiles of satellites, dark matter,
and stellar halo, computed after scaling to virial values and stacking all simulations
in our series. Bottom panel: Anisotropy parameter as a function of radius for the

satellite population, compared with dark matter particles and with the stellar halo.

Note that satellites are only slightly more radially anisotropic than the dark matter
and kinematically distinct from the stellar halo.
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4.4.3 Kinematics

The likeness in the spatial distribution of satellites and dark matter anticipates a
similar result for their kinematics. This is illustrated in Figure 25, where the panels
on the left show the spherical components of the satellites’ velocities (in the rest frame
of the host and scaled to its virial velocity) versus galactocentric distance (in units of
the virial radius of the host). Velocity components are computed after rotating each
system so that the z—axis (the origin of the polar angle 0) coincides with the rotation
axis of the inner galaxy. The corresponding velocity distributions are shown by the
thick solid lines in the panels on the right, and compared with those corresponding to
the dark matter particles (dotted lines).

The velocity distribution of each component is reasonably symmetric and may be
well approximated by a Gaussian, except perhaps for the satellites” V4 —component,
which is clearly asymmetric. This is a result of net rotation around the z axis: the
satellite population has a tendency to co—rotate with the galaxy’s inner body which
is more pronounced than the dark matter’s. Indeed, we find that on average the
specific angular momentum of satellites is ~ 50% higher than the dark matter, and a
factor of ~ 10 higher than the stellar halo. This result likely arises as a consequence
of the accretion and survival biases discussed below; surviving satellites accrete late
and from large turnaround radii, making them especially susceptible to the tidal
torques responsible for spinning up the galaxy. The overall effect, however, is quite
small, and rotation provides a negligible amount of centrifugal support to the satellite
population.

The velocity dispersion of both satellites and dark matter particles drops steadily
from the center outwards, as shown in Figure 26. The top panel shows that the drop
is similar in all components, and that the velocity dispersion decrease from its central
value by a factor of ~ 2 at the virial radius. This figure also shows that the velocity
distribution is radially anisotropic, and that the anisotropy becomes more pronounced
in the outer regions. The trends are again similar for satellites and dark matter,
rising slowly with radius and reaching 3 ~ 0.4 at the virial radius. (The anisotropy
parameter, (3, is givenby f = 1— (0¢2/20,+2), where o, is the radial velocity dispersion
and o = , /(Gﬁ) + 03)/2 is the tangential velocity dispersion.)

The stellar halo, on the other hand, is kinematically distinct from the satellites and
from the dark matter. Overall, its velocity dispersion is lower, and its anisotropy is
more pronounced, rising steeply from the center outwards and becoming extremely
anisotropic ( ~ 0.8) in the outer regions. As discussed in detail by Abadi et al (2006),
this reflects the origin of the stellar halo as debris from satellite disruption, which
occur at small radii, where tidal forces are maximal. Stars lost during disruption
(merging) events and that now populate the outer halo must therefore be on rather
eccentric orbits, as witnessed by the prevalence of radial motions in Figure 26. The
kinematical distinction between satellites and stellar halo thus suggests that few halo
stars have been contributed by stripping of satellites that have survived self—bound
until the present. We shall return to this issue below.
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Figure 27. Top panel: Orbital evolution of two satellites, chosen to illustrate the case of a system
that merges quickly with the primary and of another that survives as a self—bound
entity until z = 0. Curves show the distance from the primary to the self—bound
stellar core of the satellite as a function of time. The dotted line shows the evolution
of the virial radius of the primary galaxy, and the arrow indicates the time, tacc,
when the satellites are first accreted into the primary’s halo. Although both satellites
are accreted more or less at the same time, they are not a physical pair and evolve
independently. Bottom panel: The evolution of the satellites” bound mass of stars
and dark matter, normalized to the values computed at the time of accretion. Note
that the stellar component is much more resilient to the effect of tides.
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4.4.4 Application to the Local Group

The lack of strong kinematical bias between satellites and dark matter may be used
to estimate the virial velocity of the Milky Way and M31. For example, assuming
that the radial velocity dispersion of the satellites is related to the virial velocity by
or ~ 0.9 (£0.2) Vyir (see Figure 25; the uncertainty is just the rms scatter from our eight
simulations), we obtain V‘I,\frw ~ 109 £ 22 km/s from the ~ 99 km/s Galactocentric
radial velocity dispersion of the eleven brightest satellites (see, e.g., the compilation of
van den Bergh 1999).

The same procedure may be applied to M31 satellites. Taking into account pro-
jection effects, we find that the line—of—sight satellite velocity dispersion is ojp5 ~
0.8(%0.2) Vyir. Taking the 16 brightest satellites within 300 kpc from the center of M31,
we find ojo5 ~ 111 km/s, implying Viwifl ~ 138 35 km/s. We use here the compilation
of McConnachie & Irwin (2006), complemented with data for And XIV from Majewski
et al (2007), and for And XII from (Chapman et al 2007, submitted).

These results imply that the virial radius of the Milky Way is ™"V ~ 240 kpc. Our
simulations predict that half of the brightest satellites should be enclosed within
~ 90 kpc, which compares favourably with observations: half of the eleven brightest
satellites are within ~ 90.1 kpc from the center of the Milky Way. Contrary to the
arguments of Taylor et al. (2005), no substantial bias between satellites and dark matter
is required to explain the MW satellite spatial distribution, provided that one accepts
a virial radius as small as ~ 240 kpc.

The same argument, applied to M31, suggests that half of the 16 satellites within
its virial radius (r"2" ~ 300 kpc) must be within ~ 111 kpc, compared with the
observational value of ~ 165 kpc. Note that these radii are actual distances to M31,
rather than projections.

Despite the sizable statistical uncertainty inherent to the small number of satellites
in these samples, it is interesting that both of the virial velocity estimates mentioned
above are significantly lower than the rotation speed measured for these galaxies in
the inner regions; VMW ~ 220 km/s and ngl ~ 260 km/s. These low virial velocity
estimates are in line with recent work that advocates relatively low masses for the
giant spirals in the Local Group (Klypin et al. 2002; Seigar et al. 2006; Abadi et al.
2006; Smith et al. 2006).

If confirmed, this would imply that the circular velocity should drop steadily with
radius in the outer regions of these galaxies. As discussed by Abadi et al (2006), this
may be the result of “adiabatic contraction” of the dark matter halo following the
assembly of the luminous galaxy. However, such result may be difficult to reconcile
with semianalytic models of galaxy formation, which favor a better match between V;;
and Vyir (Croton et al 2006, Bower et al 2006). Final word on this issue needs further
data to place better constraints on the mass of the halo of the Local Group spirals at
large distances, as well as improved semianalytic modeling that re—examines critically
the response of the dark halo to the formation of the luminous galaxy. At least from
the observational point of view, the steady pace of discovery of new satellites of M31
and MW facilitated by digital sky surveys implies that it should be possible to revisit
this issue in the near future with much improved statistics.
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Figure 28. Top panel: Orbital decay timescale of satellites, T, shown as a function of satellite
mass. Decay timescales are computed by fitting an exponential law to the evolution
of the apocentric radius of a satellite, and is shown in units of the (radial) orbital
period measured at accretion time. Satellite masses (dark+baryons) are scaled to
the total mass of the host at tac. Filled and open circles correspond to satellites that
have, respectively, survived or merged with the primary by z = 0. Filled squares
show the median decay timescale after splitting the sample into equal-number
mass bins. More massive satellites spiral in faster due to the effects of dynamical
friction. Bottom panel: Histogram of surviving and merged satellites as a function of
satellite mass. Note the strong mass bias of surviving satellites relative to merged
ones.
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Figure 29. Top panel: Orbital pericenter—to—apocenter ratio measured at two different times
during the evolution of a satellite. Values on the horizontal axis correspond to the
time of accretion whereas values on the vertical axis are computed once dynamical
friction has eroded the apocentric distance to ~ e~ of its turnaround value. Most
satellites lie above the 1:1 dotted line, indicating significant orbital circularization
by dynamical friction. Open and filled circles correspond, respectively, to merged
or surviving satellites at z = 0. Open and filled squares mark the median of each of
those populations, respectively. Bottom panel: Histogram of pericenter—to—apocenter
ratio at the time of accretion for surviving and merged satellites. Note that satellites
originally on more eccentric orbits tend to merge faster.
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4.4.5 Satellite evolution

Merging and survival

Satellites are affected strongly by the tidal field of the primary, and evolve steadily
after being accreted into the halo of the host galaxy. This is illustrated in Figure 27,
where the upper panel shows the evolution of the galactocentric distance for two
satellites in one of our simulations. These two satellites follow independent accretion
paths into the halo of the primary galaxy; after initially drifting away from the galaxy
due to the universal expansion, they reach a turnaround radius of a few hundred kpc
and are then accreted into the virial radius of the primary at similar times, ~ 4.5 Gyr
after the Big Bang (z ~ 1.5). The accretion is indicated by the intersection between the
trajectory of each satellite in the upper panel of Figure 27 and the dotted line, which
shows the evolution of the virial radius of the main progenitor of the primary.

We define the time that the satellite first enters the virial radius of the primary as
the accretion time, tacc, OF zac, if it is expressed as a redshift. Because masses, radii,
and other characteristic properties of a satellite are modified strongly by the tides that
operate inside the halo of the primary, it is useful to define the satellite’s properties at
the time of accretion, and to refer the evolution to the values measured at that time.

One example of the effect of tides is provided by the self—bound mass of the satellite,
whose evolution is shown in the bottom panel of Figure 27. The dark matter that
remains bound to the satellite (relative to that measured at accretion time) is shown
by open symbols; the bound mass in stars is shown by solid triangles. One of the
satellites (dashed lines) sees its orbit eroded quickly by dynamical friction, and merges
with the primary less than 4 Gyr after accretion, at which point the self—bound mass
of the dark matter and stellar components drops to zero. The orbital period decreases
rapidly as the satellite sinks in; we are able to trace almost 5 complete orbits before
disruption although, altogether, the satellite takes only 2.5 Gyr to merge after the first
pericentric passage, a time comparable to just half the orbital period at accretion time.

As the satellite is dragged inwards by dynamical friction dark matter is lost much
more readily than stars; after the first pericentric passage only about 40% of the
original dark mass remains attached to the satellite, compared with 85% of the stars.
This is a result of the strong spatial segregation between stars and dark matter which
results from gas cooling and condensing at the center of dark halos before turning
into stars. Stars are only lost in large numbers at the time of merger, when the satellite
is fully disrupted by the tides.

The second satellite (solid lines in Figure 27) survives as a self—bound entity until
the end of the simulation. Its orbit is affected by dynamical friction, but not as
drastically as the merged satellite: after completing 3 orbits, its apocentric distance

has only dropped from ~ 250 kpc at turnaround (ti; ~ 3 Gyr) to ~ 180 kpc at z = 0.

The stars in the satellite survive almost unscathed; more than 85% of stars remain
bound to the satellite at the end of the simulation, although only ~ 45% of the dark
matter is still attached to the satellite then.

As expected from simple dynamical friction arguments, the final fate of a satellite
regarding merging or survival depends mainly on its mass and on the eccentricity
of its orbit. The “merged” satellite in Figure 27 is ~ 6 times more massive than the
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“surviving” one and is on a much more eccentric orbit: its first pericentric radius is
just ~ 20 kpc, compared with 45 kpc for the surviving satellite. More massive satellites
on eccentric orbits spiral in faster than low—mass ones, making themselves more
vulnerable to tides and full disruption.

This is confirmed in Figure 28, where we show the orbital decay timescale of all
satellites identified in our simulations as a function of their mass. Satellite masses
are shown in units of the mass of the primary galaxy at the time of accretion, and
decay timescales, T, are normalized to the orbital period of the satellite, measured at
the same time. (The timescale T is computed by fitting the evolution of the apocentric
distance of the satellite, a good proxy for the orbital energy, to an exponential law.)

Surviving satellites are shown as filled circles in Figure 28, whereas open circles
denote merged satellites. More massive satellites clearly spiral in faster: T is typically
less than an orbital period for a satellite whose mass exceeds ~ 20% of the primary.
On the other hand, decay timescales are often larger than ~ 10 orbital periods for
satellites with masses below 1% of the primary. The dotted line shows the T o m ™!
relation expected from simple dynamical friction arguments Binney & Tremaine (1987)
. Most satellites follow this trend, except perhaps for the most massive systems, but
this may just reflect difficulties estimating T for systems on very rapidly decaying
orbits, because of poor time sampling. The main result of these trends is a severe
underrepresentation of surviving satellites amongst massive satellites, as shown by
the distribution of satellite masses in the bottom panel of Figure 28.

Orbital circularization

As they are dragged inwards by dynamical friction, the orbital energy of the satellites
is affected more than its angular momentum and, as a result, the satellites” orbits
become gradually more circular. This is shown in Figure 29, where we plot the ratio
between apocentric and pericentric distance, Tper/Tapo, at the time of accretion versus
the same quantity, but measured after dynamical friction has eroded Tapo tO e ! of its
value at accretion.

As in Figure 28, open and filled circles indicate “merged” and “surviving” satellites
at z = 0. The vast majority of the points lie above the 1:1 line, indicating that the
orbits have become significantly less eccentric with time. Some points lie below the
dotted line, indicating the opposite effect; however, most of these cases correspond to
complex accretion where the satellite comes as a member of a pair of satellites and is
subject to three—body interactions during accretion (we address this issue in the next
Chapter).

The large open and filled squares indicate the median rper/Tapo for merged and
surviving satellites, respectively. Clearly, the eccentricity of the orbit is important for
the chances of survival of a satellite: most satellites originally on very eccentric orbits
have merged with the primary by z = 0, and the reverse is true for surviving satellites
(see bottom panel in Figure 29).

Satellites that merge with the primary by z = 0 experience on average a more
substantial circularization of their orbits; the median Tper/Tapo €volves from 0.06 to
roughly 0.15 in the time it takes their orbital energies to decrease by e~'. Further
circularization may be expected by the time that the satellite merges with the primary
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Figure 30. Distribution of satellite stellar masses measured at the time of accretion into the

host halo, and normalized to the stellar mass of the primary at z = 0 (bottom panel).
The shaded histogram corresponds to satellites that remain self—bound at z = 0;

the other histogram corresponds to satellites that merge with the primary before
z = 0. The curves in the top panel indicate the cumulative fraction of all accreted

stars contributed by each of these two populations. Note that the “building blocks”
of the stellar halo are significantly more massive than the average surviving satellite.

On average, accretion events bring about 25% of the total number of stars into the
primary, 40% of which remains attached to satellites until z = 0. The remainder
belongs to “merged” satellites, the majority of which make up the stellar halo. The
total number of stars contributed by disrupted satellites exceed those locked in
surviving satellites by ~ 50%.
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Figure 31. Accretion redshift distribution of surviving (bottom panel), merged (middle) and
all (top) satellites in our simulations. All histograms are scaled to the total number
of satellites for ease of comparison between panels. Dashed vertical lines indicate
the (average) redshift where the primary galaxy has accreted 25%, 50% and 75%
of its total mass at z = 0. In each panel the arrow shows the median satellite
accretion redshift. The dotted curves trace the cumulative distribution of satellites
(by number) as a function of z,. (scale on right). Solid lines are like dotted ones,
but by mass.
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and, under the right circumstances, a satellite may even reach a nearly circular orbit
before merging (see, e.g., Abadi et al 2003b, Meza et al 2005).

Orbital circularization has been proposed as an important factor to consider when
interpreting the effects of satellite accretion events (although see Colpi et al 1999 for
a different viewpoint). Abadi et al (2003b) argue, for example, that a satellite on a
circularized orbit might have contributed a significant fraction of the thick—disk stars
(and perhaps even some old thin—disk stars) of the Milky Way. A further example
is provided by the “ring” of stars discovered by the SDSS in the anti—galactic center
direction (Newberg et al. 2002; Yanny et al. 2003; Helmi et al. 2003), which has been
successfully modeled as debris from the recent disruption of a satellite on a nearly
circular orbit in the outskirts of the Galactic disk (Pefiarrubia et al. 2006). Since it
is unlikely that the satellite formed on such orbit (otherwise it would have been
disrupted much earlier) its orbit has probably evolved to become more bound and
less eccentric as dynamical friction brought the satellite nearer the Galactic disk, in
agreement with the trend shown in Figure 29.

4.4.6 Satellites and stellar halo: similarities and differences

The main result of the trends discussed in the preceding secction is the obvious mass
bias present in the population of surviving satellites: massive satellites merge too
quickly to be fairly represented amongst satellites present at any given time. This
is shown in the bottom panel of Figure 28; although the accretion of satellites with
masses exceeding 10% of the host (at the time of accretion) is not unusual, few have
survived self—bound until z = 0.

This is also true when expressed in terms of the total stellar mass that these
accretion events have contributed to the simulated galaxy. As shown in Figure 30,
merged satellites dominate the high—mass end of the distribution of accreted satellites,
and make up on average ~ 60% of all accreted stars. Half of this contribution comes
in just a few massive satellites exceeding 10% of the final mass in stars of the host
(see upper panel in Figure 30). On the other hand, surviving satellites contribute on
average ~ 40% of all accreted stars and have a combined stellar mass of about 12% of
the host at z = 0. Half of them are contributed by satellites less than ~ 3% as massive
as the host at z = 0.

Because of the strong orbital decay dependence on mass, surviving satellites are also
biased relative to the overall population of accreted material in terms of accretion time.
This is shown quantitatively in Figure 31, which shows the z,.. distribution for all
satellites accreted since z = 4 (top panel). The bottom and middle panels, respectively,
split this sample between satellites that have either survived or merged with the host
by z = 0. The vertical lines in this figure illustrate the average mass accretion history
of the hosts in our simulation series: from left to right, the vertical lines indicate the
average redshift when the last 25%, 50%, and 75% of the mass were assembled into
the virial radius of the host.

The accreted satellites, as a whole, trace very well this accretion history, as may
be seen from the histogram in the top panel, or by the dotted line, which indicates
the cumulative accretion history (scale on right). Just like the total mass, half of all
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Figure 32. Mass fraction attached to surviving satellites at z = 0, shown as a function of
radius, normalized to the virial radius of the host. The open circles are the results
of the dark matter—only simulations of (Gao et al. 2004b), which are in very good
agreement with ours. This figure shows that, although surviving satellites have
lost a significant fraction of their dark mass to tides, their stellar components have
survived almost unscathed. Overall, satellites inside the virial radius have conserved
about 40% of their original dark mass, and ~ 75% of their stars. This suggests that
stars stripped off surviving satellites are in general an unimportant contributor to
the stellar halo, and highlights the need for simulations that include gas cooling
and star formation to estimate the importance of tidal stripping in the satellite
population.
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satellites were accreted before z ~ 1.8 (see arrow labelled “50%”). The results are quite
different for “merged satellites”; half of them were actually accreted before z = 2.4,
which corresponds to a lookback time of ~ 2.7 Gyr. Essentially no satellite accreted
after z = 0.5 has merged with the primary. Surviving satellites, on the other hand,
are substantially biased towards late accretion. Half of them were only accreted after
z = 1.4, and the last 25% since z ~ 1.

Since stars brought into the galaxy by merged satellites contribute predominantly
to the stellar halo (see, e.g., Abadi et al 2006), this result shows convincingly that
substantial differences must be expected between the stellar halo and surviving
satellite population in a galaxy built hierarchically. The “building blocks” of the stellar
halo were on average more massive and were accreted and disrupted much earlier than the
population of satellites that survive until the present.

Our results provide strong support for the semianalytic modeling results of Bullock
& Johnston (2005). Despite the differences in modeling techniques (these authors use
theoretical merger trees to simulate Monte Carlo accretion histories and a semianalytic
approach to dinstinguish stars and dark matter within accreted satellites), our results
agree well. For example, they find that ~ 80% of the stellar halo is contributed by the
~ 15 most massive disrupted satellites; we find, on average, 70%. The median accretion
time for disrupted satellites is ~ 9 Gyr ago; we find ~ 10.5 Gyr. Lastly, they find that
the median accretion time of surviving satellites was as recently as ~ 5 Gyr in the past;
we find ~ 8.5 Gyr.

As discussed by Font et al. (2006a,b), these results may help to explain the differences
between the abundance patterns of halo stars in the solar neighbourhood and in
Galactic dwarfs (Fuhrmann 1998; Shetrone et al. 2001,2003; Venn et al. 2004). Although
stars in both the halo and satellites are metal—poor, the stellar halo is, at fixed
[Fe/H], more enhanced in « elements than stars in the dwarfs, suggesting that its star
formation and enrichment proceeded more quickly and thoroughly than in Galactic
satellites. This is qualitatively consistent with the biases in the surviving satellite
population mentioned above. Because of the limited numerical resolution of our
simulations and our inefficient feedback recipe, we are unable to follow accurately
the metal enrichment of stars in our simulations. Although this precludes a more
detailed quantitative comparison between simulations and observations, we regard the
distinction between satellite and stellar halo reported here as certainly encouraging.

One final issue to consider is that, in principle, stars may also end up in the stellar
halo as a result of partial stripping of surviving satellites. If substantial, this process
might make stars in the stellar halo difficult to differentiate from those attached to
satellites, despite the biases in mass and accretion time discussed above. As it turns
out, stripping of surviving satellites adds an insignificant fraction of stars to the halo
in our simulations; stars stripped from surviving satellites make up a small fraction
(~ 6%) of all halo stars.

This is shown in Figure 32, where we plot the fraction of stars and dark matter that
remains attached to surviving satellites as a function of the distance to the center of
the galaxy. As shown by the filled triangles, more than 75% of the stars brought into
the system by surviving satellites remain attached to them at z = 0. We conclude that
the bulk of the halo population is not affected by stars stripped from existing satellites,
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and that the substantial difference between the stellar population of Galactic dwarfs
and of the stellar halo predicted above is robust.

4.5 Conclusions from this Chapter

We have analyzed the properties of satellite galaxies formed in a suite of eight
N—body/gasdynamical simulations of galaxy formation in a ACDM universe. Our
simulations are able to resolve, at z = 0, the ~ 10 most luminous satellites orbiting
around ~ L, galaxies. We also track satellites that have merged with, or been disrupted
fully by, the primary galaxy at earlier times, giving us a full picture of the contribution
of accreted stars to the various dynamical components of the galaxy.

As discussed in an earlier paper of our group (Abadi et al 2006), the stellar halo
consists of stars stripped from satellites that have been fully disrupted by the tidal
field of the primary. Our analysis here focuses on the spatial distribution, kinematics,
and merging history of the population of surviving and merged satellites, and on their
significance for the formation of the stellar halo. Our main results may be summarized
as follows.

* The spatial distribution of satellites at z = 0 is consistent with that of the dark
matter in the primary galaxy’s halo, and is significantly more extended than the
stellar halo. On average, half of the ~ 10 brightest satellites are found within
0.37 1yir, comparable to the half—mass radius of the dark matter component. The
half—mass radius of the stellar halo is, on the other hand, only 0.05 ry;,.

¢ The kinematics of the satellite population is also similar to the dark matter’s.
Satellite velocities are mildly anisotropic in the radial direction, with st ~
0.3 — 0.4, but not as extreme as stars in the halo, which are found to have
Bhalo ~ 0.6 — 0.8 in the outskirst of the system. Satellite velocity dispersions drop
from the center outwards, and decrease by about a factor of two at the virial
radius from their central value. Overall, the velocity dispersion of the satellite
population is found to provide a resonable estimate of the halo’s virial velocity:
Osat/ Vvir ~ 0.9 = 0.2, where the uncertainty is the rms of the eight simulations.

* The orbits of satellites evolve strongly after accretion as a result of dynamical
friction with the host halo and of mass stripping by tides. More massive satellites
spiral in faster than less massive systems and are disrupted quickly as they
merge with the primary, adding their stars mainly to the stellar halo. The orbits
of satellites with masses exceeding 10% of the host mass decay on exponential
timescales shorter than an orbital period, and merge shortly after accretion.
Merged satellites typically make up ~ 63% of all accreted stars in a galaxy, a
substantial fraction of which (57%) was contributed by these few most massive
satellites.

¢ Surviving satellites are a substantially biased tracer of the whole population of
stars accreted by a galaxy. In contrast with the “merged” satellites that build up
the halo, surviving satellites are predominantly low—mass systems that have
been accreted recently. Half of the stars in the stellar halo were accreted before
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z ~ 2.2, and were in satellites more massive than ~ 6% of the host at the time of
accretion. In contrast, half of the stars in surviving satellites were brought into
the system as recently as z ~ 1.6, and formed in systems with masses less than
3% of the host.

e Satellite orbits are continuosly circularized by dynamical friction as they orbit
within the primary’s halo. The pericenter—to—apocenter ratio typically doubles
once the orbital binding energy of the satellite has increased by a factor of e.

e Stars stripped from satellites that remain self—bound until the present make
up an insignificant fraction of all stars accreted by a galaxy, showing that, once
started, the disruption process of the stellar component of a satellite progresses
on a very short timescale. Surviving satellites conserve at z = 0 about 75% of
the stars they had at accretion time. Their surrounding dark halos, on the other
hand, have been stripped of more than ~ 40% of their mass.

Our results offer a framework for interpreting observations of the satellite popula-
tion around luminous galaxies and for extracting information regarding their dark
matter halos. They also show that hierarchical galaxy formation models may explain
naturally the differences in the properties of stars in the stellar halo and in Galactic
satellites highlighted by recent observational work. Although our modeling of star
formation is too simplistic (and our numerical resolution too poor) to allow for a
closer, quantitative assessment of this issue, it is encouraging to see that, despite
their differences, stellar halos and satellites may actually be both the result of the
many accretion events that characterize galaxy formation in a hierarchically clustering
universe.

89






THE ORIGIN OF EXTREME
HIGH-VELOCITY SATELLITES

5.1 Abstract

We examine in more detail the orbits of the satellite galaxies analyzed in Chapter 4.
Most satellites follow conventional orbits; after turning around, they accrete into their
host halo and settle on orbits whose apocentric radii are steadily eroded by dynamical
friction. As a result, satellites associated with the primary are typically found within
its virial radius, ryi;, and have velocities consistent with a Gaussian distribution with
mild radial anisotropy. However, a number of outliers are also present. We find that a
surprising number (about one—third) of satellites identified at z = 0 are on unorthodox
orbits, with apocenters that exceed their turnaround radii. These include a number
of objects with extreme velocities and apocentric radii at times exceeding ~ 3.5 Tyir
(o1, e.g., > 1 Mpc when scaled to the Milky Way). This population of satellites on
extreme orbits consists typically of the faint member of a satellite pair whose kinship
is severed by the tidal field of the primary during first approach. Under the right
circumstances, the heavier member of the pair remains bound to the primary, whilst
the lighter companion is ejected onto a highly—energetic orbit. Since the concurrent
accretion of multiple satellite systems is a defining feature of hierarchical models of
galaxy formation, a fairly robust prediction of this scenario is that at least some of
these extreme objects should be present in the Local Group. We speculate that this
three—body ejection mechanism may be the origin of (i) some of the newly discovered
high—speed satellites around M31 (such as Andromeda XIV); (ii) some of the distant
fast—receding Local Group members, such as Leo I; and (iii) the oddly isolated dwarf
spheroidals Cetus and Tucana in the outskirts of the Local Group. Our results suggest
that care must be exercised when using the orbits of the most weakly bound satellites
to place constraints on the total mass of the Local Group.

5.2 Introduction

The study of Local Group satellite galaxies has been revolutionized by digital imaging
surveys of large areas of the sky. More than a dozen new satellites have been discovered
in the past couple of years (Zucker et al. 2004, 2006; Willman et al. 2005; Martin et
al. 2006; Belokurov et al. 2006, 2007; Irwin et al. 2007; Majewski et al. 2007) , due in
large part to the completion of the Sloan Digital Sky Survey (York et al. 2000; Strauss
et al. 2002) and to concerted campaigns designed to image in detail the Andromeda
galaxy and its immediate surroundings (Ibata et al. 2001; Ferguson et al. 2002; Reitzel
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& Guhathakurta 2002; McConnachie et al. 2003; Rich et al. 2004; Guhathakurta et al.
2006; Gilbert et al. 2006; Chapman et al. 2006, Ibata et al. 2007 submitted).

At the same time, once velocities and distances are secured for the newly-discovered
satellites, dynamical studies of the total mass and spatial extent of the Local Group
will gain new impetus. These studies have a long history (Little & Tremaine 1987,
Zaritsky et al. 1989, Kochanek 1996, Wilkinson & Evans 1999; Evans & Wilkinson 2000;
Battaglia et al. 2005), but their results have traditionally been regarded as tentative
rather than conclusive, particularly because of the small number of objects involved,
as well as the sensitivity of the results to the inclusion (or omission) of one or two
objects with large velocities and/or distances (Zaritsky et al. 1989, Kochanek 1996;
Sakamoto et al. 2003). An enlarged satellite sample will likely make the conclusions of
satellite dynamical studies more compelling and robust.

To this end, most theoretical work typically assumes that satellites are in equilib-
rium, and use crafty techniques to overcome the limitations of small—N statistics when
applying Jeans’ equations to estimate masses (see, e.g. Little & Tremaine 198y, Wilkin-
son & Evans 1999; Evans & Wilkinson 2000). With increased sample size, however,
follow enhanced opportunities to discover satellites on unlikely orbits; i.e., dynamical
“outliers” that may challenge the expectations of simple—minded models of satellite
formation and evolution. It is important to clarify the origin of such systems, given
their disproportionate weight in mass estimates.

One issue to consider is that the assumption of equilibrium must break down when
considering outliers in phase space. This is because the finite age of the Universe
places an upper limit to the orbital period of satellites observed in the Local Group;
high-speed satellites have typically large apocenters and long orbital periods, implying
that they cannot be dynamically well-mixed and casting doubts on the applicability
of Jeans’ theorem-inspired analysis tools.

To make progress, one possibility is to explore variants of the standard secondary
infall model (Gunn & Gott 1972; Gott 1975; Gunn 1977; Fillmore & Goldreich 1984),
where satellites are assumed to recede initially with the universal expansion, before
turning around and collapsing onto the primary due to its gravitational pull. This is
the approach adopted by Zaritsky & White (1994) in order to interpret statistically
the kinematics of observed satellite samples without assuming well—-mixed orbits and
taking into account the proper timing and phase of the accretion process.

In the secondary infall accretion sequence, satellites initially farther away accrete
later, after turning around from larger turnaround radii. The turn—around radius
grows with time, at a rate the depends on the mass of the primary and its environment,
as well as on the cosmological model. Three distinct regions surround a system formed
by spherical secondary infall (see, e.g. Bertschinger 1985; Navarro & White 1993): (i) an
outer region beyond the current turnaround radius where satellites are still expanding
away, (ii) an intermediate region containing satellites that are approaching the primary
for the first time, and (iii) an inner, “virialized” region containing all satellites that
have turned around at earlier times and are still orbiting around the primary. To
good approximation, the latter region is delineated roughly by the conventional virial
radius of a system. The turnaround radius is of order r, ~ 3 1yir (see, e.g. White et al.

1993).
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Figure 33. Star particles in one of our simulations, shown at z = 0. Particles are colored
according to the age of the star; blue means a star is younger than ~ 1 Gyr, red that
it is older than ~ 10 Gyr. The large box is 2 1y, (632 kpc) on a side and centered
on the primary galaxy. More than 85% of all stars are in the inner regions of the
primary, within about ~ 20 kpc from the center (for more details see Abadi et al.
2006). surround the satellites “associated” with the primary galaxy; i.e., satellites
that have been within vy, in the past. Note that a few “associated” satellites lie well
beyond the virial boundary of the system. Two of these satellites are highlighted
for analysis in Figures 34 and 38.
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We note a few consequences of this model. (a) Satellites outside the virial radius
are on their first approach to the system and thus have not yet been inside ry;,. (b)
Satellites inside the virial radius have apocentric radii that typically do not exceed ryi,.
(c) The farther the turnaround radius the longer it takes for a satellite to turn aroud
and accrete and the higher its orbital energy. (d) Satellites with extreme velocities will,
in general, be those completing their first orbit around the primary. Velocities will
be maximal near the center, where satellites may reach speeds as high as ~ 3 V.. (e)
Since all satellites associated with the primary are bound (otherwise they would not
have turned around and collapsed under the gravitational pull of the primary), the
velocity of the highest—speed satellite may be used to estimate a lower limit to the
escape velocity at its location and, thus, a lower bound to the total mass of the system.

Hierarchical galaxy formation models, such as the current ACDM paradigm, suggest
further complexity in this picture. Firstly, although numerical simulations show that
the sequence of expansion, turnaround and accretion of satellites described above is
more or less preserved in hierarchical models, the evolution is far from spherically
symmetric (Ghigna et al. 1998; Jing & Suto 2002; Navarro et al. 2004; Bailin & Steinmetz
2005; Knebe & Weifner 2006). Much of the mass (as well as many of the satellites)
is accreted through filaments of matter embedded within sheets of matter formation
(Navarro et al. 2004) . The anisotropic collapse pattern onto a primary implies that the
turnaround “surface” won’t be spherical and that the virial radius may not contain all
satellites that have completed at least one orbit around the primary (see, e.g. Balogh
et al. 2000; Diemand et al. 2007) .

More importantly for the purposes of this Chapter, in hierarchical models galaxy
systems are assembled by collecting smaller systems which themselves, in turn, were
assembled out of smaller units. This implies that satellites will in general not be
accreted in isolation, but frequently as part of larger structures containing multiple
systems. This allows for complex many—body interactions to take place during
approach to the primary that may result in substantial modification to the orbits of
accreted satellites.

We address this issue in this Chapter using the population of simulated satellites
described in Chapter 4. We analyze and discuss the results in § 5.3. We speculate on
possible applications to the Local Group satellite population in §5.4 and conclude
with a brief summary of this Chapter in § 5.5.

5.3 Results and Discussion
5.3.1 Satellites on conventional orbits

The evolution of satellites in our simulations follows roughly the various stages
anticipated by our discussion of the secondary infall model; after initially receding
with the universal expansion, satellites turn around and are accreted into the primary.
Satellites massive enough to be well resolved in our simulations form stars actively
before accretion and, by the time they cross the virial radius of the primary, much of
their baryonic component is in a tighly bound collection of stars at the center of their
own dark matter halos.
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Figure 34. Distance to the primary as a function of time for four satellites selected in one of our
simulations. The four satellites are accreted into the primary in two pairs of unequal
mass. The heavier satellite of the pair, shown by solid lines, follows a “conventional”
orbit: after turning around from the universal expansion, it accretes into the primary
on a fairly eccentric orbit which becomes progressively more bound by the effects
of dynamical friction. Note that, once accreted, these satellites on “conventional”
orbits do not leave the virial radius of the primary, which is shown by a dotted
line. The light member of the pair, on the other hand, is ejected from the system
as a result of a three—body interaction between the pair and the primary during
first approach. One of the ejected satellites shown here is the “escaping” satellite
identified in Figure 35; the other is the most distant “associated” satellite in that
Figure. The latter is still moving toward apocenter at z = 0, which we estimate to
be as far as ~ 3.5 1.
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The stellar component of a satellite is thus quite resilient to the effect of tides and
can survive as a self—bound entity for several orbits. This is illustrated by the solid
lines in Figure 34, which show, for one of our simulations, the evolution of the distance
to the primary of two satellites that turn around and are accreted into the primary
at different times. As expected from the secondary infall model, satellites that are
initially farther away turn around later; do so from larger radii; and are on more
energetic orbits. After accretion (defined as the time when a satellite crosses the virial
radius of the primary), their orbital energy and eccentricity are eroded by dynamical
friction, and these two satellites do not leave the virial radius of the primary, shown
by the dotted line in Figure 34. Depending on their mass and orbital parameters, some
of these satellites merge with the primary shortly after accretion, while others survive
as self—bound entities until z = 0. For short, we shall refer to satellites that, by z =0,
have crossed the virial radius boundary at least once as satellites “associated” with
the primary.

The ensemble of surviving satellites at z = 0 have kinematics consistent with the
evolution described above. This is illustrated in Figure 35, where we show the radial
velocities of all satellites as a function of their distance to the primary, scaled to virial
units. Note that the majority of “associated” satellites (shown as circles in this figure)
are confined within ry;,, and that their velocity distribution is reasonably symmetric
and consistent with a Gaussian (see figure 25). The most recently accreted satellites
tend to have higher—than—average speed at all radii, as shown by the “crossed” circles,
which identify all satellites accreted within the last 3 Gyr.

Crosses (without circles) in this figure correspond to satellites that have not yet
been accreted into the primary. These show a clear infall pattern outside ryi,, where
the mean infall velocity decreases with radius and approaches zero at the current
turnaround radius, located at about 3 ryi;. All of these properties agree well with the
expectations of the secondary infall model discussed above.

5.3.2 Three—body interactions and satellites on unorthodox orbits

Closer examination, however, shows a few surprises. To begin with, a number of
“associated” satellites are found outside v;;. As reported in previous work (see, e.g.
Balogh et al. 2000; Moore et al. 2004; Gill et al. 2005; Diemand et al. 2007), these are
a minority (~ 15% in our simulation series), and have been traditionally linked to
departures from spherical symmetry during the accretion process. Indeed, anisotropies
in the mass distribution during expansion and recollapse may endow some objects
with a slight excess acceleration or, at times, may push satellites onto rather tangential
orbits that “miss” the inner regions of the primary, where satellites are typically
decelerated into orbits confined within the virial radius.

These effects may account for some of the associated satellites found outside ry;, at
z = 0, but cannot explain why ~ 33% of all associated satellites are today on orbits
whose apocenters exceed their turnaround radius. This is illustrated in Figure 36,
where we show a histogram of the ratio between apocentric radius (measured at
z = 0; Tapo) and turnaround radius (ri,). The histogram highlights the presence of
two distinct populations: satellites on “conventional” orbits with T,p0/Tta < 1, and
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satellites on orbital paths that lead them well beyond their original turnaround radius.

Intriguingly, a small but significant fraction (~ 6%) of satellites have extremely
large apocentric radius, exceeding their turnaround radius by 50% or more. These
systems have clearly been affected by some mechanism that propelled them onto

orbits substantially more energetic than the ones they had followed until turnaround.

This mechanism seems to operate preferentially on low—mass satellites, as shown by
the dashed histogram in Figure 36, which corresponds to satellites with stellar masses
less than ~ 3% that of the primary.

We highlight some of these objects in Figure 35, using “filled” circles to denote
“associated” satellites whose apocenters at z = 0 exceed their turnaround radii by at
least 25%. Two such objects are worth noting in this figure: one of them is the farthest
“associated” satellite, found at more than ~ 2.5 ry;; from the primary; the second is
an outward—moving satellite just outside the virial radius but with radial velocity
approaching ~ 2 V. The latter, in particular, is an extraordinary object, since its radial
velocity alone exceeds the nominal escape velocity® at that radius. This satellite is on
a trajectory which, for all practical purposes, will remove it from the vicinity of the
primary and leave it wandering through intergalactic space.

The origin of these unusual objects becomes clear when inspecting Figure 34. The
two satellites in question are shown with dashed lines in this figure; each is a member
of a bound pair of satellites (the other member of the pair is shown with solid lines of
the same color). During first pericentric approach, the pair is disrupted by the tidal
field of the primary and, while one member of the pair remains bound and follows
the kind of “conventional” orbit described in § 5.3.1, the other one is ejected from the
system on an extreme orbit. The trajectories of these two “ejected” satellites in the
T — V; plane are shown by the wiggly lines in Figure 35.

These three—body interactions typically involve the first pericentric approach of a
bound pair of accreted satellites and tend to eject the lighter member of the pair: in the
example of Figure 34, the “ejected” member makes up, respectively, only 3% and 6%
of the total mass of the pair at the time of accretion. Other interaction configurations
leading to ejection are possible, such as an unrelated satellite that approaches the
system during the late stages of a merger event, but they are rare, at least in our
simulation series. We emphasize that not all satellites that have gained energy during
accretion leave the system; most are just put on orbits of unusually large apocenter
but remain bound to the primary. This is shown by the filled circles in Figure 35; many
affected satellites are today completing their second or, for some, third orbit around
the primary.

The ejection mechanism is perhaps best appreciated by inspecting the orbital paths
of the satellite pairs. These are shown in Figure 38, where the top (bottom) panels

correspond to the satellite pair accreted later (earlier) into the primary in Figure 34.

The notion of binding energy and escape velocity is ill—defined in cosmology; note, for example, that the
whole universe may be considered formally bound to any positive overdensity in an otherwise unperturbed

Eistein—de Sitter universe. We use here the nominal escape velocity of an NFW model (Navarro et al.

1996, 1997) to guide the interpretation. This profile fits reasonably well the mass distribution of the
primaries inside the virial radius, and has a finite escape velocity despite its infinite mass. Certainly
satellites with velocities exceeding the NFW escape velocity are likely to move far enough from the
primary to be considered true escapers.
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Figure 35. Radial velocity of satellites versus distance to the primary. Velocities are scaled to the

virial velocity of the system, distances to the virial radius. Circles denote “associated”
satellites; i.e., those that have been inside the virial radius of the primary at some
earlier time. Crosses indicate satellites that are on their first approach, and have
never been inside Ty, Filled circles indicate associated satellites whose apocentric
radii exceed their turnaround radius by at least 25%, indicating that their orbital
energies have been substantially altered during their evolution. “Crossed” circles
correspond to associated satellites that have entered ryj, during the last 3 Gyrs. The
curves delineating the top and bottom boundaries of the distribution show the
escape velocity of an NFW halo with concentration ¢ = 10 and ¢ = 20, respectively.
Note that there is one satellite “escaping” the system with positive radial velocity.
Filled squares correspond to the fourteen brightest Milky Way satellites, taken from
van den Bergh (1999) (complemented with NED data for the Phoenix, Tucana and
NGC6822), and plotted assuming that V%rw ~ 109 km/s and TMXV = 237 kpc as
found in the previous Chapter. Arrows indicate how the positions of MW satellites
in this plot would be altered if our estimate of VMW (and, consequently, ™W) is
allowed to vary by £20%.



5.4 APPLICATION TO THE LOCAL GROUP

Note that in both cases, as the pair approaches pericenter, the lighter member (dashed
lines) is also in the process of approaching the pericenter of its own orbit around
the heavier member of the pair. This coincidence in orbital phase combines the
gravitational attraction of the two more massive members of the trio of galaxies,
leading to a substantial gain in orbital energy by the lightest satellite, effectively
ejecting it from the system on an approximately radial orbit. The heavier member of
the infalling pair, on the other hand, decays onto a much more tightly bound orbit.

Figure 38 also illustrates the complexity of orbital configurations that are possible
during these three—body interactions. Although the pair depicted in the top panels
approaches the primary as a cohesive unit, at pericenter each satellite circles about the
primary in opposite directions: in the y — z projection the heavier member circles the
primary clockwise whereas the ejected companion goes about it counterclockwise. After
pericenter, not only do the orbits of each satellite have different period and energy, but
they differ even in the sign of their orbital angular momentum. In this case it would
clearly be very difficult to link the two satellites to a previously bound pair on the
basis of observations of their orbits after pericenter.

Although not all ejections are as complex as the one illustrated in the top panels of
Figure 38, it should be clear from this figure that reconstructing the orbits of satellites
that have been through pericenter is extremely difficult, both for satellites that are
ejected as well as for those that remain bound. For example, the massive member
of the late—accreting pair in Figure 34 sees its apocenter reduced by more than a
factor of ~ 5 from its turnaround value in a single pericentric passage. Such dramatic
variations in orbital energy are difficult to reproduce with simple analytic treatments
inspired on Chandrasekhar’s dynamical friction formula (Pefiarrubia 2007, private
communication).

5.4 Application to the Local Group

We may apply these results to the interpretation of kinematical outliers within the
satellite population around the Milky Way (MW) and M31, the giant spirals in the
Local Group. Although part of the discussion that follows is slightly speculative due
to lack of suitable data on the three—dimensional orbits of nearby satellites, we feel
that it is important to highlight the role that the concomitant accretion of multiple
satellites may have played in shaping the dynamics of the dwarf members in the Local
Group.

5.4.1 Milky Way satellites

The filled squares in Figure 35 show the galactocentric radial velocity of thirteen
bright satellites around the Milky Way and compare them with the simulated satellite
population. This comparison requires a choice for the virial radius and virial velocity
of the Milky Way, which are observationally poorly constrained. We will assume the
estimations we found in Chapter 4 based on the observed velocity dispersions of
dwarf galaxies within 300 kpc region from the Galaxy: VMW = 109 + 22 km/s and
T™W = 237 + 50 kpc.
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Figure 36. Distribution of the ratio between the apocentric radius of satellites (measured at
z = 0) and their turnaround radius, defined as the maximum distance to the primary
before accretion. Note the presence of two groups. Satellites on “conventional”
orbits have Tapo/Tta < 1, the rest have been catapulted into high—energy orbits
by three—body interactions during first approach. The satellite marked with a
rightward arrow is the “escaping” satellite identified by a dot—centered circle in
Figure 35; this system has nominally infinite rapo. The dashed histogram highlights
the population of low—mass satellites; i.e., those with stellar masses at accretion
time not exceeding 2.6% of the primary’s final Ms¢,. The satellite marked with an
arrow is a formal “escaper” for which Tap, cannot be computed.
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Figure 35 shows that, with this choice, the velocities and positions of all MW
satellites are reasonably consistent with the simulated satellite population, with the
possible exception of Leo I, which is located near the virial radius and is moving
outward with a velocity clearly exceeding Vy;. Indeed, for VMW =109 km/s, Leo I
lies right on the escape velocity curve of an NFW profile with concentration parameter
similar to those measured in the simulations. This is clearly a kinematical outlier
reminiscent of the satellite expelled by three—body interactions discussed in the
previous subsection and identified by a dot—centered circle in Figure 35. This is the
only “associated” satellite in our simulations with radial velocity exceeding Vy;; and
located outside Tyi;.

Could Leo I be a satellite that has been propelled into a highly—energetic orbit
through a three—body interaction? If so, there are a number of generic predictions
that might be possible to verify observationally. One is that its orbit must be now
basically radial in the rest frame of the Galaxy, although it might be some time before
proper motion studies are able to falsify this prediction. A second possibility is to
try and identify the second member of the pair to which it belonged. An outward
moving satellite on a radial orbit takes only ~ 2 — 3 Gyr to reach ry;, with escape
velocity. Coincidentally, this is about the time that the Magellanic Clouds pair were
last at pericenter, according to the traditional orbital evolution of the Clouds (see, e.g.
Gardiner & Noguchi 1996; van der Marel et al. 2002).

Could Leo I have been a Magellanic Cloud satellite ejected from the Galaxy a few
Gyrs ago? Since most satellites that are ejected do so during first pericentric approach,
this would imply that the Clouds were accreted only recently into the Galaxy, so that
they reached their first pericentric approach just a few Gyr ago. This is certainly in
the spirit of the re—analysis of the orbit of the Clouds presented recently by Besla
et al. (2007) and based on new proper motion measurements recently reported by
Kallivayalil et al. (2006) . In this regard, the orbit of the Clouds might resemble the
orbit of the companion of the “escaping” satellite located next to Leo I in Figure 35.
The companion is fairly massive and, despite a turnaround radius of almost ~ 600
kpc and a rather late accretion time (tacc = 10.5 Gyr, see Figure 34), it is left after
pericenter on a tightly bound, short—period orbit resembling that of the Clouds today
(Gardiner & Noguchi 1996; van der Marel et al. 2002). To compound the resemblance,
this satellite has, at accretion time, a total luminosity of order ~ 10% of that of the
primary, again on a par with the Clouds.

We also note that an ejected satellite is likely to have picked up its extra orbital
energy through a rather close pericentric passage and that this may have led to
substantial tidal damage. This, indeed, has been argued recently by Sohn et al. (2006)
on the basis of asymmetries in the spatial and velocity distribution of Leo I giants (but
see Koch et al. 2007 for a radically different interpretation).

On a final note, one should not forget to mention another (less exciting!) explanation
for Leo I: that our estimate of VMW is a substantial underestimate of the true virial
velocity of the Milky Way. The arrows in Figure 35 indicate how the position of the
MW satellites in this plane would change if our estimate of VMW is varied by +20%.
Increasing VMW by ~ 20% or more would make Leo Is kinematics less extreme, and
closer to what would be expected for a high—speed satellite completing its first orbit.
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This rather more prosaic scenario certainly cannot be discounted on the basis of
available data (see, e.g., Zaritsky et al 1989, Kochanek 1996, Wilkinson & Evans 1999).

5.4.2 M31 satellites

A similar analysis may be applied to M31 by using the projected distances and
line—of—sight velocities of simulated satellites, shown in Figure 37. Three orthogonal
projections of the simulated satellites are overlapped in this figure, with symbols as
defined in Figure 35. Following the same approach as in § 5.4.1, we use the fact that
the line—of—sight satellite velocity dispersion is o}, ~ 0.8(40.2) V44, in our simulations
to guide our choice of virial velocity and radius for M31; VM3 — 138 + 35 km/s and

vir
5/.1[31 = 300 £ 76 kpc. (We obtain 01,5 = 111 km/s for all 17 satellites within 300 kpc of

M31.) This compares favourably with the Vi\ffl ~ 120 km/s estimate recently obtained
by Seigar et al. (2006) under rather different assumptions.

With this choice, we show the 19 satellites around M31 compiled by McConnachie
& Irwin (2006), plus two recently—discovered satellites for which positions and radial
velocities have become available (And XII, Chapman et al 2007, and And XIV, Majewski

et al. 2007). As in Figure 35, arrows indicate how the position of M31 satellites would
change in this figure if VM3 were allowed to vary by £20%. Note that projected

distances are as if Viewedwfrrom infinity along the direction joining the Milky Way
with M31 and that the sign of the line—of—sight velocity in Figure 37 is chosen to
be positive if the satellite is receding from the primary (in projection) and negative
otherwise.

There are a few possible outliers in the distribution of M31 satellite velocities: And
XIV (Majewski et al 2007), the Pegasus dwarf irregular (UGC 12613, Gallagher et al.
1998), And XII (Chapman et al 2007), and UGCA 092 (labelled Uog2 in Figure 37,
McConnachie & Irwin 2006). And XIV and PegDIG seem likely candidates for the
three—body “ejection” mechanism discussed above: they have large velocities for
their position, and, most importantly, they are receding from M31; a requirement
for an escaping satellite. Note, for example, that And XIV lies very close to the
“escaping” satellite (dot—centered symbol in Figure 37) paired to Leo I in the previous
subsection. Escapers should move radially away from the primary, and they would
be much harder to detect in projection as extreme velocity objects, unless they are
moving preferentially along the line of sight. It is difficult to make this statement
more conclusive without further knowledge of the orbital paths of these satellites.
Here, we just note, in agreement with Majewski et al (2007), that whether And XIV
and PegDIG are dynamical “rogues” depends not only on the (unknown) transverse
velocity of these galaxies, but also on what is assumed for M31’s virial velocity. With

our assumed ngfl = 138 km/s, neither And XIV nor PegDIG look completely out of
place in Figure 37; had we assumed the lower value of 120 km/s advocated by Seigar
et al (2006) And XIV would be almost on the NFW escape velocity curve, and would
certainly be a true outlier.

High—velocity satellites approaching M31 in projection are unlikely to be escapers,

but rather satellites on their first approach. This interpretation is probably the most

T
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Figure 37. As Figure 35 but for line—of—sight velocities and projected distances. Three random
orthogonal projections have been chosen for each simulated satellite system. Signs
for Vjos have been chosen so that it is positive if the satellite is receding away
from the primary in projection, negative otherwise. The “escaping” satellite from
Figure 35 is shown by a starred symbol. Filled squares correspond to the M31
satellites taken from McConnachie & Irwin 2006, plus And XIV (Majewski et al.

2007) and And XII (Chapman et al 2007, submitted) and assuming that Vz{fl ~ 138
km/s and rﬁfl = 300 kpc. Arrows indicate how the positions of M31 satellites
in this plot would be altered if our estimate of V\IXISI (and, consequently, rﬁf’l) is

allowed to vary by 20%.
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Figure 38. Orbital paths for both pair of satellites shown in Figure 34. Upper (bottom) panels
show the pair that accretes later (earlier) in that figure and show its orbit in the
rest frame of the primary. The coordinate system is chosen so that the angular
momentum of the primary is aligned with the z axis. A solid curve tracks the path
of the heavier satellite; a dashed line follows the satellite that is propelled into a

highly energetic orbit after.
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appropriate for And XII and UGCA 092. As discussed by Chapman et al (2007), And
XII is almost certainly farther than M31 but is approaching us at much higher speed
(~ 281 km/s faster) than M31. This implies that And XII is actually getting closer in
projection to M31 (hence the negative sign assigned to its V},s in Figure 37), making
the interpretation of this satellite as an escaping system rather unlikely.

Note, again, that although And XII (and UGCA 092) are just outside the loci
delineated by simulated satellites in Figure 37, revising our assumption for Vz[fl
upward by 20% or more would render the velocity of this satellite rather less extreme,
and would make it consistent with that of a satellite on its first approach to M31.
As was the case for Leo I, this more prosaic interpretation of the data is certainly

consistent with available data.

5.5 Conclusions of this Chapter

We examine the orbits of satellite galaxies in a series of Nbody/gasdynamical sim-
ulations of the formation of L, galaxies in a ACDM universe. Most satellites follow
orbits roughly in accord with the expectations of secondary infall-motivated models.
Satellites initially follow the universal expansion before being decelerated by the
gravitational pull of the main galaxy, turning around and accreting onto the main
galaxy. Their apocentric radii decrease steadily afterwards as a result of the mixing
associated with the virialization process as well as of dynamical friction. We find in
the previous Chapter that, at z = 0 most satellites associated with the primary are
found within its virial radius, and show little spatial or kinematic bias relative to the
dark matter component.

A number of satellites, however, are on rather unorthodox orbits, with present
apocentric radii exceeding their turnaround radii, at times by a large factor. The
apocenters of these satellites are typically beyond the virial radius of the primary; one
satellite is formally “unbound”, whereas another is on an extreme orbit and is found
today more than 2.5 r;, away, or > 600 kpc when scaling this result to the Milky Way.

These satellites owe their extreme orbits to three—body interactions during first
approach: they are typically the lighter member of a pair of satellites that is disrupted
during their first encounter with the primary. This process has affected a significant
fraction of satellites: a full one—third of the simulated satellite population identified
at z = 0 have apocentric radii exceeding their turnaround radii. These satellites make
up the majority (63%) of systems on orbits that venture outside the virial radius.

We speculate that some of the kinematical outliers in the Local Group may have
been affected by such process. In particular, Leo I might have been ejected 2 —3 Gyr
ago, perhaps as a result of interactions with the Milky Way and the Magellanic Clouds.
Other satellites on extreme orbits in the Local Group may have originated from such
mechanism. Cetus and Tucana—two dwarf spheroidals in the periphery of the Local
Group—may owe their odd location (most dSphs are found much closer to either M31
or the Galaxy) to such ejection mechanism.

If this is correct, the most obvious culprits for such ejection events are likely to be
the largest satellites in the Local Group (M31 and the LMC/SMC), implying that their
possible role in shaping the kinematics of the Local Group satellite population should
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be recognized and properly assessed. In this regard, the presence of kinematical
oddities in the population of M31 satellites, such as the fact that the majority of them
lie on “one side” of M31 and seem to be receding away from it (McConnachie & Irwin
2006), suggest the possibility that at least some of the satellites normally associated
with M31 might have actually been brought into the Local Group fairly recently
by M33. Note, for example, that two of the dynamical outliers singled out in our
discussion above (And XII and And XIV) are close to each other in projection; have
rather similar line-of-sight velocities (in the heliocentric frame And XII is approaching
us at 556 km/s, And XIV at 478 km/s); and belong to a small subsystem of satellites
located fairly close to M33.

The same mechanism might explain why the spatial distribution of at least some
satellites, both around M31 and the Milky Way, seem to align themselves on a “planar”
configuration (Majewski 1994; Libeskind et al. 2005; Koch & Grebel 2006) , as this
may just reflect the orbital accretion plane of a multiple system of satellites accreted
simultaneously in the recent past (Kroupa et al. 2005; Metz et al. 2007) .

From the point of view of hierarchical galaxy formation models, it would be rather
unlikely for a galaxy as bright as M33 to form in isolation and to accrete as a single
entity onto M31. Therefore, the task of finding out which satellites (rather than whether)
have been contributed by the lesser members of the Local Group, as well as what
dynamical consequences this may entail, should be undertaken seriously, especially
now, as new surveys begin to bridge our incomplete knowledge of the faint satellites
orbiting our own backyard.



GENERAL CONCLUSIONS

Studies of satellites are a very powerful tool of galaxy formation models. Whether
satellites merge with the host or survive until the present, they provide valuable
insights on: i) the dark matter distribution of host halos, ii) the mass surrounding
isolated galaxies, iii) the accretion and disruption events that characterized the history
of their primaries in the past. In this Thesis we study the role of satellites during the
formation process of galaxies using both numerical simulations and semi—analytic
models. We provide robust predictions for the relation between the satellite population
and the (dark and luminous) halos of the host galaxy.

We have analyzed the evolution of the satellite galaxy populations around L,
primaries using a suite of N—body/gasdynamical simulations. We find that after
entering the virial radius of the host, the masses and orbits of satellites are substantially
altered; in some cases driving their final disruption by tides. This naturally split the
sample into a merged and a surviving satellite population. Our results highlight the
differences between both: merged satellites were on average more massive, were
accreted earlier and on more eccentric orbits than the surviving counterparts. The bulk
of the stellar halo stars in a galaxy is brought by these merged satellites, predicting that
satellites that remain self—bound until the present are dynamically distinct from halo
stars.

On the other hand, using numerical simulations we find that surviving satellites are
fairly good tracers of the dark matter spatial distribution of host halos. Satellites follow
an NFW profile that matches that of the dark matter particles for distances larger than
0.2r,ir. Moreover, these findings are in good agreement with our analysis of satellite
radial distributions in the semi—analytical catalog of galaxies from the Millennium
Run simulation. This suggests that satellites are our most reliable tracer of the external
regions of host halos and we aim to apply this idea on observational samples. We
find that in projection, the satellite radial distribution in simulations is well fitted by
a power law of slope « ~ —1.5. This was compared to a sample of satellite galaxies
selected from the Sloan DRy catalog finding o ~ —1.4, in reasonable agreement with
theoretical predictions.

Our results show that the kinematics of satellites is also a good indicator of the
velocities of the host dark halo. The orbits of surviving satellites approximately
reproduce those of dark matter particles and substantially differ from that of the
stellar halo stars. This is a result of the stellar halo build—up process that, as above
mentioned, is based on the preferential accretion of satellites in eccentric orbits. The
satellite velocity dispersions can be used to infer the virial velocity of the hosts
according to: 0sqt/Vyir = 0.9 £0.2. Applied to the Local Group galaxies and their

dwarfs this gives: VMW ~ 109 + 22 km/s and V2" ~ 138 35 km/s for the Milky Way
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and Andromeda galaxy respectively. These values are in good agreement with recent
estimates from the literature and suggest that the virial velocities of galaxies might be
substantially lower than the rotation speed of their disk components (contrary to the
expectations from current semi—analytical modelling).

A closer inspection to the surviving satellite kinematic reveals a small (1/3), but
non—negligible population of objects on unorthodox orbits. These extreme orbits
are characterized by apocenters that exceed their turnaround radius, some times
associated with high—speed motions. This puzzling population of satellites consists
typically of the faint member of a pair that was expelled onto their highly energetic
orbits as a result of three—body interaction mechanisms during the first pericenter
approach to the primary. We speculate that processes of this type might have been
involved in some dwarfs of the Local Group, such as Leol, the isolated Cetus and
Tucana as well as the newly—discovered high—speed satellites around Andromeda:
AndXII and AndXIV. Our results suggest that care must be exercised when using the
orbits of the most weakly bound satellites to place constrains on the total mass of the
Local Group.

Satellite galaxies are indispensable pieces in our hierarchical picture of galaxy
formation. They play a major role either as "building—blocks" if they merge, or as
"lighthouses" if they survive, guiding our understanding of the external regions of
dark halos. We find also an extra population: those that escape the systems revealing
that, sometimes, they also interact with their siblings. Data from many observational
programs are coming in the next future, all aimed at carefully surveying our Galaxy.
The interplay between numerical models and observations becomes fundamental in
order to improve our understanding of how galaxies form and evolve. Each satellite
has a story to tell, it is up to us to listen to them.
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