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1 Introduction

1.1 From galactic to extragalactic astronomy

On a dark clear night, one can observe a dim white strip of light crossing over the night sky
from horizon to horizon: the Milky Way. Galileo Galilei, in the 17th century, was the first
who pointed his telescope at this white cloud of light and discovered that it consisted of a
huge number of stars. Inspired by the heliocentric model of our solar system from Nicolaus
Copernicus, Immanuel Kant demonstrated in the mid-18th century, that this cloud in many
ways resembled our solar system, but on a larger scale. In a similar way that the Planets are
gravitationally bound to the Sun, he argued that the stars in the Milky Way could be grav-
itationally bound to each other, forming a disk-like structure. Thus the idea of a galaxy was
born, although it was not fully understood. Kant furthermore proposed that our Galaxy, the
Milky Way, might not be the only such cluster of stars, but that the faint elliptical nebulae in
the sky could be individual island universes.

Towards the end of the eighteenth century Charles Messier (1781) compiled a catalog of
the brightest 109 nebulae in the northern sky, of which the Andromeda Nebulae, or Messier
31, is the most famous example. William Herschel (1786) extended this catalog to nearly 5000
nebulae, but also made the distinction between unresolved nebulae and planetary nebulae. He
was convinced that the unresolved nebulae were Kant's island universes, whereas the planetary
nebulae resembled a single star with glowing gaseous material surrounding it. In later stud-
ies with more advanced telescopes the Earl of Rosse (William Parsons; 1845) revealed that
even the unresolved nebulae consisted of two classes: elliptical and spiral. While there was no
general consensus on the nature of these nebulae, there were two main rivaling ideas. Firstly,
these nebulae could be part of our Milky Way as advocated by Harlow Shapley. Secondly,
they could be extragalactic island universes similar to our Milky Way, a theory supported by
Heber Curtis.

Spectroscopy on spiral nebulae provided valuable insight in favor of nebulae being ex-
tragalactic stellar systems. First, absorption features in the spectra resembled those of nor-
mal stars. Moreover, the overall spectral shape was consistent with the shape expected from
a large population of stars (e.g., Slipher 1918). Secondly, the spectral lines of the nebulae
were Doppler shifted, with inferred velocities many times larger than the stars in our Milky
Way. Edwin Hubble 1922 finally settled the debate. By measuring the periods of the variable
Cepheids stars in the outskirts of the Andromeda Nebula, he was able to estimate a distance
of 300 kiloparsecs, which placed M31 far outside of our Milky Way. With this fundamen-
tal measurement, it was finally established that the spiral and elliptical nebulae were actually
galaxies and that our Milky Way was not the only galaxy in the universe. Now, nearly a hun-
dred years later, our knowledge of galaxies and galaxy formation has vastly expanded.
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Figure 1.1: The anisotropies of the cosmic microwave background (CMB) radiation as observed by the Planck satel-
lite. The CMB is a snapshot of the oldest light in our universe, from when it was only 380 000 years old. The color
scale shows tiny temperature fluctuations on the order of 10~ Kelvin, while the early-universe was still homoge-
neous and isotropic. These small fluctuations will grow into galaxies and clusters of galaxies. Image: ESA & Planck
Collaboration.

1.2 Early universe & structure formation

The cosmic cosmic microwave background radiation (CMB; Gamow 1948; Hu & White
1996; Bennett et al. 2013) is the oldest light in the universe. According to the current theory,
the CMB is leftover radiation from the Big Bang, which was emitted only 380,000 years
after the beginning of the universe. After the Big Bang, 13.8 billion years ago, the universe
started expanding and consequently cooling down, which enabled protons and electrons to
form neutral atoms. From that moment on the universe became transparent as atoms could
no longer absorb the thermal radiation. The first light that escaped is now still visible as a
blackbody spectrum at a temperature of 2.72548+0.00057 Kelvin, which is what is observed
in the CMB radiation.

Due to the rapid early expansion, or cosmic inflation, the early universe was homogeneous
and isotropic. On large scales the observed CMB is therefore very smooth; on small scales
temperature fluctuations on the level of 107> exist (Figure 1.1). As our universe expanded
and cooled over time, these small density perturbations grew through gravitational instabilities
into the first galaxies. The smaller building blocks that form first then hierarchically merge into
larger galaxies and clusters of galaxies. This is the foundation for the hierarchical structure
formation model.

As the early universe was still extremely hot, normal baryonic matter was unable to cool
and collapse. Cold dark matter enabled galaxy formation at this time, and is now considered to
be the standard model or Lambda Cold Dark Matter (ACDM) model of structure formation.
In this theory only ~ 4% of the energy density in the universe is made up of baryonic matter.
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Gas, stars, dust are all made from baryonic matter. The remaining 96% of the universe's energy
density consists of dark energy (~ 75%), and dark matter (~ 21%). While the nature of dark
energy and dark matter remains unknown, clues for its existence are plentiful (e.g., Riess et
al. 1998; Perlmutter et al. 1999; Clowe et al. 2006; Bradac et al. 2006; Bennett et al. 2013).

Within the gravitational collapsed perturbations, or dark matter haloes, the baryonic gas
cools, and forms the first stars, giving rise to a visible galaxy. While the collapse of CDM
is easily predicted from the theory of gravitation, the complex physics associated with star
formation, stellar and nuclear feedback, and various other physical processes, is still not fully
understood. Thus our theory on the formation of baryonic structure in the universe is still far
from complete.

1.3  Local universe

While the extragalactic nature of many nebulae was only discovered in the 20th century, the
large diversity in morphology was already identified long before (e.g., Herschel 1786; Earl
of Rosse, 1845). Hubble (1936) was the first to construct a classification scheme, one that
is still in use today. In Hubble's classification scheme, galaxies are classified by morphology
into two separate classes: elliptical and spiral galaxies. Ellipticals vary in shape from round to
elongated, with a smooth distribution of red-dominated light. Spirals consist of a red-central
concentration, or bulge, with a surrounding disk with blue spiral structure. Roughly half of
all spiral galaxies exhibit a prominent bar feature in their center which can extend out to the
spiral arms. Based on his morphological classification, Hubble suggested that galaxies evolved
from ellipticals into spirals. Hence, elliptical galaxies are commonly referred to as early-types,
whereas spiral galaxies are known as late-type galaxies.

Galaxy morphology also correlates with other galaxy properties such as age, mass, and
dynamics. In the local universe, ellipticals are predominantly massive, and consist of an old
stellar population with very little ongoing star formation. Elliptical galaxies are supported
by random motion of stars and this random motion is predominantly radial. These galaxies
are commonly found in high-density environments such as groups and galaxy clusters. Spiral
galaxies have lower masses and still show strong ongoing star formation, in particular in their
disks. The motion of the stars in spiral galaxies are dominated by rotation. These galaxies are
mostly observed in low-density environments.

Early-type galaxies furthermore obey a tight relationship between the half-light radius,
the stellar velocity dispersion, and the average surface brightness. This structural scaling re-
lation is known as the fundamental plane (FP; Faber & Jackson 1976; Djorgovski & Davis
1987; Dressler et al. 1987), and any of these three parameters can be estimated from the other
two. Although spiral galaxies show a great diversity in many properties, they still obey a scal-
ing relation between the intrinsic luminosity (proportional to the stellar mass) and rotational
velocity. This relation is known as the Tully-Fisher relation (Tully & Fisher, 1977).

Given the fact that early-types are typically more massive, and contain old stellar pop-
ulations, it is currently thought that galaxies evolve from disks to ellipticals, opposite as to
Hubble proposed. Furthermore, it suggests that the process that is responsible for the mor-
phological transition might also be responsible for quenching the star formation in galaxies.
However, until the 21st century, extragalactic studies were based on relatively small numbers
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of galaxies, which makes it harder to find the underlying mechanisms for the transition from
spiral to elliptical.

The revolution came with observations from the Sloan Digital Sky Survey (SDSS; York et
al. 2000), which provided the community with a large, well-understood statistical sample of
galaxies. To date, this survey has provided optical photometry in five filterbands in combina-
tion with high-resolution spectra for over 800,000 galaxies in the northern-hemisphere. The
photometry allowed for the determination of a galaxy's most basic properties: total luminosity,
half-light or effective radius, and color gradient. The spectra yielded accurate redshifts, stellar
spectral features, and stellar velocity dispersions. Combined, these measurements provided
the framework for the most fundamental relations in galaxies such as the mass-size relation
(Shen et al., 2003), the fundamental plane for elliptical galaxies (Bernardi et al., 2003), and
also showed the environmental dependence of the relationships between stellar mass, struc-
ture, color, and star formation (Kauffmann et al. 2003, Blanton et al. 2005). One of the most
important results from the SDSS is the clear bimodality of galaxies in the color-mass space
(Figure 1.2). In this diagram early-type and late-type galaxies form two distinct classes. Early-
type galaxies are found to have very red colors due to their old stellar populations, and lie on
a tight relation in mass and u — 7 color known as the red sequence. Late-type galaxies have
a larger range in u — r color, but are on average very blue due to the ongoing star forma-
tion. They have lower masses and reside in what is known as the blue cloud (Kauffmann et al.
2003, Blanton et al. 2005). Similarly to color, the bimodality is also present in other corre-
lations with mass, such as the amplitude of the 4000 A break (a stellar spectral feature from
older stars that formed ionized metals), concentration of the light profile (Sérsic index), and
specific star-formation rate.

The origin of this bimodality is perhaps the most fundamental question in extragalactic
astronomy. One way to address this problem is by studying massive red-sequence galaxies,
which are, according to the hierarchical merging theory, the final products of galaxy evolution.
Detailed studies of massive elliptical galaxies in the local universe have proven to be invaluable,
and tight scaling relations such as the fundamental plane, the red sequence, and their uniform
old stellar populations provide a benchmark for galaxy evolution studies. Yet, observations of
the present-day universe only provides an archaeological record of an early-type galaxy's past.
In order to fully understand the formation and assembly of early-type galaxies, it is essential
to observe galaxies at different stages in their evolution.

1.4 High-redshift observations

Due to the finite speed of light, an observation of a distant object offers us a view in the past.
By observing galaxies at different distances, i.e., at different redshifts, we can study galaxies at
earlier times, and thus witness the different epochs of galaxy evolution. Common techniques
that are used at low redshift for determining morphology, effective radii, stellar masses and
stellar population properties become, however, progressively harder at high redshift. Galaxies
get fainter as their distance increases and require longer exposure times with large telescopes
such as the Very Large Telescope (VLT or Keck in order to obtain a similar signal-to-noise
(S/N) as compared to low redshift. In particular, spectroscopy becomes increasingly difficult
as the observed light is dispersed over a broad-wavelength range. Furthermore, at high red-
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Figure 1.2: Bimodality in the local galaxy population, as shown in this rest-frame u — r color vs. stellar mass diagram
from Schawinski et al. (2014). The left panel shows all galaxies, whereas the right panel separates early-type (top)
and late-type (bottom) galaxies. On average red-sequence galaxies are more massive than blue-cloud galaxies.

shift the rest-frame optical light is redshifted to the near-infrared (NIR) wavelengths where
spectroscopy is more challenging as compared to optical wavelengths.

Yet, spectroscopy is required for determining accurate redshifts, which are essential for
converting raw measurements into physical quantities such as size, total luminosity, and total
stellar mass. For late-type galaxies with active star formation, a redshift is relatively easily
obtained from bright emission lines, but for early-types with quiescent stellar populations,
redshifts are measured from stellar absorption features in the faint stellar continuum.

A faster and cheaper technique for determining redshifts, using only photometry, is more
commonly used, but this also comes with larger uncertainties. This technique is based on
fitting a galaxy's observed photometric spectral energy distribution with templates from stellar
population synthesis (SPS) models. Current SPS models provide an ensemble of templates
for a large range in stellar population properties such as age and metallicity. A good template-
fit to the observed data will provide a photometric redshift, stellar mass, and other important
stellar population parameters. For obtaining statistical galaxy samples, large areas in the sky are
observed in a multi-wavelength observing campaign using a set of carefully chosen filterbands,
which range from the ultraviolet (UV) to the infrared (IR). This yields accurate photometry
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and SEDs for thousands of galaxies at various redshifts.

While the overall shape of the SED can yield relatively accurate photometric redshift,
some features in the SED provide even better results. For example, star-forming galaxies ex-
hibit a sharp break around 912A due to the Lyman-limit in the neutral hydrogen gas in the in-
terstellar and intergalactic medium. At z > 3, this feature can be detected with optical broad-
band filters and is called the Lyman-break technique (Steidel et al. 1996a; 1996b). Early-type
galaxies, with older stellar populations, have a spectral feature known as the Balmer/D4000-
break, which is observable in the rest-frame optical. However at z = 2, the rest-frame optical
light is redshifted into the NIR, where observations are technically more challenging as com-
pared to optical wavelengths. Still, for both star-forming and quiescent galaxies, this SED
fitting technique has proven to be extremely useful for obtaining photometric redshifts with
an accuracy of 5% (Brammer et al., 2008).

Another difficult complication of studying galaxies out to z = 1.5 is that the angular size
of an object decreases when observed at larger distances. This means that small galaxies at
high redshift can no longer be resolved, which impedes morphological studies. Fortunately,
due to the expansion and the shape of the universe, the minimum angular scale is reached
around z = 1.5, after which galaxies grow in angular size again. While the diffraction limit of
large telescopes is much smaller than the angular size of galaxies at high redshift, turbulence
in the Earth's atmosphere degrades our images such that galaxies become unresolved from
ground-based observatories. On good nights the full width at half maximum (FWHM) of
the observed point spread function (PSF), or seeing, can be as good as 0.4-0.6 arcseconds ("),
but is more typically around 0”8-170, while sizes of small massive galaxies are around 0”1-
0”2. The Hubble Space Telescope (HST) has much better resolution, as it operates in space,
outside of the Earth's atmosphere. In particular the Advanced Camera for Surveys (ACS) in
the optical and Wide Field Camera 3 (WFC3) in the NIR are capable of reaching a FWHM
of 0705, and 0”12 respectively. Still, even with these state-of-the-art facilities such as HST,
morphological measurements of galaxies at high redshift remain challenging.

1.5 Massive galaxies in the early universe

'The first observations of galaxies at high redshift pictured a universe which was very different
from the current universe. Using the Lyman-break technique, HST surveys mostly detected
galaxies with very high star formation rates at z > 2 (e.g., Papovich et al. 2005). Further-
more, from HST-NICMOS imaging, these Lyman-break galaxies were found to be compact
and often have irregular morphologies (e.g. Dickinson 2000). Ordinary spirals and ellipticals
seemed to be largely absent at these redshifts. Yet, cosmological simulations suggested that
the progenitors of elliptical galaxies formed at z ~ 6, after which they became very massive
within a short amount of time (M, > 101 M) ( Keres et al. 2005; Khochfar & Silk 2006;
De Lucia et al. 2006; Naab et al. 2007; Naab et al. 2009; Joung et al. 2009; Dekel et al. 2009;
Keres et al. 2009; Oser et al. 2010; Feldmann et al. 2010; Oser et al. 2012.)

However, due to observational challenges and selection effects early studies of the high-
redshift universe were biased towards bright star-forming late-type galaxies, as quiescent
early-type galaxies are faint in the rest-frame UV and thus not detected in optical surveys. In-
stead, early-type galaxies emit most of their flux in the rest-frame optical which corresponds
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Figure 1.3: The Hubble sequence at z ~ 2 from Kriek et al. (2009b). Left: rest-frame U — B color vs. stellar mass
for massive galaxies with rest-frame optical spectroscopy. Different symbols are postage stamp images from HST-
NICMOS-2, and the color coding represents the specific star-formation rate. A clear bimodality is visible, i.e., there
is evidence of the red-sequence and blue-cloud as seen in Figure 1.2. Right: Stacked SEDs from GNIRS spectra
and SPS models for red (top panel) and blue (bottom panel) galaxies, which shows that the two populations are truly
distinct.

to the observed NIR for galaxies at z = 2.

With the advent of deep NIR surveys, which were designed to observe the rest-frame
optical light of galaxies at high redshift (e.g., Labbé et al. 2003), distant red galaxies were
indeed detected at z = 2 (e.g., Franx et al. 2003; van Dokkum & Stanford 2003, Labbé et
al. 2005). NIR surveys typically selected galaxies in the NIR K -band, which means that they
are no longer biased towards star-forming galaxies. Furthermore, as the rest-frame optical
selection is a good proxy to mass selection, NIR surveys have become standard for obtaining a
mass-complete sample of galaxies out to z ~ 3 (e.g., Wuyts et al. 2008; Williams et al. 2009;
Whitaker et al. 2011; Muzzin et al. 2013a). With the wealth of information from broad to
medium-band photometry and NIR spectrscopy, it has become clear that quiescent galaxies
make up about half the galaxy population at high stellar masses (Daddi et al., 2005; Kriek
et al., 2006; Muzzin et al., 2013b). Furthermore, the Hubble sequence might already exist at
z ~ 2 (Figure 1.3, Kriek et al. 2008, 2009b; Szomoru et al. 2011). With increasingly deeper
NIR surveys, massive quiescent galaxies have now been detected out to z ~ 4 (Straatman et
al., 2014).

Even more surprising, these massive quiescent galaxies in the early-universe have been
found to be extremely compact as compared to their present-day counterparts (Daddi et al.,

2005; van der Wel et al., 2005; di Serego Alighieri et al., 2005; Trujillo et al., 2006; Longhetti



8 Introduction

et al., 2007; Toft et al., 2007; Buitrago et al., 2008; van Dokkum et al., 2008; van der Wel et
al., 2008; Cimatti et al., 2008; Franx et al., 2008; Damjanov et al., 2009; Cenarro & Trujillo,
2009; Bezanson et al., 2009; van Dokkum et al., 2010; Whitaker et al., 2012). At a fixed mass,
massive quiescent galaxies at z ~ 2 have smaller effective radii by a factor 4-5 as compared
to z ~ 0 galaxies. Almost none of these massive compact galaxies are observed in the local-
universe (Trujillo et al., 2009; Taylor et al., 2010), which implies that massive galaxies must
have undergone severe structural evolution. Thus, it is unlikely that early-type galaxies formed
in an initial monolithic collapse, after which they passively evolved. If that were the case, their
present-day counterparts would be too small and too red (van Dokkum et al., 2008; Kriek et
al., 2008; Bezanson et al., 2009; Ferré-Mateu et al., 2012). Instead, these z ~ 2 galaxies are
likely the cores of present-day ellipticals that have grown in an inside-out fashion, mainly by
adding stellar mass to the outer parts over time (Hopkins et al., 2009b; van Dokkum et al.,
2010; Szomoru et al., 2012; Saracco et al., 2012).

'The dominant physical mechanism for this structural evolution is still a subject of ongoing
debate. In the hierarchical structure formation theory, merging is considered a natural pro-
cess and is expected to play an important role in the structural and morphological evolution of
massive galaxies (e.g. Kauffmann et al., 1996; Kauffmann, 1996; De Lucia et al., 2006; Khoch-
far & Silk, 2006; De Lucia & Blaizot, 2007; Guo & White, 2008; Kormendy et al., 2009;
Hopkins et al., 2010). Observations of early-type galaxies out to high redshifts indeed show
evidence of mergers taking place (van Dokkum, 2005; Tran et al., 2005; Bell et al., 2006a,b;
Lotz et al., 2008; Jogee et al., 2009; Newman et al., 2012; Man et al., 2012). However, size
growth due to major mergers seems to be unlikely, as there are not enough major mergers
that can account for the large size evolution, and the predicted increase in size is insufficient
in bringing z ~ 2 galaxies closer to the z ~ 0 mass-size relation (e.g., Naab et al. 2007,
Nipoti et al. 2009; Bundy et al. 2009; de Ravel et al. 2009; Bluck et al. 2009). Minor mergers,
however, are expected to occur more frequently in the lifetime of a massive galaxy, and could
offer a solution to this problem. With only a few assumptions from the Virial theorem, Cole
et al. (2000), Naab et al. (2009), and Bezanson et al. (2009) show that minor mergers are
very efficient in increasing the size of a galaxy, without a significant increase in mass. Sim-
ulations of merging galaxies also predict that minor-mergers are likely the dominant process
for increasing galaxy sizes (Hopkins et al. 2009; Oser et al. 2012; Hilz et al. 2013; Bédorf &
Portegies Zwart 2013). From observations, several studies suggest that minor mergers could
be responsible for the size growth at 0 < z < 1, while at higher redshift there might not be
enough minor mergers to explain the observed growth (Oogi & Habe, 2012; Nipoti et al.,
2012; Cimatti et al., 2012; Newman et al., 2012).

1.6 Current issues

As with any new major discovery, there has been a debate about the reality of this structural
evolution. Errors in the size and mass estimates are possible explanations for the compactness
of massive high-redshift galaxies. Initial concerns that the size is being underestimated due
to an envelope of low-surface brightness light, have been addressed with deep HST-WFC3
imaging. Szomoru et al. (2010; 2012) measure the surface brightness profiles for a sample
of quiescent galaxies at 1.5 < z < 2.5, using a method that properly measures low surface
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brightness flux at large radii. They find that quiescent galaxies have effective radii that are a
factor ~ 4 smaller than those of low-redshift quiescent galaxies of similar mass, and have no
excess flux at large radii. Subsequent work by van der Wel et al. (2014; and references therein)
confirms these results. Other methods, such as stacking, also show that sizes increase over
time. (e.g., van der Wel et al. 2008; Cassata et al. 2010; van Dokkum et al. 2008, 2010). The
light could also be more concentrated due to the presence of active galactic nuclei (AGNs) in
these galaxies. However, spectra of subsamples of these galaxies show that the light is domi-
nated by evolved stellar populations, not AGNs (Kriek et al. 2006, 2009; Onodera et al. 2012)

Color gradients in galaxies can also lead to large discrepancies when comparing sizes at
different redshifts. A small amount of recent star formation in the center of a galaxy can create
a bias toward small sizes, as the light from the young hot blue stars out-shines the older popu-
lation. This issue becomes less of a problem when looking at the redmost possible wavelengths,
but this becomes increasingly harder at z > 2 where the rest-frame optical is redshifted to the
NIR wavelengths. Szomoru et al. (2013) accurately measure the surface brightness in several
filterbands and find that the overwhelming majority of galaxies has negative radial color gradi-
ents, such that the cores of galaxies are redder than the outskirts. Furthermore, they show that
stellar half-mass radii from the mass profiles are on average ~ 25% smaller than rest-frame
g-band half-light radii. Thus, these results show that the small sizes at high redshift are not
due to systematic uncertainties.

'The question of whether stellar masses are accurate out to z ~ 2 remains, however, a se-
rious concern. An overestimate in stellar mass would bring the galaxies closer to the z ~ 0
mass-size relation. To date, basically all (stellar) masses have been derived by fitting SEDs.
This method suffers from many systematic uncertainties in SPS models, metallicity, star for-
mation history (SFH), and the stellar initial mass function (IMF) (e.g., Maraston et al. 2006;
Muzzin et al. 2009; Conroy et al. 2009).

SPS models are now widely used for fitting the SEDs of galaxies, and can be used effec-
tively to derive many physical properties, such as redshift, stellar mass, star formation rate, dust
content, and metallicity. Generally, these models construct simple stellar populations (SSPs)
from basic inputs: stellar evolution theory in the form of stellar-isochrones, stellar spectral
libraries, and an IMF. Combined with a dust-law and star-formation history, SPS models
create composite stellar populations (CSPs), that can be used for fitting galaxy SEDs.

As there are many different model approaches and assumptions involved, is has been
largely confirmed that stellar mass are sensitive to the choice of SPS model (e.g., Wuyts et al.
2007; Cimatti et al. 2008; Muzzin et al. 2009; Longhetti & Saracco 2009; Conroy et al. 2009).
In particular the different treatment of the thermally pulsating asymptotic giant branch (TP-
AGB) stars between the Bruzual & Charlot (2003) and the Maraston (2005) models received
a lot of attention. As the TP-AGB phase is most prominent for stellar populations around 1
Gyr, the stellar masses of galaxies at high redshift will be more affected than stellar masses at
low-redshift. However, as shown by Conroy & Gunn (2010), Kriek et al. (2010), and Zibetti
et al. (2013), the contribution from TP-AGB to the total light is much lower than expected
from the Maraston (2005) models. Another important uncertainty comes from the SFH of
a galaxy, since a large population of older stars can be hidden behind a much brighter young
population. Different assumption on metallicity can further affect the stellar mass estimates.
From a detailed study on a sample of massive galaxies at z ~ 2, Muzzin et al. (2009) find
that with a maximally old stellar population superposed with a young component, the stel-
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lar masses can be 0.08-0.22 dex larger as compared to exponentially declining SFHs, while
different metallicities lower the stellar mass estimates by 0.10-0.16 dex.

A more fundamental uncertainty in stellar mass estimates arises from the choice of the
IMF. The IMF describes the distribution of initial masses for a population of stars (e.g.,
Salpeter 1955; Kroupa 2002; Chabrier 2003; Kroupa et al. 2013). As stellar evolution is
strongly correlated with the initial mass of a star, the IMF is an important diagnostic tool
when studying large quantities of stars simultaneously. For example, with increasing initial
mass, a star's mass-to-light ratio (M /L) and lifetime strongly decreases. Therefore, the in-
tegrated light of a galaxy will be dominated by the most massive stars that are still alive.
Consequently, we only directly measure the mass and star-formation rate of the most massive
stars still alive. The shape of IMF allows us to account for the faint low-mass stars. The IMF
is therefore crucial for an accurate estimate of the total stellar mass (e.g., Courteau et al. 2013)
and total star formation rate (e.g., Madau & Dickinson 2014).

The most straightforward technique to measure the IMF is counting individual stars in
our Galaxy (e.g., Salpeter 1955; Kroupa 2001; Chabrier 2003). Measurements of the IMF in
other galaxies are based on the integrated light of the entire stellar population. From high-
S/N spectroscopic studies of nearby massive galaxies, several studies constrained the low-mass
end of the IME, either from gravity-sensitive stellar absorption features (van Dokkum et al.
2010; Spiniello et al. 2012; Smith et al. 2012; van Dokkum & Conroy 2012; Ferreras et al.
2013), or from independent mass measurements such as detailed stellar dynamics (Dutton et
al. 2012; Cappellari et al. 2012, 2013), and gravitational lensing (Grillo et al. 2009; Auger
et al. 2010; Treu et al. 2010; Thomas et al. 2011; Spiniello et al. 2011). In the disk of the
Milky Way, the IMF is well described by a power-law dN /dM o M~%, with a slope of
a = 2.35 for m > 1M (Salpeter, 1955), while below this mass, the form of the IMF is
lognormal (Chabrier, 2003). The IMF may slightly vary among early-type galaxies, compared
to the Milky Way. The data favor that the slope of the IMF steepens with increasing velocity,
such that the cores of the most massive elliptical galaxies have a "bottom-heavy" (Salpeter or
steeper) IMF (e.g., van Dokkum & Conroy 2012; Cappellari et al. 2013; Ferreras et al. 2013),
but some results remain uncertain (e.g., Smith 2014).

In conclusion, uncertainties in the stellar mass estimates due to different SPS models,
SFHs and metallicity can be as large as 0.6 dex (factor ~4) for bright red galaxies at z ~ 2
(Conroy et al., 2009) while the IMF gives rise to another 0.2 dex of uncertainty. Direct stellar
kinematic mass measurements, which are not affected by these uncertainties, are needed to
confirm whether the stellar masses of quiescent galaxies are accurate out to z ~ 2.

1.7 Thesis summary

In this Thesis we assess the stellar mass estimates at high redshift, by comparing them to dy-
namical mass measurements, that are derived from the effective radii and stellar velocity dis-
persions. We furthermore explore key relations such as the Fundamental Plane, and investigate
correlations between the mass-to-light ratio and color. This thesis work is built upon high-
quality spectra with full UV-NIR wavelength coverage of five massive quiescent (> 1011 M)
galaxies at z ~ 2, obtained with X-Shooter on the VLT. We combine these spectra with HST

and ground-based multi-band photometry. Our sample is furthermore complemented with



1.7 Thesis summary 11

different stellar kinematic studies from the literature at z ~ 2 to z ~ 0.

In Chapter 2 we perform a pilot study by deriving the dynamical mass of a massive qui-
escent galaxy at z = 1.8. From the spectrum we determine a velocity dispersion of 294451
km s_l, and combine it with a size derived from HST-WFC3 image in order to derive a
dynamical mass. We find that the dynamical and photometric stellar mass are in good agree-
ment. Furthermore, the velocity dispersion at a fixed dynamical mass is a factor of ~1.8 higher
at z = 1.8 compared to z = 0. This results suggests that stellar masses at high redshift are
robust, and thus supports the claim that massive, quiescent galaxies with high stellar mass
densities at exist at z ~ 2.

Using our full sample, in Chapter 3 we study the structural evolution of massive quiescent
galaxies from z ~ 2 to the present-day. We measure high stellar velocity dispersions (290-
450 km s~!) from the spectra, and small sizes, from the HST-WFC3 Hjg¢ and UKIDSS-
UDS K-band images. The derived dynamical masses for these galaxies show that they are
very massive (11.2 < log Mgy, /M@ < 11.8). At all redshifts, stellar and dynamical masses
are tightly correlated and dynamical mass, which includes baryonic and dark matter, is always
higher than stellar mass. Thus, we infer that the stellar masses are broadly correct, and that
the apparent size evolution of massive galaxies in photometric studies cannot be explained by
errors in the photometric masses. We confirm that at fixed mass, the effective radius increases,
and the velocity dispersion decreases with time. The mass density within one effective radius
decreases by more than an order of magnitude, while within 1 kpc it decreases only mildly.
'This finding suggests that massive quiescent galaxies at z ~ 2 grow in an inside-out matter,
consistent with the expectations from minor mergers.

We explore the existence of a Fundamental Plane of massive quiescent galaxies at high
redshift in Chapter 4, with the aim of measuring the evolution of the M /L from z ~ 2
to the present-day. We find a strong evolution of the zero point from z ~ 2to z ~ 0
Alog,, M /Lg o< (—0.4940.03) z. However, at z > 1 we find that the spectroscopic sample
is bluer in rest-frame g — z colors, as compared to a larger mass complete sample of quiescent
galaxies. We use the color offsets to estimate a M /L correction. We find that the implied
FP zero point evolution after correction is significantly smaller: Alog,, M /L, o< (—0.39 &
0.02) z. This is consistent with an apparent formation redshift of zgp, = 6.62?;)"4112 for the
underlying population, ignoring the effects of progenitor bias.

In Chapter 5 we explore the dynamical mass-to-light (M /L) ratio and rest-frame colors
of massive quiescent galaxies out to z ~ 2. Our galaxy sample spans a large range in M /L
ratios: 1.8 dex in rest-frame log M /Ly, 1.6 dex in log M / L,, and 1.2 dex in log M / Lx. We
find that there is a strong correlation between the M / L ratio for different bands and rest-frame
colors, that is well approximated by a linear relation. We find that it is possible to estimate the
M /L of an early-type galaxy with an accuracy of ~ 0.26 dex from a single rest-frame optical
color. Next, we compare the measured M /L vs. rest-frame color with different SPS models.
With a Salpeter IMF, none of the SPS models are able to simultaneously match the optical and
infrared colors and M /L. We test whether a different slope of the IMF provides a better match
to the data. However, our results show that variations between different SPS models (with
the same IMF) are comparable to the IMF variations. More complete and higher resolution
empirical stellar libraries, improved stellar evolution models, and larger spectroscopic samples
at high redshift, are need to provide more accurate constraints on the IMF.
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2 The stellar velocity dispersion of a com-
pact massive galaxy at z = 1.80
using X-Shooter: confirmation of the
evolution in the mass-size and mass-
dispersion relations

Abstract

Recent photometric studies have shown that early-type galaxies at fixed stellar mass were
smaller and denser at earlier times. In this chapter we assess that finding by deriving the dy-
namical mass of such a compact quiescent galaxy at z=1.8. We have obtained a high-quality
spectrum with full UV-NIR wavelength coverage of galaxy NMBS-C7447 using X-Shooter
on the Very Large Telescope. We determined a velocity dispersion of 294+51 km s L. Given
this velocity dispersion and the effective radius of 1.64+0.15 kpc (as determined from Hub-
ble Space Telescope Wide Field Camera 3 F160W observations) we derive a dynamical mass
of 1.740.5 x 10 M. Comparison of the full spectrum with stellar population synthesis
models indicates that NMBS-C774 has a relatively young stellar population (0.40 Gyr) with
little or no star formation and a stellar mass of M, ~ 1.5 X 1011M®. The dynamical and
photometric stellar mass are in good agreement. Thus, our study supports the conclusion that
the mass densities of quiescent galaxies were indeed higher at earlier times, and this earlier
result is not caused by systematic measurement errors. By combining available spectroscopic
measurements at different redshifts, we find that the velocity dispersion at fixed dynamical
mass was a factor of ~1.8 higher at z=1.8 compared to z=0. Finally, we show that the appar-
ent discrepancies between the few available velocity dispersion measurements at z > 1.5 are
consistent with the intrinsic scatter of the mass-size relation.
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2.1 Introduction

In hierarchical structure formation models, the most massive early-type galaxies are assem-
bled last (e.g., Springel et al., 2005). This simple picture seems difficult to reconcile with
recent studies showing that the first massive, quiescent galaxies were already in place when
the universe was only ~3 Gyr old (e.g., Labbé et al. 2005; Kriek et al. 2006; Williams et
al. 2009). The recent discovery that these high-redshift galaxies still grow significantly in size
(e.g., Daddi et al. 2005; Trujillo et al. 2006; van Dokkum et al. 2008), and mass (van Dokkum
et al., 2010) solves this apparent conflict. The observed compact high-redshift galaxies may
simply be the cores of local massive early-type galaxies, which grow inside-out by accreting
(smaller) galaxies (e.g., Naab et al. 2009; Bezanson et al. 2009; van der Wel et al. 2009), and
thus assemble a significant part of their mass at later times (see also Oser et al. 2010).

However, the results may be interpreted incorrectly due to systematic uncertainties. First,
sizes may have been underestimated, as low-surface brightness components might have been
missed (Mancini et al., 2010). Nonetheless, recent work using stacking techniques (e.g., van
der Wel et al. 2008; Cassata et al. 2010; van Dokkum et al. 2010), and ultra-deep Hubble Space
Telescope Wide Field Camera 3 (HST-WFC3) data (e.g., Szomoru et al., 2010), demonstrated
that radial profiles can now be measured with high accuracy extending to large radii. Second,
the stellar mass estimates suffer from uncertainties in stellar population synthesis (SPS) mod-
els, the paucity of spectroscopic redshifts, and furthermore rely on assumptions regarding the
initial mass function (IMF) and metallicity (e.g., Conroy et al., 2009). Direct kinematic mass
measurements, which are not affected by these uncertainties, are needed to confirm the high
stellar masses and densities of these galaxies.

Kinematic measurements have only recently become possible for high-redshift galaxies
(e.g., Cenarro & Trujillo, 2009). Using optical spectroscopy, Newman et al. (2010) have ex-
plored the epoch up to z ~ 1.5. With near-infrared (NIR) spectroscopy these studies have
been pushed to even higher redshift. Using a ~29 hr spectrum of an ultra-compact galaxy
at z = 2.2 obtained with Gemini Near-IR Spectrograph (Kriek et al., 2009), van Dokkum
et al. (2009b) found a high, though uncertain velocity dispersion of o = 510fég5ktn s~L.
Onodera et al. (2010) used the MOIRCS on the Subaru telescope to observe the rest-frame
optical spectrum of a less-compact, passive, ultra-massive galaxy at z = 1.82, but the low
spectral resolution only allowed the determination of an upper limit to the velocity dispersion
of o < 326 km s~ 1. With the lack of high-quality dynamical data at z > 1.5 there still is no
general consensus on the matter of compact quiescent galaxies.

Here we present the first high signal-to-noise ratio (S/N), high-resolution, UV-NIR spec-
trum of a z = 1.80 galaxy observed with X-Shooter (D'Odorico et al., 2006) on the Very Large
Telescope (VLT). Throughout the chapter we assume a ACDM cosmology with 2,,=0.3,
Qa = 0.7, and Hy = 70 km s=* Mpc~!. All broadband data are given in the AB-based

photometric system.

2.2 Observations and reduction

The target is selected from the NEWFIRM Medium-Band Survey (NMBS; van Dokkum
et al. 2009; Whitaker et al. 2011). This target, NMBS-C7447 (a = 10"00™06.955°%, § =



2.3 Stellar population and structural properties 17

02417™33.603°), was selected as it is among the brightest (K, = 19.64), quiescent galaxies
in the COSMOS field. As the galaxy was selected for its apparent magnitude, it is proba-
bly younger than the typical quiescent galaxy at its redshift (Whitaker et al., 2010). A radio
counterpart was detected, with L = 9.789 x 10 W m~?Hz~! (Schinnerer et al., 2010).

The galaxy was observed for 2 hr with X-Shooter on the VLT/UT2 on 2010 January 21st,
with clear sky conditions and an average seeing of 0’8 X-Shooter consists of three arms: UVB,
VIS, and NIR, resulting in a simultaneous wavelength coverage from 3000 A 024800 A. The
NIR part of the spectrum is the most interesting, as it covers many of he strong rest-frame
optical stellar absorption features. A 0”9 slit was used (R = 5600 at 1.5 gm). The 2 hr of
observing time were split in 8 exposures of 15 minutes each with an ABA'B' on-source dither
pattern. A telluric standard of type B9V was observed for calibration purposes.

We use a similar procedure to reduce cross-dispersed NIR spectra as in Kriek et al. (2008);
details will be given in Chapter 3. The resulting two-dimensional spectrum was visually in-
spected for emission lines, but none were found. A one-dimensional spectrum was extracted
by adding all lines (along wavelength direction), with flux greater than 0.1 times the flux in
the central row, using optimal weighting. Our results do not change if we take a different
flux limit for extraction. This high-resolution spectrum has a S/N 10.4 A~1 in rest frame in
H. A low-resolution spectrum was constructed by binning the two-dimensional spectrum in
wavelength direction. Using a bi-weight mean, 20 good pixels, i.e., not affected by skylines or
strong atmospheric absorption, were combined. The one-dimensional spectrum was extracted
from this binned two-dimensional spectrum in a similar fashion as the high-resolution spec-
trum (see Figure 2.1).

For the UVB and VIS arm, the two-dimensional spectra were reduced using the ESO
pipeline (1.2.2, Goldoni et al. 2006). Correction for the atmospheric absorption and one-
dimensional extraction were performed in a similar way as the NIR arm as described above.

2.3 Stellar population and structural properties

2.3.1  Stellar population properties

We estimate the redshift, age, dust content, star formation timescale, metallicity, stellar mass,
star formation rate (SFR), and their confidence intervals by fitting the low-resolution spec-
trum in combination with the broadband photometry with SPS models. We use the fitting
code FAST (Kriek et al., 2009b) in combination with the stellar templates by Bruzual & Char-
lot (2003) (hereafter BCO3; see Kriek et al. 2010). An exponentially declining star formation
history with timescale T is assumed, together with a Chabrier (2003) IMEF, and the Calzetti et
al. (2000) reddening law. We scale the mass by the ratio between the total F160W flux in the
best-fit GALFIT model (see Section 2.3.2), and the total H band flux in the NMBS catalog.
The galaxy spectrum is best-fit with a stellar mass of M, = 1.5 x 10! Mg, 7 = 0.03 Gyr, an
age of 0.40 Gyr, SFR of 0.002 M, yr—1, Ay = 0.20, solar metallicity, and a redshift of 1.800
(see Figure 2.1). In order to account for systematic uncertainties (e.g., Conroy et al., 2009),
we will assume an error of ~0.2 dex in M,. The galaxy is not detected at 24 ym, leading to a
3 o (~20 pJy) upper limit to the dust-enshrouded SFR of < 15M, yr—1.
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Figure 2.1: X-Shooter spectrum of NMBS-C7447 and the best-fit stellar population model (red line). Top panel:
broad and medium-band data (blue diamonds) in combination with low-resolution spectrum (10 A bin~1). The
entire wavelength range from UV (0.35um) to NIR(2.34m) is covered in 2 hr integration time with unprecedented
quality. The galaxy is best fit with a young stellar population (0.40 Gyr, 7 = 0.03Gyr) with little star formation
(0.002 Mg yr—1) and a stellar mass of My ~ 1.5 x 10! Mg. Middle panel: zoom in on the rest-frame optical
part of the spectrum. Gray areas indicate regions of strong skylines or atmospheric absorption. Most prominent stellar
absorption features are indicated with blue dashed line. Bottom two panels: high resolution spectrum (0.5 A bin) of
the observed features used to determine the stellar velocity dispersion. The green line is the best fit for the velocity
dispersion with 4020 A< Aeqe—frame <6400 A using the pPFX code (Cappellari & Emsellem, 2004). The resulting
stellar velocity dispersion is 0= 294451 km s~ 1. The residual from the best fit divided by the noise is shown in the
bottom panel.
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2.3 Stellar population and structural properties

2.3.2 Size measurement

We obtained HST-WFC3 F160W imaging
of NMBS-C7447 in 2010 October (HST-
GO-12167.1, see Figure 2.2) to measure its
size by fitting a Sérsic radial surface bright-
ness profile (Sérsic, 1968), using the two-
dimensional fitting program GALFIT (ver-
sion 3.0.2; Peng et al. 2010). The blue object
to the north was masked in the fit, as it is
unclear whether it is part of the galaxy. All
parameters, including the sky, were left free
for GALFIT to determine, and three nearby
field stars were used for the point-spread-
function (PSF) convolution.

In WFC3 F160W we find a mean circu-
larized effective radius of 1.64+0.15 kpc, a
mean Sérsic n-parameter of 5.340.4, and an
axis ratio b/a = 0.71+0.01. The uncertain-
ties reflect both sky noise and PSF uncer-
tainties, which were simulated using differ-
ent field stars. We find the same effective ra-
dius if we use the residual-corrected method
as described by Szomoru et al. (2010). We
also analyzed an ACS I-band image from
the COSMOS survey (Scoville et al. 2007;
Koekemoer et al. 2007). The target has an
effective radius of r.=1.95+0.20 kpc with
n=5.61+0.4, using the same PSF stars as for
WEFC3. An arclike feature is present in the
residual image, to the southeast of the ob-
ject (within 1”5, and ~3 mag fainter than
the main target). This may indicate that the
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Figure 2.2: Left panel: HST' color image of NMBS-
C7296, consisting of ACS-F775W (blue) and WFC3-
F160W (red). Top right panel: best-fit Sérsic model con-
volved with the PSF from GALFIT. The best-fit effective
radiusis e = 1.64£0.15 kpcandn = 5.340.4. Bottom
right panel: remaining residual after subtracting the model
from the observed image divided by the noise. Bottom
panel: observed radial profile of NMBS-C7447, in com-
parison with the best-fit Sérsic profile and the residual-
corrected profile, as described by Szomoru et al. (2010).

galaxy is undergoing a tidal interaction (see also van Dokkum & Brammer 2010). In what
follows, we will use the mean effective radius obtained with WFC3 F160W (H), as this band

coincides with rest-frame optical for our z ~1.8 galaxy.

2.3.3  Velocity dispersion

We use our high-resolution spectrum, and the Penalized Pixel-Fitting method (pPXF) de-
veloped by Cappellari & Emsellem (2004) to measure an accurate stellar velocity dispersion
for NMBS-C7447. Four different templates were used: the best-fit BCO3 SPS model (0=85
kms™!), Munari synthetic stellar library (Munari et al. 2005, 0=6.4 kms~'), Indo US Library
(Valdes et al. 2004, 0=38.2 kms~ 1), and the Miles library (Sinchez-Blizquez et al. 2006,
0=71.9 kms~1). Except for the best-fit SPS model, pPXF was used to construct an optimal
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template in combination with a 30th-order Legendre Polynomial. The fit was restricted to
4020 A< X\ <6400 A, in order to exclude the Balmer break region and the noisier K -band.
Figure 2.1 (bottom panels) shows the high-resolution spectrum with the best-fit velocity dis-
persion model from pPXF in red using the best-fit SPS model.

After correcting for instrumental resolution (¢=23 km s~') and the spectral resolution of
the templates, we find a best-fitting velocity dispersion of o,p=284+51 km s~ . The error
was determined in the following way. We subtracted the best-fit template from the spectrum.
'This residual was randomly rearranged in wavelength space and added to best-fit template.
We determined the velocity dispersion of 1000 simulated spectra. Our quoted error is the
standard deviation of the resulting distribution of ¢. When we include the Balmer break region
in the fit, the formal error decreases, but the derived dispersion becomes very dependent on
the chosen stellar template. Fitting the full-wavelength range gives a consistent result of o,=
328+ 35 ki, but we prefer to use the method above as it is the most robust.

'The stellar velocity dispersion is corrected to match the average dispersion as would be
observed within an aperture radius of 7. Our approach is similar to Cappellari et al. (2006),
but taken into account the effects of a non-circular aperture, seeing, and optimized extraction.
The aperture correction is only 3.5%, resulting in a velocity dispersion of 7,=294+51 kms ™!
(see Chapter 3).

'The dynamical mass is derived using

B(n) of re

My = ==

(2.1)
where 5(n) is an analytic expression as a function of the Sérsic index, as described by Cappel-
lari et al. (2006). Using n = 5.27, we find 8 = 5.16, and a dynamical mass for NMBS-C7447
of 1.740.5x 10 M.

2.4 Evolution

In this section we compare our results to low- and high-redshift measurements, and discuss the
implications for the evolution of quiescent galaxies. Figure 2.3 shows our results, together with
other kinematical studies at z > 1, and galaxies from the Sloan Digital Sky Survey (SDSS)
at 0.05 < z < 0.07 (York et al., 2000). The SDSS structural parameters are from Franx
et al. (2008), though we only select non-starforming galaxies (i.e., specific SFR < 0.3/tx,
see Williams et al. 2009). For all galaxies, velocity dispersions were corrected as described in
Section 2.3.3, and stellar masses were converted to a Chabrier (2003) IMF. All dynamical
masses were derived using Equation 2.1.

Many high-redshift studies rely on photometric stellar masses, which sufter from large
uncertainties (e.g., Conroy et al., 2009). Here, we test these stellar masses by comparing them
to our dynamical measurements (Figure 2.3(a)). The dynamical and stellar mass for NMBS-
C7447 are in agreement, and consistent with the relation for low-redshift galaxies. Given this
good agreement, we should be able to predict the velocity dispersion from the size and stellar
mass measurements.

We assume a constant ratio of Mg,/ M, = 1.68, which is the average ratio for the SDSS
sample, to account for dark matter and systematic uncertainties in the stellar mass estimate.
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We show the results in Figure 2.3(b). The predicted velocity dispersions of NMBS-C7447,
and the other z > 1.5 galaxies are consistent with the observed velocity dispersions. This
illustrates the robustness of our size and mass measurements.

In Figure 2.3(c) we show the velocity dispersion vs. the effective radius. Similar to what
has been found for other high-redshift studies, NMBS-C7447 has a clear offset from the low-
redshift galaxy population. Its velocity dispersion is higher compared to z ~ 0.06 galaxies with
similar radii. The mass size relation is shown in Figure 2.3(d) and (e). The effective radius of
our galaxy is smaller compared to local galaxies at similar masses, confirming other studies
at high redshift. From Figure 2.3(f), where we show the dynamical mass vs. the observed
velocity dispersion, we find that NMBS-C7447 has a higher velocity dispersion than similar-
mass SDSS galaxies, in agreement with other studies of high-redshift compact galaxies.

We parameterize the mass-size relation by (Shen et al. 2003,van der Wel et al. 2008):

Mdyn b
Te =T¢ (10111\4@) . (22)

Using a least-squares fit to the low-redshift galaxy sample, we find 7. = 3.32kpc, and b =
0.50. When comparing NMBS-C7447 to local galaxies at fixed dynamical mass, we find
that the effective radius is a factor ~2.5 smaller. We use a similar approach for the velocity
dispersion as a function of dynamical mass (Figure 2.3(f)):

My, )b
o, =0 , (2.3)
* (1011M@

with 0, = 145kms™!, and b = 0.26. NMBS-C7447 has a higher velocity dispersion by a
factor ~ 1.8 compared to the low-redshift relation.

Figure 2.4 shows the evolution of the sizes and velocity dispersions of the galaxies, nor-
malized to a standard dynamical mass using Equations 2.2 and 2.3. We add the sample by van
der Wel et al. (2008) for a more complete redshift coverage, with stellar masses derived from
the FIRES (Forster Schreiber et al., 2006) and FIREWORKS catalog (Wuyts et al., 2008).
We use a simple power law fit r, oc (14 2)® for galaxies with Mgy, > 3 x 10'°M, and find
a = —0.98 £ 0.09. This is in agreement with van der Wel et al. (2008), but slightly higher
than Newman et al. (2010). Our results imply a growth in size at fixed mass by a factor of
~ 2.5 from z ~ 1.8 to the present day. When assuming a similar power law for the velocity
dispersion (0, oc (1 + 2)921%0-07) 'we find a decrease in velocity dispersion by a factor of
~ 1.5 from z ~ 1.8 to the present day at fixed mass.

Figures 2.4a and b show that the scatter in the relation in the normalized size and velocity
dispersion is large at fixed redshift. At z > 1.5, three galaxies have been observed with a
range in normalized dispersions of a factor of ~ 2.5. This may lead to the conclusion that the
measurements have large unidentified errors and cannot be trusted yet. On the other hand,
intrinsic scatter in the galaxy properties may cause this rather large observed scatter. We can
test this directly by using the deviations of the galaxies in the mass-size relation.

If the scatter is due to variations in the intrinsic properties, we expect that the deviations
of the galaxies in the mass-size relation correlate with the deviations of the galaxies in the
mass-dispersion relation. If the scatter is observational, there is no expected correlation. In
Figure 2.4(c), we compare the deviation from the M, — 7, relation to the deviations in the
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Figure 2.3: Comparison of NMBS-C7447 (black filled circle) with other high-redshift studies (see legend in panel
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and size). The observed dispersion agrees well with inferred dispersion, which implies that the stellar mass and size
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Figure 2.4: Evolution in effective radius and velocity dispersion at fixed dynamical mass, thus corrected for the Mgy, —
7e and Mgy, — 0o relations from Figure 2.3(e) and 2.3f. We only select galaxies with Mgy, > 3% 10'% M. Symbols
are as described in Figure 2.3, with the addition of data from van der Wel et al. 2008 (purple circles). The gray filled
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for the velocity dispersion. (c) Scatter in the M, — 7. relation vs. the scatter in the Mgy, — 0o relations, together
with the 1o and 20 contours of the SDSS galaxies, all corrected for evolution. The discrepancy between the different
measurements is expected based on the intrinsic scatter in the low-redshift relations.

Mgy — 0ops relation. The deviation of the M, — r. and Mgy, — oops relations were derived
using the evolution of these relations at fixed mass as shown in Figures 2.4(a) and (b).

We can predict, using the virial theorem, how the points would lie if the scatter is intrinsic,
i.e., due to variations in the galaxy structure. This line is shown in Figure 2.4(c), and we see
that the galaxies lie very close to this line. In addition, we show the area which is covered by
the SDSS galaxies in the same diagram (1o and 20 contours). Almost all data points lie within
these contours. Hence we conclude that the scatter is mostly in#rinsic, and not observational. A
direct measure of the average offset of the sizes and dispersions can be obtained by increasing
the number of observed galaxies to about 30, which would reduce the error by a factor of ~ 3.
Alternatively, the average mass-size relation can be used to determine the average offset at z =
1.5 — 2. Thus we conclude that the difference between our results and those by van Dokkum
et al. (2009b) and Onodera et al. (2010) are due to intrinsic scatter in galaxy properties.

2.5 Conclusions

In this chapter we have presented the first high-S/N, high-resolution, spectrum of a compact
massive quiescent galaxy at z = 1.80 observed with X-Shooter. Using this spectrum we have
determined the stellar mass and velocity dispersion: M, ~ 1.5 x 10" My, o4 = 294 +
51km s!. From HST-WFC3 imaging we find that 7. = 1.64 & 0.15kpc. The stellar mass
and dynamical mass agree well (Mgy, = 1.7 £ 0.5 x 10 M), and are consistent with the
local SDSS relation. Our results suggest that stellar masses at high redshift are robust, and
thus supports the claim that massive, quiescent galaxies with high stellar mass densities at
2z ~ 2 exist.

When comparing this galaxy to low-redshift early-type galaxies, we find that it is struc-
turally different. At fixed dynamical mass, NMBS-C7447 is smaller by a factor ~ 2.5, and
has a higher velocity dispersion by a factor of ~ 1.8.

Despite the high accuracy of our derived stellar parameters, our study is still limited to a
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single high-redshift galaxy, and it brings the total number of stellar kinematic measurements
for individual galaxies at z > 1.5 to three. We have shown that the differences between the
three measurements can be explained by the scatter in the mass-size relation. A larger sample
of compact massive quiescent galaxies at high redshift is needed to accurately measure the
structural evolution of these galaxies with cosmic time.
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3 Stellar kinematics of z ~ 2 galaxies
and the inside-out growth of quiescent
galaxies

Abstract

Using stellar kinematics measurements, we investigate the growth of massive, quiescent galax-
ies from z ~2 to today. We present X-Shooter spectra from the UV to NIR and dynamical
mass measurements of five quiescent massive (> 10! M) galaxies at z ~ 2. This triples
the sample of z > 1.5 galaxies with well constrained (6o < 100km s~!) velocity dispersion
measurements. From spectral population synthesis modeling we find that these galaxies have
stellar ages that range from 0.5-2 Gyr, with no signs of ongoing star formation. We mea-
sure velocity dispersions (290-450 km s~!) from stellar absorption lines and find that they
are 1.6-2.1 times higher than those of galaxies in the Sloan Digital Sky Survey at the same
mass. Sizes are measured using GALFIT from Hubble Space Telescope Wide Field Camera 3
Hi0 and UDS K -band images. The dynamical masses correspond well to the spectral energy
distribution based stellar masses, with dynamical masses that are ~ 15% higher. We find that
M, / Mgy, may decrease slightly with time, which could reflect the increase of the dark matter
fraction within an increasing effective radius. We combine different stellar kinematic studies
from the literature, and examine the structural evolution from z ~ 2 to z ~ 0: we confirm
that at fixed dynamical mass, the effective radius increases by a factor of ~ 2.8, and the ve-
locity dispersion decreases by a factor of ~ 1.7. The mass density within one effective radius
decreases by a factor of ~ 20, while within a fixed physical radius (1 kpc) it decreases only
mildly (factor of ~ 2). When we allow for an evolving mass limit by selecting a population
of galaxies at fixed number density, a stronger size growth with time is found (factor of ~ 4),
velocity dispersion decreases by a factor of ~ 1.4, and interestingly, the mass density within
1 kpc is consistent with no evolution. This finding suggests that massive quiescent galaxies at
z ~ 2 grow inside-out, consistent with the expectations from minor mergers.

Jesse van de Sande, Mariska Kriek, Marijn Franx, Pieter G. van Dokkum,
Rachel Bezanson, Rychard J. Bouwens, Ryan F. Quadri,

Hans-Walter Rix, and Rosalind E. Skelton

The Astrophysical Journal, 771, 85:110, (2013)
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3.1 Introduction

Recent studies have shown that a considerable fraction of massive galaxies at 1.5 < z < 2.5
have quiescent stellar populations (e.g., Labbé et al. 2005; Kriek et al. 2006; Williams et al.
2009). Among the most massive galaxies (M, > 101! M) approximately 40% are no longer
forming stars (e.g., Whitaker et al. 2011; Brammer et al. 2011). Surprisingly, these massive
quiescent galaxies have been found to be extremely compact (e.g., Daddi et al. 2005; Trujillo
et al. 2006; van Dokkum et al. 2008; Franx et al. 2008; van der Wel et al. 2008; and numerous
others), compared to their likely present-day counterparts.

Searches for ultra-dense low-redshift counterparts by Trujillo et al. (2009) and Taylor et
al. (2010a) found only a handful of compact sources at z ~ 0, which have relatively young
stellar populations (Trujillo et al. 2009; Ferré-Mateu et al. 2012). The dearth of massive, old
compact objects at low redshift implies that massive galaxies must have undergone severe
structural evolution in size.

Errors in the size estimates have been invoked as a possible explanation for the compact-
ness of massive high-redshift galaxies. Initial concerns that the size may have been underes-
timated, due to an envelope of low surface brightness light, have been addressed with deep
Hubble Space Telescope Wide Field Camera 3 (HST-WFC3) imaging (Szomoru et al. 2010;
2012), and by stacking results (e.g., van der Wel et al. 2008; Cassata et al. 2010; van Dokkum
et al. 2008, 2010). The light could also be more concentrated due to the presence of active
galactic nuclei (AGNs) in these galaxies. However, spectra of subsamples of these galaxies
have shown that the light is dominated by evolved stellar populations, not AGNs (Kriek et al.
2006, 2009; van de Sande et al. 2011; Onodera et al. 2012).

The question of whether stellar masses are accurate out to z ~ 2 remains, however, a
serious concern: an overestimate in stellar mass would bring the galaxies closer to the z ~
0 mass-size relation. To date, basically all (stellar) masses have been derived by fitting the
spectral energy distributions (SEDs). This method suffers from many systematic uncertainties
in stellar population synthesis (SPS) models (e.g., Conroy et al. 2009; Muzzin et al. 2009) and
is essentially untested at z > 1.5.

Direct stellar kinematic mass measurements, which do not suffer from these uncertain-
ties, can be derived by measuring the galaxy's velocity dispersion and the shape and extent
of its luminosity profile, i.e., the Sérsic n parameter and effective radius. In particular, for
low-redshift galaxies in the Sloan Digital Sky Survey (SDSS), Taylor et al. (2010b) showed
that stellar mass is a very good predictor of dynamical mass, but only when non-homology of
luminosity profile is properly accounted for using a Sérsic-dependent virial factor (e.g., Cap-
pellari et al. 2006). Although dynamical measurements of massive galaxies are common at low
redshift, spectroscopic studies become much more difficult at higher redshift as the bulk of
the light, and stellar absorption features used to measure kinematics, shift redward into the
near-infrared (NIR; e.g., Kriek et al. 2009; van Dokkum et al. 2009).

New technology such as the new red arm of the LRIS spectrograph at Keck (working
beyond 1) makes it possible to measure velocity dispersions up to z ~ 1.5 (Newman et al.
2010, Bezanson et al. 2013). Deep NIR spectroscopy is, however, required to push stellar
kinematic studies to even higher redshift. From a ~29 hr spectrum of an ultra-compact galaxy
at z = 2.2 obtained with Gemini Near-IR Spectrograph (Kriek et al., 2009), van Dokkum et
al. (2009) found a high, though uncertain, velocity dispersion of o = 51011,?;5 km s~
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Onodera et al. (2012) used the MOIRCS on the Subaru telescope to observe the rest-
frame optical spectrum of a less-compact, passive, ultra-massive galaxy at z = 1.82, but the
low spectral resolution and signal-to-noise ratio (S/N) severely limited the accuracy of their
velocity dispersion: o = 270+105km s~!. X-Shooter (D'Odorico et al. 2006; Vernet et al.
2011), the new Ultraviolet (UV) to NIR spectrograph at the Very Large Telescope (VLT),
can provide the required S/N and resolution. The capabilities of X-Shooter for this kind of
measurements were demonstrated in van de Sande et al. (2011), who found 294 + 51 km s~*
for a massive quiescent galaxy at z = 1.8. Toft et al. (2012) also use X-Shooter and present
a dynamical measurement of a galaxy at redshift = = 2.04 with similar results. Taken all
together, these results indicate that the dynamical and stellar masses are consistent with z ~ 0.
With the small number of measurements beyond z > 1.5, however, the sample is still too
small to draw any firm conclusions on whether the stellar masses are truly reliable.

Here we present a sample of five massive quiescent galaxies with high S/N, medium-
resolution, UV-NIR spectra at 1.4 < z < 2.1 observed with X-Shooter on the VLI. The
main goal of this chapter will be to test if the stellar mass measurements at high redshift are
reliable.

The chapter is organized as follows. In Section 3.2 we, present our sample of high-redshift
galaxies, the photometric and spectroscopic data, and describe our data reduction. In Section
3.3 we determine structural properties and stellar populations, and derive stellar and dynamical
masses. We complement our results with stellar kinematic results from other studies at low and
high redshift in Section 3.4. In Section 3.5, we compare our dynamical to the stellar masses.
In Section 3.6 we study the structural evolution of high-redshift quiescent massive galaxies.
In Section 3.7, we compare our results with previous measurements and hydrodynamical sim-
ulations. Finally, in Section 3.8, we summarize our results and conclusions. Throughout the
chapter we assume a ACDM cosmology with ©2,=0.3, Q4 = 0.7, and Hy = 70 km s~*
Mpc~!. All broadband data are given in the AB-based photometric system.

3.2 Data

3.2.1 Target selection

The galaxies in this chapter are drawn from the NMBS-I (Whitaker et al., 2010) and the
UKIDSS-UDS (Williams et al., 2009). They were selected to be bright in the H-band, and
to have z > 1.4, in order to obtain sufficient S/N. The SED from the broadband and medium-
band photometry was required to indicate that they have quiescent stellar populations, and the
rest-frame optical imaging could not show signs of large disturbance due to e.g., mergers. We
note that NMBS-COS7447 was presented in van de Sande et al. (2011), and UDS-19627 was
presented in Toft et al. (2012). All data for both galaxies have been re-analyzed according to
the following procedure for consistency. Our selection had no priors on mass or size, but could
be biased in either one of these parameters. Full information on the photometric properties
of the targets is listed in Table 3.1.

To investigate possible biases, we compare our targets to a sample of galaxies with mass
> 10105 M at 1.4 < z < 2.1 from the NMBS-I and the UDS. Rest-frame U —V and V —.J

colors are commonly used to distinguish between star-forming and quiescent galaxies at this
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Table 3.1: Photometric properties

Catalog ID  Jyor Hypa Kpo Koo (U—V)g (V—J)g 24pm  SFRas,

Wyl Mg yr?
NMBS-COS 7447 21.09 2072 2063 1964 120 031 18 13
NMBS-COS 18265 22.67 20.85 20.61 19.62  1.72 0.85 18 15
NMBS-COS 7865 2275 2151 21.07 2002  1.89 0.90 18 19
UDS 19627 21.40 2091 20.65 20.19 137 0.71 30 29
UDS 29410 2059 20.18 19.81 19.36  1.62 096 232415 241+ 16

Aperture and total magnitudes for our targets. Aperture magnitudes have been measured in fixed 1.5 arcsec diameter
aperture for targets in NMBS-I, while the targets in UDS have 1.75 arcsec diameter apertures. Rest-frame colors
have been derived from the spectra in Johnson U, V, and 2M ASSJ filters. For the 24 pm fluxes we provide 3-0
upper-limits of 18 pJy for the galaxies in NMBS-COSMOS (Whitaker et al., 2012), and 30 pJy for UDS-19627
(Toft et al., 2012), as these galaxies are not detected with MIPS. UDS-29410 has a strong MIPS detection, which
is likely due to an obscured AGN.
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Figure 3.1: Comparison of our spectroscopic sample to the full population at similar redshift. Symbol size of the
squares represent the density of galaxies from the NMBS-I and UDS at 1.4 < z < 2.1 with mass > 10%0-5 M. (a)
Rest-frame U-V and V-] colors. Color coding is based upon the sSFR derived from SED fitting, red colors indicate
low sSFR (quiescent), and blue colors indicate high sSFR(star-forming). Galaxies in the top left region, as marked by
the black line, all have low sSFR rates. This region is therefore often used to select quiescent galaxies at high redshift
(Williams et al., 2009). All but one of our galaxies fall within this region, but their sSFR indicate that they are all
have quiescent stellar populations. The vertical dotted line discriminates between young post-starburst like (left) vs.
old quiescent (right) as indicated by Whitaker et al. (2012). The strong Balmer absorption lines spectroscopically
confirm the young ages of this sample. (b) Rest-frame U-V vs. stellar mass. At fixed mass, we find that most of our
galaxies have similar colors to the entire population, except for NMBS-COS7447 and UDS-19627 on the blue side.
(c) H-band aperture magnitude vs. stellar mass. It is clear that our sample was selected on magnitude, and at fixed
mass they are among the brightest galaxies, consistent with their post-starburst nature.

redshift (e.g., Williams et al. 2009). Figure 3.1(a) shows the UVJ-diagram for all galaxies at
redshifts between 1.4 < z < 2.1 with mass > 10195 M, together with the sample presented
here. The sizes of the squares indicate the density of galaxies. For our targets, the rest-frame
colors have been measured from the spectra, while for the full sample rest-frame colors are
based on the broadband and medium-band data. As demonstrated by Williams et al. (2009),
non-star-forming galaxies can be identified using a color selection indicated by the black lines.
Within this selection region, our targets fall in the area occupied by young, quiescent galaxies

(Whitaker et al., 2012).
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Figure 3.2: Color images of our five spectroscopic targets. Except for UDS-19627, all galaxies have available HST-
WEFC3 Imaging. For each target we show the composite color image on the left side, the best Sérsic model from
GALFIT and the residual after we subtract the best-fitting model from the original image on the right side. The
lower panel shows the intrinsic surface brightness profile with all available bands. Different colors show the different
filters, as indicated on the bottom right. Vertical dashed lines show the effective radii for each profile, while the dotted
lines shows the FWHMY/2 of the PSF. We find color gradients, such that the redder bands have smaller effective radii,
for all galaxies but NMBS-COS7447. For that case, the sizes are similar within the errors, but this could be caused
by the extra flux of the red arc-like feature in the southeast.

The median specific star formation rates (sSFR), as indicated by the different colors, are in
good agreement with the full high-redshift sample at the same place in the UV] diagram.
For their mass, however, NMBS-COS7447 and UDS-19627 have slightly bluer colors as
compared to the full sample (Figure 3.1(b)). At fixed mass, the targets are among the brightest
galaxies, except for NMBS-1-7865 (3.1(c)). This may not come as a surprise as they are among
the youngest quiescent galaxies, and thus have relatively low M /L.

3.22 Imaging

Four different imaging data sets are used to measure the surface brightness profiles of our

galaxies, as summarized below. (1) All our targets in the NMBS-I COSMOS field were ob-
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served with HST-WFC3 Hj g as part of the program HST-GO-12167 (PI: Franx). Each tar-
get was observed for one orbit (2611 sec), using a four point dither pattern, with half pixel off-
sets. Reduction of the data was done in a similar way as to the reduction described in Bouwens
et al. (2010), but without sigma-clipping in order to avoid masking the centers of stars. The
drizzled images have a pixel scale of (006, with a full width at half-maximum (FWHM) of
the point-spread function (PSF) of ~ 0”16. (2) Our NMBS-I targets are complemented with
HST-ACS Igy4 imaging from COSMOS (v2.0, Koekemoer et al. 2007; Massey et al. 2010),
which has a 0703 pixel scale and PSF-FWHM of ~ (//11. (3) For UDS-29410 we make use
of the HST-ACS F814W, HST-WFC3 Ji25 and Hygp from UDS-CANDELS (Grogin et
al. 2011; Koekemoer et al. 2011). These data have the same properties as the data described in
(1) and (2). (4) For UDS-19627 we use ground based data from UKIDSS-UDS, (Lawrence
et al. 2007; Warren et al. 2007) Data Release 8 in the J, H, and K-band, as no as ST data
is available. Imaging in all three bands were drizzled to a pixel scale 0134, and the FWHM
of the PSF is 0’7 in the K -band.

3.2.3 Spectroscopic observations

Observations were performed with X-Shooter on the VLT UT2 (D'Odorico et al. 2006; Ver-
netetal. 2011). X-Shooter is a second generation instrument on the VLT that consists of three
arms: UVB, VIS, and NIR. The wavelength coverage ranges from 3000 A 024800 A in one
single exposure. The galaxies were observed in both visitor and service mode, and the obser-
vations were carried out between 2010 January and 2011 March (Programs: Fynbo 084.A-
0303(D), Van de Sande 084.A-1082(A), Franx 085.A-0962(A), Toft 086.B-0955(A)). Full
information on the targets and observations is listed in Table 3.2. All observations had clear
sky conditions and an average seeing of 0”8. A (/9 slit was used in the NIR, except for the 1st
hour of UDS-19627 where a 0”6 slit was used. For the 079 slit, this resulted in a spectral res-
olution of 5100 at 1.4um. Observing blocks were split into exposures of 10-15 minutes each
with an ABA’B’ on-source dither pattern. For most targets, a telluric standard of type B8V-
B9V was observed before and after our primary target, in order to create a telluric absorption
spectrum at the same airmass as the observation of our target.

3.2.4 Spectroscopic reduction

Data from the three arms of X-Shooter must be analyzed separately and then combined to
cover the full range from the UV to NIR. In the NIR we identified bad pixels in the following
way. The data were corrected for dark current, flatfielded, and sky subtracted using the average
of the preceding and subsequent frames. The ESO pipeline (ver. 1.3.7; Goldoni et al. 2006)
was used to derive a wavelength solution for all orders. The orders were then straightened using
integer pixel shifts to retain the pixels affected by cosmic-rays and bad pixels. Additional sky
subtraction was done on the rectified orders, by subtracting the median in the spatial direction.
Cosmic rays and bad pixels were identified by LA-Cosmic (van Dokkum & Franx, 2001), and
a bad pixel mask was created.

Further 30 clipping was done on the different exposures, corrected for dithers, to identify
any remaining outliers. The bad pixel masks of different orders were combined into a single
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Table 3.3: Stellar population synthesis properties

Catalog 1D Zphot Zspec logT logAge Z Ay log M,  log SFR  log sSFR

G G (mag) (Mp) WMeyr™h)  Gr Y

NMBS-COS 7447 1.71+£0.03 1.800 7.80 8.74 0.020 0.00 11.27 -0.08 -11.35
NMBS-COS 18265 1.604+0.03 1.583 7.00 8.96 0.020 0.45 11.42 -99.00 -99.00
NMBS-COS 7865 2.024+0.05 2.091 7.20 9.41 0.008 0.05 11.68 -99.00 -99.00
UDS 19627 1.94+0.06 2.036 7.90 8.74 0.050 0.20 11.24 0.56 -10.68
UDS 29410 1.44+0.02 1.456 7.90 8.82 0.050 0.35 11.29 -99.00 -11.28

Derived stellar population synthesis properties from FAST. We use stellar templates from Bruzual & Charlot 2003,
with an exponentially declining star formation history with timescale 7, together with a Chabrier (2003) IMF, and
the Calzetti et al. (2000) reddening law. No errors are provided, as the 68% confidence all fall within one grid point.
The real errors are dominated by systematic uncertainties.

file and then transformed back to the raw frame for each exposure. Masks will follow the same
rectification and wavelength calibration steps as the science frames.

Next the flatfielded and sky subtracted observations were rectified and wavelength cali-
brated, only this time we used interpolation when rectifying the different orders. Again, ad-
ditional sky subtraction was done. Per order, all exposures were combined, with exclusion of
bad pixels and those contaminated with cosmic rays present in the mask file.

'The telluric spectra were reduced in the same way as the science frames. We constructed a
response spectrum from the telluric stars in combination with a stellar model for a B8V/B9V
star from a blackbody curve and models from Munari et al. (2005). Residuals from Balmer
absorption features in the spectrum of the tellurics were removed by interpolation. All the
orders of the science observations were corrected for instrumental response and atmospheric
absorption by dividing by the response spectrum.

'The different orders were then combined, and in regions of overlap weighted using the
S/N of the galaxy spectrum. A noise spectrum was created by measuring the noise in the
spatial direction below and above the galaxy. If the regions exceeded an acceptable noise limit,
from contamination by OH lines or due to low atmospheric transmission, this spatial region
was discarded for further use. The two-dimensional (2D) spectra were visually inspected for
emission lines, but none were found. A one-dimensional (1D) spectrum was extracted by
adding all lines (along the wavelength direction), with flux greater than 0.1 times the flux in
the central row, using optimal weighting.

Absolute flux calibration was performed by scaling the spectrum to the available photo-
metric data. The scaling was derived for each individual filter that fully covered the spectrum.
For our targets in NMBS-I we used the following filters: J, J2,J3, H, H1, H2, and, K,
while for the targets in the UDS we only used J and H. We then used an error-weighted
average obtained from the broadband magnitudes, and scaled the whole spectrum using this
single value. After scaling, no color residuals were found, and no further flux corrections were
applied to the spectrum.

A low resolution spectrum was constructed by binning the 2D spectrum in wavelength
direction. Using a bi-weight mean, 20 good pixels, i.e., not affected by skylines or strong
atmospheric absorption, were combined. The 1D spectrum was extracted from this binned
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Figure 3.3: UV to NIR X-Shooter spectra in combination with medium- and broad-band data (blue diamonds).
The binned spectra (~ 10 A) are shown in black, together with the best-fitting BC03 7-model as shown in red.
Gray areas indicate regions with strong atmospheric absorption. The UVB spectrum is missing for UDS-29410,
due to an instrument problem during the observations. The good agreement between the BCO3 models and the
spectroscopic data over this large wavelength range is astonishing. Both NMBS-COS7865 and UDS-19627 show
a small deviation from the best-fitting model around 1, which is caused by the absence of good telluric calibrators.
From stellar population synthesis modeling, we find a variety of ages that range from 0.5-2 Gyr. We find no emission

lines, and other signs of star formation, and with little to no dust (see Section 3.3.1).
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Figure 3.4: Rest-frame optical part of the spectrum focused on the Balmer break. As in Figure 3.3, the X-Shooter
spectrum is shown in black, but this time in higher resolution (~ 4 A observed, or ~ 100 km s~ rest-frame).
The most prominent absorption and emission features are indicated by the blue dashed lines. The clear detection
of absorption lines enables us to measure stellar velocity dispersions. We use pPXF to fit the best-fitting BC03 7
model to the spectrum and find velocity dispersions that range from 275-435 km s~ 1. The convolved best-fit BC03
template is shown in red.
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Figure 3.5: Rest-frame optical part of the spectrum focused on Mgb, NaD, and Ha. As in Figure 3.4, the X-
Shooter spectrum is shown in black, with high resolution of ~ 4 A observed, or ~ 100 km s~ rest-frame. The
most prominent absorption and emission features are indicated by the blue dashed lines. The convolved best-fit BC03
template is shown in red.
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2D spectrum in a similar fashion as the high resolution spectrum (see Figure 3.3 - 3.5 ).

For the UVB and VIS arms we used the ESO reduction pipeline (ver 1.3.7, Goldoni et al.
2006) to correct for the bias, flatfield, and dark current, and to derive the wavelength solution.
'The science frames were also rectified using the pipeline, but thereafter, treated in exactly the
same way as the rectified 2D spectra of the NIR arm, as described above.

3.3 Structural properties and stellar populations

3.3.1 Stellar population properties

We estimate the stellar population properties by fitting the low-resolution (~ 10A in the
observed frame) spectrum in the visual and NIR in combination with the broadband and
medium-band photometry with SPS models. We exclude the UVB part of the spectrum due
to the lower S/N and the extensive high S/N broadband photometry in this wavelength re-
gion. Stellar templates from Bruzual & Charlot (2003, BC03) are used, with an exponentially
declining star formation history (SFH) with timescale 7, together with a Chabrier (2003)
initial mass function (IMF), and the Calzetti et al. (2000) reddening law.

Using the FAST code (Kriek et al., 2009), we fit a full grid in age, dust content, star
formation timescale, and metallicity. We adopt a grid for 7 between 10 Myr and 1 Gyr in
steps of 0.1 dex. The age range can vary between 0.1 Gyr and 10 Gyr, but the maximum age
is constrained to the age of the universe at that particular redshift. We note, however, that
this constraint has no impact on our results as the galaxies are young. Step size in age is set as
high as the BC03 templates allow, typically 0.01 dex. Metallicity can vary between Z = 0.004
(subsolar), Z = 0.08, Z = 0.02(solar), and Z = 0.05 (supersolar). Furthermore, we allow
dust attenuation to range from 0 to 2 mag with step size of 0.05. The redshift used here is
from the best-fitting velocity dispersion (see Section 3.3.2). Results are summarized in Table
3.3.

Due to our discrete grid and the high quality data, and also because metallicity and age
are limited by the BC03 models, our 68% confidence levels are all within one grid point. Our
formal errors are therefore mostly zero, and not shown in Table 3.3. This does not reflect
the true uncertainties, which are dominated by the choice of SPS models, IMF, SFH, and
extinction law (see, e.g., Conroy et al. 2009; Muzzin et al. 2009).

'The low sSFR confirms the quiescent nature of the galaxies in our sample, and they match
well with the sSFR of the general population in the same region of the UV] diagram (Figure
3.1(a)). We find a range of metallicities, with the oldest galaxy having the lowest metallicity.
However, due to the strong degeneracy between age and metallicity, we do not believe this
result to be significant. Overall, the dust content in our galaxies is low.

We find very similar results for NMBS-C7447 as compared to van de Sande et al. (2011),
and the small differences can be explained by the newer reduction. For UDS-19627 we find
a slightly lower mass as compared to Toft et al. (2012), which is likely due to the lower dust
fraction that we find, i.e., A, = 0.2 vs. A, = 0.77 from Toft et al. (2012).
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The galaxies in our sample are not detected at 24 p1m, leading to a 3-0 upper-limit of 18
w1y for the galaxies in NMBS-COSMOS, and 30 pJy for UDS-19627 (see Whitaker et al.
2012; Toft et al. 2012). UDS-29410 has a strong detection at 24 um of 232 £+ 15u.Jy. From
these upper limits we calculate the dust-enshrouded SFRs that are listed in Table 3.2. We find
a high SFR for UDS-29410, but we find no other signs for this high SFR. That is, we find no
emission lines and the best fitting SPS model indicates a low SFR. Therefore, we think that
the strong 24 pim detection is likely due to an obscured AGN.

3.3.2  Velocity dispersions

'The clear detection of absorption lines in our spectra, together with the medium resolution of
X-Shooter, enable the measurement of accurate stellar velocity dispersions. We use the un-
binned spectra in combination with the Penalized Pixel-Fitting (pPXF) method by Cappellari
& Emsellem (2004) and our best-fitting BCO3 models as templates. Spectra were resampled
onto a logarithmic wavelength scale without using interpolation, but with masking of the bad
pixels. The effect of template mismatch was reduced by simultaneously fitting the template
with a ~17-order Legendre Polynomial. Our results depend only slightly on the choice of the
order of the polynomial (Appendix 3.A). Together with the measured velocity dispersion, the
fit also gives us the line-of-sight velocity, and thus zgpec.

We also look at dependence of the velocity dispersion on the template choice. In particular
for the younger galaxies in our sample that show a clear signature of A-type stars, we find a
dependence of the measured velocity dispersion as a function of template age. A more stable fit
is obtained when restricting the wavelength range to 4020 A< A < 7000 A, which excludes
the Balmer break region (see also Appendix 3.A).

The errors on the velocity dispersion were determined in the following way. We subtracted
the best-fit model from the spectrum. Residuals are shuffled in wavelength space and added
to the best-fit template. We then determined the velocity dispersion of 500 of these simulated
spectra. Our quoted error is the standard deviation of the resulting distribution of the mea-
sured velocity dispersions. When we include the Balmer break region in the fit, the formal
random error decreases, but the derived dispersion becomes more dependent on the chosen
stellar template. In total we have three high-quality measurements, and two with medium
quality. We note that if we exclude the two galaxies with medium-quality measurements from
our sample, our main conclusions would not change.

The velocity dispersion found here for NMBS-C7447 agrees well with the results from
van de Sande et al. (2011). For UDS-19627 we find a slightly lower value as compared to
Toft et al. (2012). However, they use a different method for constructing the template for
the velocity dispersion fit. When we fit the spectrum of UDS-19627 in the same way as was
described in Toft et al. (2012), we find a similar answer as theirs.

All dispersions are corrected for the instrumental resolution (¢=23 km s~1) and the spec-
tral resolution of the templates (0=85 km s!). Furthermore, we apply an aperture correction
to our measurements as if they were observed within a circular aperture radius of re. In addition
to the traditional correction for the radial dependence of velocity dispersion (e.g., Cappellari
et al. 2006), we account for the effects of the non-circular aperture, seeing and optimal ex-
traction of the 1-D spectrum. The aperture corrections are small with a median of 4.8% (See
Appendix 3.B). The final dispersions and corresponding uncertainties are given in Table 3.4.
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3.3.3 Surface brightness profiles

Radial profiles are measured for all galaxies on all available imaging as described in Section
3.2.2. Galaxies are fitted by 2D Sérsic radial surface brightness profiles (Sérsic, 1968), using
GALFIT (ver. 3.0.2; Peng et al. 2010). Relatively large cutouts of 25" x 25" were provided to
GALFIT to ensure an accurate measurement of the background, which was a free parameter
in the fit. All neighboring sources were masked using a segmentation map obtained with
SExtractor (Bertin & Arnouts, 1996). In the case of UDS-19627, the close neighbor was
fitted simultaneously. Bright unsaturated field stars were used for the PSF convolution. All
parameters, including the sky, were left free for GALFIT to determine.

Even though galaxies at low redshift are well-fitted by single Sérsic profiles (e.g., Kor-
mendy et al. 2009), this does not necessarily have to be true for galaxies at z ~ 2. Therefore,
we correct for missing flux using the method described in Szomoru et al. (2010). We find very
small deviation in residual-corrected effective radii, with a median absolute deviation of 3.4%.
Color images and measured profiles are shown in Figure 3.2.

We repeated the measurements using a variety of PSF stars (N ~ 25). We find an absolute
median deviation in the half-light radius of ~ 3% for HST-WFC3, ~ 3.5% for HST-ACS,
and ~ 10% for the ground-based UDS-UKIDSS data, due to variations in the PSF. The
largest source of uncertainty in the measured profiles is, however, caused by the error in the
sky background estimate. Even though these galaxies are among the brightest at this redshift,
using the wrong sky value can result in large errors for both 7. and n. We determine the error
in the sky background estimate by measuring the variations of the residual flux in the profile
between 5 and 15 arcsec. For sizes derived from HST-ACS, the absolute median deviation
in the effective radius due to the uncertainty in background is ~ 13%, and for HST-WFC3
~ 12%. Due to the deeper ground-based UDS-UKIDSS data, the uncertainty for UDS-
19627 due to the sky is ~ 8%. All of our results are summarized in Table 3.4.

We note that we find a smaller size and larger n for UDS-19627 as compared to Toft et
al. (2012), which cannot be explained within the quoted errors. We have compared our results
with the size measurements from Williams et al. (2009) and R. J. Williams (2012, private
communication), who also use UDS-UKIDSS data for measuring structural parameters. They
too find a smaller size in the K band of 7. = 1.63 kpc, with a similar axis ratio of ¢ = 0.53,
while keeping the Sérsic index fixed to n = 4. Furthermore, we compare the size of UDS-
29410 obtained from the ground-based UDS-UKIDSS data, to the size from HS7T-WFC3
to test how reliable the ground-based data are for measuring structural parameters. From the
ground-based UDS H band we find . = 1.97 £ 0.11 kpc, and n = 2.47 £ 0.22 for UDS-
29410 which is consistent with the measurements using the AST-WFC3 data within our 1o
errors. From these two independent results, we are confident that our size measurement for
UDS-19627 is correct. In what follows, we will use the mean effective radius and Sérsic n
from the band which is closest to rest-frame optical 7. The effective radii reported here are
circularized, r. = Vab.
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3.3.4 Dynamical masses

Combining the size and velocity dispersion measurements we are now able to estimate dy-
namical masses using the following expression:

B(n) Ue2 Te
—a

Here 3(n) is an analytic expression as a function of the Sérsic index, as described by Cappellari
et al. (2006):

Mgy, = (3.1)

B(n) = 8.87 — 0.831n + 0.0241n>. (3.2)

'This is computed from theoretical predictions for 8 from spherical isotropic models described
by the Sérsic profile, for different values of n, and integrated to one 7. (cf. Bertin et al. 2002).
The use of a Sérsic-dependent virial constant 3(n) gives a better correspondence between
Magyn and M, for galaxies in the SDSS (Taylor et al., 2010b). This does require however, that
the total stellar masses are also derived using the luminosity of the derived Sérsic profile. Thus
we correct our total stellar mass, as derived from the total magnitude as given in the catalogs
(measured with Sextractor), to the total magnitude from the Sérsic fit. We note that the values
for § that we find are all close to 5, a value often used in the literature (e.g., Cappellari et al.
2006). Our dynamical masses and corrected stellar masses are given in Table 3.4.

3.4 Compilation of kinematic studies

In order to study the structural evolution of quiescent galaxies, we combine the results from
different kinematic studies at various redshifts. Where possible, we apply similar corrections
as described above.

3.4.1 Low-redshift sample

At low redshift we select galaxies from the SDSS DR?7. Stellar masses are based on MPA! fits
to the photometry following the method of Kauffmann et al. (2003), and Salim et al. (2007).
Star formation rates (SFRs) are based on Brinchmann et al. (2004). Structural parameters
are from the NYU Value-Added Galaxy Catalog (NYU-VAGC, Blanton et al. 2005). For all
galaxies, velocity dispersions were aperture corrected as described in Section 3.3.2, and stellar
masses are calculated with a Chabrier (2003) IMFE. We furthermore correct the stellar masses
using the total magnitude from the best Sérsic fit. All dynamical masses were derived using
Equation 3.1. For making an accurate comparison between low- and high-redshift galaxies,
we only select non-star-forming galaxies, i.e., sSSFR < 0.3/ty (see Williams et al. 2009),
where ¢ is the age of the universe at the given redshift.

3.4.2 Intermediate- and high-redshift sample

Our high redshift sample consists of a collection of both optical and NIR spectroscopic studies
of individual galaxies. van der Wel et al. (2008) present a sample of quiescent galaxies at z ~ 1,

Thttp://www.mpa-garching.mpg.de/SDSS/DR7/
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which itselfis a compilation of three studies in the following fields: Chandra Deep Field South
(CDF-S; van der Wel et al. 2004; 2005), the Hubble Deep Field North (HDF-N; Treu et
al. 2005a; 2005b), and cluster galaxies in MS 1054-0321 at z = 0.831 (Wuyts et al., 2004).
We derive stellar masses for this sample by running the stellar population code FAST on
available catalogs, i.e., FIREWORKS (Wuyts et al., 2008) for the CDF-S, R. Skelton et al.
(in preparation) for the HDF-N, and FIRES (Forster Schreiber et al., 2006) for MS 1054-
0321. For CDF-S and HDF-N the stellar masses are corrected using the total magnitude
from the best n = 4 fit to be consistent with the structural parameters from van der Wel et al.
(2008). For MS 1054-0321, we use structural parameters and stellar mass corrections based
on the results by Blakeslee et al. (2006), who fit Sérsic profiles with n as a free parameter. We
note that Martinez-Manso et al. (2011) also study a sample of four z ~ 1 galaxies, but find
dynamical masses that are significantly lower than their stellar masses, in contrast to the result

by van der Wel et al. (2008).

Other high-redshift results included here are from Newman et al. (2010) and Bezanson et
al. (2013), who use the upgraded red-arm of LRIS on Keck to obtain UV rest-frame spectra
of galaxies at z ~ 1.3 and z ~ 1.5 respectively. Velocity dispersions for two galaxies at
z = 1.41 are presented by Cappellari et al. (2009), and have been observed with VLT-FORS2
(see also Cenarro & Trujillo 2009). Using NIR spectrographs, Onodera et al. (2012, Subaru-
MOIRCS) and van Dokkum et al. (2009, GNIRS) obtained velocity dispersions for two
galaxies at z = 1.82 and z = 2.186. Similar to the current study, Toft et al. (2012) study
UDS-19627 using VLT X-Shooter. Dynamical masses were derived using to Equation 3.1.
Note that for the studies of Cappellari et al. (2009), Onodera et al. (2012), van Dokkum et al.
(2009), and Toft et al. (2012) no stellar mass corrections were applied due to the absence of
the necessary information. All structural and kinematic properties of our high-redshift sample

are listed in Table 3.4.

3.5 Are stellar masses reliable?

'The main goal of this chapter is to see whether the stellar masses at z ~ 2 are reliable. Here
we compare our stellar masses, as derived from the spectra and photometry, to our dynamical
masses, which are derived from effective radii and stellar velocity dispersions (Figure 3.6). Gray
squares represent the density of non-star-forming, low-redshift galaxies from the SDSS as
described in Section 3.4.1. Other symbols are the high-redshift studies as described in Section
3.4.2. The one-to-one relation for Mgy, and M, is indicated by the dashed line. Note that the

region above the line is nonphysical with stellar masses being higher than the dynamical mass.

Most z > 1.5 galaxies in this sample are very massive, in the range 11.2 < log Mgy, /M <
11.8. At all redshifts, stellar and dynamical masses are tightly correlated and dynamical mass,
which includes baryonic and dark matter, is on average higher than stellar mass. Thus, we infer
that the stellar masses of our galaxies are broadly correct, and that the apparent size evolution
of massive galaxies in photometric studies cannot be explained by errors in the photometric
masses (see also van der Wel et al. 2008).
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0.11, which is shown as the solid black line surements at high-redshift are robust for passive galaxies.
in Figure 3.7(a). The uncertainty is derived

from 1000 bootstrap simulations, where we draw data points randomly from the sample. The
quoted error is the standard deviation from the resulting distribution of points. Even though
the fit is statistically significant at the 1 — o level, due to the relatively large measurements er-
rors as compared to low redshift, and the possible selection bias of the high-redshift samples,
we are cautious to draw any strong conclusions from this result.

It is tempting to speculate that the evolution in M., /Mgy, might have been caused by a
decrease in the dark matter fraction as a function of redshift. For galaxies growing in size
over time, the dark matter fraction within r. will also increase. As the dark matter profile is
less steep than the stellar mass profile, the dark matter to stellar mass fraction increases with
radius, in a similar fashion as shown here (e.g., Hopkins et al. 2009). If so, this could also
indicate that the IMF at high-redshift is very similar to the IMF at low-redshift.

Figure 3.7(b) shows M,/ Mgy, vs. the evolution of the effective radius at fixed dynamical
mass (see Section 3.6.2 and Figure 3.9). Although there is significant scatter, we do find the
galaxies with high M, / Mygyy also tend to have smallest size at fixed dynamical mass. Galaxies
that are closest to the present-day mass-size relation (dashed vertical line) show lower ratios
of stellar to dynamical mass.

We test this claim by using the the following equation:

M, [ Mgy o (re(2) [ 1e(z ~ 0.1) )" . (3.4)

We find a = —0.16 +£ 0.10, where the error is determined in a similar way as described for
Equation 3.3 using the bootstrap method. Furthermore, we use the Spearman's rank test on
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Figure 3.7: (a) Stellar mass divided by the dynamical mass vs. redshift. Galaxies below the line have dynamical
mass greater than the stellar mass, above the line is the non-physical regime. For SDSS galaxies with stellar mass
> 10 M), we find that they have a median M./ Mgy, of 0.59. Up to redshift z = 1.5 we find a similar slightly
lower median value (~ 0.5), but it rapidly increases at z > 1.5 with median a of M /Mdyn = 0.9. The solid line is
the best-fit My /Mgy o< (1 + 2)0-17%0-11 W caution that this result might be biased due to the selection effects
as explained in Section 3.3, and relatively large measurement errors. (b) Stellar mass divided by the dynamical mass
vs. the evolution in the effective radius at fixed dynamical mass. Galaxies which have small effective radii at fixed
dynamical mass also show higher ratios of My /Mgy, although there is a significant scatter. The solid line is the

best-fit M./ Mgy o< (re(2) / re(z ~ 0.1) )0-16+£0.10

the intermediate- and high-redshift data. This confirms that there is an anti-correlation with
a probability of 96%. The best-fitting Spearman's rank correlation coeflicient is —0.28 4 0.08.
Even though we find a weak anti-correlation, this agrees with the idea that the decreasing
ratio of M, / Mgy, with time might be correlated to the size growth of massive galaxies.

3.6 Structural evolution of quiescent galaxies

In this section, we will re-examine the structural evolution of massive quiescent galaxies but
now using dynamical measurements.

3.6.1 Bias towards compact galaxies

As noted in Section 3.2.1, this sample is biased towards young quiescent galaxies. Therefore,
we will first investigate whether our sample and that of Bezanson et al. (2013) are biased in
size as compared to other high-redshift galaxies. We gathered structural properties of galaxies
from two studies that use CANDELS data in the UDS and GOODS-South fields (Patel et al.
2012; Szomoru et al. 2012). We compare to a subsample of these galaxies that are determined
to be quiescent from their rest-frame U-V and V-J colors (see e.g., Figure 3.1(a)). When
comparing the effective radii vs. the stellar mass in Figure 3.8(a), we find that our galaxies
(red circles) and those of Bezanson et al. (2013, cyan circles) are in general more compact as

compared to the high-redshift CANDELS galaxies (small green circles).
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Figure 3.8: Structural comparison of our spectroscopic sample to the full quiescent galaxy population. (a) Effective
radii vs. mass for low- and high-redshift galaxies. Gray squares are non-star-forming z ~ 0 galaxies from the SDSS,
with the dashed line the best-fit to Equation 3.5. High-redshift quiescent galaxies (1.4 < z < 2.1) from CANDELS
(Grogin et al. 2011; Koekemoer et al. 2011) are shown as small green circles, together with our spectroscopic sample
shown as red circles, and the sample by Bezanson et al. (2013) shown as cyan circles. At fixed mass, our high-redshift
galaxies have smaller effective radii, similar to what has been found by many studies. (b) Evolution in effective radius
at fixed stellar mass, thus corrected for the My — 7. relation in panel (a). Big green squares are the median effective
radii in bins of redshift for the CANDELS data. The solid line is the best-fit 7. oc (1 + z)~1-02£0.05 At similar
redshift, we find that our sample and that of Bezanson et al. (2013) are mostly below this fit, indicating that our
samples our biased towards smaller effective radii. (c) Similar to the panel (b), but now divided by (1 +2) 102 fora
better comparison of our spectroscopic sample to the CANDELS data. When comparing the median of our sample
to the binned median of other quiescent galaxies at similar redshift, we find smaller effective radii by a factor ~ 1.28.
'This might be explained by our selection which is based on aperture magnitude, which tends to be biased towards
smaller galaxies.

For low-redshift galaxies we parametrize the mass-size relation by:

M, \'
Te =T¢ (]_OllM@) (35)

(Shen et al. 2003; van der Wel et al. 2008). Using a linear least-squares fit in log-log space,
we find best fitting values of r. = 4.32 kpc and b = 0.62. This is slightly different from
the fit by Shen et al. (2003) who find . = 4.16 kpc and b = 0.56. The difference may be
explained by different selection criteria, and their use of an older release version of SDSS.
Figure 3.8(b) shows the evolution in effective radius, by comparing galaxies with similar mass
at different redshifts. Using both the SDSS and the CANDELS data, we examine the amount

of evolution in size by fitting the following relation:
re (14 2)%, (3.6)

We find o = —1.02 £ 0.05 (linear fit in log-log space). Our spectroscopic targets and those
of Bezanson et al. (2013) are mostly below this best-fit relation, being smaller by a factor of
~ 1.28 as compared to median in redshift bins (big green squares). This is especially clear
from Figure 3.8(c), where we correct for the evolution in size.

This bias might be explained by the method our targets are selected. As our selection is
based on the magnitude within a fixed aperture of 1”5, instead of the total magnitude, we
create a bias towards compact galaxies. For galaxies with similar total magnitudes, the smaller
galaxies will be brighter within a photometric aperture, and thus make it into our sample.
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Figure 3.9: Redshift evolution of the effective radius of passive galaxies. (a) Size vs. dynamical mass. The dashed
line is the best-fit derived using Equation 3.7 for non-star-forming SDSS galaxies. At fixed dynamical mass, we
find that z ~ 2 galaxies (red circles) are smaller by a factor ~ 3 compared to low-redshift galaxies. (b) Evolution
of the effective radius at fixed dynamical mass vs. redshift. The solid line is the best-fit 7 oc (1 + 2)~0-97+0-1
similar to what has been found by other stellar kinematic studies at high-redshift. Similar to Figure 3.8, our sample
is below the best-fit line to the entire high-redshift sample. (c) Evolution of the effective radius using an evolving
mass function at constant number density. We now compare galaxies at high-redshift, to more massive galaxies at

low-redshift, assuming the mass evolves as A log M /Mg ~ 0.15z. This time, we find an even stronger evolution,
with re o (14 z)~1-16£0.1,

In what follows, we correct for this bias by increasing our sizes and those of Bezanson et al.

(2013) by a factor of 1.28, and decreasing the velocity dispersion by a factor of v/1.28.

3.6.2 Evolution in size

In Figure 3.9(a) we plot effective radius vs. dynamical mass. Symbols are the same as in Fig-
ure 3.7. For the low-redshift galaxies we parametrize the mass-size relation according to the

tollowing equation
Mdyn b
Te = T¢ (1011]\4®> s (37)

and find r. = 3.23 kpc and b = 0.56 (dashed line). This is in good agreement with b = 0.56
and 7. = 3.26 kpc as found by van der Wel et al. (2008). At fixed dynamical mass, we see that
all our galaxies have smaller effective radii as compared to low-redshift. This finding is further
illustrated in Figure 3.9(b), where we compare the effective radii at fixed dynamical mass to the
mass-size relation at z ~ 0. The solid line is the best-fit as described by equation 3.6, with o =
—0.97 £ 0.1. This result is in agreement to with what has been found in previous kinematical
studies (van der Wel et al. 2008; Newman et al. 2010). The scatter between different studies
is considerable, with the work by van Dokkum et al. (2009) having the largest size difference
while that by Onodera et al. (2012) having the smallest. Our sample falls in between these two
extremes, i.e., we find smaller sizes as compared to Onodera et al. (2012), but larger effective
radii than van Dokkum et al. (2009).

Instead of comparing galaxies sizes at fixed dynamical mass, we will now take into account
that galaxies do grow in mass (e.g., Patel et al. 2012). In van Dokkum et al. (2010) they find
that, for a sample selected at a constant number density, the stellar mass evolves as

logM,, /Mg = 11.45 — 0.15z. (3.8)
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The number density on which this result is based, n = 2 x 10~*Mpc~3, corresponds to an
average mass of log M. /Mg ~ 11.2 at z ~ 2, similar to our sample. Assuming that the mass
evolves as Alog M /Mg ~ 0.15z, we will compare effective radii for galaxies at different
redshifts. For example, a galaxy with log Mg,/ Mg = 11 at z ~ 2 will be compared with a
z ~ 0 galaxy with log My, /Mg = 11.3.

However, the evolution in stellar mass is determined for a complete sample of both star
forming and quiescent galaxies, while in this chapter we only look at quiescent galaxies. There-
fore, we assess whether the evolution in size at constant cumulative number density is differ-
ent for the quiescent population as compared to the full population. This was already done
for galaxies in CANDELS by Patel et al. (2012) at neym = 1.4 X 10’4Mpc73, which cor-
responds to a median mass of log M, /Mg ~ 10.9 at z ~ 1.8. The sample studied here,
however, has a median mass of log M, /Mg ~ 11.2 at z ~ 1.8, which corresponds to
Newm = 2.5 X 10_5Mpc_3. Thus, we repeat the analysis by Patel et al. (2012), but now
using our CANDELS sample (Section 3.6.1) at this lower constant cumulative number den-
sity. Our results are similar to Patel et al. (2012), i.e., the quiescent population has smaller
effective radii as compared to full population, but the difference in size between the quiescent
and star-forming population is slightly smaller at z < 1.8 as compared to Patel et al. (2012).
'The difference is due to the fact that at our lower constant cumulative number density, we find
a higher fraction of quiescent galaxies. Therefore, the effective radii of the full population will
be closer to the effective radii of the quiescent population, as compared to Patel et al. (2012).
To correct for this difference in size, we increase the effective radii of all the quiescent galaxies
in our combined sample by the size difference of the quiescent population as compared to the
full. We correct each galaxy individually by finding the correction factor at this particular red-
shift. Below z < 1.8, the median correction factor is ~ 1.05, while at z ~ 2.1 the correction
factor is ~ 1.6.

Figure 3.9(c) shows the evolution in size at fixed number density as a function of redshift.
Not surprisingly, the evolution in effective radii is more extreme, as we are now comparing
z ~ 2 galaxies to more massive, and therefore bigger galaxies at z ~ 0. Using Equation 3.6,
we find that @« = —1.16 £ 0.1 provides the best fit. In conclusion, assuming that galaxies
evolve in both mass and size, we find that the effective radii have to grow by a factor ~ 4 from
z ~ 2 to the present day.

3.6.3 Evolution in velocity dispersion

In Figure 3.10(a) we compare the stellar velocity dispersion within one re vs. the dynamical
mass for both low- and high-redshift samples. The dashed line is the parametrization of the
0c — Mgy, relation for low— 2z galaxies using the following equation:

My \*
Oec = O¢ (1011]\4,®> . (39)

We find that 0. = 148.9 km s~! and b = 0.24. Our high-redshift sample is clearly offset from
low-redshift galaxies in the SDSS, i.e., at fixed mass they have higher velocity dispersions.
Comparison of the velocity dispersion at fixed dynamical mass, as seen in 3.10b, shows a
clear evolution in o, such that velocity dispersion decreases over time. From this figure the
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Figure 3.10: Redshift evolution in stellar velocity dispersion within one effective radius (o). (a) oc vs. dynamical
mass. At fixed dynamical mass, we find that our galaxies have higher velocity dispersion as compared to low-redshift
galaxies. (b) Evolution of velocity dispersions at fixed dynamical mass vs. redshift. We find the ¢ oc (142)0-49%0-08
i.e., at fixed dynamical mass the velocity dispersion decreases by a factor of ~ 1.7 from z ~ 2 to the present day.
(c) Evolution of the velocity dispersion for an evolving mass function at constant number density. Opposite to the
evolution in size, we now find a milder evolution of e o< (1 4 2)0-31£0.08,

increase in accuracy for the velocity dispersion measurements of this study, as compared to
other studies at similar redshift, is also clearly noticeable. Again we use the following simple
relation to quantify the amount of evolution:

oe x (14 2)%, (3.10)

and find that & = 0.49 & 0.08. From z ~ 2 to z ~ 0 the stellar velocity dispersions decrease
by a factor ~ 1.7. Again, we note that we apply a correction to the velocity dispersions in our
sample, in order to correct for the bias towards more compact galaxies (section 3.6.1).

If we now compare low- and high-redshift galaxies using an evolving mass function as
described above, we find that the velocity dispersion decreases less with cosmic time than when
compared at fixed dynamical mass. Here, we also take into account that quiescent galaxies at
constant cumulative number density are smaller as compared to the full sample, and therefore
they have higher velocity dispersions. Similar to as described above, we therefore corrected the
velocity dispersions of all galaxies in our combined sample. At z < 1.8, velocity dispersions
on average decrease by a factor of ~ 1/1.05, while at z ~ 2.1 they decrease by a factor of
~ V/1.6. If we use equation 3.10, we find that o = 0.31 + 0.08. In other words, the velocity
dispersion within one 7. decreases by a factor ~ 1.4 from z ~ 2 to present-day.

3.6.4 Evolution in mass density

Next, we will focus on the central and effective mass densities using a similar approach as
described in Saracco et al. (2012). In short, using the intrinsic Sérsic profile we can calculate
the fraction of the luminosity that is within 1 kpc as compared to the total luminosity. For a
Sérsic profile this ratio is given by (Ciotti, 1991):

Ligpe  ~v(2n,x)

Lo TC0) .

Here, I'(2n) is the complete gamma function, y(2n, ) the incomplete gamma function, © =
by, (lepc/re)l/”, with b, = 1.9992n — 0.3271. Using this ratio we can now calculate the
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Figure 3.11: Redshift evolution of the central and effective densities, as calculated according to Equations 3.13 and
3.14. Top row shows the results for the effective mass density, while the bottom row shows the mass density within 1
kpc. Left panels: the density within . vs. dynamical mass (a). We find that low-redshift galaxies show a large scatter
at fixed dynamical mass. Still, our high-redshift galaxies have higher densities within 7. at fixed mass. In contrast
to pe, the density within 1 kpc vs. dynamical mass (d) shows very little scatter, and we find only a small difference
between low- and high-redshift galaxies. Middle panels: evolution in the density at fixed dynamical mass vs. redshift.
We find a strong evolution for the effective density (b) with pe o< (1 + 2)2-86£0-15 o1 a decrease by a factor of ~ 2
from high-redshift to z ~ 0. For the central density, however, we only find that pjzp. o< (1 + z)0'74i0'15, ora
decrease of ~ 2.3. Right panels: evolution of the density with an evolving mass at constant number density. Similar
to the effective radii, we find a stronger evolution for the effective density, i.e., pe o (1 + z)2'93i0'15, while the
central density requires very little to no evolution (p1xpe o< (1 + 7)0-42£0.15),

dynamical mass within one 1 kpc and within 7. from the total mass:
= — Mgyn. (3.12)

Here we assume that the dynamical mass profile follows the light profile, and furthermore
that the mass-to-light ratio of the galaxy is radially constant. The detection of small color
gradients in our galaxies indicates, however, that this is not the case, but the effect on the
derived densities is small (Saracco et al. 2012; see also Szomoru et al. 2012). Finally, the

densities are calculated as follows:

Plkpe = 7793 (313)
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and 050
. dyn
= _ 3.14
Pe =7 /3mrd (3.14)
As for 1. and o, we now compare the density as a function of dynamical mass (see Figure
3.11). The top row shows the results for the mass density within one effective radius, while the
bottom row compares the central density within 1 kpc. The first thing to notice is the large
scatter for low-redshift galaxies when looking at p. vs. Mgy, while piipe vs. Mgy, shows a
tight relation. The density-mass relation can be parametrized by:

My \*
=pc| =———— ] - 1

For the density within 7. we find p. . = 4.7 x 108M okpc™ and b = —0.68 % 0.15, and
tor the central density within 1 kpc pe 1xpc = 6.6 X lOgM@kp<f3 and by = 0.56.

When we compare the galaxies in our high-redshift sample to galaxies in the SDSS, we
find that they have higher densities within r.. Comparison at equal dynamical mass shows
that the effective densities are higher by a factor of ~ 50 (Figure 3.11(b)) for our sample. The
same comparison, but now for the central density within 1 kpc, reveals only mild evolution,
approximately a factor of ~ 3 from z ~ 2 to the present. When fitting

p X (1 + z)a’ (316)

we find that a. = 2.86 & 0.15, while a1y = 0.74 £ 0.15.

Instead of comparing galaxies at fixed mass, we again take into consideration that galaxies
evolve in mass when comparing low- and high-redshift galaxies. Again, we correct for the
fact that quiescent galaxies at constant cumulative number density are smaller as compared to
the full sample. This time, we find that p. evolves even faster as compared to the equal mass
comparison o, = 2.93 £ 0.15. 'The density within 1 kpc, however, requires a decrease less
than a factor of ~ 2, with e = 0.42 & 0.15, from 2 ~ 2 to the present

3.7 Discussion

In the previous section we have found that in order for the high-redshift galaxies in our sample
to evolve into typical present-day early-type galaxies, strong structural evolution is required.
Effective radii need to increase, and the velocity dispersion within 7 has to decrease. The den-
sity within the effective radius has to decrease by more than an order of magnitude. However,
the central density can remain almost the same, consistent with inside-out growth.

'The dominant physical mechanism for this structural evolution is still a subject of ongoing
debate. Size growth dominated by major mergers seems to be unlikely as it would increase
the masses too much, which would make extremely massive galaxies too common in the local
universe. As the mass and size increase at approximately at the same rate in major mergers, the
galaxies would also remain too compact for their mass. Minor merging could offer a solution to
the problem, as it can grow a galaxy in effective radius (r) steeper than r. o< M, (Villumsen
1983; Naab et al. 2009; Bezanson et al. 2009; Hopkins et al. 2009b ). In this scenario, the

observed compact high-redshift galaxies may simply be the cores of local massive early-type
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galaxies, which grow inside-out by accreting (smaller) galaxies, and thus assemble a significant
part of their mass at later times (van der Wel et al. 2009; Oser et al. 2010). In this section we
will examine whether dry minor merging agrees with our findings.

From a simple estimate, based on the virial theorem, Bezanson et al. (2009) predict how
the effective radii changes if a massive galaxy undergoes a series of minor mergers. With only
eight 1:10 mergers, the effective radii can grow by a factor of ~ 5 while only having the mass
increase by a factor of ~ 2. 'This is also described by Naab et al. (2009), who state that if an
initial system undergoes a mass increase by a factor of 2 due to accretion of very small systems,
then the final radius of the system is four times larger, the velocity dispersion is reduced by a
factor of 2, and the density is reduced by a factor of 32. This analytic prediction is confirmed
by their hydrodynamical cosmological simulation and consistent with the observational size
evolution as presented here.

Using hydrodynamic simulations of galaxy mergers, Hopkins et al. (2009), also find evi-
dence for size evolution. When they compare the effective radii of quiescent galaxies at fixed
mass, they find an evolution in size of 7, oc (1 + 2)~%4® for galaxies with log M, /My, = 11,
which is weaker than found by this study and many others. Oser et al. (2012) find a size evo-
lution in their hydro simulation, which is much stronger: 7. o (14 z) =144 on the high side
of current observational results.

Oser et al. (2012) find a similar evolution in velocity dispersion of o o (1 + 2)%44, to that
found in this work. In contrast, Hopkins et al. (2009), predict that high-redshift quiescent
galaxies have roughly the same or at most a factor ~ 1.25 larger velocity dispersions.

Evolution of the density is also discussed in both Bezanson et al. (2009) and Hopkins et
al. (2009b). Based on photometric data, both studies find that while the density within one
effective radius is higher at high-redshift, the central density of high-redshift galaxies is very
similar to local massive ellipticals. From hydro simulations, Naab et al. (2009) show that the
central density within 1kpc decreases by a factor of 1.5 from z = 2 to z = 0, caused by dynam-
ical friction from the surviving cores of the infalling systems. Similarly, Oser et al. (2012) show
that the central density evolves only weakly, while the density within r. decreases rapidly by
more than an order of magnitude, in good agreement with what we find here. From a study of
central galaxies in three ~ 1013 M, galaxy groups, simulated at high resolution in cosmolog-
ical hydrodynamical simulations, Feldmann et al. (2010) come to the same conclusion. They
find that the effective density of these galaxies decreases by 1-2 orders of magnitude between
z = 1.5 and z = 0, while the density within 2 kpc stays roughly constant.

This is in contrast with the findings of Saracco et al. (2012), who find no evidence for
higher mass densities within one effective radius when comparing their z ~ 1.5 galaxies to
low-redshift cluster galaxies. Furthermore, the large scatter that they observed in the effective
density and the apparent evolution, is simply due a peculiar analytic feature in the Sérsic
profile.

In Figure 3.7(a) we show that the ratio of M, /Mgy, appears to have evolved from z ~ 2
to z ~ 0. As compared to SDSS galaxies with log M, /M > 11, we find that the median
M,/ Mgy is higher by 50% at z > 1.5, and that M.,/ Mgy, ox (14 2)%17£0-01 However, this
result is uncertain due to the selection effects inherent in this sample and large measurement
errors in both masses. We note that this effect is predicted by simulations; as the effective
radius of a galaxy grows, the dark matter fraction within r. will also increase. Hopkins et al.

(2009) predicts evolution by a factor of ~ 1.25 for galaxies with log M. /Mg = 11, with the



3.8 Summary and conclusion 53

effect increasing with stellar mass. Hilz et al. (2012) also find a strong evolution in the dark
matter fraction in their hydro-simulation, and predict that quiescent galaxies at z ~ 2 have
lower dark matter fractions (80%). They mention that it is mainly driven by the strong size
increase, which therefore probes a larger region that is dominated by dark matter.

3.8 Summary and conclusion

In this chapter, we present deep UV-NIR spectroscopy of five massive (> 101 M) galaxies
at z ~ 2, using X-Shooter on the VLT. These spectra enable us to measure stellar velocity
dispersions with higher accuracy than done before at this redshift: we triple the sample of
z > 1.5 galaxies with well constrained (§o < 100 km s~ 1) velocity dispersion measurements.
We find that the stellar velocity dispersions are high (290-450 km s~!) compared to equal-
mass galaxies in the SDSS.

We combine these kinematic results with size measurements using GALFIT on HST-
WFC3 Higo and UDS K-band imaging, and use these measurements to derive dynamical
masses. Stellar masses are obtained from SPS modeling on the VIS-NIR spectra in combina-
tion with the available broadband and medium-band data. The SPS-modeling shows that our
galaxies have ages ranging from 0.5 to 2 Gyr, and show no signs of on-going star formation.

We find good correspondence between the dynamical and stellar masses, with the dy-
namical mass being higher by ~ 15%. Our results suggest that stellar mass measurements for
quiescent galaxies at high-redshift are robust.

We complement our results with stellar kinematic results from other studies at low and
high redshift to study the structural evolution of massive quiescent galaxies. At fixed dynam-
ical mass, we find that the effective radius increases by a factor of ~ 2.8, while the velocity
dispersion decreases by a factor of ~ 1.7 from z ~ 2 to the present day. Furthermore, we
study how the mass density within r. and 1 kpc evolves with time. We find a strong decrease
of the mass density within one effective radius (factor of ~ 21), while it only decreases mildly
within 1 kpc (factor of ~ 2.3). Instead of comparing galaxies at fixed dynamical mass, we also
use an evolving mass limit as defined by fixed number density. By accounting for concurrent
mass growth in our comparison of high- and low-redshift galaxy populations, we find an even
stronger evolution in galaxy sizes (factor of ~ 4). We find that velocity dispersion decreases
less dramatically with time, differing by only a factor of ~ 1.4 between z ~ 2 and z ~ 0.
Finally, for the mass density within 7., we find a stronger evolution, but interestingly, the
mass density within 1 kpc is consistent with no evolution. This finding implies that massive
quiescent galaxies grow inside out.

We examine if our results are compatible with the current idea of inside-out growth
through dry minor mergers. Our findings are qualitatively consistent with predictions from
hydrodynamical simulations which show similar evolution in size, velocity dispersion, and
mass density within one effective radius.

Finally, we find that even though the stellar masses are consistent with the dynamical
masses, the ratio of M, / Mg, may slightly decrease with time. This, too, is predicted by minor
merging simulations, which show that the size growth due to minor merging will also change
the fraction of dark matter as compared to the stellar mass within an effective radius. This is
due to the fact that the dark matter profile is less steep than the stellar mass profile, and thus
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the dark matter to stellar mass fraction increases with radius.

Despite the vastly improved accuracy of our derived dynamical masses and stellar popu-
lation parameters, the broader inferences of our study are still limited by the small number
of high-redshift galaxies with such information. We have shown that our sample is biased
towards younger galaxies, compared to a stellar mass limited sample at z ~ 2, with smaller
effective radii as compared to the full population of quiescent galaxies at z ~ 2. Only with a
larger unbiased sample of massive quiescent galaxies at high redshift can we start to compre-
hend the final phase that massive galaxies go through in becoming today's ellipticals.
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3.A  Robustness of the velocity dispersion measurements

As it has only recently become possible to measure velocity dispersions at high redshift, the
stability of these measurements has barely been tested. In this appendix, we will study the
effect of fitted wavelength range, template choice, degree of the additive polynomial, S/N of
the spectra, and the choice of stellar populations models.
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Figure 3.12: Velocity dispersion vs. wavelength range. Left panel shows the results for Asart < A < 7000 A, while
the right panel is for 3600 A< A < Aeng. The horizontal shaded region indicates the 1-o error from pPXF, and the
dashed horizontal line indicates the velocity dispersion when fitting the full range. Most prominent absorption lines
are indicated, and the regions affected by strong sky-lines and atmospheric absorption are shown in gray. Overall,
we find a stable solution for the velocity dispersion while changing the wavelength range. For NMBS-C7447 and
UDS-19627, we do find a small increase in the region around the Balmer break. For NMBS-C18265, we find that
excluding Na D has a great impact on the velocity dispersion.
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3.A.1 Dependence of the velocity dispersion on the wavelength range

Our sample spans a redshift range of 1.4 < z < 2.1, which means that different parts of the
rest-frame spectra will be affected by sky-lines and atmospheric absorption for each galaxy.
'This can be seen from Figure 3.4, we often lose strong absorption features in our spectrum,
which affects the region of the rest-frame spectrum that we can fit. Here we investigate how
stable the measured velocity dispersion is as a function of the wavelength range.

For the velocity dispersion fitting in this chapter, the lower wavelength limit is set by stellar
libraries and models, as no systematic high-resolution observations exist below 3550 A. The
higher wavelength limit is set by lower S/N in our spectra in the observed K-Band. Our
approach for testing the wavelength dependence of the fit is as follows. First, we use the
full-range spectrum to determine a best-fit polynomial (1 order per 10 000 km s 1), which is
used to correct for the difference between the observed and the template continuum. Next,
we repeat the measurement with a zeroth-order polynomial while changing the start or end
wavelength. The polynomial is not a free parameter in this fit, as this would make it impossible
to separate between the effect of the polynomial and the wavelength range. Note also, that we
use a single template for all fits as determined from the full Visual+NIR spectrum together
with broadband and medium-band data (see Section 3.3.1).

Figure 3.12 shows the results for the different sources. The left panel shows the result
where we change the starting wavelength, i.e., the wavelength range is Asare < A < 7000 A,
whereas the panels on the right show the effect of changing the end wavelength, 3600 A<
A < Aend. The first thing to notice is that the measured dispersions are remarkably stable,
even when most of the absorption lines have been excluded from the fit. The two galaxies
with the youngest ages and strong Balmer absorption lines (NMBS-C7447 and UDS-19627)
show a change in the velocity dispersion in the region of the Balmer break. NMBS-C7447
shows an increase for Agare > 3800 A, but decreases after Ca H&K have been removed
from the fit. UDS-19627 shows an increase of 50 km s~ when the Balmer break is excluded.
When we reduce the red part of the spectrum (Figure 3.12, right panels), we also find a stable
fit, except for NMBS-C18265. After excluding Na D from the fit, the velocity dispersion
increases by a ~100 kms~!. We think this is because NMBS-C18265 has a more evolved
stellar populations than say for example NMBS-C7447. With the Ca H&K lines masked out
due to atmospheric absorption, Na D is one of the strongest lines in the spectrum, and its
exclusion could explain the sudden change in the measured dispersion.

To summarize, for most galaxies we find only a mild dependence on the wavelength range
that is used in the fit. We do find that with decreasing wavelength range, the random error
increases. Finally, even in the absence of strong absorption features like Ca H&K, we find
similar velocity dispersions as compared to the full range fit. Due to template mismatch, we
only fit A > 4020 A in our final results, as is explained in the next section.

3.A.2 Dependence of the velocity dispersion on the template choice

Next, we study how different templates may influence the measured velocity dispersion. We
use a sample of BCO3 7-models, as presented in Section 3.3.1. In particular, we are interested
in the effect of template age and metallicity. In Figure 3.13 we show the reduced x? from the
SPS-modeling, vs. the velocity dispersions measured using this template. The different points
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Figure 3.14: Reduced x? vs. velocity dispersion for different templates, similar to Figure 3.13 but now excluding the
Balmer break (A > 4020 A). Whereas with the full wavelength range UDS 19627 showed a large variation in the
velocity dispersion as a function of template, this time we do find a stable solution, as the distribution is narrower. The
other sources also, show a decrease in the uncertainty due to different templates, except for UDS-29410. However,
this is due to lower S/N of this spectrum and the shorter fitted wavelength range as before.
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represent different ages of the templates, with the minimum y? corresponding to the best-fit
age as listed in Table 3.3. The different colors indicate the different metallicities. We show the
x? from the SPS-modeling instead of the x? from the dispersion fit, as the former is derived
from the full Visual and NIR spectrum plus all the broadband and medium-band photometric
data. This large wavelength range yields better constraints for the stellar population, thus larger
relative ranges in y? as compared to the y? from the dispersion fit. Also, as we add high-order
additive polynomials to the templates from fitting the velocity dispersion (in this case one order
per 6000 kms~1), the effect of different template-ages is mostly washed out, and we get a
small relative x2.

In Figure 3.13 we see that for most galaxies the velocity dispersion for templates allowed
within 20 gives consistent results. Different metallicities do give different velocity dispersions
at their minimum Y2, but this is a mere reflection of the age-metallicity degeneracy. Different
metallicities have different best-fitting ages, which in turn give different velocity dispersion.
Ata 1 — o level, we only have a handful of best-fitting templates, for which we obtain similar
velocity dispersions. UDS-19627 is the exception, which shows a large dependency of the
measured velocity dispersion as a function of template age within the 1 — o allowed range. At
the 1 — o level, we find a range of ~ 30km s~ !, due to template uncertainty, while the random
error is one of the lowest, only ~ 30km s ~!. Even though templates with x of 1.20 or higher
are statistically considered a bad fit, the large range in the velocity dispersion is worrying.
If we could not have constrained the best-fitting template from the full range spectrum and
broadband data, the measured velocity dispersion would be highly uncertain.

However, if we exclude the Balmer break from the velocity dispersion fit, the dependency
on template age almost completely disappears (Figure 3.14). UDS-19627 shows the most
dramatic change, where we suddenly see a tight range of best-fitting velocity dispersions. We
do note that the velocity dispersion has increased, as was already shown in Figure 3.12. UDS-
29410 appears to have a slightly higher template uncertainty if we only fit for A > 4020 A, but
this is driven by the lower S/N of the spectrum as we now use a shorter wavelength range.

To conclude, we find a systematic uncertainty due to templates with different ages. This
is caused by the Balmer break, present in the relatively young galaxies in our sample. By only
fitting for A > 4020 A, the uncertainty due to template mismatch almost completely disap-
pears. In that case, templates with different metallicities do give different velocity dispersions,
but this is most likely caused by the underlying age-metallicity degeneracy.

3.A3 Dependence of the velocity dispersion on the order of the additive poly-
nomial

In order to correct for stellar continuum emission differences between the observed galaxy
spectrum and the template, we use an additive Legendre polynomial. If we would not apply
such a correction, the fitting routine could try to correct for this discrepancy by changing the
velocity dispersion. Values that are typically used in the literature vary from 5000 to 15000
kms™! per order. We do not use multiplicative Legendre polynomials, because the S/N of
the spectra are too low, and it would add another degree of uncertainty to the fit. Here, we
test the influence of the additive polynomial to our measured velocity dispersions. Again we
use the best-fit 7-model as a template while varying the additive polynomials from 0 to 50.
We fit both the full-wavelength range and the wavelength range with A > 4020 A.
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Figure 3.15: Velocity dispersion as measured with different order additive polynomials. The full-wavelength range fit
is shown in blue, while the fit with A > 4020 A is shown in red. We find an increase of the velocity dispersion with
increasing order. The fit is most stable when using a polynomial with order between 10 and 30. The vertical dashed
lines shows the order that corresponds to 10000 km s~ 1, the polynomial that we use for obtaining science results.

Figure 3.15 shows the results, with the blue line representing the full-wavelength fit, while
the red line shows the results for A > 4020 A. The vertical dashed line indicates the polynomial
with one order per 10000 km s~*. Overall we find that by increasing the additive polynomial,
the measured velocity dispersion increases. In general we find that between polynomials of 10
and 30, the smallest increase in the velocity dispersion occurs, and this appears to be the most
stable region. For this reason, we use one order per 10000 km s~ for our science results.

3.A.4 Systematic errors on the velocity dispersion at low signal-to-noise

While it is clear that a decrease in the S/N of the spectra will increase the random errors
on the velocity dispersion, it could also cause systematic offsets (e.g., see Franx et al. 1989).
A concern would be that low S/N would lead to an overestimate of the velocity dispersions.
‘Therefore, in this section we test if there are systematic effects when changing the S/N for
each source. The S/N we refer to in this section is derived in the region in which we also fit
the velocity dispersion, i.e., 4020 A< Aest—frame < 7000 A

For each source, we calculated the effect of S/N in a similar fashion as we derived the
uncertainty on the velocity dispersion in Section 3.3.2. First, we subtracted the best-fit model
from the spectrum. This residual now corresponds to the noise for this particular S/N of this
source. We multiply this residual by a certain factor to obtain a new (higher or lower) S/N as
compared to our reference S/N. These residuals are then randomly rearranged in wavelength
space and added to the best-fit template that has been convolved to a velocity dispersion of
300 km s~ !. We then determined the velocity dispersion of simulated spectra with this S/N,
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Figure 3.16: Comparison of the recovered velocity dispersion vs. the S/N of simulated spectra. The vertical dashed
line shows the original S/N of the spectrum, and the horizontal dashed line shows the input velocity dispersion of 300
km s~ 1. The black dots show the median of a 100 simulations for each S/N, while the gray area shows the median
absolute deviation from these 100 simulations. We find no systematic offset from the input velocity dispersion for
S/N > 1A~1, while below this S/N we find that the recovered velocity dispersion is systematically lower.

and repeat this sl}ufﬂing 100 times. Lastly, we repeat this procedure for a large range in S/N
from 0.1 to 100 A—1. We note that uncertainties due to template mismatch are not included
in this analysis.

In Figure 3.16 we show the results, with the different values of the S/N on the horizontal
axis. We see that increasing the S/N will also decrease the random error in the velocity disper-
sions. On average, we find that in order to reach a uncertainty of less than 10% on the velocity
dispersion measurement, you need an S/N of 8 A-1or higher. NMBS-COS 7865 shows the
lowest random error at fixed S/N, which is older stellar population of the galaxy. No system-
atic offset in the velocity dispersion is found for an S/N of 1A 1. Below this value, however,
we find that the velocity dispersion is systematically underestimated as the S/N decreases,
though the offset is still smaller than the random errors. We note that Franx et al. (1989)
already presented simple arguments for predicting the systematic error. They show that the
systematic offset of the velocity dispersion can be derived from error in the measured velocity,
and goes as Ao o 0.5dv? /0. We verified from these simulations that this is indeed the case.
From this analytic approximation, we furthermore conclude that the systematic uncertainties
of our measured velocity dispersion are small.
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Figure 3.17: Comparison of the velocity dispersion when using different methods. Left panel: velocity dispersion as
derived with the models of BC03 and Conroy et al. (2009). Even though the models are based on different stellar
libraries with different resolution, the velocity dispersions measured with these models are consistent. Middle panel
the same as the left panel but now using BC0O3 and Maraston & Strémbick (2011) for comparison. In general,
we find consistent results within the errors, but UDS19627 has a lower velocity dispersion when we use the Mall
models. Right panel: velocity dispersion as derived with optimal template construction vs. the best-fitting 7-model.
The optimal template is constructed from BC03 SSP models with a full range in age and metallicity. Dispersions
from the optimal template construction are slightly higher, but well within the errors.

3.A.5 Dependence of the velocity dispersion on the SPS models and template
construction

Here, we test how our velocity dispersions would change if we make different choices for the
SPS-model, and test the difference between a single 7-model and a template constructed from
different combinations of singe stellar population (SSP) models. The left and middle panel of
Figure 3.17 show what would happen if we would choose the Flexible-SPS models by Conroy
et al. (2009, FSPS) or the models by Maraston & Strombick (2011, Mal1). These models are
based on a different stellar library with slightly higher resolution as compared to BCO03, i.e.,
MILES (Sinchez-Blazquez et al., 2006) vs. STELIB (Le Borgne et al., 2003). If a systematic
uncertainty in the measured velocity dispersion is present, for example due to the resolution
or details that go into the SPS-models, it would show up in this comparison. We determined
a best-fit 7 model using the FSPS and Mall models in exactly the same way as was done for
the BCO3 models (see Section 3.3.1). When comparing the velocity dispersions derived by
using the BCO3 and FSPS 7-models, we do not find any significant difference (left panel of
Figure 3.17). In the middle panel we compare Mall and BC03. Here too, we find a good
correspondence. For UDS19627 the Mall models give a lower velocity dispersion, though
still within the 1 — o error. These results confirm that our measurements are stable against the
choice of SPS-model and template with different resolution.

Finally, in Figure 3.17 (right panel) we compare the velocity dispersion from the best-fit
7-model, vs. an optimal template constructed by pPXF. This optimal template is built from
a full spectral library from BC03 SSP models, with full range in age and metallicity. We
note that the optimal template construction only uses the wavelength regime provided in the
dispersion fit (3600 A< X < 7000A) , and does not take into account the effects of dust.
'The velocity dispersions from the optimal templates are slightly higher as compared to the



62 Stellar kinematics of z ~ 2 galaxies

single 7-model, although it is well below the random error. Interestingly, the galaxy with the
largest dust-contribution, NMBS-C18265, also shows the largest difference between the two
different fitting techniques. In this chapter, we choose to use the best-fitting 7 — model as the
dispersion template, as this is the best representation of the stellar population. As the stellar
mass is also based on this 7-model, we use the same stellar population when comparing the
stellar to the dynamical mass.

3.B  Aperture corrections for velocity dispersion measurements

Here, we investigate the effects of different

apertures and extraction methods on the ob-
served velocity dispersion. The standard ap-
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In the case of Jorgensen et al. (1995), the
velocity dispersions have been measured in
the range of —1.5 < log(raper/7e) < —0.5,
and for Cappellari et al. (2006) for —1.0 <
log(7aper/7e) < 0. In this work however, we
are outside this range with log(7aper/7e) >
0.5, that is 7. being much smaller than 7pc,.
Also, the galaxies in our sample have effec-
tive radii much smaller than the FWHM of
the PSF, which is why the standard approach most likely will not be valid. We analyze this
problem in two steps. Firstly, we use an analytic description for the kinematic profile and
match this to the observed relation as found by Cappellari et al. (2006). Secondly, using our
model we study the behavior of the observed velocity dispersion for different apertures (both
circular and non-circular) and different FWHM for the PSF. Our reference model will be a
circular aperture with size r., without the effects of seeing.

A good description of the kinematic profile for early galaxies is given by (see e.g., Treu et
al. 1999; Bertin et al. 2002) :

Figure 3.18: Comparison of the observed vs. the analytic
kinematic profile. The black dashed line is the observed re-
lation from Cappellari et al. (2006), and is valid between
for —1.0 < log(raper/Te) < 0 using d = —0.089,
shown as the vertical dashed lines. For different values of
d in Equation 3.19, we evaluated Equation 3.20 which
is shown as the different gray lines. Between —1.0 <
log(raper/Te) < 0, we find the best match between the
observed and analytic kinematic profile when using d =
—0.089

(3.19)
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Figure 3.19: Comparison of the observed vs. the analytic kinematic profile, similar to Figure 3.18 but now including
the effect of seeing. Panel (a) shows the kinematic in log-log space, while the panel (b) is in linear units. The black
dashed line is the observed relation from Cappellari et al. (2006), while the solid black line shows our reference model
(no PSF). The gray lines show different assumption for the seeing, where the numbers indicate the FWHM of the
PSF in arcsec. The vertical black dotted line shows where 74p = 7, and the vertical gray dotted line shows a typical
Taper /re for our observations. With increasing FWHM, we find that the kinematic profiles becomes less steep for
the inner part, as is expected from the convolution with the PSF. In the outer part of the kinematic profile, we see
very little change as compared to our reference model.

with —0.1 < d < 0. The observed kinematic profile within a circular aperture will be a
projection of o(r)? and the galaxies intensity profile :
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Here, Iy,(r) is the Sérsic Profile:
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To avoid numerical issues in the center, we approximate Equation 3.19 and Equation 3.21

by:

d
o(r) = (r trm) X Ocst (3.22)
1/n
I(r) = I.expq —by <7’+r7"core) -1 (3.23)

where 7cope is chosen to be 1/30r.. We can estimate the power d by evaluating Equation
3.20 for different values of d and comparing the results to Equation 1 from Cappellari et al.
(2006). Figure 3.18 shows the Cappellari et al. (2006) relation (dashed black line) and our
model with different values for d, normalized to r. (gray lines). We find a best fitting value for
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Figure 3.20: Observed kinematic profile in different apertures: circular, rectangular, and rectangular including a
weight function according to Equation 3.25. The dashed line is the Cappellari et al. (2006) relation, the solid line
is our reference model (circular aperture, no PSF), and the gray line is the modeled kinematic including the effect
of the PSF. The vertical gray dashed line shows a typical Taper /re for our observations. We note that Taper 15 in the
direction along the slit.

d = —0.089 in the region of (—1.0 < log(raper/7e) < 0. Notice that for log(raper/7e) > 0.0
our model deviates from the simple power law in Equation 3.19.

Now that we have found the intrinsic kinematic profile, we can explore the influence of the
PSF on the observed dispersion. The PSF is modeled using a combination of two Gaussians,
where 01 = 203, and both Gaussians having equal flux. This PSF is then convolved with the
kinematic and intensity profiles:

[ { [0%(r) Iga()] © PSF} 2
forapu {[Igal(?”)] ® PSF} 2mrdr

0% (Taper) = (3.24)

Again we compare the observed kinematic profile from Cappellari et al. (2006) and our an-
alytic results from Equation 3.24, which includes the effect of the PSF, and are shown in
Figure 3.19. If we compare the black line, which is our reference model, to the gray lines,
which include the effect of the PSF, we see that the inner profile (log(raper/7e) < 0.5) is
mostly affected and the kinematic profile becomes less steep. This is also particularly clear
from Figure 3.19b where we see that very little changes for rype;/7c > 4 as compared to the
reference model.

Instead of using a circular aperture, we now consider the case of a rectangular aperture,
similar to what is used in the spectra from X-Shooter. Equation 3.24 can be modified to
include a weight function g(y) which is commonly used in optimized extraction. The integral
in Equation 3.25 is also replaced by a Riemann sum. In the x direction (slit width) the aperture
size is always the same, i.e., 0”9 for X-Shooter spectra, but the y direction is now parallel to

raper:

2 (Zaners Yooer) = > o™ ZE’“P“ {[0*(z,y)Iga(z, y)] ® PSF} g(y) AzAy
apers Japer Zgapcr gapcr { [Igal(x7 y)] ® PSF} g(y) A(ﬁAy .

Figure 3.20 shows the difference between using a circular aperture, a rectangular aperture

(3.25)
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without a weighting function, and a rectangular aperture including a weighting function. The
slit width that was used is 0’9, with the FWHM of the PSF also being 0”'9. The spectrum was
extracted with rpe = 0745. We see that the correction is slightly higher for the rectangular
aperture as compared to the circular aperture at ryper /7 = 2.25. The behavior at ryper /7e > 3 is
very different for the three different cases. When using a rectangular aperture with optimized
extraction, the observed profile is flatter as compared to the other models. The corrections are
on average between 3% and 5%.

From Figure 3.20, it is clear that by using a simple power law for the aperture correction,
we would overestimate the corrections by a large fraction. Furthermore, we have shown that it
is vital to use a suitable aperture and include the effects of seeing, especially when rype; /7e > 2.
The corrections applied to our final results are derived for the rectangular aperture, including
a weighting function.
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4 The fundamental plane of massive
quiescent galaxies out to 2z ~ 2

Abstract

The Fundamental Plane (FP) of early-type galaxies, relating the effective radius, velocity
dispersion and surface brightness, has long been recognized as a unique tool for analyzing
galaxy structure and evolution. With the discovery of distant quiescent galaxies and the in-
troduction of high sensitivity near-infrared spectrographs, it is now possible to explore the
FP out to z ~ 2. In this chapter we study the evolution of the FP out to z ~ 2 using
kinematic measurements of massive quiescent galaxies (M, > 10! M). We find prelimi-
nary evidence for the existence of a FP out to z ~ 2. The scatter of the FP, however, in-
creases from z ~ 0 to z ~ 2, even when taking into account the larger measurement un-
certainties at higher redshift. We find a strong evolution of the zero point from z ~ 2 to
z~0:Alog,gM/Ly < (—0.49 & 0.03) 2. In order to assess whether our spectroscopic
sample is representative of the early-type galaxy population at all redshifts, we compare their
rest-frame g — z colors with those from a larger mass complete sample of quiescent galaxies.
At z > 1 we find that the spectroscopic sample is bluer. We use the color offsets to estimate a
mass-to-light ratio (M /L) correction. The implied FP zero point evolution after correction is
significantly smaller: Alog,, M /L, o< (—0.39 4 0.02) 2. This is consistent with an apparent
formation redshift of zg, = 6.621‘?:}12 for the underlying population, ignoring the effects
of progenitor bias. A more complete spectroscopic sample is required at z ~ 2 to properly
measure the M /L evolution from the FP evolution.

Jesse van de Sande, Mariska Kriek, Marijn Franx,
Rachel Bezanson, and Pieter G. van Dokkum
Rewvised version

Accepted for publication in the Astrophysical Journal
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4.1 Introduction

'The Fundamental Plane (FP) of early-type galaxies is the empirical relation between the effec-
tive radius -, stellar velocity dispersion within one effective radius o, and the average surface
brightness within one effective radius I, (e.g., Djorgovski & Davis 1987; Dressler et al. 1987;
Jorgensen et al. 1996). Traditionally, the offset in the FP is interpreted as the mass-to-light
ratio (M /L) evolution of galaxies (e.g., Faber et al. 1987), under the assumption that early-
type galaxies form a homologous family, and that all the evolution is caused by the change in
luminosity. Holden et al. (2010) indeed suggests that this assumption is correct, finding that
out to z ~ 1 the slope of the FP does not change. By extending M /L evolutionary studies to
higher redshift, it is possible to put constraints on the formation epoch of massive galaxies.

'The evolution of the M /L has been studied extensively out to z ~ 1.3 (e.g., van Dokkum
& van der Marel 2007; Holden et al. 2010). The general consensus is that the evolution of
the M /L appears to evolve as Aln M /Ly o z. With recent studies showing that the first
massive, quiescent galaxies were already in place when the universe was only ~3 Gyr old (e.g.,
Kriek et al. 2006; Williams et al. 2009), the question arises whether the FP already existed at
this early epoch and how the M /L evolved.

With the advent of new NIR spectrographs, such as VLT-X-SHOOTER and Keck-
MOSFIRE, it is now possible to obtain rest-frame optical spectra of quiescent galaxies out
to z ~ 2. For example, in van de Sande et al. (2011; 2013) we obtained stellar kinematic
measurements for five massive quiescent galaxies at 1.4 < z < 2.1 (see also Toft et al. 2012;
Belli et al. 2014b). Combined with high-resolution imaging and multi-wavelength catalogs,
these recently acquired kinematic measurements enable the extension of FP studies beyond
z~ 1.3.

In this Chapter, we explore the existence of a FP at z ~ 2, and use the FP to measure
the evolution of the M /L from z ~ 2 to the present-day for massive quiescent galaxies. In
a parallel study, Bezanson et al. (2013b) presented the mass FP evolution. Throughout the
chapter we assume a ACDM cosmology with 0,,=0.3 Q4 = 0.7, and Hy = 70 km s~!
Mpc~!. All broadband data are given in the AB-based photometric system.

4.2 Data

For the work presented in this chapter, we use a variety of datasets, which all contain accurate
kinematic measurements of individual galaxies and high quality broadband photometric cata-
logs. For more details see Table 4.1 and Chapter 5. All velocity dispersions presented here are
aperture corrected to one effective radius following the method as described in van de Sande
et al. (2013).

Stellar masses are derived using the FAST code (Kriek et al., 2009). We use the Bruzual &
Charlot (2003) Stellar Population Synthesis (SPS) models and assume an exponentially de-
clining star formation history, the Calzetti et al. (2000) dust attenuation law, and the Chabrier
(2003) stellar initial mass function. For galaxies in the SDSS, stellar masses are from the MPA-
JHU DR7! release which are based on Brinchmann et al. (2004).

Thttp://www.mpa-garching.mpg.de/SDSS/DR7/
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'The photometry and thus also the stellar mass are corrected for missing flux using the best-
fit Sérsic luminosity (Taylor et al., 2010). Effective radii and other structural parameters, such
as Sérsic index and axis ratio, are determined using 2D-Sérsic fits with GALFIT (Peng et
al., 2010). The effective radii are circularized, i.e., 7. = v/ab. All rest-frame fluxes, including
those for the SDSS sample, are calculated using the photometric redshift code EAZY (v46;
Brammer et al. 2008).

We derive the average surface brightness within one 7 (I, in units of Lg,, pc™2) by
dividing the total luminosity in the rest-frame g-band by 2772, Absolute g-band magnitudes
are calculated with Mg , = 5.14, which we derive from the solar spectrum taken from the
CALSPEC database?.

We adopt a mass limit (M, > 10! M) to homogenize the final sample. We note,
however, that our sample remains relatively heterogeneous and in particular the higher redshift
samples are biased toward the brightest galaxies (see also Section 4.4). We furthermore use
the U — V vs. V — J rest-frame color selection criteria to remove star-forming galaxies from
our sample (e.g., Wuyts et al. 2007; Williams et al. 2009). Quiescent galaxies are selected to
have U =V > (V — J) x 0.88 +0.59. This criteria is slightly different from previous work, as
we do not require that U —V > 1.3 or V —J < 1.5. The latter criteria removes post-starburst
galaxies and very old galaxies, respectively.

43 The fundamental plane
The FP is traditionally written as:
log,, 7. = alog,,0c + blog,q Le s + ¢ (4.1)

with 7. in kpc, o in kms™!, and I.gin Lo g pc~2. In this chapter, we adopt the slope from
Jorgensenetal. (1996),1.e.,a = 1.20,and b = —0.83. While detailed studies on galaxies in the
SDSS have shown that the slope is steeper, i.e., a = 1.404, and b = —0.76 (Hyde & Bernardsi,
2009), we nonetheless adopt the Jorgensen et al. (1996) values, for an easier comparison with
previous high-redshift studies. We do not fit the slope ourselves at high redshift, as our sample
is too small and biased at z > 1. However, we note that Holden et al. (2010) find the same
slope of the FP at z ~ 1 as Jorgensen et al. (1996).

While the projection of the FP along the effective radius is most often shown, the projec-
tion along log, ; I. directly shows the evolution in the M /L, which is thought to be the main
driver in the evolution of the FP zero point. The top row in Figure 4.1 shows the following
projection:

log,, I. = alog,, oc + blog,, 7e + cI, (4.2)

with ¢ = 1.45, b = —1.20, and ¢ = —0.11. We determine the zero point ¢y using a
least-square fit, using the I DL function M PFIT (Markwardt, 2009). The zero point evolves
rapidly with redshift: 0.30, 0.54, 0.96 dex, at z ~ 0.75, z ~ 1.25, z ~ 2.00, respectively.

2http://www.stsci.edu/hst/observatory/cdbs/calspec.html
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The top row in Figure 4.1 suggests that the FP exist out to z ~ 2. However, to quantify
the existence of a FP, we consider the scatter before and after the FP fit, i.e., the rms scatter
inlog,, I. vs. the scatter in (alog,, 0. + blog,, r.) — log,, I. or Alog, I.

For example, for galaxies in the SDSS for which we know the FP exists, the scatter in
log, , I. is 0.26 4 0.003 dex before the fit, while after the fit, we measure Alog,, I. = 0.13 £
0.002 dex. At z = 2 we find a decrease as well, from log,, I. = 0.33 £ 0.04 dex, before the
fit, to Alog,, I = 0.25 & 0.04 after the fit. This hints to the existence of a FP at z ~ 2,
although the scatter in dex is almost twice as high compared to z ~ 0.

‘We use Monte-Carlo simulations to determine if the scatter could be due to measurement
uncertainties alone. We find that scatter induced by observational errors is 0.14 dex at z ~ 2,
resulting in an intrinsic scatter of 0.20 dex. Compared to the FP scatter at z ~ 0, the intrinsic
scatter at z ~ 2 is still higher. The larger scatter could have been caused by the large range in
age and the bias toward post-starburst galaxies.

4.4 Correcting for sample bias

In order to explain the larger scatter in the FP of our high-redshift sample, we compare the
rest-frame g — z colors of our spectroscopic sample to a larger photometric and more complete
galaxy sample. We use galaxies from the 3D-HST survey (v4.1; Brammer et al. 2012; Skelton
et al. 2014), which were selected to be massive (M, > 10! M), non-star-forming according
to their U — V vs. V — J colors (see Section 4.2), and have a reduced x? < 5 for the best-fit
stellar population model to their SED. Rest-frame fluxes for the reference sample were derived
with EAZY, in a similar fashion as for the spectroscopic sample and are based on photometric
redshifts.

In Figure 4.2(a) we show the comparison of the rest-frame g — z color as a function of
redshift. The reference sample is binned in redshift, with the median of each bin shown as a big
gray circle. The dashed line shows the best fit of the color as a function of redshift: (g — z),s =
—0.162 + 1.49. There is very little difference between the reference and the spectroscopic
sample at 0 < z < 1, while at z > 1 the spectroscopic sample becomes increasingly bluer
compared to the median of the reference sample. At z > 1.4 we furthermore see a large spread
in colors, where some galaxies follow the median of galaxy the population, while other galaxies
are offset by more than 0.5 mag.

All spectroscopic samples are relatively blue at higher redshift, as it is easier to obtain high
signal-to-noise spectra for quiescent galaxies compared to the much fainter older quiescent
galaxies. In order to estimate the effect of this bias, we use the color difference with the ref-
erence sample to calculate a M /L correction for the individual galaxies in our spectroscopic
sample.

First, we measure the relative evolution of the M /L from the FP as shown in the top
panels of Figure 4.1, under the assumption that a, and b do not evolve with redshift:

Alog,, M /L = ¢, — c. (4.3)

Here ¢ is the FP zeropoint at redshift zero, while ¢, is determined from the residuals from
the FP for each individual galaxy at redshift z :

¢, = (alog,, o + blog, 1) — log, I. (4.4)
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Figure 4.2: Redshift evolution of rest-frame g — z color and M /L correction from color offset. (a) (¢ — 2) rest—frame
colors for our high-redshift spectroscopic sample compared to a larger and more complete photometric sample from
the 3DHST survey with a similar mass selection as shown by the large gray circles. The gray area indicates the 1 — o
scatter. For the reference sample we measure that (¢ — 2)yest—frame €vOlves as —0.16z (dashed gray line). Atz > 1
the spectroscopic sample becomes increasingly bluer than the reference sample, indicating a rather strong selection
bias. (b) log, M /Lg vs. rest-frame g — z color. Massive galaxies from the SDSS are shown by the gray contour,
which encloses 68% of all galaxies. The green line shows a Mall model, and the dashed black line shows the linear
approximation to the model (log; y M /L oc 1.29(g — 2)rest—frame)- We use the model approximation to correct the
M /L using the color offset. The correction is demonstrated with the arrows for the galaxy with the lowest M /L and
bluest color. (c) Corrected M /Ls and g — z colors. The correction is small for most low-redshift galaxies (~ 0.2
dex), while the galaxies at z > 1.5 have larger corrections of ~ 0.2 — 1.0 dex.

Note that we have Alog,, M /L = Alog,, L.

Next, we use the relation between the rest-frame g — z color and the derived A log, , M /L
as shown in Figure 4.2(b) to derive the M /L correction. There is a correlation between the
color and M /L, where the bluest galaxies have the lowest M /L. This correlation is also pre-
dicted by SPS models, on which we base our M /L correction. In Figure 4.2(b) we show a
Maraston & Strombick (2011, Mal1) solar metallicity model (green line), with a truncated
star formation history and constant star formation for the first 0.5-Gyr. Different ages in this
model are indicated on the green line by the circle (0.3-Gyr), diamond (1.0-Gyr), and triangle
(10-Gyr). We approximate the Mall model by a simple linear fit: log, , M /L o< 1.29(g — 2).¢
(dashed black line). We use this fit to estimate the M /L correction.

As an example, we highlight the bluest galaxy in our sample, NMBS-Cos-7447 at z ~ 1.8.
In Figure 4.2(a), the black arrow indicates the color offset to the (g — 2) est—frame color-redshift
relation. The same galaxy has an extremely low M /L as is clear from Figure 4.2(b). Here the
vertical arrow is again the color offset of this galaxy, but the horizontal arrow now points
toward the M /L that the galaxy would have, if it would fall on the color-redshift relation
from Figure 4.2(a). The M /L correction that we apply to this individual galaxy is therefore
the length of the horizontal arrow. In other words, for each galaxy we lower the M /L by 1.29
times the color offset, where the factor 1.29 comes from the linear fit to the Mall model
(dashed line). We note, however, that a steeper M /L vs. color relation yields larger M /L
corrections, and thus impacts the M /L evolution in Section 4.5. We show the corrected colors
and M /L for the entire sample in Figure 4.2(c). The rest-frame g — z color and M /L of the
spectroscopic sample is now similar to that of the reference sample.

With the M /L (or Alog, , I.) correction applied, we can return to the FP which is shown
in the bottom row of Figure 4.1. As before, the dashed colored lines indicate the best-fit FP
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with the following zero points in each redshift bin: 0.30, 0.53, and 0.62 dex, from low to
high redshift. Note that the z ~ 2 zero point is significantly lower than before the correction.
'The scatter around the FP is greatly reduced for all three redshift bins. In particular for the
highest redshift bin, which had the largest spread in (g — z)s color, the scatter has decreased
by almost a factor two. More quantitatively, the scatter after the FP fitis: Alog,, [. = 0.11£
0.02, 0.13 £ 0.02, 0.14 £ 0.02, from low to high redshift, respectively. We note that the
small scatter is most likely a lower limit, as we do not include the intrinsic color scatter in our
analysis.

4.5 Evolution of the M/L

In Figure 4.3 we show the M /L as derived from the FP offset relative to z ~ 0, as a function
of redshift for all galaxies. We indicate the different zero points from Figure 4.1 as dashed
lines. The red solid line is a linear least-square fit to all data, which describes the evolution
of the M/L : Alog,, M /Ly o (—0.49 & 0.03) z. Here we have anchored the fit to the
median of the z ~ 0 SDSS galaxies. When excluding SDSS from the fit, the evolution is
more rapid: Alog,, M /Ly o (—0.61 £ 0.09) 2.

'The evolution is similar to a previous result by van Dokkum & van der Marel (2007), who
find that the M /L o (—0.555 £ 0.042) z in the rest-frame B-band. Here, the effect of using
a slightly bluer rest-frame filter makes very little difference, i.e., our measured M /L evolution
in the rest-frame B-band is only slightly faster as compared to the g-band: Alog,, M /Lgp
(—0.53 £ 0.03) z.

For a fair comparison with previous studies, we also restrict the fit to z < 1.4, and find a
slower evolution than other studies: Alog,, M /L, oc (—0.45 4 0.01) 2. This suggest that
the relatively fast evolution of the entire sample is mainly driven by galaxies at z > 1.4. This
is furthermore evident from Figure 4.3(a) in which almost all z > 1.4 galaxies fall below the
best fit for the entire sample.

Figure 4.3(b) shows the M /L evolution with redshift, with the M /L correction included.
This time, we find a milder evolution in the M /L than before: Alog,, M /Ly o (—0.39 £
0.02) z, shown by the red line. Our corrected M /L evolution is similar to previous studies by
e.g., van Dokkum & Stanford (2003) (—0.460 £ 0.039), and Holden et al. (2005) (—0.426 £+
0.04), but slower than the evolution found by van Dokkum & van der Marel (2007) (—0.555+
0.04), and Holden et al. (2010) (—0.60+0.04). If we would have used a steeper M/L vs. color
relation for the correction, (e.g., log,q M /L o 1.80(9 — 2)rest—frame) the M /L evolution
would be slower: Alog, M /L, o< (—0.36 4 0.03) z.

We also show the single burst Mall model from Figure 4.2, with a formation redshift
of infinity. Using the same Mall model, we fit the average formation redshift of the biased
sample (Figure 4.3(a)), and estimate Zgy, = 3.29f8122. For our corrected sample (Figure
4.3(b)) we estimate the apparent g, = 6.62f§:}12. 'The large difference highlights the strong
selection bias in the sample. Both estimates ignore the progenitor bias, which is very strong
given the fact that the number density of massive galaxies changes by a factor of ~ 10 from z ~
2 toz ~ 0 (Muzzin et al., 2013b). Therefore, the corrected gy, should be regarded as an upper
limit for a mass-complete sample that is not supplemented by newly quenched galaxies at later
times. We note that we would find a lower 2, if we were to include progenitor bias in our
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Figure 4.3: (a) Redshift evolution of the residuals from the FP. We show the residual from the FP, A log, ; Ie,g vs.
redshift as compared to z ~ 0, with the dashed colored lines corresponding to the best-fit offset for the different
redshift regimes indicated in Figure 4.1. The red line shows the best fit described by Alog,, M /L o< —0.49z +
0.03, where we have anchored the fit to the median of the SDSS data. We find a similar evolution of the M /L as
compared to previous work, while the high-redshift data at z > 1.25 have lower M /L. (b) Similar to (a), but now
including a correction based on the offset from the (¢ — 2) est— frame relation. This time, we find a milder evolution
of Alog,q M /Lg o (—0.39 & 0.02) z indicated by the red line, while we show the uncorrected evolution as the
dashed gray line. We also include a single burst Mall model, with solar metallicity, and with zg,, = oo (green line).

analysis, or if we would use an evolving mass limit in our sample-selection. A more detailed
study of this effect would require a mass-complete spectroscopic sample.

4.6 Discussion

In Section 4.4 we have corrected our sample for the bias toward young quiescent galaxies. In
this correction we assume that all quiescent galaxies at a particular redshift have the same color
and thus the same age. This assumption is an oversimplification, and the scatter in the FP is
actually partly due to age variations (e.g., Graves et al. 2009). Furthermore, the age variations
of quiescent galaxies may increase with redshift, as shown by Whitaker et al. (2010). Thus,
it is very likely that the scatter in the FP will be induced by larger age variations at higher
redshift.

However, as we apply the same correction at all redshifts, we do show that the scatter in the
FP due to variation in other properties than age (e.g., evolution in stellar mass, size, velocity
dispersion, and metallicity) is approximately constant over time. Though, our M /L evolution
is not necessarily the M /L evolution of progenitors and descendants of a fixed population, as
the masses, sizes, and velocity dispersions of these galaxies likely evolve systematically with
redshift. Using a simple model, we can estimate the effect of structural evolution on the FP
and M /L evolution. Given that mass evolves as Alog,, M /Mg ~ 0.15z (van Dokkum et
al., 2010), we found that A 7, o M8 ~ M2 and Ao, x M=% ~ M~95invan de
Sande et al. (2013). Thus, if mass grows by a factor f, the M /L evolution (from Equations
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4.3&4.4) including structural evolution can be written as follows:

Alog,  M/L ~ aloglo(f_0'5ae) + blogm(fzre) — loglo(f_3le) (4.5)

'The bias in the M /L evolution induced by structural evolution can therefore be approximated
by (—=0.5a + 2b + 3)log,, f. Assuming a mass growth factor of 0.3 dex, we find that the
offset in the M /L due to structural evolution is small: ~ 0.04 dex. We note that if velocity
dispersion does not evolve, this effect is larger: ~ 0.2 dex.

4.7 Conclusion

In this chapter, we have used stellar kinematic and structural measurements of massive qui-
escent galaxies (M, > 10 Mg) out to z ~ 2 to the study the evolution of the rest-frame
g-band fundamental plane. We utilize this empirical relation between the size, stellar velocity
dispersion, and the surface brightness, to constrain the evolution of the M /L.

We find preliminary evidence for the existence of a FP out to z ~ 2, but with larger scatter
as compared to the present-day FP for massive quiescent galaxies from the SDSS. There is a
rapid evolution of the FP zero pointfrom z ~ 0to z ~ 2 : Alog;, M /L, o< (—0.49£0.03) 2.
Furthermore, we find that the M / L, evolution for galaxies at z > 1.4 s faster than for galaxies
atz < 1.4.

'The larger scatter and fast evolution can be explained by the fact that our spectroscopic
sample becomes increasingly bluer at high redshift compared to a mass complete sample of
quiescent galaxies. We calculate the color difference between the galaxies and the mass com-
plete sample, and estimate the systematic effect on the M /L.

With this correction applied, the evolution of the M /L, as derived from the FP, is slower:
Alog,g M /Lg o< (—0.39 £ 0.02) z. A simple model, ignoring progenitor bias, would imply
a formation redshift of z¢y, = 6.62‘1“;’:}12 for a mass complete sample. The difference between
the evolution of our observed sample and the underlying population, highlights the need for
a more detailed study of a mass complete spectroscopic sample.

Acknowledgments

We thank the NMBS and 3DHST collaborations, Rik Williams, Ryan Quadri, and Andrew
Newman for providing ancillary data. This work is based on observations taken by the 3D-
HST Treasury Program (GO-12177,12328) with the NASA/ESA-HST, which is operated
by the Association of Universities for Research in Astronomy, Inc., under NASA contract

NAS5-26555.



References 79

References

Abazajian, K. N., Adelman-McCarthy, J. K., Agiieros, M. A., et al. 2009, Ap]S, 182, 543
Belli, S., Newman, A. B., Ellis, R. S., & Konidaris, N. P. 2014b, Ap], 788, 129

Belli, S., Newman, A. B, & Ellis, R. S. 2014a, Ap], 783, 117

Bezanson, R., van Dokkum, P, van de Sande, J., Franx, M., & Kriek, M. 2013a, Ap], 764, L8
Bezanson, R., van Dokkum, P. G., van de Sande, J., et al. 2013b, Ap], 779, L21

Bezanson, R., van Dokkum, P. G., Franx, M., et al. 2011, Ap], 737, L31

Blakeslee, J. P., Holden, B. P, Franx, M., et al. 2006, Ap], 644, 30

Blanc, G. A, Lira, P, Barrientos, L. F,, et al. 2008, Ap], 681, 1099

Blanton, M. R., Schlegel, D. J., Strauss, M. A, et al. 2005, AJ, 129, 2562

Brammer, G. B., van Dokkum, P. G., & Coppi, P. 2008, Ap], 686, 1503

Brammer, G. B., van Dokkum, P. G., Franx, M., et al. 2012, Ap]JS, 200, 13

Brinchmann, J., Charlot, S., White, S. D. M, et al. 2004, MNRAS, 351, 1151

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, Ap], 533, 682

Chabrier, G. 2003, PASP, 115, 763

Djorgovski, S., & Davis, M. 1987, Ap], 313, 59

Dressler, A., Faber, S. M., Burstein, D., et al. 1987, Ap], 313, L37

Faber, S. M., Dressler, A., Davies, R. L., Burstein, D., & Lynden-Bell, D. 1987, Nearly Normal Galaxies. From the
Planck Time to the Present, 175

Forster Schreiber, N. M., Franx, M., Labbé, 1., et al. 2006, AJ, 131, 1891

Graves, G. J., Faber, S. M., & Schiavon, R. P. 2009, Ap], 698, 1590

Holden, B. P., van der Wel, A., Franx, M., et al. 2005, Ap], 620, L83

Holden, B. P,, van der Wel, A., Kelson, D. D., Franx, M., & Illingworth, G. D. 2010, Ap], 724, 714
Hyde, J. B., & Bernardi, M. 2009, MNRAS, 396, 1171

Jorgensen, 1., Franx, M., & Kjaergaard, P. 1996, MNRAS, 280, 167

Kriek, M., van Dokkum, P. G., Labb¢, 1., et al. 2009, Ap], 700, 221

Kriek, M., van Dokkum, P. G., Franx, M., et al. 2006, Ap], 649, L71

Maraston, C., & Strémbick, G. 2011, MNRAS, 418, 2785

Markwardt, C. B. 2009, Astronomical Data Analysis Software and Systems XVIII, 411, 251
Muzzin, A., Marchesini, D., Stefanon, M., et al. 2013a, Ap]JS, 206, 8

Muzzin, A., Marchesini, D., Stefanon, M., et al. 2013b, Ap], 777, 18

Newman, A. B, Ellis, R. S., Treu, T., & Bundy, K. 2010, Ap]J, 717, L103

Onodera, M., Renzini, A., Carollo, M., et al. 2012, ApJ, 755, 26

Peng, C. Y., Ho, L. C,, Impey, C. D., & Rix, H.-W. 2010, AJ, 139, 2097

Simard, L., Mendel, J. T., Patton, D. R., Ellison, S. L., & McConnachie, A. W. 2011, ApJS, 196, 11
Skelton, R. E., Whitaker, K. E., Momcheva, I. G., et al. 2014, arXiv:1403.3689

Taylor, E. N., Franx, M., Brinchmann, J., van der Wel, A., & van Dokkum, P. G. 2010, Ap], 722, 1
Toft, S., Gallazzi, A., Zirm, A., et al. 2012, Ap], 754, 3

van de Sande, J., Kriek, M., Franx, M., et al. 2013, ApJ, 771, 85

van de Sande, J., Kriek, M., Franx, M., et al. 2011, ApJ, 736, L9

van der Wel, A., Bell, E. F.,, Hiussler, B., et al. 2012, Ap]JS, 203, 24

van der Wel, A., Franx, M., van Dokkum, P. G, et al. 2005, ApJ, 631, 145

van Dokkum, P. G., Whitaker, K. E., Brammer, G., et al. 2010, Ap], 709, 1018

van Dokkum, P. G., Kriek, M., & Franx, M. 2009, Nature, 460, 717

van Dokkum, P. G., & van der Marel, R. P. 2007, ApJ, 655, 30

van Dokkum, P. G., & Stanford, S. A. 2003, ApJ, 585, 78

Whitaker, K. E., Labb¢, 1., van Dokkum, P. G., et al. 2011, Ap], 735, 86

Whitaker, K. E., van Dokkum, P. G., Brammer, G., et al. 2010, Ap], 719, 1715

Williams, R. J., Quadri, R. F., Franx, M., van Dokkum, P., & Labbé, 1. 2009, Ap], 691, 1879
Wauyts, S., van Dokkum, P. G., Kelson, D. D., Franx, M., & Illingworth, G. D. 2004, Ap], 605, 677
Wuyts, S., Labbé, L., Franx, M., et al. 2007, Ap], 655, 51






5 The relation between dynamical mass-
to-light ratio and color for massive
quiescent galaxies out to 2z ~ 2 and
comparison with stellar population
synthesis models

Abstract

In this chapter, we explore the relation between the dynamical mass-to-light ratio (M /L) and
rest-frame color of massive quiescent galaxies out to z ~ 2. We use a galaxy sample with mea-
sured stellar velocity dispersions in combination with Hubble Space Telescope and ground-based
multi-band photometry. Our galaxy sample spans a large range in M /L: 1.8 dex in rest-frame
log Mayn/ Ly, 1.6 dex in log Mayy / Lg, and 1.3 dex in log My, / Lx. There is a strong correla-
tion between the M /L for different wavebands and rest-frame color that is well approximated
by a linear relation. The root-mean-square scatter in the log My, /L residuals is ~ 0.26 dex.
Thus, it is possible to estimate the M /L of an early-type galaxy with an accuracy of ~ 0.26 dex
from a single rest-frame optical color. Next, we compare the measured M /L vs. rest-frame
color with different stellar population synthesis (SPS) models. With a Salpeter stellar initial
mass function (IMF), none of the SPS models are able to simultaneously match the Mgy, /L
V8. (g — 2)rest—frame color and the Mgy, /Lx vs. (9 — K )rest—frame color. We test whether a
different slope of the IMF provides a better match to the data. By changing the slope we are
still unable to simultaneously match the low M /L of the bluest galaxies in combination with
the other data. We find that an IMF with a slope between o = 2.35 and o = 1.35 provides
the best match. We also explore a broken IMF with a Salpeter slope at < 1M, and > 4Mg,
and a slope « in the intermediate region. Based on the rms scatter we find that the data favor
aslope of v = 1.35 over a = 2.35. Nonetheless, our results show that variations between dif-
ferent SPS models (with the same IMF) are comparable to the IMF variations. An important
source of uncertainty is that galaxies evolve in complex ways. We assume in our analysis that
the variation in M/L and color is driven by differences in age, and that other contributions,
such as differences in metallicities and dark matter contributions, are small.

Jesse van de Sande, Mariska Kriek, Marijn Franx,
Rachel Bezanson, and Pieter G. van Dokkum
Rewvised version

To be resubmitted to the Astrophysical Journal
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5.1 Introduction

For a good understanding of galaxy evolution, accurate stellar mass estimates are very impor-
tant (for a recent review see Courteau et al. 2013). Nearly all galaxy properties, among which
structure, star formation activity, and the chemical enrichment history are strongly correlated
with the stellar mass (e.g., Kauffmann et al. 2003; Tremonti et al. 2004; Gallazzi et al. 2005).
Furthermore, the evolution of the stellar mass function (e.g., Bundy et al. 2006; Marchesini
et al. 2009; Muzzin et al. 2013b; Ilbert et al. 2013) provides strong constraints on galaxy
formation models (see e.g., De Lucia & Blaizot 2007).

In contrast to the luminosity, the stellar mass of a galaxy is not a direct observable quantity.
Most techniques for estimating the stellar mass rely on a determination of a mass-to-light
ratio. The M /L of a galaxy strongly depends on the age, metallicity, and the stellar initial
mass function (IMF) of its stellar population. Typically, the observed colors, multi-wavelength
broadband photometry, or spectra are compared to stellar population synthesis (SPS) models
to estimate the M /L ratio (for a review see Conroy 2013).

In this chapter, we focus on the relation between the M /L and color, as was first explored
by Bell & de Jong (2001). They used SPS models and derived a tight relation between rest-
frame B — R color and M /Lg, from which it is possible to estimate the M /L of a galaxy to
an accuracy of ~ 0.2 dex. Because their results were based on SPS models, they suffer from
uncertainties due to assumptions regarding the star formation history (SFH), metallicity, IMF,
and SPS code. More recent work indeed suggest that the uncertainties are larger (0.2-0.4 dex;
Bell et al. 2003; Zibetti et al. 2009; Taylor et al. 2011), in particular when using rest-frame
NIR colors.

Direct stellar kinematic mass measurements yield dynamical M /L, which do not rely on
any assumptions regarding the SPS models, metallicity, and IMF. At low-redshift, dynamical
mass measurements of galaxies have proven to be extremely useful for studying the M /L (e.g,
Cappellari et al. 2006; de Jong & Bell 2007; Taylor et al. 2010). For example, Cappellari et
al. (2006) find that the stellar M /L is tightly correlated with o, and Taylor et al. (2010) find
that the stellar M /L is a good predictor of the dynamical M /L if the the Sérsic index is taken
into account when calculating dynamical masses (i.e., May, oc K (n)rec?). van der Wel et
al. (2006) studied the relation between the dynamical M/ Lk and rest-frame B — K color of
early-type galaxies out to z ~ 1, and find that there are large discrepancies between different
SPS models in the NIR. However, one of the major limitations in this measurement was the
low number of galaxies, and the small dynamic range in M / Lk (~0.4 dex).

In order to accurately constrain the relation between the dynamical M /L and color, we
need a sample of early-type galaxies with a large range in age. This study requires kinematic
measurements from z ~ 0 to z ~ 2, such that we measure the M /L and color in early-type
galaxies with both the oldest (z ~ 0) and youngest (z ~ 2) stellar populations.

However, due to observational challenges very few such measurements exist. At high-
redshift, kinematic studies of quiescent galaxies become much more difficult as the bulk of the
stellar light, and stellar absorption features used to measure velocity dispersions, shift into the
near-infrared (NIR) (e.g., Kriek etal. 2009). With the advent of fully depleted, high-resistivity
CCD:s (e.g., Keck-LRIS), and new NIR spectrographs, such as VLT-X-SHOOTER (Vernet
et al,, 2011), and Keck-MOSFIRE (McLean et al., 2012), it is now possible to obtain rest-

frame optical spectra of quiescent galaxies out to 2 ~ 2.
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For example, Bezanson et al. (2013a) measured accurate dynamical masses for 8 galaxies at
1.2 < z < 1.6. Furthermore, in van de Sande et al. (2011; 2013) we obtained stellar kinematic
measurements for 5 massive quiescent galaxies up to redshift z = 2.1 (see also Toft et al. 2012;
Belli et al. 2014b). Combined with high-resolution imaging and multi-wavelength catalogs,
these recently acquired kinematic measurements increase the dynamic range of the M /L and
rest-frame color.

In this chapter, we use a sample of massive quiescent galaxies from z ~ 2 to z ~ 0 with
kinematic measurements and multi-band photometry with the aim of exploring the relation
between the M /L and rest-frame color, assessing SPS models, and constraining the IMF. The
chapter is organized as follows. In Section 5.2 we present our sample of 0.05 < z < 2.1 galax-
ies, discuss the photometric and spectroscopic data, and describe the derived galaxy properties
such as effective radii, rest-frame fluxes, and stellar population parameters. In Section 5.3 we
explore the relation between the M /L and the rest-frame color over a large dynamic range
for several pass-bands. We compare our M /L vs. rest-frame color to predictions from stellar
population models in Section 5.4. In Section 5.5 we use the M /L vs. color and stellar pop-
ulation models to constrain the IMF in massive galaxies, as first proposed by Tinsley (1972;
1980; see also van Dokkum 2008a who first applied this technique to measure the IMF out to
z ~ 1). In Section 5.6 we compare our results with previous measurements and discus several
uncertainties. Finally, in Section 5.7 we summarize our results and conclusions. Throughout
the chapter we assume a ACDM cosmology with 2,,=0.3 Qs = 0.7, and Hy = 70 km g1
Mpc~!. All broadband data are given in the AB-based photometric system.

5.2 Data

5.2.1 Low and high-redshift sample

One of the primary goals of this chapter is to explore the relation between the M /L and
rest-frame color over a large dynamic range. Early-type galaxies are ideal candidates for such
a measurement, as they have homogeneous stellar populations. At z ~ 0 their spectral energy
distributions are dominated by old stellar populations (e.g., Kuntschner et al. 2010), and they
have experienced very little to no star formation since z ~ 2 (e.g., Kriek et al. 2008).

Here, we use a variety of datasets, which all contain stellar kinematic measurements of
individual galaxies and multi-wavelength medium and broad-band photometric catalogs. We
adopt a mass limit of M, > 10! M to homogenize the final sample. Our mass-selected
sample contains 73 massive galaxies at 0.5 < z < 2.2. We note, however, that our sam-
ple remains relatively heterogeneous relative to mass-complete photometric samples and in
particular the higher redshift samples are biased toward the brightest galaxies.

We use the U — V vs. V' — J rest-frame color selection to distinguish quiescent galaxies
from (dusty) star-forming galaxies. (e.g., Wuyts et al. 2007; Williams et al. 2009). Figure
5.1 shows the mass selected sample in the UV] diagram, in which quiescent galaxies have
U—-V >V —=J)x0.8840.59. Out of the 73 galaxies in the mass selected sample, 61 are
selected as quiescent galaxies and included in our sample. This criterion is slightly different
from previous work, as we do not require that U — V' > 1.3 or V — J < 1.5. 'These criteria
would remove, respectively, post-starburst and the oldest galaxies. As we benefit from a large
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Figure 5.1: Rest-frame U — V' color vs. V' — J color. Panel (a) shows massive (M, > 101 Mg ) galaxies in the
SDSS at z ~ 0.06, and Panel (b) shows massive galaxies at z > 0.5. Different symbols for the intermediate to high-
redshift samples are indicated in the legend and described in Section 5.2. The dashed lines shows our separation of
star-forming and quiescent galaxies, where quiescent galaxies are selected to have U — V' > (V — J) x 0.88 4 0.59.
We only use the quiescent galaxies in the remainder of the chapter.

Table 5.2: Absolute magnitudes of the Sun in different filters

Moy Moy Mov Mgr Mgg
6.34 5.33 4.81 4.65 455

Mo
6.45

Mo .g
5.14

Mo
4.65

Mo
454

Mo,
4.52

Mgy Monu Mex
4.57 471 5.19

range in age in this chapter, we omit the latter criteria and thereby keep the youngest and
oldest galaxies in our sample. Photometry for the high-redshift sample is adopted from the
3D-HST catalogs version 4.1 (Brammer et al. 2012; Skelton et al. 2014) where possible,
which cover the following CANDELS fields: AEGIS, COSMOS, GOODS-N, GOODS-S
and UKIDSS-UDS. We list the references for all kinematic studies, photometric catalogs,
and structural parameters for the final sample in Table 5.1.

5.2.2 Derived galaxy properties

All velocity dispersions were measured from stellar absorption features in the rest-frame near-
UV and/or optical. We apply an aperture correction to the velocity dispersion measurements
as if they were observed within a circular aperture radius of one 7, following the method
as described in van de Sande et al. (2013). This method includes a correction for the radial
dependence of the velocity dispersion (e.g., Cappellari et al. 2006), and takes into account the
effects of the non-circular aperture, seeing, and optimal extraction of the 1-D spectrum.

For the intermediate to high-redshift sample, effective radii and other structural param-
eters, such as Sérsic index and axis ratio, are determined using 2D Sérsic fits with GALFIT
(Peng et al., 2010). For galaxies in the SDSS, we use the structural parameters from Simard et
al. (2011), who determined 2D Sérsic fits with GIMD2D (Simard, 1998) on the SDSS g band



86 The relation between M | L ratio and color for massive quiescent galaxies

imaging data. The effective radii are circularized, i.e., 7. = Vab. All sizes are measured from
rest-frame optical data, i.e., redwards of 4000 A, with the exception of COSMOS-13412
(z = 1.24) from Bezanson et al. (2013a), and COSMOS-254025 (z = 1.82) from Onodera
et al. (2012) for which the HST-F775W band is used. For massive galaxies at z > 1, the
median color gradient is 7, /7 = 1.12 (Szomoru et al., 2013). Thus the M /L for these two
galaxies may be overestimate by ~ 0.05 dex.

All rest-frame fluxes, including those for the SDSS sample, are calculated using the pho-
tometric redshift code EAZY (v46; Brammer et al. 2008). We use the same set of templates
that were used for the UltraVISTA catalog by Muzzin et al. (2013a). Stellar masses for the
high-redshift sample are derived using the stellar population fitting code FAST (Kriek et al.,
2009). We use the Bruzual & Charlot (2003) SPS models and assume an exponentially de-
clining star formation history (SFH), solar metallicity (Z = 0.02), the Calzetti et al. (2000)
dust attenuation law, and the Chabrier (2003) IMF. For galaxies in the SDSS, stellar masses
are from the MPA-JHU DR7! release which are based on Brinchmann et al. (2004), assum-
ing a Chabrier (2003) IMF. The photometry and thus also the stellar mass are corrected for
missing flux using the best-fit Sérsic luminosity (Taylor et al., 2010).

Dynamical masses are estimated from the size and velocity dispersion measurements using
the following expression:

n) o2 re
My, = PO T (5.1)
Here 3(n) is an analytic expression as a function of the Sérsic index, as described by Cappellari
et al. (2006):

B(n) = 8.87 — 0.831n + 0.0241n>. (5.2)

We note that if we use a fixed virial constant of 8 = 5 for all galaxies our conclusion would
not change. We derive mass-to-light ratios (M / L 5) using the dynamical mass from Equation
5.1 divided by the total luminosity, in units of Mg Lé})\. The total luminosities for different
wave bands ()) are calculated from rest-frame fluxes, as derived using EAZY. We normalize
the total luminosity using the absolute magnitude of the Sun in that particular filter, which is
measured from the solar spectrum taken from the CALSPEC database 2. The solar absolute
magnitudes for all filters are listed in Table 5.2.

5.3 Empirical relation between the M /L and color

53.1 Color and the M /L evolution

In Figure 5.2(a) and (c) we show the rest-frame g — 2 color and Mgy, /L, as a function of
redshift. We find a large range in g — 2 color (~ 1mag) and log,, Mayn/Lg (~ 1.6 dex).
At z > 1, massive galaxies are bluer and have lower M /L as compared to low-redshift.
In Chapter 4, we showed that this spectroscopic sample is biased toward young quiescent
galaxies at high-redshift. While this bias complicated the analysis of the fundamental plane
as presented in that work, here we take advantage of that same bias, as it enables us to study
massive quiescent galaxies with a large range in stellar population properties.

Thttp://www.mpa-garching.mpg.de/SDSS/DR7/
2http://www.stsci.edu/hst/observatory/cdbs/calspec.html
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Figure 5.2: Panel (a): Rest-frame g — z color vs. redshift. For massive quiescent galaxies in the SDSS at z ~ 0.06, we
show the median with 1o scatter as the gray squares. Different symbols are the different intermediate to high-redshift
samples as indicated in the legend and described in Section 5.2. Galaxies are color coded by redshift, from low (blue)
to high redshift (red). We find that the complete sample has a large range in colors. Panel (b): Rest-frame g — z color
vs. dynamical mass. Panel (c): Myyn/Lg in the rest-frame g band vs. redshift. We find that the complete sample has
a large dynamic range with a factor of ~25 in Mgy, /Lg. Panel (d): Mgy, / Lg vs. dynamical mass. Similar to Panel
(b), we color code by redshift. From Panel (a) to (d) we conclude that, within the sample at fixed dynamical mass,
the highest-redshift galaxies show the bluest colors with the lowest M /L.
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We show (g — 2)rest—frame V- the dynamical mass in Figure 5.2(b). We find a weak trend
between dynamical mass and color for low-redshift galaxies. At z > 1.5 the lowest mass
galaxies have the bluest colors. Figure 5.2(d) shows the Mgy, / Lg vs. the dynamical mass. For
galaxies in the SDSS, there is a positive correlation such that low mass galaxies also have lower
M /L as compared to more massive galaxies. In the mass range of 101! < My, /Mg < 10'2,
the Mgy, / L increases by about ~ 0.2 dex.

5.3.2 Empirical relation between the M /L and the color

Next, we examine empirical relations between the M /L and color, as first predicted by Tinsley
(1972; 1980). In Figure 5.3(a-d) we show the dynamical M /L vs. rest-frame g — z color in the
following filters: u, g, z, and K. Figure 5.3(e) and (f) shows the rest-frame g— K colors vs. the
M /Ly and M / Lg. Symbols are similar to Figure 5.2. Massive quiescent galaxies (> 101 M)
from the SDSS are shown by the gray contour, which encloses 68% of all galaxies. We find
that the log,, M /L, varies most, from ~ —0.7 to ~ 1.1. The range in log,, M /L slowly
decreases with increasing wavelength from 1.8 dex in the u band, to 1.6 dex in the g band,

and 1.3 dex in the 2z and K band.

As expected, we find a strong positive correlation between the M /L in all passbands and
rest-frame colors. Following Bell & de Jong (2001), we fit the simple relation:

log, o Mayn / Lx = ax * color + by (5.3)

We use the IDL routine FITEXY to measure ay and by, which minimizes the x? in the
fit for both z (rest-frame color) and y (M /L). In the fit we give equal weight to the SDSS
galaxy sample and our sample of galaxies at intermediate to high redshift, instead of anchoring
the fit to the median of the SDSS galaxies. In practice this means that we add 61 galaxies to
the intermediate and high-z sample, which have a M /L and color equal to the median of all
SDSS galaxies. The results are summarized in Table 5.3 using the SDSS filters and in Table

5.4 where we use the Johnson-Cousin Filters.

Besides the coefficients, we also report the root-mean-square (rms,) scatter, which is a
good indicator for the significance of each relation. The scatter around the linear relation
increases from 0.12 to 0.16 when going from rest-frame optical M /L, to rest-frame near-
infrared M / Lx. Furthermore, we find that for the Mgy, /L, the scatter is lower when we use
the rest-frame g — z color as compared to the rest-frame g — K color.

For the color (¢ — 2)sest—frame , We find that the slope of the relation becomes flatter from
the UV to the near-infrared. To investigate this trend in more detail, we plot the slope ay
as a function of wavelength from the M /Ly vs. (¢ — 2)rest—frame relation in Figure 5.4. We
find that the slope becomes flatter when we go from the u to ¢ waveband, while the slope is
approximately constant (~ 1.35) from i to K.

These results indicate that the M /L of an early-type galaxy can be predicted by a singe
rest-frame color g — z to an accuracy of ~ 0.26 dex. In particular the rest-frame g — 2z color
in combination with the rest-frame g band luminosity, provides a good constrain for mass
measurements of quiescent galaxies.
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Figure 5.3: M /L vs. rest-frame color for massive galaxies between z = 0 and z = 2 for different luminosity bands and rest-frame
colors. Symbols are similar as in Figure 5.1, and color coded by redshift. From the rest-frame u to the K band, there is a large range
in the M /L: 1.8 dex in rest-frame M /Ly, 1.6 dex in M /Ly, and 1.3 dex in M /L. We find a strong correlation between the
M /L for different luminosity bands and the rest-frame g — z color. The Mdyn/Lu V. (9 — 2)rest—frame Show the least amount of
scatter. We use a linear fit to the data to describe the relation between the M /L and rest-frame color, in which galaxies from the
SDSS (gray contour) are given equal weight as the high-redshift data. The best-fit values are summarized in Table 5.3 & 5.4. For
each fit we furthermore give the rms scatter orthogonal to the best-fitting line. Overall, the Myy,/ Lg vs. g — z color gives the least
scatter (rms, ~ 0.12 dex), whereas the scatter is higher when we use the rest-frame g — K color (rms, ~ 0.17 dex).
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5.4 Comparisons with stellar population synthesis models

Here, we compare our dynamical M /L vs. rest-frame color to the predictions from stellar
population synthesis models. Our main aim is to test whether the different SPS models can
reproduce the relations in the optical and NIR and to what accuracy. For the comparison
we use the SPS models by Bruzual & Charlot (2003; BC03), Maraston & Strémbick (2011;
Mal1l), and Conroy & Gunn (2010) (FSPS, v2.4). We use the BCO3 simple stellar popu-
lation (SSP) models with the Padova stellar evolution tracks (Bertelli et al., 1994), and the
STELIB stellar library (e Borgne et al., 2003). For the Mall models, which are based on
Maraston (2005; Ma05) with the Cassisi et al. (1997a), Cassisi et al. (1997b), and Cassisi et
al. (2000) stellar evolution tracks and isochrones, we use SSPs with the red horizontal branch
morphology and the MILES (Sdnchez-Bldzquez et al., 2006) stellar library. For the FSPS
models, which use the latest Padova stellar evolution tracks (Marigo & Girardi 2007; Marigo
et al. 2008), we use the standard program settings, and the MILES stellar library.

For all models we use a Salpeter (1955) IMF and a truncated SFH with a constant star
formation rate for the first 0.5 Gyr. However, different SFHs result in nearly identical tracks.
For example a longer star formation timescale will smooth out some of the small time-scale
variations, but will not change any of our conclusions. For all models we use the total stellar
mass, which is the sum of living stars and remnants. We note that our dynamical mass esti-
mates include both stellar mass and dark matter mass. At this point we ignore the effect of
dark matter, but we come back to this issue in section 5.6.5.

In Figure 5.5 we show the Mayn/Lg vs. (g — 2)rest—frame (left column) and Mgy, /L vs.
(9 = K)rest—frame (right column). A different model is shown in each row from top to bot-
tom: FSPS, BC03, and Mall. For each model, we show three different metallicities: solar
(green), sub-solar (blue) and super-solar (red). Metallicity values for the specific models are
indicated in each Panel. Furthermore, we indicate various model ages on the tracks with dif-
ferent symbols: 0.1 Gyr (upside down triangle), 1.0 Gyr (circle), 3.0 Gyr (diamond), 10 Gyr
(triangle).



91

5.4 Comparisons with stellar population synthesis models

LT0 €£°0- 9T LT'O 980- 8ST LT'0 T60- #9T 910 68°0- #9T ST'0 ¥60- €T ST'0 60T- 06T ¥#I°0 8CT- 0TCT %10 TYT- 9%C M — A
91'0 TL1- ¢oc ST'0 16'1- 8T'C SIT'0 00C- 9CC +1°0 16'1- 0CTC ¥1'0 10C- 1€CT €10 9CTC- €5C €10 ¢TLC- €6'C CI'0 Ol'C- ST¢€ H — A
¥1'0 L6'T- 69C +v1I'0 61C- 06T v1°0 6CC- 10°€ €10 0I'C- €8T €10 LI'C- €6'C €10 TFe- 0T¢ CI'0 L8C- 99¢ CI'0 +vT¢- €0y [ — A
600 €ST- TIS€ 600 ¥9T- L9€ 600 691- SL'€ 800 6ST- C9¢ 800 T9T- 0L€ L00 ¥LT- Te'€ L0OO 00C- ¢€% 900 CCC- L9% I — A
SO0 9TT- 6L'S SO0 ¥E€T- 86'S SO0 8C€T- CI'9 SO0 O€T- ¥6'S SO0 TI€T- 909 SO0 OV'I- T€9 +00 8ST- £L89 +00 SLT- LEL H — A
1C0 £L0- 180 0TO0 680- L80 0T0 €6'0- 160 610 S60- €60 8T'0 I0T- 860 8I'0 LIT'I- LOT LI0 L¥'1I- STT 910 CTLT- OVT M — &
00 LUT- €60 0C0 O0€T- 860 0C0 LET- COT 8T0 6€T- SOT 810 6¥'1- TI'T 10 0L1- C¢CT 910 OT'C- €'T 910 ¢€'¢C- 091 H — 4
0C0 €T'T- 00T 610 LTT- LOT 610 €€1- TIT'T 810 S€TI- €I'T 810 #¥'1- 0CTT L1'0 S91- T€T 910 +0C- SST SI0 9¢¢C- €L1 [ — 4
91’0 CI'T- STT 910 #TI- T€T 910 8CT- 9¢T ST'0 9CT- 9¢T #I'0 €€I- €'T +v1'0 6¥'1- SST €10 I8T1- 84T CI'0 L0C- 961 I —d
Y10 CU'T- 85T ¥#T°0 ¥CT- L9T +v1°0 8CTI- TLT €10 STI- TLT €10 0€T- 84T TI'0 SY'I- €T TI0 +v.T- 81'C 010 86'1- OVC ¥ — &
0T°0 TIST- LLT OT0 €91- 06C OT'0 89°1- L6CT 600 I9T- T6C 600 99T- 00€ 600 1I81- 0CT€ 800 80C- ¥S€ LOO C€C- 8¢ A—H
780 ¥E€I- 650 €80 6V'I- €90 +¥80 9S51- S90 S80 091T- L90 980 O0LT- TL0 680 T6'1- 8L0 €60 ¥€C- 160 860 14T COT M —nN
60'T +9'1- ¥9°0 OT'T 64'T- 890 IT'T Z81- 040 €I'T €6'T- TL0 SUT'T 90C- LLO0 61T TEC- +80 9TT T8CT- 860 ¢€€1 STE Ol H — N
160 €9°'1- L90 T60 8L1- 1.0 T6'0 98T- #L0 +6'0 I16'T- 9.0 960 SOC- 180 660 I€C- 680 SOT ¢8C ¥0'T CU'T ST LIU'T [ — N
€50 9LT- 640 ¥S0 06T- #80 ¥S0 86T- 980 SSO 66T- 830 LSO O0T'C- T60 850 S€T- T0T T90 €8T LI'T 990 ¢€T¢- 0T I — N
8C°0 88'1- €60 6C0 ¥0C- 860 6C0 I1C- 10T 620 TI'C- 10T 0€0 CCTCT- LOT 0€0 Lv'C- 9T'T 1€0 96'C- $E€T €€0 LEE- 6V T H — N
91’0 9€C- 9TT 910 SSC- €T 910 +9C- LET ST0 TYC- LET SO SLC- e&'1 #1°0 +0¢- 95T €10 6S€- 64T CI'0 ¥0¥- 86T A — N
0T'0 S6+- 6¥'¢c 600 9TS- L9C 600 8€S- SL'€ 600 ¥I'S- T9€ 600 8TS- L€ 800 99°6- 96'€ 800 LE9- 0¥y LOO0 S89- OLY & — N
Mswr  Jg  Op Hswx Hq Hp lsun g [ ) Ip ¥sux ¥g ¥p Aswx AQ Ap fsun 99  gp Nsun N9 0Np 10[0d
SI9)[Y UISNOL)-Uosuyo[ SUISN J0[0d JWIeIJ-18a1 *SA 77 / 7 9Y3 10 suone[ar [edrrodwry 4G A[qe],
LT0 €L°0- 9T LT'0 98°0- 8ST LI'0 160- +9T 910 680- ¥9T SIT'0 #6'0- €T SIT'0 60T- 06T #1°0 8E€I- 0CCT ¥1'0 C9T- 9T M — 4
910 1L'1- TOCT STO0 161- 81'C ST'0 00C- 9¢°C #1°0 16'1- 0CTC ¥1'0 T0C- I€T €10 9TC- €SC €10 CLC- €6C ¢TI0 OU'E- ST¢€ H — 4
Y0 L6'T- 69C ¥1°0 61C- 06C ¥1'0 6CC- 10€ €10 OL'C- €8C €10 LI'C- €6'C €10 ¢he- 0T CL'O0 L8CT- 99¢ CI'0 vTe- €0y [ —+4
600 €ST- IS€ 600 ¥9T- L9€ 600 691- SL'€ 800 6STI- T9¢ 800 I97T- 0L'¢€ L0O ¥LT- T6€ L0O 00C- C€V 900 TCT- L9% 2 — 4
S0°0 9TT- 64'S SO0 ¥E€I- 86'S SO0 8CT- CTI'9 SO0 0€I- ¥6'S SO0 TIET- 909 SO0 OF'I- T€9 +00 8ST- L89 +00 SLT- LEL =
1C0 LL0- 180 0CTO 680- 80 0TO0 £60- 160 610 S60- €60 810 TI0T- 860 8T'0 LU'T- LOT LI'O Lv'T- STT 910 CLT- ObT M — 6
020 LU'T- €60 0C0 0€T- 860 0C0 LE&TI- COT 8T0 6€T- SOT 810 64T~ TTT ZT°0 0LT- ¢CT 910 OT'C- €T 910 €¥¢- 09T H — 60
0T0 €T'T- 00T 61°0 ZTTI- LOT 610 €€T- TT'T 8T0 SET- €T 8T°0 #¥'1- 0CT L0 S9T- C€T 910 +0C- SST STO 9€¢C- €T r— 06
910 CU'l- STT 910 #CT- C€T 910 8TT- 9€T STO 9CT- 9€°T +10 €€T- €T $T0 64T~ SST €10 I8T- 84T CI'0 L0C- 96T =2 —0
YT0 TUI'T- 8ST 10 +TTI- L9T $T°0 8CT- ¢LT €10 SCT- TLT €10 0ST- 84T ¢I'0 S¥'I- €61 110 +LT1- 8T'C OT0 861- Ovc 2— 0
010 IST- LT 010 €9T- 06C OT'0 89T~ L6C 600 19T~ 16T 600 99T- 00€ 600 I8T- 0TE 800 80C ¥SE€ L0O TE€C- S8¢ +4— b
80 vE€I- 650 €80 6v'1- €90 +80 9S1- S90 S80 09'1- 290 980 0LT- TL0 680 T6'T- 8.0 €60 +v€C- 160 860 ILCT- TOT M —™
60'T +9'T- ¥9°0 OT'T 6L1- 890 IT'T L8T- 0L0 €I'T €6'1- TLO0 ST'T 90C- LL0 61T TEC- ¥80 9C1 €8T~ 860 €€1 SC¢- OI'T H— ™
160 €9T- L90 T6'0 8LT- TL0 T6O 98T- +vL0 ¥6'0 T6T- 9.0 960 SOCT- 180 660 1€C- 680 SOT ¢8C- +OT CI'T STE LI'T [ — ™
€50 9L'T- 640 ¥S0 06T- ¥80 ¥S0 86'T- 980 SSO 66T- 880 LSO OT'C- ¢60 850 SE€C- 10T T90 €8T LI'T 990 €T¢- 06T =z2—™m
870 88'1- €60 6C0 ¥0C- 80 620 I1'C- T0T 620 TI'C- TOT 0€0 <CCC- LOT 0€0 L¥T- 9T'T 1€0 96C- $€T €€0 LEE- 6’1 t— ™M
910 9€C- 9T'1 910 ST~ €€1T 910 +9C- LET ST'0 T9T- LET S0 SL'T- €1 $1'0 ¥0°€- 99T €10 6S¢- 64T CI'0 ¥0v- 86T 4 — ™M
010 S6%- 6F'€ 600 9T'S- L9€ 600 8ES- SLE 600 ¥I'S- C9€ 600 8T'S- TL'€ 800 99°S- 96C 800 LE9- Oy LOO S89- 0Ly O —n
dswr - g Jdp  Hswr  Hq Hp [swr E Ip 7w “q “p s q ‘v Jsuwux ‘q ip Ssuu ma %p  tswir "q p J0]0d

SINY GG(JS Sutsn 10[0d JWILI-1$3I “SA 7T / JT Y3 10F suonear [edtradwry :¢'G S[qe],



92 The relation between M | L ratio and color for massive quiescent galaxies

We indicate the effect of dust with the black arrow, assuming a Calzetti et al. (2000) dust
law and Ay = 0.5. For the Mgy, /Lg vs. rest-frame g — z color, we find that the dust vector
runs parallel to the model. Dust has, however, almost no affect on the rest-frame K band
luminosity and therefore runs nearly horizontal.

To quantlfy how well the Table 5.5: Scatter around SPS models with different metallicities
models match the data,
we calculate the scatter SPSModel M/L color Sub-Solar ~ Solar  Super-Solar
FSPS M/Lg g—=z 0.32 0.14 0.15
orthogonal to the model MILy 9K 078 021 018
tracks (rms,). For the BC03 M/Ly g-—= 0.24 0.15 0.14
three models with differ- M/Lx g-K 0.73 0.28 0.20
ent metallicities this scat- Mall M/Lg g-—=z 0.16 0.11 0.17
M/Ly g—K 0.34 0.33 0.19

ter is given in Table 5.5.

5.4.1 FSPS models

In Figure 5.5(a) we show the May /Ly V5. (g — 2)rese—frame color in combination with the
FSPS models. The difference between the solar (Z = 0.02) and super-solar (Z = 0.03) tracks
is small, whereas the sub-solar model is at all times too blue at fixed M /L. Both models
with solar and super-solar match thhe Mgy, /Ly and (g — 2)rest—frame color for low-redshift
galaxies (¢ < 1), but are unable to reproduce the low Mgy, /L, for the bluest galaxies with
(9 = #)rest—frame < 1. It is interesting to note that the scatter around the Solar metallicity
model (0.14, Table 5.5) is about similar to the scatter when assuming the linear fit (0.12,
Figure 5.3(b)).

In Figure 5.5(b) we show the Mgy, /Lx vs. the (g — K)rest—frame color. The FSPS model
tracks show a clear transition from a constant Mgy, / Lk for (g — K )rest—frame < 1.75, to a very
steep relation at (¢ — K ) est—frame > 1.75. The color difference between the solar (Z = 0.02)
and sub-solar (Z = 0.003) tracks is large (A(g — 2)rest—frame ~ 0.8) and more distinct as
compared to the rest-frame g—z color. The difference between solar and super-solar metallicity
tracks is small for the FSPS models, especially when compared to other models. The scatter
for the Super-Solar metallicity model (0.18) is similar to the scatter for the linear fit (0.20,
Figure 5.3(f)), even though the FSPS model track is far from linear.

As in Figure 5.5(a), we find that both solar and super-solar tracks are able to match
the low-redshift galaxies (2 < 1), but cannot simultaneously match the bluest galaxies with
(9 — K)rest—frame < 1.5 colors, for which the model M /L is too high.

5.4.2 BCO03 models

For the BCO3 models, the solar-metallicity track matches the low-redshift galaxies well for
the rest-frame optical colors (Figure 5.5(c)), but the M /L of the bluest galaxies is still over-
estimated by ~ 0.2 dex. The difference between the solar and super-solar metallicity tracks is
larger than for the FSPS models, but this is mainly due to the fact that the BCO03 super-solar
metallicity (Z = 0.05) track is significantly higher than the FSPS models (Z = 0.03). For
low-redshift galaxies in the SDSS, the super-solar (Z = 0.05) model predicts a M /L that is
too low by ~ 0.3 dex, while the scatter for the z > 0.5 data with the super-solar model (0.14)
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Figure 5.5: M / L vs. rest-frame color for the spectroscopic samples compared to the following SPS models: FSPS (top
row), BCO3 (middle row), and Mal1 (bottom row). The left column shows the My, / Lg V5. (¢ — 2)rest— frame » While

the right column shows the Myyn/ Lk vs. (9 — K)rest—frame - For each model we show three different metallicities:

solar metallicity (Z = 0.02, green), sub-solar metallicity (blue) and super-solar (red), and we indicate various model
ages on the tracks with different symbols: 0.1 Gyr (upside down triangle), 1.0 Gyr (circle), 3.0 Gyr (diamond), 10
Gyr (triangle). The effect of dust is indicated by the black arrow. We find that none of the models are able to match
both the rest-frame optical color and the rest-frame infrared color in combination with the M /L simultaneously.
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is almost the same as the scatter for the solar model (0.15). The sub-solar (Z=0.004) model
shows colors that are too blue at fixed Mgy, /L, at all times.

In Figure 5.5(d), there is a larger color separation between the three metallicity tracks as
compared to Figure 5.5(c). At fixed age the color difference in rest-frame g — K is approxi-
mately twice as large as the color difference in the rest-frame g — 2 color, indicating that the
first color provides a better constraint for metallicity (see also Bell & de Jong 2001). Inter-
estingly, the slope of the BC03 models remain almost linear for the rest-frame g — K color,
in contrast with the other two models. Neither solar nor super-solar tracks provide a good
match to all the data, but the super-solar metallicity track has significantly lower scatter than
the solar metallicity (super-solar=0.20 vs. solar = 0.28). While the solar metallicity model is
unable to reproduce the low M /L of the bluest galaxies, the super-solar metallicity model is
unable to reproduce the color and the M /L for SDSS galaxies.

5.43 Ma11 models

The Mall models are systematically different than the other models (Figure 5.5(e) and (f)).
The Mall models exhibit an "S-shaped" relation between the M /L and rest-frame color, in
particular for the g — K colors. The trend in the Mal1 models is such that for blue colors there
is a small increase in the M /L, whereas there is a steep nearly vertical upturn in the M /L at
late ages. It is interesting to note that the Mall solar metallicity track is able to match the
M /L and rest-frame g — z color of all galaxies. Furthermore, the Mall model shows the
lowest scatter as compared to the other models: rms = 0.11.

However, for the (¢ — K ) est—frame color the sub-solar and solar metallicity tracks provide
a poor match (Figure 5.5(f)). The Z = 0.02 model has a sharp increase in the M /L around
(9 — K)rest—frame ~ 1.4, after which it is too blue by ~ 0.5 mag compared to the data. The
super-solar metallicity model is able to match all galaxies at z < 1, but around 1 Gyr the
M /L is too low by ~ 0.2 dex.

5.4.4 Summary

All the models reproduce the general observed trend in M /L vs. rest-frame color. Even
though certain models with specific metallicity tracks match one M /L vs. color, none of the
models are able to simultaneously match the data in both the rest-frame g — 2 vs. Mgy, / Ly and
g—K vs. May, /Ly . In particular for FSPS and BCO3, the models are unable to match the low
M /L for the bluest galaxies in combination with the rest of the data. For the (¢ — 2) est—frame
color, the Mall models are able to predict the low M /L for the bluest galaxies at the same
time as the M /L for galaxies in the SDSS, with lower rms scatter as compared to the other
models. We furthermore find that the SPS models exhibit different relations between the
M /L and rest-frame color, most prominently visible in the rest-frame g — K color. The cause
for the discrepancies between the models and the data, but also among the different models,
can be due to several factors as there are a number of systematic differences in the SPS models.
It is beyond the scope of this Chapter to address these differences, but we refer the reader to
Conroy & Gunn (2010) for a recent comparison of several popular models.
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5.5 Constraints on the IMF

In the previous Section we found that the models reproduce the general observed trend, but
cannot match all the data. Adapting a different IMF could provide a solution to this problem.
The IMF influences the evolution and scaling of the M /L, while it has a smaller effect on the
color evolution (Tinsley 1972; 1980). Generally speaking, a bottom-heavy IMF (o > 2.35)
will give a flatter M /L vs. color relation as compared to a bottom-light IMF (o < 2.35). In
this Section, we explore the effect of the IMF on the different SPS models in the M /L vs.

color plane.

5.5.1 IMF comparison

We show the FSPS (top row) and BC03 (bottom row) models with four different realizations
of the IMF in Figure 5.6. We do not further explore the Mal1 models, because these models
with different IMFs were not available to us. In this section we use solar metallicity models
(FSPS Z = 0.0198; BC03 Z = 0.02), and a truncated SFH with a constant star formation
rate for the first 0.5 Gyr. The Salpeter IMF with slope oo = 2.35 is shown in blue and was the
assumed IMF in Figure 5.5. A bottom-light IMF with slope & = 1.35 is shown in green, the
bottom-heavy o = 3.35 IMF in red, and the Chabrier IMF in pink.

In Figure 5.6(a) we find that the FSPS model with the bottom-heavy IMF (o = 3.35)
has a M /L that is always too high and does not match any of the data. The steepest M /L
vs. color relation is predicted by the bottom-light IMF (o = 1.35). For the Salpeter and the
bottom-light IMF we measure a similar rms scatter (0.14-0.15), but both IMFs have a M /L
that is on average too high by ~ 0.1 — 0.2 dex. The Chabrier IMF has a very similar behavior
in the M /L vs. color plane as the Salpeter IMF, but with a lower M /L by about ~ 0.2 dex.
For the bluest galaxies the Chabrier IMF reproduces the low M /L, but the M /L is too low
by 0.2 dex for galaxies in the SDSS. Out of all four realizations of the IMF that we show in
Figure 5.6(a), we measure the least scatter for the Chabrier IMF (0.12 dex).

For the Mayy /Ly vs. (9 — K )rest—frame (Figure 5.6(b)), we find similar differences between
the IMFs as for the May/Lk vs. (g — 2)rest—frame (Figure 5.6(a)). The bottom-heavy IMF
(oo = 3.35) overpredicts the M /L by more than a dex and does not match any of the data.
Compared to the Salpeter IMF, we find that the bottom-light IMF has a steeper M /L vs.
color relation, with a steep vertical upturn around 3 Gyr. Interestingly, the Chabrier IMF is
able to match all data with very little scatter (0.15 dex).

In Figure 5.6(c), we show the BCO3 models with the four different realizations of the
IMF. Again, the bottom-heavy IMF does not match any of the data. The bottom-light and
Chabrier IMF both provide an excellent match to the intermediate and high-redshift data
with the least rms scatter (0.11 dex). However, the Chabrier IMF again predicts a M /L that
is slightly too low for the SDSS sample.

The bottom-light IMF which gave a perfect match for the Myyn/Lg vs. (§ — 2)rest—frame
however, does not provide a good match for the intermediate galaxies in the May,/Lxk vs.
rest-frame g — K color plane (Figure 5.6(d)). At (¢ — K )rest—frame > 1.4 the M /L of the
bottom-light IMF is on average too high by ~ 0.2 dex. The bottom-light IMF still provides
a better prediction than the Salpeter IMF with a respective rms of 0.20 vs. 0.29. Again, we
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Figure 5.6: M /L vs. rest-frame color: comparing IMFs with different slopes. We use FSPS (top row) and BC03
(bottom row) models with solar metallicity (Z = 0.02). The IMF is defined as a single power-law with slope a.
Different curves are IMFs with different realizations of a. While the FSPS do not favor an IMF with a = 1.35
(green) over o = 2.35, the BCO3 has less scatter for the IMF with av = 1.35 as compared to a = 2.35. Whereas a
Chabrier IMF is able to reproduce the low M /L for the bluest galaxies, it does not match the M /L of low redshift
SDSS galaxies in Panel (a) and (c). It does shows an excellent match to the data in Panel (b) and (d) with very little
scatter.
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find that the Chabrier IMF best matches all the data based on the rms scatter (0.17), but does
not provide a perfect match either.

Overall, we find that the BC03 model favors an IMF with a slope of a = 1.35 over an
IMF with o = 2.35, while for the FSPS models we find no statistical preference for one of
the two. We get an excellent match to the data with the FSPS model when using a Chabrier
IMEF for the rest-frame g — K color, but for the rest-frame g — z color this IMF underpredicts
the M /L for galaxies in the SDSS.

As we still have notiden-  Tuble 5.6: Scatter around SPS models with different realizations of the IMF
tified a model that can si-

multaneously match the SPS Model M /L color x=1.35 x=2.35 x=3.35 Chabrier

M/Lvs. (0 — ) FSPS M/Ly g—z | 015 014 067 0.12
c{ g? Jrest f“"T M/Lx g—K | 021 0.21 0.85 0.15

and (g = K)rese—frame Ol pog M/Ly g—= | 011 015 063 0.11

ors, we CXPIOTC 4 more €x- M/Ly g—K 0.20 0.29 0.85 0.17

otic IMF in the next Sec-

tion.

5.5.2 Broken IMF

As the M /L vs. color relation is mostly sensitive to the IMF around the main sequence
turnoff-point of stars in the HR-diagram, we experiment with a broken IMF, in which we
only vary the slope between 1M and 4M¢:

N
j—M o M=2%  for, [0.08 < M,/M < 1] (5.4)
AN )

N
SLM o M=235  for, [4< M,/ My < 100] (5.6)

One advantage of this approach is that different realizations of the IMF will cause the SPS
tracks to naturally intersect at late ages when most of the integrated light will come from
low-mass stars with M, < 1M,

Figure 5.7 shows the three different realizations of the IMF using Equation 5.5: a =
1.35 (green), & = 2.35 (blue, normal Salpeter), and o = 3.35 (red). As before, we use
solar metallicity models (FSPS Z = 0.0198; BC03 Z = 0.02), and a truncated SFH with a
constant star formation rate for the first 0.5 Gyr.

As expected, in Figure 5.7(a) we find that the different tracks now all match the oldest
z ~ 0 SDSS galaxies. This Figure also clearly shows that the M /L vs. color relation becomes
increasingly steep with decreasing slope of the IMF. We find that the FSPS model with a =
1.35 IMF is able to reproduce the low M /L for the bluest galaxies and matches all the other
data as well, with very little scatter (rms=0.11). Furthermore, the broken IMF with o = 1.35
provides a better match to the data than the IMF with slope o = 2.35. The bottom-heavy
IMF matches the highest M /L galaxies, but for all galaxies bluer than (g — 2)rest—frame < 1.2
the model M /L is still too high. Most interestingly, in Figure 5.7(b) the FSPS model with
a = 1.35 IMF matches all the data for the May,/Lx vs. (9 — K)rest—frame With very little
scatter (rms=0.15).
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Figure 5.7: M / Lratio vs. rest-frame color for an IMF with different slopes between 1 and 4 M. Below 1M and
above 4M ), this IMF has a Salpeter slope, as defined according to Equation 5.5. We use FSPS (top row) and BC03
(bottom row) models with solar metallicity (Z = 0.02). Based on the rms scatter, the models favor an IMF with a
slope of @ = 1.35 over a = 2.35. The FSPS model with a broken IMF of oo = 1.35 is able to reproduce both the
M/Lvs. g — z and g — K rest-frame color.



5.6 Discussion and comparison to previous studies 99

[ , B
—_ o 1 ~ [ 20
X 1.0 i , é 1.0 /
— / d y
\9 / ® Ve
S 05 y 2 s Q
i o 0 1 o T or 1
2 7 P P,_‘nn wn ’ <P
sl /agt® f / mmpdn
~ 00 /@og © ] 2 oo} L oS PWREETE
] F ) % s
= I o""'% = ° :/
S - o’ S
o0 | . / oy 4
=05 o 1 < 0s5F L7 i
1 // 1 1 a) va 4 1 1 | L b)
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 2.5
( g-z )rest-f‘rame SED ( g_K )rest»ﬁ"ame SED
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In Figure 5.7(c) we show the BC03 models with different realizations of the broken IMF.
The broken IMF with o = 1.35 matches all the data from 2z ~ 2 to 2 ~ 0. However,
for the Mgy, /Lx vs. (9 — K)rest—frame color this IMF over-predicts the M /L by ~ 0.2 dex
(Figure 5.7(d)). Therefore, based on the rms scatter, we conclude that both the FSPS and
BC03 models

favor a slope of the bro-

Table 5.7: Scatter around SPS models with different realizations of the broken
ken IMF of « = 1.35 IMF
over « = 2.35. We note

that the FSPS model SPSModel M/L  color | x=135 x=2.35 x=335
with a broken IMF of FSPS M/Ly g—=z 0.11 0.14 0.24
a = 1.35 is the only M/Ly g-—K | 015 0.21 0.35

delth d BCO3 M/Ly g—z | 012 015 028
moael that can I'CpI'O uce M/LK g— K 0.24 0.29 0.45

both the M /L vs. g —
z and g — K rest-frame
color.

5.6 Discussion and comparison to previous studies

5.6.1 SED derived M/L

To investigate the implication of the results, we first compare our relation of Mgy, /L vs. rest-
frame color to the relation of (M, /L)sgp vs. rest-frame color. The (M, /L)sgp has been de-
termined by fitting solar metallicity BCO3 models to the full photometric broad-band dataset
(see Section 5.2.2). We show the results for our sample in Figure 5.8. In Figure 5.8a we com-
pare the (M, /Lg)sgp vs. rest-frame g — 2 color with our best-fit dynamical relation from
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Section 5.3.2 (dashed line). As expected, the galaxies lie along a tight sequence. We note,
however, that the best-fit dynamical relation is steeper. This difference in the steepness of
the relation is consistent with the fact that the BC03 model tracks do not quite track the
trends of Figure 5.5(c). Figure 5.8b shows the (M. /Lk)sep vs. (¢ — K)rest—frame- 1he de-
rived (M., /Lx)sep show a rather complex trend with (¢ — K)rest—frame color. This complex
trend is similar to the trends for the FSPS (Figure 5.5(b)) and Mall (Figure 5.5(f)) SPS
models.

'The mismatch between the (M. /Lg)sep (using the BCO3 models) and the Mgy, /L, is
highlighted in Figure 5.9, where we compare the two estimates directly. In the case that the
dynamical M /L corresponds well to the SED based M /L, we expect to see a one-to-one
linear relation (dashed line) with potentially a constant offset due to dark matter or low-
mass stars. However, Figure 5.9 shows a relation that has a shallower slope than the dashed-
line, such that galaxies with a lower M /L are further offset from the one-to-one relation.
This non-constant offset is simi-

lar to the results by van de Sande T T T T 7
et al. (2013), in which we showed ~ 1.0f 7]
that M, /My, changes slightly as $ L7

a function of redshift, where the ) ’

z ~ 2 galaxies had the high- = o5k L7 ]
est M,/ Mgy,. However, as red- % ’ P o:‘i’* °
shift, color, and Mgy, /L are cor- n P nn & o
related in our sample (see Fig- 5’” ook ",;l'?j ,[3.° LT 1
ure 5.2(a) and (c)), the M. /May, S o /no & £

trend with redshift could also be S o"(”)

caused by the non-constant off- % e’

set in (M, /Lg)sep vs. Mayn/ L. — 051 4 ]
Without additional information - \

(e.g., high signal-to-noise spec- -0.5 0.0 0.5 1.0
troscopy) it is hard to estab- log;) My, / Ly Me/Le )

lish whether the trend is driven g <o 0/ /7 fom SED fits vs. the Mggn/ Lg. The M /L ratios
by galaxy structure evolution/dark  pave been determined by fitting solar metallicity BCO3 models to the
matter fraction evolution, IMF full broad-band data. We find a non-linear relation, which could be
variations (Section 5.5), or dis- due toan evolving dark matter fraction or IMF variations.

crepancies in SPS models.

5.6.2 Intrinsic scatter

From the Mgy, /Ly vs. (9 — 2)rest—frame color relation, we find that we can predict the M /L of
a galaxy with an accuracy of ~ 0.26 dex. However, our dynamical M /L estimates suffer from
large (systematic) uncertainties. To quantify the intrinsic scatter in the relation, we calculate
the fraction of the scatter induced by uncertainties in the size, and velocity dispersion mea-
surements. As the formal errors on the rest-frame colors are small (< 0.01 mag), the scatter
will be dominated by errors in the dynamical mass. From Monte-Carlo simulations, we find
that 0.11 dex of the 0.26 dex scatter can be explained by measurement uncertainties. Thus
our intrinsic scatter in the Mgy, /Lg vs. (g — 2)rest—frame relation is 0.22 dex. However, if the
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(systematic) errors on the rest-frame colors are larger, for example ~ 0.1 mag, the intrinsic
scatter would be 0.14 dex.

We furthermore consider the fact that a single color might not provide an accurate con-
straint and that the full broad-band SED fit yields a tighter relation. We use the SED derived
stellar M /L (see also Section 5.6.1) to estimate the scatter when using the full broad-band
dataset. We find a mean ratio of M, /Mgy, = —0.20 with an rms scatter of 0.20 dex. This
scatter of 0.20 dex suggests that a single color (which had a M /L accuracy of 0.26 dex) only
provides a slightly worse M /L prediction as compared to full broad-band SED fitting.

5.6.3 Comparison to literature

5.6.3.1 Single-burst SPS models

The evolution of the rest-frame K-band M /L out to z ~ 1 was measured for the first time by
van der Wel et al. (2006), for a sample with a small dynamic range of approximately ~ 0.4 dex
in M /Lk. They concluded that single-burst BC03 models with a Salpeter IMF were offset
with respect to the data and that the Ma05 models with a Salpeter IMF provided the best
match. While we come to a similar conclusion for the BC03 models, we still find a large
offset between the data and the Maraston models with a Salpeter IMEF, as the Maraston solar
metallicity tracks are too blue by 0.5 mag in rest-frame g — K. The different conclusion can
be explained by the fact that van der Wel et al. (2006) used relative M /L and colors, while
we only use absolute values. We could not find other direct comparisons between Mgy, /L vs.
color relations and SPS models in the literature.

5.6.3.2 Star-forming galaxies and extended SFH

The relation between M /L vs. color was first explored by Bell & de Jong (2001) for spiral
galaxies. They used an early version of the BC03 models, and found that the B — R provided a
good estimate of the M /L. Follow up work by Bell et al. (2003) used the Pegase SPS models
with more extended SFHs to estimate SED based M /L, which were then used to derive
observationally-constrained M /L vs. color relations. They found that the optical M /L vs.
color relations were in good agreement with Bell & de Jong (2001), but they found a shallower
slope in the NIR M /L vs. color relation due to unaccounted metallicity effects. Zibetti et al.
(2009) used the latest SPS models from Charlot & Bruzual (in Prep.) to directly derive the
M /L vs. color relation from the model. Similar to the results by Gallazzi & Bell (2009) they
found a steeper slope of in the M /L; vs. (g — %) rest—frame relation as compared to Bell et al.
(2003). Using BC03 models Taylor et al. (2011) follow a similar method as Bell et al. (2003)
and found that slope for the M /L; vs. (g — ) relation is steeper than Bell et al. (2003), but
shallower than Zibetti et al. (2009).

In this chapter, we found that the slope for the M /L; vs. rest-frame (g — ¢) relation is
considerably steeper than in previous work (e.g, Bell et al. 2003; Zibetti et al. 2009; Taylor et
al. 2011). The difference is easily explained as the M /L vs. color relations in these studies were
derived from samples that include star-forming galaxies, with variable (exponentially declin-
ing) star formation histories, and dust. This naturally leads to a shallower slope. In addition,
we found in Section 5.4 that most model tracks predict a shallower relation as compared to our
dynamical data. If this trend is indeed caused by stellar population effects, it would imply that
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the masses of star forming galaxies need recalibration, and may have systematic uncertainties
at a level of 0.2 dex.

5.6.4 Constraints on the IMF

Several authors have constrained the IMF's using a differential analysis of color evolution
against M /L evolution, inspired by early work by Tinsley (1972; 1980). van Dokkum (2008a)
used galaxies in clusters at 0 < z < 0.8 and found an IMF slope around 1M of o =
0.7f8:§. Holden et al. (2010) used a larger sample, and analyzed the evolution at fixed velocity
dispersion, and found an IMF slope of v = 1.940.2. van Dokkum & Conroy (2012) repeated
this analysis with the latest population models (Conroy & van Dokkum, 2012) and found a
slope of @ = 1.81 & 0.27. Although the techniques used by these authors are quite different,
the results are quite similar to those presented here. However, with our larger range in M /L
and rest-frame color, we find that the variations between different models with the same IMF
are larger than the variations due to the IMF with the same model. Therefore, with the current
models it is still hard to put a robust constraint on the IMF.

5.6.5 Dark matter

In this chapter we use dynamical mass estimates for calculating the M /L. The dynamical mass
includes both stellar mass and dark matter mass, but to this point we have ignored the con-
tribution of dark matter to the dynamical mass. At low-redshift the dynamical to stellar mass
fraction is approximately a factor of 1.6 within one effective radius, due to the contribution
of dark matter to the total mass. If we include dark matter in the M /L of the models, this
fraction would shift all curves in Figure 5.5-5.7 vertically up by ~ 0.2 dex. This shift would
not solve the discrepancies between the models and the data, because the discrepancies are in
the slope and cannot be solved by a constant offset (see Figure 5.9).

However, whether the dark matter fraction within one r. is constant over time is still
subject to debate. The size growth of massive quiescent galaxies may result in an increase of
the dark matter to stellar mass fraction within one re, because the dark matter profile is less
steep than the stellar mass profile (see also Hilz et al. 2013). Thus, the dark matter fraction
within one r. may increase over time. In van de Sande et al. (2013), we indeed find a hint
of an evolving dark matter fraction, i.e., the median M, /Mgy, is higher by 50% at z > 1.5
compared to massive SDSS galaxies (M. /Mgy o< (14 2)%17£0-011) From hydrodynamical
simulations, Hopkins et al. (2009) find that for galaxies with M, ~ 10!, the stellar to dy-
namical mass (M, /Mg,y) at z ~ 2 is lower by 0.1 dex. Thus, if we correct for an evolving dark
matter fraction the M /L for high-redshift galaxies would decrease by approximately 0.1 dex
and for SDSS galaxies by about 0.2 dex. As this correction decreases the slope of the empirical
M /L vs. color relation, it would make the slope of the data more consistent with a Chabrier

(oo = 2.35) IMF (see Figure 5.6).

5.6.6 Metallicity & complex star formation histories

In the comparison of the models with the data, we used model tracks with single metallicities.
As galaxies grow in size and mass over time, for example through minor mergers, metallicity
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may also evolve as the satellite galaxies have lower metallicities (e.g., Gallazzi et al. 2005;
2014; Choi et al. 2014). The core will likely keep the same metallicity, while the metallicity in
the outskirts may decrease (Greene et al. 2013; Montes et al. 2014). Without additional data
(e.g., resolved images and spectroscopy) we cannot quantify this effect.

Furthermore, we have assumed a single SFH for all galaxies. While massive galaxies in
general are thought to have simple SFHs, for individual galaxies the SFH could be far more
complex due to merging events. The fact that we find that none of the SPS models are able to
simultaneously match all the data for both the rest-frame optical and NIR data could imply
that the effect of a complex SFH is more important than assumed here.

5.6.7 Systematic sample variations

While the approach of using a mass selected sample has provided us with many insights it is
clear that for comparing the M /L of galaxies at different redshifts, this static mass selection
could introduce a bias. Recent studies find that several properties of massive quiescent galaxies
may change over time: they were smaller than their present-day counterparts (e.g., Daddi et
al. 2005; Trujillo et al. 2006; van Dokkum et al. 2008b; Franx et al. 2008; van der Wel et al.
2008; and numerous others), their stellar masses increase by a factor of ~ 2 from z ~ 2 to
z ~ 0 (e.g., van Dokkum et al. 2010, Patel et al. 2013), and the effective velocity dispersion
may also decrease (e.g., Oser et al. 2012; van de Sande et al. 2013). Thus, our samples and
measurements at different redshifts may not be directly comparable.

A possible additional complication is progenitor bias (e.g., van Dokkum & Franx 1996;
2001): the number density of massive galaxies changes by a factor of ~ 10 from z ~ 2 to
z ~ 0 (Muzzin et al., 2013b). Thus, a substantial fraction of the current day early-type galaxies
were star-forming galaxies at z ~ 2 (see also van der Wel et al. 2009). If the properties of
the descendants of these z ~ 2 star-forming galaxies are systematically different from the
descendants of the quiescent galaxies at z ~ 2, the simple single burst SPS models which we
used here may produce a biased result.

5.7 Conclusions

In this chapter, we have used a sample of massive galaxies (> 10! M) out to z ~ 2 with
stellar kinematic, structural, and photometric measurements. The primary goals of this chapter
are to study the empirical relation between the dynamical M /L and rest-frame color, assess
the ability of SPS models to reproduce this relation, and study the effect of the IMF on the
M /L vs. color relation.

We find that our sample spans a large range in M /L: 1.8 dex in rest-frame log Mayy /Ly,
1.6 dex in log Mgy, /Lg, and 1.3 dex in log Mgy, /L. As expected for a passively evolving
stellar population, we find a strong correlation between the M /L for different bands and rest-
frame colors. For rest-frame optical colors, the correlation is well approximated by a linear
relation, and we provide coeflicients of the linear fits for a large number of M /L vs. color
correlations. The root-mean-square scatter in the log Mgy, /L residuals is ~ 0.26 dex. Thus,
these relations are ideal for estimating masses for quiescent galaxies with an accuracy of ~ 0.26
dex.
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We compare a combination of two M /L vs. rest-frame color relations with stellar popu-
lation synthesis (SPS) models by Bruzual & Charlot (2003), Maraston & Strémbick (2011),
and Conroy et al. (2009). Under the assumption of a Salpeter initial mass function (IMF),
none of the SPS models are able to simultaneously match the data in May, /Ly vs. (g —
Z)restfframe color and Mdyn/LK Vs. (9 - K)restfﬁ'ame color.

By changing the IMF, we test whether we can obtain a better match. IMFs with different
slopes are still unable to simultaneously match the low M /L of the bluest galaxies in combi-
nation with the other data. While a Chabrier IMF underpredicts the M /L for z ~ 0 SDSS
galaxies in the Mgy, /Lg vs. (§ — 2)rest—frame, it provides an excellent match to all other data.

We also explore a broken IMF with a Salpeter slope at < 1M and > 4M, and we find
that the models favor a slope of & = 1.35 over a = 2.35 in the intermediate region, based
on the rms scatter. This time, the FSPS model with an IMF slope of & = 1.35, is able to
simultaneously match both the M /L vs. (¢ — 2)rest—frame 20d (g — K ) rest—frame-

The combination of the M /L and color is a powerful tool for studying the shape of the
IMF near 1 M. However, this work shows that the variations between different SPS mod-
els are comparable to the variations induced by changing the IMF. There are several caveats
which may change our data or models tracks, among which an evolving dark matter fraction,
an evolving metallicity, complicated star formation histories, and an evolving mass-selection
limit. More complete and higher resolution empirical stellar libraries, improved stellar evo-
lution models, and larger spectroscopic samples at high-redshift, are needed to provide more
accurate constraints on the IMFE.
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Dawn of the Red and Dead

Stellar Kinematics of Massive Quiescent Galaxies out to z = 2

De titel van dit proefschrift refereert naar de opkomst van rode en dode sterrenstelsels in het
jonge heelal. Het bestuderen van deze passieve en massieve sterrenstelsels is van groot belang
om het ontstaan en de evolutie van sterrenstelsels beter te begrijpen. Het licht van deze rode
en dode sterrenstelsels werd uitgezonden toen het heelal slechts 3 miljard jaar oud was en is
ongeveer 11 miljard jaar onderweg geweest. De ontdekking van deze sterrenstelsels verbaasde
vele astronomen, vooral omdat ze veel kleiner in afmeting waren dan gedacht.

In dit proefschrift worden deze recente bevindingen kritisch bekeken, in het bijzonder de
massabepalingen van deze sterrenstelsels. Er wordt gebruik gemaakt van een techniek waar-
mee de gemiddelde beweging van sterren in een sterrenstelsel getraceerd kan worden, ook
wel stellaire kinematica genoemd. Uit deze kinematische informatie blijkt dat rode en dode
sterrenstelsels in het jonge heelal erg massief zijn, maar dat ze qua afmeting en structuur erg
verschillen van sterrenstelsels in het nabije heelal.

De Melkweg

Op een heldere, donkere nacht kun je aan de hemel een zwakke, witte band zien die zich
uitstrekt van horizon tot horizon: de Melkweg. Galileo Galilei ontdekte in de 17 eeuw met één
van de eerste telescopen, dat deze witte wolk uit duizenden sterren bestond. Immanuel Kant
kwam met het idee dat de Melkweg een sterrenstelsel is. Kant zag de Melkweg als een grote,
roterende schijf van duizenden sterren die bijeen wordt gehouden door de zwaartekracht. Hij
was geinspireerd door het werk van Nicolaus Copernicus, de eerste astronoom die postuleerde
dat de Aarde om de Zon draait.

Waarnemingen met de eerste telescopen lieten zien dat er behalve sterren ook diffuse ne-
vels aan de hemel staan; dit zijn nevels die onregelmatig van vorm zijn. Kant stelde voor dat
deze nevels individuele sterrenstelsels waren, net als de Melkweg. De astronoom Charles Mes-
sier stelde de eerste catalogus van deze nevels samen. De Andromeda Nevel, of Messier 31, is
één van de bekendste objecten uit zijn catalogus. Deze catalogus werd onder meer uitgebreid
door William Herschel en Earl of Rosse. Ondanks deze nieuwe waarnemingen, konden de
astronomen niet bewijzen dat deze nevels sterrenstelsels waren.

Pas in 1922 bewees Edwin Hubble dat deze nevels zich buiten de Melkweg bevinden,
wat een grote doorbraak was. Hij maakte slim gebruik van sterren die variabel zijn in helder-
heid. Hij kon daarmee laten zien dat de Andromeda Nevel zich op een afstand van ongeveer

één miljoen lichtjaar van de Aarde bevindt, ver verwijderd van de Melkweg. Sinds Hubble's
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Figuur 5.10: Een voorbeeld van een elliptisch sterrenstelsel (/inks, Abel-S0740) en een spiraalvormig sterrenstelsel
(rechts, M101). Bron: NASA, ESA, en The Hubble Heritage Team (STScI/AURA).

ontdekking zijn miljoenen nieuwe sterrenstelsels waargenomen, waarvan ook de afstand is
bepaald. Bijna honderd jaar later is onze kennis over sterrenstelsels enorm toegenomen.

Elliptische en spiraalvormige sterrenstelsels

Waarnemingen in de nabije omgeving van de Melkweg laten een grote verscheidenheid aan
sterrenstelsels zien. De introductie van een classificatiesysteem voor sterrenstelsels is een an-
dere grote bijdrage van Hubble aan de wetenschap. Hij onderscheidde grofweg twee types:
elliptische en spiraalvormige sterrenstelsels (zie Figuur 5.10).

Elliptische stelsels zijn ronde of langwerpige objecten met een egale, rode lichtverdeling.
Spiraalvormige stelsels zijn platte schijven met daarin een centrale verdikking of bulge. De
schijf bestaat uit stof en blauwe sterren, terwijl de bulge voornamelijk rode sterren bevat. Een
grote centrale balk, die zich soms uitstrekt tot ver in de schijf, komt bij spiraalvormige stelsels
vaak voor. Op basis van deze classificatie kwam Hubble tot de conclusie dat sterrenstelsels
beginnen als ronde elliptische stelsels die uitgroeien tot spiraalvormige stelsels. Tegenwoordig
denken astronomen het tegenovergestelde: elliptische stelsels ontstaan uit botsingen van twee
spiraalvormige stelsels. Deze paradigmaverschuiving komt onder andere voort uit onderzoek
naar de sterpopulaties in sterrenstelsels en door het meten van de fundamentele eigenschappen
van stelsels, zoals grootte en massa.

Een sterrenstelsel, zoals de Melkweg of Andromeda, bestaat uit gemiddeld 500 miljard tot
1000 miljard sterren. Sterren komen voor in allerlei vormen en maten; daarom is het cruciaal
voor het bestuderen van sterrenstelsels om gedetailleerde kennis op te doen over de grote
verscheidenheid aan sterren. Blauwe sterren zijn vaak massief en hebben een hoge lichtkracht
(of helderheid). Daartegenover hebben ze een korte levensduur: een paar miljoen jaar. Rode
sterren hebben doorgaans een lagere massa en zijn minder helder, maar leven lang: tientallen
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miljarden jaren. Een jonge populatie sterren is daarom voornamelijk blauw, een oude populatie
sterren is rood. De massa van sterren wordt uitgedrukt in eenheden relatief tot de Zon. De
zwaarste sterren hebben een massa van 100 keer onze Zon (100M ), terwijl de lichtste sterren
tien keer lichter zijn dan de Zon (0.1M). Bij metingen aan grote hoeveelheden sterren in de
Melkweg, komt naar voren dat lichte sterren duizenden malen vaker voorkomen dan zware
sterren.

De kleur van een sterrenstelsel geeft ons inzicht in de populatie van sterren die daar voor-
komt. Elliptische stelsels zijn gemiddeld rood, wat er op duidt dat ze opgebouwd zijn uit oude
sterren met weinig massa. De rode kernen van spiraalvormige stelsels bestaan dus ook uit oude
sterren met weinig massa, maar de spiraalarmen van deze stelsels zijn blauw, wat betekent dat
er hoofdzakelijk jonge, massieve sterren voorkomen.

De kleur van een sterrenstelsel vertelt ons ook hoeveel nieuwe sterren er recent zijn "ge-
boren". Op het moment dat er geen nieuwe sterren geboren worden, noemen we een stelsel
passief of dood. Hoe blauwer het sterrenstelsel, hoe meer nieuwe sterren bij de bestaande
populatie zijn gekomen. De rode kleur van elliptische stelsels laat zien dat de laatste nieuwe
sterren lang geleden zijn gevormd. Dit geeft ze de bijnaam: rood en dood.

Naast de kleur van een sterrenstelsel is ook de totale helderheid van groot belang om
sterrenstelsels goed te kunnen analyseren. Deze helderheid laat zien hoeveel sterren zich in
een sterrenstelsel bevinden. Hieruit kunnen we afleiden hoe zwaar een sterrenstelsel is. Deze
manier van massabepaling is gecompliceerd, omdat blauwe sterren vele malen helderder zijn
dan rode sterren. Het is echter de combinatie van kleur en totale helderheid die astronomen
genoeg informatie geeft om tot een nauwkeurige massabepaling van een stelsel te komen.

In Figuur 5.11 zijn metingen van de Sloan Digital Sky Survey (SDSS) weergegeven. Door
de immense schaal van deze survey heeft de sterrenkunde grote stappen kunnen zetten in
extragalactisch onderzoek. Deze Figuur laat de kleur tegen de massa van sterrenstelsels zien
in het huidige heelal. Naast het feit dat elliptische en spiraalvormige stelsels een andere vorm
hebben, namelijk rond en plat, blijkt uit Figuur 5.11 dat deze twee type stelsels ook drastisch
verschillen in massa en kleur. Elliptische stelsels zijn gemiddeld bijna tien keer zwaarder dan
spiraalvormige stelsels. De duizenden elliptische stelsels uit de SDSS vormen samen de red
sequence, de spiraalvormige stelsels vormen samen de &/ue cloud. Het feit dat de twee soorten
sterrenstelsels een duidelijke tweedeling vertonen, suggereert dat ze ook een uiteenlopende
ontstaansgeschiedenis hebben. Deze tweedeling wordt bimodaliteit genoemd.

De ontdekking van de bimodaliteit leidt tot de fundamentele vraag binnen het extraga-
lactisch onderzoek: waardoor wordt deze bimodaliteit veroorzaakt? De botsingen tussen spi-
raalvormige stelsels zijn volgens de huidige theorie verantwoordelijk voor de overgang naar
de elliptische vorm. Elliptische sterrenstelsels zijn dus het eindproduct van deze botsingen.
Dit roept twee vragen op. Zorgen deze botsingen ook voor het stopzetten van stervorming in
elliptische stelsels? En wanneer hebben deze botsingen plaatsgevonden?

Als de elliptische vorm de laatste fase van de evolutie van sterrenstelsels is, dan zijn dit
de stelsels die extra onderzoek verdienen. Maar elliptische stelsels in het huidige heelal zijn
net als fossielen: ze geven ons voornamelijk informatie van vlak voor hun dood. Om een goed
beeld te krijgen van de ontwikkeling van sterrenstelsels zouden we niet alleen moeten kijken
naar het eindproduct. Wat we willen, is sterrenstelsels in elke fase van hun evolutie bekijken.

Sterrenkunde is terugkijken in de tijd. De lichtstralen van een object dat ver weg staat in
het heelal, doen er een tijd over om bij ons te arriveren. Het licht van de Zon, bijvoorbeeld,
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Figuur5.11: Bimodaliteit in de populatie van sterrenstelsels. Elliptische sterrenstelsels zijn gemiddeld roder en zwaar-
der dan spiraalvormige sterrenstelsels. Elliptische stelsels vormen de rode reeks, terwijl spiraalvormige stelsels zich in
de blauwe wolk bevinden. Bron.: Schawinski et al. 2014.

doet er zo'n acht minuten over om bij de Aarde te komen. Het licht van het Andromeda stelsel
doet er 2,5 miljoen jaar over. Het licht van verstaande sterrenstelsels is dus lang onderweg en
bijzonder oud. Verder weg kijken is terug kijken in de tijd. Als we sterrenstelsels observeren
op een steeds grotere afstand, dan is het mogelijk om sterrenstelsels te zien in hun jonge jaren.
Deze methode wordt gebruikt om de verschillende evolutionaire fases van sterrenstelsels te
bestuderen.

Vorming van sterrenstelsels

De huidige theorie over de vorming van sterrenstelsels begint bij de oerknal, 13,8 miljard jaar
geleden. Deze tijdsperiode net na de oerknal wordt door astronomen het jonge heelal ge-
noemd. Uit waarnemingen blijkt dat het jonge heelal homogeen en isotroop was: het bezat op
iedere plaats dezelfde eigenschappen (homogeen) en het zag er op grote schaal in alle richtin-
gen hetzelfde uit (isotroop). Dit staat bekend als het kosmologische principe. Dit is aangetoond
met metingen van de kosmische achtergrondstraling (zie Figuur 1.1). Uit deze metingen blijkt
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ook dat er ook kleine fluctuaties bestaan. Juist deze kleine fluctuaties groeien in de loop der
tijd uit tot sterrenstelsels.

Sterren, planeten, en ook de mens zijn opgebouwd uit zichtbare materie, maar donkere ma-
terie zorgt voor de vorming van de eerste sterrenstelsels. Donkere materie is een hypothetische
soort materie in het heelal die niet direct waarneembaar is. Toch zijn astronomen overtuigd
van haar bestaan. Het voornaamste bewijs komt van indirecte zwaartekrachtmetingen in ster-
renstelsels. Donkere materie is overal in het heelal aanwezig en beslaat grofweg vijf keer meer
massa dan zichtbare materie. In de huidige theorie ontstaan sterrenstelsels in grote, bolvor-
mige wolken of alo’s van donkere materie. Binnen een halo kunnen in de loop van de tijd
de eerste sterren ontstaan uit grote wolken van gas door middel van zwaartekracht. Daarna
groeien deze eerste sterrenstelsels als gevolg van onderlinge botsingen uit tot steeds grotere en
zwaardere sterrenstelsels.

Observaties van sterrenstelsels in het jonge heelal

Het ontdekken van sterrenstelsels op steeds grotere afstand is één van van de grootste uit-
dagingen van de sterrenkunde. Een grotere afstand betekent een grotere ferugkijksijd. Het
ontdekken van sterrenstelsels in het jonge heelal wordt gecompliceerd door de volgende drie
zaken.

Ten eerste wordt het licht van sterrenstelsels zwakker als ze op grote afstand staan. Om
dezelfde kwaliteit waarnemingen te verkrijgen als voor sterrenstelsels in het nabije heelal zijn
steeds grotere telescopen nodig en camera's die telkens lichtgevoeliger zijn. De Very Large
Telescope (VLT) met een spiegeldiameter van 8,2 meter en de Keck telescopen met een spie-
geldiameter van 10 meter zijn hier voorbeelden van.

Ten tweede worden sterrenstelsels ogenschijnlijk kleiner als ze op grote afstand staan.
In theorie zijn huidige telescopen en camera's goed genoeg om sterrenstelsels in het jonge
heelal te onderscheiden. Turbulentie in de atmosfeer van de Aarde maakt de waarnemingen
echter troebel. Een mooi twinkelende sterrenhemel is voor astronomen een ramp omdat er bij
dergelijke condities geen scherpe beelden gemaakt kunnen worden. Eén van de oplossingen
is observeren vanuit de ruimte met een satelliet zoals de Hubble Space Telescope.

Ten derde hebben we een spectrum nodig om een afstand te kunnen meten tot een ster-
renstelsel. Een spectrum geeft aan wat de intensiteit of helderheid van het licht is bij een
bepaalde golflengte of kleur. Een klassiek voorbeeld van een spectrum is wit licht dat door
een prisma gebroken wordt in de kleuren van de regenboog. In het een spectrum heeft blauw
licht een korte golflengte, terwijl rood licht een lange golflengte heeft. Het spectrum van een
sterrenstelsel is opgebouwd uit de individuele spectra van vele miljarden sterren. Jonge sterren
schijnen vooral in het ultraviolette en blauwe deel van het spectrum, terwijl oude sterren vooral
rood licht uitstralen. Figuur 5.12a laat de spectra zien van een jong en oud sterrenstelsel in het
nabije heelal. Het spectrum van het jonge sterrenstelsel piekt in het ultraviolet en het spectrum
van het oude sterrenstelsel wordt gedomineerd door geel en rood licht. In de Figuur zie je dat
de spectra kleine dipjes vertonen, dit noemen we absorptielijnen. Op deze golflengtes wordt
het licht geabsorbeerd door atomen en moleculen. De absorptielijnen geven astronomen extra
informatie over de leeftijd en afstand van een sterrenstelsel.

Het heelal is aan het uitdijen sinds de oerknal. De golflengte van het licht van verstaande
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Figuur 5.12: Modelspectra van twee sterrenstelsel op lage (/inks) en hoge roodverschuiving (rechts). Links: Twee
verschillende spectra van een jonge sterpopulatie die piekt in het ultraviolet, en een oude sterpopulatie waarvan
het spectrum wordt gedomineerd door geel en rood licht. Rechzs: Dezelfde spectra, maar nu zoals we deze zouden
waarnemen als de sterrenstelsels op hoge roodverschuiving zouden staan. De piek van het jonge stelsel is verschoven
van 100 nanometer naar 300 nanometer. Het oude stelsel straalt nu vooral in het Nabije-Infrarood.

sterrenstelsels wordt opgerekt door deze expansie van het heelal. Dit effect is vergelijkbaar
met het Dopplereffect voor geluidsgolven: denk aan de sirenetoon die verandert bij een am-
bulance die met hoge snelheid langs ons rijdt. Door de hoge snelheidsverandering worden de
geluidsgolven uitgerekt, waardoor de toon van het geluid lager wordt. Op vergelijkbare wijze
verandert ook de golflengte van het licht van sterrenstelsels als ze op grote afstand staan. De
uitdijing van het heelal zorgt ervoor dat de verste sterrenstelsels zich met grote snelheid van
de Aarde af bewegen. Hoe verder weg een sterrenstelsels staat, des te sneller het zich van ons
verwijdert. Het licht van zo'n sterrenstelsel wordt hierdoor verschoven naar langere golfleng-
tes en dus naar het rode deel van het spectrum. Dit effect heet roodverschuiving. Een nabij
stelsel heeft een lage roodverschuiving, een sterrenstelsel dat zich op een grote afstand bevindt
heeft een hoge roodverschuiving.

Figuur 5.12b laat een jong en een oud sterrenstelsel zien op hoge roodschuiving. Voor
het jonge sterrenstelsel is de piek van de intensiteit verschoven van 100 nanometer naar 300
nanometer. Het oude sterrenstelsel straalt op hoge roodverschuiving het grootste deel van zijn
licht uit in het Nabije-Infrarood, 800 nanometer en hoger. Alle absorptielijnen verschuiven
mee naar het rode deel van het spectrum. Omgekeerd vertelt de plek van deze absorptielijnen
ons precies in welke mate het stelsel is roodverschoven. Uit deze roodverschuiving kunnen we
de afstand tot een sterrenstelsel afleiden. Een spectrum van een sterrenstelsel is als het ware
een vingerafdruk: het vertelt ons hoe ver weg een sterrenstelsel staat en hoe oud het stelsel is.
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Rode en dode sterrenstelsels in het jonge heelal

De eerste waarnemingen van sterrenstelsels op hoge roodverschuiving lieten een heelal zien
dat gedomineerd werd door blauwe, spiraalvormige sterrenstelsels. Elliptische stelsels leken
nog niet te zijn gevormd, maar zouden volgens theoretische modellen wel al moeten bestaan.
De elliptische stelsels werden niet waargenomen omdat metingen in het Nabije-Infrarood in
technisch opzicht bijzonder uitdagend zijn. Met recente ontwikkelingen in Nabije-Infrarood
detectortechnologie hebben astronomen grote vooruitgang geboekt. Rode en dode sterren-
stelsels zijn daarmee al ontdekt slechts 3 miljard jaar na de oerknal, in een relatief jonge fase
van het heelal. Zowel op lage als hoge roodverschuiving vinden we een rode reeks en blauwe
wolk voor sterrenstelsels. Dit suggereert dat het proces, waarbij de verandering van spiraal-
naar elliptische vorm plaatsvindt, al vroeg voorkomt in het heelal.

Deze rode en dode stelsels op hoge roodverschuiving bleken veel kleiner in afmeting te
zijn dan verwacht. Dit kwam voor astronomen als een grote verrassing. In vergelijking met
even massieve sterrenstelsels in het nabije heelal zijn ze 4 tot 5 keer zo klein. Deze extreem
compacte stelsels bestaan niet in het nabije heelal, wat suggereert dat ze in de loop van de tijd
zeer snel zijn gegroeid. Deze reeds elliptische sterrenstelsels op hoge roodverschuiving kunnen
mogelijk de kernen zijn van de huidige elliptische sterrenstelsels. Voor de snelle groei van een
rood en dood stelsel zijn vermoedelijk veel botsingen nodig van het rode en dode stelsel met
kleine, lichte sterrenstelsels. Hierdoor wordt materiaal toegevoegd aan de buitenkant van de
rode kern. Toch is het onduidelijk of dit type botsing verantwoordelijk is voor de snelle groei,
want metingen op hoge roodverschuiving vinden niet genoeg kleine, lichte sterrenstelsels.

Een belangrijke vraag in het onderzoek naar de groei van rode en dode stelsels is: hoe be-
trouwbaar zijn metingen op hoge roodverschuiving? Aanvankelijk dachten astronomen dat de
afmetingen van deze sterrenstelsels werden onderschat, want het is heel lastig om het zwak-
ke licht aan de randen van sterrenstelsels te meten. Dit probleem lijkt te zijn opgelost met de
komst van een nieuwe camera op de Hubble Space Telescope, de Wide Field Camera 3. Extreem
nauwkeurige metingen laten zien dat de fouten op de afmetingen van sterrenstelsels beperkt
zijn.

Een andere grote onzekerheid komt voort uit de massabepaling van sterrenstelsels op ho-
ge roodverschuiving. De gangbare methode om de massa van een sterrenstelsel te bepalen, is
door te kijken naar de kleur en de totale helderheid van het stelsel. Deze methode is niet vol-
ledig betrouwbaar door het grote aantal aannames dat gedaan moet worden. Onderzoek heeft
uitgewezen dat de fouten in de massabepaling van sterrenstelsels kunnen oplopen tot bijna een
factor 6. Als rode en dode sterrenstelsels op hoge roodverschuiving veel minder massief zijn
dan gedacht, dan is hun kleine afmeting eigenlijk geen grote verassing. De veronderstelling
van een snelle groei in afmeting is niet langer nodig. In dat geval heeft er in 11 miljard jaar
nauwelijks evolutie van sterrenstelsels plaatsgevonden. Rode en dode stelsels op hoge rood-
verschuiving zien er nagenoeg hetzelfde uit als rode en dode stelsels op lage roodverschuiving.

Dit proefschrift

Mijn coauteurs en ik presenteren in dit proefschrift nieuwe waarnemingen waarmee we de
nauwkeurigheid van bestaande massametingen op hoge roodverschuiving kunnen bepalen. In
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plaats van alleen te kijken naar de totale hoeveelheid licht en kleur van een stelsel, maken we
gebruik van een massabepalingsmethode die gebaseerd is op de beweging van sterren binnen
een sterrenstelsel. Het resultaat van deze bepaling heet een dynamische massa. In een ellip-
tisch stelsels bewegen individuele sterren in een baan rond het centrum, maar de richting en
snelheid is voor iedere ster anders. Uit de spreiding van de snelheid kunnen we afleiden hoe
zwaar een sterrenstelsel is. Deze spreiding van snelheid, of snelbeidsdispersie, is te meten uit
het spectrum van een sterrenstelsel. In grote, massieve, elliptische stelsels meten we gemiddeld
een hoge snelheidsdispersie, terwijl we in kleine, lichte stelsels een lage snelheidsdispersie me-
ten. Met nauwkeurig waargenomen spectra van stelsels op hoge roodverschuiving is het dus
mogelijk om de eerdere massabepalingen te verifiéren.

Het meten van spectra, spectroscopie, is vele malen lastiger voor verre objecten. Het licht in
een spectrograaf, een instrument te vergelijken met de werking van een prisma, wordt uitge-
smeerd over een groot golflengtegebied en is daardoor ook zwakker. Alleen met de grootste
telescopen en meest gevoelige instrumenten is het mogelijk om een spectrum waar te nemen
van een sterrenstelsel op hoge roodverschuiving. Vanwege de hoge moeilijkheidsgraad is deze
methode slechts één keer toegepast. Deze meting was echter onnauwkeurig. De doorbraak
kwam in 2009, toen er op de Very Large Telescope een nieuw geavanceerd instrument werd
geplaatst: X-Shooter. Dit instrument maakte het voor ons mogelijk om nauwkeurige spectra
te verkrijgen van sterrenstelsels op hoge roodverschuiving. In dit proefschrift beschrijven we
X-Shooter metingen aan vijf massieve, rode en dode sterrenstelsels op hoge roodverschuiving.
Deze spectra hebben we gecombineerd met waarnemingen van andere telescopen waaronder
de Hubble Space Telescope. Naast onze eigen metingen met X-Shooter gebruiken we ook snel-
heidsdispersiemetingen van sterrenstelsels op lagere roodverschuiving van andere teams.

In Hoofdstuk 2 wordt een pilotstudie gepresenteerd van een compact rood en dood ster-
renstelsel op hoge roodverschuiving. We laten zien dat met de nieuwe generatie spectrografen
het mogelijk is om een nauwkeurige snelheidsdispersie te meten. Gecombineerd met de afme-
ting verkregen van Hubble Space Telescope observaties bepalen we een dynamische massa. Deze
dynamische massa is in goede overeenkomst met de massa die is afgeleid uit de totale helder-
heid en de kleur. De resultaten suggereren dat de massabepalingen op hoge roodverschuiving
wel degelijk betrouwbaar zijn.

In Hoofdstuk 3 maken we gebruik van onze complete set spectra om uit te zoeken of
massieve, rode en dode sterrenstelsels in het jonge heelal echt zo compact zijn als wordt be-
weerd. Uit de spectra van deze vijf stelsels meten we hoge snelheidsdispersies en uit de Hubble
Space Telescope observaties vinden we kleine afmetingen. Gecombineerd laten deze metingen
zien dat rode en dode sterrenstelsels erg massief zijn. Opnieuw vinden we dat de dynamische
massa goed overeenkomt met de voorheen gemeten massa. Verder vinden we dat deze stel-
sels gemiddeld erg compact zijn, in andere woorden een erg hoge dichtheid hebben, terwijl de
dichtheid in de kern van deze stelsels grofweg hetzelfde is als stelsels in het nabije heelal. Deze
bevindingen suggereren dat rode en dode stelsels voornamelijk aan de buitenkant groeien in
de loop van de tijd. Deze groei aan de buitenkant lijkt ondanks eerdere twijfels toch te worden
veroorzaakt door botsingen met kleine stelsels.

Nabije elliptische stelsels vertonen een sterke correlatie tussen de afmeting, snelheidsdis-
persie en helderheid. Deze correlatie wordt de fundamental plane genoemd. In Hoofdstuk 4
onderzoeken we of de fundamental plane ook bestaat voor rode en dode sterrenstelsels op hoge
roodverschuiving. We vinden sterke aanwijzingen dat dit inderdaad het geval is. Maar de se-
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lectie op basis van helderheid van deze sterrenstelsels, om nauwkeurige spectra te verkrijgen,
blijkt de analyse te bemoeilijken. De sterpopulaties in de vijf stelsels in ons X-Shooter sample
blijken veel jonger dan de sterpopulaties in een gemiddeld elliptische sterrenstelsel op hoge
roodverschuiving. We lossen dit op door een correctie toe te passen op ons sample en daarna
berekenen we wanneer deze sterrenstelsels waarschijnlijk zijn gevormd.

In Hoofdstuk 5 verkennen we de relatie tussen de kleur en de dynamische massa-lichtkracht-
verhouding (mass-to-light ratio) van een sterrenstelsel. Onze verzameling sterrenstelsels is
hiervoor bij uitstek geschikt, omdat we sterrenstelsels hebben met een groot bereik aan leeftij-
den. Jonge, elliptische sterrenstelsels blijken relatief blauw te zijn en hebben een extreem lage
massa-lichtkracht-verhouding (A /L), terwijl oude, elliptische sterrenstelsels erg rood zijn en
een hoge M /L hebben. Er is een sterke correlatie tussen M /L en kleur. Hiermee laten we
zien dat de M /L van een sterrenstelsel nauwkeurig te voorspellen valt aan de hand zijn kleur.
We testen verschillende sterpopulatiemodellen, maar we vinden dat geen enkel model de ge-
meten trends in M /L tegen kleur goed kan voorspellen. De overeenkomst tussen de data en
de modellen verbetert enigszins met andere aannames. Een voorbeeld van zo'n aanname is
een andere verhouding tussen lichte en zware sterren. De verschillende modellen vertonen
variaties die dusdanig groot zijn, dat het niet mogelijk is om nauwkeurige voorspellingen te
doen over de aannames die worden gebruikt in elk van de modellen.
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"Times change and so must I.
We all change when you think about if.
We're all different people all through our lives.

And that's ok, that's good, as long as you
keep moving, as long as you remember

all the people that you used to be.

1 will not forget one line of this,
not one day, I swear."

-- The Doctor
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