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To 11 year old me.
You did it!



“To study and not think is a waste. To think and not study is dangerous.”
-Confucius, The Analects
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Chapter

INTRODUCTION

Understanding how galaxies grow and evolve is an important question whose relev-
ance spans many sub-fields in astronomy and astrophysics. It is a massive under-
taking, encompassing billions of years of time. Observationally one needs to ex-
plain how the minuscule initial density perturbations seen in the almost uniform
microwave background radiation echoing from the big bang, grow into the com-
plex, and diverse structure of galaxies we see in our own cosmic backyard. This
work attempts to explain a little bit of what occurs in-between.

In this thesis, we use number density arguments to connect these galaxies to
their low-redshift counterparts, and investigate when and where stellar mass is as-
sembled. We also compare our results to state-of-the-art, cosmological simulations.
By identifying in what way these galaxies change over time, we aim to inform the
astrophysical processes which underly their evolution.



Introduction

1.1 The Birth of Extra-Galactic Astronomy

At the time of writing, the field of extra-galactic astronomy is fast approaching
its 100th year (or perhaps it has already elapsed - as with all things, it depends
on how you count). Prior to the early 20th century, whether or not the stars, gas
and dust that made up our Milky Way galaxy was the extent of our universe was
an issue of considerable debate.

For over a thousand years, nebulae, or ‘clouds’ had been observed in the night
sky. These nebulae turned out to be a diversity of objects including stellar nurs-
eries, stellar remnants, and galaxies, with nebulae referring to an observational
class of objects which appeared ‘fuzzy’ on the night sky. Several renowned figures
from history including the astronomer William Herschel, and the philosopher Im-
manuel Kant had subscribed to the idea that some of these nebulae were not small
clouds that were members of our ‘universe’, but instead were huge island universes
existing outside our own.

However their extra-galactic nature remained hotly debated until Edwin Hubble
surveyed variable Cepheid stars in two of these nebulae documented in the Messier
catalogue, M31 and M33 (Hubble 1925). Using the tight period-luminosity rela-
tion known to this class of stars, he was able to prove conclusively that these
‘nebulae’ were much too distant to be a tiny component of our own galaxy, and
instead were a massive arrangement of stars and gas, and galaxies in their own
right. It was a paradigm shift on the scale of when Tycho Brahe’s observations
of planetary motion confirmed the Copernican heliocentric model - the observable
universe had just become a lot bigger, and our proximity to the centre of it was
once again displaced.

Since Hubble’s first foray beyond the confines of our Galaxy, our understanding
of the physical scale of the universe continues to expand; an expansion which is
both literal, and figurative in nature. In 1929, Hubble noted a linear relationship
between a galaxy’s distance to us and it’s recession speed, implying that the uni-
verse was getting bigger (Hubble 1929). The idea that the universe was expanding
set the stage for a radical new view of cosmology, one in which our universe had a
beginning from which to expand from. This cosmology invariably leads to a uni-
verse in which galaxies grown and evolve, which is a central tenant to the study
of extra-galactic astronomy.

1.2 Tracing Galaxy Evolution Using Integrated
Properties

In science, the best way to understand a physical, chemical, or biological process
is to conduct an experiment in an environment where variables can be strictly
controlled or accounted for to ferret out cause and effect. Results from experiment
are noted, and used to develop and test theory. This is the heart of the scientific
method. In astronomy and astrophysics, this is largely untenable. Astronomy is
an observational science, with the time and physical scales involved practically
infinite compared to the life-time and physical experience of the astronomer.




Tracing Galazy Evolution Using Integrated Properties

Fortunately, the invariability of the speed of light allows astronomers to ef-
fectively look back in time by observing galaxies at greater and greater distances.
Although we cannot observe the billion year evolution of a single galaxy in even
a thousand human lifetimes, we can look at how properties of galaxies change at
different redshifts and infer evolution. The most famous example of this method
is the measurement of the integrated star formation rate (SFR) of all galaxies at
different epochs (Fig 1.1). From Fig. 1.1, we are able to infer that galaxies were
forming stars at a much higher rate than at the present day, and that this rate
peaked ~ 10 billion years ago.

lookback time (Gyr)
40 24 6 8 10 12

7 (NN AN RN BT AT BT

24 RN NI N R B R
0 1 2 3 45678

redshift

Figure 1.1 The comic star-formation rate density across cosmic time from Madau
& Dickinson (2014). Here we we see the peak of cosmic star formation occurred
at z ~ 2, or ~ 10 Gyr ago. This tells us that galaxies were forming stars at a
higher rate in the past and this has been on a steady decline continuing through
the present day.

Although the cosmic star formation history is informative, it is an integrated
property across all galaxies. It does not specify where star formation is concen-
trated, in which galaxies most of the stellar mass is assembled, how the structure
or morphology of galaxies change, the merger rates of galaxies, or whether these
properties depend on stellar mass, dark-matter halo mass, gas fractions or any
number of dependencies which might better explain the physics of what is driving
evolution.

One way to achieve more specificity is to measure how the galaxy census
evolves with redshift. In extra-galactic astronomy, the galaxy stellar mass func-
tion (GSMF) provides the relative abundance of galaxies as a function of mass
in the form of number densities (e.g., Moustakas et al. 2013; Ilbert et al. 2013;
Muzzin et al. 2013b). By measuring the GSMF at different redshifts, the changes
in relative abundances can be determined (Fig. 1.2).

The evolution in the GSMF from Fig. 1.2 already reveals some interesting
trends. It appears that the number density of the most massive galaxies (~ 10'2My)

3
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Figure 1.2 The evolution of the total (left), quiescent (centre) and star-forming
(right) galaxy stellar mass functions from Muzzin et al. (2013b).

does not change significantly with redshift, suggesting these galaxies form at re-
latively early times. Muzzin et al. (2013b) also separated the GSMF based on
galaxies which are quiescent (i.e. not actively forming stars or are forming them
at insignificant rates), and those that are actively star-forming. We see the corol-
lary in the center and right panels of Fig. 1.2 - there is a decrease in the number
density of the most massive star-forming galaxies, with a corresponding increase
in the number density of the most massive quiescent galaxies. This suggests that
the most massive galaxies were actively forming stars at high redshift, and have
since quenched.

Together, the conclusions drawn from Fig. 1.1 and Fig. 1.2 are significant, and
already reveal salient truths about how galaxies evolve. However, the questions
posed earlier still remain unanswered. The GSMF obfuscates much of the specific
evolution and does not explain the underlying processes that drive evolution. For
instance - why do the most massive galaxies quench at high redshifts? Do they
exhaust their gas reservoirs? Does feedback play a role? Is the feedback driven by
star-formation, or from quasars? In order to answer these questions, it is necessary
to develop a method to connect progenitors to descendants.

1.3 Progenitor Selection

The most straight-forward way to look at galaxy evolution as a function of stellar
mass is to choose a fixed stellar mass, and see how galaxy properties change as
a function of redshift (we have already implicitly done this with the example of
the evolution in the GSMF from Fig. 1.2 and the discussion in Sec. 1.2 when
we examined the change in number density of galaxies with a stellar mass of
~ 10>Mp). This method is useful in determining what galaxies at a fixed mass
looked like in the past, however it does not show how any one particular class of

4
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galaxy evolves.

If we were to infer an evolutionary link from fixed-mass analysis, we have
implicitly assumed that in almost 10 billion years of cosmic time galaxies do not
merge, and that they form no new stars. From Fig. 1.1 we already know that the
assumption that galaxies do not form new stars is an unreasonable one, and it has
been shown that galaxies do in fact merge, necessitating alternative methods to
connect progenitor to descendant.

There are many methods which have been used to select progenitors and draw
direct evolutionary connections in the literature; via fixed central velocity dis-
persion (e.g., Bezanson et al. 2012), the evolution of the SFR-stellar mass relation
(e.g., Patel et al. 2013b), fixed central surface-mass density (e.g., van Dokkum et al.
2014; Williams et al. 2014) and more generally, number density arguments (e.g.,
Brammer et al. 2011; Papovich et al. 2011; van Dokkum et al. 2010, 2013; Muzzin
et al. 2013a; Patel et al. 2013a; Marchesini et al. 2014; Ownsworth et al. 2014;
Morishita et al. 2015). The required assumptions in some of the aforementioned
methods are only applicable in specific regimes (i.e., massive elliptical galaxies,
or field galaxies that have undergone no major merging). Since we wish to apply
the method more generally, in this thesis we focus on number density selection
arguments to choose progenitors.

The first example of using number density arguments to select progenitors
was by van Dokkum et al. (2010), who used a constant number density to select
the progenitors of today’s massive (~ 10" M) galaxies out to z = 2. By using a
constant number density, van Dokkum et al. (2010) assumed that galaxies maintain
rank order across cosmic time, that is, the most massive galaxy at z = 2 is still the
most massive galaxy at z = 0. This assumes that the two methods of mass growth,
star formation, and merging, do not affect the number density across cosmic time.
Mergers will certainly effect the number density, and the only way star formation
will keep galaxies at the same rank order is if the specific star formation rate is
independent of mass (which is not the case; Schreiber et al. 2015). One would
expect the regime of validity of these assumptions to break down at flatter regions
in the mass function (i.e., lower mass) as well as comparisons across large redshift
ranges, where the errors associated with scatter in the mass accretion histories will
begin to add up.

To account for the scatter in mass accretion histories, Behroozi et al. (2013)
used abundance matching between galaxies and dark matter halos in simulations
to convert dark-matter halo merger trees into galaxy merger trees. This correc-
tion allows one trace the median stellar mass evolution across cosmic time with
the errors dominated primarily by the uncertainties in the observed stellar mass
functions. This method has been shown in simulations to recover the median
stellar mass evolution quite well, although it is unable to capture the diversity
in galaxy progenitors of a given mass (Torrey et al. 2015; Clauwens et al. 2016;
Wellons & Torrey 2017). As such, it is a statistical approach that is best suited
for populations of galaxies, and is ideally suited for large surveys.
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1.4 The Structural Evolution of Galaxy Progen-
itors

Using a constant number density selection, van Dokkum et al. (2010) investigated
the structural and stellar mass evolution of the progenitors of today’s massive
galaxies (10''%) out to z = 2. The authors traced the stellar-mass growth as
well as the structural evolution using stacking analysis from galaxies in the NEW-
FIRM survey, a NIR medium band survey designed to obtain accurate photometric
redshifts from the rest-frame optical SED. From these stacks, surface brightness
profiles were converted into surface mass density profiles to trace where mass was
being accreted as a function of redshift. The most profound finding of this work
was that the central regions in massive galaxies have undergone no appreciable
mass evolution since z = 2, and all mass added has been in the outskirts, con-
sistent with findings by other observationally driven studies (Hopkins et al. 2009;
Bezanson et al. 2009). By comparing star-formation rates to the mass profile
evolution, they conclude that star-formation was insufficient to explain the mass
growth, and that minor mergers are the best candidate to explain the lack of self-
similar growth between the interior regions and the outskirts; a viewpoint affirmed
in subsequent studies (e.g., Hopkins et al. 2010; Trujillo et al. 2011; Newman et al.
2012; McLure et al. 2013; Hilz et al. 2013; Patel et al. 2013a). Sersic fits to the pro-
genitor surface mass density profiles also show that the effective radius, and sersic
index both decrease with increasing redshift, with a corresponding increase in the
star-formation rate suggesting star-forming (and potentially disky) progenitors.

Using the abundance matching technique of Behroozi et al. (2013), Marchesini
et al. (2014) re-visited the progenitors of massive galaxies. With a new selection, as
well as the first data release of the deep, and wide (compared to surveys targeting
similar redshift ranges, i.e. CANDELS) NIR UltraVISTA survey, Marchesini et al.
(2014) targeted the more massive, and rarer ultra-massive galaxies (M, ~ 10'!%).
In addition to the corrected cumulative number density selection, the authors also
used a constant cumulative number density selection as a comparison between
the two techniques. As expected, the mass evolution for an abundance matched
number density selection is steeper than a constant cumulative number density.
This means the progenitors are less massive than would have been selected in
previous works, with the mass differences greater than the uncertainties in the
mass functions at z > 2.

1.5 Galaxy Ages and Assembly Times

Arguably the most important ramification of the steeper mass evolution with red-
shift found using abundance matching (as opposed to a constant cumulative num-
ber density as discussed in the previous sections) is the effect this has on galaxy
assembly times. If the progenitors at a given redshift are less massive than origin-
ally thought, this implies that massive galaxies assemble their mass more quickly
at later times. This results in a different ages of assembly for massive galaxies.
Knowing when galaxies assemble their mass is necessary to fully understand
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Figure 1.3 The stellar surface mass density profiles from van Dokkum et al. (2010)
in linear (left) and log (right) units at redshifts spanning 0 < z < 2. From this
figure, it is evident that massive galaxies grow more substantially at larger radii
since z = 2.

the mechanisms involved in galaxy growth and evolution. Equipped with a reliable
progenitor selection, the assembly time scales of galaxies can be gleaned by simple
inferrence from the stellar mass evolution over time. Although constant cumulative
number density over-predicts the assembly age, a comparison of the stellar mass
evolution of a diverse mass range of descendants in Muzzin et al. (2013b) implies
that massive galaxies have an earlier mass assembly than less massive galaxies
(Fig. 1.4), and less massive galaxies have more rapid recent assembly.

This notion of more massive galaxies assembling first is also verified in the
galaxy ages. If we assume that galaxies only grow in mass through star formation
(a poor assumption), then their assembly times will be equivalent to the measured
ages of the stars within a particular galaxy, as the assembly time is simply the
time at which the stars came into existence. Using optical spectroscpoy, the ages
of the galaxies can be measured through age sensitive spectral indices. This has
been done extensively for local galaxies (e.g., Kauffmann et al. 2003; Gallazzi et al.
2005; Thomas et al. 2010), with the consensus that massive galaxies are host to
older stellar populations than less massive galaxies, and that massive galaxies
were the first to form (an idea consistent with what is seen in the mass functions
discussed above).
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Figure 1.4 Left: the average stellar mass evolution of galaxies with progenitors
chosen at a constant cumulative number density which shows that massive galaxies
assembled the bulk of their stellar mass at earlier times than less massive galaxies.
Right: the derivative of the stellar mass evolution from the left hand plot as a
function of redshift. Here we see that less massive galaxies show more rapid recent
assembly. (Fig. 14 from Muzzin et al. (2013b))

1.6 This Thesis

As much work as has been done, there remain some open questions which this thesis
addresses. van Dokkum et al. (2010) found that the surface mass density profiles of
massive galaxies remain essentially unchanged since z = 2, which begs the question,
when do the interiors assemble, and what do the progenitors of massive galaxies
look like at z > 27 Does the potential bias towards more massive progenitors in a
fixed cumulative number density selection affect the median evolution in previous
works? Does this bias also effect the inferred assembly times from Muzzin et al.
(2013b)? We address these issues in Chapters 2 and 3.

The focus on the progenitors of z = 0 massive galaxies in the literature is partly
out of accessibility. Massive galaxies are host to the oldest stars, and also tend to
be more luminous making them ideal candidates to trace out to higher redshifts.
They are also large, and can be resolved to within 1 r, at higher-z than lower mass
galaxies. As such there is currently a dearth of information regarding the evolution
of galaxies with M, < 10'! at high-z z > 2. We attempt to bridge this divide in
Chapters 3, 4 and 5.

Chapter 2

In this chapter, we used number density arguments to select the progenitors of
today’s massive galaxies in order to map their structural evolution out to z = 5.
This work builds on the previous seminal work of van Dokkum et al. (2010) with
an improved progenitor selection method, as well as the advantage of state-of-the-
art NIR surveys which allow us to track progenitors out to higher redshift. We
find the median progenitor stellar mass evolution to be steeper with redshift than
selection using a fixed cumulative number density, however at z < 2, the stellar
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masses are consistent within the uncertainties in the mass function. In accordance
with previous trends, we find that the progenitors of massive galaxies have smaller
effective radii, as well as smaller sersic indices. In contrast to previous findings,
our progenitor selection shows stellar mass continues to be accreted at all radii
at z < 2, although the build-up is more significant at larger radii. At z > 4, we
see evidence of significant mass growth in the central regions, probing an era of
significant mass growth. We also compare our findings to the EAGLE simulation
and find similar assembly at small radii. This work appeared in Hill et al. (2017)

Chapter 3

We use the same progenitor selection and mass functions of the previous chapter
to measure the main progenitor stellar mass growth of galaxies as a function of
stellar mass at z ~ 0.1, and measured the assembly time, which we defined as the
time at which half the total mass of the descendent was assembled. We compare
this assembly time to the light-weighted stellar ages from a sample of low-redshift
SDSS galaxies from the literature. Our findings suggest that massive galaxies form
a higher proportion of their mass ex-situ than lower-mass galaxies. We compare
our timescales to the EAGLE simulation, as well as the semi-analytic models of
Henriques et al. (2015). We find the semi-analytic models perform better than
EAGLE in reproducing the observed stellar mass versus assembly time and light-
weighted stellar ages. This work appeared in Hill et al. (2017b).

Chapter 4

In this chapter, we investigate the median flattening through the axis ratio of galax-
ies at z < 0.5 in the CANDELSs fields, and its relationship to parameters such as
stellar mass, sersic index, and size. We find that at at z < 2, quiescent galaxies are
rounder than their star-forming counterparts, however at z > 2 the median appar-
ent axis ratios are indistinguishable, suggesting the structure in star-forming and
quiescent galaxies at high redshift are similar. We also find that in star-forming
galaxies, at z < 1, the median axis ratio depends strongly on stellar mass, whereas
quiescent galaxies do not show the same dependence. The strongest observable
dependence for quiescent galaxies is sersic index. For star-forming galaxies, the
size is the best predictor for flattening, with larger star-forming galaxies exhibiting
smaller axis ratios. From our findings, we believe that the axis ratio is tracing the
bulge-to-total galaxy mass ratio which would explain why smaller/more massive
star-forming galaxies are rounder than their extended/less massive analogues, as
well as why we do not observe strong mass and size dependencies in quiescent
galaxies, as the majority of the quiescent population is not expected to have a
strong disk complement. This work is to be submitted.

Chapter 5

In this chapter, we measure the stellar velocity dispersion for a strongly lensed,
intermediate mass (10>°My) quiescent galaxy at z = 2.8. Because it is gravitation-
ally lensed, we were able to obtain the equivalent of ~ 200 hr of exposure time
from only 9.8 hr on source, providing a first detailed look at red galaxies of this
mass at z ~ 3. This object had been found serendipitously in the UltraVISTA sur-
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vey, with a measured photometric redshift of z = 2.4 (Muzzin et al. 2012). From
the discrepancy in the spectroscopic and photometric redshifts, we highlight the
importance of spectroscopy for redshift determination for red objects with prom-
inent rest-frame optical breaks. From the spectrum, we measure a stellar velocity
dispersion and are able to determine a dynamical mass which is a more direct
method and avoids the pitfalls of estimating mass than through the SED, with the
associated uncertainties in the initial mass function and effects of dust. We are also
able to confirm quiescence through strong Balmer absorption and the absence of
any emission lines, as well as establish that intermediate mass galaxies do quench
at these redshifts. This work appeared in Hill et al. (2016).
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Chapter

THE MASS, COLOR, AND
STRUCTURAL EVOLUTION OF
TODAY’S MASSIVE GALAXIES SINCE
z~5

In this paper, we use stacking analysis to trace the mass-growth, colour evolution,
and structural evolution of present-day massive galaxies (log(M./My) = 11.5) out
to z = 5. We utilize the exceptional depth and area of the latest UltraVISTA
data release, combined with the depth and unparalleled seeing of CANDELS to
gather a large, mass-selected sample of galaxies in the NIR (rest-frame optical to
UV). Progenitors of present-day massive galaxies are identified via an evolving
cumulative number density selection, which accounts for the effects of merging
to correct for the systematic biases introduced using a fixed cumulative number
density selection, and find progenitors grow in stellar mass by ~ 1.5 dex since
z = 5. Using stacking, we analyze the structural parameters of the progenitors
and find that most of the stellar mass content in the central regions was in place
by z ~ 2, and while galaxies continue to assemble mass at all radii, the outskirts
experience the largest fractional increase in stellar mass. However, we find evidence
of significant stellar mass build up at r < 3 kpc beyond z > 4 probing an era of
significant mass assembly in the interiors of present day massive galaxies. We also
compare mass assembly from progenitors in this study to the EAGLE simulation
and find qualitatively similar assembly with z at r < 3 kpc. We identify z ~ 1.5 as a
distinct epoch in the evolution of massive galaxies where progenitors transitioned
from growing in mass and size primarily through in-situ star formation in disks to
a period of efficient growth in r, consistent with the minor merger scenario.

Allison R. Hill, Adam Muzzin, Marijn Franx, et al.
The Astrophysical Journal
Volume 837, Issue 2, pp. 147-164 (2017)



The evolution of today’s massive galaxies since 7 ~ 5

2.1 Introduction

The mass growth and structural evolution of today’s most massive galaxies is an
important tracer of galaxy assembly at early times. These systems are host to the
oldest stars, suggesting they were the first galaxies to assemble. Because they are
the oldest systems, their progenitors can theoretically be traced to higher redshifts
than their low mass counterparts and can be studied from the onset of re-ionization
to give a complete history of galactic evolution. Additionally, the most massive
systems tend to be the most luminous, and they are the easiest to observe at high
redshift with high fidelity. Massive galaxies also provide important constraints
on the physics involved in cosmological simulations, as they impose upper limits
on growth as well as the efficiency of various feedback mechanisms such as active
galactic nuclei, mergers and supernovae.

Today’s massive (logM./My ~ 11.5) galaxies, to first order, are a uniform
population. They are homogeneous in morphology and star formation, appearing
spheroidal and have low specific star formation rates, and high quiescent fractions
(e.g., Thomas et al. 2005; Gallazzi et al. 2005; Kuntschner et al. 2010; Thomas et al.
2010; Cappellari et al. 2011; Mortlock et al. 2013; Moustakas et al. 2013; Ilbert et al.
2013; Muzzin et al. 2013b; Davis et al. 2014; McDermid et al. 2015). In contrast to
today’s massive galaxies, massive galaxies at high redshift show increasing diversity
(e.g., Franx et al. 2008; van Dokkum et al. 2011). With increasing redshift, massive
galaxies become increasingly star forming (e.g., Papovich et al. 2006; Kriek et al.
2008; van Dokkum et al. 2010; Brammer et al. 2011; Bruce et al. 2012; Ilbert et al.
2013; Muzzin et al. 2013b; Patel et al. 2013a; Stefanon et al. 2013; Barro et al.
2014; Duncan et al. 2014; Marchesini et al. 2014; Toft et al. 2014; van Dokkum
et al. 2015; Barro et al. 2016; Man et al. 2016; Tomczak et al. 2016), and the
massive galaxies which are identified as quiescent at high redshift are structurally
distinct from their low redshift counterparts as seen in their small effective radii
(r.) and more centrally concentrated stellar-mass density profiles (Daddi et al.
2005; Trujillo et al. 2006; Toft et al. 2007; Cimatti et al. 2008; van Dokkum et al.
2008; Damjanov et al. 2009; Newman et al. 2010; Szomoru et al. 2010; Williams
et al. 2010; van de Sande et al. 2011; Bruce et al. 2012; Muzzin et al. 2012; Oser
et al. 2012; Szomoru et al. 2012, 2013; McLure et al. 2013; van de Sande et al.
2013; Newman et al. 2015; Straatman et al. 2015; Hill et al. 2016).

Although the central regions of massive galaxies contain a higher fraction of
the total mass at high redshift, their central stellar densities show remarkably little
evolution between z ~» 2 — 3 and z = 0 (e.g., Bezanson et al. 2009; van Dokkum
et al. 2010; Toft et al. 2012; van de Sande et al. 2013; Patel et al. 2013a; Belli et al.
2014a; van Dokkum et al. 2014; Williams et al. 2014; Whitaker et al. 2016) with
the majority of stellar-mass build-up occurring in the outer regions (with galaxies
growing in an ‘inside-out’ fashion). This mass assembly is thought to occur via
minor, dissipation-less mergers; a scenario which is able to account for the size
growth, while leaving the interior regions relatively undisturbed (e.g., Bezanson
et al. 2009; Naab et al. 2009; Hopkins et al. 2010; Trujillo et al. 2011; Newman
et al. 2012; Hilz et al. 2013; McLure et al. 2013). The aims of the present study
are to determine whether these trends continue to high redshifts and to identify
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the epoch when galaxies’ central regions assemble their mass.

Obtaining a census of massive galaxies across a broad redshift range is tech-
nically challenging, as they have low number densities on the sky (Cole et al.
2001; Bell et al. 2003; Conselice et al. 2005; Marchesini et al. 2009; Bezanson
et al. 2011; Caputi et al. 2011; Baldry et al. 2012; Ilbert et al. 2013; Muzzin et al.
2013b; Duncan et al. 2014; Tomczak et al. 2014; Caputi et al. 2015; Stefanon et al.
2015; Huertas-Company et al. 2016) and their rest-frame optical emission shifts
into the near-infrared (NIR) at intermediate redshifts. To study the evolution of
massive galaxies across cosmic time, as a population, necessitates deep and wide
NIR surveys to both probe large volumes and obtain rest-frame optical emission
to significant signal-to-noise (S/N).

In this study we use stacking analysis to obtain high-fidelity profiles of the
progenitors of massive galaxies out to significant radii (at low z, r > 60 kpc). We
take advantage of the unparalleled combination of depth and area in the third data
release of the UltraVISTA survey (McCracken et al. 2012) to study the structural
evolution of massive galaxies out to z = 3.5. Due to incompleteness in UltraVISTA
at the highest redshifts considered in this study, we also use the deeper CANDELS
F160W data from the 3DHST photometric catalogs (Brammer et al. 2012; Skelton
et al. 2014; Momcheva et al. 2016) to extend the redshift coverage to z = 5. This is
a significant gain in redshift over previous studies, and provides the most extensive
redshift range over which the profiles of massive galaxies have been traced.

2.2 Sample Selection

2.2.1 Number-density selection

Linking the progenitors of present day galaxies to their high redshift counterparts
is challenging, as the merger and star formation history (SFH) of any individual
galaxy is not well constrained. One way to circumvent these issues is to assume that
galaxies maintain rank-order across cosmic time (i.e., the most massive galaxies
today will have been the most massive galaxies yesterday, cosmologically speak-
ing). This assumption predicts a constant co-moving number-density with redshift,
an outcome used by van Dokkum et al. (2010) to trace the mass and size growth
of galaxies from z = 2 (corresponding to n = 2 x 10~ Mpc~3dex~!). Subsequent
studies have used the same assumptions to select progenitors based on a constant
cumulative number density (e.g., Bezanson et al. 2011; Brammer et al. 2011; Pa-
povich et al. 2011; Fumagalli et al. 2012; van Dokkum et al. 2013; Patel et al.
2013a; Ownsworth et al. 2014; Morishita et al. 2015), which has the advantage
over its non-cumulative counterpart of being single valued in mass.

The selection of progenitors and their descendants at a constant cumulative
number density implicitly assumes that mergers and in-situ star-formation do not
broadly effect rank-order, an assumption which has been shown to result in system-
atically biased progenitor selection (Behroozi et al. 2013; Leja et al. 2013; Torrey
et al. 2015). To account for the affects of mergers on the progenitor mass, we
utilize an evolving cumulative number density selection following the prescription
of Behroozi et al. (2013), who use halo-abundance matching within a ACDM cos-
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mology to connect progenitors and their descendants. It is important to note, that
we have used the prescription to trace progenitors of low redshift massive galaxies,
not the descendants of high redshift massive galaxies, of which the former yields a
steeper evolution in cumulative number density due to the shape of the halo mass
function, and scatter in mass accretion histories (see Behroozi et al. 2013; Leja
et al. 2013).

2.2.2 The implied stellar mass growth of the progenitors of
massive galaxies since z ~ 5

In Fig. 3.1 we show the integrated Schecter fits of the mass functions of Muzzin
et al. (2013b) between 0.2 < z < 3.0, and Grazian et al. (2015) between 3.5 < z < 5.5.
These mass functions are based on photometric redshifts determined via ground
and space based NIR imaging from the UltraVISTA and CANDELS surveys re-
spectively. In the left-panel of Fig. 3.1, we show our evolving cumulative number
density selection based on the abundance matching of Behroozi et al. (2013). The
masses implied from a fixed-cumulative number density selection are also shown
to illustrate the effect of the bias when the effects of mergers are ignored in the
selection. In the right-panel of Fig. 3.1 the implied progenitor masses from the
left-panel are plotted for both the fixed and evolving cumulative number density
selection, as a function of redshift. The error bars are the uncertainties from the
mass functions, which take into account the uncertainties in the photometric red-
shifts, SFHs, and cosmic variance. The solid grey region represents the scatter
in the number densities from the abundance matching of Behroozi et al. (2013),
and the hatched regions illustrate an estimate of the mass completeness which is
discussed in detail in Sec. 2.2.3.

Below z = 2, Fig. 3.1 shows that both constant and evolving cumulative num-
ber density selections yield progenitor masses which are consistent within the un-
certainties in the mass-functions. However beyond z = 2, the bias in the fixed
cumulative number density becomes significant, and over-predicts the median pro-
genitor mass. Using the abundance matching technique, we see an overall increase
in stellar mass of 1.5 dex since z ~ 5. Our fractional mass growth out to z = 3 is
consistent within the uncertainties with Marchesini et al. (2014) who use the same
abundance matching selection for ultra-massive log(M,/My) ~ 11.8) descendants,
and with Ownsworth et al. (2014), who use a constant cumulative number density
selection which is corrected for major mergers to trace progenitors. Using their
correction, they find 75+9% of the descendant mass is assembled after z = 3, which
is consistent with ~ 80% which we find in the current study.

We note that in Fig. 3.1 we have selected a progenitor mass for a redshift
bin between 3.0 < z < 3.5 (orange point), even though we have indicated no
mass-function for this redshift. The mass-function from Muzzin et al. (2013b)
for this redshift range proved to be unreliable for the mass considered due to
incompleteness from UltraVISTA DR1 (the source catalog used in generating the
mass functions). However, with the deeper exposures from the third data release
(DR3) of UltraVISTA, we are complete to the progenitor masses considered out
to z = 3.5. To calculate the expected progenitor mass between 3.0 < z < 3.5, we
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linearly interpolated the mass between adjacent redshift bins. We also observe
a trend of the uncertainties in the mass function monotonically increasing from
low to high redshift. Thus, we similarly linearly interpolated the uncertainties to
estimate the uncertainty in mass for 3.0 < z < 3.5 due to uncertainties in photo-z,
SFH and cosmic variance. We also use the uncertainties in the progenitor mass
selection as the upper and lower mass bounds for the galaxies that contribute to
the resulting stack, thus we select a larger range of masses at higher redshift, than
at lower redshift.

It has been shown that the Behroozi et al. (2013) prescription for selecting
progenitors performs well in terms of recovering the average stellar mass of the
progenitors of present-day high-mass galaxies, however this method fails in captur-
ing the diversity in mass of all progenitors as implied by simulations (e.g., Torrey
et al. 2015; Clauwens et al. 2016; Wellons & Torrey 2016), which also predict that
the scatter in progenitor masses tends to increase with redshift. Given this large
scatter, there is no guarantee that the evolution of other galaxy properties, such as
size, will follow from the Behroozi et al. (2013) selection. However, in an upcoming
paper (Clauwens et al., in prep) we will show that for the property of interest in
our study (i.e. the average radial build-up of stellar mass for the progenitors of
massive galaxies), the Behroozi et al. (2013) selection yields average agreement
with progenitors within the EAGLE simulation.

2.2.3 Data
UltraVISTA

In order to study the evolution of the average properties of massive galaxies, it was
necessary to utilize both wide field ground-based, and deep space-based imaging
for our stacking analysis. Massive galaxies (log(M../My) ~ 11) are exceedingly rare
objects, with low number densities (~ 107 Mpc™) on the sky (e.g., Cole et al.
2001; Bell et al. 2003; Baldry et al. 2012; Muzzin et al. 2013b; Ilbert et al. 2013;
Tomczak et al. 2014; Caputi et al. 2015; Stefanon et al. 2015), and require wide-
field surveys to characterize a significant population. To that end, we utilize the
NIR imaging from the DR3 of the UltraVISTA survey (McCracken et al. 2012) for
our stacking analysis.

The DR3 UltraVISTA catalog (Muzzin et al., in prep) is a K-selected, multi-
band catalog constructed from the UltraVISTA survey. Briefly, the survey covers
the COSMOS field with a total area of 1.7 deg?, with deep imaging in the ¥, J, H and
Ks bands. The survey also contains ultra-deep stripes with longer exposures which
cover a 0.75 deg” area, and also includes imaging in the VISTA NB118 NIR filter
(Milvang-Jensen et al. 2013). The newest data release is constructed with the same
techniques as the DR1 30-band catalog (Muzzin et al. 2013a), with the inclusion
of new and higher-quality data to determine photo-z’s, and stellar population
parameters. The DR3 survey depths in the ultra-deep stripes are ~ 1.4 magnitudes
deeper than DR1 (with 50 limiting magnitudes in the ultra-deep regions of 25.7,
25.4, 25.1, and 24.9 in Y, J, H and Ks).

Several other datasets have also been added since the first data release includ-
ing 5 CFHTLS filters, u*g’r'i’z’, as well as 2 new Subaru narrow bands (NB711,
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NB816). Most importantly for this analysis we also include the latest data from
SPLASH (Capak et al. 2012) and SMUVS (PI Caputi; Ashby et al., in prep).
These are post-cryo Spitzer-IRAC observations that improve the [3.6] and [4.5]
depth from 23.9 to 25.3. Overall this is a 38-band catalog (compared to 30 in
Muzzin et al. 2013a), and the substantial increase in depth in the Y, J, H, Ks, [3.6]
and [4.5] bands make it a powerful dataset for studying massive galaxies at inter-
mediate and high redshifts.

In the right panel of Fig. 3.1 we have indicated our estimated mass completeness
limits with the filled hatched regions. To estimate our mass completeness at z < 4,
we used the limits on the mass functions from Muzzin et al. (2013b) (which were
derived using UltraVISTA DR1), and adjusted the mass limit according to the
gain in K-band depth (the K-band limit is 1.5 magnitudes deeper between DR1
and DR3) assuming a constant mass-to-light ratio. Since galaxy mass-to-light
ratios decrease with redshift (e.g. van de Sande et al. 2015), this likely represents
a conservative estimate of the limiting mass at high redshifts.

CANDELS

As UltraVISTA DR3 is only mass complete for our selection out to z = 3.5, we
use the reddest band available from CANDELS in order to explore redshifts un-
obtainable through UltraVISTA. We select galaxies using the photometric data
products from the 3DHST survey (Brammer et al. 2012; Skelton et al. 2014) from
all 5 CANDELS fields. As an estimate of our mass completeness in CANDELS,
we adopt the limiting mass derived from the 75% magnitude completeness limit
(F160W = 25.9) in the shallower pointings in the GOODS-S and UDS fields as
described in Grazian et al. (2015). They estimated their mass completeness using
the technique of Fontana et al. (2004), which assumes the distribution of mass-to-
light ratios immediately above the magnitude limit holds at slightly lower fluxes,
and compute the fraction of objects lost due to large mass-to-light ratios. The
estimated completeness for CANDELS is indicated in the right panel of Fig. 3.1
as the grey cross-hatched region.

Although the aforementioned estimates of mass completeness take into account
galaxies with varied mass-to-light ratios, it is worth stressing inherent uncertainties
when determining mass limits at high redshift. At z > 3.5, we increasingly rely on
photometric redshifts, as high-fidelity spectroscopic redshifts are fewer in number
(Grazian et al. 2015). In addition, sub-mm galaxies (SMGs) likely account for
at least a fraction of the progenitors of massive galaxies at high redshift (e.g.,
Toft et al. 2014), and they have been shown to have high optical extinction (e.g.,
Swinbank et al. 2010; Couto et al. 2016). As the progenitors selected at z > 3.5 of
this study tend to be less massive than a typical SMG, we do not expect that they
will form a significant fraction of the sample. However, we cannot rule out a tail of
less, but still obscured sources to lower masses in the distribution of SMGs. This
would have the effect of biasing our high redshift progenitor selection to bluer,
less-obscured sources.

Table 4.1 provides a summary of the number of galaxies in the given redshift
range, at the implied mass as determined from our evolving cumulative number
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Table 2.1. Number of galaxies in each redshift range by catalog

z-range UVISTA 3DHST
02<2z<05 16 0
05<z<10 56 5
1.0<z<15 96 22
1.5<z<20 166 31
20<z<25 276 79
25<z<30 466 104
3.0<z<35 160 69
35<z<45 110
45<z<55 154~

*We are incomplete in mass for this
point

Note. — Above are the number of
galaxies found within the mass ranges
outlined in Fig. 3.1.

density selection (see Sec. 2.2.1) from both the UltraVISTA and 3DHST catalogs.
In order to boost the number of galaxies in UltraVISTA, we have used galaxies
from both the deep (DR1) and ultra-deep (DR3) catalog out to 2.0 < z < 2.5 where
we are complete in mass for the shallower catalog (DR1). For the 3.0 < z < 3.5 bin,
we have only utilized the DR3 catalog, as we are incomplete in DR1. As evident
from Table 4.1, UltraVISTA has a larger population of massive galaxies at low
redshift, while there are 0 galaxies in all 5 CANDELS fields which are massive
(log(M./My) ~ 11.5) at z = 0.35, and only 5 galaxies in the next highest redshift
bin. However CANDELS is crucial to continue the progenitor selection beyond
z > 3.5 as we are mass incomplete in this region with UltraVISTA. Additionally,
as galaxies had smaller r, at high redshift (see discussion in Sec. 5.1 and references
therein), the space-based seeing of CANDELS is necessary to properly map the
density profiles at these epochs. Thus we utilize both data sets in our analysis.

2.3 Rest-Frame Color Evolution

Cumulative number density selection is a method which selects solely on stellar
mass, and is therefore blind to other galaxy properties such as levels of star-
formation activity. A simple, but effective way to establish star-forming activity
in a population of galaxies is to observe where they are located in rest-frame U -V
and V —J color space, commonly referred to as a UVJ-diagram. First proposed by
Labbé et al. (2005), it is observed that galaxies exhibit a bi-modality in rest-frame
UVJ colour space which is correlated with the level of obscured and unobscured
star formation. Actively star-forming and quiescent galaxies separate into a ‘blue’
and ‘red’ sequence in the UVJ-diagram (e.g., Williams et al. 2009, 2010; Whitaker
et al. 2011; Fumagalli et al. 2014; Yano et al. 2016).

In Fig. 5.2, we plot the rest-frame U -V and V—J colours for all redshift bins to
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Figure 2.2 Rest-frame UVJ diagrams separated according to redshift bin, for
all galaxies used in the stacked images. The redshift increases from top-left to
bottom-right. Each panel highlights the galaxies which are both in the redshift,
and mass ranges considered in Fig. 3.1, as well as the full sample re-plotted, but
washed out to illustrate how each bin relates to the over-all sample. The star-
forming/quiescent division from (Muzzin et al. 2013b) in UV J colour is over-plotted
in black. The first seven panels contain galaxies drawn from the UltraVISTA DR3
catalog, and the 8th and 9th panels are from CANDELS-3DHST. There is a clear
progression in colour evolution from one redshift bin to the other as galaxies start
out in the lower-left region of the diagram, and progress along the star-forming
sequence before ending at the tip of the red-sequence. It is important to note that
in the highest-z panel we are incomplete in mass and are likely biased towards

bluer galaxies.
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provide a diagnostic of star-formation activity within each stack. Each of the nine
panels represents a different redshift range, with galaxy masses selected according
to their expected evolving cumulative number density (see Fig. 3.1). The first
seven panels are galaxies from UltraVISTA DR3, and the last two panels contain
galaxies from the 3DHST photometric catalog. It is important to note that we are
mass incomplete for the 4.5 < z < 5.5 bin (see Fig. 3.1). However we have chosen to
include it as part of our analysis, with the caveat that we are likely biased towards
bluer galaxies. Overlaid in each panel are the colour selections used by Muzzin
et al. (2013b) to separate quiescent and star forming sequences.

As one progresses in redshift, it becomes apparent from Fig. 5.2 that the num-
ber of galaxies selected dramatically increases. This is a result of two competing
effects. The first, is that the size of our mass range becomes progressively larger
with redshift, as seen in the error bars on the right-panel of Fig. 3.1. By selecting
in a wider mass range, we will inevitably select more galaxies. The second effect is
that as the number densities of progenitors increases with redshift, we are progress-
ing towards the lower mass end of the mass-functions (Ilbert et al. 2013; Muzzin
et al. 2013b; Grazian et al. 2015). Thirdly, at low redshift, the probed co-moving
volume is also smaller than at high redshift. The combined effect is to have our
lowest redshift, and least populated stack contain only 16 galaxies, whereas our
most populated stack at 2.5 < z < 3.0 contains 276 objects (Table 4.1).

The most prominent trend in Fig. 5.2 comes in the colour evolution of the
progenitors across redshift. They begin very blue in both U —V and V — J in
the lower-left of the star-forming sequence and progress red-ward along the star-
forming sequence to the upper-right until 2.5 < z < 3.0 before reddening in V — J
and joining the quiescent sequence. Assuming our number density selection is
valid, this represents a true evolution in UVJ colour.

Fig. 2.3 show the average UV J colour evolution for each redshift bin, separated
into star-forming and quiescent progenitors, and highlights explicitly the trends
observed in Fig. 5.2. In this figure, we see most of the early (z > 3) colour evolution
is driven by the star-forming progenitors. At z < 3, star-forming progenitors are
beginning to quench in large numbers and the two tracks are broadly parallel until
z < 1 where the quiescent progenitor fractions are high, and UVJ colour evolution
is driven by the quiescent progenitors. This seems to indicate that massive galax-
ies begin their existence as star forming galaxies, which progress along the blue
sequence (via aging of the stellar populations, and increase in stellar mass through
star formation), before quenching and joining the red sequence.

The progression in the UV J-diagram between 0.2 < z < 3.0 is qualitatively sim-
ilar to Marchesini et al. (2014) who tracked the progenitors of local ultra-massive
(log(M./My) ~ 11.8) galaxies, with the main difference being that this study con-
tain galaxies which are bluer than those of Marchesini et al. (2014). The origin of
this difference is rooted in the fact that we select progenitors for a lower local mass
galaxy (log(M./My) ~ 11.5). Our galaxies in the higher-z bins are also bluer than
the sample of Ownsworth et al. (2016), who select progenitors of massive galaxies
based on fixed-cumulative number density. As previously discussed, a fixed cu-
mulative number density selection will yield progenitors which are systematically
more massive and thus, redder in U—V and V—J colours, and the inconsistencies in
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Figure 2.3 Above is the average rest-frame UVJ colour evolution for the progenitors
of the quiescent (red symbols) and star-forming (blue symbols) progenitors. The
entire sample is plotted in small grey symbols to best illustrate the scatter. The
size of the red and blue symbols indicates the quiescent /star-forming fraction (e.g.,
a large red circle correspond to a high quiescent fraction, and a small blue circle
corresponds to a low star-forming fraction). The redshift evolution proceeds from
bottom-left to top-right. Purple arrows indicate the direction of quiescence and
are labelled for points which bracket a quiescent fraction of 20%. The z =5 point
is plotted as an open circle to remind the reader that we are incomplete in that
redshift bin, and are likely biased to bluer galaxies.

galaxy properties between the samples is likely attributed to differences in stellar
mass.

The progression of galaxies between different redshift bins within Fig. 5.2 and
Fig. 2.3 already provides clues as to the structure of the galaxies within them.
Numerous studies find that galaxies in the quiescent region of the UVJ-diagram
tend to have higher n and smaller r, (e.g., Williams et al. 2010; Patel et al. 2012;
Yano et al. 2016). However, those analyses were for galaxies at fixed masses
and did not connect progenitor to descendent, and therefore do not make a direct
evolutionary link. In the next section we examine the size and structural evolution
of the galaxies selected using the cumulative number density method.
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Figure 2.4 The FIR implied star formation rates (dashed blue line), compared to
the derivative of the mass-redshift evolution (solid black line), with their associated
uncertainties (shaded regions). The implied mass assembly from star formation is
higher than the derivative of the mass evolution, at z > 1.5, and lower at z < 1.5.
At low redshifts, we see the star formation rates drop precipitously, and that mass
assembly cannot be proceeding via in-situ star formation, and growth is likely
merger driven.

2.4 Evolution in Far-Infrared Star Formation Rates

In Fig. 5.2 and Fig. 2.3, we see evidence that the evolution of massive galaxies
can be broadly separated into two epochs. At z > 1.5, galaxies have colours which
are consistent with growth mainly through in-situ star formation. At z < 1.5,
galaxy colours are consistent with quenched systems, with mergers becoming the
dominant mechanism for growth. We can estimate this epoch more directly by
comparing star formation rates to the mass assembly implied from the evolving
cumulative number density selection.

Fig. 2.4 shows the SFR plotted against the derivative of the progenitor mass
growth from the right panel of Fig. 3.1. The SFRs are calculated from far-infrared
(FIR) luminosities, which are derived from stacks which include Spitzer 24 pm,
and Herschel PACS and SPIRE bands. For each UltraVISTA stack, FIR stacks
were generated in the same manner as described in Schreiber et al. (2015). From
Fig. 4, of Schreiber et al. (2015), we see that we do not have sufficient numbers of
galaxies at z > 3.5 with the CANDELS data to expect a FIR detection. Thus we
only calculate SFRs out to z = 3.5. The FIR luminosities were converted to SFRs
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via the relation from Kennicutt (1998), with a factor of 1.6 correction to convert
between the Salpeter IMF used in Kennicutt (1998), to the Chabrier IMF used for
the DR3 catalog.

In order to more directly compare the net stellar mass growth as implied from
the abundance matching technique to the stellar mass growth from star formation,
a 50% conversion factor has been applied to the SFR to account for stellar mass
which is lost in outflows from stellar winds (see van Dokkum et al. 2008, 2010).
From Fig. 2.4, we see that SF is able to account for all of the stellar mass growth at
z > 1.5, with little to no contribution from mergers. In contrast, the SFR at z < 1.5
are insufficient to explain the mass growth, suggesting stellar mass is accreted via
mergers.

Between 1.5 < z < 2.5, the stellar mass growth predicted from star forma-
tion is greater than what is found from the abundance matching techniques by
0.1 — 0.2 dex. This discrepancy is also seen in model and observation comparis-
ons (see Somerville & Davé 2015; Madau & Dickinson 2014), with potential for
the FIR SFRs to be over estimated during this epoch (see Madau & Dickinson
2014 and discussion therein). In spite of this, the FIR SFR support the notion
that massive galaxies grow via star-formation until z ~ 1.5, where merger driven
growth dominates, consistent with the rest-frame UVJ colours, and what is found
in the literature (see Sec. 5.1 and references therein).

2.5 Analysis

2.5.1 Stacked Images

For galaxies at z < 3.5, images were stacked using 48" x48” cutouts taken from the
UltraVISTA mosaics, which contain both deep and ultra-deep stripes. For each
cut-out, SEDs were generated using the ancillary data available in the UltraVISTA
and CANDELS source catalogs. These SEDs were used to flag potential active
galactic nuclei (AGN), which were removed from the resultant stack. The indi-
vidual cut-outs were also visually inspected to remove objects which were identified
as doubles, or triples (i.e., were not separated by SExtractor; Bertin & Arnouts
1996) or in close proximity to saturated stars to maintain image fidelity. In total,
< 4% of the entire sample was discarded.

Cutouts were centered using coordinates taken from the UltraVISTA DR1 (only
deep stripes) and DR3 (only ultra-deep stripes) catalogs, with cubic spline interpol-
ation performed for sub-pixel shifting. For galaxies at z > 3.5, images were stacked
using 24" x 24" cutouts, taken from the 5 CANDELS fields (AEGIS, COSMOS,
GOODS-S, GOODS-N and the UDS), with images centred using the coordinates
from the 3DHST photometric catalogs (Brammer et al. 2012; Skelton et al. 2014)
with sub-pixel shifting also performed using cubic spline interpolation.

From these cutouts, bad-pixel masks were also constructed using SExtractor
segmentation maps. These bad-pixel masks were also used to construct a weight-
map for the final stack, by summing the bad-pixel masks (in a similar manner to
van Dokkum et al. 2010).
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Figure 2.5 Sample stacked images for each redshift bin. The first seven panels
contain stacks from the UltraVISTA data, with each panel containing a stack
from the band which is closest to the rest-frame 0.5um. The Y-band is chosen
for stacks at z < 1, the J-band at stacks 1 < z < 2, the H-band at 2 < z < 3,
the Ks-band at 3.0 < z < 3.5. The UltraVISTA stacks are all displayed at the
same colour scale to high-light differences in background and S/N. The last two
panels are F160W stacks, and are plotted at the same scale to each other, although
different from the UltraVISTA images for clarity, as the background is much higher
in the higher-z bins. Overlaid on each panel is a circle which represents the size of
the PSF of the data which contributed to the stack, with the ground-based data
having a significantly larger PSF than the HST data.
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For the UltraVISTA stacks, the ultra-deep and deep cutouts were weighted
differently in the final stack as the ultra-deep stripes have an exposure time a
factor ~ 10x greater than the deep stripes. The images are weighted by the
expected S/N gain, based on the exposure time (i.e. an image with a factor of
~ 10 more exposure time, will result in a S/N gain of ~ 3). The exact exposures
varied between the Y, J, H and Ks bands, with the relative weights between the
deep and ultra-deep also changing slightly.

The cutouts were normalized to the sum of the flux contained in the central
1.5 % 1.5” (corresponding to 10x 10 pixel for UltraVISTA images and 25 x 25 pixel
for CANDELS images). A weighted sum was performed on the masked cutouts,
with the cutouts contained in the ultra-deep stripes given a heavier weight than
those in the deep stripes. This summed image was divided by the weight-map to
provide the final stack.

For the UltraVISTA stacks, PSFs were generated similarly to the stacked-
galaxy images. Stars within a magnitude range were chosen such that the stars had
sufficiently high S/N without being saturated (~ 16.5 Ks-band magnitude). The
stars were treated in the same manner as the stacks of the galaxies (i.e. normalized
and averaged). To account for variations in the PSF across the mosaic, 12 different
PSF's for each band were generated corresponding to 12 different regions of the
mosaic ultra-deep stripes, and 9 for the deep stripes. A final PSF for the relevant
band was generated from a weighted average of the 12/9 PSFs, with the weights
corresponding to the number of galaxies from each field that went into the making
of the stack. Thus, each stack has a uniquely generated PSF.

For the CANDELS F160W stacks, PSFs for each of the 5 fields were taken
from the 3DHST-CANDELS data release (Grogin et al. 2011; Koekemoer et al.
2011; Skelton et al. 2014). In a similar manner to the UltraVISTA stacks, the
PSF for the relevant band was generated from a weighted average of the PSF from
each field, with the weights corresponding to the number of galaxies from each
field that contributed to the final stack, thus each F160W stack similarly has a
uniquely generated PSF.

Fig. 2.5 displays the results from the stacking analysis. Each panel contains a
24 x 24" display of one of the UltraVISTA bands (either Y,J,H, or Ks), except the
last two panels which are stacks of the CANDELS F160W data. The UltraVISTA
stacks are all displayed at the same colour scale to highlight the differences in
background, which increases with increasing z. The F160W stacks were plotted at
a different colour scale for clarity, as the background is much higher.

In addition to the stacks in Fig. 2.5, 100 bootstrapped images were also gen-
erated for each stack to constrain uncertainties in the structural parameters de-
termination (see Sec. 2.5.2). Each bootstrapped image also comes with its own
unique PSF that reflects the proportion of galaxies from various fields in the same
manner as the original stacked images.

2.5.2 Sersic Profile Fitting

Sersic fitting (Sersic 1968) of the stacked and bootstrapped images was performed
using GALFIT (Peng et al. 2010), with the only constraints imposed on the fits
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Figure 2.6 Top: Best-fit effective radius in units of arc seconds as a function of z for
all bands. Points originating from UltraVISTA are plotted in black, with different
symbols corresponding to the specific bands as indicated in the legend. HST
F160W are indicated by red diamonds. The seeing HWHM for both UltraVISTA
and HST are displayed in light and dark grey respectively. Bottom: Similar to the
top, but with n as a function of z. In both panels we see a progression to smaller
values with z. In both panels, the z = 5 point is plotted as an open symbol to
remind the reader that we are mass-incomplete at that redshift.
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being to restrict the value of the Sersic indices to between 1 < n < 6. Fig. 2.6
shows the best fit r, and n for each band, and each redshift bin, with the uncer-
tainty derived from the 1o distribution of the bootstrapped fits. The UltraVISTA
derived values are in black, with each symbol corresponding to a different band.
The F160W values are indicated with red diamonds, with the last symbol plotted
unfilled to mark where we are incomplete. The HWHM of the UltraVISTA and
CANDELS PSFs are indicated on the top panel in light-grey and dark-grey re-
gions respectively. As seen from the top panel of Fig. 2.6, we resolve the stacked
images to within an effective radius for UltraVISTA below z = 2, and the r, is fully
resolved for CANDELS in all redshift bins. Additionally, for the redshift bins for
which we have stacks for CANDELS and UltraVISTA, the derived sizes and Ser-
sic indices are roughly consistent with one another, suggesting our ground-based
structural parameters are reliable.

Absent from Fig. 2.6 are best-fit values for r, and n below z = 1 for the F160W
band. In these redshift bins, at the mass ranges considered, there were no galaxies
present in the catalogue to contribute to a stack (see Table 4.1). Similarly, best-fit
values for the UltraVISTA bands are not present for all redshift bins with the Y,
J, H and Ks dropping out at z = 2,2.5,3 and 3.5 respectively, due to insufficient
signal-to-noise in the resultant stack (and that we are incomplete in UltraVISTA
at z > 3.5).

2.5.3 Evolution in r,

Due to the progression of redshift between the stacks, the r, and n are measured
at varying rest-frame wavelengths. In order to measure as closely as possible
the same rest-frame wavelength, we have measured how r, and n change with
wavelength. In the left panel of Fig. 2.7 we have plotted r, as a function of
rest-frame wavelength. Different colours correspond to different redshift bins, and
different symbols demarcate the observed band (with the same symbol convention
as in Fig. 2.6). The desired rest-frame wavelength of 0.5 um was chosen to minimize
extrapolation, as well as still be red-ward of the optical-break.

At z < 3, we have measurements in multiple bands, and find the effective radii
decrease with increasing rest-frame wavelength which is consistent with results
from previous studies (e.g., Cassata et al. 2011; Kelvin et al. 2012; van der Wel
et al. 2014; Lange et al. 2015). However between 2 < z < 3, the uncertainties
are consistent with little to no evolution in r, with rest-frame wavelength. When
considering the evolving properties of the progenitors with redshift, this result is
also consistent with the literature. van der Wel et al. (2014) who measured the
sizes of galaxies from CANDELS at 0 < z < 3, found the size-gradient with rest-
frame wavelength was steepest for galaxies at high-mass, and low-redshift, and
flatter for low-mass galaxies. As the progenitors decrease in mass with redshift,
we expect a flattening of this gradient. The difference in size-gradients is also seen
in local populations. Kelvin et al. (2012) found size-gradients to be flatter for
late-type galaxies in the GAMA survey. Because we only have measurements in
one band for z > 3.5, and we are dominated by late-type galaxies at high redshift,
we have not extrapolated r, between 3.5 < z < 5.5 and assume the measurement is
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representative of the r, at 0.5 um. This is assuming that the size-gradient will be
flat for low-mass, late-type galaxies at high redshift.
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Figure 2.8 The implied mass-size evolution of the progenitors of massive galaxies.
Circles are measurements from the stacks from the present study, with each point
representing a different redshift. The r, plotted above are the same values taken
from the right-panel of Fig. 2.7. Symbol color plotting convention is the same as
Fig. 3.1, with the lowest-z points corresponding to the most massive galaxies, and
monotonically decreasing to the highest-z. We have plotted the highest-z point as
an open face symbol to remind the reader we are mass incomplete for that z-bin.
Plotted above are the g-band local mass-size relations for late (dashed blue line)
and early type (dashed red line) galaxies from the GAMA survey (Lange et al.
2015), as well as the mass-size relations from Shen et al. (2003). For the lowest 2 z
bins (i.e. z < 1), our galaxies fall precisely on the local mass-size relation for early
type galaxies, but are systematically below the relations at higher z. Also plotted
above are the best fit single and double power-law relations to our data.

In the right panel of Fig. 2.7, we have plotted r, at 0.5 um as a function of
redshift. It is clear from both panels of Fig. 2.7 that the r, decreases out to z =5
which is consistent with previous results using a diverse set of methods to select
progenitors (e.g., van Dokkum et al. 2010; Williams et al. 2010; Damjanov et al.
2011; Mosleh et al. 2011; Oser et al. 2012; Barro et al. 2013; Patel et al. 2013a;
Straatman et al. 2015; Ownsworth et al. 2016). In spite of the different choice
of progenitor selection, below z = 2 our measurements fall broadly on the same
relation found by van Dokkum et al. (2010) (our values are systematically larger,
but this is likely a reflection of our slightly higher mass selection). This result is
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not surprising, and the consistency is reflected in the right panel of Fig. 3.1, where
at z < 2, the mass of the progenitors chosen using a fixed vs. evolving cumulative
number density are within the uncertainties in both the mass function and the
semi-analytic models. Although we measure a slightly steeper relation than van
Dokkum et al. (2010), it is surprising how well the relation is extrapolated at
z > 2 given that we are selecting galaxies which are distinct in mass from the
fixed-cumulative number density selection.

In Fig. 2.8 we investigate the evolution of the mass-size plane. We have taken
the values of r, from the right panel of Fig. 2.7, and plotted them against their
respective progenitor masses, with the highest mass associated with the lowest
redshift bin. For comparison purposes, we have over-plotted the mass-size relations
from Shen et al. (2003) and Lange et al. (2015) for both early and late type galaxies.
For Lange et al. (2015), who investigate the mass-size relations as a function of rest-
frame wavelength, we use their g-band relations which corresponds most closely
to a rest-frame wavelength of 0.5 um. The measured r, from our stacking analysis
fall on the SDSS and GAMA mass-size relations for early-type galaxies at z < 0.1.
However for all other redshift bins, our galaxies fall below the local-mass size
relation, consistent with van Dokkum et al. (2010). Also plotted in Fig. 2.8 are
simple single (dash-dot line) and double (solid line) power-law fits of the form

re = aM? (2.1)

=B
re = yMS (l + *) (2.2)

From Fig. 2.8, we see that the double power-law is a more appropriate fit
for our data, with the parameters y = 2.9 x 107, & = 0.35, 8 = 2.1 x 10> and
log(My/My) = 14.77. Continuing with the plotting convention in previous figures,
our 4.5 < z < 5.5 point has been plotted as an open-face symbol to highlight
incompleteness issues within that bin. It is interesting to note that this point has
not been included in any of the power-law fits, and the fact that it falls on on the
extrapolation of the double power-law is not designed.

The evolution in the mass-size relation in Fig. 2.8 can be broadly separated
into two phases. At z > 1.5, the mass-size evolution is relatively linear (in log-
log space), with most points falling along a single power-law. At z < 1.5, the
size growth becomes more efficient, and no longer follows the same single power
law as before. This is broadly consistent with patterns we have seen in Fig. 2.3
and Fig. 2.7 i.e., that star-formation and mergers are dominating mass and size
growth at different epochs, with this changeover occurring at z ~ 1 — 2. Before
this time, mass was primarily added via star formation, which has been shown
to be ineffective at altering the structure of massive galaxies (Ownsworth et al.
2012). At these redshifts, we see a marked increase in the quiescent fraction of the
progenitors. As star formation is no longer an available pathway to mass growth,
the growth is dominated by minor mergers, which efficiently increases the r, (see
Sec. 5.1 and references therein).
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2.5.4 Evolution in n

Fig. 2.10 is analogous to Fig. 2.7, except we investigate how the Sersic index n
changes with rest-frame wavelength in place of r,. From the left panel of Fig. 2.10
we see little to no evolution in n with wavelength at any redshift. We have therefore
taken an average n weighted by the bootstrapped uncertainty in each band to
measure a representative n for each redshift bin. At z > 3 where we only have one
measurement for each stack, the measurement was considered representative. The
resulting values are plotted in the right panel of Fig. 2.10.

Fig. 2.10 shows a clear downward trend of n with redshift, consistent with
previous findings out z = 2 (e.g., van Dokkum et al. 2010). This trend is also ex-
pected given the evolution in the quiescent fraction. Actively star forming galaxies
tend to have lower n/are more centrally concentrated than their quiescent coun-
terparts (e.g., Lee et al. 2013; Freeman 1970; Lange et al. 2015; Mortlock et al.
2015), thus at z > 1 the decrease in n is likely driven by morphological changes
between each redshift bin which we also see reflected in the evolution of the mass-
size relations (Fig. 2.8). van Dokkum et al. (2010) also found n to decrease with
redshift, although their relation is steeper than the one measured in the current
study. However the n — z relation from van Dokkum et al. (2010) was derived
from galaxies at z < 2, where the slopes are comparable, but where we measure
systematically higher n.

2.5.5 Mass Assembly

Equipped with measurements of r, and n, we can investigate surface-density pro-
files, and mass assembly as a function of radius. To generate these profiles, we
have assumed that the mass-to-light ratio is constant across the profile, and that
all the mass can be found within a radius of 75 kpc. Given these assumptions, and
that the integrated mass within 75 kpc must equal the total mass found in the
right panel of Fig 3.1 (i.e., the same constraints used in van Dokkum et al. 2010),
we have generated stellar-mass density profiles which can be found in Fig. 2.9.

Fig. 2.9 shows the Sersic fits using the values of r, and n for each redshift bin
in the right panels of Fig. 2.7 and Fig. 2.10 respectively. The transition between
the solid and dashed lines for each profile marks the point when the error in the
background becomes significant. Since many of the values of r, and n are either
interpolated, or averaged (see Sec. 2.5.3 and Sec. 2.5.4), the profiles from which
this transition point was determined were the closest to the rest-frame wavelength
of 0.5 um (these are the same bands which are displayed in Fig. 2.5).

Fig. 2.9 illustrates that the majority of mass build-up in galaxies since z = 4
occurs in the outskirts, consistent with previous findings and the inside-out growth
paradigm for massive galaxies (van Dokkum et al. 2010; Toft et al. 2012; Bezanson
et al. 2013; van de Sande et al. 2013; Belli et al. 2014a; Margalef-Bentabol et al.
2016). It is only at z = 5 that we begin to see significant growth in the inner
regions. Important to note is that as we are incomplete in that redshift bin, we
will be biased towards blue, and possibly diskier galaxies which would likely have
lower values of n. However given the trend of Sersic index with redshift found in
Fig. 2.10, this does not seem to be an unreasonable depiction of the progenitors.
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Figure 2.9 Top: The projected surface mass-density profiles for our stacks (presen-
ted in both log-linear and log-log scales). Each profile is a Sersic, with the r, and
n taken from the right panels of Fig. 2.7 and Fig. 2.10, with the constraint on
normalization that the integrated mass within 75 kpc be equal to the implied pro-
genitor mass from Fig. 3.1. The faded filled region corresponds to profiles within
the 16" and 84" percentile from the bootstrapped images. The transition from
solid to dashed line in the profile marks the point where the error in the profile is
at the level of the background. The PSF HWHM for each redshift is also marked
with a vertical line ending in a star at the top of each plot. Bottom: The fraction of
assembled mass with radius for each profile (presented in both log-linear and log-
log scales). The curves are all normalized to the total mass at 0.2 < z < 0.5. The
curve for 4.5 < 7 < 5.5 is faded to remind the reader that we are mass incomplete
in that z-bin.

34



Analysis

(0102) T %0
WNYO(] URA WOIJ UOIJR[OI 9T} S [[oM Se ‘ApNJS SIY} I0J UOTIR[OI 1 1S9 O} dIe Pa1jo[d-I10A() "2 YIIM U JO UOTIN[OADd YT, -1ybryf
"UIq-2 Yore I0J U aATyRjuasaIder e aonpord 0} paSelaar aIe senfea oy ‘pesjsuy -jutod wrf () oY) 0} uorejodeI)xs OU SI 2I9Y) ‘IRl
UM JUJSISUOD ST X2y pue ¥ Usam)aq UOIJe[aI 8} SY g "SI St UorueAuod Surjjo[d sures o) [Iim [[)SUS[ARM SUIRIJ-)SAI [}
jsurese Pa10[d Xopur OISIeG :2f97 SNIPRI 9AT108]J0 9} JO PRIISUI XOPUI JISIOG YIIM INq ‘) 'Z "SI Sk oINSy awres oy, (0T ¢ 2Ins1g

z [wrl pary

0

fpis sy ——
pajejodesxs 010g+AA

010z+WN}yoquen - - -

0l

80 _ 90

0

ce>z>0¢
0e>z>¢T

0T >2z>¢0

e >z >0y —
SERe e T—

¢z >2>0T —
0z >2>¢1 —
ST>2>0T —

$0>2>70 —

Mol O
M o
-
o

35



The evolution of today’s massive galaxies since 7 ~ 5

In Fig. 2.11, we have divided the surface mass density profile for each redshift
bin from Fig. 2.9 by the surface mass density profile at 0.2 < z < 0.5. In this way,
we are able to trace the fractional mass assembly as a function of radius. At the
highest redshift bins, we see the central regions are the first to form, with very
little of the stellar mass beyond 3 kpc in place at z ~ 5. Between 3.0 < z < 4.5, we
see rapid growth, with the fraction of mass assembled in the inner regions more
than doubling. It is also in this redshift interval that a not insignificant fraction
of stellar mass is assembled between 3 and 10 kpc. We can trace the redshift of
formation as a function of radius by tracing the horizontal dashed-line in Fig. 2.11,
which marks the point at which half of the stellar mass was assembled. As you
trace from small to large radii, the dashed line crosses different coloured regions,
indicating that the interior regions were the first to assemble, with the outer regions
assembling at later and later times, indicative of ‘inside-out’ growth.

1.0
B 02<2<10
N 10<z<20
Hl 20 < 2 <30
0.8 3.0<z< 45
Hl 45<z<55

Fraction of assembled mass

r [kpc]

Figure 2.11 The fractional build-up of stellar mass, as a function of radius, as-
sembled at various z intervals (i.e. each mass profile in Fig. 2.9 divided by the
mass profile for 0.2 < z < 0.5). The horizontal dashed lines markes the 50% as-
sembly point, and the vertical dot-dashed line is drawn at the 3 kpc point for
clarity. From this plot, the formation redshift for the interior vs. exterior re-
gions can be seen, with the inner regions containing 50% of their final stellar mass
between 2.0 < z < 3.0, with the outer region z of formation lagging behind.

We can trace this growth quantitatively by considering the total mass in and
outside the 3 kpc boundary. We have de-projected the surface density profiles of
Fig. 2.9, and separated the mass growth into stellar mass assembly that is within
r < 3 kpc, and exterior to r > 3 kpc. The total mass assembly is indicated in black,

36



Analysis

and is the same mass assembly seen in the right panel of Fig. 3.1. From the red
line, we see continuous, albeit decelerating, mass assembly from z = 5 to z = 0.
This is inconsistent with previous works such as van Dokkum et al. (2010) and
Patel et al. (2013a) who found the interior regions are consistent with no assembly
since z = 2, oft cited to be evidence of ‘inside-out’ growth, although it depends on
precisely what is meant by this term.

1011 L
2
3
o0
= 1010 L
— M., < 3 kpc [deprojected]
— M., > 3 kpc [deprojected] |
— Total M,
10° n n i i L
0 1 2 3 4 5

Figure 2.12 The total projected mass within 3 kpc (red-line) and outside 3 kpc as
implied by integrating the profiles from Fig. 2.9. The last symbol is plotted as
open faced to remind the reader that we are mass incomplete in that z-bin. There
is growth in both radial regions, however the growth is not self-similar with the
growth outside r = 3 kpc proceeding at a faster pace than the inner regions.

It is important to note from Fig. 2.11 and Fig. 2.12 that even though the regions
outside 3 kpc experience a greater growth rate than the inner regions, there is still
significant mass build-up from z =5 to z = 0 in the interior. Although the growth
between the inner and outer regions is not self-similar, the growth is not necessarily
‘inside-out’ as described in previous works (e.g., van Dokkum et al. 2010; van de
Sande et al. 2013), especially when considering the mass assembly at z > 3. At
these redshifts, significant stellar mass is assembled at all radii (although mass
accretion is concentrated in the central regions).

2.5.6 Comparisons with simulations

There have been many comparisons between the mass growth of galaxies in extra-
galactic surveys (i.e. mass functions) to hydrodynamical galaxy simulations (e.g.,
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Vogelsberger et al. 2014; Schaye et al. 2015). In fact, the EAGLE simulation has
been calibrated to reproduce the galaxy stellar mass function at z = 0. However,
there remain few examples (e.g, Snyder et al. 2015; Wellons et al. 2015) in the
literature which explicitly compare the evolution of structure in simulations to
observations . In this section, we endeavour to make such a comparison.

1011 L

log M, [Mg]

M. < 3 kpc [EAGLE]
M., > 3 kpc [EAGLE]
Total M. [EAGLE]
Total M,

M. < 3 kpc [deprojected] :
M. > 3 kpc [deprojected] | :

10°

0 1 2 3 4 5
z

Figure 2.13 Above show the the build-up of stellar mass inside (red line) and out-
side (blue line) a 3 kpc aperture as predicted by the EAGLE simulation, as well
as the total stellar mass evolution (black line). The faded colours is the mass
evolution from this study, with the colours corresponding to the same regions as
the simulations. The simulations show rapid build up of the outer regions, which
is qualitatively similar to the data. The main difference between the observa-
tions and the simulations is the total mass evolution proceeds more rapidly in the
simulations, with most of the effects see in the build up of the outer regions.

In Fig 2.13, we see how the mass assembly as implied by our observations
compares to the EAGLE simulation (Schaye et al. 2015). In Fig. 2.13, we see the
total mass assembly (black line), the mass assembly within a 3 kpc aperture and
the mass assembly outside a 3 kpc aperture. Also plotted in Fig. 2.13 are the
de-projected aperture masses from this study for comparison. The progenitors in
EAGLE are defined as the ‘true’ progenitors, and are selected in a similar method
to the dark-matter halo mergers trees from Behroozi et al. (2013) which inform
the abundance matching technique, i.e. only the most massive progenitor from
the precursors of a merger is considered. The progenitors were traced from all
galaxies within the EAGLE simulation that have a stellar mass within 0.1 dex of
log(M./My) ~ 11.5 (i.e. chosen to match the starting point of this study), which
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amounted to 24 galaxies. The aperture masses from EAGLE quoted above are
averages from the progenitors of these 24 galaxies.

A qualitative comparison between the simulations and the observations show
remarkable agreement. For the mass within 3 kpc, the agreement is always within
a factor of 2, which is within the uncertainty associated with the assumptions
made when determining stellar masses from photometry (Conroy et al. 2009).
Both methods predict the same overall trend i.e. that there is a steady build
up of stellar mass within 3 kpc, and rapid assembly at later times at radii larger
than 3 kpc. The main difference between the simulations and observations is that
EAGLE predicts a more rapid assembly of the progenitors. The progenitors in
EAGLE must assemble more mass in the same period of time in order to result
in the final stellar mass of log M, /Mg = 11.5 at z ~ 0.3. This offset is not entirely
unexpected, given differences between the evolution of the observed and simulated
galaxy stellar mass functions at high-z in the mass ranges considered for this study
(~ 109 — 10" Mg, Furlong et al. 2015).

The progenitors in EAGLE must assemble more mass in the same period of
time in order to come to the same descendant mass by z ~ 0.3; and given the
agreement with observations at r < 3 kpc, nearly all of this mass growth must
occur in the outer regions. This suggests the progenitors in EAGLE are more
centrally concentrated than observed, except at z > 4. Between 4 < z < 5, the
fraction of stellar mass outside a 3 kpc aperture is broad agreement with the
observations, which does not follow the trend at z < 4. One possible reason for
this is the effective radius at these redshifts is close to 1 kpc, which suggests nearly
all of the total bound mass in the galaxy would be within 3 kpc, which is not true
at lower redshifts.

Some caveats that could affect the above comparison are some assumptions that
were made in the observations, in particular the assumption of a constant mass-
to-light ratio for our surface mass density profiles. If there is a strong gradient of
stellar age with radius in the progenitors, and the interiors are older (which would
be consistent with what we see in Fig. 2.11), then we would over-predict the
fraction of the total stellar mass which is located at large radii, bringing us closer
to agreement with the simulations. A similar effect would be expected if there
are also strong gradients in dust. An analysis of forthcoming virtual observations
from EAGLE with the effects of dust and inter-cluster light taken into account
would be a better comparison, the investigation of which is beyond the scope of
this paper.

2.6 Discussions and Conclusions

2.6.1 Mass and size growth at z <2

In this paper, we have selected the progenitors of today’s massive galaxies through
an evolving cumulative number density technique, and have made image stacks to
infer their evolution with redshift. Based on rest-frame U -V and V —J colours, we
find the progenitors of massive galaxies become increasingly star forming out to
higher redshift, and by assuming Sersic profiles for the mass distribution, we find
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the progenitors decrease in both r, and n. These trends are qualitatively similar
to previous studies which select based on fixed (e.g., van Dokkum et al. 2010;
Patel et al. 2013a; Ownsworth et al. 2014), and evolving (Marchesini et al. 2014)
cumulative number densities at z <2

Although the qualitative trends are consistent with the literature, there are
quantitative differences, especially in regards to the evolution of the central mass
densities with redshift. Previous works (e.g, van Dokkum et al. 2010; Patel et al.
2013a; van Dokkum et al. 2014) have found little to no mass assembly in the inner
regions (r < 2 kpc), and find that mass assembly occurs in an inside-out fashion
with the majority of mass growth since z ~ 2 occurring at r > 2 kpc (although in
van Dokkum et al. 2010 at ~ 1 kpc, there is a spread in mass-density of at least
0.1 dex since z = 2 suggesting modest mass growth). In this study, we find the
central regions have accumulated ~ 50% of their mass between 2.0 < z < 2.5, but
continue to experience mass growth out to z = 0.2, albeit at a lower rate (i.e. we
find ~ 90% of the mass within 2 kpc was in place by z ~ 1).

The suspected cause of this discrepancy is the differences which arise between a
fixed vs. evolving cumulative number density selection. By using a fixed cumulat-
ive number density selection, one is biased towards the most massive progenitors
(e.g., Clauwens et al. 2016; Wellons & Torrey 2016). This is a result of the fact that
an abundance matching technique (i.e Behroozi et al. 2013) predicts higher number
densities with increasing redshift, whereas a fixed cumulative number density will
select galaxies at a steeper point in the mass function which is inhabited by higher
mass galaxies. We have tested this hypothesis by re-measuring the surface mass
density profiles for a fixed cumulative number density selection (see Fig. 3.1 for
the mass assembly history), and do find the redshift evolution in central regions of
the stellar surface mass density profiles is considerably weaker than for an evolving
number density selection (Fig. 2.14). Details of this analysis can be found in an
attached appendix.

In contrast to a fixed cumulative number density selection, van Dokkum et al.
(2014) selected galaxies based on their stellar surface mass density within 1 kpc
(i.e. ’dense cores’), and found evidence that the interiors are formed first, with
the outer radii forming around them. This inconsistency can also be attributed
to selection, and the progenitors van Dokkum et al. (2014) select are likely a
subpopulation of the progenitors of massive galaxies. Since they are selected on
central stellar density, and central stellar density is correlated with quiescence,
they will not select star forming progenitors. This is evidenced by the differences
in quiescent fraction at 2.0 < z < 2.5; van Dokkum et al. (2014) find a quiescent
fraction of 57%, whereas the selection of the current study has a quiescent fraction
of 23% in the same redshift range.

The most massive progenitors are likely to host older stellar populations, have
less star formation, and more compact configurations due to rapid early assembly
. As these progenitors would have assembled first, they experience more passive
evolution in their central regions between z = 2 and today (e.g., van de Sande
et al. 2013). The star forming progenitors however, still must quench, and might
involve more violent events, such as disk instabilities which result in compaction,
i.e. the driving of mass towards smaller radii (Dekel & Burkert 2014; Barro et al.
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2014). By averaging these populations, one would expect modest gains in stellar
mass density in the central regions, which is what is seen in our analysis.

An important caveat to consider when selecting progenitors at systematically
higher number densities is the effect of a lower normalization to the mass profiles.
Our profiles are designed such that 100% of the stellar mass, as determined from
the mass functions as outlined in Fig. 3.1, is contained within 75 kpe. If at each z
step we have a slightly lower mass selection than studies based on a fixed cumu-
lative number density selection, the normalization of the profile will trend to lower
values which imposes sustained mass growth in the central regions (see Fig. 2.14,
and discussion in the appendix).

Although we find the progenitors continue to assemble mass at all radii, the
growth rate at small and large radii is not self-similar. The fractional growth
rate is higher at larger radii, consistent with the idea that minor mergers play a
dominant role in the mass assembly at z < 1.5, and especially at z < 1 as found by
Newman et al. (2012); Whitaker et al. (2012); Belli et al. (2014b, 2015); Vulcani
et al. (2016).

This is also in agreement with our quiescent fractions, which are > 90% at z < 1,
suggesting that the majority of the mass growth cannot be from star formation.
However between 1 < z < 2 our star-forming fraction exceeds 50%, suggesting the
increasing importance of star formation in mass assembly, which is in broad agree-
ment with Vulcani et al. (2016) who find star-formation and minor mergers play
equal roles in mass growth during this epoch. Additionally, He maps of massive
star-forming galaxies between 0.7 < z < 1.5 reveal that the disk scale lengths are
larger in Ha than in the stellar continuum, suggesting that star formation also
contributes to the mass build-up at large radii (Nelson et al. 2016), and not just
in the inner regions.

2.6.2 Mass and size growth at z > 2

In addition to comparisons with other works, which are largely limited to z < 2,
we have selected progenitors, and generated stacks for galaxies out to z = 5.5.
In this regime we see a continuation of the trends at z < 2, i.e. progenitors are
smaller, and have Sersic indices which imply more disk-like configurations than
spheroidal. This is consistent with the evolution of our quiescent fraction which
continues to decrease with increasing z, suggesting the progenitors are dominated
by star forming galaxies which also tend to have disk-like morphology, which is
observed in massive galaxies at high redshift (e.g., van der Wel et al. 2011; Wuyts
et al. 2011; Bruce et al. 2012; Newman et al. 2015). This is in agreement with
the prediction of Patel et al. (2013a) who posited that the progenitors of massive
galaxies at z > 3 will continue the trend towards smaller sizes.

The trends in the evolution of the mass-size relation, the r,, the Sersic index,
the UV J colour evolution, and the FIR derived SFRs all corroborate the idea that
z ~ 1.5 represents a transitional period in how the progenitors of massive galaxies
assemble their mass. At z > 1.5 the UVJ colours and the FIR SFRs suggests the
progenitors are actively forming stars, and the Sersic index suggests those stars
are consistent with being distributed in an exponential disk. The change in power-
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law slope at z ~ 1.5 in the evolution of the mass-size plane suggests a change in
assembly method; one in which the size evolves more efficiently with mass than
at higher redshift, consistent with the minor merger scenario (see Sec. 5.1 and
references therein). This is further corroborated by the fact that the FIR SFR is
insufficient to account for the rate of stellar mass assembly at z < 1.5 (Fig. 2.4).

This study supports the scenario that the progenitors of massive galaxies begin
with a disk-like morphology with the disk forming concurrently with the central re-
gions (i.e. the ‘bulge’). At some point, the disk morphology is destroyed, either by
major mergers, or disk instabilities which may also be responsible for the increase
in quiescent fraction. Evidence of disks (e.g., van Dokkum et al. 2008; van der
Wel et al. 2011; Wuyts et al. 2011; Bruce et al. 2012; Bell et al. 2012) and rotation
(Newman et al. 2015) in massive compact quenched galaxies are seen at interme-
diate (1.5 < z < 3) redshifts which confirms that at least some of the massive
progenitors host/hosted disk-like morphology. By z = 1.5, assembly is less violent,
with mass growth dominated by minor mergers, and more passive quenching (i.e.
gas exhaustion) until z = 0.

The scenario that the progenitors of massive galaxies begin as disks have sup-
port in cosmological simulations. Fiacconi et al. (2016b) simulated the assembly
of the main progenitor of a z = 0 ultra-massive elliptical, and found the progenitor
to be disk dominated, with an exponential brightness profile at z > 6 which had
experienced several major mergers at z > 9. The ‘survival’, or more accurately, the
reassembly of the disk after a major merger is feasible, provided the major mer-
gers are sufficiently gas rich (e.g., Hopkins et al. 2009). Fiacconi et al. (2016b) also
calculated the Toomre parameter for their simulated disk and found it to be stable
against fragmentation for all resolved spatial scales, with the disk supported by a
turbulent inter-stellar medium thought to be due to feedback from star-formation.
They also predict, that gas-rich star forming disks at z > 5 should not host a sig-
nificant bulge, but is rather built up by mergers occurring at 2 < z < 4 (Fiacconi
et al. 2016a). This is consistent with our analysis which show the majority of the
stellar mass in the central regions (i.e. r < I kpc, which we take as a proxy for the
bulge) is assembled between 2.0 < z < 5.5.

Stacking analysis is a useful tool to probe the average properties of low-surface
brightness features of a population of galaxies. However, specific aspects of the
morphology are lost in a stack. To verify our hypothesis about the nature of the
progenitors of today’s massive galaxies will require resolution and sensitivity of
spaced based observatories such as HST. At high-z, the rest-frame optical emission
is shifted further into the infrared, of which future space observatories such as
JWST which will observe at wavelengths beyond the K-band, will prove to be
invaluable in determining the nature of 'regular’ galaxies at z > 2.

2.7 Summary
To briefly summarize the paper, we have traced the stellar mass evolution of the

median progenitors of log M./Ms = 11.5 galaxies at z = 0.35 using abundance
matching techniques. Using photometric data from the UltraVISTA and 3DHST
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surveys and their associated catalogs, we have used stacking analysis to trace the
mass assembly of the progenitors out to z = 5.5. By fitting the images stacks with
2D convolved Sersic profiles, we have found the following.

1. Selecting progenitors based on an evolving cumulative number density se-
lection results in progenitors that are less massive than if selected based
on a fixed cumulative number density selection. This discrepancy becomes
significant at z > 2.

2. The progenitors of massive galaxies become progressively more star forming,
with star forming fractions exceeding 50% at z > 1.5 as determined by their
rest-frame U — V and V — J colours.

3. The progenitors decrease in both effective radius and Sersic index with in-
creasing redshift, which is consistent with the picture that the progenitors
of today’s massive galaxies began with disk-like morphology.

4. The progenitors continue to assemble mass at all radii until z = 0.35, which
suggests a more complex mass assembly then ‘inside-out’ growth.

5. Even though galaxies continue to assemble mass in their interiors to low
redshift, the redshift at which half of the resultant stellar mass is assembled
is higher for the interiors than the exterior regions, with zf,-3 tpe ~ 2 = 3,
and Zf,r=10 kpc ™~ 1-2.

6. A brief comparison between the implied mass assembly of this study to results
from the EAGLE simulation show a very similar qualitative trend. However
the results from simulations imply a more rapid assembly of the outer regions.
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2.9 Appendix

2.9.1 The effects of a fixed cumulative number density se-
lection on the stellar surface mass density profiles

In this appendix, we briefly explore the effects of mass selection on the stellar
surface mass density profiles. A key finding of this study is that the central (r <
1 — 2 kpc) stellar surface mass densities evolve more strongly than observed in
earlier works (e.g., van Dokkum et al. 2010; Patel et al. 2013a; van Dokkum et al.
2014). It was suspected that this discrepancy was a result of the different number
density selections (i.e. a fixed vs. evolving cumulative number density selection
as discussed in Sec. 2.2.1), with a fixed number density selection yielding more
massive progenitors (Fig. 3.1).

— 02<2<05
05<z< 1.0
10<2<15
1.5<2z<20
20<z<25
25<2<3.0
3.0<z<35
35 <z<45
4.5 <z<55

Fraction of
assembled mass

Figure 2.14 This figure is analogous to Fig. 2.9, with the profiles derived from
stacks of galaxies using a fixed cumulative number density selection. In this figure,
we see that the increase in the surface mass density within 1 — 2 kpc observed in
Fig. 2.9 largely disappears, and the inner profiles do not show strong evolution
with redshift.

To properly investigate this, we repeated our analysis (as detailed in Sec. 2.5)
for a fixed cumulative number density selected sample. In Fig. 2.14, we plot the
resultant surface mass density profiles. A comparison of the right panels of Fig. 2.9
and Fig. 2.14 shows the new mass selection significantly alters the observed surface
mass density profiles in the central regions. In Fig. 2.9, we see a difference of
~ 1 dex between the lowest and highest redshift bin at r < 2 kpc. In contrast, the
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inner profiles in Fig. 2.14 lie approximately on top of each other with most mass
evolution occurring in the outskirts.

By choosing progenitors using the same methods as previous studies (e.g., van
Dokkum et al. 2010; Patel et al. 2013a; van Dokkum et al. 2014), we recover their
trends, i.e., there is very little redshift evolution in the central stellar surface mass
densities and that most mass evolution is occurring in the outskirts (r > 2 kpc).
The effect of selection on the evolution of surface mass-density profiles is two-fold.
First, a fixed cumulative number density selection yields higher mass progenitors,
which will tend to be more spheroidal, and more centrally concentrated. Secondly,
for an evolving cumulative number density selection, the mass evolves more steeply,
with less-massive progenitors at high redshift. This will mean the normalization
of surface-mass density profiles will also evolve more steeply which is reflected in
the evolution of the central stellar surface mass density (as seen in Fig. 2.9).
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Chapter

THE MASS GROWTH AND STELLAR
AGES OF GALAXIES: OBSERVATIONS
VERSUS SIMULATIONS

Using observed stellar mass functions out to z = 5, we measure the main pro-
genitor stellar mass growth of descendant galaxies with masses of log M./My =
11.5,11.0,10.5,10.0 at z ~ 0.1 using an evolving cumulative number density selec-
tion. From these mass growth histories, we are able to measure the time at which
half the total stellar mass of the descendant galaxy was assembled, t,, which, in
order of decreasing mass corresponds to redshifts of z, = 1.28,0.92,0.60 and 0.51.
We compare this to the median light-weighted stellar age #, (z. = 2.08,1.49,0.82
and 0.37) of a sample of low redshift SDSS galaxies (from the literature) and find
the timescales are consistent with more massive galaxies forming a higher fraction
of their stars ex-situ compared to lower mass descendants. We find that both ¢,
and 1, strongly correlate with mass which is in contrast to what is found in the
EAGLE hydrodynamical simulation which shows a flat relationship between ¢, and
M.,. However, the semi-analytic model of Henriques et al. (2015) is consistent with
the observations in both ¢, and 7. with M., showing the most recent semi-analytic
models are better able to decouple the evolution of the baryons from the dark
matter in lower-mass galaxies.

Allison R. Hill, Adam Muzzin, Marijn Franx, and Danilo Marchesini
The Astrophysical Journal Letters
Volume 849, Issue 2, pp. L26 (2017)



The Mass Growth and Stellar Ages of Galaxies

3.1 Introduction

Inferring the assembly history of present-day galaxies is challenging. It requires
accurately linking progenitor to descendant, a process which is obfuscated by the
fact that we only ever observe a galaxy at one snapshot in time. However, by using
mass-complete censuses of galaxies at different redshifts and observing how popu-
lations of galaxies move through various parameter spaces (i.e., SFR, sSFR, central
surface mass density, central stellar velocity dispersion, number density, etc.), one
can begin to connect descendant galaxies to their likely progenitor population.

By tracing galaxy evolution using a variety of the aforementioned parameters,
observational studies are united in the finding that massive galaxies assemble most
of their stellar mass before low mass galaxies, indicative of baryonic ’down-sizing’
(e.g., Pérez-Gonzdlez et al. 2008; Marchesini et al. 2009; Behroozi et al. 2013;
Muzzin et al. 2013b; Gonzalez Delgado et al. 2017). This is consistent with analyses
of the stellar populations of local galaxies, which find that more massive galaxies
are host to older stellar populations (e.g., Kauffmann et al. 2003; Gallazzi et al.
2005; Thomas et al. 2010)

In contrast to observations, semi-analytic models (SAMs) and hydrodynamical
simulations do not share the same consistency. Although both hydrodynamical
simulations and semi-analytic models reproduce the positive correlation of stellar
age with stellar mass, they differ in their predictions for when that mass assembled.
Recent SAMs predict massive galaxies forming earlier than their low mass counter-
parts (e.g., Henriques et al. 2015), in contrast to recent hydrodynamical simulations
who show either a flat relationship between assembly time (the time at which 50%
of the mass was assembled) and stellar mass (Qu et al. 2017), or a weak positive
correlation (Sparre et al. 2015).

Although these models are inconsistent with each other on trends of stellar
mass with assembly, they do all predict a higher fraction of the stars in massive
galaxies were formed ex-situ (e.g., Rodriguez-Gomez et al. 2016; Qu et al. 2017;
Mundy et al. 2017). This picture is consistent with observations that indicate
mergers are an important avenue of mass growth in massive galaxies since z ~ 1
(e.g, Newman et al. 2012; Hill et al. 2017). However, the role of mergers in the
mass growth of lower mass galaxies remains uncertain.

In this Letter, we endeavour to draw a direct observational comparison between
the assembly time and the mass-weighted stellar age of galaxies, and demonstrate
more concretely the relationship between galaxy stellar mass and the fraction of
ex-situ stars. We also compare these timescales to the EAGLE simulation as well
as the recent SAM of Henriques et al. (2015) (hereafter H2015).

Unless otherwise specified, all ages and assembly times are for galaxies corres-
ponding to a references redshift of z = 0.1, with all ages reported in lookback times.
We assume a A-CDM cosmology (Hy = 70 kms™'Mpc~!, Q) = 0.3, and Q4 = 0.7).
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3.2 Analysis

3.2.1 Measuring the assembly times

To estimate the assembly time (z,) for a galaxy, we must first determine a mass
assembly history. The first challenge to analyzing the mass evolution of present
day galaxies is properly identifying their progenitors. There are several methods
to do this, e.g., by inferring the mass growth from the evolution of the SFR-mass
relation (e.g, Patel et al. 2013b), selection via central surface-mass density (e.g. van
Dokkum et al. 2014), selection via fixed central velocity dispersion (e.g., Bezanson
et al. 2012), and the evolution of the stellar mass function (e.g., Pérez-Gonzdlez
et al. 2008; Marchesini et al. 2009; Muzzin et al. 2013b) (among others). The
simplest and most appropriate method to derive the progenitor masses of galaxies
is through cumulative number density selection. This method begins with the
simple assumption that cumulative density would remain constant if there were
no mergers or scatter in assembly; the evolution in the cumulative density due to
these effects can be predicted robustly from models (Behroozi et al. 2013). These
predictions have been tested and verified against more detailed simulations which
accurately recover the median mass evolution(e.g., Torrey et al. 2015; Clauwens
et al. 2016; Wellons & Torrey 2016). This method is the only method which can
give a fair estimate from the evolution of the mass function alone, i.e., it does
not need any detailed modelling to the full f(M., S FR, merger rate) distribution of
galaxies.

In Figure 3.1 we show the number density, and progenitor mass evolution for
four different descendant masses of log M,./Ms = 11.5,11.0,10.5,10.0 at z ~ 0.1.
As in Hill et al. (2017), we utilize the mass functions of Muzzin et al. (2013b),
Grazian et al. (2015) (with the addition of Bernardi et al. 2017 to extend to z ~ 0.1)
to translate the number densities from Behroozi et al. (2013) into galaxy stellar
masses as a function of redshift (left panel, Figure 3.1). The regular evolution of the
implied progenitor mass as a function of redshift in the right-panel highlights the
quality of the input mass functions. Also indicated in the right panel of Figure 3.1
are the assembly times, f,, the points at which half the final stellar masses were
assembled. For our progenitors selection, this corresponds to an assembly redshifts
(in order of decreasing stellar mass) of z, = 1.28,0.92,0.60,0.51. In this plot we
see a clear trend towards baryonic cosmic ‘down-sizing’, with the most massive
galaxies assembling half their stellar mass earlier.

3.2.2 Measuring the stellar ages

To compare #, to the present-day age of the stellar populations in those galaxies,
t., we take the light-weighted ages from Gallazzi et al. (2005) (¢.Lw) which were
measured from a subsample of 44 254 SDSS galaxy spectra. This subsample was
chosen such that the median S/N per pixel was greater than 20, in order to accur-
ately, and simultaneously model both the age and metal sensitive spectral indices
such as HB,Hb4, Hys, D4000, and [Mg,Fe]. They also were careful to exclude
galaxies at redshifts which deviated substantially from the Hubble flow, resulting
in a redshift range of 0.005 < z < 0.22, with a median redshift of z = 0.13. Extensive
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and careful modelling, using a library of 150 000 Monte Carlo realizations which
cover a wide parameter space of plausible star formation histories, were used to
accurately determine both age and metallicity as well as quantify the magnitude
of the errors on these derived quantities. A full description of their methods can
be found in Gallazzi et al. (2005).
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Figure 3.2 The assembly age, t,, plotted as a function of the stellar age, t.. f, is
defined as the age at which half the stellar mass was assembled, as determined from
the stellar-mass evolution tracks in the right panel of Figure 3.1, with the errors
estimated from uncertainties from the stellar mass functions. The stellar ages are
the median light-weighted ages (filled-circles) taken from Gallazzi et al. (2005),
with the errors representing the expected uncertainty resulting from age gradients
(see text for details). We have also estimated a mass-weighted age correction to
the light-weighted ages using corrections measured from both EAGLE and H2015
(details can be found in the main text). We see a positive correlation between ¢,
t, and mass, with the most massive galaxies assembling first.

For a galaxy with a given M., we take the median #. 1w (see Table 2 in Gallazzi
et al. 2005). As t..w is a median value, the formal errors are small (fractions
of a percentage point), so we do not include those errors. However, as the SDSS
fibres impose an aperture, there is potential for errors resulting from age gradients,
especially in the larger galaxies. A recent analysis of age gradients in SDSS galaxies
by Goddard et al. (2017) found gradients at a level of ~ 0.1 dex/R, from the centre
to 1.5R.. This translates to an aperture correction of approximately 10%, which
we use as a conservative error estimate in the median . pw.

Light-weighted ages are biased towards younger stellar populations, as young
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stars dominate the optical emission where many age sensitive indices are measured
(see Kauffmann et al. 2003). A more representative ¢, metric is the mass-weighted
age, t, yw. Since the SFH is not known for these galaxies, we generate stellar-mass
dependent corrections to ¢, yw using the differences between the mass-weighted
ages and r-band weighted ages from both H2015 (available in their catalog) and
EAGLE (James Trayford, private communication) and apply it in the following
way:

Le MW,G05 = L LW,G05 + (e MW,sims — Le, LW,sims) (3.1)

Figure 3.2 shows t,, t. ywgos for both H2015 and EAGLE, and t..wgos for all
of our descendant galaxy masses. We see a range of assembly times, from ~ 5 Gyr
at the low-mass end, to almost 9 Gyr for our highest mass bin. The span is larger
in t, where we see a range of ~ 5 — 11 Gyr. We see all values are consistent with
t; < t.yw which confirms our results are physical. We observe ¢, — 1, increasing
with stellar mass, which suggests a higher fraction of the stars in massive galaxies
are formed ex-situ than at lower masses. When comparing #, — ¢, to the ex-situ
fractions of the H2015 SAMs, they imply an ex-situ fraction of between 3 —33% for
log M, > 10.5 and between 1-33% for log M. = 10.0. This finding is consistent with
other observational studies (e.g, most recently, Rodriguez-Puebla et al. 2017, who
use sub-halo abundance matching to find a M, ~ 5 x 10!'M,, galaxy has ~ 36% of
their mass formed ex-situ compared to only ~ 2.4% for Milky-Way mass galaxies).
This trend is also seen simulations (see Sec. 5.1 and references therein).

3.2.3 Comparison to Simulations

In Figure 3.3, we compare our assembly times, and the stellar ages of Gallazzi et al.
(2005) to the median values of those found in the EAGLE simulation (Schaye
et al. 2015), and the SAM of H2015 as a function of stellar mass. In this fig-
ure, we record the median r-band weighted stellar age of a narrow stellar mass
range (AlogM./Mg = 0.05) of galaxies from the largest EAGLE simulation (Ref-
L100N1504) at z = 0.1, and the millennium simulation (Henriques2015a..MRscPlanck1).
We also trace the mass evolution of the most massive progenitors of theses galaxies
to estimate an assembly redshift.

Figure 3.3 shows that the observations display a positive correlation between ¢,
t, and stellar mass (as implied by the mass functions), assuming the relationships
are of the form

t.oc alogM,, t,ocBlogM, (3.2)

where @ and B are the best fit linear slopes for ¢, and f, respectively. The
H2015 model also reproduces the positive trend between stellar mass, t. and f,,
albeit with slightly flatter slopes. For observations, we find a,,s = 4.25 + 0.55,
and Byps = 2.46 = 0.30 which are both steeper than the those implied for H2015
(@ma015 = 3.42 £0.56, Brrors = 1.38 +£0.34) although they agree to within 20~. This
suggests the SAMs are doing a good job at reproducing the formation of stars and
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their assembly for the stellar mass ranges considered in this study, with a slight
bias towards earlier formation.

The EAGLE simulation similarly reproduces the relationship between ¢. and
M., although the value for « is even flatter than that of H2015 (agagre = 2.19 +
0.39). For the assembly time, EAGLE does not reproduce the trend at all, and
instead has a B consistent with 0 (Bgage = —0.17 £ 0.40). This is also seen in
Qu et al. (2017), who performed a more robust analysis of the EAGLE simulation
galaxy assembly, and who’s median assembly times also indicate a flat relationship
with M,.

At high masses (M, = 10'°M,), compared to observations, massive EAGLE
galaxies assemble their mass too quickly. There are also issues at the lowest mass
where the discrepancy of stellar ages and assembly times in EAGLE at log M,./My =
10.0 is significant (and also present in H2015, although not as discrepant in the
SAM) and likely related to simulations over-producing low-mass galaxies at higher
redshift (see Weinmann et al. 2012; Henriques et al. 2013; Lacey et al. 2016).

3.3 Discussions and Conclusions

From Figure 3.1 and 3.2, we see a clear trend between 7, and ¢, with stellar mass.
More massive galaxies formed earlier, and at log M./Mgy > 10.5, they also have
stellar ages which are older than their respective assembly times, suggesting that
a larger fraction of their stars formed ex-situ compared to lower mass galaxies.
This picture implies that mergers are a more important component of stellar mass
growth in massive galaxies, which is consistent with what is seen in previous studies
(e.g., Naab et al. 2009; Hopkins et al. 2010; van Dokkum et al. 2010; Trujillo et al.
2011; Newman et al. 2012; Hilz et al. 2013; McLure et al. 2013; Vulcani et al.
2016; Hill et al. 2017; Mundy et al. 2017). In contrast, with ¢, ~ ¢, for galaxies at
log M./My < 10.5, almost all the stars can be attributed to in-situ formation.

Although the #, was not calculated explicitly, both Patel et al. (2013a) and
van Dokkum et al. (2013) used fixed cumulative number density arguments to
calculate the stellar mass evolution as a function of redshift, from which a z, can
be inferred. Using their fits for M.(z), for a 10''2M,, galaxy, Patel et al. (2013a)
found an assembly redshift of 1.97. Using our prescription, for the same galaxy
mass, we would find z, = 1.42. van Dokkum et al. (2013), for a 10'*"M, galaxy,
find z, = 1.35 (and for which we would find z, = 0.91). Both studies find earlier
assembly redshifts than we do. About half this redshift discrepancy is due different
selection criteria (i.e. the use of a fixed cumulative number density instead of
an evolving cumulative number density, where the former predicts higher mass
progenitors (see Hill et al. 2017), with the remainder due to the use of different
mass functions.

A comparison of our results to recent hydrodynamical simulations (Schaye et al.
2015) and semi-analytic models (H2015) show good agreement in the relation-
ship of 7. with stellar mass in all but the lowest mass bin (with the exception
of the highest mass bin in the EAGLE simulation). This is especially impressive
in EAGLE considering the models were not calibrated to reproduce stellar ages.
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The disagreement in t, in the lowest mass bin suggests either simulations are still
forming stars too early, or, conversely the stellar ages in lower mass galaxies are
underestimated. Using deep (S IN(A) > 50) spectroscopy of a handful of local
group galaxies, Sdnchez-Blazquez et al. (2011) found that nearby barred-spiral
galaxies were dominated by stars with ages on the order of ~ 10 Gyr. Using deep,
color-magnitude diagrams of local dwarfs, Hidalgo et al. (2013) also found that the
majority of stars in local dwarfs are between 9 — 10 Gyr old. This is in apparent
contradiction to the median ages found by Gallazzi et al. (2005). It is possible
that the smaller local samples are not representative of the population as a whole.
Conversely, the reverse could also be true and that the low-mass end of the galaxies
from Gallazzi et al. (2005) are also not representative. Alternatively, one way to
resolve the discrepancy is to assume that there is a positive relation between stel-
lar mass and age, which has a turnover at dwarf-galaxy stellar masses (although
this seems unlikely). A more robust survey of low-mass, and hence low-surface
brightness galaxies would be needed to address these issues.

If we assume that the mass-weighted stellar ages inferred from Gallazzi et al.
(2005) are correct, then the disagreement between observations and EAGLE of
t. also folds into the assembly times, where we see more significant disagreement
between EAGLE and our estimates (although with large scatter). EAGLE does
not reproduce the positive correlation between 7, and stellar mass, but instead
predicts a flat relationship which might be related to the fact that EAGLE doesn’t
reproduce the GSMF (Furlong et al. 2015).

Considering the SAMs of a decade ago (e.g., De Lucia et al. 2006), there has
been massive improvement, with the assembly times calculated from the most
recent SAM (H2015) agreeing remarkably well with the observations (to within
207), with a slight bias to early assembly times. Although there have been great
improvements in recent modelling and simulation work in regards to reproducing
the GSMF, these results suggests that there are potential systematic offsets which
need to be addressed, and that the evolution of the baryonic component of low-
mass galaxies has not been sufficiently decoupled from their host dark-matter
halos. Observationally, there is an under-explored parameter space in regards to
low-mass galaxies which are crucially needed to inform the simulations.

3.4 Summary

In this Letter, we have measured the assembly time, and stellar ages from observa-
tions for four different mass descendant galaxies (log M./My = 11.5,11.0, 10.5, 10.0)
at z~ 0.1 and find

1. The assembly times, and stellar ages decrease with decreasing stellar mass,
consistent with cosmic ’down-sizing’.

2. The difference between ¢, and ¢, increases weakly with increasing stellar mass
suggesting that massive galaxies form a larger fraction of their stars ex-situ
compared to lower mass galaxies.
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3. t, and t. both increase with stellar mass, ranging from ~ 5 — 11 Gyr in mass-
weighted stellar age and ~ 5 — 9 Gyr in assembly times. The SAM model
of H2015 reproduces these trends to within 20, albeit with slightly flatter
relationships. EAGLE reproduces the positive correlation with ¢, but not
with ¢, where EAGLE predicts no mass dependence on assembly times.

4. The assembly times and stellar ages from the most recent SAM from the
Millennium simulations (Henriques et al. 2015) are in good agreement with
the observations, with a slight bias to earlier formation and assembly.
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Chapter

THE EVOLUTION OF GALAXY
FLATTENING AT z<4 IN CANDELS

We investigate the median flattening of galaxies at 0.2 < z < 4.0 in all five CAN-
DELS fields via the apparent axis ratio g. Massive quiescent and star-forming
galaxies have similar median ¢ (gueq) values at z > 2.5, consistent with the forma-
tion of quiescent galaxies through wet mergers and/or transitions from star-forming
to quiescent without structural transformation. At lower redshifts, quiescent galax-
ies are rounder than star-forming galaxies of the same stellar mass (M.). The
evolution in g,.; and the correlations between g and M, coincide with changes in
the sérsic index (n): rounder galaxies on average have higher n. For star- forming
galaxies there is a strong additional dependence on galaxy size: galaxies with small
r. are rounder than galaxies with large r,, even after removing the trend with n.
While keeping in mind that attenuation by dust may affect the measurements of
structural parameters, in particular for edge-on (flat) galaxies, our findings suggest
that the evolution in g,,.s generally traces bulge evolution for both the star-forming
and the quiescent population. For star-forming galaxies we are witnessing the ini-
tial formation and growth of bulges, while for quiescent galaxies we are witnessing
the progressive destruction of pre-existing disks through (dry) merging.

Allison R. Hill, Arjen van der Wel, Marijn Franx, Adam Muzzin
m prep



The Evolution of Galaxy Flattening at z <3 in CANDELS

4.1 Introduction

Tracing the morphological evolution of galaxies from photometry is valuable in
providing insights into the underlying kinematics of galaxy evolution when time-
expensive, high S/N spectra are unavailable. Physical parameters have been long
known to be broadly couple to Hubble-type (e.g., Roberts & Haynes 1994; Blanton
et al. 2003), with young, star forming (SF) galaxies exhibiting some form of gas-
rich disk or flattened structure and quiescent (Q) galaxies exhibiting older stellar
populations in rounder, puffed up ellipticals (although passive disks do make up a
small, but not insignificant population of passive galaxies; Bruce et al. e.g., 2014a).

In order to quantify the morphological evolution, various structural parameters
have proven to be useful proxies for visual classification. In general, disk galaxies
have been associated with a low (n ~ 1) sersic index surface brightness profile (or
an exponential profile), and elliptical galaxies with a high (n ~ 4) sersic index light
profile (de vacouleurs profile). Along with a sersic parameter, galaxies have also
been quantified based on their effective radius, r., and their apparent axis ratio, g.

On a galaxy-by-galaxy basis, ¢ is not in itself a very useful parameter as it can
depend strongly on inclination angle. However, distributions of ¢ have been used to
infer the intrinsic axis ratios of populations of galaxies separated by their Hubble
type (e.g., Sandage et al. 1970; Lambas et al. 1992) and by mass, star-forming
state and redshift (e.g., Law et al. 2012; Chang et al. 2013; van der Wel et al.
2014b). For instance, in the local universe, Lambas et al. (1992) found that the
elliptical g-distribution implied that these galaxies are intrinsically triaxial as pure
oblate/prolate models could not account for the observed axis ratio distributions.

van der Wel et al. (2014b) and Chang et al. (2013) used similar methodology to
measure how the distributions evolve with redshift in star-forming and quiescent
galaxies. Chang et al. (2013) confirmed that the apparent axis ratio distribution
of quiescent galaxies at low-z is consistent with intrinsic triaxial shapes, and that
this is also true in their high-redshift (I < z < 2.5) counterparts. They also
found that at z > 1, galaxies with M, ~ 10'' M exhibited a higher oblate fraction
which they interpreted as massive galaxies being comprised of disks in the past,
which were destroyed in major-merger events. For lower-mass quiescent galaxies
(M, < 10"°M,), the evolution of the oblate fraction is reversed, with low-mass
quiescent galaxies at high-z not having sufficient time to settle into stable disk
systems as compared to today.

In star-forming galaxies, van der Wel et al. (2014b) found that disks are ubi-
quitous among massive galaxies at all redshifts below z ~ 2. At lower stellar mass
(M. < 10'°M,), the fraction of galaxies with elongated intrinsic shapes increases
towards higher redshifts and lower masses, and that similar to their low-mass
quiescent counter parts discussed in Chang et al. (2013), these galaxies did not
have sufficient time to settle into stable disks. This interpretation is supported
by kinematic analysis in IFU studies, such as Simons et al. (2017) who find that
disordered (i.e. dispersion dominated) motions decreases with decreasing redshift
in low-mass star-forming galaxies.

In this study, we choose to investigate the median apparent axis-ratio (gmeq)
evolution instead of modelling the distributions and inferring their intrinsic shapes.
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Sample Selection

We instead, infer the intrinsic flattening from the median flattening, with the un-
derlying assumption that the trends in the median encapsulate trends in the larger
population. This is caveated with the fact that many studies who investigated the
apparent axis ratio distribution, P(g), find that a single morphological type often
does not reproduce the observed P(g), and that the models demand a more hetero-
geneous population (e.g., Lambas et al. 1992; Chang et al. 2013; van der Wel et al.
2014b). By using the g, we can quantify the dependency on other structural
parameters such as n, and r, and their evolution. We analyze how these values
change as a function of the star-forming state of these galaxies and determine what
Gmed 1s tracing in these different populations.

Throughout this article, we assume a A-CDM cosmology (Hy = 70 kms™'Mpc~!,
QM = 03, and QA = 07)
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Figure 4.1 The top panels are the F160W magnitude plotted against mass, with
each panel showing a different redshift bin. The bottom panels show the corres-
ponding recovery of ‘good’ fits (i.e. a flag value of 0 or 1 the van der Wel et al.
(2012) catalogs) as a function of UVJ star-forming state. The grey-shaded region
marks our selected mass and magnitude completeness limits for this study, with
the mass limit evolving with increasing z.

4.2 Sample Selection

This work makes use of the structural parameter catalogues of van der Wel et al.
(2012) which were generated using GALFIT Peng et al. (2010). We also utilize
the most recent (v4.1.5) photometric catalogues on which they are based from the
CANDELS-3DHST survey (Brammer et al. 2012; Skelton et al. 2014). We use the
stellar population parameters, and rest-frame colours based on the ‘zbest’ cata-
logues, which will use (if available) first a spectroscopic redshift, then a (good)
grism redshift and lastly a photometric redshift if a spectroscopic and grism red-
shift were not available. We refer the reader to the aforementioned papers and
their associated documentation for details.
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Table 4.1. Number of galaxies in each redshift range by UVJ SF-state

z-range Quiescent Starforming
02<z<05 173 589
05<z<10 781 3426
1.0<z< 15 643 1904
1.5<z<20 357 614
20<z<25 187 477
25<z<30 16 78
30<z<4.0 12 44

Note. — Above are the number of

galaxies in each redshift range that are
above our mass limits outlined in Fig. 4.1.

We perform a first pass selection using the 3DHST photometric flags (use_phot =
1), as well as an F160W magnitude cut of msp = 24.5 to ensure uncertainties in
size and shape were within 10% (as described in van der Wel et al. 2012). We use
objects with a quality flag of f = 0,1 in van der Wel et al. (2012) which means
that GALFIT converged on a solution (without crashing) and that the solution did
not require parameters to take on their ‘constraint’ values.

We also separate our sample into SF and Q galaxies based on their rest-frame
U -V and V — J colours, where galaxies display a colour bi-modality and separate
based on specific star formation rates (Labbé et al. 2005; Williams et al. 2009,
2010; Whitaker et al. 2011). We use the UVJ boundaries defined in Muzzin et al.
(2013b) to separate the Q and SF sequences.

In Figure 4.1 we have plotted the F160W AB magnitude, and the fraction of
‘good’ structural fits (f = 0,1 in van der Wel et al. (2012)) as a function of mass
and redshift, as well as SF state to determine our mass completeness as a result of
our magnitude limit and the effect of our decision to take only ‘good’ structural
parameters. In the top panels we have indicated the mass completeness limit for
each redshift (which ranges from log M../M = 9.5—11.0), to ensure sufficient signal-
to-noise (S/N). In the bottom panels, we see the recovery of ‘good’ structural fits
is always greater in the SF galaxies, likely because of the difference in their rest-
frame optical colours. This is particularly striking for quiescent galaxies at the
highest redshift bin (3.0 < z < 4.0) at log M../Ms < 10.5 where we see the recovery
of ‘good’ fits is ~ 30%. However, our mass cut from the top panels ensures we
have recovered > 80% of the total galaxies in each redshift bin.

After applying all the aforementioned selection criteria to the complete SDHST
catalogue, we are left with 9301 galaxies. A census of these galaxies broken down
into their respective redshift and UVJ-SF state can be found in Table 4.1.
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Figure 4.2 Left: Magnitude of the systematic uncertainty as measured by van der
Wel et al. (2012) (orange points; see their Table 3) as a function of the F160W
magnitude. The blue line is an exponential fit to the data. Right: The difference
between the g, from the original structural catalog from van der Wel et al. (2012)
and a correction to Gumed (Georr, based on the fit in the left panel) as a function of
z. The error bars show the variance in values. As expected, the total effect of the
systematics grows bigger with redshift.

4.3 Analysis

4.3.1 Correcting for Systematics

Since we are taking a median of P(g), and we have already imposed a fairly con-
servative S/N cut, our random errors on the median are a fraction of a percent for
most data points in this article. However, the systematics in g can be significant
at the faintest magnitudes. Since we wish to investigate the trends with flattening
out to significant z, rather than exclude these galaxies from our sample, we chose
to correct for the systematics investigated by van der Wel et al. (2012).

In their article, van der Wel et al. (2012) used model light profiles convolved
with the noise and PSF profiles of HST to estimate the effects of systematics. They
repeated their surface brightness profile fitting on the simulated images and found
that near the magnitude limits of their survey, the measured ¢ in the data were
flatter than the model images. In their Table 3, they tabulated the average sys-
tematic as a function of F160W magnitude, which we have plotted in Fig. 4.2. In
the left panel of Fig. 4.2, we fit an exponential function to the data, and made cor-
rections to the values of ¢ in the catalog based on each object’s F160W magnitude.
Although we do not know the magnitude of the systematic for any individual ob-
ject, our approach of medians means we can apply these corrections. In the right
panel of Fig. 4.2 we have shown the median correction as a function of z. As
expected, the magnitude of the correction is larger at higher redshift, where the
sample is dominated by objects at fainter magnitude limit (as seen in the upper
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panel of Fig. 4.1).
Unless otherwise specified, the values of g presented in this paper are corrected
for the systematic effects.

4.3.2 Trends with star-formation, M., z, r, and n

To investigate trends in ¢,,.q with other properties, we binned our galaxies into 7
different redshift bins (with ranges specified in Table 4.1 ), as well as 4 different
stellar mass bins (log M./M, € [9.5,10.0], [ 10.0, 10.5], [10.5,11.0], [11.0,12.0]),
3 bins of r, (r.[kpc] € [0,3], [3,6], [6,9], [9,20]), and 3 bins of n (n €[0,2.0],
[2.0,4.0], [4.0,8.0]). We exclude galaxies with r, < 0.17/ from our sample, as this
is smaller than the HWHM of the PSF.

In Fig. 4.3 we have plotted ¢n.s as a function of log M./Ms and z. In this
figure, we only plot our results to z = 2.5 because we are not complete in mass
above this redshift (although we plot our highest mass bin, M, > 10'' M, where
we are complete in Fig. 4.4). Considering only the quiescent galaxies, we see that
there are no strong trends with stellar mass. On the other hand, star-forming
galaxies at z < 1 do display a broad mass dependence, with lower mass galaxies
appearing flatter than higher mass galaxies which could be driven by the bulge-
to-disk ratio. Because we are mass-limited, whether or not this trend continues at
z> 1 is an open question which would require deeper survey depths to answer.

If we now consider the broad difference between quiescent and star-forming
galaxies in Fig. 4.3, we see that at z < 2.0, the quiescent galaxies are always
rounder than their equivalent mass star-forming counterparts. This becomes less
apparent at z > 2.0. where at log M./Mg > 11.0, the axis ratios are equivalent.
This could be indicative of similar morphology between the two populations at
these redshifts.

We investigate this similarity to higher redshifts by only considering galaxies
in our highest mass bin where we have sufficient redshift coverage given our mass-
complete limits. In Fig. 4.4, we have plotted the apparent axis ratio of galaxies
in our highest mass bin as a function of redshift. We see quiescent galaxies are
flatter at higher redshifts of equivalent mass, whereas the star-forming galaxies
show little evolution in g, with redshift. As in Fig. 4.3, at z < 2, the quiescent
galaxies are rounder than their star-forming counterparts. At z > 2, we see that
there is no discernible difference in the g,,.q between the star-forming and quiescent
populations, suggesting that at this mass (as alluded to in Fig. 4.3) perhaps these
galaxies have similar structure.

Given the known association between a galaxy’s mass and size (e.g., Shen et al.
2003; van der Wel et al. 2014a; Lange et al. 2015) and that the size of galaxies at
an equivalent mass are observed to be smaller at larger redshifts (e.g., Daddi et al.
2005; Trujillo et al. 2006; van Dokkum et al. 2008; Straatman et al. 2015), it is
also important to determine whether the trends observed in Fig. 4.3 are driven by
the size evolution. As previously mentioned, we have binned our data according
to r. and have plotted how this evolves with z and M, in Fig. 4.5 and Fig. 4.6,
respectively, but have omitted bins with fewer than 3 galaxies.

In Fig. 4.5, we see that the g4 of star-forming galaxies depends more strongly
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Figure 4.3 Apparent axis ratio as a function of mass and redshift for both UV.J-
quiescent (left) and UVJ-SF (right). The error bars in log M. /M, represent the
interquartile range, and the error bars in g,,.q are the 1o range from a bootstrapped
median, and represents the variance.
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Figure 4.4 Apparent axis ratio as a function of redshift, and separated into quies-
cent (left) and star-forming galaxies (right) via a UVJ colour selection for galaxies
at M, > 101" M. The error bars in g,ueq are from the bootstrapped median, and are
representative of the scatter, and the error bars in z show the interquartile range.
Here we see the quiescent galaxies are rounder than the star-forming galaxies at
7 < 2, but are comparable at z > 2. We also note that the apparent axis ratio has
shown significant evolution in quiescent galaxies, but the trend in g,.q with z for
star forming galaxies is flat.
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Figure 4.5 Apparent axis ratio as a function of effective radius for the same redshifts
bins as Fig. 3. As in previous figures, the error bars in ¢, are the 1o from
the bootstrapped sample, and the errors in r, represent the interquartile range.
Bins with 2 or fewer galaxies have been omitted, which is why there are missing
data points in the left hand panel at z > 2.5. In star-forming galaxies, there is a
significant anti-correlation between g,,.s and r., although no consistent z evolution.

on r, than their quiescent counterparts, with large galaxies being flatter than
smaller galaxies. At low-z, quiescent galaxies become marginally rounder with
increasing size, with this trend disappearing, or even reversing at z > 2. The
stronger trend in g, with r, in star-forming galaxies could be the result of the
bulge-to-disk ratio (B/T), with the bulge ‘out-shining’ the disk at smaller r,.

Fig 4.6 echoes the trends with r, seen in Fig. 4.5 (with star-forming galaxies
showing stronger correlations than quiescent galaxies), however there is a much
stronger dependence on M, than with z, with massive galaxies always rounder
than less massive galaxies at fixed r,, with the exception of the smallest quiescent
galaxies where the trend reverses. These trends are also what are expected if
the B/T ratio increases with increasing M, and decreasing r,. In this figure, we
also plot gu.s as a function of r,/re s, where r,, is the expected size given the
stellar mass from the mass-size relations of van der Wel et al. (2014a). This can be
thought of as a deviation from the mass-size relation. When plotting this fraction
instead of the r,, we see the mass dependence largely disappears in both quiescent
and star-forming galaxies. In quiescent galaxies we see a relatively flat relationship.
For star-forming galaxies, galaxies that lie below the mass-size relation are rounder
than those that lie above it.

In Fig. 4.7, we investigate the dependencies of n on gu.s and M,. In this Fig-
ure, the galaxies have been binned by n. We observe a strong positive correlation
between ¢.¢ and n in both quiescent and star forming galaxies, with no signi-
ficant M. dependence. Because there is no significant M, dependence, we have
plotted trend lines in Fig. 4.7 based on the median of all galaxies, as well as only
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Figure 4.6 Top: Similar to Fig. 4.5, except galaxies have been binned according
to M, instead of redshift. Bottom: The same as the top row, except instead of
plotting the axis ratio against r., we have plotted the ratio of r, to the expected
size based on its mass from the mass-size relation of van der Wel et al. (2014a)
(rems- The differences in mass bin seen in the top row disappear when considering
the deviation from the mass-size relation.
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Figure 4.7 Apparent axis ratio binned by sersic index for 4 different mass bins for
UVJ-quiescent (left) and UVJ-SF (right). Black dashed linens both panels is the
linear least squares fit to the combined star-forming and quiescent sample. Red
and blue dashed lines are the linear fits to the quiescent and star-forming galaxies,
respectively. In the left panel, we see no apparent mass evolution in the quiescent
galaxies, but we do see a strong evolution in sersic index. In the right panel, we see
a flatter, albeit, still strong relationship between n and g4, with no apparent mass
trend, except in the lowest mass bin where more massive galaxies are rounder.

the quiescent/star-forming in their respective n bin. These lines show that the n
dependence is steeper for quiescent galaxies. This is the most significant trend
observed out of the structural parameters investigated.

4.3.3 Is n driving trends with ¢,,.;”

Because of the tight relationship between g,,.q and n, we re-investigate the observed
trends with g,,.4 to test the extent to which these trends can be explained by trends
in n. To this end, we re-calculate g,,.s using their measured values of n as well as
the relationships for star-forming and quiescent galaxies in Fig. 4.7, g,. We then
take the residual between ¢,,.q and ¢, and and plot that against M,, z and r,.

Fig. 4.8 shows the residuals of the values in Fig. 4.3. In this figure, we see
for most data points that the residuals are ~ 10% of the original values, and can
account for most of the observed ¢.s. For star-forming galaxies, although there
is structure in the residuals, n can also account for the trends, especially at the
lowest redshifts.

In Fig. 4.9, we show the residuals of the relationship of our massive galaxy
subsample (M, > 10'') with z. In massive galaxies, we see that g can be
fully accounted for by n, and the trend of massive galaxies becoming rounder at
lower redshift is also gone, with this relationship accounted for by an evolution
in the median n. We see the flat relationship with star-forming galaxies is also
maintained. Therefore, we conclude that the evolution in n can account for any
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Figure 4.8 These plots contain the same galaxies and bin as inFig. 4.3, except the
abscissa is now the residual between the actual g.q, and ¢, where g, is the gueq
expected based on the galaxies sersic index using the quiescent and star-forming
relationships from Fig. 4.7. n is able to account for the observed ¢y to within
~ 10% for most of the mass and redshift bins. Although there is structure in
the residuals for the star-forming galaxies, the spread in ¢, observed in Fig. 4.3
disappears, suggesting n is sufficient to explain the trends.

Gmeq €volution in massive galaxies.

Although n can convincingly account for most of the observed g4, as well as
trends with M, and z, it is insufficient to explain the trends in r, for star-forming
galaxies. Fig. 4.10 and Fig. 4.11 are the residuals plots of Fig. 4.5 and Fig. 4.6,
respectively. For the quiescent galaxies in Fig. 4.6, we do see that the previously
seen mass dependence of g, at fixed radius is gone (again with the exception of
galaxies at the smallest radius). However, the mass dependence for star-forming
galaxies persists, as well as the overall trend with r,.

4.4 Discussions and Conclusions

n the previous sections, we investigated the dependence of the observed g.q with
various structural parameters. At all masses below z < 2, quiescent galaxies are
rounder than their star-forming counterparts (Fig 4.3). For quiescent galaxies,
when binned by M, there was no discernible trend with mass, whereas star-forming
galaxies do show a significant mass dependence at low-redshift (z < 1.0). At the
highest masses (M, > 10'!), quiescent galaxies show a strong trend, becoming
increasingly flat at higher-z, until they match the apparent g,,.q at z > 2, suggesting
that at the highest redshifts, massive quiescent galaxies are structurally similar to
their star-forming counterparts, and that high-z quiescent galaxies could be disk-
like, a notion that has been posited previously (e.g., van der Wel et al. 2011; Wuyts
et al. 2011; Bruce et al. 2012; Chang et al. 2013; Newman et al. 2015; Hill et al.
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Figure 4.9 This figure shows the residuals of Fig. 4.4, after subtracting g, (the
expected gpeq from a galaxy’s n assuming the relationships from Fig. 4.7) for
The strong trend of gu.s with z for quiescent
galaxies are consistent with zero, showing the trend was driven by an evolution
in the axis ratio and that n is able to account for the observed ¢, for massive
galaxies. The residuals with the star-forming galaxies are also consistent with zero.

galaxies at log M,/My > 10'1).

Figure 4.10 This figure shows the residuals of Fig. 4.5, after subtracting ¢, (the
expected gmeq from a galaxy’s n assuming the relationships from Fig. 4.7) for
galaxies at logM,/Ms > 10''. This trend is sufficient to explain the observed
gmea Of quiescent galaxies, but does not account for the trend of g.; with r, in
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star-forming galaxies where the magnitude of the trend persists.
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Figure 4.11 The residual values after subtracting ¢, (the expected gueqs from a
galaxy’s n assuming the relationships from Fig. 4.7) from ¢, in Fig. 4.6. As in
Fig. 4.10, n is able to account for ~ 80 — 90% of the observed g.s in quiescent
galaxies. In star-forming galaxies, the observed trend with r, cannot be accounted
for with n.

2017)

The observed trend of massive galaxies flattening at higher redshift (Fig. 4.4)
can be explained entirely by the dependence of n on ¢,.s. This conclusion was
drawn through an analysis of the residuals after subtracting the effect of n from
gmeqa- To obtain this correction, we binned our sample according to n and M, and
found n to correlate strongly with g, and surprisingly, with no apparent stellar-
mass dependence (Fig. 4.7). By using the linear relationship surmised in Fig. 4.7,
we calculated what g, would be given the modelled n from the catalog of van
der Wel et al. (2012), and plotted the residuals. The residuals for g,., with z in
massive galaxies were consistent with 0 (Fig. 4.9), with the conclusion that the
evolution in n drives the evolution in gueq-

The geq-residuals were also plotted for the other masses, which showed very
little residual correlation. However, the magnitude of the trend between ¢, and
M, for star-forming galaxies is not successfully accounted for by n, as there is still
structure in the residuals from the lowest stellar-mass bin. This could be because
these low-mass galaxies are triaxial, although further investigation is required.

When binning galaxies based on their r,, for star-forming galaxies we observed
an inverse correlation between g,,.q and r,, with larger galaxies exhibiting stronger
flattening than smaller star forming galaxies, regardless of z (Fig. 4.5). This trend
persists when comparing star-forming galaxies at fixed r, in different mass bins
(Fig. 4.6). At fixed r,, massive galaxies are always rounder than lower mass galax-
ies, regardless of star-forming state (with the exception of the smallest quiescent
galaxies which requires further investigation). This mass dependence disappears
when considering ¢ as a function from the deviation of the relevant mass-size re-
lation (Fig. 4.6).
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One possible interpretation of our results is that g.s is tracing the bulge-to-
total galaxy ratio (B/T) in star-forming galaxies. It has been shown previously
that n broadly traces B/T in massive galaxies (e.g., Bruce et al. 2014b; Kennedy
et al. 2016); this combined with the our observation that g,., is also tracing n
links this idea quite well. This would explain why smaller star-forming galaxies
are rounder than extended star-forming galaxies, as well as why more massive star-
forming galaxies are rounder than less-massive galaxies at fixed radii (Fig. 4.11);
the bulge is dominating more of the light in smaller galaxies, and more massive
star-forming galaxies have built up more of a bulge.

This could potentially provide a proxy for estimating the dominance of bulges
in galaxy populations at high-z when the size of the galaxy is approaching the PSF
of the instrument making sersic modelling increasingly uncertain (see, for example,
Hill et al. 2017). We do emphasize that all of these trends are based on medians
of populations, and thus would likely be inapplicable on a galaxy-by-galaxy basis.
There is much more detailed investigation required to confirm this result.

4.5 Summary

We have taken the catalogues of van der Wel et al. (2012) and studied the evolution
of the median apparent axis ratio (gueq) for over 9000 galaxies out to z = 3 with
M=, z, n and r,. We find

1. Quiescent galaxies are rounder than their star-forming counterparts at all
masses below z < 2. Above z > 2, the flattening between massive quiescent
and star-forming galaxies is identical, suggesting they had very similar struc-
ture in the early universe. This is an extension in redshift of previous work
(Chang et al. 2013) who found an increased incidence of disk-like structure
in massive quiescent galaxies at z > 1.

2. The flattening in quiescent galaxies is mass independent, whereas in star-
forming galaxies, there is a strong positive correlation with stellar mass at
least until z = 1; due to our mass limits, whether this trend continues to
higher z is an open question.

3. In star-forming galaxies, g.q correlates significantly with r,, in contrast to
quiescent galaxies where there is no significant trend.

4. In quiescent galaxies, the strongest common correlation was between g,.q and
n. For most relationships, there is very little residual correlation between geq
and g, (the expected g calculated from the sérsic index), however this was
not the case in star-forming galaxies.

5. We suspect that g, is likely tracing the B/T ratio which would explain why
smaller /more massive star-forming galaxies are rounder than their exten-
ded/less massive counterparts, as well as why we do not observe strong M,
and r, dependencies in quiescent galaxies, as the majority of the quiescent
galaxies are not expected to have prominent disks. We caveat that we are
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also only tracing the light, which would weight blue disks with lower mass-to-
light ratios heavily in the observables, and that the mass distribution could
be quite different.
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Chapter

A STELLAR VELOCITY DISPERSION
FOR A STRONGLY-LENSED,
INTERMEDIATE-MASS (QUIESCENT
GALAXY AT z=2.8

In this paper, we present deep X-Shooter spectroscopy of one of only two known
gravitationally-lensed massive quiescent galaxies at z > 2. This galaxy is quadruply
imaged, with the brightest images magnified by a factor of ~ 5. The total exposure
time of our data is 9.8 hours on-source; however the magnification, and the slit
placement encompassing 2 images, provides a total equivalent exposure time of
215 hours. From this deep spectrum we measure a redshift (zgec = 2.756 +0.001),
making this one of the highest redshift quiescent galaxies that is spectroscopically
confirmed. We simultaneously fit both the spectroscopic and photometric data
to determine stellar population parameters and conclude this galaxy is relatively
young (560719 Myr), intermediate-mass (log M./Mg = 10.59*%%%) " consistent with

low dust corfgent (Ay = 0.20702%), and has quenched only rela%ioxslely recently. This
recent quenching is confirmed by strong Balmer absorption, particularly Hé (Hé4 =
6.66f8:gg). Remarkably, this proves that at least some intermediate-mass galaxies
have already quenched as early as z ~ 2.8. Additionally, we have measured a
velocity dispersion (o~ = 187 +43 km/s), making this the highest-redshift quiescent
galaxy with a dispersion measurement. We confirm that this galaxy falls on the
same mass fundamental plane (MFP) as galaxies at z=2.2, consistent with little
to no evolution in the MFP up to z=2.8. Overall this galaxy is proof of existence
of intermediate-mass quenched galaxies in the distant universe, and that lensing

is a powerful tool for determining their properties with improved accuracy.

Allison R. Hill, Adam Muzzin, Marijn Franx, Jesse van de Sande
The Astrophysical Journal
Volume 819, Issue 1, pp. 74-86 (2016)



A Stellar Velocity Dispersion for a Strongly-Lensed Galaxy at 7 = 2.8

5.1 Introduction

It is well established that galaxies with evolved stellar populations were already
in place when the universe was less than half of its current age (see for example
McCracken et al. 2012; Tlbert et al. 2013; Muzzin et al. 2013b). These galaxies were
first identified from a population which exhibited red J; — K colors (Franx et al.
2003). These colors were consistent with taking the spectral energy distribution
(SED) of an elliptical or dusty star-burst galaxy and red-shifting to z ~ 2, with the
degeneracy between the two types of galaxies lifted with the inclusion of IRAC data
(Labbé et al. 2005; Williams et al. 2009). Out of the Franx et al. (2003) sample,
subsequent spectroscopy later confirmed that a subset of these ‘red-galaxies’ were
indeed quiescent (van Dokkum et al. 2003; Kriek et al. 2006), establishing that
galaxies with strongly suppressed star formation were present at higher redshifts.

A comparison of the stellar populations of quiescent galaxies between z ~ 2
and z ~ 0 via their mass-to-light ratios show that the stellar populations in these
galaxies are consistent with passive evolution (e.g., van Dokkum et al. 1998; Treu
et al. 1999; Bernardi et al. 2003; van Dokkum et al. 2006). Although quiescent,
the z ~ 2 galaxies are strikingly different in their structure compared to present-
day ellipticals. At a given mass, their effective radii (r.) are a factor of ~ 2 — 4
smaller than at z ~ 0 (e.g., Daddi et al. 2005; Trujillo et al. 2006; Zirm et al.
2007; van Dokkum et al. 2008, 2010; Szomoru et al. 2012). This difference in r,
between present-day ellipticals and high-redshift galaxies implies a rapid structural
evolution between z ~ 2 and today. Although these galaxies must grow by a factor
of a few in size, their central stellar-velocity dispersions show little evolution (Toft
et al. 2012; van de Sande et al. 2013; Bezanson et al. 2013; Belli et al. 2014a)
between these redshifts.

The evolution of stellar populations between redshift z ~ 2 and z ~ 0 is mirrored
in the evolution of the zero-point in the fundamental plane (FP). The FP represents
a locus of galaxies which occupy a tight plane determined by a galaxy’s surface
brightness, size and velocity dispersion (Dressler et al. 1987; Djorgovski & Davis
1987).This plane maintains a slight tilt with respect to the expectation from the
assumption of virial equilibrium. This tilt is thought to be caused by a deviation
from homology (Pahre et al. 1995; Capelato et al. 1995; Busarello et al. 1997), and
by variations in the mass-to-light ratio (van Dokkum et al. 1998; Cappellari et al.
2006; Robertson et al. 2006; Bolton et al. 2007; Cappellari et al. 2013).

When the dependence of the FP on surface brightness is replaced with the
average stellar mass density (i.e. the mass fundamental plane; henceforth MFP),
the tilt in the FP virtually disappears (Bolton et al. 2007), or is at least shown
to be weaker than the tilt in the FP (Bolton et al. 2008; Holden et al. 2010;
Bezanson et al. 2013). In contrast to the evolution in the zero-point of the FP
(e.g., van de Sande et al. 2014), the MFP zero-point shows very little evolution
out to z ~ 2 (Bezanson et al. 2013), reminiscent of the lack of evolution in central
stellar-velocity dispersion (Toft et al. 2012; Bezanson et al. 2013; Belli et al. 2014a).
However the precise evolution depends on assumptions when counting galaxies and
how to connect progenitors to their descendants (van de Sande et al. 2014).

The consistency of the slope of the MFP with that predicted from virial equi-
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librium points to variations in mass-to-light ratios as the likely cause of the tilt
in the FP. The evolution in mass-to-light ratios are driven by either variations in
dark matter content, variations in stellar populations, or a combination of both. In
the context of MFP evolution at high-z, it is important to note that the sample of
Bezanson et al. 2013 in the highest redshift bin was restricted to massive galaxies
i.e logM,/My > 11.0, leaving the MFP unpopulated below this mass threshold at
z ~ 2, and due to redshift coverage, at all masses above z ~ 2.

Although valuable for testing the evolution of the MPF, measuring stellar ve-
locity dispersions of quiescent galaxies beyond z ~ 2 has proven technically chal-
lenging. At these redshifts their optical absorption lines are redshifted to the
near-infrared (NIR) which has a high and variable sky background. In contrast
to actively star-forming galaxies, measuring a stellar-velocity dispersion of quies-
cent galaxies requires a continuum detection, with moderate signal-to-noise ratios
(S/N). Because of the long integration times required to achieve the necessary S/N
enabling a stellar velocity dispersion measurement, the community has been re-
stricted to observing the brightest galaxies at these redshifts (Onodera et al. 2010;
van de Sande et al. 2011; Toft et al. 2012; van de Sande et al. 2013; Bezanson et al.
2013; Belli et al. 2014a), which van de Sande et al. (2014) showed is also biased
towards younger post-starburst galaxies.

In order to probe higher redshifts and/or lower masses, and circumvent the
need for long integration times prior to the era of the James Webb Space Tele-
scope (JWST), we aim to take advantage of the brightening and magnifying ef-
fects of strong gravitational lensing. This tool has been successfully implemented
in studying the properties of distant star-forming galaxies, with higher resolu-
tion and better signal-to-noise than normally possible including lyman-break (e.g.
Smail et al. 2007), sub-millimetre (e.g. Vieira et al. 2013) and UV-bright galaxies
(e.g. Brammer et al. 2012; Sharon et al. 2012; van der Wel et al. 2013). We aim
to extend the utility of gravitational lensing to red, quiescent galaxies.

Lensed, quiescent galaxies at high redshifts (z > 2) are comparably more dif-
ficult to find than lensed star-forming galaxies for a variety of reasons. First
quiescent galaxies show a declining number density with increasing redshift (i.e.,
Muzzin et al. 2013b). Thus, there are fewer quiescent galaxies to be lensed at
high redshift as compared to star-forming galaxies. Secondly, blue, lensed star-
forming galaxies stand out in red, quiescently dominated galaxy clusters, whereas
red, lensed galaxies do not. One of the best places to search for lensed galaxies
is behind galaxy clusters as they have deep potential wells. As a result of high
star formation rates (SFR), SMGs exhaust their gas on relatively short timescales,
and are thus extremely rare in local galaxy clusters. Because of SMG rarity in
local clusters, the foreground lensing cluster has few sources in the sub-mm images
allowing for trivial detection of the lensed SMGs. This is not the case for quies-
cent galaxies, where the foreground cluster is also NIR bright. Blue, star-forming
galaxies are UV-bright, and lensed candidates at redshift ~ 2 have this emission
shifted to the rest-frame optical, making the high-redshift blue galaxies behind
clusters optically bright. With the existence of wide and relatively deep optical
surveys such as SDSS, there is a wealth of lensed blue galaxies (e.g, Stark et al.
2013), however large area NIR surveys of comparable depth are not available.
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As such, there are only five red, lensed galaxies presented in the literature.
Auger et al. (2011) present an intermediate redshift (z = 0.6) lensed candidate
which is multiply imaged. Two of the high-redshift (z = 1.71,2.15) examples in the
literature (Geier et al. 2013) are singly imaged, which are more difficult to create
lens models for. There are only two examples of multiply imaged red-lenses at
high redshift. One, found by Newman et al. (2015), with a spectroscopic redshift
of z=2.636, and the other is the object of this study which was first identified by
Muzzin et al. (2012).

In this paper we present X-Shooter spectroscopy, and a stellar velocity disper-
sion measurement of COSMOS 0050 + 4901, a quiescent galaxy found by Muzzin
et al. (2012) in the COSMOS/UltraVISTA field (McCracken et al. 2012). With the
current data, this is now the highest redshift quiescent galaxy with a stellar velo-
city dispersion measurement, as well as the least massive quiescent galaxy beyond
redshift 2 with a rest-frame optical spectrum.

We assume a A-CDM cosmology (Ho = 70 kms™'Mpc™!, Q) = 0.3, and Q4 =
0.7), and AB magnitudes.

5.2 Data

5.2.1 COSMOS 005044901

COSMOS 0050 + 4901 is a strongly-lensed system where the lens is a single galaxy
at z = 0.960 found serendipitously in the COSMOS/UltraVISTA field (McCracken
et al. 2012) as a group of exceptionally bright, red galaxies. The source is quad-
ruply imaged, with photometric redshifts of z ~ 2.3 — 2.4 (depending on which of
the multiple images is analyzed; Muzzin et al. 2012, hereafter M12). The brightest
3 images are magnified by a factor of ~ 5 (M12, Muzzin et al. in prep). In Fig. 5.1
we show a 3-color UltraVISTA J, H and Ks-band image of the lens-source system.
Included in this figure is the placement of the slit used for the spectroscopic data
(see Sec. 5.2.3). As illustrated by the slit position shown in Fig. 5.1, we have ob-
tained spectroscopy of two images, effectively doubling our exposure time. Fig. 5.1
also qualitatively illustrates the difference in color between the foreground lens and
the source images as a result of their differing redshifts.

M12 performed an initial estimate of the structural properties of the galaxy
using the ground-based K-band data. Assuming the best photometric redshift
at that time, they estimated an r, = 0.64f8:?§ kpc and a Sersic index of n =
2.21’%3. Recently, we have obtained high-resolution HST F160W imaging of COS-
MOS 0050 + 4901. With the deep HST image and spectroscopic redshift determ-
ined in this analysis, Muzzin et al. (in prep) determined a well-constrained lens
model, which allowed them to accurately determine the circularized r, (corrected

for magnification) and n to be 0.86*)]2 kpc and 3.50*0¢8.

5.2.2 Rest-Frame UVJ Colors

Williams et al. (2009) demonstrate that galaxies display a clear bi-modality in U-V
and V — J color-space out to z = 2. Galaxies tend to separate into two sequences
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Slit placement —

Figure 5.1 RGB-image using UltraVISTA Ks, H, and J-band DR2 images. The
source images are labeled A, B, C, and D, and the foreground lens is indicated.
The source images are noticeably redder than the lens because of the discordant
redshifts (Zjens = 0.960 and Zgyee = 2.76) which result in the continuum emission
from the lens and source galaxies peaking in different bands. The position of the
X-Shooter slit on the sky is indicated. Note that the slit was placed such that it
falls on galaxies A and B.

in color-color space, one consisting primarily of star forming galaxies, and one
primarily consisting of quiescent galaxies. This bi-modality is driven by a galaxy’s
UV+IR determined SFR. Beyond z = 2, measurement errors, and completeness
limits reduces this bi-modailty (Williams et al. 2009; Muzzin et al. 2013b).

We calculate the rest-frame U-V and V-J colors for COS MOS 005044901 using
the photometric data presented in M12 (via FAZY; Brammer et al. 2008). We
de-blending the lens from the images, which showed non-negligible contamination
in the PSF-matched ground based imaging, by simultaneously fitting both the
images and the lens using GALFIT (Peng et al. 2010) (further details may be
found in M12).

In Fig. 5.2 we show that our object falls on the quiescent region in the UVJ
diagram (using zspec = 2.756; the determination of which is described in Sec. 5.3.1).
We compare and contrast it to a quiescent, spectroscopic sample compilation (from
van de Sande et al. 2015, with a redshift distribution of 0.6 < z < 2.2). This sample
contains 63 galaxies at 0.4 < z < 1.6 from Bezanson et al. (2013), 38 galaxies at
1 < z < 1.4 from Belli et al. (2014a), 18 galaxies at 0.6 < z < 1.1 from van der
Wel et al. (2005), 16 galaxies at z ~ 0.8 from Wuyts et al. (2004), 5 galaxies at
1.2 < z < 1.6 from Newman et al. (2010), 4 galaxies at 1.4 < z < 2.1 from van
de Sande et al. (2013), 3 galaxies at 2.1 < z < 2.4 from Belli et al. (2014b), 1
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galaxy at z = 2.2 from van Dokkum et al. (2009), 1 galaxy at z = 1.8 from Onodera
et al. (2012), and 1 galaxy at z = 2.6 from Newman et al. (2015) (see Table in
van de Sande et al. 2015 for further details). As stated in van de Sande et al.
(2015), the sample is selected based on the availability of kinematic measurements
in the literature. Thus, this sample is biased towards brighter objects. In Fig. 5.2
we also indicate the UVJ color selection from van de Sande et al. (2015) as the
dashed-black line.

Also plotted in grayscale in Fig. 5.2 is a redshift-selected (1.5 < z < 2.5),
photometric sub-sample from the K-band selected catalog of UltraVISTA from
Muzzin et al. (2013a) (with the limiting magnitude K < 24.4 in a 2.1” aperture).
This sub-sample contains both star forming, and quiescent galaxies. The redshift
range was chosen in order to highlight the color bi-modality, which as previously
mentioned, is erased at higher redshifts due to incompleteness and measurement
errors. In comparison to both the spectroscopic, and photometric samples, our
object has colors similar to galaxies with quiescent populations.

5.2.3 Spectroscopic Data

Data were obtained using the X-Shooter instrument on the VLT UT2 (D’Odorico
et al. 2006; Vernet et al. 2011) with the K-band blocking filter in place. The
target was observed in service mode; the observations were carried out between
2012 December and 2014 February (program Muzzin 090.B-0452(A), and DDT
program Muzzin 288.B-5043(A)). All observations had clear sky conditions and an
average seeing of 0.8”. A 0.9” slit was used in the NIR, aligned in the North-South
direction with two of the images on the slit, as shown in the UltraVISTA color
image in Fig. 5.1. X-Shooter simultaneously takes spectra in the observed UVB
and VIS. The UVB and VIS arm data had no signal, as expected from the very
red SED.

The NIR sky changes on short timescales (~ minutes) and to compensate for
changing sky levels, it is customary to perform a nodding pattern, with two frames
adjacent in time subtracted from each other with the object offset in adjacent
frames, often referred to as an ABBA observing pattern. Given the size of the
X-Shooter slit (0.9”x11”), the spatial extent of our object was such that there
was insufficient space to perform this nodding pattern with enough empty sky for
a successful sky subtraction. As such, observing blocks were 10 minutes, with a
nodding pattern offset in declination in 0.4” increments to a maximum offset of 2"
which corresponds to a shift on the slit of between 2 and 10 pixels. These offsets
were made for the identification and removal of bad pixels.

The images were reduced using the method most commonly used in optical
spectroscopy (see Section 5.2.4). Of 64 science frames with 600s exposure of ex-
posure time on each frame, 5 frames did not contain the target and were thus not
used in the final combination (but utilized in sky subtraction - see Section 5.2.4).
This results in a science image with a total exposure time of 9.8hrs. However,
obtaining a similar S/N spectrum on a single galaxy with comparable un-lensed
magnitude (K ~ 22.7) would require 215 hours when accounting for the fact that
our observations are sky-limited, 2 objects fall on the slit and that we are only
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Figure 5.2 Rest-frame U-V color vs V-J color. Grey points are a redshift selected
(1.5 < z < 2.5) comparison sample from the K-band selected UVISTA catalog
(McCracken et al. 2012). The black dashed line is the colour selection implemented
by van de Sande et al. (2015) to separate quiescent and star forming galaxies.
Coloured points are a high redshift (0.6 < z < 2.3) sample compiled by van de
Sande et al. (2015), with the literature sources indicated in the plot legend. Our
object (orange star) sits on the UVISTA 1.5 < z < 2.5 red sequence, and within
the locus of other high redshift, quiescent galaxies with measured stellar velocity
dispersions.

semi-resolved. This gain in S/N demonstrates the substantial observing advant-
age provided by strong gravitational lensing. Additionally, a B9V telluric standard
star (Hipparcos 049704) was also observed before and after the science target for
removal of atmospheric absorption lines, as well as relative flux calibration between
orders.

5.2.4 Spectroscopic Reduction

The data were reduced with the ESO pipeline for X-Shooter (ver 3.10; Modigliani
et al. 2010), following the “physical” mode reduction chain using EsoRex. Indi-
vidual frames were reduced in stare mode, as the extent of the object on the slit
made standard sky subtraction difficult. Bad-pixel masks were generated using
IRAF task ced_mask, and bad-pixels corrected for using the IRAF task fixpiz.
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Because of the methodology of our sky subtraction, we found several detector
artefacts on the images which complicated this procedure. In order to subtract
these artefacts, we generated a sky frame out of 5 blank sky frames from our
observations, as well as other 10 min exposures which used the K-band blocking
filter found in the X-Shooter archive. We used a total of 28 frames. These frames
were all median combined to generate a high S/N sky-frame. This sky-frame was
then subtracted from the science frames to subtract the detector artefacts.

The OH-emission lines in the NIR vary in flux, and change on short time scales,
so the sky-frame subtraction could not account for sky lines. To account for this,
the sky was modelled along each column in the spatial direction, while masking
out rows which contained galaxy flux. This modelled sky was then subtracted
from each column. The individual exposures were then median combined order by
order.

The telluric standard spectra were reduced in the same way as the science
frames. We constructed a response spectrum from the telluric star, and a black
body curve with a T,ss matching a B9V star. Residuals from Balmer absorption
in the telluric standard were removed by interpolation. The science observations
were corrected for instrumental response and atmospheric absorption by division
of the response spectrum.

To extract the spectrum, a 1D light profile was fit to each wavelength pixel (or
column) along the spatial direction. The light profile was modelled from a median
combination of all these fitted profiles from an order in the H-band (the highest
S/N region of our spectrum). Order number 17 is shown in Fig 5.3 to illustrate.
The light profile found in the top panel of Fig. 5.3 was fit, with a background term,
to each column of the combined, 2D spectrum:

C) Za/le+b/1 (51)

A and y refer to the spatial and spectral dimensions. ¢, refers to the column, P,
is the double peaked profile fit to each column, a,; and b, are the fitted coefficients.
a, is effectively the 1D spectrum, and b, is the background term (see 4th and 5th
panels in Fig.5.3). The error spectrum (bottom panel of Fig. 5.3) is the covariance
of the fit, using the 1o value of the pixels at each location. Skylines and bad
columns were flagged using an error cutoff (above which the columns would be
rejected).

The low-resolution spectrum was constructed by binning the 1D spectrum in
the wavelength direction, using a bi-weight mean (as described in van de Sande
et al. 2013) with a bin size of 10 good pixels. We show the spectrum, along with
photometry and best fit BC03 model in Fig. 5.4, and 5.5.

5.3 Structural Properties and Stellar Populations

5.3.1 Redshift Determination

A spectroscopic redshift was measured using FAST (Kriek et al. 2009), an IDL-
based fitting routine which fits stellar population synthesis models to photometry /spectra.
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Figure 5.3 Above is an example of our prescription for column rejection and spec-
tral extraction. From to to bottom: (1) The median combined 2D spectrum (2)
The model reconstruction from the double gaussian fitting as described in “Spec-
troscopic Reduction” (3) The residuals of (1) and (2) (4) The coefficient of the
relative strength of the double-peak profile (effectively the extracted 1D spectrum
with normalized units) (5) The coefficient of the background term (6) The relat-
ive error error from the fit. The columns are rejected above a specified ‘Fit Error’
which varied with each spectral order. The blue shaded regions in (1) and (2) are
the columns which are rejected.
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This fitting is described in more detail in Section 5.3.2.

Our best-fit redshift is zspec = 2.756 £0.001. This is a high-confidence measure-
ment, as numerous absorption lines, such as Ca H&K, HS, and Hy are detected.
Notably, the difference between the photometric (zpno = 2.4 +0.13) and spectro-
scopic redshift (zspee = 2.756 + 0.001) is more than twice the uncertainty on the
photometric redshift. The possible explanations for this discrepancy are discussed
below.

The difference between the zgpec and zpno might originate from mistaking the
4000A-break and Balmer-break. The 4000A-break and Balmer-break (~ 3640A)
are two continuum features which are difficult to resolve in photometric datasets
due to their proximity in wavelength. Both continuum features result in a color
differential between each side of the 40001&/ 3650A spectral region, the strength
of which correlates with age in both cases. They do, however, originate from
different physical processes, and thus how they correlate with age is different. The
4000A break is a result of absorption by ionized metals which is strongest in older
and high-metallicity stellar populations. The Balmer-break marks the limit of the
Balmer series and blending of higher order Balmer lines, and is strongest in A-
stars. The strength of the Balmer-break monotonically increases before peaking
at intermediate ages (~ 0.5—1 Gyr) when the stellar light is dominated by A-stars.

Both these features can be prominent in the continuum of quiescent galaxies,
and fall into the NIR between 1.5 < z < 3. The discrepancy between the z,4, and
Zspec determination is likely caused by a combination of wavelength gaps between
the transmission curves in the NIR bands (J,H, and Kj), as well as wide bandwidth
in the same filters. This results in a J-H color appropriately explained by either
the presence of the 4000A-break at lower z, or the Balmer-break at higher z.

This uncertainty associated with the breaks falling between the NIR filters
likely caused the fitting confusion between a quiescent galaxy with a prominent
4000 A break at z = 2.4, and a post-SB galaxy with a 3650 A Balmer-break at
z = 2.8. This illustrates the challenges of using zph, only. This issue is well-
known, and that even with high S/N NIR photometry, photometric redshifts at
z > 2 can be uncertain due to these issues. This has led to the use of NIR
“medium bands” as in the NEWFIRM Medium Band Survey (Whitaker et al. 2011)
and zFOURGE Survey (Straatman et al. 2014) to provide improved photometric
redshifts for galaxies where the Balmer and 4000A-breaks fall in the observed NIR.

This redshift difference is large enough that it changes the stellar population
parameters by M12 at a level that is larger than the quoted uncertainties in that
paper, particularly the stellar mass, age, and dust content. In the next section we
present revised values for these parameters using the spectroscopic redshift.

5.3.2 Stellar Population Properties

Stellar population properties are estimated using FAST (Kriek et al. 2009). We
used Bruzual & Charlot (2003) templates, with a delayed, exponentially declining
star formation history (with timescale 7), a Chabrier (2003) IMF, and Calzetti
et al. (2000) dust law.

We have simultaneously fit both the photometry and H-band spectrum. We
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have omitted the J-band spectrum but include the J-band photometry. The spec-
trum in the J-band is very low S/N as the flux from the lens peaks in the J-band
(see Fig. 4 of M12). The image and lens are spatially close with contamina-
tion affecting the continuum strength. The best-fit parameters are summarized in
Table 5.1. The best-fit stellar population parameters provide a best-fit FAST age
log Age/yr = 8.75t097 stellar-mass logM../Mg = 10.59*0% (corrected for lensing),

—0.07° -0.05
and Ay = 0.2*920 This galaxy appears post-starburst, and is striking in that even

at z = 2.8, intg'rzr(;lediate—mass galaxies with quiescent stellar populations exist.

Muzzin et al. (2013b) suggests that the quenched fraction for galaxies of log M., /Mg >
10.8 is ~ 20% at these redshifts. The identification of galaxies with quiescent pop-
ulations in Muzzin et al. (2013b) is based on rest-frame color selection and zphor.
Here we confirm unambiguously through spectroscopy that these galaxies do exist
at these redshifts.

Compared to the values of M12, the effects of fitting the spectrum and pho-
tometry with the spectroscopic redshift result in a best-fit where the age changes
from log Age/yr = 9.0792 to log Age/yr = 8.757997  stellar-mass from log M./My =

-02 -0.07°
10.82f8:8§ to log M, /Mg = 10.597%% "and dust from Ay = 0.9”:8'2 to Ay = 0.2+020 Tt

is important to note that these \;)é(iiles do not agree (within the lo errors) Wi%lzqo the
values reported by M12. However M12 underestimated the uncertainties associ-
ated with the zp0, leaving a deficit in the error budget resulting in a disagreement
of values. With the addition of a z,c, the best-fit galaxy is younger, less massive,
and contains less dust than previously determined by M12.

In order to understand the differences in best-fit stellar population parameters
between M12 and the present study, we re-fit the data using the photometry and
the spectroscopic redshift (omitting the spectra). This produced a different set
of parameters from our best-fit and closer to the age, mass and dust content of
M12, suggesting that the spectrum does drive the fit. We conclude that both
the spectroscopic redshift and the spectrum itself, which shows strong Balmer
absorption, drive the changes in the stellar populations.

We note that in Fig. 5.4, it is clear that our best-fit to the photometry and
spectroscopy is not ideal. The most striking mismatch occurs in the IRAC bands.
The disagreement between the spectrum and photometry in the far-infrared could
be attributed to the challenges associated with de-blending the source from the
lens, and the lens images from one another. In the IRAC bands, the FWHM of the
PSF becomes comparable to the separation between source galaxies and the lens
which is 2” for this system. Accurately separating the flux becomes more difficult
than in the observed optical and NIR where the PSF is smaller. We ascertained
the effect of the IRAC bands on the fit by re-fitting the spectrum and photometry
without IRAC. We found the stellar population parameters to be the same within
lo and conclude that the IRAC bands do not strongly influence the outcome of the
fitting. The current analysis now includes age sensitive absorption features (see
below), as well as the new spectroscopic redshift, and therefore we are confident in
the stellar population parameters and associated uncertainties determined in this
study.

In Fig. 5.5, we find a weak or absent Ca K absorption in the data, whereas
the model suggests a stronger absorption line. The observed wavelength of Ca K
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Table 5.1. Stellar Population Synthesis Properties

Z Zspec log 7 log Age Av log M. log SFR* log sSFR )(fed
(yr) (yr) (mag) (Mo) (Mo yr™") (")
[2.757) [7.63] [8.82] [0.46] [10.63] [-2.4] [-13.00]
0.050  2.756,755;  7-117.00) 8.755.68) 0.2, 105905 —13127155, =23.71 50 07) 1.63

(11.25% (—12.46)

*This is from the 30-band SED fit with a r-model star formation history, and is effectively a UV-
dust-corrected SFR.

“*FAST output before adjusting for lensing magnification

Note. — The best-fit FAST parameters and their values within 68% confidence intervals, adjusted
for the lensing magnification (where appropriate) from Muzzin et al. 2012

at z=2.756 is 4780 A which overlaps with a strong sky-line at 14793 A leading
to poor spectral extraction in that region. Thus, the mismatch between the data
and model Ca K absorption strength is likely caused by poor data quality in that
region. We note that regions affected by strong skylines have larger errors, and
will therefore have lower weight in the full spectral fitting.

In addition to the stellar population parameters fit with FAST, we measured
the Lick index H54 (Worthey & Ottaviani 1997) and D,(4000) (Balogh et al. 1999)
break, which are features shown to be sensitive to age (Kauffmann et al. 2003).
With an Hé4 measurement from our spectrum, as well as coverage of the 4000A
break (as seen by the blue horizontal bars in Fig. 5.5), we are able to independently
verify our model age determination. This independent age verification from the
absorption features is important because of inherent degeneracies in fitting the
SED. In Fig. 5.6, we have plotted Hé4 as a function of D,(4000) of our object, as
well as a random sample of SDSS galaxies which contain both star-forming and
quiescent galaxies.

Over-plotted in Fig. 5.6 are three different model tracks generated using GALAXEV
(Bruzual & Charlot 2003). The best-fit super-solar metallicity of Z = 0.05 from
FAST was used in each model track. Two fiducial models (a burst, and constant
star formation history) are plotted in blue and magenta to highlight the extremes
in the parameter space. A model with a delayed exponential SFH is also plotted
in red, using the best-fit parameters from Table 5.1. The red point corresponds to
the age of our best fit using FAST. The separation between the H54 vs. D,(4000)
determined age and FAST modelled best-fit age is small, confirming the FAST
best-fit age in a model independent way. Fig. 5.6 also shows very little difference
in the 7 vs. delayed-t models, and that the star formation history is dominated
by a population which is consistent with a single burst. From Fig. 5.6, we confirm
that this galaxy is indeed relatively young, post-starburst, and consistent with
being recently quenched.
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5.3.3 MIPS 24 ym Photometry

As described in Sec. 5.3 of M12, there is corresponding MIPS 24 ym data which
was remarked upon. We briefly summarize their findings. They detected observed-
frame 24 um emission at 40" in the vicinity of the lens system. However, they found
the MIPS source to be offset to the south-west by several arcseconds which suggests
that the lens system is not the correct counterpart. Under the possibility that
the MIPS detection s coincident with the lens-source system, M12 determined an
estimate of the sSFR.. Since the FWHM of the PSF is 5.5”, individual sources could
not be resolved in MIPS. Photometry was therefore performed in a 7" aperture
which surrounded the entire lens system. For the source and lens, at zpp,, = 2.4,
they find log sSFR = —9.93f8:§8 which is below the star-forming main sequence for
their derived stellar mass at z,4,s = 2.4. Thus, even in the scenario where all of the
MIPS emission is associated with the lensed galaxies, they would still be classified
as quiescent.

The new zype. determination will effect the sSFR found by M12, which we re-
calculate below. We follow the same procedure to find a total un-lensed mass of
the source galaxies of log M. /Mg = 1 1.56:'8:82. With the photometry from M12, and
the templates of Dale & Helou (2002), the implied un-lensed SFR is 370fgg Mg/ yr.
This yields a log sS FR = —8.99f8:i%. The sSFR of a star-forming main sequence
galaxy is log sSFR ~ —8.6 for log M., /Mg = 10.59 between 2.5 < z < 3.5 (Schreiber
et al. 2015). This implies that if the MIPS detection is associate with the lensed
system, then this galaxy is only 0.3 dex below the star-forming main sequence. We
find this implied level of star formation unlikely for two reasons. The first is that
the MIPS and NIR sources are offset from one another, and the MIPS detection is
not likely associated. The second is our model independent age determination via
the strengths of H54 and D,(4000) (as seen in Fig. 5.6) which emphasize an older
age for the majority of the stars in this galaxy.

If the MIPS detection were coincident then all star-formation would need to be
dust-enshrouded, and very recent, so that no young stars are visible outside the
birth-clouds. An alternative explanation is that the lens-source system could host
an AGN, but we do not see emission lines in the near-IR or optical. Additionally,
M12 looked for X-ray and radio detections in XMM-Newton and the Very Large
Array observations of the COSMOS field and found no detection in the vicinity of
the system.

5.3.4 Stellar Velocity Dispersion

The presence of strong absorption features provide us with the means to study the
kinematics of this galaxy, and determine a stellar velocity dispersion. With this
measurement, we are able to calculate the dynamical mass and place strong con-
straints on the baryonic contribution to the total mass budget. Although random
errors on broadband photometry can be quite low with state-of-the-art instru-
ments, systematic uncertainties in mass determinations are difficult to estimate
accurately (Conroy et al. 2009). Thus, velocity dispersions are key for placing
upper limits on the total mass of the system, and hence validating stellar mass
estimates.
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Figure 5.6 Hos as a function of D,(4000). Gray points are a random sample of
SDSS galaxies. The orange star is the measurement from the H band spectro-
scopy. The solid, colored lines are different Bruzual & Charlot (2003) models with
different SFH (burst, delayed exponential and constant) with the best fit values
from Table 5.1 used as inputs. Different benchmark ages are indicated along each
track with a triangle (0.1 Gyr), circle (1.0 Gyr), square (3.0 Gyr), and hexagon
(10.0 Gyr). Marked on the delayed exponential SFH track (the model of choice
from FAST), the best-fit age is indicated (red diamond). The close separation
reaffirms our age determination.

A stellar velocity dispersion was estimated using Penalized Pixel-Fitting (pPXF)
(Cappellari & Emsellem 2004). The spectrum was first resampled onto a logar-
ithmic wavelength scale without interpolation, but with the masking of bad pixels.
Template mismatch was accounted for by simultaneously fitting the continuum of
the best-fit Bruzual & Charlot (2003) template with an additive polynomial, fol-
lowing the same analysis presented in Appendix 3 of van de Sande et al. (2013).

The effect of template choice can greatly affect the fitted velocity dispersion.
We investigated the effect of template choice on the best-fit stellar velocity dis-
persion, in a similar manner to van de Sande et al. (2013). We fit the spectrum
and photometry using FAST with a range of templates for a grid of fixed metalli-
city and ages. The allowable metallicities were Z = 0.004 (super sub-solar), 0.008
(sub-solar), 0.02 (solar) and 0.05 (super-solar). The age range considered was
log Age/yr = 8.0 — 9.5 in increments of 0.1 dex. We increased the resolution of the
age grid to 0.05 dex between log Age/yr = 8.6 — 8.9, as we found in previous fitting
iterations that the FAST estimated lo-error was smaller than 0.1 dex.
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Figure 5.7 The pPXF best-fit stellar velocity dispersion plotted against the X?ed out-
put from FAST fitting both the spectrum and the photometry. Each point repres-
ents a different age (from log Age/yr = 8.0—9.5), and each coloured ‘track’ a differ-
ent metallicity. The horizontal dashed black lines are the 1o~ and 20~ upper bounds
from the Monte Carlo modelling of the best-fit template at log Age/yr = 8.75.
Points below these lines indicate templates that are statistically indistinguishable
from each other. There are only three of these points, and they result in a stable
stellar velocity dispersion implying that template choice is not the dominant source
of uncertainty.

In Fig. 5.7, we show the X?ed from FAST as a function of the best fit pPXF
stellar velocity dispersion (corrected for template, o = 89 km/s, and instrument,
o = 25 km/s resolution). Using Monte-Carlo simulated errors, we determined
1 and 2 sigma limits on the sze 4 value of the best-fit FAST model (horizontal
black dashed lines in Fig. 5.7). Points that fall below this line are statistically
indistinguishable. We find a very narrow range of statistically indistinguishable
templates, concluding that our error will be dominated by the formal errors of the
fit, and not the template choice.

Accounting for instrumental and template resolution, as well as a rectangular
aperture and seeing (see van de Sande et al. 2013), we find a best-fit pPXF stellar
velocity dispersion of o = 187 + 43 km s™! (the error is the 68% confidence limits
from the Monte-Carlo simulations).

From the assumption that the galaxy is virialized, we can determine the dy-
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Figure 5.8 Left: The dynamical mass (Mayn) versus r. of the object of this study
(orange star) plotted along side other high redshift objects compiled from van de
Sande et al. 2015 where the colored symbols follow the same conventions as the
legend in Fig. 5.2. The dashed black line is the parameterized mass-size relation
of SDSS z ~ 0 quiescent galaxies, with the best fit parameters from van de Sande
et al. 2011. Right: The same as the left plot, but with stellar mass instead of
dynamical mass. In both instances, our object falls below the mass-size relation
of z ~ 0 quiescent galaxies confirming compactness out to lower masses at high
redshift.

namical mass as follows:
,3(71)0'?7 e
G

Here G is the gravitational constant, and B is an expression as a function of
the Sersic index, n, from Cappellari et al. (2006) (their equation 20):

Mdyn = (52)

B(n) = 8.87 — 0.831n + 0.0241n° (5.3)
Withr, = 0.86f8:}3 kpc and 3.50f8:g§ from Muzzin et al. (in prep), the dynamical
mass is log Mgyn /Mg = 10.65f8:g which is quite similar to, but slightly above the

derived stellar mass of log M,./Mg = 10'59t8:8451'

Fig. 5.8 shows r. as a function of stellar and dynamical mass for high and
low-z galaxies with measured stellar velocity dispersions. Also included in Fig. 5.8
is the quiescent galaxy mass-size relation for z ~ 0 (dashed black line). In both
stellar and dynamical mass we see that our galaxy is smaller than z ~ 0 galaxies
at equivalent mass, and consistent with the higher-redshift quiescent population.
This galaxy is indeed compact, which is well established for quiescent galaxies at
these redshifts (see Sec. 5.1 and references therein).
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Figure 5.9 The dynamical (Mgyn) versus the stellar (M,) mass of the object of this
study (orange star) plotted along side other high-redshift objects compiled from
van de Sande et al. 2015 where the colored symbols follow the same conventions
as the legend in Fig. 5.2. The high-z objects are mass and colour selected. SDSS
galaxies are the grey points (which have been colour selected with the same UVJ
selection as found in Fig. 5.2), and the dashed black line is unity. For our object,
the stellar mass and dynamical mass agree well.

Fig 5.9 shows the comparison between the FAST determined M., and the Mgyy.
The black dashed line in Fig. 5.9 is unity - above this line is an ‘unphysical’ regime
where the stellar mass exceeds the dynamical mass. From this figure, we see that
the implied dark matter fraction appears to be very low, at least in the central
regions of the galaxy where the bulk of the light is found (Fig. 5.8). However the
error bars are large, and a dark matter fraction of 50% is also consistent with the
data, therefore a definitive conclusion can not be drawn.

In Fig 5.10, we directly compare the total-to-stellar mass ratio (and thus, the
dark matter fraction) as a function of redshift, where the mass fraction approaches
unity (also seen in Fig. 5.9). This figure contains the same literature compilation
of high-z quiescent galaxies with velocity dispersion measurements as found in
Fig. 5.2. Of the known objects with a velocity dispersion, ours is at the highest
redshift, and one of the lowest total-to-stellar mass ratios. There is also a weak
trend, with quiescent galaxies becoming increasingly baryon dominated with red-
shift. This trend was also noted by van de Sande et al. (2013, 2015) whose sample
extended out to z = 2.3, however between z = 0 and z = 1.6, Belli et al. (2014a)
found no statistically significant evolution. This may suggest a rapid evolution
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Figure 5.10 Redshift vs. ratio of dynamical to stellar masses of the color-selected
sample compiled by van de Sande et al. (2015), and our object. Grey points are
SDSS galaxies following the same color selection. The colored symbols follow the
same conventions as the legend in Fig. 5.2. The grey circle is the average total-to-
stellar mass ratio for SDSS galaxies. We note that the 68% confidence limit for the
average total-to-stellar mass ratio for the SDSS galaxies is smaller than the grey
symbol. The large red circle is the average total-to-stellar mass ratio for galaxies
at z > 1.6 with 68% confidence limits. Our object is the highest redshift for which
a dispersion has been measured.

between redshift z ~ 3 and z ~ 1.6. To test this, we compare the average total-
to-stellar mass ratio of the SDSS sample to galaxies above redshift z > 1.6. In
Fig. 5.10, we have indicated the SDSS median total-to-stellar mass ratio as grey
circle. The average for galaxies above z > 1.6 is indicated by the red symbol
with the 68% confidence interval. From Fig. 5.10, we see that galaxies at z > 1.6
do have a lower total-to-stellar mass ratio consistent with the findings of van de
Sande et al. (2013, 2015), however the average value for the SDSS galaxies and
those above z > 1.6 are not statistically different (i.e. they fall within the 2.5¢
uncertainty).

5.3.5 Mass Fundamental Plane

Given a stellar mass, a precisely determined r., and our stellar velocity dispersion
measurement, we are able to tentatively explore the MFP to z ~ 3, as well as lower
masses. The most salient difference between the FP and MFP with regards to
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evolution with redshift is the zero-point. Although the zero-point of the traditional
luminosity FP is shown to evolve with redshift (e.g van Dokkum & Franx 1996; van
Dokkum et al. 1998; Treu et al. 1999, 2001), the MFP does not (Bolton et al. 2008;
Holden et al. 2010; Bezanson et al. 2013). The evolution of the zero-point of the FP
can be used to investigate the luminosity evolution of quiescent galaxies, whereas
the zero-point evolution in the MFP can be used to investigate the corresponding
structural and dynamical evolution (Bezanson et al. 2013).

Strikingly, Bezanson et al. (2013) established that the zero-point of the MFP
does not evolve significantly with redshift, in spite of evolution in the structure
and size of quiescent galaxies since z ~ 2 (see Sec. 5.1 and references therein).
One outstanding question is whether this trend holds to higher redshifts and lower
mass. With this data, we are able to explore both issues simultaneously.

In Fig. 5.11 we compare our measurement to galaxies at the highest available
redshifts which have velocity dispersions. We applied a redshift cut to the literature
compilation of van de Sande et al. (2015) of z > 2, which left only 5 galaxies (where
the highest spectroscopic redshift is zeec = 2.636) for comparison. Fig. 5.11 shows
that, within measurement uncertainty, our galaxy lies on the same MFP as galaxies
at z ~ 2. This coherence between z ~ 2 and z ~ 3 suggests that the MFP evolves
very little between these epochs. Further data at these redshifts are required for
a definitive conclusion.

5.4 Discussion and Conclusions

We have obtained an X-Shooter VLT spectrum of the multiply imaged lensed
galaxy COSMOS 005044901 found serendipitously in the UltraVISTA field. The
lensing of this quiescent galaxy was fortunate, providing a detailed, ’sneak-peak’
at the universe during an exciting time. In order to obtain a spectrum with equi-
valent S/N, without the magnifying effects of gravitational-lensing, 215 hours of
integration time on a 10m class telescope would have been required. The existence
of only a handful of gravitationally-lensed, quiescent galaxies (Auger et al. 2011;
Geier et al. 2013; Newman et al. 2015) highlights the rarity of these objects, and
the opportunity they provide to study the high-z, intermediate-mass mass universe
preceding the era of JWST.

At Zgpee = 2.756+£0.001, COSMOS 005044901 is one of the highest-redshift qui-
escent galaxies with a spectroscopic redshift, as well as the highest-redshift galaxy
with a measured velocity dispersion (oo = 187 + 43 km s™!). With this spectrum
we have detected a suite of Balmer lines (Hy, H§), and the CaH&K absorption
lines in the observed H-band (Fig. 5.5). The detection of multiple absorption
lines provides tight constraints on zsp.., and is additionally indicative of the pres-
ence of older stellar populations. Within the wavelength covered by the spectrum,
we find no evidence of emission lines. With our spectrum, the understanding of
the stellar populations of this galaxy change from an older (log Age/yr = 9.0f8:§),
massive (logM./Me = 10.82700%), dusty (Ay = 0.9702) galaxy (as found by M12)
to a younger (log Age/yr = 8.751097) post-starburst galaxy of intermediate mass

-0.07
(logM, /Mg = 10.59702).
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Figure 5.11 The mass fundamental plane for galaxies at redshift z > 2. Symbols are
as per the previous figures. The black dashed line is the best-fit mass FP between
1.5 < z < 2.2 from Bezanson et al. 2013. Our galaxy is within the variance of the
galaxies at z > 2 around the mass fundamental plane suggesting it is in place at
lower masses.

This new age determination is supported by spectral diagnostics such as the
D, (4000) (Balogh et al. 1999), and the Lick index Hé4 (Worthey & Ottaviani 1997)
which have been shown to be sensitive to age (Kauffmann et al. 2003). In Fig. 5.6,
we show how the aforementioned spectral diagnostics reaffirm the younger age
determination of this study in a model independent way. Equipped with this best-
fit age, the rest-frame optical colors (Fig. 5.2), and star formation rate from stellar
population modelling (Fig. 5.4) we confirm that intermediate-mass galaxies which
halt in-situ star formation are in place by z ~ 3.

In addition to the brightening effects of the magnification, the magnifying ef-
fects also increase spatial resolution. With this increase in resolution, accurate
structural parameters are determined. Muzzin et al. (in prep) modelled the grav-
itationally lensed system and determined the magnification, as well as the surface
brightness profile, measuring a sersic index of 3.50f8:2§ and an r, = 0.86f8:}2 kpc.
The right-hand panel of Fig. 5.8 shows the precise ro measurement of Muzzin et
al. (in prep) as a function of the stellar mass. Over-plotted for comparison are
a local, and high-redshift sample. Like the high-redshift sample, our object falls
below the local size-mass relation (Shen et al. 2003). We confirm, with a high
degree of precision, that this galaxy is compact, which is consistent with what is
seen for quiescent galaxies at z ~ 2 (e.g., Daddi et al. 2005; Trujillo et al. 2006;
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Zirm et al. 2007; van Dokkum et al. 2008; Szomoru et al. 2012).

Spectroscopy also allows for a kinematic determination of the mass. The meas-
urement of a dynamical mass is important, as it provides a direct, kinematic
method of probing the total matter content of a galaxy, without the uncertainties
and prior assumptions associated with parameters such as distance measurement,
IMF, and dust content (i.e Conroy et al. 2009 places the uncertainty associated
with stellar mass estimates to be 0.6 dex at z ~ 2). With the dynamical mass
we are able to place a strict upper limit on the baryonic contribution to the total
mass of the galaxy. In Fig. 5.9 we compare the two measurements, and find the
stellar and dynamical masses to be consistent with each other, although our results
suggest either a low dark matter fraction in the inner kpc of the galaxy, where the
bulk of the light is found, or perhaps that the stellar mass content is overestim-
ated within the parameters discussed by Conroy et al. (2009) (such as assumptions
about the IMF, dust content). However, Fig. 5.6 shows, via the Hé4 and D,4000
indices, a model independent estimation of the age of this object. This result
implies consistency in the model choice.

With a kinematic determination of the mass, and accurately measured struc-
tural parameters (re, and the Sersic index n), we are able to place COSMOS 005044901
on the MFP (Fig. 5.11). It is well established that local, quiescent galaxies fall on
a FP described by surface brightness, size and stellar velocity dispersion (Dressler
et al. 1987; Djorgovski & Davis 1987), which is tilted with respect to the pre-
diction from virial equilibrium. This tilt does not evolve significantly, but there
is an offset in the plane which becomes larger towards higher redshifts (e.g van
Dokkum & Franx 1996; van Dokkum et al. 1998; Treu et al. 1999, 2001) as a result
of the luminosity evolution of these galaxies with cosmic time. When replacing
the surface brightness with stellar mass density (i.e. the MFP), Bezanson et al.
(2013) found that this offset does not evolve significantly and these galaxies fall
on the same MFP out to z ~ 2. In Fig. 5.11 we compare the object in this study
to the highest redshift galaxies available with a velocity dispersion measurement.
We show that out to z ~ 3 quiescent galaxies fall on the same MFP, and that little
evolution takes place between z ~ 3 and the present day.

A dynamical mass additionally enables the investigation of dark-matter content
in the central regions of this galaxy. In Fig. 5.10, we have plotted the total-
to-stellar mass ratio as a function of redshift, which shows evidence of a trend
to decreasing values. However this trend is not statistically significant, as the
uncertainties on the dynamical mass at high-z are large. More spectra of these
types of objects are required to make a statistically significant claim. If this ratio
is low, it is what is expected in the case of a gas-rich, major merger (Robertson
et al. 2006; Hopkins et al. 2009), which implies that this galaxy could represent the
first generation of quiescent galaxies in the hierarchical merging scenario (White
& Rees 1978), making this redshift epoch an exciting prospect for study.

This case study stands as a proof of concept of the utility of lensed, red galaxies
in studying the population of passive galaxies down to lower masses as well as to
higher redshifts. This paper also illustrates that few rest-frame optical spectra of
quiescent galaxies exist beyond z > 2, and even fewer of galaxies at intermediate
mass. We stress the need for further spectra of passive galaxies at higher-redshift,
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as well as to lower masses, as this parameter space is still under-explored.
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De vraag hoe sterrenstelsels groeien en evolueren houdt astronomen sinds de laat-
ste honderd jaar bezig, nadat was ontdekt dat de nevels die aan de sterrenhemel
werden waargenomen niet deel uitmaakten van onze Melkweg, maar sterrenstelsels
op zichzelf zijn. Dit, in combinatie met Edwin Hubble’s observatie dat het Heelal
niet statisch en eindig is, maar groeit en uitdijt, zijn de belangrijkste uitgangs-
punten voor de studie van de evolutie van sterrenstelsels. Door dit te bestuderen,
onderzoeken we in feite de evolutie van het Heelal zelf.

Een paar honderdduizend jaar na de Oerknal werd de kosmische achtergrond-
straling uitgezonden die informatie bevat over de dichtheid van het vroege Heelal.
Op dit punt was het Heelal erg homogeen, met variaties in de dichtheid van de
orde van grootte van 107*. Echter, als we het heelal 14 miljard jaar na dit punt
waarnemen, zien we niet dat het gas en de sterren uniform verdeeld zijn. In plaats
daarvan klonteren ze samen in groepen van sterren met gas en stof, met grote leeg-
tes zonder sterren tussen hen in. Een vergelijking van de algemene eigenschappen
van deze 'groepen’ laat zien dat er grote verschillen zijn. Sterrenstelsels kunnen
massa’s hebben van verschillende ordes van grootte, en dit geldt ook voor de hoe-
veelheid gas en de ster formatie die plaatsvindt. Daarnaast varieert de structuur
van spiraalstelsels tot elliptische stelsels in de vorm van een rugbybal (Figuur 5.12).
Deze diversiteit impliceert dat de evolutie van verschillende sterrenstelsels anders
is verlopen.

Omdat de snelheid van het light in vacuum constant is, functioneert de tele-
scoop in sterrenkunde als een soort van tijdmachine. Hoe verder weg je kijkt, hoe
verder terug je in de tijd gaat. Door sterrenstelsels waar te nemen die miljarden
lichtjaren van ons verwijderd zijn, kunnen astronomen sterrenstelsels observeren
in verschillende fases van hun ontwikkeling, om zo de evolutie vast te stellen. De
grootste uitdaging is echter om nauwkeurig de juiste voorouder van een nabijge-
legen sterrenstelsel te bepalen. Er is op dit moment geen overeenstemming wat
de beste methode is om dit te doen, maar er zijn verschillende technieken. Een
manier is om sterrenstelsels te rangschikken op basis van massa, van zwaarste tot
lichtste stelsel, en aan te nemen dat deze indeling niet verandert over tijd. Er
zijn problemen met deze aanname: sterrenstelsels groeien voornamelijk via twee
wegen, namelijk door sterren te vormen van reservoirs van gas en stof, of door
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het kannibaliseren van hun buren tijdens botsingen. Afhankelijk van de sprei-
ding van de geschiedenis van de ster formatie kunnen beide groeimechanismen de
rangschikking veranderen.

Een manier om rekening te houden met de spreiding in de groeigeschiedenis
van deze effecten is om simulaties van donkere materie te gebruiken. De halo’s be-
staande uit donkere materie kunnen worden gematcht aan de waargenomen ster-
renstelsels om zo de halo botsingsstambomen om te zetten in zulke stambomen
voor sterrenstelsels. Deze methode staat bekend als ’abundance matching’, en kan
gebruikt worden om de verandering van het aantal sterrenstelsels van een specifieke
massa te bepalen. Gebruikmakend van aantal sterrenstelsels dat is waargenomen
per massa kan dit worden omgezet naar de voorgaande massa’s van een populatie
van sterrenstelsels, welke op hun beurt kunnen worden gebruikt om voorouders te
selecteren. Simulaties hebben laten zien dat deze methode in staat is om nauw-
keurig de evolutie van massa te achterhalen. We gebruiken deze methode om de
voorgangers van nabijgelegen sterrenstelsels te vinden, en hun toekomstige evo-
lutie te bepalen. Op deze manier zijn we in staat om te achterhalen wanneer en
waar massa is toegevoegd aan een sterrenstelsel.

Caption Figuur 5.12: Een voorbeeld van twee meestvoorkomende morfologische
sterrenstelseltypes: een vroeg-type elliptisch stelsel (links) en een laat-type spiraal
stelsel (rechts).

Deze thesis

Deze thesis gebruikt de waardevolle datasets van de UltraVISTA and 3DHST pro-
jecten, alsmede spectroscopie van de Very Large Telescope (VLT) in Chili, en
combineert waarnemingen vanaf zowel de aarde als vanuit de ruimte om massave-
reniging te meten.

In Hoofdstuk 2 gebruiken we de eerdergenoemde abundance matching techniek
om voorgangers tot een paar miljard jaar na de Oerknal van huidige massieve ster-
renstelsels te selecteren. Nadat we de voorgangers geselecteerd hebben, gebruiken
we nabij-infrarood (NIR) fotometrie van de UltraVISTA en 3DHST projecten om
zogenoemde 'image stacks’ (bij elkaar gevoegde beelden van verschillende sterren-
stelsels met als doel om de signaal-ruis verhouding te verhogen) te maken van ster-
renstelsels op verschillende roodverschuivingen. Van deze image stacks maakten
we massa oppervlaktedichtheid profielen welke laten zien waar en wanneer mas-
sieve sterrenstelsels hun massa opbouwen. Zoals eerdere studies demonstreerden
wij dat de meeste groei in de massa in de buitenste regio’s van een stelsel gebeuren,
maar we vonden ook een significante massagroei in de centrale gebieden voor z < 2
wat steeds significanter wordt voor hogere roodverschuivingen voor z > 2. Onze re-
sultaten zijn consistent met het idee dat massieve sterrenstelsels als ster-vormende
schijfvormige stelsels begonnen, en die massa vergaarden via ster-formatie overal
in de schijf voordat het stelsel zijn ster-formatie stopte en groeide door botsingen
met kleinere satellietstelsels waardoor het een elliptische vorm kreeg.

In Hoofdstuk 3 traceren we de stermassa evolutie van sterrenstelsels met een
verscheidenheid aan voorgangersmassa’s om de tijdschaal van wanneer een ster-
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renstelsel zijn massa verkrijgt te vergelijken met de leeftijd van de sterren in zulke
stelsels. Daarnaast laten we zien hoe deze tijdschalen zich vergelijken met simula-
ties. We gebruikten dezelfde abundance matching techniek als in Hoofdstuk 2 om
de massa evolutiegeschiedenis te achterhalen. Uit deze geschiedenissen definiéren
we massa-vergaringstijd als de tijd wanneer de helft van de stermassa is verkre-
gen en vinden dat massieve sterrenstelsels hun massa eerder vergaren dan lichtere
sterrenstelsels, en dat deze relatie monotoon is. We vergelijke ook deze massa-
vergaringstijden met resultaten van semi-analytische modellen en van de EAGLE
hydrodynamische simulatie. We laten zien dat de massa-vergaringstijdschalen voor
lichtere sterrenstelsels niet overeenkomen met simulaties, omdat simulaties een veel
eerdere massa-vergaringstijd voorspellen dan dat wordt waargenomen.

In Hoofdstuk 4 gebruiken we morfologische catalogi die zijn verkregen met de
Hubble Space Telescope om de asratio (bijvoorbeeld afvlakking) van sterrenstelsels
als een functie van roodverschuiving, ster-formatie snelheid, massa, grootte en
de sersic index te bepalen. We vonden dat voor niet-actieve sterrenstelsels de
sersic index de beste voorspeller van de afvlakking van een stelsel is, waarbij een
lagere sersic index overeenkomt met een hogere afvlakking. We veronderstellen dat
dit aannemelijk is omdat het de verhouding tussen de bulge en de totale massa
reflecteert. Daarentegen was de afwij-king van de massa-grootte relatie de beste
voorspeller van afvlakking voor ster-vormende sterrenstelsels. Deze stelsels liggen
onder de massa-grootte relatie en zijn ronder dan de stelsels die erboven liggen.
Voor massieve stelsels vinden we dat voor z > 2 de asratio van ster-vormende en
inactieve stelsels identiek is wat suggereert dat hun morfologie hetzelfde is.

In Hoofdstuk 5 gebruikten we nabij-infrarood spectroscopie om de snel-heids-
dispersie van sterren in een sterk uitvergroot (lensed) inactief sterrenstelsel op
significante roodverschuiving (z = 2.71) to meten. Door het meten van de snel-
heidsdispersie kunnen we natuurkunde gebruiken om de massa van dit object zeer
nauwkeurig te bepalen, zonder aannamen te hoeven doen over de verhouding tussen
de massa en het licht. Dit sterrenstelsels was extreem uitvergroot, door een massief
object tussen ons en het stelsel (dit effect word lensing genoemd), en uitgespreid
over vier beelden, wat het voor ons mogelijk maakte om precieze lensmodellen te
ontwikkelen. Het ontbreken van emissielijnen in het optische spectrum bevestigt
dat dit sterrenstelsel niet actief sterren aan het vormen is, and dat sterrenstelsels
van gemiddelde massa vroeg kunnen stoppen met het vormen van sterren. Onze
uit spectroscopy verkregen roodverschuiving is hoger dan wat voorheen werd ver-
wacht van fotometrische gegevens, wat laat zien dat spectroscopie belangrijk is bij
het nauwkeurig meten van de roodverschuiving van sterrenstelsels.
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