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Zusammenfassung

Im derzeit verbreitetsten Szenario entwickelt sich das Universum von einer
duBerst homogenen Phase, die aus dem Urknall hervorging, in den heuti-
gen Zustand, der durch eine Vielzahl hierarchisch organisierter Strukturen
gekennzeichnet ist, die einige Gréfenordnungen iiberspannen: Galaxien, Ga-
laxienhaufen (Cluster), Superhaufen, Wille und Filamente. Strukturen bilden
sich durch gravitative Instabilitdten und wachsen hierarchisch: die kleinsten
“Halos” kollabieren zuerst und wachsen dann durch das Ansammeln von Mas-
se aus anderen Halos (Akkretion) oder durch das Verschmelzen mit anderen
dhnlichen Strukturen (Merging). Gravitative und dynamische Wechselwirkun-
gen wie Merging, Akkretion, von Gezeitenkriften verursachte Verformungen
und komplette Zerstorung spielen daher eine grundlegende Rolle bei der For-
mung von Galaxien und Galaxienhaufen. Als natiirliches Nebenprodukt dieser
Wechselwirkungen werden Sterne, die sich urspriinglich in den Galaxien be-
fanden, in die Umgebung der Galaxien und in den Raum zwischen ihnen hin-
ausgeschleudert, sodaf sie dort eine diffuse stellare Komponente stellen. Eine
Untersuchung dieser Komponenten kann wichtige Details {iber die Galaxien-
und Clusterbildung enthiillen und ist daher von groflem Interesse.

Beobachtungen auf diesem Gebiet werden allerdings dadurch ernsthaft er-
schwert, dafl die zu messende Flidchenhelligkeit extrem schwach ist. Sie ent-
spricht nur einem 1/1.000 der typischen Helligkeit des Himmelshintergrundes.
Bis jetzt hat dieser Umstand verhindert, dafl eine umfangreiche, statistisch
signifikante Anzahl an Sternhalos oder Intraclusterpopulationen von Sternen
h&tten beobachtet werden konnen.

Die statistische Charakterisierung von Sternhalos und Intraclusterlicht ist
das Thema dieser Dissertation. Zu diesem Zweck habe ich eine neue Methode
entwickelt, die darin besteht eine grofie Anzahl (~ 1.000) von relativ wenig tief
belichteten Aufnahmen gleichartiger Objekte {ibereinanderzulegen (Stacking),
um so ein extrem tief belichtetes gemitteltes Bild zu erhalten. Systematische
Effekte, die durch Kontamination von Fremdquellen und instrumentelle Unter-
schiede bei der Beobachtung individueller Objekte entstehen, heben sich auf,
indem das Mittel aus vielen verschiedenen Beobachtungen gebildet und eine
konservative Maskierung der verschmutzenden Fremdquellen gewihlt wird.
Die umfangreiche Datenbank an Aufnahmen, die fiir diese Technik benétigt
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wird, steht in Form des Sloan Digital Sky Survey zur Verfiigung, der grofiten
Katalogisierung des Universums im optischen Licht, die jemals unternommen
wurde. Sie wird schlulendlich ~ 10.000 Quadratgrad am Himmel abdecken,
inklusive Photometrie in fiinf Béndern und Spektroskopie.

Im ersten Teil meiner Dissertation habe ich die stellaren Halos von Scheiben-
galaxien untersucht. Das Ergebnis aus 1043 kombinierten Aufnahmen fiihrt zu
der Schlufifolgerung, dafl diese Komponente so gut wie iiberall in der Umge-
bung von Galaxienscheiben vorkommt, was zeigt, dal Halos wichtige Bestand-
teile bei der Galaxienevolution sind. Im Mittel haben stellare Halos ein Profil,
das einem Potenzgesetz entspricht, wie auch die Milchstrale und M31. Thre
Form ist nur leicht abgeflacht. Die durchschnittlichen Farben der Sternhalos
weisen auf alte und ziemlich metallreiche Sterne hin. Allerdings wurde ein
ratselhafter Helligkeitsiiberschufl in den extrem roten Béndern gemessen, der
nicht durch irgendeine stellare Emission erklart werden kann, sondern auf das
Vorhandensein ionisierten Gases hinweist. Diese Ergebnisse wurden durch die
Analyse einer Galaxie, die das Hubble Space Telescope in seiner bislang am
langsten belichteten Aufnahme (Ultra Deep Field) beobachtet hat, bestétigt.

Der zweite Teil der Dissertation ist der Untersuchung des Intraclusterlich-
tes (ICL) gewidmet, was mittels des Ubereinanderlegens der Aufnahmen von
683 Galaxienhaufen in einem Rotverschiebungsbereich zwischen 0.2 und 0.3
bewerkstelligt wurde. Durchschnittlich tragt das ICL innerhalb eines 700 kpc
Radius vom Haufenzentrum 10.9 + 5% zur Gesamthelligkeit eines Galaxien-
clusters bei. Das ICL ist bedeutend stiarker zum Zentrum hin konzentriert,
als das Licht in Galaxien, was mit der Vorstellung konsistent ist, dal das
ICL durch das Zerren der Gezeitenkrifte an den Galaxien entsteht, die tief
in das Gravitationspotential des Clusters fallen, wodurch ihnen Sterne ver-
lorengehen, oder sie vollig auseinandergerissen werden. Die Farben des ICL
stimmen mit jenen der Galaxien im Haufen iiberein, was darauf hinweist, dafl
die Intraclustersterne von der selben Population stammen wie die Sterne in
Galaxien. Eine weitere Feststellung ist, da3 die Menge an ICL mit der Hellig-
keit der Zentralgalaxie im Haufen, und mit der Anzahl an Haufenmitgliedern
korreliert. Zudem entspricht die Ausrichtung des ICL eher jener der Zentral-
galaxie, als jener der groffiraumigen Galaxienverteilung im Cluster. Beides ist
ein starkes Indiz dafiir, dafl der Mechanismus, durch den sich das ICL gebildet
hat, in engem Zusammenhang mit der Tiefe vom Gravitationspotenzial des
Haufens steht.



Summary

In currently favoured scenarios, the Universe evolves from a highly homoge-
neous phase, emerging from the hot Big Bang, to the present-day state, which
is characterised by a wealth of hierarchically organised structures, spanning
several orders of magnitudes in size: galaxies, clusters of galaxies, superclus-
ters, walls and filaments. Structures are formed via gravitational instability
and grow hierarchically: the smallest “haloes” collapse first and then grow by
accreting mass from other haloes or by merging with other similar structures.
Gravitational and dynamical interactions, like mergers, accretions, tidal dis-
tortions and disruptions thus play a fundamental role in shaping galaxies and
galaxy clusters. As a natural by-product of these interactions, stars, originally
located within galaxies, are ejected into the space surrounding galaxies and
into intracluster space, giving rise to diffuse stellar components. The study of
these components can reveal important details of galaxy and cluster forma-
tion, and are therefore of great interest.

Observations in this field are severely hampered by the extremely low surface
brightness that has to be measured, corresponding to less than 1/1,000 of the
typical surface brightness of the sky. So far, this has prevented observing large
statistical samples of stellar haloes and intracluster stellar populations.

The statistical characterisation of stellar haloes and of the intracluster light is
the objective of this thesis. In order to do this, I have developed a new method
in which a large number (= 1, 000) of relatively shallow images of homogeneous
objects are stacked to produce an extremely deep average image. Systematic
effects that arise from contaminating sources and instrumental biases in the
observation of individual objects are cancelled out by taking the average of
many different observations and by adopting a conservative masking of the
polluting sources. The large image database required for this technique has
been provided by the Sloan Digital Sky Survey, the largest optical survey of
the Universe ever undertaken, which will eventually cover &~ 10,000 square
degrees of sky with 5-band photometry and spectroscopy.

In the first part of the thesis I have studied the stellar haloes of disc galax-
ies. From the stacking of 1043 galaxies I have been able to infer the almost
ubiquitous presence of this component around discs, thus demonstrating that
haloes are essential ingredients of galaxy evolution. On average, stellar haloes
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have power-law profiles, consistent with those of the Milky Way and M31.
Their shape is moderately flattened. The average halo colours hint at old
and fairly metal-enriched stars. However, a puzzling emission excess in the
redmost bands has been measured that cannot be explained by any stellar
emission, but suggests the presence of ionised gas. These results have been
confirmed by the analysis of a galaxy, which has been observed by the Hubble
Space Telescope in its deepest exposure (the Ultra Deep Field).

The second part of the thesis is devoted to a study of the intracluster light
(ICL) from the stacking of a sample of 683 clusters of galaxies in the redshift
range 0.2-0.3. The average contribution of the ICL to the total light of a
cluster is 10.9 + 5% within 500 kpc from the cluster centre. The ICL is signif-
icantly more centrally concentrated than the light in galaxies, consistent with
the idea that the ICL is formed via tidal stripping and disruption of galaxies
that plunge deep into the cluster potential. The colours of the ICL are con-
sistent with those of the cluster galaxies, thus indicating that the intracluster
stars stem from the same population as the stars in galaxies. The amount
of ICL correlates with the luminosity of the central galaxy of the cluster and
with cluster richness. Furthermore, the ICL aligns more strongly with the
central galaxy than with the larger scale galaxy distribution in the cluster.
This strongly suggest that the efficiency of formation of the ICL is strongly
dependent on the depth of the gravitional potential well of a cluster.
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Introduction: framework, motivations
and method

1.1 The evolving Universe: the growth of structures
and the role of interactions

The “luminous” Universe as observable today is made of structures spanning
several orders of magnitude in scale-length: from galaxies, extending a few to
tens of kp(ﬂ7 to clusters of galaxies extending some Mpc, to large super-clusters
and filamentary structures, which are distributed in the so-called “cosmic web”
over hundreds of Mpc.

In the current standard picture, we live in an expanding Universe that orig-
inated 13.8 billions of years ago from a phase of extremely high density and
temperature in the Big Bang. 300,000 years later, small fluctuations of the or-
der of some 1075 present in the almost uniform density field, started growing
due to gravitational instability. From a number of observations, starting in
the 1930s (Zwicky1937)), we know that roughly 85% of the gravitational mass,
that governs the growth and dynamical evolution of the structures, is made up
of a weakly interacting, collisionless form of matter. Because of its properties,
this matter has so far escaped detection through effects other than gravity,
and has been dubbed “dark matter”. Theoretical and numerical work over
the past decades has shown that primordial dark matter overdensities even-

1 pc = 3.086 x 10'® cm
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tually cease expanding with the universal flow (the “Hubble flow”), collapse
and virialize; virialized “haloes” of small mass form first, and then grow by
accretion and merging. Thus dark matter structure formation proceeds in a
hierarchical “bottom-up” sequence.

Star formation has been occuring in the cores of the dark matter haloes as a
consequence of cooling, fragmentation and collapse of the gas, thus giving rise
to the galaxies we observe. The details of these processes are still uncertain
and our knowledge of the relationship between dark and luminous matter is
incomplete: this is the field of investigation of astronomers working on galaxy
formation and evolution.

In the framework described above, a wide range of gravitational and dynam-

ical interactions between haloes of different sizes and masses occurs during the
evolution of galaxies and galaxy clusters. The most dramatic of them are the
merger events, where two haloes of comparable mass and size merge into a
single halo. Moreover, smaller haloes can be accreted by larger ones. Tidal
forces can disrupt haloes creating extended structures in the vicinity of strong
potential gradients, whenever the duration of the halo—potential interaction
is comparable or larger than the internal dynamical time of the halo. Shorter
interactions can be highly effective too, if they are repeated in time. This is
often known as “galaxy harassment” (Richstone |1976; Moore et al.|1996) and
occurs in galaxy clusters as a consequence of repeated high velocity encounters
between galaxies: the interacting galaxies are repeatedly heated by the tidal
forces, and a fraction of their mass (including some stars) eventually becomes
loosely bound or even unbound.
As a consequence of all these dynamical interactions, galaxy structure and
morphology are altered, and significant number of stars, from galaxies and
merging protogalaxies, may spread into the space surrounding galaxies and
into the intergalactic space within galaxy clusters. These stars give rise to
what we will call “diffuse stellar components”.

1.2 Diffuse stellar components

How effective are dynamical interactions in removing stars from galaxies?
How large is the amount of light contributed by the diffuse components? How
diffuse are they? How are they distributed around galaxies? What kind of
stellar populations are they made of? And, finally, what can we learn from
them about galaxy and cluster formation? These are just some of the questions
that concern astronomers working on the diffuse stellar components.

Theory and observations in this field have been rapidly evolving in recent
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years, thanks to the development of new and more efficient observational
techniques and to progress in cosmological and N-body simulations. In the
next sections I will briefly review the historical background, the state-of-the-
art observations and the current understanding of galaxy haloes and of the
intracluster light from the point of view of galaxy and cluster formation.

1.2.1 The Galactic halo and galaxy haloes
1.2.1.1 The Halo of the Milky Way

Despite representing less then 1% of the mass of the Milky Way, its stellar
halo has been playing a crucial role in the understanding of the Milky Way as
a galaxy since its discovery. In a series of works between 1918 and 1919, Har-
low Shapley studied the globular clusters, spherical and compact aggregates
of several thousands to millions of stars. He recognized that the distribution
of globular clusters on the sky does not follow that of the Milky Way stars.
Instead of concentrating in a narrow band across the sky, the globular clusters
are distributed throughout the sky. Assuming a fixed intrinsic luminosity, he
was also able to estimate their distance and to conclude that they are spher-
ically distributed around a centre. This centre, according to his calculation,
was located in the Milky Way plane, 15 kpc away from the Sun. With these
observations Shapley not only identified for the first time the globular clusters
as the most outstanding population of the Galactic halo, but also significantly
changed the picture of the Milky Way emerging from Kapteyn’s studies of the
distribution of the disc stars. The Kapteyn’s stellar disc, almost centred in the
Sun, with a diameter of roughly 10 kpc, had to be replaced with a much larger
disc, several tens of kpc wide, with a huge halo of globular clusters orbiting up
to 100 kpc away from its centre. The Sun was located in a peripheral position.

In 1927 Lindblad proposed a kinematic model of the Milky Way in which
different components have different degrees of flattening, as a consequence of
the amount of rotational support. According to this idea, the highly flattened
disc should be rapidly rotating (as Lindblad demonstrated), while the glob-
ular cluster system should be supported by disordered motions. Lindblad’s
kinetic theory was further developed by Jan Oort in the following years, and
lead to the first discovery of halo field stars. Oort observed that, although
the majority of stars in the solar neighborhood, and the Sun itself, orbit in
the disc plane around the galactic centre with a circular velocity of about 220
km sec™!, there are a number of stars that do not follow the main “stream”.
They have high velocities relative to the Sun (so they were called high-velocity
stars) and move along orbits that can be highly inclined with respect to the
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disc. These are the kinematical signature of the halo objects, and those stars
were the first individual halo stars discovered.

The next decades and especially the 1950s saw fundamental advances both
on the observational and on the theoretical side, that made it possible to link
Galactic structure, kinematics, chemistry and age into a unified evolutionary
context. The identification of the main structural components of our Galaxy
(the disc and the bulge, but not the halo!) with the analogous ones in external
galaxies was achieved through Baade’s observations in 1944. The development
of the theory of stellar evolution made it possible to date star clusters through
the use of colour-magnitude diagrams (Sandage & Schwarzschild|[1952). The
advance of spectroscopy led to the discovery of element signatures in the
stellar spectra that could be used to trace the “metal”ﬂ enrichment. The
discovery by |[Roman| (1954), that metal deficiency is associated with high-
velocity stars, was the starting point of the fundamental work by [Eggen,
Lynden-Bell, & Sandage| (1962). They discovered smooth correlations between
the orbital eccentricity, the metal deficiency and the vertical velocity of stars
in the solar neighborhood. Based on these correlations, they constructed a
model where the Galaxy formed from the rapid free-fall collapse of a cloud
of metal-poor, primordial gas in a density fluctuation that decoupled from
the universal expansion flow. Stars formed during the collapse and reflect the
chemical and kinematical state of the gas at the epoch when they formed. The
first stars which formed have the lowest metal abundances and move on orbits
that are nearly radial: these are the halo stars. As the collapse proceeded and
dissipational processes took place, the gas settled in a flattened, rotationally
supported disc. There stars have been continuously formed to the present day
from the gas that has been progressively enriched.

Searle (1977) noted, however, that the Galactic globular clusters display a
wide range of metal abundances, which are not correlated to their orbital pa-
rameters, and in particular to their distance from the Galactic Centre. |Searle
& Zinn (1978) therefore proposed a scenario in which the Galactic halo was as-
sembled over a long period from independently evolved fragments with masses
of ~ 108M®E|. More recent observations indicate that not only is there a large
spread in metallicity among the halo stars and the globular clusters, but also
a large spread in age of 2-3 Gyr (Marquez & Schuster|[1994), thus reinforcing

2 Astronomers call metals all the elements with atomic number higher than 2. With a few
exception, all these chemical elements are not primordial, but must be synthesized in
stars or in supernova explosions. Thus, the presence of metals in stellar atmospheres is
the signature of older stellar generations.

31 My = 1.989 x 103 g. Note that the total (stars plus dark matter) mass of the Milky
Way is ~ 102Mg.

10
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the hypothesis of inhomogeneous formation.

The parallel development of the hierarchical theory of galaxy formation (e.g.
White & Rees |1978)), in which galaxy formation proceeds through hierarchi-
cal aggregation of smaller units from the early universe, provided a robust
cosmological basis for the Searl & Zinn view. Although a matter of intense
debate for many years, this eventually led to the development of the current
paradigm, that the assembly of the halo of the Milky Way occurred over a
long period of time through an early collapse and the infall of a large number
of small satellites and other debris.

During the last decade, wide-field, deep surveys of stars have produced evi-
dence that the assembly process of the halo is still ongoing. [bata, Gilmore, &
Irwin| (1994)) discovered a dwarf spheroidal galaxy in Sagittarius, which shows
very clear signs of strong tidal disturbance. Its present location at only 16
kpc from the center of the Galaxy and the relatively short orbital period (~ 1
Gyr) make it the best candidate for being disrupted and accreted, and thus
for contributing to the stellar halo. Another clear example of ongoing tidal
disruption is provided by the globular cluster Palomar 5 (Odenkirchen et al.
2001)), and another phase—space correlation between a stellar stream and a
dwarf galaxy in Canis Major has recently been reported by several authors.
Moreover, it has been proposed that at least some of the globular clusters
may be the dense nuclei of stripped dwarf spheroidal galaxies accreted by the
Milky Way (this hypothesis is proposed, in particular, to explain the peculiar
properties of the stellar population in w Centauri).

If the accretion scenario is correct, we should expect to find several hun-
dreds of debris streams from disrupted satellites in the Galactic halo (e.g.
Helmi & White 1999, and the “spaghetti project”, Fig. . However, their
identification is far from easy, and their low density contrast often requires
kinematical information in order to find “cold” structures in the 6-dimensional
phase space. Forthcoming space missions, and particularly GAIA, are going
to provide high accuracy astrometric and kinematical parameters for millions
of stars within 20 kpc of the Sun, and therefore will be able to pinpoint sev-
eral of these structures. The accompanying spectroscopic coverage will make
metal abundances available too, and so will allow us to test the origin of the
age/metallicity spread in the halo stars — could it be due to the individuality
of the accreted satellites — and to trace the evolution of the halo back in time.

1.2.1.2 Stellar Haloes in external galaxies

The Milky Way is just one among billions of galaxies in the Universe. Al-
though there is no reason to think that our Galaxy is special in any respect, a
detailed knowledge of its properties or even of its evolutionary history cannot

11
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Figure 1.1: The superposition of many tidal streams in the Milky Way halo
as expected from the numerical simulation of P. Harding, “The Spaghetti
Project”

be generalized to the full variety of galaxies that populate the Universe. If
we restrict our attention to disc galaxies, where a star-forming disc is the dis-
tinctive feature, we see a broad variety of morphologies: from bulgeless, low
surface brightness discs (LSB galaxies), to highly structured spiral discs with
little or no bulge (Sc), to spirals where a central bulge of old stars accounts
for increasing fractions of the total luminosity (Sb and Sa). The first obvious
question that can be raised is the following: do all these different morpholog-
ical types have a stellar halo? And, moreover, are all the haloes produced in
the same way?

12
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From the distribution of halo stars in the Milky Way we know that the total
luminosity of the halo is less than 1% of the total luminosity (e.g. Morrison
1993). However, since this luminosity is emitted over a very large area, that
extends as far as 2 50 kpc from the Galactic Centre, the resulting surface
brightness is hundreds to thousand times fainter than that of the disc or of
the bulge. At the solar radius, the Milky Way halo as seen from outside would
have a surface brightness of 27.7 mag arcsec™2 in V, which is less than 1% of
the surface brightness of the night sky. In order to be detected, this requires
not only high sensitivity, but also that a number of instrumental effects be
kept under tight control, as will be shown in a following section. It is no
wonder, therefore, that very few detections of halo stellar emission have been
obtained so far around external galaxies.

The most obvious target for studying the halo is our largest Local Group

companion, the galaxy of Andromeda (M31). Given its relatively small dis-
tance of 780 kpc , its giant stars can be resolved and studied individually.
Different groups in recent years have used red giant branch (RGB) stars in
the halo of M31 to map its surface brightness and to study its metallicity dis-
tribution. A well established result is that, compared to the Milky Way, the
metallicity of the halo of M31 is higher (0.3 vs. 0.05 in solar units, |[Durrell,
Harris, & Pritchet| 2004, and references therein). This indicates a substantial
difference between the two haloes (an extended bulge has been invoked to ex-
plain the intermediate metallicity of M31 halo) and may reflect the accretion
of more massive and more metal-rich satellites. Whatever the origin of this
diversity, it clearly indicates that a large statistical sample of galaxies must
be observed in order to gain an unbiased view of stellar haloes and of their
role in the processes of galaxy formation.
Using wide field imaging, Rodrigo Ibata, Annette Ferguson, Michael Irwin,
and collaborators (Ibata et al. 2001} [Ferguson et al.|[2002; Ibata et al.||2004)
have studied the distribution of RGB stars in the halo of M31 out to 50 kpc
along the minor axis, covering the entire surrounding region of sky. Interest-
ingly, they found significant substructures that may originate from the tidal
disruption of a dwarf spheroidal satellite. The discovery of the core of the
remnant galaxy associated with the tidal structures would be the “smoking
gun” proving the effectiveness of galaxy disruption as a mechanism of halo
formation. Moreover it would provide invaluable clues on the properties of
the stellar populations that eventually are spread into the halo.

On the other hand, analogous studies of RGB stars undertaken in the out-
skirts of the nearby late spiral (very small central bulge and highly structured
spiral arms) M33 has produced very controversial results, some of them con-
sistent with the absence of halo stars.

13
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7 [degrees)

2 a -2 2 o -2

£ (degrees) ¢ (degrees)

Figure 1.2: The distribution of old RGB stars in the outskirts of M31 (left
panel) and its dynamical interpretation (on the right). The inner ellipse repre-
sents the optical extension of the disc. A number of substructures in the halo
are clearly visible in the left panel. From Ibata et al|(2004]).

The halo stars of more distant galaxies are not resolved, even with the
highest resolution of the Hubble Space Telescope (0.03 arcseconds). The only
way to study the halo of these galaxies is to measure their integrated surface
brightness. Since the disc is much brighter than the halo, the ideal targets for
this kind of study are galaxies which are seen edge-on. The disc then appears
as a narrow band and the diffuse emission from the halo stars can be picked
out as extra-planar light.

From what we know about the haloes of the Milky Way and of M31, the stel-
lar populations that reside in the halo are old. Since old stars are cool and
their emission peaks in the red/near-infrared part of the spectrum, most ob-
servations have concentrated on these bands. Early research on halo emission
was also motivated by the search for the “dark component”, whose mass is
responsible for the flat rotation curves of disc galaxiesﬂ Although a number of
cosmological arguments today disfavor this hypothesis, one possibility would
have been that the halo is made up of a large number of cold sub-stellar ob-
jects, emitting mainly in the infrared. That is why, despite the higher surface

41f the light traced the mass at all radii, we should expect the rotational velocity of the disc
as a function of radius to decrease at large distance, according to Kepler’s laws. What
is observed instead is that the rotational velocity of the neutral hydrogen clouds attain
a maximum and then stay constant out to several tens of kpc. A massive (unseen!) halo
with p o< 772 is required in order to explain this.

14
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Figure 1.3: The low surface brightness emission from the halo of NGC 5907:
The stellar ring almost perpendicular to the disc is apparent on the North-East
side. From [Zheng et al.| (1999).

brightness of the sky in those bands, many observations have been made in
the near infrared.

A detailed review of the observations and of the history of alternating detec-

tion and non-detection is beyond the scope of this introduction (see, however,
Chap. 2.1 Zibetti, White, & Brinkmann|2004} for an exhaustive discussion).
Nonetheless, it is worth noting the variety of observed halo properties and
how deeply the technological improvement and the refinement in observational
techniques has influenced our knowledge. The first claim of significant extra-
planar emission dates back to 1994 (Sackett, Morrison, Harding, & Boroson|
and refers to NGC 5907, a disc galaxy at a distance of roughly 10 Mpc.
After many controversial observations, it turned out that the emission is due
mainly to an extended ring, probably resulting from the tidal disruption of a
companion galaxy (Zheng et al|[1999, Fig. [L.3).
Since the late 1990s modern CCDs and the improved quality of flat—fielding
techniques have allowed astronomers to assess the presence of red diffuse en-
velopes around a handful of edge-on discs. However, the different sensitivities
reached in different observations have made it hard to understand:

i) whether the presence of these envelopes is a common feature in disc
galaxies;
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ii) whether one should talk about thick discs rather than genuine haloes,
i.e. centrally concentrated spheroids.

Actually, the largest sample analyzed to date comprises 47 galaxies (Dalcan-
ton & Bernstein [2002) and reaches a limit of ~ 28 mag arcsec 2 in R-band.
Although it is quite clear that a red envelope is present in most of these
galaxies, the sensitivity appears too low in order to understand whether this
envelope may extend further out at the typical surface brightness expected
for haloes and dispersed tidal features.

1.2.1.3 Haloes as fossil records of galaxy formation

Despite theoretical and observational progress in recent years, we still lack a
reliable quantitative description of the galaxy formation processes. We know
that a primordial dissipative collapse is required, as well as contemporary
and subsequent mergers or accretion of smaller pieces. However, the relative
importance of these two kinds of mechanism and the time sequence of the
events are uncertain.

Although most of the baryonic mass resides in discs and bulges, the violent
dissipative processes by which they have been shaped have almost completely
erased the imprint of the primordial chemo—dynamical state of the matter. On
the contrary, in the haloes dissipational mechanisms are almost absent and
dynamical relaxation time—scales are comparable to the age of the Universe.
Therefore, haloes can be regarded as fossil records of the epoch when the
matter entered the galaxy. As demonstrated by the ongoing accretion of
satellites by the Milky Way, however, it is actually simplistic to conclude that
the halo reproduces the initial conditions of the galaxy assembly. In fact,
much of the material may have been accreted at later stages, after having
been pre—processed in small satellites.

In order to understand the origin of stellar haloes and the role they play
in the process of galaxy formation, we need to combine the wealth of details
coming from the study of the Milky Way halo with a statistical description of
the halo properties for a large sample of disc galaxies, so that questions like
the following can be answered:

- Is the morphology (presence of a bulge, gas richness, star forming ac-
tivity) related to the presence and the properties of the halo? Do flat,
bulgeless galaxies possess stellar haloes as well as early-type galaxies?
Is the formation of the bulge related to the development of the outer
halo?

- Does the luminosity, mean age and metallicity of the halo depend on
the total mass of a galaxy? If so, how?
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- What is the scale dependence of the halo properties? Are haloes self-
similar with their parent galaxy, in the sense that galaxies of different
sizes are essentially the same, provided that a simple rescaling is ap-
plied, as suggested by pure N-body simulations of dark matter haloes,
or do baryonic processes (star formation, “feed back’ﬂ gas cooling) set
characteristic scale lengths?

1.2.2 The Intracluster Light
1.2.2.1 Clusters of galaxies

The fact that galaxies are not uniformly distributed in the sky was already
recognized toward the end of the 16th century. In 1781, Charles Messier noted
that 16 of the first 91 “nebulae” of his catalog happen to lie in the small
region of the sky at the north-western edge of the constellation of Virgo and
overlapping Coma Berenices. William and John Herschel, in their catalogs,
also found many of their “nebulae” concentrating there, and Alexander von
Humboldt commented that one-third of all nebulae known in the mid-19th
century are situated in one-eighth of the sky around Virgo. We now know
that these concentrations of galaxies in Virgo and Coma Berenices are just
two of the innumerable clusters of galaxies that populate the Universe, each
of them including hundreds to thousands of galaxies.

Clusters are the largest virialized structures in the Universe. Their masses
range from 10'3 to 10'°M, roughly 10 to 1000 times the mass of the Milky
Way. Their size is usually described in terms of Ry, that is the radius
which encloses an average overdensity of matter of a factor 200 with respect
to the average density of the Universe. This corresponds to the radius that a
spherical top—hat overdensity would eventually reach once it is virialized in a
homogeneous, expanding Universe. The density in the cluster cores is actually
hundreds of times higher. This makes clusters an ideal laboratory to study
the interactions between galaxies and between galaxies and the environment
where they live.

1.2.2.2 Interactions in galaxy clusters and the origin of the intracluster
light

A galaxy moving within a cluster may experience many kinds of interaction.
These can be divided into two gross categories: dynamical/gravitational in-

5Star formation activity is determined by the gravitational dynamics and by the hydrody-
namics of the gaseous component. As the most massive stars come to the end of their life,
they inject significant amounts of energy into the interstellar medium through powerful
stellar winds and, mainly, supernova explosions.
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Figure 1.4: The rich cluster of galaxies Abell 1689, imaged by the Ad-
vanced Camera for Surveys, on board of the Hubble Space Telescope. Credit:
N. Benitez (JHU), T. Broadhurst (Hebrew Univ.), H. Ford (JHU), M.
Clampin(STScI), G. Hartig (STScI), G. Illingworth (UCO/Lick), ACS Science
Team, ESA, NASA

teractions and interactions with the hot (~ 105 K) gas that permeates the
intracluster space. Although they are both extremely relevant to the evolu-
tion of galaxies, I will concentrate on the dynamical/gravitational interactions
alone in the following. It is impossible here to review all the contributions to
this field from the literature. Very schematically the relevant gravitational
interactions can be summarized as follows:

- mergers or accretions;

- low velocity galaxy—galaxy encounters, that produce tidal distortion and
tails;

- high velocity galaxy—galaxy encounters, that heat the internal dynamics
of galaxies. Repeated high velocity encounters are known as “harass-
ment”.

- interactions with the global gravitational potential of the cluster, pro-
ducing a variety of effects, from tidal stirring, to tidal truncation of the
galaxy density profile.

As already mentioned at the beginning of this chapter, all these processes and
their interplay cause a significant number of stars to become unbound from
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their parent galaxies and to end up orbiting freely in the cluster potential:
they are sources of Intracluster Light (ICL). ICL might come also from stars
formed in situ between galaxies.

The rate and effectiveness of these interactions depend critically on the dy-
namical properties of the cluster and on the internal mass distribution and
dynamics of the galaxies involved. For example, as already shown by early
numerical simulations (Toomre & Toomre|1972), discs are particularly fragile
and can be easily disrupted by tidal forces.

The definition of “high” or “low” velocity encounter refers to the encounter
velocity of the galaxies compared to the internal velocity dispersion of the
stars within the galaxies. For a typical bright galaxy the internal dispersion
is around some hundreds of km/s, whereas rich clusters have velocity disper-
sions of the order of 1,000 km/s. Low velocity galaxy—galaxy interactions
are therefore quite rare in rich clusters, while they become more and more
likely the lower the mass of the cluster is. The maximum rate is expected in
small compact groups. High velocity encounters and tidal interactions with
the cluster potential are the dynamically dominant effects in rich clusters.
The effects of close low velocity encounters and the evolution of stellar orbits
for a galaxy in a fixed smooth potential can be reliably simulated with mod-
ern supercomputers, since high resolution is required for a limited number
of particles representing the one or two galaxies involved. The effects of the
“harassment” and of the clumpy potential in a rich cluster are much harder to
predict, however, since these processes are effective over a very long time scale
and depend strongly on the detailed mass distributions and internal dynam-
ics of each individual galaxy. Further complications can be added including
a realistic cosmological environment, with infall and mergers of subclusters,
and the simultaneous evolution of the baryons (gas cooling, star formation,
feed-back). Thus, modeling the distribution of stripped stars in a cluster of
galaxies using simulations is extremely complicated. Although some attempts
have been made in recent years by several groups (Napolitano et al.[|2003;
Murante et al. 2004} [Willman et al.|2004; [Sommer-Larsen, Romeo, & Porti-
nari 2004)), we are still far from having robust simulations that can be used
to check the physical assumptions adopted against observation.

1.2.2.3 Observations of the Intracluster Light

The first discovery of diffuse stellar emission within a cluster of galaxies dates
back to the 1951. In a paper on “The Coma cluster of galaxies”, Fritz Zwicky
reported the discovery that “vast and often very irregular swarms of stars and
other matter exist in the spaces between the conventional spiral, elliptical and
irregular galaxies” (Zwicky|1951)).
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Although clearly visible in the densest regions of rich clusters, the intraclus-
ter starlight has typical very low surface brightness > 26 mag arcsec™2 in the
red bands. Advances in photographic techniques allowed several authors in
the 1970s to detect very extended stellar haloes around the largest elliptical
galaxies located in the centre of clusters (cD galaxies) and common envelopes
permeating the whole cluster (e.g. |Kormendy & Bahcall [1974). But it was
only with the development of photoelectric photometry that the first reliable
quantitative estimates of the amount and the distribution of intracluster stars
could be made. Melnick, Hoessel, & White| (1977) analyzed a strip across the
Coma, cluster and found that the intracluster light may contribute up to 25%
of the total optical emission in the cluster.

With the advent of large panoramic CCDE] detectors, capable of imaging

several tens of square arcminutes with quantum efficiency = 80%, a new leap
could be made in the observations of the ICL.
Although hampered by a number of technical difficulties, ICL surveys have
been conducted during recent years by several groups (in particular Anthony
Gonzalez and collaborators, and John Feldmeier and collaborators). Their
main results may be summarized as follows:

- the ICL contributes roughly 20% of a cluster’s luminosity;

- the amount of ICL correlates with the size of the cluster: massive clusters
with large cDs tend to have relatively more ICL than the small ones;

- part of the ICL may be attributed to tidal structures, such as arcs, tails
and streams, originating from recent disruption or stripping of galaxies

in intense tidal fields (see Fig. [L.F)).

Further contributions to the study of the intracluster stars, and, particu-
larly, of their dynamics have come from the observation of the intracluster
planetary nebulae (IPNae). Planetary nebulae mark the endpoint of stellar
evolution for stars with masses between ~ 0.8 and 8 M. They are glowing
shells of gas, which are ejected during the giant phase of the star. These shells
are ionized by the ultraviolet radiation from the newly exposed, hot burning
core. Because of their low density, they emit in many forbidden lines, among
which the most important is [OIII] A4959/5007. Since most of the luminosity
of the central star is emitted in this line, a comparison between the images
taken in two narrow-band filters centred on the line and on a slightly offset
wavelength (on-off) can easily pick out a planetary nebula, even in a crowded

5CCD stands for Charge-Coupled Device, and indicates an array of coupled semi-conductor
photon detectors. The signal in each detector is read by shifting the charge of the photo-
electrons along the line of detectors.
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Figure 1.5: Two outstanding tidal structures in nearby clusters. Upper plate:

an arc structure in Coma, from Trentham & Mobasher| (1998). Lower plate:
a 100 kpc long trail in Centaurus, from Calcaneo-Roldéan et al. (2000).
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field at distances up to 20 Mpc. Moreover, the emission line spectrum of PNae
makes them a relatively easy spectroscopic target in order to measure their
velocities.

Arnaboldi et al.| (1996) reported for the first time observations of three PNae
around the giant elliptical galaxy NGC 4406 (M86) in the Virgo cluster, which
display high velocities relative to the galaxy and therefore can be interpreted
as part of the intracluster stellar population. In the last years over three
hundred IPNae have been observed (Feldmeier et al.|2004b]) in the Virgo clus-
ter, providing an independent estimate of the ICL amount of about 16% of
the total luminosity. Future analysis of the distribution of these objects in
position—velocity space will provide a valuable insight into the dynamical state
of the intracluster stars and hence into their origin.

1.2.2.4 Intracluster Light: our state-of-the-art understanding

Observations have shown that a significant amount of starlight (around 20%
of the total) is emitted by stars in the intergalactic space between galaxies in
clusters. These stars are presumably unbound to any individual galaxy, being
located far beyond their tidal radii. The unbound state of these intracluster
stars is supported by the dynamics of a number of intracluster planetary neb-
ulae.

The spectacular tidal structures observed in nearby clusters suggest a tidal
and disruptive origin for many of the intracluster stars, as expected from the-
oretical arguments.

In the highly complex scenario of hierarchical structure formation, the de-
velopment of an intracluster stellar population is influenced by a number of
factors that can vary the effectiveness of the interactions mentioned above.
The interplay of the many different stripping and disrupting mechanisms re-
quires detailed numerical simulations in order to make careful comparison
with the observations and hence obtain significant constraints on the assem-
bly history of clusters and on the structural parameters of the dark matter
haloes. However, the study of the ICL (amount, distribution, colours) in dif-
ferent environments, from the richest to the poorest clusters, from the deepest
to the shallowest potential wells, from dynamically young clusters to the old
ones, can provide some key information:

- where the ICL is preferentially formed within a cluster;

- when it is formed, whether during the early virialization phase or con-
tinuously during the history of the cluster;
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- how the cluster mass influences the formation of the ICL: whether the
ICL is mostly produced in small groups via two-body encounters or in
massive regular clusters via tidal stripping by the cluster potential (plus
harassment);

- which galaxies are the main contributors of intracluster stars.

1.3 Low Surface Brightness Photometry: the
observational challenge

As already stressed several times in previous sections, the observation of
galaxy haloes and of the ICL is made difficult by the low surface brightness
of these components. In typical ground-based observing conditions the sur-
face brightness of the sky caused by the atmospheric glow is around 20.5 mag
arcsec”? in the red bands. Therefore, in order to measure a surface bright-
ness of 28 mag arcsec ™2 one must be able to measure fluxes with an accuracy
better than 1/1,000.

Modern photometric measurements are made using Charge-Coupled De-
vices or CCDs for short. A thorough description of this kind of detector is
beyond the scope of this introduction and I will only give a brief description,
stressing the details which are relevant to measurement of low surface bright-
nesses.

An astronomical CCD, working in the optical regime, is essentially an array
of semi-conductor detectors of photons, linked or coupled to each other. On
photon arrival, valence band electrons in the semiconductor are excited to the
conduction band and immediately stored in a capacitor. Applying an alter-
nate voltage (“clock”) to the line of coupled detectors/capacitors it is possible
to make the charge shift to an output amplifier and to “read” the signal. The
CCD is located at the focal plane of the telescope camera, and each detector
of the array integrates the flux at its specific position. The flux intensity in
each detector is used as a picture element (pixel) in order to reconstruct the
focal plane image.

A CCD image is therefore the result of the N measurements of the NV pix-
els, each corresponding to a different detector, with slightly different noise
properties and efficiency. These need to be known and calibrated in order to
make photometric measurements possible. Moreover, one has to consider that
the illumination of the CCD is, in general, inhomogeneous, due to the optical
properties of the camera. Large scale variation of the illumination can be of
the order of a few%, thus can easily mimic low surface brightness excesses.
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Standard data reduction procedures are meant to subtract the electronic
noise of each pixel, as estimated from dark current and bias images, and
to correct all pixel intensities to a uniform effective (detector+telescope) re-
sponse. This is done through the so called flat field correction. A uniformly
illuminated field (usually the inner side of the dome or the sky at the twilight)
is imaged, so that the relative response of each pixel can be determined. Typi-
cal flat field accuracy is around 1% or slightly less, and is therefore inadequate
for measuring low surface brightnesses.

In order to improve the homogeneity of the CCD response, a drift scan
technique may be adopted (Gonzalez et al.2000). In this particular acqui-
sition mode, the CCD does not stare at the same field during the exposure
time, but drifts. The CCD columns are aligned along the drift direction and
the clock signal that makes the charge shift is synchronous with the drift.
The image is thus read while it is being integrated, and the intensity in each
image pixel results from the signal integrated in all the CCD elements of the
corresponding column. The effective response is averaged along the columns,
and flat field variations are limited to the columns, thus making the response
intrinsically more homogeneous.

Another strategy adopted by other authors consists instead in combining a
large number of sky exposures to obtain “super sky flats”. Severe clipping
algorithms are applied in order to exclude sky sources and cosmic rays.

In both cases, the effective response can be determined with accuracy of some
0.1%.

Unfortunately target galaxies and clusters are not isolated on the sky,
but are surrounded by and superposed to many foreground and background
sources, whose brightness can be thousands of times higher than the diffuse
light that one wants to measure. Because of the diffraction in the optical
system and of the effects of differential refraction in the atmospheric layers
(the so-called “seeing”), the images of point-like sources are spread over large
areas, according to the Point Spread Function (PSF). Although the core of
typical PSF's is well described by a Gaussian with FWHM varying from 0.4 to
a few arcseconds (depending on the telescope and the seeing of the observing
site), the far wings of the PSF are usually much flatter and more extended.
The flux of very bright stars, therefore, can be spread several arcseconds away,
and significantly affect measurements of the diffuse light. Careful modeling
and subtraction of the PSF is thus required, but is extremely hard to achieve,
since roughly four orders of magnitude in intensity must be covered.

Subtler, but still relevant contaminations can arise from the light that under-
goes internal reflections in the camera and scattering at the numerous optical
interfaces (including the anti-reflection layers, which cover the optical pieces
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and the CCD surface).

All these effects are difficult to model to high accuracy and the residuals
from their subtraction are included into the background fluctuations. Only
the lowest order harmonics (large scale gradients) of these fluctuations can be
removed by fitting smooth polynomials to the background intensity distribu-
tion. Measurements of the diffuse light inevitably include the residuals from
this subtraction, thus increasing the error budget.

1.3.1 Statistics against photometric limitations

The observational conditions for a galaxy or a cluster cannot be changed:
in fact, there is no way to remove bright foreground stars or large nearby
galaxies from the field of view we are interested in! Nevertheless, if the goal
is to describe the statistical properties of a certain class of objects, one can
think of combining the observations of a large number of objects in such a way
that the errors on the individual observations cancel out, leaving the average
quantity unbiased. For the specific purpose of measuring the diffuse light, this
can be achieved by stacking several hundred images, where bright polluting
sources can be masked, and for which one can reasonably assume that the
contaminant sources are uniformly distributed. Provided that the targets are
positioned in different parts of the field of view of the camera, the residual
inhomogeneities of the flat-field corrections are averaged out too. This method
requires a huge amount of homogeneous imaging data for the class of objects
one aims at studying. Such a database has only recently become available to
the astronomical community thanks to the Sloan Digital Sky Survey, as I will
briefly describe in the next section.

1.4 The Sloan Digital Sky Survey

The Sloan Digital Sky Survey (SDSS) is probably the most ambitious large
scale optical survey of the sky ever undertaken. It is a joint project of
The University of Chicago, Fermilab, the Institute for Advanced Study, the
Japan Participation Group, The Johns Hopkins University, the Los Alamos
National Laboratory, the Max-Planck-Institute for Astronomy (MPIA), the
Max-Planck-Institute for Astrophysics (MPA), New Mexico State University,
University of Pittsburgh, Princeton University, the United States Naval Ob-
servatory, and the University of Washington.

Started in 2000, the SDSS aims at covering by the end of 2005 one quarter of
the sky with five-band imaging and medium resolution spectroscopy (York et
al.|2000). The survey area is centered on the north Galactic cap and includes
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in addition three stripes in the southern Galactic hemisphere (one of those,
the equatorial stripe, is being observed repeatedly to study variable objects
and obtain deeper detections).

The main goal of the SDSS is to produce the most complete map of the Uni-
verse ever realized, up to a redshift of 0.4. Its characteristics, however, make
the SDSS an invaluable goldmine of data for most astronomical branches,
dealing with the properties of galaxies and galaxy clusters, the distribution
and properties of quasars up to high redshift, the stellar structure of the Milky
Way, the study of stellar populations and rare stars, and variable phenomena
like stellar variability and moving objects in the Solar System.

Imaging data are acquired during good seeing, moonless nights at the ded-
icated 2.5 m f/5 modified Ritchey-Chrétien wide-field altitude-azimuth tele-
scope, located at the Apache Point Observatory (APO), Sunspot, New Mex-
ico. The photometric/astrometric camera is attached at the Cassegrain focus
and images the sky in drift scan mode, along great circles. The corrected
3 degree field is covered with a mosaic of 30 2048 x 2048 Tektronix CCDs,
6 for each photometric band. The five pass-band filters cover the spectral
region from the near ultra-violet (u-band, 3551A) to the near-infrared (z-
band, 8931A), passing through the visible wavelengths (g-, -, and i-bands at
A\ = 4686, 6165, 7481 A respectively). The pixel scale is 0.396 arcsec/pix,
and the equivalent exposure time per pixel is 54.1 seconds.

The reduction of the imaging data relies on automatic pipelines, which per-
form the standard reduction and calibration procedures. The photometric
analysis includes the sky subtraction, the deblending of overlapping sources,
the extraction of the catalogue of objects and the measurement of their rele-
vant photometric properties (fluxes, characteristic radii, shape of the surface
brightness profile, momenta of the light distribution). These tasks are per-
formed by the photo pipeline, developed by Robert Lupton (Lupton et al.
2001]).

The spectroscopic survey aims at observing complete samples of the three
following categories of objects (primary targets):

- Galaxies, selected to be brighter than r=17.77 mag, using Petrosian
magnitudes;

- Luminous Red Galaxies, selected by their color and magnitude to be a
roughly volume-limited sample of the most luminous red ellipticals to
z ~ 0.45; and

- Quasars, selected by their distinctive colors in the SDSS photometric
system, and by radio detection in the FIRST survey catalog.
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A total of about one million of spectra of galaxies and 150,000 spectra of
quasars will be observed by the end of the survey in 2005.

The spectra are obtained with two double (red plus blue arms) fiber-fed
spectrographs, permanently mounted on the image rotator of the APO tele-
scope. The telescope can be switched from the imaging to the spectroscopic
mode by substituting the camera with a fiber plug plate. The plate is drilled
according to the astrometric coordinates obtained from the imaging data, for
all the primary targets. A number of fibers is allocated to empty sky posi-
tions in order to measure the sky background emission. The remaining plug
positions left free are assigned to secondary targets, such as X-ray sources,
cool stars and white dwarfs.

The spectra are taken whenever the photometric requirements are not fulfilled
(provided that the sky is clean). The average spectral resolution of the SDSS
spectrographs is AL)\ = 2000, and the covered wavelengths range from 3800 to
9200 A.

Automatic pipelines are devoted at the reduction of the spectra, which include
the standard wavelength calibration and the sky subtraction. The redshift of
each spectrum is obtained independently using emission lines and absorp-
tion features. In the first case, positive peaks in the spectrum are identified
and their positions are compared to those of known emission lines of galaxies
and quasars. For the absorption, a cross-correlation between the observed
spectrum and high signal-to-noise templates is performed. The most reliable
redshift estimate is given as fiducial redshift of the object. The comparison
with template spectra of different astronomical sources allows the classifica-
tion of the observed object into different spectral classes (star, galaxy, QSO,
high-redshift QSO).

At the time of writing 97% of the imaging has been completed, correspond-
ing to 8216 square degrees, and 62% of the spectroscopic survey. 3324 square
degrees of imaging (2627 square degrees covered by spectra) are already avail-
able to the community as the “Second Data Release”. The enormous impact
of the SDSS on the development of astronomy is witnessed by the almost 600
refereed papers that mention it in their abstract.

1.5 The thesis

The goal of this thesis is to provide for the first time a statistical description
of the diffuse stellar components around disc galaxies and in galaxy clusters.
Many of the questions proposed in the previous sections will be addressed.
With this work I aim at providing a quantitative assessment of the frequency,
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distribution and stellar populations (as derived from optical colours) of the
stellar haloes around disc galaxies, paying particular attention to the depen-
dence of these properties on the global luminosity of the galaxies. For the
intracluster light, the objective is to measure its surface brightness profile and
its optical colours out to unprecedentedly large clustercentric distances and
to compare them to those of the cluster galaxies. Subsamples of clusters with
different masses, richness and luminosity of the first ranked galaxy will be
studied and compared, in order to derive clues to the mechanisms that lead to
the formation of the unbound stellar population and to understand how their
effectiveness depends of the global cluster properties and evolutionary history.

As anticipated above, instead of obtaining exceedingly deep images of the
individual targets, the strategy adopted in this study is statistical and consists
in stacking a large number of images of targets, homogeneously selected from
the SDSS.

The large number of images utilized not only enhances the S/N per pixel,
but also makes it possible to efficiently remove the spurious signal contributed
by polluting sources and possible instrumental anomalies. In fact, the large
statistical basis allows to mask out stars and other bright sources in a very
conservative way, avoiding their far wings. In addition, the fact, that the
targets are observed with different fore- and back-grounds and lie in differ-
ent regions of the image frame, produces an almost uniform background of
contaminants in the stacked images, which can be easily removed.

In order to stack the images of the targets, they must be rescaled to the same
size and photometric intensity scale. The latter can be easily recovered once
the photometric calibration, the Galactic extinction and the redshift (when
cosmological dimminﬂ is not negligible) are known. The size rescaling is much
more problematic, since the apparent size of an extragalactic object depends
both on its distance and on its intrinsic properties. The proper physical size
or different apparent characteristic scale-lengths can be used, in principle, to
rescale the targets. In this work the most robust size estimators have been
adopted, that is the exponential scale-length for the disc galaxies and the
proper metric size for the clusters, and the validity of this choice has been
checked using more homogeneous subsamples.

The construction of the masks for all the sources that must be excluded from
the stacking has been accomplished combining different strategies, which com-
prise image filtering and smoothing, SB thresholding, source deblending, mask
growing, superposition of large patches for identified bright stars. The pop-

"The surface brightness of a source decreases by a factor (1 + z)* due to the expansion of
the Universe
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ular SEXTRACTOR source extractor code (Bertin & Arnouts|1996) has been
largely utilized in this task, but many original contributions to elaborate the
masks and exclude sources detected by the SDSS photo pipeline have been
implemented too.

In this thesis, the images of more than 1,000 edge-on disc galaxies and
roughly 700 clusters of galaxies, observed by the SDSS in the optical pass-
bands, have been analyzed, processed and stacked in order to measure SBs as
faint as 30 mag arcsec™2.

Data from the SDSS database and from different in-house pipelines have been
combined. The huge amount of data analyzed and processed has required
a big effort to develop fast and efficient methods and procedures, that can
process more than 10 GB of raw imaging data into the final stacked image in
less than 24 hours running on a single commercial personal computer. Most
of the image processing software has been developed in the IRAF environment.
Python has been largely utilized as an interface to the SDSS database query
tools.

A great effort have been devoted to the development of the surface photome-
try software. Given the special features of the signal that had to be measured,
many pieces of original code in C have had to be developed in order to apply
the non-standard methods of background and error estimation, that will be
thoroughly described in the following chapters.

The thesis is organized as follows. Chapter 2 is dedicated to the stellar
haloes of disc galaxies. In the first part I report the analysis of the stacking
of 1047 edge-on disc galaxies as published in |Zibetti, White, & Brinkmann
(2004)): the stacking technique, here utilized for the first time, has allowed
us to detect the ubiquitous presence of luminous haloes around disc galax-
ies. The average shape and surface brightness profile of these haloes have
been measured out to 10 exponential disc scale-lengths, at the level of 31 mag
arcsec 2 in the SDSS r-band. Multi-band data have pointed out anomalous
colours, whose origin has not yet been clarified. In the second part of Chap-
ter 2, the deepest exposure of the Hubble Space Telescope, the Hubble Ultra
Deep Field, published in March 2004, has been used to study the halo of an
edge-on disc galaxy at z ~ 0.3 lying in its field of view. This study has been
published in [Zibetti & Ferguson (2004). The results from the previous stack-
ing have been spectacularly confirmed on this single galaxy, thus validating
the method and raising new questions on the origin of the anomalous colours
of the halo emission.

The study of the Intracluster Light from the stacking of a sample of ~ 700
clusters of galaxies between z = 0.2 and 0.3 is reported in Chapter 3: for
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the first time the amount and the surface brightness profile of the ICL have
been assessed on a statistical sample and extended to cluster-centric distances
of roughly 700 kpc. This chapter reproduces the paper by Zibetti, White,
Schneider & Brinkmann, submitted to MNRAS.

In Chapter 4 I will summarize the main results of this thesis and present an
outlook on further developments of this research, and on the possibility of
applying the stacking technique to other fields where the “statistical photom-
etry” may be of great relevance.
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Ma non pero doviamo, per quel che io stimo, distorci to-
talmente dalle contemplazioni delle cose, ancor che lon-
tanissime da noi, se gia non avessimo prima determinato,
esser ottima resoluzione il posporre ogni atto specolativo
a tutte le altre nostre occupazioni.
Galileo Galilei, Terza lettera del Sig. Galileo Galilei al
Sig. Marco Velseri delle macchie solari, 1612

The stellar halo of disc galaxies

2.1 Haloes around edge-on disk galaxies in the Sloan
Digital Sky Survey

Zibetti, S., White, S.D.M., Brinkmann, J., 2004, MNRAS, 347, 556

Abstract

We present a statistical analysis of halo emission for a sample of 1047
edge-on disk galaxies imaged in five bands by the Sloan Digital Sky Sur-
vey (SDSS). Stacking the homogeneously rescaled images of the galaxies,
we can measure surface brightnesses as deep as p, ~ 31 mag arcsec™2.
The results strongly support the almost ubiquitous presence of stellar
halos around disk galaxies, whose spatial distribution is well described
by a power-law p < 73, in a moderately flattened spheroid (c/a ~ 0.6).
The colour estimates in g—r and r—i, although uncertain, give a clear in-
dication for extremely red stellar populations, hinting at old ages and/or
non-negligible metal enrichment. These results support the idea of halos
being assembled via early merging of satellite galaxies.

keywords:
galaxies: halos, galaxies: structure, galaxies: photometry, galaxies: spiral

2.1.1 Introduction

The most commonly accepted paradigm for the formation of structure in the
universe, ranging from galaxies to clusters and superclusters of galaxies, pre-
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2 The stellar halo of disc galaxies

dicts that they are assembled via the hierarchical clustering of dark matter
(DM) halos, in the framework of the so called ACDM cosmology. Although
these models have been very successful in describing large scale structure and
much recent progress has been made in understanding the processes behind the
assembly of individual galaxies through numerical simulations (e.g. |Navarro
& White [1994; [Sommer-Larsen, Gelato & Vedel|[1999; [Navarro & Steinmetz
2000; |Scannapieco & Tissera;2003)), semi-analytic modelling (e.g. |[Kauffmann,
White & Guiderdoni|[1993}; [Baugh, Cole & Frenk||1996; [Somerville & Primack
1999)), and their combination (e.g. Kauffmann, Nusser & Steinmetz| [1997;
Kauffmann et al./[1999; Benson et al.|2000; [Springel et al.|2001), much work
is still needed.

The study of the stellar halos of disk galaxies, such as our own Milky Way
(MW), can give a substantial contribution in this field. From many studies (for
a review see e.g. Majewski||1993)), it is known that the MW halo is populated
by old, metal-poor stars, whose origin is debated. They may have formed in
the early stages of the dissipational collapse of the gas in the proto-galactic
DM halo. Alternatively they may have been accreted through the stripping
of stars from satellite galaxies. Evidence that this process plays an impor-
tant role in building up the stellar population of the halo, has come from the
Sagittarius dSph (Ibata, Gilmore & Irwin [1994)), a low-latitude halo stream
found in the Sloan Digital Sky Survey (hereafter SDSS, Yanny et al.|2003;
Ibata et al. 2003), the ongoing disruption process of the Palomar 5 globular
cluster (Odenkirchen et al.|[2002)), and the detection of streams in local high
velocity stars (Helmi et al.[1999). How much of the halo light and mass must
be ascribed to this kind of interactions and how common they were in the
past is still unclear.

In order to answer these questions in a more general context, the extension of
the observations to a statistical sample of external galaxies is required. Unfor-
tunately the surface brightness contributed by a stellar halo similar to the one
in the MW is typically 7 to 10 magnitudes fainter than the central parts of
the other galactic components (disk, bulge) and than the sky. At present day,
observations of the halo are available only for a handful nearby galaxies and
provide varying results. Recent work by [Ferguson et al.| (2002) has demon-
strated the presence of substructure in the moderately metal-enriched stellar
halo of M31, that is likely to be the relic of the disruption of one or more
small companion galaxy. The search for halos in more distant galaxies, for
which stars belonging to different components cannot be resolved, has been
focused on edge-on disks, because of the much lower contamination of the halo
by the projected disk stars. Problems with flat fielding, scattered light from
other background and foreground sources, and extended PSF wings make it

extremely difficult to obtain reliable photometry down to 29-30 mag arcsec™2,
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2.1 Haloes around edge-on disk galaxies in the Sloan Digital Sky Survey

as required in order to characterise galactic halos. After the first detection
of halo around NGC 5907 claimed by Sackett et al.| (1994), many controver-
sial results have followed. The latest and deepest observations of this galaxy
(see e.g. Zheng et al.||1999) strongly support the extraplanar emission being
instead a ring which results from tidal disruption of a satellite galaxy. In the
most complete study so far, (but see Sec. for a more exhaustive review
of recent results in the literature), the deep observations of a sample of 47
edge-on galaxies, by |Dalcanton & Bernstein| (2002), provide evidence for the
ubiquitous presence of red envelopes around disk galaxies, which the authors
attribute to an old, moderately metal-enriched, thick disk structure.

In this paper we present the results from the statistical study of halo emis-

sion from a sample of more than 1000 edge-on disk galaxies imaged by the
Sloan Digital Sky Survey (SDSS, [York et al|2000). The SDSS is imaging
about a quarter of the sky in the u, g, r, 4, and z bands, with 54 sec drift
scan exposures at the dedicated 2.5 m Apache Point Observatory telescope
(Fukugita et al. [1996; Gunn et al. [1998:; Hogg et al. 2001; Smith et al.[[2002;
Pier et al.[2003), reaching ~ 25 mag arcsec™2 at S/N ~ 1 for a single pixel.
In order to reach a surface brightness as low as 29 mag arcsec™2, we adopt a
stacking technique, in which we combine the images of all the galaxies. First,
the images must be geometrically transformed in order to make the galax-
ies superposable. Other external sources must then be masked. Finally, the
count statistics of each pixel is considered and a suitable estimator is chosen
to represent the distribution. In this way it is possible not only to increase the
S/N by a factor ~ /1000, but also to remove statistically the major sources of
contamination for deep photometry of individual objects, namely foreground
and background sources, inhomogeneities in the flat field and light scattered
inside the camera.
The paper is organised as follows: the sample is described in Sec. [2.1.2} in
Sec. we describe the image processing and the stacking procedure. The
results are analysed in Sec. [2.1.4] paying particular attention to the noise
properties of the resulting images and to the possible sources of error and
of bias. A discussion, including a comprehensive comparison with previous
results in the literature and the possible implications for galaxy formation, is
given in Sec. A summary and the conclusions of this work are reported
in Sec. R.1.6

2.1.2 The Sample

As of April 2002 the SDSS has covered ~ 2000 square degrees both in 5-band
imaging and spectroscopy. Blanton et al.| (2002)) have selected a sample of
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2 The stellar halo of disc galaxies

galaxies from the Main Galaxy Sample (Strauss et al. |2002), also known as
‘Large-Scale Structure Sample 10’ (LSS10), including all sources with average
surface brightness within the Petrosiarﬂ radius in r band p, < 17.77, that
have been successfully targeted by the spectroscopic observations (see Blan-
ton et al.|2003, for details about the ‘tiling’ algorithm). We refer the reader
to Blanton et al.| (2002) for the details of the sample and the regions of the
sky covered.

For the purposes of this work we selected a subsample of edge-on galaxies
from the LSS10 requiring the following conditions to be satisfied:

e Petrosian magnitude (Pmag) successfully measured at least in the three
most sensitive SDSS pass-bands, namely the g, 7, and ¢ band;

e Pmag; <17.5;
e isophotal semi-major axisE| a > 10 arcsec in ¢ band;
e isophotal axis ratio b/a < 0.25 in g, r and i band.

Images of the 1221 selected galaxies were inspected by eye in order to prune
from the sample objects that are unsuitable for stacking. First of all we
discarded a few percent of the galaxies whose axis ratios had been clearly
underestimated due to some failure in the SDSS PHOTO reduction pipeline.
Galaxies showing evidence of interaction with nearby companions, warps or
other irregularities were rejected. The absence of nearby bright sources con-
taminating the background was required as well. The resulting sample is
composed of 1047 galaxies, ranging from —22.5 to —16.0 i-band absolute Pet-
rosian magnitude, in units of mag + 5log h. The redshift distribution of the
sample peaks at z ~ 0.05 with a standard deviation of 0.035. Typical physical
dimensions range from ~ 1 to ~ 25 kpc h~! (Petrosian radius in the 7 band),
with a median value of 7.4 kpc h~'. A summary of the sample properties is
reported in Fig. 2.] Eye inspection of the single galaxies confirms that our
sample is dominated by late-type disk galaxies, with at most a few per cents
of Sb-c or Sb. Most of the galaxies appear to be almost bulge-free and the
the remainder have quite small ‘classical’ bulges.

Petrosian| (1976)) defines the Petrosian radius as the radius at which the surface brightness
equals a given fraction of the average surface brightness inside that radius. The Petrosian
flux (and hence the magnitude) is defined as the flux inside a certain number of Petrosian
radii. See |Stoughton et al. (2002)) for the full description of the procedure adopted in
the SDSS data reduction and the actual parameters.

2the SDSS reduction pipeline PHOTO (Lupton et al.|2001) provides an elliptical fit of the
25.0 mag arcsec”2 isophote parametrised by the semi-axes a and b
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Figure 2.1: Distributions of the sample galaxies in Petrosian radius (panel
a), absolute 7 band magnitude (panel b), and redshift (panel c).

2.1.3 The image stacking
2.1.3.1 The image pre-processing

The raw SDSS imaging data is available as 2048x1489 pixel? (13.5x9.8 arcmin?)
bias subtracted and flat-fielded ‘corrected frames’. Using SExtractor v2.2.2
(Bertin & Arnouts|1996]) we accurately determined the centre and the position
angle of the major axis for each galaxy. From the segmentation image output
by SExtractor we obtain a mask for all the sources in each field detected with
S/N> 1. The background level for each galaxy was determined as the mode
of the pixel count distribution in an annulus with inner radius 3 X aiso; and
outer radius 6 X aiso,; (Where aiso; is the isophotal major semi-axis at 25.0
mag arcsec 2 in i-band). This background was then subtracted from each
image.

2.1.3.2 Photometric scale-lengths

The main hypothesis underlying the stacking technique as a reliable statisti-
cal tool to investigate halo properties is an assumed self-similarity of the disk
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galaxies, or at least of their 