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Preface and motivations 1

Preface and motivations

The present time is a very special moment to study astrophysis and cosmology.
In the last decades, many striking and phenomenal discovegs have been done,
making giant leaps in understanding the formation and strudure of our Universe.
The studies of the cosmic microwave background (CMB), superovae (SNe), bari-
onic acoustic oscillations (BAO), large-scale structureshave provided observations
fundamental to solve the puzzle of Universe evolutions, cdnibuting to the formu-
lation of the "Big-Bang" theory.

Despite the success of its rst formulation in describing the Universe, the theory
needs further studies, in order to include the results of moe recent discoveries.
In 1998 two independent teams studying distant Type la supenovae presented
evidences that the expansion of the Universe is acceleratin(Perlmutter et al.,
1999; Riess et al., 1998), and many other independent probe&sn rmed their rst
results. This is nowadays one of the fundamental issue of m@in cosmology: since
Hubble, cosmologists had been trying to measure the slowingf expansion due
to gravity, but the evidence of acceleration indicates that either gravity at some
large scales can not be described by the standard General Rdivity and/or that
the Universe is lled with some sort of negative-pressure \dark energy" driving
the accelerated expansion. Either way, this discovery regues new physics to be
properly taken into account.

The second issue that highlights the lack of our knowledge ahe Universe con-
cerns the topic of galaxy evolution. In recent years many lage galaxies-redshift sur-
veys have been carried out, aimed to discover and study the meby and far galax-
ies. 2dF Galaxy Redshift Survey (2dFGRS), DEEP2 Redshift Suvey (DEEP2),
VIMOS VLT Deep Survey (VVDS), zCOSMOS survey and especiallythe Sloan
Digital Sky Survey (SDSS) are just some of the most important many others are
foreseen for the future, e.g. the SDSS-III. All these survey were (or will be) able
to give important insights in understanding the principal p roperties of galaxies,
through the study of their structural parameters, types, environment and, most
important, redshift.

Despite all these e orts, a key question is still unsolved: ha galaxies did form.

In fact, the precise process describing the formation of gakies, the assembling of
their mass, the evolution with cosmic time from the structure observed at high
redshift to the well-known Hubble sequence identi ed in thelocal Universe, is still

under debate. Moreover, the \nature vs nurture" scenario, that could be summa-
rized by the question if the main driver of galaxy evolution is one of the structural

parameter or the environment, has not been precisely undetsod yet.

All such exciting open questions makes the present time a vgrspecial moment
to study astrophysics and cosmology, also because some tedb try to answer to
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2 Preface and motivations

these questions are already on the ground.

This thesis is dedicated to the study of a particular type of calaxies that can
help in looking for the answers.
In 1936 Hubble proposed to divide the galaxies on the base ohgir morphology,
identifying three main groups: the elliptical galaxies (cdled also early-type galax-
ies), the spiral galaxies (called also late-type galaxies)and the irregular galaxies.
From that time on, many analyses have been performed studyig the properties
of galaxies as a function of their types. It has been found thaithe color distribu-
tion exhibits a bimodality corresponding to a division between late-type (younger,
star-forming, bluer) and early-type (older, passive, redar) galaxies.
Many recent works have given growing observational eviderethat the most mas-
sive galaxies contain the oldest stellar populations up to edshifts ofz 1 2
(Dunlop et al., 1996; Spinrad et al., 1997; Cowie et al., 1999Cimatti et al., 2004;
Heavens et al., 2004; Thomas et al., 2005; Cimatti et al., 2 Thomas et al.,
2010) and have less than 1% of their present stellar mass ford at z < 1.
Studying the mass function of early-type galaxies, it has ben found that their
massive end evolves very mildly (or not at all) from z 07 08toz=0
(Fontana et al., 2004; Drory et al., 2005; Caputi et al., 2006 Cimatti et al., 2006;
Pozzetti et al., 2010).
This population of massive, red, passive early-type galaxis ETGSs) consists of the
oldest objects in the Universe at each redshift. Thus, as sugested by Jimenez &
Loeb (2002), those galaxies can be considered &®smic clocks", as they represent
up to redshift z 1 a fairly homogenous population of galaxies able to trace tl
evolution of the Universe with cosmic time.
This property makes ETGs very important candidates to study the Universe both
from the evolutionary and from the cosmological point of view.

The aim of this Thesis is to analyze the possibility of using HGs to place
evolutionary and cosmological constraints, by:

1. disentangling what is the main driver of ETGs evolution beéween mass and
environment

2. developing a technique to constrain H(z) and the cosmoldgal parameters (in
particular the Hubble parameter Hy and the dark energy equation-of-state
w) studying the ETGs age-redshift relation

In the following, the two points are discussed with more detdls, describing the
methods used and the topics developed.
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Preface and motivations 3

1. ETGs as evolutionary probes. The goal of this work is to understand

which is the main driver of galaxy evolution (Moresco et al.,2010a). The
(U-V) rest-frame color distribution and some spectral features are studied
as a function of mass and environment for two sample of earlyype galaxies
up to z = 1, extracted from the zCOSMOS spectroscopic survey. A rst
sample (\Red galaxies") is de ned applying only a photometric classi cation,
while the second (\ETGs") uses a newly de ned criterion that combines
morphological, photometric and spectroscopic propertiedo obtain a more
reliable sample. The choice of using two di erent samples is de to the need
of obtaining results both precise, exploiting the high staistics of the Red
galaxiessample, and highly reliable, as guaranteed using th&TGs sample
that has been built to be a safe reference sample of early-tygpgalaxies.
Both the distributions of the colors and the slopes of the cabr-mass and
color-environment relations are studied, nding a strong dependence on mass
and a minor dependence on environment. The spectral analysiperformed
on the ETGs sample is in good agreement with the photometric results:
the D4000 andH features are studied as a function of redshift for bins of
di erent mass and overdensity, obtaining results that validate what found
from the color analysis. Therefore, in the \nature vs nurture" scenario, this
analysis supports that the main driver of galaxy evolution is the galaxy mass,
the environment playing a subdominant role, even if non yet regligible.
The lookback time of early-type galaxies is also analyzed, noviding strong
evidences supporting a downsizing scenario, for which mase galaxies with
a stronger D4000 and an almost constant equivalent width ofH formed
their mass at higher redshift than lower mass ones.

2. ETGs as cosmological probes. Following the approach suggested by
Jimenez & Loeb (2002), a new methodology to determine the exgnsion his-
tory of the Universe is developed, analyzing the spectral ppperties of early
type galaxies (Moresco et al., 2010b). In their preliminary work, Jimenez
& Loeb (2002) show that the cosmic time as a function of redshHt, and in
particular its derivative dz/dt, depends critically on man y cosmological pa-
rameters, such as 1, pe, Ho, Wpe and others. Thus, it can be used to
constrain cosmological parameters.

For this technique, it is fundamental to nd a population of s tandard clocks
able to trace the evolution of the relative age of the Univerg, and they
propose to use ETGs for the motivation previously discussedHowever, the
main weakness of this technique is that it su ers the fact that its primary
parameter, the age, presents strong and well known degenegigs with other
parameters (e.g. the metallicity, the star formation history, the dust content)
that are evaluated simultaneously in the SED or spectral tting.

The possibility of setting cosmological constraints studyng the age-redshift
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Preface and motivations

relation is studied, discussing the relative problems, degneracies and model
dependencies that make hardly feasible this kind of analysi

A new methodology, aiming to minimize the impact of systematcs on the
estimation of the relative ages of galaxies, which is the relvant quantity to
determine H (z) using the cosmic chronometer method, is studied and devel-
oped. Analyzing di erent stellar population synthesis models, it is demon-
strated that the 4000A break (D4000) is a feature correlated almost linearly
with age at xed metallicity, depending only minorly on the s ynthetic stel-
lar population models or on the star formation history (SFH) chosen. The
analysis of a sample of ETGs extracted from the SDSS surveynithe red-
shift range 015 < z < 0:3, shows that it is possible to use the di erential
D4000 evolution of the galaxies as a tracer for their di erenial age evolu-
tion, and thus to set constraints to cosmological parametes in an almost
model-independent way.

From this analysis, a value of the Hubble constant is found wiich is not only
fully compatible, but also with a comparable error budget with the latest
results from Riess et al. (2009). Assuming w=constant, a vale for the dark
energy equation-of-state parameter in agreement with the &lue found from
the WMAP 7-years analysis and with the one obtained from Amarullah et
al. (2010) is found. Since the SDSS ETG sample only reaches 0.3, these
results show the potential of the method.

This method seems promising also in view of the future masses spectro-
scopic surveys expected in the next decades from the groune.g. SDSS-III
BOSS, BigBOSS) and from space (e.g. ESA Euclid, NASA WFIRST)

The future prospect of this work is to use this new technique o yield a de-
termination of H(z) up to z 1, selecting and analyzing samples of ETGs from
di erent surveys (SDSS, zCOSMOS, K20, ...) to have the wider mssible coverage
in redshift. The strength of this method is to be completely independent on other
probes (SNe, BAO, ...), so that the determination of H(z) is afundamental step for
a joint analysis which will help to obtain constraints on cosmological parameters
to an even higher precision.

This Thesis is organized as follows.

~

In Chapter 1 a short review of the fundamental elements of FRWcosmol-
ogy will be provided, describing brie y the thermal history of the Universe,
the Big Bang Theory paradigm and its fundamental equations. It will be dis-
cussed howdark energyhas been discovered and what are the most important
probes to study its properties, analyzing their strengths and weaknesses. At
the end, the current results about cosmological parameterand the Hubble
parameter H (z) will be shown.
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Preface and motivations 5

~ In Chapter 2 the basic observational evidences about earlyype galaxies will
be described, focusing the attention on the main charactestics that make
them the ideal candidates to obtain both evolutionary and cemological in-
sights about the Universe. It will also be discussed how thes properties
evolve with redshift, and the possible theoretical scenans that can synthe-
size the overall picture.

In Chapter 3 it will be described how a reliable sample of eagl-type galaxies
has been built, illustrating the surveys from which the galaies have been
extracted, the criteria used to select a sample of passive EGs the less con-
taminated as possible from the presence of outliers and the ethod used
to correctly set up their photometry. The properties obtained from the t
to their spectral energy distributions will also be analyzed, discussing the
reliability of the retrieved parameters and their degenerdions with other
variables and/or their dependences on assumed models.

In Chapter 4 the (U V) restframe color distributions for two di erent sam-
ples of zZCOSMOS ETGs will be analyzed, investigating the depndence of
their shapes on mass and environment. In addition to colorsiwo spectro-
scopic line indices in galaxy spectra will be studied as a fustion of redshift
in di erent mass and environment bins, the 4000A break (D4000) and the
equivalent width of the H Balmer line (EWo(H )), which are proven to be
good age indicators. Finally, evidences supporting a masdewnsizing sce-
nario will be discussed, inspecting the lookback time oETGs as a function
of stellar mass.

In Chapter 5 the possibility of setting cosmological constaints with the \cos-
mic chronometers" technique will be explored analyzing the age-redshift rela
tion for a sample of ETGs inthe range 0. z. 1. The ages will be estimated
with a SED- tting technique, and the feasibility of this app roach will be dis-
cussed. To solve the various problems and degenerations, aw methodology
will be introduced to determine the expansion history of the Universe an-
alyzing the spectral properties of early-type galaxies (ETG), based on the
study of the redshift dependence of the 400 break. The method will be
described, its robustness explored using theoretical syhetic stellar popula-
tion models, and it will be applied using a SDSS sample of 14 000 ETGs.
The motivation to look for a new technique is to minimize the dependence
of the \cosmic chronometers" method on systematic errors. In particular, as
a test of the method, the Hubble constant and the value of the @rk energy
equation-of-state parameter (assumingw = constant) will be estimated us-
ing SDSS data, obtaining results well in agreement with the atest WMAP
analysis.
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Chapter

Cosmological background

In this chapter, a brief review of the basic elements of FRW cemology is pro-
vided, describing shortly the thermal history of the Universe, theBig Bang Theory
paradigm and its fundamental equations. It is discussed hovdark energyhas been
discovered, and also what are the most important probes to stdy its properties
by analyzing their strengths and weaknesses. At last, the cuent results about
cosmological parameters and the Hubble parameteH (z) are shown.

There are a lot of extensive and well-written reviews about é@rk energy and cos-
mology, both with a theoretical and an observational approah, and more detailed
informations can be found in Carroll (2001); Peebles & Ratra(2003); Copeland et
al. (2006); Frieman et al. (2008); Caldwell et al. (2009); Huerer (2010).

1.1 Brief History of the Universe

In the rst stages of its life, giving the small dimension and the high tempera-
tures, the Universe was lled with a huge amount of energy desity. After the Big

Bang, following its expansion, it started to freeze; at the same time, due to the
gravitational attraction, the expansion slowed down. The expansion history of the
Universe can be summarized following the cooling of the Unierse. In the follow-
ing are listed the various stages of the Universe, with the caracteristic times and
energy scales (following Mukhanov et al., 2005).

These are the main phases that describe the history of the Unérse:

“t. 10 ® sec T 10 GeV). This is known as the Plank epoch . At
this energy level, all the four fundamental forces may be uned in a single
force. General Relativity can no longer be trusted due to quatum mechanics
e ects, and di erent theories are proposed to explain this eaty stage of the
evolution of the Universe.
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Cosmological background

10 ® . t. 10 2 secT 100 TeV 10Y GeV). Below a temperature of
10'° GeV, General Relativity can still be used, since the e ect of quantum
gravity should be negligible. With the cooling of the Universe, gravitation is
the rst force that is decoupled from the others. Below 10'® GeV, also the
electroweak force separates from the strong force. Many tlegies account for
the presence of magnetic monopoles and cosmic strings dugrthis epoch.
The transition phase produced by the separation of electrowak and strong
forces induces a period of exponential expansion of the Urévse, known
asin ation . The in ation has the e ect of broadening the particle horizo n,
producing homogeneity and isotropy over larger scales; thtotal energy den-
sity reaches the critical value and the Universe is nearly 4.

After in ation, two important events take place. First of al |, the potential
of the eld responsible of the in ation decays into a hot relativistic plasma
of particles: during this stage the rst quarks, electrons and neutrinos are
formed, but the dominant contribution is due to radiation. T his phase is
called reheating , and the Universe is now lled with a quark-gluon plasma.
Subsequently, a small di erence between the rates of produabn of matter
and antimatter induces this balance to be broken, and a slighoverproduc-
tion of protons respect to the antiprotons (1 over 1¢) leads to the baryoge-
nesis. At this point the matter-antimatter annihilation takes pl ace, leaving
only matter and a very large number of photons.

"10 8. t. 1secT 1 2 MeV). Withthe expansion of the Universe, the
guark-gluon plasma cools down, and at some points protons ahneutrons are
formed. The primordial neutrinos can now decouple from othe particles and
propagate freely (heutrino decoupling ), producing the cosmic neutrino
background. Due to the ine ciency of the interaction, the pr oton/neutron
ratio is freezed at a value of 6.

1. t. 10sec (T 0:5 MeV). During this stage, when the temperature
drops below the electron rest-mass, the lepton-antileptorannihilation takes
place, and a small excess of electron over positrons survivé 1 over 16).
The photons produced are in thermal equilibrium.

" 200. t. 1200 sec (T 0:05 MeV). At this temperature, nuclear reactions
become e cient, and helium and other light elements are formed from free
protons and neutrons (rimordial nucleosynthesis ). The nucleosynthesis
continues until the temperature drops so much that the nucler fusion is not
allowed anymore. At this time, the predicted primordial abundance of helium
is  25%, with the other fundamental contribution given by the hydrogen
and only small traces of heavier elements.

"t 10 sec T 1 eV). This time and temperature marks the division
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1.2 Big Bang Theory basis 9

between the radiation-dominated epoch and the matter-dommnated epoch: it
is addressed as thenatter-radiation equality

"t 10% 10'° sec.Recombination takes place, with neutral hydrogen
and helium beginning to form. At this point, the Universe become transpar-
ent to radiation, since all electrons are bound to the nuclei this process is
called decoupling . After decoupling, the photons can travel freely, and the
cosmic microwave radiation (CMB) is formed. Therefore, theCMB gives us
a picture of the Universe at this early stage, and of the smaltemperature
anisotropies produced during the in ation.

"t 10 107 sec. The small anisotropies in the matter distribution that
can be observed in the CMB act like seeds of structures. Foling the grav-
itation, from these small seeds structures are formed. Thealevant contribu-
tion of dark matter and dark energy in the process of structure formation is
still an open issue.

1.2 Big Bang Theory basis

The standard cosmological model is built upon the hypothes that space is ho-
mogeneous (i.e. having a constant density) and isotropic (€. being self-similar
in every direction) at all times. These assumptions were rgly expressed by Ein-
stein in its Cosmological Principle, which states that in the rest system of the
matter there is no preferred point and no preferred direction. There are nowadays
a lot of strong and independent observational evidences ofhie goodness of these
assumptions: these are witnessed, for example, by the largeeale distribution of
galaxies and the near-uniformity of the CMB temperature. Shce COBE mission
in 1994, it has been found that the spectrum of the cosmic badgound radiation
is consistent with a black body at temperature 2726 0:010K over more than
three decades in wavelength (Mather et al., 1994), showingrasotropies only of
the order of T=T 10 °. Many other missions were devoted to the studies of
these anisotropies, and of their impact in constraining cosiological parameters,
e.g. WMAP (Jarosik et al., 2011; Komatsu et al., 2011), and the preliminary re-
sults of Planck satellite con rm the picture shown by COBE satellite with an
extraordinary precision (see Fig. 1.1)
The condition of homogeneity means that at a given time the plysical properties
(e.g. particle number density, velocity, spacetime curvatre) are the same every-
where. The condition of isotropy means that any physical quatity does not depend
on the direction of an observer located in any spacetime poinx.

These assumptions really simplify the structure of the metic tensorg . Spher-
ical symmetry around each space-time location is necessargnd no o -diagonal
terms are left; homogeneity and isotropy leave essentiallpnly two degrees of free-
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b

Figure 1.1: Left panel: Planck rst-year all-sky survey map. It is possille to see,
below the Galactic emission in blue, the anisotropies of th€MB. Right panel:
Map of the high-galactic-latitude sky at 70 GHz, detail fronthe Planck First Light
Survey, showing a detail of the anisotropies of the CMB. CreditESA, LFI and
HFI consortia.

dom to the system. The rst one is a global scale factor, xing at each time the
value of physical lengths; the second one is related to the sgetime curvature, as
a homogeneous metric can be globally more or less curved. THime element of
the Friedmann-Robertson-Walker (FRW) metric is therefore:

2

i r2(d 2+sin? d' ?) (1.1)

ds? = dt? + a(t)

wherea(t) represents the cosmic-scale factomRcy = a(t)jkj 172 is the curvature-
radius and the available values for the curvature signaturek are k = 0;1; 1;
r, e' are the usual spherical coordinates for radius, polar and amuth angle,
respectively. All the three models are without boundary: the positively curved
model is nite and curves back on itself; the negatively cuned and at models are
in nite in extent.

The coordinates (; ;' ) are referred to as comoving coordinates, i.e. coordi-
nates that are at rest with respect to the cosmological expasion: in other words a
particle at rest in these coordinates remains at rest, with onstantr, and' . Mo-
tion with respect to the comoving coordinates (or cosmic resframe) is referred to
as peculiar velocity. Physical separations between freelynoving particles scale as
a(t) (known as the scale factol), that means that the physical separation between
two points is simply a(t) times the coordinate separation:

d(t) = a(t)R (1.2)

Deriving the last expression w.r.t. time, it is possible to de ne the Hubble param-
eter:

H(t) = (1.3)

o ||
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1.2 Big Bang Theory basis 11

where an overdot denotes a time derivative. The present vale of the Hubble
parameter is conventionally expressed aslo = 100 h kmsec 'Mpc 1, whereh is
the dimensionless Hubble parameter. From this expressionam be retrieved the
well-known Hubble law v = Hd (Hubble, 1929).

As a consequence of Eq. 1.2, the wavelength of the propagatinradiation is
stretched by a(t) and this is the origin of the cosmological redshift. The redhift
su ered by a propagating photon is:

obs _ 1+ 7= a(tobs) (1.4)

em - a(tem)

Since, by convention,a = 1 today, the relation between the expansion factora(t)
and the redshift zisa=(1+ z) . Eq. 1.4 means that time intervals are related
to redshift intervals by:

dz
H(z)

dt = 1+ 2) (1.5)

1.2.1 Basic equations

The evolution of the cosmic-scale factor is governed by thest Friedmann equa-
tion:
2 8G k
= — — 4+ —
3 az 3
where is the total energy density of the Universe (sum of matter, raliation,
dark energy), p is the total pressure (sum of pressures of each component)nd
is the cosmological constant; this latter term will be here after represented as
vacuum energy (or also dark energy), with its pressure and desity terms; the
correspondenceis: =8G yac= 8G yac.
For each component, the conservation of energy is expressdsy d(ad ;) =
pida®, which can be rewritten as a function of the Hubble parameteras:

it3H(i+p)=0 (1.7)

H?=

o ||

(1.6)

Deriving w.r.t. time the Eq. (1.6), and using Eq. (1.7), it is possible to derive the
second Friedmann equation

a 4G
2= 3 ( 3D+ 3 (1.8)
Combining the Eq. (1.6) and (1.8), it is possible to nd:
H= 4G( +p (1.9)

From this equation can be de ned acritical density it as the value that matches
k =0 in the rst Friedmann equation (i.e. a at Euclidean Unive rse):
3H2

cit = gg =810 10 4"h2Gev* (1.10)
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12 Cosmological background

from which, for each component, can be de ned thedensity parameter (adimen-
sional):
, i _8G
Tz
Using the de nition (1.10) and (1.11), the rst Friedmann eq uation can be rewrit-
ten in the following way:

(1.11)

k
where o= M0+t R0t vaco IS the total energy density of the Universe. This
equation gives a one to one correspondence betweery and the spatial curvature
of the universe: positively curved corresponds to ¢ > 1, negatively curved to
o< land atto = 1. The curvature radius of the universe is related to the

Hubble radius and ¢ by the relation:

H 1
Reurv = W (2.13)
Finally, the deceleration parameteris de ned as:
a a ° @aa
g= 3 5— = 2 (1.14)

1.2.2 Redshift dependence

In the case of a perfect uid, the evolution of energy densityis controlled by
the ratio of the pressure to the energy density, the equatiorof-state parameter,

w; pi= i. For the general case, this ratio varies with time, and the ewlution of
the energy density for each component is given by:
Z z
il exp 3 [1+w;(z9]din(1+ 29 (1.15)
0

If wj =const, Eq. 1.15 simply becomes:
il A+ z)3wi) (1.16)

It is therefore possible to nd explicitly, from the equatio n-of-state, the redshift
dependence of the density of each components:

~

MATTER (non relativistic matter, dark matter and baryons) wy = 0,
m ! 1+ 2)3

" RADIATION (relativistic particles) wr =1=3, r/ (1+ 2)%

~ VACUUM (or \dark-energy") Wyac= 1, vac/ (1+ 2)°.
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Figure 1.2: Reproduced from (Frieman et al., 2008): evolution of radiaion, mat-

ter, and dark energy densities with redshift. For dark energ, the band represents
w= 1 02

These di erent redshift dependences express how the Univeesexperienced three
completely dierent stages of evolution, during which there only a particular
component was dominating: the rst, right after the Big Bang, was radiation-
dominated (z & 3000); the second one was matter-dominated (3000 z . 0:5);
the last, and present, one is \dark-energy" dominated ¢ . 0:5). Fig. 1.2 show the
di erent evolutions of the energy densities as a function of edshift.

Using the second Friedmann equation (1.8) and the state equin for matter,

radiation and vacuum, it is possible to express the deceletin parameter as a
function of the energy densities:

1X
9= 3 i(Z)[1 +3wi(z)] (1.17)

During the matter- and radiation-dominated era, was negligible with respect
to matter and radiation, and therefore the gravity producesa q > 0 and a slowing
of the expansion. On the other side, given the form of Eq. 1.17a component
satisfyingw < 1=3 would produce a repulsion, causing an accelerated expaosi.
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14 Cosmological background

1.2.3 Hubble parameter, distances and times

Considering the di erent redshift dependences of the compoents of the Universe,
regarding the energy densities, it can be written:
al;

_ H§ 3 _ H§ 4 _
M = M;Om(l‘F 2) R = R;Om(l‘F z) = 02 (1.18)

It is therefore possible to express the Hubble parameter as function of the con-
tributions of the di erent energy densities:

k
H? Hg rRio(1+ 2)* + m:o(1 + z)3 + 0 m(l+ z)? (1.19)
0
HE( ro(l+ 2%+ wmol+2°+(1 @+ 2%+ )

where Eq. (1.12) has been used to obtain the last expression.
The luminosity distance@fﬂobject of luminosity L, energy ux F at a redshift

z, is de ned to be d(2) 7=, and, in a at Universe:

Z 2 dz® Z1 da

0 W - 1=(1+ 2) a2H (a)
In the case of a constantw, it is possible to reformulate Eq. 1.20 expliciting the
dependence on the energy density parameters:
1+ 2) Zz . dz°

Ho 0 o+ 2+ (@ wo)L+ 230 W)+ oL+ 2%)
(1.21)

The luminosity distance can be also related to the distance mdulus through
the relation:

d@)=@1+ 2) (1.20)

do(2) =

(z)= m M =5logy(d.=10pc) (1.22)

wherem is the apparent magnitude andM is the absolute magnitude of an object.
The angular diameter distanceis de ned to be the ratio between the diameter

D of an object and the angle on the sky , da = D= , so can be related with

the luminosity distance:

_a

- (1+2)?
From the equation H = a=a, by expressing all in function of the time and

integrating, it is possible to obtain an expression for theage of the Universgusing

the Eqg. (1.19)):

da (1.23)

_ +1 dZO
- @a+2%+ yw@a+25+@ ) — 1:2d20
Ho - R . U@+ 292
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1.3 Structure formation 15

1.3 Structure formation

Considering a \dark energy" term in the cosmological expan®n history modi es
the evolution from what it would have been in a purely matter dominated Universe;
as a consequence, this in uences the growth of large-scalériscture, having an
e ect that can be compared to the one produced by the spatial cuvature. The
study of the evolution of structure is simplied by the fact t hat they can be
treated within a linear theory, being the temperature anisaropies very small at
recombination ( T=T 10 °). Within this approximation the evolution of the
intial perturbation is driven by two competitive e ects: on o ne side the initial
overdensity regions tend to grow to the e ect of gravity, on the other side the
e ect of expansion of the Universe is to tear particles apart me from the other.

The impact of the dark energy equation-of-state parameterw on the growth
of structure is more subtle, as reported by Frieman et al. (208): for larger w and
xed dark energy density , dark energy comes to dominate earlier, causing the
growth of linear perturbations to end earlier; this means the growth factor since
decoupling is smaller and that to achieve the same amplitudéy today, the pertur-
bation must begin with larger amplitude and is larger at all redshifts until today.
The same is true for larger and xed w. Finally, if dark energy is dynamical
(not vacuum energy), then in principle it can be inhomogeneas, an e ect ignored
above. In practice, it is expected to be nearly uniform over sales smaller than
the present Hubble radius, in sharp contrast to dark matter, which can clump on
small scales.

Another key ingredient to understand the evolution of matter, and therefore
the formation of structures, is unveiling the nature of dark matter, since, as shown
in Fig. 1.3, it represents the dominant gravitational contribution (  80% versus

20% of the standard observable matter). Three di erent kind of dark matter can
be postulated: a \hot dark matter" (HDM) composed by ultra-r elativistic particles
(v=c > 0:95), a \warm dark matter" (WDM) composed by relativistic par ticles
(0:1 < v=c < 0:95), and a \cold dark matter" (CDM) composed by particle with
non-relativistic speed (v=c < 0:1).

These categories of dark matter, theoretically are equallyalid and have all plausi-
ble candidates; however, in terms of structure formation, hey di er substantially
for their prediction. In particular, both WDM and HDM are cha racterized by tem-
peratures and speeds too high to match many observed phenoma. Due to their
properties, it is impossible to model them to explain the obgrved galactic rota-
tional curves and velocity dispersions, since their partites move simply too fast
to follow the galaxy distribution; moreover, at large scales, they can not account
for the observed weak lensing properties for the same reassn

The CDM has consequently become the most plausible candidatto explain
structure formation in the Universe, becoming also a key ingedient int the es-
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Figure 1.3: Content of the Universe as unveiled by WMAP-5years data. Cretti
NASA / WMAP Science Team.

tablished CDM model. This cosmological model has been buit to explain both
the past and present phases of the history of the Universe, g. accounting for the
cosmic microwave background, the structure formation and he present day accel-
erated expansion. In order to do that, it includes the presexe of a cosmological
constant , to explain the accelerated expansion of the Universe, and a form of
cold dark matter to reproduce the observed e ects in the largescale structures.
The current WMAP measurements of the CMB (Komatsu et al., 2011), with other
independent probes such as SNe (Amanullah et al., 2010) andA&D (Percival et
al., 2010), strongly support this model.

1.4 The dark Universe

Modern observational cosmology has devoted, in the last dedles, many e orts in
studying the Universe and its contents, trying to unveil its composition with high
precision. However, the picture that came out is still quite puzzling.

On one side, since 1930s it has been noted the existence of anfioof matter
that can be inferred from its gravitational e ects, but that ¢ an not be detected
by emitted or scattered electromagnetic radiation. The present extremely precise
measurements provided by WMAP (Komatsu et al., 2011), in addtion to a lot
of complementary evidences, pointed out that ordinary matter accounts for only
4.6% of the energy density of the observable universe, whilthe 23% is made of
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1.4 The dark Universe 17

this undetectable form of matter, called dark matter.

Even more puzzling is that, with an analysis complementary b the measure of
the total matter energy density y  0:3, WMAP has set with extreme accuracy
also the value of the total energy density to be o 1, pointing out the evidence of
a at Euclidean Universe. Since the contribution to the total energy density from
radiation is known to be negligible at present times, this winess the presence of
almost 70% of the energy of the Universe in an unknown form, tht historically
has been calleddark energy(see Fig. 1.3).

In the following, it is be reviewed how was historically rstly introduced the
idea of dark energy when was it rstly discovered and what are the main probes
that can be used to constrain it.

1.4.1 The discovery of dark energy

The introduction of the concept of \dark energy" goes back to 1917 (Einstein,
1917). It was rstly proposed by Einstein as a modi cation of his equation in
order to obtain a static and nite solution:

G =4GT + g (1.25)

This cosmological constant was a term acting as a repulsivegravity, able to
balance the attractive gravity of matter and yield a solution compatible with a
static Universe and the Mach's principle.

However, many independent works demonstrated that Einstei's solution was un-
stable to expansion or contraction; moreover in 1929 Hubblaliscovered the well-
know \Hubble-law", a linear relation between redshift and distance witnessing the
expansion of the Universe (Hubble, 1929). In this way, the pimary reason of the
introduction of the theoretical extra factor of Eq. 1.25 was lost, and the concept
of cosmological constant was more or less abandoned for thellbwing years.

The ideas started to change in 1981, when Guth proposed his iationary
scenario (Guth, 1981), which predicted a spatially at Universe and almost-scale-
invariant density perturbations. By the same time, a variety of dynamical probes
of the large-scale structure in the Universe started to indcate that the matter
energy density is much lower than the value needed to make thé&niverse at.
When in 1992 the COBE satellite discovered that the total enegy density of the
Universe was nearly equal to the unity, the interest for a mising component, able
to reproduce, combined with matter, the observed and predited o = 1 rose back
to life.

Nevertheless, it was only in the late 1990s that observatioal evidences convinced
de nitely the cosmologists to take again in consideration te idea of a cosmological
constant.

In 1998 two independent teams working on type la supernovaeSne la), the
Supernova Cosmology Project (Perimutter et al., 1999) and he High-z SN Search
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(Riess et al., 1998), found results in agreement indicatinghat more distant SNe are

0:25 mag dimmer than they would be expected in a matter-only, deelerating
Universe. Those two measurements gave the rst evidences #t the expansion
of the Universe is accelerating, implying the presence of aeaw component with
strongly negative pressure. In term of equation-of-state this means that this new
component, the \dark energy", should havewpg < 1=3 in order to produce an
accelerated expansion, as expressed by Eqg. 1.17.

1.4.2 Observational probes

Understanding and quantitatively constraining the nature of dark energy is a dif-
cult task. The primary e ect of dark energy is on the expansion rate of the
Universe; in turn, this a ects the redshift-distance relation and the growth of
structure. This means that the most di cult issue is that the re exist competitive
e ects: if we look at an object at redshift z, its properties may be a ected and
changed by their intrinsic evolution from that redshift to u s and/or by the ex-
pansion that the Universe had undergone from then to now. If ve are unable to
disentangle this two aspects, we'll never be able to say anyiing about the dark en-
ergy parameters. To solve this problem, it is therefore necgsary to de ne and nd
some\standard objects", whose properties are well-known and xed independently
on the redshift.

Almost all the probes of dark energy rely exactly on the measte of the fun-
damental physical properties of these standard objects, sth as the intrinsic lumi-
nosity (standard candle$, the size (standard rulers) or the age (standard clocks.
In the following the most important probes of dark energy arebrie y discussed,
highlighting the strength and weakness of each one. In Tab. .1 the results are
summarized following Frieman et al. (2008) (see Frieman etla 2008, Sect. 7).

Supernovae type la (SNe la). A type la supernova represents the last stage
of carbon-oxygen white dwarf accreting mass from a companio star; as it ap-

proaches the Chandrasekhar mass, it starts a thermonucleaexplosion, and the
peak luminosity is determined by the mass of°Ni produced in the explosion.
Therefore, SNe la are expected to have similar peak luminasés, and being as
bright as a typical galaxy when they peak, they can be used astandard candles
out to high redshifts. A more precise analysis shows that it $ not completely true

that they are \standard" candle, since they have a 1 spread of order 03 mag in

peak B-band luminosity. However, it has been found that thee exist an empirical

correlation between SN la peak brightness and the rate at whih the luminosity

declines with time after peak (Phillips, 1993): this means hat it is possible to

correct with that correlation, obtaining excellent \stand ardizable" candles, with

a dispersion of about 15% in peak brightness.
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Knowing the peak brightness, and therefore the absolute magitude M of a
supernova, it is possible to constrain the cosmological pameters using Eq. 1.22.
The major systematic concerns for supernova distance measments are errors
in correcting for host-galaxy extinction and uncertainty in the intrinsic colors of
SNe la, luminosity evolution, and selection bias in the lowredshift sample.

Baryon acoustic oscillations (BAO). The acoustic oscillations of the cou-
pled photon-baryon uid in the early Universe are clearly imprinted in the angu-
lar power spectrum of the CMB temperature anisotropy. After decoupling, those
oscillations leave an imprint also in the baryon distribution and, through gravita-
tional interactions, in the dark matter distribution as wel |. Since the scale of these
oscillations are set by the sound horizon at recombinationa measure of this scale
(roughly 100h Mpc comoving), as measured in the galaxy distribution, proides
a standard ruler that enable inferring the angular diameterdistance out to galaxies
probed in a survey, and thus a robust way to measure the energgontents of the
Universe. The main systematic uncertainties in the interpretation of BAO mea-
surements are the e ects of non-linear gravitational evoluion, of scale-dependent
di erences between the clustering of galaxies and of dark maer (bias), and, for
spectroscopic surveys, redshift distortions of the clusténg, which can shift the
BAO features.

Weak gravitational lensing (WL). The gravitational bending of light by
structures in the Universe distorts or shears the images of idtant galaxies. This
distortion allows the distribution of dark matter and its ev olution with time to be
measured, thereby probing the in uence of dark energy on thegrowth of struc-
ture. Systematic errors in weak lensing measurements arisigom incorrect shear
estimates, uncertainties in galaxy photometric redshift estimates, intrinsic corre-
lations of galaxy shapes, and theoretical uncertainties inhe mass power spectrum
on small scales.

Clusters of galaxies (CL). Galaxy clusters are the largest virialized objects
in the Universe. Therefore, not only they can be observed, bualso their number
density be predicted quite reliably, both analytically and from numerical simu-
lations. Comparing these predictions to large-area clustesurveys that extend to
high redshift can provide precise constraints on the cosmiexpansion history. The
primary systematic concerns are uncertainties in the massbservable relation and
in the selection function.

Cosmic Microwave background (CMB). Given the huge e orts involved
in the last decades in the study of CMB, it indeed represents ne of the most
important tool to constrain the cosmological parameters. However the CMB probes

M. Moresco PhD Thesis



20 Cosmological background
Method Strengths Weaknesses Systematics
SN purely geometric, standard candle evolution,
mature assumption dust

BAO largely geometric, large samples bias,
low systematics required non-linearity

WL growth+geometric, CDM assumption image quality,
statistical power photo-z

CL growth+geometric,
X-ray+SZ+optical

CDM assumption determining mass,
selection function

Table 1.1: Reproduced from (Frieman et al., 2008): Comparison of dark emrgy

probes.

a Universe in its earliest stage, in which dark energy contfiuted but a tiny part
of the total energy density, as testied by Fig. 1.2. So it camot be useful to
constrain by itself dark energy parameters, even if its powein determining other
cosmological parameters (such as the spatial curvature anthatter density) results
fundamental when used in combination with other probes.
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1.5 Cosmological parameters and H(z) evaluation

The variety of probes that exists to constrain dark energy (and, generally speaking,
cosmological) parameters have been discussed. As highligh in Sect. 1.4.2, all
of them have their strengths and weaknesses. However the restatistical power
of this analysis depends exactly on having information fromexperiments prob-
ing completely di erent aspects. On the one side, having indpendent evidences
for dark energy is important to strengthen the robustness ofthe analysis and
cross-check the results. On the other side, even if each prebis only sensitive
to a particular parameter, it is possible to take advantage & these di erence by
combining the analysis they provide.

The strength of combining data with di erent sensitivity to ¢ osmological pa-
rameters is shown clearly by both Fig. 1.4 an Tab. 1.3 (taken fom Amanullah
et al. (2010)). In their work, they analysized a sample of 557SNe called Union2
compilation, obtained combining the Union compilation with the HST-light curves
and spectra of six new high redshift SNe la, combining then teir results with BAO
analysis (Percival et al., 2010), the latest 7-years resut of WMAP (Komatsu et
al., 2011), and the latest estimate ofHy perfomed by Riess et al. (2009). As the
gure shows, it is fundamental that the di erent techniques h ave completely dif-
ferent kind of degeneracies in the planes (v; ) and ( wm;w), so that the joint
analysis reduces drastically the error on the estimate of tb parameters. In Tab.
1.3 the di erent estimates of \, x andw are reported as a function of the used
probes.

In Tab. 1.2 are quoted as reference value the cosmological paneters obtained
for a CDM cosmology combining WMAP 7-years data, BAO inform ations and
the estimate of Hy.

A fundamental step is, therefore, to increase the precisiorand the number
of independent probes, in order to kill systematic errors ad achieve the goal of
precision cosmology. In this respect, an interesting and aoplementary approach

Ho 704%™ km=s=Mpc
0:27250 0 °
0:728 915>

b 0:0456 0:0016

Zeq 3232 87
Zdec 10882 1:1
Zreion 104 12

Table 1.2: Cosmological parameter obtained for a CDM model using WMAP
7-years, BAO and H data.
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Figure 1.4: Reproduced from Amanullah et al. (2010). Left panel: 68.3%,95.4%,
and 99.7% con dence regions in the( y; ) plane from SNe with systematic
errors combined with the constraints from BAO and CMB (cosmobgical constant
dark energyw = 1 has been assumed). Right panel: 68.3%, 95.4%, and 99.7%
con dence regions in the ( y ;w) plane from SNe with systematic errors combined
with the constraints from BAO and CMB (zero curvature and congant w have been
assumed).

Fit v ; W

SNe 0274%057 0 (xed) 1 (xed)
SNe+BAO+ Ho  0:316G05¢ 0 (xed) 1154018
SNe+CMB 0:269%955 0 (xed) 0:999'%:0%
SNe+BAO+CMB 0 :279°001f 0 (xed) 0:997%042

SNe+BAO+CMB 0 :281°0:01  0:004"%;35S 1 (xed)
SNe+BAO+CMB 0 :281°0318  0:006"%059  1:03599%%

Table 1.3: Reproduced from Amanullah et al. (2010). Results on cosmogpcl pa-
rameters v, k andw, including both statistical and systematic uncertanties.
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Figure 1.5: Reproduced from Stern et al. (2010). The H(z) measurement frm their
sample of passively evolving galaxies. The dashed line is tf@DM model while
the dotted line is an Einstein-de-Sitter model.

to this problem has been proposed by Jimenez & Loeb (2002). Itheir work they
propose to study the relative age evolution of the Universe sa function of redshift,
since, as Eq. 1.5 shows, it would be a direct estimate of the Hible parameterH (z),
and as a consequence of the cosmological parameters that tdgte the evolution of
the Universe. The strength of this method is that it avoids the common weakness
of the other techniques, i.e. the reliance on integrated quatities to determine the
expansion history. However, to fully exploit this approach, it is required to nd a
population of standard clocks able to trace the evolution ofthe relative age of the
Universe. They proposed to use early-type galaxies (ETGs) @\cosmic clocks",
as they represent up to redshiftz 1 a fairly homogenous population of galaxies
sampling the oldest objects at each redshift. Recently, thé approach has been
applied to a sample of galaxies in a wide redshift range, obiaing at the present
state the most accurate estimate of H(z) out to redshiftz 1 (Stern et al. (2010),
see Fig. 1.5).
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Chapter

A perspective on early-type galaxies

Since Hubble's classi cation in 1936, galaxies have been dded between ellipti-
cals, spirals and irregulars (see Fig. 2.1). Despite Hubblg classi cation was purely
based on galaxies optical appearance, it has been found thahorphology corre-
lates with the characteristic properties of galaxies. Spials and ellipticals di er
in term of their stellar population content, with typical el lipticals being redder
than the others, and showing purely stellar absorption-lire spectra with no or
very weak nebular emissions. As a consequence, it is posshb refer to early-type
galaxies (ETGs) on the basis of a color (or spectroscopic pperties) rather than
morphological selection. Furthermore, the bulges of spirks of the earlier types
show morphological as well as spectral similarities with dipticals, and one of-
ten includes both ellipticals and bulges under the categoryof galactic spheroids.
However this di erent selections do not fully overlap. For example, considering a
study of ETGs from the Sloan Digital Sky Survey (SDSS) (Bernadi et al., 2006),
it has been found that a sample selected using only a morphagjical, rather than
a spectral or a color criterion, shows good correlation withthe samples selected
with the other criteria, but presents also some level of corimination, as reported
by Tab. 2.1 (for more details, see Renzini, 2006).

In his pioneering work, Roberts (1963), reviewing the stateof the art about
the dependence of various parameter on the morphological pe, indicated that
the Hubble sequence corresponds also to an ordered succeasin terms of present
star formation rates and past star formation histories.

More recent studies, as reported in Renzini (2006), estimatd that true ellip-
ticals represent 22% of the total mass in stars in the local universe, a fractia
amounting to  75% for spheroids (i.e., when including EQ's and spiral bulgs),
whereas disks contribute only 25% and dwarfs an irrelevant fraction. Figure 2.3
(again taken from Renzini, 2006) shows the contributions tothe total stellar mass
by red and blue galaxies in the various mass bins, along withie contributions to
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Figure 2.1: Reproduced from Hubble (1936): Hubble's Tuning Fork diagma for
classi cation of galaxies.

the total number of galaxies, obtained from a sample based o&DSS data. It can
be inferred that ETGs represent only 17% of the total number d galaxies in the
sample, but contribute  57% of the total mass. Moreover,& 80% of the stellar
mass in ETGs belongs to galaxies more massive than 3  10'°°M

In this chapter, the basic observational evidences about aty-type galaxies are
provided, focusing the attention on their main characterigics that make them the
ideal candidates to obtain both evolutionary and cosmologial insights about the
Universe.

MOR | COL | SPE
MOR | 37151 70% | 81%
COL | 58% | 44618| 87%
SPE | 55% | 70% | 55134

Table 2.1: Reproduced from (Renzini, 2006): Morphology- versus Color-versus
Spectrum-Selected Samples; the resulting humbers of galke ful lling each cri-
terium are given on the diagonal of the matrix.

2.1 Properties of ETGs

Early-type galaxies are rather simple and homogeneous syains in terms of mor-
phology, colors, stellar population content and scaling réations. These objects
have been deeply studied in the last fteen years, and varios correlation have
been found among their properties that could help to unveil heir formation and
evolution history. Here, only a brief review is given, summaizing their most im-
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Figure 2.2: Reproduced from Roberts (1963): the variation of charactestic prop-
erties of galaxies with morphological type. The horizontal mow points in the di-
rection of an increase in the parameter commonly used to desibe the quantity
indicated. When this parameter varies with the mass of the sgem, within a given
morphological class, a vertical arrow indicates the sensef@an increase with in-
creasing mass. As the author underline, the absence of a vesdl arrow do not
imply necessarily the lack of a mass dependence: generallyet data are insu -

cient to indicate a possible mass dependence.
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Figure 2.3: Reproduced from Renzini (2006): the contributions to the ttal stellar
mass and to the number of galaxies by early-type (red) and kttype (blue) galaxies
in the various mass bins. The relative areas are proportionato the contributions
of the early- and late-type galaxies to the total stellar masand to the number of
galaxies.

portant relations and the constraints they set on galaxy evdution following the
more comprehensive review by Renzini (2006).

2.1.1 Color-magnitude and color- relation

The relation between color and magnitude (C-M) in ETGs was afteady found
in early 1960s (Baum, 1959), and de nitely established in lae 1970s, with the
work of Visvanathan & Sandage (1977) and Sandage & Visvanatén (1978a,b). In
their analyses, they studied both E and SO galaxies in Virgo leister and in eight
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Figure 2.4: Upper panel (reproduced from Bower et al., 1999): thdU V) versus
My color-magnitude relation for galaxies of the various morpblogical types that
are spectroscopic members of the Coma cluster. Lower panele@roduced from
Bower et al., 1992): the relation between thdU V) color and the central velocity
dispersion () for early-type galaxies in the Virgo (open symbols) and Comd lled
symbols) clusters. Red circles represent ellipticals, btutriangles represent SO's.
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other groups, nding a similar C-M relation for all the galax ies, both in clusters
and in the eld. Given the equality of the color distribution , they argued that no
signi cant episode of star formation as happened to those sstems in the past 1
Gyrs, inferring also a uniformity of stellar content. Moreover they suggested that
the universality of the relation can be used as a distance eshator. The upper
panel of gure 2.4 shows the C-M plot for the Coma cluster galxies as evaluated
by Bower et al. (1999), demonstrating also how closely both 8s and ellipticals
follow the same relation.

In their work Bower et al. (1992), analyzed the (U-V) color magnitude relation
for early-type galaxies in Coma and Virgo clusters, and foud really homogenous
relations in both samples. They evaluated the intrinsic cobr scatter of ETGs about
the mean C-M relation to be < 0:04 mag, and used it to set constraints on the
formation epoch of these systems. They used Bruzual & Charto(1993) models
to infer the implications of such a small scatter, transforming the color into age
variation as follows:

@u V)
@t
They parametrized the range of galaxy formation times as (ty tg), where the

parameter quanti es the synchronization in the galaxy formation. In t his way,
they obtained that:

Scatterin (U V) color = scatter intime  formation epoch (2.1)

@u V)
@t

They evaluated that for a value =1 (i.e. there is no coordination between the
forming galaxies) the redshift of formation should bezr & 2:8, while for a more
synchronous formation ( = 0:03) the redshift of formation should bezg & 1:1.
They therefore concluded that elliptical galaxies should tave formed the bulk of
their stars at z & 2, providing the rst clear evidence that ETGs must be old,
passively evolving systems.

It has been shown that the tightness of the C-M (or color- , where is the
central stellar velocity dispersion of the galaxy) provides constraints about the age
of the stellar populations of ETGs; at the same time, the slog of these relations
can help in constraining the amount of merging occurred to ttose systems. In fact,
if a merging without star formation is considered, it leavesthe colors unchanged,
but increases the luminosity and , reducing the slope and increasing the scatter;
if it is considered a merging with star formation, this also produce a shift towards
the blue of the colors, thus broadening and attening the reltions even more.
By analyzing the slope of the C-M relation in rich clusters, Bower et al. (1998)
concluded that the bulk of the stellar population must have formed beforez = 1,
but can not have formed in mass units much less than about haltheir present
mass.

Scatterin (U V) color = (th tg) 004 (2.2)
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2.1.2 The fundamental plane

There exists an empirical law relating the three main paraméers of elliptical
galaxies, that are the e ective radius R, the central velocity dispersion , and the
e ective surface brightnessle. In the space Re, ,le), those galaxies are well repre-
sented from a plane, known as fundamental plane (FP), withRe / 212 (Dressler
et al., 1987; Djorgovski & Davis, 1987), where the exponenta and b depend on
the speci ¢ band used for measuring the luminosity. The progction of the FP
over the ( ,L =2 R 2l,) coordinate plane generates the Faber-Jackson relation
(Faber & Jackson, 1976), whereas a projection over theRe,l¢) plane generates
the Kormendy relation (Kormendy, 1977).

The FP was rstly adopted as a distance estimator; however itis really im-
portant also to set constraints on the properties of the stelar content of galaxies,
and on their formation. As argued by Renzini (2006), its exigence implies that
ellipticals (a) are virialised systems, (b) have self-simar (homologous) structures,
or their structures (e.g., the shape of the mass distributim) vary in a systematic
fashion along the plane, and (c) contain stellar populatiors which must ful Il tight
age and metallicity constraints.

In their analysis, Renzini & Ciotti (1993) analyzed the small dispersion per-
pendicular to the FP of elliptical galaxies, concluding that this should imply a
small age dispersion ( 15%) and high formation redshift, fully consistent with
the Bower et al. (1992) argument based on the narrowness of th1C-M and color-
relations.

2.1.3 The line-strength diagnostics

The optical spectra of ETGs have been demonstrated to be rictof informations,
for the presence of numerous absorption lines that correlas with stellar ages,
metallicity, and abundance ratios of those systems. Sincehie preliminary work of
Burstein et al. (1984), it has been de ned a complete set of t@nty-one absorption
features, known asLick-IDS system, whose purpose was predicting index strengths
in the integrated light of stellar populations of di erent ag es and metallicities
(Worthey et al., 1994).

The most used features have been thdg, (or Mgh), < Fe >, and the H
indices, measuring respectively the strength oMgH + Mgl at 5156 5197A,
the average of twoFel lines at 5248 and 5315A, and the strength of H at

= 4861 A. Despite some doubts in the general interpretation of thisapproach,
in particular due to the inadequacy of the theoretical modek in describing data,
it is now generally accepted that massive ellipticals are gauinely enriched in
magnesium relative to iron.

Maraston et al. (2003) provided an empirical calibration for the synthetic Lick
indices of Simple Stellar Population (SSP) models using a saple of Milky Way
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globular clusters and several metal rich clusters belongig to the Galactic bulge;
with their analysis, they shown that for the bulge globulars an alpha-enhancement
[=Fe] = +0 :3, in agreement with the available spectroscopic determintons, is
needed to reproduce the indices at all metallicities.

In their work, Thomas et al. (2005) developed models of absqtion-line indices
accounting for variable abundance ratios, and used them to drive ages, total
metallicities, and element ratios of 124 early-type galaxés in high- and low-density
environments. They found that all three parameters (age, maallicity, and [ =Fe ]
ratio) are correlated with velocity dispersion; moreover nore massive galaxies
(M & 10''M ) appear dominated by old stellar populations, while for les massive
ones ( 10'®M ) there is evidence for the presence of intermediate-age $i@r
populations with low [ =F e ] ratios. From their results, they concluded that most
star formation activity in early-type galaxies is expectedto have happened between
redshifts 3 and 5 in high-density environments and between redshifts &nd 2 in
low-density environments, and that at least 50% of the total stellar mass density
must have already formed atz 1, in good agreement with observational estimates of
the total stellar mass density as a function of redshift. These di erential results as
a function of the environment, however, are not con rmed in asubsequent analysis
done by Thomas et al. (2011), nding nevertheless for these mssive systems a high
value of redshift of formation (zr 4 for log10(M gyn=M 12)).

2.2 Galaxy evolution

All the observational evidences highlighted in the previows section were rstly
found, for historical reason, looking local or low-redshif galaxies. However, to
disentangle in detail the evolution and formation history of galaxies, observation
at higher redshits, hence probing galaxies in a younger Unirse, are necessary.

The color-magnitude relation. Considering the C-M relation, a lot of studies
were made in trying to follow it up to z 1. Following the approach of Bower
et al. (1992), Ellis et al. (1997) studied the rest-frame UV gtical photometry of
a large sample of morphologically selected spheroidal galees in threez  0:54
clusters; they found a small scatter & 0.1 mag rms) for galaxies classi ed as E's
and E/SO's, with no trend for the scatter to increase with deaeasing luminosity.
Therefore, they argued that most of the star formation in the elliptical galaxies in
dense clusters was completed beforz' 3.

Stanford et al. (1998) extended these results to clusters upo z  0:9, and
shown that the slope and the intrinsic scatter of the C-M reldion is nearly constant
up to the probed redshift. From their results, they concluded that most early-type
galaxies in rich clusters are old, formed the majority of ther stars at high redshift
in a well-synchronized fashion, and evolved quiescently threafter.
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The C-M relation has been followed also up to higher redshift Blakeslee et
al. (2003) investigated galaxies in a cluster atz = 1:24, nding for the early-type
population a tight sequence in the CM diagram, with an intrin sic scatter of 0:03
mag. This corresponds in no evidence of evolution out to z 1,2vith a mean age
of 3 Gyr and no star formation activity up to z & 1.5.

The Fundamental Plane. A lot of interest has been devoted also to the study
of the redshift evolution of the FP, since its dependence on aariety of factors can
help to set constraints on galaxy evolution. Renzini & Ciotti (1993) argued that,
for passive evolution, the FP shifts by amounts that depend @ a combination of
IMF slope, formation redshift, and cosmological parametes. A systematic trend
of the IMF slope with galaxy mass would cause the FP to rotate vith increasing
redshift, as it would do for a similar trend in galaxy age. An age dispersion ( t)
would cause the scatter perpendicular to the FP to increase ith redshift, as, for
xed t, t=tincreases for increasing redshift, i.e. decreasing galaxage ¢).

Di erent independent works from middle 1990s up to the presetts (van Dokkum
& Franx, 1996; Kelson et al., 1997; van Dokkum et al., 1998; va Dokkum & Stan-
ford, 2003; Wuyts et al., 2004; Holden et al., 2005) gave evi&hces that the FP
actually shifts nearly parallel to itself by an amount that i ncreases with redshift
and is consistent with the passive evolution of stellar poplations that formed at
high redshifts.

The luminosity and mass functions. An important test of the high formation
redshift of ETGs can be provided by the study of the luminosity function (LF) and
mass function (MF) from the local Universe up to higher redstifts. If, for these
galaxies, a passive evolution is con rmed, this should cogspond to an increase in
the luminosities as a function of redshift, depending on theredshift of formation
and on the slope of the Initial Mass function (IMF).

de Propris et al. (1999) analyzed the evolution of the obsemd K-band LF
in 38 clusters with 0:1 < z < 1, and they results pointed out not only that the
stellar populations of ETGs formed at high-redshift, but th at the assembly of the
galaxies themselves was largely complete by 1 and that subsequent evolution
down to the present epoch was primarily passive. Toft et al. 2004) extended
this result by evaluating the K-band LF of a z = 1:237 massive X-ray luminous
cluster, concluding that the observed evolution is consistnt with a scenario in
which clusters are composed of a population of massive gal@s which formed at
high redshift (z 1) and subsequently evolved passively, and a population of
lower mass galaxies which are gradually accreted from the ld, primarily at lower
redshift (z < 1).

Many studies have shown that there is a very weak evolution fomz  0:7
0:8 to z 0 of the luminosity and stellar mass functions for luminous, massive
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Figure 2.5: Reproduced from Cimatti et al. (2004): a zoom on the average sptrum
of the four ETGs found with K20 survey in the rangel:6. z. 1.9 (blue) compared
with the synthetic spectrum of a 1.1 Gyr old simple stellar goulation (SSP) with
solar metallicity (Z = Z ) and Salpeter IMF (red).

galaxies, but they evolve much faster for lower mass system&ontana et al., 2004;
Bell et al., 2004; Drory et al., 2005; Yamada et al., 2005; Cati et al., 2006; Bundy
et al., 2006; Cimatti et al., 2006; Bundy et al., 2007; Pozzdt et al., 2007, 2010,
and many others). If, on one side, the number density of lumious (massive) ETGs
(Mg(z=0) < 205andM > 10''™M ) is nearly constant, at leastuptoz  0:8,
on the other side less luminous ETGs display a de cit which gows with redshift.
Kaviraj et al. (2008), by inspecting the colors of a sample oETGs at 0:5<z < 1,
demonstrated that luminous ( 23 < My < 205) and less luminous galaxies
formed respectively 10 15% and 30 60% of their mass sincez 1.

High redshift ETGs. The last piece of evidence was set by the impressive
discovery of Glazebrook et al. (2004) and Cimatti et al. (20@), that found, re-
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spectively, ve passively evolving galaxies at 157 . z . 1:85, and four other
such objects at 16 . z . 1:9 (see Fig.2.5). All these galaxies were brighter than
K =20 and quite massive M & 10'*M ). This suggests that they were (almost)
fully assembled already at this early epoch, and having beepassive since at least

1:1 Gyr had to form at redshift & 2:7 (see also McCarthy et al., 2004; Saracco
et al., 2005; Daddi et al., 2005; Kriek et al., 2006).

In summary, the study of the stellar populations in ETGs belonging to distant
clusters uptoz 1.3 have unambiguously shown that these objects have evolved
passively from at leastz 2 3. This came from the color, line strength, and
luminosity evolution. Moreover, the brightest cluster members at z 1 13
and the characteristic luminosity of the LF appear to be brighter than their local
counterpart by an amount that is fully consistent with pure p assive evolution,
indicating that these galaxies were already fully assembke at this high redshift.
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2.3 Theories of formation of ETGs

Understanding the physical mechanisms behind galaxy evotion has been one of
the most important task of astronomers. There are a lot of exensive and detailed
works reviewing the models of ETGs formation (e.g. Baugh et b, 2006). In the
following, the scheme used by Mo et al. (2010) has been foll@al.

The evidences found of complex dynamical structure of ellifical galaxies, tes-
tied by their internal velocity dispersion, suggest that t heir formation should
include some violent process. A fundamental step in undersinding this process
has been the discovery that violent relaxation can produce léptical systems with
density pro les similar to those of elliptical galaxies. Historically, two has been
the competing scenarios to explain galaxy evolution:

" the Monolithic Collapse model (e.g. Eggen et al., 1962; Larson, 1974,
Arimoto & Yoshii, 1987; Bressan et al., 1994). In this scenaio elliptical
galaxies form on a short time scale through collapse and vialization. The
star-formation is concentrated over a short time scale, andhen the galaxy
evolve passively to the present. Its main characteristic ighat the stars form
simultaneously with the assembly of the mass of the nal galay; it is also
referred as a \top-down" scenario.

the Hierarchical Merging model (e.g. Blumenthal et al., 1984; White et
al., 1978). For this model, elliptical galaxies result fromthe mutual disrup-
tion of pre-existing objects in a merging event. In this casethe formation
of stars occurs independently and before the assembly of theal galaxy; it

is also referred as a \bottom-down" scenario.

In the monolithic collapse scenario, elliptical galaxies lave been formed from
a single burst of star formation at high redshift, followed hy passive evolution to
the present. If the collapse responsible of the star formatin activity is completely
dissipationless (i.e. faster than the free-fall time scalg all the gas is turned into
stars in the very rst moments of the galaxy evolution. However, this would imply
a redshift of formation for elliptical greater than 20, that is quite incompatible
with the more recent estimates for which only a small fraction of stars formed at
z & 6. Moreover another inconsistency is that in this scenario here is no way to
produce a di erent evolution for stars and dark matter, that at the end should
have a similar space distribution, which is again contradited by observations. On
the other hand, if dissipation is supposed to occur during tke collapse, the gas
evolution can be decoupled to the evolution of the stars. Dgsite some success in
representing some observed properties of ellipticals (lumosity pro les, metallicity
gradients, scaling relations) one of the major problem of tis model is that it
requires that the nal assembly of the galaxy occurs almost gnultaneously with
the formation of stars; however both the study of the evolution total mass density
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of ellipticals as a function of redshift, as well as the obsemtion of their strong
size evolution sharply contradicts this assumption.

In the hierarchical merging scenario, all the star formation is concentrated
into disks, while ellipticals are formed through merger evets. This assumptions
seem plausible, since, at least in the local Universe, the apunt of star formation
outside galaxy disks, or irregulars, or starburst galaxiesis really negligible, and
since there are many observational evidences of merger. Hewer the key point is
if the observed merger rate can reproduce the abundance ofliglical galaxies as
a function of their mass, age metallicity, and so on. Also in his case, the situation
changes if dissipation or dissipationless merger are cowmlgred. In particular it has
been suggested that massive ellipticals can be the remnansf a dissipationless
merger event (also called \dry merging") between ellipticd progenitors, while less
massive ones can be described by dissipational mergers (owv&t mergers").

The problems with the merger models, given that mergers are ectively ob-
served, is if real merger rates are compatible with the obseed population of
ellipticals and its properties. Since merger rate is a quarity rather complex to be
measured with the needed precision, this issue has to be adeksed theoretically.
In order to do that, in addition to statistics modeling the ac cretion of dark matter
halos and to convert gas into stars, some mechanisms of feealtk is needed in
order to trigger and/or stop star formation in these system. Since massive ellip-
ticals are observed to have di erent properties with respectto less massive one
(in particular they are systematically older), a process that prevent the formation
of stars in these systems, other than supernova feedback, iseeded, and active
galactic nuclei (AGN) feedback has been proved to be a good odidate. With
these prescriptions, many of the observed properties of ET& can be reproduced
and predicted within the hierarchical merging scenario. Hovever some discrepancy
between models and theory remains, and only observation cahelp in disentan-
gling the history of evolution of these system; and it is plawible that processes
invoked in the di erent scenarios has to be taken into account
In particular, the determining properties to be checked in ader to explain ETGs
evolution are the star formation history, the assembly hisory and the progenitor
properties, since these quantity are generally predictedystematically di erent in
the two scenarios.

As argued in Sect. 1.3, the current CMB and LSS observationsteongly sup-
port the CDM model, that is based on a cosmological constant and on the cold
dark matter CDM in order to explain the observed cosmologichexpansion history
of the Universe, from the CMB to the present accelerated expasion. Within this
framework, it is predicted a structure formation \bottom-u p", for which rst of
all the small structures are formed, building gradually the bigger ones via merg-
ing processes. This model has been studied also numericaltgsting its prediction
with the development of large numerical simulations (for a dscussion, see Springel
et al., 2005).
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The establishment of the CDM model, together with the detai led and comple-
mentary observations supporting it (e.g. Percival et al., 210; Amanullah et al.,
2010; Komatsu et al., 2011), ruled out de nitively the monolithic collapse model,
since, on the contrary, it represents a \top-down" scenario

2.3.1 The downsizing scenario

As underlined in the previous section, evidence has accumatled that the bulk of
stars in spheroids are old, and most likely formed in major maging events. The
analysis of the Millennium Simulation provided important i nsights for understand-
ing the formation of elliptical galaxies within the concordance cold dark matter
(CDM) model; De Lucia et al. (2006), tuning the model to t the joint luminos-
ity/color/morphology distribution of low-redshift galax ies, con rmed that massive
ellipticals should have higher metal abundances, older luimosity-weighted ages
and shorter star formation time-scales, but lower assemblyredshifts, than less
massive systems. However the detailed process with which E3s assemble their
mass is still unclear.

On the one hand, dissipationless \dry merging" of ETGs has ben suggested to
build up the masses of massive ETGs (van Dokkum et al., 2005; &l et al., 2006),
reproducing results that are consistent with the high central densities of ellipticals,
their old stellar populations, and the strong correlations of their properties; on the
other hand, arguments based on the evolution of the shape ohtk stellar mass func-
tion (Bundy et al., 2006) and on the very small scale clustemg (0:0<r< 8h 1!
Mpc) of local SDSS ETGs at 016 < z < 0:36 (Masjedi et al., 2006) arise some
problems in this scenario.

Cowie et al. (1996) (see also Gavazzi & Scodeggio, 1996), inder to solve all
the open issues of the standard hierarchical scenario, inrduced the possibility of
a model for which the evolution of galaxies is triggered by gkaxy mass, so that
less massive systems have a more prolonged star formation thvirespect to more
massive galaxies, these latter completing their star formton at higher redshifts.
This model is known asdownsizing , and a detailed review can be found in Cimatti
(2007) and Cimatti (2009).

There are nowadays di erent observational evidences that spport this sce-
nario. Fontana et al. (2004), within the K20 survey, found that the typical M =L
ratio of massive early-type galaxies is larger than that of €ss massive ones, sug-
gesting that their stellar population formed at higher z. Thomas et al. (2005),
and later Thomas et al. (2010), found that the star formation histories of ETGs
at z 0 is strongly mass-dependent, with an evidence for more mais® objects
(logio(Mgyn=M )  12) to be have a much higher formation redshift g 3 5)
with respect to less massive galaxiesz€ 1 for logio(Mgyn=M ) 105). Treu
et al. (2005) analyzed the FP of galaxies in the range :@ < z < 1:2, obtaining
a strong evolution of the M/L ratio that depends signi cantl y on the dynamical
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mass of the galaxies. They argued that these trends are corssént with single-
burst populations that formed at zg > 2 for high-mass spheroidals andzz 1:2
for lower mass systems, being also the fraction of stellar nss formed at recent
times strongly dependent on galactic mass, ranging fromx 1% for masses above
10'°M  to 20%-40% below 18'M . Several works found that there exist a di er-
ential and mass-dependent evolution of the stellar mass fustion, nearly constant
fromz 07 08toz 0 for massive galaxies, but much faster for low-mass
systems (Fontana et al., 2004; Drory et al., 2005; Caputi et h, 2006; Bundy et al.,
2006; Cimatti et al., 2006). The speci c star formation rate (SSFR = SFR=M)
has been found to be larger for lower mass galaxies in compadn to higher mass
galaxies at all redshifts, with the SSFR for massive galaxig increasing by a factor
of 10 atz > 2 (Feulner et al., 2005; Juneau et al., 2005; Cimatti, 2007)Le
Borgne et al. (2006) shown that there has been a signi cant deline in the abun-
dance of massive galaxies with strondgd stellar absorption lines fromz 1.2 to
the present, with these \H -strong" galaxies that have undergone a recent and
rapid break in their star formation activity. Finally a lot o f works documented the
existence of old, massive, nearly passively evolving ETGsputo z  2:5 (Cimatti
et al., 2004; McCarthy et al., 2004; Saracco et al., 2005; Dati et al., 2005; Kriek
et al., 2006).

On the basis of many recent observational evidences, it hasden proposed
that the downsizing scenario should apply not only to star famation (i.e. stars
in more massive galaxies are older), but also to the stellar mss assembly, with
more massive galaxies that have assembled before less magsbnes. This is often
referred asmass-downsizing . Although hierarchical models are able to successful
reproduce the star formation downsizing, a coherent expliation of the latter one
within theoretical models still lacks.

A possible picture for the formation and evolution of massie ETGs is given by
Cimatti (2009); in the following, is reported the basic schene (see also Fig. 2.6):

1. Alarge fraction of massive star-forming galaxies seleed in the optical/near-
IR are gas-rich disky systems characterized by a \quiet" evéution with long-
lived star formation (e.g. 0:5 1 Gyr) supported in some cases by \smooth
accretion" of cold gas streams. These massive systems maytda evolve into
spheroids through disk instabilities and/or merging processes;

2. The submillimeter galaxy (SMG) phase corresponds to the ases of rapid,
highly dissipative, gas-rich major mergers characterizedby short-lived (  0:1
Gyr) starbursts. It is intriguing to notice that SMGs are the only star-
forming systems atz > 2 having the same small sizes and high (gas) mass
surface density of ETGs at 1< z < 2. If the compact superdense ETGs at
1 <z < 2 are the descendants of SMGs, the duty cycle timescale of the
SMG phase can be estimated as the ratio of the comoving numbedensi-
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Figure 2.6: Reproduced from Cimatti (2009): the variety of possible evaoitionary
paths for the formation of massive spheroidal galaxies.

ties of the SMGs ( 10 5Mpc %) and ETGs ( 10 4Mpc 3) and the
amount of cosmic time available fromz 25toz 1.5 ( 15 Gyr), i.e.
0:15 Gyr. This is broadly consistent with the e-folding timesale derived
independently from the SED tting and from the SMG molecular gas. AGN
feedback would then be required to \quench" the star formation. This could
also explain the origin of the relation between super-masse black hole and
galaxy masses. Although the involved physical processes ami erent, this
scenario is somehow reminiscent of the \old-fashioned" mauolithic collapse;

3. the compact, superdense ETGs at k z < 2 evolve by increasing gradually
their sizes. A possible mechanism is major dissipationlesddry") merging.
However, it is unclear how the \dry" merging scenario can be econciled
with the properties of the small-scale clustering of low-z HGs and with
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the weak evolution of the high-mass end of their stellar masgunction at
0 <z < 0:7. Other processes which may increase the sizes at< 1 are the
smooth envelope accretion and multiple frequent minor mergrs;

4. the majority of most massive ETGs reaches the assembly cgntetion around
z 07 08, while lower mass ETGs continue to assemble down to lower
redshifts (downsizing).
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2.4

Conclusions on ETGs properties

Summarizing the conclusions on ETGs that are strongly basen observational
evidences, it is possible to say that:

Elliptical galaxies represent a simple and homogeneous pajfation in term
of colors, morphology and stellar population content;

spheroids (i.e., when including EO's and spiral bulges) regesent 75% of
the total mass in stars in the local universe, a fraction amoumting to  22%
when considering only true ellipticals;

the C-M, color- and FP relations for ETGs in clusters indicate that the
bulk of stars in these galaxies formed az & 2 3;

the study of the luminosity and stellar mass functions, joirt with the discov-

ery of high-redshifts ETGs, suggests that not only the stelar populations of
ETGs formed at high-redshift, but that the assembly of the gdaxies them-
selves was largely complete by 0:7 0:8, at least for most massive ETGs;

there are strong observational basis that support the massiownsizing sce-
nario, for which more massive galaxies have assembled befoless massive
ones;

the weak evolution of the stellar mass function suggest thatmost massive
ETGs suggests for these systems a nearly passive evolution the last 7
billion years (i.e. 50% of the life of the Universe)

this latter property makes ETGs among the oldest object of the Universe at
each redshift.

All this properties make ETGs the ideal candidates to addres several fundamental
open questions of modern cosmology and astrophysics, such the cosmic history
of galaxy mass assembly, the evolution of large scale struate, the evolution of
galaxy clusters, the link between supermassive black holeand host galaxies, the
role of feedback in galaxy formation, the physical origin ofthe Hubble morpho-
logical classes, the constrain of cosmological parameterssing them as \cosmic
chronometers'.
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Chapter

De nition and characterization of
ETGs samples

In this chapter, it is described how a reliable sample of eay-type galaxies have
been built, illustrating the surveys from which galaxies hase been extracted, the
criteria used to select a sample of passive ETGs the less carhinated as possi-
ble from the presence of outliers and the method used to corotly set up their
photometry. also the properties obtained from the t to thei r spectral energy dis-
tributions are analyzed, discussing the reliability of the retrieved parameters and
their degenerations with other quantities and/or their dependences on assumed
models.

3.1 Spectroscopic surveys

In the framework of this analysis it is fundamental to obtain a sample with the
widest possible redshift leverage, in order to follow the emution of ETGs sampling
a large range of lookback time (and hence age of the Universe)

Nowadays, there exist numerous massive spectroscopic sams that have mapped
the galaxies in the Universe, providing us their propertiesand, most important,
redshifts both locally (z 0) upto z 1.5; this has been a fundamental step to
build a 3D view of the Universe (e.g. see 3.1). In the followig sections the two
main spectroscopic surveys from which the sample of ETGs havbeen extracted
are brie y described.

3.1.1 Sloan Digital Sky Survey (ETGs at 0<z< 05

The Sloan Digital Sky Survey (SDSS) is one of the most ambitias and in uential
surveys in the history of astronomy. Over eight years of opeations (SDSS-I, 2000-
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Figure 3.1: Large scale structure in the northern equatorial slice of te SDSS main
galaxy redshift sample. The slice is 2.5 degrees thick, and lg&ies are color-coded
by luminosity. Credit: M. Blanton and the Sloan Digital Sky Suvey.

2005; SDSS-II, 2005-2008), it obtained deep, multi-colornhages covering more
than a quarter of the sky and created 3-dimensional maps comiining more than
930,000 galaxies and more than 120,000 quasars.

The SDSS uses a dedicated wide- eld 2.5 m telescope locatet Apache Point
Observatory near Sacramento Peak in Southern New Mexico. Té telescope uses
two instruments. The rst is a wide- eld imager with 24 2048 2048 CCDs on the
focal plane with 0.396" pixels that covers the sky in drift-scan mode in ve lIters
in the order riuzg. The imaging is done with the telescope traking great circles
at the sidereal rate; the e ective exposure time per lter is 54.1 s, and 18.75 deg
are imaged per hour in each of the ve lters. The images are matly taken under
good seeing conditions (the median is about 1.4" in r) on mooless photometric
nights. The 95% completeness limits of the images are u, g, I, z = 22.0, 22.2,
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22.2, 21.3, 20.5, respectively, although these values depe as expected on seeing
and sky brightness. The images are processed through a sesief pipelines that
determine an astrometric calibration and detect and measue the brightnesses,
positions, and shapes of objects. The astrometry is good to5 milliarcseconds
(mas) rms per coordinate at the bright end. The photometry is calibrated to an
AB system, and the zero points of the system are known to 1%-2%

The photometric catalogs of detected objects are used to idwify objects for spec-
troscopy with the second of the instruments on the telescopea 640- ber-fed pair
of multiobject double spectrographs, giving coverage fron3800A to 9200A at a
resolution of = 2000. The objects chosen for spectroscopic follow-up are
selected based on photometry corrected for Galactic extirtgon following Schlegel
et al. (1998) and include a sample of galaxies complete to a presian magnitude
limit of r = 17.77.

Spectra are extracted and calibrated in wavelength and ux. The typical S/N
of a galaxy near the main sample ux limit is 10 per pixel. The broadband spec-
trophotometric calibration is accurate to 4% rms for point sources, and the wave-
length calibration is good to 2 kms 1. The spectra are classi ed and redshifts
determined using a pair of pipelines, which give consistentesults 98% of the time;
the discrepant objects tend to be of very low S/N, or very unusial objects, such
as extreme broad absorption line quasars, superposed soes; and so on. The vast
majority of the spectra of galaxies and quasars vyield reliake redshifts; the failure
rate is of order 1% for galaxies and slightly larger for quasis. Further details con-
cerning the seventh data release (DR7) can be found atttp://www.sdss.org/dr7/
and in Abazajian et al. (2009).

3.1.2 zCOSMOS (ETGsupto z 1)

The Cosmic Evolution Survey (COSMOS; Scoville et al., 2007)s the largest con-
tiguous HST survey ever undertaken ( 640 orbits, Koekemoer et al., 2007), which
has imaged a 2 dedg eld using the Advanced Camera for Surveys (ACS) with
single-orbit I-band exposures to a depthlag ' 28 mag and 50% completeness at
lag = 26:0 mag for sources B°in diameter. COSMOS observations are imple-
mented with an excellent coverage of the eld with multiband photometry from
the UV (with GALEX, Zamojski et al., 2007), optical (with Sub aru and CFHT,
Taniguchi et al., 2007; Capak et al., 2007), NIR (with CTIO, KPNO, and CFHT,
Capak et al., 2007; McCracken et al., 2010), to MIR and FIR (wih Spitzer, Sanders
et al., 2007), in combination with a multi-wavelength dataset from radio (with
VLA, Schinnerer et al., 2007), millimeter (with MAMBO, Bert oldi et al., 2007),
to X-rays (with XMM and Chandra, Hasinger et al., 2007; Elvis et al., 2009).
The zCOSMOS project (Lilly et al., 2007) is a major redshift survey of galaxies in
the COSMOS eld using 600 hr of clear dark observing time on tke VLT. It aims
to map the COSMOS eld with the Vlsible Multi-Object Spectro graph (VIMOS;
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Le Fevre et al., 2003). A medium resolution grism (R  600) was used with a
slit width of 1 arcsec, to achieve a velocity accuracy of 10km=s and enable
redshifts to be measured with a high success rate using one iointegrations. The

spectral ranges of the observations are typically 5550 9650A. The survey con-
sists of two parts. The rst, zZCOSMOS-bright, will ultimate ly consist of spectra
of about 20,000 galaxies selected to haveag < 225 across the full 17deg of
the COSMOS eld. It was designed to yield a high and fairly uniform sampling
rate across most of the eld (about 70%), with a high successate in measuring
redshifts (approaching 100% at @ < z < 0:8) and to have su cient velocity accu-

racy to e ciently detect cosmic structures down to the scale of galaxy groups. The
second part, zZCOSMOS-deep, will consist of about 10,000 sptea of Bag < 25:25
galaxies, color-selected to have redshifts in the:4 < z < 3:0 redshift range and
lying in the central 1deg? region of the COSMOS eld. More detailed informations
about zCOSMOS survey can be found in Lilly et al. (2007) and Lily et al. (2009).

M. Moresco PhD Thesis



3.2 Methods of analysis 47

3.2 Methods of analysis

All the information that can be obtained about a galaxy comes from the light
received from it; colors, morphology, physical dimension ad all the other param-
eters are retrieved exactly from the analysis of its electrmagnetic radiation. In
the following are described the two main method of analysis sed to recover in-
formation about galaxy properties, that are the analysis of the spectral energy
distribution and of the spectrum.

3.2.1 The stellar population synthesis models

The topic of predicting theoretically the photometric and spectral evolution of a
galaxy has been studied thoroughly in the past years; in paiitular it became fun-
damental, since it can provide the theoretical spectrum of agalaxy as a function
of various structural parameter, that can be, thus, compara with the observed
one in order to set constraints on galaxy properties. Such maels, called also stel-
lar population synthesis models, have been studied by di erat groups, assuming
di erent prescriptions tuned on the most recent observation.

As discussed in details in Bruzual & Charlot (2003), theisochrone technique
(Charlot et al., 1991; Bruzual & Charlot, 1993), at the basis of most of theoretical
models, is built on the hypothesis that stellar populations with any star forma-
tion history can be expanded in series of instantaneous staursts, conventionally
named \simple stellar populations" (SSPs). The spectral errgy distribution at
time t of a stellar population characterized by a star formation rate (t) and a
metal-enrichment law (t) can be written as (e.g. Tinsley et al., 1980):

Z
F(t)= t (t t9s[t® @ t9)dt° (3.1)
0

whereS [t% (t t9]is the power radiated per unit wavelength per unit initial mass
by an SSP of aget® and metallicity (t t9. The above expression assumes that
the initial mass function (IMF) is independent of time. The function S [t% (t t9]
is the sum of the spectra of stars de ning the isochrone of an SP of metallicity

(t t9 at age t® To compute S [t®Z;] at a given metallicity Z; of the stellar
evolutionary tracks, the isochrone at aget? is interpolated from the tracks in
the HR diagram. In practice, each evolutionary stage de nedin the tracks is
interpolated separately. The di erent evolutionary stages along the isochrone are
populated by stars of dierent initial masses in proportions given by the IMF
weight (m) (de ned such that (m)dm is the number of stars born with masses
betweenm and m + dm). To assign spectra to stars in the various evolutionary
stages is then used a spectral library. The spectral energyistribution of the SSP
is obtained by summing the spectra of individual stars alongthe isochrone.
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The most used, and in particular in within this thesis project, are the one
developed by (BCO03; Bruzual & Charlot, 2003) and (Maraston, 2005, MQ05), re-
cently updated with the new work of (Mastro; Maraston & Stremback, 2011).
The main dierence between the BC0O3 and MO5Mastro models is that BC03
models do not include a treatment of thermally pulsing asympotic giant branch
(TP-AGB) stars. Since this stellar phase is the dominant souce of bolometric
and NIR energy for a simple stellar population between 0.2 ad 2 Gyrs, the main
di erence between these models are for relatively young popgation. A detailed
study of all the ingredients with which are built the models is not the purpose
of this thesis, and thorough discussions are developed in thoriginal papers . For
chronological reasons (the available codes at the time of #h analysis), in Sect. 3.6
the discussed results are based on other di erent codes, sues CB0O7 (a version of
BCO03 updated with the treatment of TP-AGB stars, Charlot & Br uzual (2011))
and M09 (an intermediate new version of M0O5 models, Claudia Mraston private
communication).

3.2.2 The SED- tting technique

The Spectral Energy Distribution (SED) represents how the energy is spread as
a function of the wavelength. Usually the electromagnetic pectrum of a galaxy is
observed in a given broadband lter, that measures the powerof electromagnetic
radiation within a given range of wavelength; if a galaxies $ observed with a set of
di erent Iters, the SED is made by combining all the data obta ined with di erent
lters.

The SED of a galaxies is rich of informations. Not only it bascally contains
the colors of the galaxy (the di erence between the magnitudeobserved in two
di erent Iters represent the color of the galaxy between that bands), but it can
also help us to identify what kind of galaxy it is and which are its properties. It has
been found that the shape of a SED of an elliptical galaxies isompletely di erent
from the one of a starforming galaxies (that is dominated by buer colors), and
that the shape itself depends critically by a lot of structural parameters of the
galaxy (mass, age, star formation history, and so on). In thdeft panel of Fig. 3.2
are shown the spectral evolutions of SSP with BCO3 models as fanction of their
ages.

With the development of theoretical models able to analytially predict the
SED of galaxies as a function of their fundamental parametes, it was possible to
evaluate and study non-direct observables of galaxies by ocaparing the observed
SED with the theoretical one. In order to extract informatio ns about the galaxies,
the codeHyperZmodelhas been used (see Pozzetti et al., 2007, for a descriptiom i
this paper the modi ed version is called HyperZmasg, that is a modi ed version
of the public photometric redshift code HyperZ (Bolzonella et al., 2000): like the
public version, HyperZmodel uses the SED- tting technique computing the best
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Figure 3.2: Reproduced from Bruzual & Charlot (2003). Left panel: spectal evolu-
tion of BCO3 SSP models as a function of their ages. Right panebkpectra of the
standard SSP BC03 models at di erent ages for di erent metallcities.

t SED by minimizing the 2 between observed and model uxes, de ned as:

N Ayers
X Fobsi D Ftemp;i (2) 2

2) =

(3.2

i=1
whereFops;i, Fiemp;i @and  are, respectively, the observed and template uxes and
their uncertainty in the i-th Iter and bis a normalization constant. The best- t
model is chosen among a library of models, built with di erent masses ¢ ), ages
(t), star formation histories (SFHs), metallicity ( Z) and dust reddening (Av);
thus, given that the redshift of the galaxies is known, this procedure can give
insights on all these parameters of a galaxy. This is one of # reason why it is
so fundamental to study surveys in which the redshifts of thegalaxies are known
with the highest possible precision.

3.2.3 The spectroscopic analysis

Di erently from the SED, the spectrum of a galaxy does not involve integrating
the electromagnetic radiation in many given bands, but rather reports the entire
radiation emitted by the galaxy within a given wavelength range. A spectrum is
characterized by the signal-to-noise (S/N) ratio, which quantify the strength of the
signal against the noise present in the data, and by the specal resolution, de ned
asR = = | which quanti es the ability to resolve features in the spedrum.
Spectroscopy involves analyzing in detail the spectra of daxy. Two kind of
studies can be performed in order to retrieve information alwut the properties
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of a galaxy from its spectrum. On the one hand, exactly as withthe SED- tting
technique, the stellar population synthesis models provie theoretical spectra of
galaxies as a function of their parameters, that can be compad with the observed
spectra. The spectral tting relies on the fact that the shape of the continuum of
a spectra, the presence of features, the prominence of abgdion or emission lines
can constrain many structural properties of a galaxy. On theother hand, it has
been demonstrated that also the single features of a galaxypgctrum correlate
with some of their properties, such as age, metallicity, =Fe ratio, SFR: so a
detailed combinate study of these feature can set constrairon those properties
(e.g., see Worthey et al., 1994). The right panel of Fig. 3.2 Isows, as an example,
the spectra of SSP BC03 models for di erent ages as metallicjt
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3.3 Methods of selection

As already underlined in Chapt. 2, selecting early-type gadxies is a di cult task.
Despite their rather simple properties in term of photometry, morphology and
spectroscopy, di erent criteria could and have been adoptedto de ne samples of
ETGs in literature. However, easily samples selected with derent criteria do not
fully overlap (see Tab. 2.1). In the following sections somecriteria with which it
is possible to de ne samples of ETGs are explored, in order tobtain a sample of
ETGs the less contaminated by outliers.

3.3.1 Morphological criterion

Historically, galaxies have been rstly characterized for their visual morphology;
observed in the local Universe, they can be placed in a wellalned sequence,
dividing between a peculiar elliptical or spiral shape. Sime the beginning, the
way to de ne the morphology of a galaxy has been re ned, and may parameters
quantifying it have been introduced.

Within the zCOSMOS collaboration, there exist two dierent e stimate of
galaxy morphology: the Zurich Estimator of Structural Types (ZEST,; Scarlata
et al., 2007) and a non-parametric estimate derived by zCOSMDS collaborators
in Marseille (MRS; Cassata et al., 2007; Tasca et al., 2009).

On one hand, ZEST approach aims to quantitatively describe glaxy structure
with a principal component analysis (PCA) using ve parameters: asymmetry (A),
concentration (C), Gini coe cient (G), the second-order mo ment of the brightest
20% galaxy pixels (M20), and the ellipticity of the light distribution ( ). PCA in-
dicates that the rst three PC variables account for more than 90% of the variance
in the original data set, describing therefore almost compttely the galaxy struc-
ture. The ZEST classi cation distinguish galaxies dependng on the PC value into
three types type (ZEST type=1 for early-type galaxies; =2 for disc galaxies; and
=3 for irregular galaxies) and associates also a \bulgeneSgarameter according
to the median value of the distribution of Sersic indices n d all galaxies brighter
than | = 22:5 (bulgeness = 0-3, from n> 2.5 being bulge-dominated ton < 0:75
being disc-dominated galaxies).

On the other hand, MRS classi cation separates galaxies onhe basis of their
position in the four-dimensional parameter space de ned bythe concentration, he
asymmetry, the Gini coe cient, and axial ratio. The structu ral parameters are
measured for all galaxies in the sample; then it is performed visual classi cation
on a randomly selected subsample of 500 galaxies, in order toave a reference
catalog to study the dependence on the various parameters.df the galaxies not
present in this subsample, is measured the distance in the pameter space to
the 500 reference galaxies, and the 11 closest selected. Tack galaxy is assigned
to the most frequent visual class among these 11 nearest reénce galaxies. At
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Figure 3.3: Contamination between di erent morphological selection of ETGs. In
the left plot is shown the histogram of the distribution in te MRS classi cation
of galaxies selected to be elliptical in ZEST catalog. In theight plot is shown the
histogram of the distribution in the ZEST classi cation of galaxies selected to be
elliptical in MRS catalog. The red shaded area represents thgalaxies misclassi ed
by the two di erent methods.

the end galaxies are divided into three morphological class: spheroidals (MRS
type=1), spirals (MRS type=2), and irregulars (MRS type=3) .

However, no automatic (or even visual) classi cation is pefect, and a certain
level of contamination remains for both ZEST and MRS methods to demonstrate
that, it was checked that selecting all zCOSMOS galaxies clssi ed as elliptical
from ZEST, the percentage classi ed as non-elliptical by MRS is 42.7%; on the
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Figure 3.4: The extended CWW templates used to evaluate the photometric gy
of galaxies. The dashed lines show the original CWW, with in rethe Elliptical, in
yellow the Sbc, in dark green the Scd, and in blue and dark bltiee two starburst
galaxies (the point-dashed lines represent where the cunie extended to higher
and lower wavelengths); the grey curves are the extended CWWnplates, with
continuous red, orange, green, cyan, blue and dark blue repsenting the Elliptical,
Shc, Scd, Im and the two starburst galaxies. Courtesy of Micol @zonella.

other way around, the percentage of galaxies classi ed as meelliptical by ZEST
in the elliptical sample of MRS is 25.7% (see Fig. 3.3).

Therefore, in order to be the less biased as possible by the gsence of outliers,
\morphological ellipticals" has been de ned as those galaxies classi ed as elliptical
by both methods.

3.3.2 Photometric criterion

It is well known that the color distribution of galaxies exhi bits a bimodality that
corresponds to a division between late-type (younger, staforming, bluer) and
early-type (older, passive, redder) galaxies; it is therafre possible, as explained
before, to use colors instead of morphological types to claffy and select galaxy
populations (e.g., see Baldry et al., 2004).
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However, it is straightforward that the spectral energy distribution (SED) of a

galaxy, by de nition, yields more informations than color. Therefore, to separate
galaxies by types, Zucca et al. (2006) have developed a teciyue that use all the
informations present in the SED: for each galaxy, the rest fame magnitudes were
matched with the empirical set of (62) SEDs described in llbet et al. (2006).
These SEDs were obtained by interpolating between the fourdcal observed spec-
tra of Coleman et al. (1980) (hereafter CWW), which include both M31 and M81
along with Shc, Scd, and Im galaxy SEDs, and two starburst SEB from Kinney
et al. (1996). These templates were also linearly extrapotad to the ultraviolet
( < 2000A) and near-infrared wavelengths using the GISSEL synthett mod-
els (Bruzual & Charlot, 2003). The match between observed ad template SED
is then performed by minimizing a 2 variable on these templates at the spec-
troscopic redshift of each galaxy. In Fig. 3.4 are reported he templates used to
evaluate the photometric types the dashed lines show the original CWW, with in
red the Elliptical, in yellow the Sbc, in dark green the Scd, and in blue and dark
blue the two starburst galaxies (the point-dashed lines repesent where the curve
is extended to higher and lower wavelengths); the grey cun& are the extended
CWW templates, with continuous red, orange, green, cyan, hle and dark blue
representing the Elliptical, Sbc, Scd, Im and the two starbust galaxies. The col-
ors are monotonically changing from redder to bluer with inadeasing photometric
type.
A photometric type equal to one (1.1 up to 1.21) correspondsda a red E/Sa tem-
plate, a photometric type equal to two (2.1 up to 2.16) correpond to an early
spiral template, a photometric type equal to three (3.1 up to 3.11) corresponds to
a late spiral template (PT = 3), and a photometric type equal t o four (4.1 up to
4.14) corresponds to an irregular or a starburst template.

To select ETGs, \photometric ellipticals" have been de ned as those galaxies
with photometric type  1:13.

3.3.3 Spectroscopic criterion

The works assessing that the Hubble sequence is ordered inrtes of present Star
Formation Rates (SFR) and past Star Formation Histories (SFH) go back to early
1960s (e.g., see Roberts, 1963). Since then, many studiesshiaeen performed in
trying to quantify this dependence, and are well reviewed inKennicutt (1998).

As these authors summarize, when progressing along this seence, are evident
\a broad rise in the blue continuum, a gradual change in the amposite stellar
absorption spectrum from K-giant dominated to A-star dominated, and a dramatic
increase in the strengths of the nebular emission lines, espially H ".

The classical tracers studied to infer the SFR in galaxies a&& H recombination

line ( rest = 6583 A) and the forbidden-line doublet [Ol1] 3727, since they can
provide a probe sensitive to the young massive stellar popation of the galaxy.
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We refer to Kennicutt (1998) for the detailed insights about various recipes to
convert those quantities to SFRs, with the relative calibrations.

Since, as underlined in Chapt. 2, ETGs are characterized to & passively evolv-
ing systems, the less star-forming objects have to be selext. Mignoli et al. (2009),
in their analysis of a subsample of zZCOSMOS catalog, found aear bimodality in
the distribution of equivalent width (EW) of [Oll], and sugg est that 5 A is a good
choice of EW([OII]) value to separate star-forming from pasive galaxies, which
are most commonly found below this value (see also Schiavort al., 2006). How-
ever, given to the restframe wavelength range of zZCOSMOS sptra, [Oll] lines
are visible only for redshift z & 0:5; on the contrary H line remains observable
only for z. 0:5.
This problem does not occur for SDSS spectra, both for the widr wavelength
range of the spectrograph and for the lower redshifts probedby the survey.

It has been decided to consider both these tracers to selectT&ss, and to de ne
as \spectroscopic ellipticals" those galaxies not presenting strong emission lines,
with measuredEW ([OlIl ) < 5Aand EW(H )< 5A.

SDSS ETGs sample
zCOSMOS ETGs sample

0.1

Percentage

0.05

Redshif

6
t

Figure 3.5: Redshift distributions of SDSS (blue) and zCOSMOS (green) ET&
samples; the vertical lines show the median of the distribians.
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Figure 3.6:K 24m color evaluated for various templates of galaxies as a furioh
of redshift. Courtesy of Lucia Pozzetti.

3.4 The nal ETGs samples

In order to obtain the more clean and robust sample of ETGs, ithas been applied
a really stringent selection, by combining all the previoudy discussed criteria of
selection (where possible).

1. SDSS ETGs sample. For the SDSS survey, an ETG sample has been
extracted from the SDSS Data Release 6 (SDSS-DR6) matchingDEsS with
2MASS photometry (catalog provided by Jarle Brinchmann), and selected to
have photometric type 1:4,EW ([Oll]) < 5A, EW (H ) < 5A and median
S=N ratio per A > 3. In this sample are present in total 97,460 ETGs in the
redshift range 002 < z < 0:5 (with a median redshift <z > = 0:12, see Fig.

3.5).

2. zZCOSMOS \Red galaxies" and \ETGs" samples. Concerning the zCOS-
MOS survey, two di erent selections have been applied. On onéand, giving
the much lower statistics with respect to SDSS, at rst a samgde of ETGs
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has been de ned by only applying a photometric criterion, exracting from
the zCOSMOS 10k bright catalog those galaxies having a photoetric type

1:13: hereafter this sample will be called zCOSMOSRed galaxy" sample,
and contains 2,093 galaxies.

On the other hand, to have a reference sample the less contangd as possible
from outliers, it has built also the zZCOSMOS\ETGs" sample, rejecting from
the Red galaxiesthe galaxies with:

signi cantly strong emission lines, i.e., measuredEW ([Ol1 ]) > 5A (
17% of theRed sample) andEW (H ) > 5A( 14% of theRed sample),
to avoid selecting star-forming galaxies or galaxies that hve experi-
enced a recent episode of star formation. In this way, it is pssible to
be con dent about the selection of a clearly de ned sample ofpassive
galaxies.

con rmed spiral morphology, i.e. galaxies that both ZEST and MRS
method classify as spiral ( 20% of the Red sample). In this way, it is
possible to be sure of a clear identi cation of the galaxy mophology.

\bluer" photometric types, i.e. galaxies with photometric type  1:05
(- 31% of the Red sample).

strong 24m emission i.e., based on an observed color 24m) >
0:5 ( 5% of the Red sample).

The last cut, not discussed in the previous sections, is motated to use
also the information from MIPS 24 m lter: in this way it is possible both
to isolate in a better way the early-type template, charactaized by a low
emission at 24m (see Fig. 3.6), and to avoid the contamination of galaxies
reddened by dust extinction.

Despite these really severe selection criteria, some comtanation remained,
and can only be avoided by a visual inspection of galaxies mphology. In
Fig. 3.7 are shown some galaxies of the original zZCOSMOBTGs sample
presenting clear spiral features, that have been removed &frwards. In Fig.
3.8 are shown, on the contrary, some typical true early-typegalaxies of the
nal zZCOSMOSETGs sample.

The nal zZCOSMOS ETGs sample contains 981 galaxies in the redshift range
0:05< z < 1:2 (with median redshift <z > = 0:58, see Fig. 3.5).
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Figure 3.7: Example of outliers in the ETGs selection: despite the restdtive cri-
teria applied, some outliers with evident spiral features emain in the zCOSMOS
ETGs sample, and have been removed after a visual inspection.
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Figure 3.8: Example of early-type galaxies in the zCOSMOS \ETGs" sample.
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3.5 SDSS and zCOSMOS Photometric data

The catalog of early-type galaxies used within this projectis primarily extracted

from the SDSS and zCOSMOS survey, since they can provide, cexing both low
and intermediate redshifts (G05. z. 1), the most complete set of ETGs up to
z 1.

SDSS providesu, g, I, i, z photometry and spectra for almost 800 000 galaxies
over 7000 square degrees. Galaxies have been extracted to have atf®sian
magnitude r < 17.77. The spectra are taken using 3-arcsec diameter bres, po-
sitioned as close as possible to the centers of the target gadies. The ux (and
wavelength) calibrated spectra cover the range 3800-9208, with a resolution of
R 1800.

To obtain a wider wavelength coverage for the photometry, a natch between SDSS-
DR6 galaxies and 2MASS survey (Skrutskie et al., 2006) (praded by Jarle Brinch-

mann, private communication) has been used, with which SDS$hotometry has

been extended with the J, H and K bands. The transmission funtions of SDSS
and 2MASS broadband lters are plotted in Fig. 3.9.
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Figure 3.9: Transmission functions of SDSS and 2MASS broadband lters.
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Considering the zCOSMOS survey, it has been used thbright part of zCOS-
MOS 10k catalog (the rst publicly available), which consists of spectroscopy lim-
ited to objects in the magnitude range 150 < | < 225. The spectral ranges of the
observations are typically 5550 9650A, with a resolution R 600. Among the
multi-band photometric data of the COSMOS eld, the followi ng observed magni-
tudes in 10 photometric bands have been used: CFHTI and K¢, SubaruBj, Vj,
gt,r*,i*, and z*, and Spitzer IRAC at 3.6 m and 4.5 m. The transmission
functions of zCOSMOS broadband lters are plotted in Fig. 3.10; the photometric
catalog is fully described in Capak et al. (2007).

All the magnitudes are quoted in the AB system.

3.5.1 Zeropoint o sets and errors correction

irst of all the magnitudes were corrected for Galactic extirction using Schlegel
maps (Schlegel et al., 1998).

Following the approach of Capak et al. (2007), the photomety has been optimized
by applying zeropoint o sets to the observed magnitudes. Ths procedure consists
in evaluating the di erence between the observed magnitudesn,ys:; and reference
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Figure 3.10: Transmission functions of zCOSMOS broadband lters.
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magnitudes as obtained by theoretical modelsn et . In order to do that, three
di erent library using BC03, CB07 and M0O5 models have been bui for the zCOS-
MOS survey, each one withagridof <Ay < 1,Z=Z ,005< < 1 (where

is the e-folding time of the SFH, assumed to beSFH / le ¥ ). Afterwards, it
has been evaluated the best- t to the SED of the galaxies in tle selected samples,
as explained in Sect. 3.2.2; the valuen,et;; is then taken from the best- t template.
In this way it is possible to reduce di erences between the obsrved and reference
magnitudes by evaluating a zeropoint o set for each stellar ppulation synthesis
models, and the results are shown in Tab. 3.1. Figure 3.11 sk, for BC03 model,
the distribution for each lter of the di erence between observed and reference
magnitudes after applying the shifts, i.e. (Mops;i  Myer:i + shift), quoting, for each
Iter, the shift applied, the median and the dispersion of the distribution. In Fig.
3.12 are shown the zeropoint o sets applied for each lter of he zZCOSMOS pho-
tometry using BCO3 model, and the resulting median Mops;i  Myer:i ); this plot
reveals how well this procedure behave in adjusting the phatmetric o sets.

For the SDSS survey the procedure applied is the same, but, mte there were
available the new M09 models, these models have been usedtiasd of the M05
ones. In the case of SDSS, the shifts obtained with di erent mdels have been
also averaged, obtaining a unique correction for the three mdels; the results are
shown in Tab. 3.2. Figure 3.14 show, for BC0O3 models, the disibution for each
Iter of the di erence between observed and reference magnitdes after applying
the shifts, i.e. (Mops;i Mrer;i +shift), quoting, for each lter, the shift applied, the
median and the dispersion of the distribution. In Fig. 3.15 ae shown the zeropoint
o sets applied for each lter of the zZCOSMOS photometry using BC03 model, and
the resulting median (Mops;i  Myef:i )-

A procedure for correcting the errors of the photometry has #0 been taken
into account, since it was known a problem, especially in thdRAC photometry,
of underestimation of errors.

Statistically, the size of the errors (mgps:i) Should be of the order of the dispersion
of the distribution of ( Mgpsi Myer;; +shift). The procedure applied was therefore
to study the (Mops;i Myer:i +shift) = (Moeps:i) distributions and to normalize them
to a unit dispersion, by summing in quadrature the error corrections to (Mgps:i)-
The recursive procedure explained in the diagram below has den applied, for
which rstly the data have been SED- tted without shifts or e rror corrections,
then the distributions of (Meps;i  Myeri ) @nd of (Mepsi  Myef:i )= (Mops:i) have
been evaluated and nally the corresponding corrections hee been obtained from
these distributions, applied to the data that are, then, SED- tted again, to look
if second-order corrections were needed. This procedurecgis when convergence
is reached, i.e. the corrections are stable.
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63

SEDgot ———//

(if no convergence)

As expected, the bigger corrections are needed for IRAC phoinetry, while in
the other bands they are much smaller. The discrepancy is soigh in IRAC5:8 m

evaluate (Mops:i
(mobs;i

Mref:i )

Mref;i )= (Mobs;i)

shifts and error corrections

and IRAC8 m because these bands were not used in the SED- t.

In the case of SDSS, it has been applied an even simpler methdd correct the
errors, by multiplying the errors  (mgps;i) with a parameter such that the result-
Mref:i )= (Mops:i) distribution is equal to one. The
corrections to zCOSMOS photometry errors can be found in Tab 3.1, while the
corrections to SDSS photometry errors can be found in Tab. 2. In Figs. 3.13 and
3.16 can be found, for BC03 model and for each Iter considemt the distributions
of (Meps:ii  Myer:i + shift) = (Meps;i) after the error corrections, along with their

ing dispersion of the Mops:i

medians and dispersions.

Filter BCO03 shift CBO07 shift MO05 shift Error correction
u -0.1870 -0.2162 -0.1739 0.025
B 0.2164 0.2070 0.2169 0.025
\% 0.1240 0.1398 0.1124 0.025
g -0.0145 -0.0183 -0.0228 0.025
r 0.0413 0.0840 0.0311 0.025
i -0.0038 0.0758 0.0006 0.025
z 0.0680 0.1833 0.0564 0.025
K 0.0050 -0.0523 -0.0259 0.025
IRAC 3.6 -0.0647 -0.0998 -0.0153 0.075
IRAC 4.5 -0.0159 -0.0183 0.2647 0.1
IRAC 5.8 0.1213 0.0757 0.0000 0.1
IRAC 8 1.1358 1.0515 0.0000 0.1

Table 3.1: Shift and error correction applied to zCOSMOS photometry.
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Figure 3.11:Distribution of (Meps;i Mrer ) for each zCOSMOS band after correct-
ing with zeropoint shifts evaluated using BC03 models. For & band is also quoted
the shift applied, along with the median and the dispersionfahe distribution.
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Figure 3.12:In the top panel: zeropoint shifts applied to the observed magudes in
order to reproduce better the theoretical magnitudes, for ach Iter of zZCOSMOS
survey using BC03 models. In the bottom panel: resulting medmof the di erence
(Mobsii  Myerj ) for each lter.
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Figure 3.13: Distribution of (Mgps;i

persion of the distribution.

band using BC0O3 models. For each band are also quoted the meadiand the dis-
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Figure 3.14: Distribution of (Mgps:i Myeri ) for each SDSS+2MASS band after
correcting with zeropoint shifts evaluated using BC0O3 modsl For each band is
also quoted the shift applied, along with the median and theispersion of the
distribution.
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Figure 3.15: In the top panel: zeropoint shifts applied to the observed mag
tudes in order to reproduce better the theoretical magnitues, for each Iter of
SDSS+2MASS survey using BC03 models. In the bottom panel: rekimg median
of the di erence (Mepsi  Mreri ) fOr each lter.
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Figure 3.16: Distribution of (Mgps; Mrer;; + shift) = (Meps;ij) for each

SDSS+2MASS band using BC03 models. For each band are also gedtthe median
and the dispersion of the distribution.
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Filter Shift Error correction

u -0.16 3.32
g 0 2.47
r 0 3.55
i 0 5.30
z 0 4.83
J 0.06 2.98
H 0.06 2.28
K 0.04 1.87

Table 3.2: Shift and error correction applied to SDSS photometry.

3.6 Estimate of physical and evolutionary parameters

In this section it the results of the parameters estimate obgined with the tto the
broadband photometry of both SDSS and zZCOSMOETGs samples are discussed,
focusing in particular the attention to the problem of the degeneracies that arise
in the SED- tting technique.

As described in Sect. 3.2.2, the free parameters in the SEDtting are the stellar
mass M), the age (t), the star formation histories (SFH), the dust reddening
(Av), and the metallicity ( Z). | created a library of models with di erent values
of these parameters, with delayed exponential SFHsSFH (t) / Lexp( t=))
with 2 [0:05 1] Gyrs, with aget 2 [0;20]Gyrs, dust reddening Ay 2 [0;1]
and solar metallicity Z = Z .. The metallicity has been xed at a solar value for
reasons that will be discussed in Sect. 3.6.5. The choice ohé range of each of
these values is motivated within each subsection.

3.6.1 The stellar mass

Among all the galaxy parameter, the stellar mass is one of théest-constrained.
Within the zCOSMOS collaboration, Bolzonella et al. (2010) found that the stellar
mass is a rather stable parameter, and varying stellar popuwtion synthesis model,
reddening law, SFH, and metallicity the typical dispersionis of the order of 0:20
dex. This is due to the fact that the SED of a galaxy is strongly dependent on
this parameter. In Fig. 3.17, as an example, the SEDs of 28 gakies randomly
selected from the zCOSMOSETGs sample in the range @37 < z < 0:38 are
shown (the redshift range has been chosen narrow in order tovaid a strong
redshift dependence): it is possible to see that the peak ofhe SED of a galaxy
strongly correlates with its mass, independently on the otker parameters that
mainly regulate the shape of the SED.

In Fig. 3.18 the distribution of the stellar mass (in logarit hmic units [logio(M=M )])
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Figure 3.17: Mass dependence of ETGs SED. In the left panel are plotted the
SEDs of 28 ETGs atz = 0:37 0:38 from the zCOMOS ETGs sample, with mass
increasing on average from the lowest one to the highest onk the right panel is
plotted the peak of the ux as a function of their mass for all hose galaxies.

Model Mass zCOSMOS Mass SDSS
[logio(M=M )]  [logio(M=M )]

CBO7 105 04
MO5 105 04

BCO3 106 04 108 04
M09 107 04

Table 3.3: Median stellar mass (in logarithmic units [logio(M=M )]) for SDSS
and zCOSMOS ETGs samples with di erent models.

for SDSS and zZCOSMOSETGs samples using BC0O3 models is shown; in Tab. 3.3
the median values (along with their dispersiond) obtained with di erent models
are reported. From the gure, it can be observed that the ETGs samples really
represent, independently on the survey, the most massive thof the overall dis-
tribution of galaxy mass, with median mass always& 10'%°M . The di erence in
mass between the two surveys re ects a combination of two e ets: on one side
the di erence in the selection of galaxies between the two sweys ( < 17:77 for
SDSS andl < 225 for zCOSMOS), on the other side the di erent redshift ranges

1The dispersion on the median is evaluated as the"median absolute deviation" (MAD), de ned
asMAD =1:482 median(jx median(x)j) (see Hoaglin et al., 1983)
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Figure 3.18: Mass distributions (in logarithmic units [log;o(M=M )]) of SDSS
(blue) and zCOSMOS (green) ETGs samples obtained with BC03 makde the ver-
tical lines show the median of the distributions.

probed.

The table shows the dependence of the results on the stellargpulation synthesis
model assumed. First of all it can be seen that the main diererce is between
BCO03 models and the other two, that, as explained in Sect. 3.2, include both a
treatment of TP-AGB stars. On the other side, as stressed bedre, the di erence
between the values obtained with di erent models do not exced the value of 0:2
dex obtained also by Bolzonella et al. (2010).

3.6.2 The star formation history

There are di erent way to parametrize the SFH of a galaxy; the chosen delayed
exponential SFH (SFH (t) / t= 2exp( t=)) is quite similar to the more common
exponential declining SFH (SFH (t) / lexp(  t=)). It can be argued that both
these two choices can not represent a generic SFH, since, by dition, these
parametrizations tend to have the peak of star formation in the rst stages of the
life of a galaxy (see Fig. 3.19). Other models can be consided (a constant SFH, a
reverse exponential SFH, a SFH with secondary bursts); hower, giving that the
sample to be analyzed is made of passive ETGs, for which, as @hn in Chapt.
2, a passive evolution is inferred fromz 1 to the present, these two models can

M. Moresco PhD Thesis



3.6 Estimate of physical and evolutionary parameters 73
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Figure 3.19: Plot of the exponentially declining (violet) and delayed eponential
(orange) SFHSs, for di erent values of : continuous lines are created with =0:1
Gyrs, dashed lines are created with = 0:5 Gyrs, and long-dashed lines are created
with =1 Gyrs,.

describe in a valid way the SFH of theETGs samples.

The distributions of the  values for SDSS and zCOSMOETGs samples
using BCO3 models are shown in Fig. 3.20, while in Tab. 3.4 cabe found the
median values (along with their dispersions). From Fig. 3.20 it is evident that
the approximation of using a grid with low s is good, with the bulk of ETGs

Model zCOSMOS SDSS
CBO07 62 02
MO5 02 02
BCO03 03 03 01 0.08
M09 02 02

Table 3.4: Median value for SDSS and zCOSMOS ETGs samples with di erent
models.
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Figure 3.20: SFH parameter distributions of SDSS (blue) and zCOSMOS (green)
ETGs samples obtained with BC0O3 models; the vertical lines stwothe median of
the distributions.

population at low values and small tails. From the table it can be inferred that,
independently on the model, these galaxies are compatibleithh a SFH peaked at
younger ages and a passive evolution.

3.6.3 The dust reddening

Considering high-redshift galaxies, a fundamental paramer to be taken into ac-
count is the dust reddening, since it has been found that it ca signi cantly change
the colors of galaxies. There exist di erent possible reddeimg laws (Prevot et al.,
1984; Bouchet et al., 1985; Fitzpatrick et al., 1986; Calzdt et al., 2000); if f ops is
the observed ux and fjy; is the intrinsic ux, these two quantities can be related
as follows:

fops = fint 10744 (3.3)

where the extinction at a wavelength is related to the color excessE(B V)
and to the reddening curvek( ) by:

A =k()E(B V)= k(R)AV

(3.4)
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Figure 3.21: Ay distributions of SDSS (blue) and zCOSMOS (green) ETGs sam-
ples obtained with BC03 models; the vertical lines show the miian of the distri-
butions.

with Ry = 3:1 (except for the Small Magellanic CloudRy =2:72 0:21 and for
the Calzetti law Ry =4:05 0:80).

Here it has been studied the model with extinction from the Cdzetti's law
(Calzetti et al., 2000). A low contribution of extremely reddened objects is ex-
pected, since the selection method applied should reject @f the spectroscopic cri-
terion) blue starforming objects that mimic red colors being extincted; therefore,

Model Ay zCOSMOS Ay SDSS
CBO7 o1 02

MO5 03 02
BCO03 62 03 02 03
M09 02 02

Table 3.5: Median Ay value for SDSS and zCOSMOS ETGs samples with di erent
models.
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even xing a relatively wide range of Ay, the reddening extinction of ETGs sam-
ples should be relatively small. This conjecture is con rmel by the data analysis:
both Fig. 3.21, that shows the distribution of Ay values for SDSS and zCOSMOS
ETGs samples using BCO3 models, and Tab. 3.5, quoting the medianalues and
dispersions ofAy for di erent models, give strong evidences of the small amoun
of dust reddening present in both samples.

3.6.4 The age

The term \age" of a galaxy, evaluated with a SED- tting appro ach, is used to in-
dicate the mean luminosity-weighted age of its stellar poplation. This parameter
has been proven to be the tougher to be constrained with SED+ting.

This certainly depends on the fact that in this analysis this parameter is left it
completely free, while many other works in literature assune, as a prior, that the
ages of galaxies can not be higher than the age of the Universs their redshift.
However, aiming to understand the age evolution of ETGs as aunction of red-
shift, xing a prior on age could introduce a circularity in t he procedure, for which
the result of the analysis would have been exactly the prior asumed. This was
indeed the case, since, in a test performed to explore this ea, using the prior all
the galaxies having a best- t with age greater than the age ofthe Universe have
been assigned exactly the age of the Universe at that redshif

On the other side, another important source of uncertainty ae the degeneracies,
that will be treated in detail in Sect. 3.6.5. Here are just plotted in Fig. 3.22 the
histograms of the ages for SDSS and zCOSMOBTGs samples using BC03 mod-
els, and in Tab. 3.6 the median age values and dispersions aoling for di erent
models. The discrepancy between the ages evaluated with dirent models testify
these problem. However, the fact that in average the SDSS ageare older than
ZCOSMOS ages is certainly also due to an evolution of the agesf ETGs with
redshift.

Model age zCOSMOS age SDSS

[Gyrs] [Gyrs]
CBO0O7 275 1.9
MO05 1.8 05
BCO03 225 1.3 375 29
M09 325 1.9

Table 3.6: Median age for SDSS and zCOSMOS ETGs samples with di erent
models.
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Figure 3.22: Age distributions of SDSS (blue) and zCOSMOS (green) ETGs sam-
ples obtained with BC03 models; the vertical lines show the miian of the distri-
butions.

3.6.5 Degenerations: the case of age-metallicity, but not o nly...

The most known problem when evaluating the age of a galaxy ishite age-metallicity
(e.g., see Worthey et al., 1994). In fact, it has been found tht the colors (and also
some spectroscopic features) of a galaxy with given age andaetallicity can be
mimicked from the ones of another galaxy with higher metallcity and lower age;
the central points is that both age and metallicity are properties that tend to
redden the spectrum of a galaxy, so they are hard to be disentayled. Moreover,
a lot of other parameters can produce the same e ect: it is easyo think how a
combination of age and SFH could mix to produce basically thesame SED.

To explore this issue, a test has been performed analyzing idetail the SED
of a single galaxy of zZCOSMOSETGs sample, chosen to have a best-t SED well
reproducing the observed one R( 2) > 97%). In particular it was the galaxy
with ID=817726 in zZCOSMOS ETGs catalog, with a clear elliptical morphology
at z = 0:8311. The best-t to the SED of this object, letting the param eters
free in the ranget 2 [0;20] Gyrs, 2 [0:05 1] Gyrs, Ay 2 [0;1], and Z =
(0:.082 ;0:4z ;Z ;2:5Z ), gave:
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Figure 3.23: Age-metallicity degeneracy in the SED- tting of ID=817726 zCOS-
MOS early-type galaxy atz = 0:8311 In black it is shown the best-tatZ = Z ,
inred the tat Z =0:008 , ingreenthe tat Z =0:4Z , and in cyan the t

atZ =2:5Z2 .

age t=4.25 Gyrs

e-folding parameter =0:6 Gyrs
metallicity Z = Z

dust reddeningAy =0:1

stellar masslog;o(M=M ) =10:83
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However, the same t performed xing the age (near the best- t value), and the

value (= 0:6 Gyrs), and varying the metallicity (respectively Z =0:082 ;0:4Z ;Z ;2:5Z )
makes evident this degeneracy: the results are shown in Fig.23. In blue are plot-

ted the photometric points of the SED of the galaxy, while the dotted lines are the

best-t, red for Z = 0:008 , green forZ =0:4Z , black for Z = Z , and cyan

for Z =2:5Z . As it is possible to see, the resulting best- t are almost icentical,

and the SEDs di er almost only in the UV part of the spectrum (th e reduced 2 of

the tis not signi cantly di erent in 3 cases outof 4: 2, =2:12 forZ =0:08Z ,

Figure 3.24: Age- degeneracy in the SED- tting of ID=817726 zCOSMOS early-
type galaxy atz = 0:8311 In black it is shown the best-t at =0:6 Gyrs, in red
the tat =0:1Gyrs,ingreenthe tat =0:3,incyanthe tat =0:8 Gyrs,
and in yellow the tat =1 Gyrs.
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24=1228forz =014z , 2,=0:28Gyrsforz =Z ,and 2, =7:38 Gyrs
for Z =2:52 ).

There are also problems related with the parameter: Gavazzi et al. (2002)
pointed out the danger of a degeneracy in the SED-t between ge and . In this
analysis a tight correlation between these parameters waslso found, with galaxies
tted with a low value having also systematically lower ages with respect to
galaxies best- tted with higher values of . Figure 3.24 shows how strong is this
degeneracy in the SED- t: in this case, the metallicity (Z = Z ) and have been
xed, while all the other parameters are let free.The black ine represents the t
with  =0:6 Gyrs (and aget = 4:25), the red line represents the t with =0:1
Gyrs (and aget = 1:14 Gyrs), the green line represents the t with =0:3 Gyrs
(and aget = 2:3 Gyrs), the cyan line represents the t with = 0:8 Gyrs (and
aget = 5:5 Gyrs), and the yellow line represents the t with =1 Gyrs (and
aget = 7 Gyrs), It is clearly evident the dependence of the best-t age on the
value, and also in this case the best-t SEDs are almost undisnguishable, with
only di erences in the UV part.

However, even if the age and can be di cultly constrained in a precise way,

as (Gavazzi et al., 2002) underline, the analysis can provigl constraints on the
age/ value; con rming their results, it has been found a valuet= > 5 for every
model considered, for both SDSS and zCOSMO&TGs samples, supporting the
hypothesis of passive evolution of these galaxies.

This twofold test prove the degeneracies present in the agelhtained from the
SED- tting, and the consequent uncertainties in its evaluation.

3.7 ETGs sample in literature

Within the zCOSMOS collaboration, the ETGs sample has been used as a refer-
ence sample in two works, owing to the reliability of its seletion.

Zucca et al. (2009) analyzed of the evolution of the Luminogy Function (LF)
in the B band up to redshift z 1 for the zCOSMOS 10k sample, studying its
dependence on galaxy types and environment. In this contextthe ETGs sample
de ned in Sect. 3.4 (here called \bona- de ETGs") has been ugd as a reference
sample of early-type galaxies, to cross-check the resultsbtained for samples se-
lected with a pure photometric or spectroscopic criterion.Figure 3.25 shows the
luminosity functions for di erent de nitions of early-type galaxies:bona- de ETGs
in black, photometric ETGs in red, and morphological ETGs in green. The authors
argued that photometric and bona- de ETGs have similar shapes, but di erent
normalizations. If the di erence in normalization can be due to the di erent se-
lection criteria adopted, the similarity of the shape implies the robustness of their
results against a possible contamination of photometric ETGs by a fraction of
\red" spirals. Pozzetti et al. (2010) investigated the total Galaxy Stellar Mass
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Figure 3.25: Reproduced from Zucca et al. (2009): luminosity functions 6 early-
type galaxies: bona- de ET (black), photometric type 1 (redd and morphological
early-type (in green) galaxies.

Function (GSFM), separating the contributions of early- and late-type galaxies,
and found a galaxy bimodality in the global GSMF, whose shapes more accu-
rately represented by two Schechter functions, one linkedd the early-type and the
other to the late-type populations. Also in this case, theETGs sample (also here
called\bona- de ETGs") has been used to check that the resuts were not biased by
the presence of outliers. Figure 3.26 show the GSMFs of ETGssaclassi ed with
a variety of criteria (red/passive/ellipticals/spheroid s/absorption-line/ bona- de)
at increasing redshift, and the authors use the similarity d the results between
samples selected in di erent ways to strengthen their resuls.
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Figure 3.26: Reproduced from Pozzetti et al. (2010): GSMFs for ETGs using ar-

M. Moresco



3.8 Conclusions about the selection
of the ETGs samples 83

3.8 Conclusions about the selection
of the ETGs samples

Two large spectroscopic survey have been examined, the SD&8d the zCOSMOS
10k bright spectroscopic sample, in order to select a samplef early-type galaxies
covering the redshift range 0. z <. 1.

Using informations of both SED and spectrum of the galaxies &nd, where avail-
able, morphology) three samples of ETGs have been extractedo be the less
possible biased by the presence of starforming, blue outlie. Galaxies have been
selected to have a photometric SED matching an early-type tmplate (i.e. to be
red), not to show prominent emission lines (i.e. passive), ad, in the zCOSMOS
sample, to have a con rmed and reliable classi cation in terms of morphology.
The photometry of all galaxies has been optimized applying eropoint shifts and
error corrections, by comparing the observed and the bestt theoretical magni-
tude distributions.

The three nal sample are:

" SDSS ETGs sample. Extracted from a matching between the SDSS-
DR6 and the 2MASS survey, it has 8 photometric bands, the stadard u,
g, r, i, and z from SDSS and theJ, H, and K bands from 2MASS. It
has been selected in order to have photometric type 1:4, EW ([Oll]) < 5
A, EW(H ) < 5 A and median S=N ratio per A > 3. In this sample are
present in total 97,460 ETGs in the redshift range 002 < z < 0:5 (with
a median redshift < z > = 0:12. It is characterized by a median mass of
loglM=M ) 10:8, and SFHs with a median 0:1;

" zCOSMOS \Red galaxies" sample. Extracted from the zCOSMOS 10k

bright spectroscopic sample, it is provided of 10 photometic bands: CFHT

u and Kg, SubaruBj, Vj, g", r*, i*, and z*, and Spitzer IRAC at 3.6

m and 4.5 m. It has been selected just with a wide photometric criterim

(photometric type  1:13) in order to keep high the statistic. In this sample

there are 2,093 ETGs, and it has been used to check the resultf the more
precisely selectedETGs sample, having almost double the statistic;

" zCOSMOS \ETGs" sample. This is a subsample of theRed galaxies
ZzCOSMOS sample, so it has the same photometric coverage. Itds been se-
lected discarding form the previous sample all galaxies wit: a) signi cantly
strong emission lines (measure&W ([Ol1 ]) > 5A and EW (H ) > 5A), b)
con rmed spiral morphology (ZEST\ MRS classi cation as spiral), c) bluer
colors (photometric type > 1:4), and e) strong 24 m emission (K 24m ) >

0:5). This selections have been applied in order to have a moreeliable,
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even if less numerous, sample of old, red, and passive ETGshis sample con-
tains 981 galaxies in the redshift range M5< z < 1:2 (with median redshift
<z >=0:58). It is characterized by a median mass ofog(M=M ) 1G5,
and SFHs with a median 0:2.
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Chapter

Early-type galaxies as evolutionary
probes

In Chapt. 2 the status of the art about our understanding of gdaxy evolution
has been shown, focusing in particular the attention to eary-type galaxies. Cer-
tainly deeper and more precise observation will help in deg@hering this enigma.
However, it is very likely that a simple answer do not exists,and that there are
multiple parameters that tune this evolution.In this scenario, it is very important
to understand what are the main ingredients, and what are thesecondary ones.

In social sciences, one of the most important debate concesnthe \nature vs
nurture" dilemma, i.e. to understand the relative importan ce of the genetic inher-
itage (nature) and of the interaction with the environment ( nurture) in determin-
ing the di erences in the personal traits. Borrowing this picture from geneticists,
astronomers are now facing the same question: are the obsex di erence be-
tween galaxies (in terms of their morphology, colors, star drmation) primarily
due to their internal properties (such as mass, luminosity,and so on) or instead
depend on the environment in which they evolve?

In this chapter, this problem is addressed with an analysis bthe (U V) rest-
frame color distributions for two di erent samples of zZCOSMOS ETGs, investigat-
ing the dependence of the shape of their distributionson masand environment.
In addition to colors, two spectroscopic line indices in gahxy spectra are studied
too, the 4000 A break (D4000) and the equivalent width of the H Balmer line
(EWgo(H )), which have proven to be good age indicators (see Hamilton1985;
Bruzual & Charlot, 1993; Kau mann et al., 2003). The D4000 index is produced
by the blending of a large number of spectral lines in a narrowwvavelength region,
which creates a break in the spectrum at this wavelength. Themain contribution
to the opacity of a star comes from ionized metals: in hot stas, the metals are
multiply ionized and the opacity decreases, so the D4000 wibe small for young
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stellar populations and large for old, metal-rich galaxies It is, therefore, an ob-
servable that is strongly dependent on the age and metallity of a galaxy. On the
other side, the EWy(H ) correlates well with recent episodes of star formation.
To verify the results from the analysis of colors, these spdrl line strengths are
analyzed as a function of redshift in di erent mass and envirmment bins.

Finally, evidences supporting a mass-downsizing scenar@re discussed, inspecting
the lookback time of ETGs as a function of stellar mass. Throughout this chapter,
the following cosmological parameters will be adoptedHo = 70 km's * Mpc 1,

m = 0:25, =0:75.
The reference article for this analisys is Moresco et al. (2IDa).

4.1 The data samples

To perform the analysis, the two samples of zZCOSMOS early-fge galaxies de-
scribed in Sect. 3.3 has been used, theed galaxiessample and theETGs sample.
The rst sample, selected only with a photometric criterion, consists of 2,098
galaxies. The second one, based on a morphological/spectmopic/photometric
joint analysis, contains 981 galaxies. Two samples have beechosen because the
rst one allows to do a much precise analysis, having almostwice the statistics,
while the second one provides a reliable reference sample BT Gs.

4.1.1 Color estimate

Absolute magnitudes and colors were evaluated using the \Adorithm for Lumi-

nosity Function" (ALF) software, following the method described in (Zucca et
al., 2009); the U V) rest-frame color is analyzed (Buser's lters, Buser, 1978

The upper panel of Fig. 4.1 shows thel V)5t color for the parent zZCOSMOS
10k galaxy sample (in black), as well forRed galaxies(in red) and ETGs samples
(in green). It is evident a clear bimodality in the distribut ion and how both the
adopted selections of early-type galaxies are well locateid the red peak. Moreover
it is important to stress that the ETGs sample, by de nition, has a mean color
that is even redder than the Red galaxiessample.

4.1.2 Overdensity de nition

Determining an appropriate overdensity de nition for the zCOSMOS 10k-bright
sample is a di cult task. For zCOSMOS, Kova et al. (2010) de ned the density
contrast to be = ( )=, where is a function of the position of the galaxy
(RA, dec, and z) and is the mean value measured at the same redshift. The
density eld of the COSMOS eld was reconstructed for di erent choices of Iters
(a xed comoving aperture or an adaptive aperture with a xed number of neigh-
bors), tracers (ux-limited or volume-limited subsamples), and weights (stellar
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Figure 4.1: Distribution of (U V)est color (upper panel) and color-mass relation
(lower panel) for the parent zZCOSMOS bright 10k galaxies sartg (in black), red
galaxies (in red), and ETGs (in green).

mass, luminosity, or no weight, i.e., considering only the mmber of galaxies); the
reference article for a comprehensive explanation is Kowaet al. (2010). Following
the approach of Bolzonella et al. (2010), the 5th nearest nghbor volume-limited
(5NN) estimator of the density eld has been used, because ihas been shown
that this represents a good compromise between the smallesiccessible scales and
the reliability of the overdensity values. It has been chose a number-weighted
estimator, and not a mass-weighted one, because in trying tdistinguish a depen-
dence on mass, introducing an estimator that itself dependsn mass could bias the
analysis. Good agreement between the results obtained witkthis estimator and a
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Figure 4.2: Overdensity-redshift (upper panels) and mass-redshift @wer pan-
els) distributions of the sample of red galaxies (left colums) and ETGs (right

columns). In the overdensity-redshift distribution, the gdaxies residing in the low-
est overdensity quartile are highlighted in green, and in & the ones in the highest.
In the mass-redshift distributions, the black dotted vertial lines indicate the red-
shift division of the sample, the black horizontal lines inttate the lower mass
limit adopted in each redshift bin, and the blue horizontalihes indicate the divi-

sion into tertiles for each bin. The curve joining the open cicles represents the
mass completeness of the sample.

luminosity-weighted estimator has been found. Hence the mgults discussed in this
chapter do not depend on the choice of the adopted estimatorok the density eld.
In Table 4.1 are reported report the overdensity quartiles hat were evaluated in
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4 di erent redshift bins considering galaxies with log;o(M=M ) > 10:5(for a more
detailed discussion, see Bolzonella et al., 2010). In the yer panels of Fig. 4.2,
the overdensity-redshift relations for the Red galaxiesand the ETGs samples are
shown, highlighting in green the lowest and in red the highesoverdensity quar-
tile.

Table 4.2 provides information about the median overdensiy measured in the
four environment quartiles and the distance scale measureth the radius within
the 5NN. The change in the median overdensity from one quarte to the next is
by a factor of 2.

Knobel et al. (2009) detected 102 groups with more than 5 obseed members
and 23 with more than 8 in the zZCOSMOS 10k sample. Finoguenovteal. (2007)
analyzed the XMM-COSMOS survey, nding an X-ray luminosity for extended
sources betweerL g1 2aev =3 10%%ergs ! and 5 10*3ergs 1. Peng et al. (2010)
made a detailed comparison between zCOSMOS and SDSS, evadlimg the over-
densities in the same way in the two surveys, and nding that 2SS spans a wider

z 15t quartile  2"9 quartile
01<z< 035 x 282 282<x 536
035 z< 05 X 194 194<x 357
05 z<07 x 1.95 195<x 352

z 07 x 172 172<x 339

z 3 quartile 4™ quartile

0l<z< 035 536<x 1221 x> 1221
035 z< 05 357<x 825 x> 825
05 z< 07 352<x 684 X > 6:84

z 07 339<x 649 X > 6:49

Table 4.1: De nition of quartiles for the overdensities computed with the 5NN
estimator. The variable x represents the overdensity(1 + ).

quartile median overdensity median distance

15t 1:23 003 303 0:06
2nd 2:81 0:.04 183 0:03
3rd 529 0:07 131 0:.02
4th 1443 0:38 084 0:.02

Table 4.2: Median overdensities and distances (in comoving Mpc/h) wih their
errors for the four environment quartiles averaged throughut the entire redshift
range.
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range of overdensity, fromlogio(1+ )= 1 to almost 3, while the overall zCOS-
MOS range is 1< logio(l + ) < 2:3. For ETGs, as shown from Fig. 4.2, the
range is a little smaller, with  0:5<logio(1+ ) < 2.

Therefore, it should be underlined that the zZCOSMOS survey @es not contain
any single rich cluster, e.g. comparable to the Coma clustein the local Universe
(the highest mass in the Knobel et al. (2009) sample is 10**M , while the mass
of Coma cluster is  10'°M ), but samples well the rich group environment (see
also lovino et al., 2010).

4.1.3 Mass estimate

The masses ofred galaxies andETGs were estimated by performing a best t to
the multicolor spectral energy distribution, using the observed magnitudes in 10
photometric bands from u to 4:5m (see Sect. 3.2.2). The assumptions about
models and parameters in the SED- tting are discussed in Sdc 3.6. The quoted
values are obtained using CBO07 stellar population synthesi models, decreasing
SFHs with < 1 Gyr, solar metallicity, and 0 < Ay < 1 and free ages in the
ranget 2 [0; 20] Gyrs.

The study of the color-mass diagram shows that both samplesra well placed
in the red sequence (see Fig. 4.1, lower panel). Consideririge mass distribution,
the ETG selection tends to include the more massive of thdRed galaxies(see
Fig. 4.1). This gives another proof that the more restrictive de nition of ETGs
has selected the more massive, passive, redder, and sphelai galaxies of the
zCOSMOS 10k-bright sample.

To search for any mass dependence of the color distributionthe sample has
been divided into bins of stellar masses. The lower panel of i§. 4.2 shows the
di erent divisions adopted. Bolzonella et al. (2010) found that the mass function
of ETGs does not vary signi cantly in the high and low-density environments
probed by the zCOSMOS survey. Therefore, the rst step takenwas to simply
divide the sample into equally populated mass tertiles ovethe entire redshift range
for all the overdensity bins considered (each bin contains pproximatively 200
galaxies). The lowest tertile corresponds to the mass rang®gio(M=M ) < 10:25,
the intermediate tertile to 10:25 < log1o(M=M ) < 106, and the upper tertile
to log;o(M=M ) > 10:6. The choice of a division into mass tertiles instead of
quartiles (as performed for the analysis of environment) igusti ed by the wish to
keep the statistical accuracy high and the shot noise low.

The redshift evolution and the V=Vhax formalism. Owing to the mag-
nitude selection (Iag < 225), both samples are a ected by mass incompleteness
that increases with redshift (see lower panels of Fig. 4.2)This means that, at each
redshift, it exists a minimum mass M nin (z) above which a sample can be consid-
ered complete, since all galaxies above that mass are potéally observable. The
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limit of completeness of the sample has been evaluated folleng the procedure
explained by Pozzetti et al. (2010), and is shown by the blackcurve in the lower
panels of Fig. 4.2. This means that, giving a redshift intenal [Zmin ; Zmax ], galaxies
should be considered over the completeness limit only foM > M in (Zmax )-

To correct for the mass incompleteness e ect, the classical an-parametric
V=Vhax formalism introduced by Schmidt (1968) (see also Avni & Bahall, 1980)
has been applied. Using this correction, galaxies can be ceidered over the com-
pleteness limit for M > M min (Zmin )-

Both samples have been studied divided also into four redsftibins (identical
to those adopted in the overdensity quartiles de nition), evaluating the tertiles
above the mass completeness limit in each redshift bin, as siwn in the bottom
part of Fig. 4.2. In this case, every bin contains approximatly 40 galaxies. This
procedure yielded a lower statistical accuracy, with the adantage of following in
detail the redshift evolution.

4.1.4 D4000 and EW,gy(H ) de nitions

Combinations of spectroscopic line strengths measurablenigalaxy spectra have
been identi ed to be direct tracers of galaxy characteristic parameters, such as
mass, age, and star-formation rate. In particular, the 4000A break (D4000) and
the rest-frame equivalent width (EWg) of the H Balmer line ( rest = 4100 A)
are indicators of galaxy integrated or recent star formatian, respectively. These
same indicators were used in the zZCOSMOS sample to study thectvity of 24
m sources and their close neighbors (Caputi et al., 2009a,b)ral to select post-
starburst galaxies (Vergani et al., 2010).

To easily study the spectral properties of the zZCOSMOS galaies, a fully automatic
spectral measurement code (PlateFit; Lamareille et al., 206) has been used, which
measures all the spectral features and equivalent widths ofhe prominent lines
present in zZCOSMOS spectra, given its spectral range. Thisade ts the stellar
continuum and absorption lines making use of the STELIB library (Le Borgne et
al., 2003) of stellar spectra and the GALAXEV Bruzual & Charl ot (2003) stellar
population synthesis models (see Lamareille et al., 20060f further details). To
investigate the in uence of mass and environment on the spdcal features, the
values of D4000 andEW(H ) evaluated for single spectra have been averaged in
bins of redshift, mass, and environment. Because of the walength coverage of
the zCOSMOS spectra, the D4000 index is available only for@5 z 1, which
corresponds approximately to a time interval of 4 Gyrs. To fdlow the redshift
evolution, This redshift range has been divided into four bns (045 z < 0.6,
0:6 z < 07, 07 z < 0:8, and 08 z 1). Each redshift bin has been
yet further divided using the four environment quartiles de ned as before, to
ensure a coherent analysis, and three equally populated magertiles, with the
lowest one corresponding tologio(M=M ) < 1G4, the intermediate to 104 <
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Figure 4.3: Stacked spectrum of the 607 ETGs in the rang®45<z < 1. In red
are plotted the regions of the red and blue continuum used irhé computation of
D4000.

logio(M=M ) < 10:7, and the highest one tologio(M=M ) > 10.7. As a starting
catalog, it has been used theETG sample, because it is less contaminated by
outliers. Figure 4.3 shows the average stacked spectrum ohé 607ETGs in the
range Q45< z < 1, the ranges of the blue and red bands used to evaluate D4000
and H indices. On average each bin contains 10 galaxies. The adaat de nition
of D4000 is the one given by Balogh et al. (1999), where the avage ux F in
the red and blue wavelength bands are measured in the range®d@0 4100Aand
3850 3950A (D4000 \narrow"):
e, (B B TEg

D 4000 = = 1

F R
blue ( rzed rled) tﬁue F d
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Figure 4.4: U V) rest-frame color distribution for Red galaxies as a func-
tion of increasing overdensities (horizontal panels) and mcreasing mass (verti-
cal panels). The mass was divided into three rangedog;o(M=M ) < 10:25,
10:25 l0gio(M=M ) < 106, and logi;o(M=M ) 10:6 (panels from top to
bottom), while the quartiles of environment are shown in Tab4.1 and 4.2 (pan-
els from left to right). In each panel, the solid line represets the median of the
distribution, while the dashed line is the median value coasponding to the color
distribution in the same mass range but for the lowest envirmment, to make it
easier to follow the environment dependence. In each panelyeaalso reported the
value of the median(U  V)est With its error.
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4.2 The color analysis

4.2.1 Color distribution of early-type galaxies

The (U V)est color distributions for the total sample of Red galaxies are shown
in Fig. 4.4. The color distributions and their medians have been evaluated in four
quartiles of environment and three mass bins, as describechiSects. 4.1.2 and
4.1.3, and plotted in order of both increasing mass (from topto bottom) and
increasing density environment (from left to right). In each panel, a dashed line
indicate the median value corresponding to the color distrbution in the same mass
range but for the lowest density environment, in order to male it easier to follow
the environment dependence. It is possible to see that, altbugh the dispersion
of the color distributions is almost the same in di erent mass and environment
bins, there is evolution in the median color with mass for xed environment, the
medians shifting towards a redder color with increasing mas. On the other hand,
focusing on environment, it is evident that this e ect at xed mass is not strong,
there being only a small shift in the median value mostly for the highest density
quartile. In the following sections, these dependences arexplored quantitatively,
studying also the e ect of redshift evolution.

4.2.2 Color-environment relation

The mean color ofRed galaxiesand ETGs samples has been evaluated in the four
quartiles of environment de ned in Table 4.1; the results ar plotted in Fig. 4.5
for the three mass bins. As explained in Sect. 4.1.3, a=Mnax correction has been
applied to take into account the incompleteness in mass, evaating the mean color
by weighting each galaxy by its V=\lhax ; therefore the values reported in Figs. 4.5
and 4.6 di er from to the values shown in Fig. 4.4. It is evident that within a xed
mass bin the dependence of the mean color on the overdensitaameter for both
of the samples is really weak, showing on average an oset df( U V)jesti =
0:027 0:008 mag redder in the highest density environments than in tle lowest
density environment for Red galaxiesand h( U V)i = 0:01 0:01 mag for
ETGs. Also the formal slopesS of this relation (U V)t / S logio(l+ )
have been evaluated, within the overdensity range which spas the values 01 .
1+ . 200, and the results are shown in Table 4.3. All the slopes el@ated for
the red galaxysample are quite shallow, always being below a value &  0:04,
with a hint of steepening with increasing mass. In theETG sample, which is 50%
smaller, the slopes are rather consistent with being at.
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Figure 4.5: Mean color of Red galaxies and ETGs as a function of environmerin
di erent mass bins. In the x-axis, the quartile of overdensiy are plotted, from the
lowest (1) to the highest (4) value as shown in Table 4.1.

Red galaxies ETGs
low mass 0012 0:006 0:011 0:008
medium mass 0031 0:006 Q028 0:008
high mass 0039 0:006 Q007 0:007

Table 4.3: Slopes S of the color-environment relation
(U V)est/ S logip(l+ ) in dierent mass bins for Red galaxies and
ETGs.
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4.2.3 Color-mass relation

To study the color-mass relation of early-type galaxies, tle mean of the color
distribution as a function of mass has been computed in the for quartiles of en-
vironment. Figure 4.6 presents our results. From these pla, it is possible to see
that for the sample of Red galaxiesthere is a mean reddening oh( U V)esti =
0:093 0:007 mag between the lowest (% < log1o(M=M ) < 10:25) and high-
est masses 16gio(M=M ) > 10:6), while for the ETGs the di erence is smaller
(h( U  V)resti =0:047 0:009). Furthermore, in Fig. 4.6 the mean of the color
distribution shown in black, evaluated for the whole sample shows that the slopes
of the relation are similar in di erent environments.

The slopesSy of the relation (U V)rest / Sw 10g10(M=M ) found in the
mass range of both samples, with mean values in the range ¥log1o(M=M ) <
10:8, are reported in Table 4.4. The values of the slopes con rm aather strong
dependence of the color on mass, presenting also a small gpeaing with increasing
environment. The mean value of the slope igSyi = 0:126 0:005 for the red
galaxysample. The slopes found for th&e TG sample are a little shallower Sy i =
0:066 0:007), mainly due to fact that the stricter color selection applied to obtain
the ETGs sample reduces the range of variation in thely V)est color.

In the present study, no correction of the colors for redshif evolution has been
taken into account. To verify that the results are not biased by this e ect, Red
galaxies have been studied, since they are the most numerous samplejvitling
them into four redshift bins, 0:1<z < 0:35,335<z< 05, 05<z< 07, and
0.7 < z < 1; in each bin are then evaluated equally populated tertilesof mass,
and studied the slope of the resulting color-mass relationn the respective redshift
bin. The result is shown in Fig. 4.7: the open squares represéthe slope of the
relation in each redshift range with its error, while the red shaded area represents
the global slope found in the same environment when no divisin of the sample
into redshift bins is applied. In seven out of eight bins, theslope is consistent, at
1 level, with the one evaluated over the entire range of redsfft, showing only a
hint of steepening in the last redshift bin (see also Table &).

These results con rm those of Balogh et al. (2004) for the neeby Universe.
They analyzed the SDSS-DR1 survey, nding a strong dependere of U I)est
color on luminosity with a dierence of 0:25 mag between the ranges 23 <
My < 22and 19 < M, < 18, with a corresponding slope 0:15. Their
dependence on environment is much smaller, 0:03 0:06 for a projected local
density in the range Q1 10, which corresponds to a slope 0:015 0:03 that
closely agrees with the results of this analysis. Cooper etla(2010) analyzed the
(U B)rest color searching for a dependence on environment for galaxdefrom
the DEEP2 sample, in the mass range 18 < logio(M=M < 11:1) and the
redshift range 075< z < 0:95. They found that galaxies residing in high density
environments have slightly redder colors than galaxies indw density environments;
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Figure 4.6: Mean color of Red galaxies and ETGs as a function of mass in thefr
quartiles of environment. Black stars connected with dashielines show the mean
colors for the entire Red galaxies and ETG sample, not dividednto quartiles of
environment.

Red galaxies ETGs
low env 011 001 004 001
med low env 011 001 006 0:02
med high env Q12 0:.01 009 0:.01
high env 014 001 a07 001
all env 0:126 0:005 Q066 0:007

Table 4.4: SlopesSy of the color-mass relation(U  V)est / Sm 10gio(M=M )
in di erent environment bins for Red galaxies and ETGs samples.
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however, here it is demonstrated that the dependence on the ass is much stronger.
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Figure 4.7: Slopes of the color-mass relation evaluated in the four retiffit bins and
di erent environments. The red lines represent the slope of he color-mass relation
evaluated for the entire redshift sample in the correspondg overdensity bin.

low env high env

z < 0:35 010 002 @14 002
035<z< 05 011 003 (G14 002
05<z< 07 012 003 @15 0.02
z> 07 032 005 017 0:.03

Table 4.5: SlopesSy of the color-mass relation for Red galaxies in high and low
environment and in given redshift bin.
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4.3 The spectroscopic analysis

The D4000 and theEWo(H ) have been measured for theETG samples by an-
alyzing the mean of the values of the spectral measurementsvaluated in each
galaxy spectrum, and averaging in xed redshift, mass, and avironment bins, as
explained in Sect. 4.1.4.

The results of the analysis ofD 4000 as a function of redshift are shown in Fig.
4.8. In the upper panel, the environment quartiles are kept xed and has been
studied the dependence on mass, while in the second panel iah been studied
instead the dependence on environment at xed mass. In all te mass and over-
density bins, a redshift evolution in D4000 has been detected, with the galaxies
at low redshift always having a higher break value than at hich redshift. This is a
signature that higher redshift galaxy populations are statstically younger and/or
have a higher metallicity. In searching for any mass dependee, massive galaxies
have been found to exhibit a stronger D4000 break in all enviopnments. The ef-
fect of environment is smaller, showing a trend in which galaies residing in high
overdensity regions have, for all mass bins, a greater D400@alue than galaxies
in the lowest environment quartile. To study the in uence of the mass and over-
density, the di erences of D4000 andEW(H ) have been evaluated between the
extreme quantiles of mass and environment, along with theirsigni cance. The
black points in the lower panels of each gure in Fig. 4.8 showthe di erence in
D4000 between high and low mass or environment regimes. To dee a mean value
for each mass and environment regime, the di erences found irach redshift bin
have been averaged using their errors as weights; the red sthed area in Fig. 4.8
represents the mean di erence integrated as a function of reshift. The signi cance
has been de ned to be the distance of this integrated di erene of D4000 between
extreme quartiles of mass and environments in units of , where is the error in
the integrated di erence. Table 4.6 shows that the results ae in agreement with
those found in the color analysis: the dependence on mass ig@g, with a mean

low env. med-l env. med-h env high env

h D4000 s 0.13 0.11 0.07 0.11
# 3.8 3.5 2 3.7
low mass med mass high mass
h D400d,, 0.06 0.04 0.05
# 1.8 15 15

Table 4.6: Di erences between D 4000for galaxies of high and low mass in a given
environment (upper table) and galaxies in high and low dentsi environment quar-
tiles at xed mass (lower table), and their respective signtances.

M. Moresco PhD Thesis



100 Early-type galaxies as evolutionary probes
06 07 08 09 06 07 08 09 06 07 08 09 06 07 08 09
Ilow (1+6)I I T mled—léw (1|+6) I T mtled—hligh (|1+¢5)I T Ihighl(lﬂg) I 1
| low mass 1 ]
| med mass 1
19 high mass 19
18 d 18
o ]
o ]
o L ]
< 17 117
/o ]
16 | J 16
1.5 —-— —- 1.5
m I I ]
S o4 R
£ 1 1 ]
g o2 1 1 =t - 02
% 0 B AR I lerzzz S S - T — 0
T 02 1 0.2
:'-.-0.4 I FEEE| Pl P s laaaal 1 211 Ml sl s lavaaly sl ey slivaa 17l -04
-1 06 07 08 09 06 07 08 09 06 07 08 09 06 07 08 09
redshift
06 07 08 09 06 07 08 09 06 07 08 09
A e o o L G o o e T 2
[ low mass [ med mass ] high mass 1
| low (1+6) 1 ]
L d-high (1+6 1 ] i
1o [ med-high (1+9) T 1 { 19
o
o
o
<
A
w
2
=)
=
]
3
o
-
12]
g -
J
% 06 07 08 09 06 07 08 09
redshift

Figure 4.8: D4000 narrow evaluated for di erent mass bins in xed environment
quartiles (upper panels) and for di erent overdensity quatiles in xed mass bins

(lower panels). At the bottom of each panel, are also plottethe di erences between
D4000 in extreme mass/overdensity ranges, the red shadedear representing the
weighted mean of these di erences averaged over the redghifinge (see Table 4.6).
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Figure 4.9: EWqo(H ) evaluated f

or di erent mass bins in xed environment quar-

tiles (upper panels) and for dierent environment quartiles in xed mass bins
(lower panels). At the bottom of each panel, are also plottedhe di erences be-
tween EWg(H ) in extreme mass/overdensity ranges, the red shaded area bgji
the weighted mean of these di erences averaged over the réifs range (see Table

4.7).
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h D4000 = 0:11 002 in a mass range 12 . logio(M=M ) . 108 and a
signi cance over 3 level (except for one overdensity bin), while the dependere
on environment is weaker, with a meanh D4000 =0:05 0:02 and much lower
signi cances.

The mass incompleteness is not a problem in the spectral angis. Since it
has been decided to divide the sample with a xed mass cut as auhction of
redshift, the e ect is a slight shift in the median value of mass at all redshifts in
each mass bin, so that, for example, the median mass of low-rea galaxies change
from logio(M=M ) =10:1 to log;o(M=M ) = 10:25 with increasing redshift. This
shift in mass would have to be taken into account if one were tying to precisely
establish the redshift evolution of D4000 at xed mass. Howeer, in this analysis
the only interest is in identifying the main parameter relating mass to environ-
ment, so this shift should not a ect our results. Moreover, even by correcting for it
considering the relative lack of massive galaxies at low reghift and of less massive
ones at high redshift, would at most increase the range of masexplored in the
di erent redshift bins.

A similar consideration has to be made for the metallicity. As pointed out be-
fore, the D4000 index depends on both the age and metallicityof a galaxy.
Over the mass range probed here, it is expected to nd a metaitity range of
0:1 < log10(Z=Z ) < 0:1 (Gallazzi et al., 2006, assuming modest metallicity
evolution to z  0:5); this corresponds to a variation in D4000 of approximatively
0:1 for the models of Bruzual & Charlot (2003) at very old ages ad 0:06 at
ages of 5 Gyr, which is similar to the change detected. Hencegn the basis of
these data, it is impossible to distinguish whether this chage is due to a variation
in either age or metallicity or both. Our sole interest here 5 not to di erentiate
the e ect of mass from those of metallicity in producing the trends found, but to
determine whether the di erence in D4000 is, at each redshiftfar more signi cant
when | divide our sample into mass bins, or into environment lins. For the present

low env. med-low env. med-high env high env

h H i 0.56 0.07 -0.06 0.31
# 3.5 0.4 0.2 2.4
low mass med mass high mass
h H i, 0.06 0.10 -0.06
# 0.4 0.6 0.8

Table 4.7: Di erences (in A) betweenEW(H ) for galaxies of high and low mass
in a given environment (upper table) and galaxies in high andow environment
quartiles at xed mass (lower table), and the relative signtcances.
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analysis, our inability to di erentiate between age and metallicity is therefore not
a problem.

The results of the EWo(H ) analysis are a bit noisier, as shown in Fig. 4.9 and
Table 4.7. However, the trends found agree with the results bboth the colors
and D4000 analysis: the di erences with massif EW (H )i =0:28 0:08A) have
on average higher signi cance than the di erence with enviroment (> 2 in two
bins over four), being these second ones not signi cant in exry bin considered
(h EW(H )i =0:01 0:06A).

In contrast to D4000, EWo(H ) increases with redshift and decreases with increas-
ing mass and environmental density. Moreover, very massivgalaxies or galaxies
residing in high density environments have an almost constat EWo(H ) through-
out the entire redshift range, of a value that indicates in these galaxies no recent
episode of star formation has occurred within a timescale of 5 Gyrs.
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Figure 4.10: Stellar mass as a function of lookback time to formation (l&fpanel)
and mass histograms of extreme tertiles for ETGs, evaluated ith CB07 models.
Squared symbols represent our data, where the errorbars fled are the dispersions
in the measurements. Circle points are data taken from the argsis of SDSS-DR4
by Thomas et al. (2010), showing the lookback time at which tH&0% of the stellar
mass has formed; the errorbars plotted are the di erences ba&een the lookback time
of formation of 50% and of 80% of the stellar mass. The dashednks represent
the mass-lookback time relation computed in the extreme qides of overdensity.
To compare data, here the following parameters have been gued: ,, = 0:24,
=0:76, and Hg = 73kms Mpc 1.
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4.4 Evidences of mass downsizing

The analysis of ETGs shows clear indications of mass-dowrshg, i.e. massive
galaxies contain an older stellar population. The formatian redshift of ETGs has
been evaluated by performing a best t to the SED of these galaies using a library
of models with exponentially decreasing star-formation hétories, with < 1 Gyrs,
and high age/ values have been found, compatible with passive galaxies.olcheck
the robustness of the results, also di erent stellar populaton synthesis models have
been considered, such as the BC03 models (Bruzual & Charlo003) and the more
recent ones M05 (Maraston, 2005) and CBO7 (Charlot & Bruzua) 2011). In Fig.
4.10 is shown the lookback time to formation as a function of rass for ETGs,
evaluated using CB07 models; both the histogram and the ploshow that massive
galaxies (0g;o(M=M ) 11) formed their stars atz 2, while less massive ones
(logip(M=M ) 10:25) atz. 1. The corresponding mean age di erence between
the extreme mass quartiles is 3 Gyrs, while the age di erence between di erent
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Figure 4.11: Stellar mass as a function of lookback time to formation (léfpanel)
and mass histograms of extreme tertiles for ETGs, evaluated ith MO5 models.
The meaning of the symbols and the assumptions are the same asHig. 4.10.
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environments is insigni cant (. 0:2 Gyrs). In Fig. 4.10, also the relation between
mass and lookback time for the two extreme overdensity quaites (dashed lines)
has been plotted, showing that galaxy formation age at xed mass is not strongly
dependent on environment.

The results from di erent models di er slightly, but the gener al picture is clear

and any di erences are within the 1 errors. In Fig. 4.11 it is possible to see the
same plot shown in Fig. 4.10, but evaluated using MO5 modelsn Fig. 4.12 are
shown, as a comparison, the di erences between the relationtdained with CB07

and BCO03 models.

This result agrees with Thomas et al. (2010), which was basedn an analysis
of SDSS-DR4 early-type galaxies. As in this analysis, theydund that their scaling
relations had no strong on environment, but provided suppot for a downsizing
in formation age with mass. For a comparison, in Fig. 4.10 is werplotted their
relation, where the points represent the lookback time at whch the 50% of the
stellar mass has formed and the errorbars are the di erencesdiween the lookback
time of formation for 50% and 80% of the stellar mass. An inteesting hint of
downsizing can be inferred from the analysis of D4000 as a fation of redshift.
As can be seen in Fig. 4.8, more massive galaxies at each redshave an higher
D4000 value than to less massive galaxies. However, givenghmagnitude of the
errors in D4000, and the inability to clearly distinguish th e e ect of metallicity on
D4000, this can provide only a con rmation of the analysis peformed on the ages
of ETGs.
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45 Conclusions about mass and environment
dependence of ETGs

The (U V) colors and spectra of two subsamples of early-type galaxsehave been
studied, extracted from the zCOSMOS spectroscopic surveyni the redshift range
0:1<z < 1 as described in Sect. 3.3. Both color and spectral featurgse., D4000
and EWg(H )) have been analyzed to explore their dependence on mass amah-
vironment and provide some insights into the main drivers ofgalaxy evolution.

From the analysis of the U V)est CoOlor, it has been found:

" a dependence on massh( U V)i = 0:093 0:007 mag in the mass
range 10< logi1o(M=M ) < 10:8);

" aweaker dependence on the local density of the environmenh( U V)jesti =
0:027 0:008 mag in the overdensity range @ . logio(1+ ). 1:2);

The mean slope of the color-mass relation i$Sy i = 0:12 0:005, with a hint of
steepening as a function of increasing environment. The cot-environment rela-
tion is much atter, with a slope that is always smaller than S 0:04, con rming
evidence that the dependence of galaxy properties on massiisuch stronger than
on environment. From the analysis of both samples, the restd obtained are in
complete agreement. The study ofETG sample, carefully selected to be less con-
taminated by outliers, enhances the reliability of the condusions.

Many previous e orts have been made to dierentiate between the e ects
of mass and environment in studying the colors of ETGs. The reults found
agree with Balogh et al. (2004), who found by analyzing the SI3S-DR1 sur-
vey, a strong dependence of ETG color on luminosity (measunig a di erence of

0:25 mag between the ranges 23< M, < 22and 19< M, < 18, in
the (U r)est color) and a much smaller dependence on environment ( 0:1 for
a projected local density in the range 01 10). | e ectively extend these results
to z 1. For the color-environment relation, Cooper et al. (2010)found a simi-
lar trend by analyzing galaxies observed by the DEEP2 surveyin the mass range
10:6 <log19(M=M ) < 11:1 and in the redshift range Q75< z < 0:95. The results
of this analysis agrees with their ndings that at xed mass the (U B)est COlor
in high density environments is slightly redder than in low density environments.

From the spectral analysis, it has been found:

" a dependence of spectroscopic index on mass (D4000 =0:11 0:02 and
EWgo(H )=0:28 0:08 A in the mass range 102 < log1o(M=M ) < 10:8)
when averaging over the entire redshift range;
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" a weaker dependence on the local density of the environmenh( D 4000 =
0:05 0:02 and an insigni cant di erence for EWg(H ) in the environment
range Q1. logip(1+ ). 1:2) when averaging over the entire redshift range.

Massive galaxies or galaxies residing in relatively high desity environments
have a stronger D4000 break and a small value dEWq(H ) that is almost con-
stant with redshift, implying that no signi cant episodes o f star formation have
occurred in these galaxies since 1, while for the low-mass galaxies the evo-
lution remains ongoing at these redshifts. The di erent amplitude of the redshift
evolution in colors and spectral features can be interpreté by comparison with
stellar population synthesis models: old, red, passive gakies (modeled with val-
ues of age/ ratio greater than 5) are not expected to have evolved much ircolor
since z=1, while the evolution in D4000 is a bit clearer.

Combining the results of the color and spectral analysis, fom this work can
be concluded that the main driver of the the evolution of ETGs is mass, while
environment plays a less important although non-negligibé role. This result is
also con rmed by the analysis of Cucciati et al. (2010); fromtheir study of the
(U  B)rest color of the zCOSMOS bright sample, they suggest a scenarimi
which the color depends primarily on mass, but for a relativdy low-mass regime
(10:2. logip(M=M . 10:7)) the local environment modulates this dependence.

The analysis of ETGs also shows clear indications of mass-dmsizing: from
a SED- tting analysis, it is possible to see that massive gahxies have older stel-
lar populations, with an age dierence of 3 Gyrs within a mass range 10<
logio(M=M ) < 108, using passive evolution models with high age/ values.
The formation redshift of ETGs have been evaluated by performing a best t to
the SED of these galaxies using di erent stellar population gnthesis models. The
lookback times evaluated for ETGs provide additional suppat of a downsizing sce-
nario; from Fig. 4.10 it is possible to see that massive galags (og;o(M=M ) 11)
formed their starsatz 2, while less massive oneddg;o(M=M ) 10:25) formed
their stars at z. 1, almost independently of the models of stellar populationsyn-
thesis considered. These results also agree with Thomas et 42010), which were
based on an analysis of SDSS early-type galaxies.

Environment appears to have a far smaller in uence than mas®n galaxy prop-
erties studied. The age di erence between di erent environmats is insigni cant
(. 0:2 Gyrs) and inconsistent with the di erence of 2 Gyrs found by Thomas et
al. (2005). Other studies found much smaller di erences. Forexample, Bernardi
et al. (2006) found di erences intheMg, v relation of galaxies in di erent en-
vironments implying that galaxies in dense environments ae at most 1 Gyr older
than galaxies in low density environments, Gallazzi et al. 006) found that ETGs
in dense environments are 0:02-dex older than in the eld, and later analysis by
Thomas et al. (2007) and Thomas et al. (2010) of SDSS found noapendence of
scaling relation on environmental density. Moreover, shold be remembered that
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the zCOSMOS survey samples a smaller range of overdensitidsan these previous
studies, extending at most to rich groups but not clusters.

An interesting prospect of this work is the study of the evoluion of the ages and
spectral features of ETGs as a function of redshift, becauséhat analysis would
also help to place constraints on cosmological parametersuch as the Hubble
constant Hp and the equation-of-state parameter of Dark Energyw.
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Chapter

Early-type galaxies as cosmological
probes

As argued in Chapt. 1, one of the crucial point to set precise anstraints about
H(z) and the various cosmological parameters is to analyzeigrent probes, and
to combine the results obtained with these techniques to miimize the errorbars.
One fundamental step will be certainly to reduce the system#c errors of the
\standard" approaches, i.e. Sne, BAO, and WL; and this is exatly the aim of
some of the most important surveys planned in the future (e.gBOSS and Euclid).
On the other hand, it will be crucial also the development of hdependent
probes, that can provide cross-check of results obtained Wi the standard tech-
nigue. As suggested by Jimenez & Loeb (2002), an interestingnd complementary
approach to this problem is the study of the change in the age fothe Universe
as a function of redshift. The strength of this method is that it avoids the com-
mon weakness of the other techniques, i.e. the reliance ontagrated quantities
to determine the expansion history. However, to fully explat this approach, it is
required to nd a population of standard clocks able to trace the evolution of the
relative age of the Universe.
Many recent works gave growing observational evidence thathe most massive
galaxies contain the oldest stellar populations up to redslits of z 1 2 and
have less than 1% of their present stellar mass formed at < 1 (Dunlop et al.,
1996; Spinrad et al., 1997; Cowie et al., 1999; Heavens et aR004; Thomas et
al., 2005; Cimatti et al., 2008; Thomas et al., 2010), and arextensively reviewed
in Chapt. 2. This population of massive, red, passive earlytype galaxies consists
of the oldest objects in the Universe at each redshift. It is herefore possible, as
introduced by Jimenez & Loeb (2002), to use ETGs ascosmic chronometers".
The di erential ages of these galaxies should thus be a good dicator for the rate
of change of the age of the Universe as a function of redshiftputo z = 2.
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There are some works that try to constrain the cosmic expansin history using this
approach (Ferreras et al., 2001; Jimenez et al., 2003; Krags 2003; Capozziello et
al., 2004; Stern et al., 2010; Crawford et al., 2011). Howeve a problem of this
technique is that it relies on the determination of a non-ob®rvable parameter using
spectra and/or spectral energy distributions, i.e. the ageof the stellar population,
which presents strong and well known degeneracies with otleparameters that
are evaluated simultaneously, such as the metallicity, thestar formation history,
the dust content (see Sect. 3.6.5).

In this chapter, it is explored the possibility of setting cosmological constraints

studying the \cosmic chronometers" approach, by analyzing the age-redshift re-
lation for a sample of ETGs in the range 0. z . 1; the ages are estimated with
a SED- tting technique, and the feasibility of this approach is discussed.
To solve the various problems and degenerations, a new metkology is introduced
to determine the expansion history of the Universe analyzig the spectral proper-
ties of early-type galaxies (ETG), based on the study of the edshift dependence
of the 4000A break. The method is described, its robustness explored irsg theo-
retical synthetic stellar population models, and it is applied using a SDSS sample
of 14 000 ETGs. The motivation to look for a new technique is to mnimize the
dependence of théicosmic chronometers" method on systematic errors. In par-
ticular, as a test of the method, it is derived an estimate of he Hubble constant
which is not only fully compatible with the value derived from the Hubble key
project, but also with a comparable error budget. Moreover,a value for the dark
energy equation-of-state parameter is obtained (assumingv = constant) that is
well in agreement with the latest WMAP analysis. Given the fact that the SDSS
ETG sample only reachesz  0:3, this result shows the potential of the method.

The reference article for this analysis is Moresco et al. (2IDb).
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5.1 The age-redshift relation

The basic idea of Jimenez & Loeb (2002) approach is that a measge of the Hub-
ble parameterH (z) = 1ledz:dt can place a direct constraint to the expansion
history of the Universe, being straightforwardly linked to various cosmological pa-
rameters (see Eq. 1.19). Therefore a measure of the relativage evolution of the
Universe as a function of redshift (i.e. the slope of the t(z)relation, Eq. 1.25)
can help to set constrain to cosmological parameters in an mhependent way with
respect to other analysis (SNe, BAO, ...). This relative chage of age as a function
of redshift can be reformulated expressing explicitly its @&pendence on the cos-
mological parameters (i.e. , m, Ho, Wo, Wy); in a at Universe ( ¢ = 1) with
dominant contributions coming from dark energy and matter, it can be written:

dz (1+ 2)52 2wz, P
— = - + A
at Hy m DE €xp 3 . 1+zOdZ (5.1)
for w = w(z) and:
5=2 -
o QT b v (5.2)

for w = constant

In the same way, the age of the Universe at a given redshift degnds critically
on the cosmological parameters and (assuming with w=cost),it is possible to
write:

1 z ﬁ n h io 1=2
tu(z) = — yl=2 m+ DE Y 3(Wo+wa) g3wa(y 1) dy
+constant (5.3)

where it has been used the standard parametrizatioow(z) = wWo+ 1% Wa. For

a given galaxy that evolves passively from its formation to he present time, it can
be written:

tgal(2) = tu(z)  t(Zform ) (5.4)

where ziorm  represents the redshift of formation of the galaxy. Fig. 5.1shows
how the theoretical relation expressed by Eq. 5.3 depends othe dark energy
equation-of-state parameterw and on the Hubble constantHy.

In order to apply this approach, Jimenez et al. (2003) suggded to consider
a sample of early-type galaxies (that has been demonstratedo represent the
oldest galaxy population at each redshift), and, among them to select the oldest
systems by considering the upper envelope of the age-red#hdistribution. This
upper envelope directly traces the age of the Universe, siecthese galaxies are
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Figure 5.1: Theoretical age-redshift relations as a function ofw (left plot) and Hg
(right plot).

supposed to have undergone a passive evolution and to have antremely uniform
redshift of formation.

The main strengths of this approach is that the study of the sbpe of the age-
redshift relation probes directly H(z), thus setting constraints on the cosmological
parameters, and that it is independent on the overall hormalzation, that it will
be proved to be a fundamental point.

5.1.1 Preliminary analysis

Initially, to set constraints on the cosmological parametas the standard procedure
explained in Jimenez et al. (2003) was followed. A sample ofgssive ETGs was
selected following the criteria explained in Sect. 3.3, maging the 97,460 ETGs
extracted from the SDSS-DR6 sample and the 98 ETGs from the zCOSMOS
sample. In addition, to sample also the high-z ETGs, also thel3 passive galaxies
of the GMASS sample (Cimatti et al., 2008) have been includegdcovering the range
1:3 <z < 2. The ages of these galaxies have been derived with the SEDting

technique described in Sect. 3.2.2, considering di erent ®llar population synthesis
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Figure 5.2: Age-redshift relation for a sample of SDSS, zCOSMOS and GMASS
ETGs. The black points represent the estimated ages (open trgle for SDSS, open
squares for zCOSMOS and open stars for GMASS); the blue pointepresent the
upper envelope of the age-redshift relation, evaluated aké value below which the
95% of the ages lie in a given redshift bin; the green shadedearrepresent the 68%
con dence level best- t to the upper envelope, where it hasekn tried to constrain
the dark energy equation-of-state parametew. The area corresponds to the best- t
valuew = 0:7*}e.

models (BC03, CB0O7, M09), metallicities =2 = 0:08;0:4; 1; 2:5), dust reddening
(Av 2 [0;1]), SFHs (delayed exponential, with 2 [0:05 1] Gyrs). Figure 5.2
shows the results obtained with CBO7 models and xed solar mallicity. The
black points represent the estimated ages (open triangle foSDSS, open squares
for zCOSMOS and open stars for GMASS); the blue points repremnt the upper
envelope of the age-redshift relation, evaluated as the vak below which lies the
95% of the ages in a given redshift bin; the green shaded areapresent the 68%
con dence level best- t to the upper envelope, where it has keen tried to constrain
the dark energy equation-of-state parametemw. The area corresponds to the best-
tvalue w=0:7"%¢.

On the one hand, this approach seems promising, since it diotly gives evi-
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dences of the age-evolution of the Universe as a function okdshift, as suggests
the evolution of the upper envelope of the distribution. On the other hand, many
di culties have been encountered in pursuing this direct approach:

~ the dependence on assumed models is strong: changing betwdtC03, CB07,
and M09, the shapes of the age-z relations di er signi cantly being steeper
or atter depending on which model has been considered (seelso Sect.
3.6.4);

the dependence on chosen SFHs is also a problem: as discusse8ect. 3.6.5,
a direct correlation between chosen values and retrieved ages has been
found, for which the choice of a particular range of in uences directly the
range of ages estimated,;

the metallicity has to be taken into account: in Fig. 5.2 the metallicity has
been xed to the solar value, however it has been found that this assumption
is not valid in the entire redshift range. Since the shape of he SED of a
galaxy depends both on age and metallicity, this strong assmption has to
be relaxed, allowing also di erent metallicity in the t. How ever, as discussed
in Sect. 3.6.5, there exists a severe degeneracy between ayal metallicity
that has been proven not to be breakable just analyzing the SBs of galaxies;

All the issues described above a ect directly the shape and th slope of the age-z
relation, and hence represent a problem for the cosmologitparameters constrain.
In addition to \real" ETGs, also a study on a mock catalog has been performed:
100,000 galaxies have been generated with random SFHs @ [0:05 3] Gyrs),
dust reddening (Av 2 [0;1]), ages { 2 [0;20] Gyrs, but t(z) < Ty(z)) and solar
metallicity. The choice of this grid is due to the decision ofcreating a simulated
catalog of ETGs. Apparent magnitudes have been assigned tohe zCOSMOS
bands following prescriptions to represent the same magnitde limits of zZCOSMOS
observations. This catalog has been, afterward, analyzedsaa real catalog, selecting
galaxies with photometric type < 1:4 to reproduce the selection of the red and
passive objects done for theETGs sample. At the end, a SED- ttin analysis has
been performed to this subsample of galaxies, using the santange of values
adopted for the real zZCOSMOSETGs sample(see Sect. 3.6). Retrieved ages have
been then compared with the \real", theoretical ones. This test represents, from a
certain point of view, a 0" order check, analyzing the precision of the age estimate
between the same input and output models.
It has been found that the median di erence (age  agenoq) is small for young
galaxies (0 for galaxies with age< 4 Gyrs) but becomes signi cant (up to 1 Gyrs)
for older galaxies, representing an o set of about 10%. Moreover, analyzing the
scatter of the (age;  agenog) distribution, it has been found that is around 1
Gyrs for galaxies with 5. age. 10, but goes up to 3 Gyrs for galaxies with
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10. age. 13. On average, even at xed solar metallicity, the percentge error
found in this 0 order analysis is of the order of 17%, that is signi cant espeially

because this result does not yet take into account also the wertainties due to

model and metallicity degeneracies.

This check demonstrates that, in addition to the open problems raised before, the
intrinsic error in evaluating the age with SED- tting is lar ge.

In collaboration with Jacopo Chevallard (Jacopo Chevallad, master Thesis),
it has also been explored in the zZCOSMOS sample the possiliitiof a combined
t, merging to the photometric bands the informations avail able from the spectra.
However this combined t yields only to a reduction of the agedispersion of about
10%, this still not considering models and metallicity depedences.

Another common approach in the literature to constrain age and metallicity of
a galaxy is the study of the various emission and absorptionihes in the spectra,
since their di erential sensitivity to age and metallicity ¢ an help to break their
degeneracy (e.g., see Gallazzi et al., 2005; Carson et al.0X; Thomas et al.,
2011). However, this approach requires both high-resolutin spectra and high S/N
ratios, both to identifying the spectral features and measue them precisely. This
two requirements are not always available, and this is even mre di cult for high-
or intermediate redshift surveys; certainly zCOSMOS speata do not allow such a
study. However it is evident that the analysis of ages of galgies obtained from the
spectra can be much more precise than the one performed witthe SED- tting.

In collaboration with Raul Jimenez (University of Barcellona), it has been
therefore developed a new methodology, that aims to use thiEosmic chronome-
ters" approach but minimizing the model dependences and degenara Following
the idea of using information from galaxy spectra, it has bea decided to analyze
the possibility of using the D4000 as a proxy of galaxy age. Th advantage of this
spectral feature is that it does not require neither an extrenely high S/N ratio nor
resolution to be measured. In the following sections this n& technique is describe,
analyzed, and used to set constraints on the Hubble constant y and on the dark
energy equation-of-state parametemw.
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5.2 The data sample

This analysis has been carried out using the SDSS ETGs sampldescribed in
Sect. 3.3. The starting sample has been selected matching ehptometric and a
spectroscopic criterion (i.e. red galaxies without promirent emission lines), and
consists of 97 460 galaxies. For each galaxy, the 4009 break has been taken
from the MPA-JHU DRY release of spectrum measurements Http://www.mpa-
garching.mpg.de/SDSS/DR7/), which provides a complete emission line analysis
for the SDSS Data Release 7 (DR7). The adopted D4000 de nitin is the one
proposed by Balogh et al. (1999), that uses narrower bands irorder to be less
sensitive to reddening e ects (3850-3950A and 4000-4100A); this index will be
hereafter denoted asD 400Q,:

blue blue R rzed
( 2 1 ) rled Fd

F
D400g, = ¢4 = 1

Fblue ( red red) R 2
2 1 ?Iue

(5.5)

In Fig. 5.3 is plotted the average stacked spectrum of 10 ranoim galaxies, selected
to be in the highest tail of the D400Q, distribution ( D400@Q, > 2:1) and for which
the D400Q, has been measured with high accuracyS=N  70). The dispersion
of the D400Q, of the galaxies used for creating the stacked spectrum is 0:01. In
the gure are shown also the ranges used to evaluate th® 400Q, and the mean
uxes in the corresponding regions.

As pointed out by Bernardi et al. (2006), the spectrophotomeric calibration
of the SDSS spectra is less reliable around 4008, due to the throughput of the
spectrometer. This means that the value of theD400Q, can be a ected by this
problem for galaxies in the lowest redshift range (Bernardj private communica-
tion). In order to avoid this potential source of uncertainty, the nal sample has
been selected to have > 0:15. Moreover, since the number of galaxies decreases
very rapidly at z > 0:3, galaxies beyond z=0.3 have been excluded. Thus, the nal
redshift range of the sample is @l5<z < 0:3.

As explained in the forthcoming section, the metallicity edimate for these galaxies
has been taken from the SDSS-DR4 analysis performed by Galtai et al. (2005).

After the match between the sample described before and thealaxies for which

the metallicity estimate is publicly available, the nal sa mple consists of 13,987
galaxies, for each one having a wide photometry coverage (wtK), spectroscopic
redshift, spectral index measures D400Q,, EWo(H ) and EWq([Oll ] 3727)),

metallicity and mass estimates.

5.2.1 Metallicity, mass and star formation history estimat ion

To study the properties of this sample of ETGs, both photometic and spectro-
scopic informations have been taken into account. To retrige information about

M. Moresco PhD Thesis



5.2 The data sample 119

F, [10-" erg cm= s~ A-1]
o
T
|

P o LT
3800 3900 4000 4100
Restframe wavelength

Figure 5.3: Mean stacked spectrum of 10 ETGs randomly selected from the texme
tail of the D400Q, distribution. The red shaded areas show the ranges used to
evaluate theD 400Q, and the red horizontal lines show the mean of the ux.

the metallicities of those galaxies, it has been used the ahgsis performed by Gal-
lazzi et al. (2005), in which they derived stellar metallicities for a sample of SDSS-
DR2, afterward extended to SDSS-DR4 \www.mpa-garching.mpg.de/SDSS/DR4/
Data/stellarmet.html). Their constraints are set by the simultaneous t of ve
spectral absorption features (D4000H andH ,+ H , as age-sensitive indices
and [MgsF €] and [MgF e]® as metal-sensitive indices, all of which depend negligi-
bly on the =Fe ratio), which are well reproduced by Charlot & Bruzual (2003,
BCO03) population synthesis models (for further details, se Gallazzi et al., 2005).
To verify that the metallicity estimation is not biased by th e choice of the par-
ticular star formation history done by Gallazzi et al. (2005), it has been decided
to compare their estimates with the ones done with VESPA codgTojeiro et al.,
2007). The approach of VESPA is to recover robust star formaion and metallic-
ities histories using the full spectral range of a galaxy frm synthetic models; in
order to estimate those quantities, it allows for a completdy free-form star forma-
tion, imposing no prior on it. This code has been applied to tre entire SDSS-DR7,
obtaining a catalog of stellar masses, detailed star formabn and metallicity his-

M. Moresco PhD Thesis



120 Early-type galaxies as cosmological probes

0.2 % 7 0.1 2 .
0.15 %// 1 %
i -
z i ' % 1 = %
0.1 B % ] 0.056 Z% h
_ -
. %
! -
0.05 |- %/ - %
0 0 “
"0.040.02 0 0.020.04 R R T
Zyi05~ Zgan (ZMOS_ZGaII)/ Zgan

Figure 5.4: Distributions of the di erence (Zgaiazzi Zvespa) (left panel) and of
the percentage di erence(Zgallazzi  ZvEespa)=Zaallazzi -

tories (Tojeiro et al., 2009, , www-wfau.roe.ac.uk/vespa).

Despite the completely di erent assumption on the star formation histories, the
distribution of the di erence ( Zganazzi ZvEespa) iS a gaussian with mean value
-0.01 and dispersion 0.1; the distribution of the percentag di erence (Zgaiiazzi
ZvEespa)=Zgalazzi has a mean value of 8%, with a 51:3% dispersion. So there
exists no bias between the two metallicity evaluations, andthis analysis ensures
the reliability of Gallazzi et al. (2005) metallicity estim ates (see Fig. 5.4).

The masses are estimated by performing a best-t to the multcolor spectral
energy distribution (SED), using the observed magnitudesm 8 photometric bands
from u to K ; the tting procedure is fully described in Sect. 3.2.2. Sirce, as under-
lined in Sect. 2.3.1, there are many recent works on early-fye galaxies evolution
that clearly shown the existence of a mass-downsizing e ectj.e. more massive
galaxies have assembled their mass before less massive ofse also Sect. 4.4),
selecting a sample with a wide stellar mass range can bias thesults, because its
e ect would be averaging between galaxies with di erent stellar populations.

In order to select the oldest population from the ETGs sample the high-mass tail
of the mass distribution has therefore been selected, cort@ring log(M=M ) >
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Figure 5.5: In the upper panels: distributions of (left panel) and SFR values
(right panel) in di erent mass subsamples. In the lower paned: mass-redshift rela-
tions (left panels) and metallicity-redshift relations (right panel), averaged in bin
of redshift in di erent mass subsamples. The red lines represnt the median of the
distributions.
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10:75. Moreover, to avoid possible bias from mass-downsizing ext, the sample
has been splitted in narrow mass bins, to have a more homogens sampling of
redshift of formation and metallicity for these galaxies: 10:75< log(M=M ) < 11,
1l1<log(M=M ) < 1125, 1125<log(M=M ) < 115, and log(M=M ) > 11.5.
The division of ETGs into four subsamples of the width of log(M=M ) =10:25
has been done to keep the statistical signi cance of the sulanples high enough,
having for each subsampléN gy & 3500 (except for the highest mass bin, for which
Nga  1500); the adopted cutlog(M=M ) > 10:75 has been set in order both to
select the most massive galaxies of the sample and to have fomass bins with
a su cient number of galaxies to perform a reasonable statigical analysis. The
di erence of the median mass along the redshift range has beeohecked to be
0.11 dex on average and the median metallicity to be constanin the considered
range redshift within a 5% percent level, on average. The loer panels of Fig. 5.5
show the median values of the mass-redshift and metallicityedshift relations for
di erent mass subsample, with in red the median value of mass ad metallicity
averaged over the entire redshift range.

The parameter of the SFH obtained from the best-t to the SEDs of the
galaxies shows a distribution characteristic of passive daxies, with median values
below 0.2 Gyrs for all the mass subsamples (see upper-leftqgilof Fig. 5.5). This
result is in agreement with many ETGs analysis (Cimatti et al., 2008; Longhetti
et al., 2009; Gobat et al., 2008), for which the majority of masive eld early-type
galaxies should have formed their stellar content aroundz & 2 over short (i.e.

< 0:1 0:3 Gyrs) star formation time-scales. Also the distributions of the Star
Formation Rate (SFR) obtained from the SED- tting have been studied, nding
a median SFR equal to zero M =yr for all the mass subsamples, with a scatter
of 0.11, 0.17, 0.18, 0.2 M=yr, respectively for the four mass subsamples. In the
upper panels of Fig. 5.5 it is shown the and SFR distributions for di erent mass-
subsamples of SDSS ETGs; the red lines represent the mediaakthe distributions.

Since this approach depends strongly on the selection of a wgle of galaxies
passively evolving, also the emission lines distributiondiave been analyzed in de-
tails, because they can be linked with star formation or AGN activity. The median
values of those distributions areEWo(H ). 0:5A and EW([OIl ] 3727). 1A,
with tails up to 2 A for the EWg(H ) and up to 4 A for the EWo([OIl ] 3727) (see
Tab. 5.1). In Fig. 5.6 it is shown the EWo(H ) (left panel) and EW([OIll ] 3727)
(right panel), each one for the four samples; the red lines rgresent the medians of
the distributions. The median value of the speci ¢ star formation rate, obtained
from the SED- tting, for the galaxies with a signi cant dete ction of EWg(H )
is however null. Moreover, the D400Q, has been veri ed not to be signi cantly
di erent between galaxies with EWo(H ) < 0 andEWgo(H ) > 0, nding respec-
tively D400Q, =1:948 0:002 andD400Q, =1:944 0:001.

Also the distribution of the eClassspectral parameter has been checked; this is
a SDSS parameter quantifying the activity of a galaxy using aPCA analysis of
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Figure 5.6: Distributions of the EWg(H ) (left panel) and EWq([Oll ] 3727)
(right panel). The red lines represent the median of the distibutions.

mass range median mass mediad=Z median EWo(H ) median EW,([OIl ]) # galaxies
logM=M ) log(M=M ) VATA [A] [A]
10.75-11 1® 0:02 1061 0:006 Q463 0:009 124 0:03 3452
11-11.25 1112 0:03 1088 0:004 Q376 0:007 1 0:02 5429
11.25-11.5 125 0:02 11 0:006 Q305 0:007 Q81 0:02 3591
> 115 1163 0:04 1144 0:009 027 001 078 0:03 1515

Table 5.1: Median value of the mass (in logarithmic units), of the metalicity (in
solar metallicity units), and of the H and [Oll ] 3727 equivalent widths of the
ETGs in di erent mass subsamples. Also the number of galaxiefor each bin has
been guoted.

the spectra of the galaxies, and it goes from -0.35 to 0.5 foraely- to late-type

galaxies. For each mass subsample, it shows a distributionh&ays below -0.1, so
this selection results even stricter than the one done from Brnardi et al. (2006),
in which they chose ETGs with eClass < 0.

In Table 5.1 are reported the median values of mass, metallity and equivalent
widths of the emission lines for the di erent mass subsampleswith their errors;
in the same table are reported also the number of galaxies inagh bin.

Another possible systematic trend with redshift that could, in principle, bias
this analysis is the e ect of using, in SDSS, a xed 3 arcsec be, which maps
di erent physical sizes depending on the observed redshiftHowever Gallazzi et
al. (2005) analyzed in details the e ect of this aperture bias nding no signi cant
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di erence in metallicity between high- and low-concentration galaxies (see their
Sect. 3.2). The di erence in D4000 between high- and low-corentration galaxies
have been checked to be always 2%.
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5.3 Linking the 4000 A break to the expansion history
of the Universe: the D4000-redshift relation

5.3.1 Calibration of the  D400Q,-age relation

In general the D400Q, is an index that is strongly sensitive to metallicity, star for-
mation history and age of a stellar population. In order to break this degeneracy,
it has been created a library ofD400Q, as a function of age using stellar popu-
lation synthesis models with di erent metallicity, star for mation history (delayed
exponential SFR with = 0:05;0:1;0:2;0:3 Gyrs), and ages. In order to study
the possible systematics due to the choice of a particular mael, two di erent li-
braries have been created, one using Bruzual & Charlot (20Q3stellar population
synthesis models (hereafter BC03) and one using the new Maston & Stremback
(2011) stellar population synthesis models (hereafteMastro), which are based on
the MILES models (Sanchez-Bazquez et al., 2006). The meallicities studied with
the two models areZ=Z =0:4;1;2:5 for BCO3 andZ=Z = 0:5;1;2 for Mastro.
The resolution of the two models is similar, 3A across the wavelength range from
3200 A to 9500 A for BC03, and 2.3 A across the wavelength range 3523\ to
7500 A for Mastro; moreover the resolution of both models is comparable to the
resolution reachable with the SDSS spectrograph, which haR 1800 between
3900-9100A.

The choice of the grid of star formation histories and metalicities is motivated
by the fact that the sample to be analyzed is composed of ETGsrém the SDSS
survey: a lower value in the range of metallicity would probeD 400Q, values that
are much lower than the average values found in this galaxy saple, and the SED-
tting analysis of the ETGs shows that the majority of the sam ple is best- tted
with SFHs with low values of . Moreover, the choice of a passive sample strongly
supports the decision of using these low values.

The upper panels of Fig. 5.7 and 5.8 show the BC03 aniastro D 400Q,-age
relations; the models with the higher metallicity (Z=2 = 2:5 andZzZ=2 =2
respectively) are in red, the ones withZ=Z = 1 in green, and the ones with
the lower metallicity (Z=Z =0:4 andZ=Z = 0:5 respectively) in red. For each
metallicity, the models are plotted with a continuous line for = 0:05 Gyrs, with
a dotted line for = 0:1 Gyrs, with a dashed line for = 0:2 Gyrs and with a
long-dashed line for =0:3 Gyrs.

These relations have been studied in théd 4000, range spanned by the data,
roughly 1:8. D400Q, . 2. For both the models considered, it has been found that
the D400Q, agerelation presents, at each metallicity, two di erent slopes. one
characteristic of the "low D4000," regime (18 < D 400Q, < 1:95 for BC03 and
1:75 < D 4000, < 1:93 for Mastro) and one characteristic of the"high D 400Q,"
regime (195 < D 400Q, < 2:05 for BC03 and 193 < D 400Q, < 2:05 for Mas-
tro). At the condition of studying the model separately in the two regimes, it is
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Figure 5.7: D4000Q,-age relation for BCO3 high resolution models. In the upper
panels the colored lines represent models with di erent metlicities, with oversolar
metallicity inred (Z=Z = 2:5), solar in green, and undersolar in blue (respectively
Z=Z =0:4). The blue and the red shaded area represent the ranges D#00Q, in
the models (respectively the lowD 400Q, and the highD 400Q, regime). The lower
panel show a zoom of the interested area, where the models ateown in gray and
the colored lines are the t to the models. The dotted line shogvwhere the change
between the lowD 400@Q, and the highD 400Q, regime. It is possible to see the minor
dependence of the slopes of the 400Q,-age relation on the SFH assumed both by
visually comparing the average slopes (colored lined of tHewer panels) and the
slope of each single model (grey lines of the lower panels) @iy looking the small
errors associated to the mean values (see Table 5.2).
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Figure 5.8: D400Q,-age relation for Mastro models (right panel). In the upper
panels the colored lines represent models with di erent metlicities, with oversolar
metallicity in red (Z=Z = 2), solar in green, and undersolar in blue g=Z =
0:5). For a discussion about the meaning of symbols and curvesee Fig. 5.7.

demonstrated that the linear approximation:
D400Q,(Z) = A(Z) age+ B(2) (5.6)

is valid and accurate at xed metallicity, having in the case of BC03 models
correlation coe cients always > 0:996 with a mean value of @987 0:0004 for the
"low D400Q," regime and always> 0:994 with a mean value of 976 0:0007 for
the "high D400Q," regime; in the case oMastro models the correlation coe cients
are always> 0:997 with a mean value of @984 0:0003 for the "low D400Q,"
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regime and always> 0:993 with a mean value of 0986 0:0005 for the "high
D400Q," regime.

The only limitation of this approximation is that it require s a direct estimate
of the metallicity of the sample. However, as it will be shownlater, this method
has been proven to be robust against the metallicity evaluaibn, since the analysis
of subsample with a median metallicity completely di erent give results in full
agreement. For each metallicity a mean slope< A > has been de ned averaging
between the slopes with same metallicity and di erent SFHs. The mean values of
the slopes are reported in Table 5.2. The use of an average ple instead of the
single values is motivated by the fact that the dependence orthe SFH is much
less signi cant than the dependence on age and metallicity ee upper panels of
5.7 and 5.8), as testi ed by the small errors associated to te mean values (see
Table 5.2). In the lower panels of Fig. 5.7 and 5.8 are plottedn gray the models,
as explained before, while the colored lines represent thesarage linear t to those
models; the comparison between the colored and the grey liseshows visually the
similarity between the average slopes and the slope of eaclingle model. The
dotted horizontal line represent the separation between tle "low D400Q," and the
"high D400Q," regime. From this gure are clearly evident the dierent slop es
present in the two range ofD400Q,, for each metallicity.

Since, as Eq. 5.6 shows, the slopA represents the conversion parameter be-
tween the D400Q, and the age of a galaxy, a fundamental step of this approach
is to assign to correctA value to the metallicity evaluated in each sample. There-
fore, the values reported in Tab. 5.2 with their errors have keen interpolated with
a quadratic function, obtaining a < A > -metallicity relation; in this way it is
possible to nd the correct < A > parameter considering the metallicities of each
mass subsamples using this relation, and they are given in Ta 5.1.

In this approach also the e ect of averaging the slopeA between dierent star
formation histories has been taken into account, since the gadratic function has

low D 4000, high D 400Q,
BCO3 <A> (Z=Z =0:4) 0:02893 0:00002 00159 0:0003
BC03 <A> (Z=Zz =1) 0:0601 0:0006 00359 0:0005
BCO3 <A> (Z=2z =2:5) 01926 0:0113 01223 0:0013
Mastro <A> (Z=Z =0:5) 0:03136 0:0004 002427 0:00005
Mastro <A> (Z=Z =1) 0:0582 0:002 Q0341 0:0005
Mastro <A> (Z=Z =2) 0:135 0:0083 01257 0:004

Table 5.2: Mean slopes< A > of the D400Q,-age relation (see Eq. 5.6) for
the BCO3 and Mastro models with di erent metallicity and for the two D 400Q,
regimes.
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been de ned with a best t to the < A > -metallicity relation, where the errors
in the parameter < A > quantify exactly the di erence of the slope between the
di erent star formation histories considered. The size of the errors by themselves
shows that the dependence of the slope on the star formationistory is small.
The percentage di erence between models with di erent SFHs, aeraged in the
metallicity range spanned by the data, has been found to be 3% in the "low
D400Q," regime and 31% in the "high D400Q," regime for BCO3 models and
124% in the "low D400Q," regime and 39% in the "high D400Q," regime for
Mastro models. The results are shown in Fig. 5.9. In the upper panelare shown
the interpolation of the <A >  Z values reported in Tab. 5.2 (black points), for
BCO03 (orange lines) andMastro (green lines) models; the shaded area represent
the 68% con dence level regions of the interpolation (conslering the errors of
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Figure 5.9: Upper panels: Interpolation of the< A>  Z values reported in Tab.
5.2. The orange lines represent the interpolation of BCO3 dataand the green lines
the interpolation of Mastro data, the shaded area showing #168% con dence level
regions (considering the errors of< A > parameter quoted in Tab. 5.2); the area
between the red lines represent the range of metallicity poed by the data. Lower
panels: zoom of the above relations in the interested metality range, showing in
detail the di erences between the two models.
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< A > parameter quoted in Tab. 5.2). The area between the red linesepresent
the range of metallicity probed by the data. The lower panelsshow a zoom of the
above relations in the interested metallicity range, showng in detail the di erences
between the two models.

It has been decided to take into account this dierence in the analysis, adding
these errors in the cosmological parameters evaluation.

This analysis has been carried out also with the newMastro models to study
the dependence of the cosmological parameters evaluatioma@ particular library
of models. By comparing the plots from Fig. 5.7 and Fig. 5.8, i can be found
that the D400Q,-age relations have a di erent hormalization, the Mastro models
yielding to younger ages, on average. However, even with dint absolute D 400G,
values, the study of the slope of the relations gives valuesiigood agreement with
the ones obtained from the BC03 models.

This results is of key importance in this approach. On one had it is fundamental

to remind that this analysis is based only on therelative change ofD400Q,, and

not on its absolutevalue. Thus, the variation in the normalization between the

di erent models is irrelevant. On the other hand, the fact that the slope of the
D 4000Q,-age relation remains almost unchanged passing from BCO03 tdlastro

models demonstrate the robustness of the method against thehoice of di erent

stellar population synthesis models. In Sect. 5.5.4 what ithe e ective consequence
of this di erence in the parameters estimation will be quanti ed.

5.3.2 A linear model

The cosmological expansion history is described by the Huldb parameter evolu-
tion:
1 dz

H(z)= 1+ zdt

(5.7)

The analysis of the di erential age evolution of ETGs, that tr ace the di erential
age evolution of the Universe, fully determine H(z), and theefore the cosmological
parameters.

As shown in section 5.3.1, there exists, in the range dD 4000, probed by the data
and at xed metallicity Z, a linear relation between the D400Q, and the age of a
galaxy; therefore, using Eq. 5.6, Eq. 5.7 can be easily revitén as a function of the
di erential evolution of the D400Q, with a proper conversion parameter, where
this conversion parameter is given by the slope A of theéD 400Q,-age relation:

A dz

H(@) = 177 dpaoog

(5.8)

This approach, provided that the galaxies are passive and @lved passively, is
promising because:
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5.3 Linking the 4000 A break to the expansion history
of the Universe: the D4000-redshift relation 131

it relies on a direct observable of a galaxy, that can be easilmeasured from
spectra;

it depends only on the slope of theD 4000Q,-age relation, and not on its
overall normalization;

it depends only marginally on the SFH assumptions;
it is not in uenced by dust extinction (Hamilton, 1985; Balo gh et al., 1999).

Equation 5.8 can be reformulated in order to make explicit the dependence on the
various cosmological parameters in the following way:

A z s 1—2n h o 3 ! 0 15
D4OOQ~| (Z) = H_O . y — m+ DE Y (wo Wa)e Wa(y 1) dy
+ constant (5.9)

where we have used the standard parametrizatiow(z) = wo + ( 1%5)Wa.
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Figure 5.10: D 4000, -redshift relation for ETGs in di erent mass subsamples.

5.4 Deriving the D400Q-redshift relation

For each mass subsample, the media® 400Q, has been evaluated in narrow red-
shift bins ( z = 0:01); the associated errors are standard errors on the mediah

The results are shown in Fig. 5.10. In the lower mass range, #h analysis has
been limited to z. 0:24, because, given the magnitude limit of the sample, above
z 0:24 there are onlyNgy = 9.
It is impressive that for each mass subsample we nd a cleab 400Q,-z relation.
Since it has been proven in Sect. 5.2.1 that the metallicity golution with redshift is
negligible within each mass subsample, this directly witneses the di erential age
evolution of ETGs, making evident that galaxies at low redshft have always higher
break with respect to galaxies at high redshift. Moreover Fg. 5.10 provide also
good evidence of mass-downsizing, showing that more massigalaxies present,
at each redshift, higher D400Q, breaks with respect to less massive ones, hence
having higher ages, since the di erence in metallicity is sméi.

Comparing the D400Q, values shown in Fig. 5.10 with theoretical values, can

2The error on the median are evaluated as the median absolute deviation/sqrt(N), where
the "median absolute deviation" (MAD) is dened as MAD = 1:482 median(jD 4000,
median (D 4000, )j). (see Hoaglin et al., 1983)
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5.4 Deriving the D 400Q,-redshift relation 133

be found that, with these metallicities, the relative age ewlution of the ETGs is

1:2 Gyrs in the range Q15< z < 0:3, fully compatible with the theoretical age
evolution expected in a CDM Universe within this redshift r ange.

The absolute ages of these ETGs go on average from5 6 Gyrs in the lowest
mass binto 6 7 Gyrs in the highest mass bin, so it seems that there are some
problems of normalization between the ages obtained from ta D400Q, and the
expected absolute ages, that are around 8 10 Gyrs for ETGs in this redshift
range. However on the one hand, it is fundamental to remembeagain that this
approach relies completely on the di erential D400Q, evolution of ETGs, so in
the cosmological parameters evaluation it is insensitive @ the overall normaliza-
tion. On the other hand, it is also important to stress that median values have
been used, averaging between di erent galaxies ages; if onlhe upper envelope
of the D400Q, distribution is considered, which represents the oldest ppulation
of ETGs, absolute ages of 8 Gyrs are again retrieved.

Another crucial point in favor of using this approach is that the use of this linear
conversion fromD 400Q, to the age of a galaxy keeps, by de nition, unchanged the
slope of the redshift dependence, allowing a better estimatof cosmological param-
eters, especially with respect to indirect age evaluationgfrom SED or spectral t)
that, on the contrary, may a ect the slope owing the various model dependencies
and degenerations.

As stressed before, to apply this technique it is fundamenthto obtain the
correct A parameter, that is the conversion factor from the D 4000, to the age of
a galaxy. Therefore, it is heeded to associate the proper mallicity to each mass
subsample. Since, as already underlined, the metallicity wlution with redshift
has been veri ed to be negligible within each subsample, it ve been studied the
medians of the metallicity distribution, with their standa rd errors. As predicted by
Gallazzi et al. (2006), all ETGs have slightly oversolar medllicity values, increasing
as a function of mass.

The < A > -metallicity relation de ned in Sect. 5.3.1 has been used tond the
proper < A > parameter corresponding to the metallicity of each mass sukample,
giving the median metallicity reported in Table 5.1. It has been decided to use the
values corresponding to the'low D4000," regime for the lower mass bins (10/5 <
logM=M ) < 11, 11<log(M=M ) < 11.25, and 1125 < log(M=M ) < 11.5),
and the values corresponding to the'high D400Q," regime for the highest mass
bin (log(M=M ) > 11.5).
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Figure 5.11: D 4000, -redshift relation (upper panels) and dz=dD400Q, relation
(lower panels) for di erent theoretical models. in the uppea panels the black points
are the relation obtained for thell <logM=M < 11:25 mass subsample. The blue
lines represent the best-t to the data, using y =0:27, peg =0:73 Ho=74:2
in the left panels and \ = 0:27 and pe = 0:73 in the right panels. The green
and red lines show respectively the curves representing tle8% and 90% errors to
the best-t.

5.5 Constraints on the cosmological parameters

The D 4000, -z relations, obtained from the selection of ETGs extractedfrom the
SDSS-DR4, are then used to set constraints on the Hubble cotent Hg and on
the dark energy equation-of-state parametemw, assumingw = constant (w = wp,
Wy = 0).

The most recent evaluation of the Hubble parameter has beenatived by Riess
et al. (2009) by analyzing the magnitude-redshift relation of 240 low-z Type la su-
pernovae atz < 0:1. The absolute magnitudes of supernovae are calibrated usj
new observations from HST of 240 Cepheid variables in six l@at Type la super-
novae host galaxies and the maser galaxy NGC 4258. This refhished distance
ladder based on extensive use of di erential measurements lalved them to obtain
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Ho=74:2 3:6km;s Mpc 1, including both statistical and systematic errors.
This measurement has been proved to be extremely useful aldor a new deter-
mination of the dark energy equation-of-state parameter olained by the seven-
year WMAP observation (Komatsu et al., 2011): by combining the WMAP data
with the latest distance measurements from the Baryon Acousic Oscillations
(BAO) in the distribution of galaxies (Percival et al., 2010) and the Hubble con-
stant (Hp) measurement (Riess et al., 2009) it was possible to set theoastraint
w= 110 0:14 (68% CL).

The most recent estimate ofw comes from the analysis of a sample of 557 SNe
called Union2 compilation, obtained combining the Union canpilation with the
HST-light curves and spectra of six hew high redshift SNe la Amanullah et al.,
2010); their analysis gives results in full agreement with WMAP estimate, with a
w= 0997 0:08fora at CDM Universe and w= 1:038 0:09 fora CDM
Universe with curvature, both assumingw =constant.

In the next sections it is shown the strength of this approachin determining
both Hgy and w, by analyzing individually the di erent mass subsample and then
performing a joint analysis, unifying the constraints derived from the single mea-
surements.

As an example, Figure 5.11 shows in black thé>400Q, z relation for the mass
bin 11 < logM=M < 11:25. A best-t to this relation has been performed, in
order to obtain w (in the left plot) and Hg (in the right plot). The blue curves
show the best- ts to the data; in green and red are also plottel the curves rep-
resenting the 68% and 90% errors to the best- ts, respectivig. In the upper-left
panel, the best-t model has been evaluated at xed y = 0:27, pg = 0:73
(as obtained by WMAP 7-years analysis),Hq = 74:2 (as obtained by Riess et al.
2009), to set constraint onw = constant; in the upper-right panel it has been set
w= 1, ym =0:27, pe =0:73, and searched for the best- tHq value. The size
of the errors of the data makes clear the strength of the di eratial age approach
to set constraints on the cosmological parameters. In the Mer panels are shown
the di erential evolution of the D400Q,, dz=dD400Q,, showing how much these
relations are sensitive to the variation of Hg and w.

5.5.1 Statistical methods

The D400Q, z relations shown in Fig. 5.10 have been tted with the formula
given in Eq. 5.8, using a standard 2 approach. The theoretical D 400Q,(z) rela-
tion is a function of the A parameter and of various cosmological parametersH,
m, DE, W, Wa). Therefore the 2 will be 2( 1; 2;::; N), Where ; are the
free parameter of the t. The associated likelihood is givenby L( 1; 2;:5 N)/

e ( “C 1 25 n)=2 Being interested only in the evaluation of one parameter, his
likelihood have been marginalized over the parameters we arnot interested, ob-
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taining: 7
""" )
L()= e 2 —od qd i 1d jsrd N (5.10)

In the following sections, the adopted priors and assumptias to estimate the Hub-
ble constant Hy and the dark energy equation-of-state parametemw are explained
and described.

5.5.2 The Hubble constant

To estimate Hg, the D400Q,-z relations given in Fig. 5.10 have been tted with
Eg. 5.8, xing as a prioronlya at CDM cosmology (m+ pe =1, w= 1
and w, = 0), letting pe free to vary in the range provided by the latest WMAP
7-years analysis (07 < pg < 0:76) and the slope A free to vary within the values
associated to the metallicity range found in the data within 1 error (see Table
5.1), considering also the spread due to the di erent SFHs cosidered (see the
second point of Sect. 5.5.4).
As explained in Sect. 5.5.1, the best- t has been evaluated ith a standard 2 anal-
ysis, marginalizing the obtained likelihood over those paameters which have not to
be constrained, that are pg and A. At the end, four likelihoods of the Hubble con-
stant for the mass bins have been created. The estimates ohiteed from the higher
populated samples (11< log(M=M ) < 11.25 and 1125 < log(M=M ) < 115)
show a perfect agreement, with comparable errors; the anayjs of the other two
mass subsamples give slightly di erent results, but still within the 1 errors. How-
ever, it is also important to remember that the number of galaxies of these sub-
samples is quite lower with respect to the bin 11< log(M=M ) < 11:25 (respec-
tively 36% and 72% less), and therefore that the associatedreors are larger (see
Tab. 5.3).

Since those likelihoods are independent from each other, toeduce the statis-
tical error and to obtain a better estimate on Hq they have been joined, obtaining
Ho=72:6 29 kmMpc s 1 In Fig. 5.12 are shown the 2 for each mass bin

Mass range Ho 68% errors 90% errors # galaxies
[log(M=M )] [kmMpc s '] [kmMpc s 1] [kmMpc s ]
1675 11 77.6 +166/ 11 +31:2/ 168 3452
11 1125 72.2 +49/ 4.2 +8:3/ 6.7 5429
1125 115 73.5 +4:71 41 +8/ 65 3591
> 11:5 66.9 +9:2/ 69 +16:4/ 108 1515
joint analysis 72.6 +3/ 2.7 +5/ 44 13987

Table 5.3: Hubble constant (in unit of kmMpc !s 1) and relative errors using
BCO03 models.
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Figure 5.12: 2 of the Ho (left panel) and of the w (right panel) evaluation for
ETGs in di erent mass subsamples using BC03 models.
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and the joint 2, and in Table 5.3 are reported the corresponding values oF g
and their errors.

5.5.3 The dark energy equation-of-state

To estimate the value of w, assumingw = constant, the D 400Q,-z relations have
been tted using as priors the pg value as found by the latest WMAP 7-years
analysis considering a wCDM at Universe (Larson et al. 2010 , + pg =1,
Wy = 0 and 0:645< pg < 0:835) and the estimate ofHp done by Riess et al.
(2009) (706 Ho 77:8), the slopeA free to vary within the values associated to
the metallicity range found in the data within 1  error (see Table 5.1), considering
also the spread due to the di erent SFHs considered (see the send point of Sect.
5.5.4).

The best- t has been evaluated with a standard 2 analysis, marginalizing after-
wards over Hg, peg and A. At the end, four likelihoods of w for the mass bins
have been created. All the estimates obtained orw are in agreement within 1
error; only the value obtained in the highest mass bin shows &light discrepancy,
even if compatible with the other estimates within 1 . However, a similar discus-
sion as the one introduced in theHy estimate has to be done for this discrepancy,
considering that it is the bin with the highest errors and the lowest galaxy num-
ber. As done in the Hg analysis, since those likelihood are independent one from
the other a joint analysis has been performed by multiplyingthem, to reduce the
statistical error. In Fig. 5.12 are shown the 2 for each mass bin and the joint 2,
and in Table 5.4 are reported the corresponding values off and their errors. From
the joint analysis we obtainedw= 1 0:2.

Mass range w  68% errors 90% errors # galaxies
[log(M=M )]
10675 11 -0.7 +11/ 1.0 +1:8/ 1.9 3452
11 1125 -1.0 +03/ 05 +0:6/ 08 5429
1125 115 -0.9 +0:3/ 0:3 +0:6/ 07 3591
> 115 -1.4  +0:7/ 09 +1:2/ 1.9 1515

joint analysis -1 +0:2/ 0:2 +0:4/ 04 13987

Table 5.4: Dark energy equation-of-state parameterw and relative errors using
BCO03 models.

5.5.4 Study of the systematics

For this new approach, the e ect of di erent possible systematics from which the
analysis may su er have been studied. In particular, the mostcritical ones are the
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dependence of the results on the estimate of the absolute agd# a galaxy from
the D400Q,, on the star formation histories considered, on the stellampopulation
synthesis models assumed, on the metallicity evaluation athon the not perfect as-
sumption of the passive evolution of the sample. In the follaing, all these sources
of uncertainty are addressed separately:

" Dependence on the absolute age evaluatio8ince this approach relies totally
on the study of the di erential age (or D400Q,) evolution to constrain cos-
mological parameters, it is insensitive to a possible biasni the evaluation of
the absolute age of a galaxy.

On the contrary, it is of key importance that the newly introd uced technique
do not smear in some way the slope of the age-redshift evoluth, i.e. that the
di erential evolution is preserved unmodi ed. This approach, by de nition,
keeps the di erential evolution unchanged, since a simple hiear conversion
between theD 400Q, and the age of the galaxy has been used, justifying the
robustness of this assumption in Sect. 5.3.1.

Dependence on the star formation histories consideredin Sect. 5.3.1, the
choice of using delayed exponentially declining star formion histories with
low 's has been justied by analyzing the SED-t  distributions of the
sample (see Fig. 5.5). However, indeed the study of models thi di erent

's introduces a spread in the conversion factoiA between the D400Q, and
the age of a galaxy, since the values found with the di erent SHs at xed
metallicity have been averaged. The percentage spread in thslope, aver-
aged in the metallicity range probed by the data, is 31% and 28% for
BC03 models respectively in the"high D4000" regime and 134% in the
"low D4000" regime), and 39% and 124% for Mastro models, and the e ect
is even smaller (almost negligible) in the estimated cosmolical parameters.
Even if this spread is small, we take in consideration this aditional error in
the analysis.

Dependence on the choice of the stellar population synthasimodel. In Sect.
5.3.1 the analysis of the slopes of thd400Q,-age relation has been per-
formed both using BCO3 andMastro models. As pointed out before, these
two models are completely di erent, being the Mastro models based on the
latest MILES models and the BC03 models on the STELIB ones. IrTab. 5.2
are show the values of the slopes in the tw@® 400Q, regimes for the two mod-
els. To quantify the di erence between these two model, the véues of the
slope< A > -metallicity relation in Tab. 5.2 have been interpolated for both
models with a quadratic function in the metallicity range probed by the
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Figure 5.13: 2 of the Hq (left panel) and of the w (right panel) evaluation for
ETGs in di erent mass subsamples using Mastro models.
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Mass range Ho 68% errors 90% errors # galaxies
[log(M=M )] [kmMpc s '] [kmMpc s 1] [kmMpc s ]
1075 11 79.5 +174/ 115 +32:8/ 17:8 3452
11 1125 74.1 +6/ 5.1 +10/ 82 5429
1125 115 75.6 +5:8/ 52 +9:7/ 82 3591
> 115 59.4 +83/ 61 +14:7/ 9:3 1515
joint analysis 73.4 +3:6/ 3.3 +6:1/ 53 13987

Table 5.5: Hubble constant (in unit of kmMpc !s 1) and relative errors using
Mastro models.

Mass range w  68% errors 90% errors # galaxies
[log(M=M )]
1075 11 -0.5 +1.0/ 1.1 +1:8/ 1.9 3452
11 1125 -0.9 +04/ 04 +0:7/ 08 5429
11:25 115 -0.7 +0:4/ 04 +0:6/ 07 3591
> 115 -2.3 +0:9/ 1.6 +1:5/ 16 1515

joint analysis -0.9 +0:2/ 0:3 +0:4/ 05 13987

Table 5.6: Dark energy equation-of-state parameterw and relative errors using
Mastro models.

data, as reported in Fig. 5.9. The mean percentage di erence étween the
slope obtained from the two models is B% in the "low D4000" regime and
13:4% in the "high D4000" regime.

The e ect of this percentage di erence between the models has éen evalu-
ated by performing the same analysis described in Sect. 55.with Mastro
models. The values ofHy and w obtained in the di erent mass bins are
shown in Tab. 5.5 and Tab. 5.6, and the corresponding ? are shown in
Fig. 5.13. After marginalizing and doing the joint analysis combining the
informations of all the mass bins, usingMastro models it has been found
Ho = 73:4 35 kmMpc s *andw = 0:9 0:3. Therefore no signi-
cant di erence has been found between BC03 and/lastro models, obtaining
values for both Hg and w compatible within the 1 errors.

Dependence on metallicity and on star formation.An important test of this

analysis is to verify the robustness of the results againsthe choice of the
value of the metallicity, since it is the primary parameter to obtain the
correct slope of theD 4000, -age relation. To check that the analysis is not
biased in that sense, it has been studied the mass bin with th@ighest num-
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Mass range Ho 68% errors 90% errors  # galaxies
[log(M=M )] kmMpc s ! kmMpc s ! kmMpc s !t
11 1125 72.2 +4.9/-4.2 +8.3/-6.7 5429
"low Z" 717 +7.7/-6.1 +13.5/-9.6 2717
"high z" 70.8 +5.3/-4.5 +9.1/-7.2 2712
EWo(H ) < 0:5A 70.4 +5.8/-4.8 +10/-7.7 3245

Table 5.7: Hubble constant (in unit of kmMpc s 1) and relative errors for
1l1<log(M=M ) < 11:25 sample, for the same mass bin sample divided below the
median metallicity, above the median metallicity and selded with EWo(H ) <

0:5A, using BC03 models.

Mass range w  68% errors 90% errors # galaxies
[log(M=M )]

11 1125 -1 +0.3/-05 +0.6/-0.8 5429
"low Z" -11 +0.5/-0.6 +0.9/-1.1 2717
"high z" -1.2 +0.4/-05 +0.7/-0.9 2712

EWo(H )< 06A -1.2 +0.4/-0.5 +0.7/-1 3245

Table 5.8: Dark energy equation-of-state w and

relative errors for

ll<log(M=M )< 11:25 sample, for the same mass bin sample divided be-
low the median metallicity, above the median metallicity ad selected with
EWo(H ) < 0:5A, using BC03 models.

ber of galaxies (11< log(M=M ) < 11:25), dividing it into two subsample
sampling di erent metallicity ranges; the sample has been dvided below its
median metallicity ("low metallicity” sample) and above its median metal-
licity ( "high metallicity" sample), to keep the number size of the resulting
subsamples similar. In this way, it has been created two sul@nple with

signi cantly di erent values of metallicity ( Z=Z

respectively).

=0:92 andZ=Z =1:38,

In Fig. 5.14 (upper panel) it is shown the D400Q,-z relation of the parent
sample (in black) and of the "low metallicity" and "high metallicity" sub-
samples (respectively in blue and red). The median metallity of the two
subsamples has been evaluated to obtain, for each one, thercect A pa-
rameter. The correspondingD 4000, -redshift relations result rather di erent
between the"low metallicity" and the "high metallicity" sample; however,
given the di erent metallicity and therefore conversion parameter A, the t
to Hg and w gives results in perfect agreement, as it is possible to sesm
the 2 in the lower panels of Fig. 5.14 and from the values reportedn Table
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0.15 0.2 0.25 0.3
T T T T T T T T T T T T T T T T
2 12
1.95 - -1 1.95
B - 4
o - 4
8 L 4
S 19r 19
Q - 3
1.85 - -1 1.85
1.8 - 118
| L L L L | L L L L | L L L L |
0.15 0.2 0.25 0.3
Redshift
55 85 -3 -2.5 -2 -15 -1 -0.5 0 05
gn/g‘,eve, n x / 5; 907 tevel
2 -2 2} 12
E 15 —H15 E 1.5} 15
E | o8% level 1, E L 88% level 1,
W % [
=05 b b b e b b 1005 05 05, b b b b by 300
55 60 85 70 7% 80 85 -3 -2.5 -2 -15 -1 -0.5 0 05
H, [km Mpe~! s-1] Wo

Figure 5.14: Upper panel: D4000-redshift relation for ETGs with
ll<log(M=M )< 11:25 (in black), for the same mass bin sample divided
below the median metallicity (in blue) and above the median etallicity (in red),
and for the same mass bin selected witEWo(H ) < 0:5 A (in green). Lower
panels: corresponding 2 for Ho and w.
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5.7 and Table 5.8.

Furthermore, from the analysis of the emission lines of the EGs sample, it

has been found that, in spite of the rather strict selection citerium applied,

there still exist a tail in the EWo(H ) and EWg([OIl ] 3727). On the one
hand, as pointed out in Sect. 5.2.1, these are quite low levelof equivalent
widths, and the distributions of the eClassparameter and the speci ¢ star
formation rate obtained from the SED tting for the galaxies with a sig-

ni cant detection are characteristic of a passive populaton. On the other
hand, this may be an indication that the sample contains a cetain number

of galaxies with undergoing star formation or AGN activity. This approach
relies strongly on the assumption that we are selecting a sapie of passively
evolving galaxies, that traces uniformly the age evolutionof the Universe as
a function of redshift. To test if there is a such kind of bias n the results,
to the same mass subsample chosen before (¥llog(M=M ) < 11:25) has
been applied an even stricter selection, considering onlyhbse galaxies for
which EWg(H ) < 0:5 A (that is the median of the EWq(H ) distribution).

The metallicity of this sample has been evaluated, and the aalysis of the
Hubble constant and dark energy equation-of-state paramedr redone; and
the results are shown in Fig. 5.14 (green lines), and Tab. 5.and Tab. 5.8.
The value obtained from this analysis well agrees with the vlue obtained not
cutting the sample in EWo(H ). So, it can be concluded that the results are
robust also against the presence of galaxies with small vaiks of EWq(H ).
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Source of uncertainty E ect Impact on Impact on
uncertainty Ho w
Absolute age evaluation possible underestimate of the none none
absolute ages usind> 4000,
SFHs assumption spread in the conversion factor A < 0:01% < 0:1%
Stellar population di erent D400Q,-age relation 11% 10%
synthesis model used within models
Metallicity estimate if incorrect, may 1:4% 15%
bias the A parameter
non-perfect approximation possible bias in the 5% 20%
of passive evolution D 400Q,-z evolution
Total systematic error 3:1% 27%

Table 5.9: Summary of the sources of uncertainty and their impact (in pecentage)
on the cosmological parameters.

5.6 Total systematic uncertainty and results

In Sect. 5.5.4 the impact of systematics on the estimate of bth the Hubble pa-
rameter Ho and the dark energy equation-of-state parameterw (assumingw =
constant) is quanti ed. All these source of uncertainties, along with their e ect,
are summarized in Tab. 5.9; to evaluate the e ect of systemaits, most of the tests
have been performed using the mass sample with the highest mber of galaxies
(11 < log(M=M ) < 11:25). The total estimated e ect has been evaluated by
summing in quadrature the errors, and it is also reported in Tab. 5.9.
In conclusion:

~ the estimated value for Hg, including both statistic and systematic errors,
isHo=72:6 29(stat) 2:3(syst)kmMpc 1s

~ the estimated value forw, including both statistic and systematic errors, is
w= 1 O0:2(stat) 0:3(syst).
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5.7 Conclusions about constraining
Universe expansion history with ETGs

The feasibility of a direct \cosmic chronometers" approach to constrain cosmo-
logical parameter has been studied, analyzing a sample of E3s in the range

0 < z < 2 obtained matching the SDSS ETGs sample, the zCOSMOS \ETGs"
sample described in Sect??sec:ETGs, and 13 high-z ETGs from GMASS (Cimatti

et al., 2008). Severe degenerations with SFHs and metalligi have been found to

a ect this kind of analysis. A mock catalog of 100,000 galaxis has been simulated
in order to determine, with a 0 th order test, the errors associated with the age
evaluation from SED- tting. It has been found this error to b e at least (averag-

ing over the entire age range spanned from the simulation) othe order of 17%,

estimated to be too large to reach the aim of constraining casological parame-
ter (especially because this percentage error does not takato account also the

metallicity degeneracy).

A new methodology to obtain the expansion rate of the Univerg using the
\cosmic chronometer” technique has been, therefore, deveped, with the aim of
minimizing the dependence on systematics. To this extent, he D 4000, feature at
xed metallicity has been found to correlate linearly with age, for the range of
ages of interest. This feature has been studied using thedieal synthetic stellar
population models and it has been shown that it is robust to cloice of metallicity,
star formation history, and di erent stellar population mod els. Within this lin-
ear approximation, the theoretical model D400Q,(z) as a function of the various
cosmological parameters has been evaluated too.

A sample of ETGs has been obtained from the SDSS survey, usirigoth pho-
tometric and spectroscopic informations to select the mostpassive and massive
galaxies (og(M=M ) > 10.75). The sample has been divided in small mass bins
(0.25 dex), in order to avoid possible bias from mass downsizg and to have ho-
mogeneous redshift of formation and metallicity across theentire redshift range.
The D400Q, z relations show, in each subsample, a clear redshift evoluih, with
galaxies at low redshift having always a higherD 400Q,, and hence higher ages.
Moreover the four subsamples give an evident proof of masse@/nsizing, since
at each redshift galaxies with higher masses have always angher D 400Q, than
galaxies at lower masses.

The Hubble constant Hy and the dark energy equation-of-state parameter
w has been evaluated by tting the D400Q, =z relations with the theoreti-
cal model de ned before. From the joint analysis it has been dund that Hg =
726 2:9(stat) 2:3(systtkmMpc s 'andthatw= 1 0:2(stat) 0:3(syst),
assuming a constantw. The value obtained for w is in agreement with the value
found from the WMAP 7-years analysis and with the one obtainal from Amanul-
lah et al. (2010); the value ofHg is within 1  error with the one obtained by Riess
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et al. (2009), and a comparable level of precision is reachedirect proof of the
acceleration of the Universe has been provided, even if themple only reaches up
toz 03.

The results have been demonstrated to be robust to the choicef galaxy mass,
since the results in the single mass subsample are all withithe 1 errors. More-
over, also the e ect of the dependence of the results on di erensystematics (i.e.
the estimate of the absolute age of a galaxy from thé 400Q,, the star formation
histories considered, the stellar population synthesis maels assumed, the metal-
licity evaluation and the not perfect assumption of the passve evolution of the
sample) has been studied. The dependence on the SFHs has beennd to be
small, and has been taken into account in the cosmological pameters evalua-
tion. By studying the sample with di erent synthetic stellar populations models
(BCO3 and Mastro), in di erent metallicity regimes and for di erent selection of
EWgo(H ), it has been shown that the analysis is also robust to the madllicity
evaluation and to the non-perfect approximation of passiveevolution of the sam-
ple, and that there is no signi cant di erence when using di er ent models for
studying the D400Q,-age relation.
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Chapter

Conclusions and future prospects

In Chapt. 2 growing observational evidences have been givesupporting the fact
that ETGs represent a simple and homogeneous population inédrms of colors,
morphology and stellar population contents; despite beingless numerous than
spiral and irregular galaxies, they sum up most of the mass athe Universe; anal-
ysis of their structural properties have highlighted that t he bulk of the stars for
these systems has formed az 2 3, and that the assembly of their mass was
almost complete already atz  0:7 0:8; these galaxies, therefore are supposed to
be evolved passively from that redshift to the present, repesenting at each red-
shift the oldest object of the Universe. These properties mie ETGs really special
candidates to probe the evolution of the Universe.

In this Thesis it has been presented a detailed study of the pyperties of early-
type galaxies, aimed at a twofold goal: study which constraits can be set to
disentangle which is the main driver of ETGs evolution between mass and envi-
ronment, and develop a robust approach, using ETGs ascosmic chronometers",
to measure the expansion history of the Universe minimizinghe dependences on
prior assumptions and the degeneracies.

In the following, are reviewed he main results of the work doe in this Thesis:

1. ETGs sample de nition and characterization. A sample of ETGs span-
ning a wide redshift range (0. z . 1) has been selected from SDSS and
zCOSMOS survey, and its properties analyzed. The main stepsleveloped
have been:

" development of a reliable selection criterion of ETGSs, obtined from a
exhaustive joint analysis of photometric, spectroscopic ad morphologic
properties, in order to reduce as much as possible the contamation
by the presence of starforming, blue outliers;
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optimization of the photometry of the galaxy with the applic ation of
zeropoint shifts and error corrections, evaluated by compeng the ob-
served and the best- t theoretical magnitude distribution s;

de nition of three ETGs sample. The SDSS ETGs sample has been
extracted from a matching between the SDSS-DR6 and the 2MASS
survey, and selected for its photometric and spectroscopiproperties
(97,460 ETGs in the redshift range 002 < z < 0:5); the zZCOSMOS
\Red galaxies" sample has been extracted from the zCOSMOS 10k
bright spectroscopic sample, and selected just with a wide lpotomet-
ric criterion in order to keep high the statistic (2,093 galaxies); the
ZCOSMOS\ETGs" sample has been extracted from theRed galaxies
zCOSMOS sample by discarding all galaxies with strong emissn lines,
con rmed spiral morphology, bluer colors , and strong 24 m emission
(981 galaxies in the redshift range M5<z < 1:2);

evaluation of the physical parameters (mass, star formatia history,
dust reddening, age) of the selected ETGs, obtained with a SB- tting
technique using di erent stellar population synthesis modds, and dis-
cussion of their robustness.

2. Analysis of the dependence of ETGs properties on mass and envi-
ronment. The (U V) restframe colors and spectra of two subsamples of
early-type galaxies have been studied, extracted from the QOSMOS spec-
troscopic survey in the redshift range 01 < z < 1. Both color and spectral
features (i.e., D4000 andEWy(H )) have been analyzed to explore their
dependence on mass and environment, and provide some instghinto the
main drivers of galaxy evolution.

From the performed analysis, the following results have be found:

A~

a dependence of the color on mas$i( U V)esti =0:093 0:007 mag
in the mass range 10< log1g(M=M ) < 1G:8), with a mean slope of
the color-mass relationhSy i = 0:12 0:005. A hint of steepening has
been found as a function of increasing environment;

a weaker dependence of the color on the local density of the einonment
(h( U V)i = 0:027 0:008 mag in the overdensity range (1 .
logio(1+ ). 1:2), with a slope always smaller thanS  0:04;

a dependence of spectroscopic index on mads (D4000 =0:11 0:02
and EWg(H ) =0:28 0:08Ain the massrange 1®2 < log1o(M=M ) <
10:8) when averaging over the entire redshift range;

a weaker dependence on the local density of the environmenh( D4000 =
0:05 0:02 and an insigni cant di erence for EWo(H ) in the environ-
ment range Q1 . logip(1 + ) . 1:2) when averaging over the entire
redshift range;
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a di erential evolution has been found between more and less @ssive
galaxies, with massive galaxies or galaxies residing in raively high
density environments having a stronger D4000 break and a snflavalue
of EWo(H ) almost constant with redshift, implying that no signi -
cant episodes of star formation have occurred in these galées since
z 1, while low-mass galaxies having values of spectroscopindices
witnessing an ongoing evolution at these redshifts;

strong evidences of mass-downsizing, obtained from the stly of the

lookback time to formation of ETGs (evaluated with SED- tti ng) as
a function of mass. Massive galaxiesl¢gio(M=M ) 11) have been
found to form their starsat z 2, while less massive oneddgio(M=M )

10:25) to form their stars at z. 1, almost independently on the models
of stellar population synthesis considered;

an age di erence of 3 Gyrs within a mass range 10< log10(M=M ) <
10:8 (using passive evolution models with high age/ values), while an
insigni cant age di erence between di erent environments (with the
caveat of a small range of overdensities probed);

Combining the results of the color and spectral analysis, fom this work can
be concluded that the main driver of the the evolution of ETGs is mass,
while environment plays a less important, although non-netjgible, role.

3. Development of an upgraded methodology to constrain the cos-

mic expansion history using ETGs as \cosmic chronometers". The
standard \cosmic chronometers" approach has been studiedbevaluating
the age-redshift relation for a sample of ETGs in the range & z < 2. Many
problem of degeneracy and model dependence have been foundevaluating
the age with a SED- tting technique, that make this direct ap proach unsta-
ble and unreliable.

A new methodology has, therefore, been developed, with theim of minimiz-
ing the dependence on systematics. The main step undertakelmave been:

identi cation of a spectroscopic feature which correlateswith the age
of the galaxy, to be used as a proxy of age. The 4008 break has been
selected, and found to correlate linearly with age at xed meallicity,
for the range of ages of interest; this feature has been seted also
because is easily measurable also in spectra with intermeate S/N and
resolution;

study of the theoretical D4000-age relation using dierent s/nthetic

stellar population models (BC03 and Mastro), that has been demon-
strated to be robust to choice of metallicity, star formation history and

di erent stellar population models;
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evaluation of the theoretical model D 4000, (z) as a function of the var-
ious cosmological parameters;

selection of a sample of ETGs in the range 45 < z < 0:3 obtained
from the SDSS, using both photometric and spectroscopic imfrmations
to select the most passive and massive galaxiesog(M=M ) > 10:75).
Their properties have been evaluated, obtaining stellar mases with a
SED- tting technique and metallicity from the spectroscopic analysis
from Gallazzi et al. (2005), and the original sample has beemlivided
into four mass subsamples, in order to avoid possible biasdm mass
downsizing and to have homogeneous redshift of formation ahmetal-
licity across the entire redshift range;

inspection of the D4000-redshift relations obtained from he four mass
subsamples, that gives clear evidences of both cosmologicavolution
of the Universe and mass-downsizing;

evaluation of the Hubble constant from a joint analysis of the best-t
if the D4000-redshift relations of the four mass subsamplesbtaining
Ho=72:6 29(stat) 2:3(syst)kmMpc s 1

evaluation of the dark energy equation-of-state parameter(assuming
w = constant) from a joint analysis of the best- t if the D4000- redshift
relations of the four mass subsamples, obtainingv = 1 0:2(stat)
0:3(syst);

detailed analysis of the possible systematic source of undainty of the

approach, by studying the e ect of the dependence of the rests on dif-
ferent systematics, i.e. the estimate of the absolute age @f galaxy from
the D4000, the star formation histories considered, the stéar popula-
tion synthesis models assumed, the metallicity evaluationand the not
perfect assumption of the passive evolution of the sample. IAthese sys-
tematic uncertainties have been taken into account in the sgtematic
error associated to both evaluations.

This new method has been proven to be competitive with the \mae stan-
dard" approaches (Sne studies, BAO, ...), obtaining resuls compatible with
the most recent analysis of Riess et al. (2009) foH, and Amanullah et al.
(2010) for w, reaching also a comparable level of precision. Direct prde of
the acceleration of the Universe have been provided, even thie sample only
reaches up toz  0:3. These results, given in particular the narrow redshift
leverage of the sample considered, show the potential of thiapproach.
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6.1 Future prospects

The potential of the new introduced technique to constrain the expansion history
of the Universe using the\cosmic chronometers" approach has been shown by
evaluating the Hubble constant Hy and the dark energy equation-of-state param-
eter w with high accuracy even using only low-redshift ETGs, i.e. $SS ETGs
with 0:15<z < 0:3.

However, the full application of this approach would be in sdting constraints
to the Hubble parameter H (z) up to redshift z 1 with a better precision with
respect to present measurements (see Sect. 1.5). On the onieles this task has
become one of the golden goals of modern cosmology, since aasre of H(z)
would provide a direct probe of the nature of dark energy and bits evolution,
making possible to rule out a variety of cosmological modelso far proposed and
possibly to nd a coherent model to explain Universe's evoltion. On the other
side, this approach is an ideal candidate to probe H(z), dued its strengths: i)
studying the di erential evolution of the Universe it probes directly H(z), and
not its integral (such as the luminosity distance used for spernovae); ii) it is
independent on the overall normalization of the age-z (or D800-z) relation, since
the constraints are set just by analyzing the derivative of the relations; iii) the
study of the D4000-z relations instead of the age-z relatiorhas been proven to be
reliable, robust and with limited dependence on SFHs and modl assumptions.

In Fig. 6.1 the D4000-redshift relation for a sample of ETGs n the range 0.

z . 1is shown. The sample has been selected combining the SDSS &3 sample
described in the analysis of Chapt. 5, the zZCOSMOETGs sample discussed in the
spectroscopic analysis of Chapt. 4, a sample of red galaxiés 24 galaxy clusters
in the redshift range 017 < z < 0:92 obtained by Stern and collaborators with

the LRIS instrument on the Keck | telescope (Stern et al., 20D), and a sample of
passive galaxies in &z > 1 UDS VLT FORS2 study (provided by Henry Pearce

and James Dunlop).

The possibility of obtaining a direct evaluation of H(z) wil | be studied analyzing
the di erential evolution of this relation, in combination w ith the study of similar
relations obtained by spectroscopic indices know to corrate as well with age
(such asH ), and indeed Fig. 6.1 provides already a clear evidence of thredshift
evolution of the Universe.
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Figure 6.1: D4000-redshift relation for a sample of ETGs obtained mergig the
SDSS ETGs sample, the zCOSMOS ETGs sample, a sample of red gaésxin 24
galaxy clusters in the redshift range0:17 < z < 0:92 (Stern et al., 2010), and a
sample of passive galaxies in 2 > 1 UDS VLT FORS2 study (provided by Henry
Pearce and James Dunlop).
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zCOSMOS 10k-bright spectroscopic sample.
Exploring mass and environment dependence in
early-type galaxies

Moresco, M.; Pozzetti, L.; Cimatti, A.; Zamorani, G.; Mignoli, M.; di
Cesare, S.; Bolzonella, M.; Zucca, E.; Lilly, S.; Kovec, K; Scodeggio, M.;
Cassata, P.; Tasca, L.; Vergani, D.; Halliday, C.; Carollo,M.; Contini, T.;
Kneib, J.-P.; Le Fevre, O.; Mainieri, V.; Renzini, A.; Bard elli, S.; Bon-
giorno, A.; Caputi, K.; Coppa, G.; Cucciati, O.; de la Torre, S.; de Ravel, L.;
Franzetti, P.; Garilli, B.; lovino, A.; Kampczyk, P.; Knobel, C.; Lamareille,
F.; Le Borgne, J.-F.; Le Brun, V.; Maier, C.; Pelb, R.; Peng, Y.; Perez
Montero, E.; Ricciardelli, E.; Silverman, J. D.; Tanaka, M.; Tresse, L.; Ab-
bas, U.; Bottini, D.; Cappi, A.; Guzzo, L.; Koekemoer, A. M.; Leauthaud,
A.; Maccagni, D.; Marinoni, C.; McCracken, H. J.; Memeo, P.; Meneux, B.;
Nair, P.; Oesch, P.; Porciani, C.; Scaramella, R.; ScarlataC. and Scoville,
N.

2010, A&A, 524, 67 (ArXiv:1009.3376)
Abstract

Aims. We present the analysis of the U-V rest-frame color distribdion and
some spectral features as a function of mass and environmefior a sample of
early-type galaxies up toz = 1 extracted from the zCOSMOS spectroscopic sur-
vey. This analysis is used to place constraints on the relatie importance of these
two properties in controlling galaxy evolution.

Methods. We used the zCOSMOS 10k-bright sample, limited to the AB magiitude
range 15< 1 < 225, from which we extracted two di erent subsamples of early-
type galaxies. The rst sample ("red galaxies) was selected using a photomet-
ric classi cation (2098 galaxies), while in the second cas€' ETGs") we combined
morphological, photometric, and spectroscopic propertie to obtain a more reliable
sample of elliptical, red, passive, early-type galaxies @1 galaxies). The analysis
is performed at xed mass to search for any dependence of theotor distribution
on environment, and at xed environment to search for any mas dependence.
Results. In agreement with the low redshift results of the SDSS, we ndthat the
color distribution of red galaxiesis not strongly dependent on environment for all
mass bins, exhibiting only a weak trend such that galaxies inoverdense regions
(logigp(1+ ) 1:2) are redder than galaxies in underdense regionddgio(1+ )
0:1), with a dierence of h( U V) esti =0:027 0:008 mag. On the other hand,
the dependence on mass is far more signi cant, and we nd thatthe average col-
ors of massive galaxiesl¢gio(M=M )  10:8) are redder byh( U V)esti =
0:093 0:007 mag than low-mass galaxiesl¢gio(M=M )  10) throughout the
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entire redshift range. We study the color-mass U  V)est / Sv  l0gi0(M=M )
relation, nding a mean slope hSy i = 0:12 0:005, while the color-environment
(U V)est/ S logip(l+ ) relation is atter, with a slope always smaller than
S 004

The spectral analysis that we perform on ourETGs sample is in good agree-
ment with our photometric results: we study the 4000 Abreak and the equiv-
alent width of the H Balmer line, nding for D4000 a dependence on mass
(h D4000 =0:11 0:02 betweenlog;p(M=M ) 102 andlogi;p(M=M ) 10.8),
and a much weaker dependence on environmenh( D4000 = 0:05 0:02 between
high and low environment quartiles). The same is true for theequivalent width
of H , for which we measure a di erence of EWg(H ) =0:28 0:08Aacross the
same mass range and no signi cant dependence on environmery analyzing the
lookback time of early-type galaxies, we support the possitity of a downsizing
scenario, in which massive galaxies with a stronger D4000 d@nan almost constant
equivalent width of H formed their mass at higher redshift than lower mass ones.
We also conclude that the main driver of galaxy evolution is he galaxy mass, the
environment playing a subdominant role.

Based on data obtained with the European Southern Observatry Very Large
Telescope, Paranal, Chile, program 175.A-0839.
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Constraining the expansion rate of the Universe using
low-redshift ellipticals as cosmic chronometers

Moresco, M. and Jimenez, R. and Cimatti, A. and Pozzetti, L.
2010, JCAP accepted (ArXiv:1010.0831)
Abstract

We present a new methodology to determine the expansion histy of the Uni-
verse analyzing the spectral properties of early-type galdes (ETG), based on the
study of the redshift dependence of the 400@ break. In this paper we describe the
method, explore its robustness using theoretical synthet stellar population mod-
els, and apply it using a SDSS sample of 14 000 ETGs. Our motivation to look
for a new technique has been to minimize the dependence of tle®smic chronome-
ter method on systematic errors. In particular, as a test of ar method, we derive
the value of the Hubble constantHg = 72:6  2:9(stat)  2:3(syst) km;Mpc s ?!
(68% con dence), which is not only fully compatible with the value derived from
the Hubble key project, but also with a comparable error budget. Using the SDSS,
we also derive, assumingv = constant, a value for the dark energy equation of
state parameterw= 1 0:2(stat) 0:3(syst). Given the fact that the SDSS
ETG sample only reachesz  0:3, this result shows the potential of the method.
In future papers we will present results using the high-redkift universe, to yield
a determination of H(z) upto z 1.
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The zCOSMOS survey:
the role of the environment in the evolution of the
luminosity function of di erent galaxy types

Zucca, E.; Bardelli, S.; Bolzonella, M.; Zamorani, G.; lIbet, O.; Pozzetti,
L.; Mignoli, M.; Kova, K.; Lilly, S.; Tresse, L.; Tasca, L. ; Cassata, P.;
Halliday, C.; Vergani, D.; Caputi, K.; Carollo, C. M.; Contini, T.; Kneib,
J.-P.; Le Fevre, O.; Mainieri, V.; Renzini, A.; Scodeggio, M.; Bongiorno, A.;
Coppa, G.; Cucciati, O.; de La Torre, S.; de Ravel, L.; Franz#i, P.; Gar-
illi, B.; lovino, A.; Kampczyk, P.; Knobel, C.; Lamatreille, F.; Le Borgne,
J.-F.; Le Brun, V.; Maier, C.; Pelb, R.; Peng, Y.; Perez-Mo ntero, E.; Ric-
ciardelli, E.; Silverman, J. D.; Tanaka, M.; Abbas, U.; Botini, D.; Cappi,
A.; Cimatti, A.; Guzzo, L.; Koekemoer, A. M.; Leauthaud, A.; Maccagni,
D.; Marinoni, C.; McCracken, H. J.; Memeo, P.; Meneux, B.; Maesco, M.;
Oesch, P.; Porciani, C.; Scaramella, R.; Arnouts, S.; Ausde H.; Capak,
P.; Kartaltepe, J.; Salvato, M.; Sanders, D.; Scoville, N.Taniguchi, Y. and
Thompson, D.

2009, A&A, 508, 1217 (ArXiv:0909.4674)

Abstract

Aims. An unbiased and detailed characterization of the galaxy luninosity func-
tion (LF) is a basic requirement in many astrophysical issus: it is of particular
interest in assessing the role of the environment in the evaotion of the LF of dif-
ferent galaxy types.

Methods. We studied the evolution in the B band LF to redshift z 1 in the
zCOSMOS 10k sample, for which both accurate galaxy classiations (spectropho-
tometric and morphological) and a detailed description of the local density eld
are available.

Results. The global B band LF exhibits a brightening of 0.7 mag in M* from
z 02toz 0:9. At low redshifts (z < 0:35), spectrophotometric late types dom-
inate at faint magnitudes (Mg _fABg > 20), while the bright end is populated
mainly by spectrophotometric early types. At higher redshift, spectrophotometric
late-type galaxies evolve signi cantly and, at redshiftz  1,the contribution from
the various types to the bright end of the LF is comparable. The evolution for
spectrophotometric early-type galaxies is in both luminogty and normalization:
M* brightens by 0.6 mag but * decreases by a factor 1.7 between the rst and
the last redshift bin. A similar behaviour is exhibited by spectrophotometric late-
type galaxies, but with an opposite trend for the normalization: a brightening of
0.5 mag is present in M*, while * increases by a factor 1.8. Studying the role
of the environment, we nd that the global LF of galaxies in overdense regions
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has always a brighter M* and a atter slope. In low density environments, the
main contribution to the LF is from blue galaxies, while for high density envi-
ronments there is an important contribution from red galaxies to the bright end.
The di erences between the global LF in the two environments ae not due to
only a di erence in the relative numbers of red and blue galaxes, but also to their
relative luminosity distributions: the value of M* for both types in underdense
regions is always fainter than in overdense environments. fiese results indicate
that galaxies of the same type in di erent environments have d erent properties.
We also detect a di erential evolution in blue galaxies in di e rent environments:
the evolution in their LF is similar in underdense and overdanse regions between
z 0:25andz 0:55, and is mainly in luminosity. In contrast, betweenz  0:55
andz 0:85 there is little luminosity evolution but there is signi ¢ ant evolution in

* that is, however, di erent between the two environments: in overdense regions

* increases by a factor 1.6, while in underdense regions thigcrease reaches a
factor 2.8. Analyzing the blue galaxy population in more detil, we nd that this
evolution is driven mainly by the bluest types. Conclusions. The \specular" evo-
lution of late- and early-type galaxies is consistent with ascenario where a part of
blue galaxies is transformed in red galaxies with increasigp cosmic time, without
signi cant changes in the fraction of intermediate-type gaaxies. The bulk of this
transformation in overdense regions probably happened befe z 1, while it is
still ongoing at lower redshifts in underdense environmers.

Based on data obtained with the European Southern Observatry Very Large
Telescope, Paranal, Chile, program 175.A-0839.
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zCOSMOS - 10k-bright spectroscopic sample.
The bimodality in the galaxy stellar mass function:
exploring its evolution with redshift

Pozzetti, L.; Bolzonella, M.; Zucca, E.; Zamorani, G.; Lilly, S.; Renzini,
A.; Moresco, M.; Mignoli, M.; Cassata, P.; Tasca, L.; Lamarelle, F.; Maier,
C.; Meneux, B.; Halliday, C.; Oesch, P.; Vergani, D.; Caputi K.; Kovec,
K.; Cimatti, A.; Cucciati, O.; lovino, A.; Peng, Y.; Carollo , M.; Contini, T.;
Kneib, J.-P.; Le Fevre, O.; Mainieri, V.; Scodeggio, M.; Bardelli, S.; Bon-
giorno, A.; Coppa, G.; de la Torre, S.; de Ravel, L.; Franzett P.; Garilli, B.;
Kampczyk, P.; Knobel, C.; Le Borgne, J.-F.; Le Brun, V.; Petl, R.; Perez
Montero, E.; Ricciardelli, E.; Silverman, J. D.; Tanaka, M.; Tresse, L.; Ab-
bas, U.; Bottini, D.; Cappi, A.; Guzzo, L.; Koekemoer, A. M.; Leauthaud,
A.; Maccagni, D.; Marinoni, C.; McCracken, H. J.; Memeo, P.; Porciani,
C.; Scaramella, R.; Scarlata, C. and Scoville, N.

2010, A&A, 523, 13 (ArXiv:0907.5416)
Abstract

We present the galaxy stellar mass function (GSMF) to redshit z 1, based
on the analysis of about 8500 galaxies with | < 22.5 (AB mag) ev 1.4 ded, which
are part of the zZCOSMOS-bright 10k spectroscopic sample. Wanvestigate the to-
tal GSMF, as well as the contributions of early- and late-type galaxies (ETGs and
LTGs, respectively), de ned by di erent criteria (broad-ba nd spectral energy dis-
tribution, morphology, spectral properties, or star formation activities). We unveil
a galaxy bimodality in the global GSMF, whose shape is more awrately repre-
sented by 2 Schechter functions, one linked to the ETG and theother to the LTG
populations. For the global population, we con rm a mass-dgendent evolution
(\mass-assembly downsizing"), i.e., galaxy number densit increases with cosmic
time by a factor of two betweenz = 1 and z = 0 for intermediate-to-low mass
(log(M=M )  10:5) galaxies but less than 15% folog(M=M ) > 11. We nd
that the GSMF evolution at intermediate-to-low values of M (log(M=M ) < 1G:6)
is mostly explained by the growth in stellar mass driven by snmoothly decreas-
ing star formation activities, despite the redder colours pedicted in particular at
low redshift. The low residual evolution is consistent, on a&erage, with 0:16
merger per galaxy per Gyr (of which fewer than 0.1 are major),with a hint of
a decrease with cosmic time but not a clear dependence on theass. From the
analysis of dierent galaxy types, we nd that ETGs, regardle ss of the classi -
cation method, increase in number density with cosmic time nore rapidly with
decreasing M, i.e., follow a top-down building history, with a median Obuilding
redshiftO increasing with mass ¢ > 1 for log(M=M ) > 11), in contrast to hi-
erarchical model predictions. For LTGs, we nd that the numb er density of blue

M. Moresco PhD Thesis



170 Publications

or spiral galaxies with log(M=M ) > 10 remains almost constant with cosmic
time from z 1. Instead, the most extreme population of star-forming gaaxies
(with high speci c star formation), at intermediate/high- mass, rapidly decreases
in number density with cosmic time. Our data can be interpreted as a combination
of di erent e ects. Firstly, we suggest a transformation, dri ven mainly by SFH,
from blue, active, spiral galaxies of intermediate mass to lue quiescent and sub-
sequently (1-2 Gyr after) red, passive types of low speci ¢ &r formation. We nd
an indication that the complete morphological transformation, probably driven by
dynamical processes, into red spheroidal galaxies, occwd on longer timescales
or followed after 1-2 Gyr. A continuous replacement of blue glaxies is expected
to be accomplished by low-mass active spirals increasing #ir stellar mass. We
estimate the growth rate in number and mass density of the redgalaxies at dif-
ferent redshifts and masses. The corresponding fraction dflue galaxies that, at
any given time, is transforming into red galaxies per Gyr, dwe to the quenching
of their SFR, is on average 25% for log(M=M ) < 11. We conclude that the
build-up of galaxies and in particular of ETGs follows the sane downsizing trend
with mass (i.e. occurs earlier for high-mass galaxies) as thformation of their
stars and follows the converse of the trend predicted by cuent SAMs. In this
scenario, we expect there to be a negligible evolution of thgalaxy baryonic mass
function (GBMF) for the global population at all masses and a decrease with cos-
mic time in the GBMF for the blue galaxy population at interme diate-high masses.

Based on data obtained with the European Southern Observatry Very Large
Telescope, Paranal, Chile, program 175.A-0839.
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