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Riassunto

Una delle principali questioni ancora aperte nell'ambitdl’dstrofisica moderna consiste nel
comprendere l'origine e I'evoluzione delle galassie, imtipalare delle galassie ‘early-type’
(ETGSs) piu luminose, all'interno di un contesto cosmotmgche presuppone un universo dom-
inato da materia oscura fredda, e da una energia oscurafsotta della costante cosmologica
A.

Questi sistemi sferoidali sono di grande interesse in queomprendono la maggior parte
della massa stellare dell’'universo locale (Fukugita etl&98). Le galassie ellittiche giganti
costituiscono i sistemi stellari piu massicci e sembraefinite un'omogenea classe di oggetti
vecchi e di metallicita sopra solare (Bressan et al. 19%)no una scarsa quantita di gas e una
formazione stellare attuale nulla, questo significa cheasicsdovute formare ad alti redshift.
Forti evidenze osservative mostrano galassie ellittidaefgrmate a redshifz ~ 2-3 e che in
gueste galassie la maggior parte delle stelle si siano fermeedshift precedentiz= 1 (Searle
et al. 1973; Brinchmann & Ellis 2000; Treu et al. 2005; van &l et al. 2005). Questa classe
di galassie dungue costituisce un buona testimonianza eedlluzione, della formazione delle
stelle e dell’arricchimento chimico nell’'universo prinudale.

Scopo principale di questa tesi di Dottorato € lo sviluppardstrumento in grado di com-
binare i risultati ottenuti dalle simulazioni numerichdiecseguono I'evoluzione cosmologica,
chimica e dinamica di galassie ellittiche, con i modelli dokizione spettro-fotometrica at-
traverso la tecnica di sintesi di popolazione evolutivaohiéttivo consiste nel riprodurre le
proprieta integrate delle galassie ‘early-type’ osstrva qualsiasi sistema fotometrico, ed in
particolare nei sistemi fotometrici utilizzati dalle pgdmuni e moderne survey nel campo della
cosmologia osservativa.

La tecnica della sintesi di popolazione evolutiva prevedeostruzione di ‘oggetti’, quali le
SSP, le cui caratterisctiche sono tali da permettere ldastidsistemi pit complessi, come le
galassie ellittiche, eventualmente generate da simulaziomeriche semplicemente come com-
posizione di diverse popolazioni stellari. Una volta otteenlo spettro della galassia in esame
e possibile studiarne tutte le proprieta integrate, cachesempio luminosita, magnitudini, col-
ori, etc. Il confronto di queste con le proprieta ossengamette di testare i vari parametri dei
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modelli, come massa, tasso di formazione stellare, fuezairmassa iniziale, processi fisici,
etc.

Nella presente ricerca, I'approccio sintetico consentddterminazione di quantita spet-
troscopiche e fotometriche ottenute combinando tra lornogtodo di sintesi evolutiva di popo-
lazione con le simulazioni tridimensionali di evoluzior@smologica, chimica e dinamica, delle
galassie ellittiche ottenute dal gruppo di Padova (Merli@Biosi 2006; Merlin & Chiosi 2007)
la cui evoluzione e seguita dalla loro formazione fino alea presente.

Il codice € stato testato su tre galassie simulate: taliethicel/olvono in scenari cosmologici
diversi, uno presenta una cosmologia di tipo stand&@O{M), gli altri due invece considerano
un universo basato sulla costante cosmologiC&M.

Nella prima parte della tesi consideriamo i modelli di galas simulati per via dinamica
e con una dettagliata evoluzione chimica, e ricaviamo la Eroluzione spettro-fotometrica
nel sistema di riferimento comovente e dalla quale otteniterproprieta integrate, quali mag-
nitudini e colori, per le diverse epoche. In tal modo & gussiseguire I'evoluzione spettro-
fotometrica di queste galassie tracciata attraverso teta dell’'universo fino ai giorni nostri.
In particolar modo vengono riportati i risultati trovati tlue importanti sistemi fotometrici:
Bessell-Brett e della Sloan Digital Sky Survey.

Lo sviluppo di dei moderni telescopi ha portato a nuove sdepeella cosmologia os-
servativa consentendo lo studio delll’evoluzione gatatid partire da epoche primordiali. In
questo contesto, le survey fotometriche che coprono anbgivialli spettrali, dall’ultravioletto
(UV) al vicino infrarosso (near-IR), hanno consentito @gaeioni di galassie sempre piu dis-
tanti e deboli con una efficienza sempre maggiore, questogita uno studio piu approfondito
dell'evoluzione galattica su un intervallo piu ampio dilshift.

Partendo dai risultati ottenuti attraverso la sintesi etred, sono state ricavate le correzioni
evolutive e cosmologiche, da apportare a magnitudi e cptria determinazione dell’evoluzione
ad alti redshift delle proprieta delle galassie simulat&ono stati considerati i cataloghi di
galassie di due recenti survey ad alto redshift quali COSM@EODS da cui e possibile fare
una selezione morfologica delle galassie, isolando gedltéche, per un confronto qualitativo
e quantitativo con i risultati teorici da noi ottenuti.

| tre modelli presi in considerazione sono stati confrdntan le galassie del database di
COSMOS e il risultato ottenuto mostra che 'andamento gaaatei modelli segue quello dei
dati osservativi, in particolare esiste un buon accordolegalassie classificate come ellittiche.
Il confronto dei modelli con le galassie del database di GE@@i»stra un migliore accordo conii
dati osservativi rispetto ai dati di COSMOS. Poiché il @stadi GOODS consente una migliore
classificazione morfologica, in quanto viene fatta per vi&va rispetto a quella automatizzata



RIASSUNTO lii

di COSMOS, questo risulta piu affidabile.

In entrambi i casi verifichiamo che i colori simulati nei digescenari cosmologici seguono
'andamento medio a redshift pitl bassi e sono in accordoi cati osservativi fino a redshift
z~ 1, al di sopra del quale il numero di galassie ellittiche ossie diminuisce rapidamente.
Possiamo concludere che fina & 1 i colori simulati riproducono in modo molto siddisfacente
i dati osservati.

La combinazione dei i parametri dinamici derivati dalle siazioni numeriche e delle pro-
prieta spettro-fotometriche ricavate dal nostro strutngrermettono di studiare con maggiore
dettaglio le leggi di scala che legano i parametri strutigrfotometrici delle galassie ellittihce,
ed in particolare la relazione di Kormendy che lega lunitdosiraggio.

Il metodo introdotto per ricavare i parametri morfologicsteutturali utili al confronto con
le leggi di scala osservate, si basa sulla costruzione deigimnartificiali in un piano bidimen-
sionale, a partire dai modelli tridimensional simulati.@wnando i modelli di sintesi di popo-
lazione con le geometria tridimensionale della struttwellachalassia, e con i dettagli riguardanti
I'evoluzione chimica, abbiamo creato immagini sinteticetle galassie in un determinato sis-
tema fotometrico. Dalle immagini sintetiche cosi ottentitaviamo i parametri strutturali e
morfologici, quali il raggio effettivo, la luminosita aihterno di questo, gli indici di struttura
tramite I'analisi di Fourier e di Sérsic, assieme ai pra@ildiali dei pit importanti parametri che
definiscono la struttura delle galassie.

Questi parametri sono stati confrontati con quelli osseritaparticolare € stata analizzatata
la relazione di Kormendy, in quanto € 'unica che al momesiono in grado di costruire per via
della limitata risoluzione delle simulazioni numericheurhinosita e raggio effettivo sono stati
ricavati dai nostri modelli e sono stati confrontati con ddazione di Kormendy ottenuta dalla
survey della SDSS selezionandone solo le galassie dibttil confronto con i dati € risultato,
nonostante la disomogeneita’ dei modelli, accettabile.
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Abstract

One of the major challenges in modern astrophysiscs is terstahd the origin and the evolu-
tion of galaxies, the bright Early-Type Galaxies (ETGs) artwular, in the context of a Uni-
verse dominated by Cold Dark Matter (CDM), with some kind @frEnergy in form of the
Cosmological Constart (Chiosi 2000).

These spheroidal systems are of interest in their own rigtthay contain more than half
of the total stellar mass in the local Universe (Fukugitaletl®98). Giant elliptical galaxies
are the most massive stellar systems and they appear to ddfilmmogeneous class of objects
which predominantly consist of uniformly old and red popigdas, which implies that they must
have formed at high redshift, have negligible amounts ofagabvery little star formation (Bres-
san et al. 1993). There is strong observational evidendeetliygticals are already in place at
z~ 2— 3 and that formed most of their stars well before a redshift1 (Searle et al. 1973;
Brinchmann & Ellis 2000; Treu et al. 2005; van der Wel et al020 These galaxies are there-
fore likely to be good probes of galaxy evolution, star fotima and metal enrichment in the
early Universe.

The main goal of this PhD thesis is the derivation of a tool twembines the results derived
from the cosmo-chemo-dynamical models of elliptical gesobtained from N-body simu-
lations, together with the spectro-photometric models mated from the stellar Evolutionary
Population Synthesis (EPS) technique. The aim is to repedie observational integrated
properties of early-type galaxies in any photometric basdp and in particular in the systems
used by the modern imaging surveys of observational cogggptbat cover any spectral range.

The EPS technique is based on Simple Stellar PopulatiorBq)S#ie to their characteris-
tics, these are suitable for purposes of population syigteEsnore complex systems of stellar
populations, such as simulated ETGs derived from humesioallations, and so are suitable for
the modelling of the integrated properties (light), andwalieasy testing for different input pre-
scriptions in the description of a galaxy (different masséar formation, initial mass functions,
physical processes, etc.) and reproduction of basic oasemal constraints.

In the present work, the approach allows the computatiopettsoscopic and photometric
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Vi ABSTRACT

quantities by combining the EPS technique to three-dinosrasiself-consistent cosmo-chemo-
dynamical Tree-SPH numerical simulations, carried on & ltst years by the Padova group
(Merlin & Chiosi 2006, 2007), that follow the evolution of ESE from the epoch of their com-

plex formation to the present. The method has been testear smfthree simulated galaxies:
these models have different cosmological metrics, bottl datk matter (CDM) scenarios, one
in the SCDMand two in theACDM cosmologies.

In the first part of the thesis we consider the template gataxvhich have been dynamically
simulated with a detailed chemical evolution, and recolieirtspectro-photometric evolution
in the rest-frame and the integrated properties, such agitodgs and colors, at the different
epochs through the entire history of the Universe up to tinm&bion of present-day ellipticals.
This is done in particluar for two inportant photometric t&yss, the Bessell-Brett passbands
and the Sloan Digital Sky Survey (SDSS).

The advent of the modern giant telescope facilities has egh@nnew era in observational
cosmology and galaxy evolution can be traced back to ity esdidlges. In this sense, deep
multicolor imaging surveys are established as a powerfull ttwm access the population of faint
galaxies with relatively high efficiency. These surveys gknthe whole spectral range from the
UV to the near-IR bands, enabling galaxy evolution to beofedid on a wider range of redshifts.

Starting from the evolutionary synthesis results we coraplg evolutionary and cosmolog-
ical corrections, along with magnitudes and colors and nolution at different redshifts for
the simulated galaxies at our disposal. We consider the COSKGiavalisco et al. 2004) and
the GOODS (Scoville et al. 2007) databases, which allow sglect a sample of galaxies that
are catalogued as early-type and to make a qualitative asdtitptive comparison between the
theoretical results obtained from our model galaxies aedotbservational data. For the COS-
MOS database we find that the models follow the general trendllfdata at high redshift and,
in particular, are in good agreement with those galaxiescéetl as ellipticals. For the galaxies
selected from the GOODS database, theoretical colors seamatth better with data than what
found for the COSMOS data. Having a better morphologicadsifacator, the selection is done
by eye and by correlating a catalog of photometric and spsctipic redshifts with a morpho-
logical one for GOODS in contrast to the selection derivedrfithe automated pipelines used
for COSMOS, is certainly discriminating in favour of the GOS database.

For both datasets our findings show that simulated colorthéodifferent cosmological sce-
narios follow the general trend at lower redshifts and argdad agreement with the data up to
z~ 1, where the number of early-type galaxies observed faligmly. In conclusion, within the
redshift range considered, all the simulated colors repredjuite well the observational data.
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The dynamical and geometrical informations, derived fréwa numerical simulations, and
the spectro-photometric properties, recovered from ool tbmbined together, allow to tackle
in some detail important physical issues that deal with tadirsg relations governing the pho-
tometric and structural parameters of ETGs, and in padicith the Kormendy relation that
allows a comparison with observables in the luminosityitragblane.

The method we introduced for the derivation of the paransettest enter the scaling laws
deals with the construction of artificial images in a bi-dimi®nal plane, starting from the three-
dimensional structure of the simulated galaxies. By matghihe population synthesis models
with the three-dimensional geometric information of théagg's structure along with the chem-
ical details, both provided by the N-body simulations, weate synthetic images of a galaxy in
a given photometric system, from which we derive the stmadtand morphological parameters,
such as the galaxy’s effective radius and the luminosithwithis, the shape indices through
Fourier and Sérsic analysis, color profiles, and radiafil@® of most of the parameters that
define the structure of galaxies.

The most interesting aspect of these results is that thetigetion of the simulated galaxies,
via the photometric analysis of the artificial images, ledaisecover properties that resemble
those of observed galaxies. The results obtained in thisanagtudied and compared within the
scaling laws, the Kormendy relation in particular, as ithie bnly one we can construct so far,
due to the limited resolution of our simulations. The oba&onal data with which we compare
our simulated results have been selected form the SDSSas&talVe separate a subsample of
elliptical galaxies, and our findings show that the valuekiofinosities and effective radii, the
two parameters that compare in the Kormendy relation, nredsior our model galaxies are
consistent with the archivial data from the SDSS.

The application of this tool to the simulated galaxies at disposal allows to understand
that the method, still at its infancy, provides good restiits permit a comparison between the
numerical models and the observational data.

Even if a small sample of simulated galaxies does not allovafstatistical generalization
and we have to attend a more complete library of simulatedxgzd that, e.g., evolve in the
same cosmological scenario, cover a wider range in mass,teécmain result of this thesis
consists in the fact that the method developed to follow thecso-photometric evolution of
galaxies stands up.

As a natural consequence of this work, is that the code has tedssessed in more detalil
(e.g., expanded to any photometric system, added dusthid.hence tested on a wider library
of simulations with different parameters, in order to deritaie spectro-photometric parameters
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from the EPS technigue and the morphological and struchaedmeters from the analysis of
the artificial images, and their evolution in a cosmologicahtext. The determination of the
cosmological evolution of these properties will allow fastady of the scaling laws as a function
of look-back time that provides a probe for the possibilelation of these empirical relations.
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Introduction

The numerical simulations combined with stellar populatsynthesis codes which enable us
to predict not only structural and kinematical properties #lso photometric and spectroscopic
ones are indispensable in solving important problemsedl&t the formation and evolution of
galaxies.

The synthetic approach and its application to templatexgedaallows the computation of
photometric quantities starting from the derivation of &p& Energy Distributions (SEDSs),
magnitudes and colors of Simple Stellar Populations (SSFSIPs, due to their characteristics,
are suitable for purposes of Evolutionary Population Sgsit (EPS) of more complex systems
of stellar populations, the Early-Type Galaxies (ETGs) ur oase, derived from numerical
chemo-cosmo-dynamical simulations. The modelling ofrthigegrated properties (light) per-
mits easy testing, for different input prescriptions in daaxy’s characteristics (e.g., different
masses, star formations, initial mass function, physicat@sses, etc.), in the reproduction of
basic observational constraints.

Our main goal is the derivation of a tool that reproduces olad®nal integrated proper-
ties of early-type galaxies by means of the EPS techniquesigAmg a SED to the SSP and
convolving it with the photometric system filters, the phuotdry of more complex systems, i.e.
ETGs in our specific case, is obtained from the contributibinese different SSPs.

This self-consistent chemo-dynamical treatment allowddnve the optical SED for the
simulation end-products with minimal assumptions. Takattyantage of this, we compare
these results for an elliptical galaxy in our simulation twihe observational data at optical
wavelengths directly and quantitatively.

For all models, as a further step, we examine the resultitigad@nd IR photometric prop-
erties and their evoltuion in a cosmological context, conmgaour results with observational
data at high redshift selected from major surveys databases

Moreover, we create artificial images of the simulated gakand investigate both radial
profiles in the photometric properties as well as structpeahmeters that we derive from ana-
lyzing these synthetic projected bi-dimensioanl images.

The major aim of this thesis is to validate the analysis tephes that we intend to apply to a
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2 INTRODUCTION

set of simulations (under preparation) of comparable nigakresolution, as well as to identify
potential disagreements between simulations and obgamgahat may prompt a radical revi-
sion of our photometric tool or of the adopted cosmologicabe.

The outline of this thesis is as follows.

Chapter 1 resumes the most important characteristics of ETGs defiaed observational
evidences. Their origin and evolution within a cosmolobaantext, still matter of debate, are
briefly resumed. As ETGs are known to be homogeneous, thispwfgbme empirical relations;
we describe the most important of these scaling laws.

In Chapter 2 we introduce the basic principles of the evolutionary sgsth technique:
a very powerful tool, used throughout the thesis for commuthe spectro-photometric inte-
grated properties of the simulated galaxies. We descridadopted stellar evolutionary mod-
els and spectral library that combined together enable apply the stellar EPS technique to
the three-dimensional cosmo-chemo-dynamical modelsetkfiom the numerical simulations,
and trasform the simulated models into the observatiorzaiepl

In Chapter 3 we describe the SSPs, as they are the building blocks of tisetéthnique,
and the procedure followed to determine their spectral @ndistributions. We also review
the method adopted for performing synthetic photometnytiierderivation of magnitudes and
colors of the SSPs in a given magnitude system and photanfiéter passband, mentioning the
database we have at disposal for our study.

Chapter 4 deals with the spectro-photometric synthesis and the SEatien of the sim-
ulated galaxies from the UV to the IR domain and their modglithin an evolutionary cosmic
scenario. We firstly describe the numerical code that fadldiae stellar formation and evolu-
tion of a galaxy, an early-type galaxy in the specific casehénsecond part we show how we
derive the photometric evolution in the rest-frame for theeé simulated models. We show the
intregrated spectra, the magnitudes and colors derivedtegidevolution for two photometric
systems: the Bessell-Brett and the Sloan Digital Sky Su(885S).

In Chapter 5 we present a multi-wavelength study of optical and neari¢fR4z photometric
properties of the ETGs and compare the results with a sanfp@laxies selected from two
different recent surveys. We describe how we make the sefeof elliptical galaxies from the
COSMOS and GOODS databases.

In Chapter 6 we describe how we derive two-dimensional artificial imagesting from
the three-dimensional simulated galaxies, images thatwble observable data and can be an-
alyzed in a similar manner. Isophotal analysis via Founet &érsic is applied for inferring the
photometric properties of the models galaxies at our d&pos

The results are tested on the three simulated ellipticabgges: we derive morphological and
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structural parameters that compared with a sample of ielipyalaxies selected from the SDSS
allow to establish the consistency of our models with ph@&wit constraints. These parameters
are compared within the scaling relation, the Kormendytiahain particular.

Finally, in Chapter 7, we discuss the main results, and some future plans are drawn
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Chapter 1

Early-Type Galaxies

The origin and evolution of elliptical galaxies as partdrly-Type Galaxie$ETGs) cathegory
is still a quite controversial debate (Chiosi (2000)). Splidal systems are of interest in their
own right as they contain more than half of the total stellasmin the local universe (Fukugita
et al. 1998). Giant ellipticals are the most massive stelatems in the local Universe, they
appear to define a homogeneous class of objects which predotiyi consists of uniformly old
and red populations, which implies that they must have faraiehigh redshift, have negligible
amounts of gas and very little star formation.

There is strong observational evidence that old, masstvame metal-rich proto-ellipticals
are already in place @&~ 2 — 3 and that the present-day early-type galaxies formed nfost o
their stars well before a redshift= 1 (Searle et al. (1973); Brinchmann & Ellis (2000); Treu
et al. (2005); van der Wel et al. (2005)). Moreover, the auirrates of star formation in these
systems are quite low, the rates increasing sharply intoptst (Butcher & Oemler (1978);
Dressler (1980)). These ETGs are therefore likely to be gwoties of galaxy assembly, star
formation and metal enrichment in the early Universe.

Elliptical galaxies constitute a rather uniform family déliar spheroids whose dynamical
and photometric properties satisfy a numbeiSgohling Relationend whose detailed internal
structure appears to vary weakly but systematically witlogamass.

Perhaps the most important of such scaling relations is timel&mental Plane (FP), a tight
correlation between the luminosity, size, and velocitydision that has been extensively used
as a sensitive distance indicator (Djorgovski & Davis 198i&ssler et al. 1987). The existence
of the FP is believed to reflect largely the virial theoremapplied to systems where the dark
matter content, as well as, perhaps, age and metallicitigsyanonotonically as a function of
luminosity.

The small scater in the FP (e.g. Jorgensen et al. (1996))tamgbparent lack of evolution
with redshift (Franx 1995; van Dokkum & Franx 1996; BendeP19Ellis et al. 1997; van

5
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Dokkum et al. 2000), the homogeneity (Bower et al. 1992), tedevidence for short<( 1
Gyr) star formation timescales in these systems, all indidaé the bulk of stellar population
in early-type galaxies indeed formed at high redslaft-(2).

Dynamical and photometric indicators also vary with lungity bright elliptical galaxies
are typically slowly rotating triaxial structures suppetby anisotropic velocity dispersion ten-
sors, whereas rotation is thought to play a more substawoi&in the dynamics of fainter ellip-
tical galaxies (Davies et al. 1983; Bender & Nieto 1990; day et al. 2001). This dynamical
distinction is reflected in isophotal deviations from petfellipses: fast-rotating spheroidals are
usually ‘disky’, in contrast with the ‘boxy’ isophoptal ghes of slowly rotating systems (Ben-
der 1988). Such deviations, although significant and répuseéasured, are usually small, and
simple concentric ellipsoidal models provide a rough basmnable description of the structure
of many elliptical galaxies. This structural trend obsernmwlds important clues to the forma-
tion and evolution of elliptical galaxies and is not strafghward to account for in traditional
models of elliptical galaxy formation.

1.1 Origin and Evolution

One of the major challenges in modern astrophysiscs is temstahd the origin and the evolu-
tion of galaxies, the bright elliptical ones in particulerthe context of a Universe dominated by
Cold Dark Matter (CDM), some kind of Dark Energy in form of t@@smological Constamt,
and containing a suitable mix of baryons and photons. Ingtemario, in which cosmic struc-
tures are formed by the gravitational collapse of Dark Madted are organized in a hierarchy
of haloes inside which baryons dissipate their energy atidpse to form luminous systems,
the formation of early-type galaxies can be reduced to tHewing schemes (Peebles 2002;
Schade et al. 1999).

The classicamonolithic scenarimf galaxy formation supposes and predicts that all early-
type galaxies form at high redshifz &> 1) as a result of rapid and dissipationless collapse
of a large mass of gas transformed into stars. In the modeldiposed by Eggen et al.
(1962) and then refined and implemented (see Larson (197ibnofo & Yoshii (1987), Bressan
et al. (1994), Chiosi & Carraro (2002)), galaxies undergingle and short but intense burst
of star formation episode, ever since followed by passivaution of their stellar populations
to the present day. This scenario results in the vision ddlafitical galaxies being old, relaxed
systems with ages around Ggr. This simple model accounts naturally for the old apparent
ages of spheroid stars, for their high densities, and forvikak evolution in the spheroidal
population properties with time.

In favour of this scheme are the observational data thaticomgly hint for old and homo-
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geneous stellar populations (see Chiosi (2000) for a reestigw of the subject). It is worth
mentioning, however, that Kauffmann et al. (1993) and Baggal. (1999) argue for the pres-
ence of recent evolution in the stellar populations of éttgd galaxies.

This scenario successfully explains the tightness of theldmental scaling relations that
elliptical galaxies obey, like the color-magnitude reaitiand the fundamental plane, as well
as the evolution of these relations as a function of redshitte optical properties of early-
type populations and their strict obedience to simple sgalelations are indeed remarkably
consistent with such a simple formation scenario.

While theoretical arguments might be compelling, the siemt evidence for the role of
interactions in shaping early-type galaxy evolution anduiting star formation comes from
observations. This formation mechanism fails to explaimsgecent observational evidence
which has become available with the advance of more detddga from present day surveys.
These indicate that the star formation histories of at |saste early-type galaxies, and perhaps
the early-type population as a whole, deviate strongly ftbenexpectations of the monolithic
collapse paradigm, both in terms of their structural evolueand the star formation experienced
by them over the whole Hubble time. It is less successful plagxing the detailed luminosity
dependence of their dynamical properties, the apparentigcaf very large star starbursts in
the high-redshift universe, and the origin of dynamicalypiecities suggestive of recent accre-
tion events.

While it reproduces the optical properties of early-typéagees remarkably well, a mono-
lithic star formation history does not fit quite well with tleairrently accepted\CDM galaxy
formation scenario, in which galaxy mass is thought to aadate over the lifetime of the
Universe through both quiescent and merger-driven stamdtion. There is not yet a general
consensus on how elliptical galaxies formed. A key featfile@M-like theories is that massive
dark matter halos are assembled by mergers of low mass hédwgever, the role of mergers in
structuring the stellar distributions of galaxies is gtificlear.

The hierarchical scenariosuggests instead that massive spheroidal galaxies arenthe e
product of subsequent violent mergers of preexisting snallbunits, over time scales almost
equal to the Hubble time in the particular cosmological niaded. In this scenario, the epoch
of assembly of elliptical galaxies differs markedly frometkpoch of formation of their con-
stituent stars, and high density of elliptical galaxies ssrdoed to the effects of dissipation
during the formation of the progenitor disks. As the loolchd@ime increases, the density in
comoving space of bright (massive) elliptical galaxiesudtiaecrease by a factor 2 to 3 (e.qg.
White & Rees (1978), Kauffmann et al. (1993)).

This model accounts naturally for the scarcity of very btighiptical progenitors at high
redshift, for the rapid evolution of the galaxy populatioitwlook-back time, and for the pres-
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ence of dynamical pecularities. In favour of this view arenembservational evidences that the
merger rate likely increases with (14 2)° (Patton et al. 1997) together with some hint for a
color-structure relationship for E & SO galaxies: the cdlecomes bluer at increasing complex-
ity of a galaxy structure. This could indicate some star fation associated to the merger event.
Finally, there are the many successful numerical simuiatiof galaxy encounters, mergers and
interactions (e.g. Barnes & Hernquist (1996)).

Itis, on the other hand, less successful at explaining tpar@nt old ages of stars in ellip-
tical galaxies and their uniformity in their dynamical pespes. Nevertheless, contrary to the
expectation from this model, the number density of ellg@tidoes not seem to decrease with the
redshift, at least up te~1 (Im et al. 1996).

There is a third scheme namddy mergerview, in which bright ellipticals form by encoun-
ters of quiescent, no star forming galaxies. This view isogdted by Bell et al. (2004) who
finds that the B-band luminosity density of the red peak indbler distribution of galaxies
shows mild evolution starting frorm~1. As old stellar populations would fade by a factor 2 or
3 in this time interval, and the red color of the peak tellshet hew stars are not being formed
in old galaxies, this mild evolution hints for a growth in thiellar mass of the red sequence,
either coming from the blue-peak galaxies in which star fation is truncated by some physical
process, or by “dry mergers” of smaller red, gas-poor galsxi

Finally, a fourth hybrid scenario nameedvised monolithichas been proposed by Schade
et al. (1999), who suggests that a great deal of the stars ssimeagalaxies are formed very
early-on at high redshift and the remaining few ones at lav@&he revised monolithic ought to
be preferred to the classical monolithic, as some evideotetar formation at 0.2 z <2 can
be inferred from the presence of the emission line of [Ohld @lso as the number frequency of
early-type galaxies up to~1 seems to be nearly constant.

1.2 Scaling Relations

Among all galaxy families, ETGs (elliptical and S0), showve ttmost precise regularities: they
are similar in their structural and dynamical propertiesfalows from spectroscopic and pho-
tometric observed properties. ETGs have observable digntif the stellar content, as colors,
luminosities, half-light radii, velocity dispersions,&surface brightnesses, all these are corre-
lated and satisfy a few but fundamental empirical relatiomawvn as theScaling Laws

The Fundamental Plane

Elliptical galaxies in the local Universe are known to paial theFundamental Plan€FP)
(Djorgovski & Davis (1987); Dressler et al. (1987)), in tHeae-dimensional space defined
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by the effective radiuf, the mean surface brightneS& within the effective radius§R, =
—25log < le > +const | is the surface brightness in linear flux), and the centrabaig}
dispersionog. The FP is described by:

logRe = alogop + BSR4y (1.2)

whereRe is in kpg op in km s, andSB. in mag arcsec?. The coefficients are different
for each filter bandpass, and typical values in the Johfsband are, for exampley = 1.25;
3 =0.32 andy = —8.895 (Bender et al. 1998).

The existence of the empirical scaling described by the Estrang implications in terms
of galactic evolution and formation theories. For examiile,FP suggests that the distributions
of dark and luminous matter are related, sirmgedepends on the total gravitational potential,
whereasSB, andR. trace only the stellar mass. The FP can be explained in tefimsnoology
of the virial theorem, and of the existence of a well-defineldtion between luminosity and
mass (Faber et al. 1987). The remarkable fact is the vamiaftithe coefficinetr in the different
filter bandpasses, and the almost constant valyg (8fernardi et al. 2003a). The values of
andp do not agree with what is expected form the virial theorem lamahology, which makes
the well-known problem of the tilt of the FP. Clusters anddielliptical galaxies are found
to populate a thin plane in this three-dimensional spadght} ‘tilted’ relative to the plane
expected from the virial theorem, as applied to homologgystems.

The scaling laws are empirical relations for ETGs that dateephotometric and structural
parameters of galaxies, the projection of the FP onto a mams the following relations.

The Faber-Jackson Relation

The Faber-Jacksor(FJ) relation (Faber & Jackson 1976) is an empirical coti@taof the to-
tal luminosity with the central velocity dispersiam. As these are two of the three variables
defining the FP, this relation can be seen as the projectitmtbacy — Le plane:

Le ~ Og. (1.2)
0

The FJ relation indicates that the projected velocity disipa increases with galaxy luminosity.

Kormendy Relation

The Kormendy relationKormendy (1977),Djorgovski & Davis (1987)) relates sadabright-
ness< U > and effective radiuge, also a projection of the FP, that in terms of the effective
luminosity | gives:

Re 01508, (1.3)
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Many studies have confirmed that the luminous ETGs in clestdlow approximately the
relation < P >¢= logRe + constfound by Kormendy with a slope e 3 and an intrinsic scatter
of 0.3—0.4. The< pu>e —logRe data for galaxies in clusters at an increasing redshift have
been claimed to be consistent with a passively evolvindestpbpulation (Bower et al. (1992),
Aragon-Salamanca et al. (1993), Bender et al. (1996), vdkiba & Franx (1996), Jorgensen
& Hjorth (1997), Ziegler & Bender (1997), Bender et al. (1998n Dokkum et al. (1998)). On
the other hand, some studies have also claimed that the @atarmsistent with the hierarchical
evolutionary scenario ()). La Barbera et al. (2003), wagkinith ETGs in cluster at different
redshift, found that the slope in the relation is almost irara up toz ~ 0.64 with a coefficient
of ~ 2.91+0.08. The homogeneity and the invariance with redshift ofetaistributions is also
suggested by the analysis of the SDSS data by Bernardi &C430).



Chapter 2

Evolutionary Synthesis Technique

With the exception of the nearest ones, the study of the gadg based on the information
included in their integrated light, since the totality oetimajority of their population cannot be
resolved into single stars. This means that the integrapettBal Energy Distribution (SED)
must be calculated to obtain integrated magnitudes, calwisharrow band indices of the single
models.

There are different approaches able to interpret intedratdors and spectral energy dis-
tribution features of the galaxies. O’Connell (1986) dss®s two possible approaches to the
spectral synthesis of an integrated galaxy spectrum:

(i) optimizing synthesis modglsr Empirical synthesis This method by means of a library of
stellar spectra (either observed or theoretical) triest flhie mix of stars which minimize
the differences between the theoretical and observedrapeciergy distributions. The
method does not allow to follow the evolution of the systend anffers of a certain
degree of ambiguity in the unigqueness of the results (Ma&C&ivan den Bergh 1968;
Faber 1972; Turnrose 1976; O'Connell 1980; Pickles 1985iekiaet al. 1987; Fanelli
et al. 1988).

(i) Evolutionary population syntheqlEPS) whose primary goal is the construction of the time-
dependent distribution of stars in the theoretical Cologkitude Diagram (CMD), from
which the time-dependent history of the integrated spketrargy distribution (SED) can
be easily obtained from adding up the spectra of individteaiss

Theevolutionary population synthesis methadopted in this thesis, have been introduced
for the first time by Tinsley (1968) [see Tinsley (1980a) andi&ial & Charlot (1993) for
review]. Key ingredients for the EPS method are:

e the library of evolutionary tracks;

11
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e the library of stellar spectra.

The stellar evolutionary tracks are used to calculate isn@s in the CMD and the relative
proportions of stars in the various evolutionary phasegreds the spectral library to derive the
integrated spectral energy distribution and, in turn, ni@gies, colors in suitable pass bands
(see next Chapter 3 for all details), for the single steltgpydation.

The EPS method is particularly powerful in combination vétbhemical model from which
the history of star formation and chemical enrichment canalten and plugged into the EPS
code to calculate the integrated spectral energy distobsit(see for instance Bressan et al.
(1994), Tantalo et al. (1996), Tantalo et al. (1998) andresfees therein and Section 2.3).

The quality of the evolutionary population synthesis (ER®dels depends on the quality
and completeness of the library of stellar tracks in use amtthe technique adopted to calculate
isochrones in the color-magnitude diagram (CMD).

Charlot et al. (1996) compare several evolutionary syishe®dels for elliptical galaxies,
and discuss some of the limitations associated with thene ribst serious are the treatment
of stars in post-main sequence evolutionary stages, thdypdetermined temperature scale for
the red giant branch and cool stars, and the lack of compledeaacurate libraries of stellar
spectra, especially for cool stars and non-solar metadii

We have adopted the data-base of stellar tracks very clase tdeal library which should
include models calculated with modern physical input (@yanuclear reaction rates, neutrino
losses, mixing schemes, etc.), extended to the latesttewtdy phases, and encompass large
ranges of stellar masses and chemical compositions. lti@ualdd this, we make use of a spec-
tral library which extends over a large range of effectiveperatures, gravities and chemical
compositions. Both libraries are described in more detlibl.

2.1 Library of Stellar Models

The availabilty of large sets of stellar evolution modelarsting a wide range of stellar masses
and initial chemical compositions is a necessary preréguisr any investigation aimed at in-
terpreting observations of galactic and extragalctioplkesd and unresolved stellar populations.
A reliable library of stellar evolution models used to stustgllar populations in various envi-
ronments has to satisfy at least three main criteria: (ijribat physics has to be up to date and
the treatment of physical processes has to be adequate amethsaccurate as possible, (i) the
set of models has to be homogeneous, in the sense that aitiewaky phases and initial chem-
ical compositions have to be computed with the same evalatiocode and the same physical
framework, and (iii) the models have to reproduce as manyifgapconstraints as possible.
For the purposes of this thesis, we consider the large grigtafar evolutionary tracks
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presented by Girardi et al. (2000) which are suitable to rfingestar clusters and galaxies by
means of population synthesis, and list the main charatitesiof the model library. The set of
tracks considered, i.e. those with solar-scaled mixtufezbandances (same abundance ratios
as in the solar mix), is for stars that cover a very large raofgaitial stellar masses that goes
from 0.15 Mg, to 120M.,. The choice for the chemical compositidnand the helium content

Y parameters is made according to the helium-to-metal emectt ratio lawAY /AZ = 2.25 so
thatY = 0.23+ 2.25Z.

2.1.1 Input physics

The input physics is homogeneous for all stellar tracks engtids, briefly, they are computed
with consistent opacities over the whole range of tempegafuequation of state, a constant
helium-to-metal enrichment ratidY /AZ, and mass loss from massive stars. Main characteris-
tics are described in Girardi et al. (2000).

Initial chemical composition. Stellar models are assumed to be chemically homogeneous whe
they settle on to the zero age main sequence (ZAMS). The matieid on the enrichment law
AY /AZ = 2.25, in this way the metal, the heliumY, and the hygrogeiX mass fractions, are
chosen according to a fixed helium-to-metal relatié(Z): Y ~ 0.23+ 2.25Z. The values of
[Z,Y,X] chosen are listed in Table 2.1. For a fixed value oatanetallicity Z, the fractions of

Table 2.1: Initial chemical composition of the stellar misde

Z 0.001 0.0004 0.001 0.004 0.008 0.019 0.04 0.07 01
Y 0.23 0.23 023 024 025 0.273 032 0.39 0.455
X 0.77 0.77 0.769 0.756 0.742 0.708 0.64 0.54 0.445

different metals follow a solar-scaled distribution (tldes-scaled abundances ratios of metals)
and are taken from Grevesse & Noels (1993) as adopted in thd Ofacity tables.

Opacities. The radiative opacities are from the OPAL group (Rogers &3@s 1992; Iglesias
& Rogers 1993) for temperatures higher than(lbgK) = 4.1 and from Alexander & Ferguson
(1994) for logT/K) < 4.0. In the temperatue interval@< log(T /K) < 4.1, a linear interpo-
lation between the opacities derived from both sourcesaptad.

Equation of state. The equation of state (EOS) for temperatures higher thark1i8 that of a
fully-ionized gas, including electron degeneracy as dbedrby Kippenhahn et al. (1965). For
temperatures lower than 1& they adopt the Mihalas et al. (1990) EOS. They consider only
the four most abundant metal species, i.e. C, N, O, and Ne.

Reaction rates and Neutrino lossesThe nuclear reactions involve all the important reactions
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of the pp and CNO chains, and the most important alpha-oaptactions for elements as
heavy as Mg. The reaction rates are from Caughlan & Fowle8g),%ut for'’O(p,a)*N and
170(p,y)*8F, for which they use the most recent determinations by Laetia. (1990). The
energy loss by pair, plasma, and bremsstrahlung neutiimpgrtant in the electron-degenerate
stellar cores are from Munakata et al. (1985) and Itoh & Kohgg1983).

Convection. The energy transport in the outer convective zone is desgtrdccording to the
theory of Bohm-Vitense (1958). The mixing length parametés calibrated by means of the
solar model. The extension of convective boundaries isneséid by means of an algorithm
which takes into account overshooting from the borders ti lbore and from the lower bound-
ary of the convective zones, as described in Bressan et381jland Alongi et al. (1991). The
main parameter describing overshooting is its exteyacross the border of the convetive zone,
expressed in units of pressure scale height. Overshootitigedower boundary of convective
envelopes is also considered (see Alongi et al. (1991)).

Mass loss by stellar wind. Mass loss by stellar winds cannot be neglected in massive sta
(Chiosi et al. 1992); therefore, for stars with initial masstween 12M., and 120M, the
evolutionary models are computed taking into account mass dccording to the rates by de
Jager et al. (1988) from the main sequence up to the so-cd#ledager limit in the HRD.
Although significant mass loss by stellar wind may occur migithe Red Giant Branch (RGB)
and Asymptotic Giant Branch (AGB) phases, models of low anidrimediate mass stars are
computed at constant mass. In low mass stars passing frotiptbethe red giant branch (T-
RGB) to the Horizontal Branch (HB) or clump, mass loss bylatelinds is included according
to Reimers (1975) with the free parametes 0.45.

2.1.2 Evolutionary phases

The evolutionary phases covered by the grids extend frord¢ne Age Main Sequence (ZAM$
up to either the start of the thermally pulsing asymptotangbranch (TP-AGB) phase or carbon
ignition phase, depending on their initial mass. The modetdve from the ZAMS at constant
mass. The evolution through the whole H- and He-burning gdhasfollowed in detail.

In the case of stellar masses lower thaé M., the main sequence evolution takes place on
time scales much larger than a Hubble time, for these trdeksamputations are stopped at an
age of 25Gyr: stars evolve very little during the Hubble time.

In low-mass stars wittM > 0.6 M., the evolution is interrupted at the stage of the He-

flash in the electron degenerate hydrogen exhausted casethién restarted from a Zero Age

1The ZAMS model is defined to be the stage of minimiliga; along the computed track; it follows a stage
of much faster evolution in which the pp-cycle is out of eduilm, and in which gravitation may provide a non
negligible fraction of the radiated energy.
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Horizontal Branch ZAHB model with the same core mass andasarEhemical composition as
the last RGB model, and finally followed up to the thermallysmg AGB phase.

In intermediate-mass stars, the evolution goes from the BAM to either the beginning of
the TP-AGB phase, or at the onset of the carbon ignition inliaineexhausted core in the case
of the most massive models (i.e. those with masses highealbloait 5M,).

These grids of stellar tracks constitute the starting paiithhe isochrones: they give effective
temperatures and luminosities as a function of time foredént values of mass and metallic-
ity. For each evolutionary track, we have the correspondlirigrmation: stellar age, surafce
luminosity, effective temperature, surface gravity, atae (indicating particular evolutionary
stages).

2.1.3 Isochrone Synthesis

As mentioned before, the set of stellar models describedaisaised to calculate the isochrones,
which enable the computation of integrated magnitudes alu<of single stellar populations
in a defined photometric system.

From the tracks presented in Girardi et al. (2000), GiraPdi03, private communication)
constructed the isochrones by means of the procedure beddri Bertelli et al. (1994), that is
adopting the algorithm of 'equivalent evolutionary points

The dense grid of stellar tracks allows to construct dedaid@chrones at small age steps
(Alogt = 0.05). This fine age spacing makes the models suitable for thalaiion of syn-
thetic color magnitude diagrams. The age range is largegintiudescribe young clusters and
associations as well as globular clusters and galaxies.

The initial point of each isochrone is thel® M., model in the lower main sequence. The
terminal stage of the isochrones is either the TP-AGBNbk 5 M., (ages of~ 10 yr), or
C-ignition in the core for the remaining stars.

For the use with single short burst stellar populationschsones have a basic advantage
over the stellar evolutionary tracks they are based on. Bsrdracks are only available for
typically 50 (or less) stellar masses, drastic changesahuiminosity evolution of an SSP occur
when all stars of a certain mass collectively climb on the geht branch or die. Between
reasonably defined equivalent evolutionary stages of telasimasses with evolutionary tracks
available, isochrones are interpolated in terms of

logL = log(L(mi, 1, Ty,)) (2.1)

logTest = log(Tes (M, 1, Ty)) (2.2)

wherem is the initial mass for track p the defined physical phase of evolution apdhe rela-
tive duration in this phase. It is then possible to interflaoth in luminosity and temperature
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between two adjacent masses.

For each isochrone, of a given age and metallicity, we hawddltowing data: the age, the
initial and actual stellar masses in solar units along thetieone (the initial mass is useful for
population synthesis calculations, since together withitiitial mass function (IMF) it deter-
mines the relative number of stars in different sectiondefisochrones: the actual mass at the
specified age is computed taking into account mass lossyuti@ce luminosity, the effective
temperature, and the surface garvity.
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Figure 2.1: Isochrones in the HR diagram for different ages08, 2 x 10° yr, 5x 10° yr, and

13 x 10° yr and for four different values of metallicitg = 0.008, Z = 0.019, Z = 0.07, and

Z =0.1. Atthe age of 1% 10° yr the AGB-manqué phase is indicated in correspondence of the
Z = 0.1 metallicity.

Many characteristics of the stellar models depend on thenada composition and in par-
ticular some of the features that can be observed are treviok).
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Atincreasing metallicity, the mean sequence Turn-off gedsler and fainter, th& ¢ range
covered by the sub-giant branch (SGB) decreases, and thetR@d toward lowerg;:. The
core He-burning phase gets redder at increasing metalmofsiee Figure 2.1).

The evolution of high metallicity stars of low mass is a sabjef interest because they
can provide the correct explanation of the UV-excess oleskiv elliptical galaxies. The high-
metallicity (~ Z) low-mass stars, after a normal He-burning phase (red-slgp,the standard
TP-AGB and soon after the early AGB phase is completed, pabd¢eward the WD regime;
these are named P-EAGB.

At higher metallicictiies £ 3Z), the old HB stars of normal mass (0.55— 0.6 M) can
spend a significant fraction of the core He-burning phasegit T+ and subsequently skip
the entire AGB phase to directly evolve toward the WD regithese are named Hot-HB and
AGB-manqué.

The physical explanation is that for a givétyg, both the lower hydrogen content in the
envelope and the enhanced CNO processing in the H-burnily Bacause of the high metal-
licity, concur to burn out the envelope much faster than arsof the same mass but lower
metallicity and hence helium

In Fig. 2.1 are shown some isochrones of different metalertrand for a few ages corre-
sponding to the models described above.

2.2 Library of Stellar Spectra

In order to derive spectral energy distributions, integdainagnitudes, and colors, corresponding
to a source of given luminosity, effective temperatureyigyaand chemical composition, one
needs a library of stellar spectra as function of these petairs

The spectral library considered in this thesis was put togrdby Girardi et al. (2002) adopt-
ing the ATLAS9 (Kurucz 1992) library of synthetic atmospé&r no-overshooting models cal-
culated by Castelli et al. (1997) and subsequently extebglexther authors.

The Kurucz library covers a wide range of the stellar atmesigtparameters: effective tem-
peratures have a range of 35R0< Tef < 50000K, gravity of 0< logg < 5, and the metallic-
ity values considered afM/H]?> = —2.5,-2.0,-1.5,-1.0,-0.5,0.0,0.5. Models have solar-
scaled abundance ratios, a microturbolent velogity 2 km s, and a mixing length equal to
o = 1.25. This region has subsequently been extended both foothand highTe¢ ¢S values.

2Whenever necessary, the metallicitys converted into the logarithmic metal content by mean$efapproxi-
mate relation

[M/H] = log(Z/X) ~l0g(Ze /X, (2.3)

with respect to the solar scaled compositidn,= 0.019, X, = 0.708.
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The spectral library contains the spectral energy distigims (SEDs), expressedémg sec’
cm2 A sr1, which goes from 9& to 1.6 x 16° A, with a mean resolution of 28 (~ 10 A in
the UV region and up te- 50Ain the optical region).

Extension to high and low temperatures

The isochrones in the CMD sometimes happen to r8aghand gravities not included in the
spectral library, for this reason they had been extendek twohigh and low temperatures (Gi-
rardi et al. 2002, for details).

The extension to the region covering the higher temperaftdoe Te 1 > 50000K, has been
made by simply assuming black-body spectra. A good appmiaa for wavelengtha < 912
A

On the other hand, the extension to lower temperaturestie mire composite. As synthetic
spectra for M giants have problems, especially in the ulbtet-blue reagion, Girardi et al.
(2002) used empirical spectra for the M giant stars, ancethes taken from Fluks et al. (1994).
They cover the wavelength range from 388@0 9000A, outside this interval the spectra has
been extended with a best fit also computed by them.

Once defined the library of M-giant spectra, Girardi et al0q2) associated the effective
temperature by using the scale favoured by Fluks et al. (1BB#hich M giants cover the
temperature range from 38%0to 2500K. These€lg¢¢ values are derived by fitting the observed
spectra with synthetic model atmospheres of solar meitglliand their scale is in excellent
agreement with the empirical one from Ridgway et al. (1980).

The extension of the library of synthetic spectra for coobdve atmospheres, that is stars
of type M and later, is provided by Allard et al. (2000). Theseectra cover the following
Tett interval: from 4000K to 2800K for metallicities[M /H] = —1.5,—-1.0,—0.5,0.0, and for
gravity values of logg = 5.0 and 55; from 2800K to 50K for the only value of metallicity
[M/H] = 0.0, and for gravity values between Igg-= 3.5 and 60.

2.3 Chemo-Evolutionary Synthesis Technique

We will introduce the method with which we are able to deripectro-photometric integrated
properties of Model Galaxies that have been simulated witbsano-chemo-dynamical code,
according to the population synthesis approach.

The idea is that of developing a code that enables us to dienth@ same sort of data
that is released by some of the major campaigns of wide-fietdgmetry conducted in recent
years. Of primary importance are present and future data the HST, GAIA, SDSS, GOODS,
COSMOS surveys.
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Figure 2.2: Diagram representing the evolutionary popatesynthesis technique: main ingre-
dients and steps followed for the determination of the speahotometric properties.

Our main objective is to simulate the photometric integigdmperties of early-type galaxies
in several passband systems. For doing so we should be atiteutate the stellar population of
the galaxy. To cope with this necessity we must adopt a code@lsimulate the star formation
history and the chemical enrichment of our galaxies.

This implies that we must include and describe all the inigmeid necessary for computing
the simulated photometric properties of the Galaxy Model.

A general scheme of the method applied is provided on Fig. B.thakes use of the fol-
lowing main elements: a library of theoretical evolutiontnacks, a library of synthetic spectra,
and a detailed description of the Simulated Galaxy compisnen

x The library of evolutionary tracks is pre-processed imiaf theoretical isochrones (which
give us the distribution of the stars in the CMD at given age, Section 2.1).

Secondly, we need to consider a database of synthetic ap#@ISPs for different ages and
chemical composition, and hence a database of magnitudesodors (see Chapter 3). These
are considered as ‘fixed input’, but can be easily changedderdo consider alternative sets of
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data.

The third step consists in the combination of the databa§&Séfs SEDs with the Chemical
Evolutionary Models that describe the star formation ratd #the chemical enrichment of the
simulated galaxy.

To this aim we have adopted the Cosmo-Chemo-Dynamical Misladloped by the Padova
Group (ALDYN) from which we get the star formation history (SFH) and theroical enrich-
ment (Z(t)) of the simulated galaxy. This output is fed irfie photometric code.

The photometric code we have developed assigns to each astisie of the simulated
galaxy the correspondig SED interpolated among the SEDReoSISP database of different
ages and metallicities. This means that we can provide thieitean of the photometric proper-
ties for all the star particles of the simulation. For whahoerns the integrated properties, the
spectrum of the whole galaxy is derived by making a summatia@r the assigned SED of all
the single star particles.

From the integrated spectrum of the galaxy we derive thelatesmagnitudes, colors, in-
dices, etc., in a chosen photometric system, accordingeti@yhthetic photometry procedure
adopted and described in Chapter 3. This allows the apjaicaf the procedure to a very wide
set of photometric systems, provided they are broadbared fitits and deal with VEGA, AB
or ST magnitude system. This calculation produces a ‘phetomcatalogue’: we recover the
rest-frame and cosmological evolution of magnitudes atarsdor the set of model galaxies at
our disposal.



Chapter 3

Synthetic photometry and SSPs

Simple stellar populations (SSPs) are single burst, singdallicity stellar populations, like
star clusters, with all their stars having the same age amddme chemical composition. The
evolution of these SSPs in terms of spectra and photometrgescribed by the evolutionary
synthesis models.

SSPs are of interest for several reasons. They are used forogerties that range from a
set of stellar evolutionary tracks to magnitudes and colagsinst observations of star clusters
that formed or are still forming in strong starbursts, tteafrom old globular clusters to young
open clusters.

With the aid of the Evolutionary Population Synthesis Tegha (EPS), evolutionary mod-
els for individual stellar generations with any Star FonmtHistory (SFH) can directly be
folded - in terms of luminosity or spectral evolution - to debe the composite stellar pop-
ulation of a galaxy, formed of stars with different ages aretatiicities, and understand the
spectro-photometric properties of these complex systems.

For this purpose, a complete library of spectra for SSPs dbua ages and metallicities
constitute a theoretical basis for population synthesidet®o The EPS Technique searches for
a particular linear combination of input spectra that gibest agreement with the observed
spectrum of a galaxy with unknown SFH and from which photomm@troperties are derived. In
this way, spatially resolved observable quantities araiabt from a superposition of SSPs.

In this thesis we make use of a set of SSPs of various metigiicind ages, that cover the
Hubble time, and, with the aid of the EPS technique, that veerilee here, recover the spectral
and photometric evolution of the ETGs that derive from nuoadrsimulations, along with the
evolution of their integrated properties, as we will seehia hext Chapter.

21
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3.1 Fundamentals of Population Synthesis

In this section we will briefly describe the procedure folkvto determine the spectral energy
distribution (SED) of the SSPs.

The theory of stellar evolution provides the bases to buikel functionlssgA,1,Z), the
monochromatic luminosity of a SSP of ageand, starting from the tracking the physical prop-
erties of stars through age, itis possible to compute tlagiosls connecting luminosity, effective
temperature, and age for any star of given mdsand metallicityZ.

Evolutionary tracks describe (e.g. on the Herzsprung-8lugggram) the properties of
a single star of given madd and metallicityZ as functions of the agg while isochrones
represent a picture of stellar properties 'frozen’ at a gimget and metallicityZ, for any mass
M (see Fig. 2.1).

As the luminosity of a SSP is calculated by integrating alangsochrone of age, it has
the dependence

ISSF’: [L(M,T,Z),Teff(M,T,Z),G(M,T,Z),Z], (31)

whereL, Tetf, andG are the luminosity, the effective temperature, and gravégpectively, of
the stars of masisl lying on the isochron with age, and metallicityZ. For any star of mads!
and metallicityZ, the relations between luminosity, effective temperatarel age are derived
from the library of stellar models, while the luminosityM, t,Z) emitted by a star is obtained
from the library of stellar spectra.

The luminosity emitted by a simple stellar population of &geis computed by summing
the spectra of the stars populating the corresponding isoeh While the precise shape of
an isochrone is defined by the physics assumed to computbebeetical evolutionary tracks,
the proportions of stars in the different evolutionary sta@long the isochrone are set by the
adopted IMF® (M), and by the lifetimes of stars in the various evolutionarpag#s.

In practice the SED of an isochrone is computed by dividingp itery small portions of
luminosity and effective temperaturalpgL /L., AlogTet¢), corresponding to suitable intervals
of (AlogM /M., Alogg,AN), in the space of stellar physical parameters; where thebeurof
stars per elemental interval of initial mass is definedds= ®(M)AM.

By integrating the contribution of each isochrone elemdom@ the whole isochrone, the
integrated spectral energy distribution of an SSP is ddriee any metallicity and age.

The stellar Initial Mass FunctiorP(M), whereM is the stellar mass, is the distribution
function of the masses of stars formed in one event and ism@tation relies on the transfor-
mation of the observed luminosity function (LE),= dN/d%, i.e. the number of stafd per
absolute magnitude intervdlM . It provides an essential diagnostic to understand thedtan
of stellar objects. Itis an important ingredient becauskeiermines the relative number of stars.
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The classical IMF (Salpeter 1955), which describes masshdition of the stars in the solar
neighborhood, is parametrised as usual in the following:way

dN
— =0M)OM® 3.2
G = P oM, (32)
wherea = 2.35, over the range of stellar masses frivhio M + dM.

The normalization is

MM”qa(M)dM ~1, (3.3)

whereM, andM, are the lower and upper mass limits in which the IMF has beéinetk
Different prescriptions commonly used for the IMF are thevpolaws as Arimoto & Yoshii
(1987), Kroupa (1998), and Kennicutt (1983) and the exptimleones of Larson (1998) (for
solar neighborhood and steeper) and Chabrier (2001), #reggresented in Appendix A.
Once the input physics is defined, the only free parameteits 8ED for an SSP are those
describing the IMF. The SSPs used in this thesis were olataassuming a Kroupa (1998) or
Salpeter (1955) IMF (see Table4.2).

3.1.1 Integrated SED for a SSP

Throughout this thesis, to every star of mésson an isochrone of ageand metallicityZ is
associated an individual spectrui®.(A\,M,T,Z)) extracted from the spectral library described
in 2.2, appropriate for its effective temperatuig ; and surface gravitg ranges. This is done
by interpolating the spectral energy distributions as afiem of gravity, effective temperature
and metallicity, and taking in consideration the emittingface of the stars.

The spectra of all stars along an isochrone of given meisllié can be summed up,
weighted with the IMF®(M), to give the integrated monochromatic SEBsHA,1,Z) of a
SSP of metallicityZ at aget

My .
SsseA,T1,2) :/ S(AM,T,Z)Dd(M)dM  [ergs 1A (3.4)
M
The total luminosity of a SSP is obtained by integrating tige £4 over the wavelengths
LssHT,Z) = / SssHAT,Z)dN  [erg sy, (3.5)
0

We have at our disposal large number of SSPs with ages beti@eyr and 3x 10% yr,
metallicities fromz = 0.0001 to 01, and for different presciptions for the IMF: Salpeter (385
Arimoto & Yoshii (1987), Kennicutt (1983), Kroupa (1998)atson (1998), Chabrier (2001).
(See Appendix A for details on the IMFs.) The SED of each SSHkan computed by Tantalo
(2005) adopting the library of stellar spectra assembled>bgrdi et al. (2002). For each
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Figure 3.1: SEDs of SSPs for different ages of ,1@x 10° yr, 5x 10° yr, and 13x 10° yr and
for four different values of metallicityZ = 0.008,Z = 0.019,Z = 0.07, andZ = 0.1. All fluxes
are normalized to thEsssg value.

metallicity we have at disposal tables of fluxes and mageguak varying age, for a chosen
IMF.

Fluxes, and hence magnitudes, are calculated for the t@tss wf a SSP:

My
M®(M)dM = Mssp (3.6)
M
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where masses are expressed in solar ubts][ The total mass of the SSP depends on the IMF
and the values dfl, andM,, (see Table A.1in Appendix A).

SSPs are simple, given an IMF, they only depend on two pammeage and chemical
composition/metallicity. Of course, a single galaxy in th@verse is not a SSP, since its star
formation history is not going to be a single burst, nor itstaflieity a single one. However,
most (if not all) elliptical galaxies have formed their $elpopulations at high redshifts in a
very short duration of time and they have relatively uniforhremical compositions, thus their
spectra can be correctly described by a superposition 0§ SSP

As the spectro-photometric properties of composite systdenive from a superposition of
SSPs, the features of these characterize directly theratta) properties of the more complex
systems, for instance, galaxies. Moreover, charactesistf the single evolutionary tracks de-
pend on the chemical composition and in particular some efi¢atures that can be observed
are the following.

The morphological properties of the stellar tracks reflecttie SED and hence on the inte-
grated colors of the SSPs.

At young ages the UV region is dominated by the flux emitted dyng massive stars, on
the other hand at older ages is dominated by different emsittepending on the metal content.
For the low metallicities the stars contributing to the UVxflare the classical P-AGB objects,
at increasing metallicity the contribution from the AGB-ntae and H-HB gets more and more
important up to the extreme casef 0.1 in which the UV flux is almost entirely generated
by this type of objects.

In Fig. 3.1 is shown the spectral evolution of SSPs computedidering a Kroupa IMF,
for different metallicitiesZ = 0.008,Z = 0.019,Z = 0.07, andZ = 0.1 ! at the different ages of
0.01, 2, 5, and 1&yr, respectively. Enormous differences are seen both at yandgld ages
between SSPs of different metallicities.

3.2 Synthetic Photometry

By synthetic photometry is intended the derivation of phottric quantities based on stellar
intrinsic spectra (theoretical for the most and empirical)

One of the primary aims of Evolutionary Population Synte€&PS) is that of explaining
the photometric data, e.g. color-magnitude diagrams (CMiDPyinosity functions, color his-
tograms, of stellar populations and/or integrated pragexf unresolved stellar populations. To
allow a comparison between theory and data, the basic exgeint is to provide the conversion
of the theoretical models into the photometric observatiaomain so that more quantitative

15sPs with metallicit = 0.1 are computed only starting from the age dbgr
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and qualitative interpretations can be made of obsenatidimat is, the output of the models,
must be first converted in observable quantities, i.e. ntagas, colors, indexes, etc.

In this section we will describe the method used to derivemitades and hence colors in
a defined photometric system, given the SEDs of the SSPs anfdténs for the photometric
systems (e.g. Bessell-Brett, SDSS, along with any othdesysf which transmission curves
are avalilable).

3.2.1 Integrated magnitudes

We describe briefly the generic formalism to be applied ireottd derive aparent and absolute
magnitudes in a wide variety of photometric systems.
For a star, the spectral flux as it arrives at the Eaf{h,is related to the flux at the stellar

surface,fy, by
2
fy = (g) £, (3.7)

whereR s the stellar radiug] is its distance. Oncé, is known, the apparent magnitude, , in
a given passband with transmission cugecomprised in the intervghi, Ay, is given by

ff‘f)\b@ﬁ)\) i

ms = —2.5log| =——— me , (3.8)
o ( Renosan)

where ff represents a reference spectrum that reproduces a knowr%pmagnituderg. In
this way, f)? and m% completely define the zero-points of a synthetic photormelystem.

In Eq. 3.8, the integrandsf,S, are proportional to the photon flux (i.e. the number of
photons by unit time, surface, and wavelength intervalhattelescope detector. This kind of
integration applies well to modern photometric systems tlzare been defined and calibrated
using photon-counting devices such as CCDs.

However more traditional systems like the Bessell-Bre#,drave been defined using energy-
amplifier devices. In this case, energy integration, i.e.

A2
ms, = —2.5l0g (W) +me, (3.9)

A HSdA
would be more appropriate to recover the original systeme differnce between energy and
photon integration is usually very small, unless the pasdbare extremely wide. The integra-
tion of photon counts is adopted.

The starting point to derive absolute magnitudes are eegtiithraries of stellar intrinsic

spectraf?s, as derived from atmosphere calculations for a grid of éffecemperatureJe;s,
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surface gravitieg), and metallicitiesZ. The library adopted in this thesis has been described in
2.2.

The absolute magnitudds, is derived for each star of knowht¢, g, Z, Fy, the flux at the
distance ofl = 10 pc, and the stellar radiuR, from Egs. 3.7 and 3.8:

Ms, = —2.5log

2 2 )\F S dA
( R > hy A& mg . (3.10)

10pc/) 22\ £05,d\

The integrated absolute bolometric magnitude is deriveohfr

L
Mpol = —2.5 x log < LSS"> + Mol (3.11)

O]

where constants adopted &g, ., = 4.72 andL., = 3.844x 10*3 erg s™2.

3.2.2 Magnitude Systems: Reference spectra and zero points

By photometric zero-points are meant the constant quastitiat one should add to instrumental
magnitudes in order to transform them to standard magrstude each filtelS,. In the formal-
ism adopted, the concept of instrumental magnitudes is $&d,us0 such constants do need to
be defined. By zero-points, are meant quantities in Eq. &8dépend only on the choice q‘?
andm%. They are constant for each filter and are responsible fotdhgersion of the synthetic
magnitude scale into a standard system.

VEGA Magnitude System

As first magnitude system, we have based the calibration emetference spectrum of Vega,
and we will refer to this photometric system as the VEGA magjay.

This system offers a good approximation to many of the catiweal photometric systems
that use the spectrum of Vega to define the magnitude zeroyirpassband. In broadband
photometry, the relevant passband integral is calculatstféir the source spectrum and then
again for the spectrum of Vega, and the ratio of the two ressltonverted to a magnitude.

It makes use of Vegax(Lyr) as the primary calibrating star. The most famous ambegé
systems is the Bessell-Bretd BV RIJHKLMN(filters) one, that can be accurately recovered by
simply assuming that Vega has an apparent magnifug®.03 mag(My = 0.48), and all colors
equal to 0.

Recently, composite spectra of Vega have been construgtedembling empirical and
synthetic spectra together. This has the precise scopeowidong a reference spectrum for
conversions between apparent magnitudes of real (obgesteed and physical fluxes.
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We adopt the synthetic ATLAS9 model for Vega from Castelli &riicz (1994), withTe¢ =
9550K, logg = 3.95, [M/H| = —0.5, and microturbolent velocit§ = 2 km s1. In this case,
the predicted fluxes at Vega'’s surfat;\%are rescaled to the Vega distance by the dilution factor
(see Eg. 3.7):

R 2
(E) =6.25%x 10/ (3.12)

If we assume the apparent Vega colors to be equal to zero paatiband&A, we would
obtainZyy, = 2.5109 fax vega @nd Eq. 3.8 would become

Myecaan = Zm — 2.5l0gfan (3.13)
= —25log o,
fA)\7Vega

AB Magnitude System

The monochromatic AB magnitudes in tA8 system were defined originally by Oke (1964) as
Magy = —2.5l0g f, — 48.59. (3.14)
This means that a reference spectrum of constant flux depeitynit frequency
fasy = 3.631x 10°2° [erg s tem?Hz 7 (3.15)

will have AB magnitudesry, = 0 at all frequenciesr. The zeropoint value is chosen for
convenience so that the Ved®, magnitudes are close to zero in the Johnson V passband.

This definition can be extended to any filter system, provitiatiwe replace the monochro-
matic flux f, with the photon counts over each passb&ndbtained from the star, compared to
the photon counts that one would get by observliﬁ,gv:

MaBy = —2.5Iog< J d(logv) &S, ) , (3.16)

Jd(logv) fRe, S,
otherwise expressed as

Jd(logv)f,S,

MaBy = —2.5log< fd(logv)S,

) — 4859, (3.17)

wheref, is expressed ierg s* cm? Hz 1. Passing to wavelengths we derive the AB magni-
tudes

(3.18)

J2(A/hc) 1 S,dA ]

Mag) = —2.5l0g [
;120\ /NC) F25, SN
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wherefQ., = f25,¢/A%, and

faBy

Apivot = (3.19)

faBA

is the pivotal wavelength that permits the transformatietween frequencies and wavelengths.

3.3 Photometric Systems and Integrated Colors of SSPs

Several filter systems are implemented in our evolutiongngtesis code, from these we obatin
photometric results that will eventually be compared witiserved galaxies selected from the
Surveys.

Together with the time evolution of SSP spectra, any filtstesy within the long wavelength
range of our spectra from 9®through 160umis readily applicable. We have adopted the SSP
database computed by Tantalo (2005), available online tftmmPadova Galaxies and Single
Stellar Population Models (GALADRIEL) dtttp://www.astro.unipd.it/galadriel/

The photometric systems adopted for the SSP database ddldimeng:

the Bessell-Brett

the Hubble Space Telescope (NICMOS, WFPC2, ACS)

the Sloan Digital Sky Srvey (SDSS)

the GAIA mission

the GALEX

Table 3.1: Available Systems in the GALADRIEL Database 8PS

Photometric System Magnitude System Filters
Bessell-Brett AB/VEGA UBVRIJHKLMN
HST - NICMOS AB/VEGA/ST 32 filters

HST - WFPC2 AB/ VEGA/ST 36 filters

HST - ACS AB/VEGA/ST 30 filters

SDSS AB/VEGA/ST ugriz

GAIA AB/VEGA G-band

GALEX AB FUV-NUV
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In Table 3.1 are listed for each photometric system the spoeding magnitude system and
filters adopted.

The first step toward the definition of the photometric sysigto consider the transmission
curves for each individual band. In this work we have conmgddor instance two photometric
systems: the Bessell-Brett and SDSS for the VEGAmMag and ABsyatems. The response
functions for the varoius passbands, in which magnitudescators are calculated, are taken
from the Asiago Database on Photometric Systems (ADRSthis way, knowing the spectrum
of the source and the system response function, with thiseezjmn we can reprodue the natural
magnitude system.

Bessell-Brett UBVRIJHKLMN Photometric System

Bessel-Brett
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Figure 3.2: Filters for the UBVRI Bessell (1990) and JHKLMbiin Bessell & Brett (1988)
photometric sytems. All curves are normalized to their maxin value.

2http://ulisse.pd.astro.it/Astro/ADPS
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The transmission curves considered for this photometritesys are from Bessell (1990)
for theUBV Rl and from Bessell & Brett (1988) for th#HKLMN. The characteristics for the
Bessell-Brett UBVRIJHKLMN photometric system are sumrmedi in Table 3.2 and transmis-
sion curves are shown in Figure 3.2.

Table 3.2: Effective Wavelengths and FWHM for the Besse#tBsystem as specified in the
ADPS database.
Band U B \Y R I J H K L M

Aeff[A] 3670 4360 5450 6380 7970 12200 16300 21900 34500 47500
FWHM 660 940 850 1600 1490 2130 3070 390 4720 4600

Sloan Digital Sky Survey Photometric System

The SDSS photometric system comprises five nonoverlappiisghands that range from the
ultraviolet cutoff at 30004 to the sensitivity limit of silicon CCDs at 11008. The response
functions are displayed in Figure 3.3 and in Table 3.3 atedishe average wavelengths of the
SDSS filter set as defined by Fukugita et al. (1996).

Table 3.3: Effective Wavelengths and FWHM for the SDSS asiipd in the ADPS Database.

Band u g r i z
Nett [A] 3557 4825 6261 7672 9097
FWHM [A] 599 1379 1382 1535 1370

UBVRIJHKLM Colors

The UBVRIJHKLM photometric system (Bessell-Brett) is ulbpaised for stellar population
studies, so in this work we have considered, for the comjautaif magnitudes and colors of
our galaxy models, the SSPs SED derived adopting a Salpetefi@mupa IMFs.

As an example we plot the evolution of some colors for SSPk wiKroupa IMF in Fig
3.4. Lines are for metallicities of.008, 0019, Q07, and 0L respectively. As we see, the colors
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Figure 3.3: Filters for the SDSS photometric sytems. Thdgrr the filter throughputs as
seen through airmasses oBlat Apache Point Observatory. All curves are normalizedhéirt
maximum value.

evolve quickly when the stellar age is lower than abo@y2 and then they evolve slowly. The
(B-V) color is sensitive to stellar age, while the (V-K) cole sensitive to metallicity.

As the SSP ages the color (1550-V) gets redder and reddet tiilins to blue colors at
critical ages that depend on the metallicity.

ugriz Colors

The Sloan Digital Sky Survey (SDSS) supplies a good deal sédational data and it uses its
own ugriz system. In order to use its photometry data convenientlycaleulated some colors
on the SDSSugriz system.

In Fig. 3.5 we show the evolution of some colors. Lines arerm@tallicities of.0.008,
0.019, 007, and 01 respectively. The (u-r) is an age sensitive color.
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Figure 3.4: Evolution of the (B-V), (V-K) and (1550-V) cokin the Besseel-Brett photometric
system for SSPs computed with a Kroupa IMF; all magnitudesamputed in the VEGAmag
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Chapter 4

Spectro-Photometric Models of ETGs

Accurate models of spectro-photometric evolution of gassfor different morphological types
are needed to cast light on many key questions of galaxy fimmand cosmology, and to re-
produce the integrated properties of these systems. If fiienearby galaxies the observed
integrated spectral energy distribution (SED) is used feritthe past history of star forma-
tion, while for more and more distant galaxies the observegnitude-redshift relation, the
color-redshift relation, the galaxy number counts, andréushift distribution of galaxies are
compared to the theoretical predictions from spectro-@imetric models to cast light on the
Hubble constanty and the redshift of galaxy formatioryo,. Over the last decade, an im-
pressive number of chemical-photometric models for etlgitgalaxies have been developed by
several authors (Arimoto & Yoshii 1987; Bressan et al. 19B4jzual A. 1983; Bruzual A.
1992; Bruzual & Charlot 1993; Ferrini & Poggianti 1993; Gerdoni & Rocca-Volmerange
1987; Guiderdoni & Rocca-Volmerange 1990; Guiderdoni & Ew¥olmerange 1991; Gibson
& Matteucci 1997; Renzini & Buzzoni 1986a; Rocca-Volmerar&yGuiderdoni 1987; Rocca-
Volmerange & Guiderdoni 1988; Rocca-Volmerange 1989; Rédumerange & Guiderdoni
1990; Tantalo et al. 1996; Tantalo et al. 1997; Tantalo etl8P8; Tinsley 1980a; Yoshii &
Takahara 1988; Kodama & Arimoto 1997; Vazdekis et al. 199%,dékis et al. 1997) in which
various models of evolutionary population synthesis (ER&g been presented.

All these models adopt a chemical-evolutionary code thaukites the evolution of the
galaxy as a point source, no morphological assumpion has dae. In particular the galaxy
formation results from the collapse, in isolation, of a hg®weeous sphere of primordial gas
where star formation is taking place at the same time as thapse proceeds, and therefore
they belong to the category of dissipational collapse nsdé&he resulting elliptical galaxies
contain a composite stellar population where the metgllreinges from zero up to several times
solar.

N-body simulations are one of the best tools that permit thdysof complex systems such

35
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as galaxies and clusters of galaxies. Three-dimensionalerigal simulations of early-type
galaxies, including a hydrodynamic treatment of the baiy@oemponent are useful to under-
stand their formation and evolution, for the fact that spidal systems are of interest as they
contain more than half of the total stellar mass in the loaaiverse (Fukugita et al. 1998).

In this thesis we therefore adopted cosmo-chemo-dynamicalels that follow the forma-
tion of a single spheroidal galaxy, self-consistently amaf CDM initial conditions, to which
we apply the EPS technigue with the propose of to derivingsgietro-photometric evolution
of these systems.

4.1 The Cosmo-Chemo-Dynamical Evolutionary Code

We consider cosmological simulations carried on by MerlitC&iosi (2006, Merlin & Chiosi
(2007) using their cosmo-chemo-dynamical evolutionargecfGaL DYN]. Their code stands
on the original N-body TreeSPH formalism developed in PadoyCarraro et al. (1998).

The TreeSPH formalism combines the tree algorithm (Barnétu&1986) for the compu-
tation of the gravitational forces of dark matter and staith the SPH (Lucy 1977; Benz 1990)
approach to numerical hydrodynamics of the gas componenis fully-Lagrangian, three-
dimensional, and highly adaptive in space and time owingdividual smoothing lengths and
individual time-steps.

It includes self-consistently most of the important phgsiorocesses: self-gravity, hydro-
dynamics, radiative cooling, star formation, energy fesdy and metal enrichment. It takes
into account the chemical enrichment from feedback by bdte B and SNe la, and mass loss
from intermediate-mass stars, and follows the evolutiothefabundances of several chemical
elements in both gas and interstellar components (Lia €0@2R

The numerical recipe for star formation, feedback, and d¢bahenrichment along with all
the other physical processes considered is described iti\eChiosi (2006, Merlin & Chiosi
(2007) along with the improvements to the initial condisamnd the multi-phase description of
the interstellar medium.

4.2 Initial conditions

The initial conditions adopted are defined as 'quasi-cosgicél’: starting from realistic simu-
lations of the cosmological evolution of the Universe, thase adapted to the numerical simu-
lations of galaxy formation and evolution.

The proto-galaxy follows the Hubble flow and evolves from witial redshift of,z,;, vary-
ing from model to model, down to the present day{0). The galaxy has an intial mass and
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initial radius, and is described by a number of particles tlegend on the computational possi-
bilities. The baryonic part is initially composed complgtef gas and follows the Dark Matter
perturbations until it is heated by mechanical friction aviten radiative cooling becomes ef-
ficient the first cold clouds begin to form, and the gas compoiefinally turned into stars.
In a star particle, SN explosions may occur, these releasmygithat cause evaporation of the
nearby clouds which quenches the star formation.

The spheroidal galaxies evolve in a Cold Dark Matt@bM) cosmological scenario: for
instance the so-called Stand&®M (SCDM) in one case and the realishCDM, that consid-
ers the cosmological constant, with constraints followting WMAP3 (Spergel et al. 2003) is
assumed for the others.

The cosmology in use has the parameters listed in Table 4d.irltial conditions assume
scale-invariant adiabatic fluctuations described by tldexm. The matter densit®y and the
cosmological constarf2,, where the mass is dominated by cold dark matter, are thosdlatf
Qm + Qa = 1, universe.

The present-day expansion rate is parameterized by thelelpatameteh!, wherehy is the
present-day valueog is the rms mass fluctuations of the present-day Universentiratalizes
the density fluctuations and fixes the initial redshift of #imulations via the amplitude of the
density fluctuations within a sphere of radius & Mpc.

Table 4.1: Cosmological parameters for the different siesanalyzed
Model | SCDM | ACDM

ho 0.50 0.73
Qwm 1 0.238
Qa 0 0.762
Og 05 0.74

n 1 0.951

4.2.1 Basic Physics

The gravitational forces act on all kinds of particles - dar&tter, gas, stars and are described
by the Tree code algorithm; the hydrodynamical processasaitt only on the gas patrticles, the
gas component is considered to be a unique fluid describeaeb$RH algorithm. The physical

lhis defined such thatg = 100h km s iMpc1.
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processes included are:
e gas cooling by radiative processes and inverse Comptotngpol
e star formation;
e gas heating by energy injection from SN explosions;
e chemical enrichment.

Once the formation has began, the mass evolution of thetstas; the energy injection from
different mechanisms, and the emitted radiation can affexsubsequent galaxy evolutionary
processes. Feedback effects can either reduce or inceasdficiency of the star formation
process.

All the proceses require higher computational power to lzaletter resolution, and need ad
hoc descriptions for their treatment. We will now briefly demv all these processes are taken
in consideration.

Gas coolingtakes place in collapsing regions, where star particleci@ated from the gas
that collapses. The cooling by radiative processes is declualong with the inverse Compton
effect that becomes important at high redshifts. Detailthese processes and the cooling rates
are found in Carraro et al. (1998).

Star formationis usually described by the empirical Schmidt (1959) lavipieing which
the rate of star formation is proportional to the gas denditye fraction of gas particles turned
into star particles is proportional to the density accagdiothe law:

dp*_cﬁ

dt — tayn’

(4.1)

wherep, is the stellar density and the gas densityc, the star formation efficiencygyn, the
dynamical time scale. Gas particles obey this law, althogérpreted in a probabilistic way,
and are eventually transformed into star particles. Todatlis creation of new star particles
Lia et al. (2002) interpreted the law as the probability thatingle gas particle is completely
transfomed into a star particle in the sebsequent time step.

Within numerical simulations, the most grounded idea of &amation is based on the
creation of new star particles of different masses accgrttirthe chosen initial mass function
(IMF). The number of particles with this assumption wouldtbe large and due to the limited
computational capability, it would be difficult to follow ¢fir evolution.

Since stars are expected to return energy to the ISM via Sigvee (SN) explosions, and
the bulk of the energy released in the ISM is known as theasteliergy feedback. Following
the same approach, a star particle has assigned a prop#imlitit will return back into the ISM.
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When this takes place, the particle carries along corredipgnmetal production, SN rate and
energy feedback. All this has the advantage of conserviagafal number of particles.

Gas heatings generally due to feedback from supernovae explosioeBastvind and UV
radiation emitted by massive stars, cosmic UV light, andiosbackground radiation. The
total heting rate by raditive processes is given by
_ Esnit+-Esni+Ew+Eyv

At ’
where the terms refer to type la and Il supernovae, stelldsvand ultraviolet flux, respectively.
In the model considered, only the effects from SN feedbadkken into account, neglecting
the other two. The UV flux from massive stars is absorbed byrttezstellar moleculr gas and
re-emitted in the far infrared and thus soon lost by radigtibe kinetic contribution by stellar
wind should be traeted on much smaller scales that thoseitpednby the resolution of these
simulations. As concerning to SN feedback, the Type la ar@NIreturn to the interstellar
medium gas that has been nuclearly processed.

The numerical simulations adopted in this thesis assumaital mass functionIMF) of
Kroupa (1998) or Salpeter (1955), are defined in Table 4rzh different model galxies.

For what concerns thehemical enrichmenthe material, processed by nuclear reactions in
stellar interiors and given back to the interstellar medimn®N explosions and/or stellar winds,
enriches the gas in metals. To correctly estimate the cl@mirichment, the stellar ejecta and
the chemical yields per stellar generation are calculagedondly to suitably spread the newly
formed metals into the surronding gas; see Lia et al. (2002afcomplete description of the
physical processes involved in the computation and of thgitementation in the code. In their
simulations (Merlin & Chiosi 2006; Merlin & Chiosi 2007) fiolw the contribution to the mass
abundance of ten elements, naméglgmetals in general), He, C, O, N, Mg, Si, S, Ca, and Fe.

New Recipe with a Multi-Phase ISM.From observational data, it is clear that the interstel-
lar medium (ISM) in galaxies is made of several differentagas phases, of which the dominant
ones are: very cold and dense molecular clouds, warm negasabkurrounding the molecular
clouds, hot ionized material, and very hot and rerefied gagled by supernovae explosions;
not to mention other local features such as HIl regions. Anallithis, observations tell us that
stars are created only inside the dense molecular compoSerthe new approach in the code
developed by Merlin & Chiosi (2007) considers a multi-phasscription of the IS in which
star formation can occur only in the cold component.

The SPH algorithm describes properly a single-phase fluigr (M. White 2003), but is not
adequate to study a more complex mixture of different (twmore) phases in mechanical and

r (4.2)

thermodynamical equilibrium.
To study this more complicated model within the Padova NB2HSode of galaxy forma-
tion and evolution, Merlin & Chiosi (2007) applied tiséicky particlesalgorithm of (Levinson
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& Roberts 1981), in which the ‘cold particles’ are self-gtating clouds that reproduce two
of the listed phases lumped together, the molecular andebtal hydrogen ones, at different
temperatures and densities.

In this view, a hot gas particle, which is initially describby the SPH formalism, is trans-
formed in a cold gas particle when its temperature fallswel@efined threshold and the density
becomes denser than a given value. This particle is no lahggaribed by the SPH formalism
and is free to move across the ISM without feeling drag fareesl their evolution is subject
only to gravitational forces, radiative cooling, clouaat! collisions (mutual inelastic collisions
between clouds trigger star formation) and SN feedbacls kbosing its SPH properites.

This new cold gas particle is made of two components of difietemperature and density:
a cold part corresponding to the molecular cloud and a hdttpat represnts the surrounded
warm neutral medium. In this way the warm part cools down drmdrhass of the cold one
increases so that the relative densities change.

From this cold gas patrticle, a star particle is eventualtynfed following the Schmidt (1959)
law, interpreted in the probabilistic manner as proposedibyet al. (2002). A stellar particle
that might be subsequently transformed back into gas asult fesm SN explosions, which
release metals and energy to the ISM that heats up the coldHyagever, in this view, only
cold particles are allowed to form stars.

The baryonic part is initially composed completely of waras@nd follows the Dark Matter
perturbations, until it is heated by mechanical frictiordamhen radiative cooling becomes
efficient so that the first cold clouds begin to form, it is edninto the stellar component. In a
star particle, SN explosions may occur, these release gtiegcause evaporation of the nearby
clouds which quenches the star formation.

Other than this, UV flux and stellar winds from massive startaken into account with
some regard, along with energy contribution from a radiakkio gas clouds from dying star
particles that explode in SN.

4.2.2 Galaxy Properties

The properties of the simulated galaxies considred in tlgcwsre summarized in Table 4.2 for
the initial parameters, and in Table 4.3 for the galaxg-at0; for other parameters regarding the
simulations see (Merlin & Chiosi 2006; Merlin & Chiosi 200%)/e will refer to the simulations
as ModelSCDMandACDM for the two different cosmologies in use; whereas the onieateld
with ACDMp, refers to the simulation that evolves following the new pecof the multi-phase
ISM, differing in initial mass and other initial parameters

The total mas#M;q; of the simulated galaxies within the initial sphere radRisomprises
both the darkMpy and baryonic matte, components, depending on the baryonic mass frac-
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tion fy (fo = Qu/(Qp+ Qom)). Dark matter and baryonic particles have a madspv and
M, » respectively, that depends on the total mass of the comp®@dpyv andMy, respectively)
and the maximum total number of particles that the comprtaticapability permits to follow.
The mass of star particles resemble that of clusters as tieayf éhe order of~ 10" M.

In their simulation the fixed softening lenghis of the order ofep, = 1 kpcandepy = 2

kpg for the two components.

Table 4.2: Initial dynamical and computational parametershe three model galaxies

Model SCDM | ACDM | ACDM3,
Initial Total Mass Mc] Mot | 1.6x 1012 | 88x 101 | 25x 10U
Initial Baryonic Mass Fraction fp 0.1 0.176 0.176
Initial Baryonic Mass Mo] My | 1L6x 101 | 1.4x 10 | 4.2x 1010
Initial Sphere Radius [kpc] R 332 28 19
Initial Number of Dark Matter Particles 14000 14000 7000
Initial Number of Gas Particles 14000 14000 7000
Dark Mass for one particleMo] Mp,om 1x 108 5.5x 107 3x 107
Baryonic Mass for one particléV[:] Mpp | 1x10 1x 10 6x 10°
Initial Redshift Zfor 50 60 60
IMF Kroupa Kroupa Salpeter
Softening length for Dark Mattek|pd DM 2 2 2
Softening length for Baryonic Mattek pd € 1 1 1

@ multi-phase simulation.

Galaxies form at redshift;,,, different for each model, and the evolution is followedilunt
the present day, except for theC DM simulation that stopped at redshuft- 1 due to computa-

tional problems.

In Figure 4.1 is shown the star formation history (SFH) versme, inGyr, and/or redshift,
for the simulated galaxies adopted in this thesis. The $bans in clumps of cold gas that have
collapsed on small scales. As is clearly shown, the galarpdowith an initial starburst at
1—-3 Gyrin all cases. As the cold gas is depleted the SFR declinedlyapnd we note that

2The softening lenght is a term is introduced in the calcatatif the gravitational forces to avoid divergence

problems for distances next to zero
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Table 4.3: Parameters of simulated end-product for theethredel galaxies

Model SCDM ACDM ACDMmp
Final Redshift 0 0.95% 0
Age of the last modelGyr] Tgal 13 7 13
Final Number of Star Particles 8000 9000 5200
Final Star MassW.] M;amt 9.086 x 1010 | 8.969x 1010 | 3.094 x 100
Final Gas MassNl-] |\/|gfastot 7.157 x 1010 | 5162 100 | 1.070x 1010

aThe simulation stopped at~ 1 due to computational problems.

star formation has not completely stopped at present. Aefaedshifts small amounts of the
previously heated gas have cooled at the center of the gadaxthe SFR continues even if at
lower rates. Atz= 0 the galaxy shows central star formation at a low level ircaes. See
Chapter 7 for a more detailed analysis on this subject.

Quantitatively, in Fig. 4.2 is summarized the mass asseiagess, where the mass evolu-
tion of the stellar component of the simulated galaxy is sthow

The final stellar mass of the galaxy is essentially fixed-at2, since little gaseous material
is added to the galaxy afterwards stars age passively foretimaining time of the evolution.
The galaxy thus has assembled completely, and its morpheaitg~ 0 is consistent with that
of elliptical galaxies. Due to the early starburst, the gglis already old and very massive at a
redshift ofz ~ 1 — 2 for the different models.

Morphologically, the evolution turns the galaxy into a sghe that quickly relaxes into the
final configuration, which is the subject of the study we repare (see Figures 4.3, 4.5 and
4.8).

In Figres 4.3 and 4.5 is shown the spatial distribution ofdteflar component of the simu-
lated EG within a cube of 300 (physicdpcbox centered on the baricenter at different times
and projected so that the galaxy is seen on the xy-plane. ést#is are nearly spherically dis-
tributed and show a weak asymmetry, the models are condidarspherically symmetric and
the projection on any of the planes can be considerd for thdysis. The Figure summarises
the global morphological properties of the stellar pogala for the ETGs formed in the model
galaxies until the age of = 13 Gyr: the stars appear to have the morphology of an elliptical
galaxy.
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Figure 4.1: Star formation rate, in units bf. /yr, versus age, itGGyr, and/or redshift for the
different model galaxies considered. The star formatiogiriseatz ~ 50 for theSCDM model
(upper left),z~ 60 for theACDM model (upper right)z ~ 60 for theACDMy,, model (lower).

4.3 Simulated Galaxy Spectrum

The synthetic stellar spectrum of a galaxy is a well-essalelil theoretical tool for investigating
the properties of the integrated light from distant galaxiehere individual stars cannot be
resolved.

One of the major approaches that have been used to computedbeated light of a stellar
population is the EPS technique, which uses a continuoushbdiion of stellar masses, and
hence tracks, to compute the locus in luminosity and effedimperature at a given time for
any mass, as we have desribed in Chapter 3. This enables esdwate a multiwavelength SED
for the target galaxy, when combining the output of the cosmemo-dynamical simulation
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Figure 4.2: Mass assembly, in unitsMf, x Mq, whereM;q is the total baryionic mass of the
galaxy at each time, versus age,Giyr, and/or redshift for the different models considred, as
labeled.

with the evolutionary population synthesis code.

At any time one can compute the integrated spectrum by sughagrthe individual spectra
of the stars in the population at that instant. The spedimtgmetric modeling requires the
knowledge of the metallicity of the stellar populations asdtion of time. The simulation
code tracks the metal content of each gaseous and stargmrtach carry their own age and
metallicity 'tag’, due to the self-consistent calculatimithe cosmo-chemo-dynamical evolution.

This enables us to generate a multiwavelength integratdal fSEa simulated galaxy with
any star formation history that can be described by a sugéipo of SSP models of different
ages and metallicities.

Owing to the mass resolution, due to the limited number diiglas in the simulations, each
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Figure 4.3: Star particle distribution for tHeCDM model galaxy and its evolution within a
region of 300 physicakpcon a side projected onto the xy-plane of the three-dimeasisim-
ulation, shown at different ages and/or redshifts as labele

star particle has the mass size of a clustet ¢’ M..), in which the real stars distribute according
to a given initial mass function and are born in a short bugnse burst of star formation, so they
are homogeneous in age and also in chemical compositiorhidmiy, each star particle can
be approximated to a single stellar population (SSP) in ke stars are distributed in mass
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Figure 4.4: Star particle distribution for th®CDM model galaxy and its evolution within a
region of 400x 400 physicakpcon a side projected onto the xy-plane of the three-dimeasion
simulation, shown at different ages and/or redshifts asléab

following the IMF.
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Figure 4.5: Star particle distribution for t®CDMp,, model galaxy (multi-phase) and their
evolution within a region of 30& 200 physicakpcon a side onto the xy-plane of the three-
dimensional simulation, shown at different ages and/cshéts as labeled.

4.3.1 Integrated Spectral Properties

As the stellar mass of the single particles of the simulatesembles that of a globular cluster,
i.e. coeval and chemically homogeneous, here, the SED of gac particle is assumed to be
that of an SSP. In this way, the integrated SED of the galaxpisputed by simply summing
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the SEDs associated to the single star particle, takingaotount their time of creation and the
metallicity.
Thus the monochromatic flux of a galaxy with age=J(T), is described as

FA(T) = FssHA,Zi,Ti) X Mppar, (4.3)

whereFsseA, Z;, 1;) is the monochromatic flux of a SSP of ageand metallicityZ; (where
the suffixi identifies each stellar particle), as described in 3.4,Mpg the mass of each stellar
particle. The age of each SSRP,is defined as; = T —t;, wheret; is the time when a gas particle
is converted into a stellar one addthe metallicity of each stellar particle.

The flux of the SSHrssHA, Z;, 1), is obtained by interpolating in metallicity and age be-
tween the SEDs of the SSPs taken from the GALADRIEL databgSeabtalo (2005)), and the
summation %) in equation 4.3 is done for all stellar particles in the niagidaxy.

We have at our disposal a large number of SSP, with ages betW@egr and 18x 10° yr,
and metallicities with values frord = 0.0001 to 01, as described in 8 3.1.1.

The SSPs used in this thesis were obtained assuming a Kr@@p8)(or Salpeter (1955)
IMF, which are defined in Appendix A, following the IMF adogti the numerical simulations
(see Table 4.2 for details). The metallicity range congidereaches the.07 as higher value,
excluding the QL as this last SSPs are available only for ages greater tkayr.2This choice is
justified as the mean metallicity reached by the simulatsdiower than solar (see Figure 4.6).

We have computed the spectrum of the simulated galaxy fomtha@els in theSCDMand
ACDM cosmological scenarios as described in § 4.1.

In Figure 4.7 are shown the integrated spectral energyiluligion (SED) of the simulated
galaxies in the rest-frame, and for different ages.

4.4 Magnitudes and Colors of the Simulated Galaxy

Due to our self-consistent treatments of chemo-dynamics,derived, the multiwavelength
properties of the simulation, which reflect the propertiéstellar components, such as age
and metallicity.

Once assigned a SED to each stellar particle of the simuggtzky, we are able to derive
the integrated properties of each star by convolving thegle spectrum with the transmission
curves of a given photometric system, and in this way detieenbagnitudes of the single star
particles and hence the color evolution for two of the awdédgphotometric systems, for instance,
the Bessell-Brett and the SDSS.

In Figure 4.8, for instance, is shown the color evolution lie three-dimensional space
of the SCDM model galaxy for the Bessell-Brett system. During the etwofy the galaxy
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Figure 4.6: Metallicity evolution for the stellar comportiéar all models, as labeled.

that is forming starting from an initial protogalaxy ends topa final stage where the structure
resembles that of a spheroidal system. As the galaxy is f@ywie can see how at initial times

the star particles that collapse for first have blue colangl @s it ages the galaxy’s components
vary its color passing to redder colors.

In the same way the integrated spectrum of the galaxy is faldacode to compute the
evolution of the integrated magnitudes and colors.

Thorough calibration under photometric conditions is rebtb convert the instrumental
color profiles into meaningful calibrated colors. The agmio used in deriving magnitudes and
colors is described in Chapter 3.

The evolution in the rest-frame for magnitudes in the VEGAgmtude system in the
Bessell-Brett photometric system is shown in Figure 4.9 fandhe AB magnitude system for
in the SDSS photometric system is shown in Figure 4.10, feMlodel GalaxySCDM Trends
are similar for all the other models.

Magnitudes computed for the model galaxies reflect the etandtion history, which gives
us an idea of the age distribution of stars at different ties present-day galaxy. As we have
seen in Figure 4.1, the bulk of stars is created in an initimébat low ages that reaches a peak
at 1— 2 Gyr, depending on the model, declining rapidly afterwards asgés is exhausted in
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Figure 4.7: The integrated SED of the simulated model gatafor the different cosmological
scenarios, shown at different ages as indicated, for tleetimodels $SCDMupper left, ACDM
upper right, ACDMp,,, lower panel). All curves refer to the rest-frame fluxes andsagre in
units of 18 yr (Gyr).

the galaxy.

This physical process explains the trend seen in the matmeuolution, in the sense that
the magnitudes increase, that is the galaxy becomes moiadumand reach a maximum as
the SFR has its initial burst and reaches the peak. Aftemsyding magnitudes decrease to lower
values following the SFR that declines rapidly.

In particular for the Bessell-Brett system (Fig. 4.9), thagmitude at 1550, that tests the
ultra-violet region of the spectrum, as all broadband mtagiais at wavelengths lower than 2000
A, weights the star formation at each epoch and reproducedsetind seen in the SFR. The same
effect but in lower measure is visible for the SDSS systerfy(F4.10 for theu’ andg’ bands
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Figure 4.8: Three-dimensional view of the SCDM simulationfbur epochs (IGyr upper left
panel, 2Gyr upper right, 55 Gyr lower left, and 13Gyr lower right) of the rest-framé —V
color evolution for particles within thECDMmodel galaxy.

where the color evolution is less smooth than for the othexetibands.

Color evolution for the model galaxies is shown in Figurekl4and 4.12. As the galaxy
ages colors become redder and the differences between srexéeimputed to the fact that the
star formation history is different for the different model

The ACDM model has been simulated with the classical SPH formaligirhas a SFR very
similar to theSCDMone: they have similar star formation qualitatively andmjuatively, and
their color evolution is also very similar.
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Figure 4.9: Magnitude rest-frame evolution for the Bes&dHrett photometric system applied
to theSCDMmodel galaxy:My, Mg, Mk, andM1s50 magnitudes are shown for reference.

TheACDMpypwas run using the new recipe with a multi-phase descripfiderlin & Chiosi
(2007) have shown that, due to the new prescription for stan&tion, the histories of formation
are slightly different compared to the classical SPH tmeatet of the ISM. What results is that
with the new prescription, the formation of the stellar miassiore gradual and lasts longer, the
peak of activity is lowered and shifted to higher ages. Thal tmass assembled by the models
is almost equal and the different behavior obtained withtthe star formation prescriptions
can be understood in terms of different time scale involvethe formation of new stars and is
describe in detail in the reference cited above.

4.4.1 Distribution of the Stellar Populations in a Color-Magnitude Diagram

The following approach is proposed to transform the varioliserved colors into a likelihood
distribution in age-metallicity space by using predictaf stellar population synthesis models
as shown in the following diagrams.

The ‘color-magnitude’ diagrams shown in Figures 4.13 ariid 4have been constructed for
the star particles of the simulations and their associat#dre derived with the photometric
code. This has to be meant as a ‘check’ on the ranges of agenetadlicities that the particles
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Figure 4.10: Magnitude rest-frame evolution for the SDSS8tpimetric system applied to the
SCDMmodel galaxy: magnitudes for all bands are shown.

cover. Star particles have masses that resemble thosestéidpas already specified, due to the
mass resolution of the computational algorithm. This diagg give us a coarse idea of how the
particles distribuite in function of their colors, whichtiarn depend on their age and metallicity.

In theV — K vsV diagram (Figure 4.13) we can see how particles distributd warying
metallicity: for the galaxy of 1Z5yr the star particles are for the most old. Star distribute g@lon
the line of older age and cover all values of metallicity. §means that th¢ — K color tests
the metallicities differences, more than the age.

The 1550~V vsV diagram on the other hand, tests the age differences. Stiribute
along the time line and we can see how they cover all agesigto¢he higher metallicity line.
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Figure 4.11: Rest-frame color evolution for the BessekiBphotometric system applied to all
model galaxies as labeleB.—V,V — K, and 1553-V are shown for reference.
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Chapter 5

Cosmological Spectro-Photometric
Evolution

The expansion of the Universe presents the challenge thatesbobserved at different redshifts
are sampled, by any particular instrument, at differentfiesne wavelengths and, since they are
compared with each other, we need to introduce the so-cdfletbrrection’. This correction
term enters in the relation between the emitted-frame drframe absolute magnitude of a
source in one broad photometric bandpass and the obseare@-fapparent magnitude of the
same source in another broad bandpass.

Starting from the evolutionary synthesis results, whiah @ot intended only for the use in
the interpretation of star cluster data but also for the doatipn with any kind of dynamical
galaxy formation and/or evolution model, we compute thdwi@nary and cosmological cor-
rections, along with the magnitudes and colors at differedshifts for the simulated galaxies
described in Chapter 4.

The advent of the modern giant telescopes has opened a newayservational cosmol-
ogy and galaxy evolution can be traced back to its early stafyethis sense, deep multicolor
imaging surveys are established as a powerful tool to adbespopulation of faint galaxies
with relatively high efficiency. These surveys sample theletspectral range from the UV to
the near-IR bands, enabling galaxy evolution to be followed wider range of redshifts. We
have chosen in particular the COSMOS and the GOODS datalwase) allow us to select a
sample of galaxies that are catalogued as early-type, ierdodmake a qualitative and quan-
titative comparison between the theoretical results abthifrom our model galaxies and the
observational data.

59
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5.1 Evolutionary and Cosmological Corrections

When we consider a source observed at redghifte need to consider that the photon is ob-
served at a wavelengty, but it was emitted by the source at wavelenythand these two are
related by

Ae=MAo/(1+2). (5.1)

A source that has apparent magnitudeobserved through a photometric bandpass, is re-
lated to its absolute magnitudié, in the emitted-frame bandpass and to kkeorrection,Kcorr,
in the following way:
m= M + DM + Kcorr, (5.2)

whereDM is the distance modulus, defined by

DM = 5logio (25;2) , (5.3)

beingDy (z) the luminosity distance andot = 3.086x 10'%cm
If the source is at redshif, then its luminosity is related to its spectral density flarérgy
per unit time per unit area per unit wavelength) by

L(Ae) = 4T(1+2)D? f (Ao), (5.4)

wheref(Ap) is the monohromatic flux of a galaxy that has been computeéfased in Eqg. 4.3.
Equation 5.2 holds if th&-correction is

Keorr = 2.5100910(1+ 2) + 2.5l0010 [tg\\oﬂ . (5.5)

In order to take a fair comparison between the samples atrdift redshifts, we must correct
the photometric properties of our observed galaxies (nadas, colors, etc.) into rest-frame
quantities by applying K-corrections. In addition we casoatorrect these rest-frame quanti-
ties for the expected evolutionary changes over the redshifye studied. These evolutionary
corrections are usually performed assuming a model for #i@xyg spectral energy distribution
(SED) and its evolution with redshifi- andE-corrections are generated by applying the stellar
evolutionary populations synthesis technique. In this waycan recover the evolution of the
absolute magnitudes and colors as a function of redghificluding the effect of th&- and
E-corrections on the integrated SED of our model galaxies.

For galaxies, the cosmologicKl(z) and evolutionaryE(z) corrections are conventionally
given in terms of magnitude differences:

K(2) = M(z to) — M(0,to), (5.6)
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E(z) = M(zt;) — M(zto), (5.7)

whereM(0,1p) is the absolute magnitude in a passband derived from théaesé spectrum of
the galaxy at the current timé&/}(z,tp) is the absolute magnitude derived from the spectrum of
the galaxy at the current time but redshifted,aandM (z,t;) is the absolute magnitude obtained
from the spectrum of the galaxy at timeand redshifted at.

The absolute magnitud®)(z), in some broadband filter and at redslifts given by:

M(z) = —2.5logL(zt(2)), (5.8)
and, passing to apparent magnitudes,
m(z) = M(z) + E(2) + K(z) + DM(2). (5.9)

Obviously, the relation between the cosmic tiend redshiftz, t(z), of a stellar population
formed at a given initial redshift;, depends on the cosmology considered and the parameters
adopted. The models presented here evolve in different alogical scenarios, (cosmological
parameters for th€CDMand ACDM models are listed in Table 4.1), and this has to be taken
into account.

In Figure 5.1 is shown the redshifted spectrum for some wahfez and for the model
galaxies at our disposal. Redshifted spectra show a flownadrlavavelengths and the value at
which this happens is higher with increasing redshift. Eiiect is due, on one part, to the fact
that theoretical spectra have a lower limit of %A the rest-frame and the extensiorite: 912
A the region covering the higher temperatures, has been masienply assuming black-body
spectra. This lower limit increases with redshift as the eanght is redhifted.

On the other hand, the integrated SED of model galaxies @ulzdéd including the effect
of the extinction of the stellar luminosity caused by thesprece of a certain amount of metal-
rich gas. The extinction is evaluated according to the isrlatgiven by Guiderdoni & Rocca-
Volmerange (1987). For the effective optical thicknesg, of the gaseous component at the
wavelength\, considering the albedoy,, of the grains (Draine & Lee 1984) and the dependence
of the extinction lawA, /Ay on the metallicityZ(t), Guiderdoni & Rocca-Volmerange (1987)
find:

T = 325(1— ) (A /A ) [Z(t) /261436 (1), (5.10)

whereG(t) is the gas fraction and a mean valuewf = 0.4 has been taken for the albedo
(Draine & Lee 1984). For the extinction lay, /Ay, the relation by Cardelli et al. (1989) has
been adopted. From Figure 5.2 we can see how the extinctiomyiaws exponentiallly thus
increasing the absorption for decreasing wavelengths. mbeochromatic flux of the galaxy
with the inclusion of the effect due to extinctioR, ¢y, can be expressed in function of the
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Figure 5.1: Redshifted spectra at different redshifts fer three simulated models. Internal
extinction has been taken into account.

monochromatic flux of the rest-frame integrated SED of thelehgalaxyF, (see eq. 4.3):

1—exp(—T)sed)
T, Sed

F}\,ext = F}\

, (5.11)

where the right-hand part of the expression is the transomdsinction for an angle of incli-
nationi; a value ofi = 45 is adopted in this context. The effect of extinction isluded for
wavelengths lower than 1209and this internal extinction may significantly redden thiors

the effect being particularly important on the color-reftstelation.

Figure 5.3 gives us an idea of the reliability of the passhiandiifferent redshifts. As red-
shift increases, colors computed in bands in corresporedehthe shaded area have an intrinsic
uncertainty due to the two factors above mentioned. Thesffimgether affect the redshifted
spectra, as can be seen in Figure 5.1, where the flow at lowlevagths is seen at higher val-
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Cardelli et al. (1989)

A/A

Figure 5.2: Extinction curve from Cardelli et al. (1989).

ues ofA as the redshift increases. This trend has to be taken inmuatdn the computation

of the colors the various photometric systems, in the semeethe reliability of the computed
magnitudes depend on the chosen band as the redshift viaras. this consideration emerges
that the reliability of the magnitudes computed, and heheecblors, depends on the redshift:
for instance at a redshift af= 3! magnitudes are considred accurate at values of wavelengths
A > 4100A.

5.2 Comparison with Data

The advent of large-scale space and ground-based surveywithe variety of wavelengths is
giving us unprecedented acces to statistically large fadioms of redshifts and environments;
however, the size of the galaxy samples poses a challenge mbphological classification is
necessary.

At z > 5, traditional optical bands, e.g. U,B,V,R, fall below tlest-frame wavelength that
corresponds to the Lyman-break spectral feature (]éblfwhere most of the stellar radiation
is estinguished by interstellar or intergalactic hydrag8ecause of this, galaxies at>- 5 are
practically invisible at those photometric bands, and ewaghey were detected, their colors

10Observational data from the surveys considered reach valuabout ofz ~ 3.
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of redshift.

would provide very little information about their stellaopulation.

A main characteristic of deep photometric surveys is thie piesence of galaxies, a signifi-
cant fraction of which appear as point sources and canncasity elistinguished from real stars
or cannot permit a distinction between different morphasg Thus, the object classification
by means of morphological and photometric criteria is oft@rnmportance in these fields. In
this Section, we will deal with two deep catalogues, whichfaa as possible permit us to select
early-type galaxies.

The color selection technique (the Lyman-Break Galaxy LBGokeidel et al (1996, 1999,
2003)) has been used in some surveys to identify galaxigglatrédshift, dramatically improv-
ing the efficiency of spectroscopic surveyszat 3.

Photometric redshifts are the logical extension of colded®n by estimating redshifts
and spectral energy distributions (SEDs) from many photdmbkands. Unlike color selection,
photometric redshifts take advantage of all availablerimfation, enabling redshift estimates
along with the age, star formation rate and mass.

Morphological selection of early-type galxies can be dosmg automated pipelines that
isolate objects on the basis of their two-dimensional ldjbtributions: this is the case of the first
of the catalogs considered, the COSMOS survey. On the oémet Within the GOODS database
it is possible to select more accurately these objects helating a catalog of photometric and
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spectroscopic redshifts with a morphological one, as wesgi in the next Section.

5.2.1 COSMOS Survey

In this analysis, we use the Cosmic Evolution Survey (COSM@f&ial photometric redshift
catalog, designed to probe the evolution of galaxies in tmeaxt of their large scale structure
out to moderate redshift. Details of the COSMOS catalog aseribed in Capak et al. (2007)
and Mobasher et al. (2007). It covers a 2 square degree ateal@gp panchromatic data and
includes objects whose totiamagnitudesi( or i*) are brighter that 25.

The COSMOS multi-band catalog embraces data from differdascopes, as listed in Ta-
ble 5.1, and Capak et al. (2007) present imaging data anaipietty for this survey that cover
various photometric bands betwee® imand 24 um the filter transmission profiles are plot-
ted in Figure 5.4, in units of relative detector quantum edficy normalized to 1 at the peak.
The catalog was generated using SExtractor (Bertin & Aredi#96) and contains photome-
try measured over 3 arcsec diameter apertures for all théshahll magnitudes are in the AB
system. The cosmology adopted iy = 70 Qy = 0.3 Qa = 0.7 It also contains photometric
redshifts, 68 and 95 percent confidence intervals and spégpres calculated with two different
packages: the Mobasher et al. (2007) and BPZ Benitez (2@@&s.

The large database of this survey needs an automated arafivdjmorphological classifi-
cation technique. Our aim in this work is to separate eampetgalaxies and the only selection
possible is the morphological one, given by the automatgdlipie parametefpne, Which is
based on a spectral type selection that separates elligataxies, that we will consider in the
comparison with our models, from spiral, irregular and lstast galaxies.

Table 5.1: COSMOS Survey: Telscopes and optical/IR bands

Telescope Filters InstrumentSensitivity
A
CFHT us, it 3200-1000
CTIO Ks 9000-25000
HST-ACS F814W (i-band) 4000-11000
KPNO Ks 9000-25000
SDSS u,g iz 3200-11000
Subaru By, V3, g",r,it, zM, NB816 (i-band) 4000-11000

We recovered all magnitudes and colors in the photometstesy of the COSMOS survey
for the three model galaxies. Colors and their cosmologgzalution in different bands are
shown in Figures 5.5, 5.6, and 5.7, where Bye- r ™ (Subaru) r* — Ks (Subaru/KPNO), and
theg—r (SDSS) colors are plotted.
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Figure 5.4: The filter transmission curves in units of refatiletector quantum efficiency nor-
malized to 1 at the peak for the COSMOS survey.

For comparison we plotted all the galaxies from the surveyependently of their classifi-
cation, and superposed we distinguish the subsample gfttyark galaxies selected following
the classification suggested by the automated pipelinect@béypes are distinguished with the
Tpnot Parameter, and we have selected galaxies Wjth: < 1.1 that separate elliptical galaxies
from the rest. The photometric evolution recovered for tweé model galaxies is shown by the
continuos SCDMmodel) and dottedXCDM models) lines that are overlapped to the data.

As can be noticed, the models follow the general trend of beervations and, in particular,
are in reasonable agreement with those galaxies selectdlipgisal. The three models tend to
have redder colors with respect to the mean values and so bhetter agreement with early-type
galaxies with respect to the complete dataset, up~tdl in the specific case.

All colors seem to be slightly bluer than observational d#ie effect might be reconduced
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Figure 5.5: Cosmological evolution with redshift for tH& (- r ™) color of the COSMOS survey
(both Subaru telescope bands). All galxies from the catategshown in yellow and the ETGs
selected with the pipeline morphologicBihot < 1.1 parameter are marked in blue. Models of
the simulated galaxies for the three different cosmoldgicanarios are shown superimposed to
the data, continuous and dotted lines as labeled.
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Figure 5.6: The same as Figure 5.5 but for the{ Ks) colors ¢ band from Subaru anis
band from KPNO).
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to the particular star formation history with which the siatted galaxies have been assembled
and the issue will be argued in Chapter 7.

5.2.2 GOODS Database

Table 5.2: GOODS database: Telescopes and optical/IR bands

Telescope Filters InstrumentSensitivity
A
ESO-WFI Usg 3100-4000
VLT-VIMOS U 3300-4000
ACS-HST B(F435W), V(F606W), i(F775W), z(F850LP) 3400-000
VLT-ISAAC J, H,Ks 11000-24000
Spitzer - IRAC instrument 3.5, 4.5, 5.88n 30000-100000

The second catalog we have considered for the comparisdmtiagt cosmological evolu-
tion of our simulated galaxy models is the Great Observeso@rigins Deep Survey (GOODS)
database.

The survey is based on observations of two separate fieldsreeiron the HDFN and Chan-
dra Deep Field South (CDFS) and includes ultradeep images ACS on HST, from mid-IR
satellite Spitzer, as well as from a number of ground-baaeidities, as listed in Table 5.2.

Galaxies exhibit a range of morphologies that are diffiautjwalify automatically, so classi-
fication by eye is often used to test the efficacy of automasskifiers. For this reason we have
cross-correlated two catalogs that we will now describee BOODS-MUSIC from Grazian
et al. (2006) for the redshift determination, together wiitt morphological one of Bundy et al.
(2005), in order to select ETGs from the database. Theseome catalogs to rely on: the first
one has a precise redshift determination, infact Graziaa.ef2006) recover one of the best
spectroscopic-photometric redshift correlation, theosechas a reliable morphological deter-
mination by eye from which we selected early-type galxies.

The GOODS - MUIltiwavelength Southern Infrared Catalog (G@BIMUSIC) (Grazian
et al. 2006) database comprises photometric and spedtiosioformation for galaxies in the
GOODS Southern Fied. They collected the spectroscopiarrdton from public spectro-
scopic surveys and cross-correlated the spectroscopshifesiwith their photometric catalog.
In Figure 12 of Grazian et al. (2006), is plotted thgec— Zphot relation where they show the
excellent agreement found between photometric and sppecipec redshifts over the redshift
range O< z< 6. Up to now, it is the highest precision ever obtained ontfsamples spanning
such a wide range in redshift.
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Figure 5.8: The filter transmission curves in units of refatidetector quantum efficiency nor-
malized to 1 at the peak for the GOODS database.

As already mentioned, morphological selection is one ofrtfwst difficult issues to cope
with and a classification done by eye is certainly more réidban the autometed classifiers.
Bundy et al. (2005) presented a morphological catalog cxges in the GOODS North and
South Fields, and the determination was done visually bynthe

The study relies on the combination of many different data isethe GOODS fields includ-
ing infrared observations as listed in Table 5.2 and witkeffifesponse function shown in Figure
5.8, spectroscopic and photometric redshifts, and HST hadggies.

The catalog contains objects with a magnitude limit baseti8i-ACS imaging data re-
leased by the GOODS team (Giavalisco et al. 2004)band selected catalog was constructed
with a magnitude limit ofzag < 22.5, where reliable visual morphological classification was
deemed possible, and, for instance, all magnitudes areediefinthe ABmag system. They as-
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sume a cosmological model wify = 0.3, Qx = 0.7, andHg = 70km s MpcL. Their final
catalog contains 928 galaxies with spectroscopic reds®® of which with reliable redshift
determination.

The resulting sample of 2978 objects over both GOODS fields mspected visually by
Bundy et al. (2005) who classified each object using the igalendiscussed in Brinchmann
& Ellis (2000) according to a scale that separates stars fmmpact objects and galaxies of
different morphological type.

We cross-correlated the two catalogs described above tveéea dataset of galaxies with
a reliable morphological classification and a precise rgddbtermiantion, and for this reason
these galaxies should be retained of better selection trepne defined with COSMOS. Fol-
lowing this criteria, a subsample of elliptical galaxiesedected from the complete database
recovering 118 elliptical galaxies.

In Figures 5.9, 5.10, and 5.11 are shown ¥e-(), (V —2), and ¥ — Kg) colors respectively.
For all of the colors shown there is good agreement for theégrhetric cosmological evolution
with redshift between the simulated galaxies and the obsienal data.

Theoretical colors seem to match better with GOODS data wizat found for the COS-
MOS survey. Having a better morphological classificatog #election is done by eye for
GOODS in contrast to the automated pipelines used for COSNEX&@rtainly discriminating
in favour of this second database. For both datasets we edmosecolors simulated in the dif-
ferent cosmological scenarios follow a general trend aelowdshifts, thus following a slightly
different trend only for values of ~ 1, where the number of early-type galaxies observed falls
abruptly. Within this redshift range the simulated colapnoduce well the observational data.
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Figure 5.9: Cosmological evolution with redshift for ti¢F608/N) — i (F778N) colors of the
GOODS survey (ACS-HST bands) for early-type galxies witbcspscopic (light blue-empty
circle) and photometric (blue-filled circles) redshift éehination as indicated. Models of the
simulated galaxies for the three different cosmologicahseios are shown superimposed to the
data, continuous and dotted lines as labeled.



74 CHAPTER 5. COSMOLOGICAL SPECTRO-PHOTOMETRIC EVOLUTION

—2 —— ScDM —
— ® 2z photometric ‘=== ACDM -
B z spectroscopic T T ACDM, N

_4 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0 1 2 3

Figure 5.10: The same as Figure 5.9 but for Yhé6068N) — z(F850LP) colors (ACS-HST
bands).
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Figure 5.11: The same as Figure 5.9 but fort{€ 608N ) — Ks colors (V band from ACS-HST
andKs band from VLT-ISAAC).
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Chapter 6

Artificial Images of ETGs

Early-type galaxies (ETGs) are a remarkably regular faroilystellar systems and they have
similar structural and dynamical properties, as photoimeind spectroscopic observations tell
us. However, many relevant observable quantities depestdrepatically on their global proper-
ties: their mass, radius, or luminosity. The uniform nawif&TGs strongly suggests a common
formation scenario for this family of objects, and, no matthich, it must have to reproduce all
the observed properties. That is, any formation scenadbitivolves a formation mechanism,
must produce a systematic variation of the galaxy’s progeftom the small to the largest mass
scales. ETGs satisfy some notable empirical scaling lamsng which the most significant is
the Fundamental Plane (Djorgovski & Davis 1987), usuallgduis) extragalactic distance scale
studies.

In this Section we will show how, starting from a three-dirsi@mal numerical simulation
of a galaxy we can add photometry and recover ‘artficial’ igggn a bi-dimensional plane,
from which structural parameters, such as the effectivausadnd effective luminosity, can be
derived. These parameters allow us to compare our simulagedts with the observational data
within the scaling laws, and especially the Kormendy relata projection of the Fundamental
Plane in the luminosity-radius plane.

The multiwavelength photometric properties which are exaahare derived, first of all, by
building artificial images in terms of fluxes or magnitudesaigiven photometric system, and
afterwards analyzing them as if they were realistic imadegataxies taken with a telescope.
In particular we have worked within the SDSS photometridesys whose characteristics have
been described in Section 3.3, in the work carried on througthis Chapter.

Surface photometry represents one of the most importantraosd powerful tools to study
the properties and history of elliptical galaxies. The gsial technique adopted is based on
fitting ellipses to the isophotes of the galaxy. The oldesppsed model to fit the radial intensity
profile is the empirical le Vaucouleurs laiMde Vaucouleurs 1948) that has now been extended
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with the more flexible Sersic profilé. The derived properties, of which the most important are
the intensity distribution, the radial ellipticity and thpmsition angle profiles, provide basic
information such as effective radius, deviations frompsiis, isophote twisting, triaxiality and
absolute magnitudes. The associated higher order Fow#fidents from the fits reveal the
intrinsic “boxy” or “disky” appearance of the isophotes whican be used to uncover underlying
stellar components.

We focus on the global photometric properties, such as thenlosities, magnitudes, and
the colors of the target galaxy, which are obtained from éh@®jected images by analyzing
these in same way as in the analysis of observational imatatey In this way we derive not
only intensity profiles, but also all the related radial gesfisuch as color and structural radial
profiles.

Structural parameters are derived for the SDSS photonm&gstem, this allows a compari-
son between the luminosities and effective radii we delwvete simulated galaxies and a set of
early-type galaxies selcted from the survey, within therendy law that relates the two above
mentioned parameters.

6.1 Atrtificial Images

Since the observational data which our results should begaosd with provide the luminosity
distribution projected onto a plane, we need to derive aibiedsional projection of the three-
dimensional distribution of star particles of the simuthigalaxy. With this regard, we can
construct synthetic images projected onto one of the plaraswill be hence analyzed: these
provide information similar to the imaging data obtainecatual observations.

Galaxies are observed in projection on the sky: in order togare the simulated results
with observations we construct photometric images of theukited cosmo-chemo-dynamical
three-dimansional galaxies introduced in Chapter 4 anovexogalaxy images as the projection
of |z < 100kpcon thex—Yy plane. The output we have from the simulated galaxy are theesp
coordinates of particles and the corresponding value ofitixecomputed with the evolutionary
synthesis technique. We create a grid of this projectiomefifalaxy onto a plane and derive the
projected distribution of the SEDs starting from the thdémensional structure and compute
for each grid point the total flux considering all particlderey the third direction (the line of
sight). These fluxes are fed to the photometric code that atasghe magnitude and/or color
in a given band, as described in Chapters 3 and 4, for each po#shof the grid and, in this
way, create an artificial image.

These artificial images were created by deriving a mesh langeigh to encompass the star
particles of the model galaxy and with a different numberrad goints in order to have varying
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scale lengths that create a smooth image. A length ef BOOk pccovers a wide enough region
that includes all particles and a mesh of a number of-2@00 grid points is good to create a
smooth image; the best combination in order to obtain afaatmy result is a scale of.9to
0.8 kpc per grid point. In Table 6.1 is shown for reference the resofuwith which images
have been created: the selection of the scale depends oimgjuéas galaxy and the diameter it
reaches.

Table 6.1: Artifial images construction: dimensions and ggales

40kpc 60kpc 80kpc 100kpc 200kpc

50gp 0.8%¢ 12 1.6 2.0 4.0
100gp 0.4 0.6 0.8 1.0 2.0
200gp 0.2 0.3 0.4 0.5 1.0
500gp 0.08  0.12  0.16 0.2 0.4

Images have been constructed for the last output of the yalenulation, at an age defined
in Table 4.3. In Figure 6.1 is shown the two-dimensionalritigtion of the simulated optical
r-band magnitude image in the SDSS photometric system fantiagel galaxies at the last age
of evolution, where a 20& 200 mesh points has been chosen to span a square region of side
80kpc In all models the old stars appear to have the morphology @lgptical galaxy. Upper
panel refers to th&&CDM model, middle to theACDM, and lower to theACDMpy,, whose
properties have been defined in Chapter 4.

In displaying the frames of these elliptical galaxies, thitemsity contrast between the bright
central regions of ellipticals and the low surface briglstef the outer parts is very difficult to
portray using a linear relation, for this reason it is bettedisplay the image with a logarithmic
transformation.

6.2 Isophotal Analysis

In the following analysis we use images similar to the onepldied in the Figure 6.1 above
but we employ a 106 100 pixel mesh to span a square region of sid&g

This resulting image is analyzed with the IRAF packatgglas.isophaind the tasks within
in the way desribed as follows.

The procedure that we will briefly outline is designed forgominantly elliptical isophotes.
The algorithm used for the photometric analysis extraasdntensity levels from the image and
fits ellipses to all the points at the same intensity leveedeining the center, the ellipticity,
the position angle, and the semi-major axis length. Thehstgs are representable by ellipses,
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Figure 6.1: r-band artificial image of a 8080k pc® region with a 200< 200 mesh points for the
last age of the evolution of the model galaxi&DMupper,ACDM middle, ACDM,, lower.
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however small but significative deviations from pure ellipgare also measured. These quantities
are measured by working on the coordinates of the points asogriote and are recovered via
a Fourier analysis on the distance of the contour points efeftipses as a function of the
azimuthal angle. This method uses all the data from the gataage and calculates the ellipse
center, the ellipticity, the position angle, and the ndipsé coefficients.

The IRAF taskellipsehas been designed explicitly for the derivation of a galaxgtiness
distribution and is used to fit elliptical isophotes to théags's image, and to measure isophotal
parameters for each simulated galaxy in all filters of the SIpBotometric system. It produces
as output the parameters for each fitted isophBiépse adopts the methodology described in
Jedrzejewski (1987): for each semi-major axis length, tienisity in the galaxy image around
the ellipsel (¢) is azimuthally sampled along an elliptical path describgéib initial guess for
the isophote’s center coordinates, ), ellipticity (€), and semi-major axis position angle)(

I (@) is then expanded into a Fourier series as:

(@) =lo+ Z[Aksin(k(p) + Bycog ko). (6.1)

The best fitting set of parametexsy,,0 are those that minimize the sum of the squares
of the residuals between the data and the ellipse when thenseign is truncated to the first
two moments (which completely describe an ellipse). Thegena sampled along an elliptical
path producing an intensity profile in function of the pasitiangle that is fitted by weighted
least-squares:

| = lo+ Assin(@) + Bicos @) + Assin(2¢) + Bocog2¢) (6.2)

Each one of the harmonic amplitudésg, B1, Az, B, is related to a specific ellipse geometric
parameter in the sense that it gives information on how mbehparameter derived deviates
from the ‘true’ one, so they give the errors in the fitting pedare. The image data sample is
fitted by the following function

| = lo+ Aszsin(3¢) + Bzcog3¢) + Assin(4¢) + Bscos 49), (6.3)

where the amplitudeAs, B3, A4, B4 measure the isophote’s deviations from perfect ellipticit
Higher order momentk(> 3) define deviations of the isophotes from ellipses. In pract
moments beyond the fourth cannot be measured accuratityatid fourth-order moments are
calculated from the equation above by fixing the first and sdemder moments to their best-
fit values. The third-order moment84 andB3) represent isophotes with three-fold deviations
from ellipses (e.g., egg-shaped or heart-shaped) whildatneh-order momentsA, and By)
represent four-fold deviations. Rhomboidal or diamondgsd isophotes translate into a non-
zeroAy. For galaxies which are not distorted by interactidBsis the most meaningful moment:
a positiveB, indicates “disky” isophotes (i.e., with semi-major aBisx 100 percent longer than
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the best fitting ellipse), while a negati®y indicates “boxy” isophotes (i.e., with semi-major
axis B4 x 100 percent shorter than the best fitting ellipse; Jedrzaie(987)).

When runningellipse on the program galaxies, we adopted the following guidslinEhe
semi-major axis length was increased logarithmically,, ieach isophote was calculated at a
semi-major axis 10% longer than that of the isophote prexeitj and the new interation started
using the best-fit parameters from the previous isophotgeieral, all parameters were allowed
to vary freely, although in some cases it fails to convergeismphotes which display large
deviation from ellipses: in such cases to achieve convemérwas found necessary to fix the
value of one or more parameters. The isophotal center waalloated to wander by more than
2 grid points between consecutive isophotes; in practiteenX andY were allowed to vary,
the center was found to be stable.

The x-coordinate is the equivalent radius of the best-§itétlipse, that is, the ‘geometric
mean’,r4eo, of the semi-major and semi-minor axes, defined as:

r=ay/1-¢(a (6.4)

wherea is the radius measured along the isophotal semi-major a@kigs has the effect of
reducing all profiles to equivalent circular profiles.

Then the integrated intensity is measured within the cpoeding circle with the same
center and radius equal to the semi-major axis length. Affterfitting that corresponds to the
first guess of the semi-major axis value is done, the axistteisgncremented. In this way we
are able to recover radial profiles in function of the semjanaxis length of the mean isophotal
intensity, ellipticity, position angle, local radial imtsity gradient, mean isophotal magnitude,
and 3¢ and 4" order deviations from ellipse.

Errors in intensity, magnitude and gradient are obtainedhfthe rms scatter of intensity data
along the fitted ellipse. Ellipse geometry parameter erapesobtained from the internal errors
in the harmonic fit, after removal of the first and second fittadmonics. Harmonic amplitude
errors are obtained from the fit error after removal of allhanics up to and including, the one
being considered.

After using theellipsetask to measure the mean radial intensity profiles and fiisab to
the image, the programmodelwas then used to reconstruct a model image from the results of
isophotal analysis. ThHemodeltask creates a 2-dimensional model image containing alesse
photometric model of a source image. The model is built framresults of isophotal analysis
generated by the isophote fitting tasKipse In Figure 6.2 are shown the derive smooth models
for the three simulations corresponding to the images imf€i@.1, whereas in Figure 6.3 are
shown the model images with the elliptical isophotes oyxgréal.

The 3rd and 4th harmonics from the photometry are added tmtuel. This option is most
useful when working close to the central intensity peak. ®sained in Jedrzejewski’s paper
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the sampling at small radii is prone to introduce a “boxy” gament. More accurate modelling
at the central region is generally achieved when includivig ¢component.

6.3 Parametrization of the Intensity Profile

The intensitied (r) and corresponding surface brightnesgés at the effective radius. are
related by the Sérsic law as:

I(r) = Ieexp{bn Ké)l/n—l] } , (6.5)

wherely, is the central intensity;

1/n
M(F) = e — 2.5bn K%) —1] loge. (6.6)

e

For a Sérsic model with values of> 1, that is 1< n < 10, the effective radiug, contains
roughly half the integrated light of the model if approximatby the formb, = 2n— 0.324
(Trujillo, Graham & Caon 2001). Effectively, therefore,etmumber of free parameters in a
Sérsic model is three. The parameatasontrols the overall shape of a Sérsic profile, with low
values producing curved profiles with logarithmic slopesalitare shallow in the inner regions,
and steep in the outer parts, while highvalues produce extended profiles with less overall
curvature (i.e. steep inner profiles and shallow outer psfil

Conveniently, the parameters are chosen such that the mestietes to the de Vaucouleurs
law for a value ofn = 4, while also staying consistent with the usual interpietadf re coin-
ciding with the half-light radius.

The Sérsic model offers significant advantages. First anenfiost, they provide a good
description of the inner (100 pc scale) profiles, and a sicpnifily better description when the
profiles are extended to kpc-scale (Graham et al. 2003;lbreji al. 2004).

The intensity profile has been fitted with the aid of tiféld task that fits 1-dimensional,
non-linear functions to the image. Chi-square fitting isf@ened. As the task supports any
form of interpreted function, which allows the fit of almostyaanalytic function, given the
initial guesses for the function coefficients, we have fittegintensity profile of the simulated
galaxy with a Sérsic law with varying index.

We fitted the intensity profile with the Sérsic law allowirtgtindexn to vary, together with
the effective radiusxe and the effective intensitle values. Figure 6.4 shows the best fitting
Sérsic function for the-band in the particular sample; the profile inside a regiama¢tp 1— 2
times the softening length (described in 84.2.2), that inaase amounts to 1 2 kpg was
excluded from the fit as it is likely to be influenced by forcdtening. In the outer region,
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Figure 6.2: The two-dimensional models of the optical rdbaragnitude in the xy-plane of the
images shown in Figure 6.1.
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Figure 6.3: The same as Figure 6.2 but with elliptical isapbh@re superimposed.

to derive the proper effective radii in the simulation, weagck large enough regions such as
40— 80kpc The solid curve represents the best-fit Sérsic model tditia profile (shown as
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solid symbols).
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Figure 6.4: Intensity profiles fitted with a Sérsic law of iadte index. The-band Sérsic index

of n and the effective radiuBe are specified in panel for the three models. We exclude the
central region withirr ~ 1— 2 kpc (shaded area) when fitting intensity, because the profile is
smeared out due to the softening of the gravity.

From the fitted profiles of intensity and with the best-fit paeters in hand, we calculated
the effective radiRe and the total magnitudes in all bands. Values recoveredindexn and
the effective radiudx. for the simulated models and in the different bands are sumathin
Table 6.2.

What results is that the effective radius varies in functidthe band in which is computed,
decreasing as the band moves toward the higher waveler@ghsardi et al. (2003c) found that
half-light angular sizes of the galaxies in their sampleiadeed larger in the bluer bands and
they show how the effective physical radii in their samplarages in the fodrbands. For what
concerns our results, we find that this trend is followed kystmulated galaxies we consider:

IThey exclude the-band as the measurements are affected by errors largettteathers
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Table 6.2: Sérsic indexes and effective radii, expresse#ipc for the SDSS photometric
passbands and for all model galaxies.

SCDM ACDM /\CDI\/Imp
band n Re n Re n Re
u 3.22 6.42 2.2 2.38 3.97 431

g 3.08 578 21 2.43 3.69 3.67
r 3.07 5.42| 1.87 2.7 3.37 3.27
[ 3.86 583 199 273 3.14 3.07
z 442 598 221 2.6 2.94 2.95

there is particular good agreement for i€ DMp,, model. The other two models follow this
trend for the bluer bands, the radius increases again totharibnger wavelengths.

6.3.1 Structural and Photometric Properites

The results of the analysis for the simulated model galaaresshown in Figure 6.5 for the
SCDM ACDM, and/A\,CDMy,, models respectively, for instance, results are shown ferth
band image. Ellipticitye, position anglep(measured in degrees from North to East) of the major
axis, and deviation of the isophotes from pure ellipses boiqul in Figure 6.5 as a function of
the ‘geometric mean’ radiugeo, as defined in Eq. 6.4, for all the model galaxies.

Although the isophotes shown in Figure 6.3 are well apprexéd by ellipses, small but
significant deviations from perfect ellipsoidal shapesaise robustly measured. Of particular
interest is theay® parameter, which measures= 4 deviations from perfect ellipsesiy < 0
signals ‘boxy’ isophotes, whereag > 0 implies ‘disky’ deviations from perfect ellipses.

The radial profile of theay parameter indicates that the deviations from perfect ssp
are generally negligibly small for thECDM and ACDMy,, models, thus showing no obvious
features. Thé\CDM show negative values of tleg parameter in the outer region telling us that
there is a boxy structure.

2a, corresponds to the fourth order moméhtof Eq. 6.3
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6.4 Color Profiles

Deep multi-band photometry of elliptical galaxies revealbc gradients in their radial profiles.
As mentioned before, Bernardi et al. (2003c) found that-igift angular sizes of the galaxies
change in function of the band in which they are measuredinfinidrger radii at bluer bands.
On average, the fact that ETGs have this trend indicatestllegtt present color gradients. It
is known from observations that these gradients are sudhEh&s are redder in their cores
and become continuously bluer with increasing radius, tde/éheir edges. This fact is thought
to originate from variations in age or metallicity of thelkie population (e.g. Worthey 1994,
Tantalo et al. (1998)).

One of the goals of this work is to derive the radial color gesfiof the simulated galaxies,
and we extract these with the help of surface photometryyaisal Figures 6.6, 6.7, and 6.8
show theu—g, g—r, r —i, andi — z color profiles in the SDSS photometric system for the three
model galaxies.

Observed elliptical galaxies show a mild propensity fordiet cores, which is not repro-
duced in the simulated galaxies, except for &&&DMp,, model. The physical processes con-
sidered, that characterize the formation of the simulagdexy, lead to a fairly uniform stellar
component with little sign of radial gradients in stellaedgr theSCDMandACDM models as
shown in Figures 6.6 and 6.7, whereas fM&DM,,, model has a color gradient that varies with
the radius, as shown in Figure 6.8. What we find from the arsabfthe the simulated galaxies
is that colors get bluer towards larger radii, apart fromc¢bee of the galaxy for modelSCDM
and/A\CDM that is bluer, within a few kpc, while th@CDMp,, shows a reddish core. This issue
will be discussed in Chapter 7.

6.5 The Kormendy Relation

A powerful diagnostic of the success of simulations in reljping the observed properties of
galaxies results from comparing their photometric andcstmal properties, such as the lumi-
nosity and size, within the scaling relations linking thpsaperties in galaxies of various types.

The Kormendy relation is the projection of the more generad aignificant FP in the
luminosity-radius: it is used to determine the luminosigglation of the ETGs and gives useful
information on physical mechanisms involved in the galaxayolution.

The SDSS Sample

For a reliable comparison we have chosen a subsample of ED@sthe Sloan Digital Sky
Survey (SDSS; York 2000, Stoughton 2002) database. The SD&8y has mapped in detalil
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one-quarter of the entire sky, producing a detailed imageanfd determining the positions and
photometric properties of more than 100 million celestigjeats.

The SDSS obtains high-resolution imaging in five differesubdls that allow a reliable iden-
tification of early-type galaxies and precise measuremefiiseir photometric properties. Five
bandpassesi(g, r, i, 2) centered in (3560, 4680, 6180, 7500, 889qFukugita et al. (1996)).

Galxies can be selected using automated pipelines thatésobjects on the basis of their
two-dimensional light distributions. We consider eaypé¢ galaxies from the DR2 release se-
lected following the criteria described in Bernardi et 0Q3c): they have constructed a catalog
of ~ 9000 low-redshift early-type galaxies, selected usingralioation of SDSS pipeline pa-
rameters. This catalog contains galaxies with a libhnd concentration indexso/rgo) > 2.5
and in which a de Vaucouleurs (1948) fit to the surface brigbdrprofile is significantly more
likely than an exponential fit. Details of the selection carfaund in Bernardi et al. (2003c).

In Figure 6.9 we show the magnitude-radius relation, e.gh&r-band for the three sim-
ulated galaxies considered in this work. Values of effectiadius and magnitude have been
recovered by analyzing the synthetic bi-dimensional insageated with the method described
in the previous sections. Two of the models, 8@DMand theACDM;,, seem to lie next to the
average value that described quite well the observatioralltthat galaxies follow. The third
galaxy, theACDM model, appears to detach from the observational fit. An exgtian might
be that the numerical simulation that follows its evolut&topped at a redshift af~ 1, thus
not letting the galaxy form completely, but at roughly h&ltiee formation. Even if at this ages
the star formation has already stopped (see Figure 4.1)renddlaxy evolves passively after,
this has to be taken into account since we could argue tHa¢ gitnulation would have reached
the end, magnitudes would continue evolving. Looking atrés-frame magnitude evolution
for the galaxies in Figure 4.10, we note that, for all bandagnitudes reach a minimum value
after which, in the last stages of the evolution, they inses@wards higher magnitudes. In this
sense, we suppose the point would move towards the averages\descibed by the fitted line
and fall on the region covered by the observational data.
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Figure 6.7: Radial profiles of the colors for tM€DM derived from the simulated image 180
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Chapter 7

Discussion

We have described the synthetic photometry algorithm aedidnious applications to template
galaxies in numerical simulations that provide magnituales colors computed from a spectral
energy flux distribution and the response functions of ainetric system.

We have so far presented the main results that we will hemuglés the evolution of colors
of ETGs in several photometric bands in the rest-frame; ¥oduéon in a cosmological context
and the comparison with galaxies selected from the databseo surveys; the derivation
of artificial images from which we recover morphological astductural parameters; and the
comparison with observable data within the scaling refetio

Evolution with redshift

In tracking the evolution with redshift, one potential plern for studies of massive ETGs is the
morphological classification that allows to select galaxieat can be compared to our simulated
objects.

We have considered two of the present-day most importanegarof cosmological evo-
lution and presented the results in Chapter 5. Colors daérfwe the simulated galaxies are
consistent with the general trend followed by the obseovedi data (see Figures 5.5, 5.6, and
5.7), when considering all the galaxies form the COSMOSlegtdn particular synthetic col-
ors are in good agreement with those galaxies selectedipsicalls, up toz ~ 1, which show
however slightly bluer colors than observable data. Foigilaxies selected from the GOODS
database, theoretical colors seem to match better withtdatawhat found for the COSMOS
galaxies (see Figures 5.9, 5.10, and 5.11).

An important issue is the reliability of the objects seléctélaving a good morphological
classificator is essential when considering a defined claggects: the selection in the GOODS
database is done by correlating two catalogs, one that éseggohotometric and spectroscopic
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redshifts and a morphological one where classification iseday eye, as described in Section
5.2.2. In contrast, the selection derived from the COSMO@tiese follows the automated
pipelines classification; this is certainly discrimingfim favour of the GOODS database of
elliptical galaxies. For both datasets however, we can seedolors simulated for the different
cosmological scenarios follow the general trend at lowdsindts and in good agreement with
the data up ok ~ 1, where the number of observed ETGs falls abruptly. Withis tedshift
range all the simulated colors reproduce quite well the nlagi®nal data.

Artificial images

As we have seen in Chapter 6, the basic idea is to create twerdiional artificial images of
the three-dimensional simulated galaxies that can be ae@dlphotometrically with the same
criteria followed for the imaging of observational data. eTtéherived global properties, photo-
metric and structural parameters, such as their lightidigion in different broadbands, are
compared with those we obtain from elliptical galaxies steld form the database of one of
the major present day surveys, the Sloan Digital Sky Sur¥éys comparison with published
observations allow us to understand if the current modgkines indeed explain the properties
of real galaxies, or if our theoretical understanding oftsegents needs to be modified. For
instance, these artificial images have been created fomteoutput of the simulation, that is
for the present-dag= 0 epoch, whereas a study of the evolution with redshift igenaff future
studies.

The distribution in luminosity is analyzed with the IRAF fages and profiles are derived
and fitted in order to recover the photometric and structpeahmeters; results are shown in
Chapter 6 for the three simulations. As already said, thei&Ew gives an idea of the shape of
the intensity profile, with the indem indicating the overall shape of the profile.

The results found in Chapter 6 from the Fourier isophotalyesis of the artificial images
and the Sérsic fit to the intensity profile, give differentues for the effective radius and the
Seérsic index when computed through different passbantlsec$DSS photometric system. As
mentioned, from observations results that measures oflighif angular sizes are larger in the
bluer bands.

For theACDM model, the simulated radii measured in the different filtéslow the trend
found for the observable data (see e.g. SDSS Bernardi e2@03@)) with values of the radius
of 3— 4.3 kpcon average and a Sérsic index of 3.4, thus congruent with a de Vaucouleurs
(1948) fit with indexn = 4. For theSCDMmodel the trend radius-filter passband is not fairly
followed, but only for the bluer bands, thus increasing agaivards the reddest. Values of
~ 6 kpcare for all bands, with an indax= 3 — 4.4, again resembling a de Vaucouleurs (1948)
profile of an elliptical galaxy. Congruent also with the f#tat the galaxy has a greater mass
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than theACDMp,,, independently of differences in cosmological scenar@s)ce must have
a larger radius. Th&\CDM shows a shallower profile in the inner part, with a lower 8érs
indexn ~ 1.8 — 2.2 and effective radius of 2— 3 kpc We always have to remember that
the simulation for this model stopped before reaching preday formation az = 0, but we
analyzed it anyway.

Other than the strctural parameters, from the analysis @fittages we can derive radial
profiles of the morphological paramters, for instance, weehshown the ellipticity, position
angle radial profiles, along with the profile of thgparameter that gives an idea of the deviation
of isophotes from pure ellipses. Profiles show no partictriemd with average values, except
maybe for thea, parameter for theA\CDM model that shows a boxy structure in the outer
regions.

Moreover, from the intensity radial profiles in the diffetdmands we can recover color
profiles of the simulated images. What results from our figdiis that there is evidence in our
simulated galaxies in showing a bluer center with respec¢héoouter regions for two out of
three models. We will try to give an explanation to this, autethat seems to disagree with
what is found in observed elliptical galaxies.

Color Profiles and evolution in the rest-frame

From observations we know that ETGs are redder in the cordbanome bluer toward the
outer region. As we already mentioned in Chapter 6 this triendot exactly reproduced in
the simulated galaxies. We have shown from the color profikssved that our models are
slightly bluer than observational colors in the centratpaf he interpretation of this discrepancy
between our simulations and the data might be due to the nggbar formation at older ages.
In this sense, a physical process that stops star formatiearker stages of the evolution might
be needed to recover colors that resemble those of realigalaiven if it is likely, however,
that such a tendency could be a result of metallicity gradien

We considered, for instance, tl&€ DM model. From Figure 4.1 we can see from the star
formation trend (see Figure 4.1) that a tail of stellar agtivesults from these simulations and
a number of stars is continuously forming urzti= 0.

By considering the stellar distribution of Figure 7.1 angdigsing a color to each stellar
particle in the simulated galaxy, in function of their age anetallicity, as described in Section
4.4, we derive the color evolution shown in Figure 7.2, whichimply the projection of Figure
4.8 along the xy-plane. The evolution in tBe-V color of the Bessell-Brett photometric system
is roughly described, but at a first glance we can see how,eagdtaxy ages, colors become
redder but for the very central regions that remain bluendmehe last stages of the evolution.

We have quantitatively tested the code by stopping the atardtion at earlier ages, in order
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Figure 7.1: Rest-frame color evolution for the stellar dligttion in the bidimensional plane for
the SCDMmodel galaxy.

to see if an improvement of this kind in the simulation migbtasolution to the problem. We
have done this by stopping star formation by means of phaiym@/e assumed that recently
formed stars younger than 210° yrs are obscured and do not contribute to the total flux.
By comparison we also considered the case in which starsggsuthan 3-4-5x10° yrs are
obscured, as shown in Figure 7.3. We see that the color resmwue these cases result in values
of color B—V slightly higher than the cases with complete star formationsidered, thus
giving similar values in all cases with redder in tBe-V color of the order of Gl mag

Moreover, we also distinguished in regions confined withffecent raddi (see Figure 7.4),
for the two particular cases of star formation stopped at@&6yr of the galaxy’s evolution.
Results of the color evolution are shown in Figures 7.5 aB¢gdwhere star formation is halted
for particles born in the last 2 and:610° yrs and enclosed into a given radius: within kg,
that cover almost the entire region of the galaxyklfs within the effective radiu®ke and half
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Figure 7.2: Rest-frame color evolution for the B-V color metbidimensional plane for the
SCDM model galaxy. In the upper panel is shown the galaxy with thtgree star formation

as shown in Figure 4.1 (upper left pane), in the lower sedg@hown the evolution with star
formation that has been stopped at 5 Gyr, so that there ispadgive evolution after this epoch.
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Figure 7.3: Rest-frame color evolution for the U-B and B-VsBell-Brett photometric ssystem
for the SCDMmodel. Comparison between models where SFR is halted atdliff ages.

of Re, and for comparison is shown the trend when entire star foomas included. For both
cases the difference in magnitudes recovered for the catotiseir evolution is similar, thus
depending on the radius inside which particles are corsilehese trends show that going
towards the central regions colors become redder if standtion is quenched at earlier stages
of evolution, thus demonstrating that this effect referthscentral regions.

From Figure 7.2 follows that, as expected, if the contrifnutdf the young stars was ignored,
that is, if the SFR is halted in some way, the resulting colasld end up to be redder. This can
be seen geometrically from the bottom panel of Figure 7.Zre/lthe evolution of the last ages
is plotted for comparison. We estimatedBa-V color difference of QL — 0.2 magnitudes in
average. Considering this offset, if the contribution @& yloung stars was ignored, the resulting
colors would agree better the observed data.

Thus, to bring the simulateBCDMmodel into closer agreement with observation, the treat-
ment of the physical processes would require a major ravigidhe way in which star formation
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Figure 7.4: The same as Fgure 7.3. Comparison bewteen metdiifferent radii.

and any other physical process (e.g. feedback) are modeltké numerical code.

For the ACDM model, the color profiles are consistent with observatiorsis model has
been simulated with the new recipe for the ISM, as descrihedhapter 4; the star formation
results more extended through the evolution with low SFRhim latter ages and woth lower
values than thesCDM model atz= 0. However, more studies and on a larger number of
simulation must be done to give a more detailed interpiatati

It seems clear from this discussion that shedding light as idsue will require further
investigation of other star formation and feedback impletagons, and a better resolution is
certainly required to analyze and photometric propertiesiore detail in the central zones.

Scaling Laws

In Chapter 6 we presented the results we performed on theldégrgalaxies in order to estab-
lish the consistency of our models with photometric comstsa We construced the Kormendy
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Figure 7.5: The same as Fgure 7.3. Comparison beween moldets 8FR is halted at for stars
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relation from data selected from the SDSS and overlappeciowlated data. In Figure 6.9
we see how two of the simulated galaxies, 8@DMand theACDMy,, models lie next to the
observational data, while the third model, tNeé DM, clearly stands out from the rest. We have
to keep in mind that in this case, due to computational probléhe simulation stopped earlier,
and, as explained in Section 6.5, probably the galaxy woale heached a lower value of mag-
nitude, as follows from the trend seen in the magnitude ey thus gaining the difference
needed to reach values comparable to the observed ones.

In order to situate the simulated galaxy within the FP, we ldaweed to estimate its central
velocity dispersiongg. This value is recovered within an aperture typically ldsmtabout half
the effective radius. Unfortunately, velocities withircuismall radii in the simulated galaxy are
significantly affected by the gravitational softening thrabur case amounts tokKipc

With a better resolution in future will be possible to recotlds parameter and reprodce the
FP, but, for the moment, computational capabilities dondlde us to undertake this study.
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Measuring the three parameters that enter the FP for ebijgtiwith the varying of redshift

z emphasizes some important questions which bear on the @geatfon history and internal
properties of elliptical galaxies. It can answer questismsh as how far in the past does the FP
apply and if its parameters evolve significantly with times#ydy of the galaxy properties as a
function of look-back time provides a sensitive probe offibesible evolutionary differences. In
this sense, we intend to continue the study of the empiriairgy laws at intermediate redshift
by deriving the parameters that enter the relation not onlli@present-day but also as function
of time, by considering the evolution with redshift of thepoidation of ETGs.

Dust

The present model does not consider the effects of dustatixtmon the integrated SEDs of
galaxies. In order to incorporate gaseous emission intonwagel, we need to combine the
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N-body simulation code with both our adopted photometrial toy considering the gaseous
component of the structures (Piovan et al. 2006a; Piovah @086b). For instance, the next
step will be to include SSPs built with dust (Piovan et al. 20Q0his is task that needs to be
taken into account and will be added in future studies.



Summary and Conclusions

This work is part of a larger project which is aimed to constthe dominant mechanism for the
formation and evolution of ETGs. The combination of the pneétric code with the cosmo-
logical chemo-dynamical simulations make it possible tdartake quantitative comparisons
between the theoretical models of ETGs and the observéiiata in any spectral regime.

The principles of synthetic photometry for the theoretistdllar energy distributions and
passbands of the photometric systems are discussed. Thoeguutilized in the algorithm
to compute the magnitudes and colors are also provided. A p@sitive characteristic of the
code is the flexibility in the way input libraries (evolutiary tracks, stellar atmospheres) and
functions (initial mass function, star formation rate, aiktity) can be changed, tested, and
added to the database for future use.

We have so far analyzed three test models of elliptical gedaix the following photometric
systems: Bessell-Brett, SDSS, COSMOS and GOODS filters grathrihe ones we have at
dipsosal, and the code is ready to be implemented with antopteiric system; moreover, any
broadband VEGA, AB, ST magnitude system can be consideractths

Our main results may be summarized as follows:

Starting from the evolutionary synthesis results we coraplg evolutionary and cosmolog-
ical corrections, along with magnitudes and colors and tlution at different redshifts for
the simulated galaxies at our disposal. We consider the COSkind the GOODS databases,
which allow us to select a sample of galaxies that are cateld@s early-type and to make a
gualitative and quantitative comparison between the titaal results obtained from our model
galaxies and the observational data. For both datasetsralindis show that simulated colors
for the different cosmological scenarios follow the gehémrand at lower redshifts and are in
good agreement with the data upze- 1, where the number of early-type galaxies observed
falls abruptly. In conclusion, within the redshift rangensaered, all the simulated colors re-
produce quite well the observational data.
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By matching the population synthesis models with the tltiegensional geometric infor-
mation of the galaxy’s structure along with the chemicabdst both provided by the N-body
simulations, we create synthetic images of a galaxy in angofetometric system, from which
we derive the structural and morphological parametershagyélaxy’s effective radius and the
luminosity within this, the shape indices through Fouried &érsic analysis, color profiles, and
radial profiles of most of the parameters that define the &tramf galaxies.

The luminosity profiles of the galaxy at= 0 can be reasonably fitted with &/ law.
The effective radius of the simulated galaxy are recovemdHe three model galaxies and
in the different photometric bands adopted by the SDSShistgs are well approximated by
ellipses, with only a weak radial variation in position amghd ellipticity. Small but significant
deviations from perfect ellipses are also measured; thalated galaxy appears ‘boxy’ for one
of the template galaxies.

The most interesting aspect of these results is that thetigation of the simulated galaxies,
via the photometric analysis of the artificial images, leadarrecover properties that resemble
those of observed galaxies. The results obtained in thisanagtudied and compared within the
scaling laws, the Kormendy relation in particular, as itie bnly one we can construct so far,
due to the limited resolution of our simulations. The oba@onal data with which we compare
our simulated results have been selected form the SDSSadataliVe separate a subsample of
elliptical galaxies, and our findings show that the valuekiofinosities and effective radii, the
two parameters that compare in the Kormendy relation, nredsfor our model galaxies are
consistent with the archivial data from the SDSS.

The application of this tool to the simulated galaxies at disposal allows to understand
that the method, still at its infancy, provides good restlits permit a comparison between the
numerical models and the observational data.

Even if a small sample of simulated galaxies does not allovafstatistical generalization
and we have to attend a more complete library of simulatedxgzd that, e.g., evolve in the
same cosmological scenario, cover a wider range in mass,teécmain result of this thesis
consists in the fact that the method developed to follow fhecso-photometric evolution of
galaxies stands up.

As our simulated sample grows, we expect to be able to eliecidetter the trends and to
provide insight into the meaning of the correlations (oklt#tereof) between shape, kinematics,
and photometry within the hierarchical merger model forfttrenation of elliptical galaxies.



Appendix A

Initial Mass Functions

SSPs from GALADRIEL databasare calculated by Tantalo (2005) for six different prescrip
tions for the IMF: four power-laws (Salpeter 1955, Kennicl@83, Kroupa 1998, Arimoto &
Yoshii 1987) and three exponential-laws (Larson 1998, fdarsneighbourhood and steeper,
and Chabrier 2001).

In the following we list the most common laws and will indiedhe stellar magis! in solar
units. Values of mass range for the different IMF are listedrable A.1, wheréMgspis the
integrated mass of a SSP.

(1) A Salpeter (1955) IMF, extended over the typical stellar sreasnge [0.1-100W:
D(M) =CsM 135 Cs=0.1716

whereC;s is a normalization coefficient fixed so that the IMF is norredl to unit mass
when integrated between the low and high stellar mass ends.

(2) The Kroupa (1998) IMF, derived for field stars in the Solar gidiourhood and often
adopted in chemical evolution models for disc galaxies. @ajssier & Prantzos 1999):

CqeiM %5 01<M<05
(M) = CeM 12 05<M<1
CeM 17 1<M<100

Ckr1 = 0.480 Cir =0.295

lavailable online from the Padova Galaxies and Single S$teMapulation Models (GALADRIEL) at
http://www.astro.unipd.it/galadriel/
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whereCy;1 andCy; are fixed so as to guarantee normalization and continuithei¥MF
over the range [0.1-100]1 .

(3) The Kennicutt (1983) IMF, often advocated as adequate todepe the global properties
of spiral galaxies (e.g. KTC94, Sommer-Larsen 1996), agatim the typical mass range
[0.1-100]M.

CkggM_l'S 1<M< 100
Cig3 = 0.328

CigsM 04 01<M<1
(D(M) _ { k83

(1) The Arimoto & Yoshii (1987) IMF, extended over the typicaekar mass—-range [0.1—
100]Mg:
d(M)=CyM~ T Ca = 0.14476

whereC, is a normalization coefficient fixed so that the IMF is normadl to unit mass
when integrated between the low and high stellar mass ends.

(5) The Larson (1998) IMF, over the mass range [0.01-20@] that is down to the sub-stellar
regime (which in this case has, however, a negligible coution to the mass budget):

M
O(M) = CL1M1~35exp<—f>

C.1=0.317 My 1 = 0.3375
(6) A modified Larson IMF:
M
O(M) = CLZM”exp(—VLz)
Ci»=04337 M2 = 0.425

(7) The IMF suggested by Chabrier (2001, his case IMF3):

()"

Cc = 40.33 Mc = 7164

(D(M) — (:C M72.3exp

over the mass range [0.01-104L.
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Table A.1: Masses for the considered IMF’s

IMF Mi(Mo) | My(Mo) | MssHMo)

Salpeter 0.1 100 5.826
Kennicutt 0.1 100 3.048
Kroupa 0.1 100 3.385
Arimoto & Yoshii 0.1 100 6.908
Larson (1) 0.01 100 3.154
Larson (2) 0.01 100 2.719
Chabrier 0.01 100 0.025
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