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Abstract

The astonishing display of stars on a clear night sky has, since before the emergence of civilization
as we know it, sparked curiosity and guided the principles of our early human ancestors. The
shining cartels of light belong to the Milky Way galaxy, one among trillion starry islands in the
visible Universe which constitute the gravitational nodes of the cosmic assembly. During 13.8
billion years of cosmic evolution, the genesis of matter perturbations gives rise to conglomerates of
stars, the giant elliptical galaxies, a homogeneous population of dynamically hot massive galaxies,
devoid of star formation and made up of old stars. These galaxies follow tight scaling relations
that persist out to high redshift establishing their formation in the early Universe. The advent
of near-infrared (NIR) observations and large cosmological surveys have revolutionized modern
astronomy by allowing studies of these galaxies in the epoch of their formation, more than 10
billion years ago. In this thesis, we investigate the connection between a sample of compact
red and dead galaxies, the so-called quiescent galaxies, at redshift z > 2 and their assumed
descendant: the giant elliptical galaxies. We employ the study of scaling relations as a tool to
understand the formation and evolution of massive galaxies over cosmic history.

Combining 10 years of international effort, we present the largest (homogeneously) selected
sample of massive quiescent galaxies at z > 2 from the COSMOS survey with NIR X-Shooter
spectroscopy and HST NIR imaging. The spectra contain information of the galaxies’ distances,
stellar masses, ages, and velocity dispersions that, combined with their morphology and sizes
from imaging, allow for a detailed examination of their stellar and dynamical properties. The
wealth of observations allow for the documentation of their compact structures, high-velocity
dispersions and quiescent non-star-forming nature. We show that minor mergers can account for
the size evolution for massive quiescent galaxies over the span of 10 billion years. Furthermore,
we find that the evolution of the Fundamental Plane scaling relations, into present-day massive
elliptical galaxies, can be characterized by passive evolution of the stellar population together

with significant size growth by minor mergers with quenched stellar populations.






Resumé pa Dansk

Den storslaede samling af stjerner pa en klar nattehimmel har siden for vores civilisations opstaen
skabt nysgerrighed og styret grundprincipperne for vores tidlige menneskelige forfeedre. De
skinnende karteller af lys tilhgrer galaksen Melkevejen, en blandt billioner af stjerneger i det
synlige univers, som udger tyngdepunktsnoderne i den kosmiske komposition. I lebet af 13,8
milliarder ar med kosmisk udvikling giver tilstedeveerelsen af tyngde-perturbationer anledning til
konglomerater af stjerner, de gigantiske elliptiske galakser, en homogen population af dynamisk
varme, massive galakser, blottet for stjernedannelse og bestaende af gamle stjerner. Disse galakser
folger strikse relationer, der fortseetter ud til hej redforskydning og etablerer deres tilblivelse i det
tidlige univers. Fremkomsten af neer-infrarede (NIR) observationer og store kosmologiske surveys
har revolutioneret moderne astronomi ved at tillade studier af disse galakser i epoken ved deres
dannelse for mere end 10 milliarder ar siden. I denne athandling underseger vi forbindelsen af en
samling af kompakte rode og dede galakser, de sakaldte quiescent galakser, ved redforskydning
z > 2 til deres antagede efterkommer: de gigantiske elliptiske galakser. Vi anvender studiet af
strikse relationer som veerktej til at forsta tilblivelsen og udviklingen af massive galakser gennem
den kosmiske historie.

Ved at kombinere 10 ars international indsats praesenterer vi den storste (homogent) udval-
gte samling af massive, quiescent galakser ud til z > 2 fra COSMOS-kortleeggelsen med NIR
X-Shooter-spektroskopi og HST NIR-billeder. Spektrene indeholder information om galaksernes
afstande, stjernemasser, aldrer og hastighedsdispersioner, der kombineret med deres morfologi og
storrelser fra billederne muligger en detaljeret undersegelse af deres stellezere og dynamiske egen-
skaber. De rige observationer forer til dokumentation af deres formodede kompakte strukturer,
hgje hastighedsdispersioner og quiescent, ikke-stjernedannende karakter. Vi viser, at sma galak-
sekollisioner kan forklare sterrelsesudviklingen for massive, dede galakser gennem 10 milliarder
ar. Endvidere finder vi, at udviklingen af Fundamental Plan-relationerne fra hej redforskydning
til nutidens massive elliptiske galakser kan karakteriseres ved en passiv udvikling af de stelleere
populationer sammen med en betydelig sterrelsestilveekst igennem kollisioner med sma galakser,

der har dede stelleere populationer.
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Introduction

1.1 Modern cosmology and the cosmic web of galaxies

The first recorded extra-galactic object was sighted by the Persian astronomer Abd al-Rahman
al-Sufi in the year 964 and is today known as the Andromeda galaxy (M31, Messier 1781). This
object, initially referred to as the “nebulaes smear" (Hafez 2010), was thought to be a nearby
nebula until its extra-galactic discovery (Hubble 1926). This measurement confirmed that the
spiral and elliptical nebulae, cataloged by Messier (1781) and Herschel (1789), were islands of stars,
so-called galaxies, like our own Milky Way. These galaxies were discovered to recede from us
with velocities proportional to their distance leading to the discovery of the expanding Universe
(Lemaitre 1927; Hubble 1929). The expansion implied that the Universe was smaller, denser and
hotter at earlier times which became the cornerstone of the Hot Big Bang model. The origin
of the most abundant elements and building blocks of galaxies, Hydrogen and Helium, could
be explained by thermonuclear reactions in this hot state of the early Universe (Alpher et al.
1948). However, it was first widely accepted as the concordance model when the discovery of
its afterglow, the Cosmic Microwave Background (CMB), was observed (Penzias & Wilson 1965;
Dicke et al. 1965).

In recent times, the expansion of the Universe has been observed to accelerate by the study
of Type Ia stellar explosions (Riess et al. 1998; Perlmutter et al. 1999). Their increased distance
measurements were best fit by a slower expansion in the past and an accelerated expansion at
present. In the framework of General Relativity (Einstein 1916) and the Friedmann equations
(Friedmann 1922), this discovery gave rise to the concordance model of cosmology: A Cold Dark
Matter (ACDM). This model describes a flat Universe with energy densities primarily of dark
origin; with 68.9 % dark energy, 31.1 % matter where ~ 85 % is dark matter and ~ 15 % is
baryonic (luminous) matter (Planck Collaboration et al. 2018).

The Universe went through an exponentially expanding inflationary phase from which the
primordial quantum fluctuations were enhanced to cosmological scales (Guth 1981; Linde 1982;
Albrecht & Steinhardt 1982). (Hawking 1982; Guth & Pi 1982; Starobinsky 1982). The initial density
fluctuations collapsed as a result of gravitational instabilities (Jeans 1902) that grew over time into
the cosmic web. Large low-density voids are surrounded by gravitational nodes and filaments in

which groups and clusters of galaxies reside (Gamow & Teller 1939; Lifshitz 1946). An important
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1. INTRODUCTION

Figure 1.1: Schematic of the proposed evolution of the Universe from the Big Bang to the observed population of
nearby galaxies. Credit: NAOJ

ingredient in the formation of structures is dark matter, which was first discovered by weighing
nearby galaxy clusters (Zwicky 1933). Its invisible nature and collision-less characteristics were
critical to accelerating the growth of over-densities in the early Universe. After the photon-matter
decoupling, 380,000 years after the Big Bang following the cooling and expansion of the Universe,
the baryons condensed into the already collapsed dark matter haloes. In these, the first stars
that gave rise to the first galaxies were formed (White & Rees 1978). The collapse of collision-
less structures like cold dark matter can be predicted from perturbation theory (Lifshitz 1946).
However, the complex baryonic processes related to the formation and evolution of galaxies is, to

this day, not fully understood.

1.2 The local galaxy zoo

The diverse morphology of galaxies has been known long before their extra-galactic discovery
(Herschel 1789; Rosse 1844). The Hubble sequence classification scheme divided optically bright
nearby galaxies into two broad categories: elliptical and spiral galaxies. Elliptical galaxies are
red, dominated by the random motion of stars and have spheroidal shapes, in contrast to the
disk-like rotation dominated structure of blue spiral galaxies (see Figure 1.2). The elliptical and
spiral galaxies are commonly referred to as early-type and late-type, respectively, based on a
misconception that spiral galaxies were mature states of elliptical galaxies (Hubble 1926). However,
from the results of the early numerical simulations, elliptical galaxies were instead suggested to
be merger remnants of the collision between galaxies (Toomre & Toomre 1972).

Up until the 21st century and at the start of the Sloan Digital Sky Survey (SDSS, York et al.
2000), most knowledge on galaxies was based on small studies. SDSS has today observed more
than 800,000 galaxies in the nearby Universe with optical photometry and high-resolution spectra.
Fundamental galaxy properties (e.g. stellar mass and age) can be obtained from the modeling of

the spectral energy distribution (SED, see Figure 1.6). The pattern of the cosmic web was revealed

2



1.2. THE LOCAL GALAXY ZOO

Figure 1.2: Stellar streams and shells of the massive elliptical galaxy NGC 474 (left), that spans ~250,000 light years
and lies about 100 million light years distant toward the constellation of the Fish (Pisces). At similar distance the spiral
galaxy NGC 470 (right). Credit: CFHT, Coelum, MegaCam, J.-C. Cuillandre (CFHT) & G. A. Anselmi (Coelum)

by the precise determination of redshift, which, in comparison to simulations (Springel et al.
2005), established a scenario of bottom-up formation of structures. This wealth of information
allows for statistical studies like the bimodality of the Hubble sequence (see Figure 1.3). The
distribution of late-type and early-type galaxies are popularly known as the blue cloud and the
red sequence referring to star-forming galaxies (SFGs) and quiescent galaxies (QGs), respectively.
The photometric u — r color difference, sampling the optical part of the SED, is considered an age
indicator (tracing the 4000 A break), shows that the elliptical (early-type) galaxies are the oldest,
most massive and star-formation quenched galaxies. Moreover, they are found to dominate the
central regions of massive galaxy clusters suggesting that they represent a mature state of galaxy
evolution (Dressler 1980; Tanaka et al. 2005). The morphology of the massive elliptical galaxy,
NCG 474, shows both a compact central core and a diffuse outskirt supporting a rich merger

history (see Figure 1.2).

These massive quiescent elliptical galaxies are an exceptionally homogeneous population
that form scaling relations like the Fundamental Plane (FP, Faber & Jackson 1976; Djorgovski &
Davis 1987; Dressler et al. 1987; Bernardi et al. 2003) and the stellar mass-size relation (Shen et al.

3



1. INTRODUCTION

Figure 1.3: The bimodal distribution of nearby galaxies shown in rest-frame u — r and stellar mass with colors
representing the mean specific star formation rate (star formation rate per stellar mass). The red sequence of early-type
galaxies is, on average, more quiescent, more massive and older than the late-type galaxies. Credit: Schawinski et al.
(2014)

2003). Along with archaeological studies of their stellar populations, these relations reveal that
the galaxies formed the majority of their stars in the early Universe. Studying the galaxies in
their epoch of formation might shed light on the origin of these tight scaling relations and the

physical mechanisms driving the bimodality of present-day galaxies.

1.3 The high redshift universe

The finite speed of light in an expanding Universe provides the opportunity for us to tie the dis-
tance of galaxies (redshift) together with the time at which they emitted their light. Observations
at different redshifts present snapshots of the galaxies at different stages of their life. Pieced
together, they can teach us about their formation and evolution until present-day. High-redshift
observations are challenging as the optical light is shifted towards the NIR where the atmosphere
becomes increasingly more opaque and the detectors are affected by thermal noise. However,
over the last decades, the observations have been revolutionized by the advent of large telescopes

(Very Large Telescope, W. M. Keck Observatory, Subaru Telescope), advanced ground-based
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1.3. THE HIGH REDSHIFT UNIVERSE

NIR instruments (X-Shooter, MOSFIRE) and space-based observatories (Hubble Space Telescope,
Spitzer Space Telescope, Herschel Space Observatory).

The large cosmological fields, like the Cosmic Evolution Survey (COSMOS, Scoville et al. 2007),
use multi-wavelength photometric coverage as an efficient and cheap method to image thousands
of galaxies (Ilbert et al. 2009; Laigle et al. 2016). Stellar Population Synthesis (SPS) modeling of
their photometric SEDs produces qualified redshift guesses and crude estimates of their galaxy
properties. These statistical low-resolution assessments are used to select prime examples of, in
the case of the present project, the rare massive QGs for detailed followed-up, as we will show in
Chapter 2.

Galaxies at high redshift are fainter, harder to resolve and require time-expensive spectroscopic
observations to obtain their accurate distances. Furthermore, they look intrinsically different,
with clumpy and/or irregular morphology compared to the well defined local galaxy types. Yet,
the combination of stellar population properties and morphology reveals the onset of the bi-
modal distribution and the formation of the Hubble sequence more than 10 billion years ago at
1.5 < z < 2.5 (see Figure 1.4).

The distribution of galaxies at high redshift have previously been distinguished by using
spectroscopy to measure D, 4000 or the equivalent width of Ha (Kauffmann et al. 2003; Brinch-
mann et al. 2004). More recently, photometric color-color diagrams (BzK, UV}, NUVrK) have been
successful at characterizing SFGs and QGs, especially galaxies that are red by age from the ones
that are red by dust (Daddi et al. 2005; Wuyts et al. 2007; Williams et al. 2009; Arnouts et al. 2013).
When using UV]J classified SFGs and QGs, to study the stellar mass-size relation, it show that
galaxies on average are smaller at high redshift compare to their local counterparts (see Figure
1.4, van der Wel et al. 2014). Observations of local SFGs present a strong relation between the star
formation and stellar mass, referred to as the “galaxy main sequence" (see Figure 1.4, Brinchmann
et al. 2004; Noeske et al. 2007; Elbaz et al. 2007). A common interpretation of its existence and
tight relation is that the majority of SFGs evolve via self-similar processes and only a fraction of
galaxies are above the relation in a starburst phase (Rodighiero et al. 2011). QGs are, with their
low star-formation rates, found orders of magnitudes below the relation at similar stellar mass
(see Figure 1.4, Wuyts et al. 2011; Whitaker et al. 2017). Furthermore, the galaxy main sequence
evolves such that high redshift galaxies at a similar mass are more star-forming (Whitaker et al.
2012; Speagle et al. 2014; Schreiber et al. 2015; Barro et al. 2017). At z ~ 2, the star formation rate
density (Madau & Dickinson 2014), the total quasar luminosity density (Hopkins et al. 2007) and
the merger rate (Man et al. 2012) are observed to peak. Despite this fiery state of galaxy formation,
half of the most massive galaxies were already devoid of star-formation at this epoch (Brammer

et al. 2011, see Figure 1.7) suggesting that they formed at even earlier times.



1. INTRODUCTION

Figure 1.4: Top: The star formation rate with stellar mass for three redshift epochs (left to right). The figure is
color-coded by Sérsic Index from black disk (n = 1) to red spheroidal (n = 4) galaxy. The average rise in star-formation
with redshift is for disk galaxies indicated by the white line. Bottom: The stellar mass size relation for UVJ QGs and
SFGs across from z = 0.25 — 2.25. The dashed line indicates the size of galaxies at z = 0.25. Credit: Wuyts et al.
(2011) (top), van der Wel et al. (2014) (bottom).

1.4 Massive galaxies in the early universe

A population of red galaxies at z ~ 2 was discovered in the Hubble Deep Field — South (Franx
et al. 2003; Daddi et al. 2004; Toft et al. 2005). The galaxies were selected from the Faint InfraRed
Extragalactic Survey (FIRES; Franx et al. 2000) to mimic the optical colors and the 4000 A Balmer
break of nearby elliptical galaxies. The Hubble Deep Fields had, at this time, only been observing

with optical filters which explains why these galaxies with optical faint colors and lack of emission

6



1.4. MASSIVE GALAXIES IN THE EARLY UNIVERSE

Figure 1.5: The rest-frame optical composite spectrum of 15 massive QGs (black line, presented in Chapter 2)
together with the best fit stellar population model (red). The 1o uncertainty are shown in blue shading. The spectrum
reveals deep Balmer absorption lines to high excitation (vertical red lines), for evolved stellar populations with ages
of 1 — 3 Gyrs. The analysis of this spectrum, the metal lines (vertical gray) and [OII] emission (vertical blue) will be
addressed in Stockmann et al. in prep.

lines had not previously been discovered. The lack of young blue stellar light together with their
strong Balmer breaks indicated evolved stellar populations with ~ 1 Gyr old ages confirming
their quiescent nature (Cimatti et al. 2004; Daddi et al. 2005; Labbé et al. 2005; Kriek et al. 2006a;
Toft et al. 2007; Williams et al. 2009).

With the addition of a NIR imaging instrument on HST the red and dead galaxies, that
before had been unresolved in ground-based images, were discovered to be remarkably compact
(Toft et al. 2005; Daddi et al. 2005; Papovich et al. 2005; Trujillo et al. 2006, 2007; Toft et al. 2007;
Zirm et al. 2007; Buitrago et al. 2008). Their compact sizes resulted in extremely high stellar
densities (van Dokkum et al. 2008), unlike local elliptical galaxies. More accurate size measurement,
following the improved resolution of HST/WFC3, led to the conclusion that compact quiescent
galaxies (cQGs) were common among massive galaxies at high redshift (Szomoru et al. 2012;
Newman et al. 2012; van der Wel et al. 2014). In the nearby Universe, only a few examples of
such compact massive galaxies had been found with ages (2-4 Gyr) indicating formation much
later than the observed cQGs at z > 2 (Trujillo et al. 2009; Taylor et al. 2010a; Shih & Stockton
2011). The majority of cQGs must, as a result, undergo rapid size growth by a factor of ~ 4 and is
incompatible with passive evolution to the local Universe (Kriek et al. 2008; Toft et al. 2009).

High-resolution spectroscopy of z > 2 massive QGs confirmed their quiescent nature with
little or no star formation (traced by optical and mid-infrared emission lines), evolved stellar
populations with 1-3 Gyr old ages and high stellar masses, log;o(M/Mg) > 11 (Kriek et al. 2009b;
Toft et al. 2012; van de Sande et al. 2013; Belli et al. 2014b; Kriek et al. 2016; Belli et al. 2017;
Kado-Fong et al. 2017; Morishita et al. 2019; Marsan et al. 2019). The spectra of massive QGs at
z > 2 exhibit deep Balmer absorption lines and faint ultra-violet light (see Figure 1.5). Pristine S/N
spectra of massive QGs at z ~ 2 display high velocity dispersion measurements (from absorption
line broadening) of o = 250 — 500 km/s (van Dokkum et al. 2009; Toft et al. 2012; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014b; Kriek et al. 2016; Belli et al. 2017). Spectroscopic

7



1. INTRODUCTION

Figure 1.6: The rest-frame U — B colors with stellar mass for QGs and SFGs at z ~ 2.3 (as traces by star formation
rate per unit mass, left). The red/blue spectrum represents the typical QG/SFG at z > 2 (top/bottom right). The red
sequence at z > 2 (left, see Figure 1.3) is shown by the compact structure of the QGs in the red image cutouts. Credit:
Kriek et al. (2009a)

confirmation of young (~ 0.5 Gyr) massive QGs (Glazebrook et al. 2017; Schreiber et al. 2018)
out to z = 3.7 with continually smaller sizes < 0.5 kpc (Straatman et al. 2015; Kubo et al. 2018)
have, despite the initial skepticism on their quiescent nature (Simpson et al. 2017; Schreiber et al.
2018), been confirmed. Valentino and Stockmann et al. (in prep.), have, with deep MOSFIRE
observations, discovered a massive QG at the exceptional distance of z > 4 which is only 1.5 Gyr
after the Big Bang.

The velocity dispersion and size measurements are important to study the dynamics and
scaling relations like the FP that reveal clues to the puzzle of how the homogeneous population of
nearby elliptical galaxies formed. The FP, tracing the interplay between the stellar and dynamical
components, has been securely established out to z < 2 (van der Marel & van Dokkum 2007;
Bezanson et al. 2013; Jorgensen & Chiboucas 2013; van der Wel et al. 2014; Bezanson et al. 2015;
Beifiori et al. 2017), however, its existence at higher redshift would imply formation at even
earlier times. In Figure 1.7, the FP evolution is shown for a sample of four galaxy clusters out
to redshift z ~ 1. In Chapter 3, a sample of massive QGs at z > 2 (presented in Chapter 2) is
studied in the FP and mass-to-light ratio scaling relations. Contrary to lower redshift studies
(e.g. Jorgensen & Chiboucas 2013), the structural evolution is found to be playing an important

role in shaping the tight scaling relations galaxies in the nearby Universe (see Chapter 3). The
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1.5. THE EVOLUTION OF MASSIVE GALAXIES

Figure 1.7: Left: The Fundamental Plane projection of the best-fit Coma galaxy cluster relations (blue) alongside
three galaxy clusters at z = 0.54, 0.83, 0.89 (see legend). The figure shows the redshift evolution of the FP scaling
relation with redshift. Right: The evolution of the number density for massive, 11 < log,,(M/Mg) < 11.6, UV]
classified QGs and SFGs. Only 3 Gyrs after the Big Bang at z = 2 half of the most massive galaxies have already ceased
their star formation to become red and dead. Credit: Jorgensen & Chiboucas (2013) (left), Brammer et al. (2011) (right).

morphology of QGs is shown to be more disk-like at high redshift (van der Wel et al. 2011; Chang
et al. 2013; Bezanson et al. 2018), suggesting that their kinematic structure could deviate from the
simple dispersion dominated nearby elliptical galaxies. This directly affects the assessment of
their dynamics and the scaling relations (see e.g. Belli et al. 2017). Spatially resolved spectroscopy,
needed to address this issue, is inaccessible from ground-based facilities due to the galaxies
compact sizes and faint magnitudes. Massive foreground clusters work as lenses to the distant
Universe and are used to study the internal dynamics of a spatially resolved gravitationally lensed
QG (Newman et al. 2015). Recent studies have found a rapidly rotating massive QG at z > 2
with disk-like morphology (Toft et al. 2017; Newman et al. 2018). This discovery could suggest
that quenching of the stellar population occurs before the morphological transformation, from a
rotation dominated disk into a dispersion dominated spheroidal. The discovery of rare lensed
QGs requires well-observed foreground lensing clusters. Two lensed QGs were, with high S/N
X-Shooter observations (Principal Investigator: Stockmann), found to be at z = 1.6 and z = 3.2

(see Figure 1.8).

1.5 The evolution of massive galaxies

Number density studies show that the fraction of UV] QGs is increasing compared to the SFGs
(see Figure 1.7). A similar evolution exists for galaxies traced by morphology (Buitrago et al. 2013),
suggesting that the colors of galaxy SEDs are still coupled to the morphology out to z ~ 2.5.
The continuous transition of galaxies from disk to spheroidal morphology requires a potent

gravitational mechanism, like mergers (Man et al. 2016a), to redistribute the stellar components.
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1. INTRODUCTION

Figure 1.8: Top: MACS1423 galaxy cluster with the lensed massive QG MACS1423-1 at z = 3.20. Bottom: A thirty
fold lensed QG (1) from the eMACS141 cluster at z = 1.6, with two confirmed counter images (2,3) (Ebeling et al.
2018). Credit: Man et al. 2019 in prep.
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1.5. THE EVOLUTION OF MASSIVE GALAXIES

Numerical studies have shown that gas-poor minor mergers, with mass ratios of 1:5-20, are
efficient at explaining the observed size growth in QGs (Khochfar & Silk 2006; Hopkins et al. 2009;
Bezanson et al. 2009; Naab et al. 2009; Nipoti et al. 2009; Oser et al. 2012; Hilz et al. 2012, 2013).
Evolution, primarily via major merger also increases the size, however, on the expense of making
the elliptical galaxy remnants too massive compared to nearby elliptical galaxies. Simulated in-situ
feedback processes from AGN have been shown to reproduce size growth of massive galaxies
(Fan et al. 2008, 2010; Ragone-Figueroa & Granato 2011; Choi et al. 2018). The observed build-up
of stellar mass in the outskirts of massive elliptical galaxies (Bezanson et al. 2009; Szomoru et al.
2012) are well described by the minor merger inside-out growth found in simulations (Hilz et al.
2013). This inside-out growth scenario could explain the stellar tidal streams and shells structures
observed in nearby massive elliptical galaxies, like the one shown in Figure 1.2. Studies have
shown that structural evolution cannot fully account for the observed size evolution size out
to z = 3 (Newman et al. 2012; Man et al. 2012, 2016a, see Bluck et al. (2012) for another view).
Part of this size evolution can be explained by the addition of larger QGs over time by effectively
diluting the high-redshift population (Carollo et al. 2013; Krogager et al. 2014).

The mechanism responsible for the quenching of the star-formation in galaxies is a widely
debated topic. In Man & Belli (2018), they define quenching as the interruption of the necessary
conditions for star-formation. Amongst many of them, they include cosmological starvation
of gas, gas heating by in-situ stellar or AGN feedback processes and morphological quenching
preventing cold gas from forming stars. The discovery of low molecular gas fraction in a high
redshift compact QG shows that a mechanism that either consumes or removes the cold gas
could be responsible for the quenching of massive QGs (Bezanson et al. 2019). The suppression
of star-formation, via the ejection or heating of cold gas by feedback from AGN, has recently
gained interest. It is thus intriguing that AGN signatures, like excess x-ray and radio emission,
have been observed in massive galaxies (Olsen et al. 2013; Man et al. 2016b). In Chapter 2, we find
radio emission in some of our massive quiescent galaxies that could shed light on the connection
between AGN and massive QGs at high redshift (Cortzen and Stockmann et al. in prep.).

A two-phase assembly of massive galaxies is emerging from numerical works (De Lucia
& Blaizot 2007; Oser et al. 2010; Hirschmann et al. 2012; Oser et al. 2012; Gabor & Davé 2012;
Naab 2013, e.g.) where their early formation is dominated by dissipative processes and in-situ
star-formation, resulting in a quenched compact stellar component followed by late formation
of ex-situ accretion of minor mergers (Oser et al. 2012; Gabor & Davé 2012). The progenitors
of massive elliptical galaxies grew, in this picture according to simulations, very massive in a
short period of time after their formation at z ~ 6 (Khochfar & Silk 2006; De Lucia et al. 2006;
Naab et al. 2007, 2009; Dekel et al. 2009; Oser et al. 2010, 2012; Wellons et al. 2015). The compact
nature of the z = 2 QGs suggests that they must have formed in concentrated starburst-like

environment. A sample of submillimeter galaxies (SMGs) at z > 3 was suggested to be the
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1. INTRODUCTION

Figure 1.9: Schematic evolution of massive elliptical galaxies. Credit: NASA, European Space Agency, S. Toft and
A. Feild

progenitors of z = 2 cQGs based on matching of their number density, formation redshift and
galaxy properties (Ricciardelli et al. 2010; Toft et al. 2014). SMGs were, due to their extreme
dust temperatures, believed to be dust-obscured starbursts. As suggested in Toft et al. (2014), a
multi-wavelength study of z ~ 4 SMGs finds that their compact structure and minor merger
companions are consistent with the connection to cQGs at z = 2 (Gémez-Guijarro et al. 2018).
A sample of compact SFGs found at z < 3 (Barro et al. 2013, 2017) was suggested to be good
candidates for transition-objects between the z > 3 SMGs and the z = 2 massive cQGs, matching

both their stellar and structural properties.

1.5.1 Connecting the extremes

A conceptually simple picture of massive galaxy evolution from z = 6 to present-day is advocated
in Toft et al. (2014) (see Figure 1.9). Here, bright 3 < z < 6 SMGs form in gas-rich mergers
that drive nuclear dusty starbursts in the central regions. The dust is heated by the intense star
formation generating bright SMGs. Shortly thereafter (~ 50 Myrs), the star formation ceases
either by gas depletion or due to the heating of their cold gas reservoirs, preventing star formation
via feedback from a Super Massive Black Hole (SMBH). The latter can be observed as quasars,
which become plentiful at z < 4. These compact and star-formation quenched galaxies passively
evolve to z = 2, where they are observed with ages of ~ 1 Gyrs. They gradually grow in size and

mass over the next 10 billion years to become the most massive elliptical galaxies in the nearby
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Universe. This evolution scenario might be too simplistic (see e.g. Naab et al. 2014) but serves as a

model that can be statistically validated with the launch of the next-generation space telescopes.

1.6 Scientific objectives and thesis structure

The main focus of this thesis is the extreme lives of massive galaxies and their rich evolution from
the time of their anticipated progenitors, the massive cQGs, and until present-day giant elliptical
galaxies. Specifically, the evolution of the structural and dynamical properties over the last 10
billion years is addressed. This work is completed using X-Shooter spectroscopy and HST NIR
imaging to derive galaxy properties similar to nearby galaxies allowing for a direct comparison.
The thesis addresses the following questions related to the phenomenological scenario of the
formation of massive elliptical galaxies (see Figure 1.9): How much star-formation exist in the
cQGs at z = 2 close to their formation epoch? When did the massive cQGs at z = 2 form? What
is the physical mechanism responsible for shaping the tight scaling relations of nearby massive
elliptical galaxies? What is the relative contribution of the different mechanisms responsible for
the observed size growth? In Chapter 2, the largest spectroscopically confirmed sample of 15
massive QGs at z > 2 with high stellar masses, log;,(M/Mg) > 11, high velocity dispersions,
o = 250 — 350 km/s, and semi-major axis sizes, 1.5 — 5.5 kpc, is presented. These galaxies
are confirmed to be quiescent, just 1.5 Gyr after their formation, with optical and mid-IR star
formation rates, orders of magnitudes lower than SFGs of similar mass. Their small sizes and large
masses verify their compact nature in the mass-size relation at similar redshift. If the considered
sample of cQGs is the progenitors (as per a fixed number density) of massive elliptical galaxies,
they must quadruple their sizes and double their stellar mass from z = 2 to present-day. The
dynamical mass evolves faster than the stellar mass within the effective radius, suggesting that
dark matter haloes, in these galaxies, play an important role in their evolution.

In Chapter 3, the existence of the Fundamental Plane and the mass-to-light ratio scaling
relations for 10 massive QGs at z = 2 are explored. A FP is established at 1.5 < z < 2.5 by
combining COSMOS galaxies from Belli et al. (2017) and Stockmann et al. (2019). The FP zero-point
suggests strong dynamical M/L evolution from z = 2 to present-day. The formation redshift,
based on the stellar population modeled ages, suggests a formation at z > 3.5. The evolution of
the scaling relation to present-day massive elliptical galaxies can not be explained by passive
evolution of the stellar population without the advent of structural growth via dry minor mergers.

In Chapter 4, this thesis is concluded by summarizing the results and discussing future

research.
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2

A Sample of Ultra Massive Quiescent Galaxies at

High-Redshift
This chapter contains the following article:

“X-Shooter Spectroscopy and HST Imaging of 15 Ultra
Massive Quiescent Galaxies at z 2> 2”

Submitted to The Astrophysical Journal, 30 July 2019

M. Stockmann, S. Toft, A. Gallazzi, S. Zibetti, C. J. Conselice, B. Margalef-Bentabol, J. Zabl,
I Jorgensen, G. E. Magdis, C. Gomez-Guijarro, F. M. Valentino, G. B. Brammer, D. Ceverino, I. Cortzen,
I Davidzon, R. Demarco, A. Faisst, M. Hirschmann, j.-K. Krogager, C. D. Lagos, A. W. S. Man,
C. J. Mundy, Y. Peng, 7. Selsing, C. L. Steinhardt, & K. E. Whitaker

We present a detailed analysis of a large sample of spectroscopically confirmed ultra-massive
quiescent galaxies (log(M./Mg) ~ 11.5) at z 2 2. This sample comprises 15 galaxies homoge-
neously selected in the COSMOS and UDS fields by their bright K-band magnitudes and followed
up with VLT/X-Shooter spectroscopy and HST/WFC3 H r1601 imaging. These observations allow
us to unambiguously confirm their redshifts ascertain their quiescent nature and stellar ages, and
to reliably assess their internal kinematics and effective radii. We find that these galaxies are
compact, consistent with the high mass end of the mass-size relation for quiescent galaxies at
z = 2. Moreover, the distribution of the measured stellar velocity dispersions of the sample is
consistent with the most massive local early-type galaxies from the MASSIVE Survey showing
that evolution in these galaxies, is dominated by changes in size. The HST images reveal, as sur-
prisingly high, that 40 % of the sample have tidal features suggestive of mergers and companions
in close proximity, including three galaxies experiencing ongoing major mergers. The absence of
significant kinematic evolution from z = 2 to 0, coupled with a doubling of the stellar mass, with
a factor of four size increase and the observed disturbed stellar morphologies support dry minor
mergers as the primary drivers of the evolution of the massive quiescent galaxies over the last 10

billion years.
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

2.1 Introduction

Local galaxies follow a bimodal distribution in color represented by blue star-forming spirals
and red dormant elliptical galaxies. The most massive galaxies, primarily located in cluster
environments, are the giant Elliptical galaxies with stellar population ages suggesting a formation

more than 10 billion years ago (Ma et al. 2014; Greene et al. 2015).

A population of red massive galaxies are discovered to exist at z ~ 2 (Franx et al. 2003;
Daddi et al. 2004) and subsequently confirmed to have quiescent stellar population (Cimatti
et al. 2004; Daddi et al. 2005; Labbé et al. 2005; Kriek et al. 2006a; Toft et al. 2007; Williams et al.
2009). At this epoch the star formation rate density peaked (Madau & Dickinson 2014) alongside
substantial nuclear activity (AGN) (Hopkins et al. 2007). At this time, half of the most massive
(logo(M,/Mg) > 11) galaxies are already devoid of star formation (SF), and have old stellar
ages suggesting that they quenched their star formation at even earlier times (z > 3), when the
Universe are only a few Gyr old (e.g. van Dokkum et al. 2006; Kriek et al. 2006b; Franx et al. 2008;
van Dokkum et al. 2008; Toft et al. 2009; McCracken et al. 2010; Williams et al. 2010; Wuyts et al.
2011; Brammer et al. 2011; Whitaker et al. 2011; Kado-Fong et al. 2017; Morishita et al. 2019).
Nowadays quiescent galaxies are popularly defined by the UVF color-color relations (see e.g.

Muzzin et al. 2013a).

These massive quiescent galaxies are found to be remarkably compact with extremely high
stellar densities when compared to local galaxies with similar stellar mass (Papovich et al. 2005;
Trujillo et al. 2006, 2007; Buitrago et al. 2008; van Dokkum et al. 2008; Cimatti et al. 2008; Bezanson
et al. 2009; Conselice et al. 2011; Szomoru et al. 2012; van der Wel et al. 2014; Mowla et al. 2019).
A small number of elliptical galaxies this compact are found in the local Universe (Trujillo et al.
2009; Taylor et al. 2010b; Shih & Stockton 2011; Ferré-Mateu et al. 2012), but these are too young
(ages ~ 2 — 4 Gyr) to be the descendants of z = 2 compact quiescent galaxies. This suggests that
the vast majority of the z = 2 population must undergo a substantial increase in size to evolve

into local elliptical galaxies (Bell et al. 2012).

Bluck et al. (2012) found that the expected size evolution between z = 2.5 and present day can
be described primarily by minor mergers. However Newman et al. (2012); Man et al. (2016a) found
that minor mergers can account for the evolution at z < 1 and that additional mechanisms of
growth is required at higher redshift. The minor merger scenario is supported by the continuous
size evolution found in compilation of spectroscopic (Damjanov et al. 2011; Belli et al. 2014b;
Matharu et al. 2019) and photometric (van der Wel et al. 2014; Faisst et al. 2017; Mowla et al. 2019)
studies as well as the expected theoretical predictions of the galaxy properties during merger

evolution (e.g. Khochfar & Silk 2006; Naab et al. 2009; Lagos et al. 2018).

To study the dynamics of massive quiescent galaxies at z > 2, it is important to obtain both

reliable kinematic and morphological measurements using deep spectroscopic observations and
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2.1. INTRODUCTION

Figure 2.1: Photometric properties of the galaxy sample (red symbols - see legend on right) in the UVJ (a), the Kap-
log(M./Mg) (b), and zphot- rest-frame (g — z) planes from the Muzzin et al. (2013a) catalog. Note that for UDS19627
we use the Toft et al. (2012) K-band, stellar mass, zpnot and rest-frame colors estimated from the observed photometry
with EAZY (Brammer et al. 2011). The UVJ quiescent (red) and star-forming (blue) galaxies are shown in contours in
the range 1.9 < zpnot < 2.5 and log(M. /Mg ) > 10 (Muzzin et al. 2013a). The spectroscopically confirmed z > 2
MOQGs from COSMOS are shown with black symbols (square: Krogager et al. (2014), diamond: Belli et al. (2017)).
The small red/blue points in (b) are the galaxies that satisfy the criteria K < 20.5 and log(M../M)> 11. The gray
squares in panel (c) represent the running mean of the rest-frame (g — z) color of the massive, log,,(M./Ma) > 11,
UV7F-selected quiescent galaxies with the 1o standard deviation in gray.

high resolution (adaptive optics or space-based) imaging (Kriek et al. 2009b; Toft et al. 2012; van
de Sande et al. 2013; Belli et al. 2017). Quiescent galaxies beyond z > 2 are more disk-like with
higher ellipticities than local ellipticals (Toft et al. 2005, 2007; van der Wel et al. 2011; Wuyts et al.
2011), which may cause heightened dispersion measurements from the contribution of unresolved
rotation. In Toft et al. (2017) and Newman et al. (2018), the first spatially resolved gravitationally
lensed z > 2 massive quiesecent galaxy are observed.

Massive quiescent galaxies at z ~ 2 are rare (Arcila-Osejo et al. 2019) and their quiescent
nature implies faint rest-frame UV continua with no strong emission lines. Due to their rarity,
large survey fields are essential to locate these galaxies. So far only a small samples of massive
quiescent galaxies have been spectroscopically confirmed at z > 2, in existing surveys like
CANDELS+GOODS, and few of those have robust velocity dispersion measurements (van de
Sande et al. 2013; Belli et al. 2014b; Kriek et al. 2016; Belli et al. 2017; Morishita et al. 2019).

In this paper, the structural and dynamical properties of 15 UV} massive quiescent galaxies
(MQGs), logo(M./Mg) > 11, at z > 2 are studied, doubling the spectroscopically confirmed
and absorption-line detected sample at this epoch using the 2 sq. deg. COSMOS and UDS field.
These MQGs are examined in detail through their evolution to local galaxies and how they likely
formed in minor and major merger processes. In a follow-up paper, the Fundamental Plane
relation and its evolution to z = 0 is studied (Djorgovski & Davis 1987; Dressler et al. 1987).

In Section 2.2, we present the sample selection of the z = 2 galaxies and a corresponding
local reference sample. The X-Shooter spectroscopic and HST imaging data reduction, alongside
the photometry used throughout the paper, are presented in Section 2. In Section 2.4 we present

the methods used to extract the X-Shooter absorption-line kinematics and the HST structural
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

properties from the data, together with a multi-wavelength comparison of different star formation
tracers. We address the issue of progenitor bias using our local reference sample in Section 2.5.1.
We present the stellar population, kinematic and structural results in Section 2.5.2 and 2.5.3, and
the dynamical properties in Section 2.5.4. The results and the evolution of these galaxies to z = 0
are discussed and summarised in Section 2.6 and 5, respectively. Throughout the manuscript,
magnitudes are quoted in the AB system (Oke & Gunn 1983; Fukugita et al. 1996), and the following
cosmological parameters are used: €2, = 0.3, Q) = 0.7, with Hy = 70 km/s/Mpc. All stellar
masses are presented using the Chabrier (2003) Initial Mass Function (IMF).
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

2.2 Sample selection

The sample studied here consists of 15 MQGs from the COSMOS and UDS (Williams et al. 2009)
fields for spectroscopic follow-up and is selected based on the modeling of their optical to far-
infrared broadband SEDs. Three samples, from three periods of observation, are presented below.
In the first program, galaxies were identified to be at 2,04 > 1.6 and with old (> 1Gyr), quiescent
stellar populations (specific star formation rates log(sSFR /yr) < —11) in the updated version of
the Ilbert et al. (2009) catalog of the COSMOS field described in Man et al. (2012). The four K band
brightest (/' < 21.5) sources covered by parallel HST/NICMOS observations where selected for
follow-up to enable study of their morphology. These galaxies are referred to as the P86 sample,
named after the period of VLT/X-Shooter observations (P86, 2010-2011).

In a second program, 10 of the K band brightest (K < 20.5) galaxies in the COSMOS field
with photometric redshifts' zphot > 1.9, specific starformation rates log(sSFR /yr) < —10, and
stellar masses log;(M./Mg) > 11 from the Muzzin et al. (2013a) catalog were selected for
follow-up. Based on visual inspection, the sources with nearby bright objects in the K band
images are excluded to avoid photometric contamination. Objects with Spitzer/MIPS 24 pm
detections are also excluded to avoid either dusty star-forming galaxies or AGN (Le Floc’h et al.
2009). Their SEDs were visually inspected and galaxies with noisy photometry or bad fits were
excluded. This pool of galaxies are dubbed the P93 sample, observed 3 years after P86.

Finally, in the analysis presented here, the massive quiescent galaxy UDS19627, from Toft et al.
(2012), is included. This object are selected as part of early VLT/X-Shooter GTO observations to
be quiescent (log(sSFR/yr) < —10), at a high redshift (250 = 2.02700%) and a bright source
(K = 20.19) in the UKIRT Ultra Deep Survey (Williams et al. 2009). New HST/WFC3 H r160w
imaging of this galaxy is presented, allowing us to measure resolved morphology. UDS19627 is
minimally gravitationally lensed, but Toft et al. (2012) showed that, after taking this effect into
account, the systematic change in magnification factor of 10 — 20 % correspond to a 0.07 and
0.03 dex resulting lower stellar and dynamical mass.

Our full sample is compiled from the three presented subgroups selected with variations
in criteria on stellar mass, sSFR, and K-band brightness. In Figure 2.1a, we show that despite
the variation in selection criteria, this sample populates the quiescent galaxy region of the UV}
rest-frame color-color diagram (Muzzin et al. 2013b). For the sake of homogeneity the full sample
(except for UDS19627) is shown using the Muzzin et al. (2013a) catalog. Our galaxies are consistent
with the UVJ selection for massive (log(M,/Mg) > 10) quenched objects at 1.9 < z < 2.5.

Figure 2.1b shows the position of our sample in the K-band magnitude - stellar mass plane.
The K < 20.5 and log(M.. /M) > 11 selection of the P93 sample results in significantly larger

stellar masses than the average for the P86 sample (selected as massive quiescent galaxies with

'using redshift quality parameter with odds=1

20



2.2. SAMPLE SELECTION

NICMOS coverage) with only 1 galaxy from the latter fully satisfying the criteria of P93 (previously
presented in, among others, van de Sande et al. 2013; Kriek et al. 2016; Belli et al. 2017). The
power of adding a minimum K -band threshold to the stellar mass criterion to select the most
extreme massive quiescent galaxies is evident when comparing our sample with previous studies
(van de Sande et al. 2013; Krogager et al. 2014; Belli et al. 2017), identifying on average massive
quiescent galaxies with lower stellar masses. Our sample represents 60% of the total number
of UVF-MQGs (29% of all galaxies) at 1.9 < z < 2.5, log(M,/Mg) > 11 and K < 20.5 from
Muzzin et al. (2013a) (upper right corner of Figure 2.1b). The Anderson-Darling test for k-samples
(Scholz & Stephens 1987)* confirms that our selection of UV quiescent galaxies can be considered
representative of the massive and K-band brightest galaxies at 1.9 < z < 2.5.

One concern addressed by van de Sande et al. (2014) is that the selection of the K-band brightest
galaxies introduces a bias towards the bluest galaxies in the rest-frame color (g — z),s. To address
this issue the rest-frame colors (g — z), ¢, as a function of redshift between our sample and the UV}
selected massive (log(M, /M) > 11) quiescent galaxies from Muzzin et al. (2013a), are compared
in Figure 2.1c. Contrary to the sample of van de Sande et al. (2014), 13/15 of our galaxies have
(9 —z)ry colors consistent within the standard deviation of the average massive quiescent galaxies
at a matching epoch. The Anderson-Darling test for k-samples confirms that the (g — z),.¢ colors
for our MQGs are representative of the (log(M, /M) > 11) UVJ massive quiescent galaxies at
1.9 < z < 2.5. This suggests that, our K-band selected sample is on average not biased towards
galaxies with bluer colors. However, the highest redshift sources have systematic lower (g — 2),.f
colors and could be subjected to this selection bias.

In summary, our sample is selected to be the most massive K-band bright UV quiescent
galaxies at z > 2. The selection is not subjected to a bias in (g — 2),y and can be considered a

60 % stellar mass and K-band complete sample of the quiescent galaxies at z > 2.

2.2.1 A suitable reference sample of local galaxies

The MASSIVE Survey samples the most massive K -band selected early-type galaxies within the
local 108 Mpc northern hemisphere (Ma et al. 2014). These galaxies have central stellar ages
suggesting a formation epoch at z > 2 (Greene et al. 2015). Given the similar selection for our
MQGs at z > 2, stellar masses and inferred formation epoch, this sample is adopted as the local
reference sample. This sample is further motivated in Section 2.5.1.

The stellar masses and the structural and dynamical parameters were compiled analogously
to our z = 2 MQGs. The extinction-corrected absolute K -band magnitudes listed in Table 3 of
Ma et al. (2014) are converted into stellar masses using Equation (1) in van de Sande et al. (2019).

The NASA-Sloan Atlas semi-major axis optical effective radii, also listed in Table 3 of Ma et al.

*https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.
anderson_ksamp.html

21


https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.anderson_ksamp.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.anderson_ksamp.html

2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

[o11]

UV-108899 H7 H6
z=2.2312

UV-250513
z=2.0814

CP-561356
2=2.6963

UV-105842
z=2.0195

UV-171687
z=2.102

K
I} I\l | '
NI T

UV-90676
z=2.4781

CaK
Hr

" ko b
[ (i 1 w g b

Lr

NN

IH‘ W\.’

3000

3500

4000

4500

A[A]

5000

-
10° 10* NA]
=
10° 10* \
[
10° 10* NAI
10° 10* A
=
L
103 10* A
5500

6000

Figure 2.2: VLT/X-Shooter spectra, of our sample, covering the rest-frame wavelength range 3650 < A < 5300
A with corresponding HST RB images, in the left column. To the right, the full SED displayed by multi-wavelength
photometry (blue squares) and in center the UV-to-optical X-Shooter spectra (black line) and the best-fit stellar
population model (red line, Section 2.4.3). Spectra are shown with an optimal adaptive binning and 1o rms noise in
gray shading. The two-color 4.5” x 4.5” North-East orientated RB images, with X-Shooter slit overlay, are made
from HST/ACS Irgiaw and WFC3 Hrisow. A 17 white bar is shown (~ 8.5 kpc at z = 2). The G, Ca K, and
Balmer absorption features are indicated with dark red dashed lines. The ~ 20 [OII]3727A emission in UV-108899 and
UV-239220 (see Table 2.2) are indicated alongside the [OII1]4959, 5007A with blue dotted lines. Listed below the galaxy
ID, the absorption-line determined spectroscopic redshifts (determined in Section 2.4.1) is shown.
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Figure 2.3: Similar to Figure 2.2, with isolated spheroidal type morphology (again following the order of Table 2.3).
The spectra show the 4000 A break, strong Balmer absorption lines and a lack of emission lines. Furthermore, the
Hri6ow images and full photometric SED reveal bright sources with old stellar populations and low rest-frame UV

light.
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(2014), are used. These were derived from two-dimensional Sérsic (Sersic 1968) fits with Sérsic
parameters varying between n = 2 — 6. For the galaxies where this is not available, the infrared
2MASS measurements were used to convert these to semi-major axis optical effective radii using
Equation (4) in Ma et al. (2014). These sizes were derived from single Sérsic and de Vaucouleurs
profile fits (n = 4). The effective velocity dispersion measurements used are reported in Veale
et al. (2018). They were estimated using the MILES stellar library (Falcon-Barroso et al. 2011)
together with pPXF (Cappellari & Emsellem 2004). Finally, the average luminosity-weighted

stellar velocity dispersion within the effective radius is adopted.

2.3 Data

Here, we describe the spectroscopic observations with the VLT/X-Shooter spectrograph (D’Odorico
et al. 2006; Vernet et al. 2011) and the HST/WFC3 follow-up of our MQGs. These spectroscopic and
photometric campaigns spanned an interval of more than 10 years, spread over several programs

that are summarized in Table 2.1. Finally, the ancillary data used in the analysis are presented.

2.3.1 VLT/X-Shooter spectroscopy

X-shooter is a single object Echelle spectrograph mounted on the VLT and covers 3, 000—25, 000 A
with three arms: UVB (2936 — 5930 A), VIS (5,253 — 10, 489 A), and NIR (9, 827 — 24,807 A).
We are granted 35 and 57 service mode hours in P86 and P93, respectively (PI: Toft). The latter
carried over and finished in period 96. The observations are completed using default nodding
mode to ensure a robust sky subtraction of the NIR band, probing the rest-frame optical part of
the spectra for the z ~ 2 quiescent galaxies. The majority of the P86/P93 observations (89/96%)
are completed with an average air-mass corrected DIMM seeing of ('8 in the NIR arm. The
telluric standard stars are observed close to the science observations, both in airmass and time
to mimic the conditions of the sky and optimize the atmospheric absorption correction. The
P86/P93 observations for the NIR (VIS) frames are executed with 480s/900s (314s/863s) exposures,
0.9” x 117 slit configuration and — for the P93 sample only — including the K-band blocking
filter. We aligned the slit along the galaxy’s major axis in the UltraVISTA K-band images avoiding
bright nearby sources.

The data are reduced using a wrapper of the ESO X-shooter pipeline (Modigliani et al. 2010;
Sparre 2015), along with customized modifications (Zabl et al. 2015). Beyond the standard pipeline
processing steps for the NIR arm in nodding mode, we account for the spatial variations of the
background level outside of the orders in each raw science frame by removing the median level
obtained from the illuminated areas from each row of pixels in the detector. The 2-D VIS and NIR

individual science frames are corrected for telluric absorption with a customized and publicly
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available wrapper® (Selsing et al. 2016) of the Penalized Pixel-Fitting algorithm (Cappellari &
Emsellem 2004, pPXF), based on the PHOENIX stellar atmosphere library (Husser et al. 2013). A
response function is constructed modeling the atmosphere during the science exposures and each
individual observation block (OB) are corrected.

Finally, individual OBs are combined into an optimally weighted 2-D spectrum removing
flux outliers using a 3 and 50 median clipping for the VIS and NIR, respectively. Bad pixels
automatically flagged during the reduction are also excluded. Furthermore, off-trace emission
is flagged and excluded in the construction of the OBs from UV-105842, UV-171687, and UV-
155853 to minimize the contamination from surrounding sources. The 1-D spectrum is optimally
extracted (Horne 1986). Flux corrections are made anchoring the synthetic photometry to the
total magnitudes from the latest COSMOS15 catalog (Laigle et al. 2016) (Section 2.3.3), accounting
for PSF matching in different bands and for the Galactic extinction. The H-band and /-band
magnitudes are used to compute independent aperture correction factors for the NIR and VIS

spectra, respectively.

2.3.2 HST/WFC3 HFlGOW 1mag1ng

11 orbits of HST/WFC3 with HST-GO-14721 (PI: Conselice) are allocated to observe the rest-frame
optical images, Hr160w, for UDS19627 and the 10 galaxies in the P93 sample. The P86 sample
are covered by the following programs: CP-1243752 (HST-GO-12440, PI: Faber) and CP-561356
(HST-HLA-14114, PI: van Dokkum) with WFC3; CP-1291751 and CP-540713 with HST/NICMOS
(HST-HLA-9999, PI: Scoville).

The WFC3/H 160w data is reduced using the “Grism redshift and line” analysis software,
Grizli*, which is an end-to-end processing code for WFC3/IR data using ASTRODRIZZLE®. The
starting point is the standard calibrated images downloaded from the MAST archive (FLT extension
images). The calibrated images are 1014 x 1014 pixels with 0”.13/pixel. For each visit, there
are four dithered exposures that are combined using Grizli. The resulting products for each visit
are aligned, background subtracted and drizzled images with 0”.06/pixel. The NICMOS data for
CP-1291751 and CP-540713 are reduced in a similar manner with ASTRODRIZZLE.

2.3.3 Ancillary data: multi-wavelength photometry and HST [yg;4v images

We make ample use of the 14 broadband COSMOS photometry from the Laigle et al. (2016)
catalog, covering the full UV-to-NIR wavelength range to model our stellar populations in Section
2.4.3. The total magnitudes are adopted using the method described in Appendix A.2 by the
same authors. Complementary to the UV-to-NIR photometry, we check the available deep X-ray

*https://github.com/jselsing/QuasarComposite/blob/master/py/telluric.py

*https://github.com/gbrammer/grizli/

°A Python implementation of Multidrizzle: https://drizzlepac.readthedocs.io/en/latest/
astrodrizzle.html
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Chandra imaging (Marchesi et al. 2016) and the “super-deblended” far-infrared (FIR) catalog (Jin
et al. 2018), superseding the previous 24 ym catalog (Le Floc’h et al. 2009) used in the selection
of P93. This new implementation adopts active priors from the Spitzer/MIPS 24 yum and radio
observations to deblend the low resolution imaging from Herschel/PACS and SPIRE, SCUBA2,
AzTEC, and MAMBO. The sources are cross-check with the GALEX far-UV and near-UV data
from Zamojski et al. (2007) and Capak et al. (2007). This search for UV or X-ray counterparts
results in no detections for any of our galaxies. On the other hand, we do find hints of mid-infrared
(MIR) and radio emission from part of the sample, as detailed in Section 2.4.4.2 and discussed
in Section 2.6.3. UDS19627 has similar UV-to-NIR multi-wavelength coverage. For an in-depth
discussion of the available photometric data for this object, see Toft et al. (2012).

13/15 galaxies have HST Ipg141 imaging that are part of the COSMOS public released data
(Scoville et al. 2007; Koekemoer et al. 2007). It covers ~ 2 sq degrees of the sky with the Advanced
Camera for Surveys (ACS) in the I-band and comprises 81 tiles. Each tile is observed in 4 dithered
exposures that are combined to produce a pixel scale of 0”03/pixel and a Point Spread Function
(PSF) of 07095 at full width at half maximum (FWHM). COSMOS images reach a point source
limiting depth of AB(F814W) = 27.2 (50).

2.4 Analysis

We present in this section the analysis of our X-Shooter spectra and our HST/WFC3 H p16ow
images. The spectroscopic redshift, the velocity dispersion and stellar population of our galaxies
are measured by modeling the absorption features in the stellar continuum together with the
broadband photometry. As we find no significant emission line detections in the spectra, we
derive optical SFR upper limits (Section 2.4.4) which we compare with the estimates from the
MIR photometry. The majority of the spatially offset sources caught in the spectra are foreground
and background galaxies. Finally, the HST images probing the rest-frame optical structure are
modeled to obtain their morphological parameters. The major merger candidates (UV-108899,
UV-250513, and CP-561356 - see Figure 2.2) are confirmed to be within redshift proximity such
that their stellar masses reliably can be flux corrected.

The HST Red-Blue (RB) color images, rest-frame optical X-Shooter spectra with (Laigle et al.
2016) photometry and our best fitting stellar population model is shown in Figure 2.2 and 2.3. For
UDS19627, the HST/WFC3 H 160w image is presented in Section 2.4.5 and its spectrum is shown
in Toft et al. (2012).

2.4.1 Spectroscopic redshifts and stellar velocity dispersion

All spectra of targeted sources (P86 and P93) show prominent hydrogen absorption features,

which are typical of evolved stellar populations (see Figure 2.2 and 2.3). The stellar absorption
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Figure 2.4: Comparison of spectroscopic and photometric redshifts for our sample of massive quiescent galaxies
using the Muzzin et al. (2013a) (red) and Laigle et al. (2016) (blue) catalogs. The Muzzin et al. (2013a) catalog provides
better photometric redshift estimates for massive quiescent galaxies at z > 2 compared to Laigle et al. (2016). Note
that UDS19627 is not in the same area of the sky covered by the catalogs compare here.

features are modeled using pPXF, and both the line of sight velocity centroid (i.e., the spectroscopic
redshift) and the line of sight stellar velocity dispersion (LOSVD, hereafter “velocity dispersion”)
are measured.

The initial redshift and velocity dispersion guess is obtained from running pPXF with the
(Bruzual & Charlot 2003) stellar population library (hereafter BC03). The stellar population
analysis is performed with complex star formation histories (SFHs) fitting of the spectra and SED
(see Section 2.4.3) adopting this initial estimate. The resulting best fit model is confirmed to be
stable against perturbations of Ao = £100 km/s. The velocity dispersion measurement is refined,
by rerunning pPXF with a non-velocity broadened best-fit stellar population model.

The spectra and best-fit model are convolved to the same resolution (FW HM = 3.2 A) and
rebinned to a constant velocity scale without additional interpolation. Low order additive (a=2)
and multiplicative (m=2) correction polynomials are fit over the rest-frame range 3750 — 5950 A.
The JH band gap and the regions, where emission lines might be expected®, are excluded while
also masking out bad pixels.

The associated systematic and statistical errors are quantified by varying the wavelength

range, correction polynomials, and stellar libraries (see details in Appendix C), similar to the

Excluded emission lines (wavelengths in A): [OI] (3726.03, 3728.82), [OIII] (4958.92, 5006.84), [OI] (6300.30), [NII]
(6548.03, 6583.41), Ha (6563), and [SII] (6716.47, 6730.85)
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

method used in Toft et al. (2017). In all cases (P86 and P93), we determine secure redshifts and for
10/14 galaxies we estimate robust velocity dispersions. These estimates are reported in Table
2.3 along with the combined systematic and statistical errors (Appendix C). In the same table,
we also list the velocity dispersion for UDS19627 derived in Toft et al. (2012). In Figure 2.4, the
derived spectroscopic redshift are compared with the photometric estimates from Muzzin et al.
(2013a) and Laigle et al. (2016). Using the Normalised Median Absolute Deviation (o7 4p) from
Brammer et al. (2008), no catastrophic outliers are found except for photometric redshifts being
systematically below the spectroscopic redshifts for both catalogs, finding a better agreement for

Muzzin et al. (2013a).
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

2.4.2 Emission lines

No on-source nebular line emission is detected at 3¢ for any objects in the sample. For UV-108899,
UV-239220 and UV-90676 we find indications of emission (~ 2¢0) from [OII]3726.2, 3728.9 and
Ha6563. In Appendix B, we discuss the specifics of the fitting method and list, in Table 2.2, the
SFR and uncertainties from the [OII] and Hoa (Kennicutt 1998). Furthermore, spatially offset
line emission is observed in four (UV-155853, UV-171687, UV-171060, UV-105842) 2-D spectra
coinciding with close proximity sources. In 3/4 cases, this emission arises from foreground or
background sources (Appendix A.2). The latter source north-east of UV-105842 shows significant
[OI1]3726.2, 3728.9 A, [OI11]4959, 5007A, and Ho emission with a matching redshift of z =
2.0124. This corresponds to a velocity offset of 2130 = 120 km/s from UV-105842. If purely due
to galaxy motion, such an offset suggests that the two sources are not gravitationally bound at
the time of observation. Another explanation of the asymmetric morphology might be a high
redshift analog of the locally observed offset AGN (Comerford & Greene 2014), likely caused by

recent merger event.

2.4.3 Stellar population modeling of continuum emission

In order to put constraints on the physical parameters of the stellar populations, the VIS+NIR
X-Shooter spectra and the broadband photometry are fit with the Bayesian approach, from Gallazzi
et al. (2005) (recently revised in Zibetti et al. (2017)), using the derived spectroscopic redshift.
Spectral regions of poor atmospheric transitions are not included in the calculation. Before fitting,
the models are convolved by the initial velocity dispersion estimated in Section 2.4.1.

Models are obtained by convolving the latest revision of BC03 Simple Stellar Population (SSP)
models using the MILES stellar libraries (Sanchez-Blazquez et al. 2006; Falcon-Barroso et al. 2011)
with a large Monte Carlo library of star formation histories, metal enrichment histories and dust
attenuations. The prior distribution of models is the one described in Zibetti et al. (2017), but here
limited to 50,000 models with formation ages younger than 5 Gyr to be consistent with the high
redshift of our galaxies. A full description of the model library is given in Zibetti et al. (2017),
however the most relevant information are summarized here.

SFHs are modeled with a continuous component parametrized a la Sandage (1986), thus
allowing for both an increasing and a decreasing SFH phase, on top of which random bursts of
star formation are added. Stellar metallicity evolves according to the SFH (see Zibetti et al. (2019)),
with initial and final values randomly generated in the range 1/50 — 2.5Z,. Finally, for 75% of
the models, the effect of dust attenuation is included following the model of Charlot & Fall (2000)
that separates the contribution of the birth clouds affecting stars younger than 107 yr and the
contribution of the ISM affecting stars of all ages.

"SFR(t) = t/7 x exp(—t*/(27%)), see e.g. Section 3.1 in Zibetti et al. (2019)
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2.4. ANALYSIS

The Bayesian modeling approach assumes the likelihood of each model to be o exp(—x?/2).
The probability distribution function (PDF) of each physical parameter of interest are computed by
weighing the prior distribution of the models in a given parameter by their likelihood, marginal-
izing over all the other parameters. We additionally used the information from the mid-IR flux
limit to restrict the sample of acceptable models to those that have a SFR consistent with the
24 pm-based upper limits and detections (see Section 2.4.4.2). The median and the 16" and 84"
percentiles of the PDFs are adopted as the fiducial estimates and their uncertainties for each
parameter. Note that this approach allows the derivation of realistic uncertainties on the key
physical parameters, accounting for both the observational errors and the intrinsic degeneracies

among different parameters.

The stellar mass, mass-weighted mean stellar age, effective dust attenuation (A(g)) and SFR,
averaged over the last 100 Myr for our sample, are reported in Table 2.2. In this table, the SFR
limits from nebular line and 24 pm emission (see Sections 2.4.4.1 and 2.4.4.2) are also listed.
Stellar masses are within the range of logq (M, /Mg) = 11.23 — 11.79, with a median of 11.57.
Compared to Belli et al. (2017), this sample is on average more massive, which is reflected by
the brighter K-band magnitudes (see Figure 2.1). Such massive quiescent galaxies have also been
found over a larger area in Arcila-Osejo et al. (2019). The SFR limits and dust-corrected stellar
masses, together with the mean stellar mass weighted ages of ~ 1.4 Gyr, confirm the expectations
from the selection that this is, in fact, a sample of massive recently quenched galaxies. Three of

the galaxies are double sources and the stellar masses are corrected in Section 2.4.6.

2.4.4 Star formation and quiescence
2.4.4.1 Rest-frame optical emission lines

In order to confirm the quiescence nature of our galaxies upper limits on [OIT]A3727 and Ha
emission are measured. These are converted into upper limits of the unobscured SFRs following
Equation (2) and (3) in Kennicutt (1998), under the assumptions of solar abundance ratio and
that all massive star formation is traced by ionized gas. A 3¢ flux upper limit is determined by

summing up the flux error density squared over a region of AXA = 1000 km/s (similar to 300 — 500

Fio timit =31/ Y T g ON- (2.1)

Here o, and 62 are the flux uncertainty and bin size, respectively. Note that we do not

km/s line dispersions)

introduce any dust extinction in this conversion, as this is largely unconstrained (see Section 2.4.4.3
for an estimated upper limit on the dust extinction). We find unobscured SFR upper limits that
are consistent with the expectation that these galaxies are quiescent (—10 < log;,(sSFR /yr) <
—11.5). The values are listed in Table 2.2.
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

Figure 2.5: SFR - M, plane for massive quiescent galaxies at z > 2 with 24 ym coverage. The SFR main-sequence
at z = 2 from Speagle et al. (2014) is shown in dark purple, with its 0.2 dex (1o) scatter. The light purple region
extending beyond log(M.. /M) > 11.1 is an extrapolation of the best-fit relation. The 24 pm MIPS SFR detections
(red circles)/upper limits (red arrows) are shown, with the major mergers (composite measurement of the SFR) in red
stars. We show our rest-frame optical SFR3, (based on [OII] and He) in blue upper limits. We show 24 pm SFR
upper limits for the 2 objects from van de Sande et al. (2013) (circles), together with 4 dust-corrected Ha upper limits
from Belli et al. (2019) (diamonds) in black upper limits. Our sample of galaxies have suppressed SFR compared to the
main-sequence at z = 2 and can be considered truly quiescent galaxies.

2.4.4.2 Mid-infrared emission

The SFR, derived from rest-frame optical emission lines, represents a lower limit to the total star
formation in the presence of strong dust attenuation. Therefore, the SFR from the Spitzer/MIPS
24 um emission (Wu et al. 2005; Zhu et al. 2008; Rieke et al. 2009; Kennicutt et al. 2009) are
estimated under the assumption of zero or subdominant AGN emission. Here, the 24 ym flux
densities (or 30 upper limits for sources undetected at 24 ;ym), from the most recent “super
deblended” FIR COSMOS catalog (Jin et al. 2018), are adopted. To derive SFR estimates, the
z = 2 main-sequence SED template of Magdis et al. (2012) is rescaled to the measured 24 pm flux
densities (or the 30 upper limits) of our targets. The emerging total infrared luminosity (Lir) of
the templates are converted to SFR through the L1y -SFR relation of Kennicutt (1998), tuned to the
adopted Chabrier IMF of this study. Detections corresponding to a median SFR, ~ 20 Mgyr—*
are found for 5 of the galaxies that are undetected in the 24 pm catalog (Le Floc’h et al. 2009).
The remaining galaxies are not individually detected and we thus fix them to their 30 upper limit.

UV-90676 and CP-561356 that have upper limits of < 90 Myr~!. Both galaxies show strong
merger signatures (see Figure 2.7). The derived 24 um SFR are listed in Table 2.2.
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2.4.4.3 Comparison of different star formation tracers

Figure 2.5 shows the position of the sample of MQGs in the log(SFR) — log(M,.) main-sequence
at z = 2. For reference, the SFR main-sequence at matching redshift from Speagle et al. (2014) is
shown, extrapolated to the stellar mass range log,(M,/Mg) > 11.1 covered by our galaxies.

The rest-frame optical SFR limits are systematically lower than the mid-IR estimates (both
probing 10 — 100 Myrs timescales). This suggests either that the star-forming regions are strongly
obscured and/or AGN dust heating (Fumagalli et al. 2014). Under the assumption of no AGN
contribution to the heating that produces the mid-IR emission (see also Section 2.6.3), the dust
extinction is estimated by comparing the obscured and un-obscured SFR estimates, resulting in a
mean extinction of A(v) < 1 — 2 consistent with our SED fit derived A(g) (g-band) extinction.
In order to judge if a significant contribution to the mid-IR heating arises from AGN, we check
if there are any radio counterparts detected in Jin et al. (2018). Radio emission is detected in 5
sources at 1.4 GHz and in 5 sources at 3 GHz (indicated with symbols in Table 2.2), showing that
AGN heating could be responsible for the elevated mid-IR SFR estimates. Further treatment of the
radio detections will be part of a future paper (Cortzen at al. in prep).

The SFRs derived from our stellar population analysis (Section 2.4.3) are consistent with
SFR ~ 0 M, yr~! for all galaxies in our sample. In Table 2.1, we list the 20" upper limits on these
SFRs. However, even considering the most conservative upper limits on the SFR from the 24
@m emission, our sample of MQGs lies ~ 2 dex below the SFR main-sequence at their redshifts,

confirming their quiescent nature.
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

Figure 2.6: Individual flux extractions (blue, orange) from spatially divided 2-D spectra of the major merger
candidate sources UV-108899, UV-250513, CP-561356 (top to bottom). The right panel shows the wavelength collapsed
2-D spectrum (grey line) color coded to match the individual extracted 1-D spectra (left, center panel). For reference
the 1-D resolved HST Hrisow profile is shown in thin black line. The best fit model of the composite spectrum is
shown in red and the visible Balmer absorption lines are indicated. For each galaxy we confirm the spectroscopic
redshift proximity by the matching of absorption lines and conclude that these sources are ongoing major mergers.
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

2.4.5 Galaxy structure and sizes

The 2-D stellar light distribution traced by HST/WFC3 H 1601 imaging are modeled with the x2-
minimization fitting code GALFIT (Peng et al. 2002) in order to retrieve the structural parameters
of our sample of MQGs. A first run of SExtractor (Bertin & Arnouts 1996) allows us to detect the
objects in each field and to obtain an initial guess for the structural parameters. Postage stamp
for each target is constructed such that it encloses an ellipse with a major axis 2.5 times the Kron
radius obtained by SExtractor. The local sky level in each stamp is calculated using Galapagos
(Barden et al. 2012). This sky level is passed to GALFIT and kept fixed during the fitting. For
the WFC3 data, a combination of the TINYTIM®-simulated point spread function (PSF) and an
empirical stacked star PSF are used. For the NICMOS data, an empirical stacked PSF are used.
Finally, GALFIT is run on each postage stamp, adopting a flexible Sérsic profile for every

Y(R) = X exp {—Iin [(]I;e) v — 1] } ) (2.2)

The parameter R, is the effective radius enclosing half of the flux from the model light profile,

source (Sersic 1968)

Y (R.) is the surface brightness at the effective radius and n is the Sérsic index. The quantity
Kn is a function of the Sérsic index, which defines the global curvature of the light profile, and
is obtained by solving the equation I'(2n) = 2v(2n, K, ), where I" and ~ are, respectively, the
gamma function and the incomplete gamma function.

GALFIT is run several times to ensure that the solutions correspond to a global minimum in
the minimization algorithm for each image, by varying the initial guesses of the total magnitude,
effective radius and Sérsic index. The parameters are constrained so to avoid any unphysical
solutions (effective radius > 0.2 pixels, ¢ > 0.1, 0.5 < n < 8). Initially, all targets are fit with
n as a free parameter. In unstable cases where the maximum or minimum n are reached, the
images fixing the Sérsic index at either n = 1 or n = 4 are re-fit, choosing the model providing
the smallest x? as the best-fit solution. These two choices represent realistic descriptions of an
early-type galaxy dominated by either a disk or a bulge. Throughout the whole fitting procedure,
neighboring objects are either modeled or masked, depending on their proximity to the main
target. A 10% measurement uncertainty on the size is (van der Wel et al. 2008; Newman et al.
2012) shown to be a fair representation. This conservative error estimate is thus adopted. The
semi-major axis, e maj, is adopted as the effective radius in the following sections. The best-fit
parameters and their uncertainties are reported in Table 2.3.

In Figure 2.7, we present the rest-frame UV (I rg141) and optical (H p16o) images along with
the GALFIT model and residual. The morphologies of these galaxies are classified in the H p60w
image according to Conselice et al. (2005) and they fall into the two categories for quiescent

systems: Ellipticals (E) and Peculiars (P). When available, the spectroscopic observations are used

*http://www.stsci.edu/hst/observatory/focus/TinyTim
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Figure 2.7: Irsiaw, Hri6ow, GALFIT model, and GALFIT residual for our sample of massive quiescent galaxies
at z > 2 in 4z4” cutouts. Pixels, with a 30 confidence (w.r.t. background), are indicated with a logarithmic color scale
to showcase the structure and morphology of the sample. Hr16ow significant pixels are used as a mask for all the
images. In the residual image, the pixels, one standard deviation above the background, are shown within this mask.
The X-Shooter slit is overlaid at the orientation of the spectroscopic observations. A scale of 1”0 is shown in kpc for
size reference.
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

to determine the distance in redshift space to objects that fall in the X-Shooter slit (see Section
2.4.2). The majority of sources turn out not to be associated with the central galaxy. 9/15 galaxies
are categorized as Elliptical galaxies while the remaining are categorized as Peculiar galaxies with
major mergers (UV-108899, UV-250513, CP-561356), minor mergers (UV-105842, CP-1291751)
and/or strong tidal/post-merger features (UV-105842, UV-90676). The galaxies UV-108899, UV-
250513 and CP-561356 are confirmed as ongoing major mergers in the following section. The

classifications and the morphological parameters are listed in Table 2.3.

2.4.6 Spectroscopic confirmation and stellar mass correction of ongoing major

mergers

The RB color images, in Figure 2.2, reveal that three galaxies (UV-108899, UV-250513, CP-561356)
appear to be double systems. The spectra, shown in the same figure, are the total extraction of
the combined light from the two galaxies. These objects are within close proximity and the light
in the reduced 2-D frames are blended to an unknown extent (due to limited seeing). At the
expense of drastically decreasing the S/N, an attempt to separate the sources and determine if

their individual redshift measurements can confirm their proximity are made.

For each system, the resolved 1-D HST Hpigow light profile (extracted parallel to the X-
Shooter slit) is overlaid on top of the wavelength collapsed 2-D spectrum trace. A double Gaussian
profile fit allowed us to gauge the amount of blending and to make a conservative extraction
of each individual galaxy, minimizing cross-source contamination. In Figure 2.6, the individual
extractions and the best-fit to the composite spectrum from Section 2.4.3 are shown. Because of
the low S/N of the individual conservative flux extractions, the estimation of the velocity offset
are refrained, since it would be dominated by large uncertainties. However, the galaxies are
within close physical proximity due to the matching absorption lines shown in the figure and
can be considered ongoing quiescent (dry) major-mergers. This confirmation is important as,
in the following section, it can be used to correct their stellar masses, prior to presenting them
in the mass-size plane (see Section 2.5.3). Spectroscopic confirmation allows us to deblend the
composite stellar mass of each system using the H 601 magnitude as a proxy for tracing the
bulk of the stars in the galaxies. The GALFIT modeled Hrigow flux ratio supports the fact that
these galaxies are major mergers with mass ratios of 1 : 1 — 3. We used the flux ratio to correct

the stellar masses as
F;

% ,totFi+Fj

)

M*,totRFluX7 (2'3)

where 7 and j refer to the two merging galaxies and F' is the total flux from GALFIT. The corrected
stellar masses (M, ) and the relative flux ratio scaling, Ry, are listed in Table 2.3, with sources
names matching the numbering in Figure 2.7. Following this correction, the galaxies still classify
as MQGs with stellar masses, log;o(M./Mg) > 11.
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2.5. RESULTS

2.5 Results

2.5.1 Minimal progenitor bias

A major issue preventing us from deriving a consistent evolutionary picture connecting galaxy
populations across time is the “progenitor bias” problem (e.g. van Dokkum & Franx 1996; Carollo
et al. 2013). When comparing galaxies across time, the implicit assumption is that the high redshift
sample contains all progenitors of the low redshift reference sample. However, the fraction of
quenched galaxies has been found to grow over time (Buitrago et al. 2013) introducing an unknown
bias when comparing samples of galaxies across different epochs.

One approach, that has been suggested to minimize the progenitor bias, is comparing the
evolution of galaxies at fixed velocity dispersion (see e.g. Belli et al. 2014a). Archaeological studies
(van der Wel et al. 2009; Graves et al. 2009; Bezanson et al. 2012) find evidence suggesting that
the velocity dispersion in quiescent galaxies remains approximately unchanged across cosmic
time (z < 1.5). In such a scenario the velocity dispersion must be weakly affected by the average
merger history, which according to the numerical study by Hilz et al. (2012) occurs for minor
merger-driven evolution. A detailed discussion on fixed velocity dispersion evolution is given in
Belli et al. (2014a, 2017). Another way to minimize the progenitor bias has been to study galaxy
populations at constant cumulative number density (CND) instead of fixed velocity dispersion or
stellar mass (see e.g. Mundy et al. 2015). This approach are introduced in van Dokkum et al. (2010)
and refined further in Behroozi et al. (2013); Leja et al. (2013). In Section 2.2.1, a sample of massive
galaxies with central stellar population ages suggesting formation at z > 2 are introduced. This
sample is volume limited and represents the most massive early-type systems observed in the local
Universe. In order to draw a meaningful comparison, a subgroup of the most massive galaxies at
z = 0 are selected and matched with the CND at z = 2. This will now be referred to as the “fixed”
CND. This approach is based on the assumption that the rank of galaxies, within the stellar mass
function, is not strongly affected across cosmic time. This occurs if the stellar mass continuously
grows from z = 2 — 0, implying the availability of surrounding material to accrete (or events that
trigger secondary SF, although this is not expected for the massive quiescent galaxies at z > 2)
(Brammer et al. 2011; Behroozi et al. 2013; Muzzin et al. 2013b; Marchesini et al. 2014).

First, the CND of massive (log(M./Mg) > 11.2) UV] quiescent galaxies in the redshift
range 1.9 < z < 2.5 is estimated using the Muzzin et al. (2013a) catalog. The stellar-mass limit
represents the lower limit on the standard deviation of the mean stellar mass from the sample of
galaxies studied in this paper. Our sample is 22 % stellar mass complete using these selection
criteria. We count 58 galaxies inside a comoving volume spanned by this redshift range giving a
n(log(M./Mg) > 11.2) = 9.7 x 1076 Mpc=3.

The MASSIVE galaxy sample is trimmed starting from the most massive object of the survey

and including progressively less massive systems until we reach the fixed CND of the massive
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

UVY quiescent galaxies at z ~ 2. The final fixed CND-matched MASSIVE sample consists of
the 25 most massive local elliptical galaxies with stellar masses of log(M, /M) > 11.70. The
fixed CND-matched MASSIVE sample is referred to as “MASSIVE(n)” hereafter. The MASSIVE(n)
sample is considered a minimal progenitor biased sample and used as our local reference sample
in Section 2.5.2, 2.5.3, and 2.5.4.

The CND evolution suffers from large uncertainties from individual merger histories causing
scatter in the mass rank which is the main uncertainty for the highest stellar masses (Behroozi
et al. 2013; Torrey et al. 2017). In Torrey et al. (2017), they estimate the mass rank scatter for
logo(M,/Mg) > 11 in Illustris (Genel et al. 2014; Nelson et al. 2015) and find a CND mass rank
scatter of a factor of 2 compared to the mean CND enclosing 80 % of the galaxy fraction from
z = 2. In Behroozi et al. (2013), they find a similar uncertainty for the fixed CND evolution. The
effect of the mass rank scatter on the fixed CND evolution is shown in Figure 2.8, 2.9, and 2.10
under the assumption that it is representative for our stellar mass selection.

As an alternative approach to the fixed CND matching, the probabilistic approach from
Wellons & Torrey (2017) is used to estimate the CND at z = 0. In Figure 2.11, the results for both
a fixed and probabilistic CND matching approach is shown. The choice of CND-matching method

does not affect the qualitative results of this paper.

2.5.2 Kinematic evolution of massive quiescent galaxies from z =2 to (

In Figure 2.8, the stellar velocity dispersion-size plane which allows us to study the kinematic
evolution of massive quiescent galaxies from z = 2 — 0, is presented. The ongoing major merger
galaxies are included to show that their incorrect composite dispersion measurement increase the
scatter if not properly accounted for. The mean velocity dispersion of the sample studied in this
paper is 289 &+ 58 km/s (without major mergers). This is consistent with previous z > 2 massive
quiescent galaxy literature (see studies shown in Figure 2.8) with a mean dispersion of 272 £ 31
km/s. Our velocity dispersion and size measurements (including other structural parameters)
for CP-1242752 (indicated by blue square in Figure 2.8) are consistent with previously published
values (van de Sande et al. 2013; Belli et al. 2014b; Kriek et al. 2016; Belli et al. 2017). Comparing
the median dispersion of our study to that of the local MASSIVE(n) sample, a shallow or no
kinematic evolution from z = 2 — 0 is found. In Figure 2.8, significant effective size evolution
consistent with earlier findings are observed (Newman et al. 2012; van der Wel et al. 2014).
Half of the morphologies of compact massive galaxies at z ~ 2 have been suggested to be
disk-dominated (van der Wel et al. 2011). So far only one spatially resolved study of a rotating
disk quiescent galaxy at this epoch has been discovered (Toft et al. 2017; Newman et al. 2018).
The line of sight measured velocity broadening of the absorption lines could be a combination
of both rotation and dispersion in the presence of a disk-dominated system (see an analytical

prescription in Belli et al. 2017). Care must therefore be taken when comparing z > 2 spatially
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Figure 2.8: The velocity dispersions are plotted with effective radii for three samples; 1) Our sample (red symbols
like Figure 2.1), 2) massive, log, (M. /Mg) > 11, other quiescent galaxies at zspec > 2 (van de Sande et al. 2013; Belli
et al. 2017), 3) the MASSIVE(n) sample in blue hexagons. The composite dispersion measurements of the major-merger
galaxies are shown in orange stars connecting their individual size measurements with a horizontal dotted line. The
blue square indicates our source CP-1243752 (recently published in van de Sande et al. 2013; Kriek et al. 2016; Belli et al.
2017). The purple arrow shows the median evolution between our study and the MASSIVE(n) sample. The uncertainty
from the mass rank scatter on the fixed CND is shown in purple shading. The median evolution between the our study
and the MASSIVE(n) sample show evidence for shallow or no kinematic evolution from z = 2 to 0.

unresolved dispersion with resolved local measurements. Wuyts et al. (2011) shows that the stellar
light distribution of galaxies, measured by the Sérsic index, traces well the log(SFR) — log(M..)
relation, separating disk and spheroidal galaxies by n = 2.5 at z < 1.5. Under the assumption
that this is valid at z = 2, we classify our galaxies by Sérsic index and find that 92% of our galaxies
have spheroidal (n > 2.5) morphologies (when excluding the ongoing major mergers). If Sérsic
index n > 2.5 is a good tracer of dispersion-dominated systems at z > 2, it suggests that our
sample of galaxy dispersion measurements are not strongly contaminated by rotation. A recent
study by Veale et al. (2018) presents the spatially resolved velocity dispersion measurements for
the MASSIVE Survey sample. Here, log;,(M./Mg) > 11.7 galaxies (similar to our stellar mass
cut of the MASSIVE(n) sample) all have velocity dispersions in the range 200 < o < 350 km/s
at all radii (< 15 — 30 kpc). This rules out the possibility that the shallow dispersion evolution
comparison is driven by spatial resolution. A comparison to the fixed CND-matched MASSIVE(n)
sample establish that the dispersion remains nearly unchanged.

Negligible median dispersion evolution of our MQGs across the last 10 billion years (z =
2 — 0) is found in Figure 2.8. In the absence of spatially resolved spectroscopy, we make use of

the morphological classification which suggest that our kinematics are unlikely to be strongly
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2. A SAMPLE OF ULTRA MASSIVE QUIESCENT GALAXIES AT HIGH-REDSHIFT

contaminated by rotation. Studying the evolution of galaxies at fixed dispersion has been suggested

as a method to minimise progenitor bias (e.g. Belli et al. 2014b).

2.5.3 Stellar mass-size plane for massive quiescent galaxies

In Figure 2.9, the stellar mass-size plane (log;o My — Re maj) is presented which allows us to study
the structural and stellar mass evolution of massive quiescent galaxies since z ~ 2. The three
ongoing major-merger galaxies with resolved sizes of the individual galaxies (Section 2.4.5) and
their flux corrected stellar masses (Section 2.4.6) are shown in the figure. The post-merger stellar
masses and sizes of these are predicted using the argument of virialization from Bezanson et al.
(2009). The resulting position of post-merger galaxies is consistent with the average locus of the
most massive (log;o(M./Mg) > 11.5) individual galaxies in our sample, showing that a way to
form the most massive quiescent galaxies in our sample could be major quiescent-to-quiescent
dry galaxy mergers (Naab et al. 2006).

A best fit relation to the galaxies in this study, including the major merger separated galaxies,
reveal a shallower slope than what are found in van der Wel et al. (2014) z = 2.25 mass-size
relation, but in a better agreement with Mowla et al. (2019). The best fit parameters, using a
similar parametrization (r/kpc = A(M,/(5 - 1019))?), are log(A) = 0.19 and o = 0.42. The
stellar mass for CP-1243752 (blue square in Figure 2.9) is consistent within 1o standard deviation
with van de Sande et al. (2013) and Belli et al. (2017) and within 1.10 for the stellar mass published
in Kriek et al. (2016).

The distribution of our sample shows that z > 2 MQGs are ~ 2 times more compact than ob-
jects with the same stellar mass in the local Universe (Shen et al. 2003), which is a well-established
result in previous works (van de Sande et al. 2013; Belli et al. 2017). The median stellar mass and
size for our (MASSIVE(n)) sample log (M, /M) = 11.48 (11.77) and Re maj/kpc = 3.42 (13.55)
show that a doubling (~ 0.3 dex) in stellar mass and a factor of 4 in size evolution are required
to bring the two samples into qualitative agreement. Using the method from Bezanson et al.
(2009) for predicting stellar mass and size growth, minor and major merger tracks are shown
in the mass-size plane. The median mass-size evolution between our z > 2 MQGs and the
local MASSIVE(n) sample could be explained by minor merger-predicted size and stellar mass
growth. The tracks start at the median size and stellar mass of our sample (only red symbols). The
qualitative conclusions remain the same when using a mean instead of a median or changing the
choice of reference (with/without the major merger galaxies). The median logarithmic mass-size
slope is v = 1.78 7037 (r oc M2). The uncertainties are determined based on the CND mass rank
scatter shown as the purple shaded area in Figure 2.9. This confirms the suggestion that minor
mergers (o = 2), compared to major mergers (o = 1), are the preferred evolutionary path in the

mass-size plane.
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Figure 2.9: The stellar mass-size plane for massive, log; (M. /Mg) > 11.0, quiescent galaxies: our sample (red
symbols), other massive quiescent galaxies at z > 2 (black symbols, van de Sande et al. 2013; Belli et al. 2017) and
the MASSIVE(n) sample (blue hexagons). The representative error bar of our sample is shown in red. The source CP-
1243752 is indicated with a blue square. The ongoing major merger-corrected stellar masses (red stars) are connected
(gray lines) to their post-merger positions (orange stars), following the Bezanson et al. (2009) prescription. The minor
(dashed) and major (solid) merger-predicted evolutions from Bezanson et al. (2009) are shown with black arrows. The
best fit relations at z = 0 (Shen et al. 2003) and 2.25 (Mowla et al. 2019), with their 1o uncertainty, are shown in black
and brown, respectively. The best-fit relation to the galaxies of this study is shown in dashed red. The purple arrow
shows the median evolution between our study and the MASSIVE(n) sample. The shaded purple area represents the
uncertainty on the median of the MASSIVE(n) sample when the mass rank scatter from Behroozi et al. (2013) is taken
into account. The median mass-size evolution of MQGs from z = 2 — 0 can be explained primarily by minor mergers.

In line with earlier studies (van de Sande et al. 2013; Belli et al. 2017; van der Wel et al. 2014;
Mowla et al. 2019), we find that our sample of z > 2 MQGs is compact in the stellar mass-size
plane and further suggests that minor merger-driven size evolution (Bluck et al. 2012; Newman
etal. 2012; Hilz et al. 2012, 2013; Oogi & Habe 2013; Fagioli et al. 2016) is preferred when comparing
to the fixed CND-matched MASSIVE(n) sample.

2.5.4 Stellar-dynamical mass plane for massive quiescent galaxies

In Figure 2.10, the dynamical-to-stellar mass relation for massive quiescent galaxies is plotted in
order to study the interplay between the stellar and total (dynamical) mass potential over time.
The dynamical mass derived from the Jeans equation (Jeans 1902) for symmetrical systems is as

follows 9
R ,majo

M(r) = e

(2.4)

Here, Re maj is the effective semi-major axis, o is the stellar velocity dispersion, G is the gravita-

tional constant and [ is a parameter incorporating the full complexity of a collisionless systems
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Figure 2.10: The dynamical-stellar mass plane for this study (red squares: P86, circles: P93, triangle: UDS19627),
other zspec > 2 massive quiescent galaxies (in black symbols van de Sande et al. 2013; Belli et al. 2017), and the
MASSIVE(n) sample (blue hexagons). The purple arrow connects the median relation between this study and the
MASSIVE(n) sample. The purple shaded area represents the uncertainty on the median values of the MASSIVE(n)
sample from the CND mass rank scatter. The solid black line is the M, = Maqyy, relation. The dashed/solid black arrow
represents the predicted constant dispersion stellar-to-dynamical mass evolution for minor/major mergers (Bezanson
et al. 2009). The blue square indicates the source CP-1243752 (previously published in van de Sande et al. 2013; Kriek
et al. 2016; Belli et al. 2017). The calculated dynamical-to-stellar mass ratio doubles from z = 2 to 0 when comparing
to the fixed CND-matched MASSIVE(n) sample.

with radial dependent parameters of density, dispersion, and velocity anisotropy. Following
Cappellari et al. (2006a), 3(n) = 8.87 — 0.831n + 0.0241n? is adopted where n is the Sérsic index
(Sersic 1968). The representation of 3 is a good approximation for symmetric systems such as
an elliptical galaxy that is well represented by a de Vaucouleurs profile. Taylor et al. (2010a) and
Cappellari et al. (2013) show that using such a parametrization of 3 yields dynamical masses in
better agreement with the stellar masses when the sizes, are estimated using a 2-dimensional
Sérsic fitting method, rather than a fixed value of 3. The galaxies of this study are consistent with
the stellar-to-dynamical mass ratio, M, /]\4(1yrl < 1, within the large uncertainties. A ratio > 1 is
referred to as a non-physical (forbidden) region where the total mass is smaller than the mass of
the stars. The galaxy, UV-230929, is located in this region at 1.1¢ standard deviation from the
M, /Mg4yn = 1 relation. Unfortunately, our large uncertainties prohibit trustworthy estimates
of the total dust+gas mass for our sample. In Belli et al. (2017), it is suggested that dispersion
dominated systems with n > 2.5 lie closer to the M, /Mgy, = 1 relation at z ~ 2. Compared to
previous z > 2 massive quiescent galaxy studies (see legend in Figure 2.10), our sample occupies
a similar dynamical mass range but has larger stellar masses. This is further discussed in Section

2.6.2. The dynamical mass for CP-1243752 (indicated by a blue square) is consistent with the
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previous measurements in van de Sande et al. (2013) and Belli et al. (2017).

A comparison between our study with the MASSIVE(n) sample is made to learn about the
fixed CND evolution in the dynamical-stellar mass plane. The median evolution in Figure 2.10
illustrates that the dynamical mass evolves 2 faster than stellar mass within the effective radii.
This means that the galaxies evolve such that the M, /Mgy, ratio decreases from z = 2 to 0.
The minor and major merger evolution are shown for constant velocity dispersion evolution
(Ar o< M), with o = 1 for major merger and 2 for minor merger evolution. This is motivated
by the shallow/constant dispersion evolution found in Section 2.5.2, when also comparing to the
MASSIVE(n) sample. The median evolution from z = 2 to present day prefers the minor merger
predicted evolution when comparing our study to the MASSIVE(n) sample in the dynamical-stellar
mass plane.

The median evolution from our study to the MASSIVE(n) sample at present day, in the
dynamical-stellar mass plane, is consistent with minor merger evolution that is similar to what is

found in Figure 2.8 and 2.9.

2.6 Discussion

The structural and kinematic evolution for massive galaxies from z = 2 to present is explored
by assuming that the galaxies, in this study, are the progenitors of the MASSIVE(n) sample.
Such a claim has been motivated by a fixed CND-matching between the two samples of galaxies.
This suggests that these galaxies undergo significant size growth together with shallow velocity
dispersion evolution, driving up the dynamical-to-stellar mass ratio from z = 2 to 0. The results
are interpreted using idealized and cosmological simulations. Furthermore, the origin of the dust

heating, observed in the MIR and FIR emission, is discussed. Finally, the caveats are presented.

2.6.1 Minor-merger size evolution at constant dispersion

In Figure 2.9, a slope of a = 1.787031 is found for the mass-size evolution of our MQG from

z = 2 to 0. Such an evolution can be interpreted using the analytical framework from Bezanson
et al. (2009) and Naab et al. (2009) which find that minor merger-driven growth is needed to
produce a mass-size slope of @ = 2. An extended numerical treatment from Hilz et al. (2012)
finds that when including the effect of escaping particles (a process arising from virialization
following merger interaction), they recover a steeper mass-size slope (& = 2.4) alongside a
constant dispersion evolution for minor merger-driven growth. Such a scenario could explain
the observed size growth and shallow dispersion evolution observed. The scenario presented
in Hilz et al. (2012) occurs for two-component (stellar+halo) systems when they undergo 1:10
minor merger evolution. They reproduce the structural evolution found in Bezanson et al. (2009)

and Naab et al. (2009) when simulating minor-merger evolution of stellar-only systems. This
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suggests that the growth of the dark matter halo is an important ingredient necessary to cause
the shallow dispersion evolution together with the expected size growth evolution we find in
this study. Moreover, Hilz et al. (2012) shows that major mergers increase the dispersion and size
proportional to the stellar mass. This is not what is found when comparing the size and dispersion
evolution with the MASSIVE(n) sample (see Figure 2.8 and 2.9). In the minor merger scenario, the
velocity dispersion would be maintained in the inner region of the galaxy, as additional stellar
mass is accreted in the outer parts from tidally stripped satellite systems. Over time, this would
change the stellar light distribution on the outskirts of the galaxy, causing a continuous growth
of the half-light radius (van Dokkum et al. 2010; Hill et al. 2017).

In UV-105842, we may be observing a direct example of the minor merger-driven size increase.
A small satellite system within close (spectroscopically confirmed) proximity of the central galaxy
is found. Based on the flux-ratio estimated from the GALFIT modeling we estimate a stellar mass
ratio of 1:12 for this minor merger, consistent with the average 1:16 ratio estimated by Newman
et al. (2012). To double its stellar mass (as suggested by the median ~ 0.3 dex increase derived for
our sample), the galaxy would need to go through ~ 12 such minor mergers between z=2 and 0.
Other minor merger stellar mass ratios of 1:5, 1:10 and 1:20 suggested by Hilz et al. (2013) and
Bédorf & Portegies Zwart (2013), would correspond to 5, 10, and 20 minor mergers between z=2
and 0 for a similar stellar mass increase. In Man et al. (2016a) issues related to the translation of
the H-band flux ratio to a stellar mass ratio (e.g. due to M /L ratio variation in galaxies), directly
affecting the above argument, are discussed.

Many observational (Bluck et al. 2012; McLure et al. 2013; Fagioli et al. 2016; Matharu et al.
2019; Zahid et al. 2019) and numerical (Naab et al. 2009; Oser et al. 2012; Oogi & Habe 2013;
Tapia et al. 2014; Naab et al. 2014; Remus et al. 2017) studies find that minor mergers could be a
dominant process for the size growth of massive galaxies, but it may not be able to explain the
the full size evolution (Cimatti et al. 2012; Newman et al. 2012). Feedback processes have been
shown to also affect the size growth (e.g. Lackner et al. 2012; Hirschmann et al. 2013). Specifically
AGN feedback is shown, by modern simulations, to be necessary to reproduce the observed size

evolution (see Dubois et al. 2013; Choi et al. 2018).

2.6.2 Stellar-to-dynamical mass evolution

We found that the dynamical-to-stellar mass ratio shown in Figure 2.10 increases by a factor of
two within MQGs from z = 2 to 0. This could be attributed to either IMF changes of the stellar
population (Cappellari et al. 2012) affecting the stellar mass estimates or an increase in the dark
matter fraction within the effective half-light radius.

Numerical simulations find that minor merger-driven evolution alters the distribution of stars
over time from a core to a core-envelope system by accretion of particles in the outskirts of the

galaxy (Hopkins et al. 2009; Hilz et al. 2012, 2013; Frigo & Balcells 2017; Lagos et al. 2018). A
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consequence of this is that the central dispersion remains constant while the half-light radius
grows, encompassing a larger part of the dark matter halo and effectively increasing the dark
matter fraction over time (Hilz et al. 2012).

A mass-size evolution similar to what we find is, according to Hilz et al. (2013), caused by a
massive dark matter halo that drives the accretion of dry (collisionless) minor mergers at large
radii through tidal stripping. This inside-out growth increases the effective half-mass radius to
encompass dark matter dominated regions which might explain the increase of the dynamical-
to-stellar mass fraction within the half-light radius that we observe. Care must be taken when
interpreting the observations in terms of idealized numerical simulations. However, Remus et al.
(2017) also find that the central dark matter fraction increases with decreasing redshift when
comparing different cosmological simulations. Furthermore, observational evidence for inside-out
growth in massive galaxies is presented in Szomoru et al. (2012).

In Figure 2.10, we find that our sample is consistent with the dynamical-to-stellar mass ratio of
one suggesting low dark matter fractions at z ~ 2. For a stellar mass increase of 0.3 dex (similar
to our median evolution), Hilz et al. (2012) predict a dark matter fraction increase of ~ 70 %
within the effective radius. If we assume that the mass of the galaxy consists only of dark matter
and stars, we can estimate the dark matter mass fractions (Mpas/Mayn = 1 — M, /Mayy), from
the dynamical-to-stellar median ratio at z = 2 and 0, to be 772* % and 56 + 8 %, respectively.
This suggests an increase of the dark matter fraction within the effective radius of 17 — 64 %.
Note, however, that this increase cannot purely be associated with the dark matter from the minor
mergers as the growing half-light radius similarly encompasses more of the central dark matter
halo and also contributes to this increase.

According to Remus et al. (2017), the mass growth of massive galaxies can be explained by
two stages: 1) High redshift in situ mass growth resulting in a dense stellar component in the
center of the potential where the dark matter fraction is low, 2) dry merger events dominate
the mass growth at lower redshift (with major mergers being rare) resulting in the build-up of a
stellar envelope increasing the half-light radius and thus the dark matter fraction (similar to the

interpretation above).

2.6.3 Dust heating in massive quiescent galaxies at z > 2

The 24 pm SFR limit, used to restrict the stellar population models, results in specific SFRs for
our galaxies of log;(sSFR/yr) < —10. Nonetheless, stronger limits on the specific SFR can be
obtained if the source of dust heating is not caused by recent star formation. In Section 2.4.4.3,
the information from optical nebular emission and mid-IR is combined to set stringent limits on
the SFR of our sample (see also Figure 2.5). This information reveals that our sample lies 1.5 dex
below z = 2 the star formation - stellar mass relation of (Speagle et al. 2014) (extrapolated to
logo(Ma/M,) ~ 11.5).
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Low-luminosity AGN is shown to be common in massive, log;,(M./Mg) > 11, quiescent
galaxies at z < 1.5, through excess radio emission in stacked samples (Man et al. 2016b; Gobat
et al. 2018). Six galaxies, in our sample, have direct radio detections; three of them with matching
mid-IR detections (see Table 2.2). This could be evidence in line with the results from Olsen et al.
(2013) who find a high fraction of AGN in massive quiescent galaxies at 1.5 < z < 2.5 using X-ray
stacking. Low luminosity AGN activity has, in Schawinski et al. (2009); Best & Heckman (2012),
been associated with the suppression of SF which is an important effect in maintaining galaxies
quiescent. Low levels of dust heating have also been associated with evolved stellar populations as
a significant source to emit at wavelengths beyond > 160 pm (Salim et al. 2009; Bendo et al. 2012;
Fumagalli et al. 2014; Utomo et al. 2014). However, with no detections in the Herschel/PACS bands,
we cannot rule this scenario out. In the case where AGN are indeed the dominant dust heating
source in the galaxies, we can expect that the 24 pum flux does not arise from residual SF. This
is consistent with Whitaker et al. (2017) that find no strongly obscured SF in massive quiescent
galaxies at z > 2. Assuming the 24 ;ym emission is not due to obscured starformation, we find
a specific SFR, log,o(sSFR/yr) < —11, based purely on the optical emission limits/detections.
The MIR-to-radio emission of the sample will, in a future publication, be investigated in detail

(Cortzen et al. in prep).

2.6.4 Caveats

The main limitations of the results are here presented in bullet points:

« Overestimated stellar masses would lead to a shallower mass-size evolution and dynamical-
to-stellar mass ratio evolution. Nonetheless, substantially overestimated stellar masses are
ruled out by our dynamical masses being in agreement with previous kinematic studies of
massive quiescent galaxies at z > 2 (Toft et al. 2012; van de Sande et al. 2013; Bezanson

et al. 2013; Belli et al. 2014b, 2017).

« If rotation is significant in massive quiescent galaxies at z > 2, the measured velocity
dispersion, depending on the inclination, could have an unknown contribution from ro-
tation resulting in heightened dispersion measurements. On the other hand, dispersion
measurements from face-on rotation-dominated galaxies could result in low values. This
would further drive the dynamical mass artificially down. Such issues should be addressed

by spatially resolved spectroscopy where the V., /o can be estimated.

« Previous studies (Mancini et al. 2010) have suggested that sizes might be underestimated
due to non-detection of low luminosity profile wings. However, ultra-deep imaging out to

many effective radii does not find that this is the case (Szomoru et al. 2010, 2011).
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« Dynamical-to-stellar mass evolution is sensitive to the determination of 5(n). The prescrip-
tion from Cappellari et al. (2006a) is used, yet, this relation is determined from local galaxies
and is assumed to be representative for dynamical systems at z ~ 2. When comparing with
the MASSIVE(n) sample, we assume a Sérsic index of n = 4, to be a fair representation of a
spheroidal system. When changing the choice of 8 = 2 — 6 for the MASSIVE(n) sample,

the conclusion that the ratio must evolve from z = 2 — 0 remains.

« The sample is 60 % mass complete for the massive (log;y(M./Mg) > 11) and K-band
brightest (K < 20.5) UVJ quiescent galaxies at 1.9 < z < 2.5. This selection depends
strongly on the performance of the photometric redshift estimate. In Figure 2.4, we show that
this works well for our sample using the catalog from Muzzin et al. (2013a). This suggests
that the sample studied in this paper is representative of the selection we presented in
Section 2.2. However, the photometry is used to select red systems and, consequently,
introduce a selection bias towards mergers between red galaxies. An unresolved merger of
a quiescent galaxy with a star-forming galaxy would produce a resulting bluer system that

might be excluded from the selection.

2.7 Summary and conclusion

We examined the largest sample of massive quiescent galaxies observed to date at z > 2 with deep
X-Shooter spectroscopy and HST/WFC3 imaging. We extend previous searches for very massive
quiescent galaxies at z > 2 to the K-band brightest UV quiescent galaxies in COSMOS (Muzzin
et al. 2013a), constructing a sample of 15 MQGs. Full SED modeling of the photometry and
spectroscopy confirms the sample to be ~ 1.5 Gyr old, massive, log,o(M,/Mg) > 11, quiescent
galaxies. 3 out of 15 galaxies are confirmed as ongoing major merger using both imaging and
spectroscopy. In total, 40 % of the sample show evidence of mergers (minor or major) or other
disturbed morphologies in HST/WFC3 H r160 imaging, suggestive of ongoing morphological
transformation. The morphological information is used to correct the stellar masses prior to
comparing the stellar populations, kinematics and structure/morphology of the galaxies to the

MASSIVE(n) sample. We list below the main conclusions of the paper:

« We find that our galaxies lie 1 — 1.5 dex below the extrapolation at the high stellar mass end
of the SFR main-sequence (Speagle et al. 2014) at z = 2 and can be considered quiescent
with low specific SFR, log;,(sSFR /yr) < —10.5. These limits are based on optical emission
line and MIR emission limits and detections. 1/3 of the galaxies are detected in the MIR
which could be caused by residual SF. However, more than half of our sample (60 % of the

MIR detections) have radio emission detected at 1.4 or 3 GHz. This radio emission is likely
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associated with AGN activity, a proposed heating mechanism leading to quenching and/or

the maintenance of quiescence in massive galaxies.

» We find indirect evidence pointing to our velocity dispersion measurements to be minimally
contaminated by rotation. Our systems also have a Sérsic index n > 2.5 (see Section 2.5.2).
A direct comparison between our study and the MASSIVE(n) sample, shows evidence for

shallow or no velocity dispersion evolution from z = 2 — 0.

« Our sample is compact, in line with previous studies at z ~ 2 (van der Wel et al. 2014;
Mowla et al. 2019). We find that the median mass-size evolution (Ar o AM) compared
to the MASSIVE(n) sample is best described by o = 1.78f8:§g. This is consistent with both
the simple kinematic predictions of minor merger driven size evolution from Bezanson

et al. (2009) and the more extensive numerical treatment from Hilz et al. (2012).

« We find that our sample of z > 2 MQGs is consistent with a dynamical-to-stellar mass
ratio M, /Mqyn < 1 but that the shallow dispersion and significant size increase lead to an
increasing dynamical-to-stellar mass ratio, doubling from z = 2 to the present day. Such
an effect is shown to be reproduced for an increasing dark matter fraction from z = 2 — 0,

within the effective radius of the galaxy (Hilz et al. 2012).

In this paper the largest sample of MQGs at z > 2 with kinematic and structural observations,
found via the mass-size and dynamical-stellar mass plane, is presented. A fixed CND-matching
suggests that our sample of galaxies are the progenitors of the most massive and oldest elliptical
galaxies in the local Universe, thus connecting 10 billion years of evolution. These galaxies show
a broad range of disturbed morphologies, confirming that mergers play a significant role in their
morphological transformation and evolution to z = 0. In a companion paper, the relationship
between the size and dispersion will be explored by studying the Fundamental Plane at z ~ 2

and its consequent evolution to the present-day Universe (Stockmann+19b in prep).
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Appendices

A Further details on the reduction of the images

A.1 PSF & astrometry

The Hri6ow images from our program and the ancillary COSMOS F'814W images employed in
this work do not share the same World Coordinate System (WCS). We need to guarantee that the
astrometry is common and accurate in both bands. Therefore, we chose to align the images to
the COSMOS ACS F'814W image as the reference frame, which is registered to the fundamental
astrometric frame of the COSMOS field, ensuring an absolute astrometric accuracy of 005-0"1 or
better. Following Gémez-Guijarro et al. (2018), we use TweakReg along with SExtractor (Bertin
& Arnouts 1996) catalogs of the two bands with the F'814W catalog and frame as references to
register the images. After this, the images in both bands are resampled to a common grid and a
pixel scale of 006 pix !
two HST bands is also different. Following Gomez-Guijarro et al. (2018), we degrade the F'814W
to the resolution of the F'160W data (0”18 FWHM). We calculate the kernel to match the ACS

F'814W to the PSF in the F'160WW images employing the task PSFMATCH in IRAF, including

using SWarp (Bertin et al. 2002). In addition, the spatial resolution of the

a cosine bell function tapered in frequency space to avoid introducing artifacts in the resulting
kernel from the highest frequencies. Then, we convolve this kernel to the F'814W image to

achieve a common spatial resolution.

A.2 Modeling of foreground and background sources

Based on the spatially offset emission in the 2-D X-Shooter spectra, we determine if candidate
sources are within close proximity to the central galaxy. In Figure 2.7 the central sources along
their spatially offset sources is shown. UV-171687 shows offset Ha and [NII] emission arising
from a south-western source that we establish to be a foreground galaxy at z = 1.51. We find
another foreground galaxy north-east of UV-171060 at z = 1.37 based on assuming that the single
emission line detection is Ha. North-east of UV-155853 we find a background galaxy at z = 2.36
(best visible in the Galfit modeling residuals of Figure 2.7) determined from the [OIII] doublet
at 4959,5007 A. For UV-105842 we find two spatially offset source, 1) ~ 3” north-east and 2)
~ 1" north-east. Source 1) is a foreground galaxy at z = 0.44 based on the detected strong O[III]
doublet at 4959, 5007 A and Hor emission. For source 2) we find the [OII] doublet at 3726.2, 3728.9
A, O[III] doublet at 4959, 5007 A, and Ha corresponding to a redshift z = 2.0124. The latter
redshift corresponds to a velocity offset of 2130 4= 120 km/s (uncertainty is calculated based on the
spread of the individual redshift measurements) suggesting that it is not gravitationally bound to
the central galaxy. Another option could be an offset AGN with high peculiar velocity following

a merger.
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Figure 2.11: The figures from Section 3 are shown with the fixed and probabilistic (Wellons & Torrey 2017)
CND-match to the MASSIVE Survey. For each of these methods our qualitative conclusions remain.
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B Details on the emission line fitting

For UV-108899, we find that when fitting a double Gaussian profile to [OI] (3726 + 3729 A) fixed
to the redshift of the central galaxy, gives the most conservative (highest) flux estimate. We try
fitting with a single profile while using a free redshift parameter but recover high y? solutions.
We list this conservative flux estimate, corresponding to a SFR = 6 £ 4 Mg /yr (Kennicutt 1998),
in Table. 2.2.

For UV-239220, we detect excess emission in the region of Ha and the [NII] (6548 + 6583 A)
doublet. With a fixed ratio between the [NII] doublet, we try three types of triple Gaussian profile
models (free redshift+dispersion limit of 250 km/s, free redshift+dispersion limit of 1000 km/s,
and fixed redshift+dispersion limit of 1000 km/s) that all result in x? > 2.4 with no preferred
solution. If we assign all of the flux in the excess to Ha we obtain a conservative Kennicutt
(1998) SFR upper limit of ~ 30 Mg /yr (log(sSFR) < —10 [yr~!]) consistent with the FIR and
rest-frame optical upper limits from Section 2.4.4.1. This confirms that the galaxy has low specific

star formation consistent with its selection.

C Details on modeling of the velocity dispersion

C.1 Statistical and systematic uncertainties

To estimate the statistical error we measure the spread of the velocity dispersion distribution
obtained from running pPXF on a 1000 data realizations. The data realizations are made by
perturbing the pPXF best fit model with the pipeline estimated error spectrum, by linearly
drawing values from a Gaussian with a mean of zero and spread of the initial errors. The X-
Shooter pipeline-estimated noise map is subjected to a wavelength dependent correlation of the
pixels. We take this effect into account by scaling our noise spectrum to a reduced x2,; = 1
(assuming the errors are Gaussian). We follow the method used in Toft et al. (2017) and fit a 2nd
order polynomial to a 50 pixel running reduced x? that we use to make a correction noise map,
IxZorr = OX2igimal \/@

We estimate the systematic error by testing how the dispersion is changing with the correction
polynomial and implemented wavelength range. We construct a grid of correction polynomials
up to 24th order of both additive and multiplicative polynomials, where we find an average
of 20 % variation from the fiducial dispersion, except for UV-232920, UV-773654, UV-171060,
and CP-1291751. When varying the start wavelength range ([Astart, Aend]) Within the interval
[3750 — 4050, 5950] and the end wavelength within the interval [3750, 4050 — 5950], we find that
overall the dispersions are stable. In a few cases, the velocity dispersion increases well above the
median dispersion (with varying wavelengths) with 50 — 100 % when excluding the higher order
Balmer and Ca H+K lines, highlighting their importance. When including the end wavelength
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A > 4500 we find more stable dispersion measurements, not surprising as otherwise only half of
the spectrum is included. The low S/N cases have more unstable dispersion values when excluding
wavelength areas, highlighting the importance of understanding the systematic uncertainties. We
sum up the wavelength and polynomial test by confirming that our fiducial velocity dispersions
are robust (except for UV-232920, UV-773654, UV-171060, and CP-1291751). The systematic error
is primarily due to template mismatch and as a result, we estimate the systematic error from
the minimum and maximum values of the dispersion when using the full wavelength range and
varying the additive and multiplicative correction polynomials, 0sys = 2/3 - (Tmaz — Omin)/2-
This method is subjected to catastrophic outliers, and prior to the systematic error estimate, we
exclude dispersion values more than 50 outside of a Gaussian mean. We find that the systematic

errors are on the order of the statistical uncertainties.

C.1.1 Additional tests

We measure the dispersion while excluding a window of 1600 km/s along the wavelength direction
in steps of 5 A, to test whether the measured dispersion is dominated by specific lines. We find
that the fiducial dispersion is very stable against excluding individual lines, and did not find a
consistent decrease in the velocity dispersion similar to previous studies when excluding the Hf3
line (van de Sande et al. 2013; Toft et al. 2017). We allow pPXF to construct a linear combination
of templates from the stellar library of BC03 with a Chabrier IMF and solar metallicity and find

similar redshifts and velocity dispersions as our fiducial values which are reassuring.
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3

Stellar and Dynamical Evolution of Massive Quiescent

Galaxies

This chapter contains the following article:

“A Fundamental Plane Study of Massive Quiescent
Galaxies at 2z ~ 27

In preparation for submission to The Astrophysical Journal

M. Stockmann, L Jorgensen, S. Toft, C. J. Conselice, A. Faisst, B. Margalef-Bentabol, A. Gallazzi,
S. Zibetti, M. Hirschmann, C. D. Lagos, J. Zabl, G. B. Brammer, C. Gomez-Guijarro, & F. M. Valentino

We investigate the evolution of galaxy structure and kinematics by studying the Funda-
mental Plane (FP) and mass-to-light ratio (M /L) scaling relations for a sample of 8 massive,
log,o(M./Mg) > 11, quiescent galaxies at z > 2. We establish a FP (r¢, o¢, I.) using a larger
sample of 19 quiescent galaxies at 1.5 < z < 2.5 from the Cosmic Evolution Survey with H 160w
rest-frame optical sizes and velocity dispersions. Contrary to lower-z cluster studies, we show
that our sample of galaxies cannot evolve passively to the local Coma cluster relation alone and
must undergo significant structural evolution to mimic the sizes of local massive galaxies. The
evolution of the FP and M /L scaling relations, from z = 2 to present-day, are consistent with
passive aging of the stellar population and size growth by minor mergers into the most massive
galaxies in the Coma cluster as well as a cumulative number density matched sample of massive
elliptical galaxies from the MASSIVE Survey. In the case that the structural growth can be fully
attributed to minor mergers, the evolution of the scaling relations favors minor merger with

quiescent stellar populations.
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1 Introduction

The most massive local elliptical galaxies, believed to be the latest stage of galaxy evolution, have
been shown to form the majority of their stars rapidly, in the densest environments at z > 2 — 3
(e.g. Blakeslee et al. 2003; Thomas et al. 2005). Understanding the formation and evolution of
these systems is a major question, and one way to address this is to look for progenitors in
the early universe to see how their properties have evolved. Recently a population of massive,
log(M,./Mg) > 11, quiescent galaxies have been located at z > 2 (Daddi et al. 2004; Kriek
et al. 2009b; Toft et al. 2012; Belli et al. 2017), which allows us to observe the evolution of their
properties. It is clear that these early massive galaxies contain extremely compact sizes (Daddi
et al. 2005; Trujillo et al. 2006, 2007; Buitrago et al. 2008; van Dokkum et al. 2008; Conselice et al.
2011; Szomoru et al. 2012), 3-5 times smaller than present-day most massive elliptical galaxies,

and are bluer and more recently formed (e.g., Stockmann et al. 2019).

Rapid size evolution has been inferred from the observed evolution of field early-type galaxies
across time (Newman et al. 2012; van der Wel et al. 2014; Faisst et al. 2017; Mowla et al. 2019;
Morishita et al. 2019). Toft et al. (2014) proposed an evolutionary sequence of massive galaxies
where the most massive elliptical galaxies, from the present-day Universe, were formed in violent
star-bursts, that later quench possibly via AGN to become the compact quiescent galaxies at z > 2
suggested to undergo rapid size evolution (see also Habouzit et al. 2019). Simulations have shown
dry mergers to be an efficient process in making galaxies larger (e.g. Hopkins et al. 2009; Naab

et al. 2009; Bezanson et al. 2009; Hilz et al. 2012, 2013; Remus et al. 2017; Lagos et al. 2018).

Scaling relations between different properties of galaxies and how these evolve through time
can give us significant information about how galaxies are assembled over cosmic time. The
massive elliptical galaxies were found to follow an empirical relation known as the Fundamental
Plane (FP, Djorgovski & Davis 1987; Dressler et al. 1987). It is important to determine the FP
of a sample of possible discovered progenitors at z > 2 and their connection with present-day
massive elliptical galaxies. The FPs zero point evolution, complementary to the M /L ratio (Faber
et al. 1987), has made this a preferred tool in studying the structural and luminosity evolution of
early-type galaxies across time (e.g. Bender et al. 1992a; Jorgensen et al. 1996; Jorgensen 1999;
Treu et al. 2005; van der Wel et al. 2005; Cappellari et al. 2006a; Jorgensen et al. 2006; van der
Marel & van Dokkum 2007; Saglia et al. 2010; Jorgensen & Chiboucas 2013). At z < 1, the FP zero
point offset have been explained by purely passive (without structural) evolution (e.g. Jorgensen
et al. 2006; Jorgensen & Chiboucas 2013). However, this is not the case at z > 2 where the red
and dead galaxies are compact and must undergo significant size evolution to mimic the sizes of
present-day galaxies. The FP has been established in cluster and field galaxies out to a redshift
of z < 1.8 in clusters (Prichard et al. 2017) and z < 2 in the field (Bezanson et al. 2013; van de

Sande et al. 2014), respectively. Galaxies in clusters have been observed to be larger than field
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galaxies at the same redshift (Lani et al. 2013; Strazzullo et al. 2013; Delaye et al. 2014) suggesting
accelerated evolution in dense environments (for evidence against this see Newman et al. 2014).

Spectroscopic observations, required to measure the velocity dispersion, is time-expensive
and only the most massive systems have been studied in large cosmological fields like CANDELS
and COSMOS due to their rarity. We present in this paper the largest FP study at z > 2 using a
sample of field massive quiescent galaxies (MQGs) introduced in Stockmann et al. (2019) (hereafter
S19a). S19a shows shallow velocity dispersion evolution and significant size growth between
z = 2 and 0. In this paper, we explore whether this size growth, alongside the passive evolution
of the stellar population, can account for the observed evolution of massive galaxies in the scaling
relations from z = 2 to present-day.

In Section 2, the z > 2 MQGs sample from S19a together with a complementary quiescent
galaxy sample is presented alongside two local samples from the Coma cluster and the MASSIVE
Survey. We present the M /L and FP scaling relations in Section 3.1 and 3.2, respectively. The
predicted evolution of the size, velocity dispersion, passive aging, and luminosity increase due to
minor merger driven growth are covered in Section 3.3. Finally, our results are interpreted and
discussed in Section 4, following a summary of the main conclusions in Section 5.

Throughout the text, magnitudes are quoted in the AB system (Oke & Gunn 1983; Fukugita
et al. 1996) and the following cosmological parameters, €2, = 0.3, 2 = 0.7, with Hy = 70
km/s/Mpc are used. All stellar masses are presented using the Chabrier (2003) Initial Mass Function
(IMF).
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2. DATA

2 Data

2.1 A sample of massive quiescent galaxies at z > 2

In S19a, we presented a sample of MQGs at z > 2 studied with X-Shooter (D’Odorico et al. 2006;
Vernet et al. 2011) and HST Hpigoy that are crucial to obtain both rest-frame optical stellar
velocity dispersions and effective sizes. The sample is selected from the 2 square degree COSMOS
field (Scoville et al. 2007), using multi-waveband photometric fits (Muzzin et al. 2013a). In summary,
the sample is K-band bright massive (log;o(M./Mg) > 11) UVJ quiescent galaxies at z > 2. We
adopt, 8 of the total 15 galaxies from S19a, with robust velocity dispersion measurements essential
to studying them in the scaling relations.

In Table 3.1, the mass-weighted age, stellar mass, velocity dispersions, and sizes for these
8 galaxies are listed. For details on these, we refer to S19a. Contrary to S19a, we compute
the dynamical masses in this paper by using the circularized sizes (7¢ circ = \/@) to make
them consistent with the circularized dynamical masses used in the study of scaling relations
of local clusters (e.g. Jorgensen & Chiboucas 2013). We have verified that the qualitative results
from S19a remain when using circularized dynamical masses and sizes. Following local studies
(e.g. Jorgensen 1999), we adopt the Bessel B-band luminosity, estimated in our case from the
rest-frame Bessel B-band fluxes obtained from the COSMOS photometry (Laigle et al. 2016)
using the photometric redshift code EAZY (Brammer et al. 2008)". The luminosity and average
effective surface brightness are estimated using the method outlined in Appendix D. Hereafter,
the dynamical mass-to-light ratio in the Bessel B-band is referred to as M /L.

The 8 galaxies have a mean age of ~ 1.5 Gyr and similar stellar mass, size and velocity

dispersion range to the full 15 galaxy parent sample from S19a.

2.2 Complementary sample of quiescent galaxies at 1.5 < z < 2.5

In addition to the galaxies from S19a, we adopt a sample of 1.5 < z < 2.5 quiescent galaxies from
Belli et al. (2017). We choose 11 out of 24 galaxies with velocity dispersions, that have available
COSMOS photometry in Laigle et al. (2016) to ensure consistent measurements to our sample.
Out of the 11 galaxies, 7 are at z < 2 and 4 at z > 2.

Similar to S19a, the sizes were derived from Sérsic profile fits to the rest-frame optical
HST/WFC3 Hyigow images using GALFIT. The effective circularized radius is adopted. The
velocity dispersions are derived from rest-frame optical MOSFIRE spectra using pPXF to fit BC03
stellar population models qualitative similar to S19a. The dynamical masses are converted from
the semi-major axis to the circularized radius using the axis ratio. As in S19a, the dynamical mass

is estimated using the method from Cappellari et al. (2006a). The two z ~ 2 samples, presented in

'https://github.com/gbrammer/eazy-photoz
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Table 3.2: Fundamental Plane and M /L Scaling Relations

Sample Relation Ngqi  rms
Coma® logre = (1.30 £ 0.08) logo — (0.82 & 0.03) log(I). 5 — 0.443 105  0.09
QGsat z ~ 2" logre = (0.46 & 0.18) logo — (0.46 & 0.07) log(I)ep + 1.275 19 0.15
Coma® logM /L = (0.24 £ 0.03) logMgyn — 1.754 105  0.12
QGsat z ~ 2> logM/L = (0.51 & 0.15) logMgqy, — 6.393 19 0.26
Coma® logM /L = (1.07 £ 0.12) logo — 1.560 105  0.11
QGsat z ~ 2> logM/L = (1.09 + 0.41) logo — 3.236 19 0.28

Column 1: Sample; Column 2: Fitting method; Column 3: Scaling relations; Column 4: Number of galaxies included in
fit; Column 5: rms scatter along the y direction of the scaling relation.

®Fits are from Jorgensen et al. (2019) Table 4.

>Samples from S19a and B17 in the range 1.5 < z < 2.5 (see Section 2)

this study, satisfy the UV] quiescent galaxy selection. Together they allow for a larger dynamical
mass range, 10.5 < logyq(Mdyn/Mg) < 11.9, and redshift, 1.5 < z < 2.5, corresponding to a

cosmological timespan of ~ 1.7 Gyr. The galaxies introduced here will be referred to as B17.

2.3 The MASSIVE Survey

The original volume-limited MASSIVE Survey sample is selected as the most massive and K-band
brightest early-type galaxies within 108 Mpc of the northern hemisphere (Ma et al. 2014). Here,
we use the 25 most massive, log;o(M./Mg) > 11.7, MASSIVE galaxies (hereafter MASSIVE(n)
sample), selected at fixed cumulative number density (CND) as our massive z ~ 2 sample as
described in S19a. The cumulative number density of the z ~ 2 sample is estimated from the
massive, log;o(M,/Mg) > 11.2, UV]J quiescent galaxies at 1.9 < z < 2.5 in the Muzzin et al.
(2013a) catalog. The results in S19a are shown to be robust against the choice of CND method
(fixed and probabilistic, Wellons & Torrey (2017)), as well as the mass-rank scatter. A thorough
discussion of the assumptions and uncertainties are covered in S19a Section 5.1.

The luminosity and average effective surface brightness for 17/25 galaxies are obtained with
the SDSS DR14 catalog photometry (Blanton et al. 2017) by cross-matching the MASSIVE(n)
sample using the SDSS SkyServer?. The modelMag photometry in the u, g, 7, i, z bands is extracted
in line with Jergensen & Chiboucas (2013) and converted to rest-frame Bessel B-band magnitude
using the EAZY code, similar to the high redshift samples in this study. The effective surface
brightness is calculated from the apparent magnitude using the methods covered in Appendix D
from Equation 3.7 - 3.8. Instead of estimating the luminosity distance from the redshift, these
galaxies are close enough that peculiar velocities have a significant impact on their distance
measurement. We, therefore, use the distance measurement from Ma et al. (2014), who correct for

this effect. The 17 galaxy subsample is referred to as MASSIVE(n;7).

*http://skyserver.sdss.org/drl4/en/tools/crossid/crossid.aspx
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The optical NASA-Sloan Atlas effective sizes, derived from 2-dimensional Sérsic fits (Sersic
1968) (n = 2 — 6), are adopted from Ma et al. (2014). For galaxies where these are not available, we
use the infrared sizes measured by single Sérsic /4 profile fits to 2MASS images, which we then
convert to optical effective radii using equation (4) in Ma et al. (2014). The sizes are circularized
using the axis ratio recovered from a cross-match using Vizier’. The average luminosity weighted
dispersion within the effective radius is adopted (Veale et al. 2018). The dynamical masses are
estimated using the method in S19a (with the prescription from Cappellari et al. 2006b) using n = 4
and the circularized effective sizes. The stellar mass, size and velocity dispersion between the
MASSIVE(n) and MASSIVE(n;7) samples are compared in Appendix Figure 3.3. The MASSIVE(n;7)
are uniformly sampled in the structural and kinematic parameter space and, therefore, we do not
expect a selection bias introduced for part of the sample with available photometry. MASSIVE(n17)

is representative of the parent sample and is 68 % complete.

2.4 Coma cluster

As local reference cluster we use Coma/Abell 1656 with 152 spectroscopically confirmed members
(based on the catalog from Godwin et al. (1983)) with g/. 5 < 16.1 mag from SDSS DR14 (Blanton
et al. 2017) photometry published in Jorgensen et al. (2018). The velocity dispersion measurements
from the same paper are derived from high S/N (~ 60 Ail) spectra using the recipe presented
in Jorgensen et al. (2017). The SDSS DR14 photometry is used to derive circularized effective
radii and mean surface brightnesses (Jorgensen et al. 2019). Both data sets are calibrated to the
Legacy data (Jorgensen 1999; Jorgensen & Chiboucas 2013) to provide a trustworthy low redshift

reference cluster.

3 Results

3.1 Dynamical mass-to-light ratio, My,,/Lg

In Figure 3.1, the M/ L ratio with dynamical mass and velocity dispersion are shown allowing
us to study the relations between the stellar population and the dynamics of massive quiescent
galaxies and their evolution from z = 2 to 0.

Compared to the local Coma and MASSIVE(n;7) galaxies, the high redshift samples (S19a
and B17) have lower M/L as expected for brighter more recently quenched and less dynamically
massive systems. The majority of the galaxies from S19a have, already at z = 2, dynamical
masses similar to the ~ 10% most massive galaxies in the Coma cluster. The MASSIVE(n;7;)
sample has dynamical masses similar to the 2 % most dynamical massive Coma galaxies that also

have amongst the highest velocity dispersion. The combined samples of S19a and B17 are fit by

*http://vizier.cfa.harvard.edu/
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Figure 3.1: M/L ratio with dynamical mass (a) and velocity dispersion (b) are shown for the S19a MQGs z > 2
(red symbols) and 11 COSMOS quiescent galaxies at 1.5 < z < 2.5 from B17 (orange symbols). The Coma galaxies
(z = 0.0231, blue symbols) are shown together with the best-fit relation (blue line) from Jorgensen et al. (2019).
The MASSIVE Survey galaxies with available rest-frame B-band photometry (all hexagons) and the CND-matched
MASSIVE(n7) sample (purple hexagons) are shown. The best-fit (sloped black dotted line) and rms (gray shading)
of the combined high redshift samples (S19a and B17) are shown together with the Coma best-fit relation offset to
the median M/ L at z ~ 2 (dashed blue). The predicted position at z = 0 following passive (vertical) and structural
(sloped) evolution are shown by gray symbols. Their error bars are estimated from the combined uncertainty from
observables (7., o) and passive evolution modeling. The green arrow represents the M /L ratio change for dry or wet
minor merger-driven structural evolution (see Section 3.3.2). The MQGs from S19a is consistent with evolving via both
passive and dry minor merger structural evolution into the local most massive Coma galaxies and the CND-matched
MASSIVE(n;7) sample.

minimizing the least-squares in the y-direction while the uncertainty on the slopes is estimated
using a bootstrap method. A relation for the combined highest redshift sample is established,
while this was not possible using 19a alone. The fits are shown in Figure 3.1, together with the
associated root mean square (rms) from the regression, and listed in Table 3.2. In both cases, we
find best-fit slopes, for the combined high redshift sample, to be consistent with the local Coma
relation. It is possible that the observed scatter, 2 — 3x larger compared to the Coma relation
is driven by the large velocity dispersion uncertainties. Larger samples, with improved velocity
dispersion errors, can determine if the increasing slope observed at z ~ 1 is also present at z > 2

(van der Wel et al. 2005; Jorgensen et al. 2006; Jorgensen & Chiboucas 2013).
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3.2 The Fundamental Plane

The FP is spanned by the effective size, r., stellar velocity dispersion, o, and average effective
surface brightness, (I). . Its edge-on and face-on orientations are defined as

logyg e = arlogyg 0c + Blogyg (I)en + (3.1)
and

(2.22 logyq re + B logig (I)eB + o logg 0¢)/2.7
= (alogyg (I)e,p — B logyg 0c)/1.54, (3.2)

respectively. The best-fit Coma relation slopes (o« = 1.30 £ 0.08, 5 = —0.82 £ 0.03) and zero
point (y = —0.443) in the rest-frame B-band are adopted as our local reference orientation of the

plane (Jorgensen et al. 2006, see also Table 3.2).

3.2.1 The Fundamental Plane at z ~ 2

In Figure 3.2, the FP edge-on and face-on projections, as described in Equation 3.1 and 3.2, are
shown to examine how z ~ 2 massive quiescent galaxies populate and evolve in this plane. In
the edge-on FP, the dominating errors from the velocity dispersion are shown on the y-axis
(neglecting the magnitude uncertainty). For the face-on plane, the errors are calculated similarly
to the approximation used in Jorgensen et al. (2006). The COSMOS quiescent galaxies from S19a
and B17 are both found below the Coma edge-on FP and above the face-on orientation. These
galaxies have compact sizes and younger stellar populations (due to their high redshift and more
recent quenching), effectively increasing their mean effective surface brightness.

An edge-on FP cannot be established using the S19a sample alone. However, when fitting
the S19a and B17 samples together a FP is in place at 1.5 < z < 2.5 (hereafter referred to as
FP,2). The FP is fitted by using the least-squares method, minimizing the least-squares in the
y-direction, with uncertainty from bootstrapping (see Table 3.2). In van de Sande et al. (2014), a
FP was established for a similar redshift range (1.5 < z < 2.5), however, in our study, the sample
of z > 2 galaxies are extended by a factor of three, robustly confirming the existence of a plane
at 1.5 < z < 2.5. For reference, the edge-on FP is shown using the FP,.5 best-fit coefficients
in Figure 3.4. The scatter of the edge-on FP,o (rms = 0.15) is ~ 2x larger than the intrinsic
scatter of the Coma cluster FP. The FP coeflicients are not well constrained at z ~ 2 and the
scatter could again be driven by the large uncertainty of the velocity dispersion rather than the
intrinsic properties. Despite this fact, our scatter at z ~ 2 matches the predicted evolution of the
FP scatter based on a study of 0.2 < z < 1.2 field early-type galaxies (Treu et al. 2005).

A FP,.5 is established with the massive quiescent galaxies suggesting that they were a
relatively homogeneous population already in this epoch. They are found to be well below the

local Coma relation and must undergo significant evolution from z = 2 to present-day.
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Figure 3.2: The FP edge-on (a) and face-on (b) with symbols as in Figure 3.1. The exclusion zone for local spheroidal
galaxies from Bender et al. (1992b) and the Coma luminosity limit from Jorgensen et al. (2006) are shown in the face-on
plane. A FP, .7 is established when combining the COSMOS quiescent galaxies from S19a and B17. The size evolution
via dry minor mergers together with passive evolution from z = 2 to 0 are consistent with the z > 2 S19a MQGs
evolving into the most massive local Coma galaxies and the CND-matched MASSIVE(n17) sample.
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3.3 Evolution of the scaling relations

The evolution of the FP parameters can be formalised (Saglia et al. 2010, 2016) under the assumption

of homology, where «, 3 are constant over time (Beifiori et al. 2017)

1428 a

B

A
Alogo re — = Alogg 0 — %

The logarithmic difference is define by Alog;, X = log;y X.—=2 — log;y X,=0 where X, in
this case, is either the luminosity, size or dispersion. The zero point evolution is described by
A~y = v, —7,=0. Cluster studies at z < 1 (e.g. van der Marel & van Dokkum 2007) find that passive
evolution of the stellar population is enough to bring the FP in agreement with local clusters. In
this case (Alog,gre = Alog;goe = 0), the equation gets reduced to Alog,, L = —A~y/ where
the zero point evolution directly arises from the luminosity decrease due to the passive evolving
stellar population.

At higher redshift (z > 1), a significant size evolution is expected and observed (e.g. Bluck
et al. 2012). In S19a, the median evolution of MQGs is such that the stellar mass doubles
(AloggM, ~ 0.3 dex) and the size quadruples (Alogg7e cire ~ 0.6 dex), while no consid-
erable velocity dispersion evolution (Alog;y0e ~ 0) is observed. For massive quiescent galaxy

evolution from z = 2 to present-day Equation 3.3 becomes

1428 A~y

5

Alogo L = Alogg e — (3.4)

The zero point evolution of the FP and M /L ratio for the S19a MQGs are thus driven by both
structural and passive evolution and described by

A 142

For this reason, the zero point evolution cannot be interpreted as passive evolution alone, and
is estimated using the method below. The luminosity increase from added stellar population is
modeled, assuming that the structural evolution is due to minor mergers, as shown in S19a.

The expected size, dynamical mass growth (from S19a) and luminosity decrease from passive
evolution (Section 3.3.1) are shown in Figure 3.1 and 3.2. The predicted position of the massive
quiescent galaxies following structural and passive evolution is, in both scaling relations, consistent
with the most massive and largest Coma galaxies and the CND-matched MASSIVE(n;7) sample.
The luminosity evolution from adding minor mergers (see Section 3.3.2), shown in Figure 3.1
and 3.2, favors quenched stellar populations with a insignificant rest-frame B-band luminosity

contribution.
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3.3.1 Passive evolution

The expected passive evolution of the stellar population, from the redshift of formation to present
day, is based on the evolution in M, /L of a BC03 (Bruzual & Charlot 2003) Simple Stellar
Population (SSP) model with Chabrier IMF and solar metallicity. The formation redshift is
estimated from the mass-weighted age and the redshift of observation. The passive evolution
takes into account the mass-loss during stellar evolution, and the M, /L is thus the mass locked
into stars at a given age. The mass-weighted age represents the time of which the majority of the
stellar mass is formed. The M, /L uncertainties are dominated by the 1o standard deviation of
the age (~ 0.2 dex) when assuming solar metallicity.

The Mayn /L ratio is estimated from the M, /L ratio using the median evolution from z = 2

to 0 between the stellar and dynamical mass in S19a (Alog;oMqyn = 2Alog;,M,)

Md n
Aloglo Ly = Aloglonyn - AlogloL

M,
= Aloglof + Alog oM. (3.6)

The passive evolution for the individual galaxy age estimates are shown in Figure 3.1 and 3.2.

3.3.2 Luminosity increase from wet minor merger stellar populations

In addition to the decrease in B-band luminosity, due to the aging of the stellar population after
the turn-off of star-formation (“passive evolution”), it is expected that merger events could add to
the B-band luminosity if these are star-forming galaxies at the time of merging. From now on,
this type of merger is referred to as “wet", contrary to the “dry" minor mergers that are passive
before merging. The B-band luminosity increase from merging galaxies between z = 2 — 0 are
modeled with composite stellar population models from the BC03 library with solar metallicity.
The star-formation history follows the evolution of the main-sequence (Speagle et al. 2014). It is
assumed that, after merging, the galaxies stop forming stars and follow a passive evolution.
The median stellar mass increase (Alog;; M, = 0.3 dex) from minor mergers, predicted in
S19a, are used assuming a 1:20 merger ratio. Note that in our simplistic model, the correct mass
ratio does not play a significant role. We also investigate a more realistic scenario with mergers
distributed across redshift (z=1.8-0.1) together with two extreme cases of all the mass added at
z = 1.8 or 0.1. A similar B-band luminosity increase of 0.4 — 0.45 dex is found in all cases (for
more details see Appendix E and Figure 3.4). In Figure 3.1 and 3.2, the realistic scenario with a

luminosity increase from wet minor mergers of 0.4 dex is shown.
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4 Discussion

4.1 Passive evolution of massive quiescent galaxies from z = 2 to 0

Studies of passive galaxies in 0.8 < z < 1.8 clusters (among others Jorgensen et al. 2006; van
der Marel & van Dokkum 2007; Jergensen & Chiboucas 2013; Beifiori et al. 2017; Jorgensen et al.
2019) find that the change in M /L ratio can be explained by passive evolution to z = 0. Below
we explore if a similar analysis can account for the evolution of the scaling relations at z ~ 2.
Jorgensen & Chiboucas (2013) predicted the Mgy, /Lp ratio evolution, as a function of age
and metallicity, to be logMgy,, /Ly = 0.935 log age + 0.337[M/H] — 0.053. Assuming passive
evolution from z = 2 to the best-fit Coma relation, at log;o(Mayn/Mg) = 11.5, we find a
formation redshift of 2form,Coma = 2.011‘8:(1)4 (for details see Appendix F). The formation redshift
is similar to the redshift of observation which leaves too short time to form the S19a MQGs
at this epoch. The formation redshift, derived from our stellar population mass-weighted ages
(assuming the median age), is zform = 3.411‘3:8% The uncertainties are estimated using the 1o age
uncertainties. Based on this, we cement that the S19a MQGs cannot evolve to the Coma relation

by passive evolution alone, as expected.

4.2 Minor merger-driven structural evolution of massive quiescent galaxies

The fixed CND-matched MASSIVE(n;7) sample allows us to study the evolution of the scaling
relations from z = 2 to 0 with minimal progenitor bias. Evidence against purely passive evolution
to z = 0 is presented in both the scaling relations (Figure 3.1 and 3.2) and explicitly shown in the
previous section. The S19a MQGs at z > 2 are consistent with evolving into the most massive
Coma galaxies and the MASSIVE(n;7) sample through structural and passive evolution (see Figure
3.1 and 3.2).

The size increase of massive quiescent galaxies, in cosmological simulations (Dubois et al.
2013; Choi et al. 2018), can be explained by adiabatic expansion due to AGN, decreasing the central
mass density and puffing up the galaxies. Major mergers, as the dominant mechanism for size
growth, have gained less popularity as it makes the galaxies too massive to be consistent with
massive nearby galaxies. In S19a, the structural evolution are interpreted to be of minor merger
origin in line with the scenario presented in the idealised simulations from Hopkins et al. (2009);
Naab et al. (2009); Hilz et al. (2012, 2013). Here, the effective half-light radius is suggested to grow
by adding stars to the outskirts of the galaxy from tidally stripped minor mergers. This scenario
is, in Hilz et al. (2013), shown to cause inside-out growth, starting from a compact elliptical galaxy
(core) that becomes, through the minor merger build-up of the surface density profile wings, a
present-day analog of a giant elliptical galaxy (core-envelope). A consequence of the inside-out

minor merger growth scenario from Hilz et al. (2012) is an increasing dark matter fraction which
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has been suggested to cause a tilt in the FP over time (Boylan-Kolchin et al. 2005; D’Onoftio et al.
2013). Larger sample size and better dispersion measurements might reveal if such a trend is

present at this epoch.

4.3 Dry minor merger evolution

In Section 3.3.2, the predicted luminosity increase from wet minor mergers are modeled under
the assumption that they are the primary drivers of the size growth. For the realistic scenario of
adding wet minor mergers continuously from z = 2 to 0, we find that the luminosity increases by
roughly 0.4 dex.

In Figure 3.1 and 3.2a, the predicted position of the S19a MQGs (following passive and structural
evolution) are indicated alongside the effect of the luminosity from wet minor mergers. The
green arrow indicates how the predictions would move compared to the local best-fit relation of
Coma and the locus of the MASSIVE(n;7) sample, strongly favoring dry minor mergers. Improved
measurements of the velocity dispersion could further constrain how dry the minor mergers are.

In the inside-out growth scenario, the rest-frame B-band luminosity increase takes place in
the outer parts of the galaxy. The luminosity from the MASSIVE(n;7) sample is measured using
SDSS modelMag which represent the luminosity of the galaxy out to 8r.. Thus, a underestimation
of the luminosity, by only sampling the central part of the galaxy and missing the outskirts, is
unlikely. The wet minor merger luminosity increase is > 1o offset from the local relation and
the MASSIVE(n;7) sample, and thus not a favored way to grow the structures of the S19a MQGs.
Another possibility is that the minor merger galaxies, before their merger, already have quenched
stellar populations with low rest-frame B-band luminosity (Oogi & Habe 2013; Naab et al. 2014;
Tapia et al. 2014). The evolution from z = 2 to 0 of the FP and M/ L ratio scaling relations are
consistent with such a scenario, caused primarily by dry minor mergers and passive evolution,

for massive quiescent galaxies.

4.4 Caveats

Data from S19a and B17 are combined to establish the FP,. 9 at 1.5 < z < 2.5 with more than half
of the sources at z > 2. A large fraction of the quiescent galaxies from B17 is found to be disk-like
(based on Sérsic index, n < 2.5 Belli et al. 2017), which could mean that an unknown contribution
from rotation is included in the measured velocity dispersion. For spherical dispersion-dominated
systems, the circularized radius and semi-major axis are comparable methods of size measurement.
However, for more disk-like systems the difference grows between the two size measuring methods,
further causing a bias between dispersion and rotation dominated galaxies. We estimate, based
on the axis ratios, that the circularised sizes differ by 7 — 30% compared to the semi-major axes.
This is well within the quoted uncertainties of the predicted position of the S19a MQGs at z = 0.
This bias could potentially affect the zero point and coefficients of the best-fit in Figure 3.1 and
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3.2. This issue could be solved by spatially resolved spectroscopy disentangling the contribution
from rotation and dispersion.

The dominating uncertainty, mass-rank scatter, of the CND-matching of the local MASSIVE(n17)
sample does not affect the qualitative conclusions of this study. Furthermore, if using a proba-
bilistic CND-matching approach (see Wellons & Torrey 2017), this would increase the number of
galaxies in the MASSIVE(n;7) sample from 17 to 30. In Figure 3.1 and 3.2 this would correspond
to a greater number of white hexagons becoming purple, which causes no noticeable effects on
the trends in the figures. On the other hand, if not all massive quiescent galaxies at z > 2 have
similar merger histories, descendants that e.g. become star-forming at late times would have been

missed (see e.g. Naab et al. 2014).

5 Summary and conclusion

In this work, we present the highest redshift study of quiescent galaxy scaling relations which
are 2x larger than previous studies at this redshift. The M /L ratio of massive quiescent galaxies
at z > 2 are observed to be ~ 30 — 40x smaller than the local Coma relation (at fixed dynamical
mass) and require significant luminosity evolution to match the z = 0 relation. In 5194, the same
galaxies are shown to undergo considerable structural evolution by quadrupling their sizes from
z = 2 to 0, while their effective dispersion remains nearly unchanged. The FP and M /L ratio
established scaling relations at z ~ 2, and the expected structural and passive evolution, are

explored for the S19a MQGs from z = 2 to 0. The main conclusions of this study are listed below:

« The FP and M/L ratio relations are established using the combined quiescent galaxy
sample from S19a and B17. Compared to the local Coma cluster and the CND-matched
MASSIVE(n;7) sample, the quiescent galaxies at high redshift are found to be compact and

rest-frame B-band brighter due to more recently quenched stellar populations.

« Interpreting the M /L ratio offset due to purely passive evolution of the stellar population
leads to a formation redshift of z ~ 2, lower than the formation redshift inferred from the
stellar population analysis of S19a MQGs, zform = 3.411‘3:3% (Section 4.1). As a result, the
S19a MQGs are not consistent with their evolution into the local Coma FP and M /L ratio

scaling relations by passive evolution alone.

« The S19a MQGs are consistent with minor merger structural and passive evolution into the

most massive local Coma galaxies and the CND-matched MASSIVE(n;7) sample.

« In the case that the observed size evolution can be attributed entirely to minor mergers,

the FP and M/ L ratio evolution are consistent with the accretion of dry minor merger
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stellar populations. Wet, star-forming, minor mergers are found to increase the rest-frame
B-band luminosity by 0.4 dex inconsistent with evolving into the local massive Coma and

the CND-matched MASSIVE(n;7) galaxies.
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D. THE DERIVATION OF THE EFFECTIVE SURFACE BRIGHTNESS, (/). B

Appendices

Figure 3.3: The distribution of MASSIVE(n) (red) and MASSIVE(n17) (blue) for the stellar mass-size and size-
dispersion plane. The MASSIVE(n17) sample, with available SDSS photometry, is selected uniformly from the parent
MASSIVE(n) sample and can be considered representative for the CND-matched parent sample.

D The derivation of the effective surface brightness, (/).

The luminosity and average effective surface brightness are estimated by converting the EAZY
(Brammer et al. 2008) calculated rest-frame B-band fluxes to apparent AB magnitudes (assuming

no extinction correction) and calculating the absolute Vega magnitudes and luminosity

L
Mego,s = mvegap =5 % (logl0(Dy /pe) =1) 222 = 107010venn=bon) - 37)
O

Here the luminosity distance (D) and Mg o, = 5.45° are used. The effective surface brightness

in Bessel B-band is calculated as

L ga/L,o
I = 2B/ EY 3.8

Note that cosmological redshift dimming is included when converting the radius from arcsec to

parsec.

‘http://mips.as.arizona.edu/~cnaw/sun.html
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E Details on the modelling of the B-band luminosity increase due

to minor merger added stellar populations

The amount of B-band luminosity increase due to minor merger added stellar populations are
constrained between redshifts z = 2 to 0, based on simple assumptions. Figure 3.4 shows the
B-band luminosity increase due to minor mergers (on top of the luminosity decrease due to passive
evolution) as a function of redshift for three scenarios. In scenario A, it is assumed that all the
merging happens about 300 Myrs after the galaxies are observed at z = 1.8. In scenario B, the
galaxies merge at z=0.1. Note that, since the merging galaxies follow the global star-forming main-
sequence, and hence have lower SFRs at lower redshifts on average, the increase in luminosity is
less at z = 0.1 than at z = 1.8. Finally, scenario C shows a more realistic merger history for which
10 %, 20 %, 30 %, and 40 % of the merging happens at z = 0.1,0.5, 1.5, and 1.8, respectively.
These follow roughly the measured trends of merger fraction in the literature (e.g. Man et al. 2012;
Newman et al. 2012; Man et al. 2016a). Although the merger history in the different scenarios is
very different, the final increase in rest-frame B-band luminosity is very similar between 0.4 and
0.45 dex.
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F Formation redshift from M/L relation

Jorgensen & Chiboucas (2013) predicted the M /Lp ratio evolution as a function of age and
metallicity (Jorgensen & Chiboucas 2013, Table 9) using Maraston (2005) models

logM /Ly = 0.935 log age + 0.337[M/H] — 0.053. (3.9)

For passive evolution with constant metallicity, the difference in log;,/ /Ly can be related to

the age of the stellar population
AlogM /Ly = 0.935 Alog age (3.10)

If the MQGs at z > 2 are the progenitors of the local Coma relation, the change in M/Lp (at
fixed dynamical mass) can be used to estimate a corresponding formation time. The age difference

can be written in terms of look-back times and expressed as the formation time

Alog age = logage,_, — log age,, (3.11)

— 1Og(tform - tobs,z:O) - log(tform - 7fobs,zw2) (3-12)

- ] (1 - tform/tobs,z0>
= log
1—- tform/tobs,z~2

10Alog age . tobs z~2 T tobs z=0
< lform = 108log age _ | (3.14)

AlogM/Ly)/0.935
10( ogM/Li)/ 'tobs,z~2 - tobs,z:O

B 10(AlogM/Lg)/0.935 _ 1 (3.15)

(3.13)

The uncertainty on the formation redshift is estimated by varying the M /L ratio uncertainties
(~ 0.25 dex).
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Figure 3.4: Top: The FP,2 edge-on in its best-fit projection (see Table 3.2). The residuals for the high redshift
samples in this study are minimized, compared to the best-fit Coma edge-on orientation, when showing them in their
optical orientation. Bottom: Luminosity evolution of minor merger added quenched stellar populations (SFR main
sequence SFH) at different redshifts compared to an underlying passive evolving SED. The minor mergers added are
match to the predicted stellar mass increase. Model C, the most realistic one adds relative fractions 0.1/0.2/0.3/0.4
of minor mergers at a redshift of z = 0.1/0.5/1.5/1.8, where as model A and B assumes the extremes of adding
all the stellar populations at either 1.8 and z = 0.1, respectively. The luminosity increase is scaling directly with
the added stellar mass and is independent of the mass ratio. The final relative luminosity increase due to minor
merger-driven structural evolution is not strongly affected by adding stellar mass at different epochs and give values
of log, o (Lt /LR*5V) ~ 0.4,
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4

Conclusion and Outlook

Astronomy is the oldest science dedicated to understanding the origin of fundamental properties
such as time, space and life. Through centuries of paradigms, it has widened our understanding
and absurdly taught us that we know very little about the Universe and its constituents. The
study of galaxies have, in the meantime, prospered significantly and, within the last 20 years,
observations and simulations have uncovered billions of years of evolution. My research has
used the observatories to study the compact quiescent galaxies at the edge of the Universe and
to explore their connection to the massive elliptical galaxies in the nearby Universe. The main
conclusions of this dissertation are summarized below together with my ongoing and future
research objectives.

In Chapter 2, the structural and dynamical measurements of 15 massive quiescent galaxies
at z > 2 were presented. These were obtained through a total of ~ 85 hours of X-Shooter
spectroscopic and ~ 15 hours of HST imaging observations. Multi-wavelength photometry and
UV-to-NIR spectroscopy allowed for detailed modeling of the SED, revealing massive quiescent
galaxies observed just 1.5 Gyrs after their stars were formed. This was corroborated by the
lack of optical emission lines and low mid-IR emission that confirmed their quiescent nature,
when they were compared to star-forming galaxies at the same epoch. The images revealed
disturbed morphology in 40% of the galaxies, including three ongoing quiescent-to-quiescent
galaxy major mergers indicating the importance of mergers in their evolution. It was found
that high-velocity dispersions are common among massive quiescent galaxies. The galaxies are
compact in the stellar mass-size relation at a similar epoch, however, they span a higher stellar
mass range and could be among the most massive quiescent galaxies at z > 2. The progenitor bias
is minimized by comparing the sample of this thesis to a number density matched local sample
of massive galaxies. This confirmed the suspicion of merger induced growth, preferring minor
merger-driven size evolution. It is not possible to rule out other size growth mechanisms, e.g.
AGN feedback. However, I find that progenitor bias does not play a pivotal role in the evolution
of the most massive galaxies. This is further corroborated by indications of shallow velocity
dispersion evolution, which has also been suggested as a tracer of progenitor free comparisons.
Finally, the dynamical-to-stellar mass ratio is found to increase, which is interpreted as a growing
dark matter fraction within the effective radius over time. This result strengthens the evidence

for minor merger-driven size growth as a way to connect the structures of compact quiescent
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galaxies at z > 2 with nearby massive elliptical galaxies.

In Chapter 3, the Fundamental Plane and M/ L ratio scaling relations were established in the
epoch at 1.5 < z < 2.5, combining the COSMOS galaxies from Belli et al. (2017) and Stockmann
et al. (2019). The establishment of the scaling relations reveal that they have been in place for
more than 10 billion years and must have formed when the Universe was in its infant state of
galaxy formation. Stellar population ages suggest a formation redshift at z¢o; 2 3.5, only 1-2
Gyrs after the Big Bang. The compact quiescent galaxies are, orders of magnitude, offset from the
local Coma best-fit relation and must undergo both significant luminosity decrease and dynamical
mass growth to evolve into present-day massive elliptical galaxies. In summary, the results of this
study show that the evolution of the FP and M /L ratio scaling relations of massive quiescent
galaxies at z ~ 2 into nearby massive elliptical galaxies are consistent with passive evolution of

the stellar population and dry minor merger-driven size growth.

My future research objectives include further analysis of the data-rich sample, presented
in Chapter 2. Detailed stellar population analysis of the composite massive quiescent galaxy
spectrum will allow estimation of accurate mean age, metallicity and element abundance ratios
(see Figure 1.5) essential for understanding their formation and evolution to lower redshifts. The
relation between AGN and quenching of massive galaxies will be explored in the analysis of the
6 out of 15 galaxies with radio emission from Chapter 2. Photometric clustering can be used to

ascertain if their massive nature can be connected to high-density environments, already at z > 2.

The objectives include the study of massive quiescent galaxies at higher redshift closer to
their epoch of formation. One such example of a massive quiescent galaxy at the record-breaking
redshift of z = 4 has been spectroscopically confirmed and can be used to measure the star
formation history and possibly the quenching time-scale. The search for quiescent galaxies at
even earlier times requires large cosmological fields like COSMOS with both multi-wavelength

photometry including deep IR imaging to sample the SED and Balmer break at z > 4.

Gravitational lensing is a powerful tool that can be used to spatially resolve the internal
structure, kinematics and stellar populations of quiescent galaxies. Examples of well-studied
lensing clusters with highly lensed quiescent galaxies are rare. I have located two examples of
such and have, as principal investigator, used X-Shooter to observe these galaxies (see Figure 1.8),
providing spectra with unprecedented S/N. REQUIEM, an HST grism spectroscopy campaign of a
larger sample of gravitationally lensed quiescent galaxies, at 1.6 < z < 2.9, can be used to study
their internal structure, kinematics and stellar populations. This effort addresses among others
the concern that if rotation is common in massive quiescent galaxies, the line of sight velocity
dispersion measurements could be overestimated due to a combination of both dispersion and
rotation. Furthermore, improving the uncertain velocity dispersion measurements increases the
predictive power of the dynamical mass and FP scaling relations at high redshift. ALMA follow-up

studies to characterize the amount of gas in massive quiescent galaxies can constrain the possible
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mechanisms of how their star-formation is quenched.

This dissertation sheds light on the evolution of massive elliptical galaxies over 10 billion years.
The presented sample of massive quiescent galaxies at z > 2 contains exceptional candidates
for detailed spectroscopic follow-up using the upcoming james Webb Space Telescope (JWST).
Over the coming decade, the next-generation facilities like JWST, Euclid and the large ground-
based observatories (TMT, E-ELT) will, together with current facilities like ALMA, VLA, HST,
revolutionize the understanding of the cosmic dark ages by shedding light on how, when and

where the seeds of the first galaxies formed.
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