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Abstract

The assembly history of massive galaxies is one of the most important aspects of galaxy formation
and evolution. Although we have a broad idea of what physical processes govern the early phases
of galaxy evolution, there are still many open questions. In this thesis I demonstrate the crucial
role that spectroscopy can play in a physical understanding of galaxy evolution. I present deep
near-infrared spectroscopy for a sample of high-redshift galaxies, from which I derive important
physical properties and their evolution with cosmic time. I take advantage of the recent arrival of
efficient near-infrared detectors to target the rest-frame optical spectra of z > 1 galaxies, from which
many physical quantities can be derived. After illustrating the applications of near-infrared deep
spectroscopy with a study of star-forming galaxies, I focus on the evolution of massive quiescent
systems.

Most of this thesis is based on two samples collected at the W. M. Keck Observatory that
represent a significant step forward in the spectroscopic study of z > 1 quiescent galaxies. All
previous spectroscopic samples at this redshift were either limited to a few objects, or much shallower
in terms of depth. Our first sample is composed of 56 quiescent galaxies at 1 < z < 1.6 collected using
the upgraded red arm of the Low Resolution Imaging Spectrometer (LRIS). The second consists of
24 deep spectra of 1.5 < z < 2.5 quiescent objects observed with the Multi-Object Spectrometer For
Infra-Red Exploration (MOSFIRE). Together, these spectra span the critical epoch 1 < z < 2.5,
where most of the red sequence is formed, and where the sizes of quiescent systems are observed to
increase significantly.

We measure stellar velocity dispersions and dynamical masses for the largest number of z > 1
quiescent galaxies to date. By assuming that the velocity dispersion of a massive galaxy does not
change throughout its lifetime, as suggested by theoretical studies, we match galaxies in the local
universe with their high-redshift progenitors. This allows us to derive the physical growth in mass
and size experienced by individual systems, which represents a substantial advance over photometric
inferences based on the overall galaxy population. We find a significant physical growth among
quiescent galaxies over 0 < z < 2.5 and, by comparing the slope of growth in the mass-size plane
dlog R./dlog M, with the results of numerical simulations, we can constrain the physical process

responsible for the evolution. Our results show that the slope of growth becomes steeper at higher
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redshifts, yet is broadly consistent with minor mergers being the main process by which individual
objects evolve in mass and size.

By fitting stellar population models to the observed spectroscopy and photometry we derive
reliable ages and other stellar population properties. We show that the addition of the spectroscopic
data helps break the degeneracy between age and dust extinction, and yields significantly more
robust results compared to fitting models to the photometry alone. We detect a clear relation
between size and age, where larger galaxies are younger. Therefore, over time the average size of
the quiescent population will increase because of the contribution of large galaxies recently arrived
to the red sequence. This effect, called progenitor bias, is different from the physical size growth
discussed above, but represents another contribution to the observed difference between the typical
sizes of low- and high-redshift quiescent galaxies. By reconstructing the evolution of the red sequence
starting at z ~ 1.25 and using our stellar population histories to infer the past behavior to z ~ 2, we
demonstrate that progenitor bias accounts for only half of the observed growth of the population.
The remaining size evolution must be due to physical growth of individual systems, in agreement
with our dynamical study.

Finally, we use the stellar population properties to explore the earliest periods which led to
the formation of massive quiescent galaxies. We find tentative evidence for two channels of star
formation quenching, which suggests the existence of two independent physical mechanisms. We
also detect a mass downsizing, where more massive galaxies form at higher redshift, and then evolve
passively. By analyzing in depth the star formation history of the brightest object at z > 2 in
our sample, we are able to put constraints on the quenching timescale and on the properties of its
progenitor.

A consistent picture emerges from our analyses: massive galaxies form at very early epochs,
are quenched on short timescales, and then evolve passively. The evolution is passive in the sense
that no new stars are formed, but significant mass and size growth is achieved by accreting smaller,
gas-poor systems. At the same time the population of quiescent galaxies grows in number due to
the quenching of larger star-forming galaxies. This picture is in agreement with other observational
studies, such as measurements of the merger rate and analyses of galaxy evolution at fixed number

density.
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Chapter 1

Introduction

Soon after obtaining the first conclusive measurements of the distance to nearby galaxies (Hubble,
1925), thus confirming their extragalactic nature, Edwin Hubble noticed that galaxies can be divided
into different types according to their appearance, and eventually proposed his famous tuning-fork
diagram (Hubble, 1936). He speculated that elliptical and lenticular galaxies represent an early
stage, while spirals (with and without bars) are the late stage in the same evolutionary sequence.
Although this simple scenario proved to be wrong, the names early-type and late-type are still used
today to classify galaxy morphology.

The dichotomy in the observed morphology is only one aspect of a much deeper bimodality
that has been later discovered in the distribution of many important physical properties of local
galaxies (starting from Baade, 1944). Most notably, the distributions of colors, surface brightness,
and star formation rate are all clearly bimodal (e.g., Blanton et al., 2003; Driver et al., 2006; Noeske
et al., 2007). Typically, early-type galaxies are red, have high Sérsic (1963) index, and are quiescent
(meaning that their star-formation rate is low), while late-type galaxies are blue, with low Sérsic
index and high star formation rate.

While star-forming galaxies are characterized by a large amount of gas, which is responsible for
prominent emission lines in their optical spectra, quiescent galaxies are mainly composed of stars
and dark matter, and their spectra show numerous absorption features. In the present work we will

mainly focus on the evolution and formation of quiescent galaxies.

1.1 Quiescent Galaxies in the Local Universe

One of the most important components of galaxies is their stellar content. Besides the physical
properties of individual stars such as age and metallicity, stellar populations are also characterized
by their their dynamical state. In particular, stellar orbits can be orderly distributed on a thin disk
or be randomly distributed in the 3D space, or any combination of the two. Observing the spectrum

of a galaxy in the appropriate wavelength range (typically optical and near-infrared) can shed light
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on both sets of properties, and represents one of the most powerful tools for extragalactic studies.
Here we summarize the properties of local quiescent galaxies, focusing on both the dynamical
state and the stellar population properties, and then we review the theoretical ideas that have been

developed with the goal of understanding the formation and subsequent evolution of these systems.

1.1.1 Dynamics

For star-forming galaxies the main component of the motion of stars and gas is generally the circular
velocity on a relatively thin disk. Early spectroscopic measurements led to the discovery of a tight
correlation between the luminosity and the rotation velocity of disk galaxies (Tully & Fisher, 1977).
At about the same time, the Faber & Jackson (1976) relation was discovered for elliptical galaxies,
for which the luminosity correlates with velocity dispersion (which is a statistical measure of the
typical velocity of stars in the galaxy) according to a power law: L « o®. Initially the importance
of these relations was due to their use as a way to measure distances. By measuring the velocity
dispersion and the apparent luminosity, it is easy to derive the distance that makes the absolute
luminosity in agreement with the Faber-Jackson relation. This type of measurement is possible
because of the intrinsic tightness of the relation, which yields a small uncertainty on the derived
distance.

Another scaling relation for elliptical galaxies discovered in these early investigations is the
correlation between surface brightness and size: I. o« R;” (Kormendy, 1977), where R, is the
effective, or half-light, radius. This relation was, again, used mainly to derive distances, since it
links a distance-independent quantity (the surface brightness) with one that scales with distance

(the size). However, surface brightness is directly connected to luminosity L (in a given band):

L
2TRZ

(1.1)

It is easy to see, then, that the Faber-Jackson and the Kormendy relations are just two different
projections of one three-dimensional relation between size, velocity dispersion, and luminosity. This
relation has been observationally confirmed to be well described by a plane in the logarithmic space,

called the fundamental plane (Djorgovski & Davis, 1987; Dressler et al., 1987):

log R, = alogo +blogl. +c. (1.2)

This relation is remarkably tight and therefore represented an important method for measuring
distances. Additionally, the small intrinsic scatter of this relation contains precious information on
the formation and evolution of elliptical galaxies. Today the focus has shifted toward understanding

the fundamental plane rather than just using it to determine distances. For this purpose, it is better
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Figure 1.1 The fundamental plane of local quiescent galaxies, from Cappellari et al. (2013). The
relation between luminosity and a combination of size and velocity dispersion is very tight, with an
observed scatter of only 0.10 dex.

to write the relation in terms of luminosity rather than surface brightness:
log L = Alogo + Blog R, + C'. (1.3)
Recent measurements (Cappellari et al., 2013), shown in Figure 1.1, yield the following result:

L x o2 R0-96 (1.4)

Since its original discovery, the existence of a tight relation between these three physical properties
of elliptical galaxies has been understood as a consequence of the virial theorem. For a system in

equilibrium, the stellar kinetic energy T" and the gravitational energy U satisfy the following equation:
2I'+U =0. (1.5)

We now make the simplifying assumption that the kinetic energy is related to the central velocity

dispersion ¢ and the mass M by a simple relation:

T =0k %MU2 : (1.6)
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and similarly the gravitational energy is simply related to the galaxy’s mass and size:

GM?
U=-Cu=p—. (1.7)

Adopting these relations, the virial theorem becomes:

M = %02 R. . (1.8)

In order to compare the theoretical prediction with the observational results, we need to transform

from mass to luminosity. We therefore define the mass-to-light ratio as

M
I'=— 1.9
I (1.9)
and we can rewrite Equation 1.8 as
CkC
L= %02 R. . (1.10)

The parameters Cx, Cy7, and I" depend on the detailed properties of the stellar orbits and the stellar
populations. If these properties are the same for all elliptical galaxies, independently on their size
and mass, then we have a perfect homology, and the virial theorem implies L o 02R,. However,
this prediction is significantly different from the observed fundamental plane (Equation 1.4). This
discrepancy is often referred to as the tilt of the fundamental plane. Understanding the physical
origin of this tilt has been the focus of a large number of theoretical and observational works (see
Ciotti, 2009, for a review).

One way to reconcile the predicted relation with the observed fundamental plane is to assume
that Cx Cy varies smoothly with velocity dispersion. This type of weak homology implies that
elliptical galaxies are not identical, scaled systems, but a one-dimensional family parameterized by
the velocity dispersion. Physically, this might be caused by a variation of the density and pressure
tensor distributions with galaxy mass (e.g., Ciotti et al., 1996; Bertin et al., 2002; Trujillo et al.,
2004). A different approach, instead, is to assume that galaxies are structurally homologous, but
the mass-to-light ratio I" varies as a function of the velocity dispersion (e.g., Renzini & Ciotti, 1993).
This could be achieved either by varying the stellar ages (and metallicities), or by allowing a non-
universal initial mass function (IMF). Also, a systematically different dark matter contribution to
the central density may be responsible for a smoothly varying mass-to-light ratio.

Recently, a consistent picture is emerging from observational studies. Using detailed 2D kine-
matic data and realistic dynamical modeling, Cappellari et al. (2006) measured the masses of nearby

0.844+0.07

early-type galaxies and found that I' < o , which is exactly what is needed to explain the dif-

ference between the observed relation (Equation 1.4) and the theoretical one (Equation 1.10). This
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result, which highlights the fundamental role of velocity dispersion in understanding the differences
between early-type galaxies, has been confirmed by independent studies in which the masses were
derived via strong gravitational lensing analysis (Bolton et al., 2007; Auger et al., 2010). Further-
more, by including dark matter in their dynamical models, Cappellari et al. (2013) showed that the
mass-to-light ratio variation is not due to a different dark matter fraction, but to a change in the
stellar population properties. This might be due to differences in age or IMF, with the latter being
the explanation favored by an analysis of the observed colors.

Since dynamical non-homology has been shown not to be a significant contribution to the tilt of
the fundamental plane, it is now common to refer to the mass plane, defined in the stellar mass -
velocity dispersion - size space (Bolton et al., 2007; Cappellari et al., 2013) (however, for a different
view see Taylor et al., 2010a). The mass plane is equivalent to a comparison of the stellar mass with
the dynamical mass, defined as May, = Ko?R./G. Cappellari et al. (2006) showed that adopting
K = 5 this simple virial mass estimate reproduces very accurately the total mass derived with a

detailed analysis of resolved kinematic data.

1.1.2 Stellar Populations

It has been known for a long time that elliptical galaxies present a relation between color and
magnitude (Baum, 1959), and that if such relation is tight enough, it could be used to measure
distances (Sandage, 1972). Brighter galaxies are redder, and this is generally attributed to a relation
between metallicity and mass, since more massive galaxies are expected to retain a higher fraction
of the metals formed by supernovae (e.g., Arimoto & Yoshii, 1987).

However, it was only with the landmark study of Bower et al. (1992) that the color-magnitude
relation was first used to put quantitative constraints on the formation of early-type galaxies. First,
the authors showed that precision photometry of the elliptical galaxies in the Virgo and Coma clusters
revealed a remarkably tight sequence, with an intrinsic scatter (i.e., not due to observational errors)
in the U — V color smaller than 0.04 mag. The fact that the relation is identical in both clusters
strongly suggests that such color-magnitude relation and its tightness are universal. Such uniformity
in colors implies that galaxies of the same mass (or magnitude) must have formed in a similar way
at a similar cosmic epoch.

In order to constrain the formation epoch, Bower et al. (1992) used the models from Bruzual
(1983) to calculate the rate in the U — V' evolution as a function of the age ¢ty for a simple stellar
population, shown in Figure 1.2. Clearly, the color evolution is very slow after a few Gyr from the
initial burst. Assuming that the observed scatter in the color-magnitude relation is entirely due to

a variation in formation time among different galaxies of a given mass, we can write

oU -V)

observed scatter in U — V = m

x spread in formation times . (1.11)
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Figure 1.2 Evolution of the rate of change in color as a function of the stellar population age ¢z (solid
line), from Bower et al. (1992). The dashed lines represent the evolution for models with different
IMF. After the first 5 Gyr, the U — V color changes very little with time: less than 0.05 mag per
Gyr. Assuming that galaxies at a given mass formed when the Universe had an age tg — tp over a
timescale given by 8 (tg — tr), then the observed scatter constrains the formation time. The three
thin dotted lines show the expected scatter for three values of 5. The point where they intersect the
thick line is the most recent lookback time at which galaxies could have formed. Note that the age
of the universe is assumed to be tg = 15 Gyr.

If we parameterize the scatter in formation times as a fraction 3 of the corresponding age of the
universe (spread in formation times = 8 (ty — tr), where ty is the current age of the universe), and
we use the observed value of 0.04 mag as an upper limit on the intrinsic scatter, we then obtain

oUu -V)

5 X B (tg —tr) < 0.04mag . (1.12)

The curves 0.04/3 (ty — tr) are plotted in Figure 1.2 for three values of 8. The points where these
curves intersect the color evolution for a simple stellar population represent lower limits to the age
of the quiescent population. For example, if galaxies formed randomly during an early epoch, then
B = 1, and they must have formed over the very first few Gyr. If 3 = 0.1, on the other hand,
then galaxy formation happened over a very short timescale, and the typical age can be much lower,
around 5 Gyr.

The remarkable uniformity of the colors of quiescent galaxies represents an important constraint
for models of galaxy formation and evolution; however, the study of broadband photometry has
inherent limitations due to its poor spectral resolution. For example, red colors might be caused
by dust extinction or old ages, and this degeneracy cannot be broken with photometric data alone.
The bulk of the information on the stellar populations is contained in galaxy spectra.

The optical spectrum of quiescent galaxies presents many features, some of which are particularly
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useful as proxies for galaxy properties: for example, the Balmer lines are an excellent age indicator,
while the Mgb and <Fe> lines are closely related to the metal abundances. Measuring these and
other Lick/IDS indices, first introduced by Burstein et al. (1984), and comparing the results with
grids obtained from model spectra allowed the first measurements of ages and metallicities for
individual galaxies, although this procedure is typically affected by significant degeneracies (e.g.,
Renzini, 2006). In order to overcome this issue, Thomas et al. (2005) looked at the distribution
of the Lick indices for a large sample of early-type galaxies, and derived robust trends of age and
metallicity as a function of velocity dispersion o, once more confirming the role of velocity dispersion
as one of the most fundamental galaxy properties. In particular, they find that more massive galaxies
(with larger velocity dispersion) formed stars at an earlier epoch and on shorter timescales.

In recent years, the advent of reliable libraries of stellar population templates (e.g., Bruzual
& Charlot, 2003; Maraston, 2005) together with the adoption of full spectrum fitting (e.g., Cid
Fernandes et al., 2005; Conroy et al., 2014) have led to significant progress in our understanding of
the ages, metallicities, and star formation histories of local quiescent galaxies. The stellar chemical
composition can now be measured to a remarkable level of detail: the state-of-the-art analysis
of local quiescent galaxies includes measured abundances for 16 chemical elements (Conroy et al.,
2014). However, if we want to understand the early evolution of quiescent galaxies, this archaeological
approach presents significant limitations.

First, the analysis of spectra observed in local galaxies is plagued by the so-called outshining
effect, i.e., the large difference in luminosity between young and old stars. For example, the mass-
to-light ratio in the V' band for a simple stellar population with an age of 100 Myr is 30 times lower
than that for a 10 Gyr old population (Bruzual & Charlot, 2003). This implies that most of the
light observed in old massive galaxies can in principle be due to a small amount of recently-formed
stars, whose contribution to the total mass is negligible. As a result, spectral analysis can only yield
a lower limit on the age of the stellar population.

Second, even in the ideal case where no contamination from younger stars took place, measuring
the ages of old galaxies is challenging because of the lack of evolution in the spectra of old populations.
This is true for both the shape of the continuum (i.e., the color, as shown in Figure 1.2), and for
the narrow absorption features. For example, the strength of the Balmer lines evolves by the same
amount during the time interval between 1 and 2 Gyr of age as in the following 10 Gyr (e.g., Vazdekis
et al., 2010). As a result, ages become increasingly uncertain for older systems. Even if spectroscopic
data are used, it is very difficult to distinguish between a formation redshift of, e.g., z = 2 and z = 3.

Finally, a third problem is the degeneracy between the mass formation history and the mass
assembly history. Even when a reliable star formation history is found, it is not possible to know
whether the various episodes where due to in-situ star formation or to the contribution of stars

formed in other systems that then merged with the galaxy under study. Being able to directly probe
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these different scenarios is fundamental for our understanding of galaxy formation.
These limitations of archaeological studies can only be overcome by direct observations of the

high-redshift universe.

1.1.3 How did Quiescent Galaxies Form?

Since the existence of spiral and elliptical galaxies was noted, the question of how galaxies formed and
evolved has been considered to be one of the main goals of extragalactic astronomy (Hubble, 1936).
Historically, two alternative scenarios have been proposed to explain the formation of spheroidal
galaxies. In the monolithic collapse model, massive galaxies are formed via a global starburst when
the universe was very young, and their subsequent evolution is purely passive (Eggen et al., 1962;
Larson, 1974; Rees & Ostriker, 1977; Arimoto & Yoshii, 1987). On the other hand, in the hierarchical
growth model galaxies assemble slowly over time via mergers with other systems (Toomre, 1977;
White & Rees, 1978; White & Frenk, 1991; Kauffmann, 1996; Cole et al., 2000).

An important turning point in galaxy formation studies was the development of a widely ac-
cepted cosmological model based on dark energy and cold dark matter (ACDM). Since dark matter
is completely governed by gravitation, it is relatively easy to model its evolution. One of the most
robust predictions of numerical simulations, in fact, is that dark matter halos follow a simple hier-
archical growth driven by mergers with other halos (Mo et al., 2010, and references therein). The
hierarchical merging scenario, therefore, seems to be strongly favored by the accepted cosmological
model.

However, as we discussed above, one of the main results from the archaeological investigations
of quiescent galaxies is that their stellar ages are very old. Also, more massive galaxies are found to
host systematically older stars compared to less massive systems. This behavior, dubbed downsizing
in star formation (Cowie et al., 1996), is apparently in contradiction with a hierarchical scenario, in
which more massive galaxies are supposed to be the last to form. This apparent discrepancy is easily
resolved if one distinguishes between the epoch at which galaxies were assembled in their current
state from the epoch of formation of their stars. In fact, the highest density peaks in the early
universe collapsed first, and transformed gas into stars on a shorter timescale compared to regions
with lower density. As massive galaxies grow out of these early peaks, their stellar content will
naturally present old ages. Theoretical models of galaxy formation based on hierarchical merging
and ACDM cosmology can easily reproduce the observed downsizing in star formation (e.g., De
Lucia et al., 2006).

Besides the merger history, predicting other observable galaxy properties such as the star forma-
tion rate, color, and morphology is not a trivial task, because the complex baryonic physics must be
taken into account. Although numerical simulations have dramatically improved in the past decade,

modeling the observed galaxy population remains one of the most difficult challenges in contempo-
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rary astrophysics. By tuning the detailed treatment of the many physical processes involved, models
are now able to qualitatively match the observations, but we are still far from a complete under-
standing of the formation and evolution of galaxies in the context of a ACDM cosmology (Somerville
& Davé, 2014, and references therein). One particularly important aspect that is lacking a satis-
factory explanation is the existence of two fundamentally different types of galaxies. It is generally
understood that gas-rich systems at some point turn off their star formation and become quiescent
galaxies, but the physical processes responsible for this dramatic change, called galaxy quenching,
have not been identified yet. Many scenarios have been proposed to stop the accretion of cold gas,
including major mergers, quasar-mode AGN feedback, stellar winds, disk instability, and cosmic
starvation (e.g., Hopkins et al., 2008; Feldmann & Mayer, 2015). Furthermore, after gas accretion
is terminated, the gas consumption rate should permit star-formation for a long time. Additional
processes are needed to prevent the residual cold gas forming stars; possibilities include radio-mode

AGN feedback or stellar feedback (e.g., Croton et al., 2006).

1.2 Quiescent Galaxies at High Redshift

Observations of the local population of quiescent galaxies are able to set useful constraints on
theoretical models. The tightness of the scaling relations and the results of archaeological studies,
for example, must be explained by a successful model of galaxy formation and evolution. However,
observations of high-redshift galaxies are needed to complement our understanding of the local
universe. By probing galaxy properties at earlier cosmic times we can directly test theories on how

structures formed and evolved.

1.2.1 The Evolution over 0 < z < 1

In the 1990s, the development of the 8-10 m class telescopes and the launch of HST made finally
possible the exploration of quiescent galaxies at higher and higher redshift, up to z ~ 1 (for a review,
see Renzini, 2006).

The fundamental plane of elliptical galaxies was studied first in clusters and then in the field
population up to z ~ 1 (e.g., van Dokkum & Franx, 1996; Kelson et al., 2000; van Dokkum & Ellis,
2003). These studies consistently found that a thin plane exists at high redshift as well, and it is
parallel to the one found at z ~ 0. However, the plane shifts to larger luminosities at increasingly
higher redshift, in a way that is fully consistent with the fading of old stellar populations formed at
high redshift. Using a large sample of galaxies over the range 0.2 < z < 1.2, Treu et al. (2005a,b)
were also able to detect a differential evolution of the mass-to-light ratio (see Figure 1.3), which
suggests that galaxies with larger masses (and velocity dispersions) formed earlier. This directly

confirms the downsizing in star formation observed in archaeological studies.
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Figure 1.3 Redshift evolution of the fundamental plane, from Treu et al. (2005a). Top: Edge-on view
of the fundamental plane in redshift bins, over 0.3 < z < 0.9. The solid line is the local relation.
Bottom: Offset from the local fundamental plane, in terms of mass-to-light ratio. Dotted lines show
the expected trend for single burst models with different formation redshift. Note that the evolution
is steeper and the scatter larger for less massive galaxies. At large masses, the data are consistent

with a very early formation followed by passive evolution.
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Observing the color-magnitude relation at high redshift is the best way to disentangle the degen-
eracy between early formation and late, synchronized formation of quiescent galaxies that limited
the study of Bower et al. (1992). Since a tight red sequence is found in galaxy clusters (Ellis et al.,
1997; Stanford et al., 1998) and in the field (Bell et al., 2004) up to z ~ 1, the star formation phase
for quiescent galaxies must have been completed earlier than z ~ 3. Furthermore, Kodama & Ari-
moto (1997) were able to prove that the color-magnitude relation is caused by a trend of metallicity
rather than age, since the red sequence does not steepen with redshift.

Studies of the Lick indices also confirmed the old ages and the passive evolution of quiescent
galaxies up to z ~ 1 (Bender et al., 1996; Kelson et al., 2001). The most recent results using
improved models and much larger samples confirm the passive evolution with a high degree of
accuracy at least up to z ~ 0.7 (Choi et al., 2014; Gallazzi et al., 2014).

These independent and complementary analysis give a consistent picture in which the massive,
quiescent galaxies that are found at z ~ 1 formed at even higher redshift and then passively evolved
into the local population. However, an important point to keep in mind is that not all the local qui-
escent galaxies need to be descendants of the high-redshift quiescent galaxies, since it is conceivable
that some star-forming systems were quenched at intermediate or low redshift. This difficulty in
connecting galaxy populations at different redshifts, called progenitor bias by van Dokkum & Franx
(1996), is one of the most challenging aspects of any observational study of galaxy evolution.

Finally, the development of wide photometric surveys allowed the determination of the number
density of a given population of galaxies as a function of redshift. The earlier studies found that
the luminosity function of quiescent galaxies remain approximately constant over 0 < z < 1 (Lilly
et al., 1995). Since the luminosity of a passive population fades with time, it is more instructive
to look at the distribution of the stellar masses, which can be measured by fitting models of stellar
populations to the observed broadband photometry, a technique first applied to high-redshift systems
by Brinchmann & Ellis (2000). The observed stellar mass function (e.g., Drory et al., 2004; Pozzetti
et al., 2010; Ilbert et al., 2013) shows that the number of quiescent galaxies slowly declines with
redshift, but the rate is strongly mass-dependent: the more massive systems are already in place
at z ~ 1 while the less massive galaxies formed at later times. Furthermore, the mass function of
star-forming galaxies seems to be remarkably constant up to z ~ 1. Since star-forming galaxies
continuously increase their mass with new stars, these observations require a substantial amount of

quenching, i.e., of trasformation from star-forming to quiescent systems (e.g., Faber et al., 2007).

1.2.2 Galaxies at z > 1: the Redshift Desert

The spectral features that contain most of the information on the dynamics and stellar populations
of quiescent galaxies are the Call H and K absorption lines, the Balmer series, and the 4000A

break. At z > 1.3 these features are redshifted into the observed near-infrared, where spectroscopic
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observations are limited by poor detector sensitivity and strong sky emission. For this reason the
z > 1.3 epoch has been called the redshift desert. The first observations of this epoch, therefore,
probed the rest-frame near-UV, where Fe and Mg absorption lines allow one to measure spectroscopic
redshifts and estimate stellar ages. UV features allowed the first discovery of passive galaxies at
1.6 < z < 1.9 (Cimatti et al., 2004; Glazebrook et al., 2004), which turned out to be as massive as
the largest systems in the local universe, with stellar masses above 101 M.

Although different selection of red galaxies based on the observed colors were proposed (e.g.
Cimatti et al., 2002; Franx et al., 2003; Daddi et al., 2004a), only with the use of efficient near-
infrared imaging and spectroscopy the presence of a red sequence at z ~ 2 could be confirmed
(Kriek et al., 2006, 2008). This confirms the archaeological evidence for an early formation of
quiescent galaxies. Moreover, the existence of massive systems already assembled at such early
epochs suggests a downsizing in mass assembly. This is qualitatively different from the previously
known downsizing in star formation, and is not consistent with a hierarchical merging scenario for
the formation of galaxies. Such discrepancy between theory and observations represents one of the
most important challenges for models based on the ACDM cosmology.

Interestingly, mass function studies found that most of the massive galaxies even at z > 1 are
already quiescent (Pozzetti et al., 2003). However, the number evolution steepens at high redshift:
the number density of quiescent galaxies compared to z ~ 0 is 2-3 times smaller at z ~ 1.5 (Daddi
et al., 2005; Saracco et al., 2005; Drory et al., 2005), and 10 times smaller at z ~ 2 (Muzzin et al.,
2013; Tlbert et al., 2013).

1.2.3 The Size Evolution of Quiescent Galaxies

Once the population of massive galaxies was identified at high redshift, and it was established that
most of these systems are passively evolving, an interesting and unexpected result emerged from
the study of their structure. Using space-based HST and ground-based adaptive optics imaging,
a number of groups measured the sizes of massive galaxies first at 1 < z < 2 (Daddi et al., 2005;
Trujillo et al., 2006a, 2007; Longhetti et al., 2007; Cimatti et al., 2008) and then at z > 2 (Zirm
et al., 2007; Toft et al., 2007; van Dokkum et al., 2008). These studies consistently found that
massive galaxies are significantly smaller at high redshift than at z ~ 0. At a given stellar mass,
z > 2 systems are about 3-5 times smaller than their local counterparts, and their central density is
larger by an order of magnitude.

Since most of the massive galaxies have already been quenched at high redshift and show signs of
passive evolution, they are not expected to undergo a physical growth. Additionally, some of them
are already as massive as the largest local ellipticals: their compact nature at high redshift suggests
a peculiar type of growth in which the size increases by a factor of a few, while the stellar mass

remains virtually unchanged. The inferred growth of these galaxies, dubbed red nuggets (Damjanov
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Figure 1.4 Mass - size relation for galaxies at 1.5 < z < 2.5, from Szomoru et al. (2012). The
color images are composites of rest-frame UBg observations taken with HST. Quiescent galaxies
are marked with a red cross, and the local relation for early-type galaxies from Shen et al. (2003)
is shown in white. Clearly, quiescent galaxies are much smaller at high redshift than in the local
universe. Also, at z ~ 2 there is a clear relation between size and morphology (or star formation
activity), with quiescent galaxies being smaller than star-forming galaxies at any stellar mass.

et al., 2009), is therefore quite puzzling.

Given the unexpected nature of this compactness, the possibility that the difference in structure
between local and high-redshift quiescent galaxies might be explained partially or fully by observa-
tional uncertainties has been considered. On one hand, the sizes might be underestimated because
of the low signal-to-noise ratio, which would cause observations to miss low-surface brightness halos
at large radii, or maybe because of strong color gradients, which yield different sizes at different
rest-frame wavebands; on the other hand, the stellar mass measurements could be biased because
the templates usually adopted for studies of local galaxies might not work for high-redshift systems,
particularly due to the increased importance of the post-AGB phase in younger galaxies (Mancini
et al., 2010; Hopkins et al., 2010). However, a systematic analysis of the uncertainties involved
in the SED fitting, such as the choice of stellar population models, initial mass function, and star

formation history, reveals that the mass-size relation at z ~ 2 is offset towards smaller sizes by
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at least a factor of three (Muzzin et al., 2009). Additionally, the installation of the near-infrared
Wide Field Camera 3 onboard the HST allowed the detailed study of the structure of red nuggets
in the rest-frame optical. Deep imaging data showed that the surface brightness profile of these
systems is well-behaved out to large radii, and yielded effective sizes in agreement with the previous
measurements, thus confirming the significant offset of the z ~ 2 quiescent population from the
local mass-size relation (Cassata et al., 2010; Szomoru et al., 2010, 2012, see Figure 1.4). Therefore
the observational uncertainties are too small to explain the remarkable compactness of high-redshift
quiescent galaxies. At this point, only two possible explanations are left.

In the physical growth scenario, the compact sizes of individual quiescent galaxies grow with
time because of some physical process. There are two main candidates for such process. One is a
puffing-up growth, where an internal mechanism (such as AGN feedback or stellar evolution) expels
large quantities of gas. This gas in turn can alter the distribution of the stars (Fan et al., 2008,
2010), or form new stars at larger radii (Ishibashi et al., 2013); either way, the final size as measured
from the stellar light distribution will be larger. The other candidate is galaxy merging. When a
galaxy merges with another, the mass always increases, while the size growth is determined by the
amount of gas and the mass ratio between the two systems. If the merger is dry, i.e., no gas is
involved, then the final size will be always larger than the initial one. Moreover, the smaller the
density of the satellite (or equivalently its mass), the steeper will be the size growth (e.g., Naab
et al., 2009; Bezanson et al., 2009).

Alternatively, in the progenitor bias scenario, the compact red nuggets observed at high redshift
do not physically grow in size, and they evolve into the most compact systems in the local universe
(e.g., Carollo et al., 2013). This is possible because the population of quiescent galaxies at z ~ 0 is
significantly more numerous than its analog at z ~ 2, as extensively shown by mass function studies
(e.g., Muzzin et al., 2013). Therefore, most of the local quiescent galaxies were not quiescent at
z ~ 2. Furthermore, at any redshift quiescent and spheroidal galaxies are smaller compared to disks
and star-forming systems (Franx et al., 2008; Buitrago et al., 2008; Williams et al., 2010).

Distinguishing between physical growth and progenitor bias is particularly important because
of its consequences on our understanding of the passive evolution of massive galaxies. However,
this relatively simple question has been very challenging from the observational point of view. The
most direct way to validate the physical growth scenario is to look for compact galaxies in the
local universe: if they are not found, or are far less numerous than the compact population at high
redshift, then we must conclude that those galaxies did evolve into larger systems. Unfortunately,
measuring and comparing number densities at different redshifts is extremely difficult because of
the systematics involved. As a result, different studies, sometime performed on the same dataset,
yielded very different results (Trujillo et al., 2009; Taylor et al., 2010b; Carollo et al., 2013; Poggianti
et al., 2013).
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Figure 1.5 Ultra-deep spectrum of a quiescent galaxies at z = 2.19, from van Dokkum et al. (2009).
A 29-hour exposure in the near-infrared with the Gemini telescope was necessary to achieve enough
signal-to-noise ratio to allow for an estimate of the velocity dispersion. The HST cutout shows that
this is a typically compact galaxy.

A different approach is to try and connect galaxies at different redshifts according to a physically
motivated method. The simplest way to compare galaxies is at fixed stellar mass; this might work
for quiescent galaxies that evolve in isolation, but mergers will add mass even to passive systems
and invalidate this method. A better way is to compare galaxies at fixed velocity dispersion. Ob-
servational studies have shown that velocity dispersion is one of the most fundamental quantities of
galaxies, yielding the cleanest correlations with other properties such as mass-to-light ratio, color,
and star formation history (e.g., Thomas et al., 2005; Cappellari et al., 2006; Franx et al., 2008;
Graves et al., 2009a; Wake et al., 2012). Furthermore, numerical simulations have proved that while
the stellar mass can increase because of mergers, the velocity dispersion of a spheroidal remains
approximately constant throughout its lifetime (e.g., Nipoti et al., 2003; Hopkins et al., 2009b; Oser
et al., 2012).

However, while measuring the stellar mass can be done in a reliable way with just a few photomet-
ric measurements, the velocity dispersion measurement requires deep absorption-line spectroscopy,
which is particularly difficult to achieve at z > 1, where the rest-frame spectrum is redshifted into the
observed near-infrared. Because of technological limitations, progress in near-infrared spectroscopy
has been extremely slow until recently, and only few years ago the first absorption lines could be
detected at a redshift z > 2 (van Dokkum et al., 2009; Kriek et al., 2009). An ultra-deep expo-

sure (see Figure 1.5) was required to obtain the spectrum of a single galaxy, from which velocity
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dispersion and stellar population properties could be measured. However, in the last few years an
impressive progress in near-infrared detectors has finally allowed spectroscopic studies of z > 2 qui-
escent galaxies (Newman et al., 2010; Toft et al., 2012; van de Sande et al., 2013; Bezanson et al.,

2013), starting an exciting new era for observational studies of galaxy evolution.

1.2.4 Open Questions

We can summarize the main open questions about the formation and evolution of quiescent galaxies

in the following points:

o When did massive galaxies form their stars? And when did they assemble their total mass?
If their assembly was completed at very early times, as observations suggest, how can we
reconcile this with a hierarchical growth of structures, which is a clear prediction of the ACDM

cosmological model?
e What are the physical processes responsible for the quenching of star formation in galaxies?

e Why are high-redshift quiescent galaxies much smaller than their local counterpart? How

could they form with such high central densities?

e How did quiescent galaxies grow in size without correspondingly increasing their mass? More

generally, do quiescent galaxies undergo a purely passive evolution?

1.3 Goals of this Thesis

The main goal of the present thesis is to take advantage of the recent progress in the near-infrared
capabilities of large telescopes to probe the physical properties of high-redshift galaxies, with a
particular focus on the size growth of quiescent galaxies.

As an illustration of the possibilities opened up by near-infrared observations, in Chapter 2 we
present a study of the rest-frame optical emission lines for star-forming galaxies at 1.5 < z < 3 based
on data collected at the Palomar telescope with the Triplespec instrument. By measuring the fluxes
of the strongest nebular lines, such as [OII]A3726, 3729, [OIII]A5007, He, and HB, we derive star
formation rates and gas-phase metallicities, with the goal of testing the recent claims of a universal
relation between mass, metallicity, and star formation rate (Mannucci et al., 2010).

The remaining part of this thesis is a study of deep spectra of quiescent galaxies at z > 1. As
extensively discussed in this introduction, spectra allow one to study both the dynamical structure
and the stellar population content of quiescent galaxies, and represent one of the key tools for

observers to explore the physical properties of galaxies and their evolution with cosmic time.



17

In Chapter 3 we present the largest sample of quiescent galaxies at 1 < z < 1.5 for which deep
spectroscopic data are available. These observations, based on the preliminary study by Newman
et al. (2010), were made possible by the upgrade of the red arm of the LRIS multi-object spectrograph
at Keck, which extended the usable wavelength range into the near-infrared, up to 1uym. The deep
rest-frame optical spectra allow us to measure velocity dispersions, which are important for two
reasons. First, from the velocity dispersions and the effective sizes derived from HST imaging, we
can calculate dynamical masses and compare them to stellar masses. This constitutes a test of the
accuracy of stellar masses, and at the same time extends previous studies of the mass plane evolution
to higher redshift. Second, as shown by numerous studies and described above, velocity dispersions
represent one of the most fundamental properties of spheroidal galaxies, and are thought to remain
relatively constant with cosmic time. They can therefore be used as a sort of label to trace galaxy
populations at different cosmic times, and avoid the contribution of progenitor bias to the inferred
evolution of galaxy properties. The main goal of this chapter is in fact to measure the size evolution
of quiescent galaxies at fized velocity dispersion rather than at fixed stellar mass.

The stellar populations of the same sample are explored in Chapter 4. By measuring the star
formation histories of individual systems, we can identify those galaxies that were only recently
quenched, and compare their sizes with those for the overall population. This is a novel look
at the effect of progenitor bias on the size growth of quiescent galaxies. Furthermore, exploring
the properties of stellar populations at such early cosmic time can offer important insights on the
quenching mechanism.

With the new generation of near-infrared instruments, observers are finally able to explore the
redshift desert with an unprecedented level of detail. The new MOSFIRE instrument at Keck is
arguably the best spectrograph for studies that aim at a relatively large number of deep near-infrared
spectra. In Chapter 5 we present MOSFIRE observations of quiescent galaxies at 1.5 < z < 2.5 and
extend the previous analysis to higher redshift. This sample represents a significant step forward in
the study of quiescent systems in this critical redshift range. The spectra are used to derive both
velocity dispersions and stellar population properties, and give us a first look at the formation of
the very first massive galaxies.

Finally, in Chapter 6 we summarize the results of this thesis, present the current state of the

field, and discuss future directions for observational studies.
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Chapter 2

Testing the Universality of the
Fundamental Metallicity Relation

at High Redshift Using Low-Mass
Gravitationally Lensed Galaxies

Abstract

We present rest-frame optical spectra for a sample of 9 low-mass star-forming galaxies in the redshift
range 1.5 < z < 3 which are gravitationally lensed by foreground clusters. We used Triplespec, an
echelle spectrograph at the Palomar 200-inch telescope that is very effective for this purpose, as it
samples the entire near-infrared spectrum simultaneously. By measuring the flux of nebular emission
lines we derive gas phase metallicities and star formation rates, and by fitting the optical to infrared
spectral energy distributions we obtain stellar masses. Taking advantage of the high magnification
due to strong lensing we are able to probe the physical properties of galaxies with stellar masses
in the range 7.8 < log M,./Mg < 9.4 whose star formation rates are similar to those of typical
star-forming galaxies in the local universe. We compare our results with the locally determined
relation between stellar mass, gas metallicity, and star formation rate. Our data are in excellent
agreement with this relation, with an average offset (Alog(O/H)) = 0.01 &+ 0.08, suggesting a
universal relationship. Remarkably, the scatter around the fundamental metallicity relation is only
0.24 dex, smaller than that observed locally at the same stellar masses, which may provide an

important additional constraint for galaxy evolution models.

A version of this chapter has been published as Belli, S., Jones, T., Ellis, R. S., & Richard, J. 2013, ApJ, 772,
141
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2.1 Introduction

The gas-phase metallicity represents a fundamental property of galaxies and can be used to investi-
gate the complex physical processes that govern galaxy evolution. It mainly traces the star formation
history, as metals produced in stars are ejected into the interstellar medium (ISM), but the exchange
of material between the galaxy and the intergalactic medium (IGM) also plays an important role.
The accretion of metal-poor gas from the IGM can dilute the metal content of the gas in a galaxy.
Also, stellar winds can substantially lower the metallicity by ejecting metals.

Despite the complexity of these processes, a clear relation between galaxy luminosity and metal-
licity has been known since the work of Lequeux et al. (1979). Recently, thanks to the vast amount
of spectroscopic and photometric data available from the Sloan Digital Sky Survey (SDSS), it has be-
come clear that the physical parameter that correlates most strongly with metallicity is the galaxy
stellar mass (Tremonti et al., 2004). This mass-metallicity relation, in which galaxies of higher
masses contain larger metallicities, is remarkably tight over 3 orders of magnitude in stellar mass,
with a dispersion of only 0.10 dex in metallicity.

A natural explanation for the observed mass-metallicity relation is the outflow of metal-enriched
gas driven by star formation. Because of the lower gravitational potential, low-mass galaxies lose a
higher fraction of their gas, with a consequent decrease in metallicity (Larson, 1974; Garnett, 2002;
Tremonti et al., 2004). An alternative possibility is that lower mass galaxies are less metal-rich
because their star formation history has been developed more gradually (Ellison et al., 2008), in
agreement with the now-familiar effect of downsizing (Cowie et al., 1996).

Different models of galaxy formation and evolution are able to match the mass-metallicity relation
in the local universe, but have dissimilar predictions for high redshift galaxies (e.g., De Lucia et al.,
2004; Davé & Oppenheimer, 2007; Tassis et al., 2008; Davé et al., 2011a; Yates et al., 2012). Observ-
ing the redshift evolution of the mass-metallicity relation can therefore differentiate these models.
Observations at different redshifts have shown a clear evolution with cosmic time, with lower metal-
licity at higher redshift, for a fixed mass (Savaglio et al., 2005; Erb et al., 2006a; Maiolino et al.,
2008; Mannucci et al., 2009; Zahid et al., 2011; Yuan et al., 2013).

However, it is important to recognize that high-redshift studies target galaxy populations that
are different from those found typically in the local Universe. The evolution of the mass-metallicity
relation could then be the result of a selection effect rather than a change in the physical properties
of the galaxies with cosmic time.

Among the differences between local and high-redshift galaxies, star formation activity is one
of the most important. At earlier cosmic times, the star formation rate (SFR) was on average
much higher than today, because galaxies contained a larger amount of cold gas. Also, most of

the high-redshift surveys are magnitude-limited in the rest-frame UV, and therefore tend to select
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galaxies with high SFR. The combination of these two effects makes it very difficult to compare the
metallicity of galaxies at different redshifts with the same stellar mass and star formation rate. It
is then essential to study the relation between SFR and metallicity, since this could have important
consequences on the interpretation of the observed evolution of the mass-metallicity relation.

In fact, Mannucci et al. (2010) found that the local mass-metallicity relation is different for
samples of galaxies with different star formation rates. Furthermore, they showed that the SDSS
galaxies lie on a tight 3D surface in the mass-metallicity-SFR space, with a dispersion of only 0.053
dex in metallicity (see also Lara-Lépez et al., 2010). According to this fundamental metallicity
relation (FMR), at fixed stellar mass SFR and metallicity are anti-correlated. If this relation holds
independently of cosmic time, a galaxy population at high redshift will tend to have a low average
metallicity because of its high SFR. In this scenario the evolution of the mass-metallicity relation is
driven by the shifting of galaxy populations on the SFR-mass plane, rather than being directly caused
by the evolution of some physical process. Clearly, testing the fundamental metallicity relation at
different redshifts is of primary importance.

The redshift evolution of the FMR was first explored by Mannucci et al. (2010) using samples
from the literature, and they concluded that the local relation is a good fit for any star-forming
galaxy up to z ~ 2.2. But high-redshift observations are biased towards high-SFR galaxies, and a
direct test using galaxies with the same range of star formation rates that is seen in the SDSS sample
(SFR < 10 Mg /yr) is still lacking. Additional difficulties come from the fact that to measure the
metallicity one needs the rest-frame optical emission lines, which at z ~ 2 are redshifted into the
near-infrared, a spectral region where sky emission is strong.

One way to probe lower star formation rates with the current technology is to take advantage
of strong gravitational lensing. The magnification induced by foreground galaxy clusters allows one
to reach faint objects, corresponding to stellar masses and SFRs (on average) lower than the values
achievable without lensing. Recent studies of the FMR for high-redshift lensed galaxies found a
general agreement with the local relation, although with a very large scatter (Richard et al., 2011;
Wuyts et al., 2012b; Christensen et al., 2012).

Testing the universality of the fundamental metallicity relation is important not only for un-
derstanding the evolution of the mass-metallicity relation, but also to constrain models of galaxy
evolution. For example, Davé et al. (2011a) consider a simple model in which inflow, outflow, and
star formation are in equilibrium and determine the gas metallicity. This scenario can qualitatively
explain the dependence of the mass-metallicity relation on the star formation rate: at a fixed stellar
mass a high SFR is caused by a large inflow, which in turn implies a low metallicity. If a galaxy is
perturbed, e.g., by a merger, it will move away from the FMR and, after some time, will return to the
equilibrium configuration. This equilibrium timescale determines the scatter in the mass-metallicity-

SFR relation. So long as the yield of metals per unit star formation and the mass loading factor
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(i.e., the ratio between outflow and star formation) are constant, the equilibrium relation implies
a universal FMR independent of redshift. Although this and other simple analytic models (Dayal
et al., 2012; Davé et al., 2012) succeed in explaining the local fundamental metallicity relation, we are
still far from a detailed understanding of the relevant physical processes. High-redshift observations
are essential for quantitative tests of hydrodynamical simulations of galaxy evolution.

In this work we study a sample of low-luminosity, z ~ 2 gravitational arcs with magnification
factors of ~10-100. We used the Triplespec spectrograph on the Palomar 200-inch telescope that
features a good sensitivity and covers the full near-infrared wavelength range. This characteristic
makes it an ideal instrument for such a study, because it allows us to observe all diagnostic lines
of interest simultaneously. In addition to the efficiency of observation, a particular benefit is the
ability to measure emission line ratios, the diagnostics of gas-phase metallicities, in a single exposure,
mitigating uncertainties that arise from variations in weather conditions. Also, we mainly rely on
the emission lines [OIII]A5007, [OII]A3726, 3729, Ha and Hf for measuring the metallicity, so that
we are not limited by the requirement of detecting the faint [NII]\6584 line. For these reasons we
probe stellar masses and star formation rates that are on average lower than the ones of previously
studied samples of lensed galaxies.

The sample of gravitational arcs, the spectroscopic observations, and data reduction are de-
scribed in Section 2. In Section 3 we present the photometric measurements and the fitting of the
spectral energy distribution, while in Section 4 we explore the galaxy physical properties using the
measured line fluxes. We discuss the constraints of these measurements on the evolution of the
fundamental metallicity relation in Section 5, and the implications for galaxy evolution models in
Section 6. We assume a A cold dark matter (ACDM) cosmology with Q, = 0.7, Q,,, = 0.3 and
Hy =70 km s~!Mpc~!. Magnitudes are given in the AB system.

2.2 Data

2.2.1 Sample Selection

We selected our sample of gravitational arcs from the literature according to the following three
criteria.

First, we considered only galaxy clusters with a well-constrained lens model. This allowed us to
select arcs of known magnification p 2 10.

Second, the observed (i.e., not corrected for lensing) arc magnitude must be R < 23, so that
observations with Triple