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Zusammenfassung

Der Schwerpunkt dieser Arbeit lag in der Untersuchung der Entstebind Entwicklung
von Feldgalaxien auf Grundlage von Beobachtungen.

Mit Hilfe von weitraumigen und tiefen Durchmusterungen habe ich die Entstehungsge-
schichte von Galaxien bzgl. ihrer stellaren Materie, die Entwicklung ihraktrellen Ei-
genschaften und die gesamtheitliche Entwicklung des Aufbaus stellarerid/iateUniver-
sum untersucht.

In kirzlich vebftentlichter Arbeit haben meine Mitarbeiter und ich zeigémrken, dass
schon bez ~ 1 - d.h. als das Universum nur halb so alt war wie heute - etwa dittd-der
heute existierenden Sterne vorhanden waren. Wir habeatigestiass die Entwicklungsge-
schichte von Galaxien durch ihre Masse beeinflusst ist. MassereiClige&te haben den
Grof3teil ihrer stellaren Materieither aufgebaut als entsprechend magsere Objekte, ein
Phanomen das gemeinhin alswnsizing scenaribezeichnet wird.

Trotz der Erfolge der vergangenen Jahre sind die vorliegenden Batdmicht in der La-
ge die heutigen, hierarchischen Modelle der Galaxienentwicklung mit Sieherzu
bestitigen oder zu wiederlegen. Hierarchische Modelle versuchen dieablet@ben Eigen-
schaften von Galaxien im Rahmen der hierarchisch gewachsenen &rukunkler Mate-
rie, die in kosmologischen N-&tper-Simulationen beobachtet werden, zu verstehen. Hierzu
missen vereinfachende - jedoch physikalisch und aus Beobachtora@merte - Annah-
men Uber die Entwicklung der etusen baryonischen Komponente gemacht werden. Laut
dieser Modelle entstehen zum einen massereiche Galaxien durch Velaahgnkleine-
rer Objekte, zum anderen werden Bulge-dominierte Galaxien durclthfaedzungen aus
Scheiben oder durch dynamische Instafiiéh gebildet. Daher ist zu erwarten, dass gleich-
zeitig die Zahl der extrem massereichen Objekte sowie die Anzahl der Bolgiierten
Galaxien mit zunehmender Rotverschiebung abnehmen.

Aus diesem Grund stellt neben der Entwicklung der Masse die Untensgalar Struk-
tur von Galaxien als Funktion der Rotverschiebung einen wichtigen Tesielarchischen
Modelle dar.

Soist das Ziel meiner Arbeit dem weitgehend akzeptiedtamnsizing scenarieben diese
strukturellen Charakterisierungen hinzuizgén.

In der Anfangsphase meiner Arbeit war ich an dem Aufbau von tiefeltiwvllenlangen-
Katalogen beteiligt, die sich als wichtige Grundlagedktuelle extragalaktische Astronomie
erwiesen haben. Die vorliegende Arbeit macht intensiv Gebrauch alochen Katalogen.



Zusammenfassung

Sie erlauben die Bestimmung photometrischer Rotverschiebungen, stel@sseiviund der
Entwicklung von Sternentstehungsraten der katalogisierten Galaxieirlisiatst die Ge-
nauigkeit der abgeleiteten Eigenschaften dabei eine direkte Folge dgalbmit der diese
Kataloge erstellt wurden.

Unter Verwendung von hochagfienden HS/ACS Bildern habe ich eine parametrische,
morphologische Analyseif grof3e, tiefe Stichproben von Galaxien aus dem Fors Deep Field
(FDF), dem GOODS-South Feld und dem Cosmic Evolution Survey (COSMID&h-
gefuhrt. Die zweidimensionale &thenhelligkeitsverteilung jeder Galaxie wurde jeweils
durch ein £rsic-Profil, welches mit der entsprechenden Punktverbreiterumgsin (PSF)
des Bildes gefaltet wurde, modelliert. Hierbei habe ich groRes Gewitli@lbsicherung
der Zuveréssigkeit und Robustheit der Methode gelegt. Zum einen wurden systetmeatis
Effekte wie zum Beispiel die Variation des Signal-zu-Rausch-3démfsses oder der PSF
Uber das Sichtfeld und zum anderen die Zudssigkeit der verwendeten Software und Klas-
sifikationsmethoden einer genaueren Betrachtung unterzogen. Dieniggge verschiedener
Algorithmen und klassischer visueller Klassifikation wurden detailliert vemglc Simulier-
te Bilder mit den gleichen Charakteristiken wie denen von echten Daten wuoriigenau
derselben Methode untersucht, um eine Aussaiger die Zuvegssigkeit der ermittelten
Ergebnisse tien zu lonnen.

Wie oben dargestellt, werden neben einer zuassigen morphologischen Charakterisie-
rung aufBerdem die stellaren Massen der Galaxieldtiggn Diese habe ich auf Grundla-
ge der Multiwellendngen-Kataloge durch Anpassung von Modellen zur stellaren Populati-
onssynthese an die spektralen Energieverteilungen (SEDs) der Gaddogeleitet. Durch
Gegeitiiberstellung der Ergebnisse der morphologichen Untersuchung zem eird der
stellaren Massen zum anderen konnte ich die Entwicklung der stellareseNtishten ir
verschiedene Klassen von Galaxien untersuchen: IraAgigkeit von ihrem &rsic-indexn
wurden die Galaxien als ‘fihe” (n > 3.5), “mittlere” (2 < n < 3.5) oder “sgate” Typen
(n < 2) klassifiziert.

Einige andere Arbeiten haben sictirklich mit der Gegeiaberstellung der Entwicklung
von Morphologie und stellarer Masse als Funktion der Rotverschiebwsghitigt.
Wahrend dies in vergleichbarer Art und Weise wie in der vorliegenderifAgeschah, sind
all diese Arbeiten auf Grund der relativ kleinen Felder der meisten tiefechbwsterungen
potentiell durch kosmische Varianz befien. Aus diesem Grund widmete ich mich in dem
letzten Teil meiner Arbeit einer Studie im COSMOS-Feld. Auf Grund seinezuer er-
reichten Fache und Tiefe erlaubt COSMOS systematiscliekte der kosmischen Varianz
auszuschliel3en.

Daruber hinaus erlaubte die gro3e Anzahl von Galaxien in COSMOS erstmaintie
kopplung der Hekte des Umfeldes der Galaxien auf ihre Entwickluiigdine grol3e, ho-
mogene Menge von Feld-Galaxien. So war es mighch die Entwicklung der stellaren
Massen in drei verschiedenen Kategorien des Umfeldes bzgl. der nokbdesenhufung
(unterdicht, durchschnittlich uniaberdicht) zu untersuchen.

Die Definition einer Ubergangsmasse” erlaubte die Quantifizierung der relativerégeitr
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von Galaxien unterschiedlichen Morphologischen Typs zur Massktidum Die
Ubergangsmasse wurdérfiede Rotverschiebung definiert als diejenige Masse bei der der
Ubergang vom Bulge- zu Scheiben-dominierten Massenbudget stattfhieé/ntersuchung

der Entwicklung mit der Rotverschiebung hat eine monotone Entwicklung maeleerge-

ben: Je gblRer die Rotverschiebung, destarker ist die Gesamtmasse durch Scheibensyste-
me dominiert. Vithrend bei einer Rotverschiebung won 0.7 der Wert detJbergangsmasse
ungefihr dem heutigen Wert entspricht, so tragenzbeil Galaxien filhen und saten Typs

im anrahernd gleichen Mal3e zur Gesamtmasse bei.

Der Verlauf der stellaren Massenfunktion von Scheiben-dominierterx{@al@rscheint
konstant bzgl. der Rotverschiebung. Die Anzahl der Scheibengalakiemt im Massebe-
reich von log M = 10.6 bis log M = 12 um mehr als eine @Renordnung ab. Dahingegen
ist die Massenfunktion von Bulge-dominierten Galaxien uageflach. Die Anzahldichte
der Galaxien erscheint also konstant bzgl. ihrer Masse. Der Norngswert dieser Mas-
senfunktion scheint jedoch mit zunehmender Rotverschiebung kontiokiiabzunehmen.
Aus der Steigung der Massenfunktion von Scheiben-dominierten Galaxmreinen und
der Anderung der Gesamtzahl von Bulge-dominierten Galaxien bei ahgéacher Mas-
senfunktion zum anderen resultiert in indicher Weise die beschriebene Entwicklung der
Ubergangsmasse mit der Rotverschiebung.

Meine Untersuchungen haben ergeben, dasg bell die in massereichen Objekte ent-
haltene stellare Masse ungbf halb so grof3 war wie die in massiven Objekten enthaltene
Masse im lokalen Universum. Dabei entwickelt sich nicht die Form dersktasinktion
sondern ihre Normalisierung.

Erstmalig habe ich die Entwicklung der spezifischen SternentstehungS&i&], also
der Sternentstehungsrate pro stellaren Einheits-Masseintervall, alsdrud&s morpholo-
gischen Typs und der Umgebung untersucht. Es hat sich ergebsndidaBositionen von
Galaxien ftihen und saten Typs in der stellare Masse-SSFR—Ebémnalie Rotverschie-
bungen unterschiedlich sind. Galaxien mittleren Typs fallen dabei zwisdiesie beiden
Regionen, was ihre Natur altbergangsobjekte bésgigt. Galaxien fithen und saten Typs
weisen einen signifikanten Unterschied in der Masse auf: Scheibermgaiominieren die
Systeme mit niedrigen Massenatirend Galaxien tthen Typs das massenreiche Ende domi-
nieren. Galaxien fihen Typs sind also maR3geblidir die Abnahme der Sternentstehungsra-
te in massereichen Objekten von Rotverschiebung 1 bis zum lokalen sunweterantwort-
lich. Wahrend dieses generelle Bilidrfalle Umgebungeahnlich zu sein scheint, existiert in
Umgebungen von geringer Massendichte eine Population von relativ reabssm Galaxien
frihen Typs mit groRen SSFRs und blauen Farben.

All dies weist in Richtung eines Szenarios, in dem massereiche Objekte dssed von
Z ~ 1 bis 0 an@hernd verdoppeln und zunehmend Bulge-dominiert werden. Dureh Be
stimmung der Sternentstehungsraten konnte ich zeigen,ia#s Sternentstehung nicht
ausreichend ist, um die Entwicklung des Massenbudgets in massiverigbataxerkéren.
Hieraus schliel3e ich, dass Verschmelzungen oder noch wahrscheirdiehEinverleibung
vieler kleinerer Objekte durch gRere eine Schikselrolle im “Massenfluss” von Scheiben-
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zu Bulge-dominierten Systemen spielen.

Wie schon oben beschrieben erlaubte die groBetd von COSMOS die Untersuchung
des Einflusses der lokalen Massendichte auf die Eigenschaften deddeBalech konn-
te die bereits etablierte Morphologie-Massendichte-Beziehlinglfe Rotverschiebungen
bestatigen: Lokaluberdichte Regionen enthalten einen relatigf@gren Anteil von Bulges
gegeriiber Regionen mit niedrigerer lokaler Massendichte.

SchliefZlich konnte ich Dank des sehr homogenen COSMOS DatensatzAfiatagon
massereichen Galaxieriifien Typs als Funktion der lokalen Massendichte untersuchen. Die
Altersverteilung weist signifikant unterschiedliche Mittelwerie &lle Rotverschiebungen
auf. Die Untersuchungen in dieser Arbeit l#gfen die Ergebnisse anderer aktueller Stu-
dien. Unser Ergebnis zeigt, dass sich junge (blaue), massereichegBdlaken Typs vor-
zugsweise in Umgebungen mit niedriger lokaler Massendichte aufhalténngemen die-
jenigen Galaxien, die diéltesten Sterne beherbergen, sich vorzugsweise in Regionen mit
groR3er lokaler Massendichte aufhalten. Nichtsdestotrotz weisen die m8istegme fithen
Typsahnliche charakteristische Alter, Farben und SSFRs auf, was aufanméiohen Ent-
stehungszeitpunkt schliel3giskt.



Summary

This thesis work has been focused on the formation and evolution of fiddiga from an
observational perspective.

| have used large deep surveys to study the mass assembly history oégalbs evolu-
tion of their structural properties, and the history of star formation in thedJsse.

In recent work, my collaborators and | have shown that about halfeoptbsent day stars
were already in place atz 1, i.e. when the age of the Universe was half of its present
value. We have also confirmed that galaxy evolution depends on massymasse/e objects
having assembled the bulk of their stellar mass earlier than their lower mas®iquaits.
This behavior is commonly termed #ge downsizing scenario

Despite continuous progress has been made in the last years, prateatra not yet
able to put firm constraints on current models of galaxy formation and gwolwithin
the hierarchical paradigm. These latter try to link the hierarchical growithadt matter
structures derived using cosmological N-body simulations to the obsgalexly properties,
by means of simplified, yet physically giod observationally motivated assumptions about
the evolution of the dfuse baryonic component. According to these models not only massive
galaxies form by merging of smaller ones, but also bulge dominated galaximsfifom
disks, either through mergers or by dynamical instabilities. Therefotiee alame time, both
the number density of the most massive objects and the fraction of bulge-atechgelaxies
are expected to decrease at high redshift.

For this reason,feective constraints can be put on such models if, beside the study of the
redshift evolution of the galaxy stellar mass function, one is able to unddrsthere the
stars were located atftierent look-back times, in other words what was the morphology of
their host galaxies.

This has been the main aim of my thesis work, namely the addition of a morphdlogica
characterization to the well establish@olwnsizingscenario.

During the first stages of my PhD research, | have been involved in ifte-bp of deep
multiwavelength catalogs, which turn out to be an essential tool of moderageidctic
astronomy. Such catalogs are the fundamental basis of all the worknpedse this Thesis.
They allow to estimate photometric redshifts, stellar masses and star formatiarekigbo
each galaxy in the catalog. The attention which is put in producing catalogsieful way,
directly reflects in the accuracy of the derived galaxy properties.

| have then taken advantage of the superior quality, in particular the vighyamgular
resolution, of the HS/ACS images to perform a parametric morphological analysis of large,
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deep galaxy samples extracted from the Fors Deep Field (FDF), the GEBODtB and the
Cosmic Evolution Survey (COSMOS). The two—dimensional surface bregitdistribution

of each galaxy was modelled by a Sersic profile convolved with the poieadpunction
(PSF) of the image. | put extensivat in understanding and quantifying the reliability and
robustness of the modelling, both in terms of systematics due to characteristiesdata

(as for instance dependence on the signal-to—noise ratio or PSF variatienthe field of
view), and in terms of reliability of the codes and classifications used, cangptiie results
obtained with diferent softwares as well as with the classical visual classification. Simulated
images, with the same characteristics of true images and analyzed in exactyrn@evay

as the original data, were used to accurately quantify the reliability of thesfitts.

Beside a robust morphological characterisation of the galaxy samplegutbeit of the
line of research described above requires an estimate of the galaxy staliaes. | thus
derived stellar masses from the multiwavelength catalogs, by means of SED fiitim
stellar population synthesis models.

By adding together the morphological and stellar mass properties of the \ghlalry
sample, | have been able to investigate the evolution of the stellar mass dendityeieent
classes of galaxies: according to the&gr8ic indexn, galaxies were in fact classified as
“early”, “intermediate” and “late” typesn(> 3.5,2 < n < 3.5,andn < 2, respectively).

While recently also a few other studies have been carried out by carsslating the
morphological and stellar mass evolution with redshift in deep galaxy ssyruea similar
fashion as | did in this work, all these works were potentially significarfilycded by cosmic
variance, due to the small areas of most deep surveys. For this ré@stast part of my PhD
work has been devoted to a follow—up study in the COSMOS field. Due to itecegented
coupling of wide area and depth, COSMOS allows cosmic variance to benbeate

Moreover, thanks to its huge statistic, | could also disentangle for the firsttierenviron-
mental €fects on galaxy evolution for an homogeneous sampfielafgalaxies. Therefore,
| also studied the evolution of the morphologically split galaxy stellar mass daénghyee
different environments (underdense, average, and overdense).

In both my works on the FORS Deep Field plus GOODS-South and on COSM@8e
found that, at all redshifts, early—type galaxies dominate the high—massGaiig to pro-
gressively lower stellar masses, the relative contribution of late—type olbjectsnes more
and more important, tending to dominate the total mass density.

To better quantify this change in the relative contribution of galaxies fbér@int mor-
phologies to the total mass functiontransition massan be defined at each redshift, as the
mass where the transition from a bulge—dominated to a disk—dominated stellabudass
get takes place. By studying the redshift evolution of this transition massnbfthat the
morphological mix evolves monotonically with time: the higher the redshift, the miske d
systems dominate the total mass content. While at0.7 the value of the transition mass
is approximately consistent with the local value, alzhe contribution from early and late
type galaxies to the total mass budget is found to be nearly equal.

The shape of the stellar mass function of disk dominated galaxies is consigitebeing

10
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constant with redshift; the number density of disk galaxies declines by matrerike order of
magnitude from masses of log.M 10.6 to log M. = 12. Instead, the stellar mass function of
bulge dominated galaxies is roughly flat (number densities are similar at alkg)abast its
normalisation constantly declines with increasing redshift. The steepntss difks stellar
mass function, together with the decline in normalisation of the bulges stellar orag®h,
naturally sets the evolution of the transition mass with redshift.

| have found that atZ1, massive objects host nearly half the mass contained in similarly
massive objects in the local universe: this means that the global mass fudogs not
evolve in shape but only in normalization with redshift.

For the first time, | investigated the evolution of the specific star formation &8&R,

i.e. the star formation rate per unit stellar mass) as a function of morpholdgpmaland
environment. | have found that the locations of early and late—type galexibe stellar
mass vs. SSFR plane are very well separated at all redshifts and irviatirenents. The
intermediate type galaxies fall in between, confirming their nature of transikij@cis. The
early— and late—type galaxy populations exhibit a significant segregatinasa: disk galax-
ies dominate at low masses while early—type objects completely dominate the higtaihass
Therefore early—type galaxies drive the global decline of star formé&tgm redshift 1 to
the local Universe in massive galaxies. While in general this picture seebesdoite sim-
ilar in all environments, in low density regions there is a population of relatiregsive,
early—type galaxies, having high SSFR and blue colours.

All together these findings point towards a scenario in which massivetslgknost dou-
ble their mass from-1 to 0, and become more and more bulge-dominated as time goes by.
By means of estimates of the star formation rates for the whole sample, | hava #atin
situ star formation is not gticient to explain the evolving mass budget in massive objects.
This argument let me conclude that merging events, or more likely the accoétiomerous
small mass objects, must play a key role in t@ss pouringrom disks to bulges.

As explained above, thanks to the wide area of COSMOS | was able to iratestigo the
influence of the local environmental density on galaxy properties. | fraved evidence of
an established morphology density relation at all the redshifts probed indhks awverdense
regions contain a higher relative fraction of bulges with respect to loemesity regions.

Finally, thanks to the very homogeneous COSMOS dataset, | have studieddkeof
stellar populations in massive early—type galaxies stellar as a function iobement. The
age distributions show significantlyftérent mean ages at all redshifts. The results found
in this work are in agreement with other recent studies. Our results dutges/oung
(blue) massive early—type galaxies preferentially live in low density enwients, while the
galaxies hosting the oldest stars in the Universe preferentially belong toghest density
regions. Nonetheless, most early—type galaxies have similar charactegessiccolors, and
SSFRs, hence a similar formation redshift.

11



Summary

12



Galaxy formation and evolution in the
cosmological framework

Abstract

In this chapter | describe the motivation behind this Thegisk. | briefly review
the main theoretical aspects and the very broad obserehiornario, explaining the
fundamental goals of this work and summarizing its mostvegle contributions to
the study of galaxy evolution. The review of previous workftbobservational and
theoretical, is by no means to be intended as exhaustiveamaplete, and | certainly
by—pass to mention several important steps in extragalastionomy research, as well
as to address many issues which are still relevant todag/ohly meant to set this work
in a context, thus allowing its fundamental aspects to bkliggted.

1.1 The hierarchical Universe

The Aristotelian cosmology (see Figure 1.1) dominated the Western thinking&oly 2000
years. Aristotle’s Cosmos was a brilliantly integrated whole, which holisticallyelinidat-

ter, Place, Motion, Cause, and Value. The relations between Man, NanaeGod were
never in doubt. Everything was connected and reinforcing.That maimiaies why the
Copernicus’ innocent suggestion raised such furor.

The current, only few tens of years old, standard model for our Usgyehe Hot Big Bang
model, draws everything we see today from an initial state of exceedingdiytéimgperature
and density. Starting from this initial condition, the Universe expandedlfoost 14 billion

13



1 Galaxy formation and evolution in the cosmological framew ork
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Figure 1.1: The Aristotelic Ptolemaic astronomical system, engra¥ing Peter Apian’s
Cosmographia (1524).

years, and continues expanding, following Einstein’s theory of GéRelativity. Today’s
concordance model is a low-density, vacuum dominated Univege-0.3,Q2,=0.7).

Most of the matter in the Universe is thought to be non-baryonic “cold aeatter”, which
only interacts through gravitation. Dark matter is fundamental in explainingrtbm of the
structures observed in the Universe starting from the highly homogeimgtaldensity field

14



1.2 The formation and evolution of galaxies

observed as the Cosmic Microwave Background.

Being weakly interacting with the radiation, cold dark matter detaches earlieb#rgions
from the relativistic matter-radiation plasma. The structure formation is therodgeavi-
tational instability, starting from primordial quantum fluctuations in the globakdg field
which were amplified during the inflation epoch. Later on, at the epochooimbination,
baryons decouple from the relativistic radiation field and start falling in strei€ture seeds”
already present in the density field. While more and more matter is accretethergeeds,
these overdense regions will no longer follow the general expansiiie &fniverse, but will
slow down and eventually detach from the so—called Hubble flow, collapsifogrtobound
systems. In the currently favored Cold Dark Matter scenario, this psdeads to the forma-
tion of small systems (sub—galactic scales) that will then merge to form laygtemss: the
bottom—up hierarchical process of structure formation.

1.2 The formation and evolution of galaxies

The modern picture of galaxy formation and evolution has the beautiful reeddunatu-
rally place the existence of galaxies into the cosmological framework (seeeFig2 for
a schematic picture). Indeed, what we observe as a galaxy is, in thisepietiraryonic
component in such a hierarchically assembled (mainly) dark matter systermrk hado.

Baryons fall in the cores of the dark haloes inducing “typically baryopiotesses: bary-
onic gas cools, collapsing to form stars in a complex, poorly known psoces

The modelling of galaxy formation and evolution is an essential tool to provet#igtions
to be contrasted with the observations, and at the same time to help the interpreftatiat
we observe, as well as possibly to devise new observations.

At the same time, observations give fundamental inputs to such modelling atethenp
stage. In fact, while the gravitational processes involving dark mattereapp&e convinc-
ingly reproduced, the physical processes related to baryonic mattenafeless known.

On the theoretical side, two approaches have been used thus far: dieyryamical
simulation (which directly follows the dynamics of the gas, thus being very nicailgr
expensive), and the so—called semi—analytic models coupled with the cal¢sitatdated
evolution of dark matter structure (which model each known process bysmwdghysically
andor observationally motivated prescriptions).

On the other hand, galaxy evolution is observed in twedent ways: i) the observation
of galaxies at high redshifts, providing a direct view of the galaxy pdjmria at previous
cosmic times, and ii) the exploitation of the so—called fossil record, that is thénihgft by
the evolutionary history on the populations of nearby galaxies.

This work relies on the first approach, to study the evolution of massikaxiga in the
last 9 billion years. While this may look the more natural approach, and in sense gven
the more straightforward, nonetheless it is complicated by a series of prelbled caveats.
First, this approach assumes that the portion of the Universe that wevelagdnigh redshift

15



1 Galaxy formation and evolution in the cosmological framew ork

A Schematic Outline of the Cosmic History
the <-The Big Bang

The Universe filled
with ionized gas

Time since
Big Bang (ye

~ 300 thousand «+-The Universe becomes
neutral and opaque

The Dark Ages start

Gala and Quasars
begin to form
~ 500 million The Reionization starts

The Cosmic Renai
The Dark Ages &

~ 1 billion : ' < Reionization complete,
. the Universe becomes
transparent again

Galaxies evolve

= 8 billion 5
The Solar System forms

- 13 billian ; ’ i Today: Astronomers
. figure it all out!

5.G. Djorgovski et 2l & Digital Media Center, Callech

Figure 1.2: A schematic outline of the cosmic history (hffpbyss.uoregon.egdis)
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1.2 The formation and evolution of galaxies

will evolve into the local Universe. This is in principle true only on very lasgales, and
until very recently there were no surveys at the same time deep and widgletmassure
the observation of the distant Universe without being limited by the influeh@@smic
variance. Moreover, to compare galaxy populationsfé¢idint redshifts it is essential to de-
fine complete, well defined samples whose galaxy properties can be meglginghtrasted
with each other. This often implies observational challenges, and bothfin&ide of such
samples and the derivation of their galaxy properties always rely, dttteasme extent, on
assumptions and models.

I will now briefly describe the dferent aspects of galaxy evolution that are considered in
this work.

1.2.1 Morphological properties

The discovery of ‘nebula’, fuzzy objects in the sky that were not pglameomets or stars,
is attributed to Charles Messier in the late 1700’s. His collection of 103 objetis ifrst
galaxy catalog. Herschel (1792-1871) used a large reflecting tplesogroduce the first
General Catalog of galaxies. Edwin Hubble showed in the 1930’s thatohtst ‘nebula’
seen in the sky are, in fact, external galaxies, systems composed of bdlictars well
outside the Milky Way.

Once the existence of external galaxies was definitively establishedaieecustomary
to divide them into a number of classes based on their morphology, thatiisapiparent
shape and structure. The goal of any classification system, either in piotagstronomy,
is to reveal underlying physical properties, which in our case may leadderstanding the
formation and evolution of galaxies. Almost all current systems of galaygsifleation are
outgrowths of the initial scheme proposed by Edwin Hubble in 1926. In k{gbcheme,
which is based on the optical appearance of galaxy images on photampégties, galaxies
are divided into three general classes: ellipticals, spirals, and irregskee Figure 1.3).

Trying to link physical observables to the morphological appearantenasners started
to use fitting formulae to describe the light profile of galaxies. These fittingttae had no
physical motivation but at the same time they did such a good job in describirgakey
light profiles that it was put muchffert in building dynamical models that could explain
such formulae. The de Vaucouleurs profile (de Vaucouleurs 194&)idat ellipticals and
the exponential profile (Freeman 1970) became for decades the stavalesrto describe an-

alytically the galaxy morphology. In fact they turned out to be the main ingnéslaef galax
scaling laws such as the Fundamental Plane relation for elliptical galg(iiess(ler et jl.

1987; Djorgovski & Davis 1987; Bender et al. 1@92) and the Tully—&ig1977) relation

for disk galaxies.
More generally speaking, ellipticals have light profiles well described éyrtare general
Seérsic law (1968). The&sic profile has the following form:

(1) = 56 e (1.1)
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Figure 1.3: The Hubble tuning fork (courtesy of “Windows to the Univetse
httpy//www.windows.ucar.edu).

wherere is the dfective radius of the galaxy;e is the surface brightness gf, n is the
power-law index, and is coupled tan such that half of the total flux is always withig.

The original de Vaucouleurs (1948) profile is a special casemdil andk = 7.67. While
the de Vaucouleurs profile is well suited for “classical” bulges, some bultpe psuedo
bulges, may be better represented by exponential profiles (e.g., Koyr&eAruzual 1978;
Shaw & Gilmore 1989).

The Srsic index n for elliptical galaxies shows a relatively wide distribution with @slu
in between 2 and 6. TheéSsic index results to be correlated to the absolute luminosity of
the galaxy: more luminous the galaxy, the higher iéss& index.

The light profile of the bulges in spiral galaxies have been found to be sierilar to
elliptical galaxies of similar luminosities; i.e., they are well-described bgsi§ profile.

The advantage of theéSsic profile is that it can easily describe the whole galaxy zool-
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1.2 The formation and evolution of galaxies

ogy, with a continuous sequence from a Gaussma (.5) to an exponentialn(= 1) to a
de Vaucouleursn = 4) profile, simply by varying the@ exponent.

For this reason by fitting aé&sic profile to the surface brightness of each galaxy in the
sample, and defining a criterion for the separation €fedént galaxy classes based on the
Seérsic index (see for instance chapter 4), one can divide the galaxies saple in broad
morphological classes.

The study of galaxy structures yields considerable information on the weay tiave
formed. In fact, the structure of a galaxy mainly reflects its dynamical stdisk:galaxies
have exponentially declining light profiles and their dynamics is made of edd&otions
of stars around the azimuthal axis. The total angular momentum is relativélyahidysuch
galaxies are usually classified @dd systems because of the low velocity dispersion around
the mean velocity.

Bulge galaxies instead have centrally concentrated light profiles and tyreandcs is
made of chaotic motions of stars around the object center. The total amgafaentum
is quite low and these galaxies are usually referred thasystems because of the high
velocity dispersion.

Figure 1.4: Three disky galaxies atz 2 are interacting and finally merging all together at
z = 0 to form a giant elliptical (Dubinski et al. 1998).

In the currently favored scenario, the bulk of the stars generally startifig in disky
structures, thus creating disk galaxies first. Later on, these disk gatagietransform into
bulge galaxies through processes of gravitational instabilitycainderging (e.g. Toomre &
Toomre 1972, see figure 1.4).

On the other hand, in the “historical” picture for the formation of elliptical gedaxthe
so—called monolithic collapse (e.g. Eggen et al. 1962; Larson 1974),galaxies formed
as already massive objects in one single star formation event at higliftedsh

Even though peculiar objects are indeed observed which are cortbakeeridence of the
occurrence of the transformations in galaxy structures, and in partmiutaerging events, it
is not yet clear in which measure merging is actually important in the galaxy fanmand
evolution process, nor its consequences in terms of induced star fornvatioe remnant
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Figure 1.5: The influence of initial conditions of the protogalactic wibon the resulting
galaxy structure® 2004 Pearson Education, publishing as Addison Wesley).

galaxy, as well as structural modifications, are yet completely understood

Moreover, apart from the general cosmological framework, the dethilse galaxy for-
mation process might be determined also by the initial conditions in the protogalketit
(such as angular momentum and density of the protogalactic gas, se€lffgure

The morphological analysis of large and unbiased galaxy samples is tleus aliscrimi-
nate between the predictions offérent formation and evolutionary scenarios. For this rea-
son, it became very important to obtain morphological analysis of thousdryddaxies up
to high redshift, with a method as much as possible objective and whose Esutdde re-
liably reproduced by dierent observers. While visual morphological analysis (that is, visual
classification of a galaxy by eye) was the natural approach in the begiahimorphological
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1.2 The formation and evolution of galaxies

studies, nowadays — especially for large samples in deep fields — the mosbeochoice is
morphological classification by comparison with analytic surface brighioresgies.

1.2.2 Star formation and colors

Star formation is the process that actually forms what we observe as g.gdltven a star
formation event occurs in a galaxy, the newborn population of starsriseiaccording to
the initial mass function (IMF, i.e. the mass distribution of stars). The IMF iarpatrised
by a power law: ¢, mr(M) « M?, with @ < 0. Therefore, massive stars are much less
numerous than low mass stars.

Massive stars burn their hydrogen fuel, by thermonuclear fusionerelly fast. Thus,
they are bright and hot (i.e. the maximum of their Planckian emission is i blfuaave-
lengths). Low mass stars instead are much cooler in surface temperatsréh@hr emission
peaks in the red) and much fainter. All this is shown in the Hertzsprungdiusiagram
(see figure 1.6).

A young stellar population has a mean color that is blue, since most of the lighthisig
from the massive, hot stars. However, since such massive, blueiststfseir core fuel much
faster than the fainter, cooler red ones, they die sooner. Therefqrmgressively older
stellar population turns redder because all the massive blue stars hdwatdigirned into
red giant stars) leaving the faint, cool, red stars.

The stellar populations hosted by a galaxy mainly determine the galaxy colgethé&r —
and unfortunately in a degenerate fashion — with other properties like thé eneichment
history and dust content of the interstellar medium.

In the nearby Universe, the galaxy colour is found to strongly correlittethe galaxy
structure: elliptical galaxies (as well as dominating bulges in spiral galaslesy red
colours, while disks and irregular galaxies exhibit bluer colours. Ity faa single galaxy
different components (like bulge, disk, bars, etc.) may hafferdint colours depending on
the local stellar population properties. Looking at their colours, it is faimad in general,
and modulo the just cited degeneracies, elliptical galaxies host old stellalatiops while
younger populations inhabit disk galaxies. This means that the star forrh&tory of these
two classes of galaxies is clearlyfidrent, pointing toward a short, intense episode of star
formation at high redshift for the ellipticals, and a more quiet and prolosggadformation
history in spirals, as shown in figure 1.7.

1.2.3 The Cosmic Star Formation History and Mass assembly

Even though the star formation process is still poorly understood from #wedtical point
of view, the star formation rate of a galaxy may be quantified by using dalifierent indi-
cators. As explained above, the light distribution (spectral energy distig SED) emitted
by a galaxy is indicative of its stellar populations, and more specifically of theuat of
presentrecent star formation.
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Figure 1.6: The Hertzsprung—Russel Diagram. The Temperature on theomtel axis
refers to the photospheric stellar temperature. On theéceérxis the solar luminosities
emitted from the dterent kind of stars are shown . Colors refer to the waveleapithich
the stellar (pseudo—plankian) emission has its maximure.stér locus shown is thmain
sequencsstage of the stellar evolution: this is the locus where staend most of their
life and it is actually the period over which stars burn theidrogen and transform it into
helium (httpf/abyss.uoregon.egdis).

At the same time, the SED of a galaxy allows an estimate of the galaxy mass in stars. |
fact, as explained above, the fedar—infrared part of the galaxy SED is dominated by the
light from low mass stars, which dominate in mass the stellar populations. ®heréom
the galaxy flux emitted at red wavelengths it is possible to estimate, in a relatiahgtr
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Figure 1.7: The diferent star formation histories of typical elliptical andrapgalaxies
(httpy/abyss.uoregon.edljs).

way, the total mass of the galaxy stellar populations, as will be explained incetags in
chapter 5.

These two quantities, namely the instantaneous star formation rate and theeitaal s
mass of a galaxy, are fundamental tools in modern astronomy. By obsgalergy samples
at different redshifts, and measuring their star formation rates, it is possibleéothra star
formation history of the Universe.

In recent years, several deep extragalactic surveys allowed theasiar formation his-
tory to be measured: all these studies point towards a substantial amatat fafrmation at
early cosmic epochs (see figure[1.8).

At the same time, a number of studies have been able to measure directly thersishar
density up to high redshifts. The two independent approaches are maxka&bly good
agreement, and consistently suggest that about half of the presestadawere already in
place at zz 1, when the Universe was half of its present age (see figure 1.9).

The assembly of the stellar mass through cosmic time is a crucial test for modelsxy
formation and evolution. As explained in section 1.2, in the currently favoredels bulge
dominated galaxies are thought to form from disks, either through mesgéssdynamical
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Figure 1.8: The cosmic star formation history from a compilation offelient surveys
(Bowens et al., 2004).

instabilities. Therefore, even though detailed predictions do not existudiléajive expec-
tation is that the fraction of bulge—dominated galaxies decreases at higlshiifts. As also
stated in section 1.2, in a hierarchical picture one also expects massixgegataassemble
at later cosmic times, by merging of smaller objects.

In order to put sensitive constraints on the models, it is thus very importan¢ésure at
the same time the mass assembly and the evolution of the structural propertidexedgas
a function of cosmic time. In chapters 4 and 5 | present a study based orettsirement of
stellar masses and structural properties of large samples of galaxiesagshift 1. Since,
in a hierarchical scenario, merging is driving both mass assembly andnityadaevolution,
these studiesfter a direct probe of the role of this process in galaxy evolution.

1.2.4 The Environmental dependence of galaxy evolution

The link between galaxy evolution and environmental properties has lesmved since
years as being very tight. The hostile clusters environment influencaggtihditerent pro-
cesses, namely strangulation, ram-pressure and close-encouatbriebdynamical status
and the star formation activity of a galaxy.

Elliptical galaxies living in galaxy clusters are always found to show a tiglation be-
tween their magnitudes and colours, the so—called red sequence, whipkedsezl to be the
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Figure 1.9: The total stellar mass density as a function of redshiftnfeocompilation of
different surveys (Drory et al., 2005).

outcome of processes which stop the star formation activity, so that the pbalations of
red sequence galaxies result to be all consistentliple.d

Furthermore, itis well observed that in overdense regions the fradtilhpiical galaxies
increases with respect to average density environments, while that als$pegulars de-
creases. This morphology—density relation is also thought to be the outddinegpoocesses
typical of overdense environment, which transform the galaxy strugitwgerties.

The linear theory of the structure growth predicts that, starting from the iniéakity
fluctuations field, overdense regions tend to become more and more mser @etime goes
by. Conversely, underdense regions tend to loose more and more magteeséribed in
section 1.1, the highest density peaks of the dark matter large scale sramusupposed
to first detach from the Hubble flow and collapse. Therefore, thesthanglaces were also
the first galaxies are supposed to start out and grow during the cosmic Tiheehigher
the density the earlier star formation is supposed to start in small sub-galaittic These
sub-galactic units will ultimately merge together to form the biggest objects. Biggest
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objects will hence be made of the oldest stars in the Universe.

Such a picture nicely explains the obsereimvnsizedlavour of the Universe: the most
massive objects are observed to host the oldest stellar populations ganebtfitribution to
the cosmic star formation history is very early in cosmic times. This was originaliygtito
to be in contradiction with the hierarchical picture of galaxy formation, beedhe most
massive galaxies, which were predicted to be the younger, latest psaxfube hierarchical
assembly, were instead found to be the older ones when examining the tgsr dtars.
However, if no significant star formation is triggered by the subsequergingeevents, the
hierarchical merging process goes on by assembling small galaxies wétya#eolved stel-
lar populations, thus while the resulting massive galaxy is actually assemlieceeently
(so its “age” as a single object is very young), the stellar populations it lvesre formed
much before in the smaller galaxies, thus being much older.

1.3 This Thesis

The main aim of my thesis work has been to add a morphological characteritatibe
well-establishedlownsizingscenario.

| have performed a parametric morphological analysis based on the dgepesolu-
tion HST/ACS imaging available for three deep surveys, the Fors Deep Field (RDé¢-),
GOODS-South surveys and the Cosmic Evolution Survey (COSMOS). | leubtiee two-
dimensional surface brightness of each galaxy in these large samplesagshitz ~ 1
(down to a limiting magnitudeas=24) with Srsic profiles, obtaining a quantitative measure
of the morphological properties of these objects. | put extensfeeten understanding and
quantifying how various kinds of systematics coufteat the modelling results. An exhaus-
tive description of the data used in this work is given in chapter 2, while themobtwgical
analysis is explained in full details in chapter 3.

Also the technical treatment of the data took an important part in this workinstance,
the last part of this work, which is based on the HSTS COSMOS survey dataset, consists
of the morphological analysis of about 1 square degree of the sky. \A(lilea huge volume
allows us to put firmer constraints on our results, it involved the morphologitallysis of
more than 400 separate ACS images, and it has been possible thankspaiaeleéPython
scripting which let me handle this "Tera-byte domain” amount of data in a nede time.

Once a robust morphological characterisation was secured for thie wample, | es-
timated by means of SED fitting the stellar masses of the galaxies, making use of the
very high—quality, multiwavelength datasets available for all the three deep faudied.
Putting together the information about structural properties and stellar spasseve been
able to investigate the evolution of the stellar mass density for thif@eraht classes of
galaxies, i.e. early, intermediate and late types, selected according tértie $ndex,n
(n > 35,2 < n < 35, andn < 2, respectively). Chapters 4 and 5 present the results of
this analysis, obtained on the FORS Deep Field, the GOODS-South and o O8I QS
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survey, respectively. As of today, this is the analysis of combined makmarphological
evolution in galaxies based on the largest galaxy sample.

Thanks to the huge statistic available in the COSMOS survey, | could alsthddirst
time, disentangle the environmentdfext on galaxy evolution for a homogeneous sample
of field galaxies. Therefore, | also studied the evolution of the morphologically gaubixy
stellar mass density in threefidirent environments (underdense, average, and overdense).

| have also analysed both the bulge-to-total and the bulge-to-disk fractibditerent
redshifts and for dierent environments. Firstly, at all redshifts | have found evidence of a
well established morphology—density relation: more dense volumes contigihex helative
fraction of bulges as respect to lower density volumes.

Furthermore, in this work for the first time the evolution of the specific stanédion rate
(SSFR, i.e. the star formation rate per unit stellar mass) was investigatediastiari of
morphological type and environment. In agreement with previous studiesydink found
that the most massive galaxies have the lowest amount of star formationipstellar mass
up to the highest redshift probed, and hence they cannot have fonebdlk of their stars in
this redshift range (i.e. the last 9 billion years). This pushes the bulk ofdtae formation
at much earlier cosmic epochs, in agreement with the downsizing scemeafaat,| previous
studies have generally neglected both galaxy morphological propertiesraironmental
conditions. | have been able to plug in also these two further variablesptbdsicing a
wider view of this complex picture. In particular, the SSFR in massive eapgstys found
to significantly evolve with redshift, while it remains pretty constant sineel in massive
disks. On the other hand, the high—mass end of the galaxy populationsaisaminated
by early—type objects, which thus drive the decline in star formation ratégghtrhasses.
While in general this picture seems to be quite similar in all environments, in lowtdens
regions there is a population of relatively massive, early—type galaxé@&mdhigh SSFR
and blue colours.

Finally, | have studied, with the highly homogeneous dataset available, #sedidhe
stellar populations in massive early—type galaxies as a function of the emérd. The
age distributions show flerent mean ages at all redshifts, in agreement with other recent
studies. The results found in this work suggest that young (blue) nesssily—type galaxies
preferentially live in low density environments, while the galaxies hosting thesbktars in
the Universe preferentially belong to the highest density regions. Nelest) most early—
type galaxies have similar characteristic ages, colors, and SSFRs,ahsingiéar formation
redshift.

In chapter 6, | summarise some results obtained in complementary studies holagdh
in, and provide a short description of some of the follow—up work whicHresady under
way.
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Observing the coloured Universe: the
large deep surveys

Abstract

In this chapter | describe the spectro—photometric datd instlris work. These consist

of multiwavelength UV—to—NIR observations of three exaiagtic deep fields. In this

chapter, details are given about the quality and charatitesiof such data, as well as
about the process of building multicolor catalog and esiimygphotometric redshifts.

Wide and deep surveys are a vital tool in modern astronomy: they provadéitbe
datasets of objects needed (both at high and low redshifts) to improvenowiddge of
the physical mechanisms driving galaxy formation and evolution.

Recent wide field surveys, such as 2MASS, SDSS and 2DF, ( Jaredtt 2000; York
et al. 2000; Colless et al. 2001) provide an unprecedented wealthasfriafion on the
structure of théocal Universe.

On the other hand, the complementggncil beamdeep surveys (i.e. relatively small
patches of the sky observed in several bands with high angular reschutithigh AN ratios
at faint magnitude levels) allow us to investigate the higbniverse ¢ > 1), providing large
sets of distant galaxies to constrain thffetient evolutionary scenarios.

The Hubble Deep Fields (Williams et al. 1996) has marked a cornerstoner inneu
derstanding of galaxy evolutionary processes, providing unpratedi€onstraints on the
theoretical scenarios for galaxy formation and evolution.

Later on more deep surveys have been performed using space amtlgbased tele-
scopes of the 10m class generation: the Subaru Deep Field (Maihdra2804), the Fors
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Deep Survey (Heidt et al. 2003), Gemini Deep Deep Survey (Abradgtaah 2004) and
GOODS (Giavalisco et al. 2004).

However, an important drawback of these deep surveys is that theltfipidaf view has
angular sizes that @& ~ 1 convert to physical scales relatively small with respect to those
relevant for large-scale structure. Thus, in order to study the piepaf distant galaxies
at high redshift in dierent large scale environments, it is mandatory to control field-to-field
variations, by means of deep surveys along maffeidint lines of sight or extended to larger
contiguous sky areas.

Very recently, the Cosmic Evolution Survey (COSMOS, Scoville et al. 2@ddyessed
this issue, by observing a 2 square degree contiguous patch of therekiging the whole
community with an unprecedented view of galaxy evolutidth in the large scale structure
up to high redshift.

2.1 The FORS Deep Field

The FORS Deep Field (Appenzeller etal. 2000) is a multi-color photometricspadtro-
scopic survey of a”#x 7’ region near the south galactic pole including the QSO Q 0103-260
at redshiftz = 3.36. The data have been taken with FORS1 and FORS2 at the ESO VLT and
Sofl at the NTT.

The data were reduced and calibrated as described in Heidt et al) (Av@3reduction of
the images in the z-band and the medium—band filter at 834 nm required an rzaldstiep
to remove the characteristic fringing pattern.

The formal 50% completeness limits for point sources are 26.5, 27.6, 269, 26.8,
~255,~258,23.8,226inU, B, g, R, I, 834 nm, z, J and Ks, respectively. Thingee
varied from 0.5 arcsec in the | and z band to 1.0 arcsec in the U-band.eAtetith of the
images decreases towards the borders, we limited our analysis to the in&raBomirnt
of the survey field, thus ensuring an optimal photometric homogeneity andriney any
possible bias in the photometric redshifts determination.

2.1.1 Source detection and multi-band photometry

Object detection was done in the I-band image using SExtractor (Bertin &u%\nlg%),
and the catalogue for this ‘deep’ part of the FDF includes 5636 objects.

Accurate multicolor photometry of the objects is crucial to derive accuradéoptetric
redshifts, therefore we checked the accuracy of the absolute calibitiour multicolor
catalog by means of color-color plots of stars. We compared the colorBefskars with
the colors of stellar templates from the Iibrary{ of Pickles (1 998) convolvitd the FORS
filter system. In general, corrections to the photometric zeropoints of orw dafindredth
of a magnitude were needed to obtain an optimal match to the stars and b#stfoeghe
photometric redshifts.
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2.1 The FORS Deep Field

Figure 2.1: The FORS Deep Field.

After checking the accuracy of the photometric calibration, we can med#serieroad—
band spectral energy distribution (SED) of galaxies as sampled by esbaads. In order
to take into account that flerent images had filerent point spread function (PSF), all the
images were convolved to the same PSF of FWHII'. Object fluxes were measured in a
fixed aperture of 1.5".

To avoid contamination from stars, we rely on three sources of informatierstéin-galaxy
classifier of the detection software SExtractor, the goodness of fitalaxg objects of the
photometric redshift code and, if available, on the spectroscopic informai¢e first ex-
clude all bright { < 22™) starlike objects (SExtractor star galaxy classifi€d.95). Then we
exclude all objects whose best fitting stellar spectral energy distributBB)S according
to the photometric redshift code — gives a better match to the flux in tfexeht wavebands
than any galaxy template (%, < XSaIaxy)' These objects are subsequently flagged as star
and removed from our catalogue. Further inspection of the images confiratone of
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2 Observing the coloured Universe: the large deep surveys

these flagged objects are extended. Finally, we reject all objects sgmpiically classified
as stars. In total 78 objects were classified as stars and removed fr@arople. Our final
I-band selected catalogue comprises therefore 5558 objects.
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Figure 2.2: Left panel: comparison of spectroscoﬁjic (Noll et al. 2008hm et al. 2004)
and photometric redshifts for fierent galaxy types and quasars in the FDF. Right panel:
histogram of the photometric redshift errors. The errotritistion can be approximated
by a Gaussian centered at 0.006 with an rms of 0.028 (dotte. liReproduced from
Gabasch et al. (2004a).

2.1.2 Photometric redshifts in the FORS Deep Field

A redshift probability function P(z) was determined for each object by hiagcthe object’s
fluxes to a set of 29 template SEDs redshifted betwee® andz = 10 and covering a wide
range of ages and star formation histories. As templates we used (a) &deca) ¢emplates
from Mannucci et al. (ZOd)l), and Kinney et al. (1996) and (b) sempigcal templates more
appropriate for modest to high redshift galaxies. The semi-empirical teraphatee con-
structed by fitting combinations of theoretical spectral energy distributibdgferent ages
from Marastohﬁ@& and Bruzual & Charlot (1993) with variabledezdng (Kinney et al.
) to the observed broad band colors of about 100 galaxies in thidédiDeep Field and
about 180 galaxies from the FDF with spectroscopic redshifts. Lymastfabsorption was
parameterized following Madb!u(T)QS) and references therein.

The remaining 180 galaxies in the FDF with spectroscopic redshift wereassan inde-
pendent control sample.

In the left panel of Fig. 2/2 the comparison of photometric and spectrascegshifts
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Figure 2.3: Redshift distribution of all galaxies in the FDF sample. Tdhestering ob-

served in photometric redshift space is probably mostly; esawe see clusterespectro-

scopicredshifts az = 0.22,z=0.33,z= 0.39,z= 045,z = 0.77,z = 2.35 and possibly at
z=0.95,z = 3.15, andz = 3.4. Reproduced from Gabasch et al. (2004a).

of 362 galaxies and QSOs in the FDF is shown (see Noll et al. 200HmBet al. 2004 for
the spectroscopic redshifts). The agreement is very good and weohivé outliers with

a redshift error larger thanz > 1. Three of the outliers are quasars or galaxies with a
strong power-law AGN component (crosses). The others are vegyoblects with an almost
feature-less continuum (triangles).

In the right panel of Fig. 2.2 the distribution of the redshift errors is sholvis nearly
Gaussian and scatters around zero with an rms erz/§fspec+ 1) ~ 0.03.

The redshift histogram of all objects in the FDF is shown in Fig. 2.3. Mogitifafl peaks
in the distribution are due to real clustering in redshift space. From thes@é&roscopic
redshifts, clusters, groups or filaments of galaxies with more than 10 ideatiedmost
identical redshifts were identified at= 0.22,z = 0.33,z = 0.39,z = 045,z = 0.77,
z = 2.35. Other structures are possibly presertat0.95,z = 3.15, andz = 3.4.
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2 Observing the coloured Universe: the large deep surveys

2.2 The Great Observatories Origins Deep Survey South Field

Figure 2.4: The portion of the GOODS-South field discussed in this sactio

The Great Observatories Origins Deep Survey (GOODS) combinesretireeep obser-
vations from the NASA's space observatories Spitzer, Hubble, anddtAgESA's XMM-
Newton, and from the most powerful ground-based facilities, to suithveylistant universe
across the broadest range of wavelengths.

A fundamental goal of the GOODS survey is the study of galaxy formatidresalution
over a wide range of cosmic lookback time, addressing the mass assemhly bfgjalax-
ies, the evolution of their stellar populations, and the energetic output franicmation
and active nuclei.

GOODS will survey approximately 300 square arcmin divided into two fieldseced on
the Hubble Deep Field North (GOODS-N) and the Chandra Deep Field SBQDS—-
S). These are among the best observed portions of the sky, and aitethef the deepest
observations ever made from Spitzer, Hubble, Chandra, and XMMtdfewThe space-
based observations are complemented by ground-based imaging amdsgsay, including
an extensive commitment of ESO and NOAO observing time. While GOODS is a deep
(and not wide) survey, it is much larger than most previous deep sur@myly recently the
COSMOS survey sampled a significantly wider area.
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2.2 The Great Observatories Origins Deep Survey South Field

GOODS includes an HST Treasury Program which uses the Advanceér@dor Sur-
veys (ACS) to image the two GOODS fields through four broad, non-quarig filters:
F435W (B), F606W (V), F775W (i), and F850LP (z) (exposure times3r2.5, 2.5 and 5
orbits per filter, respectively). Thanks to the superior resolution of AB&combination of
this treasury program with GOODS observations at other wavelengthssallewn map the
evolution of the Hubble sequence with redshift, reconstructing the histogglaxy mass
assembly and star formation offiirent galaxy populations.

2.2.1 A Ks-band selected galaxy sample in GOODS-S

Adapted from M. Salvato et al, “A Ks-band selected galaxy sample in GG®DA&EA
submitted

The study presented here is based on ground-based optical andfna@d images ob-
tained by ESO on the GOODS-S field. Optical observations itUiti V, Randl bands have
been carried out with the Wide-Field Imager (WFI) at the 2.2-m YESD telescope. The
datasets have been reduced by twiedent groupst andl images are taken from the field
Deep2c of the GOODESO Deep Public Survei/ (Arnouts etal. 2b01) and images in the
B, V andR bands have been provided by the Garching-Bonn Deep S
%) U andl images have a total exposure time of 13.2 and 7.47 hours, respectwely Th
latter were obtained by stacking the images from the GO@®BSS Deep Public Survey and
supplementing them with archival WFI images. A total exposure times of 15.8,dnd
17.8 hours were reached in tBeV andR bands, respectively. All optical observations were
obtained under very similar seeing condition8)(vith a marginal spread of less than 5%.

The J, H andKs-band data were observed with ISAAC at the VLT and are part of the
GOODSESO release 05 The near-infrared observations are split into eight sub-fields,
with a size of 3x3’ each (plate scal€’Q48pixel). They cover the central part of the optical
images which have a field of view of 30 (0”238pixel). The sub-fields are overlapping
by ~25”, which reduces the total analyzed area to 50.64 areniline exposure times in
each filter diter between the eight sub-fields and range from 2.2 to 4.2, 3.9to 5 and 5.8 to
7.9 hours in thel, H and Kg bands, respectively. Moreover, the seeing conditions varied
significantly for the eight sub-fields and between the three near-idftaeds (see Tab. 2.1).

2.2.1.1 Source detection and multi-band photometry

Source detection and multi-band photometry was performed using YdSDA’}(M).

This package was specifically designed for multi-band imaging surveytskds into ac-
count that in mosaiced frames as well as in dithered images the backgroisedisioften
inhomogeneous across the field. Furthermore, the frames do not usueiéy & common
coordinate system ayat pixel scale, due to the use of multiple telescopes and imagers. This
is a severe issue, since re-sampling the images to a common coordinate s\estitailin

lAvailable athttp://www.eso.org/science/goods/
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2 Observing the coloured Universe: the large deep surveys

introduces considerable noise, especially for faint sources. The dwtigy used here is
resembling the method described in Drory etal. (2001b). Below, detailseoddtection,
image registration and photometric measurements, specific for this analgsisyem.

Detection

Source detection was performed in tlgband sub-images. Because of the considerable
seeing variability between the individual sub-fields this results in varying limdeyghs for
the sub-fields. Compared to a degradation of the quality of all images to that wittottst
point spread function (PSF), this has the advantage of reaching the aptieypth for each
sub-field.

For a given image, the number of detected sources mainly depends ompdnaeecters,
namely (i) the threshold level above the background, (ii) the minimum numhmmofected
pixels above that threshold which define an object and (iii) the minimum numhexels
above the detection threshold in splitted objects. Playing with the parameteirscoaase
the number of (faint) detected sources, but most of these sourcestaedyanoise. In
order to obtain the optimal choice, simulations witffelient parameter combinations have
been performed for each Ks-band sub-field on the original image asawelh its inverted
version which was simply obtained by multiplying with -1. Original and inverted inag
show the same fluctuations in the sky background, thus, object candidateswith the
given parameter combination can be only false detections. Naturally, thepsaemeeter set
will select false detections of the same kind in the original image. Variation ofehech
parameters can either yield a vanishing amount of false detections on thedhieage
which goes hand in hand with a small number of detection on the original imageushy
cutting at relatively bright magnitude and leaving real objects undetecté@. opposite
extrem is a catalogue containing securely all visible objects but also a mmen&of false
detections on the inverted image indicating that most of the faint sources ihttia oatalog
are not real ones. As we intend to derive statistical investigations (e.g.dsityifiunctions)
from the catalog we found a false detection rate of 1% as indicated by theeidvenage
technique acceptable. We chose a detection threshold @féh8 minimum numbers of 7
and 5 consecutive pixels above the threshold for single and split objestsctively. A
source catalogue for each subfield was generated accordingly.

Due to dithering, the borders of the images were not homogeneouslysektbas leading
to numerous false detections and objects with unreliable photometry. MoydéS¥eAC
images areféected by distortion which can reach 02 the corners of the images. In order
to limit these €ects, all detections located within 50 pixels from the borders were removed.
Nevertheless, an overlap of few arcseconds still remains betweenboeigi sub-fields.
A cross check between the 8 catalogues revealed the presence afr6&sswith multiple
detections. For these sources only the detection with the largest distaneelortier of
the image was included into the final source lists. The resulting catalogusistcon3294
sources split into 450 in FO9, 461 in F10, 427 in F11, 409 in F14, 351 in 836 in F16,
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2.2 The Great Observatories Origins Deep Survey South Field

Table 2.1: Seeing of the near-infrared images for the 8 sub-fields. Dmepteteness and
surface brightness limits for th€s-band images, based on the re-calibrated photometry are

given as well.
Field J H Ks 50% compl. s.b.Ilim.
& ” ” mag magarcs
FO9 0.36 0.43 0.39 24.71 24.47
F10 0.51 0.57 0.45 24.45 24.57
F11 0.46 0.48 0.44 24.73 24.54
F14 0.45 042 0.48 24.95 24.78
F15 0.47 0.67 0.49 24.69 24.75
F16 0.41 0.60 0.55 24.12 24.32
F20 0.46 0.50 0.39 25.04 24.60
F21 0.40 0.49 0.39 24.98 24.68

408 in F20 and 452 in F21.

The 50% completeness limits for point-sources were estimated following thedunae
described in Snigula et al. (2d02), where the authors made an extensiy@eteness sim-
ulation for imaging surveys of faint galaxies, taking into account their knsize-surface-
brightness relation.

The resulting value for each sub-field, together with the surface brighiimait, is listed
in Tab.[2.1. Note that the quantities were compuaétdr the tuning of the photometry as
explained in Sect. 2.2.1.2.

Multi-band photometry

After source detection, all optical and near-infrared images wereobgst to the worst
seeing among the images in the dataset, namely to’threeéing of theB-band frame. In
the next step, each convolved image was registered to the pixel coordysten of the
corresponding un-convolvels-band image in which the detection was performed. The
registration has been performed in IRAF environment, using a modifiecbmer§the task
imatch As first step, for eacliKs image (reference image) the center of at least 5 bright
and isolated sources have been measured and identified in all the otksr aorder to
make a first order registration. Following, the task detects all the othenstsagirces in
the reference image and looks for the corresponding source in theioiges, defining the
matrix to transform the coordinates of the reference image in the new imagegrdcedure
has the advantage to be (ieated by the distortion of ISAAC data.

After transforming the coordinates the count rates in all filters were measnrfixed
apertures of 15 (i.e. 1.5 times the seeing). Furthermore, the total magnitudes included
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2 Observing the coloured Universe: the large deep surveys

in Kron-like aperture (Kro@SO) were derived. The small fixedtape was chosen in
order to avoid the flux contamination from neighboring objects. As a fudteantage the
colour gradient of extended objects far from the center are ignordulis, Tlater spectral
energy distribution (SED) fitting will not take into account colour gradientsside of the
aperture. The fluxes were measured with both YODA and SExtra{ctotim&Arnouts
1996), and the values were found to be consistent. Preliminary magnitfities sources
were computed based on the zero-points and associated uncertaintidegio the image
headers. More precise magnitudes were achieved after the tuning drthv@aints of the
images as described in the following section.

2.2.1.2 Photometric redshift

Photometric redshifts for the detected sources were computed as désor#setion 2.1.2.

In brief, the templates were obtained by grouping approximately 300 ausepectra of
galaxies from the FORS Deep Field (FIjF: Heidt et al. 003) and the Hubd&ép Field
North (HDF; Williams et al. 1996) according to their spectral propertiesebehding them
by fitting a combination of dferent stellar population models @998) with dif-
ferent ages and dust extinction values. As a result, representativee®iplates with vari-
able star-formation activity, age, metalicity, and dust extinction were obtairfeglcomplete
set of 29 SED templates is shown in Fig. 2.5.

In addition to the galaxy templates, each source of the catalogue was alsaredmyth
the stellar SEDs from the Pickles compilation of stars with solar abundancd;westk and
metal-rich F-K dwarf and G-K giant componeﬁts (Pic@QQS). Fhebtained for the
best galaxy and best stellar SEDs will be used to discriminate betweenrsdegalaxy (see

section 2.2.1.3).

The calibration

As it has been demonstrated in CADIS (Wolf efaTZOOl) and in FDF (Besmmu 2001),
main sequence stars provide the most robust check of photometric @iats-p

Since only a handful of stars were present in each of the 8 sub-fteidanethod could
not be used to calibrate the photometry. Nonetheless stellar photometry vwbhasuasa
posterioriphotometric sanity check as described later in this section.

Photometric zero-points of the images and photometric redshifts were calibisite the
observed spectra of 135 galaxies. 120 of these were taken from tEDGEIS webpage
available prior to the release of the spectroscopic master catgloguaddition 15 spectra
of non-active galaxies were taken from the follow-up of X-ray obatowns in the Chandra
Deep Field South (Szokoly et al. 2004). The redshift distribution of th85eyalaxies ranges
fromz = 0.2 toz = 6.0, with the majority of them lying between= 0.5 andz = 1.4.

2httpy//www.eso.orgsciencggoodgspectroscopyCDFS Mastercat
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Figure 2.5: SED template library used for the photometric redshift debeation. All
templates are normalized to the fluxia& 5100A.

The technique of photometric redshift is in general very sensitive tortaioges in the
photometry (sde Bolzonella et al. (2000) for a complete discussion)efidner precise zero-
points of the individual images are mandatory. Unfortunately, the firsaselef the optical
GOODSEIS images sfliered from significant inaccuracies of the zero—points indh&nd
| bands (see Arnouts et al. 2001; Manfroid & Selman 2001; Hildebrarait EOO$). In ad-
dition, field-to-field variations of the order of 0.1 magJdrand 0.2 mag irKs were already
noted when the data were released. Forkhband data field-to-field variations were not
ruled out in the release.

Being aware of these uncertainties, we allowed for small changes in thepa#its of
the images in order to increase the accuracy of the photometric redshtfosolin a given
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Figure 2.6: Template fitting to the photometric points for a galaxy wi&h23 mag (bottom
panel). The best photo—z fit is obtained with a late—typexyalemplate az = 1.02+ 0.05.
The galaxy has actually a spectroscopic redshift 6f0.97 and is shown for comparison
in the top panel.

optical band, the same correction to the zero-point was applied in all sldls;fias single
images cover the whole area. In the near-infrared, new zero-poimgsimgependently ob-
tained for each of the eight sub-fields. The zero-points were coesidgpropriate when for
each object with an available spectriinthe photometric redshift was consistent with the
spectroscopic one ar{d) the selected galaxy template was resembling the actual spectrum.
A typical example is shown in Fig. 2.6, were the best fitting SED template is cothpare
the real observed spectrum of a galaxy wih23 mag. The resulting photometric redshift

of z=1.02:0.05 is perfectly consistent with the spectroscopic redshif=6t97.

The final corrections to the zero-points in tBeV andR bands are only marginal, while
U andl required a systematic brightening of the order of 0.25 magnitudes. 14 band
the necessary correction was on averafel mag, while theH and Ks-band zero-points
needed a modification in a range-3.45 to+0.19 mag depending on the sub-field. Applying
these corrections, a set of new zero-points was computed for all bahdobtained values
were used to compute the actual surface brightness limits oKtHgand images and the
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Figure 2.7: Left panel: Comparison between the photometric redshittssgnted in this
chapter and publicly available spectroscopic redshiftsgalaxies in GOODS-S. This
includes objects in common with the VVDS (LéWe etal. 2004), observed with the
VLT/FORS2 (Vanzella et 5@05), from the spectroscopic follggvof Chandra se-
lected sources (Szokoly et al. 2004) and from K20 (Mignokile2005). The filled cir-
cles indicate objects for which the spectroscopic redshifere flagged as highly reli-
able (flag(VVDS¥4, flag(VLT/FORS2XA, flag(Szokoly}2, flag(K20)}1). Empty circles
mark galaxies with lower reliability. Right panel: Distution of the uncertainties in the
photometric redshift (solid histogram). It can be fitted b@aussian distribution (dotted
line) centered ahz/(1 + 2) = 0.012 with ac of 0.05.

aforementioned completeness limits of the catalogues presented in Table 2.1.

Fig.[2.7 shows the comparison between our photometric redshift and thevzolable
spectroscopic redshift for a sample of approximately 500 galaxies (i.ctuding the 135
galaxies used for the calibration above; see figure caption for detail)sidzring only
galaxies with highly reliable spectroscopic redshifts, an accuradyzdfl + z2) = 0.05 is
reached independent of redshift, the highest precision achievetisospecific dataset of
images so far.
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Verification of the zero-points

Although the achieved accuracy of the photometric redshifts is a cructabftesir re-
calibrated zero-points, we performed additional tests using (i) color ostiues in the 8
subfield compared with theoretical stellar color, (ii) photo—z comparisosdiorces detected
in more than one sub-field, (iii) thie-band catalogue of the Las Campanas Infrared Survey
Chen et al. 20d2), (iv) photometry and (v) photometric redshifts peavisty COMBO-17
Wolf et alHZOOh). Moreover, in September 2004 the release v1.5 ofSAAC images
became available. Although the new release has a more accurate phottmdtnages are
shallower than the previous ones. For that reason we decided to stickreddhse v0.5 and
to use the release v1.5 to verify our correction.

After computing the new zero-points it was possible to look at the color cadgrams of
the stars (Fig. 2.8, open circles), and compare them with the expecte@tolam sequence
stars with solar (red solid line) and low (blue dashed line) metallicity. The celolsyn-
thetic stars as function of metallicity have been computed on the Kurucz (199®&ketical
model atmospheres, as in the compilation of Lejeune et al. (1998). Inajetier observed
distribution of stars is reasonably well reproduced by the color distribsitadtibrary stars
with a metal spread as observed in disk and halo of the Milky Way. As diedussove,
65 sources were detected in more than one of the églitand images. For each of these
sources and for a given near-infrared band, the photometry of the teudgpections (after
the zero-point correction) is in agreement within 0.05 mag or better. Th#ingsvalues for
the photometric redshifts of the individual sources are consistent Witk = 0.03.

Observations of the GOODS-S field W, R, I, zand H are also included in the Las
Campanas Infrared Survey. Chen et al. (2?002) provideHtHmnd photometry for sources
brighter thenH ~ 20.8 mag in a fixed aperture of’2 In order to allow a comparison with
their results, we recomputed the flux measurements idthand using the same aperture.
The magnitude dierenceAMy = My, Las campanas- MH, this work fOr common sources, before
and after the zero-point correction, are shown in the left panel ofZ28y. Using the origi-
nal zero-points, the distribution showed diset of AMy = 0.04 mag and a non-negligible
asymmetry due to field-to-field variations. With the new zero-points this asymmistp-
pears and the distribution is centered\dly = 0.03 mag with an RMS of 0.1 mag.

We further compared our photometry and photometric redshifts with the re§@@MBO—
17 (Wolf et al. 2004), a survey based on photometry in 17 optical filtechydimg 12 medium-
band filters.

These filters are sensitive to individual emission lines and therefore alfgvo@metric
redshift accuracy of up to 1% for sources brighter tRan 21. The precision decreases for
fainter objects, reaching 10% BRt> 24. A total of 499 targets with photometric redshifts
and classified agalaxyin COMBO-17 are also present in our catalogues. A comparison of
the photometric redshifts is shown in the right panel of Fig. 2.9.

Following Wolf et al. we estimated the precision of our photometric redshiftffierdint
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Figure 2.8: Three examples of color color diagram for main sequencs stéh solar
(red solid line), and low (blue dashed line) metallicity astdrs in the GOODS field, after
correction of the zero-points.
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Figure 2.9: Left panel:Histogram of magnitude fferences between th¢-band photom-
etry from the Las Campanas Survey and this work computedwétfixed aperture of
2”. The dashed and solid lines show the distribution beforeadtet the correction of
the zero-points, respectively. After the correction thgnametry of the distribution disap-
pears.Right panel:Comparison between the photometric redshifts presentddsnvork
and those provided by COMBO-17 for the galaxies in commotied-tircles represent
galaxies brighter thaR =23.5 mag and empty circles mark fainter sources.

magnitude intervals. We defin@a = (zZcomso-17—Zthis work)/ (1+ZcomBo-17), assuming the
photometric redshift of COMBO-17 asue redshiftand we computed the deviation of our
photometric redshift from them. For galaxies brighter tRasa 21 an accuracy ofiz ~ 0.02
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was achieved. This value corresponds to the intrinsic binning of our piedt redshift
procedure. Sources with 21R < 235 have aAzof 0.05. For galaxies fainter thdh= 235,
the photometric redshifts of COMBO-17 exhibit significant uncertaintiegrdfore, these
sources could not be used for further verification of the quality of esults.

Finally, a comparison of the photometry of the sources using both, the refessen 0.5
( after zero-point correction) and the newest version 1.5, was dhbe.z&ro-points in the
new release are computed by comparing photometry of stars in photometrigktbisated
SOFI images and, as clearly stated in the web page of GGEEBS, "uncertainties are
not negligible due to the calibration procedure and residual non-unifosmitithe images
(either ISAAC or SOFI)". A calibration using photometric standard starslisysssing and
need to be done. For the comparison we used between 300 and 400ssperdield for
which the match in R.A. and DEC coordinates was better that. 0% many frames the
averaged dference in the photometry is close to zero (see for example F21 in the Hand K
band) with a scatter driven by the faint sources. The general agneeritke the new released
version 1.5 confirms that our recalibration is reliable.

2.2.1.3 Source catalogue

After removing the field-to-field variations of the photometry and the verificatibthe
photometric redshift accuracy, we applied our method to all édgHiand source catalogues.
Below we describe how stars are identified and how we treated AGN forulbseguent
analysis of the galaxy luminosity function.

Stars

The catalogue contains 57 stars. 14 of them have known spectral yyidgnt by SIM-
BAD and for 22 for which stellar spectra have been observed in the fallowy VVDS,
VLT /FORS2 spectroscopy in GOODS-S and K20. As demonstrated in Gal:taaﬂ:t12604a),
stars can be also identified by the photometric redshift technique. We glassfars all ob-
jects for which the best fitting stellar SED gives a better match than any galapjaie (2
Xoar < XSaIaxy)' According to this criterion 41 stars were selected, out of whis% were
also spectroscopically confirmed.

AGN

The Ks-band selection naturally does not distinguish between normal and aataxdes,
thus also AGN and quasars are contained in the final source catalogue gpecific AGN
template is included in our photometric redshift code, a separate verificdtioa ieliability
of the photometric redshift for those galaxies was required.

For this purpose, we compared the photometric redshifts for 36 X-ragtedlsources
from our catalogue with secure spectroscopic redshifts providéd oloBret al. \(2004).
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Figure 2.10: Comparison of the photometric redshift presented in thiskwath the spec-
troscopic redshift for 36 X-ray selected galaxies. Symizotsas defined in Zheng et al.
420031), where open circles represent type-l AGN, open sguipe-l quasars, filled cir-
cles type-1l AGN, filled squares type-Il AGN and triangledag@es. The accuracy is
Az/(1+ 2 ~ 0.05. Note that no specific AGN SED template was used. This sigge
that the light of the host galaxies dominates over the nueeassion.

15 of those where classified galaxieson the base of their optical spectra and already used
for the photometric calibration method described above. The remainingesomdude 7
type-l and 14 type-Il AGN.

We find a good match of the photometric and spectroscopic redshifts foB albdrces
with an accuracy oAz/(1 + z) = 0.05 (see Fig. 2.10). Irrespective of the small sample size,
the achieved precision overcomes results obtained from previous djgpigcaf photometric
redshift codes on X-ray selected samples, including those using AGN tesidag., Zheng
et al. 2004).

As no specific AGN SED templates were used to obtain the photometric redshéts,
accurate match with the templates of normal and star-forming galaxies sutjugsthe
optical emission of the X-ray selected sources is dominated by the hosy gather than
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2 Observing the coloured Universe: the large deep surveys

the central engine. Therefore, these galaxies remained included inahgdince catalogue.

Only for two sources significant deviations between the photometric aradrepeopic
redshifts were found, namely (ii) a normal galaxy, and (iii) a type 1l AGNboéth cases the
algorithm has picked up the right redshift as second solution.
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Figure 2.11: Galaxy number counts in th€s band from our catalogue, not corrected for
incompleteness (filled red circles) and from previous gsidother symbols).

The final catalogue

After removal of the stars, the galaxy number counts for the 3237 galakige final
catalogue have been computed (Tabl 2.2) and a good agreement hdsurekwhen com-
paring the results to previous studies (Fig. 2.11). This is the catalogueathaeken already
used, together with the FDF, in Gabasch et al. (2004b), Drory et a5{2F-eulner et al.
(2005a) and Pannella et al. (2006) for deriving the star formation kjstoe evolution of
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2.2 The Great Observatories Origins Deep Survey South Field

Table 2.2: DifferentialKs-band galaxy number counts and Poisson errors in the GOODS-S
field. The counts are not corrected for incompleteness.

Ks log N(K) 6logN(K)
[mag] [mag'deg?’] [mag*deg’]
17.50 2.70 0.17
18.50 3.17 0.10
19.50 3.77 0.05
20.50 4.10 0.03
21.50 4.33 0.03
22.50 4.61 0.02
23.50 4.79 0.01

the stellar mass, the specific star formation rate and the evolution of galaxyohogy of
field galaxies within a vast redshift regime. In the following section we awedlye redshift
distribution obtained in our deep catalog.

2.2.1.4 Redshift distribution

To better characterize the galaxy population probed by our sample wethidistribution

of the absoluté-band magnitude with redshift for the various SED templates (see left panel
of Fig.[2.12). It confirms that early-type galaxies are present outatively high redshifts

of z~ 2in a deeKs-band selected catalogue (Cimatti etal. 2004). Later types can be traced
to even higher redshifts.

This trend can be seen also in the right panel of Fig. 2.12, where wecheqe the redshift
distribution of the sample galaxies as a function of their SED (as attributed Iphtite-z
code). Galaxies classified as early type (red) appear mostly at reldsisifthan 1.5, while
those classified as intermediate type (green) reach redshifts up to 4. @th#rehand,
objects with a starburstregular-type SED (blue) span the full redshift range. Only in a few
cases, the photo-z code has attributed an early-type SED to objectslaftseds high as 2.5.
This can be naturally explained as follows. The rest-frame UV-to-optie&l 8f a heavily
dust obscured starburst at these high redshifts is very similar to that ofda passively
evolving galaxy, so that the photometric redshift technique selects thegv8BD. This is
particularly true in absence of any prior on the maximum redshift allowedricgarly-type
galaxy. In fact, when early-type SEDs are forced not to charactgaizxies at redshifts
higher than 1.5, the new solutions of the photo-z code for the previoustsloje correspond
to a starburst-like SED. Furthermore, only 2% of these objects have aeushift that
differs by more than 0.2 from the original one, the fraction of those withffardince in
redshift larger than 0.5 being only 1%. In the same panel, the total redsstifibution of
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2 Observing the coloured Universe: the large deep surveys

the objects is shown as a black line. Large scale structures spectr@dlyogetected at
z~ 07 {Cimatti etal. 2002[; Gilli et al. 200@; Ledfre et al. 20d4)z ~ 1.1 (Vanzella et al.
),z ~ 161 fGiIIi et al.), and ~ 35 (Caputi etal. 2005) can be also seen in the
histogram of photometric redshifts.
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Figure 2.12: Left panel: Absolute I-band magnitude versus photometric redshifblofc
version of the figure is available online where a smooth aol@nsition from red to blue
indicates the dferent SED template of the galaxies, where red correspongar iy types,
and blue to late types. Note the lack of galaxies in the rédsirige 0.2 to 0.6 (see inset).
Right panel:Redshift number distribution of all galaxies in the GOODSample, where,
for simplicity galaxy types have been grouped in early typas), late type (cyan) and
intermediate type (green). The clustering visible at0.7, 1.1, and 1.6 is spectroscopically
confirmed.
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2.3 The Cosmic Evolution Survey

2.3 The Cosmic Evolution Survey

The Cosmic Evolution Survey (COSMOS) (Scoville et al., in preparation) id@h Trea-
sury Project to survey a 2 square degree equatorial field with the Adda@amera for
Surveys (ACS). It is the largest survey that HST has ever donedfits, see Figure 2.13
for a comaprison with previuos ACSferts). The project also incorporates major contribu-
tions from other observatories around the world, including the VLA radestepe, ESO’s
VLT in Chile, ESA's XMM X-ray satellite, and Japan’s 8-meter Subaru tedpsdn Hawaii.

COSMOS combines deep to very-deep multi-waveband information in ordeteiocethe
analysis of deep pencil beam surveys to a much bigger volume, thus txéntg @rastically
increase the statistics and detect also very rare objects.

The primary goal of COSMOS is to study the relationship between large scattuse
(LSS) in the universe and the formation of galaxies, dark matter, andaruatdivity in
galaxies. This includes a careful analysis of the dependence of gelakytion on envi-
ronment. The wide field coverage of COSMOS will sample a larger rang&8fthan any
previous HST survey. Therefore, COSMOS allows us to map the morphofagalaxies as
a function of local environment (density) and epoch, all the way frorh héglshift (z> 3)
to the nearby (x 0.5) Universe.

Combined with the follow-up observations from space- and grounddifaséities, COS-
MOS addresses fundamental issues in observational cosmology, ichhéirvolution of
LSS, the formation, assembly and evolution of galaxies and star formatiofuasten of
environment, morphology and redshift. In particular, the wide-area COSMCS survey
yields 1¢ galaxies with multi-waveband color information. Combined with photometric
and spectroscopic redshifts, COSMOS thus allows the measurement ebthtom of the
galaxy population properties with redshift and environment. This is ofdorehtal impor-
tance in constraining galaxy formation scenarios.

2.3.1 A deep galaxy catalogue in the COSMOS field

Adapted from A. Gabasch et al., “A deep galaxy catalogue in the COSMIOS MNRAS
submitted

In this work we combine publicly available u, B, V, r, i, z, and K COSMOS daitth w
proprietary imaging in the H band to derive a homogeneous multi-waveb#aldgae suit-
able for deriving accurate photometric redshifts. Our observing syrateg designed to
follow-up the publicly available COSMOS observations with proprietary imaugirgband.
The whole area is covered by 25 pointings (15.4'x15.4" each) to a dejguate to the
public NIR data. The programme was carried out as a jdliotrebetween three large extra-
galactic survey projects currently being pursued at the Centro Asttmo Hispano Aleran
(CAHA), on Calar Alto: ALHAMBRA (Moles et al. 2005), MANOS-wide@er et al. 2004)
and MUNICS-Deep (Goranova et al., in prep.). In addition, as a pahteoMUNICS-Deep
project, in one of the pointings (01c) we have also collected deep Js-'dmahid data.
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Figure 2.13: The COSMOS field compared with the Moon angular size and aitoother
ACS deep field surveys.

2.3.1.1 NIR imaging data: acquisition

The observations in H, Js and K’ bands were carried out using the NdB-freld imager
OMEGAZOO@, operating at the prime focus of the CAHA 3.5m telescope. OMEGAZ2000
is equipped with a HAWAII-2 HgCdTe 2048x2048 array. The instrumearelpscale is
0.458’per pixel, providing a field-of-view of 15'4 15.4.

Here we present the H-band observations in 15 pointings, collectedgduitimights
spanned over 3 observing campaigns: December 2004, Februaby 200 MarcpApril
2005. Each pointing was observed for a total of 3 ksec. The individgrd=ire times were
3 sec, on-chip co-added to produce single frames of 60 sec eackptErc 05b, at least 50
such frames (depending on the weather conditions) were observediptng.

In addition, observations in Js and K’ bands in one pointing were collectedgl7 night
in the observing campaigns November 2003 and February 2006. Thexptaure time in
Js-band data was 8.2 ksec with the same individual exposure time schemehi&éHihand.
The K’-band observations have a total of 7.7 ksec exposure time withidldivexposures

Shitpy/w3.caha.g € AHA/Instrumentg)2000index2.html
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2.3 The Cosmic Evolution Survey

of 2 sec, co-added internally into single frames of 30 sec each.

All observations were done using dithering pattern consisting of typicallpdXitions
shifted with respect to one another by”20The consecutive dithering sequences were re-
peated with the same pattern but with dfset in the origin.

2.3.1.2 NIR imaging data: reduction, photometry and catalo  ging

In this section we present the NIR imaging data in the Js, H, and K’ bandsleWdoped a
2-pass reduction pipeline optimised for reducing and stacking imageffefedit quality to
get an optimal signal-to-noise ratio for faint (sky dominated) objects.

Since our final goal is the combination of our H-band data with public dataristacct
a multi-wavelength catalogue, we want to astrometrically align our H-band intagée
publicly available images in the COSMOS field (Scoville et al., in prep.). Morea&
we intend to use the same procedure as in the FDF in constructing the cat@ieigieet al.
), i.e. using SExtractor in the double image mode, the data sets ifférewt passbands
must also be aligned by pixel. On the other hand, we do not want to shiftifRenhages
twice. This would smooth the images and destroy the signal of very fainttsbjés it is
also very challenging to shift single NIR images on top of deep optical imagesréwnany
bright starlike objects are e.g. saturated), we use the following approach
First we compute the astrometric transformation between our stacked NIR mnagene
reference optical frame (Subaru z-band). This allows us to rely odrieds of objects when
computing the astrometric solution instead of only a few tens of objects visibleiimgke s
NIR image. Knowing the relative shifts of the single images to the stacked XDIMIS
image and the full astrometric solution of the latter (with respect to the Subband},
we are able to calculate the astrometric solution also for each sinygjftedpre-reduced
image. Restarting from these images, we do the alignment, the distortion carrebgo
regridding and the stacking of the individual images (with optimal signal-isen@tio, see
below) inonestep.

As the single exposures were not taken under the same observing cosyditie sky lev-
els, the seeing, and the zeropoints can substantidtgrdiom frame to frame. On the other
hand this gives one the possibility to stack the single images with weighting factorder
to achieve a final combined frame with optimal signal-to-noise rafid).S

Finally, we did the image alignment, the distortion correction, the regridding arsticble-
ing of the individual images with optimal/S in one step by using standard IRAF routines
as well as SWar;ﬂ iBertin? 03). The regridding has been done tative pixel scale of
the Subaru telescope (0.per pixel). Please note that we do not interpolate any bad pixel or
bad region in the single images, but set them to zero during the stackingdpirec
Since a diferent number of dithered frames contributed to each pixel in the co-daded
ages (producing a position-dependent noise pattern) a combined weglfor each frame
was constructed. The latter was used during source detection and phgtpnoeedure to
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properly account for the position-dependent noise level.

The absolute photometric calibration is based on the 2MASS (Jarrett et(}ﬂ) 2ata-
logue. First we cross-correlate the objects in all our reduced patcilesources in the
2MASS catalogue. We exclude all objects with possible problems in eitherfahe oat-
alogues relying on the quality flags of 2MASS and SExtractor quality flagly @bjects
with a flag of< 3 are considered). An error weighted fit between these objects (20 to 45
depending on the patch) then determines the zeropoint as well as itsEreoaccuracy of
the zeropoint in the dierent fields is in the order of 0.01 magnitudes.

Based on the stacked images we derived 15 H-band selected catalsguedsss 1 J-band
and 1 K-band selected catalogue (in field Olc, only). For this purposeimw&Extractor
{Bertin & Arnouts 1996) with the detection threshdle: 2 (minimum signal-to-noise ratio
of a pixel to be regarded as a detection) and 3 (number of contiguous pixels exceeding
this threshold). Depending on the d&)m‘ the diferent patches, we detect between 2000
and 4000 objects (excluding patch 05b were we have only half of the mininxpsere
time we wanted to achieve). The false detection rate are in the order of coenper less
(detected on the inverted image). Only around extremely bright and satwigjects (three
in patch 02d and one in patch 03c) the false detection rate increases. rkgithes around
these four objects are not taken into account, we get an overall falsetide rate in the
order of 1 percent.

Because the depth of the patches decreases towards the borders, wkdimigmalysis to
the inner field of each patch. This prevents a possible bias of the photoneeisiufts due to

a not completely homogeneous photometric information. In total we detected 4B600
H-selected objects over an area of abaB86Q° as well as about 4000 (3000) J (K) selected
galaxies over an area of 280",

The galaxy number counts can be used to check the calibration of the taiadetect
possible galaxy over or under-densities of a field as well as to determirggpfiteximate
depth of the data. We did not put mucfficet in star-galaxy separation at the faint end (as we
did for the i-selected catalogue, see Sect. 2.3.1.3), where the galaxiesatithia counts.
At the bright end, where SExtractor is able to disentangle a stellar andy galztile, we
used the star-galaxy classifier to eliminate obvious stellar objects. We pied€g./2.14
the H-band number counts of all patches and in[Fig. 2.15 the Js and K'nnanider counts
of patch 01c. Although the single patches show a scatter in the H-band neolngs at
the very bright end, there is a good to very good agreement between taguli,enumber
counts and our mean number counts (red dots) up to the 50 % completenessrlipaiint
sources (Snigula et al. 2d02). Comparing the Js and K’ band numbetsoeith data taken
from the literature (Fig. 2.15) also shows a relatively good agreementugtthpatch 01c
seems to be overdense with respect to most of the literature values. This ieual$or the
H-band number counts in 01c if compared to the other patches or to the liggriaicating
an overdensity in this specific patch. Nevertheless, our results are tiblapéthin the error

“as a result of the slightly varying seeing and total exposure times.
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Figure 2.14: Galaxy number counts in the H-band (not corrected for indetepess)
as compared to the literature (blue dots). The black dotesent the number counts of
the single patches, whereas the red dots show the averageenwounts of all fields.
The vertical dotted lines indicates the 50% completenesgsliof the shallowest (05a)
and the deepest (02d) patches. The literature number cammtsaken from Yan et al.
(1998); Te%Iitz et al. (1998); Thompson et al. (1999); Mir(2001b); Chen et al. (2002);
Moy et al. (2003); Frith et al. (2006); Metcalfe et al. (2006)he error bars show therl

Poissonian errors.

bars at a & level.

Please note that the 50 % completeness levels for point sources (vextitiales in Fig. 2.14
and Fig! 2.15) coincide very nicely with the faint-end region where the nustaemts start
do drop. The values of the NIR galaxy number counts can be found ie/2ah
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Figure 2.15: Left panel: Js-band galaxy number counts of patch 0lc (red, do
not corrected for incompleteness) as compared to the tlitera(blue dots). The
vertical dotted line indicates the 50% completeness limifThe literature number
counts are taken from Saracco etal. (1999, 2001); Maihaak ¢2001); Teplitz et al.
). Right panel: K’-band galaxy number counts of patdt @red dots, not
corrected for incompleteness) as compared to the literatblue dots). The verti-
cal dotted line indicates the 50% completeness limit. Therdiure number counts
are taken from Gardneretal. (1993); Soifer etal. (1994)or@jvski etal. (1995);
Glazebrook et al. (1995); McLeod et al. (1995); Gardner e1896); Huang et al. (1997);
Moustakas et al. (1997); Saracco etal. (1997); Bershad\}éﬂw); Szokoly et g
1998); McCracken et al. (2000);aisanen et al. (2000); Drory et al. (2001b); Huang et al.
2001); Kiimmel & Wagner (2001); Maihara et al. (2001); Martini (20p1%aracco et al.
2001); Crisbbal-Hornillos et al. (2003); Minowa et al. (2005). The etbars show thed
Poissonian errors.

2.3.1.3 The i-selected catalogues

Based on the publicly available optical and NIR data of the COSMOSPfigtel build a
Subaru i-band detected galaxy catalogue in 12 of our 15 patches. dgechthe relatively
bad H-band seeing-(1.3"), we exclude three NIR patches.

We use a very similar approach as for the FDF (Heidt etal. \2003) in cmistg a multi-
waveband catalogue in the COSMOS field. First we align by pixel all avaifétgles (UcgyT,
Bsubaru Vsubaru I'subaru isubaru Zsubaru KSkpno, afterwards referred to as u, B, V, 1, i, z,
and K) to our H-band patches and derive i-selected catalogues. Plets¢hat we had

5The data were taken from:
httpy/irsa.ipac.caltech.eddatdCOSMOS
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Table 2.3: Galaxy number counts not corrected for incompleteness €@8MOS in the
i (12 patches)Js (1 patch),H (15 patches), ani’ (1 patch) bands. lol andojogn are
given, whereN is in units of magtdeg?.

[ Js H K
14.5 1.244 0.434 1.015 0.164 1.545 0.307
15.5 1.721 0.250 1.492 0.094 2.022 0.177

16.5 0.465 0.307 2.420 0.112 2.195 0.042 2.624 0.088
175 1.465 0.097 2.721 0.079 2.738 0.022 2.925 0.062
185 2.304 0.036 3.136 0.049 3.206 0.013 3.393 0.036
19.5 3.127 0.014 3.525 0.031 3.631 0.008 3.790 0.023
20.5 3.598 0.008 3.949 0.019 4.010 0.005 4.152 0.015
215 3.996 0.005 4.277 0.013 4.236 0.004 4.283 0.013
225 4350 0.003 4.390 0.011 3.995 0.005 3.784 0.023
23,5 4.677 0.002 3.705 0.025 2.486 0.030 1.244 0.434
245 4970 0.001 1.244 0.434 1.015 0.164

25,5 5.103 0.001 0.170 0.434

26.5 4.983 0.001

27,5 4.338 0.003

28,5 2.702 0.023

295 1.278 0.120

Table 2.4: COSMOS (FDF) field characteristics for a SExtractor detecthreshold of
t =25 (t = 1.7) andn = 3 (h = 3) contiguous pixels.

Filter | 50 % CL. | 50 % CL. | seeing
COSMOS| FDF [
UCFHT 25.6 26.5(U) | 0.90
Bsubaru 27.7 27.6(B) | 0.95
Vs ubaru 26.5 269 (g) | 1.30
I's ubaru 26.8 269 (R) | 1.05
IS ubaru 26.7 26.8() | 0.95
Zs ubaru 25.1 25.8(z) | 1.15
Kskpno 21.2 22.6 (Ks)| 1.28

to compute a new astrometric solution for the public K band, as the solution mivibie
images was not shiciently accurate. The program SCAMP (Behin 2006) was applied for
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Figure 2.16: Left panel: Galaxy number counts in the i-band (not cormdéte incom-
pleteness) as compared to the literature. The black dotegept the number counts of
the single COSMOS patches, whereas the red dots show thagaveumber counts of
all fields. The vertical dotted line indicates the 50% cortgaiess limit. The literature
number counts are taken from Hall & Mackay (1984); Tyson @)9gilly et al. (1991);
Casertano et al, (1995); Driver et al. (1995); Williams et(4P96); Huang et al. (1998);
Postman et al. (1998); Arnouts et al. (1999); Metcalfe ef2001); Arnouts et al. (2001);
Yasuda et al. (ZOOJJ); Capak et al. (2004). Right panel: Gataxnber counts in the i-band
(not corrected for incompleteness) as compared to the FBé-rdd dots show the average
number counts of all COSMOS fields, whereas the green dotg #f@number counts as
derived from the deep part of the FDF. The vertical dotteeldimdicate the 50% complete-
ness limits of COSMOS and FDF. The error bars show thé&issonian errors.

this procedure. Then we convolved all images to the same seeing’@intd 3an SExtractor
in the double image mode with the detection threshold-o2.5 andn = 3 contiguous pixels
(we detect on the original i-band image with a seeing of 0)99he 50 % completeness
limits as well as the seeing of thefidirent bands are listed in Table 2.4. The Table also
compares the depth of thefidirent bands with the depth in the FDF. Beside the u, z, and K
bands, the COSMOS data set is roughly as deep as the FDF. In the uzHzantt as well as
in the K band the FDF is about 1 magnitude deeper.

In the FDF we did the source detection with= 3 contiguous pixels and a threshold of
t = 1.7. This results in only a few false detection (less than 1 percent). For t8MT>
data set we could not use the same detection threshold as this would resaliviany false
detections (measured on the negative image). We use a threshotd2d in order to have
false detections only at the 1 to 2 percent level. Depending on the patdh|gbeletections
as measured on the negative image fluctuate between 0.6 percent andc2r@.pllever-
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Figure 2.17: 1.5 x 1.5Subaru i-band image. White circles mark the detected objects
from the final catalogue, green circles mark objects eliteiddrom the final catalogues
(saturated or corrupted magnitude, see text for details¢reas the blue circles mark false
detections as detected on the negative image. It illustthtefact, that there are many more
detections in the negative image around bright objectsikaiel) than in other areas of the
image (right panel).

theless this is not the real contamination rate, as a substantial fraction eff#ifes objects
detected on the negative image are distributed around bright objects. ©thérehand the

number density on the positive side doedincrease around these bright objects. Therefore

it is most likely, that these false detections are due to a reduction probleraririggalse
detections only in the negative image. This can be seen in Fig. 2.17 whetoweagegion
around relative bright objects together with the positive and negativetaets. Taking this
into account, we conclude that we have a contamination rate of aboutdnperdess in our
catalogues.

In total we detected about 300 000 objects in the 12 patches (3 contigu@ls gnd
a detection threshold of 2.5). These patches have a seeing of less tHéseé.8bove) in
every band and reside in a region which has at least 90% of the maximumaleach band.
Moreover we exclude all objects (based on the weighting maps and Stextflags) with
problems in the photometry (e.g. if some pixels of an object are saturated wiat@tude
is corrupted) in at least one band in order to get a perfectly clean cataugtable to derive
photometric redshifts. At this stage our clean i-selected catalogue con293837 objects.
As we work on the individual patches and they slightly overlap, we andhesebjects and
found that about 99% are unique entries.

A comparison between the i-band number counts in the COSMOS field and in the lite
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ature as well as with the FDF are shown in Fig. 2.16. There is a good agrebete/een

the literature and COSMOS number counts up to the limiting magnitude. Moreoeer, th
comparison with the FDF number counts shows an excellent agreementatvefaintest
bins. Only at the very bright end the FDF number counts are slightly highest(afdhe
very bright objects are saturated in the COSMOS i-band and thus not itatkeaccount),
although not by more tharnsito 20-. The values of the galaxy number counts can be found
in Tablg 5.2.

In order to avoid contamination from stars, we follow the same procedo@ted for the
FDF data as described in section 2.1.1. Tfieiency of our procedure was further tested by
visual inspection (in one patch) on the public ACS data. It turned out bmaittdnalf of these
objects are extended in the ACS data and only half are point-like. Althouglappi®ach
(seé Gabasch et al. 2004a) of excluding stars works very well in tieviAizre the seeing
of the detection image is only 0.535it is much less fective in the COSMOS i band with a
seeing of 0.95.

In total 4803 (1.6 %) objects were classified as stars and removed frosample (see
also Fig. 2.22 for the photometric redshift distribution of all starlike objectduebed from
the galaxy catalogue). Please note that most of the bright point-like objectatrated in
one of the bands and already removed in the first cleaning step (see)alitwerefore our
final i-band selected galaxy catalogue comprises 288 574 objects.

2.3.1.4 Spectroscopic redshifts

Photometric redshifts need to be calibrated by spectroscopic redshifibjmts covering
a wide range of galaxy types and redshifts. Hence, we selected smegio data of the
COSMOS field (Scoville et al., in prep.) from the ESO archive taken with tihQ$ spec-
trograph (Le Bvre et al. 20d3) at the ESO VLT in the context of the zCOSMOS project
(Lilly et al.; in prep.). zCOSMOS is a Large ESO Programme with 600 hr ofrobagtime
aiming at the characterisation of the distribution and properties of galaxi¢s dshifts of
z ~ 3. The project is divided into two parts. zZCOSMOS-bright focuses fatively bright
galaxies withlag < 225 at redshifts L < z < 1.2. In order to include such galaxies in
our spectroscopic control sample we selected the VIMOS mask ‘zCOSHA@Svith 312
slits centred at 10h00mM28.2092°1545.0’. This mask was observed5ih with the red
low-resolution LRred grism R ~ 210), covering a wavelength range from 5500 to 9500 A.
ZCOSMOS-deep aims at galaxies with X z < 2.5. For this Lilly et al. (in prep.) selected
targets using thBzK criteria of Daddi et al. (2004) and théGR‘BX’ and ‘BM’ selection of
Steidel et al. (20 4). We obtained a representative sample of suchegal@educing the VI-
MOS mask ‘ZCOSMOS5 faint’ with 239 slits at 10h00m27.67s02°10'23.07, observed
4.5 h with the blue low-resolution LBlue grism R ~ 180), covering a wavelength range
from 3700 to 6700 A.

The spectra of both VIMOS masks were reduced using VIPGI (Sccixnieggl.\ 2005).
This software package is designed to reduce the multi-object VIMOS sgadrquite au-
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Figure 2.18: Redshift distribution of the COSMOS spectroscopic sampte(d) all ex-
tragalactic objects with trustworthy redshifts, (b) theresponding objects of the bright-
galaxies mask, (c) the corresponding objects of the zCOSMEEP mask, (d) — (h) galax-
ies of diferent object type, and (i) the quasars. The types range fremellipticals (or
passively evolving) to \& extreme starbursts (see Noll et al. 2004). In diagram (rexgal
ies of type V (white bars) as well as type VI (strongaLgmitters, black bars) are plotted.
The redshift resolution iaz = 0.05.
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2 Observing the coloured Universe: the large deep surveys

tomatic way. The reduction was performed using essentially standard mefiwalgttered
sequences of individual exposures (fiv&elient positions) allowed tdigciently correct for
fringing and to obtain a high-quality sky subtraction. The one-dimensi@maposite spec-
tra were extracted by means of thiNSoptimised Horne (HorHe 1986) algorithm. The final
spectra are flux calibrated and corrected for atmospheric absorptiols.ba

Redshifts were derived using the cross-correlation based algorithenilded b& Noll et al.
m). In order to obtain the redshift and a rough spectral type,sed a sequence of six
empirical templates (se 04) essentialfeding in their UV-to-optical flux
ratio, but also showing ffierent strengths of nebular emission lines. For the comparison to
photometric redshifts we consider galaxies with trustworthy90% confidence) spectro-
scopic redshifts only. Due to low/IS (particular at high redshift) and the limited wavelength
ranges of the spectra certain redshifts could only be derived foit &adfiof the objects, i.e.
272 of 551 spectra. For the zCOSMOS-deep mask the success ratpig3dgnificantly
lower than for the bright-galaxy mask (62%). The total sample of 272 objattigrustwor-
thy redshifts includes 49 stars and 12 quasars. Hence, the final sargplaxies comprises
211 objects. The majority of them (147 or 70%) belongs to the bright-galampke. On
the other hand, the subsample of 36 galaxies with redshBts<1z < 3 only consists of
objects from the zZCOSMOS-deep sample. These high-redshift galaxiasars excluded)
correspond to 45% of the objects identified in the deep sample. Fig. 2.18 shewedshift
distribution of the full spectroscopic control sample, the ‘zZCOSMB& mask, the ‘zCOS-
MOS.55 faint’ mask, the diferent galaxy types defined by Noll et al. (ZbOA,EIIipticaIs,

V = extreme starbursts, \A& strong Ly emitters), and the quasars.

After cross-correlating (by visual inspection) the 211 spectroscdgicts with the final
i-band selected catalogue in the 12 patches (we excluded also objeegthjdbrthe identifi-
cation was not unique) we end up with a final sample of 162 spectrosagshifts used to
calibrate the photometric redshifts.

2.3.1.5 Photometric redshifts

A summary of the photometric redshift technique used to derive the distentesgalaxies
can be found in Bender et al. (2001) and Gabasch et al. (20048reBieriving the photo-
metric redshifts we checked and fine-tune the calibration of our photometopaints by
means of colour-colour plots of stars. We compared the colours of siidrshe colours of
stellar templates from the library of Picklé?(l998) converted to the COSMtesdystem.
In general, corrections to the photometric zeropoints of only a few hdttdof a magnitude
were needed to obtain a good match to the stars and best results for theetnimtoedshifts
(if compared to the spectroscopic ones). Only in the u-band and in thené-bize correc-
tion were of the order of a few tens of a magnitudes. A comparison betweerduced
KPNO K-band and our K-band (both convolved to the same seeing 6j inJatch 01c
showed, that although the total magnitudes agreed very well, the fixetlsppragnitudes
(especially of relatively faint sources)ftiir systematically by a few tens of a magnitude.
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0.035 (solid line).
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Figure 2.21: Redshift probability distribution (upper part) and phottnt redshift fit
(lower part) of the spectroscopic object 000932543 witfa. = 0.093. The diferent SEDs
are colour coded. The open circles (lower part) represenStaD integrated within the
various filter transmission curves, whereas the black dejigesent the measured fluxes.
The redshift for the best fitting SED( as well as for the second best fib) are also
given. Left panel: Only 8 bands (u-band to K-band) are usedetive the photometric
redshift yielding a wrongunet of 2.72. Right panel: 10 bands (FUV, NUV, u-band to K-
band) are used to derive the photometric redshift yieldiagha of 0.08 very close to the
spectroscopic redshift.

Therefore we decided to correct the KPNO zeropoint by matching thedairrces in the
KPNO image with those in our own field (in the fixed aperture used to derivehtb®met-

ric redshifts). Moreover when calculating the photometric redshifts, tifecally increased
the magnitude errors in the K-band by28" (added in quadrature to the SExtractor errors)
to reduce the relative weight of this slightly problematic band. Therefoeegly mostly on
the accurate photometry of the NIR H band.

We derived object fluxes for a fixed aperture od’2(1.5x seeing) from images which
had been convolved to the same point spread function (P.3F}. In Fig./2.19 (left panel)
we compare 162 high quality galaxy spectroscopic redshifts with the phoiometshifts.
Although there is a good agreement in the redshift range betwee.2 andz ~ 1.2, it
is clear from Figl 2.19, that there is a degeneracy between high refiskif2.5) and low
redshift ¢ ~ 0.2) objects (10 catastrophic outliers witz/(zspec+ 1) > 0.2). This degen-
eracy stems from the relatively red u-band. In Fig. 2.21 we show théifegsobability
function as well as the SED fits to the observed flux of the spectroscojgctd@0932543.
Although the spectroscopic redshiftag,ec = 0.093, the best fitting photometric redshift is
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Figure 2.22: Left panel: Redshift number distribution of all galaxiestie 12 patches.
The mean number distribution is shown as blue dots. The lilié kne represents a fit
to the mean galaxy distribution using the approach of Braiee¢al. (1996) (see text for
details). Right panel: Redshift distribution of objectasdified as stars (see text for details)
and eliminated from the final galaxy catalogues. Pleasethetéiferent scaling by a factor
of 20 in the left and right panel.

Zphot = 2.72. On the other hand, there is also a low redshift peak aragiag= 0.18 in the
redshift probability function (but with a lower probability). Moreover F&y21 also shows
that both, the high redshift as well as the low redshift solutions are hdrel disentangled as
long as no information in the UV is available (as theffeti mainly in the UV). Therefore we
decided to include in the determination of the photometric redshifts also the GAUBX
and NUV band&

As we do not want to convolve all the images to a seeind’¢GRLEX PSF), we decided
to use another approach to include the UV fluxes in our photometric redstifhation.
Similar to the optical and NIR bands we used a fixed aperture bbx PSF, i.e. 7.5. As
there where no obvious features in the colour-colour plots of stars ingdlkde UV bands,
we could not fine-tuned the calibration of the zeropoints by means of cotdaur plots of
stars. Therefore we optimised the zeropoints by using the SED fits of axigmwith very
good photometric redshifts (if compared with the spectroscopic ones)sePtede that this
approach can not derive accurate UV fluxes, but gives only angeryh flux estimation in
the two UV bands. Nevertheless, it is now possible to break the deggrieedgeen the
high redshift and low redshift solution. This can be best seen in Fig:\&t#te we show

5The data were taken from:
httpy/irsa.ipac.caltech.eddatdCOSMOS

63



2 Observing the coloured Universe: the large deep surveys

one of the catastrophic outliers. Only by including the NUV and FUV fluxigh{ipanel) we
are able to obtain a photometric redshiftzof 0.08, hence very close to the spectroscopic
redshift of zspec = 0.093. This approach drastically reduces the number our catastrophic
photometric redshift outliers (see Fig. 2.19).

In Fig.[2.19 (right panel) we compare the final photometric and specipasiedshifts of
the 162 galaxies. The agreement is very good and we have only 3 cptastoatliers. The
right panel of Figl 2.20 shows the distribution of the redshift errorgs ttearly Gaussian
and scatters around zero with an rms erronBf(zspec+ 1) ~ 0.035. Fig. 2.20 (left panel)
presents the? distribution of the best fitting templates and photometric redshifts for all
the objects. The median value of the redug€ds 1.5 and demonstrates that the galaxy
templates describe the vast majority of galaxies very well.

The galaxy redshift histogram of all objects in th&elient patches is shown in Fig. 2/22.
The mean galaxy distribution can be very well described by Equation (2rbdirced by
Brainerd et al. (1996),

BZ
r'3/p)z

p,(2) = Constx exp(—(z/)’) (2.1)

whereConst zp =< 2> % andg are free parameters with z > being the first moment
of the distribution. The best fitting values af@onst= 6206,z = 0.107, ang3 = 0.611.
Please note that if we analyse the galaxy photometric redshift histogram Wwitiniag
of Az = 0.1 there are three clearly visible peaks below redshift ef 2. one atzppot =
[0.6,0.7], one atzphot = [0.9,1.0], and one aphot = [1.7, 1.8]. Interestingly, we also find
peaks in the spectroscopic redshift histogram (see also Fig. 2.18) athsatl 0 galaxies at
Zspec= [0.657,0.669], Zspec= [0.672 0.683], andzspec= [0.926 0.941].
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Morphological characterization of high
redshift galaxies

Abstract

In this chapter, | describe the details of the procedure tlusederive the quantita-
tive morphological characterisation for the galaxy samplesented in chapters 4 and
5. For all the samples, the morphological analysis was pedd by means of two—
dimensional fitting of the galaxy surface brightness prsfibe deep i-band images
obtained with the Advanced Camera for Surveys on the Huhide&Telescope. This
chapter is especially devoted to assess the robustness ofghlts obtained, both in
terms of systematics due to characteristics of the datayraedtance signal-to—noise
or PSF variations, and in terms of reliability of the coded alassifications used.

3.1 The Advanced Camera for Surveys on board the HST

The Hubble Space Telescope is a cooperative program of the EurSpaae Agency (ESA)
and the National Aeronautics and Space Administration (NASA) to operatacaliled
space-based observatory for the benefit of the international asticmloccommunity. HST
is an observatory first dreamt of in the 1940s, designed and built in the &9d 80s, and
operational only in the 1990s. HST is a 2.4-meter reflecting telescope whiedeployed in
low-Earth orbit (600 kilometers) by the crew of the space shuttle Discd&¥$-31) on 25
April 1990. Because of HST’s location above the Earth’s atmosphessidace instruments
can produce high resolution images of astronomical objects.

The Advanced Camera for Surveys (ACS) is a third-generation HulgdeeSTelescope
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3 Morphological characterization of high redshift galaxie S

Figure 3.1: The Hubble Space Telescope.

(HST) instrument. ACE‘Swas installed by space shuttle Columbia during HST servicing
mission 3B. The development of ACS is a collaboratifiert between the Johns Hopkins
University, the Goddard Space Flight Center, the Ball Aerospace an8phce Telescope
Science Institute.

The very firstimages obtained with the first generation HST instruments deratad that
HST could deliver superb spatial resolution pictures of the Universatidhhe same time it
was realised that the lowfficiency and the small fields of view, of these first generation
instruments, would have severely limited the HST's utility for deep high resolirtiaging
and for deep surveys.

The ACS was aimed exactly to improve the HST survéiiciency in the optical, and
especially the | band by at least a factor of 10 with respect to the pregenerations instru-
ments.

ACS provided the astronomical community with very high quality, high resolutiogima
ing of large patches of the sky, allowing a significant step forward inraévesearch areas,

1In January 2007, Hubble’s Advanced Camera for Surveys (A@ppsd working due to an electrical short.
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Figure 3.2: The cosmological angular diameter distance as a functioedshift for several

fiducial world models. The panels illustrate the angulantiter distance, in units of the
physical distance corresponding to an apparent angulaitsizpanel), and in units of the
angular size corresponding to a fixed physical distabottgmpanel). The bottom panel
also shows the nominal resolving capacity of the current lSTrumentation (as labeled;
note that the WFPC2 resolution corresponds to that of the Wips¢laind the NICMOS

resolution is given for camera 3). . The figure is taken fromdRich et a‘.\(2003).

and in particular in galaxy formation and evolution studies such as the osenpegl in this
Thesis.

In the following we describe the analysis aimed at quantitatively determine thghimor
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3 Morphological characterization of high redshift galaxie S

logical properties of the distant galaxy samples described in chapteicB.rSorphological
analysis, based on ACS imaging of the FORS Deep Field, GOODS and CO3SKIOS
combined with the spectrophotometrical data from chapter 2, is the basidudyacf the
evolution of diferent galaxy populations in the past 8 billion years, which is the subject of
chapters 4 and 5.

3.2 The morphological analysis

We make use of the package GIM2D (Simard etal. 1999) to fit PSF codﬁ%ic’@S)
profiles to the two-dimensional surface brightness distribution of eackygéba all galaxies
in our samples down to a limit of F814¥24.

In the following we explain the details of the adopted procedure and the testadne
performed to assess the robustness of our results.

3.2.1 GIM2D

The GIM2D (Galaxy IMage 2D) code has been designed for the quawitgttuctural analy-
sis of distant galaxie}s (Simard et al. 1999). The code comes embeddetRARwrapping
package to make it as friendly as possible. GIM2D uses the Metropolisitaigoto con-
verge to the analytical model, i.e. it carries out a Monte Carlo sampling of thighbkel
functionP(w|D, M), which measures the probability that the parameter combinatisrthe
correct one given the dafa and the modeM. The Monte Carlo approach of sampling the
complex multidimensional topology of parameter space has the virtue of gomyexonsis-
tently to the same best fit model for a wide range of initial guesses. Thethlgds at the
same time very time—consuming, not really an issue with modern machines, gmdiwest.

We fit a simple single &sic kSersid (1968)) profile to describe the two-dimensional sur-
face brightness distribution of the galaxy light:

(1) = 5o e (3.1)

wherer is the dfective radius of the galaxye is the surface brightnessrat nis the power-
law index, and is coupled ta such that half of the total flux is always withig. Forn > 2,
k ~ 2n — 0.331; at lown, «(n) flattens out towards 0 and is obtained by interpolation. The
adjustable form of the &sic law has the advantage of parameterizing, through the variable
exponentn, surface brightness distributions including the exponential radial falfothe
light profile in bulgeless diskan(= 1), and the classical de Vaucouleur profile typical of
elliptical galaxies i = 4).

During the fitting process, the model is convolved with the user specifiedd@Rhen
compared to the input image.
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3.2 The morphological analysis

In the case of a singleé&sic model, GIM2D seeks the best fitting values for the following
eight parameters: total flux, half-light radius, ellipticity, position anglejeeof the galaxy,
background level and value of théiSic index.

3.2.2 PSF influence on the morphological parameters

The accurate determination of the image PSF is important for the proper deséomiof the
morphological parameters. The PSFs used to convolve the profiles Wiaiead for each
individual ACS tile by stacking about 10 highi\gisolated stars.

Although we did not expect the outcome of singkrSc fits to depend strongly on small
variations of the PSF, we carried out some tests with varying PSFs on a@&MOS tiles
to assess the influence of the PSF on the retrieved morphological paranseteh tests were
performed by using: i) a single universal PSF obtained by stacking aC@8MOS high
SN isolated stars; ii) the PSF we derived for the FDF, which was obsenthd isame filter
F814W and at almost the same depth as COSMOS. We found that the laffestntes
obtained in the output parameters were of order 3-5 %, meaning that sérgie Sits are
pretty robust against such PSF variations.

We also tested the accuracy of the PSF itself by fitting all the point—like soascdected
with the SExtractor catalog parameters. Specifically, we used the netwalrkestar classi-
fier (CLASS STAR), the half-light radius, and the FWHM, to identify point-like souress,
shown in figure 3.3. Point—like classified objects are shown in red, the méar $dbeus is
clearly traced corresponding to a FWHM of 2.2 pixel. The tail of PSF obpdisight mag-
nitudes and larger FWHM is due to saturated stars. When GIM2D-fitting [goicit-like
sources, the vast majority — but the saturated stars — has a best—fit Ihalfatigus smaller
than 0.01 pixel, meaning that after the code convolves them with the provisledhey are
indeed recovered as point—like sources.

3.2.3 Results on the overlapping COSMOS ACS tiles

Since the COSMOS ACS tiles are slightly overlapping, we took advantage dédtisre to
further test the reliability of our fitting procedure as well as to assess nikey possible
systematics, like PSF variation in time and over the ACS field of view, photometdc an
astrometric distorsion.

All sources appearing in two tiles were fitted separately in each tile, and tkedits were
compared. The outcome of this test is shown infig. 3.4, where we plot @iesaghe other
the GIM2D output (8rsic index and half-light radius) coming from the two fits for all such
objects & 8 000). An overall accuracy afn/n ~ 0.3 andAr/r ~ 0.1 is obtained. Taking
into account that in the tile borders only three out of four dithers ardagyging, and hence
that the image rms is greater than in the central part of the image, one shasldaxahese
uncertainties as safe upper limits.
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Figure 3.3: Example of diagnostic plot used to discriminate betweentptike (red) and
extended (black) objects in the COSMOS AE&L4W catalog parameters space.

3.2.4 Results on simulated objects

We further tested the accuracy of our analysis by running GIM2D on stedilenages. This
test was performed by adding 3000 fake objects, one at a time, to the regm,ima blank,
pure—sky region. The simulated galaxies were generated with the GIMRysawul by
adding on the selected pure—sky region objects with structural paransetiéosmly dis-
tributed in specified ranges (magnitude in [22.5 — 24.], ellipticity in [0.1 — 0.9%itjom
angle in [0 — 90], &ective radius in [0 — 60 pixel], &sic index in [0.2-6]). Each single ob-
ject is first added into the image, then it is extracted with the same SExtracfiguration
file used for the real images. It is then analyzed from GIM2D exactly a® dor the real
objects.
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Figure 3.4: Comparison of morphological parameters obtained by fittiegsurface bright-
ness of all sources falling in two distinct ACS tiles. Foreabject, the fit was performed
on both images, and the resultin@rSic indexes andfiective radii are compared in the
left and right panels, respectively. The recovered medmhldbth, 84th percentiles of the
An/nandAr /r distributions are indicated in red.

We find that the profile parameters of simulated objects are well recoveret d
to F814W=24 if their e > psiy (see figure 3.6).

The input magnitudes are generally better recovered for objectsnadth< 2 than for
objects withnger > 2 with a mediam\M = 0.01 and 0.06, respectively (see fig. 3.5).

The recovered ellipticity and position angle as respect to the input onasrehtrends
with magnitude and are generally very well recovered (see fig. 3.6 fallipécity).

High Sersic index objects have very extended wings that, depending on the uataddh
fall under the sky surface brightness, thus for these objects a logvsicSindex, total flux
and dfective radii are usually recovered (see figure 3.7).

3.2.5 GIM2D vs. GALFIT

We tested our results by running also the GALFIT (Peng etal. \2002) aodeur of the
COSMOS ACS patches.

GALFIT is a 2D galaxy fitting software package more recent than GIM2®ak designed
to extract many structural components from galaxy images. It uses alhenxgeMarquardt
downhill-gradient (Press et al. 1992) method to derive the best fit, ardftre it is very
fast. Furthermore it is very flexible and able to fit an arbitrary number lafx@gss simultane-
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Figure 3.5: In the two panels output GIM2D recovered vs. input simulatenitudes
are shown for objects withger > 2 (left) andnger < 2 (right). In each panel the median
differences with errors are shown.

ously on an image, making it an ideal tool to fit neighboring objects in a semsity and
not being biased from external informations such as the SExtractor ségfinas used from
GIM2D. This last characteristic makes obviously GALFIT an ideal tooldawded field
such as galaxy clusters or even confusion limited images.

During the fitting process, as for GIM2D, the model is convolved with theifipd PSF,
and then compared to the input image. The simple minimization algorithm could, ir-princ
ple, fall in alocal minimum and miss the global one more easily than the Metropalisoso
From the results we got this case is very rare, at least foréh& S profile fitting.

Figs.| 3.8 shows a comparison between the two codes. No systematics seatpthe
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medians for both the recovereéiSic index and half light radius are very close to zero. The
scatter is about 15% for thee&ic index and 10% for the half light radius.
One can argue that the COSMOS ACS fields are not very crowded ahdéhthaore

crowded fields one could see some systematiedinces between the two codes. | had
the chance to test both codes on the deep ACS images of A1689 (Halkblbmé). The
selected sample was made of bright(R2.5) red-sequence early type galaxies. Despite
some obvious cases for which GALFIT performed best, again no systematie found to

be really worried about using one of the two code. Of course thesé&evasons apply only

for the single ®rsic fitting which we are dealing with here, no simulations and tests were
done with regard to bulgdisk decomposition.

3.2.6 Parametric profile fitting versus visual classification

In order to further check our morphological classification, visual molqdy was performed
in the FDF and GOODS-S fields by Ulrich Hopp according to the de Vaucmitsal.

) classification scheme. A tight correlation is obtained between thageveisual
and automated classifications, parameterized by the morphological tgpe the Sersic in-
dex neer, respectively (see Fig. 3.9). Using the visual or automated classificabies mbt
significantly dfect the results presented in this study.
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Morphological evolution in FDF and
GOODS-S

Adapted from M. Pannella et al., “The Evolution of the Mass Function Split bypkology
up to Redshift 1 in the FORS Deep and the GOODS-S Fields”, 2006, Apl, 39

Abstract

In this chapter | present a study of the evolution of the atathass density for the
separate families of bulge—dominated and disk—dominatéaikiges over the redshift
range 025 < z < 1.15. | derive quantitative morphology for a statisticallgrsificant
galaxy sample of 1645 objects selected from the FORS Deeghar®GOODS-S Fields.

| find that the morphological mix evolves monotonically wiilme: the higher the
redshift, the more disk systems dominate the total masentnfAtz ~ 1, massive
objects(M, > 7 x 10'°M ) host about half of the mass contained in objects of similar
mass in the local universe. The contribution from early aid type galaxies to the
mass budget & ~ 1 is nearly equal. | show that situ star formation is not dticient

to explain the changing mass budget. Moreover | find that tdwefermation rate per
unit stellar mass of massive galaxies increases with rédstily for the intermediate
and early morphological types while it stays nearly cortsfianlate-type objects. This
suggests that merging giod frequent accretion of small mass objects has a key role in
the shaping of the Hubble sequence as we observe it now, aadnatiecreasing the
star formation activity of the bulge—dominated descerglahtmassive disk galaxies.
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4 Morphological evolution in FDF and GOODS-S

4.1 Introduction

Lilly et al. 41996), and soon after Madau et al. (1996), produced tisé dstimates of the
cosmic star formation history. Since then, the growing number of deep elddig surveys
has allowed galaxy evolution to be tackled in more and more detail, to highei Ined-
shifts (e.g\. Giavalisco et al. 2004b; Gabasch et al. 2004b; Bouwmmﬁ Juneau et al.
). All these recent studies point towards a substantial amount dbstaation at early
cosmic epochs.

More recently, a number of studies, mainly based on NIR selected suike\AVIASS
Cole etal. 2001), MUNICS (Drory etal. 2004a), K20 (Fontana et20104), FIRES
Rudnick etal. 2003), HDF  (Dickinsonetal. 2003) and GOQBSBF
Drory et al. ZOOE), have been able to measure directly the stellar masiydem to high
redshifts. The two independent approaches are in a remarkably gosehaent, and suggest
that about half of the present—day stars was already in place &t when the Universe was
half of its present age.

The assembly of the stellar mass through cosmic time is a crucial test for modelsaxwy
formation and evolution (Kamann & Charlot 1998). Such models aim at linking the hi-
erarchical growth of dark matter structures to the observed galaxegieg by means of
simplified prescriptions for the formation of baryonic systems in dark matteebdke.g.
Cole et al. 2000; De Lucia et al. 2004). In this models bulges are thoufgrnarom disks,
either through mergers or from dynamical instabilities. Detailed predictionsoti@xist,
but the qualitative expectation is that the fraction of bulge—dominated galde@zsases at
higher redshifts.

In a hierarchical picture one also expects massive objects to assembteratdsmic
times. It is possible however that their stars were already formed in smadiansy that
subsequently merged to form more massive galaxies. Therefore their giglalations
could be old enough to explain the local observed spectral energy digirib (SEDS).

It is clear that quantitative predictions on both the processes of massalagsand evo-
lution from disk to bulge dominated systems depend crucially on the details of ttielsno
Up to now studies on the evolution of the stellar mass density have not allowed $trip-
gent constraints on the models because in principle the presence oftangiabsiumber of
massive objects at high redshift is well contemplaﬂted (Fontana et al. RODEt al.@S).

An effective way to put sensitive constraints on the models is to understand wiieere
stars were located, specifically what was the morphology of their hostiga)at diferent
look-back times. In fact, this permits to directly probe how galaxies assemiséedstars,
and how their morphology (i.e., at least with some approximation, their dynastiials)
evolves. Since merging is driving both mass assembly and dynamical evoiuteti-
erarchical scenario, these studigieoa direct probe of the role of this process in galaxy
evolution.

Because of the lack of flicient angular resolution, galaxies have been often classified,
both at low and high redshift, as early or late types based on their braadl dzdors
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(fBaIdry etal. 2004; Fontana et al. 2004). However this kind of apypreaffers, especially

at high redshift, from the obvious drawback that a disk galaxy populayeah old stellar
population would be classified as an early—type object (and vice v@)LaIL @B)
used the concentration parameter to discriminate between early and late jgpts @ a
complete sample extracted from local surveys. They found that in the lbusérse the
transition massi.e. the mass at which disks become dominant in the relative contribution
to the total stellar mass function, 4s5 x 101M,. The same mass value has recently been
claimed to play a key role in the galaxy formation process by constrainingfiaetieeness

of feedback processés (Dekel & Birnboim 2004; Kenann et al. 20d4).

Taking advantage of the HST angular resolution, in the late 1990s, the MGR®BIlabo-
ration focused mainly on the evolution of the morphology-density relation irxgalasters
up to z= 0.5 (Smail et al. 1997; Dressler et al. 1997; Ellis et al. 1997).

In this work we rely on a deep, complete and automatically morphologically cksifi
sample to study the contribution of galaxies dfelient morphologies to the redshift evolu-
tion of the stellar mass densit&. Bundy etal. (2005), and also BrinchmarihsMEOOO),
have carried out a work qualitatively similar to the one we present hetddsed on shal-
lower samples and visual morphological classification. In particular, ﬁendll kZOOB)
find some evidence of the transition mass evolving with redshift, but sudbterowas
guestioned by the same authors because of completeness issues.

In this work, for the first time, we rely on a deep, complete and automaticallgifitss
sample.

This chapter is organized as follows: §4.2 we discuss the dataset on which this work
is based, ir§4.3 we present the surface brightness profiles modeling, agdl4nour results
on the evolution of mass functions, mass densities and specific star formetesn($SFR,
i.e. star formation rate per unit stellar mass) split by morphological type. Fiia¢.5 we
draw our conclusions.

We use AB magnitudes and adopt a cosmology widy=0.3, Q,=0.7, and
Ho=70 kms*Mpc1.

4.2 Ground-based data, photo—z and M /L ratios

This study is based on photometric catalogs derived for the FORS Deep Field
(FDF, Heidt et al. 2003; Gabasch et al. 2d04a) and part of the GGSD&h Field (Sal-
vato et al., in preparation, see chapter 2). The two fields cover apprelynthe same
area (39.8 arcmffor FDF and 50.6 arcmffor GOODS-S). The FDF photometric catalog
covers the UBgRIzJKs broad bands, plus an intermediate band ceate88dnm. The I-
selected catalog used here lists 5557 galaxies dowmte: 26.8. For the GOODS-S field,

our K-band selected catalog contains 3240 galaxies, and it consists\6RIJBK broad-

band photometr\} (Arnouts et al. 2001; Schirmer et al. 2003,Vandame it pteparation).
Number counts match the literature values dowKjgq ~ 25.
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Photometric redshifts are derived using the method described in Bemdéfmoi) (see
also sections 2.1.2 and 2.2.1.2). Their accuracy is 3% and 5% for FDF @@DG&-S
respectively, with~ 1% outliers for both fields (for more details see Gabasch et al. ?004a).

For all galaxies in both catalogs, thelMratios were estimated with a log—likelihood based
SED fitting technique, using a library of SEDs built with the Bruzual & Chaﬂ@loé) code,
assuming a Salpeie (1955) IMF. The procedure used is described tail de
Drory et al. \(2004\b). We use here the same mass catalog as in DrorM), SO we
refer the reader to this paper for more details.

4.3 HST imaging and the morphological analysis

Both the FDF and GOODS-S fields were imaged with the ACS camera on boat&ihe
The FDF was imaged in the broad—band F814W filter, with 4 WFC pointings ofidQtes
exposure each, reaching asi0mit of 26 mag. The data reduction was performed with the
standardCALACéﬂ pipeline, and the combined final mosaic was produced with the mul-
tidrizzle packagd (Mutchler et al. 2002). The GOODS-S field was imagesLindifferent
filters (BVIz) as part of the ACS GOODS Iegaﬂ:v (Giavalisco et al. 200¢H®) 1@ limit in

the F775W band is 26.5 mag.

We make use of the publicly available packages GIM2D (Simard et al. 19€9BALFIT
dPeng et 3‘7002) to fit PSF convolved S)g sic (1968) profiles to thaltmensional surface
brightness of each object, down to a limit of F814%} (FDF) and F775W24.5 (GOODS-

S). The PSFs used to convolve the profiles were obtained for eacldinalitile by stacking
about 10 high 8N isolated stars. The results from the twdteient codes are in excellent
agreement, thus confirming the robustness both of our modeling and of diee @f flux
limits.

More details on the surface brightness fitting procedure and on its validagogiven in
chapter 3. Also, as described in chapter 3, we compared our morplellatassification
with a classical visual classification (de Vaucouleurs et al. 1991), firmliggod correlation
between the two. Therefore, our results are ffiidcied by the choice of using an automated,
parametric classification.

We split our sample, according to the Sersic index, in early—type 815, ~ T < -3),
intermediate (X n< 3.5,~-3< T < 2) and late-type (r 2, ~ T > 2). We evaluated the
effect of morphological k-correction on this coarse classification schemaésbyperforming
the surface brightness modeling on B arthand images for a subsample of the GOODS-S
galaxies. We found that our broad classification is robust for obje@s<at.15. Thus we
restrict our analysis ta< 1.15.

Finally, we estimate the mass completeness of the two (FDF and GOODS-S) satalog
as the mass of a maximally old stellar populé?i(tmving, at every redshift, an observed

www.stsci.edghsyacganalysis
2We used a dust-free, passively evolving stellar population model, ignjtad mstantaneous burst of sub solar
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Figure 4.1: The mass function split by morphological types (early in, iatermediate in
green, and late in blue) in three redshift bins. Black symlvefer to total values. The
vertical axis is in units of [ Mpc—3dex*]. A vertical dotted line indicates the mass com-
pleteness limit in each redshift bin. Dashed colored linesiatended to guide the eye.
Solid black lines show the local mass function determmmufnoml@)l) and

Bell et al. @3)

magnitude equal to the catalog completeness magnitudé (e.g. Dickinson €3). Ahe
final catalog contains 1645 galaxies.

4.4 Evolution of the morphological mass function, total mass
density and SSFR

We performed extensive Monte-Carlo simulations to take into accountffeet ®f mass
uncertainties£ 0.2dex) on our results. Ten thousand simulations of the mass catalog were
generated, perturbing each mass within a gaussian of sigma equal to itdkress stated
differently in the relevant Figure captions, we use the median values of the {Zante
simulations in all flures Error bars take into account both poissoniansesn the median
counts iGehre 986), and 16Y8gercentile values of each distribution.

In Fig./4.1 we show the ¥ nax corrected stellar mass functions, split by morphological
type, in three redshift bins. The redshift intervals were chosen to d@mwparable numbers
of objects in each bin. A dotted vertical line shows the mass completenesscforedshift
bin. We find that, at all redshifts, the late—type objects dominate the low—messf ¢ime
mass function, while the early— and intermediate—type objects dominate the higghenth

In addition, Fig! 4.1 shows that the relative contribution of disks to the highsread

metallicity at z= 10.
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Figure 4.2: Top panel: The redshift evolution of the ratio of bulges and disks numbe
densities. Error bars show th& @nd 99" percentiles of the ratio distributiondgottom
panel: Stellar mass densities for objects with. M 7 x 10'°M,, (color coding according
to galaxy morphology, as in Fig. 4.1). Points are slightliftet in redshift for clarity. The
median numbers of objects in each class are also labeleat. li&rs account for poissonian
errors, mass uncertainties, and cosmic variance (for tiaé\talues only) as described in
the text. Dotted and dashed lines indicate thhe@@&nge estimate obtained at redshift 0, with
the same mass cut and IMF, from Cole et al. (2001) and Bell ¢€2@03), respectively.

of the mass function increases with redshift. This suggests ih#te morphological mix
at the high—mass end evolves with redshift;the transition mass increases with redshift.
The latter finding was already suggestedl in Bundy et al. (2005), but itsfisance was
hampered by their mass completeness limit. In our case, the transition seemsen Wwafip
above the estimated mass completeness. As Fig. 4.1 shows, Athe disks’ and bulges’
contributions become comparablexal x 10*M,
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Figure 4.3: The median SSFR for flerent morphological types. The coloured symbols
(same colour coding as in previous figures) show the mediaesén both stellar mass and
SSFR. Dashed error bars represent the medifirah@ 9¢ percentiles of the Monte-Carlo
realizations, while the solid error bars show incertainties on the median values. Tilted
lines are constant SFR values (from the bottom 1,5,49t) while the horizontal lines
mark the doubling mass lines (only for the last two redshifsb- see text for details).

In order to better explore the evolution of the morphological mix at the highs-miad,
and to make a fair comparison between the three redshift bins, we cutfteerte three
subsamples at the same common mass completengss v 10°M,).

The upper panel of Fig. 4.2 shows the behavior of the ratio of the nundresities of
bulges and disks. At increasing redshift, this ratio is found to systematicatisedse with
respect to the no—evolution hypothesis at more thasignificance. In the bottom panel of
Fig.|4.2, we show the stellar mass density split by morphological typefateint redshifts.
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The error estimates of the total values include the cosmic variance contribegiimated as
in Somerville et al. (2004).

In agreement with previous studies (3¢, we find that az ~ 1 massive objects host
almost half of the stellar mass contained in similarly massive objegzts &t In addition, we
find that the contribution to the total mass budget from early and late typeiggiaxalmost
equal az ~ 1, but strongly evolves with redshift: there israss pouringrom disk systems
to bulge—dominated objects. Our findings require a scenario in which readgicts almost
double their mass from redshift 1 to 0, and become more and more bulge-adeddystems
as time goes hy.

A possibility is thatin situ star formation increases the mass and secular evolution modi-
fies the morpholog\} (Kormendy & Kennicutt 2@04). Under simplified assumgtiove can
estimate whether the star formation rates (SFR) of the galaxies in our thre@fredib-
samples can account for a doubling of the stellar mass $y0z Following Madau et al.
), the SFR of individual objects can be estimated from the restfrafarbinosity as
SFRgoo = 1.27 x 10728 x Loggg in units of Myyr—1, where the constant factor is computed
for a Salpeter IMF. We apply a dust attenuation correction gyf\= 1mag to the whole
sample. This median value, assumed not to depend on redshift, is desiie(Gabasch
1‘ by comparing the total stellar mass density and the integral of the Sk$ydat
different look—back times. Fig. 4.3 shows the median SSFR values for the¢ldsdgft bins
and for the diferent morphological types, cut at the same mass completeness as describe
above. Since it is not possible to know the individual star formation histosiesierive the
median SFR decline with cosmic time from the massive galaxies subsample, asdumgea
that all the objects in our sample follow this median star formation history. In thyswea
can estimate, at every redshift, the minimum SSFR that enables an objecbte dsunass
by z= 0. These minimum SSFRs are shown in the plot as horizontal lines at the last two
redshift bins considered. It appears that only a small fraction of the. sample would be
able to double its mass.

An alternative and more likely solution (see also Brinchmann & Ellis 2000) isnéirco
uous accretion of smaller mass galaxies, and possibly the merging of mdssigewhich
can account for both the changing total mass budget and the morphdlogicavolution.

In the past a number of works (e}q. Brinchmann & ﬁllis ﬁdOO; FeuIner\Mib;
Bauer et al. 2005) have focused on the SSFR redshift evolution argistently found an
increase of the SSFRs with redshift. Hence the bulk of star formation in veagalaxies
was pushed ta > 2, in agreement with the downsizing scenario (Cowie etal. 1996).

Here for the first time we explore the SSFR evolution split bifedent morphological
types. We find, for objects with M> 7 x 10'%M,, a different behavior in the SSFR redshift
evolution for the diterent morphological types. The median SSFR of late-type objects shows
only a mild, if any, evolution up to redshift 1, while the median values of eadyiatermedi-
ate types are clearly increasing with redshift. Since these latter populat®dsrainanting
in numbers, they drive the redshift evolution of the whole massive galdigagoution. This
finding, together with the previous arguments, suggests that the morpholegitaion of
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massive disk galaxies toward more and more bulge dominated systems is aoEzhipea
decrease in the specific star formation rate of their end products.

@5) show that a large part of the star formation in massiegiga atz ~ 0.7
is due to normal spiral galaxies. Moreover, they conclude that turrfingtar formation in
these objects is responsible for the observed decline of cosmic star fanrttaiafter. We
find a good agreement at~ 0.7 with their result but also a hint that the decline of star
formation in massive galaxies is linked more to the evolution of bulge—dominalaxiesm

4.5 Conclusions

In this work we have studied the contribution of disks and bulges to the ewvolafithe
stellar mass function up o~ 1.

We agree with previous work (Bundy etaal. 2@05) that the transition mas#heenass at
which disks become dominant in the relative contribution to the total mass funictoreases
with redshift. We estimate that at~ 1 the transition mass is up to a factor 2 larger than its
measured local value.

We show that the morphological mix evolves with redshift. zZAt 1 early and late type
galaxies contribute nearly equally to the total mass budget in massive ohjectsafth
M, > 7x10'%M,). We suggest that merging events must play a key role imiass pouring
from disks to bulges.

We find a diferent behavior of the SSFR, i.e. the star formation rate per unit stellar mass,
as a function of redshift for the filerent morphological types. The median SSFR of late-
type objects shows almost no evolution uzte 1. Conversely, median SSFRs for early and
intermediate types increase systematically. Since these latter morphologicahtepgom-
inating in numbers, they drive the total SFR evolution of massive galaxiess. stiggests
a scenario where the morphological evolution of massive disk galaxiesgihmmerging is
followed by the decrease of the star formation in their bulge—dominatedrtssats, maybe
after a burst of star formation that exhausts the available gas.
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Bulges and disks in the last 8 Gyrs of the
COSMOS

Adapted from M. Pannella et al, “Bulges and disks in the COSMOS during st &I&yrs”,
2007, AFA in preparation

Abstract

The Cosmic Evolution Survey (COSMOS) allows for the firsteimhighly significant
census of environments and structures up to redshift 1 dsawed full morpholog-
ical description of the galaxy population. In this chaptgrésent a study aimed to
constrain the evolution of the morphological mix mass contg to redshift one and
its dependency, if any, on the environmental density. | udeep multicolor catalog,
covering an area of0.7 0° inside the COSMOS field, to obtain accurate photometric
redshift (1< 25 andAz/(zspec+ 1) ~ 0.035). | estimate galaxy stellar masses by fitting
the multi-color photometry to a grid of composite stellapptation (CSP) models. |
guantitatively describe the galaxy morphology by fittingFR®nvolved $rsic profile
to the galaxy surface brightness distributions. | find argian of the morphological
mix with redshift: the higher the redshift the more disksdree important. | identify a
mass underdensity in the COSMOS field at redshift 0.5 . | firad tine morphological
mix is a strong function of the local comoving density at bk redshifts explored. |
investigated the evolution of the specific star formatiote (BSFR) as a function of
morphological type and environment, finding that the lanagiof early and late—type
galaxies in the stellar mass vs. SSFR plane are very weltatgbat all redshifts and
in all environments. The SSFR in massive early—types isddarsignificantly evolve
with redshift, while it remains pretty constant sincd in massive disks. Since the
high—mass end of the galaxy populations is always dominayeelarly—type objects,
these drive the decline in star formation rate at high mas¥égile in general this
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picture seems to be quite similar in all environments, in gwsity regions there is
a population of relatively massive, early—type galaxiesyitg high SSFR and blue
colours.

Galaxy formation and evolution has been a very actively debated topicsefedtional
cosmology in the last years. Only recently models and observations arerginy toward a
unified and coherent picture.

On one side the observations of the Universe, with some controversibg ovay, have
finally agreed that half of the present-day stars was already in place: dt and that the
same mass deficitfiects the high-mass end: the galaxy stellar mass function evolves ba-
sically from the local determination to redshift 1 only by a normalization factabout
2. This means that at the high-mass end as well as at the low-mass one flareet
shift 1, a factor 2 of missing objects in the comoving number density as respie local
value (e.d. Dickinson et éd—.gﬂdS; Rudnick et al. Zd)OS; Drory et aI.4ad)Bundy etal. 2005;
Borch et al. 20dd; Fontana et al. 20@6; Pozzetti et al. 2007; Arnoats 2007). Measure-
ments of the star formation rate density over cosmic times |(e.qg. GiavaliscH eldb;20
Gabasch et al. 2004b; Bouwens et al. 2004) are in good agreemenbeiity half of the
present stars already born at redshift 1.

On the other side the models, linking the hierarchical growth of dark matteststes
to the observed galaxy properties by means of simplified prescriptions fdotimation
of baryonic systems, predict that galaxies form in a bottom-up fashioroltigwing the
cosmological destiny of dark matter halos. Massive galaxies, in these madskEmble
most (50%) of their stellar mass via merging onlyzat 1 {De Lucia et al. 20d6) but most
of these accretion events are both red mergers (i.e. gas free merdgenspglyano induced
induced star-formation) and very rarely major mergers hence véiguli to detect from the
observational point of view. The latest realizations of these models (ezpiehler & White
2007; Bower et al. 2006) have been able to fully reproduce the gatehsiramass function
up to high redshifts, thus reconciling the theoretical bottom-up assemblylofraster halos
to the claimed top-down assembly of galaxibs (Cimatti et al. 2006).

In hierarchicalmodels star formation is supposed to take place only in disk structures and
in gas-rich mergers. This latter event would exhaust the residual daseate a dynamically
hot system: a bulge galaxy. Also dynamical instabilities, like minor merger evangtsble
to destroy the disk structures and finally create an elliptical galaxy. Detaiéstigtions in
the literature do not exist but the general expectation is that the fractiomgé—dominated
massive galaxies increases with time.

The study of the evolution of the morphological mix in the galaxy stellar masgiéumc
is a decisive tool to put sensitive constraints on the models, becausddtgive unique
insights in both the feedback and the merging processes in galaxy evokemfo( a detailed
discussion Cole et aM.—ZO\OO).

Because of the lack of flicient angular resolution, galaxies have been often classified,
both at low and high redshift, as early or late types based on their braadl dmdors
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(fBaIdry etal. 2004; Fontana et al. 2004; Giallongo etal. 2005; Bundﬂ @006). How-
ever this kind of approach ffiers, especially at high redshift, from the obvious drawback
that a disk galaxy populated by an old stellar population would be classifieu esrly—type
object (and vice versa).

Thanks to the advent of the Advanced Camera for Surveys (KCS;EFE(HIH 200@) on
board the Hubble Space Telescope, it has become possible to investiggithkrestframe
emission of galaxies up to redshift one and slightly beyond with sub-kilepaesolutions
and on relatively wide fields.

In this context the COSMOS (Scoville etal. 20b6a) survey is the ultinfédet €o cover a
sensitive patch of the sky(2) with ACS, going factors of 200 wider than previoudiorts
like GEMS (Rix etal. 20d4),the Great Observatories Origins Deep Survey
(GOODﬂ;Giavalisco etal. ZOOMb), the FORS Deep Field (FEDF; Heidt ed@B)2and others.

The high resolution imaging has been complemented in COSMOS by a state-at-the
multiwavelength coverage all the way from the X-ray to the Radio regime. Bgroing the
Universe in all its colors COSMOS is going to become a real breakthroutie inext years
of the observational cosmology. The need to tackle and understand tines [danspiracies
embedded in the beautiful Universe variance makes of this wide and deegy & unique
and unprecedented possibility.

In this work we rely on a deep and accuratg @5 andAz/(zspec+ 1) ~ 0.035) photomet-
ric redshift catalog, described in chapter 2, section 2.3, complementethbypéologically
classified sample (F814 24) to study the contribution of galaxies offidirent morpholo-
gies to the redshift evolution of the stellar mass density, as well as its depgnidem the
environmental density, over an area~df.7 0° in the COSMOS field.

Brinchmann & Ellis \(200b), Bundy et al. (ZdOSj, Pannella et al. (?006)1 also

Franceschini et al. (20b6), have carried out a work qualitatively sirtdltire one we present
here, but based either on shallower samples and visual morphologissificiaion or on
much smaller areas heavilffacted by cosmic variance.

This chapter is organized as follows:§rb.1 we discuss the ground-based dataset and the
photometric redshifts on which this work is basedg§ib.2 we discuss how galaxy stellar
masses have been estimated§ B4 we present the ACS data used in this work, the source
extraction and the galaxy number counts§if.4 we briefly describe the quantitative mor-
phology analysis, referring to chapter 3 for a more detailed discussi@n5iB we present
the evolution of the morphological mass function and mass densify5i6 we report on
the identification of a mass underdensity in the COSMOS field at redshift 0$55ih we
discuss theféect of local mass density on the galaxy morphological evolution and finally in
§16.4.2 we summarize our results and draw our conclusions.

Throughout this work, we use AB magnitudes and adofst@smology withQy = 0.3,
Qa = 0.7, andHg = 70km s Mpc.
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5 Bulges and disks in the last 8 Gyrs of the COSMOS

Log M,

Figure 5.1: The distribution of galaxy stellar masses as function o$héftifor the morpho-
logical catalog used in this work. Empty squares show the l@OS catalog we are using
here, for comparison and to show the improved statistic vee plot the morphological cat-
alog used in Pannella et al. (2006) from the FDF(yellow) a@OB®S-S(magenta) fields.
The solid blue line sets the estimated mass completenes® ahdrphological sample at
each redshift, see text for details.

5.1 Ground-based data and photometric redshifts

The ground-based data used in this paper combine the publicly avaiBllizK COSMOS
dataset with proprietary imaging in the H band. A highly homogeneous multiteraytn
i-band selected catalog is used to derive accurate photometric redshifitdl. d&scription
of the NIR data acquisition, data reduction and catalogue assembling, aasaell the
photometric redshifts estimation, is presented in chapter 2, section 2.3. Hieeddatiowing,
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5.2 Computing mass—to-light ratios

for the sake of clarity, we give only a very brief summary.

Ourcleaned-selected catalogue comprises 293 377 objects over an ar€afi° square
degrees and down to the limiting magnitude26), ~118 475 objects brighter than 25 mag
and~60 000 brighter than 24 mag. There is a good agreement between literatarard
COSMOS number counts up to the 25th magnitude. At the bright er®d ithe literature
number counts are sensibly higher since most of the very bright objectaarated in the
Subaru i-band images and thus not present in the final catalog.

Photometric redshifts were derived using the technique described 'r?-=
2001; Gabasch et al. 2004a). In short the method consists of : i) iclgepkotometric
zeropoints and, if necessary, determining photometric shifts by comparogetical and
observed stellalocii, ii) computing object fluxes in a fixed aperture@2) from seeing—
matched images, iii) determining a redshift probability function P(z) for edsjaco by
matching the object’s fluxes against a set of template spectra covering sangkeof stellar
population ages and star-formation histories.

The use of the GALEX FUV and NUV banflsllowed some photo-z degeneracies to be
broken, and a final accuracy A%/(zspec+ 1) ~ 0.035 to be reached.

5.2 Computing mass—to-light ratios

The method we use to infer stellar masses from multi—color photometry is the screbeel
in Drory et al. \(2004b). It is based on the comparison of the observédiiHonlor photom-
etry with a grid of stellar population synthesis models produced with the BrézGharlot
1: code.

We parameterize the possible star formation histories (SFHs) by a two-cempoodel,
consisting of a main, smooth component described by an exponentially dgditainfor-
mation ratey(t) « expt/7), linearly combined with a secondary burst of star forma-
tion. The main component timescate varies ine [0.1, o] Gyr, and its metallicity in
—-0.6 < [Fe/H] < 0.3. The age of the main componentis allowed to vary between 0.5 Gyr
and the age of the Universe at the object’s redshift.

The secondary burst of star formation is modeled as a 100 Myr old caisséafiormation
rate episode of solar metallicity. We restrict the burst fraction to be lowerlb&nin mass
(higher values of the burst fraction are degenerate and unnegessee such cases are
described by models with a young main component).

We adopt a Salpetem%) initial mass function for both components, witbr land
upper mass cufts of 0.1 and 100 M.

Additionally, both the main component and the burst are allowed to exhibitiablar
amount of extinction by dust witltk\l,’2 € [0, 1.5] and [Q 2] for the main component and the
burst, respectively. This takes into account the fact that young s&afeund in dusty envi-
ronments and that the star light from the galaxy as a whole may be reddgagdéometry
dependent) dierent amount. We compare this set of models with multi—-color photometry of
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Figure 5.2: Example of SED fit result for a relatively young object at 9.061. The small
panels in color scale show couples of fitting parameterdequlaine against the other (age,
Avy, burst fraction, and). Degeneracies in the fit parameters space are evident. pijex u
right panel shows the likelihood distribution of the massight ratio in three passbands
(B, g, and K in blue, green, and red, respectively): as exgedhe K bandv/L is more
constrained with respect to the optical ones. The bottonelpstmows the observed SED
(solid dots) with the best—fit overplotted as a green linet(fiting parameters are labeled
on the top). Beside the best—fit SED, also the main compomehtiee secondary burst are
plotted separately, as the red and blue lines, respectively
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5.2 Computing mass—to-light ratios

each object, computing the full likelihood distribution in the 6-dimensional paterspace
(r,[Fe/H] t, AL, B, A2), the likelihood of each model beirgexp(-x?/2).

To compute the likelihood distribution of mass—to—light ratidgL, we weight theM/L
of each model by its likelihood and marginalize over all parameters. Thetairdg in M/L
is obtained from the width of this distribution.

For young objects, with relatively high burst fractions, the width of k. distribution
is usually much wider in the optical than in NIR bands, while for quiescenttbjbe width
of the M/L distribution is very similar in all bands. On average, the width of the likelihood
distribution of M/L at 68% confidence level is betweefd.1 and+0.2 dex (using the B
bandM/L). The uncertainty in mass has a weak dependence on mass (increasitayweith
S/N photometry), and it mostly depends on the spectral type: early-type galzaie more
tightly constrained masses than late types.

In Figurel 5.2 we show as an example the SED fit result for a relativelygyobiect at z
= 0.061. Degeneracies in the fit parameters space are evident in the sne&d pacolour
scale. Furthermore, as expected the K bihdl. is better constrained than the optical ones.
The bottom panel shows the observed SED together with the best—fit SEEplatted (green
line), as well as the two components separately (main component and agcbadst as red
and blue lines, respectively).

We estimated the galaxy stellar masses for all the objects in the | band seletetied ca
down to the limiting magnitude. Galaxy stellar mass functions, mass densities aneémumb
densities evolution up to~®6 will be studied in details in a forthcoming paper (Goranova et
al. in preparation).

In figure 5.1 we show the distribution of galaxy stellar masses as functi@ashift for the
morphological catalog used in this work. For comparison and to show thessipesstatistic
available we over plot the morphological catalog values used in Pannell%(m@é) from
the FDF and GOODS-S fields.

In figure/5.3 we show stellar mass density up to redshift 1 for objects withNlpg>
10.8 which corresponds to the mass completeness value for the highesftreoissidered.
Dashed lines represent-lestimate of the local mass density from Bell et al. (ﬁ003) after
applying the same mass cut. The error bars represent the cosmic vargaridbution, as
estimated in Somerville et al. (2004), that is a factor 10 larger than statisticak.erBy
assuming that the mass function evolves only in normalization over this redshgé one
should add 0.28 dex to the plotted values to recover total mass densities.

The mass completeness affeient redshifts was estimated as the mass of a maximally
old stellar populatidﬁ having, at every redshift, an observed magnitude equal to the catalog
completeness magnitude (é.q. Dickinson et al. 2003). In table 5.1 we pitbed®mplete-
ness mass values as a function of redshift, for the morphological cateddgi\\V <24) as
well as for the global photometric catalog; (< 25).

We used a dust-free, passively evolving stellar population model, ignjtad mstantaneous burst of sub solar
metallicity at z= 10.
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Figure 5.3: Cosmic stellar mass density up to redshift 1 for objects wig M. > 10.8
which corresponds to the mass completeness value for thestigedshift considered. Hor-
izontal dashed lines represent the local mass density fretheBal. (2003) after apply-
ing the same mass cut. The error bars represent the cosnanc@rcontribution, as in
Somerville et al. (2004). By assuming that the mass funaiaives only in normalization
over this redshift range one should add 0.28 dex to the plotitues to recover total mass
densities.

Table 5.1: Log M.. completeness values versus redshift

z 025 045 065 0.85 1.05 1.25
F814W (24) 89 9.4 10.0 10.3 10.7 11
lsw(25) 86 9.1 9.7 100 104 107

5.3 HST Advanced Camera for Surveys imaging

The starting point of COSMOS was the allocation of an unprecedented wibleléi8pace
Telescope (HST) high resolution imaging onca atch in the sky. Imaging was performed
in the F814W ACS filter. A total of 581 orbjfsointings were devoted to imaging in this
filter. Within each orbit, four equal length exposures of 507 sec duraamh (2028 sec
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5.4 The morphological analysis

total) were obtained in a 4 position dither pattern, designed to shift bad pixel®dill in
the 90 pixel gap between the two ACS CCD arrays. Adjacent pointings in tisaimaere
positioned with approximately 4% overlap in order to provide at least 3 expaverage
at the edge of each pointing and 4 exposure coverage over apprayi®iie of the survey
area. This multiple exposure coverage with ACS provided excellent cospiejection.

A full description of the ACS data processing including drizzling, flux calitam, regis-
tration and mosaicing is provided\in Koekemoer et al. (?007) and in Scoville 006b).
The absolute registration of all ACS data in the COSMOS archive is acclaraigproxi-
mately 0.05-0.10 over the entire field and the flux calibration of the ACS is accurate to
better than 0.05% in absolute zero point. The ACS images released to the? [ublgEam-
pled with 0.0% pixels. The measured FWHM of the PSF in the ACS I-band filter is’Q.11

5.3.1 Sources extraction, star-galaxy classification and cataloging

Source extraction was performed with the SExtractor code (Bertin & Aﬂm& on each
ACS tile in acold manner: our main extraction goal was devoted the minimization of the
artificial source splitting and the maximization of the number of pixels assigneddo e
object.

We used 348 ACS tiles, i.e. only the ones overlapping with the ground basednpetry
used in this work.

Taking advantage of the ACS high resolution imaging we could remove the pként—
(stellar) objects using the structural parameters output by SExtractonawely used the
full width half maximum (FWHM), the half light radius, the neural network stéjaindex
and the total magnitude for each object to select point—like sources: Bgiia chapter 3
shows the selected sources in the total magnitude vs FWHM plane.

In figure[5.4 we show F814W band galaxy number counts, not corrémtédcomplete-
ness, compared with the available literature, and in table 5.2 we provide thelplattes.
The ACS galaxy catalog has been crosscorrelated in coordinates withotinedgoased cat-
alog by allowing a 1 arcsec matching radius. We removed from the final gasdllahe
objects for which one ground based entry had more than one entry in &@®Bg. The final
morphological catalog used in this work contains 41300 objects-edatt® and results to
be~ 90 % complete down to F814W 24.

5.4 The morphological analysis

We make use of the package GIM2D (Simard etal. i999) to fit PSF coruﬂSlae;iH(l@B)
profiles to the two-dimensional surface brightness distribution of eacletobje all sources
down to a limit of F814W:24. The PSFs used to convolve the profiles were obtained for
each individual tile by stacking about 10 higfiNSsolated stars.

2Publicly available at httyyirsa.ipac.caltech.eddatdCOSMOS
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5 Bulges and disks in the last 8 Gyrs of the COSMOS

Table 5.2: Galaxy number counts not corrected for incompleteness €@8MOS in the
F814W (~0.70°). logN andaogn are given, wherd\ is in units of 05magdeg?.

F814w

mag logN TlogN

17.01 1576 0.0969
1751 1.801 0.0728
18.01 2.137 0.0481
18.51 2.416 0.0343
19.01 2.655 0.0258
19.51 2.867 0.0201
20.01 3.047 0.0163
20.51 3.252 0.0128
21.01 3.429 0.0104
21,51 3.63 0.0082
22.01 3.793 0.0068
22,51 3.974 0.0055
23.01 4.148 0.0045
23.51 4.318 0.0037
24.01 4501 0.0030
2451 4.671 0.0025
25.01 4.802 0.0021
2551 4.872 0.0020
26.01 4.769 0.0022
26.51 4.01 0.0053

We tested our results by running also the GALFIT (Peng MZOOZ)mdeme of the
COSMOS ACS patches. The results from the twifiedlent codes are in excellent agreement,
thus confirming the robustness both of our modelling and of the choice ofifits (see
chapter 3, section 3.1.5).

We further tested our results by running the GIM2D code on simulated imageis.
test was performed by adding to the real image, in a blank, pure—skynremfake object,
as described in detail in chapter 3, section 3.1.4. The whole procedurenigérformed
exactly as for real objects: we find that the profile parameters of simul&jedts are well
recovered down to F814¥24 if their ue > usky. High Sersic index objects have very
extended wings that, depending on the total flux, can fall under the sfacsubrightness,
thus for these objects a loweeSic index, total flux andffective radii are usually recovered.
More details are given in chapter 3.

96



5.5 The evolution of the morphological mass function and mas s density
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Figure 5.4: Galaxy number counts for the AgFB14W band are plotted as filled dots.
Error bars account only for poissonian errors and no caomedbr incompleteness as been
applied. Literature data are plotted with other symbols amdtaken from (Pannella et/al.
E%(%; asterisks, FDF), (Leauthaud et al. 2007; squares,MiIE, (Beritez et al. 2004;
crosses, VV29).

5.5 The evolution of the morphological mass function and
mass density

We split our sample, according to th@rSic index value, in early—-type @ 3.5,~ T <

-3), intermediate (¥ n< 3.5,~ -3 < T < 2) and late-type (x 2, ~ T > 2) objects. We
use here the same split as in Pannella et al. (2006), a good correlatiabiaaed between
the average visual and automated classifications (see Fig. 3.9 in chageetiBn 3.2.6), as
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5 Bulges and disks in the last 8 Gyrs of the COSMOS

parameterized by the morphological typend the 8rsic indexnse, respectively.

We restrict our analysis to < 1.2 to limit the bias introduced by the restframe emission
band shifting, namely theffect of the morphological k-correction. A number of studies in
the last years have shown, although not in a conclusive and quantiteiyethat this is
indeed a fair assumption (e.g. Scarlata et al. 2006; Abraham et al..2007)

We performed extensive Monte-Carlo simulations to take into accountlifet ef mass
uncertainties£ 0.2dex) on our results. One thousand simulations of the mass catalog were
generated, perturbing each mass within a gaussian of sigma equal toitdsress stated
differently in the relevant figure captions, we use the median values of the Zanle
simulations in all figures. Error bars take into account both poissoniansesn the median
counts @86), and 16Y8percentile values of each distribution.

In Fig./5.5 we show the W naxcorrected number density evolution split by morphological
type, up to redshift 1.2, for objects in the stellar mass ranges/i@M& 10.811, 1711.2,
11.212 in Log M,]. The mass range is indicated in the upper right corner of each panel.
By multiplying the plotted number densities by the average mass in the corrésgonass
range, each panel could be interpreted as the evolution of the total nmesssedecontributed
by objects in that stellar mass range. The dotted vertical lines show the estiradstift
completeness for the relevant mass bin.

The early—type objects always dominate the high—-mass end. We find thawethe
stellar mass the more the late—type objects tend to dominate the relative contributien to
total number(mass) density.

The same trend is true by looking at increasing redshift: the higher thifietse
more the relative contribution of bulges and disks gets closer. For thetlonsess range
[10.6/10.8] the transition from a bulge—dominated to a disk—dominated stellar masstbudg
happens around redshift 0.7; after that redshift disks are alveasiouting more to the total
mass budget. In the second mass range (Leg=M0.811) the transition is not occurring
before redshift 1.1.

At each redshift, dransition masscan be identified where the transition from a bulge—
dominated to a disk—dominated stellar mass budget takes place. Based onytgeoc
statistics available in this work, we are able to confirm the main conclusions @&f PO
the morphological mix at the high—mass end evolves with redshifthe transition mass
increases with redshift. At ~ 0.7 we find a value of the transition mass approximately
consistent with the local valué ~ 5 x 101°M, as measured in Bell et al. (2003) by using
the concentration parameter to discriminate between early and late type obgctsiplete
sample extracted from local surveys. At 1 the disks and bulges contributions become
comparable aM ~ 1 x 101M,.

In a fixed mass range the number densities of disks are consistent withchestgnt with
redshift, while the early type follow the more general total declining. At a foeel$hift, the
number densities of early types ofi@irent masses is very similar (i 0./0.2 dex), while
the disks number densities move by one order of magnitude passing fromglthie the low
stellar mass range. This naturally sets the evolution of the transition mass vgtiifted
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Figure 5.5: Number densities as a
function of redshift and morphol-
ogy. The panels show the number
densities for dterent stellar mass
bins. The mass bins are labeled
in the upper right corners of each
panel. Vertical dotted lines indicate
the estimated completeness redshift
for the relative stellar mass bin.
Colors are according to the mor-
phological split (black-total, red-
bulges, green-intermediate, blue-
disks).
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Figure 5.6: Redshift distribution of the 41300 galaxies belonging te thorphological
catalog used in the present work. Overdensities at reddhi#0.7/1 are quite prominent
as well as the underdensities at redshifts 0.5 and 0.8.

The slope of the redshift evolution of total number densities are consistetit mass
ranges, at least up to the common redshift completeness, meaning that thieintdion in
its high-mass end does not evolve in shape but only in normalization withifedsh

5.6 Aholeintheskyatz ~0.5

In Fig./5.5 there is obvious scatter around the mean number density declith¢hi@ mass
bins. However, an underdensity at&5 shows up quite strikingly. The deficit of objects is
also quite evident in the global redshift distribution of our morphologictdlog, as shown
in fig. 5.6 It gets more and more significant with increasing stellar mass. Tt d
galaxies at this redshift is a factor of ten for the highest mass objectdessithan a factor
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5.7 The environmental effect on morphological evolution

of five for objects in the lowest mass bin explored. ThiSatential deficit is in qualitative
agreement with galaxy evolution dependence on the local density astespeccurrent

galaxy formation models (s@@O% and references therein): theummbeedense is the
environment the later massive objects will form because there is in gen@naé delay in

starting star formation and hence there are less small galaxy units to asseeniviagsive

giant galaxies.

From the morphological point of view, the evolution in this underdensenidsn is de-
layedat all stellar masses as compared with the contiguous redshift bins. Thes&gtion
with respect to both the total number densities and to the disks number denstiasieh
lower than those in the contiguous redshift bins, in agreement with the texjpes of the
morphology-density relation. We also note that in the highest mass bin, in tthégdense
region there are no massive pure disk systems.

We notice that the morphological mix in this underdense redshift bin is, in ali raages,
very close to the morphological mix at2.1, which has a comparable total number density
of objects: is the morphological mix at< 1 just depending on the local number density?

5.7 The environmental effect on morphological evolution

Taking advantage of the good statistics available in this study, we wish to fatieek the
importance and role of environment on galaxy morphological evolution.

Estimating the volume density in a photometric redshift survey is not straighafdnand
we try here to make it as simple and unbiased as possible.

First of all one has to decide which are the objects tracing the overderisiteesvay
not biased from the flux limited survey. Therefore, the objects have taightlenough
to be seen in the whole redshift range considered. Dealing with massescapdologies,
one should also take care of the selectiflie@s introduced from the filerent ML ratios
associated with dierent stellar populations. Basically, old stellar populations, which more
often but not always reside in bulges, have much highgr Mtios with respect to young
stellar populations, often but not always populating disks. A pure luminasity- even
taking into account passive evolution — would thus preferentially cut biltsosample high
M/L objects (bulges) with respect to low/Mobjects (disks). To avoid this kind of bias, we
use as overdensity tracers all objects with masses down to the mass congslei@ne at
the highest redshift we are exploring (7X28olar masses).

Another issue is the relative scarcity of these objects (being in the exiiarenof of the
mass function), so one has to avoid reaching the shot noise regime wbelatiag number
densities.

With this in mind, we proceed as follows: we first fit the number density evolwtibm
redshift for objects more massive than 7X€olar masses, obtaining in this way an expected
value of the number density at each redshift(@@). We then split the entire redshift range
in slice of Az = 0.1 (corresponding to €fierential depths of about about 327 comoving
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Figure 5.7: Number density evolution for objects with Log.M> 10.8. The solid line,
p(2) = —2.62 - 0.36 x z, shows the linear fit to the filled dots (i.e. the number déssit
obtained over the whole field in redshift binsA¥ = 0.2). The dashed line sets the 4z)
limit above which we select the overdense regions. Belowddshed-dot (0:80(2)) line
we select the underdense regions, while in between the tves live select the medium-
dense regions. The empty squares over plotted show the mudabsities in all the cells
we have split our survey volume.

Mpc at redshift 0.5 and 244 at redshift 1). This slicing along the retdaki$ turns out to

be quite robust against the photo-z errors, in fact this corresporatsotat 21.5 times the
formal photo-z error at redshift 55 We then split the entire survey volume in cells of 2.8
comoving Mpc by side at each redshift slice, that is the maximum contigugusaararea we
have available in the lowest redshift bin. Finally, we calculate the comovimbrudensity

of each cell at the dlierent redshifts and assign the cell galaxy population to one of three
density classes: underdengéz] < 0.5xp(2)), medium-dense (Bxp(2) < p(2) < 1.4xp(2)

and overdensg(2) > 1.4 x p(2).

In Fig. we show the number density evolution for objects with Lag>ML0.8. The
solid line, p(z) = —2.62 - 0.36 x z, shows the linear fit to the filled dots (i.e. the number
densities obtained over the whole field in redshift bing\ef= 0.2). The dashed line sets
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5.7 The environmental effect on morphological evolution

the 1.4p(2) limit above which we select the overdense regions. Below the dastidihelo
(0.5 x p(2)) we select the underdense regions, while in between the two lines we thelect
medium-dense regions. The empty squares over plotted show the numbitieden all the
cells we have split our survey volume.
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Figure 5.8: Galaxy stellar mass functions as a function of redshift, photogy and lo-
cal environment. Black symbols refer to total values. Theie@ axis is in units of
[h MpC‘3de>(1] A vertical dotted line indicates the mass completenasdt lin each
redsh|ft bin. Dashed colored lines are intended to guideyiee Solid black lines show the

local mass function determinations from Cole et al. ( O(ij Bell et al. (2003).
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5 Bulges and disks in the last 8 Gyrs of the COSMOS

5.7.1 8 Giga years of morphology density relation

In figurel 5.8 we show the galaxy stellar mass function as a function ofifgdsgdit by mor-
phology and for the dierent environmental density defined in the previous section. Each
of the panels contains about 2000 objects. Vertical dotted lines set the testimass com-
pleteness at the fierent redshifts. For reference in all panels are over plotted local ésima
for the stellar mass function, which are fixed and independent from tfisbament. They
are meant as a reference to look fofteliential evolution in dferent environments.

Let us first concentrate on the first column of figure 5.8, correspgnttirthe lowest
redshift range. At those redshifts, the slope of the mass function is ralygavolving from
the lower density regions to the higher ones, becoming shallower and teorisisth the
local one. This trend is in fact in good agreement with what found in thd Idoaerse
(Baldry et al. 2006).

The transition mass moves from Log.M 10.7 at high density to Log M= 10.9 at low
density. In the overdense and medium-dense environments the shapamdgfidunction
is in good agreement with the local determinations. In the overdense regiogery high
mass bulge population seem to appear that overcomes thdidaletermination. Are we
witnessing the first appearance of B0 galaxies ?

Figure[5.8 shows that the morphologically split mass function evolves botly dlen
redshift and the density axes, with some interesting features. For indtatetal mass
function, and the morphological mixtures are basically the same, up to the comiamm
completeness value, for overdense volumes at redshift 1 and mediwsa-dgomes at red-
shift 0.4. The transition mass is close to log=ML1 at redshift 1 in medium dense volumes
and it is already at that mass in the low dense environments=8t4;, and in fact the total
mass is slightly higher in the first of the two panel. One could argue that haeiegted
volumes depending on the number density of massive galaxies, the resuitsdould just
depend on a selectiortfect. Therefore, trying to quantify better the morphology density
evolution as well as the morphological mix evolution, we integrate the mass formier
the common complete mass range in the three redshift bins and in the thiezerdienvi-
ronments.

In figure[5.9 we show both the bulge-to-total (lower panel) and the bulgksto(upper
panel) fractions at dlierent redshifts and for fierent environments (low-cyan, medium-
magenta, black-high).

At all redshift a morphology density relation is quite evident: more densemnesducon-
tains also a higher relative fraction of bulges with respect to lower denslitynes.

5.8 Red sequence and blue cloud up to redshift 1.15
In Figure 5.10 we show the restframe U-B color as a function of massyifeasorphology

and environment. Morphology is indicated byffdrent colors (rec: early, green= inter-
mediate, blue= late). The first row from the bottom shows all théfdient environments
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Figure 5.9: The morphology-density relation at work. The bottom pamelgs the bulge
fraction as function of redshift and environment. The eswinent variable is color coded
as black-high, magenta-medium, cyan-low. The upper pdr@is the numeric ratio be-
tween bulges and disks forftiérent redshift and dierent environments. All the fraction
are computed for objects more massive than Log-M 0.8

together. As expected, the red-sequence is becoming more and moré&hatkaveasing
redshift because of the age evolution of the stars hosted by its galaxies.

Thevalley beetwen the red—sequence and the blue—cloud is very well defined imthe lo
est redshift bin, while it becomes less and less defined at increasishiftednd mainly
populated by intermediate and late—type objects.

This is more clear in Figure 5.11, where contours are used to better shavifférent
behaviour of the three morphological classes. The contours cormre$pasix equally spaced
levels between the minimum and maximum density of the data points of each morighblog
set.

In low density environments the red-sequence of bulges is quite broaditmd large
scatter, pointing toward afilerence in age between the red bulges. The relation gets tighter
and tighter with increasing environmental density. Also, only low density nsgéxhibit a
tail of early—type objects falling into the blue cloud. Conversely, in all emritents there is
a tail of disks falling into the red—sequance, but it is more pronounced imghest densities
regions.
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Figure 5.10: The U-B restframe color as a function of mass, redshift, molpgy and
environment. The color coding is according to the morphicliglasses (red—early, green—
intermediate, blue—late). The bottom row shows the tothles i.e. the first three rows
from the top collapsed.

5.9 The specific star formation rate in the last 8 Gyrs

One way to explore the contribution of star formation to the growth of stellar masdaxies
of different mass, is to study the redshift evolution of the specific SFR (SSFRh wh
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Figure 5.11: The U-B restframe color as a function of mass, redshift, rholggy and en-
vironment. The color coding is according to the morpholafatasses (red—early, green—
intermediate, blue—late). The bottom row shows the tothles i.e. the first three rows
from the top collapsed. Contours define the morphologicadsgs and are drawn as ex-
plained in the text.

defined as the SFR per unit stellar mass.
FoIIowing\ Madau et al. (19@8), the SFR of individual objects can be estihfeden the
restframe UV luminosity as SFgy = 1.27 x 10728 x Lyggoin units of Myyr~t, where the
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Figure 5.12: The SSFR as a function of stellar mass and morphology foetHiféerent
redshift bins and in dierent environments. Tilted dotted lines represent cohstan for-
mation of 1 and 10 Myr~! and they are supposed to guide the eye.

constant factor is computed for a Salpeter IMF. The SFR is correctecelust attenuation
obtained for the main component using the extinction curve of Calzetti (1997)

In Figure 5.12 we present the SSFR as a function of stellar mass and rogyfar three
different redshift bins up to redshift 1.15 and iffelient environments.
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Figure 5.13: The SSFR as a function of stellar mass and morphology foettifgerent
redshift bins and in dierent environments. Contours define the morphologicatelmand
are drawn as explained in the text. Tilted dotted lines reEmeconstant star formation of 1
and 10 Myyr~ and they are supposed to guide the eye.

The upper envelope of the SSFR is running essentially parallel to linessfart SFR,
and it is shifting to higher SFRs with increasing redshift, as it was alreathdrio earlier
work. Note that this upper envelope is partly due to a selecfi@tie heavily dust obscured
starbursts cannot be detected in our sample (we postpone a cardfgisnéthis issue to
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5 Bulges and disks in the last 8 Gyrs of the COSMOS

a future work, which will make use of the recently available Spitzer Spalesdape mid—
infrared observations).

Furthermore, it is evident that the most massive galaxies have the loweshtaicstar
formation per unit stellar mass up to the highest redshift probed, anc hbag cannot
have formed the bulk of their stars in this redshift range. This pushesutkebtheir star
formation at much earlier cosmic epochs, in agreement with the downsizingrsze

To better explore the flierent evolutionary behaviour of the three morphological classes
we show in figure 5.13 the same plot, but with contour isodensity levels. In gyiswe better
see the distribution of galaxies of morphological class and their evolutionfasction of
mass, redshift and environment. The red and blue clouds are veryepeallated in this plot
at all redshifts and in all environments. The intermediate—type galaxies riakehetween
the red and blue distributions, thus confirming their nature of transition objébts upper
envelope, as well as the location of the maximum galaxy density of the eadyetppd,
is increasing its star formation with redshift by not more than a factor thrhige whe blue
cloud is moving by more than a factor ten in the same redshift range. The twdscéye
very much segregated in mass: while the bulk of disks are always dominatovg masses,
the early type objects dominate completely the high mass tail. Therefore, couwfith@n
results found in P06, early—type galaxies drive the global decline oftstaation in massive
galaxies from redshift 1 to the local Universe.

In Figurel 5.13, it is also worth noticing the evolution of the SSFR as a funcfiema-
ronment. At a first glance there is not mucliteiience between theftérent environments.
Nonetheless, at all redshifts there is a tendency of the early type obigcilsidion to present
a plume toward the high SSFR zone, which is more pronounced at loweoemeéntal den-
sities.

5.10 The ages of early-type objects in different environments

In Figure 5.14 we show the ages of massive early-type galaxies astifuntredshift and
for different environments as obtained from the SED fitting procedure outlined: abde
cut the total sample to the common completeness limiT¥10°M;). The dotted, dashed
and solid histograms represent the high, medium and low density environmespisctively.
In each panel, the fierence between the mean ages in the two most extreme environments
(the high and low density regions) is indicated. Sudfiedeénces are significantly férent
from zero at all redshifts, pointing toward an earlier formation epocladf/dype galaxies
in high density environments with respect to those living in a low density region.

From Figure 5.14 two things are quite evident: first, the histograms are quitersimila
each other (as confirmed by a KS test) but for the oldest and youngesifttiks distribu-
tion, showing a preference of the oldest (youngest) galaxies to beldrighdlow) density
environments. Secondly, the width of the distributions is increasing with thmicasock.

These two things, together with the results discussed so far, could $tiggies) young
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Figure 5.14: Ages of massivex 7x10'°M,) early—type objects at fierent redshift and

for different environments. Theftérence between the mean ages of early—type galaxies in
high and low density environment is indicated in each pahké dotted, dashed and solid
histograms represent the high, intermediate and low deesitironments, respectively.

(bluer) massive early—type galaxies are preferentially found in lowitjegisvironments, ii)
the bulk of the early—type population has similar characteristic ages, catm§SFR, hence
a very similar formation redshift; iii) the oldest objects in the Universe, or bsettging the
oldest stars in the Universe, happen to belong to its highest density segion

5.11 Discussion and conclusions

In this work we have studied the evolution of the stellar mass content of disksLdges with
respect to the total mass budget ugte 1 and its dependency from the local environments.

As expected, we find that early—type objects always dominate the high—mesand
that the lower the stellar mass the more the late—type objects tend to dominate the relati
contribution to the total mass density.

At each redshift, dransition masscan be identified where the transition from a bulge—
dominated to a disk—dominated stellar mass budget takes place. Based onytgeact
statistics available in this work, we are able to confirm the main conclusions &f iPO
the morphological mix at the high—mass end evolves with redshifthe transition mass
increases with redshift. At ~ 0.7 we find a value of the transition mass approximately
consistent with the local valud ~ 5x 10'°M,. At z ~ 1 the disks and bulges contributions
become comparable & ~ 1 x 101M,,.
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5 Bulges and disks in the last 8 Gyrs of the COSMOS

The disks stellar mass function is consistent with being constant with redstufte-
clining in number densities from log M= 10.6 to 12 by more than 1 order of magnitude.
The bulges stellar mass function conversely is roughly constant in nurebsitiés at all
masses, but constantly declining in the total normalization with increasingifted$his
naturally sets the evolution of the transition mass with redshift.

The slope of the redshift evolution of total number densities is consistert mass
ranges, at least up to the common redshift completeness, meaning that ghéunwi®n
in its high-mass end does not evolve in shape but only in normalization withifeds

We have identified in the photometric redshift distribution an underdensity at% It
gets more and more significant with increasing stellar mass. The deficit oiemt this
redshift is a factor of ten for the highest mass objects, and less thatoadéfive for objects
in the lowest mass bin explored. Thidtdrential deficit is in qualitative agreement with
galaxy evolution dependence on the local density: the more underdethgeasvironment
the later massive objects will form because there is a time delay in starting station
and hence there are less small galaxy units to assemble giant galaxies.

The morphology evolution in this underdense redshift bidamyedat all stellar masses
as compared with the contiguous redshift bins. The bulges fraction wigeceso both
the total number densities and to the disks number densities are much lowerdbkarirth
the contiguous redshift bins, in agreement with the expectations of the ologyhdensity
relation.

We notice that the morphological mix in this underdense redshift bin is, in ali raages,
very close to the morphological mix4.1, which has a comparable total comoving number
density of objects. We thus argue that the morphological nmixal could just be depending
on the local comoving number density.

We further explored the galaxy stellar mass function as a function of ifgdsplit by
morphology and for the dierent environmental density.

We find that the slope of the mass function is marginally evolving from the lodagtity
environments to the highest density ones, becoming shallower, and cotsigltethe local
one. This is the same trend found locally by Baldry etal. (?006)

In the overdense and medium-dense environments the mass function s sl
agreement with the local determinations. In the overdense regions htftdagween 0.25
and 0.55 there seem to appear a very massive bulge population whidomesr the local
field mass function determination. We argue that we could be possibly witnessifigsthe
appearance of BGED galaxies in high density regions.

The morphological split mass content evolves with both redshift and lecsdity, with a
striking feature: at dferent redshifts the morphological mix and the transition mass seem to
be mainly depend on the stellar mass function normalization, i.e. the local nuentstyd

We also note that in the underdense regions there are no pure disk systeensassive
than logM. = 11.2, which show up only in more dense regions. This could suggest ghat th
are the end products of high-density environments, and hence acsratiteractions and
merging, and not the natural outcome afraversalmass function for disks’ galaxies.
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5.11 Discussion and conclusions

Finally, we have presented both the bulge-to-total and the bulge-to-distidins at dif-
ferent redshifts and for ffierent environments, finding that a morphology—density relation is
already in place at redshift 1.

In this work, for the first time to our knowledge, we have studied the evolufaalaxy
colors and star formation activity as a function of morphology and envirohmé&e have
found that early and late—type galaxies in the stellar mass vs. SSFR plastel(@r mass
vs. rest—frame U-B colour) are well separated at all redshifts and angifonments. The
intermediate type galaxies fall in between, confirming their nature of transibfEcis. At
increasing redshift, the peak of the early—type galaxy distribution in syténe is moving
toward higher SSFR by a facter 3. At the same time, the peak of the late—type galaxy
distribution shifts by more than a factor ten in the same redshift range. Tlye- @ad late—
type galaxy populations exhibit a significant segregation in mass: diskigaldgaminate
at low masses while early—type objects completely dominate the high mass tailforaere
confirming the results found in P06 described in chapter 4, early—typaigaldrive the
global decline of star formation present in massive galaxies from redshd the local
Universe. While in general this picture seems to be quite similar in all envirotsmiadow
density regions there is a population of relatively massive, early—typ&igajdaving high
SSFR and blue colours.

We also explored, with the highly homogenous dataset available, the atfesrofssive
early—type galaxy stellar populations as a function of environment. Thaliagyébutions
show significantly diferent mean ages at all redshifts. The results found in this work are in
agreement with other recent studies. Our results suggest that yduej rfassive galaxies
preferentially live in low density environments, and that most early—typegasdave sim-
ilar characteristic ages, colors, and SSFRs, hence a similar formatidniftetisally, the
galaxies hosting the oldest stars in the Universe preferentially belong toghest density
regions.
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Further work

Abstract

In this chapter | present a few works | have been involved ihictv complement
the study reported in the previous chapters. | also discosge on—going follow—
up projects which extend this Thesis work to higher redshifd very high density
environments, and to yet not addressed issues.

This last chapter is devoted to present some follow—up on—going work, ohadich is
complementary to what has been discussed in the previous chaptersimaata answer
some questions raised from the study presented in this Thesis.

In section 6.2 | provide a discussion about howfatent star formation indicators can
easily provide dierent results, by even an order of magnitude, thus changing the eppear
and interpretetion of evolutionary plots.

The environmental dependency of galaxy evolution has been studiekigmayhted in
this Thesis for a homogeneous sample of mafigid galaxies. The extension &xtreme
environments, such as galaxy clusters and galaxy voids, should be gble toore stringent
constraints. In section 6.3, | describe the work done in collaboration witdatkola on a
sample of intermediate to high redshift galaxy clusters.

The main limitation of morphological studies pursued so far is the redshiftrujppi
at z~1.2 . This is mostly because galaxies looKetient at diferent wavelenghts and since
ACS operates in the optical range, the morphological analysis of a galdhg irestframe
optical is limited to z1.2. Beyond this limit even the reddest ACS band starts mapping
the NUV restframe. This wavelength domain of a galaxy spectrum is well Rrtowbe
severely &ected by dust attenuation and dominated by recent star formation episajes a
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hence, can provide a biased and transient property with respect tgtical gestframe,
the latter being more linked to the stellar mass. While waiting for high—resolution NIR
imaging of large galaxy samples to become available, | started approachimglhedshift
Universe by taking advantage of ACS sampling the UV restframe propeftrégh redshift
star forming objects. This work has been done in collaboration with S. NdIDarPierini,
and is described in section 6.3.

Furthermore, | was involved in studies of the cosmic star formation historysteticr
mass growth up to redshift 5, as discussed in section 6.4 and 6.5.

Finally, back to the very nearby Universe, | also shared my expertise iphulmgical
analysis for the study of massive black holes in elliptical galaxies led by Mako My
contribution is briefly described in section 6.6.

6.1 The dark side of star formation: chasing the dusty
Universe

Estimating star formation rates of galaxies by using a SED fitting technique isyaumer
certain process. While stellar mass estimates have been found robugheathihe other
physical parameters (i.e star formation rate, dust and metals contentdagcburst frac-
tion, luminosity-weighted age) are intrinsically degenerate and moreoveiyhdapendent

on the ultraviolet range of the modelled spectrum. The UV light is consideged@ proxy

for the amount of the instantaneous star formation rate in a galaxy butuméoely is, at the
same time, the mostiacted by attenuation, i.e. by the amount, properties and distribution
of dust present in a galaxy. In my work | applied a non specific dustwtemn correction

of A2800=1 mag. This median value, found not to depend on redshift, was denwedr-
paring the total stellar mass density and the integral of the cosmic SFR dendiffeetnt
lookback times for a heterogeneous sample of galaxies. In fact thisaghpreveals as good,
or as bad, and accurate as the SED fitting results. An independenamestfnid-IR infor-
mation is needed to provide new clues on this highly debated topic. The nestiéd-IR
part of the galaxy spectrum best probes the radiation absorbed in tetthen re-emitted

by dust grains. Specific spectral windows in the mid-IR restframe (e;gn 8nd 15um)
have been found to tightly correlate with the galaxy star formation rate. TWweipeoming
MIPS surveys at 24m and 70um will hence disclose an unbiased view on the cosmic star
formation rate at various redshifts.

6.1.1 The GOODS-S test

I made use of the deep 24n data availbale for the GOODS-S survey to have a preliminary
handling of this issue. | selected a sample of objects in the redshift (phoamge 0.6.7
and | cross correlated this sample with the MIPS:/84catalog. The redshift range sampled

Ipublicly available at httg/ssc.spitzer.caltech.ediegacygoodshistory.html
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Figure 6.1: Comparison between the galaxy SFRs derived from the IR hghtthe UV
dust corrected light. In black are marked all the GOODS-%xdet in the redshift range
0.50.7 with a MIPS 24um counterpart detection in the publicly released catalogreth
are marked only the objects for which the cross-correlagioas an unique result.

makes the observed 24n corresponding to the emitted restframe at aboyirh5Following
Kennicutt (1998) this wavelength range is the best MIR proxy for the tBt@mission and
hence for the total SFR of a galaxy. In Fig. 6.1 we compare the SFR estinwatésgc
from the IR light and the UV dust corrected one. Black points are shoelinfpe sources
matched in both catalogs. The trend drawn from the black points, is very sitaitather
liteature results, and would point to a huge amount of hidden dust-olusstareformation.
The angular resolution of the MIPSPITZER data is much higher (6 arcsec) with respect to
the usual optical ground—based one (1 arcsec) and this makedtdrenti catalogs cross—
correlation a non trivial task. To have a fair, but basic, handling of tkisesve decided to
highlight the results obtained only from the sources for the correspaedgetween the two
catalog was one-to-one without any doubt. The few red big dots areirshoese objects.
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Despite beeing only 4 objects, it seems that the two results are quite closetkachnd at
most in within a factor 2 of uncertainty.

From this basic, but unbiased, exercise we argue that, after seled@gsample, the
amount of hidden star formation, at least at a redshift about 0.6, israotadically high, if
any and it seems to filer by at most a factor two from a UV dust corrected estimate. This
result is in slight contraddiction with other previous results and hence toHastested with
a better stastical sample. The COSMOS legacy has released in theseyetlyed8PITZER
imaging over the whole field. The statistic available will allow to better understatdtady
how much, and when in cosmic times, hidden star formation is taking place in thergei

6.2 Field to Clusters variation

To better explore the morphology-density relation and in general the gadaryhological

evolution as a function of environment, | have started a collaboration withatkdta and

S. Seitz on a project aimed at the characterization of galaxy clusters frongdensing. |

performed an accurate morphological analysis of galaxies in Abell 1689Kigure 6.3), a
giant galaxy cluster at redshift 0.2, with the aim of estimating the galaxy veldisipersions
by means of the Fundamental Plane relation. Results have been publishalkatatt al

(2006,2007). Thanks to the very accurate description of the galaxy @wenp we could
carefully describe the cluster dark matter content and measure, for ghérfie by using

strong lensing only, a severe truncation of galaxy dark matter halos wigiece$o field

halos. Our results suggest that in a massive cluster environment, galasyhave lost more
than 50% of their mass by tidal stripping.

6.2.1 Virial masses of cluster galaxies through scaling relations

Adapted from Halkola et al. 2006, "Parametric Strong Gravitational Legsfmalysis of
Abell 1689”", MNRAS accepted

By mean of an accurate morphological description of early-type objects icltister, one
can aim to obtain an accurate enough measure of the object velocity dispeies. of its
dynamical mass.

The velocity dispersions of cluster galaxies were determined mostly usingititafen-
tal Plane.

The Fundamental Plane (hereafter FP) links together, in a tight way, kiesnieelocity
dispersion), photometric fiective surface brightness) and morphological (half light radius)
galaxy propertieé (Dressler etal. 1987; Djorgovski & Davis 198Tdze et al 1992). We
assume that the central velocity dispersions of a galaxy, as derivectii® FP, is equal to
the halo velocity dispersion, and that mass in disks can be neglected.
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Figure 6.2: Total observed magnituder relation for three z0.2 clusters. Red points are
measured values taken from Ziegler et al. (2001) for A22®(¥8), green points are val-
ues taken from Fritz et al.(—20\05) for A2390=@.23) and full (empty) black points refer to
the velocity dispersion estimates obtained in this papeA1®89 using the GIM2D (GAL-
FIT) morphology. The literature values have been transéatto F775Wg magnitudes by
applying relatively small colour terms (0.04,-0.4) and & correction (0.4).

The FP relation allows us to estimate the velocity dispersion of galaxies morextaigu
than the standard Faber-Jackson relation apprﬂ)ach (Faber & %6). We model the
2—dimensional light profiles of cluster galaxies with PSF-convolved S@d 1968)
profiles using two packages, GALFIT (Peng etal. 2002) and GIMIZiB]z@Ed etal. 1999),
to have a better handle on the systematics. The analysis was performedFaiY 8w ACS
image. 176 objects with AB magnitudes brighter than 22 were fitted. The paieadp
function used to convolve the models was derived by stacking stars idéritifibe field.
The results coming out from the two completelyfeient softwares agree very well.

In order to be able to use a FP determination for cluster galaxies at redsBi2 in
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Figure 6.3: A1689 at redshift 0.186. Top panel: theal cluster core as imaged on a deep
exposure of the ACS camera. Bottom panel: The GALFIT modetHe cluster galaxy
component.
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restframe Gunn r filter (Jorgensen etal. 1996; Ziegler\ét al. 2001; diritkz 2005), all the
observed F775\Wk surface brightnesses (extinction corrected) were converted toarestfr
Gunn T ones and corrected for the cosmological dimming. Since the observed\F775
passband is close to restframe Gunn r at the redshift of A1689, thersiow factor be-
tween observed F775W and restframe Gunn r is small.

The mean observed surface brightness withiis:
(ue)F775w = F77Wopservedat+ 2.5109(2r) + 5log(re) — 10log(1+ 2), (6.1)

where the last term corrects for the dimming due to the expansion of therSaiueis then
converted to restframe Gungt by:

(ue)y = (uede77sw — Ar77sw + K(r, F779N, 2) + GTeorr, (6.2)

The Galactic extinction correctiof=775y is calculated from the list of &=(B-V) in Table
6 of Schlegel et al. (1998), along with their estimate of E(B-V) calculatechfCOBE and
IRAS maps as well as the Leiden-Dwingeloo maps of HI emission. We adomtég {75
a value of 0.06.

The "k-correction colour”, K(r,F775W,z), is theftierence between rest frame Gunn r and
observed F775W magnitude and includes also tb 1+ 2) term. It was obtained by
using an elliptical template from CWW (Coleman et al. 1980) and synthetic SEased
for old stellar populations (10 Gyr, i.es = 5 observed at=z0.2) with the BC2003 Bruzual
and Charlot models (Bruzual & Charlot 2003). All models give a casieer factor of ap-
proximately 0.174. The correction needed to pass from the AB photomettiersyto the
Gunn&Thuan system is Gy ~ 0.17 .

We used the FP cdigcients from Fritz et al.. For the Gunn r band then

1.048+ logRe = 1.24 % log o — 0.82  log((1Ye) + ZPepr, (6.3)

where the(l)e term, i.e. the mean surface brightness in units gf?, is given for the
Gunn r band by the equation:

log(1 e = —0.4(ur )e — 26.4). (6.4)

The zero—point of the FBPgp, is a quantity changing with both the cluster peculiarity
and, mainly, with the cluster redshift. We used Ii®-p; the value published ihal.

4200%). Their study was focused on A2218 and A2390, two massigtetkiat almost the
same redshift as A1689. They applied a bootstrap bisector method in estitfetitBrp,
and relative uncertainties, finding a value of 0.86922.
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Finally, we inserted the values derived from our morphological fitting @daces into
the FP relation. The uncertainties on the derived velocity dispersions egtireated by
taking into account the errors on the morphological parameters, thegatgobphotometric
uncertainties, the error on tl&Prp, value and the intrinsic scatter of the FP relation, which
gives the main contribution. We found that an estimate of 0.1 irotpg{ a good value for
the total uncertainty in velocity dispersion for objects having a velocity déspergreater
than 70 knfs. The fitted parameters for the 80 most massive galaxies are tabulateden Tab
6.1.

6.3 The UV morphology of high redshift star forming galaxies

Adapted from Noll et al. 2007, "Presence of dust with a UV bump in masstar-forming
galaxies atl < z< 25", A&A accepted

During the last year | have been involved in a project focused on thepdogerties of
high-redshift star forming galaxies. The main results have been publishddll et al.
(2007a,2007b).

In this study, we used a sample of 108 massive, star-forming galaxieslstiftel <
Zz < 2.5, selected from the FDF Spectroscopic Survey, the K20 and the GDD8ysu to
investigate some fundamental properties of the dust extinction curve daxy &ED, like
the slope in the rest-frame ultraviolet (UV) and the presg@irsence of a broad absorption
excess centred at 2175 A (the so—called UV bump).

The spectral features of these galaxies are parametrised by two inthiedisst parameter
estimates the reddening in the UV and is defined as the continuum slope nteaisuvé&0
— 2600 A, with the exclusion of the range 1950 — 2400 A. This proxy fottklereddening
by dust is callegs,. The second parameter characterises the apparent strength of the UV
bump and is calledlz4. It is the diference between the continuum slopes measured at 1900
—2175A (y3) and 2175 — 2500 Ayy), respectively. A value ofs4 ~ 1 indicates the absence
of the 2175 A feature. Converselyzs < —2 points to an extinction law which exhibits a
significant UV bump.

These characteristics were constrained by means of a parametric tiesaripthe UV
spectral energy distribution (SED) of a galaxy, as enforced by cordbétellar popula-
tion and radiative transfer models folfidirent geometries, dystars configurations and dust
properties.

In at least one third of the sample, there is a robust evidence for extiratioes with at
least a moderate UV bump. The presence of particular dust particled) e#t@c¢he carriers
of the UV bump, is more evident in galaxies with UV SEDdfsting from heavy dust
reddening.

We interpreted these results as follows. The sample objects posfiessrdimixtures of
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dust grains and molecules producing extinction curves in between thagavenes of the
Small and Large Magellanic Cloud, where the UV bump is absent or modsptatively.
Most of the dust embeds the UV-emitting stellar populations or is distributed fotleo
galaxy mid-plane. Alternatively, even dust with a pronounced UV bumfprathe average
Milky-Way extinction curve, can be present and distributed in the galaxypiaide. In this
case, variations of the continuum scattering albedo with wavelength oreadeggendent
extinction are not dticient to explain the previous trend with reddening. Hence, additional
extraplanar dust has to be invoked. The data suggest that the cafrtaessUV bump are
associated with intermediate-age stellar populations, while they survive iratbldst UV-
radiation fields owing to dust self-shielding. The existence fiédent dust extinction curves
implies that diferent patterns of evolution and reprocessing of dust exist at higihifed
Ignoring this may produce a non-negligible uncertainty on the star-formedierestimated
from the rest-frame UV.

6.3.0.1 Analysis of the UV morphology of high redshift galax ies

In order to investigate possible correlations between the presence oltherdp and the
UV morphology of the galaxies, | performed a morphological analysis osémeple. As |
have already pointed out, at redshift larger than 1.2 even the red@&band is sampling
more and more the UV restrame emission of the galaxies. Thus, the morphologyés
linked to the distribution of star forming regions than to the actual distributionan$.sFor
this reason we preferred to use a non parametric approach for thisanaly

We made use of the two indicd® and Ra computed by GIM2D from the residuals
of the best fit. These indices evaluate the bumpiness and the asymmetry eskittheal
image, and were used to estimate the overall smoothness of a galaxy imagespéhtre
to the best fitting model. In other words, by means of these indices we can testma
residual substructure like spiral arms in nearby late-type galaxies (sesihinal study of
Elmegreen et al. Elmegreen et al. (1992)), peculiaritiegarasymmetry in the distribution
of giant star-forming regions, or interactjomergers in high-redshift galaxies (e.g., Schade
et al. Schade et al. (1995)).

Since UV morphologies of high redshift galaxies are potentially much more cartiyaa
our usual parametrisation with &ic profile, we also characterised the morphologies of
this galaxy sample by means of two non parametric indices, namely the cornicer@and
the asymmetnA of the galaxy surface brightness. The concentration parameter islgyven
the ratio of the radius containing 80% of the total galaxy flux to the radius icomga20%
of the total flux. The asymmetry parameter is obtained by rotating the galaxy ipyat@&0
degree from its center and then subtracting it from the original image; thefltotaf this
residual image is then compared with the original galaxy flux.

The C-A method was developed in the mid-nineties by Abraham et al. (Abraha% etal.
d1994), Abraham et al. (1996)). Subsequent works (e.g. 101 Conselice et al.
Conselice et al. (20@ ), Conse ice (2b03); Menanteau et al. Menaeted

(200b)) have
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Figure 6.4: Sérsic index (top) and concentration (bottom) versus theypfor the 2175 A
featureyss. Black (magenta) points refer to the<lz < 1.5 (2 < z < 2.5) redshift range.
Open symbols mark the subsamples with low reddeniag<( —1.5), while the highly
reddened galaxies are represented by filled symbols. Mearsere indicated.

shown that a better morphological classification is obtained by choosing age ipigot
point which minimises the measured asymmetry. We make use of the CAS paratiogtrisa
as proposed and described in detail by Conselice et al. (Conselide{m@m), Conselice
)). For our purposes in this section, it is important to say that &gsb/galaxies have
larger concentration and lower asymmetry indices than late—type ones.

6.3.0.2 Morphological properties and extinction curve

We compared the morphological properties derived as described &trotree galaxies in
our sample, with the shape of their extinction curve at UV wavelengths.

We have to stress that, since the morphological parameters were deterrasest dn
the ACS i—band image of the galaxies, they correspondfferdint rest-frame wavelength
domains, from the mid-UV to thg band, depending on the galaxy redshift.

We find that the rest-frame Y\W-band morphology of a galaxy generally does not appear
to be directly related with the shape of the extinction curve at UV wavelengthatever
the redshift. Nevertheless, dividing our sample in “bjtied” objects as those having,
greateflower than—1.5, blue objects at % z < 25 and 1< z < 1.5 tend to have smaller
effective radii than red objects at the same redshift, whether or not a UV sudepected in
their spectra (see also Noll & Pierini (2005)).

As for the Srsic index, there is a hint that red galaxies with evidence of a UV bump
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Figure 6.5: CAS parameters concentratiod and asymmetryA (Conselice et al.
Conselice et al. (2000), Conselice (2003)) for our samplDf# (lozenges) and K20 galax-
ies (circles) at k z < 1.5. Galaxies withys4 < —2 are marked by filled symbols. The solid
and dashed lines separate early-type, late-type, and mgegailaxies by their asymmetry
(see Conselice et al. Conselice (2003)).

have a lowengerthan red galaxies without UV bump in both redshift bins (see/Fig. 6.4). For
instance, at k z < 1.5, they exhibit an averagee®ic index of (64+0.25 and of 098+0.23,
respectively.

Overall, the ®rsic index seems to be larger for galaxies at higher redshifts (Fig Sinte
the available high-resolution imaging probes the rest-framg¢Udvand morphology, the
Seérsic profile describes the large-scale distribution of star-formationnegitstead of the
classical Hubble type. Hence, the azimuthally-averaged radial distribottithe rest-frame
UV/U-band light traced bwyse,is shallower for galaxies with dust producing a significant UV
bump with respect to those without it, whatever the redshift. Furthermoreanivie peaked
at higher redshifts than at lower ones, even though this may bffeut ef the cosmological
brightness dimming. In fact, a faint component of a galaxy, like a disk, ahmétection
more easily at higher redshifts, thus producing a spuriously larger sélug

In addition to the relatively largefiective radii and low 8rsic indices, the low values of
concentration of the red galaxies with evidence of a UV bump atzl< 1.5 (see Fig. 6.4)
suggest that most of these galaxies are large systems with shallow raxfibdspat rest-
frame UVJU-band wavelengths. This is not surprising since most of the galaxiessa the
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redshifts can be classified as late types (se€ Fig. 6.5). However, tla ivispection of the
ACS images reveals that the fraction of objects with a shallow light profile inetsteframe
UV/U-band is 40 — 70% iB, > —1.5, but only 20 — 40% iB, < —1.5. For red galaxies with
a significant UV bump, this fraction becomes larger (60 — 80%), though #nerexceptions:
CDFS-0271, the object with the strongest observed 2175 A absorgtoaré, appears as a
quite compact galaxyRe = 2.5kpc).

Establishing the rest-frame UV morphology of a galaxy at2< 2.5 is not possible from
the available data, owing to the increased cosmological dimming. Neverthekessn in-
vestigate the presence of strongly distorted morphologie®anuiltiple main components.
These characteristics exclude the possibility of a single object with a smadih| surface
brightness profile in the rest-frame UV. While aklz < 1.5 almost all galaxies show only
one major component, at2 z < 2.5 45 — 65% of the objects seem to have two or more
main components. There is not mucliteience between red and blue galaxies as for the
fraction of objects with multiple components. However, there is a considedibdéeence
when only red objects with strong UV bump are considered. For theseigsléxe fraction
of objects with multiple components rises to 70 — 80%. This suggests that galeikies
extinction curves exhibiting a significant UV bump ak2z < 2.5 are either systems with
many, large star-formation complexes or merging systems. This could poirg &xitence
of an intrinsic structural dierence with respect to analogous galaxies atZl< 1.5, which
appear as smooth, disc-like systems in the rest-framéJband.

6.4 The star formation rate history

Adapted from Gabasch et al. 2004, “The Star Formation Rate History in BBRE% Deep
and GOODS-South Fields”, ApJ, 616L, 83

The determination of the star formation rate (SFR) history of the Universaaesobthe
most interesting results extracted from the deep photometric and spepitseeys of the
last decade. A large number of measurements have been collected, thid@ahada-France
redshift survey az < 1,/Lilly et al.m), and high redshift from the Hubble Deep Field
North (Madau et al. 1996), the large samples of U and B drop-out galz&SiteideI et al.
M), up to the most recent determinations based on I-dropouts &ifted$ from the
GOODS, UDF and UDF-Parallel ACS fields (Giavalisco et al. 2004a; Buekal. 2004;
Bouwens et al. 2004). These studies show that the SFR (uncorrextedidt) increases
fromz = 0 toz = 1, stays approximately constant in the redshift range4], and starts
to decline at larger redshifts. In all the cases quoted above the determiistiased on
the estimate of the total UV galaxy luminosity density, that for a given IMF is qutignal
to the instantaneous SFR (Madau et al. 1996, \1998). As discussed lyyautors (e.g.
\Hopkins etal. 20d1) this approach iffected by the uncertainties of dust correction, but
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roughly agrees with other estimators at low to intermediate redshifts 1). Theoretical
models of galaxy formation and evolution can be tested against the meagtReklis$ory
(Somerville et al. 2001; Hernquist & Springel 2003).

So far, all determinations of the SFR history havéfexed from some major limitations.
High redshift samples have been small in number due to the limited field of vieweg d
pencil-beam surveys, resulting in large Poissonian fluctuations andfialdy¢o-field varia-
tions (cosmic variance). The faint-end of the luminosity function (LF) is @wusily poorly
constrained at high redshifts, implying large completeness correctiorrdadtnally, the
technique used to generate the high-redshift galaxy cataloguesddtgelection, optical
magnitude limited survey) might have introduced biases by selecting only spigpéis of
galaxies and possibly missing relevant fractions of UV Iiéht illbert &t@ﬂ)Aa.

Here we try to minimize these uncertainties and determine the SFR history of treeaai
with improved accuracy up ta ~ 4.5. Our sample of high redshift galaxies is based on
two deep fields, the (I and B selected) FORS Deep Field (IfFDF, Heidt €d@R)2and the
(K-selected) GOODS-South field (Giavalisco et al. 2004b). Both covelasively large sky
area, reducing the problem of cosmic variance. Both are deep enoatibvidhe detection
of severalx 10° galaxies, thus minimizing theffect of shot noise.

We measure the star formation rate (SFR) as a function of redslyiftoz ~ 4.5, based
on B, | and (kB) selected galaxy catalogues from the FORS Deep Field (FDF) and the
K-selected catalogue from the GOODS-South field. Distances are confporiegpectro-
scopically calibrated photometric redshifts accuratétf®(zspec+ 1) < 0.03 for the FDF
and < 0.056 for the GOODS-South field. The SFRs are derived from the luminosities
1500 A. We find that the total SFR estimates derived from B, | a8l ¢atalogues agree
very well (< 0.1 dex) while the SFR from the K catalogue is lower$¥.2 dex. We show
that the latter is solely due to the lower star-forming activity of K-selected intdiateand
low luminosity (L < L.) galaxies. The SFR of bright.(> L.) galaxies is independent of the
selection band,e. the same for B, |, @#B), and K-selected galaxy samples. At all redshifts,
luminous galaxiesl( > L.) contribute only~ % to the total SFR. There is no evidence for sig-
nificant cosmic variance between the SFRs in the FDF and GOODs-South<fieltl dex,
consistent with theoretical expectations. The SFRs derived here axedliemt agreement
with previous measurements provided we assume the same faint-end slopéuohitmosity
function as previous worksy(~ —1.6). However, our deep FDF data indicate a shallower
slope ofa = —1.07, implying a SFR lower by 0.3 dex. We find the SFR to be roughly
constant up ta ~ 4 and then to decline slowly beyond, if dust extinctions are assumed to be
constant with redshift.

6.4.1 The Star Formation Rate

We compute the SFR for all 4 catalogues from the total luminosity denkigigsn the 1500
A band. First, we derivéisop at a given redshift by summing the completeness corrected
(using aV/Vmaxcorrection, see Gabasch et al. 2d04a) LFs up to the 1500 A absolutémagn
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tude limits. Second, we apply a further correction (to zero galaxy luminos®y), Zo take
into account the missing contribution to the luminosity density of the fainter galakiehis
end we use the best-fitting Schechter function. For the FDF catalogue&thedfrections
are only 2-20% in size. The small ZGL correction employed here owes itsdtietdaint
magnitude limits probed by our deep FDF data set and the relatively flat glepes1.07)
of the Schechter function. Due to the brighter magnitude limit, the ZGL correctmrthe
GOODS catalogue can be as high as 50%. Note that if we follow i.e. Steidéldegaéi)

who finde = —1.6 (excluded at & with our fits, see Gabasch et al. 2004a), we would get

much larger ZGL corrections for the sarv, @, (see the dotted line in Fig. 6.6 and the
discussion below).
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Figure 6.6: The four plots at the top show the SFR as a function of reddkifived from
the 1500 A luminosity densities computed from the B-sekb¢tBue), | (green) and+B-
selected (black) FDF, and K-selected (red) GOODS-Soultth. fishe points are connected
by the thick lines for clarity. These SFRs are based on a-&idtslope of the LF of -1.07
as derived from the FDF and GOODS data. The dotted lines shewfect of assuming
a slope of -1.6. The grey-shaded region shows tfeceof dust corrections with correc-
tion factors between 5 and 9, following Adelberger & Stéi(ﬂﬂOfD). The grey symbols
show the results (taken from the table of Somerville et ab13®f Pascarelle et al. (1998,
circled crossesj, Steidel et al. (1@96, open circl\es), Madal. \(1996, open triangles),
Madau et al. (1998, open squares), and (taken from Bunkér20@4) Iwata et al. (2003,
filled triangles)l Giavalisco et al. (Zod4a, filled squa,r@uwens et al! (2003b, filled cir-
cles), Bouwens et al. (20b4, hexagonal cros§ses), Fontaiia(e()03b, filled pentagons),
Bunker et al. (2004, open star), Bouwens et al. (2003a, fieddilled triangles). The plots
at the bottom show the SFRs of the four catalogues togetéfty dnd the SFRs derived
considering the contributions of the galaxies brightenthaonly (right).

Finally, foIIowing\Madau etal. (1998) we derive the SFR by scaling the UYlihosity
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densities: SFkgo = 1.25 x 10728 x 11500 in units of Meyr-*Mpc3, where the constant is
computed for a Salpeter IMF. The resulting values of §gfare shown in Fig. 6.6 as a func-
tion of redshift. Errors are computed from Monte Carlo simulations that tetkesiccount
the probability distributions of photometric redshifts and the Poissonian @aira(sch etal.
). Following Adelberger & Steidel (2000), we assume that dustogion does not
evolve with redshift and is about a factor of5 — 9 in the rest-frame UV. A more detailed
discussion of the role of dust will be given in a future paper, like an amlyased on the
SFR derived at 2800 A. Thanks to the large area covered and thdirfaitiig magnitudes
probed, our determination of the SFR is the most precise to date, with statistmal less
than 0.1 dex for the single redshift bins spanning the rarge @ < 5.

We find that out to redshift ~ 3 the SFRs derived from the | and B selected FDF, or the
merged B catalogue, are identical within the errors Q.1 dex; see plot at the bottom left
of Fig.[6.6). At larger redshifts the B-selected SFRs underestimate theahues, since B
drop-outs are not taken into account. The strong evolution in botMihendg. parameters
of the Schechter LF measured as a function of redshift by Gabast:HEID@Aa) resultsin a
nearly constant SFR, because the strong brightenid.dé compensated by the dramatic
decrease o, with z Comparing the two lower panels of Fig. 6.6 shows that luminous
galaxies [ > L,) contribute only a third of the total SFR at all obsen®dihdependent of
the selection band.

The K-selected SFRs are similar in shape, but systematically lower®g dex atz > 1.
This result holds independently of our completeness correction. If wsider only the
contributions to the SFR down to the limiting magnitude set by the K-band, we firghthe
0.2 dex diference for 1< z < 3, and 0.15 dex a > 3. Fig. 6.7 shows that this result
originates from the lower density &fl1500 > —19 galaxies in the K-selected catalogue, as
intermediate and low luminosity blue galaxies contributing to the SFR budget aessasity
detected in the bluer bands than in K. In fact, the contributions to the SFR cdromghe
galaxies brighter thah! are identical within the errors for the | and K selected catalogues
(see Fig. 6.6, bottom-right panel). Therefore, cosmic variance ddgdayoa role, as we
also verified by comparing the B-band number counts in the 2 fields. Theg agthin 0.1
dex, which is the expected variation derived by Somerville etal. {2001&8&0 the area
of the GOODS-South field. On the other hand, Gabasch et al. (200da)thht the I-band
FDF catalogue might be missing only about 10 % of the galaxies that wouldéetel@in a
deep K-band selected survey with magnitude ligig ~ 26 (like in Lable et al. 2003). The
missing galaxies would be faint and likely not contributing significantly to the gfeRided
their dust extinction is not exceedingly large. Independent of the selelbtind the SFR
declines beyond ~ 4.5. Our results confirm the conjecturd of Kashikawa et al. (2003) that
the K-selected UV LFs match the optically selected LFs at high luminosities.

The comparison with the literature shows that our results- @& dex lower, independent
of the selection band. Thisfiiérence stems from the large completeness corrections applied
by, e.g.L Steidel et all. (19@6), derived from the steep slopes fitted tdRh@ur results scale
to the literature values if similar slopes are used for the skimand¢.. This is shown by
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Figure 6.7: The distribution of galaxies in the rest-frame, 1500 A absolmagni-
tude vs. redshift space, slightly smoothed with a Gaussenet. The red colors re-
fer to the K-selected galaxies of the GOODS-South field, the and the green col-
ors to B and | selected galaxies of the FDF. The lowest contouresponds to 0.75
galaxiegarcmir/mag per unit redshift bin; the others give the 2.5, 3.75, 63285, 11.25
and 13.75 galaxigarcmirt/mag per unit redshift bin density levels. For a better compar
ison of the FDF and GOODS-South samples at the faint-end,h@secthe completeness
limit of the GOODS-South as the magnitude ctitfor all samples. The solid circles show
the best-fit values oM., with the errorbars of the K determinations (similar or deral

errors are derived in | and B).

the dotted lines of Fig. 6.6, where we have assumed a slopé.6ffor our data set while

keepingM. andg. the same as in our fit.

The overall agreement between the SFRs derived over a wide watletange (within 0.2
dex), from the optical B and | to the NIR K, samplingzat 4 the rest-frame UV and B, shows
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6.5 The stellar mass function of galaxiesto z~5

that we are approaching (in the optical) the complete census of the galaxigi#beting to
the stellar production of the universe up to this redshift. Therefore,amesgpect possible
biases induced by missing stellar energy distributions with redshift (IIIDaﬂ\éOO4) to be
small, when deep enough optical or NIR catalogues are available. Howeyenight still
not take into account the possible contribution to the SFR coming from fairttlyhdtyist-
absorbed red star-forming galaxibs (Hughes et al. 1998; Genzeb ) which are likely
missing from optically or near-infrared selected samples. Neverthelés®ritouraging to
find that recent Spitzer results (e\.g. Egami etal. 2004) indicate that theityajothe star
formation has already been accounted for using the dust-correctede3ivRd from optical
studies.

6.4.2 Conclusions

We have measured the SFR of the universe oatial.5 with unprecedented accuracy from
the FORS Deep Field and the GOODS-South Field (90 aremitotal). Our main conclu-
sions are:

e The cosmic variance in the SFR history between the FDF and GOODS-Soultis fielg-
ligibly small. The diference between these fields4s0.1 dex, consistent with theoretical
expectations.

e The SFR of galaxies brighter thad is the same< 0.1 dex) in B, I, (+B) and K selected
catalogues. This indicates that present optical and NIR surveys léelyito have missed a
substantial fraction population of massive star forming objects (with thelpjessxception
of heavily dust-enshrouded starbursts).

e The total SFR integrated over all galaxy luminosities is the same in the B, |, aBJ (I
selected catalogues and is lower in the K-selected catalogue by 0.2 dexiffdrisnce orig-
inates at luminosities lower thdn which implies that K-selected surveys miss a significant
fraction of star-forming lower-luminosity galaxies.

e At all redshifts, luminous galaxiet. (> L.) contribute only~ % to the total SFR, i.e. the
integrated SFR of < L, galaxies is a factor of 2 higher than the one a&f > L. galaxies.

e Our fits to the FDF luminosity functions suggest a flat faint-end slope-6+1.07 + 0.04

in contrast to the assumed slopenof —1.6 in the literature. This implies that past determi-
nations have overestimated the SFR by a factor 2.

e The SFR is approximately constant over the redshift rangezl< 4 and drops by about
50% aroundz = 4.5, if dust corrections constant with redshift are assumed.

6.5 The stellar mass function of galaxiesto z~ 5

Adapted from Drory et al. 2005, “The Stellar Mass Function of GalaxiesGdarethe FORS
Deep and GOODS-South Fields”, ApJ, 619L, 131
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The stellar mass of galaxies at the present epoch and the build-up of stalarover
cosmic time has become the focus of intense research in the past few years.

Generally, this kind of work relies on fits of multi-color photometry to a grid ahposite
stellar population (CSP) models to determine a stellar mass-to-light ratio, sigecdad
complete spectroscopic samples of galaxieg (aD) are not yet available.

In the local universe, results on the stellar mass function (MF) of galavees published
using the new generation of wide-angle surveys in the optical (Sloan D&ftalSurvey;
SDSSJ York et al. 20d)O; 2dF, Colless et al. 1001) and near-infraiwd Micron All Sky
Survey; 2MASS, Skrutskie et al. 1997). Cole et al. (2001) combinéa fdam 2MASS and
2dF to derive the local stellar MF, Bell et @003) used the SDSS ardiS®to the same
end.

At z > 0, a number of authors studied the stellar mass density as a function oifredsh
(Brinchmann & Ellis Ezoob); Drory et al. (2001a); Cohen (2002); Dislon et al. (2003),
Fontana et al, (2003a); Rudnick et al. (2b03)) reaclzing3. It appears that by ~ 3, about
30% of the local stellar mass density has been assembled in galaxies,zand.atoughly
half of the local stellar mass density is in place. This seems to be in broadregrewith
measurements of the star formation rate density over the same redshift range

Others investigated the evolution of the MF of galaﬁies (Drory et al. 20Pdiatana et al.
) toz ~ 1.5, finding a similar decline in the normalization of the MF. However, it is
possible that galaxies evolvefidrently in number density depending on their morphology.
We present a measurement of the evolution of the stellar mass function {ig&paies and
the evolution of the total stellar mass density at @ < 5, extending previous measurements
to higher redshift and fainter magnitudes (and lower masses). We yseudtécolor data in
the Fors Deep Field (FDH:selected reachintyg ~ 26.8) and the GOODS/EDFS region
(K-selected reachinilag ~ 25.4) to estimate stellar masses based on fits to composite
stellar population models for 5557 and 3367 sources, respectivelyMFhef objects from
the K-selected GOODS-S sample is very similar to that oflttselected FDF down to the
completeness limit of the GOODS-S sample. Near-IR selected surveysdutarcethe more
massive objects of the same principal population as-gelected surveys. We find that the
most massive galaxies harbor the oldest stellar populations at all redshiftew z, our
MF follows the local MF very well, extending the local MF down by a decad&dbM..
Furthermore, the faint end slope is consistent with the local value-ofl.1 at least up to
z ~ 1.5. Our MF also agrees very well with the MUNICS and K20 resultz gt2. The
MF seems to evolve in a regular way at least ug to 2 with the normalization decreasing
by 50% toz = 1 and by 70% ta = 2. Objects withM > 10 Mywhich are the likely
progenitors of todays > L* galaxies are found in much smaller numbers above 2.
However, we note that massive galaxies with> 10! Myare present even to the largest
redshift we probe. Beyorzl~ 2 the evolution of the mass function becomes more rapid. We
find that the total stellar mass densityzat 1 is 50% of the local value. A = 2, 25% of the
local mass density is assembled, and at3 andz = 5 we find that at least 15% and 5% of
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Figure 6.8: Stellar masses vs. redshift in the FDF (squares) and in GOS[iBangles).
The luminosity-weighted mean ages of the stellar popuiatas determined by the CSP fit
are coded by colors ranging from red for old populations adgeGyr) to blue for young
populations (ageg 1.5 Gyr).

the mass in stars is in place, respectively. The number density of galaxiedlwith0*! M,
evolves very similarly to the evolution at lower masses. It decreases beR#d~ 1, by
0.6 dex toz ~ 2, and by 1 dex ta ~ 4.

In Figl6.8 we show the distribution of galaxies in the mass vs. redshift plartbdd-DF
(squares) and GOODS-S (triangles). In addition, we code the agelofgedaxy (using the
best-fitting model) in colors ranging from blue for young (agel.5 Gyr) to red for old
stellar populations (age 5 Gyr).

The distribution of objects from thK-selected GOODS-S sample is very similar to the
distribution of thel-selected FDF down to the completeness limit of the GOODS-S sample,
which is~ 1 dex shallower in limiting mass. This indicates that present optical and Rear-I
surveys are unlikely to have missed a substantial population of massiveshbjéth the
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Figure 6.9: The stellar mass function (MF) as a function of redshift. Tdeal MF of
Bell et al. (2003) and Cole et al. (2001) are shown in all rtibins for comparison. Re-
sults from the MUNICS survey (Drory et al. 2004a) and the KR@vey (Fontana et al.
2004) atz < 2 are also shown.

possible exception of heavily dust-enshrouded sources which magesdetection in both
optical and near-IR surveys.

A striking feature of Fig.6.8 is that the most massive galaxies harbor thet citidiar
populations at all redshifts. There always exist galaxies which areelatiye to the age of
the universe at each redshift) but less massive, yet the most mabgetsat each redshift
are never among the youngest.

6.5.1 The stellar mass function

Fig.[6.9 shows th&/axweighted mass function in seven redshift bins frans 0.25 to
z = 5. For comparison, we also show the local mass function (Bell et al. ZD6ig; et al.
2001) and the MFs ta ~ 1.2 of MUNICS (Drory et all 2004a) and to ~ 2 by the K20
survey (Fontana et al. 2004).

The MF of objects from thé&-selected GOODS-S sample is very similar to that of the
I-selected FDF down to the completeness limit of the GOODS-S sample (with thatiexce
of a possible slightly lower normalization at> 2.5 by about 10% to 20%). This shows
that near-IR selected surveys at high redshift essentially detect the messive objects
of the same principal population as do opticallyb@nd) selected surveys (see also Sect. 3
and Fig. 1 in Gabasch et al. 2004a). It remains to be seen what fratinassive galaxies
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6.5 The stellar mass function of galaxiesto z~5

(and total stellar mass density) might be hidden in dusty starbursts whichraggpesub-mm
galaxies.

In our lowest redshift binz ~ 0.5, the MF follows the local MF very well. The depth of
the FDF ( ~ 26.8) allows us to extend the faint end of the MF down t& M), a decade
lower in mass than in Bell et a@OS), with no change of slope. Furthentioe faint end
slope is consistent with the local valueof 1.1 at least te ~ 1.5. Our mass function also
agrees very well with the MUNICS and K20 resultzat 2.

The MF seems to evolve in a regular way at least ug to 2 with the normalization
decreasing by 50% ta = 1 and by 70% ta = 2, with the largest change occurring at
masses oM 10'° M. These likely progenitors of todays> L* galaxies are found in much
smaller numbers abowe~ 2. However, we note that massive galaxies vith- 10 Myare
present even to the largest redshift we probe (albeit in smaller numiagdndz ~ 2 the
evolution becomes more rapid.

It is hard to say whether theftitrence between the FDF and the GOODS-S field visible
atz ~ 3 in Fig.[6.9 is significant. In fact, ) find not muchfidirence in the rest-frame UV
luminosity function in the very same dataset. We think it might be related to the sleallow
near-IR data in the FDF compared to GOODS-S. Less reliable informatioregeshiframe
optical colors at young mean ages might in fact lead to an overestimation steflee mass.
This would also explain why the two MFs become similar again at even higiveen the
near-IR data in GOODS-S reach their limit, too. This would mean that the masgydien
the FDF aiz > 2.5 might be overestimated (see below).

6.5.2 Stellar mass density and number densities

As shown in Figure 1.9 in chapter 1, this work extends the available datag:aldf2001);
Brinchmann & Ellis \(2000)1 Drory et al. (200\1&{); Cohen (2002); Diskin et al. [(2003),

Fontana et al. (2003a, 2004); Drory et al. (2004a)) on the evolufitimectotal stellar mass

density outta ~ 5.
We compute the total stellar mass density by directly summing up contributions from a
objects in both fields (we obtain very similar values by means of fitting Scheftimetions
to the data in Fig. 6.9). We find that the stellar mass density=at is 50% of the local value
as determined Hy Cole et al. (2001). At 2, 25% of the local mass density is assembled,
and atz = 3 andz = 5 we find that at least 15% and 5% of the mass in stars is in place,
respectively.
We also show the integral of the star formation rate determined by Steidékﬁe@%) as
a dotted line. Furthermore, the dashed line shows the same quantity deterroimethé
rest-frame UV luminosity function in the same dataset used here (Gabaesldﬁ@ﬂMa). We
find these measurements in agreement with each other, and with the mass sldesited
here and in the literature before. However, the mass densities do sheid&@ble scatter
especially at redshifts abowe~ 1.5. However, as discussed above, the mass density in
the FDF might be overestimated, hence reducing the scatter between oueltgo fThe
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Figure 6.10: The number density of galaxies with stellar maskes- 10*°M, andM >
10'M,,. Results from the MUNICS survey as well as results from Substudies are also
shown.

FDF also lies above the average literature values in the redshift rangestiau while the
GOODS-S data seem to be in better agreement with previous measurements.

The fact that the stellar mass densities and the integrated star formationivatesrisis-
tent results is encouraging. However, dust-enshrouded starbutsghaedshift would be
missing from both the SFR and the MF. However, if the number density of weesisb-mm
galaxies derived by Tecza et al. (2004) @383 x 10-5Mpc at 18 < z < 3.6 is typical of
these systems, they do not contribute significantly to the mass density atedshkéts (see
below and Fig.6.10).

Finally, Fig.[6.10 addresses the number density of massive systems adiarfuof red-
shift. We show the numbers of systems with> 10'°M, andM > 10 M, as full and
open symbols, respectively. The number density of massive sub-mniggaéstimated by
Tecza et al. (2004) is also shown. The most striking features of Fig.i$th@t the number
density of the most massive systems shows evolution which is very similar toahgiex
of the number density at lower masses over this very large redhsift.rfegsive systems
are present at all redshifts we probe, their number density decrelagifg + 0.2 dex to
z~1,by Q6+ 0.3dextoz~ 2, and by 1+ 0.45 dex toz ~ 4.
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6.6 The supermassive black hole in NGC 4486a

6.6 The supermassive black hole in NGC 4486a

Adapted from N. Nowak et al. 2007, “The supermassive black hole in448&a detected
with SINFONI at the VLT, MNRAS, in press

NGC 4486a is a low-luminosity elliptical galaxy in the Virgo cluster, close to M&7. |
contains an almost edge-on nuclear disc of stars and dust (KormeaU\QGOS). The bright
star~ 2.5” away from the centre makes it impossible to obtain undisturbed spectra with con
ventional ground-based longslit spectroscopy. However, it is otteeaxtremely rare cases,
where an inactive, low-luminosity galaxy can be observed fiitadition limited resolution
using adaptive optics with a natural guide star (NGS). This feature made4486a one
of the most attractive targets during the years between the commissioninyeOSIl and
similar instruments and the installation of laser guide stars (LGS). NGC 4486afissthof
our sample of galaxies observed or planned to be observed usinmfraaed integral-field
spectroscopy with the goal to tighten the slope of kihgo relation in the lowe regime
(< 120 km s1) and for pseudobulge galaxies.

To derive the black hole mass in NGC 44864, it is essential to determine thtatoaal
potential made up by the stellar component by deprojecting the surfacerasgdistribu-
tion. As NGC 4486a consists both kinematically and photometrically of two conmg®ne
with possibly diterent mass-to-light ratio$, we deproject bulge and disc separately.

To decompose the two components, we considered the HST images in thebhrahd
F850LP filter, with 2 ACBNFC pointings of 560 seconds exposure each. The two dithers
have no shift in spatial coordinates. The data were reduced by theCETaR-The-Fly
Recalibration system, sketp://archive.eso.org/archive/hst for detailed informa-
tion.

Moreover, we use theaLrir package02) to fit PSF convolved analytic pro-
files to the two-dimensional surface brightness of the galaxy. The cadeniaes the best
fit by comparing the convolved models with the science data using a LeyeMaaquardt
downhill gradient algorithm to minimize thg? of the fit. The saturated star close to the
galaxy centre has been masked out from the modelling. The observitggstrae. the
adopted no spatial shift between the two dithers, has allowed us to obtaiefal ceescrip-
tion of the PSF by using thenTYTI code.

We modelled the galaxy light with a doubl@iSic model with indices = 2.19 for the
bulge anch = 1.67 for the disc. In Fig. 6.11 we show the ACS image that was analysed, the
bulgetdisc GALFIT model and the residual image. The saturated star pops pnattging
in the residual image as it was expected.

Bulge and disc were then deprojected separately using the prog*arrguirw \(1999)
under the assumption that both components are edge-on and axisymmaedratelldr mass

“http://www.stsci.edu/software/tinytim/tinytim
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Figure 6.11: Top: the ACS F850LP image of NGC4486; middle: the buidisc GALFIT
best model; bottom: the residual image. The star near ttexgalbre pops up, as due, in
the residual image.
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6.6 The supermassive black hole in NGC 4486a

density then can be modelled aé in Davies éf al. (b006,z)>*v'ta Tbulge * Vbulge + Tdisc * Vdise:
wherev is the luminosity density obtained from the deprojection and the AG&nd mass-
to-light ratioY' is assumed to be constant with radius for both components.

The mass of the black hole in NGC 4486a was determined based on the Setivilar
1979) orbit superposition technigue, using the code of Gebhardtdét)é(ﬁ)f Gebhardt et al.
2003) in the version of Thomas et al. (2@04). The dynamical mass-toréiibs of disc and
bulge agree with an old and metal-rich stellar popula{ion (Maraston 199 ).20Qsc tends
to be larger thai’pyige Which is probably due to the presence of dust in the disc.

The total stellar mass within 1 sphere of influence, where the imprint of th& btae is
strongest, i, = 9.84x 10° M. If the additional mass dfl, = 1.25x 10’ M, was solely
composed of stars, this would increase the mass-to-light ratigite ~ 9.1 (6.6 if we take
into account the dust-absorption), a region which is excluded by stelfarigion models
or at least requires unrealistic high stellar ages.

Our result is in good agreement with the prediction of Me-o- relation (126*932 x
10’ Mo, using the result of Tremaine et al. 2002) and strengthens it in ther@egime
(< 120 km s?1), where, besides several upper limits, up to now only three black holeesass
were measured with stellar kinematics (Milky V\)(ay, 8dhbl et al. 2002; Msi, Verolme etfal.
2002; NGC 7457, Gebhardt et al. 2003).
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Table 6.1: Table of galaxy properties from fitting cluster galaxieshwtSersic profile. The
parameters of the 80 most massive galaxies are tabulated.

RA Dec Mag! Nser Re? (kpc) 1-b/a PA(°) Test (kmys)
13:11:25.53 -1:20:37.0 1¥3+0.15 31+03 81+05 037+0.02 10+1 178 (224141)
13:11:25.28 -1:19:31.1 1®+010 60+01 22+01 006+0.01 70+3 108 (13686)
13:11:28.19 -1:18:43.8 18B+014 26+01 25+01 057+003 32+1 115 (14491)
13:11:26.09 -1:19:51.9 189+013 39+02 25+01 023+001 79+1 144 (183114)
13:11:26.67 -1:19:03.8 184+014 32+01 18+01 038+0.01 79+1 80 (10063)
13:11:26.38 -1:19:56.5 183+0.14 34+01 17+01 035+001 34+1 181 (228144)
13:11:27.06 -1:19:36.8 13%+001 60+01 49+01 017+001 5+1 147 (1835117)
13:11:24.62 -1:21:11.1 134+013 44+03 21+01 055+0.03 136+1 170 (213135)
13:11:25.55 -1:20:17.2 197+0.10 60+01 26+01 015+0.02 96+3 97 (12277)
13:11:27.30 -1:19:05.1 182+0.15 38+01 17+02 033+0.01 171+2 81 (10264)
13:11:28.50 -1:18:44.8 14+0.09 39+01 30+02 056+0.03 179+1 115 (14491)
13:11:29.55 -1:18:34.6 18+013 41+02 20+01 041+0.01 172+1 175 (22%139)
13:11:25.27 -1:20:02.9 186+0.12 10+01 17+01 078+0.01 93+1 81 (10265)
13:11:27.56 -1:20:025 174+0.01 89+0.1 80+01 015+001 57+1 147 (185116)
13:11:26.62 -1:19:47.9 189+001 35+01 24+01 035+001 165+1 75 (9560)
13:11:24.36 -1:21:07.5 18+012 61+02 15+01 011+0.02 173+7 138 (174110)
13:11:28.27 -1:19:31.5 18+014 60+01 24+02 032+002 148+1 149 (188119)
13:11:27.99 -1:20:07.7 166+001 53+01 38+01 006+001 176+1 205 (259163)
13:11:28.90 -1:19:025 180+0.14 51+01 36+03 042+0.01 84+1 83 (10566)
13:11:29.47 -1:19:16.5 1B7+0.13 40+01 10+01 058+002 56+1 174 (220139)
13:11:28.52 -1:19:58.4 187+014 33+01 26+01 042+0.02 159+1 153 (192121)
13:11:31.57 -1:19:32.7 104+001 23+01 49+01 020+001 150+1 258 (32%205)
13:11:28.38 -1:20:43.4 17+0.01 56+01 76+01 012+0.01 17«1 177 (223140)
13:11:27.29 -1:20:58.4 19%6+0.12 13+01 24+01 044+003 169+1 97 (12377)
13:11:29.24 -1:19:46.9 193+014 47+04 06+01 060+0.02 142+1 140 (176111)
13:11:30.91 -1:18:525 228+0.14 43+01 07+01 045+001 104+1 84 (10667)
13:11:31.68 -1:19:24.6 18+010 41+01 34+01 043+004 90+1 96 (12177)
13:11:28.62 -1:20:25.1 181+001 60+01 27+01 009+001 24+1 136 (172108)
13:11:30.23 -1:20:42.7 171+001 31+01 57+01 016+001 83+1 255 (324202)
13:11:28.78 -1:20:26.5 18+0.02 48+01 72+02 044+005 50«2 94 (11975)

! Total F775W AB magnitude obtained from the surface brightness profilefittin
2 Circularized physical half light radius in units of kpc

3 Estimated galaxy velocity dispersion, see text for details, and the condisigolo range
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6.6 The supermassive black hole in NGC 4486a

Table 6.1: — continued.

RA Dec Mag! Nser Re? (kpc) 1-b/a PA(°) Test (kmys)
13:11:30.44 -1:20:29.1 162+0.02 26+01 19+01 010+0.02 65+3 238 (299189)
13:11:29.66 -1:20:27.8 189+0.01 12+01 101+01 014+0.01 144+1 303 (3872241)
13:11:28.08 -1:21:36.6 1B6+0.16 38+05 19+03 057+003 175+1 132 (166105)
13:11:32.03 -1:18:53.6 1¥%6+0.17 45+03 35+05 005+0.01 167+6 82 (10365)
13:11:32.88 -1:19:31.4 186+0.02 55+01 101+02 029+0.01 61+1 233 (293185)
13:11:30.11 -1:19:559 1®R+014 29+01 19+01 007+0.01 107+1 135 (170107)
13:11:28.02 -1:21:129 180+0.18 47+04 26+04 020+001 95+1 104 (13183)
13:11:30.15 -1:20:40.1 166+0.01 25+01 53+01 036+0.01 52+1 180 (227143)
13:11:30.40 -1:20:51.6 164+0.01 60+01 60+01 015+0.01 89+1 192 (24¥152)
13:11:32.28 -1:19:46.7 159+0.01 52+01 44+01 004+0.01 144+1 215 (27¥171)
13:11:32.15 -1:19:24.2 186+013 44+04 25+01 019+001 24+3 156 (196124)
13:11:30.20 -1:20:284 1594+0.01 25+01 32+01 013+001 125+6 197 (248156)
13:11:29.18 -1:21:16.6 199+0.01 46+01 46+01 010+0.01 178+1 176 (222140)
13:11:30.04 -1:20:15.1 1@ +0.01 38+01 27+01 037+0.02 116+1 86 (10969)
13:11:30.18 -1:20:17.2 180+0.01 60+01 13+01 041+001 59+1 108 (13686)
13:11:29.17 -1:20:53.8 18%+0.12 27+01 10+01 019+0.01 178+1 160 (20¥127)
13:11:32.83 -1:19:585 18+0.01 46+01 83+01 031+001 22+1 292 (370230)
13:11:29.93 -1:21:00.5 14+0.01 52+01 19+01 012+001 25+1 114 (14390)
13:11:32.26 -1:19:36.4 1®+0.01 48+01 35+01 036+0.01 39+6 81 (10264)
13:11:30.75 -1:20:43.6 132+001 35+01 42+01 012+001 174+1 185 (233147)
13:11:30.56 -1:20:34.8 187+0.02 35+01 14+01 035+001 70+£6 124 (153100)
13:11:30.56 -1:20:45.3 1B3+0.01 43+01 20+01 012+0.02 92+3 173 (213135)
13:11:29.49 -1:21:054 182+001 30+01 08+01 024+001 179+1 77 (9962)
13:11:29.26 -1:21:37.3 1B7+0.09 31+01 19+01 053+0.03 118+1 131 (165104)
13:11:29.30 -1:21:55.1 18+001 41+01 31+01 028+001 144+1 146 (184116)
13:11:33.36 -1:19:16.8 281+0.02 27+01 05+01 006+0.01 167+5 77 (9661)
13:11:33.49 -1:19:42.8 186+0.15 53+01 29+03 010+003 17+2 107 (13585)
13:11:31.31 -1:21:25.0 179+0.01 50+01 63+02 009+0.01 65+2 145 (179116)
13:11:30.21 -1:21:18.0 140+0.01 33+01 09+01 027+0.01 171+1 135 (179107)
13:11:31.27 -1:21:27.7 13+0.01 35+01 17+01 025+003 61+2 175 (220139)

! Total F775W AB magnitude obtained from the surface brightness profilegfittin
2 Circularized physical half light radius in units of kpc

3 Estimated galaxy velocity dispersion, see text for details, and the congisolo range
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6 Further work

Table 6.1: — continued.

RA Dec Mgt Nser  Re?(kpc) 1-Db/a PA(®)  oest (kmys)
13:11:31.26 -1:20:52.4 1®+0.16 55+01 18+03 007+001 41+8 156 (196124)
13:11:31.32 -1:20:44.0 188+0.02 57+02 09+01 004+0.07 18+2 121 (14997)
13:11:31.17 -1:21:27.7 186+0.01 32+01 16+01 017+002 138+1 102 (13082)
13:11:30.22 -1:21:429 1686+015 53+01 14+02 051+£002 24+1 165 (207131)
13:11:34.93 -1:19:24.3 189+015 51+01 26+02 013+001 2+1 117 (14893)
13:11:31.97 -1:20:585 14+001 58+01 51+02 006+001 24+2 86 (10968)
13:11:34.23 -1:21:01.7 181+0.07 23+02 31+03 061+0.02 177+2 164 (207130)
13:11:35.76 -1:20:12.0 18+0.02 19+01 51+02 013+£001 15+2 111 (14088)
13:11:35.03 -1:20:04.2 18+0.03 46+01 29+02 031+005 11+3 100 (12779)
13:11:32.28 -1:21:37.9 136+0.02 44+01 34+01 027+001 120+1 146 (183116)
13:11:32.38 -1:22:10.6 1B1+0.01 55+01 41+01 020+0.01 63+3 146 (180115)
13:11:34.26 -1:21:185 1@3+0.12 31+01 18+01 053+£002 90+1 113 (14390)
13:11:35.37 -1:21:18.8 18+014 39+01 17+01 024+001 66+1 129 (163103)
13:11:35.72 -1:21:09.0 1®0+0.15 61+03 28+03 019+001 1672 95 (11975)
13:11:34.94 -1:20:58.9 139+0.13 38+02 25+01 031+001 117+1 152 (192121)
13:11:36.79 -1:19:42.4 197+013 28+01 30+01 015+005 43+6 82 (10465)
13:11:36.01 -1:19:57.2 12+011 31+03 13+01 038+001 170+1 86 (10969)
13:11:35.55 -1:20:42.5 183+016 50+02 22+02 005+0.01 90+1 137 (173109)
13:11:33.45 -1:21:53.2 182+001 28+01 14+01 032+001 15+1 73 (92/58)
13:11:35.34 -1:21:125 133+014 29+02 18+01 025+001 24+1 94 (11875)

1 Total F775W AB magnitude obtained from the surface brightness profilegfittin
2 Circularized physical half light radius in units of kpc

3 Estimated galaxy velocity dispersion, see text for details, and the condisiolo range

142



References

Abraham, R. G., McCarthy, P. J., Glazebrook, K., Mentuch, E., Nair,d&h, M., Savaglio,
S., Crampton, D., Murowinski, R., Juneau, S., Le Borgne, D., Carlber@, Rlorgensen,
I., Roth, K., Chen, H.-W., Marzke, R. O. (2007he Gemini Deep Deep Survey: VIII.
When Did Early-type Galaxies FormArXiv Astrophysics e-prints

Abraham, R. G., Tanvir, N. R., Santiago, B. X., Ellis, R. S., Glazebrooky#h,den Bergh,
S. (1996) Galaxy morphology to425 mag in the Hubble Deep FiglMNRAS, 279, L47

Abraham, R. G., Valdes, F., Yee, H. K. C., van den Bergh, S. (19949, morphologies of
distant galaxies. 1: an automated classification systpd, 432, 75

Adelberger, K. L., Steidel, C. C. (200QYjultiwavelength Observations of Dusty Star For-
mation at Low and High Redshi\pJ, 544, 218

Appenzeller, I., Bender, R.,&m, A., Drory, N., Fricke, K., Hafner, R., Heidt, J., Hopp, U.,
Jager, K., Kummel, M., Mehlert, D., Mollenfio C., Moorwood, A., Nicklas, H., Noll, S.,
Saglia, R., Seifert, W., Seitz, S., Stahl, O., Sutorius, E., Szeifert, T., Wagnefiegler,
B. (2000),The FORS Deep FieldThe Messenger, 100, 44

Arnouts, S., D’Odorico, S., Cristiani, S., Zaggia, S., Fontana, A., Giallpgg¢1999),The
NTT SUSI deep fie]A&A, 341, 641

Arnouts, S., Vandame, B., Benoist, C., Groenewegen, M. A. T., da Cbst&chirmer,
M., Mignani, R. P., Slijkhuis, R., Hatziminaoglou, E., Hook, R., Madejsky, R.éR.,
Wicenec, A. (2001)ESO imaging survey. Deep public survey: Multi-color optical data
for the Chandra Deep Field SoytA&A, 379, 740

Arnouts, S., Walcher, C. J., Le Fevre, O., Zamorani, G., llbert, O., Riozke Bardelli,
S., Tresse, L., Zucca, E., Le Brun, V., Charlot, S., Lamareille, F., Md@mcH. J.,
Bolzonella, M., lovino, A., Lonsdale, C., Polletta, M., Surace, J., Bottini, Ruilg B.,
Maccagni, D., Picat, J. P., Scaramella, R., Scodeggio, M., Vettolani, G., i\,
Adami, C., Cappi, A., Ciliegi, P., Contini, T., de la Torre, S., Foucaud, S.,ZetanP.,
Gavignaud, I., Guzzo, L., Marano, B., Marinoni, C., Mazure, A., Meqd, Merighi,
R., Paltani, S., Pello, R., Pollo, A., Radovich, M., Temporin, S., Vergani, 00{2, The
SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the I&steEds. Evidence
for a major build up of the red sequence betwee and =1, ArXiv e-prints, 705

143



References

Bohm, A., Ziegler, B. L., Saglia, R. P., Bender, R., Fricke, K. J., Gaba&chieidt, J.,
Mehlert, D., Noll, S., Seitz, S. (2004Jhe Tully-Fisher relation at intermediate redshift
A&A, 420, 97

Baldry, I. K., Balogh, M. L., Bower, R. G., Glazebrook, K., Nichol, R. Bamford, S. P.,
Budavari, T. (2006)Galaxy bimodality versus stellar mass and environm&mIRAS,
373, 469

Baldry, I. K., Glazebrook, K., Brinkmann, J., Ivézi., Lupton, R. H., Nichol, R. C., Szalay,
A. S. (2004),Quantifying the Bimodal Color-Magnitude Distribution of GalaxiégJ,
600, 681

Bauer, A. E., Drory, N., Hill, G. J., Feulner, G. (2005pecific Star Formation Rates to
Redshift 1.5ApJ, 621, L89

Bell, E. F., McIntosh, D. H., Katz, N., Weinberg, M. D. (2003)he Optical and Near-
Infrared Properties of Galaxies. I. Luminosity and Stellar Mass FunctiéyslS, 149,
289

Bell, E. F., Papovich, C., Wolf, C., Le Floc’h, E., Caldwell, J. A. R., Barddn Egami, E.,
Mclintosh, D. H., Meisenheimer, K.,&@Pez-Gonalez, P. G., Rieke, G. H., Rieke, M. J.,
Righy, J. R., Rix, H.-W. (2005)Toward an Understanding of the Rapid Decline of the
Cosmic Star Formation Raté&pJ, 625, 23

Bender, R., Appenzeller, |.,@m, A., Drory, N., Fricke, K. J., Gabasch, A., Heidt, J., Hopp,
U., JAger, K., Kimmel, M., Mehlert, D., Mllenhdt, C., Moorwood, A., Nicklas, H.,
Noll, S., Saglia, R. P., Seifert, W., Seitz, S., Stahl, O., Sutoriaus, E., Szdifevagner,

S. J., Ziegler, B. L. (2001);The FORS Deep Field: Photometric Data and Photometric
Redshifts} in ESQECF/STScl Workshop on Deep Fieldsdited by S. Christiani, 327,
Berlin, Springer

Bender, R., Burstein, D., Faber, S. M. (199R}namically hot galaxies. | - Structural prop-
erties ApJ, 399, 462

Beritez, N., Ford, H., Bouwens, R., Menanteau, F., Blakeslee, J., Gronwallliigyworth,
G., Meurer, G., Broadhurst, T. J., Clampin, M., Franx, M., Hartig, G. F.gééa D.,
Sirianni, M., Ardila, D. R., Bartko, F., Brown, R. A., Burrows, C. J., Cbek. S., Cross,
N. J. G., Feldman, P. D., Golimowski, D. A., Infante, L., Kimble, R. A., Krist, J. E
Lesser, M. P., Levay, Z., Martel, A. R., Miley, G. K., Postman, M., RosatiSParks,
W. B., Tran, H. D., Tsvetanov, Z. |., White, R. L., Zheng, W. (200&jnt Galaxies in
Deep Advanced Camera for Surveys ObservatiépssS, 150, 1

Bershady, M. A., Lowenthal, J. D., Koo, D. C. (1998)ear-Infrared Galaxy Counts to J
and K~ 24 as a Function of Image Siz&pJ, 505, 50

144



References

Bertin, E. (2006),Automatic Astrometric and Photometric Calibration with SCAM®
ASP Conf. Ser. 351: Astronomical Data Analysis Software and Syst¥medked by
C. Gabriel, C. Arviset, D. Ponz, S. Enrique, 112

Bertin, E., Arnouts, S. (19965 Extractor: Software for source extractipA&AS, 117, 393
Bertin, E. (2003) SWarp user’s guideSwarp user's guide

Bolzonella, M., Miralles, J.-M., Pdil, R. (2000),Photometric redshifts based on standard
SED fitting proceduresA&A, 363, 476

Borch, A., Meisenheimer, K., Bell, E. F., Rix, H.-W., Wolf, C., Dye, S., Kleimuzh, M.,
Kovacs, Z., Wisotzki, L. (2006)The stellar masses of 25 000 galaxies at8.2< 1.0
estimated by the COMBO-17 sury&&A, 453, 869

Bouwens, R. J., Broadhurst, T., lllingworth, G. (2003alpning Dropouts: Implications for
Galaxy Evolution at High Redshjf&pJ, 593, 640

Bouwens, R. J., lllingworth, G. D., Rosati, P., Lidman, C., Broadhurst,rank M., Ford,
H. C., Magee, D., Beitez, N., Blakeslee, J. P., Meurer, G. R., Clampin, M., Hartig, G. F.,
Ardila, D. R., Bartko, F., Brown, R. A., Burrows, C. J., Cheng, E. So%3r N. J. G,,
Feldman, P. D., Golimowski, D. A., Gronwall, C., Infante, L., Kimble, R. A., KriktE.,
Lesser, M. P., Martel, A. R., Menanteau, F., Miley, G. K., Postman, M., Sirjav.,
Sparks, W. B., Tran, H. D., Tsvetanov, Z. I., White, R. L., Zheng, VBO@b), Star For-
mation at z~ 6: i-Dropouts in the Advanced Camera for Surveys Guaranteed Time Ob-
servation FieldsApJ, 595, 589

Bouwens, R. J., llingworth, G. D., Thompson, R. |., Blakeslee, J. P., iDsck, M. E.,
Broadhurst, T. J., Eisenstein, D. J., Fan, X., Franx, M., Meurer, G, Dekkum, P.
(2004),Star Formation at - 6: The Hubble Ultra Deep Parallel Field#\pJ, 606, L25

Bower, R. G., Benson, A. J., Malbon, R., Helly, J. C., Frenk, C. S., BaGgM., Cole, S.,
Lacey, C. G. (2006)Breaking the hierarchy of galaxy formatioMNRAS, 370, 645

Brainerd, T. G., Blandford, R. D., Smail, I. (199&)eak Gravitational Lensing by Galaxies
ApJ, 466, 623

Brinchmann, J., Ellis, R. S. (2000Fhe Mass Assembly and Star Formation Characteristics
of Field Galaxies of Known MorphologypJ, 536, L77

Bruzual, G., Charlot, S. (1993%pectral evolution of stellar populations using isochrone
synthesisApJ, 405, 538

Bruzual, G., Charlot, S. (2003%tellar population synthesis at the resolution of 200IB-
RAS, 344, 1000

145



References

Bundy, K., Ellis, R. S., Conselice, C. J. (2005)1e Mass Assembly Histories of Galaxies of
Various Morphologies in the GOODS FieldspJ, 625, 621

Bundy, K., Ellis, R. S., Conselice, C. J., Taylor, J. E., Cooper, M. C., Wiljr@rN. A.,
Weiner, B. J., Coail, A. L., Noeske, K. G., Eisenhardt, P. R. M. (2006)e Mass As-
sembly History of Field Galaxies: Detection of an Evolving Mass Limit for Staiming
Galaxies ApJ, 651, 120

Bunker, A. J., Stanway, E. R., Ellis, R. S., McMahon, R. G. (2004g star formation rate
of the Universe at 2 6 from the Hubble Ultra-Deep FieldMNRAS, 450

Capak, P., Cowie, L. L., Hu, E. M., Barger, A. J., Dickinson, M., Fedem E., Giavalisco,
M., Komiyama, Y., Kretchmer, C., McNally, C., Miyazaki, S., Okamura, S., StBxn,
(2004),A Deep Wide-Field, Optical, and Near-Infrared Catalog of a Large Aremuad
the Hubble Deep Field NortlAJ, 127, 180

Caputi, K. I., Dunlop, J. S., McLure, R. J., Roche, N. D. (200%)e evolution of k-selected
galaxies in the GOODSEDFS deep ISAAC fieldMINRAS, 361, 607

Casertano, S., Ratnatunga, K. U., fBtfns, R. E., Im, M., Neuschaefer, L. W., Ostrander,
E. J., Windhorst, R. A. (1995%tructural Parameters of Faint Galaxies from Prerefur-
bishment Hubble Space Telescope Medium Deep Survey ObseryvAfidnd53, 599

Chen, H.-W., McCarthy, P. J., Marzke, R. O., Wilson, J., Carlberg, RF@&th, A. E.,
Persson, S. E., Sabbey, C. N., Lewis, J. R., McMahon, R. G., Lahakll, R. S.,
Matrtini, P., Abraham, R. G., Oemler, A., Murphy, D. C., Somerville, R. S., BdcK. G.,
Mackay, C. D. (2002),The Las Campanas Infrared Survey. Ill. The H-Band Imaging
Survey and the Near-Infrared and Optical Photometric Cataldgsl, 570, 54

Cimatti, A., Daddi, E., Renzini, A. (2006Mass downsizing and “top-down” assembly of
early-type galaxiesA&A, 453, L29

Cimatti, A., Daddi, E., Renzini, A., Cassata, P., Vanzella, E., Pozzetti, L., Cristani,
Fontana, A., Rodighiero, G., Mignoli, M., Zamorani, G. (200@) galaxies in the young
Universe Nature, 430, 184

Cimatti, A., Pozzetti, L., Mignoli, M., Daddi, E., Menci, N., Poli, F., Fontana, A., Ben
A., Zamorani, G., Broadhurst, T., Cristiani, S., D’Odorico, S., GiallongoGimozzi, R.
(2002),The K20 survey. IV. The redshift distribution of K20 galaxies: A test of galaxy
formation modelsA&A, 391, L1

Cohen, J. G. (2002 altech Faint Galaxy Redshift Survey. XVI. The Luminosity Function
for Galaxies in the Region of the Hubble Deep Field-North=ta.5, ApJ, 567, 672

146



References

Cole, S., Lacey, C. G., Baugh, C. M., Frenk, C. S. (2000¢rarchical galaxy formation
MNRAS, 319, 168

Cole, S., Norberg, P., Baugh, C. M., Frenk, C. S., Bland-HawthorByitiges, T., Cannon,
R., Colless, M., Collins, C., Couch, W., Cross, N., Dalton, G., De Propri®iReer, S. P.,
Efstathiou, G., Ellis, R. S., Glazebrook, K., Jackson, C., Lahav, O., L.éwisumsden,
S., Maddox, S., Madgwick, D., Peacock, J. A., Peterson, B. A., Sutiteri., Taylor,

K. (2001), The 2dF galaxy redshift survey: near-infrared galaxy luminosity functions
MNRAS, 326, 255

Coleman, G. D., Wu, C.-C., Weedman, D. W. (1980dJors and magnitudes predicted for
high redshift galaxiesApJS, 43, 393

Colless, M., Dalton, G., Maddox, S., Sutherland, W., Norberg, P., ColBJ&hd-Hawthorn,
J., Bridges, T., Cannon, R., Collins, C., Couch, W., Cross, N., DeeleyD& Propris,
R., Driver, S. P., Efstathiou, G., Ellis, R. S., Frenk, C. S., GlazebrookJ&ckson, C.,
Lahav, O., Lewis, |., Lumsden, S., Madgwick, D., Peacock, J. A., RateB A., Price, |.,
Seaborne, M., Taylor, K. (2001Jhe 2dF Galaxy Redshift Survey: spectra and redshifts
MNRAS, 328, 1039

Conselice, C. J. (2003)he Relationship between Stellar Light Distributions of Galaxies
and Their Formation HistorigsApJS, 147, 1

Conselice, C. J., Bershady, M. A., Jangren, A. (2000 Asymmetry of Galaxies: Physical
Morphology for Nearby and High-Redshift GalaxiégJ, 529, 886

Cowie, L. L., Songaila, A., Hu, E. M., Cohen, J. G. (1998&w Insight on Galaxy Formation
and Evolution From Keck Spectroscopy of the Hawaii Deep Figdds112, 839

Cristf)ba!-HorniIIos, D., Balcells, M., Prieto, M., Guan, R., Gallego, J., Cardiel, N., Ser-
rano,A., Pellb, R. (2003) Ks Number Counts in the Groth and Coppi FieldspJ, 595,
71

Daddi, E., Cimatti, A., Renzini, A., Fontana, A., Mignoli, M., Pozzetti, L., Tozzi, P.,
Zamorani, G. (2004)A New Photometric Technique for the Joint Selection of Star-forming
and Passive Galaxies at 14z < 2.5 ApJ, 617, 746

Davies, R. I., Thomas, J., Genzel, R., Muellémghez, F., Tacconi, L. J., Sternberg, A.,
Eisenhauer, F., Abuter, R., Saglia, R., Bender, R. (2006 Star-forming Torus and
Stellar Dynamical Black Hole Mass in the Seyfert 1 Nucleus of NGC, 3227, 646, 754

De Lucia, G., Katfmann, G., White, S. D. M. (2004 hemical enrichment of the intraclus-
ter and intergalactic medium in a hierarchical galaxy formation modéNRAS, 349,
1101

147



References

De Lucia, G., Springel, V., White, S. D. M., Croton, D., Kimann, G. (2006)The forma-
tion history of elliptical galaxiesMNRAS, 366, 499

de Vaucouleurs, G. (1948)Recherches sur les Nebuleuses Extragalactiqwemales
d’Astrophysique, 11, 247

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, H. G., Buta, R. J.réa@., Fouque,
P. (1991),Third Reference Catalogue of Bright Galaxia®lume 1-3, Xll, 2069 pp. 7
figs.. Springer-Verlag Berlin Heidelberg New York

Dekel, A., Birnboim, Y. (2004)Qrigin of Bimodality in Galaxy Properties: Cold and Hot
Flows, Clustering and FeedbagckrXiv Astrophysics e-prints

Dickinson, M., Papovich, C., Ferguson, H. C., Buday T. (2003),The Evolution of the
Global Stellar Mass Density at<<3, ApJ, 587, 25

Djorgovski, S., Davis, M. (1987),;Fundamental Properties of Elliptical Galaxies"ApJ,
313,59

Djorgovski, S., Soifer, B. T., Pahre, M. A., Larkin, J. E., Smith, J. D., &hauer, G.,
Smalil, I., Matthews, K., Hogg, D. W., Blandford, R. D., Cohen, J., Harristn Nelson,
J. (1995) Deep galaxy counts in the K band with the Keck telescépd, 438, L13

Dressler, A., Faber, S., Burstein, D., et al. (19&fectroscopy and photometry of elliptical
galaxies—A large—scale streaming motion in the local Univetgd, 313, L37

Dressler, A., Oemler, A. J., Couch, W. J., Small, I., Ellis, R. S., Barger, Atclger, H.,
Poggianti, B. M., Sharples, R. M. (199&volution since z 0.5 of the Morphology-
Density Relation for Clusters of GalaxiespJ, 490, 577

Driver, S. P., Windhorst, R. A., Ostrander, E. J., Keel, W. C.fii#s, R. E., Ratnatunga,
K. U. (1995),The morphological mix of field galaxies tq m 24.25mag (ly ~ 26 mag)
from a deep HST WFPC2 imagkpJ, 449, L23

Drory, N. (2003),Yet another object detection application (YODA). Object detection and
photometry for multi-band imaging datA&A, 397, 371

Drory, N., Bender, R., Feulner, G., Hopp, U., Maraston, C., Snigul&lill,,G. J. (2004a),
The Munich Near-Infrared Cluster Survey (MUNICS). VI. The Stellas#és of K-Band-
selected Field Galaxies to< 1.2, ApJ, 608, 742

Drory, N., Bender, R., Hopp, U. (2004}pmparing Spectroscopic and Photometric Stellar
Mass EstimatesApJ, 616, L103

148



References

Drory, N., Bender, R., Snigula, J., Feulner, G., Hopp, U., MarastonH,, G. J., de
Oliveira, C. M. (2001a)The Munich Near-Infrared Cluster Survey: Number Density Evo-
lution of Massive Field Galaxies to~4.2 as Derived from the K-Band-selected Survey
ApJ, 562, L111

Drory, N., Feulner, G., Bender, R., Botzler, C. S., Hopp, U., Marastan,Mendes de
Oliveira, C., Snigula, J. (2001b)The Munich Near-Infrared Cluster Survey — |. Field
selection, object extraction, and photometriMINRAS, 325, 550

Drory, N., Salvato, M., Gabasch, A., Bender, R., Hopp, U., FeulneR&nella, M. (2005),
The Stellar Mass Function of Galaxies te¥in the FORS Deep and GOODS-South
Fields ApJ, 619, L131

Dubinski, J. (1998)The Origin of the Brightest Cluster GalaxiespJ, 502, 141

Egami, E., Dole, H., Huang, J.-S.éRz-Gonzalez, P., Le Floc’h, E., Papovich, C., Barmby,
P., lvison, R. J., Serjeant, S., Mortier, A., Frayer, D. T., Rigopoulou,LAgache, G.,
Rieke, G. H., Willner, S. P., Alonso-Herrero, A., Bai, L., Engelbrach\\G.Fazio, G. G.,
Gordon, K. D., Hines, D. C., Misselt, K. A., Miyazaki, S., Morrison, J. Eigke, M. J.,
Rigby, J. R., Wilson, G. (2004%pitzer Observations of the SCUBRA Sources in the
Lockman Hole: Star Formation History of Infrared-Luminous GalaxisJ]S, 154, 130

Eggen, O. J., Lynden-Bell, D., Sandage, A. R. (19&jdence from the motions of old stars
that the Galaxy collapsedApJ, 136, 748

Ellis, R. S., Small, I., Dressler, A., Couch, W. J., Oemler, A. J., Butcher, lrar@es, R. M.
(1997),The Homogeneity of Spheroidal Populations in Distant Clust&ps, 483, 582

Elmegreen, B. G., EImegreen, D. M., Montenegro, L. (199tical tracers of spiral wave
resonances in galaxies. Il - Hidden three-arm spirals in a sample ofal&xges ApJS,
79, 37

Faber, S. M., Jackson, R. E. (1976glocity dispersions and mass-to-light ratios for ellipti-
cal galaxies ApJ, 204, 668

Feulner, G., Gabasch, A., Salvato, M., Drory, N., Hopp, U., Bende(2605a),Specific
Star Formation Rates to Redshift 5 from the FORS Deep Field and the GOORES F
ApJ, 633, L9

Feulner, G., Goranova, Y., Drory, N., Hopp, U., Bender, R. (20056h¢ connection between
star formation and stellar mass: specific star formation rates to redshiff Bi¢RAS,
358, L1

Fontana, A., Donnarumma, |., Vanzella, E., Giallongo, E., Menci, N., NoninpSslracco,
P., Cristiani, S., D'Odorico, S., Poli, F. (2003@he Assembly of Massive Galaxies from
Near-Infrared Observations of the Hubble Deep Field-SpAi, 594, L9

149



References

Fontana, A., Poli, F., Menci, N., Nonino, M., Giallongo, E., Cristiani, S., D'Gcn S.
(2003b),A European Southern Observatory Very Large Telescope Suriseofinfrared
(z < 25) Selected Galaxies at Redshitd < z < 6: Constraining the Cosmic Star
Formation Rate near the Reionization EppéipJ, 587, 544

Fontana, A., Pozzetti, L., Donnarumma, l., Renzini, A., Cimatti, A., Zamorani, @ndyl
N., Daddi, E., Giallongo, E., Mignoli, M., Perna, C., Salimbeni, S., Saracc®&r&ad-
hurst, T., Cristiani, S., D’Odorico, S., Gilmozzi, R. (200F))e K20 survey. VI. The dis-
tribution of the stellar masses in galaxies up te 2, A&A, 424, 23

Fontana, A., Salimbeni, S., Grazian, A., Giallongo, E., Pentericci, L., NoMnd;ontanot,
F., Menci, N., Monaco, P., Cristiani, S., Vanzella, E., de Santis, C., Galloz¢2086),
The Galaxy mass function up to=2 in the GOODS-MUSIC sample: into the epoch of
formation of massive galaxie8&A, 459, 745

Ford, H. C., Clampin, M., Hartig, G. F., lllingworth, G. D., Sirianni, M., Martel, R.,
Meurer, G. R., McCann, W. J., Sullivan, P. C., Bartko, F., Benitez, N., &lkde, J.,
Bouwens, R., Broadhurst, T., Brown, R. A., Burrows, C. J., CampbellCheng, E. S.,
Feldman, P. D., Franx, M., Golimowski, D. A., Gronwall, C., Kimble, R. A., KristE=J
Lesser, M. P., Magee, D., Miley, G., Postman, M., Rafal, M. D., Rosati, BrkSpW. B.,
Tran, H. D., Tsvetanov, Z. |., Volmer, P., White, R. L., Woofirir. A. (2003),0verview
of the Advanced Camera for Surveys on-orbit performaimdeuture EUVYUV and Visible
Space Astrophysics Missions and Instrumentation. Edited by J. Chrie&l&bwald H.
W. Siegmund. Proceedings of the SPIE, Volume 4854, pp. 81-93)(260ited by J. C.
Blades, O. H. W. Siegmund, volume 4854 Rresented at the Society of Photo-Optical
Instrumentation Engineers (SPIE) Conferen@&-94

Franceschini, A., Rodighiero, G., Cassata, P., Berta, S., Vaccari, MinboM., Vanzella,
E., Hatziminaoglou, E., Antichi, J., Cristiani, S. (200€psmic evolution of the galaxy’s
mass and luminosity functions by morphological type from multi-wavelengshinlzhe
CDF-South A&A, 453, 397

Freeman, K. C. (1970Pn the Disks of Spiral and so GalaxjespJ, 160, 811

Frith, W. J., Metcalfe, N., Shanks, T. (2006yJew H-band galaxy number counts: a large
local hole in the galaxy distributigiMNRAS, 371, 1601

Fritz, A., Ziegler, B. L., Bower, R. G., Smalil, |., Davies, R. L. (2008 the evolutionary
status of early-type galaxies in clusters at0z2 - I. The Fundamental PlanéANRAS,
358, 233

Gabasch, A. (2004)Galaxy Evolution in the Fors Deep FigldPh.D. thesis, Ludwig—
Maximilians—Universiat Miinchen

150



References

Gabasch, A., Bender, R., Seitz, S., Hopp, U., Saglia, R. P., Feulnern@ul& J., Drory,
N., Appenzeller, I., Heidt, J., Mehlert, D., Noll, S.,.6Bm, A., &ger, K., Ziegler, B.,
Fricke, K. J. (2004a)The evolution of the luminosity functions in the FORS Deep Field
from low to high redshift. I. The blue bands&A, 421, 41

Gabasch, A., Salvato, M., Saglia, R. P., Bender, R., Hopp, U., Seitz, 8ngfeG., Pannella,
M., Drory, N., Schirmer, M., Erben, T. (2004bJhe Star Formation Rate History in the
FORS Deep and GOODS-South FieldpJ, 616, L83

Gardner, J. P., Cowie, L. L., Wainscoat, R. J. (199 |axy number counts from £ 10 to
K =23 ApJ, 415, L9

Gardner, J. P, Sharples, R. M., Carrasco, B. E., Frenk, C. S6),189vide-field K-band
survey - |. Galaxy counts in B, V, | and KINRAS, 282, L1

Gebhardt, K., Richstone, D., Kormendy, J., Lauer, T. R., Ajhar, E. And8e, R., Dressler,
A., Faber, S. M., Grillmair, C., Magorrian, J., Tremaine, S. (208&)symmetric, Three-
Integral Models of Galaxies: A Massive Black Hole in NGC 33%9, 119, 1157

Gebhardt, K., Richstone, D., Tremaine, S., Lauer, T., Bender, R., B&vebDressler, A.,
Faber, S., Filippenko, A., Green, R., Grillmair, C., Ho, L., Kormendy, J., diagn, J.,
Pinkney, J. (2003)Axisymmetric Dynamical Models of the Central Regions of Galaxies
ApJ, 583, 92

Gehrels, N. (1986)Confidence limits for small numbers of events in astrophysical dqta,
303, 336

Genzel, R., Tacconi, L. J., Rigopoulou, D., Lutz, D., Tecza, M. (2001fyaluminous In-
frared Mergers: Elliptical Galaxies in FormationApJ, 563, 527

Giallongo, E., Salimbeni, S., Menci, N., Zamorani, G., Fontana, A., DickinsonCN&tiani,
S., Pozzetti, L. (2005)The B-Band Luminosity Function of Red and Blue Galaxies up to
z=3.5 ApJ, 622, 116

Giavalisco, M., Dickinson, M., Ferguson, H. C., Ravindranath, S., KreeghC., Mous-
takas, L. A., Madau, P., Fall, S. M., Gardner, J. P., Livio, M., PapovizthRenzini, A.,
Spinrad, H., Stern, D., Riess, A. (2004@he Rest-Frame Ultraviolet Luminosity Density
of Star-forming Galaxies at Redshifts5, ApJ, 600, L103

Giavalisco, M., Ferguson, H. C., Koekemoer, A. M., Dickinson, M., Aleem D. M.,
Bauer, F. E., Bergeron, J., Biagetti, C., Brandt, W. N., Casertano, Sar€lg, C.,
Chatzichristou, E., Conselice, C., Cristiani, S., Da Costa, L., Dahlen, T.,al®MD.,
Eisenhardt, P., Erben, T., Fall, S. M., Fassnacht, C., Fosbury, Rhterué\.., Gardner,
J. P, Grogin, N., Hook, R. N., Hornschemeier, A. E., 1dzi, R., Joge&r8tchmer, C.,

151



References

Laidler, V., Lee, K. S., Livio, M., Lucas, R., Madau, P., Mobasher, Boustakas, L. A.,
Nonino, M., Padovani, P., Papovich, C., Park, Y., Ravindranath, SziReA., Richard-
son, M., Riess, A., Rosati, P., Schirmer, M., Schreier, E., Somerville, Rp&res, H.,
Stern, D., Stiavelli, M., Strolger, L., Urry, C. M., Vandame, B., Williams, R., W@f,
(2004b),The Great Observatories Origins Deep Survey: Initial Results from Ozioe
Near-Infrared ImagingApJ, 600, L93

Gilli, R., Cimatti, A., Daddi, E., Hasinger, G., Rosati, P., Szokoly, G., Tozzi, Rg&en, J.,
Borgani, S., Giacconi, R., Kewley, L., Mainieri, V., Mignoli, M., Nonino, M., Maean, C.,
Wang, J., Zamorani, G., Zheng, W., Zirm, A. (200B)acing the Large-Scale Structure in
the Chandra Deep Field SoytApJ, 592, 721

Glazebrook, K., Peacock, J. A., Miller, L., Collins, C. A. (1998h Imaging K-band survey
—Il. The redshift survey and galaxy evolution in the infrarlstNRAS, 275, 169

Halkola, A., Seitz, S., Pannella, M. (2008arametric strong gravitational lensing analysis
of Abell 1689 MNRAS, 372, 1425

Hall, P., Mackay, C. D. (1984)Faint galaxy number-magnitude counts at high galactic
latitude. I, MNRAS, 210, 979

Heidt, J., Appenzeller, I., Gabasch, Aager, K., Seitz, S., Bender, R.0Bm, A., Snigula,
J., Fricke, K. J., Hopp, U., #mmel, M., Mdllenhdt, C., Szeifert, T., Ziegler, B., Drory,
N., Mehlert, D., Moorwood, A., Nicklas, H., Noll, S., Saglia, R. P., Seifert, 8tghl, O.,
Sutorius, E., Wagner, S. J. (2003)he FORS Deep Field: Field selection, photometric
observations and photometric catalod&A, 398, 49

Hernquist, L., Springel, V. (2003An analytical model for the history of cosmic star forma-
tion, MNRAS, 341, 1253

Herschel, J. F. W. (18301bservations of Nebulae and Clusters of Stars, Made at Slough,
with a Twenty-Feet Reflector, between the Years 1825 and 1833.48t)sRoyal Society
of London Proceedings Series |, 3, 213

Hildebrandt, H., Bomans, D. J., Erben, T., Schneider, P., Schirmer, MskgzO., Dietrich,
J. P., Schrabback, T., Simon, P., Dettmar, R. J., Haberzettl, L., Hettersdfiei€Cordes,
0. (2005),GaBoDS: the Garching-Bonn Deep Survey. lll. Lyman-break gadaix the
Chandra Deep Field Soutih&A, 441, 905

Hopkins, A. M., Connolly, A. J., Haarsma, D. B., Cram, L. E. (200@ward a Resolution
of the Discrepancy between firent Estimators of Star Formation Rate], 122, 288

Horne, K. (1986)An optimal extraction algorithm for CCD spectroscoPASP, 98, 609

152



References

Huang, J., Cowie, L. L., Luppino, G. A. (1998Yorphological Classification of the Local
I- and K-Band Galaxy Samplé&pJ, 496, 31

Huang, J. S., Cowie, L. L., Gardner, J. P., Hu, E. M., Songaila, A., WabtsR. J. (1997),
The Hawaii K-Band Galaxy Survey. Il. Bright K-Band ImagiagJ, 476, 12

Huang, J.-S., Thompson, D.,ikhmel, M. W., Meisenheimer, K., Wolf, C., Beckwith,
S. V. W., Fockenbrock, R., Fried, J. W., Hippelein, H., von Kuhlmann, Bleps, S.,
Roser, H.-J., Thommes, E. (200The Calar Alto Deep Imaging Survey: K-band Galaxy
number countsA&A, 368, 787

Hubble, E. (1934)The Distribution of Extra-Galactic Nebulaé&pJ, 79, 8
Hubble, E. P. (1926)xtragalactic nebulag ApJ, 64, 321

Hughes, D. H., Serjeant, S., Dunlop, J., Rowan-Robinson, M., Blain, AnrviR. G.,
Ivison, R., Peacock, J., Efstathiou, A., Gear, W., Oliver, S., LawreAceLongair, M.,
Goldschmidt, P., Jenness, T. (1998igh-redshift star formation in the Hubble Deep Field
revealed by a submillimetre-wavelength suryBiat, 394, 241

IIbert, O., Tresse, L., Arnouts, S., Zucca, E., Bardelli, S., Zamorani, Gan#i, C., Cappi,
A., Garilli, B., Le Fevre, O., Maccagni, D., Meneux, B., Scaramella, R., Scodeggio, M.,
Vettolani, G., Zanichelli, A. (2004 Bias in the estimation of global luminosity functipns
MNRAS, 351, 541

Iwata, 1., Ohta, K., Tamura, N., Ando, M., Wada, S., Watanabe, C., AkiyamaAoki, K.
(2003),Lyman Break Galaxies at< 5: Luminosity FunctionPASJ, 55, 415

Jarrett, T. H., Chester, T., Cutri, R., Schneider, S., Skrutskie, M., FwdhP. (20000MASS
Extended Source Catalog: Overview and Algorithms, 119, 2498

Jorgensen, |., Franx, M., Kjaergaard, P. (1998)% Fundamental Plane for cluster E and SO
galaxies MNRAS, 280, 167

Juneau, S., Glazebrook, K., Crampton, D., McCarthy, P. J., Savaglidbf&ham, R., Carl-
berg, R. G., Chen, H.-W., Le Borgne, D., Marzke, R. O., Roth, K., Jmge, |., Hook,
I., Murowinski, R. (2005)Cosmic Star Formation History and Its Dependence on Galaxy
Stellar MassApJ, 619, L135

Kashikawa, N., Takata, T., Ohyama, Y., Yoshida, M., Maihara, T., IwapmfirdMotohara,
K., Totani, T., Nagashima, M., Shimasaku, K., Furusawa, H., Ouchi, M., ¥agiQka-
mura, S., lye, M., Sasaki, T., Kosugi, G., Aoki, K., Nakata, F. (2088)aru Deep Survey.
[ll. Evolution of Rest-Frame Luminosity Functions Based on the Photarriidshifts for
a K’-Band-Selected Galaxy Samphe], 125, 53

153



References

Kauffmann, G., Charlot, S. (1998)he K-band luminosity function atz: a powerful con-
straint on galaxy formation theoy(INRAS, 297, L23

Kauffmann, G., White, S. D. M., Heckman, T. M.,&4ard, B., Brinchmann, J., Charlot,
S., Tremonti, C., Brinkmann, J. (2004)he environmental dependence of the relations
between stellar mass, structure, star formation and nuclear activity in gaaMiiRAS,
353, 713

Kennicutt, Jr., R. C. (1998)Star Formation in Galaxies Along the Hubble Sequence
ARA&A, 36, 189

Kinney, A. L., Calzetti, D., Bica, E., Storchi-Bergmann, T. (1998)e Reddening law out-
side the local group galaxies: The case of NGC 7552 and NGC 52386 429, 172

Kinney, A. L., Calzetti, D., Bohlin, R. C., McQuade, K., Storchi-Bergmann,Schmitt,
H. R. (1996),Template Ultraviolet to Near-Infrared Spectra of Star-forming Galaxie$ an
Their Application to K-CorrectionsApJ, 467, 38

Kitzbichler, M. G., White, S. D. M. (2007)The high-redshift galaxy population in hierar-
chical galaxy formation model8INRAS, 376, 2

Koekemoer, A. M., Aussel, H., Calzetti, D., Capak, P., Giavalisco, M., KrdeihLeauthaud,
A., Le Fevre, O., McCracken, H. J., Massey, R., Mobasher, B., RhyadeScoville, N.,
Shopbell, P. L. (2007)The COSMOS Survey: Hubble Space TelestAgeanced Camera
for Surveys (HSACS) Observations and Data ProcessiAgXiv Astrophysics e-prints

Kormendy, J., Bruzual A., G. (1978fhe minor-axis brightness profile of the spiral galaxy
NGC 4565 and the problem of massive halsgJ, 223, L63

Kormendy, J., Gebhardt, K., Fisher, D. B., Drory, N., Macchetto, F. pariss, W. B. (2005),
The Nuclear Disk in the Dwarf Elliptical Galaxy NGC 4486/, 129, 2636

Kormendy, J., Kennicutt, R. C. (2004$ecular Evolution and the Formation of Pseudob-
ulges in Disk GalaxigsARA&A, 42, 603

Kron, R. G. (1980)Photometry of a complete sample of faint galaxs]S, 43, 305

Kummel, M. W., Wagner, S. J. (20014, wide field survey at the Northern Ecliptic Pole. II.
Number counts and galaxy colours i, B, and K A&A, 370, 384

Labke, I., Franx, M., Rudnick, G., Schreiber, N. M. F., Rix, H., Moorwood,v&an Dokkum,
P. G., van der Werf, P., ®tgering, H., van Starkenburg, L., van de Wel, A., Kuijken, K.,
Daddi, E. (2003)Ultradeep Near-Infrared ISAAC Observations of the Hubble Deep Field
South: Observations, Reduction, Multicolor Catalog, and PhotometrichRftg}AJ, 125,
1107

154



References

Larson, R. B. (1974)Pynamical models for the formation and evolution of spherical galax-
ies MNRAS, 166, 585

Le Fevre, O., Saisse, M., Mancini, D., Brau-Nogue, S., Caputi, O., CastindD’Qgdorico,
S., Garilli, B., Kissler-Patig, M., Lucuix, C., Mancini, G., Pauget, A., Sciarre@a
Scodeggio, M., Tresse, L., Vettolani, G. (2008 pmmissioning and performances of
the VLT-VIMOS instrumentn Instrument Design and Performance for Optjtarared
Ground-based Telescopes. Edited by lye, Masanori; Moorwoodh BIM. Proceedings
of the SPIE, Volume 4841, pp. 1670-1681 (2008]ited by M. lye, A. F. M. Moorwood,
1670-1681

Le Fevre, O., Vettolani, G., Paltani, S., Tresse, L., Zamorani, G., Le Brun, VreMg
C., Bottini, D., Maccagni, D., Picat, J. P., Scaramella, R., Scodeggio, M., &ahjdA.,
Adami, C., Arnouts, S., Bardelli, S., Bolzonella, M., Cappi, A., Charlot, S.,t@qrT.,
Foucaud, S., Franzetti, P., Garilli, B., Gavignaud, I., Guzzo, L., llbertld®ino, A., Mc-
Cracken, H. J., Mancini, D., Marano, B., Marinoni, C., Mathez, G., MazAr, Meneux,

B., Merighi, R., Pelb, R., Pollo, A., Pozzetti, L., Radovich, M., Zucca, E., Arnaboldi, M.,
Bondi, M., Bongiorno, A., Busarello, G., Ciliegi, P., Gregorini, L., Mellier, Merluzzi,

P., Ripepi, V., Rizzo, D. (2004)The VIMOS VLT Deep Survey. Public release of 1599
redshifts to hg <24 across the Chandra Deep Field Souti&A, 428, 1043

Leauthaud, A., Massey, R., Kneib, J. P., Rhodes, J., Johnston, DagakCP., Heymans,
C., Ellis, R. S., Koekemoer, A. M., Le Fevre, O., Mellier, Y., Refregier, AopR, A. C.,
Scoville, N., Tasca, L., Taylor, J. E., Van Waerbeke, L. (2008ak Gravitational Lensing
with COSMOS: Galaxy Selection and Shape Measurem&rXsv Astrophysics e-prints

Lee, J. (2006)0On the Environmental Dependence of Galaxy Properties Establishedby th
Initial Cosmological ConditionsApJ, 644, L5

Lilly, S. J., Cowie, L. L., Gardner, J. P. (1998,deep imaging and spectroscopic survey of
faint galaxies ApJ, 369, 79

Lilly, S. J., Le Fevre, O., Hammer, F., Crampton, D. (1998)e Canada-France Redshift
Survey: The Luminosity Density and Star Formation History of the Univergeapprox-
imately 1 ApJ, 460, L1

Madau, P. (1995Radiative transfer in a clumpy universe: The colors of high-redshift galax-
ies ApJ, 441, 18

Madau, P., Ferguson, H. C., Dickinson, M. E., Giavalisco, M., Steidel, CF@ichter,
A. (1996), High-redshift galaxies in the Hubble Deep Field: colour selection and star
formation history to 24, MNRAS, 283, 1388

Madau, P., Pozzetti, L., Dickinson, M. (1998he Star Formation History of Field Galaxies
ApJ, 498, 106

155



References

Magorrian, J. (1999Kinematical signatures of hidden stellar disB8NRAS, 302, 530

Maihara, T., Iwamuro, F., Tanabe, H., Taguchi, T., Hata, R., Oya, Shikasa, N., lye,
M., Miyazaki, S., Karoji, H., Yoshida, M., Totani, T., Yoshii, Y., Okamura, ShirBasaku,
K., Saito, Y., Ando, H., Goto, M., Hayashi, M., Kaifu, N., Kobayashi, N., dgs G.,
Motohara, K., Nishimura, T., Noumaru, J., Ogasawara, R., Sasaki, Tigugbk K.,
Takata, T., Terada, H., Yamashita, T., Usuda, T., Tokunaga, A. T1j28ubaru Deep
Survey |. Near-Infrared ObservationBASJ, 53, 25

Manfroid, J., Selman, F. (2001)chieving 1% photometric accuracy with the ESO Wide
Field Imager The Messenger, 104, 16

Mannucci, F., Basile, F., Poggianti, B. M., Cimatti, A., Daddi, E., Pozzetti, L.,zZVan
(2001),Near-infrared template spectra of normal galaxies: k-correctionsgamodels
and stellar populationsMNRAS, 326, 745

Maraston, C. (1998)kvolutionary synthesis of stellar populations: a modular tddN-
RAS, 300, 872

Maraston, C. (2005 volutionary population synthesis: models, analysis of the ingredients
and application to high-z galaxieMNRAS, 362, 799

Martini, P. (2001a)A Deep Multicolor Survey. VI. Near-Infrared Observations, Selection
Effects, and Number CountaJ, 121, 598

Martini, P. (2001b)A Deep Multicolor Survey. VII. Extremely Red Objects and Galaxy For-
mation AJ, 121, 2301

McCracken, H. J., Metcalfe, N., Shanks, T., Campos, A., Gardner, BoRg, R. (2000),
Galaxy number counts - IV. Surveying the Herschel Deep Field in theintared, MN-
RAS, 311, 707

McLeod, B. A., Bernstein, G. M., Rieke, M. J., Tollestrup, E. V., Fazio33(1995) K-band
galaxy countsApJS, 96, 117

Menanteau, F., Ford, H. C., Motta, V., B&er, N., Martel, A. R., Blakeslee, J. P., Infante,
L. (2006), The Morphological Demographics of Galaxies in the Advanced Camera fo
Surveys Hubble Ultra Deep Parallel FieldaJ, 131, 208

Messier, M. (1769)A Series of Astronomical Observations Made at the Observatory of the
Marine at Paris, to Wit, 1 degrees. Observations of Jupiter’'s Satellites irYéaes 1767
and 1768. 2 degrees. Observations on the Shadows of Jupiter's Satéliiegrees. On
the Variation of the Belts on the Disc of That Planet. 4 degrees. ObsenvatiarSpot
on the Disc of the 3d Satellite. 5 degrees. Observation of the Belts of S&tdagrees.
Observation of the Moon’s Passage Over the Pleiades, in 1767. 7 aedddservation

156



References

of a Partial Eclipse of the Moon, January 3, and of a Total One, Deesr23, 1768. 8
degrees. Observations of Two Aurorae Boreales, August 6, andridtger 5, of the Same
Year. By M. Messier, Astronomer of the Marine, F. R. S. and of thdéknes of Holland
and Italy, Philosophical Transactions Series |, 59, 454

Metcalfe, N., Shanks, T., Campos, A., McCracken, H. J., Fong, R1{2@alaxy number
counts - V. Ultradeep counts: the Herschel and Hubble Deep Fit#RAS, 323, 795

Metcalfe, N., Shanks, T., Weilbacher, P. M., McCracken, H. J., FongTRompson, D.
(2006),Galaxy number counts - VI. An H-band survey of the Herschel Désdd, AVIN-
RAS, 370, 1257

Mignoli, M., Cimatti, A., Zamorani, G., Pozzetti, L., Daddi, E., Renzini, A., Broaghu
T., Cristiani, S., D’Odorico, S., Fontana, A., Giallongo, E., Gilmozzi, R., MehLtj,
Saracco, P. (2005T,he K20 survey. VII. The spectroscopic catalogue: Spectral piiese
and evolution of the galaxy populaticA&A, 437, 883

Minowa, Y., Kobayashi, N., Yoshii, Y., Totani, T., Maihara, T., lwamuro, Fakami, H.,
Takato, N., Hayano, Y., Terada, H., Oya, S., lye, M., Tokunaga, A2005), Subaru
Super Deep Field with Adaptive Optics. |. Observations and First ImplicatidpJ, 629,
29

Mo, H. J., Mao, S., White, S. D. M. (1998)he formation of galactic disc8INRAS, 295,
319

Moles, M., Alfaro, E., Benitez, N., Broadhurst, T., Castander, F. J.aCép Cervino, M.,
Fernandez-Soto, A., Delgado, R. M. G., Infante, L., Aguerri, A. L.yileez, I., Martinez,
V. J., Masegosa, J., del Olmo, A., Perea, J., Prada, F., Quintana, amdhe&x, S. (2005),
The ALHAMBRA Survey: For a systematic Study of Cosmic Evolw&iro-phi0504545

Moustakas, L. A., Davis, M., Graham, J. R., Silk, J., Peterson, B. A., i¥08h(1997),
Colors and K-Band Counts of Extremely Faint Field Galaxi®gJ, 475, 445

Moy, E., Barmby, P., Rigopoulou, D., Huang, J.-S., Willner, S. P., FazioGG2003),
H-band observations of the Chandra Deep Field SpAA, 403, 493

Mutchler, M., Koekemoer, A. M., Hack, W. (2002Drizzling Dithered ACS Images—A
Demonstrationin The 2002 HST Calibration Workshop0—80

Noll, S., Mehlert, D., Appenzeller, |., Bender, R.pBm, A., Gabasch, A., Heidt, J., Hopp,
U., Jger, K., Seitz, S., Stahl, O., Tapken, C., Ziegler, B. L. (2004 FORS Deep Field
spectroscopic surveA&A, 418, 885

Noll, S., Pierini, D. (2005)Pust properties of UV bright galaxies atz2, A&A, 444, 137

157



References

Noll, S., Pierini, D., Pannella, M., Savaglio, S. (200/jesence of dust with a UV bump in
massive, star-forming galaxies aklz < 2.5, ArXiv e-prints, 707

Nowak, N., Saglia, R. P., Thomas, J., Bender, R., Pannella, M., GebKardiavies, R. I.
(2007), The supermassive black hole in NGC4486a detected with SINFONI at the Ve
Large TelescopeMINRAS, 597+

Pannella, M., Hopp, U., Saglia, R. P., Bender, R., Drory, N., Salvato, kbaGch, A., Feul-
ner, G. (2006)The Evolution of the Mass Function Split by Morphology up to Redshift 1
in the FORS Deep and the GOODS-S FigligJ, 639, L1

Papovich, C., Giavalisco, M., Dickinson, M., Conselice, C. J., FergusbrC. (2003),
The Internal Ultraviolet-Optical Color Dispersion: Quantifying the Morphgical K-
Correction ApJ, 598, 827

Pascarelle, S. M., Lanzetta, K. M., Famdez-Soto, A. (1998)he Ultraviolet Luminosity
Density of the Universe from Photometric Redshifts of Galaxies in the Hublele Eleld
ApJ, 508, L1

Peng, C. Y., Ho, L. C., Impey, C. D., Rix, H.-W. (200B)etailed Structural Decomposition
of Galaxy ImagesAJ, 124, 266

Pickles, A. J. (1998)A Stellar Spectral Flux Library: 1150-2500Q RASP, 110, 863

Postman, M., Lauer, T. R., Szapudi, I., Oegerle, W. (19@8)stering at High Redshift:
Precise Constraints from a Deep, Wide-Area Suryeyd, 506, 33

Pozzetti, L., Bolzonella, M., Lamareille, F., Zamorani, G., Franzetti, P.,éhad- O., lovino,
A., Temporin, S., llbert, O., Arnouts, S., Charlot, S., Brinchmann, J., ZUecalresse,
L., Scodeggio, M., Guzzo, L., Bottini, D., Garilli, B., Le Brun, V., Maccagni, Picat,

J. P., Scaramella, R., Vettolani, G., Zanichelli, A., Adami, C., Bardelli, S., Cappi, A
Ciliegi, P., Contini, T., Foucaud, S., Gavighaud, I., McCracken, H. J.ak@arB., Mari-
noni, C., Mazure, A., Meneux, B., Merighi, R., Paltani, S., &eR., Pollo, A., Radovich,
M., Bondi, M., Bongiorno, A., Cucciati, O., de la Torre, S., Gregorini, L.,IIMe Y.,
Merluzzi, P., Vergani, D., Walcher, C. J. (200The VIMOS VLT Deep Survey. The As-
sembly History of the Stellar Mass in Galaxies: from the Young to the Old Uej&rxiv
e-prints, 704

Press, W. H., Teukolsky, S. A., Vetterling, W. T., Flannery, B. P. (3982merical recipes
in FORTRAN. The art of scientific computjii@ambridge: University Press, —c1992, 2nd
ed.

Rix, H.-W., Barden, M., Beckwith, S. V. W., Bell, E. F., Borch, A., Caldwell,Al R.,
Haussler, B., Jahnke, K., Jogee, S., Mcintosh, D. H., Meisenheimer,elg,FC. Y.,

158



References

Sanchez, S. F., Somerville, R. S., Wisotzki, L., Wolf, C. (20BBEMS: Galaxy Evolution
from Morphologies and SED&pJS, 152, 163

Roser, H.-J., Hippelein, H. H., Wolf, C. (2004Jhe Heidelberg InfraRed Optical Cluster
Survey (HIROCS)n Clusters of Galaxies: Probes of Cosmological Structure and Galaxy
Evolution edited by J. S. Mulchaey, A. Dressler, A. Oemler

Rudnick, G., Rix, H.-W., Franx, M., Lal&) I., Blanton, M., Daddi, E., &rster Schreiber,
N. M., Moorwood, A., Rittgering, H., Trujillo, 1., van de Wel, A., van der Werf, P., van
Dokkum, P. G., van Starkenburg, L. (2003Jje Rest-Frame Optical Luminosity Density,
Color, and Stellar Mass Density of the Universe from @to z= 3, ApJ, 599, 847

Salpeter, E. E. (1955The Luminosity Function and Stellar EvolutipApJ, 121, 161

Saracco, P., D’Odorico, S., Moorwood, A., Buzzoni, A., Cuby, J. .nad, C. (1999)|R
colors and sizes of faint galaxieA&A, 349, 751

Saracco, P., Giallongo, E., Cristiani, S., D’Odorico, S., Fontana, A., toun, Poli, F.,
Vanzella, E. (2001)Deep near-IR observations of the Chandra Deep Field and of the
HDF South. Color and number counts, 375, 1

Saracco, P., lovino, A., Garilli, B., Maccagni, D., Chincarini, G. (199He ESO K’-Band
galaxy survey. |. Galaxy countdJ, 114, 887

Scarlata, C., Carollo, C. M., Lilly, S. J., Sargent, M. T., Feldmann, R., Kagipd2, Por-
ciani, C., Koekemoer, A., Scoville, N., Kneib, J., Leauthaud, A., MasseyRRodes, J.,
Tasca, L., Capak, P., Maier, C., McCracken, H. J., Mobasher, BziRieA., Taniguchi,
Y., Thompson, D., Sheth, K., Ajiki, M., Aussel, H., Murayama, T., Sander&.PSasaki,
S., Shioya, Y., Takahashi, M. (200830SMOS morphological classification with ZEST
(the Zurich Estimator of Structural Types) and the evolution sisceaf the Luminosity
Function of early-, disk-, and irregular galaxig&rXiv Astrophysics e-prints

Schade, D., Lilly, S. J., Crampton, D., Hammer, F., Le Fevre, O., Tres§£985),Canada-
France Redshift Survey: Hubble Space Telescope Imaging of HidgbhReField Galax-
ies ApJ, 451, L+

Schirmer, M., Erben, T., Schneider, P., Pietrzynski, G., Gieren, W., dars., Micol, A.,
Pierfederici, F. (2003)3aBoDS: The Garching-Bonn Deep Survey. I. Anatomy of galaxy
clusters in the background of NGC 308&A, 407, 869

Schlegel, D. J., Finkbeiner, D. P., Davis, M. (1998)aps of Dust Infrared Emission for Use
in Estimation of Reddening and Cosmic Microwave Background Radiati@gifeunds’,
ApJ, 500, 525

159



References

Schidel, R., Ott, T., Genzel, R., Hofmann, R., Lehnert, M., Eckart, A., Mouawad
Alexander, T., Reid, M. J., Lenzen, R., Hartung, M., Lacombe, F., RoDarnGendron,
E., Rousset, G., Lagrange, A.-M., Brandner, W., Ageorges, N., Lidi@anyloorwood,
A. F. M., Spyromilio, J., Hubin, N., Menten, K. M. (20023, star in a 15.2-year orbit
around the supermassive black hole at the centre of the Milky Méatyre, 419, 694

Schwarzschild, M. (1979)A numerical model for a triaxial stellar system in dynamical
equilibrium, ApJ, 232, 236

Scodeggio, M., Franzetti, P., Garilli, B., Zanichelli, A., Paltani, S., MaccagniBbttini,
D., Le Brun, V., Contini, T., Scaramella, R., Adami, C., Bardelli, S., Zucca, Es3e,
L., llbert, O., Foucaud, S., lovino, A., Merighi, R., Zamorani, G., Gavighdy Rizzo,
D., McCracken, H. J., Le évre, O., Picat, J. P., Vettolani, G., Arnaboldi, M., Arnouts,
S., Bolzonella, M., Cappi, A., Charlot, S., Ciliegi, P., Guzzo, L., Marano, Barilbni,
C., Mathez, G., Mazure, A., Meneux, B., RelR., Pollo, A., Pozzetti, L., Radovich, M.
(2005), The VVDS Data-Reduction Pipeline: Introducing VIPGI, the VIMOS Irtiéva
Pipeline and Graphical Interfagd”’ASP, 117, 1284

Scoville, N., Aussel, H., Brusa, M., Capak, P., Carollo, C. M., Elvis, M., @liaco, M.,
Guzzo, L., Hasinger, G., Impey, C., Kneib, J. ., LeFevre, O., Lilly, S. Job&sher,
B., Renzini, A., Rich, R. M., Sanders, D. B., Schinnerer, E., Schmino\dich,Shop-
bell, P., Taniguchi, Y., Tyson, N. D. (2006a)he Cosmic Evolution Survey (COSMOS) —
Overview ArXiv Astrophysics e-prints

Scoville, N., Benson, A., Blain, A. W., Calzetti, D., Comastri, A., Capak, P.liC&., Carl-
strom, J. E., Carollo, C. M., Colbert, J., Daddi, E., Ellis, R. S., Elvis, M., Ew&aldP., Fall,
M., Franceschini, A., Giavalisco, M., Green, W., fiths, R. E., Guzzo, L., Hasinger, G.,
Impey, C., Kneib, J., Koda, J., Koekemoer, A., Lefevre, O., Lilly, S., Liu, TG Mc-
Cracken, H. J., Massey, R., Mellier, Y., Miyazaki, S., Mobasher, B., [slali, Norman,
C., Refregier, A., Renzini, A., Rhodes, J., Rich, M., Sanders, D. B.in8obvich, D.,
Schinnerer, E., Scodeggio, M., Sheth, K., Shopbell, P. L., Taniguchly¥gn, N., Urry,
C. M., Van Waerbeke, L., Vettolani, P., White, S. D. M., Yan, L., Zamorani(ZB06b),
COSMOS : Hubble Space Telescope Observatirnsiv Astrophysics e-prints

Sersic, J. L. (1968)Atlas de galaxias australe€ordoba, Argentina: Observatorio Astro-
nomico, 1968

Shaw, M. A., Gilmore, G. (1989) he luminosity distributions of edge-on spiral galaxies. |
- A two-dimensional model and its application to NGC 891 and 45SRAS, 237, 903

Simard, L., Koo, D. C., Faber, S. M., Sarajedini, V. L., Vogt, N. P., PhillipsCA Gebhardt,
K., lllingworth, G. D., Wu, K. L. (1999),The Magnitude-Size Relation of Galaxies out to
z~1, ApJ, 519, 563

160



References

Skrutskie, M. F., Schneider, S. E., Stiening, R., Strom, S. E., Weinbe, MBeichman, C.,
Chester, T., Cutri, R., Lonsdale, C., Elias, J., Elston, R., Capps, R., @arpé., Huchra,
J., Liebert, J., Monet, D., Price, S., Seitzer, P. (1991 Two Micron All Sky Survey
(2MASS): Overview and Statug ASSL Vol. 210: The Impact of Large Scale Near-IR
Sky Surveys25

Smalil, I, Dressler, A., Couch, W. J., Ellis, R. S., Oemler, A. J., Butcher, lthr@@es, R. M.
(1997),A Catalog of Morphological Types in 10 Distant Rich Clusters of GalaAgsS,
110, 213

Snigula, J., Drory, N., Bender, R., Botzler, C. S., Feulner, G., Hopf2QD2), The Munich
Near-Infrared Cluster Survey - IV. Biases in the completeness ofin&ared imaging
data, MNRAS, 336, 1329

Soifer, B. T., Matthews, K., Djorgovski, S., Larkin, J., Graham, J. R.ridan, W., Jernigan,
G., Lin, S., Nelson, J., Neugebauer, G., Smith, G., Smith, J. D., Ziomkowski,994j,
Deep imaging of the field of the=z4.9 quasar PC 124#3406, and faint galaxy counts in
the K band with the Keck telescqoppJd, 420, L1

Somerville, R. S., Lee, K., Ferguson, H. C., Gardner, J. P., Moustaka#s, Giavalisco,
M. (2004),Cosmic Variance in the Great Observatories Origins Deep Supy, 600,
L171

Somerville, R. S., Primack, J. R., Faber, S. M. (200He nature of high-redshift galaxies
MNRAS, 320, 504

Steidel, C. C., Adelberger, K. L., Giavalisco, M., Dickinson, M., Pettini, M99),Lyman-
Break Galaxies atz4 and the Evolution of the Ultraviolet Luminosity Density at High
RedshiftApJ, 519, 1

Steidel, C. C., Giavalisco, M., Dickinson, M., Adelberger, K. L. (199pectroscopy of
Lyman Break Galaxies in the Hubble Deep Fiedd, 112, 352

Steidel, C. C., Shapley, A. E., Pettini, M., Adelberger, K. L., Erb, D. K., Redid A., Hunt,
M. P. (2004),A Survey of Star-forming Galaxies in the &.Z < 2.5 Redshift Desert:
Overview ApJ, 604, 534

Szokoly, G. P., Bergeron, J., Hasinger, G., Lehmann, I., Kewley, Liniga, V., Non-
ino, M., Rosati, P., Giacconi, R., Gilli, R., Gilmozzi, R., Norman, C., Romaniello, M.,
Schreier, E., Tozzi, P., Wang, J. X., Zheng, W., Zirm, A. (2004 Chandra Deep Field-
South: Optical Spectroscopy, ApJS, 155, 271

Szokoly, G. P., Subbarao, M. U., Connolly, A. J., Mobasher, B. (19Bi8e Near-Infrared
Number Counts and Luminosity Functions of Local Galaxigsl, 492, 452

161



References

Tecza, M., Baker, A. J., Davies, R. |., Genzel, R., Lehnert, M. D., Hagar, F., Lutz,
D., Nesvadba, N., Seitz, S., Tacconi, L. J., Thatte, N. A., Abuter, R., &eiil (2004),
SPIFFI Observations of the Starburst SMM J1480252:Already Old, Fat, and Rich by
z=2.565 ApJ, 605, L109

Teplitz, H. I., Gardner, J. P., Malumuth, E. M., Heap, S. R. (1988Jaxy Morphology from
NICMOS Parallel ImagingApJ, 507, L17

Teplitz, H. 1., McLean, I. S., Malkan, M. A. (1999\ear-Infrared Observations of the Envi-
ronments of Radio-quiet QSOS at zAbJ, 520, 469

Thomas, J., Saglia, R. P., Bender, R., Thomas, D., Gebhardt, K., Magalrj&Richstone,
D. (2004),Mapping stationary axisymmetric phase-space distribution functions Ly orb
libraries, MNRAS, 353, 391

Thompson, R. I., Storrie-Lombardi, L. J., Weymann, R. J., Rieke, M. hné&der, G., Sto-
bie, E., Lytle, D. (1999)Near-Infrared Camera and Multi-Object Spectrometer Observa-
tions of the Hubble Deep Field: Observations, Data Reduction, and Galagyokhetry
AJ, 117,17

Toomre, A., Toomre, J. (1972galactic Bridges and TailsApJ, 178, 623

Tremaine, S., Gebhardt, K., Bender, R., Bower, G., Dressler, A., F&b#i., Filippenko,
A. V., Green, R., Grillmair, C., Ho, L. C., Kormendy, J., Lauer, T. R., Magor, J.,
Pinkney, J., Richstone, D. (2002)he Slope of the Black Hole Mass versus Velocity Dis-
persion CorrelationApJ, 574, 740

Tully, R. B., Fisher, J. R. (19777 new method of determining distances to galgxesA,
54,661

Tyson, J. A. (1988)PDeep CCD survey - Galaxy luminosity and color evolutidd, 96, 1

Vaisanen, P., Tollestrup, E. V., Willner, S. P., Cohen, M. (200Wide-Field J- and K-Band
Galaxy Counts in the European Large-Arealnfrared Space Obsawv&arvey Fields
ApJ, 540, 593

Vanzella, E., Cristiani, S., Arnouts, S., Dennefeld, M., Fontana, A., GraziaNonino, M.,
Petitjean, P., Saracco, P. (2008)YLTFORS2 spectroscopic survey in the HDFASA,
396, 847

Vanzella, E., Cristiani, S., Dickinson, M., Kuntschner, H., Moustakas, ... Nonino, M.,
Rosati, P., Stern, D., Cesarsky, C., Ettori, S., Ferguson, H. C., FodRu#. E., Gi-
avalisco, M., Haase, J., Renzini, A., Rettura, A., Serra, P., The Goas [2005),The
Great Observatories Origins Deep Survey. YAORS2 spectroscopy in the GOODS-South
Field, A&A, 434, 53

162



References

Verolme, E. K., Cappellari, M., Copin, Y., van der Marel, R. P., Bacon, RireBu, M.,
Davies, R. L., Miller, B. M., de Zeeuw, P. T. (2002, SAURON study of M32: measuring
the intrinsic flattening and the central black hole magdNRAS, 335, 517

White, S. D. M., Frenk, C. S. (1991Galaxy formation through hierarchical clusteringpJ,
379, 52

Williams, R. E., Blacker, B., Dickinson, M., Dixon, W. V. D., Ferguson, H. Eruchter,
A. S., Giavalisco, M., Gillland, R. L., Heyer, I., Katsanis, R., Levay, Z., &sicR. A.,
McElroy, D. B., Petro, L., Postman, M., Adorf, H., Hook, R. (1998he Hubble Deep
Field: Observations, Data Reduction, and Galaxy Photometdy 112, 1335

Wolf, C., Meisenheimer, K., Kleinheinrich, M., Borch, A., Dye, S., Gray, Misotzki, L.,
Bell, E. F., Rix, H.-W., Cimatti, A., Hasinger, G., Szokoly, G. (2004)¢atalogue of the
Chandra Deep Field South with multi-colour classification and photometrishiéid from
COMBO-17 A&A, 421,913

Wolf, C., Meisenheimer, K., Bser, H.-J. (2001)Qbject classification in astronomical multi-
color surveysA&A, 365, 660

Wu, K. L.-K. (1999),A quantitative study of peculiarities in galaxy morpholpB¥.D. the-
sis, AA(UNIVERSITY OF CALIFORNIA, SANTA CRUZ)

Yan, L., McCarthy, P. J., Storrie-Lombardi, L. J., Weymann, R. J. (1,998ep H-Band
Galaxy Counts and Half-Light Radii from Hubble Space Telesdd@MOS Parallel Ob-
servationsApJ, 503, L19

Yasuda, N., et al. (2001¥alaxy Number Counts from the Sloan Digital Sky Survey Com-
missioning DataAJ, 122, 1104

York, D. G., Adelman, J., Anderson, J. E., Anderson, S. F., Annisahc¢8ll, N. A., Bakken,
J. A., Barkhouser, R., Bastian, S., Berman, E., Boroski, W. N., BrackeBriegel, C.,
Briggs, J. W., Brinkmann, J., Brunner, R., Burles, S., Carey, L., G&rA., Castander,
F. J., Chen, B., Colestock, P. L., Connolly, A. J., Crocker, J. H., Gsab&zarapata,
P. C., Davis, J. E., Doi, M., Dombeck, T., Eisenstein, D., Ellman, N., EIms, B.\Rng
M. L., Fan, X., Federwitz, G. R., Fiscelli, L., Friedman, S., Frieman, J. A.ugiile, M.,
Gillespie, B., Gunn, J. E., Gurbani, V. K., de Haas, E., Haldeman, M., Héatrié, Hayes,
J., Heckman, T. M., Hennessy, G. S., Hindsley, R. B., Holm, S., Holmgred.,, Bluang,
C., Hull, C., Husby, D., Ichikawa, S., Ichikawa, T., Ivézﬁ., Kent, S., Kim, R. S. J,,
Kinney, E., Klaene, M., Kleinman, A. N., Kleinman, S., Knapp, G. R., Korierdekkron,
R. G., Kunszt, P. Z., Lamb, D. Q., Lee, B., Leger, R. F., Limmongkol, S., Linteyer,
C., Long, D. C., Loomis, C., Loveday, J., Lucinio, R., Lupton, R. H., Mackon, B.,
Mannery, E. J., Mantsch, P. M., Margon, B., McGehee, P., McKay, .TMeiksin, A.,
Merelli, A., Monet, D. G., Munn, J. A., Narayanan, V. K., Nash, T., Neil¢en Neswold,

163



References

R., Newberg, H. J., Nichol, R. C., Nicinski, T., Nonino, M., Okada, N., Okean(s.,
Ostriker, J. P., Owen, R., Pauls, A. G., Peoples, J., Peterson, R. layiektrD., Pier,
J. R., Pope, A., Pordes, R., Prosapio, A., Rechenmacher, R., Quinn RicRards, G. T.,
Richmond, M. W., Rivetta, C. H., Rockosi, C. M., Ruthmansdorfer, K., Sadd D.,
Schlegel, D. J., Schneider, D. P., Sekiguchi, M., Sergey, G., Shimakak8jegmund,
W. A., Smee, S., Smith, J. A., Snedden, S., Stone, R., Stoughton, C., Stx&uAs,
Stubbs, C., SubbaRao, M., Szalay, A. S., Szapudi, |., Szokoly, G. BkafhA. R.,
Tremonti, C., Tucker, D. L., Uomoto, A., Vanden Berk, D., Vogeley, M. Saddell,
P., Wang, S., Watanabe, M., Weinberg, D. H., Yanny, B., Yasuda, NDOj2The Sloan
Digital Sky Survey: Technical Summaad, 120, 1579

Zheng, W., Mikles, V. J., Mainieri, V., Hasinger, G., Rosati, P., Wolf, C., mNan, C.,
Szokoly, G., Gilli, R., Tozzi, P., Wang, J. X., Zirm, A., Giacconi, R. (20@hptometric
Redshift of X-Ray Sources in the Chandra Deep Field-S&hS, 155, 73

Ziegler, B. L., Bower, R. G., Smail, I., Davies, R. L., Lee, D. (2000he early-type galaxy
population in Abell 2218MNRAS, 325, 1571

164



Acknowledgements

After all the science in this Thesis is over, | will now take a breath to try diginwcredits
and honors to many persons.

First, ubi maior, | want to thank Ralf for all these five years he resisted having me around
and also for having always, almost always, the right words at evecgsion. You have
been the perfect leader in all these years: often busy, never abwtatways enlightening.
Thanks.

Soon after comes the person that mostly took care of me and my work, Robéeto
has been very much a friend always available to discuss and talk alenytheng | could
need, both personal and professional. That happened even ifdeftea very busy with
management and burocratic troubles. | have always thought at yau ‘addar” friend of
mine and never as my boss, thanks much for everything.

Special thanks go to Ulrich for being as he is, honest and constructhis approach to
all things.

Last not least in the supervising crew, | want to thank Niv for beingagiby after eleven
am, available for discussions, clarifications, explanations and most afraliriting almost
one thousand reference letters for finding me a job.

Thanks to Achim, the best system manager one can dream of, for givingexraance
to spread my stti all over the terabyte domain ... now | will have serious problems to go
anywhere else. And also for many smoking breaks of cigars and rollacetigs.

Most of the work presented in this Thesis would not have been possiblewvitie €forts
of Mara and Armin to whom | deserve my deep gratefulness.

Thanks to Mariele and Gabi for all the times you helped me out with papecsnants
and bureaucracy. Without you and your smiles life would have been muckerhere.
Thanks much.

I want to thank Daniele for many manyftee & cigarettes breaks and all the times he tried
hard, without success, to explain why my star formation rate indicator is tegione. And
for the suggestions, the work done together, the english correctionsiaclkd more. You
have been one of my polar stars here around. Thanks.

Frau Moretti, Bargiggia, Stefano, Anna, Luigi, Giovanna, Alessandw lyave all been
greatpersonagesn this adventure. You have all spread around leaving me alone with the
Zibetto for a long time and that is not fair but | survived still as you can egpte. | miss
you all.

165



Acknowledgements

After the crew, the chief-in—command of this pirate italian boat in the soutteararian
see. To Gabriella my hearty thanks for being always there, stubbotioagil as a true chief:
thanks for all the beers, the dinners, the late night semi—(very semi)—adaiticssions and
all the rest which by the way was the best part.

Done with the munchener italians, | need to thank the other munchener aussklieéisi,
Yulia, Larry, Gabriela, for the nice time we spent together in these yealisouA rainy
barbecues were bit humid but great in the end. Thanks you all.

Thanks also to my fiice mates for allowing my smoky tobacco collection to be spread
around and for their kindness and availabilty. Special thanks to Max &efdrSfor the
zusammenfassung of this Thesis.

In the end, | want to thank my italian polar stars. The ones that help me rigcugto be
back home when in Italy: Rosita and Devid and Silvio. Keep it going like this, ¢l redleof
you.

Thanks to Grazia e Pasquale for making a revolution in their life each time wetheg
closer to their place and also for letting their grand—nephew to destroy tiag and to get
all the somatics of his dad.

Last non least of this never—ending list, thanks to Leopoldo and Cristimad&ing all
this possible.

166



Curriculum vitae

Personal Informations

First Name:
Family Name:
Place of birth:

Day of birth:
Marital Status:
Nationality:
Address:

Telephone:
Fax:

e-mail:
Research Area:

Education

September 2007

Oct 2000

Maurilio

Pannella

Torino, Italy

6 May 1970

Single

Italian

Max-Planck-Institut @ir Extraterrestrische Physik
Giessenbachstrasse D-85748

Garching b. Minchen

Germany

+49-89-30000-3770

+49-89-30000-3495

maurilio@mpe.mpg.de

Extragalactic Astronomy & Observational Cosmology

Ph.Din Astronomy at the Ludwig Maximilian University
of Munich, Thesis title:
Morphological evolution of galaxies over the last 8 Gyrs
Advisors: Prof. R. Bender, Dr. R.P. Saglia

Laureain Physics at the University “Federico II” of Naples
Thesis title:Lymanea emitters as tracers of the

primeval Universe large scale structure

Advisors: Prof. M.Capaccioli, Dr. M.Arnaboldi.

Marks: 110cum laudgl10

167



Curriculum vitae

Fellowships and Grants

Sept 2005 to date Research contract at the Max-Planck Institute for Extraterrestrial
Physics, Garching
Sept 2002 - Aug 2005 PhD fellowship of thenternational Max-Planck Research School
(IMPRS) on Astrophysics
Jan 2001 - Aug 2002 Research contract at the Astronomical Observatory
of Capodimonte, Naples, in the VST Science Group

Schools

September 2004 International Summer School “Data Analysis in Cosmology”,

Valencia (Spain)
September 2002 - March 2004 International Max-Plank Research School on Astrophysics

Garching (Germany)

September 2002 Italian National School of Astrophysics: Cosmology and Relativistic
Astrophysics, Asiago (Italy)

September 2000 Italian National School of Astronomical Technologies,
Astronomical Observatory of Capodimonte, Naples (Italy)

Conferences

2006 Galaxies and Structures through Cosmic Times
March 26-31, Venice, Italy; poster
MPE Dark Energy Meeting
February 27 - March 1, Ringberg Castle, Germany;
2005 From Simulations to Surveys
June 26 - July 1, Ringberg Castle, Germany; contributed talk
Stellar Populations, a Rosetta Stone for Galaxy Formation
July 4-8, Ringberg Castle, Germany;
The Origin of the Hubble Sequence
June 6-12, Vulcano Island, Italy; contributed talk

168



Curriculum vitae

Talks

2006 Max-Planck Institute for Extraterrestrial Physics, Garching, Germany:
Bulges and Disks over the last 8 Gydsin 29

2005 “From Simulations to Surveys” conference, Ringberg Castle, Germany:
The contribution of bulges and disks to the stellar mass density evolution u,tdun 27
“The Origin of the Hubble Sequence” conference, Vulcano Islanty; Ita
Looking at the shaping of the Hubble fork up telz Jun 15

2003 Max-Planck Institute for Extraterrestrial Physics, Garching, Germany:
Intracluster Stellar Population properties from N-Body Cosmological Sitiarig Feb 6

Other Professional Activities

from 2006 Peer Reviewer foMonthly Notices of the Royal Astronomical Society
2005 Member of the Local Organizing Committee for the conference:
Stellar Populations, a Rosetta Stone for Galaxy Formation
MPE Workshop dedicated to the 65th birthday of Alvio Renzini,
July 4-8, Ringberg Castle, Germany
1998 National Substitutive Service performed at the Social ServidgseD

of Carrara Town Hall, Italy
1996 - 1998 Hardware Responsible at ti&P. Informatica sasBenevento, Italy

Observational & Technical Experience

Observing run  Observatoty Telescopg@ntrument

4-6 March 2005 La Palma Observatory 3.5m TNG, DOLORES: opticaltsmaopy (MOS)
19-21 May 2002 ESO-La Silla 3.5m NTT, EMMI: optical spectroscopy @)O
27-30 April 2001  ESO-La Silla 2.2m ESMPG, WFI: wide field imaging

20-22 April 2001  ESO-La Silla 3.5m NTT, EMMI: optical spectroscopydsi)
Phase Il ESO-Service Mode WFI@2.2m and VIMO®S@VLT

Telescope Instrument Reduction task
HST ACSWFPC2 Good experience with the MULTIDRIZZLE task

VLT VIMOS imaginggMOS Fair experience with the VIPGI reduction package

VLT FORSimagingMXU  Good experience with standard IRAF reduction packages
2.2m ESO WFIimaging Good experience wittscredMVM-ESO pipeline

NTT EMMIimaginggMOS  Good experience with standard IRAF reduction packages

169



Curriculum vitae

Publications

1 Presence of dust with a UV bump in massive, star-forming galaxiesa4 2.5,
Noll, S., Pierini, D.,Pannella, M., Savaglio, S., 2007arXiv0707.0684N

2 The supermassive black hole in NGC4486a detected with SINFONI at he VL
Nowak, N., Saglia, R. P., Thomas, J., Bender,FRnnella, M.,
Gebhardt, K., Davies, R. I., 2007arXiv0705.1758N

3 The Galactic halo stellar density distribution from photometric survey data:
results of a pilot studyCignoni, M., Ripepi, V., Marconi, M., Alcal, J. M., Capaccioli, M.,
Pannella, M,, Silvotti, R., 2007A&A...463..975C

4 The Sizes of Galaxy Halos in Galaxy Cluster Abell 1689,
Halkola, A., Seitz, S.Pannella, M., 2007ApJ...656..739H

5 The Evolution of Galaxy Dust Properties foz4<2.5,
Noll, Stefan, Pierini, Daniele, Pannella, Maurilio, Savaglio, Sandra, 2896.ph.12080N

6 Parametric strong gravitational lensing analysis of Abell 1689,
Halkola, A., Seitz, S.Pannella, M., 2006 MNRAS.372.1425H

7 The Evolution of Galaxies in the FORS Deep and GOODS-S Fields,
Drory, N., Bender, R., Feulner, G., Gabasch, A., Hopp, U., Noll, S.,
Pannella, M., Saglia, R. P., Salvato, M. 2006Msngr.125...15D

8 The Evolution of the Mass Function Split by Morphology up to Redshift 1
in the FORS Deep and the GOODS-S FieRannella, M., Hopp, U., Saglia, R. P.,
Bender, R., Drory, N., Salvato, M., Gabasch, A., Feulner, G., 2006839L...1P

9 The Stellar Mass Function of Galaxies to z 5 in the FORS Deep and GOOOBfSeldls,
Drory, N., Salvato, M., Gabasch, A., Bender, R., Hopp, U., FeulneR&nella, M.,
2005ApJ...619L.131D

10 The Star Formation Rate History in the FORS Deep and GOODS-South Fiéiis20
Gabasch, A., Salvato, M., Saglia, R. P., Bender, R., Hopp, U., Seitz, 8ndfeG.,
Pannella, M., Drory, N., Schirmer, M., Erben, T., ApJ...616L..83G

11 The Capodimonte Deep Field. Presentation of the survey and first foltostudlies,
Alcal, J. M.,Pannella, M., Puddu, E., Radovich, M., Silvotti, et al., 2004A&A...428..339A

170



Curriculum vitae

12

13

14

15

16

17

18

19

20

21

22

Capodimonte Deep Field (Alcala 2004),

Alcala, J. M.,Pannella, M., Puddu, E., Radovich, M., Silvotti, R.,et al., 2004yCat..34280339A

Intracluster Stellar Population Properties from N-Body Cosmological Sitraria.

I. Constraints at z 0, Napolitano, Nicola R.Pannella, Maurilio, et al., 2003ApJ...594..172N

CSL-1: chance projectiorffect or serendipitous discovery of a gravitational lens
induced by a cosmic string8azhin, M., Longo, G., Capaccioli, M., Alé&lJ. M.,
Silvotti, R., Covone, G., Khovanskaya, O., Pavlov, Mannella, M.,

Radovich, M., Testa, V., 2003MNRAS.343..353S

Optical and near-infrared observations of the GRB020405 afterglow,
Masetti, N., Palazzi, E., Pian, et al., 2003A&A...404..465M

Narrowband Imaging in [O Ill] and K to Search for Intracluster
Planetary Nebulae in the Virgo Clustétrnaboldi, M., Freeman, K. C., Okamura,
S., Yasuda, N., Gerhard, O., Napolitano, N.Rannella, M., et al., 2003AJ....125..514A

The Capodimonte Deep Field: research projects,
Capaccioli, M., Alcah, J. M., Radovich, M., Silvotti, R.,
Pannella, M., Arnaboldi, M., Puddu, E., et al., 2003MmSAI..74..452C

Data reduction and astrometry strategies for wide-field images:
an application to the Capodimonte Deep Fiekgala, J. M., Radovich, M., Silvotti, R.,
Pannella, M., et al. 2002SPIE.4836..406A

Candidates for Intracluster Planetary Nebulae in the Virgo Cluster
based on the Suprime-Cam Narrow-Band Imaging in [Olll] and, H
Okamura, Sadanori, Yasuda, Naoki, et al., PASJ...54..8830

A Ks-band selected galaxy sample in GOODS-S
M. Salvato, A. Gabasch, N. Drory, G. Feulner, U. Hopp,
M. Pannella, A. Rau, S. Seitz, R. Bender, A&A submitted

A deep galaxy catalogue in the COSMOS field
A. Gabasch, Y. Goranova , U. Hopp, S. Noll, Pannella, MNRAS submitted

Bulges and disks in the COSMOS during the last 8 Gyrs

M. Pannella, A. Gabasch , Y. Goranova, N. Drory, U. Hopp, S. Noll,
R.P. Saglia, R. Bender, A&A submitted

171



	Zusammenfassung (Summary in German)
	Summary
	Galaxy formation and evolution in the cosmological framework
	The hierarchical Universe
	The formation and evolution of galaxies
	Morphological properties
	Star formation and colors
	The Cosmic Star Formation History and Mass assembly
	The Environmental dependence of galaxy evolution

	This Thesis

	Observing the coloured Universe: the large deep surveys
	The FORS Deep Field
	Source detection and multi--band photometry
	Photometric redshifts in the FORS Deep Field

	The Great Observatories Origins Deep Survey South Field
	A Ks-band selected galaxy sample in GOODS-S
	Source detection and multi-band photometry
	Photometric redshift
	Source catalogue
	Redshift distribution


	The Cosmic Evolution Survey
	A deep galaxy catalogue in the COSMOS field
	NIR imaging data: acquisition
	NIR imaging data: reduction, photometry and cataloging
	The i-selected catalogues
	Spectroscopic redshifts
	Photometric redshifts



	Morphological characterization of high redshift galaxies 
	The Advanced Camera for Surveys on board the HST
	The morphological analysis
	GIM2D
	PSF influence on the morphological parameters
	Results on the overlapping COSMOS ACS tiles
	Results on simulated objects
	GIM2D vs. GALFIT
	Parametric profile fitting versus visual classification


	Morphological evolution in FDF and GOODS-S
	Introduction
	Ground-based data, photo--z and M*/L ratios
	HST imaging and the morphological analysis
	Evolution of the morphological mass function, total mass density and SSFR
	Conclusions

	Bulges and disks in the last 8 Gyrs of the COSMOS
	Ground-based data and photometric redshifts
	Computing mass--to--light ratios
	HST Advanced Camera for Surveys imaging
	Sources extraction, star-galaxy classification and cataloging

	The morphological analysis
	The evolution of the morphological mass function and mass density
	A hole in the sky at z0.5
	The environmental effect on morphological evolution
	8 Giga years of morphology density relation

	Red sequence and blue cloud up to redshift 1.15
	The specific star formation rate in the last 8 Gyrs
	The ages of early-type objects in different environments
	Discussion and conclusions

	Further work
	The dark side of star formation: chasing the dusty Universe
	The GOODS-S test

	Field to Clusters variation
	Virial masses of cluster galaxies through scaling relations

	The UV morphology of high redshift star forming galaxies
	Analysis of the UV morphology of high redshift galaxies 
	Morphological properties and extinction curve


	The star formation rate history
	The Star Formation Rate
	Conclusions

	The stellar mass function of galaxies to z 5
	The stellar mass function
	Stellar mass density and number densities

	The supermassive black hole in NGC4486a

	References

