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ABSTRACT

In this thesis I present the results obtained during my PhD studies at SISSA in the
field of galaxy formation, with focus on the problem of formation of Early Type Galaxies
(ETGs) at high redshift. The interest to this issue has been increasing with time, since in
the last decade observational evidence brought the idea that the formation and evolution
of quasars is strictly related to that of ETGs. In order to tackle the galaxy formation
most of the efforts has been put in developing semi-analytical and numerical codes based
on the assumption that the hierarchy of galaxy Dark Matter halos traces the history
also of baryons (stars and gas) through continuous merging. On the other hand, the
group in SISSA and in Padua Observatory put forward the concept that the galaxy and
quasar phenomenology at high redshift is related chiefly to physical processes (such as
cooling, collapse, star formation, accretion onto the central Black Hole seed and feedback)
occurring in the gas associated to the phase of fast collapse/merging of the central 30-
40% of the mass of DM halos, while the later phase of slow accretion is little affecting the
evolution of stars and quasars.

My main contributions to the line of research in SISSA have been 7) the analysis of the
relationship between star formation and dust in the primeval galaxies at z ~ 2; 4i) the
exploration of the effects of large gas outflows triggered by stellar and quasar feedback
on the structure of newly formed ETGs. I also have been collaborating in the analysis of
the very exciting results obtained with the HERSCHEL-ATLAS survey.

Main results are as follows:i) We construct a sample of spectroscopically confirmed



zgs0-band-selected galaxies at redshift z ~ 2 from the GOODS-MUSIC sample, with a
well sampled SED from the rest frame UV to near IR ,which can allow us to have the
analysis of their physical parameters by means of the usual spectral population synthesis
technique. We have combined a local (U)LIRGs sample with a sample of normal galaxies
and we have re-calibrated a relation between Lg,,, and L;z. We find that the usual
spectral population synthesis technique with a fixed extinction law cannot reproduce the
observed IR luminosity for the whole sample. We have outlined a new method that adds
IR luminosity to the global SEDs and uses a generalized Calzetti law with variable Ry, .
With this new method we could determine in a unprecedent robust way the physical
parameters ,namely SFR, attenuation and age. We confirm that low luminosity galaxies
harbor, on average significantly older stellar populations and are also less massive than
the brighter ones. Thus we confirm that the observed downsizing effect is consistent with
a picture where less massive galaxies actually form first, but their star formation lasts
longer, consistent with the anti-hierarchical galaxy formation scenario. #)We show that
the observed compact size (kpc or even sub-kpc) of high redshift ETGs is expected by
theoretical predictions based on the largely accepted assumption that most of the stars
have been formed during dissipative collapse of cold gas.The available observational data
strongly suggests that most of the size evolution occurs at z > 1, while at z < 1 sizes
increase by no more than 40%. Moreover, a large fraction of high-z passively evolving
galaxies have projected stellar mass within their effective radii a factor of 2 larger than
those of local ETGs with the same stellar mass, within the same physical radius. It is
also shown that the size distribution of high redshift ETG progenitors is broader than the
corresponding distribution for local ETGs. While a significant fraction of massive high
redshift ETGs already exhibit sizes as large as those of their local counterparts with the
same mass, for a bunch of ETGs the size has to increase by a factor of 4-6 to match the
local half mass radius. All the above results are easily accounted for if most of the size
evolution is due to a puffing up driven by the rapid expulsion of large amounts of mass.
The contribution of dry minor merger to the size evolution can be up to a factor of 2

which is constrained by the mass function evolution.
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— Chapter 1

INTRODUCTION

Galaxy formation is one of the major issues in modern Physical Cosmology. The quite
large amount of high quality data collected from ground and space in the last three decades
has impressively moved forward the frontier of our understanding of galaxy formation
process even at quite high redshift. We have presently the capability of detecting galaxies
up to redshift z ~ 10, corresponding to a time ~ 400 million years since the Big Bang
(see e.g. Oesch et al. 2011[243]). Their stellar populations are now as old as the Universe
itself.

The formation of galaxies is an important step in the more general process of the devel-
opment of structures from primordial tiny perturbations of density field. Nowadays, most
of the galaxy phenomenology is explained by assuming that galaxies are characterized by
two components, the Dark Matter (DM) and the baryons, the former being largely
dominating the gravitating mass (the halo mass). The nature of DM, in particular the
possibility that DM is Cold (CDM) or Warm (WDM), is still debated, though obser-
vations of the large scale structure favors the former possibility. However, warm, or
self-interacting, or coupled DM can not yet be excluded, especially on galaxy scales.
On top of that, the relation between luminosity distance and redshift for type Ia Su-
pernovae detected in galaxies at substantial redshift and the power spectrum of Cosmic
Microwave Background (CMB) anisotropy require an additional component in the Uni-
verse, the so called Dark Energy (DE), which is characterized by a negative pressure

and which is presently accelerating the cosmic expansion. In the following, we will
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CHAPTER 1. INTRODUCTION

study galaxy formation in the framework of the largely accepted Cosmological Concor-
dance Model. Throughout the Thesis we adopt a standard, flat ACDM cosmology (see
Komatsu et al. 2011) with matter density parameter 2,; = 0.27 and Hubble constant
Hy =70 km s~! Mpc™'. We also adopt a Bardeen et al. (1986) cold dark matter power
spectrum with primordial index ny = 1 and cosmic mass variance og = 0.81.

In the context of galaxy formation, the formation of massive Early-Type Galaxies
(ETGs) deserves a specific attention. These galaxies are spheroidal systems, which
predominantly consist of old stars with mass-weighted ages of > 8 — 9 Gyr (Thomas et
al. 2005a[325], see Renzini 2006[274] for a review) and so must have formed most of
their stars at redshift z > 1 — 1.5. High spatial resolution photometric and spectroscopic
observations of local massive ETGs have shown that they generally harbor a central
Super-Massive Black Hole (SMBH) (e.g., Kormendy & Richstone 1995[181]; Richstone et
al. 1998[276]; Magorrian et al. 1998]204]; Kormendy & Gebhardt 2001[180]) with either
mass proportional to the mass in stars (Magorrian et al. 1998[204]; McLure & Dunlop
2002[224]; Marconi & Hunt 2003([214]) or to velocity dispersion of the stellar spheroidal
component (i.e., the M, — o relation; Ferrarese & Merritt 2000[114]; Gebhardt et al.
2000[122]; Tremaine et al. 2002[332]). These dormant/inactive BHs have been interpreted
as the remnants of the past quasar activity (Silk & Rees 1998). As matter of fact, Salucci
et al. (1999) have shown that mass function of the local SMBHs is consistent with the
mass function of the mass accreted during the past quasar/AGN phase, under quite
general hypotheses (see also Marconi et al 2004; Shankar et al. 2004). This conclusion
is now widely accepted . The general correlation between stellar and central SMBH
mass prompted out the idea of co-evolution of stars and SMBH in ETGs (Granato et al
2001, 2004; Di Matteo et al. 2005; Croton et al. 2006; Hopkins et al. 2008; Somerville et
al. 2008). At first, SMBHs have been found to be ubiquitous in the centers of spheroidal
galaxies (e.g., Kormendy & Richstone 1995[181]; Richstone et al. 1998[276]; Kormendy
& Gebhardt 2001[180]), and the masses of these black holes are correlated with either
the mass (Magorrian et al. 1998[204]; McLure & Dunlop 2002[224]; Marconi & Hunt
2003[214]) or velocity dispersion (i.e., the M, — o relation; Ferrarese & Merritt 2000[114];
Gebhardt et al. 2000[122]; Tremaine et al. 2002[332]) of spheroids, demonstrating a
direct link between the origin of spheroidal galaxies and SMBHs. Also, the QSOs feedback
has been proposed to quench the star formation to explain the sparse luminous galaxies

compared to the space density of dark matter halos with corresponding mass. Silk &
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CHAPTER 1. INTRODUCTION

Rees(1998)[306] proposed that the central black holes and their host galaxies should be
taken as a whole into the model of galaxy formation and evolution.

This adds interest to the ETGs, not only as good probes of galaxy assembly, star
formation and metal enrichment in the early Universe, but also because they are directly
connected with the formation and evolution of the quasars.

Historically, there were two main scenarios for the formation of ETGs: the so-
called Monolithic Collapse model (Eggen, Lynden-Bell & Sandage 1962[106], Larson
1974[191], Arimoto & Yoshii 1987[7], Bressan, Chiosi & Fagotto 1994[45]), and the
Hierarchical Merging model (e.g., Toomre 1977[329]; White & Rees 1978[360], Benson
2010[20]). In the former scenario elliptical galaxies form on a short time scale through
collapse and virialization from idealized 'uncollapsed’ initial conditions whose prior evo-
lution is not considered. If the star-formation time scale is short compared to the free-fall
time scale the collapse is effectively dissipationless. If the two time scales are compara-
ble, then radiative energy losses are important and one speaks of dissipational collapse.
The main characteristic of this scenario is that the stars form simultaneously with the
assembly of the final galaxy. In the latter scenario, an elliptical forms when two or more
pre-existing and fully formed galaxies merge together. The main differences with respect
to the monolithic collapse scenario is that formation of the stars occurs before, and
effectively independently of, the assembly of the final galaxy:.

1. The monolithic collapse scenario:

This scenario was initially suggested by Eggen, Lynden-bell & Sandage (1962)[106] with
the evidence from the orbits of dwarf stars in the Galaxy. ETGs form in a single burst of
intense star formation at high redshift, which is coincident with their collapse to equilib-
rium and is followed by passive evolution of their stellar populations to the present day
(Partridge & Peebles, 1967[252]; Larson, 1975[192]). This scenario was inspired by the
fact that ETGs appear to be a remarkably homogeneous class of objects with uniformly
old stellar populations. The N—body simulations incorporating cooling processes, star
formation, SNae feedback and chemical evolution well reproduced basic properties of
ETGs (Chiosi & Carraro 2002[66]). The general picture of monolithic formation suc-
cessfully interprets the fundamental plane (Djorgovski & Davis 1987[96]; van Dokkum &
Stanford 2003[346]), the mass-to-light ratio versus central velocity dispersion(Burstein
et al. 1997[52]), color-magnitude relation (Bower, Lucey & Ellis 1992[40];Kodama et
al. 1998[178]) and gross chemical evolution properties (Gibson & Matteucci 1997[128]) of
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CHAPTER 1. INTRODUCTION

both dwarf and giant ellipticals. Recent analysis of a sample of over 2000 galaxies from
the Sloan Deep Sky Survey (SDSS) has reconstructed the concentration halo parameter ¢
and has derived scaling relations between stellar mass and the velocity dispersion, which
are consistent with the numerical simulations and sufficient to recover the tilt of the
fundamental plane (Lintott, Ferreras & Lahav 2006[196]).

However, theoretical difficulties with the monolithic collapse scenario arise because its
initial conditions are not well motivated and are difficult to reconcile with the cold dark
matter paradigm. The basic problems are the following:

i) why was there no significant star formation before the onset of collapse?

it) why did all star formation cease immediately after collapse?

it1) why the brightest UV selected galaxies at high redshift are relatively rare, when
compared to the present number density of massive ETGs?

iv) how do we relate the formation of ellipticals to that of other galaxies and other kinds
of structures in order to understand why ellipticals are predominantly the most massive
galaxies and are preferentially found in clusters?

2. The merger scenario:

The pioneer computational work of galactic interaction was first carried out by Toomre
& Toomre(1972)[330]. They suggested the possibility of close galaxy encounters in the
local Universe. Toomre (1977) argued that in these encounters discs are destroyed and
the resulting star distribution is similar to the distribution of ETGs.

The growth of more massive halos by inclusion of smaller ones has been studied first
by Press and Schechter (1974), who associated the halos to the gaussian random density
field of DM in the primordial Universe. This study prompted the concept of halo merg-
ing, which has been subsequently developed the introduction of the merger tree as the
sequence of merging events that statistically describes the formation of the halos (Lacey
& Cole 1994). The hierarchy of the halo formation has then been extended to galaxy
formation (see e.g. Cole et al. 2000). The baryons are supposed to trace the formation of
dark matter halos. Under this scenario, the small gas-rich spirals form primely at high
redshift. Then these spirals turn into the massive ellipticals by merging at lower redshift
(White & Rees 1978[360]; White & Frenk 1991[359)]).

According to the mass ratio M;/Ms(M; > Ms), mergers are often separated into major
(with M; /My > 1/3 and minor M;/M, < 1/3. Numerical simulations (e.g. Bournaud

et al. 2005[35]) show that major mergers are able to destroy any disks in the ingoing
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CHAPTER 1. INTRODUCTION

galaxies and leave a spheroidal remnant, while minor mergers tend to leave disks in place
(although somewhat thickened).

Mergers can also be divided into 'wet’(gas-rich, and therefore dissipational) and ’dry’
(gas-poor, dissipationless). The remnants of major mergers of purely stellar disk sys-
tems, while spheroidal, do not look like elliptical galaxies.As shown by Hernquist et
al. (1993)[147] their phase space densities are too low in the central regions compared to
observed ellipticals. This implies that mergers between reasonably gas rich galaxies are
required. The presence of gas allows for dissipation and the formation of higher phase-
space density cores. Robertson et al. (2006)[280] find that similar gas fractions and the
subsequent dissipation are required to produce the observed tilt in the fundamental plane
of elliptical galaxies.

On the other hand, wet mergers have difficulty in producing remnants that are slow
rotating and boxy galaxies, as the majority of luminous ellipticals are. In particu-
lar, the presence of a dissipative component causes the production of a steep central
cusp which is not only inconsistent with the shallow cusps seen in massive ellipticals, but
also destabilizes the box orbits responsible for the boxiness of the isophotes (Gerhard
& Binney, 1985[125]; Merritt & Fridman, 1996[226]). It has therefore been suggested
that massive ellipticals are the remnants of dry mergers of elliptical progenitors. This
is supported by numerical simulations, which seem to indicate that the remnants of
dry mergers between elliptical progenitors of roughly equal mass are typically slow rotat-
ing, boxy ellipticals (e.g. Khochfar & Burkert, 2005[172]; Naab et al., 2006[235]; Cox et
al., 2006[81]) that lie on the fundamental plane (Nipoti et al., 2003[241]; Boylan-Kolchin
et al.; 2006[42]; Robertson et al., 2006[280]). Hence, massive ellipticals apparently form
via dissipationless (’dry) mergers (spheroidal-spheroidal mergers), while less massive
counterparts seem to require dissipational ("wet’) mergers (gas-rich disk-disk mergers).

However, several bodies of evidence are difficult to reconcile with this scenario. ETGs
are characterized by old and homogeneous stellar populations. Correlations tight enough
to allow little room for random processes such as a sequence of mergers (apart from small
mass additions through minor mergers at late epochs, see Kaviraj et al. 2008[168]), and
sensitivity to the environment (color-luminosity; fundamental plane relations; dynamical
mass-luminosity) have been known for a long time and have been recently confirmed with
very large samples, and shown to persist up to substantial redshifts (Renzini 2006[274];
Clemens et al. 2009[71]; Thomas et al. 2010[326]; Rogers et al. 2010;[282] Peebles &
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CHAPTER 1. INTRODUCTION

Nusser 2010[253], and references therein). More recently, a remarkably tight luminosity-
size correlation has been reported (Nair et al. 2010[236]). In addition, as mentioned
above, ETGs were found to host SMBHs whose mass is rather tightly proportional to
the bulge and also roughly proportional the halo mass of the host galaxy (see Magorrian
et al. 1998[204]; also Ferrarese & Ford 2005[113] for a review). All that indicates that
the formation and evolution of ETGs is almost independent of environment, and driven
mainly by self-regulation processes and intrinsic galaxy properties such as mass.

There are rather tight, albeit not inescapable, observational constraints on the star
formation timescale in the most massive ETGs. An upper limit comes from the observed
a-enhancement or, more properly, iron under-abundance compared to a elements. De-
pending on the slope of the assumed initial mass function (IMF), the observed a/Fe
element ratios requires star formation timescales < 10 yr (e.g. Matteucci 1994[219);
Thomas 1999[323]). But in merger-driven galaxy formation models star formation in
ellipticals typically does not truncate after 1 Gyr (Thomas & Kauffmann 1999[324]; how-
ever, see Arrigoni et al. 2010[8], Khochfar & Silk 2011[173]). If a standard IMF is
assumed a lower limit comes from (sub-)mm counts, implying that several percent of
massive galaxies are forming stars at rates of thousands M, yr~—! peaking at z ~ 2 — 3
(see Chapman et al. 2003, 2005[61][62] ). This requires that this star-formation rate
(SFR) is sustained for > 0.5 Gyr, much longer than the timescale of a merger-induced
starburst, which is of order of the dynamical time (~ 0.1 Gyr). Integral-field near-IR
spectroscopy of galaxies with less extreme SFRs (of few 102Mg yr~!) at z ~ 2, that
appear to be very productive star formers in the universe (Dekel et al. 2009[92]), has
shown that in many cases they have ordered, rotating velocity fields with no kinematic
evidence for ongoing merging (Genzel et al. 2006[123]; Forster-Schreiber et al. 2009[117]).
Still, they harbor several star forming clumps: a complex morphology is not necessarily
a symptom of merging. These galaxies show tight SFR-mass correlations, with small
dispersions (Daddi et al. 2007[87]; Pannella et al. 2009[249]; Dunne et al. 2009[99];
Rodighiero et al. 2010[281]; Maraston et al. 2010[212]). This is not easily reconciled
with a scenario in which star formation proceeds through a series of short starbursts in-
terleaved by long periods of reduced activity and these galaxies have been caught in a
special, starburst moment of their existence. The data are more easily accounted for if
the high SFRs are sustained for some 1 — 2 Gyr, much longer that a dynamical time

typical of starbursts. A comparison of the stellar mass functions at z ~ 1.5 with the
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CHAPTER 1. INTRODUCTION

local one shows that little additional growth can have occurred for z < 1.5 through minor
mergers (Mancone et al. 2010[209]; Fan et al. 2010[108]; Kaviraj et al. 2009[169]).

While the merging hypothesis follows the hierarchy expected for the DM halo, it
fails, at least in the versions so far implemented, in reproducing at the same time the
short timescale for the formation of most of the stars in ETGs as implied by the observed
a enhancement, and the high star formation rates required by the recent sub millimeter
counts of the Herschel-ATLAS and Hersche-l HERMES surveys (Lapi et al. 2011; see
below Chapter 3). At a quite basic level there is evidence that the most massive local
ETGs exhibit older stellar populations and that the luminosity /mass function of galaxies
at substantial redshift (z = 1) evolves much less at the bright/massive end than at the
faint end (the so called downsizing). This means that the assembly of stars in ETGs is
reversed respect to the bottom top hierarchy of DM halos.

In conclusion, it is apparent that one ideally should insert galaxy formation into the
hierarchical frame of DM halo formation, but preserving the astrophysically nice aspects
of the monolithic hypothesis. More specifically, the formation of galaxy halos has to
follow the hierarchical path indicated by analytical and numerical analysis of primordial
DM perturbations, while the baryon component of primeval ETGs has to form stars as a
consequence of a quick cooling, in order to reproduce the results obtained by implementing
the monolithic collapse scenario. In addition, the growth of the SMBH at the galaxy
center must be strictly related to the star formation activity.

In order to solve these problems, Granato et al. (2001, 2004)[137][136] elaborated a
physical model for the early co-evolution of massive spheroidal galaxies and active nuclei
in their centers. In the model, the formation rate of galaxy halos is dictated by the
evolution of mass halo mass function, specifically in the form suggested by Sheth &
Tormen(2002)[305]. The diffuse gas within the galaxy halo potential well falls into the
star formation region at a rate ruled by the cooling and dynamic timescales. The gas
evolution is also controlled by feedback from SNae and from the luminosity liberated by
the gas accretion onto the growing central BH. More specifically in the very central region
of the galaxy the radiation drag damps down the angular momentum of cold gas, which
inflows into a gas reservoir around the central black hole. The reservoir gas fuels the
growth of black hole according to viscous accretion subject to the Eddington limit; the
growth of the central BH lasts as long as the power radiated by the nuclear accretion is

large enough to expel the available cold gas and to quench the star formation. A scheme
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Figure 1.1: Scheme of the baryonic components included in the model (boxes) and of the corresponding
mass transfer processes (arrows).

description can be found in Figure 1.1. In Appendix A, we present the basic equations
of the physical processes included in the model, their analytic approximations.

In the model the star formation rate associated to a galaxy halo in essence depends
on the dynamical and cooling timescales of the baryons and on the effect of the SNae
feedback, while the final mass in star depends also on the time required by the seed
central BH to reach the luminosity large enough to expel the cold gas. Quite interestingly
at redshift of interest (z>1.2-1.5) for massive ETGs (M; = 10'? M) the predicted star
formation rates range between a few hundreds to a few thousands solar mass per year, in
nice agreement with those detected in the sub-mm surveys . Also the time scale for the
onset of the final quenching quasar activity is such that most of the stars (=80%) are
formed within less than 1 Gyr, as required in order to avoid large iron enrichment by
type la SNae. As a consequence only a fraction (< 30%) of the total baryons associated
with the galaxy halo is involved in star formation, the rest of the gas remaining in the
outer region of the galaxy halo. The timescale for chemical enrichment of the cold star
forming gas is quite short, allowing formation of significant dust amount quite soon after

the star formation onset; as a consequence most of the star formation occurs in a dusty
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CHAPTER 1. INTRODUCTION

phase. The ensuing evolution for high redshift massive galaxies, the progenitors of present
day ETGs, passes through 4 phases(see also Figure 1.2):

1) a very short UV bright phase with dust-free star formation,

2) a submillimeter bright phase with intense dust-enshrouded star formation,

3) a optically luminous quasar phase, when large quasar driven winds are produced and
star formation and nuclear activity ends up;

4) a phase of almost passively evolution towards the local ETGs, allowing limited stellar
increase contributed by (dry) minor merger.

This thesis is aimed to analyze two relevant issues in galaxy formation at high red-
shift, namely the star formation and the dust attenuation in high redshift galaxies and
the effect of large gas outflows driven by stellar and quasar feedback on the structural
properties of ETGs. We will contrast the merging driven models and the Granato model,;
in the former case all the time scale of fueling of star formation and nuclear activity is
directly related to the general time scale of mergers (major), while in the latter case the
relevant time scales are more directly related to the time scales of cooling and heating of
the gas in the central regions of the galaxy halo.

This thesis will be organized following the evolutionary line predicted by our reference
model. In Chapter 2, we focus on the high redshift UV-selected galaxies. We reproduce
the LFs of LBGs at different redshifts, complementing the model with a simple, physically
plausible recipe for the evolution of dust attenuation in metal-poor galaxies. We show
that the observed weaker evolution of the LBG LF, compared to that of the halo mass
function, is due to the short UV-bright lifetimes of massive objects that strongly mitigate
the effect of the fast increase in the massive halo density with decreasing redshift. Using a
zg50-band selected sample, we confirm the quick dust production in high redshift galaxies.
However, we mention that the dust extinction can be more complicated than expected by
Calzetti law (Calzetti 2000[54]). In Chapter 3, we compute the luminosity functions (LFs)
at rest-frame wavelengths of 100 and 250 um at z > 1, for bright sub-mm galaxies , by
exploiting the H-ATLAS SDP survey data. We find the computed 100 and 250 um LFs
and the observed number counts at wavelengths ranging from 250pm to ~ 1 mm are all in
good agreement with G04 model predictions. An efficient method to select submillimeter
bright , strongly lensed galaxies (SLGs) is proposed based on the model. Using H-ATLAS
SDP data, five SLGs are confirmed (Negrello et al. 2010[239]). Chapter 4 contains a
short review of the predictions of G04 model on the LF of observed high redshift optical
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Figure 1.2: Evolution with galactic age of the stellar, reservoir, BH masses (left axis scale) and of the SFR
(right axis scale) in G04 model (Granato et al. 2004[136]) for galaxy halo with mass 10'2- 4 M, formed
at z ~ 4. 0. The different evolutionary phases are marked by different colors: UV bight phase:yellow;
Submm bright phase: light blue; QSOs phase: blue and passively evolved phase: pink.

and hard X-ray QSOs, and it has been inserted in the thesis for sake of completeness
and clarity. In Chapter 5, we present the observed size evolution of massive, passively
evolved galaxies at high redshift and its indication on the galaxy formation and evolution.

In the last Chapter, the content of the thesis is summarized.
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— Chapter 2

UV-SELECTED STAR FORMING GALAXIES

The rest-frame UV band is the spectral window that can be more easily accessed by
large ground telescopes or by the Hubble Space Telescope to study directly the high
redshift star forming galaxies. Very recently, with the advent of the Spitzer Space
Telescope, this window has been extended to optical and even near infrared wavelengths
in the rest frame.

From the observational point of view, The Lyman break dropout technique (Steidel
& Hamilton 1993[315]) is one of the most efficient methods to select high redshift star
forming galaxies, first applied to select z ~ 3 galaxies (Steidel et al. 1996[314]; Lowenthal
et al.  1997[199]) and subsequently extended to redshifts of up to ~ 10 (Steidel et
al. 1999, 2003[312][313]; Dickinson et al. 2004[94]; Giavalisco et al. 2004[127]; Ouchi
et al. 2004[246]; Bunker et al. 2004[51]; Vanzella et al. 2005, 2006[349][350]; Bouwens
& Illingworth 2006[36], Oesch et al. 2011[243], Bouwens et al. 2010, 2011[38][37]).

In the recent years, systematic studies of high redshift galaxies have been conducted
thank to the completion of deep multi-wavelength photometric surveys and corresponding
spectroscopic follow-up, such as The Great Observatories Origins Deep Survey (GOODS, Dick-
inson et al. 2003 [93]) and The Cosmic Evolution Survey (COSMOS; Scoville et al. 2007[296]). They
provide the best opportunity to explore the nature of their stellar populations and of the
properties of their interstellar medium. From the theoretical point of view, it’s important
to reproduce these properties under a consistent galaxy formation and evolution scenario.

In this Chapter, I will analyze the observed properties of high redshift star forming
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galaxies and compare them with the predictions of the G04 model.

2.1 UV LuminosiTy FuncTIioN oF LBGs

In the following I will first summarize the results of the study by Mao et al. (2007)[211]
which is one of the more comprehensive attempts to interpret the observations of high-
redshift LBGs in the framework of a galaxy formation model.

Dust attenuation plays an important role to explain the observed LBGs LFs and their
evolution.

The dust attenuation is expected to be proportional both to some power of star-forming
gas mass (or equivalently of the SFR) that reflects the dust column density, and to some
power of the metallicity that reflects the fraction of metals locked into dust grains (see
also Jonsson et al. 2006[164]).

A simple, average relation between UV attenuation, SFR, and Z is proposed

. 0.45 0.8

M, Z
A ~03 [——— — 2.1
w05 (=) (£) 2.1)

The dust attenuation at other wavelengths can be computed using the wavelength de-
pendence of the Calzetti law [54]. For example, the attenuation at other typical UV
wavelengths is Ajo16 = 1.1A1350, Aigoo = 0.9A1350, Ai700 = 0.87A1350. Equation 2.1
is the key relation that allows one to convert the theoretical models into observational
predictions, in the UV pass-bands.

In fact, the absolute magnitude at A ~ 1350 A, including attenuation, can be written
as -

Li350

M
M =51.59—-2.5 log——>* 92 5 log—>— 4+ A , 2.2
1350 og — [T og M, yr ! + A13s50 (2.2)

where Ligso ~ 1. 2x 10?8 erg s~' Hz~! is the monochromatic luminosity for M, = 1M yr—
adopting the Romano IMF (Romano et al. 2005[283]).

Using the model described in Appendix A, which provides the star formation M*(t)
and metal enrichment Z(¢) history for any halo mass My and virialization redshift z,;., we
can compute the evolution of the the attenuation in LBGs and thus compare their obser-

vational properties with the galaxy formation models.

The evolution with galactic age of the attenuation for LBGs with different halo masses
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Figure 2.1: Attenuation (left panel) and attenuated magnitude (right panel) at 1350 A as a function
of galactic age, computed using Equation (2.1) and the quantities M, (t) and Z(t) provided by G04
model(see Appendix A. The shaded area shows the range probed by the observed LFs. Lines are for
halo masses My = 10'° Mg (solid line), 10! M (dot-dashed line), 102 Mg (dashed line), and
10*® My (dotted line), virialized at z = 6

is shown in Figure 2.1 (left panel). The attenuation is predicted to be small for LBGs
hosted by low-mass halos, while it quickly increases with time for higher masses, so
that more massive galaxies are UV-bright for shorter times. The more massive LBGs
spend approximately 90% of their burst time in an interstellar medium optically thick to
their UV emission. The right panel of Figure 2.1 shows the predicted evolution of UV
luminosity with galactic age, including the attenuation given by Equation. (2.1), at
z = 6 for several halo masses.

The rest-frame UV LF of LBGs can be estimated coupling the UV luminosity and halo
mass derived from the G04 model with the halo formation rate. The rest-frame UV LF
at a cosmic time t is then

d? Ngr d
dMpy dt dMisso

(I)(M1350, t) = /dMH T[M1350‘MH7 t] ) (2-3)

where 7[Miss50| My, t] is the time lapse spent at magnitude brighter than M;gsq. After
the consideration of dust attenuation of Equation 2.1, we obtain the luminosity function
of Lyman break galaxies shown as Figure 2.2. The model predictions are well consistent
with the observational results. Especially, the recent results by Bouwens et al. (2011)[37]
and Oeschi et al. (2011)[243] confirm the model prediction of z ~ 10 LBGs LFs.
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Figure 2.2: Model luminosity functions of LBGs at 1350 A for z = 3 (dot-dashed line), z = 5 (solid
line), z = 7 (dashed line), and z = 10 (dotted line), based on the attenuation given by Equa-
tion (2.1). Data at z &~ 3 — 4 are from Steidel et al. (2001; empty circles) and Yoshida et al. (2006;
empty squares); at z /= 4 — 5 are from Iwata et al. (2007; filled circles) and Yoshida et al. (2006; filled
squares); at z &~ 5 — 7 from Bouwens et al. (2005; stars). The Steidel data have been converted from
1700 A to 1350 A setting Miss0 &~ Mi700 + 0.2, as suggested by Bouwens et al. (2005) on the basis of
the composite spectrum of z ~ 3 LBGs.

2.2 STAR FORMATION AND DUST ATTENUATION IN HIGH REDSHIFT

GALAXIES

In previous section, we have shown that the strong dependence of dust attenuation on

halo mass has clearly a key role in shaping the UV LF and determining its evolution. The
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G04 model combined with Equation 2.1 predicts a much faster increase with galactic age
of attenuation in more massive galaxies, endowed with higher SFRs. These objects have
therefore shorter lifetimes in the LBG phase. The short UV-bright lifetimes of massive
objects strongly mitigate the effect of the fast increase of the massive halo density with
decreasing redshift, thus accounting for the weaker evolution of the LBG LF, compared
to that of the halo mass function.

In this section, we will select a high redshift sample (z > 1. 4) to exploit the relation
between star formation and dust attenuation. The sample is zg50-band selected from the
GOODS-MUSIC catalogue( Grazian et al. 2006[138]). Using zgso-band selection com-
pared to the Lyman break selection, we can not only select the dust free star forming
galaxies, but also can select those galaxies with heavily dust obscured star formation, thus
allowing a better sampling of the early evolution of the spheroids. In order to find the
dust attenuation in high redshift galaxies and its effect on determining the stellar popula-
tions, such as age and stellar mass, we employ a new stellar population synthesis (SPS)
technique to explore the stellar properties from the rest-frame UV to NIR multiwave-
length photometric data.We use the updated simple stellar population(SSP) considering
the nebular emission and only assume the constant star formation and constant E(B-V)
for all SSPs(See more details in Appendix B).The constant star formation and E(B-V)

are a good approximation of G04 model prediction(See Figure 1.2).

2.2.1 A HIGH REDSHIFT SAMPLE FROM GOODS-MUSIC CATALOGUE

The data we use are taken directly from GOODS-MUSIC(GOODS MUIticolour South-
ern Infrared Catalog) sample ( Grazian et al. 2006[138], Santini et al. 2010[288]). Pho-
tometry is available in 12 bands, namely U-band form the 2. 2ESO(Us; and Usg) and
VLT-VIMOS (Uyrnos), the F435W (B-band), F606W (V-band), F775W (i-band), and
F850LP (z-band) ACS images, the JHKg VLT data, and the 3.6, 4.5, 5. 8 and 8. 0
pum bands from Spitzer IRAC instrument. In the following we will use Uy 105 instead of
Uss and Usg because the former is much deeper than the other two. The largest fraction
of the sample is 90% complete at zg50 = 26 (AB magnitude). A spectroscopic redshift to
more than 1000 sources is obtained after cross-correlation the data with all the available
spectroscopic catalogs.

The last release of the catalogue (Version 2) presents several important improvements:
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(1)The IRAC photometry are improved using new IRAC PSFs and background sub-
traction for the 3. 6, 4. 5, 5. 8 and 8. 0 pm bands; IRAC photometry is essential to
extend the wavelength baseline into the rest frame near infrared.

(2)New spectroscopic redshifts available after the Version 1 release were added. Thanks
to the release of new spectroscopic data in the GOODS-South Field (FORS2: Vanzella et
al. 2006, 2008[350][348]; VIMOS: Popesso et al. 2008[263]), the new version contains a
much larger spectroscopic sample than that presented in Grazain et al. (2006)[138]. The
quality of all spectroscopic redshifts is marked with a quality_flag flag which is divided
into four classes: very good, good, uncertain and very uncertain, represented by 0, 1, 2
and 3, respectively.

(3)The 24pum photometry by the MIPS instrument are added. The information of
24um photometry can be very important to explore the stellar properties of the z ~
2 galaxies, which can be used as an independent indicator of infrared luminosity and
therefore the star formation rate.Usage of 24um inferred infrared luminosity as a prior
can help to break the age-attenuation degeneracy.

Photometry For our analysis we used the zgso-selected catalog which has a typical
zg50-band (A ~8750A) magnitude limit, zg50=26. 0, for most of the catalog and extending
down to zg50=26. 18 in limited areas. The galaxies are selected from the zgsg-selected
catalog with the flag selgal = 1.

We further selected only the galaxies with at least one of JHKg bands, one of four
IRAC bands and seven bands detected totally, in order to explore the stellar properties
using stellar population synthesis modeling.

Redshifts

We used both spectroscopic and photometric redshifts. First of all we checked the
quality of spectroscopic redshifts marked with quality flag = 2 or 3 using SED fit-
ting. We thus rejected those spectroscopic redshifts that were clearly in contrast with
the observed SED. We then computed photometric redshifts for the full sample with
EAZY (Brammer et al. 2008[44]). The comparison with 1675 spectroscopic redshifts
with quality flag = 0 or 1 shows that the quality of the photometric redshifts is fairly
good, with an accuracy of (|2pnot — Zspeel/(1 + Zspec) = 0.07 (See Figure. 2.3).

The z-band selected sample In the present study only the galaxies with 1. 4 <
z < 5. 5 were selected in which redshift range the bulk of stars in the spheroids has been

formed.
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Figure 2.3: Spectroscopic redshift vs. photometric redshift given by EAZY (Brammer et al. 2008)[44].

We also divided the full z-band selected galaxies sample into four redshift bins: 1. 4 <
2<2.5, 25<2z<3.7 3. 7<z<4 5and4. 5<z<5. 5 with the mean value z ~
1.9, 3.0, 4. 0 and 5. 0, respectively.

In total we got a spectroscopic sample of 407 zg50-band selected galaxies with the
redshift range 1. 4 < 2 < 5. 5: 238 at z~ 1. 9, 127 at z~ 3. 0, 24 at z~ 4. 0 and 18 at
z~ 5. 0, respectively.

This sample was complemented by objects with only photometric redshifts in the fol-
lowing way. We first applied the synthesis technique (see Appendix B) using photometric

redshifts, to the above spectroscopic sample. For this sample we find that the accuracy
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of (|2phot — Zspec| /(1 + Zspec) = 0.12. In some cases, the photometric redshift estimate
fails catastrophically, with |2spec — 2pnot| > 1. This happens especially for the galaxies
with spectroscopic redshift zgpe. ~ 2 — 3 and the problem arises because in this redshift
range there is a strong degeneracy between the SED parameters and the redshift. A
particular example is that of the relatively featureless blue SEDs that can be fit equally
well either at z ~ 0 or at z ~ 2—3. As a result of this degeneracy there is a large scatter
in the values of the physical parameters, such as the stellar mass, star formation rate
and attenuation based on photometric redshift estimation.

However, we noticed that this degeneracy disappears above z ~ 3. 7. Indeed we could
obtain a much higher accuracy, (|zpnot — Zspecl/(1 + Zspec) = 0.03, considering only high
redshift objects, i.e. 3.7 < zppee < 5. 5. In this redshift domain the possibility of
catastrophic failures is significantly reduced because of the presence of the Lyman break
feature. For these galaxies we find a much smaller scatter in E(B-V) and SFR between
spectroscopic and spectro-photometric samples, e.g. (|E(B —V)phot — E(B — V) spec|) ~
0.05+0.05 and (|SFRypot — SF Rspec|/SF Rypee) = 0.43 £ 0.47, respectively. Indeed the
plots of E(B — V)spec V. SF Rgpe. overlap those of E(B — V)ppot vs. SFRypor.

Based on these considerations and since our primary goal was to increase the number
of objects to a statistically significant level, we complemented the spectroscopic sample
with the photometric sample, in the redshift range of 3. 7 < 2,5+ < 5. 5. This sample

contains additional 169 galaxies at zpnot ~ 4 and 52 at z,p0t ~ 5, respectively.

2.2.2 DEPENDENCE OF DUST ATTENUATION ON STAR FORMATION RATE

We have applied the population synthesis technique described in Appendix B, to derive
star formation rate, attenuation, ages and masses of this large sample of high redshift
galaxies.

In previous studies of local galaxies it has been found that there is a correlation, though
loose, between SFR and the amount of dust attenuation (Wang & Heckman 1996[357];
Heckman et al. 1998[146]; Calzetti 2001[53]; Sullivan et al. 2001[318]; Buat et al. 2002[48];
Calzetti et al. 2007[55]). This correlation still hold even in high-z galaxies (Meurer
et al.  1999; Adelberger & Steidel 2000[1]; Vijh, Witt & Gordon 2003[356]; Ouchi et
al. 2004[246]; Shapley et al. 2001, 2005[300][301]).

The results of our population synthesis confirm that the more powerful star forming
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Figure 2.4: Dependence of dust attenuation on the star formation rate at four redshift bins (z ~ 2, 3, 4
and 5). The filled circles on all panels show the galaxies with spectroscopic redshift. And the open
circles on two bottom panels (z ~ 4 and z ~5) show those galaxies with only photometric galaxies. The
crosses on every panel show the results of Lyman Break Galaxies at corresponding redshift range using
the similar SED fitting method(z ~ 2: Shapley et al. (2005)[301]; z ~ 3: Shapley et al. (2001)[300]; z ~ 4:
Pentericci et al. (2007)[255]; z ~ 5: Yabe et al. (2009))[362]. The red solid lines show our selection effect
at different redshift range, assuming magnitude limit zg59 = 26. 0 and using a 100Myr-old population
with the constant star formation rate as the template. The blue solid line shows the power-law fitting
result (E(B —V) = 0.07SFR"33) of our z ~ 2 sample. The green dotted and dot-dashed lines represent
the model predictions(See more details on text).
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galaxies are more heavily obscured. In Figure 2.4, we plot the best-fit SFR and the
color excess E(B-V) parameters obtained for our z-selected sample, at z~2, 3, 4 and
5, respectively. The filled circles indicate galaxies with spectroscopic redshift, while
the open circles on two bottom panels (z ~ 4 and z ~5), mark those galaxies with
only photometric redshifts. In every redshift bin (z ~ 2, 3, 4 and 5), there is a
clear tendency for the reddening to increase with the SFR The color excess E(B-V) is
expected to be proportional to some power of SFR (Mao et al. 2007[211]; Calzetti et
al.  2007[55]). In the case of the lowest redshift bin we obtain the following relation
E(B —V) = (0.07 £ 0.06SFR(33*017) " This curve is shown in blue color in the upper
left panel and is also reported, for comparison, in all the other panels of Figure 2.4.

Also plotted in the figure is the expected E(B-V) threshold locus (red line) above
which, a galaxy with a 100 Myr constant star formation, would remain undetected
because it fall below the detection limit of the survey, here assumed zg50 = 26. 0

In the same figure we have plotted with blue crosses the results obtained for several
LBGs samples, found in literature. We have considered the following samples. 2z ~
2 Shapley et al. (2005)[301]; z ~ 3 Shapley et al. (2001)[300]; z ~ 4 Pentericci et
al. (2007)[255]; z ~ 5 Yabe et al. (2009)[362].

From Figure 2.4 it is evident that, at any SFR, we are able to detect objects with
higher attenuation. This is more evident in the z ~ 2 sample where all the LBGs
galaxies fall below our best fitting relation. At higher redshifts the differences become
less significant mainly because the detection limit of our survey selects progressively less
extinguished galaxies.

The difference between our result and that of Shapley et al. (2005)[301] at z ~ 2 arises
from two aspects.

The first one is that the magnitude limits of the two samples are different. In our
sample, the magnitude limit is at zg50 ~26. 0 while, in Shapley et al. (2005)[301], the
limit is at R ~25. 0

The second reason is that the sample selection criteria are different. We have con-
structed our sample according to the zgso-band images, which allow us to detect more
heavily obscured galaxies at z ~ 2. In contrast, Shapley et al. (2005) selected their
sample by means of the Lyman-break technique which is not sensitive to the galaxies
with E(B-V) greater than 0.45.

In any case, Figure 2.4 illustrates that the observed relation between the attenuation
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and the star formation rate, is a complex combination of the intrinsic properties of the
galaxies and the criteria used to build up the sample.

In order to disentangle these effects we have plotted in Figure 2.4 the predictions of the
G04 model. The dust attenuation is expected to be proportional both to some power of
star-forming gas mass (or equivalently of the SFR) that reflects the dust column density
and to some power of the metallicity that reflects the fraction of metals locked into dust
grains. Mao et al. (2007) have shown that it is possible to describe the luminosity-
reddening relation found by Shapley et al. (2001) for z ~ 3 LBGs with equation 2.1.

In Figure 2.4, we over-plot G04 model expectations with green dotted and dash-dotted
lines. With the simple law we adopted in Equation 2.1, G04 model can reproduce the
observed dust attenuation and SFR relation at all redshift bins(z ~ 2, 3, 4 and 5).

As anticipated, the observed dust attenuation and SFR relation arises from two basic
aspects. One is the sample selection criteria which makes us not be able to observe those
old passive-evolved galaxies with low SFR and moderate dust attenuation. The other one
is the fact that the more massive galaxies will have more intense star-forming and faster
metal enrichment, which makes the galaxies with high SFR and low dust attenuation

rare.

2.2.3 THE RELATION BETWEEN 8um LUMINOSITY AND THE INFRARED LUMINOSITY

As seen in the previous sections, the SED fitting procedure allows one to reconstruct
the contribution of the different stellar populations to the integrated light and, in par-
ticular, the current star formation rate and the mass in stars already present in the
galaxy. However it is well known that the results obtained in this way may be affected by
several uncertainties that are connected with some basic assumptions of the procedure, in
particular the amount and the wavelength dependence of the attenuation and, to a less
extent, the kind of star formation law and the metallicity.

The amount of the attenuation is a result of the fitting procedure, but in practice it
depends on the wavelength dependence of the attenuation law adopted and on the degen-
eracy between galaxy age, chemical composition and attenuation. For example, both
an increase of the metallicity and an increase of dust attenuation mimic an increase of
age.

In the previous analysis we have assumed a "Calzetti" attenuation law, which looks
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Figure 2.5: Relation between Lg and Ly of a local sample. The open circles represent galaxies selected
from SINGS sample(Dale et al. 2007[89]). The filled circles are local (U)LIRGs selected from Vega et
al. (2008)[351]. Other published calibrations between Lg and L;g are also plotted.

appropriate for luminous star-bursts. For less luminous galaxies an attenuation law
similar to that of the SMC could be more suitable. Moreover, as discussed by Calzetti
(2000)[54] and by Silva et al (1998)[308] the attenuation of the young stellar populations
could be larger than that of older stars. In the previous analysis we did not take into
account this effect, even if our code was originally devised to account for an age dependent
attenuation. An age independent attenuation was preferred in order to keep the number
of independent free parameters to a minimum value.

For young populations the effect of metallicity is less severe than that of the attenu-
ation. We checked that varying the chemical composition from solar to 1/3 solar, did

not change significantly the results.
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The attenuation instead, affecting especially the ultraviolet spectral region, may
introduce a significant bias toward older ages. In our case, the degeneracy between at-
tenuation and age is at least partly controlled by the large spectral coverage we have, from
Far UV to rest-frame K-band.

On top of that we remind that any fitting procedure like the one we used, will tend to
underestimate the star formation rate if a significant fraction of the emitted light remain
obscured even at the rest frame wavelengths corresponding to our reddest bands.

Since the energy absorbed by dust at UV and optical wavelengths is thermally re-
radiated in the MIR/FIR beyond 3-4 pm, the only safe way to obtain the bolometric
luminosity would be by complementing UV-optical data with the total infrared luminos-
ity. In particular, as long as the intrinsic emission is dominated by massive stars, as
in young star forming objects, the bolometric luminosity and hence the current star
formation rate, are simply provided by the sum of the observed UV and far infrared
luminosities.

Thus, since the far infrared luminosity cannot be easily obtained, especially for high
redshift objects, there have been in the past many attempts to obtain estimates of the
bolometric luminosity directly from the UV spectral properties themselves, e. g. trying
to estimate the UV attenuation from the UV slope. One of such attempts is the so called
IRX-j relation of local starburst galaxies, i. e. the relation between their UV spectral
slope fyy, defined as f(A\) oc AUV within the wavelength range 1250A — 2600A, and
the ratio between their infrared and UV luminosity, L;r/Lyy, all quantities evaluated
in the rest frame (Meurer et al. 1999[227], Calzetti et al 2000[54]).

More recently, with the advent of space IR telescopes, it has been possible to derive
a more direct estimate of the total infrared luminosity, that involves its relation with
the emission in the mid infrared. Rieke et al 2009]278] have found that, in local star
forming galaxies, the total infrared luminosity correlates fairly well with the luminosity at
8 pum, Lg=ALy(at 8um), over a wide range of luminosity, 10® < L® < 10! L. Similar
results were obtained by Chary end Elbaz (2001)[65] and Calzetti et al (2007)[55].

Reddy et al. (2010)[270] have recently confirmed that this correlation holds also in high
(z~2) redshift galaxies. To this purpose they have shown that there is a good correlation
between the dust-corrected H,, luminosity and the Lg,,, luminosity. Since the intrinsic
H, luminosity is directly proportional to the star formation rate as the IR luminosity

is, then Reddy et al (2010)[270] proposed a relation between L;r and Lg (cfr. their

33



CHAPTER 2. UV-SELECTED STAR FORMING GALAXIES

Equation 3), derived for galaxies with luminosity in the range 1010 < L® < 10! L.

The L;gr — Lg relation is particularly important because the latter can be obtained
by SPITZER TRAC and MIPS observations for a large number of local and high redshift
galaxies, respectively.

Indeed a strong implementation of the second version of the GOODS-MUSIC catalogue
is constituted by the 24pm MIPS flux measurement. In our sample, 135 objects have
been detected at 24pm and, since their redshift is ~2, their 8um rest-frame luminosity
can be derived from the observed 24pm flux, after a suitable k-correction. Usinge. g. the
Reddy et al relation, we could derive the total infrared luminosity from the S8um rest-
frame luminosity, and thus obtain the star formation rate and dust attenuation in a way
independent from the SED modeling procedure.

Before applying this method, and in particular the Reddy et al (2010)[270] relation, we
have to consider that, in strongly star forming galaxies, a significant fraction of the SFR
may be completely hidden at optical wavelengths so that, even after dust attenuation
correction the H, luminosity could sample only a fraction of the total FIR luminosity (
Poggianti, Bressan, & Franceschini 2001[262], Valdes et al. 2005[339]).

To avoid this eventual bias with the intrinsic luminosity of the source, we have revisited
the relation between L;z and Lg making use of two well studied local samples of galaxies
that, all together, span about five order of magnitudes in infrared luminosity.

We have combined a well studied local (U)LIRGs sample (Vega et al.  2008[351])
with that of a nearby galaxies sample from the Spitzer Infrared Nearby Galaxies Sur-
vey(SINGS) (Dale et al. 2007[89]). The local (U)LIRGs sample contains objects with
infrared luminosity between 10* < L8 < 2x10'2 L. It has been drawn from the original
sample of compact ULIRGs (Condon et al. 1991[74]) and it is characterized by a well
sampled SED from the NIR to the radio wavelengths. The corresponding SEDs have
been thoroughly analyzed by Vega et al. (2008)[351] with GRASIL synthesis code (Silva,
et al. 1998[308]). Vega et al. were able to derive the environmental parameters of these
galaxies among which the current SFR, the dust obscuration and the fractional contribu-
tion of the total FIR luminosity possibly coming from the AGN. They also provide the
best fit model SED from which we have derived both L;z and the rest frame Lg. For the
SINGS sample, we computed the 8um rest frame luminosity directly from the Spitzer
IRAC 8um band while the IR luminosity was obtained by fitting the Spitzer MIPS 24, 70
and 160um fluxes and the SCUBA 450 and 850um fluxes, when available, with two
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modified black body spectra. In both cases we have minimized the possible effect of
the non stellar contribution by a central black hole excluding from the local (U)LIRGs
sample those galaxies with an estimated AGN contribution to the 1-1000um luminosity
larger than 10 percent and discarding, from the SINGS sample, those galaxies which
are identified as Seyferts or LINERs. The resulting sample consists of 54 galaxies with
infrared luminosity ranging from 107 to a few 10'2L of which 16 galaxies belong to the
local (U)LIRGs sample and 37 belong to the SINGs sample, respectively.

The relation obtained between Lg and Ly is plotted in Figure 2.5, where filled circles
represent the (U)LIRGs sample and the open circles the SINGS sample, respectively. The

best fit between Lg and L;g, represented by the solid line, is a nearly linear relation:
log[Lir/Le) = (0.98 £ 0.03) x log[Lsyum/Le] +1. 33 £0.25 , (2.4)

In the same figure we compare our relation with few other published relations found in
the recent literature. Notice the very good agreement with the recent relation derived
by Reddy et al. (2010)[270], though the latter tend to slightly overestimate the FIR
luminosity in the domain of ULIRGs. On the other hand all other relations plotted in the
figure, but the one by Bavouzet et al (2008)[17], though reproducing the (U)LIRGS data
tend to severely underestimate the FIR luminosity of less active galaxies. The relation
by Bavouzet et al (2008)[17] match our data only at intermediate luminosities.

The empirical relation plotted in Figure 2.5(Equation 2.4) indicates that in star form-
ing galaxies, the luminosity at S8um is an almost fixed fraction of the total infrared
luminosity, independently of the galaxy type. Said in more physical grounds, it tells us
that an almost constant fraction of the luminosity, ~5%, 1is reprocessed by hot dust.

This is quite surprising given the large variety of galaxy environments where dust
reprocessing is operating. Suffice here to recall that while in normal spirals the attenu-
ation of massive stars drops significantly after a few Myr, as deduced for example from
the observed location of the bluest side of the main sequence in the HR diagrams, in
ULIRGs they may remain embedded in the parental clouds for the entire age of the star-
burst. There are many examples of the so called "molecular cloud dominated" SEDs
in the (U)LIRGs sample (see Vega et al. 2008[351] and Vega et al. 2005[352] for a
detailed discussion). Thus while in (U)LIRGs dust reprocessing mainly happens within

dense molecular clouds for almost the whole duration of the burst, in less active galax-
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ies dust reprocessing after a few Myr is mainly due to a more diffuse dust component
(the "cirrus"). These two very different environments where dust reprocessing operates
bears on the MIR spectral shape. The MIR emission from dense molecular clouds is due
to hot dust in the very inner regions of the clouds while that of the diffuse component
is characterized by the presence of prominent polycyclic aromatic hydrocarbon (PAH)
complexes, with one of such complexes being centered at 7. 7Tum.

At high infrared luminosity, the 8um emission originates from the hot dust in the inner
regions of the dense molecular clouds while at low infrared luminosity the 8um emission
originates from the excitation of PAHs in the diffuse dust component. Thus even if two
different mechanisms are at work, the 8um rest frame luminosity, Lg, remain a very

good proxy for L;g, both at low and high luminosity.

2.2.4 THE SED-INFERRED INFRARED LUMINOSITY

We will now use Eq. 2.4 to obtain the infrared luminosity of the galaxies detected
at 24pum (z < 3. 0). This observed infrared luminosity will thus be compared with the
SED-inferred infrared luminosity:.

Galaxies detected at 24um have typical redshift z~2 and their rest frame spectra span
the wavelength range from UV at around 1000A to ~ 8um. Therefore we expect that the
galaxy SEDs at shorter wavelengths are significantly affected by dust absorption, while
at ~ 8um they are dominated by the radiation from thermal dust.

Dust absorption and re-radiation in galaxies is a quite complex process. A detailed
description would require to exploit dust composition, including chemical composition
and grain size, dust and star distribution in the galaxy under scrutiny and the solution
of the radiative transfer equation (see e. g.  Mathis 1990[218]; Dwek 1997[100]; Silva
et al 1998[308]; Draine 2003[97]). Although dust and stars are mixed in galaxies (in
various configuration) , it is possible to describe the light attenuation in terms of "effective
extinction", i.e. the extinction that would absorb the total light of the galaxy by a dusty
screen giving the same amount of attenuation as the dust actually present within the
galaxy. By introducing this attenuation term (which has an attenuation curve different
from the actual extinction curve of dust in the galaxy) , it is possible to describe the dust

attenuation with the simple relation:

Lops = Lg(A\)107044 (2.5)
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where Lg(\) is the intrinsic stellar specific luminosity and the attenuation Ay = k\E(B —
V') is the product of the attenuation curve k, and of the color excess E(B-V).
The luminosity absorbed by dust is then

Lups = / T Le(V)[1 — 1070440, (2.6)
0

Since most of this energy is in fact re-radiated in the wavelength range 20-200 pym we

have, from energy conservation, that the infrared luminosity is
Ligr = Laps (2.7)

The SED fitting technique allow us to derive separately the quantities Lg(A\) and A())
so that, at the end of the procedure we can easily compute L., and thus obtain the
SED-inferred infrared luminosity, Ljg.

We can now compare the SED inferred infrared luminosity to that estimated by means
of equation 2.4, for the 135 objects of our sample that have been detected at 24um. Since
we are dealing with galaxies at redshift ~2, their 8um rest-frame luminosity can be
derived from the observed 24um flux, k-corrected using the average mid-IR spectral
shape of local starburst galaxies, as estimated by Reddy et al. (2006)[272]. We will refer
to this quantity as the observed Lsg.

We plot in figure 2.6 the relation between the observed Lg luminosity and the SED
L;gr, derived from the best fit parameters and the corresponding attenuation, as de-
scribed in Appendix B. In Figure 2.6 we split our sample according to the total infrared
luminosity, namely L;p > 102L (solid red) for ULIRGs, Lz < 102L, > 10! (solid
blue) for LIRGs and Lz < 10''Ly (solid green) for LOW-L galaxies. This criterium
translates into bins in Lg luminosity.

Superimposed to our data are the same relations plotted in Figure 2.5.

Though the points distribute around relation 2.4, the scatter is much larger than
that of Figure 2.5 and there is a clear trend of underproducing L. at increasing observed
Lg. At the brightest luminosities, about half of the galaxies are a factor of 2 5 below
Laps suggested by relation 2.4. On one side the large Lg and bolometric luminosity of
these objects are witnessing large SFR and, on the other hand, the high ratio between
the FIR luminosity (deduced from Lg) and the observed UV luminosity indicate strong

UV attenuation (Ajg00 =3, see below). In those objects the emerging UV radiation may
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Figure 2.6: Comparison of the SED-inferred infrared luminosity and the 8um observed luminosity
Lgym. The former is computed from the best fit model assuming constant SFR and a Calzetti at-
tenuation law. Data points are colored following their bolometric luminosity, Ly, > 10'2Ls (red) for
ULIRGs, 102Lg > Ly > 101 Lg (blue) for LIRGs and Ly, < 101 Lg (green) for low luminosity
(LOW-L) galaxies. Overplotted calibrations are the same of Figure 2.5. There is a spread of ~ two
order of magnitudes in the derived SFR over the entire range of 8um luminosity.

not even directly mirror the global attenuation of star formation process, because it may
originate in regions that are occasionally located in a less dust enshrouded ambient, or
in a few regions where young stars emerge from the dusty ambient in a relatively shorter
time scale (Silva et al 1998[308]; Panuzzo et al 2003[250]). Local examples of strongly
extinguished star forming regions are the ULIRGs, for which the average attenuation
in the NIR may reach several tens of magnitudes (Vega et al. 2008[351]). When the
attenuation is so high, a few regions relatively transparent to UV radiation can largely
affect the estimate of the absorbed luminosity from observed SED, lowering the predicted
absorbed luminosity. This effect shifts the estimated absorbed luminosity below the
value expected by extrapolating the relationship holding for galaxies with lower average

attenuation. In such galaxies the bulk of IR luminosity and the bulk of UV luminosity
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could originate from different regions, as found in nearby starburst galaxies (Goldader et
al 2002[131]).

At the fainter edge the galaxies distribute according to relation 2.4 indicating that, to
a first approximation, the Calzetti law is appropriate for normal star-forming galaxies
out to z ~ 2. However the scatter remain too large in comparison with that of Figure
2.5. In this case we cannot invoke the same mechanism of before, i. e. that a significant
fraction of the SF may remain hidden at UV wavelengths, because this effect should
become less problematic as the bolometric luminosity decreases. In fact, in some objects
the predicted SFR is even larger than that expected from the corresponding Lg, in some
cases by even an order of magnitude. Thus other possibilities have to be considered such

as the validity of the Calzetti law or the method of fitting the data.

2.2.5 THE OBSERVED IRX-/ RELATION IN Z~2 GALAXIES

The comparison of the observed infrared luminosity with that derived from the SED
fitting indicates that though at a first glance the fits look reasonable, the models fail
to reproduce the correct bolometric luminosity and hence the correct star formation rate
and attenuation. It is remarkable that in some cases the fitting technique predicts a far
infrared luminosity which is larger than the observed one.

This is a critical point because it indicates that even the shape of the adopted atten-
uation law may be wrong. Indeed in some cases, the observed shape of the UV /optical
continuum seems to require a total attenuation larger than that allowed by the observed
infrared luminosity. Say in other words, we have hints that also the form of the real
attenuation curve may be different from the adopted one.

To better highlight this point we have used the observed IR luminosity and the con-
tinuum UV flux, to check the IRX-S relation of our sample. For a sample of local
starburst galaxies, Meurer et al. (1999)[227] in fact have pointed out a tight correlation
between the IR-to-UV luminosity ratio L;r/Lyy and the rest-frame UV slope [y, which
is known as IRX-f relation. For all the galaxies detected at 24pum we have calculated
the slope By by performing a linear fit to all available photometric data with rest-frame
central wavelengths falling in the range 1250A — 2600A. For instance, Uyaos, F4A35W
(B-band), F606W (V-band), and F775W (i-band), if available, were used for the galax-
ies at z~2. We have used L1600=A(1600)L,(1600) as an approximation of the observed
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Figure 2.7: The rest-frame IRX — Sy relation of the z selected galaxies. Data points are splitted by their
bolometric luminosities(Lyo; > 10'2Le:red; Ly, < 10'2Lg > 10'1:blue; Ly < 101 Leo: green). The
solid line shows the local Meurer relation while the dotted line the corresponding relation obtained
adopting the SMC extinction law (e. g. Bouchet et al. 1985[34]). The dashed lines have been obtained
by changing the parameter Ry, which measure the total (Ay) to selective E(B-V) extinction, in the
Calzetti law. Ry ranges from 1. 5 (bottom dashed curve) to =10.

Lyy. It is worth noticing that the far infrared luminosity, the UV luminosity and the
slope so obtained are all model independent.

The resulting IRX-3 relation of our z ~ 2 sample is shown in Figure 2.7. We find
that the normal star-forming galaxies at z ~ 2(blue points) follow the local Meurer rela-
tion. It’s consistent with the results of Reddy et al. (2006, 2010)[272][270], whose samples
are also at z ~ 2. For the typical star-forming galaxies, the holding of IRX-/5 can be
understood most simply as a sequence in the overall dust content of the galaxies(Charlot
& Fall, 2000[64]). However, the Meurer relation seems to be the lower envelope for the
bolometrically luminous galaxies with Ly, > 10'?L,. Systematically larger IRX ratios

are also found in the local ULIRGs (Goldader et al. 2002[131]), z ~ 2 ULIRGs (Reddy
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Figure 2.8: Same as Figure 2.6 for best fit models constrained by the observed infrared luminosity. To
stress the quality of the fitting procedure and only in this figure, a 5% error in the Lz has been
assumed, instead of the true error.

et al. 2010[270]) and radio-selected SMGs (Chapman et al.  2005[62]). This bias is
generally attributed to the fact that significant amounts of star formation are completely
obscured in the UV and the observed UV photons come from the older stellar popula-
tion, which formed before the starbursts and have escaped from the molecular clouds
(Reddy et al. 2006[272]; Papovich et al. 2006[251]; Chapman et al. 2005[62]).

In the same figure we have plotted the result obtained by using different attenuation
curves. The dashed lines have been obtained by changing the parameter Ry, which
measures the total (Ay) to selective Ap-Ay extinction, in the Calzetti law. The values
range from Ry =1. 5, for bottom dashed curve, to Ry=10, for the top curve. The dotted
line represents the relation obtained adopting the SMC curve (Bouchet et al. 1985[34]).
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Figure 2.9: Best SED fitting models assuming the far infrared prior and a variable Ry ratio in the
attenuation curve. The fit is forced to reproduce the observed L;g luminosity.

2.2.6 L;p AS A PRIOR FOR SED FITTING

It is evident from the previous discussion that the SED modeling technique suffers
from two main limitations. One is the presence of totally obscured star formation and
the other is the intriguing interplay between other factors like, age, metallicity and
dust/star geometry. The first effect is easily accounted for if we know the FIR luminosity
as shown by many relevant studies of the subject. The second effect is more difficult to
deal with, if not practically impossible when the galaxy is modeled as a single zone like

in our simple procedure. On the other hand the observational constraints are too low to
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use more sophisticated models.

In order to complain with the former point we have included the infrared luminosity
L;r as a further constraint in our fitting procedure. For the latter point the best thing
we could do is to follow the observational evidence that in the IRX-5 diagram galaxies
are consistent with different attenuation laws.

The code has been modified to allow the calculation of the absorbed luminosity and
to let the model to treat this value as a constrain of the minimization (e. g. Mayya et al
2004[220]). The observed infrared luminosity has been normalized to the luminosity in
a selected reference band with the ratio Lyg/(Ae X Ly,). The relation between intrinsic

(rest frame) and observed quantities is simply
Ae X Ly, = 47D, X fx, (2.8)

where A\.=\,/(14z) and f), are the observed fluxes and L,, is the specific model lumi-
nosity computed in the de-redshifted normalization band.

Thus the observed ratio is

Lir
IRp = ————— 2.9
7 4x D2, X fi, (2:9)
while the corresponding model prediction is
Labs
IRy = —— 2.10
M )\e X L)\e ( )

At the same time we have treated the Ry ratio of the attenuation law as a free param-
eter in the fitting procedure. The reddening curve k() is the Calzetti-like form (Calzetti
et al. 2000[54)):

k(\) = 2.659 (—1. 857+ 1. 040/)\) + Ry 0.63 m < A < 2. 20 um
= 2.659 (—2. 156 + 1. 509/\ — 0.198/A\2 + 0.011/X%) + Ry
0.12 pum < XA < 0.63 pm. (2.11)

Ry was let to vary within the range 1. 5<Ry <10 as shown in Figure 2.7.
By exploiting the Lg-L;r together with the simultaneous fit of all other photometric
band, we are able to constrain in a fairly robust way the stellar population parameters

characterizing our z~2 zg5 selected galaxies.
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Figure 2.10: Left panel: comparison between the star formation rates derived with and without imposing
the Ly prior. Right panel: comparison of the masses derived with and without the far infrared
prior. Data with error on the 24um flux < 15% have been surrounded by boxes.

e The SFR. The far infrared luminosity is a prior that provides the unbiased level of
the SFR. For a given IMF, the error on the SFR is mainly observational, though
there is some dependence on the for of the adopted law and on the metallicity of the
stellar populations, as already discussed by Shapley et al. (2005)[301]. Determining
the correct shape of the SFR will require by far additional information, such as
spectral emission and absorption lines and thermal and non-thermal radio continuum
emission. These effects probe the different contribution of the stellar populations of

different ages and can be used, in principle, to disentangle the correct form of the
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SFR (e. g. Bressan et al. 2002[47], Vega et al. 2008[352]).

e The attenuation. With the SFR essentially determined by the far infrared luminos-
ity, the observed UV continuum mainly fixes the level of attenuation. This is also

a quite robust result because the far infrared luminosity is mainly produced by the

absorbtion of the UV light.

e The Age and the mass. The observed SED from the UV to the near infrared is
the result of the combination of the form of the attenuation and the age of the
galaxy. There can be some level of degeneracy between age, metallicity and shape

of attenuation, but the number of constraint is also quite high.

A check of the whole fitting procedure is shown in Figure 2.8. In constructing this
figure we deliberately assigned an error of 5% to the infrared luminosity, this figure is
only meant to show the ability of the procedure to recover the input far infrared lumi-
nosity. It is also worth noticing that, using only the L;r prior but adopting a fixed
attenuation law, did not produce a significant improvement in the results. Indeed in
several cases, imposing the FIR luminosity resulted in a very poor fit of the global SED.

The SED fit is in general very good. There are however still a few galaxies for which
the predicted value of the FIR is different than the observed one. These are mainly
low luminosity galaxies, where, the reddening deduced from the UV-NIR SED would
require a higher global attenuation producing a far infrared luminosity twice as larger
than the observed one. An inspection of Figure 2.7 shows that these galaxies lie near the
region covered by the SMC law, with a high UV slope, 8, and a correspondingly low
IRX ratio. For these few galaxies we have repeated the whole procedure with the SMC
attenuation law, and then their FIR is very well reproduced.

It is interesting to note the presence of objects for which the standard SED fitting
technique overestimates the far infrared flux by even a significant factor. In these objects
the reddening deduced from the UV-NIR SED, if interpreted by means of the usual
Calzetti law would require a higher global attenuation producing a far infrared luminosity
twice as larger than the observed one.

The comparison of the SFR derived from the best fit models obtained with and without
the far infrared prior is shown in the left panel of Figure 2.10. The dispersion increases at
increasing star formation and for the L; R brightest objects the SFR can be underestimated

by even an order of magnitude. At intermediate and low luminosities the SFR is on the
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Figure 2.11: Dependence of the selective to global attenuation (Ry), UV (Aigoo, middle panel) and
visual (Ay, right panel) attenuation, on the star formation rate.

average slightly underestimated.

The right panel of the same Figure shows the comparison of the masses. Here the mass
is the integral of the SFR over the age of the galaxy and it does not take into account the
mass returned into the interstellar medium due to stellar wind and SN explosion. The
different sub-samples are colored as in Figure 2.6 and data with error on the 24um flux
<15% have been surrounded by boxes. We see from this panel that the fitting technique
commonly adopted (that without the L;g prior) underestimates the total mass by an

average factor of about 50%. Individual values may be offset by even a factor of 4.

2.2.7 PHYSICAL PROPERTIES OF zg50-SELECTED GALAXIES AT Z~ 2

We start the discussion by considering one of the basic assumptions in our fitting
technique, the Ry ratio in the attenuation law, that we treat as a free parameter.

The run of the Ry ratios as a function of the star formation rate is shown in the left
panel in Figure 2.11. There is a broad tendency of Ry to increase with the strength of
the SFR but the scatter, at a given value of the SFR, is quite large. The value of Ry for
the Calzetti law is Ry ~4. At increasing Ry the attenuation law becomes progressively
flatter, i. e. more neutral. In particular, while for a typical Calzetti law the ratio of
the attenuation in the K and V band is Ag/Ay~0.1, for Ry=10 Ag/Ay~0.6. This
mens that the attenuation in the K band is not more negligible with respect to that in the
visual band, as usually found. Several ultra luminous sources are well fitted by Ry >4
or by an attenuation law which is more neutral than the typical Calzetti law. Indeed

it is well known that in local ULIRGs the molecular clouds associated with the star
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Figure 2.12: Left panel: distribution of the UV attenuation (~ 1600A ). Arrows indicate the average
value of global sample (black, Aigoo ~3. 3 mag) and of the sub-samples. Right panel: The relation
between dust attenuation at 1600A and the colour zgsg — 4. 5um.

forming regions may be optically thick even at the mid infrared wavelengths (Vega et
al. 2008[351]). Thus, in order to reproduce the observed far infrared luminosity together
with the observed UV slope, a flatter attenuation law is required, otherwise the spectral
shape would be too steep. We remind here that our parametrization is only meant to be
a good description of the attenuation resulting from the combination of different processes
such as age dependent extinction, geometrical effects, including eventual holes along the
line of sight, and even real differences in the dust mixture.

In the middle and right panels of Figure 2.11 we show the relation between Ay and
Ay with the star formation rate. In both cases the attenuation grows with the SFR as
found by other authors. It is interesting to note that the dispersion decreases significantly
when we move from the ultraviolet band to the visual band.

The distribution of the UV attenuation is shown in the left panel of Figure 2.12. The
average attenuation in the UV is ~ 3. 3 mag and the maximum value is ~ 9 mag.

We have also searched for other possible indicators of dust attenuation, trying to
exploit on one side the wide baseline coverage of the data and, on the other, the fact that
we have been able to derive quite accurate estimates of the bolometric luminosity. These
indicators could be possibly used whenever any rest frame data beyond NIR is lacking.

For our sample we found a tight correlation between the UV attenuation and the

2850 — 4. bum colour, as shown in Figure 2.12. The colored symbols are the same
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Figure 2.13: Distribution of the star formation rates in our z selected galaxy sample. Arrows mark the
average value of the full sample (black, SFR=80Mg,/yr) and of the sub-samples selected as in Figure 2.6.

as in the left panel of Figure 2.7. Using the expectation-maximization(EM) algorithm
which is implemented in the ASURV statistical software package(Isobe et al. 1986), we
perform linear regression on our whole sample, including 24um detected and undetected

sources. Our best fit is (solid line):
Avgoo = (—0.65 £ 0.16) + (1. 59 = 0.07) (2850 — 4. 5pm) (2.12)

It is worth noticing that, in contrast with the UV slope, the zg50 — 4. 5um colour is
relatively insensitive to the form of the attenuation law.

In the absence of any prior on the star formation rate we may use equation 2.12 to
obtain the UV attenuation and, after correcting for attenuation the UV luminosity, we
can use a suitable calibration to obtain the star formation rate.

The distribution of the star formation rates in our galaxy sample is shown Figure
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Figure 2.14: Age distribution of our sample galaxies. The arrows indicate the average values of global
sample (Age=270 Myr) and of the subsamples, color coded as in Figure 2.6. The thick shaded histogram
represents the age distribution of 24um undetected galaxies as discussed in the text.

2.13.  The primary selection in the z band allows us to detect galaxies with a wide
range of star formation rates, from a few Mg /yr to >10% M /yr. However the further
selection at 24pum, imposes a threshold at about 10 M, /yr. Since the depth of the 24pum
observations is not the same in the different fields, the exact value of this threshold is
somewhat variable. This will be discussed in a following section.

The average value of the final sample is SFR~80My /yr (black arrow in the Fig-
ure).  Average values of the sub-samples selected following the total far infrared lu-
minosity, are also shown.

In Figure 2.14 we plot the age distribution of the sub-samples selected according to the
total infrared luminosity, namely L;r > 10'2L, (solid red) for ULIRGs, Lz < 10"2L, >
10" (solid blue) for LIRGs and L;p < 10" L, (solid green) for LOW-L galaxies.

Figure 2.14 shows that the lower limit to the ages of ULIRGs and LIRGs are not
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significantly different and, perhaps more important, they are quite young. In both
classes, very young objects can be detected with ages of only a few 10 Myr. This implies
that a significant amount of dust must already be formed in such a short time.

The distribution of ULIRGs is significantly flatter than that of LIRGs but, in both
cases objects as old as about 2 Gyr have been found. The average age of their distribution
is ~ 180 Myr (red and blue arrows in the figure)

In contrast the distribution of the less luminous galaxies (solid green line) is skewed
toward significantly older ages, with an average age of ~ 1 Gyr. From figure 2.14
we notice that these objects have the lowest star formation rates as detected from the
combined SED analysis. Thus one possibility is that low star formation rates can be
maintained for a longer time as if the star formation efficiency were lower. For instance, in
the case of the downsizing scenario, low mass objects looks younger because their lower
star formation rate lasted for a longer time and not because they formed later. So one
possibility is that we could have selected the brightest tail of the lower mass galaxies
that, because of the downsizing effect, have formed at earlier epochs.

Another possibility is that this effect arises because of our selection criteria. The
sample is originally selected in the z band. With the further addition of the the 24um
criterion we exclude objects with SFR <20 M, /yr and we put in the low luminosity class
objects with SFR around the above threshold (see figure 2.13). But in order to be selected
in the z band, an object with a low SFR must be relatively old so that its mass is at
least comparable with that of higher star forming objects. This could favor the selection
of older objects i. e. objects with larger t=M,,;/SFR.

To better clarify this point we may consider the mass distribution, shown in Figure
2.15.  The masses range from M~10°Mg to M~4x10"My.  Ultra luminous galax-
ies have a quite flat mass distribution up to the higher values and an average mass of
M=1.2 x 10''M,. In contrast LIRGs and LOW luminous galaxies show a well defined
peak around M~10°Mg and a very similar average value M~2x10*M,.

Since LOW-L galaxies can be as massive as the more luminous LIRGs sources, it is
likely that the above result arise from our selection criteria. However their number is
really small and, to draw more robust conclusions it will be desirable to extend the above
analysis to the full z selected sample. We remind that with the 24pm threshold we have
cut about half of our original z selected sample, and the majority of the excluded object

are of course low star forming objects.
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Figure 2.15: Distribution of the masses in our z selected galaxy sample. Arrows mark the average value
of the full sample (black, M=1.6x10"M) and of the sub-samples color coded as in Figure 2.6. The
dashed histogram represents the mass distribution of 24um undetected galaxies as discussed in the text.

The 24pm luminosity was used as a prior in our fitting procedure to provide more
reliable values of the physical parameters of the galaxies, especially when the obscuration
is high. However we notice from Figure 2.10, that for the low luminosity sample the
prior knowledge of the infrared luminosity is not so important as for the high luminosity
galaxies. In the former domain, the star formation rates obtained without assuming the
Lig prior are actually even slightly overestimated. The reason behind this effect is that
the Ry adopted in the standard fitting procedure, that of the Calzetti law, is larger
than that characteristic of low star forming objects. Indeed the median value of Ry for
objects with SFR <30 Mg /yr is Ry~2. 5. When repeated with such value of Ry the fits
without L;g prior reproduce fairly well those with the L;g prior.

Thus we may use the standard procedure for the analysis of the sub-sample of galaxies

undetected at 24 pum, provided that we adopt a Calzetti law with a lower value of
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Ry~2.5.

We notice that the fits of the SEDs of these galaxies are not as good as those of
the sample detected at 24um. These galaxies are intrinsically less luminous and the
photometric uncertainties are on average larger, being typically between 0.2 mag and
0.5 mag in half of the bands. In several objects the derived SFR is higher than the
average threshold imposed by the 24um criterion, but the object was not detected at
24pum either because of lower exposure depth or because the SED inferred SFR was
significantly affected by the photometric errors. We thus excluded from this sample
those object with a derived SFR >30 Mg /yr for which, according to figure 2.10, the
knowledge of the L;g prior is needed.

In total we have 41 objects with Loy, < 10*. Their age and mass distribution are
shown as dashed green histograms in Figures 2.13 and 2.15, respectively.

We now see more clearly that low luminosity objects have older age and lower masses
than the rest of the sample. This is expected from a downsizing scenario induced by an
anti-hierarchical mass assembly process, i. e. lower mass galaxies on average formed first
but their star formation lasted for a longer period due to their inability of getting rid of
the gaseous component. The 24pm detected LOW-L galaxies constitute the higher mass
tail of the former sample due to the combination of different selection effects.

In Table 2.1 we list a summary of the median properties of our sample, where we

have now included also the latter sample of 24pm un-detected LOW-L galaxies.

Table 2.1: Median properties of different sub-samples
N SFR M,  Age
Mg /yr 10° Mg Myr
24pm detected

ULIRG (Lpor > 10*2Lg) 28 316 6.2 177

LIRG (10'2Lg > Ly, > 10 Le) 60 63 1.0 149

Low-L (Lpo; < 10 L) 10 14 1.5 1386
24pm un-detected

Low-L (Lpo; < 10 L) 41 6.6 03 627

Total 139 60.3 1.5 187

2.2.8 MASS TO LIGHT RATIOS.

In Figure 2.16 we plot the stellar mass vs absolute H band magnitude. In the left
panel the plot is done using the observed luminosity and the stellar mass derived from

the SED fitting in a ’classical’ way (without L;g as a prior) while, in the right panel we
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Figure 2.16: Stellar mass vs absolute H band magnitude. Left panel: using the observed luminosity
from the SED fitting in a ’classical’ way (without L;r as a prior); right panel: intrinsic i. e. after the
luminosity is corrected for attenuation as derived from the best fit model (with L;r as a prior ).

used the intrinsic luminosity, corrected for attenuation as derived from the best fit model
(with L;g as a prior) .

First, we check that the SSP we use can reproduce the observed M/L ratio of the
oldest population.We compute for the SSP with the age of 12 Gyr the M/Ly equals to
1.61, which is very close to the value of the local galaxies.

With the ’classical” SED fitting method, the obtained mass to light ratio span a factor
of > 30 from 0.03 to 0.9, with the higher value close to the local old metal rich systems
(see Shapley et al 2005). However, the lowest value of the H band mass to light ratio
is only half of that in Shapley et al (2005).This difference may come from the choice
of our different SSPs. The SSPs we adopt include the nebular emission (not only line
emissions, but also continua). The consideration of nebular emission will have more
important effect on the young population than on the old one. When using the SED
fitting with L;g as a prior (the H band luminosity corrected for attenuation) the range is
lower of > 30 from 0.02 to 0.6, and in particular, objects do not reach the high values
of local old galaxies (Figure 2.16 right panel). Compared to the left panel of Figure
2.16, the higher value of the mass to light ratio is lower.Using the SED fitting with L;p as
a prior instead of the ’classical’ method, the stellar mass will increase by a factor of 2 on
average.However, the H band luminosity will increase more due to the correction for dust

attenuation.As a result, the range of mass-to-light ratio is shorten. In our SED fitting
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Figure 2.17: Observed mass to light ratio in the rest-frame H band vs age of the galaxy. The solid line
represents the locus of the un-attenuated models, i. e. the observed spread at a given age is only due
to attenuation, as expected in G04 models.

model with L;r as a prior the former result is caused by attenuation which is large even
in the rest frame NIR bands.

Finally, in Figure 2.17 we plot the observed mass to light ratio versus the age of the
galaxy. In this figure the data points correspond to the observed luminosity (without cor-
rection for dust attenuation) while the solid line represents the locus of the un-attenuated
models. The observed spread at a given age is only due to attenuation, as expected in

our SED fitting model with L;x as a prior.
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2.3 SUMMARY

In this Chapter, we focus our attention on the high redshift UV bright star forming
galaxies — the early evolutionary phase of ETGs.

At first, we review the main results in Mao et al.(2007) that the rest-frame UV LF of
LBGs can be reproduced by coupling the UV luminosity and halo mass derived from the
G04 model with the halo formation rate.

And then, we construct a sample of 298 spectroscopically confirmed zg50-band-selected
galaxies at redshift z ~ 2 from the GOODS-MUSIC sample, with a well sampled SED
from the UV to IRAC. This allows the analysis of their physical parameters by means
of the usual spectral population synthesis technique. For this purpose we have built
the SEDs of a set of simple stellar populations that include also the nebular emission
and we have applied our minimization technique adopting a minimum number of free
parameters, namely constant SFR from a starting age and age independent attenuation.

The zg5¢ selection includes objects with a wide range of SFR, between a few Mg /yr
to 1000 Mg, /yr and with different strengths of attenuation.

Since about half of the sample (135 objects) has been detected at MIPS 24pm with
SPITZER and since it has been claimed that the rest frame 8um luminosity is a quite
good proxy of the star formation rate (Reddy et al. 2010) we could check, for the first
time for an intermediate redshift sample, the accuracy of the SED fits.

Given the wide range of SFR encompassed by our sample we have derived a new
relation between the rest frame 8um luminosity and the total infrared luminosity, which
is normally used as a robust indicator of the star formation rate.

For this purpose we have combined a local (U)LIRGs sample with a sample of normal
galaxies and we have re-calibrated a relation between Lsg,,, and L;g.

Our first result is thus that

o We have obtained a new calibration between Lg,,, and L;r which encompasses a

range of SFR from a few Mg, /yr to 1000 M, /yr (cf. eq. 2.4).

We have then compared the observed 8um luminosity with that obtained from com-
bining the SED inferred far infrared luminosity (the absorbed light) with our Lsg,,,, versus
Lir relation. This allows, for the first time, a robust check of the star formation rates

of high redshift galaxies inferred from SED fits. We find that
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e the standard SED fitting technique is not accurate enough to provide reliable SFR

and, correspondingly, attenuation, age and masses of the galaxies.

There is a large scatter in the predicted vs expected far infrared luminosity (that can
reach even a factor of ~ 50).

The discrepancy increases at increasing star formation and, for the L;r brightest
objects, the standard technique underestimates the SFR by even an order of magnitude.

Surprisingly, the discrepancy is not limited to the most obscured galaxies, as ex-
pected, but it is present also in the low luminosity sample and, in some cases, the
predicted SFR from SED is even larger than that inferred from the observed 24pm lumi-
nosity.

Without L;x prior the total mass is on average underestimated by an average factor
of about 50%. Individual values may be offset by even a factor of 4.

Combining the observed infrared luminosity with the observed UV spectral slope we
have also constructed the rest frame IRX-/ diagram for this redshift z~ 2 sample. This
diagram is similar to other ones existing in literature and shows a large spread around
the average relation of Meurer et al. (1999)[227]. This spread can be well reproduced by
changing the ratio Ry between the neutral and the selective attenuation, in the Calzetti
law.

We interpreted this fact as a real difference between an attenuation law and an at-
tenuation law, the latter being the result of the combination of many effects, such as
an age dependent attenuation, different geometries between dust and stars and possible
differences between grain compositions and sizes.

We have thus reanalyzed the 24pm detected sub-sample exploiting these new charac-
terizing features: the knowledge of the total FIR luminosity and the possibility of varying
the attenuation law to cope with the previous observational evidence.

Moreover, instead of adopting usual conversions from the L;g to the SFR (e.g. Kenni-
cutt, Panuzzo et al 2003), that hold only in particular conditions (e.g. fixed duration of
star formation episode, assumed geometry etc...) we have used the observed far infrared
luminosity as a constraint in the minimization technique.

As a further result, we have outlined a new method that should be used when the
knowledge of the far infrared luminosity can be added to the global SED. The most
noticeable difference between the methodology used in the present with respect to previous

works rest on
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e the use of the far infrared constraint, here derived from the observed 24pm:;
e the use of a generalized Calzetti law with variable Ry .

With this new method we could determine in a unprecedent robust way the physical
parameters that characterize our galaxies, namely SFR, attenuation and age. These are

summarized in the following.

e Attenuation.

There is a general trend of increasing attenuation with SFR, or, equivalently, the
un-obscured absolute UV magnitude, but the correlation is not tight. The ratio Ry
shows a large scatter at all values of the SFR indicating a variety of concomitant
effects that may bear on the combined attenuation low. This was already suggested
by our IRX-/3 diagram but the run of the scatter with the star formation rate is more

indicative that these processes appear at any scale.

The relation between the attenuation and the SFR become tighter toward larger
wavelengths. This is consistent with the fact that, in general at shorter wavelengths
images show more knotty structures that overall combine to give a different attenu-

ation curve.

Especially high values of Ry were generally required to fit the SEDs of ULIRGs. In
this case the attenuation curve is very flat and the attenuation remains relatively
significant even in the NIR. Indeed from the analysis of local ULIRGs, it was ex-
pected that a fraction of the star formation could be significantly attenuated even at

these long wavelengths.

For the low luminosity galaxies (L;r<10''Lg) the knowledge of the Lz prior is not
as important as for those with high luminosity. This threshold corresponds to a star
formation rate of about 20M /yr. However if we use a pure Calzetti low for these
galaxies, the standard procedure slightly overestimates the SFR. A more suitable
attenuation law is that with Ry ~2.5. One possible is that in these galaxies the
absorption is not isotropic and that a larger fraction of the UV light escapes , not
being reprocessed by dust, this results into a SED-inferred SFR(dust-corrected)
higher than that inferred from the FIR.

There is a fair relation of the UV attenuation and the zg5y —4.5um colour. This could

eventually be used to obtain the absolute UV magnitude in absence of a infrared
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luminosity prior, but its effective usefulness has not been studied in detail.

e SFR, ages and masses

Our z selected sample includes objects with a wide range of SFR, between a few
Mg /yr to 1000 Mg /yr. The average SFR of the sample is about 80 Mg /yr. In
this respect the sample complements other samples selected by means of drop-out

technique etc....
The mass distribution ranges from M~10°Mg, to M~4x 10" M.

If we take into account the sample of low luminosity 24um un-detected source there
is a strong evidence that the average mass increases at increasing star formation.

ULIRGs show a flat mass distribution with a minimum mass of ~1.2x10*°M,.

The age distribution of our sample ranges from a few tens of Myr to more than 1
Gyr. For the first time we can obtain accurate ages of severely obscured high redshift

objects with very high star formation rates.

Low luminosity star forming galaxies detected at 24um show on average a signifi-
cantly more prolonged star formation with respect to more luminous star forming
objects, though their mass is not significantly different. However the 24um detection
threshold is too heavy for this sub-sample and must be released in order to produce a
statistically significant number of objects. By releasing this constraint and using the
attenuation law with Ry=2.5 in the standard procedure, we could increase the sub-
sample to 41 galaxies. As explained above, for low luminosity objects this method

does not affect the accuracy of the results.

With this increased sample we confirm that low luminosity galaxies harbor, on
average significantly older stellar populations and are also less massive than the
brighter ones. Those selected at 24um constitute actually the brightest tail of the
Low-L sub-sample. Thus we confirm that the observed downsizing effect is consistent
with a picture where less massive galaxies actually form first, but their star formation

lasts longer, consistent with the anti-hierarchical galaxy formation scenario.

e Mass to light ratios

We find that care must be taken when dealing with M/L ratios because, while it
is customarily assumed that attenuation is scarce at NIR wavelengths, one of the

results of our investigation is that this is not the case for luminous high redshift
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objects.

After imposing the LI R constraint we find that, in order to fit the whole SED, we
need a flatter attenuation curve implying that the attenuation is not negligible at
NIR wavelengths. Correspondingly, the NIR M/L ratios obtained after a proper
attenuation correction, never reach those of nearby galaxies, as claimed by other

authors and remain about a factor of three lower.

The dispersion of the M/L ratios looks independent from the corrected absolute
magnitude, without the apparent trend of increasing M /L at increasing luminosity.
The latter trend is instead clearly evident if one neglects the effects of attenuation.
But, when attenuation is properly taken into account, the M/L ratios align on a

single path with decreasing value at decreasing age.

In this respect the objects with the higher M /L ratio are the low luminosity sources, be-

cause they are also the oldest galaxies.
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SUBMILLIMETER GALAXIES

Submillimeter galaxies (SMGs) are among the most bolometrically luminous galaxies
in the distant Universe with Ly, > 10'?L, and the peak of their redshift distribution
around 2. Their bolometric output is dominated by intense star formation, with typical
star formation rates ~ 100—1000Myr—!. Adopting a typical lifetime of SMGs Aty ~ 0.5
Gyr, it will naturally produce a massive galaxies with M, ~ 10" M. On the other
hand, the observation shows that the local massive ETGs are characterized by old and
homogeneous stellar populations, with mass-weighted ages of > 8 — 9 Gyr corresponding
to formation redshifts z > 1 — 1. 5. The observed a-enhancement in local massive
ETGs requires the bulk of stars should form in a relatively short timescale (< 10% yr). All
that suggests that the high redshift SMGs represent the progenitors of the local massive
ETGs.

From the view of G04 model, we also expect the SMGs phase indeed appears during
the massive ETGs formation and evolution. The intense star formation is accompanied
by rapid dust production (see Chapter 2). The galaxies in massive halos (~ 10" M, will
evolve from a short dust-free phase (UV-bright galaxies) to a dust-enshrouded star-forming
galaxies phase (SMGs). However, the different galaxy formation and evolution models
will predict very different properties for SMGs. The observed properties of SMGs, such
as the redshift distribution, the number counts and the luminosity functions, will put
important constrains on the models.

In this Chapter, we explore the observed luminosity functions, the number counts and
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the redshift distribution of high redshift z > 1 SMGs, and the indications on the formation
history of massive ETGs, by exploiting the Herschel Astrophysical Terahertz Large Area
Survey (H- ATLAS, Eales et al. 2010[103]) Science Demonstration Phase (SDP) survey
data. We also show an effective method to select submillimeter-bright, Strongly Lensed

Galaxies (SLGs), under the G04 model prediction.

3.1 LFs oF HIGH-Z SMGS

3.1.1 LFs AT 100 AND 200um

We select our sample from H-ATLAS SDP data by the following criteria: i) Sas0um > 35
mJy; ii) no optical identification with reliability R > 0.8 (Smith et al. 2011a); iii)
detection at > 30 at 350um;iv) photometric redshift > 1. The resulting sample is made
of 3039 sources. The photometric redshift estimates and K correction are both basee on
the SED of SMM J2135-01012 (see more details in Appendix).

We have computed the LFs at rest-frame wavelengths of 100 and 250 pm in 4 redshift
intervals (1. 2 < 2 < 1.6, 1. 6 < 2 <2, 2<2z<2 4, 2.4< z<4), exploiting
the classical Schmidt’s (1968)[292] 1/Vmax estimator. The Vmax was computed, for
each galaxy, taking into account the redshift boundaries of the bin and the maximum
accessible redshifts implied by the 250 and 350 um flux density limits. In the case of
our preferred SED (SMM J2135-01012) the numbers of sources in these redshift bins are
900, 891, 821, and 502, respectively.

The error on z introduces both a statistical and a systematic effect. The latter is
related to the Eddington bias, that can be quantified with a Bayesian approach. The

probability that the true redshift of a source is z when its estimated value is z. reads

p(z]ze) = P(ze|2)n(2) (3.1)

where P(z.|z) is the probability that the estimated redshift of a source is z, when its true
value is z and n(z) is the true redshift distribution. We take P(z.|z) to be a Gaussian with
mean z and dispersion equal to the rms difference between spectroscopic and photometric

redshifts for the galaxies described in Appendix and n(z.) as a proxy for n(z). The
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Figure 3.1: Luminosity functions at 100 gm in four redshift intervals compared with models described
in the text. The flattening of the LFs at the lowest luminosities may be, at least in part, due to the
overestimate of the accessible volume yielded by the 1/Vmax estimator for objects near to the flux limit
(Page & Carrera 2000[248]). The 90um LFs (crosses) estimated by Gruppioni et al. (2010)[139] using
PACS data are also shown for comparison.

maximum likelihood estimate of z is the value for which p(z|z.) peaks. All the luminosity
functions presented in this thesis are corrected for this bias. We caution, however, that
this correction does not entirely account for the Eddington bias due to the errors on
estimated luminosities. The effect is expected to be smaller than that of the error on
z, which is the main source of the error on luminosity. We also have to take into account
the incompleteness of the SDP catalog. This can be done using the flux density dependent
correction factors given in Table 2 of Rigby et al. (2011)[279].

We stress that we exclude the strongly gravitational lensed objects when estimating
the LFs. The methods to select the strongly gravitational lensed SMGs are discussed in
Section 3.3(see Negrello et al. 2010[239]; Gonzalez-Nuevo et al. 2011, in prep.).

In Figure 3.1, 3.2, we plot our estimated LFs at 100um and 250um. Our LF estimates
are compared with those by Gruppioni et al. (2010)[139] and Eales et al. (2010b)[104], re-
spectively. The latter authors adopted a grey body SED with T" = 26K and a dust
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Figure 3.2: Luminosity functions at 250 pm in four redshift intervals based on our reference sample, com-
pared with the predictions of the models discussed in the text and with the estimates by Eales et
al. (2010b)[104], after applying the K-corrections based on the SMM J2135-0102 SED, for common
redshift ranges.

emissivity index § = 1. 5. The assumed dust temperature is possibly more appropri-
ate for relatively low SFR/far-IR luminosity galaxies while typical dust temperatures of
SPIRE-detected z ~ 2 galaxies are somewhat higher (Chapman et al. 2010[63]; Am-
blard et al. 2010[4]). The different choice for the SED has a substantial impact on the
K-correction and therefore on the estimated rest-frame luminosity. For example, for a
galaxy at z ~ 1. 5 and a given observed 250 pum flux density, the Eales et al. SED yields
a rest-frame 250 pum luminosity a factor ~ 1. 5 higher than that obtained using either the
SMM J2135-0102 or the Arp220 SED. Once we replace their K-correction with ours, the
LF estimates by Eales et al. (2010b)[104] are found to be in good agreement with ours
(see Figure 3.2). The two estimates are to some extent complementary: the deeper sam-
ples used by Eales et al. have allowed them to reach lower luminosities, while the larger
H-ATLAS SDP area has allowed us to reach higher luminosities at high redshifts.
Gruppioni et al.  (2010)[139] exploited the deep PACS data at 100 and 160 pm in
the GOODSN field (~ 150arcmin?), obtained as part of the PACS Evolutionary Probe
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Evolution of luminosity functions
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Figure 3.3: Synoptic view of the 100 ym and 250 pum LFs for our reference sample in four redshift
intervals. In the 100 pwm panel, open and filled symbols show our estimates before and after the
correction for the Eddington bias, respectively

(PEP) survey, to estimate the 60 and 90 pm rest-frame LFs up to z ~ 3. They have
used all the available data to derive the SEDs of their sources. About 31% of Eales
et al. sources have spectroscopic redshifts and almost all the others have photometric
redshifts typically based on nine optical and near-IR bands. Gruppioni et al. (2010)[139]
have spectroscopic redshifts for ~ 70% of their sources; for the remaining ~ 30% they
have obtained photometric redshifts from multiwavelength data. The agreement between

our LFs and theirs is an additional confirmation that photometric redshifts derived from
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sub-mm photometry are good enough for the present purpose.

In Figure 3.3, we plot the Synoptic view of the 100 pum and 250 pum LFs for our
reference sample in four redshift intervals. The LFs exhibit an exponential fall off at
high luminosity and a flattening at low luminosity. It should be noted that the flat-
tening at the low luminosity may be due to the overestimate of the accessible volume
yielded by the 1/Vmax estimator for objects near the flux limit, pointed out by Page
& Carrera (2000[248]; see also Eales et al.  2009[102]). The LFs show a substantial
luminosity evolution at least up to z &~ 2. 5, while a weaker evolution at higher z is indi-
cated(see Figure 3.3). The 250 pum luminosity corresponding to log(¢/Mpc™3) = —5 is
log(Loso/W Hz71) = 26. 02, 26. 16, 26. 32, and 26. 38 for 2 &~ 1.4, 1.8, 2.2, 3. 2, respec-
tively. At 100 um the corresponding luminosities are log(Ligo/W Hz71) = 26. 65, 26. 78, 26. 94, and
27. 01. These results are consistent with those based on PEP survey data (Gruppioni et
al. 2010[139]).

The upper scale in Figure 3.1, 3.2 and 3.3 displays the SFR corresponding to the 100
or 250 pm luminosity. Using the SMM J2135-0102 calibration, we have

Liooum 5 g qgu_ ST

W Hz 1 My, yr—! (32)

while for Loso,,, the coefficient is 1. 4 x 10?%.  Since for galaxies with intense star formation
the rest-frame dust emission peaks in the range A ~ 90—100pum, the 100 pm luminosity is
a good estimator of the SFR. For galaxies in the redshift range considered here (1 < z < 4)
one of the SPIRE wavelengths is always sampling directly the rest-frame SED in the
range 100 < A < 125um, implying that K-corrections (and the related uncertainties) are

minimal.

3.1.2 CLUES ON STAR-FORMATION IN MASSIVE HALOS

We now discuss how the LFs of high redshift star forming galaxies at sub-mm wave-
lengths concur with their clustering properties in probing the process of star formation in
SMGs.

At first, we employ a simple model (hereafter referred to as the ’toy model’) in order

to explore the main processes of star formation, relying on the following assumptions:

1. We adopt that the host halo masses My can range from 3 x 102 to 3 x 10** M, which
is suggested by strong clustering of SMGs (Cooray et al. 2010[76]; Maddox et
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Figure 3.4: Stellar mass functions of ETGs at different redshift predicted by the toy model compared
with observational determinations.

al. 2010[203]). Note this mass range is consistent with that of the QSOs host halo.

2. Most of the star formation occurs soon after the fast collapse phase of the halo, as

identified by Zhao et al. (2003)[364].

3. At the redshifts (z > 1) and for the halo masses (Mg > 3x10'2M,), a good approx-
imation to the halo formation rate is provided by the positive term of the derivative
with respect to the cosmic time of the cosmological mass function (e. g. , Haehnelt
& Rees 1993[142]; Sasaki 1994[289]); for the latter we adopt the Sheth & Tormen
(1999, 2002)[304][305] expression.

4. The SFR is proportional to the halo mass, i.e., SFR o« My, with a small scatter.

5. The lifetime of SMGs Aty is roughly constant and shorter than the expansion

timescale at the source redshift.

With these assumptions, the simple model can fit the observed LFs very well, adopting

Aty ~ 7 x 10%yr (3.3)
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Number counts @ 250 um
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Figure 3.5: Comparison of the observed Euclidean normalized counts at 250 pum(Clements et al. 2010;
Oliver et al. 2010; Glenn et al. 2010; Bethermin et al. 2010) with the predictions of our full model
(solid line) and of the semi-analytic model by Lacey et al. (2010; crosses). The different lines show
the contributions to the counts of the various populations included in our full model: unlensed (blue
dot-dashed line) and strongly lensed (purple dotted line) proto-spheroidal galaxies (host halo masses are
within the range 2. 5 x 10" Mg < My < 3 x 10 M), normal late-type plus starburst galaxies (green
dashed line), radio sources (magenta triple-dot-dashed line). The radio source counts are from the De
Zotti et al.  (2005)[91] model. The grey shaded area shows the counts of local galaxies estimated by
Serjeant & Harrison (2005)[297]

and

SFR=35 (1012M®> (55) Mowr (3.4)

with a rather small (£35%) scatter.

In Figure 3.1, 3.2, we also plot the predicted LFs by G04 model, adopting the SED
of SMM J2135-0102. We label the resulting LFs as ’Full model. We stress that the LFs
from the Full model are not fits to the data, but have been computed with the same
parameters used by Lapi et al. (2006; see their Table 1).

A rough estimate of the mass in stars at the end of the main star-formation episode, for
given halo mass and redshift, can be obtained multiplying the appropriate SFR by its
lifetime At,f, and correcting for the fraction of stellar mass returned to the interstellar
medium. For a Chabrier IMF(Chabrier 2003[60]) the latter amounts to ~ 30% after 0.1

Gyr from a burst of star formation, and increases to ~ 40% after 1 Gyr and to 50% after
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Figure 3.6: 350um number counts. The lines are the same as in Figure 3.5.
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Figure 3.7: 500um number counts. The lines are the same as in Figure 3.5.
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several Gyrs. Combining with the halo mass function at that redshift we get an estimate
of the stellar mass function of ETGs. A comparison with observational determinations
at different redshifts is shown in Figure 3.4. The good agreement suggests that the toy
model captures the basic aspects of the star formation in high redshift SMGs.

A comparison of our LFs with the UV ones at z ~ 2 — 3 (Sawicki & Thompson
2005[290]; Reddy & Steidel 2009[271]) for galaxies with SFR > 100M, yr~! shows that
the UV space densities are a factor ~ 100 lower, implying that the UV bright, dust-
free phase is much shorter than the far-IR bright phase. The far steeper slope of the
UV LF, compared with the sub-mm ones, for SFR ~ 100M, yr~! implies that, for
the corresponding range of galaxy masses, the UV-bright phase is shorter for larger
SEFRs, which is discussed in Chapter 2. The same can be used to estimate the QSOs
lifetime. Peng et al. (2006)[254] shows that the M, /M, ratio of the optical luminous QSOs
at z > 1. 7 is at least 4 times larger than the local ratio, which is M, /M, ~ 2 x 1073 (see
also Coppin et al. 2008[78]). The stellar mass function translates immediately into a
black hole mass function which, in turn, can be translated into a bolometric luminosity
function assuming that the black holes, immediately before being switched off, emit at

the Eddington limit for a time ¢,;;. We get:

L M,
B, Q50 9 (3.5)
Le Mg,

At z ~ 2, the comoving density of SMGs is ~ 2. 7 x 107® per Mpc® with M, > 2 x
10" M. The comoving density of QSOs brighter than the corresponding luminosity
of Lp gso = 4 x 102Lg, is about 2 x 107% per Mpc® (Croom et al. 2004[84]). This
implies that the optical visibility time of the QSOs is about a factor of 10 shorter than
the duration of the sub-mm bright phase, in agreement with independent estimates

(Shankar et al. 2004[299]; Marconi et al. 2004[215]; Lapi et al. 2006[190]).

3.2 SUBMILLIMETER COUNTS

Figures 3.5, 3.6 and 3.7 compare the predictions of the G04 model with the observed
counts at three Herschel SPIRE bands(250pm, 350um and 500um). In these figures the

contributions to the counts of proto-spheroidal galaxies have been complemented with
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Figure 3.8: Comparison of the observed integral counts at 850 um(Zemcov et al.
2006[77]) with the predictions of our full model (solid line) and of the
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semi-analytic model by Lacey et al. (2010; crosses). The lines are the same as in Figure 3.5.
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2010[10][11]) with the predictions of our full model (solid
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line). The lines are the same as in Figure 3.5.
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Number counts @ 1.4 mm
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Figure 3.10: Comparison of the observed number counts at 1. 4 mm (Vieira et al. 2010[354]) with the
predictions of our full model (solid line). The lines are the same as in Figure 3.5.
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Figure 3.11: Comparison of the observed number counts at 2 mm (Vieira et al. 2010[354]) with the
predictions of our full model (solid line). The lines are the same as in Figure 3.5.
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Submm redshift distribution
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Figure 3.12: Comparison between the estimated redshift distributions (histograms) of proto-spheroidal
galaxies at 2560 um (Sasoum > 35mJy), 350um (Sssoum > 40mJy), and 500 um (Ssooum > 48mJy), and
the predictions of our full model, using the same parameters as in Lapi et al. (2006)[190]; solid lines
refer to unlensed, while dashed lines also include the contribution of lensed, proto-spheroids. Because
of the flux boosting due to confusion, the catalogued 500 pm flux densities have to be scaled down by
the factors given by Clements et al. (2010)[72]. For example, the 500 pm flux density limit of 48 mJy
for catalogued sources corresponds to a boosting corrected flux limit of 40 mJy.
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phenomenological models for the evolution of normal late-type and starburst galaxies
computed by Negrello et al. (2007)[240]. As for massive proto-spheroidal galaxies, the
main difference with the counts in the latter paper comes from having replaced the Arp220
SED yielded by GRASIL with that of SMM J2135-0102. The contribution from lensed
proto-spheroidal galaxies has been estimated using the amplification distribution of Per-
rotta et al. (2003)[259] and Negrello et al. (2007)[240].

The G04 model predicts that massive proto-spheroidal galaxies dominate the (sub-)mm
counts over a limited flux density range (about a decade). At 250 pum the Euclidean
normalized differential counts of these objects peak at ~30 mJy, i. e. roughly at the
detection limit of the H-ATLAS survey, and sink down rapidly at fainter fluxes where
the contribution of starburst galaxies takes over and accounts for the results of the P(D)
analysis by Glenn et al. (2010)[129]. Since the proto-spheroidal galaxies are mostly at
z > 1. 5 while late-type galaxies are mostly at z < 1, the model implies that the redshift
distribution drifts towards lower redshifts as we go fainter.

The model accurately fits the source counts from 250 pm to 850 pum (Figures 3.5-
3.8). The observed counts at 1. 1 mm (Figure 3.9) span the peak of the Euclidean
normalized counts, while those at 1. 4 and 2 mm (Figures 3.10 and 3.11) only cover
the brightest tail of the counts, dominated by strongly lensed sources (apart from radio
sources). The model somewhat overestimates the counts of strongly lensed galaxies at
1. 4 and 2 mm, and the most recent counts at 1.1 mm.

The flux density range over which massive proto-spheroidal galaxies dominate the
counts increases somewhat with increasing wavelength, reflecting the increase of the red-
shift range through which the strongly negative K-correction makes the flux corresponding
to a given luminosity essentially independent of distance. The broadening of the peak
in the Euclidean normalized counts of proto-spheroidal galaxies is not very large, how-
ever, because massive halos become increasingly rare at high z. At all wavelengths the
bright counts of proto-spheroidal galaxies drop down very steeply, reflecting the expo-
nential decline of the halo mass function. This rapid fall-off, borne out by the data, can
hardly be accounted for by phenomenological models that evolve the LF of local popu-
lations of dusty galaxies backwards in time: spheroidal galaxies are essentially in passive
evolution since z =~ 1.5 and are therefore not represented in local LFs at far-IR to mm
wavelengths.

The physical model by Lacey et al. (2010)[186] works pretty well at 850 pum but does
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not correctly predict the rapid fall-off of the counts above 30 mJy at 250 pum, 350 pm and
500 pum. The decline of the counts is most easily understood if the duration of the most
active star-formation phase in massive halos is relatively short, as also required by the
observed a-enhancement. However, in merger-driven evolutionary models, such as the
one by Lacey et al. (2010)[186], the star formation does not truncate after ~ 0.1Gyr. At
850 um consistency with the data can be recovered if sub-mm bright galaxies contain large
amounts of cold dust, but this leads to 250 pum, 350 pwm and 500 pm counts less steep
than observed.

In Figure 3.12 compares the redshift distributions of z > 1 H-ATLAS SDP sources
detected at S > 35, 40, 48 mJy at 250, 350 and 500 pm, respectively, with those
predicted by the model. The effective flux correction factors tabulated by Clements et
al. (2010)[72] have been applied for this comparison. Since the redshift distributions
are a key ingredient for the successful prediction of the abundance of strongly lensed
galaxies and of their redshift range (Negrello et al. 2010[239]), they cannot be badly
wrong. Thus, the agreement between our estimates and model predictions is a confir-
mation of the global consistency of our results. The shift in the redshift distribution of
sub-mm bright galaxies to higher redshifts with increasing selection wavelength happens
because the strongly negative K-correction extends to larger and larger redshifts and the

lensing probability increases with z.

3.3 SUBMILLIMETER-BRIGHT, STRONGLY LENSED GALAXIES

The first submillimeter-Bright, Strongly Lensed Galaxy was discovered by Blain(1997)[30], which
is suffered moderate gravitational lensing magnification, by about a factor of 2-3, expe-
rienced throughout the inner few square arcminutes of rich foreground cluster of galaxies
at a moderate redshift in the range z ~ 0.2 —0.4. As pointed out by Blain (1996)[29] and
then investigated by several authors (Perrotta et al. 2002[258]; Negrello et al. 2007[240];
Paciga et al. 2009[247]), the submm band is extraordinarily well suited for generating
large samples of strongly lensed galaxies at high redshift. One key advantage of observing
background galaxies that are gravitationally lensed by foreground mass concentrations in
the submm band is that the negative K-correction acts to brighten the distant background

lensed galaxy as compared with the lens. The other is the very steep slope of submm counts
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and its rapid change at > 10 mJy flux density levels (see Figure 3.5-3.8. The signifi-
cant changes in the count slope are particularly unusual, and not found in any other
waveband. As a result, the magnification bias can be large, increasing the number of
detectable bright galaxies.

The observed submm counts can be contributed by several parts, including the unlensed
proto-spheroidal galaxies which can be estimated by G04 model, lensed proto-spheroidal
galaxies (Perrotta et al. 2002, 2003[258][259]), low redshift spirals and starburst galaxies
(Negrello et al.  2007[240]) and radio sources (De Zotti et al.  2005[91]). In Fig-
ure 3.7, one can see that the lensed galaxies will dominate at the large flux tail(Ssooum >
100mJy). Other important contributors to the bright tail of the submillimeter counts are
low-redshift spiral and starburst galaxies and higher redshift radio-bright Active Galactic
Nuclei (AGNs) which are easily identified, and therefore removed, in relatively shallow
optical and radio surveys. This presents an effective method to select a clean sample of
strongly lensed submm galaxies, which is proposed firstly by Perrotta et al. 2002[258]
and then investigated by Negrello et al.  (2007)[240].  Using this selection criteria
(Ss00um > 100mJy), Negrello et al. (2010)[239] selected 11 sources from the Herschel
ATLAS SDP catalogue. Ancillary data in the field revealed that six of these objects are
contaminants, four are spiral galaxies with spectroscopic redshift in the range of 0.01 to
0.05, one is a previously known radio-bright AGN and one is an extended galactic star
forming region. After removing these six objects, there are left five objects as the lensed
candidates, identified as ID9, ID11, ID17, ID81 and ID130. Spectroscopic redshifts from
CO lines (Frayer et al. 2011[118], upu et al. 2011[200], Neri et al. in prep. )show
that all of these candidates are high redshift galaxies (zgj;;? > 1. 5). Especially, the
Submillimeter Array (SMA) images at 880um of two candidates ID81 and ID130 reveal
extended submillimeter emission with multiple peaks (ID81:four main peaks; ID130:two
main peaks). These multiple peaks are consistent with the expected lensed morphol-
ogy. Even more, all of five candidates have a close counterpart in SDSS or UKIDSS (or
both). A likelihood ratio analysis (Smith et al. 2010[310]) showed that the probability
of a random association between these bright SMGs and the optical/NIR counterparts
is less than a few percent. Therefore, the optical and submillimeter emissions must be
physically related either because of the effects of gravitational lensing which boosting
the flux of the background source and indirectly affecting the likelihood ratio calcula-

tions, or because they are identical objects. The optical spectroscopic redshifts of these
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optical/NIR counterparts show they are low redshift objects with 0.2 < zgggQ < 1.0, com-
pared to the CO line redshifts of lensed candidates. Also, the SED of these optical /NIR
objects shows they are dominated by passively-evolved stellar population with massive
stellar mass (~ 10''M,). The high-resolution optical images with the Keck telescope
confirm that they all have the morphological type of elliptical galaxies. All of these
evidences confirm that the optical/NIR counterparts are the foreground galaxies, acting
as the lensing.

We notice that the simply selection criteria (Ssooum > 100mJy) will select those ex-
treme objects with large gravitational amplification by a factor of ~ 10 and large SFRs
(> 500M;, yr~1'). Those lensed galaxies with more representative SFRs ~ 100M, yr—?
and moderate gravitational amplification by a factor of 2 — 5 will be missed. How-
ever, the rapidly increasing counts of unlensed galaxies towards fainter submm fluxes
will make harder to identify the normal’ lensed galaxies (with representative SFRs and
moderate gravitational amplification).

Now a luminosity selection method to select the sample of the strongly lensed galaxies
has been developing by Gonzélez-Nuevo et al. (2011, in prep.) 25 candidates in the SDP

or a density of ~ 1. 67 candidates per square degrees.

3.4 SUMMARY

In this Chapter, mainly based on the work by Lapi et al. (2011), we show the results
using the H-ATLAS SDP survey data to investigate the 100 ym and 250 pm LFs of bright
SMGs at z > 1. Redshifts have been estimated using the SED of SMM J2135-0102 as the
template. The rms uncertainties on redshift estimates have been assessed comparing our
redshift estimates with spectroscopic redshift measurements for 39 H-ATLAS galaxies
at z > 0.5 as well as by means of simulations. Both methods yield rms values of
Az/(14 z) =~ 0.2 or smaller. The uncertainties due to the spread of redshift estimates
are added in quadrature to Poisson errors to compute the global uncertainties on the
LFs. Our LF estimates are in close agreement (in the common redshift and luminosity
range, after applying the same K — corrections) with those at 250 pum by Eales et
al. (2010b)[104], as well with those at 90 um by Gruppioni et al. (2010)[139]. We find a

significant luminosity evolution at least up to z ~ 2. 5, while a weaker evolution at higher
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z is indicated. We show that the evolution of the LF reflects that of the halo formation
rate if the star-formation rate obeys a simple relationship with halo mass and redshift
and the lifetime of the main star-formation phase is Ats; ~ 7 x 10%yr, consistent with the
constraint coming from the a-enhancement observed in the most massive ETGs. G04
model is able to reproduce not only the 100 pm and 250pum LFs at different redshifts
z > 1 but also the counts at wavelengths ranging from 250 pum to ~ 1 mm. We also show
, under the guide of the model, an simple , but effective, method has been developed
to select the high redshift, strongly-lensed SMGs, which has been proven to be at work
(Negrello et al. 2010[239], Gonzalez-Nuevo et al. in prep. )
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— Chapter 4

QSOS LUMINOSITY FUNCTIONS AND QSOS
FEEDBACK

Supermassive black holes have been found to be ubiquitous in the centers of spheroidal
galaxies (e. g., Kormendy & Richstone 1995[181]; Richstone et al. 1998[276]; Kormendy
& Gebhardt 2001[180]), and the masses of these black holes are correlated with either
the mass (Magorrian et al.  1998[204]; McLure & Dunlop 2002[224]; Marconi & Hunt
2003[214]) or velocity dispersion (i. e. , the M, —o relation; Ferrarese & Merritt 2000[114];
Gebhardt et al. 2000[122]; Tremaine et al. 2002[332]) of spheroids, demonstrating a
direct link between the origin of spheroidal galaxies and supermassive black holes.

In the G04 model, described in detail in Appendix A, the BH growth is expected to be
accompanied by intense star formation. This naturally produces the expected Sanders
evolutionary sequence (Sanders et al. 1988[287]), in which the dust-enshroud star forma-
tion phase , observationally UltraLuminous Infrared Galaxies(ULIRGs) or Submillimeter
galaxies (SMGs), is followed by the QSOs phase. Recent observations give the same indi-
cation.A significant fraction of SMGs have been found existing AGN activities according
to the deep X-ray observations(Alexander et al. 2005[2],See also Georgantopoulos et al.
2010 and Laird et al. 2010).

In this chapter, we will show that the G04 model can reproduce the observed redshift-
dependent luminosity functions of QSOs , based on the work by Lapi et al.(2006)[190]. And
also the importance of QSOs feedback will be discussed.
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Figure 4.1: BH mass at the accretion peak as a function of the host galaxy virial mass predicted by the
G04 model.

4.1 QSOs LuMINOSITY FUNCTIONS

If the QSOs lifetime is far smaller than the Hubble time, the QSOs luminosity function
can be written as (Mahmood, Devriendt & Silk 2005[205]):

¢ o dn(z, )_ d2N5t thalodMo
Q0 = L T dAMydt dM, dL 9%°

(4.1)

The formation rate of DM halos has been defined by the Equation A.1.

The relation between the halo mass M, and the BH mass M, can be obtained by
solving the equations presented in Appendix A. In Fig. 4.1, we plot the expected M;,— M,
relation by the G04 model, which can be well approximated by

(Myir/2. 2 x 1010 My)3 97 (1 + Zir

M, ~ 8 x 10° ) M . 4.2
T (My/2. 2 x 1010 M) 7 7 © (4.2)

This relation is very similar to the result of Shankar et al. (2006)[298] by comparing the
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Figure 4.2: Time lag between the host galaxy virialization and the peak in the BH accretion rate, as a
function of the host virial mass.
local BH mass function with the galaxy halo mass function.

We also expect the scatter around the average M, — M, relation. It’s assumed that
M, — M, relation holds on the average number with a Gaussian dispersion AM,. The halo

formation rates can be converted into the BH formation rates through the convolution

d2 Ngr e~ (log My —log Ms)?/2 (Alog Me)?

M. dtvie dMyir | arysp (a12) \/27r (Alog M,)?

d2 NBH
dtvir dMo

deir
dM,

:/dlogM;

(4.3)
The QSO LFs can now be computed. Up to its peak, the BH bolometric light curve

can be well approximated by the simple exponential form

_)\]\4.02

Lt
®) tEad

e(titViriAtpeak)/Tef HH (tvir + Atpeak - Atvis S t S tvir + Atpeauk) . (44>

Here tgpqq = 4 x 10® yr is the Eddington timescale, and 7.t & 1 tgqqa/(1 —n) X is the e-
folding time in terms of the BH mass-energy conversion efficiency n and of the Eddington

ratio \.  Atf,eqr is time lag between the host galaxy virialization and the peak in the
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Figure 4.3: Left:QSO LF in the optical B-band at z = 1. 5, for A = 0.8 and At,;; = 10® yr. Right:QSO
LF in the optical B-band at z = 2, for A = 1 and At,;s = 10% yr. The data are from Croom et al. (2004;
circles), Richards et al. (2005; triangles), and Richards et al. (2006; squares).

BH accretion rate, which can be obtained by solving the system of equations reported in
Chapter 1. In Figure 4.2, we plot the model predicted At as a function of the host
virial mass. At is the QSO lifetime, dependent on dust and gas absorption, is taken as
a parameter. The Heaviside function 6y is defined by 0y (z) =1, if = is true;0y(z) =
0, otherwise. . 0y specifies that the QSO shines unobscured only during the time interval
At before the peak of its light curve.

The QSO LF at a time ¢ and luminosity L is computed by summing up the contributions
of all the sources which virialize at epochs t,;; < ¢ and shine at the time ¢ with luminosity

L. One has

t_AtPeak'i'Atvw d2 NBH )\ M. C2
@ L’ t :/ /dM 5 L_ - (t_tvir_Atpeak)/Tef ,
(L, ¢) t—Atpea dty, dM, 7 tEdd ‘
(4.5)

where dp indicates the Dirac delta function. The time delay At,ex provided by G04
model ranges from 0.2 Gyr at redshift z > 5 to 1 Gyr at redshifts z < 2(see Fig. 4.2).

In addition, it is convenient to compute the black hole mass function from the black
hole formation rates:

¢ d? Npu
\I/(logM., t)I/O dtvir m . (46)

Before computing the optical and X-ray QSOs LFs, we still need make clear several is-

sues. One is the reasonable range of QSOs lifetime. There are several methods to constrain
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the range of QSOs lifetime. A minimum value of 10° yr is needed to explain the prox-
imity effect in the Lyman alpha forest(Bajtlik, Duncan & Ostrike 1988[12]), while this
effect in high redshift QSOs implies a lifetime of ~ 107 yr (Haiman & Cen 2002[143]). The
estimation of clustering gives the range of 10% to 10% yr (Martini & Weinberg 2001[217];
Haiman & Hui 2001[144]). From the simulation(Hopkins et al. 2005a), the luminosity-
dependent QSOs lifetime for fitting QSOs luminosity function is presented as t,,s =
10°(Lgso/10? L) yr, where av is a function of the peak of luminosity(Hopkins et al. 2005a, b[154][157]).

We also need the appropriate bolometric corrections , which are needed to convert the
bolometric QSOs LFs computed with Equation 4.5 to the optical and X-ray bands. In
general, the proper bolometric correction can be obtained from the multiwavelength com-
posite spectrum(e. g. Elvis et al.  1994; Ueda et al. 2003([337]; Vignali, Brandt &
Schneider 2003([355]; McLure & Dunlop 2004[225]; Barger et al. 2005[14]; Richards et
al.  2006[275]) The relations from bolometric luminosity Ly, to B-band luminosity Lp
and X-ray luminosity Lx are Ly, = kpvgLp and Ly, = kxLx. The widely used values
are given as kg = 11. 8 and kx = 35 for broad-line AGN. More deliberative values are
proposed for optical AGNs as Ly, = 9. 74>\L)\(4400A) at 2 < 0.5, Ly, = 4. 62)\L,\(1350A)
at 1.5 < z < 3.5 and Lyy = 4. 65ALy(1450A) at z > 3. 5 (Vestergaard 2004[353]). For
non broad line AGNs, the proper value of bolometric correction in X-ray band is about
85(Barger et al. 2005[14]). Shankar et al. (2004)[299] proposed that the bolometric
correction in X-rays is a function of X-ray luminosity:

hy = 17(— X joas (47)

108ergs st

The mass range of QSOs host haloes need be constrained. We set the minimum and
maximum halo masses as M7 > 2 x 101 M, and M7 < 2x 108 M. In fact, M,; <~
10'2M, has the tiny contribution to the final QSOs LFs in our computation. The QSOs
host halo masses range 102 ~ 10¥M, also are suggested by QSOs clustering (Por-
ciani, Magliocchetti & Norberg 2004[264]; Croom et al. 2005[83]), weak lensing observa-
tions e. g. , Kochanek & White 2001[177];Kleinheinrich et al. 2004[174]) and kinematical
measurements (e. g. , Kronawitter et al. 2000[183]; Gerhard et al. 2001[124]). The
same limit is also indicated by the theoretical analysis of Cirasuolo et al. (2005)[70] on

the velocity dispersion function of early-type galaxies.

We set A as a parameter in our computation. A slightly rising A toward high z is
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Figure 4.4: Left: predicted QSO LF in the optical B-band at redshift 3 for A = 1. 7 and different values of
the visibility time: Aty = 5 x 107 yr (best fit, solid line), Atyis &~ 10% yr (dashed) and At ~ 3 x 108
yr (dot-dashed). Right: effect of the scatter around the mean log M, —log My, relation. The solid curve
is the same as in the left panel and corresponds to a scatter of 0.3 dex. The dashed curve is for a scatter
of 0.15 dex and the dotted one for zero scatter. In both panels data are from Pei (1995, circles), Hunt
et al. (2004, triangles), and Richards et al. (2006, squares).
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Figure 4.5: Left:QSO LF in the optical B-band at z = 5, for A = 3 and At,;s ~ 5 x 107 yr(solid
line), Data points are from Kennefick et al. (1995, open squares); Fan et al. (2001, diamonds and
asterisks); Wolf et al. (2003, triangles); Cristiani et al. (2004, circles); Richards et al. (2006, filled
squares). Rihgt:QSO LF in the optical B-band at z = 6 (solid line) and z = 8 (dotted line) for A = 4
and At,;s ~ 5 x 107 yr(solid line), Data points are from Fan et al. (2004).

needed, and specifically A = 4 for z > 6, A =3 for b5 < 2 <6, XA = 1.7 for
3<z<bh A=1for2<z<3, and A =0.8 for 1. 5 < z < 2. The empirical formula
AMz) &= —1. 15+ 0.75 (1 + 2) works as well in the redshift range 1. 5 < z < 6. The

main motivation for resorting to super-Eddington accretion at high z is to account for the

observed space density of very luminous QSOs at z > 5 (an acceptable fit to lower redshift
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Figure 4.6: Left:QSO LF in the hard X-ray band (2-10 keV) at z = 1. 5 for A = 0.8 and At ~ 3 x 10%
yr. Right:The QSO LF in the hard X-ray band (2-10 keVs) at redshift 2 where A = 1, with the
visibility time set to Aty ~ 3 x 108 yr; data are from Ueda et al. (2003, shaded area), from Barger et
al. (2005, diamonds), and from La Franca et al. (2005, arrow).

data can be obtained keeping A\ =~ 1). Since, as indicated by Equation 4.5, QSOs seen at
the cosmic time ¢ are associated to halos virializing at the earlier time ¢y;, < t—Afpeax, and
the density of such halos drops with increasing At,c.x at high 2z, to have a sufficient
number of massive enough BHs at z > 5 we need them to grow faster than implied by
Eddington-limited accretion. The super-Eddington accretion rates provide the necessary
shortening of At,e.x and also give high enough luminosities without resorting to too large
BH masses. The redshift dependence of A may thus be seen as a way to parameterize
aspects of the physics of the accretion/emission process not properly taken into account
by our simple model.

In Figure. 4.3, 4.4, 4.5 and 4.6, we compare G04 model results with of the observations
of the B-band QSOs luminosity function at z ~ 1. 5, 2, 3, 5, 6 and the hard X-ray QSOs
luminosity function at z ~ 1. 5, 2(see also Lapi et al. 2006[190]). In Figure 4.5 right
panel, we predict that the QSOs luminosity function dramatically drop off at redshift
above 6, due to much lower abundances of massive halos. The flattening of the LFs at
the low end is due to the flatter slope of the formation rate of less massive halos and to
the weak dependence of the peak time, At e, on the halo mass. A dispersion of 0.3 dex
associated to the M, — M,;, relation and the choice of QSOs lifetime ¢,;s are important to
reproduce the observed LFs. Figure 4.4 shows the effects with different QSOs lifetime and
different scatter. The cutoff of halo mass would yield a drastic drop so that introducing a

Gaussian scatter is required for a global fit. Since hard X-ray emission from the growing
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black holes is more easily detected,the X-ray luminosity functions in the Figure 4.6 need

a visible time about 3 x 10% yr, which is slightly larger than that of optical LFs.

4.2 QSOS FEEDBACK

The theoretical evidence for the importance of AGN feedback has continued to mount. Ta-
bor & Binney (1993)[320] and Binney & Tabor (1995)[28] employed AGN feedback to
prevent catastrophic radiative cooling of the Xray emitting gas that surrounds elliptical
galaxies. If unopposed, radiative cooling would lead to the deposition of large quantities
of cold gas in the central galaxy, and thus cause the galaxy to grow rapidly. Since this
appears not to be the case, it was assumed that there must be a heat source that balances
the cooling. In a different approach to a similar problem, semi-analytic models of galaxy
formation and evolution (e. g. Benson et al. 2003[21]; Croton et al. 2006[85]; Bower et
al. 2006[39]) also demonstrated that AGN feedback was necessary to reproduce the ob-
served galaxy luminosity function at large masses, and balance the large radiative cooling
rates in clusters of galaxies. In the absence of AGN feedback, the models produced too
many massive galaxies.

The question is how something very small (BH) can determine the growth of something
very large (galaxy). This is possible because the gravitational potential energy acquired
by an object approaching a black hole is a million times larger than the energy of an
object orbiting in the potential of a typical galaxy. As a black hole grows to 0.2% of
the bulge mass through accreting matter, it releases nearly 100 times the gravitational
binding energy of its host galaxy.

The total energy output released during the QSOs lifetime is:

E = &M, (4.8)

where € = ¢,+¢,, is an efficiency factor, and we use &, and ¢, to denote the mean radiative
and mechanical efficiencies, respectively. For an early-type galaxy with the mass M, and

velocity dispersion o, the gravitational binding energy is roughly W ~ —M,o?. The ratio
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between total energy output from an AGN to the binding energy of its host galaxy follows

B My e
W~ M,

Sy (19)
The observational result gives M,/M, ~ 2 x 1073,  Thus, for a massive galaxy with
o ~ 300kms~! the ratio E/|W| is about 2000¢ , indicating that the AGN energy can easily
surpass the total binding energy of the host galaxy. Therefore there is no question that an
AGN could drastically affect its host galaxy. Whether and how it does so, however, is
an open question that depends on how much of the energy released actually interacts
with the matter in the galaxy. If the matter consists of gas, perhaps with embedded
dust, the radiative output of the black hole can both heat the gas, and drive it via
radiation pressure (so-called Radiative Feedback). The radiative form of feedback is most
effective when the black hole is accreting close to its Eddington limit. Alternatively, if
significant AGN power emerges in winds or jets, mechanical heating and pressure provide
the link (so-called Mechanical Feedback). The mechanical form associated with jets, on
the other hand, operates at rates below the Eddington limit.

The momentum-driven feedback and Compton heating are expected to be most im-
portant ways of radiative feedback. The former becomes efficient when the the radiation
pressure can overcome the gravitational force of the host halo. The gas can flow out from
the center in the form of a momentum-driven wind (e. g. Murray et al. , 2005[232]). If
all the momentum of the radiation is transferred into the gas, the total energy extracted
is roughly a fraction of v/c of the total radiation energy of the AGN, where v is the
velocity of the accelerated gas. Thus, the energy feedback generated by radiation pres-
sure is more efficient if the radiation pressure accelerates a smaller amount of gas to a
higher velocity. In broad-line QSOs, where the gas outflow velocity can be as high
as ~ 0.2¢, acceleration by radiation pressure is an efficient energy injection mechanism
(Sturm et al. 2011, Feruglio et al. 2010, Fischer et al. 2010, Rupke & Veilleux 2011).
In Chapter 1, we quantify QSOs feedback assuming this kind of momentum-driven wind
dominates. The latter, Compton heating, happens when the Compton scattering be-
tween an electron and a photon transfers energy from the photon to the electron and
thereby heating the gas, which is ionized and has a temperature lower than the effective
(Compton) temperature of the radiation field.

Evidence for mechanical feedback can be seen in a number of elliptical galaxies at the
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centers of clusters, which contain X-ray cavities filled with relativistic gas. These X-
ray cavities, often loosely referred to as 'bubbles’, are believed to be inflated by the jet
launched from the central SMBH, and the power involved can be substantial. The typical
kinetic power estimated for the central galaxy of a cluster is about 10* erg s~!, more

than enough to offset the radiative cooling of the intracluster gas.

4.3 SUMMARY

In this Chapter, we briefly review that the QSOs LFs can be well reproduced by the
G04 model based on the work of Lapi et al.(2006). In this model, the growth rate of
BHs is proportional to the SFR, and the latter is more effectively slowed down by SN
feedback in smaller halos, resulting in a relatively more efficient growth of more massive
BHs, especially at higher redshifts. Both star formation and BH growth in massive
halos are stopped by the feedback from the active nucleus as soon as it becomes powerful
enough to sweep out the residual interstellar medium. The BH accretion occurs in host
galaxies with very intense star formation, and is heavily dust obscured for the majority
of its duration; however, most of the final BH mass is gained during the last 1 - 2 e-
folding times in unobscured conditions. The observed epoch-dependent B-band LFs are
accurately reproduced for the optical (B-band) visibility time of order of the e-folding
time, indicating that only when the AGN is approaching its maximum luminosity it
can clear up the surrounding region. The redshift dependence of the space density of
optically bright QSOs is controlled by two competing factors. On one side, according
to the hierarchical clustering paradigm, the formation rate of very massive halos hosting
them is increasing rapidly with decreasing redshift. On the other side, the BH to host
halo mass ratio decreases with decreasing redshift, so that at low redshifts relatively more
massive hosts are required for a given BH mass. But the galactic halo mass function sinks

down exponentially for large halo masses, and is actually cut off at My ~ 2 x 1013 M,
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SIZE EVOLUTION OF MASSIVE ETGS

Sizes of Early-Type galaxies (ETGs) in the local universe are found to well corre-
late with the stellar masses (effective radius R, oc M?%°) Shen et al. 2003[302], Hyde &
Bernardi 2009[158]). However, when moving towards high redshift, ETGs are found
to deviate far from the local R, — M, relation. By recent observations(Ferguson et
al. 2004[111]; Trujillo et al. 2004, 2006, 2007([336][335][334]; Longhetti et al. 2007[198];
Toft et al. 2007[328]; Zirm et al. 2007[365]; van der Wel et al. 2008[343]; van Dokkum
et al.  2008[344]; Cimatti et al. 2008[67]; Buitrago et al.  2008[49]; Damjanov et
al.  2009[90]), most of the massive (stellar mass M, > 3 x 10'° M), passively evolv-
ing, galaxies at z > 1 observed with high enough angular resolution exhibit characteristic
sizes of their stellar distributions much more compact than local ETGs of analogous stellar
mass. If these observations are indeed true, there are two important questions involving
the formation and evolution of massive ETGs arisen :1) How did the small size of massive
ETGs form at high redshift? 2) How did the compact, massive ETGs evolve to 'catch up’
the local relation? In this Chapter, the recent progress on answering these two questions
are reviewed. In Section 5.1, two possible formation mechanisms for smaller size at higher
redshift are introduced. In Section 5.2, we show the observed size evolution from z 2. In
Section 5.3, several possible mechanisms for explaining observed size evolution are re-
viewed. In Section 5.4, several observational tests have been checked for constraining the

contributions to observed size evolution by different mechanisms.
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5.1 EXPECTED SIZES OF HIGH REDSHIFT GALAXIES

There are two possible mechanisms to form small size of high redshift galaxies. One
is according to the fast, dissipative collapse of baryons. The other one is according to

gas-rich(wet) disks merger. These two mechanisms will be introduced as follows.

5.1.1 DISSIPATIVE COLLAPSE OF THE BARYONS

The effective radius R, is defined as the half-mass radius , or the half-luminosity radius
if the light traces the mass. Observations show that the brightness profiles of nearly all
ETGs with remarkable precision over large dynamic ranges can be fitted by the Sérsic

function:

I(T) = I(O) e_bn (T/Re)l/n , (51)

(Caon et al. 1993[56] ;Kormendy et al. 2009[179]). Here I(0) is the central surface
brightness, and n is the Sérsic’s index. The constant b, can be determined from the
condition that the luminosity inside R, is half the total luminosity L(R.) = Lr/2 (see
Prugniel & Simien 1997[269]). The classical de Vaucouleurs profile corresponds to n = 4.

The stellar component gravitationally dominates in the inner regions of galaxies, while
the DM with its extended halo dominates in the outer regions. To a halo with mass My we
can associate an initial baryon mass My, ; = f, My, where f;, ~ 0.2 is the cosmic baryon to
DM mass ratio. Weak lensing observations (Mandelbaum et al. 2006[210]), extended X-
ray emission around ETGs (e. g. , O’Sullivan & Ponman 2004[245]) and the comparison
of the statistics of the halo mass function with the galaxy luminosity function (Vale
& Ostriker 2004[340]; Shankar et al.  2006[299]; Guo & White 2009[141]; Moster et
al. 2010[229]) point to a present-day ratio m = My/M, ~ 20 — 40 between the total
halo mass to the total mass in stars for red massive galaxies. This result quantifies
the inefficiency of the star formation process even in large galaxies, since M, /My ; =
1/(m fy). For My > 3 x 10" M, corresponding to M, > 10'° M., the dependence
on halo mass and formation redshift of ratio m between the halo mass and the surviving
stellar mass (i. e. the present day stellar mass fraction) can be approximated as m =
25 (My/10"% M)t [(1 + 2gorm)/4]7%%. At lower masses m increases rapidly with

decreasing M,.
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As for the inner regions, we consider the ETG progenitor 1255 — 0 at z ~ 2. 2, for
which van Dokkum et al. (2009)[345] and Kriek et al. (2009)[182] find M, =~ 2x10'" M,
within the half-light radius R, =~ 0.8 kpc; local ETGs with the same mass have an average
size R, ~ 7 kpc (see Shen et al. 2003[302]; Hyde & Bernardi 2009[158]). If m ~ 30, we
can associate to 1255 — 0 a halo mass My ~ 6 x 10'?> M. Assuming a NFW profile with
concentration ¢ = 4, it is easy to see that inside the gravitational radius Ry ~ 3 R, ~ 3
kpc, the DM fraction amounts to fpy ~ 0.1. We notice that the DM contribution to
the mass within the half-light radius R, of local ETGs is fpm < 30% (e. g., Borriello
et al. 2003[32]; Tortora et al. 2009[331], Cappellari et al. 2006[57]), and has a small
effect on the stellar velocity dispersion. This supports the notion that the dissipationless
DM cannot parallel the dissipative collapse of baryons, so that its gravitational effects
within R, can be neglected also during the compact phase of galaxy evolution.

After the dissipative collapse of baryons inside a host DM halo, the gravitational radius
of the baryonic component, stars plus gas with mass M, and M,,s respectively, reads

_ G M* (1 + fgas)

2
*

R,

(5.2)

g

where fgas = Mgas/M, is the gas to star mass ratio within the gravitational radius. If
light traces mass, the projected half stellar mass radius R, is related to the gravita-
tional radius R, by R. = Ss(n) R,, and the density-weighted, 3—dimensional velocity
dispersion o, is related to the observed line-of-sight central velocity dispersion oy by
0. = [3 Skg(n)]"/? oy. Note that oy is usually measured within a physical size of about
1

5 Re (e. g, Jorgensen et al. 1993[165]). At virial equilibrium, the mass is given by:

1

M* = SD(n)G

R, of (5.3)

where Sp(n) = 3 Sk(n)/Ss(n). Prugniel & Simien (1997)[269] have tabulated the
coefficients Sp, Sk, and Sg(n) for values of the Sérsic index n ranging from 1 to 10; in
particular, S(4) =~ 0.34, Sk(4) =~ 0.52, and Sp(4) = 4. 591. We note that the central
gas mass includes the cold component as estimated in the Appendix (see Equation [A.8]
and below for analytic approximations).

If before collapse the baryons had the same velocity dispersion oy, ; as the DM opy, and
taking into account that opy is approximately equal to the halo rotational velocity Vi

(see Appendix), the 3-D stellar velocity dispersion o, at the end of the collapse can be
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written as (Fan et al. 2008)[109]:

U*:fo Ub,i:fa O'DM%fa' VH . (54)
Recalling that R, = Ss(n) R,, with R, given by Equation (5.2), and that Vi =
G My /Ry we then obtain R, in terms of the halo radius Ry and mass My:

Ss(n) (M* + MgaS)
f2 My

(g Sim) 25 (1.5 2 My \Y* ( 4 > L
. — - _ C
034 m \ f, 1012 M, 14 Zform Pe

where 2oy is the redshift when the collapse begins, and we have set fgs = 1. This

R, Ry ~ (5.5)

Q

equation shows that the baryon collapse naturally leads to kpc or sub-kpc effective radii
and to stellar velocity dispersions higher than halo rotational velocities (f, > 1). Both
these properties differ from those observed for local massive galaxies, implying that other
ingredients have come into play.

The explicit redshift dependence of R, in Equation (5.5) comes from the halo ra-
dius, which scales as (1 + Zform>_1. In addition, the ratio m, which measures the star
formation inefficiency and is determined by the physics of baryons, scales as (1+ 2, ) %2
(see Appendix). As a result the effective radius scales like R, o< (1 + 2form) >, The
values of m and of f, depend on how and when the star formation and gas heating pro-
cesses can halt the collapse. The latter must proceed at least until the mass inside the

R, is dominated by stars, as observed in local ETGs.

5.1.2 GAS-RICH(WET) MERGERS

In the merger scenario, the size of the remnant depends on those of the progenitors as
well as on the amount of dissipation and star formation during the merger. In the case
of a merger between two galaxies with no gas(a ’dissipationless’ or ’dry’ merger), it’s
particularly easy to predict the size of the remnant from the sizes and masses of the pro-
genitors. It’s well established in numerical simulations that the effect of any merger of
dissipationless components is to enlarge their size by a factor, while roughly, conserving
profile shape(Boylan-Kolchin et al. 2005[41], 2006;Hopkins et al. 2008a[155]). In de-
tail, consider two virialized, gas-poor galaxies with stellar mass M; and My = fM;(f < 1)

and effective radii R; and Ry, which merger to form a galaxy with stellar mass M and
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effective radius R. In the simplest case, we only consider the merger with a parabolic
orbit and ignore the effects of the stellar mass ejected from the merger remnant due to
the violent potential fluctuations and the energy transferred from the stars to the dark
matter. Once the merger remnant has established virial equilibrium, the total energy of

its stars is given by

G(M; + My)?
E=—n—r——F-""- 5.6
g (5.6)

where 7 is a form factor. Energy conservation allows us to write
(M; + M)? M; M;

= —L 1 5.7
n R M 7 + 72 Ry (5.7)

In addition, we assume homology, so that n = n; = 7.

1 2

R = Rli (5.8)

1+ %)
An equal mass merger will result in R = 2R;. We note here we assume a parabolic
orbit and ignore the energy transferred from stars to the dark matter. However, Boylan-
Kolchin et al. (2005)[41] have shown that realistic orbits will be elliptic-like and lead to
R=1.4R;.

When taking gas into account, the situation will be much more complicated because the
amount of dissipation and star formation during the merger will occur, which processes de-
pend strongly on the gas content of the progenitors and on the details of the merger. Ciotti
et al. (2007)[68] have modeled each elliptical galaxy as a non-rotating, isotropic, and
spherically symmetric virialized system, characterized by a stellar mass M,, a gas mass
M, = aM,(We ignore the tiny contribution by SMBH). If profile shape is roughly pre-

served, then we expect

(14 fi)?
(A + Ay f24)

Here f; = (M1 +My1)/(M,2+ M) is the ratio of total baryons of two progenitors. A; =

R=R

(5.9)

14 lj‘:“olq, where € is the fraction of total gas mass in two progenitors converted into stars
and My = aM,;. And A, has a similar expression as A;. For the dry merger, A; = Ay =
1, oy = ap =0, and equation 5.9 will reduce to equation 5.8. For an extreme case of wet
merger (¢ = 1 and a5 = ay = 1), the equal mass merger will result in R = %Rl. Even

in this case, the remnant size is still larger than those of its progenitors. More realisti-

cally, the profile could be changed. Subsequent spheroid-spheroid mergers continue to
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scatter stars out to larger radii, building an extended envelope and changing the pro-
file. However, the form factor 7 is just weakly influenced by the profile shape. A raising
of the best-fit Sérsic index by An 2 will decrease the size by a factor of upper to 1. 2.
Covington et al.  (2008)[79] has given the impulse approximation to estimate the
energy loss in the gaseous component, followed by collapse in a self-gravitating star-
burst. For typical conditions, this reduces to the simple approximation (Hopkins et

al. 2008b[153], 2009[156])
Rdry

B 1_'_ (fgas/fo)

where fy = 0.25—0.30 and Ry, is the radius expected for a dry merger remnant which can

R (5.10)

be computed with equation 5.8. For most major mergers, gas in the disks at the time of
the merger will rapidly lose energy, and star formation is very efficient, f,,s reflects the gas
fractions of the progenitor disks immediately before the merger. The equation 5.10 could
not be true in extremely gas-rich mergers(fzqos > 0.5), where torques are inefficient at
driving dissipation, and ellipticals may not be formed from even major mergers (Hopkins
et al.  2008b[153]). With the limit of fy,s < 50%, and in case of the equal mass
merger, the remnant size will be expected to be % to 1 times of the progenitor size

dependent on the gas fraction in the progenitor disks.

5.2 OBSERVED SIZE EVOLUTION

In this section we present the recent observational results on the cosmic size evolution
of ETGs.

A recent analysis by Maier et al. (2009)[206] of a sample including about 1100 galaxies
with Sérsic index n > 2. 5, spectroscopic redshifts in the range 0.5 < z < 0.9 and stellar
masses in the range 3 x 1019 M, < M, < 3 x 10'' M, shows that the size evolution for
galaxies at z ~ 0.7 is within a factor f,.(0.7) = R.(0)/R.(0.7) < 1. 25. For galaxies at
0.7 < z < 0.9 the size evolution is limited to a factor f,.(0.9) < 1. 4. Small size evolution
(fr < 1. 3) for redshifts z < 0.8 was previously reported by McIntosh et al. (2005)[222]
for a sample of 728 red galaxies with Sérsic index n > 2. 5 and stellar masses in the range
3 x 10° Mg < h? M, < 3 x 10* M,; in this case, however, the majority of redshifts
were photometric. At lower redshift, z ~ 0.25, the Brightest Cluster Galaxies (BCGs)
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Figure 5.1: Evolution of the effective radius with redshift. The data points show: average sizes of z < 1
passively evolving galaxies, divided by the local sizes of galaxies of equal stellar mass, in the samples
by Trujillo et al. (2007)[334], MclIntosh et al. (2005)[222], van der Wel et al. (2008)[343], Maier et
al. (2009)[206] and Bernardi (2009)[22], with the associated errors; individual data and error bars for
passively evolving galaxies with spectroscopic redshifts z > 1 by Longhetti et al. (2007)[198], Cimatti
et al. (2008)[67], Damjanov et al. (2009)[90], Mancini et al. (2010)[208], and van Dokkum et
al.  (2008)[344]; data and error bars for individual star forming galaxies with spectroscopic redshifts
z > 2 by Tacconi et al. (2008)[322] and Law et al. (2009)[194]. The color of the data points refers to
the stellar mass of the galaxy: red is for M, > 10'* My, blue for 3 x 10*° M, < M, < 10! Mg, and
green for M, < 3 x 10'° M. The shaded area reflects the distribution of local SDSS galaxies (Hyde
& Bernardi 2009)[158]. Thick solid lines with arrows illustrate typical evolutionary tracks of massive
galaxies according to G04 model (with f, = 1. 5).

exhibit slow evolution f, < 1. 3 (Bernardi 2009)[22].

A size evolution somewhat more pronounced (around 40%) than found by Maier et
al.  (2009)[206] has been claimed by Trujillo et al. (2007)[334] for massive galaxies
M, > 10 M, at redshift z ~ 0.65. However, restricting the analysis to galaxies with
spectroscopic redshifts in the range 0.5 < z < 0.8 (91 galaxies with n > 2. 5 and mean
stellar mass of 1. 8 x 10! M) we find a mean effective radius of 4. 94 kpc. The mean
local effective radius for galaxies with this stellar mass is around 6 kpc, implying an
increase by a factor f,.(0.65) ~ 1. 2.  On the other hand, the mean effective radius
decreases to 3. 8 kpc for galaxies with the same mean mass but with average redshift
z = 0.9; in this case the size evolution amounts to a factor f,(0.9) ~ 1. 6. Similar results

are found by Ferreras et al. (2009)[115] for a sample of 195 red galaxies selected in the
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redshift range 0.4 < z < 1. 2. They are, on average, more compact than local galaxies
with Sérsic index n > 2. 5 by a factor of only f,. ~ 1. 4.

A stronger evolution of R, at fixed stellar mass was reported by van der Wel et
al.  (2008)[343] for a composite sample of 50 morphologically selected ETGs in the
redshift range 0.8 < z < 1. 2. Since we are interested on the evolution at z < 1 we
have confined ourselves to the 20 galaxies in a massive clusters at z ~ 0.83. For these
we find, on average, f,.(0.83) ~ 1.6, but with a substantial mass dependence: the most
massive galaxies (dynamical mass within R, of Mgy, > 3 x 10! M) fall quite close to
the local mass vs. R, relation, while the lower mass galaxies tend to exhibit large size
evolution.

All the results mentioned above are shown in Figure 5.1, where we also present a
compilation of the data at redshift z > 1. We note that, while the data points at
z < 1 are averages over large samples, at higher redshift data points refer to individual
galaxies.

Assuming that the average evolution of R, can be described by a power law of the
form R, o« (1 + z)®, Buitrago et al. (2008)[49] find o = 1. 48, while van der Wel et
al. (2008)[343] obtain a lower value a = 1. 20. The latter authors also suggest a weaker
evolution, corresponding to a = 0.96, for z < 1. However, even this milder evolution is
faster than indicated by the most recent data summarized above, and especially by the
most extensive and spectroscopically complete study of Maier et al. (2009)[206].

A relevant feature of the data for massive galaxies at high redshift is the quite large
spread of the size, as it is apparent from Figure. 5.1 and 5.2. Specifically, for masses
larger than 10" M, the scatter in size of high redshift ETGs amounts to Tlog(Re) R
0.41, significantly wider than in local samples, for which we have typically ojo4(g.) ~ 0.14
(cfr. Shen et al. 2003[302]; Hyde & Bernardi 2009[158]). In more detail, several high
redshift galaxies exhibit the same size as their local counterparts (see e. g. Mancini et
al. 2010[208]; Onodera et al. 2010[244]), while about half ETGs exhibit f, > 3—4, with
several of them having f, > 8 — 10. It is worth noticing that Maier et al. (2009)[206]
find for the size distribution at fixed mass of their sample of ETGs at redshift ~ 0.7 a
statistical dispersion g.4(r,) =~ 0.16 very close to the local one.

Provided that the presently available data constitute a representative sample of the
size of high redshift ETGs, both the average increase of the size and the narrowing of

its distribution are to be accounted for. Only large samples of high-z ETGs will allow
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Figure 5.2: Correlation between effective radius and stellar mass.  The observations of passively
evolving galaxies with spectroscopic redshifts z > 1 by Longhetti et al.  (2007)[198], Cimatti et
al.  (2008)[67], Damjanov et al. (2009)[90], Mancini et al. (2010)[208], and van Dokkum et
al. (2008)[344] are compared with the local correlation (Hyde & Bernardi 2009[158]; the dotted line
illustrates the average and the shaded area represents the variance). Color code refers to the stellar
mass, as in previous Figure. The dashed lines illustrates the outcomes of Equation (5) for extreme
values of the relevant parameters f, and zf,m (see text). Thick lines with arrows illustrate typical
evolutionary tracks of massive galaxies according to G04 model (with f, = 1. 5 and zform = 3), featuring
first the abrupt size growth due to quasar feedback (almost vertical arrows), and then the possible slow
size increase due to mass loss (arrows pointing left) or mass additions by minor mergers (right pointing
arrows. ).

us to assess the interesting issue of their size distribution. We also note that the paucity
of data at z > 1 prevents the investigation of the possible mass dependence, a crucial
aspect for any interpretation of the phenomenon.

So far we have discussed the evolution by comparing high redshift size determinations
with the average size of local ETGs. A bias may arise because high-z samples of passively
evolving galaxies pick up objects that formed at higher redshifts and therefore have smaller
sizes. The majority of local ETGs probably formed at 1. 5 < zgpn < 2.5, but ETG
progenitors already in passive evolution at z &= 2—2. 5 formed about 1 Gyr earlier, i.e., at
Ztorm > 3. D. The latter are expected to have, on average, a factor ~ 1. 5 — 2 smaller
size than local ETGs (see Equation 5.5 below).
al.  (2010)[341] find that a substantial fraction (around 22%) of ETGs in local galaxy

This may explain why Valentinuzzi et
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clusters (overdense regions were the galaxies typically formed earlier than in the field) are
more compact than the local average. In fact, their cluster galaxies are on average 1. 5
Gyr older than local ETGs with ‘normal’ size. It is worth mentioning that several massive
blue galaxies have recently been found to exhibit compact sizes (Trujillo et al. 2009)[333].

Massive starforming galaxies at high-z are heavily obscured by dust and therefore
their structure cannot be investigated by means of optical or near-IR observations; how-
ever, one can resort to interferometric observations at millimeter and submillimeter wave-
lengths. In particular CO molecular emission has been spatially resolved for a sample
of submillimeter bright galaxies at z ~ 2 by Bouché et al. (2007)[33] and Tacconi
et al. (2008, 2010)[322][321] with the IRAM Plateau de Bure millimeter interferom-
eter. The results obtained for the galaxies with spectroscopic redshift are shown in
Figure 5.1. For these objects the dynamical mass is a good proxy for the mass in stars
and gas.

In Figure 5.1 we also plotted the data of Law et al. (2009) on a sample of Lyman break
galaxies at redshifts 2 < z < 3 and with kinematics dominated by random motions at
least in the central 2—3 kpc. In this case, R, refers to the Ha or [OIII] emissions, which
are sensitive to dust extinction. The light distribution is expected to be irregular and
knotty, as in fact it is observed. Since the dust distribution inside starforming galaxies
follows the star and gas distributions, which peak in the central regions, we expect that
the observed light profile is broadened with respect to the true star and gas distribution for
rest-frame wavelengths shorter than a few microns (see Joung et al. 2009[166]). Therefore
the estimated half-light radii of Ha or [OIII] emissions should be considered as upper
limits. Nevertheless, Figure 5.1 suggests that large starburst galaxies and high-z passively
evolving galaxies, their close descendants, exhibit the same trend of smaller size with
respect to the local ETGs.

In Figure 5.2 we compare the observed distribution of local and high-z galaxies in the
R. vs. M, plane with expectations from Equation (5.5). A robust upper limit to the
high-z correlation (upper dashed line in Figure 5.2) is obtained setting f, = 1 (baryon
collapse with no increase of the stellar velocity dispersion) and zg, = 1, corresponding to
a look-back time of about 7—8 Gyr, a lower limit to the mass-weighted age of local massive
ETGs (Gallazzi et al. 2006[121]; Valentinuzzi et al. 2010[341]). The corresponding
line falls just at the lower boundary of the distribution of local ETGs, but at the upper

boundary of the distribution of high-z passively evolving massive galaxies. The median
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size of the latter is a factor around 4 lower than that of local galaxies with the same
stellar mass. This argument is not in contrast with the existence, recently reported
by Valentinuzzi et al. (2010)[341], of local compact ETGs, which can represent the
evolution of the oldest, most compact progenitors.

The lower bound to the high-z correlation is less well defined; in Figure 5.2 the lower
dashed line corresponds to zgm ~ 5 and to f, = 2. In Equation (5.5), we have adopted

as our reference values f, = 1. 5 and zgm = 3.

5.3 PHYSICAL MECHANISMS FOR SIZE EVOLUTION

Both theory and observations suggest that at least 60% of ETGs evolve in size by at
least a factor of 2 —4. One possibility is that the expansion is driven by the expulsion of
a substantial fraction of the initial baryons, still in gaseous form, by quasar activity (Fan
et al. 2008, 2010[109][108]) and/or by an expulsion of gas associated to stellar evolution
(e. g., Damjanov et al. 2009[90]), which differ in the expulsion timescale, which is
shorter than the dynamical time if it is triggered by quasar activity and longer in the case
of ejection associated to stellar evolution (with ‘standard’ IMFs).

Alternatively, the increase in size could be due to minor mergers on parabolic orbits
that add stars in the outer parts of the galaxies along the cosmic time from z ~ 1 — 2
to the present epoch (see Maller et al. 2006[207]; Naab et al. 2009[233]; Hopkins et
al. 2009b[152]; van der Wel et al. 2009[342]).

There are also other possible mechanisms, such as (1) equal mass dry mergers, (2) a
gradient in the M/L ratio (lower in the bluer central regions) which can make the half-
light radius in the optical smaller than the half-mass radius (Tacconi et al. 2008)[322], (3)
observational effects which are arisen from possible biases in fitting or missed light from
surface brightness dimming, or the effects of different definitions of effective radii(Mancini

et al. 2010[208];Hopkins et al. 2010[151]).

5.3.1 GAS EXPULSION

In the case of gas expulsion the final size depends on the timescale of the ejection

itself. If the ejection occurs on a timescale shorter than the dynamical timescale of
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the system 7 < 7qyn, immediately after the ejection the size and velocity dispersion
are unchanged but the total energy is larger because the mass has decreased. The
system then expands and evolves towards a new equilibrium configuration. In the case
of homologous expansion the final size Ry is related to the initial one R; by (Biermann &

Shapiro 1979[27]; Hills 1980[149]):
R — (5.11)

where M,; is the ejected mass and My is the final mass.

This simple result has been confirmed by numerical simulations of star clusters (e. g. , Geyer
& Burkert 2001[126]; Boily & Kroupa 2003[31]). In particular, the simulations by Good-
win & Bastian (2006)[132] and by Baumgardt & Kroupa (2007)[16] show that the ex-
pansion of the half-mass radius occurs in about 20 dynamical times and the new final
equilibrium is attained within 40 dynamical times. We note that the case of galaxies
differs from that of the star clusters owing to the presence of the DM halo. In ETGs
the DM halo exerts its gravitational influence outside the central region dominated by
stars and prevents the galaxy disruption when M, approaches or exceeds My; the DM
potential can also influence the time taken by the stars to reach the new equilibrium.

When the mass loss occurs on a timescale longer than the dynamical time the system

expands through the adiabatic invariants of the stellar orbits and one gets

R, M,
Ny .
R,

(5.12)

Comparison of the two above equations show that the fast expulsion is more effective in
increasing the size.

The dynamical time of the stellar component is

R\ R, \*? (10" M, \"?
W=T (] &3 x 10° : 2 5.13
Tdyn =7 (2 G M*> . 1 kpc M, b (5.13)

about 30 — 50 times shorter than the typical dynamical timescale in local massive ETGs
and not much longer than the dynamical timescale usually associated to star clusters. In
the case of mass loss due to stellar feedback (Hills 1980; Richstone & Potter 1982)[277]
Tej > Tayn for any reasonable choice of the IMF. For instance, if a Chabrier (2003)[60]
or Kroupa (2001)[184] IMF is adopted, after an initial burst about half of the mass of
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formed stars returns to the gaseous phase over a timescale of 1 Gyr. If this gas is removed
from galaxies, the size may grow by a factor of about 2. The higher the proportion of
massive stars, the larger the effect on the size, and the shorter the timescale for the size
expansion (see Damjanov et al. 2009[90]).

In the case of quasar winds the typical timescale for gas ejection can be estimated as

5~ 5x10° <m> —_— X
Moing 25 101 M,

M, IS
@mm%> (4)“’ G14)

where Myinq is given by Equation A.27, and we have assumed Mg,s ~ M,. An alternative

definition of 7; is

R ‘ R 1/2 M —1/2
=<~ 10° = —_— 1

where V2 =2 G M, /R, is the escape velocity from the radius R.. With both definitions

the ejection timescale is of the order of the dynamical timescale.

5.3.2 MINOR MERGERS

In the case of minor mergers on parabolic orbits the initial potential energy of the
accreting mass is neglected in the computation. Following Naab et al. (2009)[233] we
assume that random motions are dominant in high-z ETG precursors and set n = M, /M;
and € = 02/0?, the i and a indices referring to initial and accreted material. The
mass after merging is therefore My = M; (1+mn). If r oc M2, the virial theorem gives
e =n'"% Local ETGs have o ~ 0.56 (Shen et al. 2003[302]) or even larger in the case
of BCGs (Hyde & Bernardi 2009 [158]); in addition, a value a ~ 0.5 is implied by the
Faber-Jackson relationship.

From the virial theorem and the energy conservation equation it is easily found that

the fractional variations of the gravitational radius and of the velocity dispersion between
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the configurations before (i) and after (f) merging are:

Rg, I _ <1+77)2

Ry (1 + 772_a) ’

(5.16)
of _(L+n"?)

o} (1+n)

Boylan-Kolchin et al.  (2008)[43] showed that minor mergers can be effective only if
n > 0.1, lower mass ratios requiring too long timescales.

Recent numerical simulations by Naab et al. (2009)[233] agree with these results. Their
simulated galaxy, with a mass in stars M, ~ 8 x 10'° M, and half-mass radius R, ~ 1
kpc at z = 2, by z = 0 has doubled its stellar mass through minor mergers, reaching
M, ~ 1.5 x 10" M., while the half-mass radius has increased by a factor 2. 7. The
simulations also suggest that most of the increase, a factor of about 1. 8, occurs at
z < 1, i. e, on a cosmological timescale. This is accompanied by a moderate de-
crease, < 20%, of the central velocity dispersion between z ~ 3 and 2z =~ 0 and by a
decrease of the central density of stellar distribution with time, due to dynamical fric-
tion, despite of the total mass increase. However, these simulations yield a present-day
half-mass radius a factor of 2 smaller than expected on the basis of the M, vs. R,
relationship of Shen et al. (2003[302]; see also Figure 5.2).

We notice that the size evolution in the merging case occurs on timescale which is
comparable with the present Hubble time with size scaling o (1 + 2)?; in the simulations
of Naab et al. (2009)[233] 8 ~ 1 holds, and similarly in the findings of van Dokkum et
al. (2010)[347] 5 ~ 1. 27.

5.3.3 OTHER MECHANISMS

Besides two main competitive mechanisms, there are also four possible mechanisms, (1)
equal mass dry mergers, (2) a gradient in the M /L ratio, (3) observational effects(Hopkins
et al. 2010[151]).

¢ Equal mass dry mergers Equal mass dry mergers can increase the galaxy size in
a way almost directly proportional to the mass increase (see Equation 5.8) and they
were also considered (e. g., Boylan-Kolchin et al. 2006[42]; Naab et al. 2007([234])

but the required space densities of progenitors were found to be incompatible with the
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present-day galaxy mass function (Bezanson et al. 2009[26]; Toft et al. 2009[327])
as well as with the dearth of compact, massive galaxies in the local universe (Trujillo

et al. 2009(333)).

e Mass-to-light ratio gradients Local massive ETGs have weak colour gradients
(McDermid et al.  2006[221]; Sanchez-Blazquez et al.  2007[285], and references
therein). However, the same is not necessarily true for high-z ETGs which are rela-
tively young; these can have blue cores at their centers with young stars. The change
of colour gradients from high-z to local ETGs can, in principle, yield the evolution
in the size at fixed wavelength, while conserving the stellar mass. However, the size
evolution can not be obtained up to a factor of 2 using the evolution of mass-to-light
ratio gradients from z = 2. And the fitted Sérsic indices are expected to increase at
high-z, which are in conflict with the observations(van der Wel et al. 2008[343];van
Dokkum et al. 2008[344]).

e Observational effects The large effective radii of massive, low-redshift ETGs are
driven by material in low surface density envelopes at large radii. This is difficult
to recover at high redshifts. Moreover, galaxy surface brightness profiles are not
perfect Sérsic (1968) profiles, so the best-fitting Sérsic profile and corresponding
R. will depend on the dynamic range observed (see e. g. Boylan-Kolchin, Ma &
Quataert 2005[41]; Hopkins et al.  2009[156]). Together, these effects can, in
principle, lead to a smaller fitted R, from sampling only the central regions. At
lower redshifts, where surface brightness limits are less severe, more such material
would be recovered, leading to apparent size. mass and profile shape evolution
(R. changes at fixed M,), without central surface density or velocity dispersion
evolution. However, attempts to calibrate such effects typically find they lead to
bias in high-z sizes up to a factor of 2 (Boylan-Kolchin et al. 2005[41]; Hopkins et
al. 2009[156]) or smaller (van der Wel et al. 2008[343]).

5.4 OBSERVATIONAL TESTS

The observational data and the theoretical arguments summarized in the previous

sections allow us to test and constrain the different models for size evolution. Since a
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size increase by minor dry mergers implies an increase in mass, we start by discussing

limits on the latter.

5.4.1 THE MASS EVOLUTION OF ETGs

Spectral properties of local ETGs with stellar masses M, > 3 x 109 M, indicate
that their light-weighted age exceeds 8 — 9 Gyr, independently of the environment (see
Renzini 2006[274] for a review and Gallazzi et al. 2006[121] for an extensive statistical
study). Since light-weighted ages are lower limits to mass-weighted ages (e. g., Valentin-
uzzi et al.  2010[341]), it is generally agreed that most of the stars of massive ETGs
formed at zgem > 1. 5 — 2. An upper limit < 25% to the fraction of stars formed in
ETGs in the last ~ 8 Gyr, and as a consequence to the fraction of gas accreted at in-
termediate redshift z < 1, has been derived from studies of narrow band indices of local
field ETGs (e. g., Annibali et al. 2007[6]). Moreover, all massive galaxies that formed
and gathered the bulk of their stars at z > 1 are presently ETGs or massive bulges of
Sa galaxies, since there are no late-type, disc-dominated galaxies endowed with so large
masses of old stellar populations.

Thus by comparing the stellar mass function of local ETGs to the mass function of all
galaxies at z < 1. 5, we can derive information on the mass evolution.

Bernardi et al. (2010)[25] studied in detail about 2000 morphologically-classified local
galaxies extracted from the SDSS sample (see Fukugita et al. 2007[119]). They showed
that the concentration index C,. can be used to discriminate among galaxy types. The
criterion C, > 2.86 includes almost all ellipticals, about 80% of SO galaxies and 40% of
Sa galaxies, likely those with a larger disk component of younger and bluer stars. Cor-
respondingly, while the fraction of E and SO massive galaxies (May, > 10" M) older
than 8 Gyr is quite large, the fraction of massive and old Sa galaxies is less than 50%
(cf. Figure 23 of Bernardi et al. 2010[25]).

Therefore, in order to consistently compare the high redshift mass function with the
local one, in Figure 5.3 we report the cumulative mass function for the full Bernardi et
al. (2010)[25] sample with concentration index C, > 2.86. We also plot the mass function
by Cole et al. (2001[73]; similar results were obtained by Bell et al. 2003[19]), that has
been computed with criteria that tend to exclude late type galaxies. These local mass

functions are compared with estimates by Pozzetti et al. (2007)[265] and Marchesini et
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Figure 5.3: Cumulative stellar mass function. The different lines illustrate Schechter fits to the av-
erage stellar mass function at different redshifts as estimated by Bell et al. (2003)[19], Bernardi et
al.  (2009)[22], Pozzetti et al. (2007)[265], and Marchesini et al. (2009)[213]. All estimates have
been scaled to Chabrier’s (2003) IMF. Thick solid lines with arrows highlight the mass evolution from
z a2 1. 5 to the present allowed by the observed mass functions, starting from M, ~ 2 and 5 x 10** M.

al. (2009)[213], which refer to redshift z ~ 1. 4 and z ~ 1. 6, respectively. All mass
functions have been rescaled to Chabrier IMF.

When comparing the local to the high redshift ETG mass function, the first issue is how
to make a complete census of high redshift ETG progenitors. Williams et al. (2009)[361]
found that in a deep sample (magnitudes Kxp < 22. 4) the most luminous objects at
z ~ 1 — 2 are divided roughly equally between starforming and quiescent galaxies. A
significant fraction of galaxies at z > 1. 5, forming stars at rates of hundreds to thousands
solar masses per year as revealed by far-IR or submillimeter surveys, are easily missed
even by deep K —band surveys because of their strong dust obscuration (e. g. , Dye
et al.  2008[101]). An extreme example is GN10, a galaxy at z ~ 4 that exhibits a
star formation rate around 1000 Mg yr=!, a stellar mass around 10* M, and a dust
extinction Ay ~ 5 — 7. 5 mag (see Daddi et al. 2009[86]; Wang et al. 2009[358]); this
went undetected by ultradeep K;—band exposures, yielding a 1 —o¢ upper limit of 23 mJy
(Wang et al. 2009[358]) that corresponds to Kap > 28. Since all galaxies at redshift

z > 1. 5 have to be included in the budget, mass functions of high redshift massive
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galaxies based on optical or near-IR selected samples should be regarded as lower limits
to the high redshift counterparts of local ETGs (see Silva et al. 2005[307] for a more
detailed discussion). As a consequence, only upper limits to evolution in mass allowed
by the data obtains by assuming that the galaxy number density keeps constant.

In addition, it is apparent from Figure 1 of van Dokkum et al. (2010)[347] that the
upper limit to mass evolution slightly depends on mass or correspondingly on the reference
number density. van Dokkum et al. (2010)[347] adopt as a reference number density
2 x 107* Mpc™ dex™! and find that galaxies with this number density at z ~ 1. 6 are
endowed with M, ~ 1. 7 x 101* M, while at z ~ 0.1 the same number density pertains
to galaxies with M, ~ 2. 8 x 10! M, (the adopted local number density is that of Cole
et al. 2001[73]); the ensuing upper limit to mass evolution is < 70%. Applying the same
argument to galaxies with number density 2 x 107 Mpc=3 dex™! yields an upper limit
to mass evolution < 40%. If the local number density of Bernardi et al. (2010)[25] is
adopted, the upper limit to mass evolution is < 50% since z &~ 1. 6 with practically no
dependence on mass, as shown in Figure 5.3.

These upper limits are compatible with evidences that most, if not all, massive
ETGs are already in place at redshift z ~ 1 (see Drory et al. 2005[98]; Pérez-Gonzalez
et al.  2008[257]; Fontana et al. 2006[116]; Cirasuolo et al. 2010[69]; Kajisawa et
al.  2009[167]) and that only a fraction < 30% of their stellar mass can be added at
later times. Collins et al. (2009) have estimated the masses of the Brightest Cluster
Galaxies (BCGs) in 5 of the most distant X-ray-emitting galaxy clusters at redshifts
z ~ 1.2 —1.5, finding that they are perfectly compatible with the local average mass
of BCGs. If the two galaxies, which have companions, incorporated them, their mass
would increase in one case by about 20% and in the other by 40%.

The results of numerical simulations on DM halos are compatible with such a mass
increase. More in detail, Boylan-Kolchin et al. (2008)[43] showed that only merging
of satellites with mass ratio n > 0.1 can efficiently increase the mass of their host galax-
ies. Also the merging rate for massive galaxies inferred from numerical simulations by
Stewart et al. (2008)[316] confirms that most of the mass is added by merging of satellites
with mass ratio n > 0.1. We stress, however, that these simulations refers to the DM
halos and its translation to stellar component of merging halos is not trivial.

To sum up, the data allow, at most, for a mass increase by a factor of ~ 2 since z ~ 2

and by a factor of =~ 1. 5 — 1. 7 since z = 1. 5. We notice also that if the growth occurs
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via minor dry mergers, with no evolution of the galaxy number density, practically all
massive galaxies gradually increased their mass throughout their entire lifetime, from the
formation redshift to z = 0 [see, e. g., the simulations by Naab et al. (2009)[233] and
Stewart et al. (2008)[316]]. But then also the galaxy sizes should increase gradually over
the full galaxy lifetime, and this can be hardly reconciled with the much larger scatter

in size observed for ETG progenitors at z > 1. 5 compared to that at lower redshifts.

5.4.2 SIZE EVOLUTION

The comparison of available data on z > 1 ETGs with the local size distribution clearly
points toward a mean size increase by about a factor of 3 in order to bring the average M,
vs. R, relationship of high redshift ETGs to the local average (cf. Figure 5.1), though
we caution that larger samples of high redshift ETGs are needed. We stress that the
observed small sizes at high-z are indeed expected (cf. Equation [5.5]) if ETG progenitors
formed most of their stars in a rapid, dissipative collapse.

As a matter of fact, we expect that high redshift passively evolving ETGs formed
at redshift zg., > 4 larger than the formation redshift zg.m &~ 1. 5 — 2 of most local
ETGs. From the number density of halos with My > 102 M, as a function of red-
shift, we estimate that massive galaxies (with M, > 10! M) formed at redshift 2., > 4
are only 10% of those formed at zto;m & 2. Therefore, since R, o (1 + Zgom) %" (see
Section. 5.1.1), the local counterparts of high-z ETGs, 10% of the total number of
ETGs, are expected to exhibit a half-light radius smaller than the average by a factor
around 1. 4.

Taking into account this bias, data in Figure 5.1 and in Figure 5.2 show that a
significant fraction of local ETG precursors already at z > 1. 5 exhibit the same size
as their local counterparts of the same mass. On the other hand, there are also ETG
progenitors much more compact than their local counterparts, with sizes smaller by a
factor < 1/6. As a matter of fact, the dispersion in size at high redshift is larger than
in the local samples of ETGs. These properties of the size distribution can be accounted
for by a model yielding evolution in size by large factors (> 5) on timescales shorter than
the Hubble time ty at z > 1. 5. Ejection of large amounts of gas by quasar feedback can
reproduce the observed phenomenology. From Equation 5.11 it is apparent that large

size expansions are possible, even though gravity of DM halos will constrain them. Also
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from Equation 5.13 it is apparent that timescales from a few to several 10® yr can be
required for the expansion. In this context the scatter of sizes mirrors the spread of
formation time and the spread in the expansion phase, as illustrated by Figure 5.1 and
Figure 5.2. In particular, in Figure 5.1 lines with an arrow represent the size evolution
predicted by G04 model. The lower horizontal lines represent the time (translated to
Az) spent by ETG progenitors in their dusty phase with quite large star formation rate;
submm surveys are quite efficient in selecting this phase. Then the (almost vertical)
lines represent the epoch of the large size increase due to the gas outflow triggered by
the quasar activity; this phase begins with the quasar appearance and lasts ATy, (here
ATz ~ 2% 108 yr has been assumed). Then a longer phase lasting for about the present
Hubble time follows, during which the size can increase by a smaller factor because of
mass loss due to galactic winds and/or minor dry mergers.

We note that quasar feedback has not been introduced specifically to solve the size
problem, but first by Silk and Rees (1998)[306] to predict the correlation in ETGs be-
tween galaxy velocity dispersion and the present-day BH mass. Soon after, Granato et
al. (2001, 2004)[137][136] have shown that the gas removal by quasar activity is also
needed in order to stop the star formation, preventing formation of exceedingly massive
galaxies, too blue and with no enhancement of a-elements (cf. Section 5.4.1). Steril-
ization of star formation by quasar feedback implies that in a quite short timescale, an
enormous mass of gas is evacuated from the central galaxy regions and possibly from
the entire halo and subhalos. The gas evacuated from the central regions can be of the
same order of the mass in stars, so about 10 — 20% of the total baryons in the galactic
halo. Observations of high redshift star forming galaxies do find evidence of large frac-
tions of gas in various states, from molecular to highly ionized; in starforming galaxies
at z ~ 2 the mass in gas is of the same order of the mass in stars (Cresci et al. 2009[82];
Tacconi et al. 2008, 2010[322][321]). Such winds would then push out gas from the halo

at a rate

-1

. (Y RH M —

Moy = 1000 & 8 M, v 5.17
‘ 1000 km s ! (100 kpc> L e (5.17)

where the reference values are for a DM halo with My ~ 2 x 10*2 M, formed at 2grm ~ 3;
Ugas 1s the escape velocity from r ~ 1 kpc and the gas mass is close to the stellar mass. As

pointed out by Silk & Rees (1998)[306] and by Granato et al. (2001, 2004)[137][136] the
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energy released by a luminous quasar in its last e—folding time is a factor of 20 larger
than the energy associated to these winds. On the observational side, hints of massive
outflows from high redshift quasars, consistent with this scenario, have been reported
(e. g. Simcoe et al. 2006[309]; Prochaska & Hennawy 2009[268]). Therefore there are
strong reasons to believe that large gas outflows occurred in high redshift quasar hosts.

As discussed in Section 5.3.1, the removal of a mass in gas close to the mass in stars
destabilizes the mass distribution in the innermost galaxy regions. In the case of strong
quasar winds the ejection and dynamical timescale are similar 7; = 1 —3 74yn. Therefore
the effect could be intermediate between those described by Equation (5.11) and by Equa-
tion (5.12), as found with numerical simulations by Geyer & Burkert (2001)[126] and by
Baumgardt & Kroupa (2007)[16]. A basic question is how long it takes for the stellar
structure to readjust to a new equilibrium. In simulations of star clusters, i.e., with-
out DM halo, the new equilibrium is reached in 30 — 50 initial crossing times (Geyer
& Burkert 2001[126]; Boily & Kroupa 2003([31]; Bastian & Goodwin 2006[15]). In the
hypothesis that the same number of crossing times are also requested for massive galax-
ies, the expected timescale for size evolution would be ATy, ~ 1. 5 x 10® yr. On the
other hand, specific numerical simulations with high temporal resolution are needed in
order to assess the size evolution timescale, since the presence of the DM halo, domi-
nating the potential well at » > R., could slow down the expansion increasing the time
needed to reach the new size and equilibrium. On the observational side, the duty cycle
can be inferred only by studying the distribution of large samples of high-z galaxies in
the R, vs. M, plane.

Since quasar winds follow the time pattern of quasar shining, the same is expected for
the size evolution, except for a delay by ATy;,.. As a consequence, the inverse hierarchy
or downsizing seen in the quasar evolution is mirrored in the size evolution.

Quasar activity is the main feedback mechanism for more massive ETGs (M, >
10" M), while supernova feedback dominates at M, < 2 x 10'° M (see Granato et
al. 2004[136]; Lapi et al. 2006[190]; Shankar et al. 2006[298]). Correspondingly, larger
size evolution is expected for larger mass ETGs, while the evolution is progressively de-
creasing for lower mass and should be negligible for M, < 10 Mg; in addition, the
scatter in size at high z is much wider for more massive ETGs. Interestingly, Lauer et
al. (2007)[193] and Bernardi et al. (2007)[24] found that the relationship between effec-

tive radius R, and luminosity steepens for ETGs brighter than My ~ —21, corresponding
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to a stellar mass 101 M.

If we assume that the change in size of ETGs is due to minor dry mergers, we face
a couple of problems. The upper limit to the mass evolution (M;/M; ~ 1. 7 — 2 since
z ~ 1. 5 —2), plus the fact that this happens gradually, implies that almost all high
redshift massive ETGs must increase their size at most by a factor ~ 2. 2—3. While this
may be consistent with the average size evolution, it does not account for the decreased
scatter of the size distribution from high to low redshifts. In particular, since dry minor
mergers require a long timescale = 10 Gyr to produce their full effects, they can not not
explain why a significant fraction of the high-z ETGs are already on the local mass-size
relationship. Moreover, the upper limit on the increase in mass entails an upper limit
of factor of 3 for the size increase since z ~ 2, while at this redshift there are ETGs with

sizes smaller than the local one by factors of 6 — 10 .

5.4.3 PROJECTED CENTRAL MASS EVOLUTION

Clearly, the mass within the central regions after the expansion driven by quasar winds
in ETGs, when a new virial equilibrium is reached with the same mass in stars, has to
be lower than that of the initial compact structure, analogously to what happens for
stellar clusters (Boily & Kroupa 2003[31]; Baumgardt & Kroupa 2007[16]). To test this
implication against the data we compare the projected mass within the half-mass radius
R.(z > 1) of each passively evolving galaxies at high redshift with the average projected
mass within the same physical radius for local ETGs of the same overall stellar mass.

We stress that this test bypasses the problem of the reliability for the estimates of the
effective radius in high redshift ETGs, since the mass inside the estimated effective radius
is much less uncertain than the value of the radius itself. We checked that following the
method by Hopkins et al. (2010), who have illustrated the effect of a limited dynamical
range in surface brightness available for high redshift galaxies on the estimate of the
intrinsic index n; and of half-mass radius R;. These authors shifted some of the Virgo
clusters ETGs to z = 2 and simulated HST observations on these objects. Specifically, for
NGC 4552 shifted to high redshift and assuming Ap =~ 4. 5, Hopkins et al. (2010) find
that the original n, = 9. 22 is fitted with n; ~ 6 and Ry ~ R,/3; as a results, the
total luminosity Ly obtained by the fitting procedure is lower than the ‘true’ one L; by

a factor 1. 5. In the case of NGC 4365 the corresponding luminosity ratio amounts to
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Figure 5.4: Ratio between the projected stellar mass within the estimated half-mass radius R, for passively
evolving ETG progenitors at z > 1 and the average local value within the same physical radius and for the
same overall stellar mass. The data points include observations of individual passively evolving galaxies
with spectroscopic redshifts z > 1 by Longhetti et al. (2007), Cimatti et al. (2008), Damjanov
et al. (2009), Mancini et al. (2010), and van Dokkum et al. (2008). The shaded area shows the
distribution of local SDSS galaxies (Hyde & Bernardi 2009). The thin lines illustrate the expected stellar
mass ratio for different size increase from high—z to the present, on adopting a local Sérsic index n = 4
(see § 5.4.3 for more details). As in Figure 2, thick lines with arrows illustrate typical evolutionary
tracks of massive galaxies according to G04 model (with f, = 1. 5 and zgorm = 3).

1. 12. However, the luminosity L;(Ry) inside Ry estimated through the fit is a good
estimate of the true luminosity, with errors within 20% even in the case of large values
of ny. For instance, in the case of NGC 4552 we get L;(Ry)/Li(Rf) ~ 1. 15. In
conclusion, while the fitting procedure for high redshift galaxies with large intrinsic n
index underestimates the half-mass radius by a factor of 3 — 4 and the total luminosity
by a factor 1. 5, but yields accurate estimates of the luminosity (and of the mass) inside
the radius Ry. By the way, the same holds for the stellar mass, after proper translation
of the luminosity in mass.

In Figure 5.4 we plot the ratio between the projected mass of high redshift and local
ETGs within the same physical radius, namely, the half-luminosity radius of high-redshift
ETGs. In detail, since for high redshift ETGs M, (< R.(z), z) = M,, tot/2, the ratio
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comes to
M*(< Re(z), z = 0) B i Rei(z) 1/n
M*(< Re(z), z) =27 [2 , b, ((Re(z - 0)>> ] , (5.18)

where I is the (normalized) incomplete Gamma function. Thus if the total mass does

not change significantly, the quantity M, (< R.(z), 2)/M.(< Re(z), z = 0) depends only
on the ratio r = R.(z)/(R.(z = 0)) and on the final Sérsic index n.

To plot the data points under the hypothesis of no mass evolution, we compute the
ratio r using the observed R.(z), and exploiting the observed stellar mass M, to derive
(Re(z =0)) from the local R, — M, relation presented in Figure 2. The horizontal lines
has been computed for three values of r; for the sake of definiteness we adopt n = 4. The
thick lines with arrows illustrate the evolutionary track of massive galaxies according to
G04 model with f, = 1. 5 and z¢,, = 3; these are found to be in encouraging agreement
with the distribution of data points.

In the case of local ETGs we can define a ratio 7’ = R.(z = 0)/(R.(z = 0)) and compute
the analogous of the mass ratio defined by Equation 5.18. The shaded area, containing
65% of local ETGs, illustrates the uncertainty of data points and of the horizontal lines
associated to the assumption of an average half radius (R.(z = 0)).

Data points in Figure 4 show that a significant fraction of high redshift passively
evolving galaxies exhibit stellar mass inside their inferred half-mass radius larger by a
factor 2 — 6 than the mass of their local counterparts within the same physical radius.

Keeping mass and structural index n = 4 constant, larger mass ratios can be obtained
increasing the half luminosity radius by a factor from 2 to 6 (cf. horizontal lines). If
we allow the structural index n to vary by one, as suggested by the simulations of Naab
et al. (2009)[233], the change is minimal; even structural changes from n =4 ton = 8
still would require a size increase by a factor of ~ 6 in order to explain galaxies with the
largest mass ratio.

This result suggests that the mass inside this physical radius has on the average de-
creased and disfavors mechanisms that increase the size by only adding stars in the outer
regions of the ETGs. We notice that our argument involves a significant fraction of
the total galaxy mass. Contrariwise, the comparison of stellar surface density profiles
within R, /50 as performed by Hopkins et al. (2009a) refers only to a tiny fraction of the
mass. It is interesting to note that Naab et al. (2009)[233] find in their simulations that

the dynamical friction is able to decrease the total mass inside < 1 kpc.
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On the same line, massive ETGs with their large sizes, steeper correlation between
effective radii and mass and large Sérsic index (Lauer et al. 2007[193]; Kormendy et
al. 2009[179]) clearly stand as representative cases of galaxies which experienced robust
puffing up by quasar feedback. Moreover, the correlation of the central BH mass with
Sérsic index n (Graham et al. 2003[134]; Graham & Driver 2007[133]) for massive ETGs
is consistent with the hypothesis that the strong feedback from the most massive BHs has

led to a substantial increase of n.

5.4.4 VELOCITY DISPERSION EVOLUTION

Applying the virial theorem to the galaxies before and after their growth in size, we
have that the final line of sight central stellar velocity dispersion oy, ¢ is related to the

initial one oq ; by:

: o Sp(ng) My Re;  f2 Vii(%orm) Sp(ng) My Re,;

o5 F =04 = ’
0, f 0, i Sp(ng) M; R ; 3 Sk(ni) Sp(ng) M; R, ¢

(5.19)

here the indices ¢ and f label quantities in the initial and final configuration, and Sp(n) is
the structure factor defined by Prugniel & Simien (1997)[269], n being the Sérsic index. In
the last expression we have used Equation (5.4) and the relation 07 = 3 Sk (n;) 0g ;. In
the case of an homologous growth of the galaxy size, the velocity dispersion scales as
(M/r)Y/2, so that it remains constant if both the mass and the size increase by the same

~1/2 if the growth occurs at constant mass. However, the size

factor and decreases as r
growth is not necessarily homologous. All the mechanisms so far proposed predict an
increase of the Sérsic index with increasing size. This effect together with a possible
increase in mass within the limits imposed by the mass function evolution, tend to soften
the decrease of the velocity dispersion. A further attenuation of the evolution is expected
because of dynamical friction with the DM component.

The above equation shows that the size evolution of ETGs is paralleled by velocity
dispersion evolution and that the present-day velocity dispersion keeps track of the po-
tential well of the host halo when the galaxy forms. This is expected, since in a galaxy
halo the gas is channeled toward the central regions during the fast accretion phase under
the effect of the DM potential well. The duration of the star formation process depends

on halo mass, feedbacks and redshift at which the fast accretion phase occurs. The

velocity dispersion of the collapsed galaxy is not affected by the minor fraction of DM
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added subsequently to the external regions of a halo during the slow accretion phase (see
Lapi & Cavaliere 2009[188]).

Observations of the kinematics of passively evolving ETGs at z > 1 are quite diffi-
cult. Nonetheless for two galaxies reliable estimates of the velocity dispersion have been
obtained (Cappellari et al. 2009[58]; van Dokkum et al. 2009[345]). For other ob-
jects only average estimates have been inferred from stacked spectra (Cenarro & Trujillo
2009[59]; Cappellari et al. 2009[58]). In all cases the main conclusion is that stellar
masses derived from spectrophotometry are in good agreement with virial masses or with
masses derived from dynamical models, if one adopts an IMF flattening below 1 M, such
as those proposed by Kroupa (2001)[184] or by Chabrier (2003)[60]. This finding is also
confirmed at intermediate redshifts 0.4 < z < 0.9 by van der Wel et al. (2008)[343].

One of the two high redshift ETGs with a good determination of the velocity disper-
sion, GMASS 2470 (Cappellari et al. 2009[58]), falls in the o vs. R, plane quite
close to the area covered by local ETGs. On the other hand, the best fit value of the
stellar velocity dispersion, oo = 51073%°, for the galaxy 1255-0 at z ~ 2. 2 (van Dokkum
et al.  2009[345]) exceeds the measured values for even the most massive local galaxies
(Bernardi et al. 2008[23]). Although we cannot do statistics with a single case, its
existence lends support to the possibility of a significant evolution of the galaxy velocity
dispersion.

Cappellari et al. (2009[58]; see also Bernardi 2009[22]), based on stacked spectra of
13 galaxies at 1. 4 < z < 2. 0 (cf. their Table 1), find a mild evolution of the velocity
dispersion, that decrease from about 202 km s~! at z ~ 1. 6 down to about 160 km s~*
at z ~ 0 for M, ~ 7x 10 M, and find an increase of the source size by a factor around
3. 5. This evolution can be understood if the Sérsic’s index n increases from an initial
value n; to ny = n; +2 and the mass increases by 30%; in that case the velocity dispersion
decreases by a factor 1. 35, or less if dynamical friction with DM has a role. Note that
if the DM is dynamically irrelevant in the inner regions of galaxies, and mergers accrete
matter in the outer regions, the mass within R, does not change and the same velocity
dispersion evolution applies also to the minor merger scenario.

A quite interesting upper limit to the velocity dispersion, o, < 326 km s™!, for a
massive M, =~ 3 — 4 x 101! M, at redshift z ~ 1. 82 has been found by Onodera et
al. (2010)[244]. The same authors also find that the size of this galaxy is as expected

for a local galaxy with the same mass. The velocity dispersion and the size yield a virial
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Figure 5.5: Velocity distribution function. Our results at different redshifts are compared with the
observational estimates of the local velocity distribution function by Sheth et al. (2003)[303] and Shankar
et al. (2004)[299].

mass upper limit My < 7x 10! Mg, quite close to the stellar mass. This galaxy has the
same structural properties of a local ETG. Recalling that a significant fraction of 2 > 1. 5
galaxies already exhibit a size close to the size of their local counterparts, this galaxy
appears as a well studied case of an already evolved galaxy, suggesting that the timescale
for the size evolution is shorter than the Hubble time at those redshifts ATy, < tg(2).

Velocity dispersion has so far been determined only for a few individual high-z spheroidal
galaxies. The galaxy GMASS 2470 at z ~ 1. 4 (Cappellari et al. 2009[58]) and galaxy
#250425 at z = 1. 82 (Onodera et al. 2010[244]) are already close to the local value
for their mass, while 1255 — 0 at z = 2. 2 has a best fit velocity dispersion significantly
higher than the most massive local galaxies. Thus in the two first cases evolution should
have occurred before the cosmic time corresponding to the observed redshift, whereas
significant evolution in size and velocity dispersion has to occur for the higher redshift
galaxy. The studies of velocity dispersions by Cenarro & Trujillo (2009)[59] and Cap-
pellari et al.  (2009)[58], based on stacked spectra, suggest that velocity dispersion
evolution is on the average needed.

An interesting hint on size and velocity dispersion average evolution can be derived by
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studying the velocity dispersion distribution (VDF) of local ETGs (Sheth et al. 2003[303]), fol-
lowing the approach by Cirasuolo et al. (2005). From Equation. (5.19) and (5.11), tak-
ing n;, = 3 and ny = 5, we find, for the typical values of the parameters discusses above
(f, = 1.5, r=4), the relation oy, ; = 0.6 Vy; this associates to each forming halo
the final velocity dispersion of the most massive hosted galaxy. By combining it with
the formation rate of halos (see Appendix A) for redshifts z > 1 we get the distribution
function of the stellar velocity dispersions (VDF). From Figure 5.5 it is apparent that
the predicted VDF is in good agreement with the observational estimate by Sheth et
al. (2003). We stress that the observed VDF highly constrains the global history of DM
galaxy halos and of their stellar content, and therefore is an important benchmark for
models of ETG formation (see also Loeb & Peebles 2003[197]).

A change of the slope of the relationship between luminosity and velocity dispersion
at low luminosity has been claimed by several authors (Shankar et al. 2006[298]; Lauer
et al. 2007[193]). In particular, Lauer et al. (2007)[193] show that the change in
slope occurs at about the same luminosity My =~ —21, where the slope of the size
vs. luminosity relation also changes (see § 6. 2). Once more this feature occurs at the
transition from supernova-dominated to quasar-dominated feedback regime.

An additional relevant aspect is related to the M, vs. oy and M, vs. M, correla-
tions. GO4 model predicts that the mass in stars formed before the quasar shining is
strictly related to the mass of the central BH, since the growth of the reservoir, which
eventually furnishes the mass to the BH, is strictly proportional to the starforming ac-
tivity . Marconi & Hunt (2003)[214] and Héring & Rix (2004)[145] pointed out that the
M, vs. M, relation for ETGs and bulges exhibits a scatter comparable with that in the
M, vs. o relation.

In this context it is interesting to mention that, according to Lauer et al. (2007)[193], the
extrapolation of the oy vs. M, relationship holding at low mass to higher mass galax-
ies would predict BH masses smaller than those inferred from the stellar mass. This
is expected if the velocity dispersion decreased more significantly for higher mass galax-

ies, hosting more massive BHs and subject to stronger quasar feedback.
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5.5 SUMMARY

In this Chapter, we review the recent results on the observed size evolution of ETGs.We
try to answer the two following questions: 1) How did the small size of massive ETGs
form at high redshift? 2) How did the compact, massive ETGs evolve to ’catch up’ the
local relation?

We show that the observed compact size (kpc or even sub-kpc) of high redshift ETGs
is expected by theoretical predictions based on the largely accepted assumption that most
of the stars have been formed during dissipative collapse of cold gas. The other possibility
for the formation of compact size is according to the wet merger of gas-rich discs suggested
by simulations.

We also discuss the several mechanisms which can contribute to the observed size
evolution ETGs.Among them, the rapid gas expulsion and the dry minor merger may
be the most important. The available observational data strongly suggests that most of
the size evolution occurs at z > 1, while at z < 1 sizes increase by no more than 40%.
Moreover, a large fraction of high-z passively evolving galaxies have projected stellar mass
within their effective radii a factor of 2 larger than those of local ETGs with the same
stellar mass, within the same physical radius. It is also shown that the size distribution
of high redshift ETG progenitors is broader than the corresponding distribution for local
ETGs. While a significant fraction of massive high redshift ETGs already exhibit sizes as
large as those of their local counterparts with the same mass, for a bunch of ETGs the
size has to increase by a factor of 4-6 to match the local half mass radius. All the above
results are easily accounted for if most of the size evolution is due to a puffing up driven
by the rapid expulsion of large amounts of mass. The contribution of dry minor merger
to the size evolution can be up to a factor of 2 which is constrained by the mass function

evolution.
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CONCLUSION

Although the widely held view is that the formation and evolution of the visible part
of ETGs is driven by merger in the framework of the hierarchical evolution of the dark
matter galaxy halos, this scenario has difficulties to reconcile several observational ev-
idences. Instead, the monolithic collapse scenario considering both the halo formation
and QSOs/SNae feedback can explain the recent observed results on the massive ETGs
formation and evolution at high redshift.

In this thesis, we review a physical model for the massive ETGs formation and evolu-
tion at high redshift, by Granato et al. (2001, 2004), further elaborated by Lapi et
al. (2006). In this model, an evolutionary sequence for massive ETGs at high redshift
has been proposed:1) a very short UV bright phase with dust-free star formation, 2) fol-
lowing by submillimeter bright phase with intense dust-enshrouded star formation, which
is quenched by QSOs feedback, and 3) following by a optically luminous QSOs phase, 4)
and finally passively evolving towards the local ETGs, allowing limited stellar increase
contributed by (dry) minor merger. We show the success of this model to match simulta-
neously various observations following the proposed evolutionary sequence.

Adopting a power-law relation between UV attenuation, SFR, and metallicity (Equa-
tion 2.1), G04 model predicts the UV attenuation should be increasing with galactic age
and with increasing galaxy mass. With this additional ingredient the model accounts
also for the observed LFs of LBGs at different redshifts. The larger attenuation for more

massive objects implies that the UV LF evolves between z ~ 6 and z ~ 3 much less than
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the halo mass function. This is due to the fact that the higher dust attenuation mitigates
the fast increase with decreasing redshift of the number density of massive halos. We
also expect the space density of LBGs will decrease drastic towards to z & 10 because of
extreme sparsity of massive halo at z ~ 10.

We construct a sample of 298 spectroscopically confirmed zgs50-band-selected galaxies
at redshift z ~ 2 from the GOODS-MUSIC sample, with a well sampled SED from
the rest-frame UV to NIR. We also combine a local sample to build the local Lg — L
relation. With this relation, we can estimate the IR luminosity from the Spitzer MIPS
24pum observation if assuming it still holds at redshift 2. The observed I RX — 3 diagram
of our z ~ 2 sample shows a large spread around the average Meurer relation. The locus
of zgs0-band selected galaxies on the IRX — [ diagram show a tendency dependent on
their bolometric luminosities. We interpreted this fact as a real difference between an
extinction law and an attenuation law, the latter being the result of the combination
of many effects, such as an age dependent extinction, different geometries between
dust and stars and possible differences between grain compositions and sizes. This may
indicate the variable extinction law should be needed. Based on this idea, we outline
a new method of of the spectral population synthesis technique in which we add the
far infrared luminosity to the global SED and use of a generalized Calzetti law with
variable Ry . With this new method we could determine in a unprecedent robust way
the physical parameters , especially the attenuation , of z ~ 2 galaxies. We find there
is a general trend of increasing attenuation with SFR, or, equivalently, the unobscured
absolute UV magnitude, but the correlation is not tight. Ry shows a large scatter at
all values of the SFR indicating a variety of concomitant effects that may bear on the
combined attenuation law. This was already suggested by our IRX — [ diagram but
the run of the scatter with the star formation rate is more indicative that these processes
appear at any scale. The relation between the attenuation and the SFR become tighter
toward larger wavelengths. This is consistent with the fact that, in general at shorter
wavelengths images show more knotty structures that overall combine to give a different
attenuation curve. Especially high values of Ry were generally required to fit the SEDs
of ULIRGs. In this case the attenuation curve is very flat and the attenuation remains
relatively significant even in the NIR. Indeed from the analysis of local ULIRGs, it
was expected that a fraction of the star formation could be significantly attenuated even

at these long wavelengths. This effect is important to explain the observed mass-to-light
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ratio at NIR bands which can vary by a factor of 100. Some observed mass-to-light ratio
at H and K bands at z ~ 2 galaxies are comparable to the local values, which has been
claimed by Shapley et al. (2005). We argue this is due to relatively significant attenuation
even at these bands.

Short UV bright phase is expected due to the rapid increasing of SFR and rapid metal
enrichment in massive halos. UV photons will be absorbed by newly produced dust and
reradiated in FIR band. The galaxy will transfer from UV bright phase to FIR/submm
bright phase. The feature of negative K-correction of SMGs makes it possible to study
them up to high redshift (z ~ 10), especially with the new generation FIR /submm satellite
Herschel. We have exploited the H-ATLAS SDP survey data to investigate the evolu-
tion of the 100 and 250 um LFs of bright star-forming galaxies (SFR > 102Moyr~")
at z > 1. Redshifts have been estimated using the SED of SMM J2135-0102 as the
template. The rms uncertainties on redshift estimates have been assessed comparing
our redshift estimates with spectroscopic redshift measurements for 39 H-ATLAS galax-
ies at z > 0.5 as well as by means of simulations. Both methods yield rms values of
Az/(1+ z) =~ 0.2 or smaller. The uncertainties due to the spread of redshift estimates
are added in quadrature to Poisson errors to compute the global uncertainties on the
LFs. Our LF estimates are in close agreement (in the common redshift and luminos-
ity range, after applying the same K — corrections) with those at 250 um by Eales et
al. (2010b)[104], as well with those at 90 gm by Gruppioni et al. (2010)[139]. We
find a significant luminosity evolution at least up to z &~ 2. 5, while a weaker evolution
at higher z is indicated. We show that the evolution of the LF reflects that of the halo
formation rate if the star-formation rate obeys a simple relationship with halo mass and
redshift and the lifetime of the main star-formation phase is Ats; ~ 7 x 10%yr, consis-
tent with the constraint coming from the a-enhancement observed in the most massive
ETGs. GO04 model is able to reproduce not only the 100 pm and 250pum LFs at different
redshifts z > 1 but also the counts at wavelengths ranging from 250 um to ~ 1 mm. We
also show , under the guide of the model, an simple , but effective, method has been
developed to select the high redshift, strongly-lensed SMGs, which has been proven to be
at work (Negrello et al. 2010[239], Gonzédlez-Nuevo et al. in prep. )

In the meanwhile, G0O4 model reproduces the B-band LFs of QSOs at different red-
shifts(Lapi et al. 2006[190]). QSOs feedback is an important ingredient in G04 model

which is needed in order to stop the star formation, preventing formation of exceedingly
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massive galaxies, too blue and with no enhancement of a-elements. Sterilization of star
formation by quasar feedback implies that in a quite short timescale, an enormous mass
of gas is evacuated from the central galaxy regions and possibly from the entire halo and
subhalos. The gas evacuated from the central regions can be of the same order of the
mass in stars, so about 10 - 20% of the total baryons in the galactic halo. The rapid gas
removal from the galaxy by QSOs feedback can puff up the size of the galaxy. This effect
combined with other mechanisms, especially dry minor merger, can be used to explain
the observed size evolution of massive ETGs.

Now we recall the first problem asked in the Introduction:Why was there no significant
star formation before the onset of collapse? We can’t give a positive answer by the model
itself. However, the recent result from the ’classic’ merger model indicates that the merger
model overestimates the number of dwarf galaxies M, <~ 10°M, at z > 0.8 even by one
order of magnitude(Guo et al. 2011[140]). This indicates that some mechanism must be
needed to prevent star formation in low massive halos at high redshift.

For the second question, 'why did all star formation cease immediately after col-
lapse?, the answer is the co-evolution of spheroidal and supermassive black holes, from
which the feedback can cease the ongoing star formation.

We can get the indication from Chapter 2 to answer the question : * why the brightest
UV selected galaxies at high redshift are relatively rare, when compared to the present
number density of massive ETGs?” The rare number of the brightest UV selected galaxies
is the result of the rapid dust production in massive galaxies, which transfer the UV bright
phase into the submillimeter bright phase in a short time.

For the last question, we may have some insight from the recent work by Cook et
al.(2009)[75] who propose a two-phase galaxy formation model. They take into account
an effect pointed out in the past few years by a number of studies mostly based on intensive
N-body simulations, namely that typical halo growth occurs in two phases: an early, fast
collapse phase featuring several major merger events, followed by a late, quiescent
accretion on to the halo outskirts. They propose that the two modes of halo growth drive
two distinct modes for the evolution of baryonic matter, favoring the development of the

spheroidal and disc components of galaxies, respectively.
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— Appendix A

OVERVIEW OF G04 MODEL

In the recent years we have developed a model of galaxy formation with focus on the
evolution of baryons within protogalactic spheroids. Baryons have been followed through
simple physical recipes emphasizing the effects of the collapse and cooling and of the en-
ergy fed back to the intragalactic gas by supernova (SN) explosions and by accretion onto
the nuclear supermassive black holes (BHs; see Granato et al. 2001, 2004[137][136]; Lapi
et al. 2006, 2008[190][189]; Mao et al. 2007[211]; Fan et al. 2008[109]). The main moti-
vation was to enlighten the relevant physical processes shaping galaxy formation, to keep
calculations easily reproducible and to suggest which processes should be implemented in
the much more complex and much less reproducible numerical simulations.

The model transparently shows how physical processes acting on the baryons speeds up
the formation of more massive galaxies. As a result, although the DM assembly follows
a bottom-up hierarchy, galaxies and their active nuclei evolve in a way that appears
opposite to the hierarchy in DM, following a pattern that we named Antihierarchical
Baryon Collapse (ABC). We notice that it fully corresponds from the observational point
of view to the so called downsizing.

Here we present a full summary of its main features, and provide useful analytic

approximations for quantities of relevance in this thesis.
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A.1 DM SECTOR

As for the treatment of the DM in galaxies, the model follows the standard hierarchical
clustering framework, and takes into account the outcomes of recent intensive high-
resolution N—body simulations of halo formation in a cosmological context (see Zhao
et al.  2003[364]; Diemand et al. 2007[95]; Hoffman et al. ~2007[150]; Ascasibar &
Gottloeber 2008)[9]. In these studies, two distinct phases in the growth of DM halos
have been recognized: an early fast collapse, and a later slow accretion phase. During the
early collapse, a substantial mass is gathered through major mergers, which effectively
reconfigure the gravitational potential wells and cause the collisionless DM particles to
undergo dynamical relaxation and isotropization (Lapi & Cavaliere 2009[188]). During
the later phase, moderate amounts of mass, around 20—50%, are slowly accreted mainly
onto the halo outskirts, little affecting the inner structure and potential, but quiescently
rescaling upward the overall halo size. From the baryon point of view, the early phase
— our main interest here — supports the dissipationless collapse of baryons to originate
a spheroidal structure dominated by random motions (see also Cook et al. 2009[75]).

Halos harboring a massive elliptical galaxy once created, even at high redshift, are
rarely destroyed, while at low redshifts they are possibly incorporated within galaxy
groups and clusters. Thus at z > 1, the halo formation rate can be reasonably well
approximated by the positive term in the derivative of the halo mass function with respect
to cosmic time (e. g. , Haehnelt & Rees 1993[142]; Sasaki 1994[289]). The halo mass
function derived from numerical simulations (e. g. , Jenkins et al. 2001[163]) is well fit
by the Sheth & Tormen (1999, 2002)[304][305] formula, that improves over the original
Press & Schechter (1974)[266] expression (well known to under-predict by a large factor
the massive halo abundance at high redshift). Adopting the Sheth & Tormen (1999)[304]

mass function Ngp(My, t), the formation rate of DM halos is given by

2 Zrp
d® Ngr ad(t) 20p o *(Mn) ] ‘dée Nt (M, t) ; (A1)

dMy dt — [02(My)  0.(t) o o(My) +a? 62 P(t)] | dt

here a = 0.707 and p = 0.3 are constants obtained by comparison with N-body simula-
tions, o(My) is the mass variance of the primordial perturbation field computed from
the Bardeen et al. (1986)[13] power spectrum with correction for baryons (Sugiyama

1995[317]) and normalized to og ~ 0.8 on a scale of 8 h~! Mpc, and 4.(t) is the critical

124



APPENDIX A. OVERVIEW OF G04 MODEL

threshold for collapse extrapolated from the linear perturbation theory.
As for the density distribution of DM halos we adopt as a reference the profile proposed
by Navarro et al. (1997)[238]:

p(r) = m (A.2)

where x = r/Ry, rs is the scale radius and c is the concentration parameter, ¢ =
Ry /rs, with typical values around 4 at halo formation (e. g., Zhao et al. 2003[364]). Bul-
lock et al. (2001)[50] found that c is the weak function of the mass as ¢ oc M %13 while
at fixed mass ¢ oc (1 + 2)7L.

The halo circular velocity Vi = (G My/Ry)'/? characterizes the DM potential well;
the associated velocity dispersion is opy = f(c)'/? Vi1, where f(c) =~ 2/3 + (¢/21. 5)%7

is a weak function of the concentration parameter of order 1 (see Mo et al. 1998).

A.2 BARYONIC SECTOR

A.2.1 GAS COOLING AND STAR FORMATION

During the fast collapse phase, a rapid sequence of major mergers build up a DM
halo of mass My. At that time a mass M,y = f, My of baryonic matter, in cosmic
proportion f, ~ 0.2 with the DM, is shock heated to the virial temperature by falling
into the forming DM gravitational potential well.

We consider that gas in proto-galaxies is divided between a hot phase at virial tem-
perature and cold gas phase at low enough temperature to allow star formation; we also
consider additional galaxy components: the stars, a reservoir of low angular momentum
gas and the growing central Black hole.

This hot gas cools and flows toward the central region at a rate
Ming

tcond

Meoond = (A.3)

over the condensation timescale

tcond = max[tcool(RH)7 tdyn(RH)] (A4)
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Namely, the condensing time is the maximum between the dynamical timescale

3m
tayn =\ 55— A.
dy 32GPDM ( 5)

and the cooling time at the halo virial radius Rpy:

3kT

teool = A6
' 2uC fopomA(T) (4.6)

where A(T) is the cooling function and C' =< n2(r) > / < ne(r) >? is the clumping
factor, assumed to be constant.

The clumping factor in the gas C > a few, as suggested by numerical simulations
(e. g., Gnedin & Ostriker 1997[130]; Iliev et al. 2006[159]), implies tcooi(Ru) < tayn(Rnu)
on relevant galaxy scales at z > 1. We exploit the cooling and the dynamical time at
the virial radius of a halo with a NF'W or similar distribution, since most of the mass is
located in outer low density regions. The dynamic time at virial radius Ry depends on
the redshift oc (1 + 2)~32 and on the concentration parameter c. When compared to
the cooling time, it turns out that usually the dynamic time is longer, except at the very
initial steps of the star formation, when the cold gas has still a primordial composition. At
this epoch the clumping factor is important in order to keep the condensation time t..,q
short enough. However soon later than a few 107 yrs the metallicity increases to a level
that makes the cooling time shorter than the dynamical time even in the case of almost
uniform gas.

We recall that the star formation in galaxy halos is a quite inefficient process , since
only a minor fraction 10 — 20% of the available baryons are cycled through stars in more
massive halos and the fraction is rapidly decreasing with decreasing halo mass. As a
result, the present-day cosmic mass density in stars is only a few percent of the mass
density in baryons (e. g. , Shankar et al. 2006[298]). Thus the formation of the
most massive galaxy in a halo is a process that involves only a fraction smaller than
20 — 30% of its original baryons and DM. It is natural to assume that the material
is rapidly put together by a few major mergers in the central regions of the halo. In
these mergers the angular momentum decays on a dynamical friction timescale tpp =~
0.2 (§/In&) tayn, where & = My /M, holds in terms of typical cloud mass M. involved
in major mergers (e. g. Mo & Mao 2004); these are very frequent at high redshift and in

the central regions of halos during the fast collapse phase of DM evolution, implying & ~
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a few and hence a short tpp. Thus the effects of angular momentum can be neglected.

The model also assumes that quasar (QSO) activity removes not only cold gas from the
galaxy, but also hot gas from the halo through winds at a rate MI%S O, to be quantitatively
discussed next; the equation for the diffuse hot gas is then

Minf - _Mcond - MQSO . (A7)

inf

The cold gas piled up by the cooling of hot gas, is partially consumed by star formation
(M,), and partially removed to a warm/hot phase endowed with long cooling time by

the energy feedback from SNae (M3N) and QSO activity (MZ):

C

Mcold - Mcond - [1 - R(t)]M* - M%]l\(fj — N C%S;O ) (AS)

C

where R(t) is the fraction of gas restituted to the cold component by the evolved stars

sup

R(t) = ; /m* dm*(m* - mrem)¢(m*)M*(t - Tm*) (Ag)

My, t

where 7,,, is the lifetime of stars with mass m,, m, , is the mass with lifetime ¢ and m,¢p,
is the remaining mass locked in the white dwarf and black holes. The value of R(t)
depends on time (particularly soon after the onset of star formation) and on the assumed
initial mass function (IMF). We adopt for reference a pseudo-Chabrier IMF of shape
d(my) = m;* with x = 1. 4 for 0.1 <m, <1 Mg and z = 2. 35 for my, > 1 Mg. The
often used approximation of instantaneous recycling implies R = 0.54 (for a Salpeter IMF
one has R ~ 0.3). The mass of cold baryons that is going to be accreted onto the central
supermassive BH is small enough to be neglected in the above equation.

Stars are formed at a rate

. dM, M,
M, = / 1d ~ 1d 7
max [tcool ) Zfdyn] [

(A.10)

where now tcoo1 and tqyy, refer to a mass shell dMqqq, and ¢, is the star formation timescale

averaged over the mass distribution.

A.2.2 BLACK HOLE GROWTH

Now we consider the equations ruling the matter accretion onto the central black

hole. The matter flows onto the BH in two stops. At first cool gas loses angular momen-
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tum through radiation drag (or other mechanism possibly related to merger even with
a small fraction of gas) and it flows into a reservoir around the BH (the hypothetical
primordial torus) at a rate Mmﬂow. Then from the reservoir the gas is accreted toward
the BH through the accretion radius r, = GM,/0?, where o is the characteristic velocity
dispersion of gas and stars in the central galaxy regions. The typical timescale of the

accretion is the viscous drag timescale T,;,. ~ r2/v, where for the viscosity we assume

-1

v ~ Re_;V(ry)re, where V(r,) is the rotational velocity at r, and Re is the critical

Reynolds number. By assuming V' (r,) = o, the viscous timescale reads(Burkert & Silk

2001)
GM. Recrit

Tvise = 0_3

(A.11)

If we admit that radiation pressure is able to restrict the accretion at A\ times the
Eddington limit, the maximum allowed accretion rate is Myyyet/Ter, Where 7.p = 4 X
108[n/(1 — n)]/X yr and 7 is the mass to energy conversion efficiency. Thus the accretion
rate turns out to be '

M, M,es M,

Meyee = —— = min] , ] (A.12)
11— n Tvisc Tef

The mass of the reservoir is changing at a rate
MTes = .inflow - Mo (A].?))

This equation shows that a massive reservoir can form around the growing BH when
Mm Flow > M, holds for long time enough. For reasonable values of Re ~ 100 — 1000, Ty;sc
is always much shorter than Eddington timescale 7., = 4 x 10%[n/(1 — n)]/A yr and
n, even for large BH mass. Therefore if the supply to the reservoir is large enough, the
BH accretion is limited by its own radiation pressure for long time. In particular we leave
the possibility of having only slightly super-Eddington accretion restricting A < 4. During
this period the BH can accrete close to the Eddington limit
1—n M,

1N tgdd

M, = Apad (A.14)

and grows almost exponentially from a seed of 10> M,; the e—folding time involves the
Eddington timescale tpqq ~ 4 x 10® yr, the radiative efficiency 7 ~ 0.1, and the actual
Eddington ratio Agqq ~ 0.3 — 3.

In any case at the end of accretion the BH mass will match the mass passed through
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the reservoir M, ~ [ Mm Flowdt.

Radiation drag is a physical mechanism that can remove large amount of angular
momentum from gas in the central region of protogalaxies and, as a consequence, it can
afford mass to the reservoir(Umemura 2001[338]). In this case we can imagine that during
major episodes of star formation in the inner regions of galaxies there are a huge number
of thick clouds where stars form;photons traveling from cloud to cloud are able to strip

gas which loses angular momentum. The angular momentum loss rate per unit mass has

been estimated by Umemura (2001[338]) and Kawakatu & Umemura (2002)[170] to be

dinJ L,

dt o Mcoldcz

(1 — e~™=p) (A.15)

where L, is the luminosity associated with the star formation and the 7xp is the total
optical depth of photons traveling from cloud to cloud.

The total optical depth is related to the physical conditions of inner regions of primeval
galaxies. Dust forms quite soon (on a timescale of a few ~ 107 yr) in large halos which
subsequently are going to host QSOs. The star formation are expected to occur in molec-
ular clouds of high optical depth 7., ~ 30 at A = 1pm. Thus in these halos the far
IR photons (7prr ~ 107%7,,,) can escape from molecular clouds and be absorbed by
other clouds, yielding a total optical depth Trp ~ TprrNi (Kawakatu & Umemura
2002[170]). The mean number of clouds intersected by a FIR photon N;,; &~ %lﬁrclrb, where
7y is the typical bulge radius of the spheroidal component in a galaxy and Ny, V,; and r
are the total number of molecular clouds within this radius, the typical volume of these
molecular clouds and their typical radius respectively. For a typical large galaxy r, ~ 10
kpc and the mass in cold gas can reach M,y ~ 10'2M. Assuming for a typical molec-
ular cloud M, ~ 10°Mg and r. ~ 10 pec, we estimate N;,; ~ 10 and as a consequence

Trp ~ 3. In general the optical depth due to dust depends on dust mass and on the

clumpy dust distribution. We set

o Z(t) Me.ga(t) ( My >_2/3 (A.16)

1) =
o) =m0 7= 0w (10w L,

where the dust mass is assumed to be proportional to the mass in metals, the typical
radius of the dust and gas distribution is taken to be proportional to the virial radius
scaled down by a large factor; the constant 7y, is meant to include the effects of clumps

in dust distribution. The above discussion suggests that 73, ~ 1. It is worth noticing that
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the optical depth decreases with decreasing mass because metal abundance and mass of
cold gas decreases.

The luminosity of stars can be estimated on the basis of simple arguments. In the first
phases of galaxy formation it depends on young stars, i. e. mainly on star formation
rate M, and on the IMF ¢(m). The luminosity in stars is

L.(t) :/mw dm/ (= )l (t — ) dt (A.17)

Min f
where 7 is the minimum between t and the time 7p;5(m) spent in the main sequence
by star of mass m and [,,(¢) is the luminosity. Assuming that the [,,,(¢) is constant during
in the main sequence and the 1, (t) varies slowly, the luminosity amounts to
M, (1)
~ 43 * -1
for a Chabrier IMF. A Salpeter IMF would imply L,(t) ~ 2 x 10%3 (MT()) ergs—! (see

e. g. Kennicutt 1998[171], Panuzzo et al. 2003[250]). The luminosity from stars can also

be written as

Lal0) ~ enn i) 4 10y () (B0 Y erget (g

where fg is the fraction of stellar mass of H converted into He during the main sequence
in stars in the relevant range of mass. Under the assumption that the reservoir is fed at

a rate M, fiow ~ Cold%, the mass of the reservoir increases at a rate

Migow ~ 2 (1—e™) ~agp x 107° M, (1—e ™) ; (A.20)

c2

the constant of proportionality agrp ~ 1 — 3 can be fixed to produce a good match to the
correlation between the spheroid and the supermassive BH masses observed in the local
Universe.

Eventually all the mass passed through the reservoir is accumulated in the BH, i. e.
M, ~ MO+ /Mmﬂowdt ~ MY+ anp x 1077 My(t) (1 — e ™) (A.21)

where M, (t) is the overall mass of the stars formed during the epoch when the reservoir

has been fed through radiation drag and M? is the BH seed mass. With agrp ~ 1—3, this
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equation naturally predicts the My— M, relation (Magorrian et al. 1998[204] ;see Ferrarese
& Ford 2005[113] for a review). However the most reliable mass estimates are quite
difficult, because they are based on very high angular resolution spectroscopy in order to
determine the dynamics within the very central galaxy regions. As a consequence high
mass BHs are more easily weighed than less massive ones. As a result we may expect
that the true variance in the M, — M, relation is higher than the observed. We stress
in particular that Equation A.21 shows that the relation depends also on 7zp, which
decreases significantly for low mass galaxies. This implies that the M, — M, relation
should exhibit two regimes: (1)when 7rp > 1 M, o M,;(2) while for lower mass galaxies
M, o< M, X Tgp . Since Trp significantly declines with star and halo mass, e. g. 7rp
Mi/ ® (Shankar et al. 2006), the relationship between BH mass and halo mass (or stellar

mass) significantly steepens at small halo mass (or stellar mass).

A.2.3 FEEDBACK FROM SNAE

The effects of SNae on ISM in a galaxy are very important(e. g. McKee & Ostriker
1977[223], Efstathiou 2000[105]). The distinction between type 1 and type 2 SNae is
relevant in studying their respective effects. Core collapse type 2 SNae are associated to
massive stars with typical lifetime 7, < a few 107 years, a timescale which is negligible
when studying galaxy evolution even at large redshift; as a consequence we can assume
that their explosion rate is directly proportional to the current star formation rate. Instead
type 1 SNae are associated to binary systems. Recently, Kobayashi & Nomoto(2009)[176]
reviewed the model of single degenerate star, wherein the system is composed by a white
dwarf(WD) and a main sequence (MS) or a red giant star (RG) losing mass. Since the
mass loss depends on the metal abundance, the expected SNIa rate is strongly suppressed
when the metallicity is Z < 0.1Z,. Kobayashi and Nomoto(2000)[176] showed that
the WD+MS systems produce a peak of SNae at t ~ 10° yr for low chemical abundance
Z < 0.1Z while for solar abundance the peak moves to t ~ 108 yr. The WD+RG binaries
exhibit the same behavior only with timescale a factor of 2 larger. However the rates of
SNIa are quite penalized by the peculiar conditions required for their occurrence. Thus
they transfer to the galactic gas an amount of energy that is comparable or greater
than that associated to type 2 SNae only when the star formation rate has significantly

declined. In this sense we shall see that they are relevant in removing the gas restituted
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from stars at late times. Thus we neglect in the analytical description of the model the
energy input of SNIa in the first 10° yr of the galaxy life. For late times we will present
the results of numerical studies and an analytical approximation.

The type 2 SNae feedback can be parameterized as
M2 = Bsn M, (A.22)

where the efficiency of gas removal

Bon = Nsn esn Esn 0.6 Ngn (63N> Esn My \ 7P (1 —I—z)l
5N Epind “\8x1073/M, ) \0.05/ \ 105%erg ) \ 1020, 4

(A.23)

depends on the number of SNae per unit solar mass of condensed stars Ngy (of order
1. 4 x 1072 for the Chabrier IMF and 8 x 1073 for Salpeter IMF), on the energy per SN
explosion Egy ~ 10°! ergs, on its coupling to the surrounding medium egy ~ 5% , and
on the specific binding energy of the gas within the DM halo, FEy;,q. Following Zhao et
al. (2003)[364] and Mo & Mao (2004)[228], the latter quantity has been estimated for

z>1 as

Euing = V2 f(¢) (1+fi 1)/2 = 3.2x 10" (My/10"% M)*? [(1+2)/4] cm? s™2 (A.24)

A.2.4 QSOS FEEDBACK

The BH accretion can transfer energy and momentum to the interstellar medium(ISM)
of the host galaxy and even to the gas far away from the central regions of the hosting halo
through radiation and gas outflows. Quasar outflows can be divided into two main sec-
tors:relativeistic radio jets and much less collimated outflows with v ~ 0.03—0.2¢(so-called
broad absorption line(BAL) QSOs). Relativistic jets are able to transport large amount of
energy very far away from the host galaxy, up to a few Mpc. On the other hand the BAL
QSOs outflows are much less collimated and they soon impinge into the gas closer to the
central BH. Though both mechanisms are relevant to carry away kinetic energy extracted
by accretion, the BAL QSOs outflows are more generic. At the brightest luminosities, a
large fraction (~ 20 — 40%) of optically selected quasars show BALs(Hewett & Foltz
2003[148];Dai et al. 2008[88]). And it is likely that all bright quasars exhibit BALs, al-
though they may not be visible due to geometric effects(Reichard et al. 2003[273]; Elvis
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2000[107];Gallagher et al. 2006[120]; Priddey et al. 2007[267], Fan et al. 2009[110]).
Following Murray et al. (1995)[231], an approximate solution for the wind velocity is

2. 35
VR U (1 - Tf) (A.25)
T
with /2
Voo = <7GM*> (A.26)
Ty

where 7y ~ 10'%cm is the radius at which the wind is launched and the + is a factor related
to the force multiplier (the reference values v ~ 3, see Laor & Brandt 2002[187]). The
asymptotic speed is reached at ro, > 40r;. The outflow rate at radius r is Mw(r) R
Az fep(r)v(r), where f. is the covering factor of the outflow. Assuming that most of the

mass is placed at around r.,, the global outflow can be written as

‘ f M 1/2
M, =~ 47 fom g NET ooVUse & 3No3 (0.1) (108M®> Moyr™! (A.27)

The associated total kinetic luminosity reads

1. f AL\ P2
L = =M,v%: ~ 4 x 10" Ny [ =< > -1 A.28
K= el B E X 201 ) \losn, ) 990 (4.28)

In general the kinetic luminosity is a fraction of the accretion luminosity. The accretion
luminosity Lge. = ﬁ]\[,c2 depends on the capability of the radiation drag to funnel gas
into the reservoir. There are two possible cases:1)the reservoir is able to keep a radiation
limited regime or 2) the accretion regime is sub-Eddington. In the second case, the
feedback from SNae dominates and the quasar feedback is negligible. In the other case

the BH mass is increasing exponentially on 7. timescale and therefore the accretion

M,

luminosity can be written as L. ~ 1. 4 x 1046\ (m

) ergs—!. As a result, the kinetic

luminosity is only < 20% of the accretion luminosity even in the case of extremely massive

BHs. 12
Lg 2.8x1072 fe M,
= Nyg | 25 A2

Lace A 23 (0.1) <108M@> (A.29)

For large accretion rates occurring in large protogalaxies, the quasar feedback will be
expressed through kinetic luminosity as reported in Equation A.29, while it turns out to
be negligible respect to the SNae feedback in less massive primeval galaxies.

The next key point is how to evaluate the effects of injected kinetic energy on the envi-
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ronmental gas. Numerical simulations (e. g. Begelman 2004[18]) have been exploited in
order to assess the basic aspects of the phenomenon. Two main mechanisms can influence
the gas in the halos. First the gas can be shock heated to such a temperature that it can
become unbound. Alternatively, ram pressure can act on the gas clouds and remove them
from the halos. In a simplified approach we assume that a fraction f, of the kinetic energy
transfers to the halo gas, bringing it to a hot phase that its cooling time becomes longer
than the Hubble time. Nath & Roychowdhury(2002)[237] have estimated that the me-
chanical work done by cocoons in the case of radio jets can amount to a fraction f, ~ 0.5
of the total luminosity in the outflow. We assume that similar efficiencies hold also for

BAL outflows. Then the QSOs deliver the kinetic energy to the gas at a rate

Y 3/2
Loso = fn X Lk =2 X 10% €QS0 (M) erg s b . (A.30)
Here egso = (fn/0.5) (fe/0.1) Nas is the strength of QSO feedback, expected to be close
to unity; f. is the covering factor of such winds and N3 is the hydrogen column density
toward the BH in units of 10% cm™2 (cf. Equations [29], [30] and [31] in Granato et
al.  2004[136]). With eqso ~ 1. 3 the bright end of the galaxy luminosity function is
reproduced (Lapi et al. 2006[190]).

We assume that the energy is shared between the infalling and cold gas component on
the basis of their respective mass fraction over the baryon mass. Since M;, s > M_qq this
assumption implies that most of the energy is given to the diffuse gas in the halo. The
rate of gas removal of each component is estimated as the ratio between the rate of energy

released to the component and the specific binding energy

M g = G0 2t (A31)
As a consequence, the QSO feedback grows exponentially during the early phases of
galaxy evolution, following the exponential growth of the supermassive BH mass. It is is
negligible in the first 0.5 Gyr in all halos, but abruptly becomes dominant in DM halos
more massive than 102 M,. Eventually, in these systems most of the gas becomes
unbound from the potential well of the galaxy halo, so that star formation and BH
activity itself come to an end on a timescale which is shorter for more massive galaxies.
Indeed, the positive feedback on BH growth caused by star formation, in cooperation

with the immediate and negative feedback of SN, and the abrupt and dramatic effect of
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QSO feedback, are able to reverse the formation sequence of the baryonic component of
galaxies compared to that of DM halos: the star formation and the buildup of central
BHs are completed more rapidly in the more massive halos, thus accounting for the

phenomenon now commonly referred to as downsizing.

A.2.5 CHEMICAL EVOLUTION

The evolution of chemical abundance of the cold gas in presence of gas inflow and

outflow is

d . . . . .
%[Mcoldzcold] - McondZinf - (1 - g(t))M*Zcold - (Mcs;]l\(; + Mgﬁjo)zcold + fZ(t)M* (A32)

where the function £(¢) describes the contribution to the metallicity by non processed gas

restored by stars at the end of their life:

m Zcold(t - Tm*)M*<t - Tm*)

f(t) = /mh t dm*(m* - mrem)(b(m*) Zcold(t)M*<t>

(A.33)

The function £(t) gives the total amount of newly formed metals ejected from stars

sup

£4(1) = /m m dm*m*qz(m*)¢(m*)W (A.34)

where gz(m,) is the fraction of the stellar mass m, ejected as freshly produced met-
als. Notice that in this treatment we neglect the dependence that the metal yield my
depend on the initial chemical composition of the stars. Combining the Equations A.3, A.8

and A.10, Equation A.32 can be written as

Zinf - Zcold Mlnf(t) RZ(t) Zcold(é(t) _ R(t))
tond MawaD) |t L (A.35)

Zcold =

where Z;,, is the initial metallicity of infalling gas.

The main effect of the QSOs feedback is to remove the gas and to stop star formation
in a few e-folding time, freezing also the chemical composition. This is the key point
to produce the observed a-enhancement in massive ETGs. On the other hand, SNae
feedback plays its role through the parameter v which is relevant to fix the ration of the
cold to the infalling gas.

Rz(t) is almost independent of the halo mass and virialization epoch and it is well
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described for t > 3 Myr by

t

Rz<t> ~ AZ + len(t—) t S tsat <A36)
Z
tsa

Rz(t) ~ Az + Bzln(~ Bt >ty (A.37)
A

where t7 ~ 10 Myr and ¢4 ~ 30 Myr; Az ~ 0.043(0.021) and Bz ~ 0.030(0.015) for
Romano IMF (Romano et al. 2005[283]) and Salpeter IMF(Salpter 1955[284]), respec-
tively.

A.2.6 ANALYTIC APPROXIMATIONS

The model yields as outputs the time evolutions of stars and gas (including metals)
components of the galaxies and of the associated active galactic nuclei. When the star
formation, gas abundance and the chemical evolution history of a galaxy within a DM
halo of given mass have been computed, the dust abundance can be inferred (e. g. , Mao
et al. 2007[211]). Then the spectral energy distribution as a function of time from
extreme-UV to radio frequencies can be obtained through spectrophotometric codes, such
as GRASIL, which includes a treatment of dust reprocessing (Silva et al. 1998 [308];
Schurer et al. 2009[294]). Coupling these results with the DM halo formation rate, we
can obtain the statistics of galaxies and supermassive BHs/QSOs as a function of cosmic
time, in different observational bands.

By analyzing the results of the numerical solution for the full set of equations given
above, it is apparent that in massive galaxies the term of QSO feedback is important
only during the final stage of BH growth, around 2 — 3 e—folding times (approximately
108 yr) before the peak of QSO luminosity, when the energy discharged by the QSO is so
powerful to unbind most of the residual gas, quenching both star formation and further
accretion onto the supermassive BH. On the other hand, in less massive galaxies the
central BH mass and the associated accretion is not able to stop star formation, which
lasts for several Gyrs. The duration of the star formation At can be approximated
by a simple analytical form

142 —-1. 5 MH
Aty ~ 6 x 10° ( > F < v (A.38
burst 4 1012 M, )

where F(z) =1 for z > 1 and F(x) = 7! for z < 1. A good approximation for the star
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formation history in massive galaxies is obtained by neglecting the QSO feedback effect
in Equation A.7 and A.8 and by abruptly stopping star formation and accretion onto the
central BH after Aty since halo formation.

Then Equation A.7 and A.8 can be easily solved, with the outcome that the infalling

mass declines exponentially as

7

Mi(t) = My o/t (A.39)

The cold gas mass evolves according to

M
Meoia(t) = fbiH [e—t/tcond e t/tcond]

; A4
o , (4.40)

here we have introduces the shorthand v = 1 — R + fsn.  The quantity s = tcona/tx is
the ratio between the timescale for the large-scale infall estimated at the virial radius and
the star formation timescale in the central region; it corresponds to s ~ 5, both for an
isothermal or NFW density profile with standard value of the concentration parameter
¢ ~ 4 at halo formation. We notice that the dependence on the fraction of gas restituted
by the stars is quite weak and that the value obtained by the hypothesis of instantaneous
recycling can be used.

The corresponding stellar mass reads:

M*(t) _ S fbMH 1— e—t/tcond _ i (1 —e 8 t/tcond) . (A41)
sy —1 sy ’

the mass of all stars formed during the main episode of star formation is then M! =~
M*<Atburst)-
In Equation. A.38, and A.40 the condensation timescale is well approximated by

142 -5 MH 02
~ 8
Leond = 9 x 10 ( 4 ) (1012 M® yr. (A42)

The scaling with redshift and mass mainly reflects the behavior of the dynamical/cooling
time, while a mild dependence on My is also related to the impact of the energy feedback
from the QSO on the infalling gas, which is stronger for more massive halos hosting more
massive BH.

A good approximation for fg.s, i.e. the ratio between the stellar and gaseous mass

immediately before the gas is swept away by the QSO feedback, can be obtained using
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Equation. A.40 and A.41. The gas mass includes both the cold gas and the gas restituted
by the stars. The latter is estimated as R M, with R = 0.3, which corresponds
to the gas returned by the stars about 0.1 Gyr after a burst of star formation with a
Chabrier’s IMF(Chabrier 2003[60]). We find that the results are well approximated by
faas &= (M, /10" M)02,

For My > 3 x 10 M, corresponding to M, > 10 My, the dependence on
halo mass and formation redshift of ratio m between the halo mass and the surviving
stellar mass (i. e. the present day stellar mass fraction) can be approximated as m =
25 (My/10"%2 M)t [(1 + 2gorm)/4]7%%. At lower masses m increases rapidly with
decreasing M, (see Shankar et al. 2006[298]).

Finally, considering that all the mass flowed into the reservoir is eventually accreted
by the BH and neglecting the mass of the seed BH (M ~ 10> M), one can write the
relic BH mass as function of the overall mass in stars formed during the star forming
phase Aty as

M! ~ app x 1073 ML (1 — e~ (mo)) (A.43)

The time average of the optical depth (trp) can be approximated as

M 2/3 142
o~ (i) () A

implying 1 — e~™) ~ 1 for massive galaxies and 1 — e~(™®0) &~ (rp) oc M2? for less
massive galaxies. As expected, most of the mass flows from the reservoir to the central
BH in the final couple of e—folding times. At early times the ratio of the BH to the

stellar mass is predicted to be much lower than the final value .
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SIMPLE STELLAR POPULATION AND MODEL
PROCEDURE

To compute the SSP models we have adopted the Bressan et al. (1998)[46] isochrones.
Here we have used the new empirical stellar spectral library, MILES (Sanchez-Blazquez
et al., 2007[286]), which covers well the parameter space of metallicity, effective temper-
ature and gravity and thus ensure good optical broad band starting colours. To cope with
its spectral range limitations we have extended the stellar spectra of MILES by means
of matched NEXTGEN (Allard et al. 2000[3]) models both in the FAR-UV and in the
NIR/MIR spectral region. For temperatures above 10000K we do not have NEXTGEN
models and we have used the library by Munari et al (2005)[230] with the extension of
the Lejeune et al.(2001)[195] models below 2500Aand above 10000 A.

In this way we have obtained three core libraries with average [M/H]=-0.5, 0.0 and
+0.3. The stellar spectra extend from 10Ato 1604m and the spectral resolution is of about
2AFWHM, from 2500Ato 10000 A. To take into account the effects of mass loss in hot
supergiant stars we have considered two further extensions. For O stars we have consid-
ered the spectral models by Schaerer & de Koter (1997)[291] while, for Wolf Rayet stars
we have included the spectral models by Schmutz, Leitherer & Gruenwald (1992)[293].
The latter library provides only the continuum distribution of Wolf Rayet stars while
there are more recent stellar libraries that provide also spectral features (e.g. Smith et

al. 2002[311]). However Schmutz et al. library is suitable for our purposes because we
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are considering only broad band magnitudes here and, more important, because its
parametrization as a function of core temperature, T*, and transformed radius, Ry, al-
lows a fair interpolation between stellar evolution quantities (L & T.rs) and spectral
models of thick winds. To this purpose, for each WR star along the isochrone we com-
pute the mass loss rate and, following the indications provided in the above paper, we
compute the corresponding terminal velocity and the transformed radius, which we use
together with T.f; to interpolate in the spectral library.

For the young populations we have also considered the nebular spectrum, which is
calculated by means of CLOUDY (Ferland 1996[112]) assuming case B recombination.
To compute the nebular emission at different ages we have considered the correspond-
ing spectra of the SSPs using the following parameters: mass of the ionizing cluster

10° My, electron number density n=100 cm ™3

, inner radius 15 pc, and the metallicity
rescaled to that of the SSP. The nebular emission has been then suitably rescaled to the
original mass of the SSP. The main effect we noticed on broad band fluxes is the con-
tribution of nebular continuum in very young stellar populations. Changing the nebular
parameters would not affect our conclusions significantly.

For intermediate age stellar populations we have also considered the effects of dusty en-
velopes around asymptotic giant branch stars, as described in Bressan et al. (1998)[46], but
after revisiting the mass loss rate formulation and the expected dust composition, as de-
scribed in Marigo et al (2008)[216]. In particular we have included carbon star spectra
(Nowotny et al. 2005[242]) and graphite dust composition when, along the isochrone, the
star appears as a Carbon star. We have finally checked that the ischrones reproduce well
the observed integrated (V-K) colours of LMC star clusters (Persson et al. 1983[260], Kyeong
et al. 2003[185] and Pessev et al. 2006[261]), especially at intermediate ages.

Despite the different SSP we adopt here, our modeling procedure is similar to that of
Shapley et al.(2001, 2005)[300][301]. We used the SSP with solar metallicity and a Salpeter
IMF extending from 0.15 to 120 M .Just as shown by Shapley et al.(2005)[301], solar
metallicity is a good approximation.The different choices of the IMF, such as Kroupa
IMF and Chabrier IMF, and the stellar mass range of IMF will change the formed stellar
mass by a factor(1 2). Dust extinction is taken into account with a Calzetti et al.(2000)[54]
starburst attenuation law which is widely adopted for the high redshift star-forming galax-
ies.We need notice that the extinction law may depend on the bolometric luminosity. If

necessary, we can take the extinction law as a fitting parameter (See Chapter 2). We
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Figure B.1: SED fitting technique. We plot the observed fluxes (crosses) and corresponding model fluxes
after convolution with the filter transmission (triangles). The solid curve is the best fit model. We write
the star formation rate of the best fit model, sampled at discrete SSP ages and the corresponding visual
attenuation Ay on the right bottom . Both the SFR and the attenuation are kept constant with the age
of the stellar populations Error bars on fluxes are also plotted bat are in general smaller than the symbol
size.

assumed that the extinction value E(B-V) is constant during the whole star formation
histories. In order to compare the galaxies properties at different redshift, we only consid-
ered the simplest model, the continuous star formation (CSF) models.In order to construct
the CSF model spectrum with a given galaxy age t, we integrated all SSP spectra with
age same as or smaller than t.Each SSP is weighed by its duration.The duration of the

i-th SSP equals to half of the difference between the age of (i+1)th SSP and (i-1)th SSP
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except for the first and last one.The first duration equals to half of the difference between
the age of the second SSP and the first SSP. And the last one equals to the galaxy age
t minus the age of the last SSP.For the purpose of constraining the stellar properties of
each galaxies, we use four fitting parameters:the extinction value E(B-V), the galaxy age
ty, the constant star formation rate SFR and the formed stellar mass M,.The extinction
value E(B-V) ranged between 0.0 and 1.0.And the galaxy age ranged between 1 Myr and
the age of the universe at the redshift of the galaxy being modeled.For a set of given
E(B-V) and t, we can compute the intrinsic model galaxy spectrum.Then we reddened it
by dust adopting the Calzetti law and further attenuated it by intergalactic medium of
neutral hydrogen (Madau 1995)[202].Then the redshifted model SED (M;) were computed
corresponding the observed SED (O;).Then a merit function MF was defined:

MF — é (ME_O>2 (B.1)

where FE; is the corresponding errors. To evaluate the best-fit model, we minimized the
merit function MF adopting the Adaptive Simulated Annealing algorithm (ASA, Ingber
2001[160]).
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PHOTOMETRIC REDSHIFT OF HIGH REDSHIFT
SMGS

C.1 SEDSs OF HIGH REDSHIFT SMGS

The dust re-radiation in starburst galaxies is expected to come from at least three
astrophysical settings (e.g. Silva et al. 1998[306]): molecular clouds, diffuse low-density
clouds (cirrus), and circum-nuclear regions, heated by Active Galactic Nuclei (AGNs).
The AGN dust emission peaks in the mid-IR (Granato & Danese 1994[135]; Andreani et
al. 2010[5]; Lutz et al. 2010[201]) and can be safely ignored in the SPIRE wavelength
range. Molecular clouds are the preferential sites of star formation implying that they
are endowed with intense radiation fields and relatively warm dust temperatures. The
cirrus component is exposed to the less intense general radiation field due to older stel-
lar populations that have come out from their native molecular clouds and is therefore
characterized by lower dust temperatures.

For the high redshift SMGs, with SFR > 100M, yr—!, only the 'warm’ starburst
component is relevant. It is important to take into account, however, that also its SED
is much broader than a single temperature grey-body. Over the 50 —500um range (in the
rest-frame) such a SED can be approximated, to better than 10 —20%, by a sum of two
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Figure C.1: The SED of SMM J2135-0102 as modeled by GRASIL (blue solid line); data are from Ivison
et al. (2010)[162] and Swinbank et al. (2010)[319]. The SED of Arp220 (red dot-dashed line) as modeled
by GRASIL, and that of G15.141 modeled as a double-temperature grey-body (green dashed line) are
also shown for comparison. All SEDs are in the rest-frame and are normalized at 100 pum.

grey-bodies, each described by
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with dust temperatures Ty ~ 30K and 60K, and the dust emissivity indices § = 1.7 and
2, respectively.A fit to the observed SEDs of standard template starburst galaxies with
quite different SFRs (M82, Arp220), and of the z ~ 2.3 strongly lensed galaxy SMM
J2135-0102, confirms the validity of this approximation and shows that the relative
normalization of the two grey bodies varies by factors of several. Mid/far-IR data on
starburst galaxies emphasize the warmer component, while sub-mm data emphasize the
colder one; if a single temperature dust is used, data in different wavelength ranges
may yield substantially different temperatures. If the source redshift is in the range
1 <z < 3.5, PACS and SPIRE wavelengths extend across the dust emission peak (which
is typically at a rest-frame wavelength A ~ 90 — 100um). This may allow reasonably
accurate redshift estimates using only Herschel data (Negrello et al. 2010[239]).

Arp220 and SMM J2135-0102 are of particular interest because their SEDs are well
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determined and have SFRs quite typical of the galaxies considered here. We have mod-
eled their spectral energy distributions from extreme-UV to radio frequencies through the
spectrophotometric code GRASIL, which includes a sophisticated treatment of dust re-
processing (Silva et al. 1998[308]; Schurer et al. 2009[294]). The results are illustrated in
Figure C.1; it must be stressed that the dominant contribution for wavelengths A > 30um
is provided by molecular clouds.In Figure C.1 we also sketch the far-IR SED of G15.141
(H-ATLAS J142413.94022304), a strongly lensed sub-mm galaxy at z ~ 4.24 with es-
timated SFR of several hundreds M yr~—' (Cox et al. 2011[80]), modeled as the sum
of two grey-bodies with 77 = 32K, T, = 60K, [ = 2, and a ratio of 0.02 between
the coefficients of the warm and of the cold components. We choose the SEDs of these 3
galaxies (Arp220, SMM J2135-01012, and G15.141) as our candidate templates for our

photometric redshift estimates.

C.2 REDSHIFT ESTIMATES

We focus on the redshift estimates of high redshift (z > 1) SMGs. It’s difficult to mea-~
sure the spectroscopic/photometric redshifts according to optical /Near-IR bands, because
of heavy dust obscuration in these galaxies.The only way to obtain the solid spectro-
scopic redshift is to measure the molecular rotation and atomic fine-structure transition
line emissions.Among them, the CO-line is most commonly used.However, these kinds of
observations are very time-expensive and cannot be done for a large sample.

In case of absence of reliable spectroscopic redshift, we want to know if it is possible
to get the acceptable photometric redshift only based on the Herschel observations of
FIR/submm bands. We discuss in the previous section that the FIR/submm SED of the
high redshift SMGs can be reproduced by two gray-body spectra, one 'warm’ component
which is dominate and one ’cold’ component. If choosing the proper template, it’s very
likely to obtain the reasonably accurate redshift estimates.In previous section, we choose
three SEDs as our templates: Arp220, SMM J2135-01012, and G15.141. Using these
three template SEDs, We estimated the photometric redshifts of 39 H-ATLAS galaxies
at z > 0.5 for which spectroscopic redshifts are available. The results are presented in
Figure C.2 . The average SED of low-z H-ATLAS SDP galaxies, determined by Smith

et al. (2011b), was also used, for comparison. There is no indication that photometric
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Figure C.2: Photometric redshift estimates based on the SEDs of (from top to bottom) SMM J2135-
0102, Arp220, G15.141, and the average low-z SED from Smith et al. (2011) compared in terms of the
quantity Az/(1+2) = (2phot — Zspec)/ (1 + Zspec) With spectroscopic measurements for the strongly lensed
galaxies of Negrello et al. (2010; red filled circles) and Cox et al. (2011; purple filled square), and for
the H-ATLAS SDP galaxies with z > 0.5 of Bonfield et al. (2011; blue asterisks) and Smith et al. (2010;
black dots). The dashed lines correspond to a 20% difference.

redshifts are systematically overestimated when we use the SED of SMM J2135-0102 as
a template. The median value of Az/(1 + 2) = (Zphot — Zspec)/ (1 + Zspec) 18 0.01 with
a dispersion of 0.21. The situation is only slightly worse in the case of Arp220: the
median value of Az/(1+ 2) is 0.06 with a dispersion of 0.27. The median offset between
photometric and spectroscopic redshifts increases to 0.18, with a dispersion of 0.28, if
we use the cooler SED of G15.141. In the redshift range (z > 1) we are most interested
in there are 24 objects. The median values of Az/(1 + z) are -0.002 (dispersion 0.12) for
SMM J2135-0102, 0.07 (dispersion 0.16) for Arp220, 0.16 (dispersion 0.13) for G15.141.
Note that the 'warm’ starburst dominated FIR /submm SED is only representative for the
high redshift SMGs, but not for the low 2z galaxies.

We estimate the redshifts of objects in the samples defined in Chapter 3. The redshift
estimate is the result of a minimum y>2-fit of each of the three templates to the SPIRE
and PACS data. Figure C.3 shows that, after correcting for the offsets highlighted by
Figure C.2, the derived redshift distributions are only moderately affected by the choice
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Figure C.3: Comparison of the redshift distributions of sources in our reference sample (Sas0um >
35mJy, Sssoum > 30, and no R > 0.8 optical identifications; 3469 sources, ie. =~ 50% of the
6876 H-ATLAS SDP galaxies) estimated using the SEDs of Arp 220 (green dashed line), G15.141 (blue
dot-dashed line), and of SMM J2135-0102 (black solid line).

of the template SED; they have broad maxima in the range 1.5 < z < 2.5 and a tail
extending up to z > 3.5, consistent with earlier estimates for BLAST (Ivison et al.

2010b[161]) and Herschel (Amblard et al. 2010[4]; Eales et al. 2010[103]) samples.
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