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Zusammenfassung

Im lokalen Universum gibt es eine klare Korrelation zwischen Morphologie von
Galaxien und Eigenschaften ihrer Sternpopulationen: Early-type Galaxien sind do-
miniert durch ihren Bulge und beinhalten alte Sternpopulationen mit wenig Entste-
hung neuer Sterne, während late-type Galaxien von ihrer Scheibe dominiert sind und
Sterne produzieren. Allerdings ist es immer noch unklar wann und wie diese Korre-
lation entsteht. In dieser Dissertation untersuchen wir die Morphologie sowie Eigen-
schaften von Sternpopulationen passiver Galaxien bei Rotverschiebung z ∼ 3 mittels
Beobachtungen und Simulationen. Dafür analysieren wir strukturelle Eigenschaften
einer der ersten statistischen Stichproben spektroskopisch bestätigter massiver pas-
siver Galaxien bei z ∼ 3 und finden einen hohen Anteil von Bulge dominierten
Galaxien. Unsere Messung ihrer Größe erweitert existierende Messungen der Rela-
tion zwischen Größe und stellarer Masse von passiven Galaxien in den Bereich der
massivsten und seltensten Galaxien bei z ∼ 3. In Übereinstimmung mit der Extrap-
olation früherer Messungen deuten unsere gemessen Kompaktheiten der Galaxien
auf eine Größenentwicklung passiver Galaxien bei konstanter Masse von fast einer
Größenordnung seit z ∼ 3 hin.

Da bei niedriger Rotverschiebung die massivsten, ältesten passiven Galaxien typ-
ische Signaturen von Galaxienhaufen sind suchen wir in der Umgebung bestätigter
massiver passiver Galaxien bei z ∼ 3 nach erhöhter Galaxiendichte die potentiell auf
das Vorhandensein einer Vorstufe von Galaxienhaufen hinweisen könnte. Um den
Zusammenhang zwischen früher Unterdrückung der Sternentstehung und dichter
Umgebung zu untersuchen vergleichen wir die Dichte an Orten massiver, passiver
und sternbildender Galaxien bei vergleichbarer Rotverschiebung. Wir finden dass
die Mehrheit passiver Galaxien in Umgebungen mit leicht erhöhter Dichte lokalisiert
ist, in 25Prozent der Fälle mit deutlich erhöhter Dichte.

Um die Natur massiver passiver Galaxien bei hoher Rotverschiebung besser zu
verstehen führen wir eine ergänzende Analyse in hydrodynamischen Simulationen
von Galaxienentwicklung bei z ∼ 3 durch. Während die stellare Massenfunk-
tion in allen untersuchten Simulationen bei z ∼ 3 weitgehend mit Beobachtungen
übereinstimmt, ist der Anteil passiver Galaxien in einigen Simulationen höher als
observiert. In allen Simulationen sind Sternpopulationen von Galaxien bei dieser
Rotverschiebung um den Faktor ∼ 2 älter als observierte spektroskopisch bestätigte
Gegenstücke. Es ist noch nicht klar in welchem Ausmaß diese Diskrepanz auf Un-
terschiede im Verlauf der Sternentstehungsaktivität in Simulationen im Vergleich
zu observierten Galaxien oder auf Verzerrungen in Beobachtungen aufgrund einer
höheren Sensitivität für die jüngste Sternentstehungsaktivität zurückzuführen sind.
Wir untersuchen die standardmäßige photometrische Selektion passiver Galaxien bei
dieser Rotverschiebung und finden Hinweise auf potentiell starke Kontamination
und Unvollständigkeit photometrisch selektierter Stichproben. Eine Analyse der
Morphologie passiver und sternbildender Galaxien in Simulationen zeigt bereits bei
hoher Rotverschiebung Entwicklung von Unterschieden zwischen passiven und stern-
bildenden Galaxien in Bezug auf Galaxiengröße, Konzentration, Axenverhältnisse
und Drehimpuls. Qualitativ sind die Unterschiede analog zu beobachteten, allerd-
ings gibt es quantitative Unterschiede.





Abstract

In the local Universe a clear correlation is seen between morphological and stel-
lar population properties of galaxies: early-type, bulge dominated galaxies have
quenched their star-formation and host old stellar populations while late-type, disk
dominated galaxies are actively star forming. However, it is still unclear when and
how this correlation was established. In this thesis we investigate morphology and
stellar population properties of quiescent galaxies at redshift z ∼ 3 by means of
observations and simulations. To this aim we analyse the structural properties of
one of the very first statistical samples of spectroscopically confirmed massive qui-
escent galaxies at z ∼ 3. We find that a large fraction of the studied sample is
already largely bulge dominated at this redshift. Our galaxy size measurements ex-
tend previous determinations of the quiescent galaxy mass-size relation at z ∼ 3 to
the rarest, most massive galaxies. In agreement with extrapolations from previous
measurements, the observed compact sizes point towards size evolution of massive,
quiescent galaxies at fixed mass by nearly an order of magnitude since z ∼ 3.

Because at lower redshift the most massive oldest quiescent galaxies are a typical
signature of cluster environments, we investigate the surroundings of confirmed,
massive quiescent galaxies at z ∼ 3 to search for over-densities that could potentially
indicate the presence of proto-clusters. To probe the potential relation between early
quenching and early dense environments, we compare the galaxy density around
massive quiescent vs. star-forming galaxies at similar redshift, finding that the
majority of quiescent galaxies is located in marginally overdense environments, with
25 percent exhibiting significant overdensities.

To better understand the nature of massive high redshift quiescent galaxies we
perform a complementary analysis using hydrodynamical simulations of galaxy evo-
lution at z ∼ 3. While the stellar mass function at z ∼ 3 in all studied simulations
is in broad agreement with observations, quiescent fractions in some simulations are
higher than observed. In all simulations at this redshift, quiescent galaxies con-
tain stellar populations older by a factor of ∼ 2 than observed, spectroscopically
confirmed counterparts. It is not yet clear to what extent this tension depends
on intrinsically different star formation histories between observed and simulated
galaxies, or on potential observational biases that favor more recent star formation.
We investigate the performance of routinely used photometric selection of quiescent
galaxies at this redshift, finding evidence of potentially significant contamination
and incompleteness of photometrically selected samples. A morphological study of
quiescent vs. star-forming galaxies in simulations shows the development already
at high redshift of differences between these populations in terms of galaxy sizes,
concentrations, axis ratios and angular momenta. These differences are qualitatively
analogous to those found in observations, but quantitative differences remain.
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Chapter 1

Introduction

The subject of this thesis is the investigation of galaxy evolution with a focus on
quenching of star formation at high redshift. Galaxies are gravitationally bound
systems consisting of dark matter, gas, stars (and their remnants) and dust. Our
Galaxy for example, the Milky Way, has a total stellar mass of M⋆ ∼ 5−7×1010M⊙
(e.g., Licquia and Newman, 2015; Bland-Hawthorn and Gerhard, 2016), and it is
embedded in a dark matter halo with a virial mass of 0.8−1.3×1012M⊙ (e.g., Kafle
et al., 2014; McMillan, 2017). However, the Milky Way is only one representative
of the population of galaxies that is diverse in many properties like (stellar) mass,
morphology and star formation. In this chapter we want to highlight important
aspects directly relevant to this work on how these large structures form, what
determines their evolution and how we can observe them.

1.1 Formation and evolution of galaxies

The cause for the formation of structures in the Universe are initial perturbations in
the otherwise homogeneous and isotropic universe. Because of the solely attractive
nature of the gravitational force, regions with a density higher than the average
attract material from regions with lower density, amplifying the density contrast.
However, the early Universe was hot and dense, so that ordinary matter that in-
teracts electromagnetically was ionised and coupled to the photons. Concentrations
of ordinary matter were therefore washed out by radiation pressure. A crucial role
for structure formation is here played by dark matter that does not interact elec-
tromagnetically. Overdensities of dark matter can grow without being impacted by
radiation pressure. About 380 000 years after the Big Bang the Universe cooled to
∼ 2700K and electrons and protons recombined to form neutral Hydrogen. From
this moment on photons could freely propagate without being scattered. Today
they can be observed as the cosmic microwave background (CMB) that provides
information about the density contrast at recombination. After recombination the
neutral atoms were attracted by the gravitational potential of dark matter overden-
sities, called dark matter halos. For the formation of galaxies this gas has to cool
to collapse and eventually form stars, which can be achieved by different processes.
In massive halos with a high virial temperature of Tvir ≳ 107K gas is collisionally
ionized and cools via bremsstrahlung emission. At 104 < Tvir < 106 (de-)excitation
processes can significantly contribute to cooling. Ions can recombine with electrons
and emit photons. Also neutral atoms can cool through collisional excitation and
subsequent emission of photons when de-exciting. At lower temperatures gas is pre-



2 1. Introduction

10
10

10
11

10
12

10
13

10
14

10
15

Halo Mass [M
O•

]

0.0001

0.001

0.01

0.1

1

R
at

io

Star Formation Rate / Baryon Accretion Rate
Stellar Mass / Baryon Mass (z=0)

Figure 1.1: Star formation efficiency vs. halo mass at z = 0 (reproduced from
Behroozi, Wechsler, and Conroy, 2013). The black line shows the instantaneous star
formation efficiency (star formation rate / baryon accretion rate), the red line the
integrated star formation efficiency (stellar mass / baryon mass). Halos with masses
of ∼ 1012M⊙ where the star formation efficiency reaches a maximum typically host
spiral galaxies, while lower (higher) mass halos are typically populated by dwarf
(elliptical) galaxies.

dominately neutral. Cooling is then still possible through collisional (de-)excitation.
These aforementioned processes all involve two body interactions and are therefore
more effective in dense environments. An additional cooling process effective at high
redshift is inverse Compton scattering of CMB photons by energetic electrons in the
halo (Mo, van den Bosch, and White, 2010).

1.1.1 Star formation

In most galaxies the visible light is predominantly produced by stellar emission.
When cooling in a proto-galaxy is efficient and the gas density is higher than the
dark matter density, the gas can collapse catastrophically under its own gravity.
These cold gas clouds then fragment into cores with a very high density in which
star formation takes place. The star formation rate of a galaxy therefore not only
depends on the availability of gas, but also on the efficiency with which the gas is
cooled to eventually form stars. While the first models of galaxy formation predicted
that most of the baryonic material is turned into stars, observations show that the
star formation efficiency is actually very low and the ratio of stellar to baryonic mass
in galaxies is ≲ 0.1 (e.g., Fukugita and Peebles, 2004; Shull, Smith, and Danforth,
2012; Bluck et al., 2020, see also Figure 1.1). Therefore there must be processes
that prevent gas from forming stars. This can happen when cooling is inefficient or
gas is reheated. An important role is believed to be played by feedback processes,
either by stellar feedback (e.g., Dekel and Silk, 1986; Ciotti et al., 1991), especially
in low-mass galaxies, or from active galactic nuclei (AGN, e.g., Ciotti and Ostriker,
2007; Alexander and Hickox, 2012; Fabian, 2012), especially in high-mass galaxies.
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Figure 1.2: Cosmic star formation history as measured from UV and IR data (re-
produced from Madau and Dickinson, 2014)

Investigations of the cosmic star formation history have shown that the cosmic
star formation rate density peaked at z ∼ 2 (3.5Gyr after the Big Bang) with
values higher than today by a factor of ∼ 10 and about half of the stellar mass
in the Universe today formed before z = 1.3 (at the age of the Universe of 5Gyr,
Madau and Dickinson, 2014, see Figure 1.2).

Observations have identified a correlation between star formation rate (SFR)
and stellar mass of actively star-forming galaxies, producing the so-called main
sequence of star-forming galaxies in the SFR vs. M⋆ diagram. An example of the
main sequence is shown in Figure 1.3. It can be identified up to at least z ≈ 4 (e.g.,
Noeske et al., 2007; Daddi et al., 2007; Pannella et al., 2009a; Rodighiero et al., 2011;
Wuyts et al., 2011; Schreiber et al., 2015; Renzini and Peng, 2015; Tacchella et al.,
2016b). The scatter of the main sequence at fixed mass is ≈ 0.3 dex, independent
of redshift and stellar mass up to as least z ≈ 3 (Whitaker et al., 2012b; Speagle
et al., 2014; Tomczak et al., 2016; Pearson et al., 2018). It has been argued that
galaxies with a steady balance between gas infall and SFR should lie on the main
sequence with a slope of 1, however observed slopes are between 0.4 and 1.0. It
is assumed that this difference is caused by quenching processes that are especially
effective at high stellar masses. Galaxies with a star formation rate significantly
lower than galaxies on the main sequence are called quiescent, quenched or passive
galaxies. Different mechanisms have been discussed to explain why star formation
in these galaxies is either not efficient or why they contain less gas available for star
formation.
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Figure 1.3: The main sequence of star-forming galaxies from z ∼ 1 to z ∼ 6 (re-
produced from Mancuso et al., 2016). The solid lines show the main sequence as
estimated by Mancuso et al. (2016) at z ∼ 1 (red), 3 (green) and 6 (blue). Errorbars
show the 2σ scatter.

Quenching of star formation

The observed baryon conversion efficiencies and old stellar populations in the most
massive galaxies at low redshift require formation of the bulk of their stellar pop-
ulation already at z ≳ 2. Especially the most massive galaxies were expected to
host younger stellar populations than lower mass galaxies in the first theoretical
expectations from hierarchical structure formation models, because of their later
assembly. Mechanisms are therefore needed to efficiently suppress star formation
at later times. Although different mechanisms have been proposed, quenching of
star formation is not yet fully understood. Concerning the timescales of quenching,
two types of mechanisms exist: those that operate on short timescales and suppress
star formation in a previously star-forming galaxy and those that operate on longer
timescales, being able to maintain quenching even if new cold gas accretes onto the
galaxy (even though the timescales can be very different some mechanisms could
possibly also be responsible for both, quenching and maintaining of quenching). As
previously discussed, stars form from collapsing cold gas. Quenching can therefore
be achieved if either no gas is available for star formation or if it cannot cool (Man
and Belli, 2018).

To have gas available for star formation it has to accrete onto the galaxy. This
can be prevented by cosmological starvation, which is the reduction of the gas supply
from the cosmic web (Feldmann and Mayer, 2015). As a consequence of the lack
of accretion only gas from stellar evolution, mainly stellar winds and core collapse
supernovae, can provide new fuel for galaxy formation. A lack of gas can also arise
if it is rapidly consumed in bursts of star formation or if already accreted gas is



1.1 Formation and evolution of galaxies 5

Figure 1.4: The Hubble tuning fork (reproduced from esahubble.org1).

expelled by AGN feedback. Both, star formation bursts and AGN activity can be
triggered by major mergers and violent disk instabilities that drive cold gas toward
the galaxy center.

In massive halos shocks can form and heat the infalling gas to the virial tem-
perature (e.g., Birnboim and Dekel, 2003; Dekel and Birnboim, 2006). Additional
heating can come from radio mode feedback of AGN or stellar feedback from Type
Ia supernovae and asymptotic giant branch stars.

Another way to quench star formation is morphological quenching: because star
formation happens in fragmented clouds that form in gravitationally unstable disks,
star formation can be suppressed if the disks becomes stable against fragmentation.
Martig et al. (2009) have shown that the transition from a stellar disk to a spheroid
can sufficiently stabilize the gas disk to quench star formation even in halos less
massive than log(M⋆/M⊙) ≈ 12 and even if gas accretion continues. A similar effect
can be caused by a stellar bar (Khoperskov et al., 2018).

1.1.2 Morphological properties of galaxies

Galaxies span a wide range of morphologies. One of the oldest and still commonly
used morphological classification schemes for galaxies is the so-called Hubble se-
quence (or tuning-fork; Hubble, 1926) that arranges galaxies into a sequence of
different morphological types. A schematic view of the Hubble sequence together
with example images is shown in Figure 1.4. On the left-hand side Hubble arranged
elliptical galaxies in the order of increasing flattening. The different types are called
En, where the integer n, n ∈ [0, 1, ..., 7] depends on the ellipticity and is calculated
as 10 × (a − b)/a, where a (b) is the length of the semi-major (-minor) axis of the
galaxy. On the right-hand side of the diagram two series of spiral galaxies are found.
The class of normal spirals is divided into the types Sa, Sb and Sc, going from sys-
tems with a more prominent central, dense spheroidal component named ”bulge”

1https://esahubble.org/images/heic9902o/
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and closely wound spiral arms, to those with a smaller bulge component and looser
spiral arms. The second series of spiral galaxies are barred spiral galaxies showing
a bar across the central region with spiral arms emerging at the end of these bars.
Analogously to normal spirals they are classified as SBa, SBb and SBc. Disk galaxies
without spiral arms are intermediate between spirals and ellipticals and denoted S0.
According to Hubble’s assumption on morphological evolution of galaxies, galaxies
on the left-hand side of the Hubble-fork are called early-type galaxies, those on the
right late-type galaxies. Galaxies that do not fit in this classification scheme are
called irregular galaxies.

The morphology of galaxies correlates also with their dynamical properties. In
massive elliptical galaxies stars move on random orbits in three dimensions while
stars in disk galaxies have circular orbits within the disk. At fixed mass the Hubble
sequence can be considered as a sequence of increasing angular momentum (Sandage,
Freeman, and Stokes, 1970).

A more quantitative way to describe morphology of galaxies is surface brightness
modeling. An empirical law for the description of the surface brightness profile of
elliptical galaxies was proposed by de Vaucouleurs (1948):

log

[
I(r)

I(re)

]
= −3.331

[(
r

re

)1/4

− 1

]
, (1.1)

where re is the effective radius of the galaxy, containing half of its total luminosity
and I(r) the surface brightness at radius r. The surface brightness distribution of
disks can be approximated by an exponential profile:

I(r) = I0 exp(−r/h), (1.2)

where h is the disk scale length. A more general profile to model the surface bright-
ness of galaxies was introduced by Sérsic (1963, 1968). The Sérsic profile is defined
as:

I(r) = I(re) exp

{
−bn

[(
r

re

)1/n

− 1

]}
(1.3)

with γ(2n, bn) = 1
2
Γ(2n), where Γ (γ) is the (lower incomplete) Gamma function.

For n = 4 the Sérsic profile corresponds to the de Vaucouleurs profile, for n = 1 to
the exponential profile (Longair, 2008). For this reason Sérsic profile fitting has often
been used to roughly separate bulge vs. disk dominated galaxies. To describe the
observed image of galaxies with Sérsic profiles the ellipticity and the rotation angle
have to be taken into account additionally. While the ellipticity of an individual
galaxy depends strongly on the inclination angle, it is on average higher for disk
galaxies.

1.1.3 Nuclear activity

The visible light of a galaxy is not necessarily only emitted by stars. Some galaxies
have a very bright central region that can, in some cases, even exceed the emission
of the stellar component of the galaxy by up to more than a factor of thousand.
In contrast to what would be expected if the light from this central region came
from stellar emission, spectra of these galaxies are characterised by strong emission
lines and also show strong emission in radio and X-ray bands. The emission from
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this central region, the AGN, is powered by the accretion of material onto a central
supermassive black hole. Feedback from the AGN emission is believed to have a po-
tentially important impact on star formation and possibly morphology of galaxies
(e.g., Alexander and Hickox, 2012; Fabian, 2012). The central supermassive black
hole is surrounded by a luminous accretion disk. The temperature of the disk is not
high enough to account for the observed X-ray emission; however, it can be gener-
ated by inverse Compton scattering by relativistic electrons. Synchrotron radiation
contributes to the emission in radio bands. Broad emission lines are produced in in-
ner regions above the disk characterised by high velocities and high densities. They
only contain allowed transitions. In the outer regions where velocities are smaller,
narrow lines are produced. Because of the lower density in these regions they also
contain forbidden transitions. The accretion disk is surrounded by a dusty torus
that can block – depending on the inclination angle – the light from the broad line
region (Mo, van den Bosch, and White, 2010; Alexander and Hickox, 2012; Fabian,
2012).

1.2 Galaxies and their environment

Because of the gravitational attraction galaxies are not uniformly distributed. Re-
gions with a high density attract even more matter from regions with lower density,
amplifying the density contrast. This leads to the formation of the large scale
structure of the Universe that is characterised by high-density regions with groups
or clusters of galaxies connected by filaments and low-density regions (so-called
voids). Clusters of galaxies are the largest virialized structures in the Universe.
They can contain more than thousand galaxies embedded in massive dark matter
halos (M > 1014M⊙) with sizes of several Mpc. The space between galaxies in a
cluster is filled with the intracluster medium consisting of hot gas with tempera-
tures up to ∼ 108K. Clusters can therefore be detected through the X-ray emission
of their intracluster medium or through interaction of electrons of the intracluster
medium with photons from the CMB (Loewenstein, 2004; Sunyaev and Zeldovich,
1972).

Galaxies interact with their environment and the presence of higher fractions of
quiescent early-type galaxies in denser regions shows that galaxy evolution is signif-
icantly impacted by the environment (Hubble and Humason, 1931; Dressler, 1980;
Baldry et al., 2006; Peng et al., 2010b). As discussed in Section 1.1.1 gas accreted
from the cosmic web can fuel star formation in galaxies, and the higher availability
of gas in denser environments can accelerate galaxy evolution at early cosmic times.
Furthermore, interaction between galaxies can significantly impact star formation
and morphological properties. A satellite galaxy encountering a massive galaxy can
experience stripping of matter in the outer parts if tidal forces from the massive
galaxy overcome the binding forces from the satellite. The subsequent lack of fuel
for star formation can significantly reduce the SFR. Close encounters of galaxies can
lead to merging if their orbital energy is low enough. Generally, galaxies in bound
orbits will eventually always merge because their orbital energy in transferred into
internal energy due to tidal interaction. However, the timescales can be very different
depending on their orbital energy and angular momentum. The actual properties of
the resulting galaxy depend mainly on the mass ratio, morphology, gas fraction and
orbital properties of the merging progenitors. Mergers in which the more massive
galaxy is at most 4 times more massive than the lower mass galaxy are typically
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called major mergers, others minor mergers. Major mergers can significantly impact
the morphology of the merger remnant and are often considered an important chan-
nel to produce massive elliptical galaxies from disky progenitors (e.g., White, 1978;
van der Wel et al., 2009a). Gas poor (so-called dry) mergers mainly change the
stellar mass of the resulting galaxy and potentially increase its size, which is often
invoked as a potentially important contribution to the evolution of the galaxy stellar
mass vs. size relation (Khochfar and Silk, 2006; Bell et al., 2006; Naab, Khochfar,
and Burkert, 2006). Gas rich (wet) mergers can significantly trigger star formation
and AGN activity through gas inflow to the center as a consequence of tidal torques
that remove its angular momentum (e.g., Mihos and Hernquist, 1996). The impact
of the environment is further discussed in Chapter 4 and references therein.

1.3 Observations of galaxies

Galaxies emit a broad spectrum of light, originating from different processes, and
characterised by the properties of the galaxy components. The spectrum consists
of a continuum and of emission and absorption lines. The continuum from UV
to the near infrared is mainly produced by ionization in the photosphere of stars.
From mid- to far-infrared the continuum is dominated by thermal emission from
dust. At radio wavelengths the emission is produced by relativistic and thermal
electrons, while X-ray emission can be produced by gas accretion onto an AGN,
X-ray binary stars, and inverse Compton scattering of the CMB. Lines in galaxy
spectra are produced by transitions in atoms, ions and molecules in the photosphere
of stars and in the interstellar gas. Emission lines provide information about density,
chemical composition and temperature of the interstellar gas, while absorption lines
are mainly produced in the atmospheres of stars and are routinely used to gather
information about age and metallicity of stellar populations (Mo, van den Bosch,
and White, 2010).

Galaxies contain dust grains that are produced in stellar atmospheres and su-
pernovae (Draine, 2011). The dust interacts with the stellar light and significantly
impacts the observed spectral energy distribution (SED) of a galaxy due to atten-
uation and emission processes. Dust attenuation includes the extinction of light
due to absorption processes or scattering of light away and into the line of sight
and contributions by unobscured stars (Salim and Narayanan, 2020). Dust extinc-
tion is generally stronger at shorter wavelength, so that the presence of dust causes
reddening of the stellar SED. Given the intrinsic intensity I0,λ, the intensity Iλ
accounting for dust extinction can be written as Iλ = I0,λ exp(−τλ), where τλ is the
optical depth. Given a dust attenuation law that describes the relative dependence
of attenuation as a function of wavelength, the strength of the dust attenuation (or
normalisation) is usually expressed by the resulting magnitude change at a specific
wavelength Aλ = 2.5 log(e)τλ. Traditionally the V band at ∼ 5500 Å is chosen as
reference band, although the actual choice of the reference is arbitrary (Mo, van den
Bosch, and White, 2010; Salim and Narayanan, 2020).

To analyse galaxy properties it is therefore necessary to sample the SED at
different wavelengths. Spectroscopy allows one to sample the galaxy SED with high
resolution, enabling the investigation of distinct absorption and emission lines. To
obtain galaxy optical spectra the observed light is dispersed by a slit, grating or
a prism. However, spectroscopy is expensive and limited to the brightest objects.
With much lower resolution the SED of a galaxy can also be sampled with broad
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band photometry, where the received flux of a galaxy is measured limited to a certain
wavelength range by a filter. Given the intrinsic luminosity per unit wavelength Lλ

of a galaxy at redshift z the observed flux (corrected by atmospheric and Galactic
absorption) can be calculated as:

fλ =

∫ ∞

−∞
dλλ

Lλ[λ(1 + z)−1, t(z)]

(1 + z)4πd2L(z)
R(λ), (1.4)

where R(λ) is the filter response function and dL(z) the luminosity distance (e.g.,
Bruzual and Charlot, 2003). The observed flux can be converted into the apparent
magnitude, defined as:

mAB = −2.5 log

(
fν ×

cm2 sHz

erg

)
− 48.60, (1.5)

where fν = λ2

c
fλ is the observed flux per unit frequency (e.g., Oke, 1974).

To infer properties of the underlying stellar populations the observed SED has to
be compared with physically motivated models of stellar emission, so-called stellar
population synthesis models. A stellar population that forms at the same time with
the same chemical compositions is called simple stellar population (SSP). Galaxies
have complex star formation histories (star formation rate as a function of time),
and thus their stellar emission can be described by so-called composite stellar pop-
ulations, that have formed over long time with varying intensity of star formation
and evolving chemical composition. These composite stellar populations can be seen
as the superposition of many SSPs. Three ingredients are necessary to derive the
spectrum of an SSP: the initial mass function (IMF) that describes the distribution
of initial masses of born stars (e.g., Salpeter, 1955; Kroupa, 2001; Chabrier, 2003),
a stellar spectral library that describes the spectra of stars at any position in the
Hertzsprung-Russel diagram (e.g., Lejeune, Cuisinier, and Buser, 1997, 1998) and
isochrones that assign the location in the Hertzsprung-Russel diagram given the age
and metallicity of the star (e.g., Girardi et al., 2000). To calculate the spectrum
of a composite stellar population additionally the star formation history (SFH) and
chemical enrichment law have to be known (e.g., Bruzual and Charlot, 2003; Tinsley,
1980). In Figure 1.5 we show the spectra of an SSP with ages of 0, 0.1 and 0.5Gyr
derived with Bruzual and Charlot, 2003 models, assuming solar metallicity and a
Chabrier, 2003 IMF.

1.3.1 Measuring star formation rates

Current star formation rates can be estimated by measuring light directly emitted
by stars or by indirect light from dust emission. Massive stars have significantly
shorter lifetimes than low-mass stars. In recently formed stellar populations where
the massive O and B stars have not yet exceeded their lifetime most of the star
light is emitted in the UV. This emission can then be observed and converted into a
SFR, although assumptions on the IMF and star formation timescales are required
to obtain the conversion factor. Because most galaxies contain dust that absorbs
the UV emission and re-emits it in the infrared, corrections for dust attenuation
have to be applied. Alternatively this re-emitted light can also be used as a tracer
of star formation. The luminosity of the dust emission depends mainly on the dust
temperature (and therefore on the composition of the stellar population because
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Figure 1.5: The emitted flux as a function of wavelength of a simple stellar popu-
lation with solar metallicity and ages as indicated, assuming Bruzual and Charlot,
2003 models and a Chabrier, 2003 initial mass function.

younger stars heat the dust to higher temperatures, e.g., Helou 1986) and on the
amount of dust. Another indirect tracer of star formation is ionised gas. The
emission of massive stars can ionise the gas in the star forming region which can
then be detected through various transitions, like the often usedHα line at∼ 656 nm
(e.g., Kennicutt, 1998).

1.3.2 Identifying quiescent and star-forming galaxies

To classify galaxies into star-forming and quiescent sources different methods have
been developed that do not require expensive observations to estimate the SFR but
rely on broad band photometry and can therefore be applied to large photometric
surveys. Colors of galaxies, defined as the magnitude difference between two pass-
bands, correlate with the specific star formation rate (star formation rate per unit
stellar mass), with quiescent galaxies being redder than star-forming galaxies due to
the lack of young stars emitting in the UV, and can thus be used to classify galaxies.
The spectrum of evolved stellar populations shows a break at 4000 Å resulting from
metal absorption lines, with the strength of the break being a good indicator of
the stellar population age (Kauffmann et al., 2003). However, reddening of stellar
populations can also be caused by dust, and samples of quiescent galaxies selected
by a single (typically optical) color may potentially be significantly contaminated
with dusty star forming sources. For this reason, galaxies are often photometrically
classified by means of their position in a two-color space, with colors carefully chosen
to break the degeneracy between age and dust reddening, like observed B − z vs.
z−K colors (Daddi et al., 2004), restframe U −V vs. V −J colors (Williams et al.,
2009) or restframe NUV−r+ vs. r+−J colors (Ilbert et al., 2013). In Figure 1.6 we
show as an example UVJ color-color diagrams of galaxies in four different redshift
bins.
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Figure 1.6: The UVJ restframe colors in four redshift bins as indicated (reproduced
from Williams et al., 2009). The histogram is color coded by the median specific
star formation rate in each bin.

1.4 Theoretical simulation of galaxy evolution

Because of the long timescales of galaxy evolution we typically only see a static
picture of individual galaxies. In this respect simulations of galaxy evolution are
a useful tool, allowing us to verify if our cosmological models can explain what we
observe and providing further information that is difficult to access from observa-
tions alone. Increasing computing power has significantly increased the number of
resolution elements in simulations, allowing one to simulate large volumes with high
resolution and increased complexity of the models (Genel et al., 2014).

Nevertheless, simulations cannot be performed with unlimited precision and ap-
proximations are necessary. Close encounters of particles can lead to a divergence of
the gravitational potential due to the numeric treatment, so that gravitational soft-
ening is introduced that replaces the 1/r dependence of the gravitational potential by
1/
√

(r2+ ϵ2) with the gravitational softening length ϵ (Dehnen, 2001). Furthermore
it is computationally too expensive to calculate the gravitational potential between
all particles, so that different methods have been developed to reduce the compu-
tational cost. In Barnes-Hut or tree simulations only close particles are considered
individually, and more distant particles grouped together and treated as a single
particle (Barnes and Hut, 1986). In particle mesh codes a density grid is calculated
and the potential is solved for this grid using Fourier transformation (Klypin and
Holtzman, 1997). A combination of these methods are tree particle-mesh codes that
use a tree approach for close particles and a particle mesh for distant particles.

In hydrodynamical simulations the gaseous component is treated as a fluid. Dif-
ferent algorithms exist to discretise it into individual elements. The three most used
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methods are grid, particle and moving mesh codes. Grid codes divide the fluid into
volume elements and the fluid is evolved by calculating the forces on the fluid in
each element. Material can be moved between neighbours and the grid can be fixed
or adaptive. In smoothed particle hydrodynamics the fluid is represented by many
particles, and the evolution of the fluid can be calculated by the forces acting on each
individual particle. Physical properties are obtained as the sum over all particles.
Moving mesh codes combine both methods and use a moving grid to discretise the
fluid, with particles within the cells that follow the flow of the fluid (Dale, 2015).

Hydrodynamical simulations are not the only numerical method to study galaxy
evolution. Another numerical approach employs semi-analytic models that focus
mainly on global galaxy properties by describing galaxies as unresolved objects with
physical properties like stellar mass and morphology represented by single numbers.
These properties change while the galaxy evolves following laws for star formation,
cooling, feedback, interaction and more. Semi-analytic models are computationally
less expensive, allowing the investigation of larger samples and a larger parameter
space (Neistein et al., 2012; Hou, Lacey, and Frenk, 2019).

In this thesis we use hydrodynamical simulations of galaxy evolution to investi-
gate properties of massive quiescent galaxies at z ∼ 3 in simulations on a particle
basis, allowing us to mimic observational effects like projection and the applica-
tion of apertures, to compare current galaxy evolution models with observational
findings. Owing to the large volume necessary to contain a decent amount of in-
trinsically very rare massive quiescent galaxies at high redshift (see Section 1.5) and
at the same time high resolution necessary for a morphological analysis we focus
on box 3 of the Magneticum simulations, that are based on the smoothed particle
hydrodynamic tree particle mesh code Gadget (Springel, 2005), and boxes TNG100
and TNG300 of IllustrisTNG simulations that are based on the moving mesh tree
particle mesh code AREPO (Springel, 2010). Further details about the simulations
are given in Chapter 3 and the references therein.

1.5 Galaxies at high redshift

The long timescales of astronomical processes do not allow one to observe galaxy
evolution in individual objects, however, galaxies at higher redshift are assumed to
be the progenitors of lower-redshift galaxies, so that we can study galaxy evolution
on a statistical basis by comparing galaxy populations at different cosmic times.

In the local Universe the bulk of the stellar mass is contained in elliptical galaxies
and spiral bulges (e.g., Baldry et al., 2004) that have quenched their star formation
and host old stellar populations, requiring the formation of the bulk of their stars
already at much higher redshift.

Higher redshift studies have shown that the fraction of galaxies with quenched
star formation decreases significantly at high redshift and the population of quiescent
galaxies dominates the stellar mass density growth (e.g., Muzzin et al., 2013b).
However, galaxies with quenched star-formation have also been discovered at high
redshift (Glazebrook et al., 2017), challenging models of galaxy evolution that where
not able to reproduce the oberserved numbers of quenched galaxies at these early
cosmic epochs. In Figure 1.7 we show the evolution of the stellar mass functions
(the number of galaxies per mass interval per volume) from z = 0.2 to z = 4.0,
showing that the number density of quiescent galaxies is dramatically suppressed
beyond z ∼ 2, and that at the same time quiescent galaxies exist up to z ∼ 4,
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Figure 1.7: Stellar mass functions in the redshift range 0.2 < z < 4.0 for all,
quiescent and star-forming galaxies as indicated (reproduced from (Muzzin et al.,
2013b)).

although they are very rare. Today AGN feedback is assumed to be an important
contribution to quenching at high redshift and current simulations are now able to
explain the existence of quenched galaxies at early cosmic times, although it is still
challenging to quantitatively reproduce all their observed properties.

To understand what drives quenching at high redshift it is important to anal-
yse properties of early quenched galaxies and compare them with our models of
galaxy evolution. The previously mentioned strong correlation between galaxy qui-
escence and early-type morphology suggests that processes driving these two proper-
ties might be related. This has led to evolution scenarios of early quenched sources
involving the formation of a compact, highly star forming core through cold gas
inflow to the center, triggering AGN and star formation, and subsequent quench-
ing due to feedback processes, morphological quenching and further mechanisms as
discussed in Section 1.1.1.

However, while these models may be able to explain the correlation between
quenching and morphological transformation, it is not yet clear if this correlation
actually exists in the high redshift universe. Observing quenched galaxies at high
redshift is challenging. While star-forming galaxies host bright massive stars and
have been discovered and spectroscopically confirmed up to z ∼ 11 (e.g., Oesch
et al., 2016), galaxies with old stellar populations lack these stars and are signifi-
cantly fainter, and do not have strong emission lines in their spectra that instead
typically characterise star-forming galaxy spectra. The analysis of quiescent galaxy
properties is therefore restricted to small sample sizes and obtaining similar signal-
to-noise ratios to observations of star-forming galaxies requires much longer obser-
vation times. Although spectroscopy is very expensive due to the longer required
integration times, it is crucial especially for these faint objects to have well con-
strained redshifts and a secure confirmation of quiescence. Indeed, because of the
increasing photometric uncertainties of very distant, faint galaxies and of the small
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number of high-redshift quiescent sources, contamination with dusty star-forming
galaxies in photometrically selected samples can become very significant, potentially
biasing derived properties.

Given these complications, it is not astonishing that morphological studies of
quiescent galaxies at high redshift have produced in some cases inconsistent results:
The study of the mass size relation of quiescent vs. star-forming galaxies up to
z ∼ 3 with data from the CANDELS survey shows a constant slope of the mass
vs. size relation for both, star-forming and quiescent galaxy populations, steeper
for quiescent galaxies with more compact average sizes at a given stellar mass up
to very high masses. The increase in the average size of massive log(M⋆/M⊙) ≳ 11
quiescent galaxy samples since z ∼ 3 is found to be nearly one order of magnitude
(e.g., van der Wel et al., 2014; Kubo et al., 2018). However, recent studies suggest
that the most massive quiescent galaxies at high redshift are larger than expected
from previous studies of the size vs. mass relation (Patel et al., 2017; Marsan et al.,
2019). The strong evolution of the mass vs. size relation of quiescent galaxies is
assumed to be driven by two main components: galaxies grow in mass and size,
with a potentially significant impact of gas poor minor mergers on the evolution
of the average mass-size relation (Khochfar and Silk, 2006; Bell et al., 2006; Naab,
Khochfar, and Burkert, 2006, see Section 1.2). Additionally, progenitor bias may
contribute to the evolution: When comparing quiescent galaxy samples at different
redshift we assume that the higher redshift quiescent galaxies are the progenitors of
those at lower redshift. However, quiescent galaxies at low redshift may have been
star-forming galaxies at higher redshift. Because of the correlation between galaxy
sizes and formation redshift of their stellar populations, this sample mismatch may
contribute to producing a different mass-size relation at different redshifts (e.g.,
Cassata et al., 2013; Carollo et al., 2013).

While some morphological investigations find evidence of quiescent galaxies show-
ing evolved, bulge-dominated morphologies already at high redshift (Bell et al., 2012;
Mowla et al., 2019; Esdaile et al., 2020), thus supporting evolution scenarios that
are able to explain a concomitant or quickly following transformation of morphology
and suppression of star formation, others find that high-redshift quiescent galaxies
seem to be rather flat, disk-dominated systems (e.g., Stockton, Canalizo, and Mai-
hara, 2004; van Dokkum et al., 2008; van der Wel et al., 2011; Bezanson et al., 2018;
Hill et al., 2019).

To better constrain models of galaxy evolution, and specifically quenching and
morphological transformation and their connection, it is necessary to observe larger
samples of high redshift quiescent galaxies, also in particular with spectroscopic
follow-up to confirm their quiescent nature to better constrain their stellar popula-
tion properties.

1.6 Structure of this thesis

This thesis is structured as follows: In Chapter 2 we investigate morphological prop-
erties of one of the first statistical samples of spectroscopically confirmed massive
quiescent galaxies at high redshift by means of targeted Hubble Space Telescope ob-
servations. In Chapter 3 we compare observed stellar population and morphological
properties of massive quiescent galaxies at high redshift with their counterparts in
the hydrodynamical simulations IllustrisTNG (boxes TNG100, TNG300) and Mag-
neticum (box 3) to investigate whether current galaxy formation models agree with
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recent observations, and to further explore the performance of the photometric selec-
tion of massive quiescent galaxies at high redshift exploiting additional information
from simulations that is instead difficult to obtain in observations. In Chapter 4 we
investigate the local environment at positions of spectroscopically confirmed massive
quiescent galaxies at high redshift, to investigate potential signposts of dense pro-
tocluster cores that might evolve into massive galaxy clusters at lower redshift. In
Chapter 5 we summarise the conclusions of this work and outline ongoing follow-up
studies.





Chapter 2

Compact, bulge dominated
structures of spectroscopically
confirmed quiescent galaxies at
z ≈ 3
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ABSTRACT
We study structural properties of spectroscopically confirmed massive quiescent
galaxies at z ≈ 3 with one of the first sizeable samples of such sources, made
of ten 10.8 < log(M⋆/M⊙) < 11.3 galaxies at 2.4 < z < 3.2 in the COSMOS
field whose redshifts and quiescence are confirmed by HST grism spectroscopy.
Although affected by a weak bias toward younger stellar populations, this sam-
ple is deemed to be largely representative of the majority of the most massive
and thus intrinsically rarest quiescent sources at this cosmic time. We rely on
targeted HST/WFC3 observations and fit Sérsic profiles to the galaxy surface
brightness distributions at ≈ 4000 Å restframe. We find typically high Sérsic
indices and axis ratios (medians ≈ 4.5 and 0.73, respectively) suggesting that,
at odds with some previous results, the first massive quiescent galaxies may
largely be already bulge-dominated systems. We measure compact galaxy sizes
with an average of ≈ 1.4 kpc at log(M⋆/M⊙) ≈ 11.2, in good agreement with
the extrapolation at the highest masses of previous determinations of the stellar
mass - size relation of quiescent galaxies, and of its redshift evolution, from pho-
tometrically selected samples at lower and similar redshifts. This work confirms
the existence of a population of compact, bulge dominated, massive, quiescent
sources at z ≈ 3, providing one of the first statistical estimates of their struc-
tural properties, and further constraining the early formation and evolution of
the first quiescent galaxies.
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2.1 Introduction

Structural properties of galaxies in the nearby universe correlate with their stellar
population properties. Early-type galaxies are characterised by a higher central
concentration and typically lower apparent ellipticity than late-type galaxies, and
generally have a low specific star formation rate (sSFR). Up to a stellar mass of
log(M⋆/M⊙) ≈ 11 early-type galaxies are more compact than late-type galaxies and
show a steeper stellar mass vs. size relation (e.g., Shen et al., 2003; Guo et al.,
2009).

Up to z ≈ 1, high axis ratios are largely ubiquitous in the most massive log(M⋆/M⊙) ≳
11 quiescent galaxies, although larger fractions of lower mass galaxies show lower
axis ratios; this suggests that the mechanisms forming the most massive quiescent
sources also result in the formation of bulge-dominated, spheroidal structures (van
der Wel et al., 2009a; Holden et al., 2012). In fact, integral field spectroscopy showed
that the vast majority of early-type galaxies in the nearby universe are fast rota-
tors, with slow rotators dominating the early-type galaxy population only at the
high mass end (M⋆ ≳ 2× 1011M⊙; e.g., Emsellem et al., 2011; Cappellari, 2016).

Structural properties of massive galaxies at higher redshift are more sparsely
investigated and have produced more controversial results. Stockton, Canalizo, and
Maihara (2004) and Stockton et al. (2008) provided the first constraints on the
structure of massive quiescent galaxies at z ≈ 2.5 and revealed a higher fraction of
quiescent galaxies with low Sérsic index profiles and smaller axis ratios with respect
to low-redshift samples. Such scenario has been strengthened by following works
with larger samples (van Dokkum et al., 2008; van der Wel et al., 2011; Bezanson
et al., 2018; McGrath et al., 2008; Bundy et al., 2010; Chang et al., 2013; McLure
et al., 2013; Hsu, Stockton, and Shih, 2014). Recently Hill et al. (2019) investigated
the axis ratio evolution of star-forming and quiescent galaxies over the redshift range
0.2 < z < 4.0, finding that massive (log(M⋆/M⊙) > 11) quiescent galaxies at 2.5 <
z < 3.5 are as flat as star-forming galaxies. Limited measurements of rotation curves
indeed provide evidence for the existence of rotationally supported massive quiescent
galaxies at high redshift (Newman, Belli, and Ellis, 2015; Newman et al., 2018;
Toft et al., 2017). Nonetheless, the coupling of structural and stellar population
properties of galaxies at higher redshifts remains debated, as other studies find that
the correlation between early-type structure and low sSFR holds at least up to z ≈ 3,
suggesting that morphological transformation towards bulge-dominated systems is
tightly related to quenching of star formation already at high redshift (Bell et al.,
2012; Mowla et al., 2019; Esdaile et al., 2020; Lang et al., 2014; Tacchella et al.,
2015). It has in fact been shown that galaxies beyond a given stellar mass or
central stellar mass density threshold are largely quiescent (e.g., Peng et al., 2010b;
Kauffmann et al., 2003; Brinchmann et al., 2004; Franx et al., 2008; van Dokkum
et al., 2015; Whitaker et al., 2017), and that - although it remains unclear whether
mass or density is the actual driver (Lilly and Carollo, 2016) - the most massive
star-forming galaxies that at high redshift approach such density threshold are very
likely to rapidly quench, given the drop in their number density at lower redshifts
(Mowla et al., 2019).

A possible mechanism to explain the correlation between structural and stellar
population properties is the compaction of a star-forming disk in a first step, followed
by quenching (possibly also as a consequence of the morphological transformation).
The compaction of the disk can be a result of gas inflow from filaments or mergers



2.1 Introduction 19

(e.g., Birnboim and Dekel, 2003; Dekel and Birnboim, 2006; Kereš et al., 2005a;
Dekel et al., 2009), causing violent disk instabilities that drive dissipative gas inflow
in the center. This leads to a compact galaxy with a high star formation rate
(e.g., Dekel, Sari, and Ceverino, 2009; Burkert et al., 2010; Dekel et al., 2013;
Dekel and Burkert, 2014; Zolotov et al., 2015; Gómez-Guijarro et al., 2019; Wu
et al., 2020). Multiple mechanisms can then quench star formation, as suggested by
simulations: gas consumption by star formation, stellar and AGN feedback as well
as morphological quenching can produce fast quenching at high redshift, while virial
shock heating, gravitational infall and AGN feedback can maintain quenching at
lower redshift (e.g., Dekel and Silk, 1986; Ciotti and Ostriker, 2007; Birnboim and
Dekel, 2003; Dekel and Birnboim, 2006; Martig et al., 2009; Kereš et al., 2005a; Dekel
et al., 2009; Dekel and Birnboim, 2008; Khochfar and Ostriker, 2008; Tacchella et
al., 2016a). Bulges embedded in star-forming disks can remain starved from accreted
gas and maintain quenching if the infalling gas has a too high angular momentum
to reach the bulge (Renzini et al., 2018).

Many studies have shown that the average size of distant quiescent galaxies at
a given stellar mass is lower than for lower-redshift counterparts (e.g., Kubo et al.,
2018; Cassata et al., 2013; Carollo et al., 2013; Mowla et al., 2019; Daddi et al.,
2005; Trujillo et al., 2006; Toft et al., 2007; Cimatti et al., 2008; Cimatti, Nipoti,
and Cassata, 2012, among many others). Although an evolution in the average
size at fixed mass is also observed for late-type galaxies, it is milder than for early-
types. With a large sample drawn from the CANDELS/3D-HST survey (Grogin
et al., 2011; Koekemoer et al., 2011; Momcheva et al., 2016), van der Wel et al.
(2014) studied morphologies of quiescent and star-forming galaxies with redshifts
0 < z < 3. They find a redshift independent slope of the mass-size relation that
is steeper for quiescent than for star-forming galaxies, and a size growth of massive
quiescent galaxies of nearly an order of magnitude since z ≈ 3, compared to a factor
≈ 3 for star-forming sources. Using measurements from the COSMOS-DASH survey,
Mowla et al. (2019) extended the van der Wel et al. (2014) sample to higher stellar
masses (162 galaxies at 1.5 < z < 3.0 with log(M⋆/M⊙) > 11.3), which are poorly
probed in the CANDELS/3D-HST survey due to the intrinsically very low number
density of such sources, and find consistent results. However, even this survey only
adds two quiescent galaxies to the van der Wel et al. (2014) sample at z > 2.5. As
an alternative to overcome the problem of small sample sizes of the most distant,
massive quiescent galaxies in deep fields, targeted imaging has been used to study
these objects up to z ≈ 4 (Kubo et al., 2018; Straatman et al., 2015), supporting
the findings of strong average size growth of the quiescent galaxy population.

The observed redshift evolution of the mass-size relation of quiescent galaxies
can be explained by a combination of different effects. Although gas rich mergers,
resulting in central starbursts, are not an efficient way to increase galaxy size (Lin et
al., 2007, 2008; Perez, Michel-Dansac, and Tissera, 2011; Athanassoula et al., 2016),
gas poor minor mergers are often considered a viable and potentially significant
channel for size growth of quiescent galaxies (Khochfar and Silk, 2006; Bell et al.,
2006; Naab, Khochfar, and Burkert, 2006; Lin et al., 2008; Naab, Johansson, and
Ostriker, 2009; Bezanson et al., 2009; Oser et al., 2010, 2012; Trujillo, Ferreras, and
de La Rosa, 2011; Bédorf and Portegies Zwart, 2013). Progenitor bias is also often
considered as an important contribution to the evolution of the mass-size relation,
because of the significant drop of the quiescent galaxy population towards higher
redshifts, implying a progenitor-descendant mismatch when comparing quiescent
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galaxy samples at different redshifts (Cassata et al., 2013; Carollo et al., 2013; van
Dokkum and Franx, 1996; van Dokkum and Franx, 2001; Poggianti et al., 2013).
To minimise the effect of progenitor bias, Belli, Newman, and Ellis (2014) and
Stockmann et al. (2020) investigated size evolution at constant velocity dispersion
(which is found to remain approximately unchanged for quiescent systems, van der
Wel et al., 2009b; Bezanson, van Dokkum, and Franx, 2012), finding that size growth
of individual galaxies may in fact have a significant role in the observed mass-size
evolution. The observed evolution is thus likely produced by a combination of both
galaxy growth and progenitor bias. Additional complications come from the use
of light as a tracer of stellar mass. Radial color – and thus mass-to-light ratio –
gradients can lead to significant differences between half-light and half-mass radii.
Suess et al. (2019a,b) find that color gradients of quiescent galaxies are nearly flat
at z ≳ 2, increase with decreasing redshift and are stronger in massive, larger and
redder galaxies. Stellar mass vs. half-mass size relations of quiescent galaxies are
shallower than stellar mass vs. (restframe optical) half-light size relations, and the
growth of half-mass sizes towards lower redshifts is milder than for optical half-light
sizes.

In most studies of the highest redshift quiescent sources, relying on purely pho-
tometric observations, the classification of star-forming vs. quiescent galaxies is
performed by exploiting the correlation between sSFR and galaxy colors in properly
chosen passbands (Daddi et al., 2004; Williams et al., 2009; Labbé et al., 2005; Ilbert
et al., 2010). Especially at high redshift, where the number density of massive qui-
escent galaxies and the quiescent galaxy fraction decrease significantly (Ilbert et al.,
2013; Muzzin et al., 2013b; Mowla et al., 2019; Whitaker et al., 2010a; Marchesini
et al., 2010; Brammer et al., 2011a) and the bimodality in color sequences is less
pronounced (Muzzin et al., 2013a; Laigle et al., 2016), misclassification can lead to
a significant contamination of quiescent galaxy samples from star-forming objects.
Spectroscopic confirmation of quiescence can help securing higher-purity samples
of quiescent galaxies. However, spectroscopically confirming very distant quiescent
sources is difficult and observationally expensive compared to star-forming galaxies
at similar redshifts because of the lack of strong emission lines. Direct spectroscopic
confirmation of quiescent sources currently reaches out to z ≈ 4, and is based on
the 4000 Å break, overall continuum shape, and/or weaker features as Fe and Mg
absorption lines (Glazebrook et al., 2017; Esdaile et al., 2020; Newman, Belli, and
Ellis, 2015; Newman et al., 2018; Glazebrook et al., 2004; Cimatti et al., 2004; Kriek
et al., 2006; Gobat et al., 2012; Onodera et al., 2012, 2015; Marsan et al., 2015; Hill
et al., 2016; Marsan et al., 2017; Gobat et al., 2017; Schreiber et al., 2018; Tanaka
et al., 2019; Forrest et al., 2020a,b; Valentino et al., 2020). The morphological
properties of sizeable samples of spectroscopically confirmed quiescent galaxies have
only been analysed up to z < 2.3 (van Dokkum et al., 2008; Cimatti et al., 2008;
Stockmann et al., 2020; Belli, Newman, and Ellis, 2017). At higher redshifts inves-
tigations are limited to a handful of galaxies at most (Esdaile et al., 2020; Gobat
et al., 2012; Marsan et al., 2015; Hill et al., 2016; Tanaka et al., 2019). In this work
we investigate structural properties of a spectroscopically confirmed sample of 10
quiescent galaxies at 2.4 < z < 3.2 with stellar masses of log(M⋆/M⊙) ≳ 11, relying
on targeted Hubble Space Telescope (HST) WFC3/F160W imaging and G141 grism
observations. This sample contains ≈ 1/4 of all spectroscopically confirmed quies-
cent galaxies at z > 2.4. Our sample is presented in Section 2.2. In Section 2.3 we
explain our analysis and methods. In Section 2.4 we present and discuss our results.
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Section 2.5 summarizes our findings and conclusions.
We assume a ΛCDM cosmology with H0 = 71, ΩM = 0.27 and ΩΛ = 0.73.

Magnitudes are given in the AB system.

2.2 The quiescent galaxy sample

2.2.1 Sample selection

We selected high-redshift quiescent galaxy candidates for HST grism follow-up from
the McCracken et al. (2010) photometric catalog of the 2 deg2 COSMOS field. Ini-
tially we selected passive BzK (pBzK) galaxies (Daddi et al., 2004) that satisfy the
conditions:

BzK = (zAB −KAB)− (BAB − zAB) > −0.2 (2.1)

zK = (zAB −KAB) > 2.5. (2.2)

These criteria select high-redshift (typically z ≳ 1.4) passive galaxies purely based on
observed colors, without relying on photometric redshift estimation or SED analysis
to identify quiescent sources. Given the low signal-to-noise ratio (SNR) of even
massive quiescent galaxies at z > 2 in the available B and z band imaging, leading
to large uncertainties in the formal passive vs. star-forming BzK classification of
such sources, we also retained galaxies with SNR < 5 in these bands, independent
of their classification as quiescent or star-forming BzK galaxies. We then considered
photometric redshifts (zphot) for the selected galaxies estimated with the software
EAZY (Brammer, van Dokkum, and Coppi, 2008) and specifically calibrated to
better estimate photometric redshifts of high-redshift quiescent galaxies (see details
in Strazzullo et al., 2015a). These photometric redshifts are listed in Table 2.1. We
removed from the sample all galaxies with zphot < 2.5, as well as galaxies classified as
star-forming from their restframe UVJ colors (Williams et al., 2009) as estimated by
EAZY assuming the galaxy photometric redshift. We performed SED fitting with
FAST (Kriek et al., 2009) with different model libraries, including 1) a generic setup
with delayed exponential SFH and dust attenuation up to AV = 5mag, assuming a
Calzetti (2001) dust attenuation law, 2) constant SFR with AV up to 5 mag, 3) only
quiescent (including very young quiescent, given the redshift of our targets) models
(age/τ > 4, age > 0.5Gyr). Based on this analysis, we discarded all candidates with
an SED suggesting a possible star-forming solution. To further reduce potential
contamination of the HST follow-up target sample from star-forming sources, we
also deprioritised candidates with a SNR ≥ 4 at 24 µm in the Le Floc’h et al.
(2009) catalog, except if they had a well probed, convincingly quiescent SED with
no plausible star-forming solution, suggesting that the 24 µm emission could be
powered by an AGN. We then selected from these candidates suitable targets for
HST grism follow-up observations. In order to observe a first, sizeable sample of
z ≈ 3 quiescent candidates, we focused on massive galaxies for which a sufficiently
high SNR spectrum to measure a reliable redshift could be obtained in 1− 2 orbits.
To this aim, we simulated for each candidate the grism spectrum that could be
obtained within this observing time, assuming the source photometric redshift and
best-fit SED model, modelling the simulated spectrum to estimate the redshift. This
observational constraint largely limited the viable targets to sources brighter than
HAB ≈ 22, leading to a sample of 23 sources that are shown in Figure 2.1. Owing to
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the low number density of such massive, quiescent galaxies at z ≈ 3, none of these
objects is found in the CANDELS/3D-HST COSMOS field (Grogin et al., 2011;
Koekemoer et al., 2011; Momcheva et al., 2016). Although such bright (HAB < 22)
targets were favoured because of the observational reasons discussed above, as well as
of higher SNR photometry resulting in a more robust characterization of the galaxy
SED, we also explored fainter candidates that potentially allow us to probe higher
redshift galaxies. We thus included in the final target sample a fainter (HAB ≈ 23)
source at zphot = 3.2 for which - in contrast to most similarly faint candidates -
the SED modeling discussed above was able to reject star-forming solutions at high
confidence. The final target sample of 10 sources with photometric redshifts between
2.5 and 3.2 is listed in Table 2.1 and shown in Figure 2.1.

The selected targets have been observed with the G141 grism and direct imag-
ing in the F160W band with the Wide Field Camera 3 (WFC3) on board of HST
(program ID 15229, PI: E. Daddi). D’Eugenio et al. (D’Eugenio et al., 2020, 2021)
have estimated spectroscopic redshifts from the grism spectra, which are shown in
Table 2.1. They combined the grism spectra with photometric measurements from
the Laigle et al. (2016) catalog and performed a stellar population analysis. By
comparing the goodness-of-fit of constant SFR vs. passive templates with exponen-
tially declining SFHs, star-forming solutions could be rejected for all galaxies in the
sample (see full details and discussion in D’Eugenio et al. in preparation).

From the analysis of the stacked spectrum of all galaxies in the sample (except
ID 7) D’Eugenio et al. (2020) derived a sSFR of 4.35 ± 2.47 × 10−11 yr−1, which is
60 times below the main sequence of star-forming galaxies at the median redshift of
z = 2.8 (Schreiber et al., 2015). The lookback time where 50 percent of the stellar
mass of the stacked sample was formed is t50 = 300+200

−50 Myr.

We note that the median and NMAD (normalised mean absolute difference)
scatter of (zspec − zphot)/(1 + zspec) for the sample studied here, using the grism
redshifts from D’Eugenio et al. (2020) and the Strazzullo et al. (2015a) photometric
redshifts used for the sample selection, are 0.03 and 0.06; we thus assume that no
significant biases are introduced in the sample studied here by uncertainties in the
photometric redshifts used for the sample selection.

2.2.2 SED modeling and stellar mass estimates

We perform SED fitting to estimate stellar masses of the targets from multi-band
photometry from the COSMOS2015 catalog (Laigle et al., 2016) adopting the spec-
troscopic redshifts measured in D’Eugenio et al. (2020). We use FAST++1 to fit
Bruzual and Charlot (2003) population synthesis models to 29 photometric bands2

from 0.42 µm to 8 µm (including narrow bands). We assume a Chabrier (2003) IMF,
a Calzetti (2001) dust attenuation law and a delayed exponentially declining SFH
with 7 ≤ log(τ/yr) ≤ 10. To allow for a more direct comparison with van der Wel et
al. (2014, see Section 2.4) we also estimate stellar masses assuming an exponentially
declining SFH, finding no systematics and individual stellar mass estimates differing
by at most 0.05 dex for this specific sample, having no impact on our analysis. The
metallicity is fixed to solar; leaving it free affects the mass estimates by at most

1https://github.com/cschreib/fastpp
2For sources that are observed in the H and Ks band by both UltraVISTA and WIRCam we

have checked that there is no impact on the stellar mass estimates if the shallower WIRCAM data
is removed.
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Figure 2.1: Selection of targets for HST follow-up observations in the 2 deg2 COS-
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z > 2.5 candidate sample that were not included in the target list. Green rectangles
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24 2. Structures of z ≈ 3 quiescent galaxies

0.07 dex. The best fit SED models are shown in Figure 2.2. The formal uncertain-
ties on the estimated stellar masses with the given SED fitting setup are ≲ 0.06 dex;
we stress that these uncertainties do not include known sources of statistical and
systematic errors (e.g., Maraston et al., 2006; Longhetti and Saracco, 2009; Muzzin
et al., 2009; Conroy, 2013; Pacifici et al., 2015), and that more realistic absolute
uncertainties on the individual mass estimates are likely around a factor ≈ 2.

IDs 2, 4, 7 and 10 have close neighbours in our F160W imaging that are un-
detected in the Laigle et al. (2016) catalog (see Section 2.3). For these targets we
scale the estimated stellar masses by the fraction of the target flux to the total flux
including the undetected neighbours within the 3 arcsec aperture used in Laigle et
al. (2016), assuming the F160W fluxes measured in Section 2.3. This correction de-
creases the masses of IDs 2, 4, 7 and 10 by 0.01, 0.11, 0.02 and 0.01 dex, respectively.
The resulting stellar masses are listed in Table 2.13.

The median estimated stellar mass of our sample is log(M⋆/M⊙) = 11.16 with
individual masses in the range 10.8 < log(M⋆/M⊙) < 11.3. To ensure that no
systematics affect our comparisons with van der Wel et al. (2014, see Section 2.4),
who use stellar mass estimates from Skelton et al. (2014), we estimate stellar masses
with the same setup for sources from the Skelton et al. (2014) catalog using Laigle
et al. (2016) photometry and redshifts from Skelton et al. (2014). By comparison
of the two estimates we find a statistical scatter on the estimated stellar masses of
0.1 dex and no systematics4.

2.2.3 Sample Characterisation and Representativeness

For sources at z ≈ 3 the observed H band probes the galaxy SED at ≈ 4000 Å
restframe, where the mass-to-light (M/L) ratio is sensitive to the age of the stellar
population. Selecting H band bright sources as discussed in Section 2.2.1 may there-
fore bias the sample towards younger and/or less dust attenuated stellar populations.
Depending on quenching mechanisms, and at least at lower redshifts on progenitor
bias effects, sizes of younger vs. older quiescent sources at fixed stellar mass may
differ on average (e.g., Saracco, Longhetti, and Andreon, 2009; Belli, Newman, and
Ellis, 2015; Yano et al., 2016; Williams et al., 2017; Zahid and Geller, 2017; Almaini
et al., 2017; Wu et al., 2018). Our H < 22 selection could thus potentially result in a
bias on the average quiescent galaxy size at a given mass inferred from this sample.
In this Section we thus discuss the representativeness of this H-selected sample with
respect to the parent (mass-selected) sample of massive quiescent galaxies at this
redshift.

To address the relevance of the potential bias in the quiescent sample caused by
the H band selection, we compare the UVJ restframe colors of the H < 22 quiescent
population with those of the full massive galaxy population at 2.5 < z < 3. For

3We note that these masses reflect the total fluxes reported in the Laigle et al. (2016) catalog.
We have verified that the total flux estimated by GALFIT on the F160W imaging is fully consistent
with the total flux in the H band from the Laigle et al. (2016) catalog (the average flux ratio for
these targets is 0.96 with a dispersion of ≈ 0.15, accounting for the small color term between the
two filters).

4We do not use stellar mass estimates from Laigle et al. (2016) because: 1) we re-estimate stellar
masses adopting the grism redshift (see also related discussion in Section 2.2.3 and Appendix 2.6.1),
and 2) as also reported in Mowla et al. (2019) the stellar mass estimates from Laigle et al. (2016)
are systematically higher than those from Skelton et al. (2014) by ≳ 0.1 dex for sources with
log(M⋆/M⊙) > 10.75.
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stellar population models (see Section 2.2.2).



26 2. Structures of z ≈ 3 quiescent galaxies

the full parent sample, we match the Laigle et al. (2016) and Muzzin et al. (2013a)
catalogs in order to fit the Laigle et al. (2016) photometry assuming the Muzzin
et al. (2013a) photometric redshifts and spectroscopic redshifts from D’Eugenio et
al. (2020) for our targets. We choose this approach in order to make use of the
deeper photometry in the Laigle et al. (2016) catalog (that we use throughout in
the analysis of our target sample in Section 2.2.2) and at the same time of the more
accurate Muzzin et al. (2013a) photometric redshifts for massive quiescent sources
at this redshift, as inferred by comparison with spectroscopic samples as shown in
Appendix 2.6.1. We use the same FAST++ setup as in Section 2.2.2 to estimate
stellar masses and EAZY to estimate restframe UVJ colors. We consider galaxies
more massive than the mass completeness limit of log(M⋆/M⊙) = 11.1 at z = 3
from Muzzin et al. (2013a), providing a sample of 43 UVJ quiescent galaxies at
2.5 < z < 3.0.

The location of quiescent galaxies in the UVJ plane correlates with the age of
their stellar populations (e.g., Belli, Newman, and Ellis, 2019). We thus investigate
in Figure 2.3 the distribution of our targets in the UVJ plane, and more generally of
sources brighter than H = 22, with respect to the parent population, to constrain
possible biases in our sample. All of our targets are well within the UVJ-quiescent
region (Williams et al., 2009) except ID 10, which is anyway consistent with being
UVJ-quiescent.

Belli, Newman, and Ellis (2019) parametrise the relation between stellar pop-
ulation age and UVJ colors by adopting t50 as an age estimate. We use this
parametrization to investigate the impact of the H band selection on the frac-
tion of post-starburst (t50 < 800Myr) to old passive galaxies in the full sample
of log(M⋆/M⊙) > 11.1 quiescent galaxies. As it may be expected given the high
redshift, a large fraction of the quiescent galaxy sample is made of relatively young
sources which at lower redshift are typically classified as post-starburst based on
their colors (see also e.g., Whitaker et al., 2012a; Marchesini et al., 2014; Merlin
et al., 2018; Maltby et al., 2018). To account for the uncertainties on the pho-
tometric measurements and redshift estimates we perturbe the source photometry
and photometric redshift within the uncertainties and estimate restframe UVJ col-
ors accordingly for 10000 realizations. The inferred median distribution of UVJ
color combination which translates to t50 in the Belli, Newman, and Ellis (2019)
parametrization is shown in the bottom panel of Figure 2.3. With this approach
the estimated fraction of post-starburst galaxies in the full massive quiescent sam-
ple is 50 ± 9 percent. Considering only galaxies with H < 22 this fraction in-
creases to 77± 9 percent, consistent with our sample in which 9 of 10 galaxies have
t50 < 800Myr, according to the relation from Belli, Newman, and Ellis (2019).
Indeed D’Eugenio et al. (2020) found t50 ≤ 800Myr for all galaxies in the sample.
Therefore, at face value the average stellar age of galaxies in the log(M⋆/M⊙) > 11.1,
H < 22 sample is indeed younger than in the whole log(M⋆/M⊙) > 11.1 sample,
suggesting that our sample may be more representative of younger, post-starburst
quiescent systems (see Figure 2.3), and likely biased against the oldest quiescent
galaxies at this redshift. If significant morphological transformations happen on
longer time scales than the typical age of this sample we would not be able to see
it in our analysis because our sample does not contain these older sources. On the
other hand, we stress that the uncertainties on the estimated restframe UVJ colors
are significantly higher - as expected given the quality of the available photometry
- for older quiescent galaxies, possibly resulting in a more significant contamination
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from dusty star-forming sources. To investigate this further, we also highlight in
Figure 2.3 sources that are detected at 24 µm (≈ 6 µm restframe) with a SNR > 5
in the Jin et al. (2018) catalog. The fraction of 24 µm detected sources is higher
for old quiescent galaxies than for ”post-starburst” systems. Out of the six old-
est UVJ quiescent sources in the sample shown in Figure 2.3, five are detected at
24 µm. However the 24 µm emission could also originate from nuclear activity (see
D’Eugenio et al. in preparation for a discussion of 24 µm emissions of our targets),
considering the large photometric uncertainties for the oldest sources, this suggests
that a significant fraction of the full massive sample considered in Figure 2.3 might
be star-forming contaminants. We thus re-estimate the fraction of post-starburst
galaxies excluding all galaxies that are both 24 µm detected and UVJ quiescent with
a probability lower than p(UVJ-Q) = 0.997 (3σ) and find that 65±10 percent of the
full log(M⋆/M⊙) > 11.1 sample have t50 < 800Myr compared to 77± 10 percent of
the galaxies of the full sample with H < 22. Although some of the 24 µm detections
could be due to nuclear activity, the distribution of 24 µm detections across the UVJ
plane and the estimated uncertainties in UVJ colors strongly suggest that a possibly
significant fraction of the oldest quiescent galaxies are actually contaminants, and
that the impact of the H < 22 selection on the age distribution of our target sample
is smaller than would be suggested by face-value comparison of UVJ colors alone.
Indeed, the independent estimate of the selection bias for this sample presented in
D’Eugenio et al. (2020) consistently concludes that our target sample is represen-
tative of ≳ 70 percent of the overall quiescent population in the probed mass and
redshift range. A specific - and currently very expensive - follow-up of a sample of
the highest M/L ratio candidates would be necessary to conclusively address the
picture of the potentially oldest massive quiescent galaxies at this redshift.

2.3 Morphological analysis

We investigate morphological properties of our targets by means of parametric mod-
eling of the surface brightness distribution in the F160W band images. For each
target we have 3 to 5 dithered observations with total exposure times ranging from
980 s to 1130 s at an observed wavelength of ≈ 16 000 Å. We reduce the prepro-
cessed flat-fielded single exposures retrieved from the STSci archive in 2 different
ways to investigate the robustness and sensitivity of the fit results to the reduction
procedure. For the first reduction we use DrizzlePac release 2.2.65 to subtract the
background, remove cosmic rays and for each source use a square kernel to drizzle
the exposures to a pixel scale of 0.06 arcsec before median stacking them to the final
image. Each image covers an area of ≈ 4.8 arcmin2. For reference, the estimated
90 percent point-source completeness of the images is ≈ 26.7mag.

We use SExtractor (Bertin and Arnouts, 1996) to detect sources in the F160W
band images. We select point-like sources in each image by means of a magnitude
(MAG AUTO) vs. half-light radius (FLUX RADIUS 50 percent) diagram. The
comparison of point-like sources across the images of the 10 different fields and at
different positions on the detector suggests that the point spread function (PSF)
is relatively stable with no significant variations for the purposes relevant to this
work. This allows us to create a single PSF by stacking high SNR (H ≲ 21) point-
like sources from all ten fields with SWarp (Bertin et al., 2002), improving the SNR

5https://github.com/spacetelescope/drizzlepac/blob/master/doc/source/index.rst
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Figure 2.3: Left panel : restframe UVJ colors of massive (log(M⋆/M⊙) > 11.1)
galaxies in the UltraVISTA COSMOS field (see Section 2.2.3) in the redshift range
2.5 < z < 3. For UVJ-quiescent sources, the colors of the symbols scale with the H
band magnitude, as indicated by the color bar. The sources studied in this work are
overplotted as red circles, with colors computed assuming the spectroscopic redshift.
The 1 sigma color uncertainties account for photometric and redshift uncertainties.
24 µm detections from Jin et al. (2018) are marked with a black dot. The blue line
shows the adopted separation between star-forming and quiescent galaxies (Williams
et al., 2009). The black solid line shows for reference the evolution of a simple stellar
population (numbers along the line show ages in Gyr). The dashed line shows the lo-
cation in the diagram corresponding to an average stellar age of t50 = 800Myr based
on the empirical relation between restframe UVJ colors and t50 from Belli, Newman,
and Ellis (2019). Right panel : histograms of the UVJ color combination translating
into t50 with the Belli, Newman, and Ellis (2019) relation (see Section 2.2.3), for
the full log(M⋆/M⊙) > 11.1 UVJ-quiescent sample (top) and for the UVJ-quiescent
sample excluding 24 µm detections with a probability of being quiescent < 0.997
(see text). In both cases orange histograms refer to the H < 22 subsample. Red
symbols show the ten targets of this work.
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of the model. To estimate the effect of possible systematics of the PSF modeling on
our results (see discussion in Section 2.3.1), we vary the point-like source selection
criteria to create a set of PSFs from our observations. We also compare these PSFs
with a synthetic model, created with TinyTim, and with the hybrid model from van
der Wel et al. (2014). Both are more peaked than our models and, if fitted to point
sources in our images, subtract systematically too much flux in the center, while our
PSF models do not cause systematic features in the residuals, confirming that they
are appropriate descriptions of the PSF of our images. A possible reason why our
PSF is less sharp is the low number (3-5) of dithered exposures per target.

For the second reduction we use the grizli pipeline6 (Brammer, 2018) to produce
science ready images from the single exposures, detect sources and create a PSF
for each image. The science images produced with the grizli pipeline are slightly
sharper and have less residual cosmic rays compared to the images from the former
procedure. Nonetheless, the results of our analysis are largely independent of the
reduction method as discussed in detail later in this section. Cutouts of all targets
are shown in Figure 2.4.

We use GALFIT (Peng et al., 2002, 2010a) to fit PSF convolved Sérsic (1963,
1968) profiles to the F160W band images of the sources from both reductions. We
create uncertainty maps by quadratically adding Poisson source noise to the back-
ground root mean square (RMS), estimated in 9×9 arcsec2 boxes across the images.
We fit sources in cutouts with a sidelength of 9 arcsec, allowing GALFIT to fit a
constant background simultaneously with the Sérsic profiles. Estimating the local
background and subtracting it from the image, rather than fitting it, has no sig-
nificant impact on the estimated parameters for the targets considered here. For
cutouts containing multiple galaxies, we simultaneously fit Sérsic profiles for all
sources. We do not set prior constraints on any of the fit parameters (postition,
magnitude, effective radius re, Sérsic index n, axis ratio q, position angle). Starting
values for the fitted parameters are estimated based on the SExtractor output except
for the Sérsic index for which we use a starting value of 1. We verified that varying
the initial parameters in a reasonable range has no impact on the results for our
targets. Estimated effective radii and axis ratios are stable against the use of the
different reductions and corresponding PSFs, being entirely consistent within the
estimated uncertainties with no systematic biases. Sérsic indices are systematically
lower by 20 percent in the grizli reduction. In the following we always refer to the
measurements obtained on the grizli reductions unless otherwise stated. We stress
again that all conclusions would be unchanged if referring to the other reduction,
and that all results would be fully consistent except Sérsic indices which would be
on average larger, thus resulting in even stronger conclusions on the typically high
Sérsic indices of these sources as discussed in Section 2.4. The target images, best
fit models and corresponding residuals, together with HST ACS F814W imaging
(Koekemoer et al., 2007; Massey et al., 2010, only available for IDs 4-10), are shown
in Figure 2.4. The resulting profile parameters are presented in Table 2.1. Radii in
this paper refer to effective radii along the semi major axis.

Some of our targets have faint close neighbouring sources with unknown red-
shifts (see also Stockmann et al., 2020), in particular ID 7 has a very close neigh-
bour (d ≈ 0.8 arcsec, corresponding to 6 kpc if at the target redshift). With the
available data, we do not see evidence of interaction between these sources. Fur-
thermore, after subtracting the best fit model the residuals of a single Sérsic profile

6https://github.com/gbrammer/grizli/
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Figure 2.4: HST F160W (H band) images of the ten observed targets, the best
fit models (see Section 2.3) and the corresponding residuals. For IDs 4-10 F814W
(I band) imaging is available and also shown. The cutouts have a size of 4 arcsec
(≈ 32 kpc) by side.
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Å
)

n
q

(h
:m

:s
)

(d
:m

:s
)

(a
rc
se
c)

(k
p
c)

1
13
57
30

10
:0
1:
39
.9
8

01
:2
9:
34
.4
9

2.
6

2.
84
1+

0
.0
2
1

−
0
.0
1
8

11
.1
4

21
.9
9+

0
.1
0

−
0
.0
9

0.
40

+
0
.0
7

−
0
.0
6

3.
07

+
0
.5
7

−
0
.4
7

4.
7+

0
.8

−
0
.8

0.
50

+
0
.0
3

−
0
.0
3

2
13
71
82

10
:0
0:
57
.3
5

01
:2
9:
39
.4
6

2.
7

2.
55
7+

0
.0
0
5

−
0
.0
0
5

11
.2
7

21
.3
2+

0
.0
2

−
0
.0
3

0.
15

+
0
.0
1

−
0
.0
1

1.
18

+
0
.0
4

−
0
.0
4

3.
0+

0
.3

−
0
.2

0.
96

+
0
.0
2

−
0
.0
2

3
25
25
68

09
:5
7:
48
.5
7

01
:3
9:
57
.8
2

2.
8

3.
12
4+

0
.0
0
3

−
0
.0
0
3

11
.3
2

21
.8
8+

0
.1
0

−
0
.1
0

0.
33

+
0
.0
8

−
0
.0
5

2.
37

+
0
.5
8

−
0
.3
7

6.
2+

1
.2

−
1
.1

0.
78

+
0
.0
4

−
0
.0
4

4
36
14
13

10
:0
2:
00
.9
7

01
:5
0:
24
.2
8

3.
2

3.
23
0+

0
.0
0
7

−
0
.0
0
6

10
.7
5

23
.3
7+

0
.0
8

−
0
.1
1

0.
07

+
0
.0
1

−
0
.0
1

0.
46

+
0
.0
8

−
0
.0
7

4.
8+

2
.9

−
1
.3

0.
86

+
0
.1
1

−
0
.1
1

5
44
70
58

09
:5
9:
11
.7
7

01
:5
8:
32
.9
6

2.
5

2.
66
5+

0
.0
0
3

−
0
.0
0
7

11
.1
1

22
.2
0+

0
.0
2

−
0
.0
2

0.
21

+
0
.0
1

−
0
.0
1

1.
63

+
0
.0
5

−
0
.0
5

1.
2+

0
.1

−
0
.1

0.
79

+
0
.0
3

−
0
.0
3

6
47
83
02

09
:5
9:
01
.3
1

02
:0
1:
34
.1
5

2.
6

2.
80
1+

0
.0
0
5

−
0
.0
0
2

11
.1
3

22
.2
3+

0
.0
2

−
0
.0
2

0.
10
9+

0
.0
0
4

−
0
.0
0
4

0.
84

+
0
.0
3

−
0
.0
3

2.
3+

0
.3

−
0
.3

0.
56

+
0
.0
4

−
0
.0
4

7
50
38
98

10
:0
1:
31
.8
6

02
:0
3:
58
.7
9

2.
6

2.
67
4+

0
.0
0
5

−
0
.0
0
9

11
.3
2

21
.6
0+

0
.1
3

−
0
.1
1

0.
57

+
0
.1
3

−
0
.1
1

4.
45

+
1
.0
4

−
0
.8
9

6.
3+

1
.0

−
1
.2

0.
60

+
0
.0
3

−
0
.0
3

8
57
54
36

10
:0
0:
43
.7
6

02
:1
0:
28
.7
1

2.
8

2.
99
8+

0
.0
0
2

−
0
.0
0
3

11
.1
7

22
.3
0+

0
.0
3

−
0
.0
4

0.
10

+
0
.0
1

−
0
.0
1

0.
75

+
0
.0
5

−
0
.0
4

4.
3+

0
.8

−
0
.7

0.
33

+
0
.0
3

−
0
.0
3

9
70
79
62

09
:5
9:
32
.5
2

02
:2
2:
21
.9
9

2.
6

2.
66
7+

0
.0
1
5

−
0
.0
0
2

11
.3

21
.6
6+

0
.1
5

−
0
.1
7

0.
29

+
0
.1
6

−
0
.0
7

2.
27

+
1
.2
4

−
0
.5
8

12
a

0.
87

+
0
.0
5

−
0
.0
5

10
97
76
80

10
:0
0:
12
.6
5

02
:4
7:
23
.4
7

2.
5

2.
39
3+

0
.0
1
1

−
0
.0
0
0

11
.1

22
.3
9+

0
.0
3

−
0
.0
3

0.
15

+
0
.0
1

−
0
.0
1

1.
19

+
0
.0
6

−
0
.0
5

2.
6+

0
.4

−
0
.3

0.
67

+
0
.0
4

−
0
.0
4

a
If
th
e
S
ér
si
c
in
d
ex

is
fi
x
ed

to
4,

th
e
eff

ec
ti
ve

ra
d
iu
s
d
ec
re
as
es

to
0.
14

ar
cs
ec

(2
.1
σ
),
se
e
S
ec
ti
on

2.
3.



32 2. Structures of z ≈ 3 quiescent galaxies

fit for IDs 2 and 10 also show faint neighbours close to the targets (0.56 arcsec and
0.1 arcsec, respectively, corresponding to 4.6 kpc and 1.0 kpc if they are at the tar-
gets redshift). For these sources an additional Sérsic component is thus used in the
following to simultaneously model the faint neighbours. The models and residuals
in Figure 2.4 show the modeling accounting for these sources. Estimated parameter
values (re, n, q) change by ≲ 10 percent, except for the estimated effective radius of
ID 10 which decreases by 19 percent and its axis ratio which increases by 25 percent.

For several sources, namely IDs 6, 7, 8, 9 and 10 the residual images show a
central residual. For ID 8 about 4 percent of the pixels associated with the source
have a significance of more than 3σ in the residuals. For all other sources this fraction
is ≲ 2 percent. This is also shown in the Appendix in Figure 2.10. We verified that
this is not a PSF effect by fitting the targets with different PSF models, including
the more peaked TinyTim and van der Wel et al. (2014) models and examining
a larger number of residuals from fits of other sources in the images. We also
verified that adding an additional point-like component to the fit does not produce
an appreciable improvement on the residuals for any of these targets. We note that
3 of these sources (IDs 6, 7 and 10) are detected in both the Jin et al. (2018) 24 µm
catalog and the Marchesi et al. (2016) catalog of X-ray sources. Therefore, some
level of star formation (in the galaxy center) and/or nuclear activity might possibly
cause the central excess. By comparing the 24 µm and X-ray luminosities, D’Eugenio
et al. (in preparation) suggest that in at least two out of these three sources the IR
and X-ray emission is likely AGN dominated. The flux of the central residual for
these sources is smaller than 10 percent of the image flux in any pixel.

2.3.1 Uncertainties

The precision and accuracy of our measurements are limited by noise and by uncer-
tainties in the PSF model, which are analysed in the following.

To estimate the impact of PSF uncertainties on the parameter estimates we
create on empty images without noise artificial sources with effective radius ranging
from 0.03 to 0.72 arcsec (0.2 kpc ≤ re ≤ 5.8 kpc at z = 2.75) and with Sérsic indices
from 0.5 to 8, spanning a reasonably wide range of Sérsic parameters for quiescent
galaxies in the mass and redshift range of our targets. We then fit these artificial
sources with the same procedure used for our targets, using different PSF models
(see Section 2.3) for the convolution in the creation and in the fitting process. The
deviations of the retrieved parameters (effective radius, Sérsic index, axis ratio)
from the input ones are generally smaller than 5 percent; for very small radii (re ≲
0.05 arcsec or re ≲ 0.4 kpc in the probed redshift range) they can exceed 10 percent.
All of our targets except one (ID 4, re ≈ 0.07 arcsec) are significantly larger than
this size. The uncertainties on the PSF model are therefore expected to have a
subdominant impact on our results.

To investigate the uncertainties due to noise we create Sérsic models with Poisson
noise in different empty areas of the observed images. We first create sources with the
approximate magnitude of our targets, H ≈ 22, and effective radius and Sérsic index
in the same range as discussed above for the evaluation of systematic uncertainties.
In this case we use the same PSF for the creation of the artificial sources and for
their modeling.

In Figure 2.5 we show the deviation of the retrieved best-fit values for the Sérsic
index, effective radius and axis ratio with respect to the input values. The estimated
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Figure 2.5: Relative uncertainties on the estimated effective radius, Sérsic index and
axis ratio from the simulations (Section 2.3.1), defined as (pout − pin)/pin where pin
is the input parameter value of the artificial source and pout the retrieved value from
the fit. Left and right-hand panels show, respectively, the deviation of the retrieved
vs. input parameters as a function of effective radius and Sérsic index of the source.
The solid lines represent the median deviation from the input value, the shaded
areas show the scatter estimated from the 16− 84 percentile range. We show as an
example in the upper two panels results for a Sérsic index of 1 (black) and 4 (red)
in the left panels and for re = 0.06 arcsec (cyan) and re = 0.12 arcsec (orange) in
the right panels, both with axis ratios 0.5 ≤ qin ≤ 1. In the lower panels we show
uncertainties on the retrieved axis ratio for input axis ratios of 0.2, 0.5 and 0.8, as
indicated.
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scatter in re and n is of the order of 10 percent but depends on the actual values of re
and n. The scatter of the axis ratio is of the order of 5 percent except for very small
ratios of ≈ 0.2 where it reaches ≈ 10 percent. Models with larger Sérsic indices have
generally larger uncertainties on the retrieved parameters and the Sérsic index tends
to be underestimated, because of the extended tails and low SNR in the outskirts
(see also e.g., Marleau and Simard, 1998; Pignatelli, Fasano, and Cassata, 2006;
Sargent et al., 2007; Pannella et al., 2009b). This underestimation, ∆n ≈ 5 percent
for n ≈ 4 and ∆n ≈ 10 percent for very high Sérsic indices of n ≈ 8, is about 4 times
smaller than the statistical uncertainty. Sources with very small radii, close to the
resolution limit, are affected by larger uncertainties, as well as those with very large
radii because of the lower SNR per pixel at fixed magnitude. Sources with n ≈ 1
and with re ≳ 0.15 arcsec have uncertainties σre < 5 percent and σn < 10 percent.
The effective radius of models with large n and re is also affected by a systematic
underestimation of re. For large sources with re = 0.3 arcsec and n ≈ 4, re is
underestimated by ≈ 5 percent, for n = 8 by ≈ 10 percent. These systematics are
small compared to the statistical uncertainties for the same models.

To properly estimate statistical uncertainties on the measured Sérsic parameters
for each target, we then create artificial sources with parameters in a 10 percent
range around the best fit models, motivated by the previous results, adding as usual
Poisson noise. We add them to different empty areas of the observed images and
fit them again with the same PSF as used for the creation. Since the estimated
systematics are typically small compared to the statistical uncertainties we do not
apply any correction for the described systematics in the following.

2.4 Results and discussion

2.4.1 Broad structural properties

Sérsic indices of our sources range from 1.2 to 6.3 with median statistical uncertain-
ties of 16% except for source ID 9, which formally has a best-fit Sérsic index of 12.
The median Sérsic index of all targets is 4.5+0.3

−1.4. The high Sérsic index of ID 9 has
no strong influence on the median Sérsic index, excluding it leads to a median of
n = 4.3+0.5

−1.2. The low Sérsic index n = 1.2+0.1
−0.1 of ID 5 is also reinforced by the diffuse

appearance in the F814W image compared to the other sources (see Figure 2.4).
In Figure 2.6 we show the median Sérsic index of massive quiescent galaxy sam-

ples as a function of redshift. For comparison to lower redshift quiescent and star
forming galaxies we show median Sérsic indices of galaxies with stellar masses of
11 < log(M⋆/M⊙) < 11.5 from the morphological analysis of van der Wel et al.
(2014). At all redshifts, median Sérsic indices of quiescent galaxies are significantly
larger than those of star-forming galaxies. The median Sérsic indices of quiescent
galaxies from the van der Wel et al. (2014) sample decrease from n = 4.5+0.2

−0.3 at
z = 0.4 to n = 3.3+1.0

−0.4 at z = 2.7. Our results are consistent with no significant
evolution in the median Sérsic index of quiescent galaxies up to z ≈ 3, in agreement
with other studies from Patel et al. (2017), Mowla et al. (2019), Marsan et al. (2019),
Stockmann et al. (2020) and Esdaile et al. (2020), although some investigations have
reported lower Sérsic indices at z ≳ 1.5 (e.g., van Dokkum et al., 2008; van der Wel
et al., 2011).

Axis ratios of our targets range between 0.33 and 0.96 with a median of 0.73+0.06
−0.12.

The only source with q < 0.5 is ID 8 having q = 0.33+0.03
−0.03 in spite of a high Sérsic
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index of 4.3+0.8
−0.7. The source also appears rather flat in the F814W image, which

could be explained by a combination of an older bulge with redder colors and a
younger and bluer disc that is seen edge-on.

Hill et al. (2019) find a redshift and stellar mass independent linear relation
between Sérsic index and apparent axis ratio with a slope of dq/dn = 0.062, yielding
an axis ratio of 0.71 at our median Sérsic index of 4.5, in perfect agreement with our
measurement and reinforcing our conclusions on the generally high Sérsic indices of
these sources.

In Figure 2.6 we also show the median axis ratio of massive quiescent galaxies
as a function of redshift from Hill et al. (2019), comparing with measurements from
our work and other studies at z ≳ 1.5. While at z < 2 median axis ratios of
quiescent galaxy samples are larger than those of star-forming galaxies, at z ≳ 2
no clear difference can be seen, although uncertainties become large and quiescent
galaxy sample contamination from starforming sources is likely more significant.
Our measurement of the average axis ratio is in agreement with typical axis ratios
of quiescent galaxies at low redshift (e.g., Hill et al., 2019; Holden et al., 2012).
Consistent with our measurements, Patel et al. (2017) and Marsan et al. (2019) also
find high axis ratios and Sérsic indices for massive (log(M⋆/M⊙) > 11.26) quiescent
galaxies at z ≈ 2.6 as well as Esdaile et al. (2020) at z ≈ 3.3, suggesting that already
at z ≈ 3 a large fraction of quiescent galaxies are bulge dominated. On the other
hand van Dokkum et al. (2008) investigated morphologies of 9 spectroscopically
confirmed massive (log(M⋆/M⊙) > 11.1) quiescent galaxies at z ≈ 2.3. The median
Sérsic index of their sample is 2.3+0.5

−0.0 and the median apparent axis ratio 0.63+0.08
−0.24.

In agreement with these results, van der Wel et al. (2011) analysed a color selected
sample of 14 massive (log(M⋆/M⊙) > 10.8) quiescent galaxies at 1.5 < z < 2.5
finding a median Sérsic index of 2.45+0.15

−0.40 and a median axis ratio of 0.67+0.10
−0.06. Belli,

Newman, and Ellis (2017) find a median Sérsic index of 3.25+0.45
−0.30 and a median axis

ratio of 0.69+0.05
−0.04 in the same redshift range. Hill et al. (2019) investigated the median

flattening of galaxies in the redshift range 0.2 < z < 4.0, based on the structural
analysis from van der Wel et al. (2014) and also find that, for quiescent galaxies
with log(M⋆/M⊙) > 11.0, the apparent axis ratio decreases to q = 0.60 ± 0.07 at
z = 2.7. In contrast to results from this work and other previous investigations
as discussed above, these studies suggest that massive quiescent galaxies at high
redshift are flatter than low-redshift counterparts, with a large fraction of disk-
dominated systems. Considering at face value our results on both Sérsic indices
and axis ratios, our measurements do not lend support to this picture. Nonetheless,
concerning axis ratios, we note that given the large statistical uncertainties our
median axis ratio is still consistent with results from van Dokkum et al. (2008),
van der Wel et al. (2011), and Hill et al. (2019). Furthermore, one of our targets
has q < 0.5 and three have n < 3, suggesting that some sources in our sample
might indeed be disk-dominated or have a significant disk component. We note that
differences in results and conclusions from the studies discussed above may partly
derive from different sample selection criteria (in particular van der Wel et al. (2011)
and Hill et al. (2019) rely on different flavours of photometrically selected samples).

2.4.2 The mass-size relation

The estimated effective radii of the galaxies in our sample are between 0.07 and
0.57 arcsec, corresponding to physical sizes of 0.5 to 4.5 kpc at restframe wavelengths
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Figure 2.6: Median Sérsic indices (left panel) and axis ratios (right panel) of massive
quiescent galaxy samples as a function of redshift. For comparison, we also show
the evolution of the Sérsic index for star-forming galaxies from van der Wel et
al. (2014, left) and of the axis ratios from the same sample analysed by Hill et
al. (2019, right). Sources from van der Wel et al. (2014) have stellar masses of
11 < log(M⋆/M⊙) < 11.5 and sources from Hill et al. (2019) have log(M⋆/M⊙) > 11.
Results from other works are reported as published, with no further mass selection
applied. If the same mass selection is applied to the other samples, measurements
change within the uncertainties with no systematics. Uncertainties for the samples
of van der Wel et al. (2014) and Hill et al. (2019) are taken from the papers while
we use bootstrapping for the calculation for the other samples.
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from 3800 to 4700 Å. Fitting ID 9 with the Sérsic index fixed to a typical value for
bulge dominated systems of n = 4 (close to the sample median of n = 4.5+0.3

−1.4) leads
to a decrease of the estimated effective radius by 50 percent.

Because of - mostly negative - color gradients of galaxies (van der Wel et al.,
2014; Suess et al., 2019a,b; Szomoru et al., 2011; Wuyts et al., 2012), galaxy sizes
inferred from light profiles depend on the probed wavelength with sizes being larger
at shorter wavelengths. For a proper comparison with previous works we convert all
measured sizes to the same restframe wavelength of 5000 Å, adopting the correction
appropriate for quiescent galaxies from van der Wel et al. (2014):

re(5000 Å) = re(λobs)

(
1 + z

λobs/5000 Å

)∆ log re
∆ log λ

(2.3)

with
∆ log re
∆ log λ

= −0.35 + 0.12z − 0.25 log

(
M⋆

1010M⊙

)
, (2.4)

where λobs is the observed wavelength of 16 000 Å. This results in a very small
correction decreasing the measured sizes of our targets by about 5 percent; the final
sizes adopted in the following are between 0.5 and 4.4 kpc with a median size of
1.4+0.9

−0.2 kpc. Uncertainties on the median are obtained by bootstrapping. These
sizes are reported in Table 2.1.

In Figure 2.7 we compare our results for the stellar mass-size relation of qui-
escent galaxies at z ≈ 3 with previous measurements of photometrically (UVJ)
selected quiescent and star-forming galaxies from van der Wel et al. (2014), as well
as quiescent galaxies from Patel et al. (2017) and Mowla et al. (2019), in the same
redshift range. To ensure that no systematics on stellar masses affect our compar-
ison with size estimates from van der Wel et al. (2014), we fit Sérsic profiles to all
galaxies in our fields and estimate their stellar masses as explained in Section 2.2.2.
Their mass size relations are consistent with results from van der Wel et al. (2014) at
the corresponding redshifts, indicating no significant systematics between the mass
and size measurements in the two studies. For a more proper comparison of the
mass-size relation within the probed 2.4 < z < 3.2 range, and given the small sam-
ple size of the plotted samples from this work, Patel et al. (2017) and Mowla et al.
(2019), we scale individual sizes for galaxies from these samples to a pivot redshift
of 2.75 using the size evolution dependence on the Hubble parameter from van der
Wel et al. (2014). This scaling leads to a maximum decrease of sizes by 17 percent
at the lowest redshift z = 2.4 and a maximum increase by 25 percent at the highest
redshift z = 3.2 7. The median sizes of our, Patel et al. (2017) and Mowla et al.
(2019) samples decrease by ≈ 7, 8 and 10 percent, respectively.

Our sources specifically probe the mass-size relation at the highest stellar masses,
for the first time with a statistical, homogeneously analysed, spectroscopically con-
firmed quiescent galaxy sample at this redshift. Our measurements thus extend
towards the highest masses the determination of the mass-size relation of quiescent
sources at z ≈ 3, which in deep fields is typically dominated by lower-mass galaxies
because of the intrinsically low number density of very massive quiescent sources.
Our measurement of the median quiescent galaxy size at the tip of the mass-size

7If rather than using the size evolution dependence on the Hubble parameter we use the de-
pendence on 1 + z, always from van der Wel et al. (2014), the maximum increase (decrease) is
14 percent (20 percent) which does not impact the results of this analysis.
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Figure 2.7: Estimated effective radii as a function of stellar mass. Sizes of individual
galaxies from this work (stars), Patel et al. (2017, triangles) and Mowla et al. (2019,
squares) are scaled to a pivot redshift of 2.75 (see Section 2.4.2). The red and
purple dots show the median size and median mass from our sample and from Patel
et al. (2017), respectively. Red (blue) dots are quiescent (star-forming) galaxies with
2.5 < z < 3.0 from van der Wel et al. (2014), with red and blue solid lines showing
the corresponding best-fit mass-size relations. For comparison, the best-fit relations
for z < 0.5 from the same work are shown with dashed lines.
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relation (log(M⋆/M⊙) ≳ 11) at z ≈ 3 is nonetheless consistent with the relation
measured in van der Wel et al. (2014).

Central Stellar Mass Densities

Although with the available data we can only probe the projected surface bright-
ness distribution of our targets in the F160W band, we attempt a conversion of the
observed light profile to a stellar mass density profile, to estimate central densities
of these galaxies for the purpose of comparing with other similar studies. This con-
version relies in particular on the assumption that the observed F160W light traces
stellar mass across the galaxy: we stress that, also given the restframe wavelength
probed by the F160W imaging at the redshift of these sources, this assumption has
in fact significant limitations which are neglected in the following calculations.

We deproject the observed surface brightness distributions of our targets and
calculate their central densities within 1 kpc following the procedure in Whitaker
et al. (2017). Briefly, we calculate a circularized density profile from the best-fit
structural parameters derived in Section 2.3 by performing an Abel transform as
descibed in Bezanson et al. (2009). In the assumption that light traces mass the
central stellar mass density within 1 kpc is then given by:

ρ1 =

∫ 1 kpc

0
ρ(r)r2dr∫∞

0
ρ(r)r2dr

M⋆

4
3
π(1 kpc)3

, (2.5)

where ρ(r) is the spherical density profile as a function of radius. We estimate un-
certainties coming from the measurement of structural parameters by perturbing
re, n and q within their estimated uncertainties and recalculating the central densi-
ties 1000 times. These uncertainties are at most 0.09 dex; the uncertainties on the
central densities are therefore dominated by the uncertainties on the stellar mass
estimates (see Section 2.2.2) as well as by the limitations of the adopted assumptions
to convert the observed surface brightness distribution to a stellar mass density pro-
file. The central densities of the targets are 9.8 ≲ log(ρ1 kpc

3/M⊙) ≲ 10.4 with a
median of log(ρ1 kpc

3/M⊙) = 10.1± 0.1. Such central densities translate in circular
velocities at r = 1kpc of 330 km/s ≲ v1 ≲ 640 km/s (median 480+50

−60km/s), as ob-

tained by v1 =
√

4π
3
(1 kpc)2ρ1G, where G is the gravitational constant, by balancing

gravitational and centrifugal forces (see e.g., Whitaker et al., 2017).
These high inferred central densities - and implied circular velocities - are in

line with previous determinations for high-redshift massive, quiescent sources (e.g.,
Mowla et al., 2019; Whitaker et al., 2017; van Dokkum et al., 2014).

2.4.3 Size evolution

To constrain the redshift evolution of massive quiescent galaxies at early times we
compare sizes from our work with measurements from van der Wel et al. (2014),
Straatman et al. (2015), Patel et al. (2017), Kubo et al. (2017), Belli, Newman, and
Ellis (2017), Kubo et al. (2018), Marsan et al. (2019), Stockmann et al. (2020) and
Esdaile et al. (2020) in Figure 2.8. Sources from Belli, Newman, and Ellis (2017),
Stockmann et al. (2020), Esdaile et al. (2020) and from this work are spectroscopi-
cally confirmed quiescent galaxies, while the other studies we compare with rely on
photometrically selected quiescent sources.
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Figure 2.8: Median effective radii of quiescent galaxy samples with 10.6 <
log(M⋆/M⊙) < 11.8 as function of redshift. Sizes are scaled to a pivot mass of
log(M⋆/M⊙) = 11.1 as explained in section 2.4.2. The Marsan et al. (2019) (Belli,
Newman, and Ellis, 2017) sample is split into two subsamples with 1.5 < z < 2.1
(1.5 < z < 1.9) and 2.6 < z < 3 (2.1 < z < 2.4). The dotted line shows the best
fit model from van der Wel et al. (2014) assuming a re ∝ h(r)β relation, while the
dashed and solid lines show best fit models assuming re ∝ (1+z)β from van der Wel
et al. (2014) and Kubo et al. (2018), respectively. The dashed-dotted line shows
for reference the median evolution for star-forming galaxies from van der Wel et al.
(2014).
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Sources from van der Wel et al. (2014) in this figure have masses between
11.0 < log(M⋆/M⊙) < 11.5 with a median mass of log(M⋆/M⊙) ≈ 11.1 in each
redshift bin. We use the redshift independent slope of the mass size relation from
van der Wel et al. (2014) (d log(re)/d log(M⋆) = 0.7) to scale sizes of individual
galaxies of all other samples (with masses in the range 10.6 < log(M⋆/M⊙) < 11.8)
to log(M⋆/M⊙) = 11.1. We then calculate median sizes and uncertainties for
all samples by bootstrapping. The aforementioned scaling to a common mass of
log(M⋆/M⊙) = 11.1 has a very limited impact on our measurement of the median
size of our sample being 1.4+0.2

−0.5 kpc at the pivot mass, basically affecting only the
uncertainties. For the least massive sample (Straatman et al., 2015) this correction
increases the median size by ≈ 0.1 dex, while for the most massive sample (Marsan
et al., 2019) the median size decreases by ≈ 0.25 dex. For the study of Kubo et al.
(2018) the size and uncertainty of the stack is shown. All points are plotted at the
median redshift of the respective sample8.

Our measurements are in line with previous determinations indicating that sizes
of quiescent galaxies at fixed stellar mass have increased by nearly one order of
magnitude since z = 3. The different models from van der Wel et al. (2014) and
Kubo et al. (2018), that parametrise the redshift evolution of the mass-size relation
either as a function of the Hubble parameter, that is related to halo properties, or as
a function of the scale factor, differ by a maximum of 0.1 dex at the median target
redshift of 2.73. The median of our size measurements is consistent with the van
der Wel et al. (2014) evolution as a function of h(z) and the Kubo et al. (2018)
evolution as a function of 1+ z. Our measurement is 2 sigma smaller than expected
from the van der Wel et al. (2014) evolution as a function of 1 + z, which suggests,
together with the higher redshift measurements by Straatman et al. (2015), Kubo
et al. (2018) and Esdaile et al. (2020) that size evolution is steeper than in this
relation.

At redshifts closest to our measurements, the median sizes from Patel et al.
(2017) and especially from the highest redshift sources in Marsan et al. (2019) tend
to be larger than our estimate as well as than extrapolations from most of the
other high-redshift measurements discussed above. Both measurements are largely
based on the same sample of galaxies with a median mass of log(M⋆/M⊙) ≈ 11.3.
Based on these measurements, Patel et al. (2017) and Marsan et al. (2019) suggest
that very massive galaxies with log(M⋆/M⊙) > 11.25 are systematically larger than
expected from the mass-size relation determined at lower masses, and thus that the
size evolution factor may be different at the highest masses. On the other hand,
results from the very massive samples with log(M⋆/M⊙) ≈ 11.5 from Marsan et al.
(2019) at z ≈ 1.8 and from Stockmann et al. (2020) at z ≈ 2 – the latter likely
affected by minimal contamination from star-forming sources, due to spectroscopic
confirmation – do not seem to support such a scenario. From the four most massive
galaxies in our sample with log(M⋆/M⊙) > 11.25 we see excellent agreement with
the extrapolation of the van der Wel et al. (2014) mass-size relation, although the
statistics are very limited due to the small sample size.

8We do not use any size vs. redshift relation to scale individual galaxy sizes to the median
redshift before calculating the median size. However, if any of the relations shown in Figure 2.8 is
adopted to do so, the impact on the median size is smaller than 0.03 dex for any sample and does
not affect our discussion.
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2.5 Summary and Conclusions

We have analysed structural properties of a first sizeable sample of spectroscopically
confirmed, massive, quiescent galaxies at z ≈ 3 (D’Eugenio et al., 2020). Due to
the rarity of these objects, we relied on targeted HST/WFC3 imaging of 10 robust
candidates.

We estimate structural properties by fitting Sérsic profiles to the F160W images
and obtain half light radii of about re ≈ 1 kpc at stellar masses of log(M⋆/M⊙) ≈
11.2, in agreement with photometrically selected samples at this redshift. The com-
parison with sizes of massive quiescent galaxies at different redshifts shows substan-
tial agreement with the expected evolution of the mass-size relation of quiescent
galaxies as determined in previous work, pointing towards a size evolution factor at
fixed stellar mass of almost a factor 10 from z ≈ 3 to today.

Although our observations are consistent with a fraction of our sample being
made of disk-dominated galaxies, and a larger sample would be needed to bet-
ter quantify the prevalence of such sources, our measurements of both axis ratios
and Sérsic indices suggest that massive, quiescent galaxies are already largely bulge
dominated at z ≈ 3. Based on a sample of massive galaxies in the redshift range
0.5 < z < 3, Barro et al. (2017) find a redshift and mass independent relation be-
tween the offset of a galaxy’s star formation rate from the main sequence and the
central mass density, that strongly correlates with Sérsic index. This implies that
star forming galaxies first grow inside out while increasing the radius and the central
mass density, followed by a phase of enhanced bulge growth that increases the Sérsic
index. Star formation is then suppressed and galaxies become quiescent. This pic-
ture is also in line with other studies by e.g. Lang et al. (2014), van Dokkum et al.
(2015, 2014), Gobat et al. (2017), Whitaker et al. (2017) and Gómez-Guijarro et al.
(2019) and is consistent with the large fraction of bulge dominated systems in our
sample. The presence of bulge-dominated, quiescent galaxies already at z ≈ 3 con-
straints the timescales of quenching and of morphological transformations at early
times. Although merging is believed to be a critical process to explain the size and
structural evolution of quiescent high redshift progenitors into local massive ellip-
ticals, the combination of young ages and dense, compact structures of the most
distant quiescent galaxies such as those studied here suggest different mechanisms
for the fast formation of the stellar core. Matching number densities and high SFRs
at high redshift have suggested an evolutionary path linking the intense bursts of
star formation in high-redshift sub-mm galaxies to the high stellar densities and old
stellar populations of massive elliptical galaxies at lower redshifts down to the nearby
universe (e.g., Cimatti et al., 2008; Lilly et al., 1999; Genzel et al., 2003; Tacconi
et al., 2008b; Simpson et al., 2014, 2017), including in particular the most distant
massive, dusty star-forming galaxies being likely progenitors of (at least some of)
the first massive, compact quiescent galaxies at z > 2 (e.g., Forrest et al., 2020a;
Valentino et al., 2020; Toft et al., 2014). High resolution ALMA imaging of z ∼ 4−6
dusty, massive, highly star-forming sources confirms the existence of possible star-
forming progenitors with already compact morphologies (Oteo et al., 2017; Jin et
al., 2019). The majority of bright sub-mm galaxies in simulations (Dekel, Sari, and
Ceverino, 2009; Zolotov et al., 2015; Hopkins et al., 2008; Wellons et al., 2015; Lagos
et al., 2020) are experiencing central starbursts driven by two main channels, gas-
rich major mergers and disk instabilities, that increase the central density forming
a compact remnant. Such remnants may still have disks and disk-dominated kine-
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matics (e.g., Newman et al., 2018; Toft et al., 2017; Belli, Newman, and Ellis, 2017,
and references therein), suggesting that the morphological transformations creat-
ing dispersion-supported ellipticals are not necessarily coincident with quenching.
The mechanism by which star formation would stop in the compact star-forming
progenitors is still unclear, with proposed processes including dynamical heating
(morphological quenching, Martig et al., 2009), stellar and AGN feedback (Hopkins
et al., 2006), shock heating (Dekel and Birnboim, 2006), cosmological starvation
(Feldmann and Mayer, 2015), starvation by the circumgalactic medium having too
high angular momentum to be accreted by the central galaxy (Peng and Renzini,
2020) (see also e.g., Man and Belli, 2018, and references therein). Some observations
(Nelson et al., 2014; Gilli et al., 2014) have identified possible compact star-forming
progenitors suggestive of dense stellar cores in their formation phase (see also Patel
et al., 2013; Stefanon et al., 2013; Barro et al., 2013; Barro et al., 2014a; Barro et al.,
2014b; Williams et al., 2015) or quenching progenitors suggestive of the transition
stage to compact quiescent remnants (Marsan et al., 2015). Recent and upcoming
efforts to secure samples of very distant quiescent galaxies and of their immediate
progenitors, their observation with state-of-the art and new instruments to probe
their stellar population, gas content, and structural and kinematical properties, and
the detailed comparison with state-of-the-art simulations, will soon provide new
constraints on the early formation of massive quiescent galaxies.
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Figure 2.9: Comparison of spectroscopic redshifts of quiescent galaxies with pho-
tometric redshifts from Muzzin et al. (2013a, left panel) and Laigle et al. (2016,
right panel). Sources from Schreiber et al. (2018) at z ≈ 2.5 and (Marsan et al.,
2015) at z ≈ 3.4 have a photometric redshift estimates in Laigle et al. (2016) of 4.9
and z = 0.3, respectively and are not shown in the right panel. The sources from
Glazebrook et al. (2017) and Schreiber et al. (2018) at z = 3.7 are the same.
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The data of the HST program underlying this article are available in the HST
archive9. References for additional data are given in the text.

2.6 Appendix

2.6.1 Comparison of spectroscopic
and photometric redshifts

In section 2.2.3 we compare restframe UVJ colors of our sample with the full mas-
sive parent sample at 2.5 < z < 3.0. To derive UVJ colors and stellar masses
for the parent sample we make use of photometric redshifts. To investigate how
reliable the photometric redshifts are we compare in Figure 2.9 spectroscopic red-
shifts of quiescent galaxies at zspec ≳ 1.2 with photometric redshifts from Muzzin
et al. (2013a) and Laigle et al. (2016). Redshifts from Krogager et al. (2014) and
D’Eugenio et al. (2020) rely on HST grism data while redshifts from Onodera et al.
(2015), Marsan et al. (2015), Gobat et al. (2017), Belli, Newman, and Ellis (2017),
Glazebrook et al. (2017), Schreiber et al. (2018), Valentino et al. (2020) and Stock-
mann et al. (2020) rely on spectroscopic observations from ground-based telescopes.
Photometric redshifts from Laigle et al. (2016) have a larger scatter and are system-
atically underestimated in this redshift range, especially at zspec ≳ 2.5. We therefore
use redshifts from Muzzin et al. (2013a) together with the deeper photometry from
Laigle et al. (2016) for our analysis in Section 2.2.3.

9https://archive.stsci.edu/hst/
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2.6.2 Significance of the central residuals

In Figure 2.10 we show the F160W images and residuals after subtracting the best fit
Sérsic profiles (see Figure 2.4 and Section 2.3) together with a plot of the significance
of the residuals that we define as the absolute value of the residuals divided by the
noise in each pixel. Considering only pixels of the F160W images with a flux higher
than 3 times the root mean square of the background we find that the fraction of
pixels in the residual images with a significance higher than 3 is ≲ 2 percent for all
sources except for ID 8, where we find 4 percent.
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Figure 2.10: HST F160W images of the targets, residuals and their significance,
defined as |residuals|/σ. For each source the fraction of pixels associated with the
sources that have |residuals|/σ > 3 is indicated.



Chapter 3

Massive quiescent galaxies at
z ≈ 3: a comparison of selection,
stellar population and structural
properties with simulation
predictions
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ABSTRACT
We study stellar population and structural properties of massive log(M⋆/M⊙) >
11 galaxies at z ≈ 2.7 in the Magneticum (box 3) and IllustrisTNG (TNG100,
TNG300) hydrodynamical simulations. We find stellar mass functions broadly
consistent with observations, with no scarcity of massive, quiescent galaxies
at z ≈ 2.7, but with a higher quiescent galaxy fraction at high masses in Il-
lustrisTNG. Average ages of simulated quiescent galaxies are between ≈ 0.8
and 1.0Gyr, older by a factor ≈ 2 than observed in spectroscopically-confirmed
quiescent galaxies at similar redshift. Besides being potentially indicative of
issues with star-formation recipes in simulations, this discrepancy might also
be partly explained by limitations in the estimation of observed ages. We
investigate the purity of simulated UVJ rest-frame color-selected massive qui-
escent samples with photometric uncertainties typical of deep surveys (e.g.,
COSMOS). We find evidence for significant contamination (up to 60 percent)
by dusty star-forming galaxies in the UVJ region that is typically populated
by older quiescent sources. Furthermore, simulations suggest that the com-
pleteness of UVJ-selected quiescent samples at this redshift may be reduced by
≈ 30 percent due to a high fraction of young quiescent galaxies not entering
the UVJ quiescent region. Massive, quiescent galaxies in simulations have on
average lower angular momenta and higher projected axis ratios and concen-
trations than star-forming counterparts. Average sizes of simulated quiescent
galaxies are relatively close to observed ones, and broadly consistent within the
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uncertainties. The average size ratio of quiescent and star-forming galaxies in
the probed mass range is formally consistent with observations, although this
result is partly affected by poor statistics.

3.1 Introduction

In the local Universe spheroids contain about 75 percent of the total stellar mass (in-
cluding ellipticals, E0s and bulges in spirals, Renzini, 2006). At the same time, about
10 times more quiescent than star-forming galaxies are found at log(M⋆/M⊙) ≳ 11.5
(e.g., Baldry et al., 2004). Indeed, there is a long-known strong correlation between
morphology and stellar populations of nearby galaxies, where early-type, bulge-
dominated systems have suppressed star-formation and generally host older stellar
populations, whereas younger, actively star-forming galaxies typically have late-
type, disk-like morphologies. Morphologically early-type galaxies have higher cen-
tral concentrations and lower apparent ellipticity. It is established that they are
more compact than star-forming galaxies up to stellar masses log(M⋆/M⊙) ≈ 11
(e.g., Shen et al., 2003; Guo et al., 2009) and have lower specific angular momen-
tum at fixed stellar mass (e.g., Fall, 1983; Romanowsky and Fall, 2012; Fall and
Romanowsky, 2018).

Studies of massive galaxies at higher redshift have revealed a much lower quies-
cent fraction, reduced by up to a factor of ≈ 10 at z ≈ 3 at the same stellar mass
(e.g., Muzzin et al., 2013b; Martis et al., 2016; Davidzon et al., 2017). Morphologi-
cal studies of massive quiescent galaxies at higher redshift have produced conflicting
results. Some studies find quiescent galaxies with low Sérsic indices and smaller axis
ratios than at lower redshift (van Dokkum et al., 2008; van der Wel et al., 2011;
Bezanson et al., 2018; McGrath et al., 2008; Bundy et al., 2010; Chang et al., 2013;
McLure et al., 2013; Hsu, Stockton, and Shih, 2014), suggesting that the strong cor-
relation between morphology and SFR is not as pronounced in the early Universe.
However, other studies (e.g., Bell et al., 2012; Mowla et al., 2019; Esdaile et al.,
2020; Lang et al., 2014; Tacchella et al., 2015) find evidence that the correlation al-
ready exists at high redshift. The investigation of the relation between morphology
and star formation properties is crucial to understanding quenching processes and
is more generally a critical aspect of galaxy evolution.

The most famous morphological classification scheme for galaxies is the Hub-
ble sequence (Hubble, 1926). Sandage, Freeman, and Stokes (1970) suggested that
the Hubble sequence is at fixed mass a sequence of increasing angular momentum.
The angular momentum of galaxies is obtained by primordial tidal torques (Peebles,
1969). Fall (1983) found that the specific angular momentum at fixed stellar mass
of nearby spiral galaxies is larger than for ellipticals. This result was later confirmed
by Romanowsky and Fall (2012), Obreschkow and Glazebrook (2014) and Cortese
et al. (2016). The lower specific angular momentum of elliptical galaxies has been
investigated from a theoretical perspective in a number of studies (e.g., Barnes and
Efstathiou, 1987; Navarro and White, 1994; Heyl, Hernquist, and Spergel, 1996;
Zavala, Okamoto, and Frenk, 2008; Lagos et al., 2018, 2017). By measuring stel-
lar kinematics with integral field spectroscopy it has been shown that in the local
Universe the vast majority of early type galaxies are fast rotators and slow rotators
dominate only on the high-mass end (M⋆ ≳ 2 × 1011M⊙, Emsellem et al., 2011;
Cappellari, 2016). Another contribution to the evolution of the specific angular
momentum with time comes from cosmic expansion for which Obreschkow et al.
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(2015) derive that for a spherical halo the specific angular momentum evolves with
(1 + z)−1/2.

Concerning star formation properties, many studies over more than a decade
have shown a close correlation between the SFR and the stellar mass of star-forming
galaxies, the so-called star-forming main-sequence (MS) that exists up to at least
z ≈ 4 (e.g., Noeske et al., 2007; Daddi et al., 2007; Pannella et al., 2009a; Rodighiero
et al., 2011; Wuyts et al., 2011; Schreiber et al., 2015; Renzini and Peng, 2015;
Whitaker et al., 2012b; Tacconi, Genzel, and Sternberg, 2020). It has been argued
that galaxies with a steady balance between gas infall and SFR lie on the MS with
a slope of 1, however, observations find lower values between 0.4 and 1.0, which
is assumed to be a result of quenching processes and smaller cold gas fractions at
higher stellar mass (Pearson et al., 2018; Pan, Zheng, and Kong, 2017). The scatter
of the MS is estimated to be approximately 0.3 dex, independent of mass and at
least up to z ≈ 3 (Whitaker et al., 2012b; Speagle et al., 2014; Tomczak et al.,
2016; Pearson et al., 2018). This is believed to be a result of a cyclic process in
which galaxies achieve a higher SFR as a consequence of compactification of the
gas in their center that triggers star-formation. This is followed by depletion of the
gas and reduced SFR until new infalling gas fuels the star-formation again. When
the replenishment time becomes longer than the depletion time the galaxy becomes
quiescent (Tacchella et al., 2016b; Pearson et al., 2018). The normalization of the
MS increases at higher redshift (e.g., Schreiber et al., 2015; Speagle et al., 2014;
Tomczak et al., 2016; Johnston et al., 2015) as expected due to the higher amount
of cold gas available for star formation (Pearson et al., 2018; Tacconi et al., 2008a;
Dunne et al., 2011; Genzel et al., 2015; Scoville et al., 2016).

While at low redshift a specific star formation rate (sSFR = SFR/M⋆) threshold
of log(sSFR × yr) = −11 is often used to classify galaxies as star-forming or qui-
escent (e.g., Brinchmann et al., 2004; Fontanot et al., 2009), the evolving MS can
be used at higher redshift to define a threshold for quiescence to account for the
generally higher SFR at earlier cosmic times. However, since robust SFR estimates
require unbiased SFR tracers rarely available over large, mass-limited samples, es-
pecially at high redshift the quiescent vs. star-forming classification of galaxies is
often done by means of observed or restframe colors that are able to separate quies-
cent and star-forming galaxies accounting for the impact of dust attenuation (e.g.,
Daddi et al., 2004; Williams et al., 2009; Ilbert et al., 2013; Arnouts et al., 2013).
At higher redshift increasing photometric uncertainties lead to larger uncertainties
on the classification and to potentially strong contamination of quiescent samples
by star-forming sources that may bias derived properties of quiescent galaxies. Ad-
ditionally, quiescent samples at high redshift contain a larger fraction of relatively
young sources that would be classified as post-starburst galaxies at lower redshift
(e.g., D’Eugenio et al., 2020; Whitaker et al., 2012a; Marchesini et al., 2014; Merlin
et al., 2018; Maltby et al., 2018; Lustig et al., 2021). As shown in some studies
(e.g., Schreiber et al., 2018; Forrest et al., 2020b; Merlin et al., 2018) a potentially
significant population of such young quiescent galaxies might be missed by using
standard photometric classification criteria.

The comparison of galaxy properties in observations and simulations allows a
more detailed investigation and improvement of our theoretical understanding of
the evolution of galaxies, at the same time enhancing our capabilities of interpret-
ing observations disentangling different aspects. Indeed, the discovery of massive
quiescent galaxies in the early Universe has shown a tension with simulations that
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predicted too low quiescent fractions at the time (e.g., Glazebrook et al., 2017;
Schreiber et al., 2018; Forrest et al., 2020a; Straatman et al., 2014; Merlin et al.,
2019; Guarnieri et al., 2019; Alcalde Pampliega et al., 2019). It has been shown
that this problem might at least partly be solved by better physical descriptions of
AGN which can quench star formation and eject gas from the host galaxy. AGN
feedback could increase the fraction of quiescent galaxies to approach agreement
with observations and is potentially also an important contribution for morpholog-
ical evolution (e.g., McCarthy et al., 2011; Dubois et al., 2016; Remus et al., 2017;
Kaviraj et al., 2017; Weinberger et al., 2018). In addition, the number of resolu-
tion elements in hydrodynamical simulations has increased significantly in recent
years, allowing simulations with larger volume and higher resolution to investigate
spatially resolved properties of galaxies (e.g., Genel et al., 2014).

To reduce model ambiguities and provide conclusive evidence of the high redshift
and quiescence of candidate quiescent galaxies, spectroscopic observations are nec-
essary: current spectroscopic confirmations of quiescent galaxies reach out to z ≈ 4
(Glazebrook et al., 2017; Esdaile et al., 2020; Newman, Belli, and Ellis, 2015; New-
man et al., 2018; Glazebrook et al., 2004; Cimatti et al., 2004; Kriek et al., 2006;
Gobat et al., 2012; Onodera et al., 2012, 2015; Marsan et al., 2015; Hill et al., 2016;
Marsan et al., 2017; Gobat et al., 2017; Schreiber et al., 2018; Tanaka et al., 2019;
Forrest et al., 2020a,b; Valentino et al., 2020). In D’Eugenio et al. (2020, 2021) and
Lustig et al. (2021) we presented an analysis of stellar population and structural
properties of one of the first sizeable samples of z ≈ 3 spectroscopically confirmed
quiescent galaxies, with the homogeneous investigation of 10 massive sources at
2.4 < z < 3.2, extending previous work on spectroscopically confirmed samples (van
Dokkum et al., 2008; Cimatti et al., 2008; Stockmann et al., 2020; Belli, Newman,
and Ellis, 2017) to higher redshift.

In this paper we use Magneticum and IllustrisTNG (hereafter TNG) cosmological
simulations to compare observational findings on morphology and stellar population
properties of massive quiescent galaxies at z ≈ 3 with current models of galaxy
evolution. We also take advantage of the simulation framework to investigate the
performance, limitations and biases of the routinely adopted photometric selection
of quiescent galaxies at this redshift. In Section 3.2 we introduce the simulations
used in this paper, and present the investigated simulated galaxy samples and main
observational studies used here for comparison. In Section 3.3 we present stellar
mass functions (SMFs) at z ≈ 3 as predicted in the simulations in the context of
observational determination and in Section 3.4 we discuss stellar ages of galaxies.
In Section 3.5 we discuss photometric selection of quiescent galaxies at high redshift
and in Section 3.6 we present a morphological analysis of simulated galaxies. We
summarize our findings and conclusions Section 3.7. Despite some small differences
the cosmology adopted in all the different parts contributing to this analysis is a
flat ΛCDM cosmology with ΩM ≈ 0.3 and h ≈ 0.7 (see more specific details in
Section 3.2.3 and Table 3.1). We assume a Chabrier (2003) IMF. Magnitudes are
given in the AB system.
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3.2 High-redshift quiescent galaxies

in simulations and observations

In this work we use the IllustrisTNG and Magneticum suites of hydrodynamical
simulations. We focus on simulations with a large enough volume to host a decent
amount of quiescent galaxies at z ≈ 2.7 and a high enough resolution for a morpho-
logical analysis. In the following we briefly introduce the simulations. Their most
important parameters are listed in Table 3.1 and we refer to the relevant publications
listed below for a more throughout description.

3.2.1 Simulation data

IllustrisTNG

IllustrisTNG1 (Springel et al., 2018; Nelson et al., 2018; Marinacci et al., 2018;
Pillepich et al., 2018a; Naiman et al., 2018) is a set of hydrodynamical cosmological
simulations with different physical sizes and mass resolutions. In this work we
use the public data release (Nelson et al., 2019) of the simulations TNG100 and
TNG300, with box sizes of 100 and 300Mpc, at the highest available resolution.
Baryonic particle masses in TNG300 and TNG100 are 1.1 × 107M⊙ and 1.4 ×
106M⊙, respectively. A Planck Collaboration et al. (2016) cosmology is used in
both simulations with h = 0.677,ΩΛ = 0.691,ΩM = 0.309 and ΩB = 0.049. The
comoving softening length for stellar particles is 2.0 kpc/h in TNG300 and 1.0 kpc
in TNG100. Details of the galaxy formation models can be found in Weinberger
et al. (2017) and Pillepich et al. (2018b).

Magneticum Pathfinder

The Magneticum Pathfinder2 simulations are a suite of fully hydrodynamical cosmo-
logical simulations, covering different box volumes and resolutions (see Hirschmann
et al., 2014; Teklu et al., 2015). Here, we use the Magneticum Pathfinder simulation
box 3 (hereafter M3) with the highest available resolution (Steinborn et al., 2016).
The simulated box has a comoving side length of 128Mpc/h containing initially
2× 15363 particles (dark matter and gas) with a resolution of mDM = 3.6× 107M⊙
and mgas = 7.3 × 106M⊙ with each gas particle spawning up to 4 stellar particles,
resulting in an average particle mass of ≈ 1.8 × 106M⊙. The comoving softening
length for stellar particles is ϵstar = 0.7 kpc/h. A WMAP7 ΛCDM cosmology (Ko-
matsu et al., 2011) is used for the simulation with σ8 = 0.809, h = 0.704,ΩΛ =
0.728,ΩM = 0.272 and ΩB = 0.045. M3 provides a refined black hole accretion and
AGN feedback model with respect to the implementation from Springel (2005) that
results in a better agreement with the observed black hole mass - stellar mass re-
lation due to faster black hole growth at higher redshifts. The stronger feedback is
able to suppress star formation in galaxies earlier, leading to more quenched galaxies
at higher redshift in agreement with observations. For further details we refer to
Steinborn et al. (2015).

1www.tng-project.org
2www.magneticum.org
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3.2.2 Observational studies used for comparison

In this work, simulation results are compared to a range of observational properties
of distant quiescent galaxies drawn from several studies. We focus in particular
on the number density of quiescent galaxies and quiescent fractions at z ≈ 3 as
estimated in deep fields from Ilbert et al. (2013), Muzzin et al. (2013b), Martis et
al. (2016), Davidzon et al. (2017) and Sherman et al. (2020), and on structural and
stellar population properties both from statistical photometric samples from deep-
field photometric studies (van der Wel et al., 2014; Laigle et al., 2016) and more
specifically from our dedicated follow-up of a spectroscopically confirmed sample
of massive (median stellar mass log(M⋆/M⊙) ≈ 11.2) quiescent galaxies at z ≈ 3
(D’Eugenio et al., 2020, 2021; Lustig et al., 2021).

Indeed, this work is partly intended as a simulation analysis counterpart to our
previous observational studies of this sample, which is one of the first sizeable sam-
ples of spectroscopically confirmed quiescent galaxies at this redshift (see discussion
in the introduction). Therefore, we use results from D’Eugenio et al. (2020, 2021)
and Lustig et al. (2021) as a preferential observational counterpart in the follow-
ing, specifically commenting on relevant results from other studies as needed. We
summarise here the main aspects of these observations.

The sample was targeted with the Wide Field Camera 3 on the Hubble Space
Telescope with the F160W filter (H band) and the G141 grism. Targets were selected
as z > 2.5 quiescent galaxy candidates based on photometric classification, excluding
potential star-forming contaminants and focusing on the brightest sources with H ≲
22 for observational reasons (for full details on sample selection see D’Eugenio et
al., 2021; Lustig et al., 2021). D’Eugenio et al. (2020, 2021) measured spectroscopic
redshifts from grism data between z = 2.4 and z = 3.2 (median z = 2.7) and
confirmed quiescence for all targets. They found young stellar ages between 300 and
800Myr, consistent with an average formation redshift of z ≈ 3.5. In Lustig et al.
(2021) we analysed the morphology of galaxies in this sample and found high Sérsic
indices and axis ratios (medians ≈ 4.5 and 0.73, respectively), pointing towards a
largely bulge dominated population among quiescent galaxies already at z ≈ 3. For
further details we refer to the aforementioned papers.

3.2.3 Sample selection of simulated galaxies

We use the available simulation snapshots closest to the median redshift of our main
observed comparison sample (D’Eugenio et al., 2020, 2021; Lustig et al., 2021), which
is z = 2.73 in both TNG simulations and z = 2.79 in M3. Halo structures in all
simulations are identified with subfind (Springel et al., 2001; Dolag et al., 2009).
To compare with the massive galaxies in our observed sample (median stellar mass
log(M⋆/M⊙) ≈ 11.2) we focus on the most massive galaxies with log(M⋆/M⊙) ≥ 11.0
and initially select all galaxies above this mass threshold considering all gravitation-
ally bound particles according to subfind. This yields a parent sample of 196
galaxies in M3, 1077 in TNG300 and 78 in TNG100.

The comparison between stellar masses from observations and simulations is
not trivial. Statistical and systematic uncertainties on stellar masses from SED
fitting are estimated to be a factor of ≈ 2 (e.g., Maraston et al., 2006; Longhetti
and Saracco, 2009; Muzzin et al., 2009; Conroy, 2013; Pacifici et al., 2015). On
the simulation side, stellar masses assigned to simulated galaxies rely anyway on
assumptions (and are thus not necessarily directly comparable to the observational
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estimates). Furthermore, from a more practical point of view, because of the limited
SNR in observations, the inclusion of all bound stellar particles is not comparable
to what occurs in the analysis of observed galaxies Pillepich et al. (see also e.g.,
2018a), Genel et al. (2018), and Donnari et al. (2019, 2021). For a more realistic
comparison we define different subsamples that only include bound particles within
a certain distance from the center of the host galaxy. Because of the complex
behaviour of the SNR of observed galaxies and of the corrections applied to estimate
the total galaxy light, it is not trivial to find an aperture that matches those used in
observations. We therefore use a range of 2-dimensional apertures (by projecting the
galaxies along random lines of sight) to estimate the systematic uncertainties implied
by the aperture choice and the impact on our analysis. We carry out the analyses
in the following for four different aperture choices: 30 kpc apertures (corresponding
to ≈ 3.7 arcsec at z = 2.7) around both the center of mass and center of light (in
the observed H-band, see Section 3.2.4 for the calculation of the adopted synthetic
luminosities for simulated galaxies), and apertures equal to 2 times the half-mass
and half-light radii. The average offset between the mass and light-weighted center
is less than 0.2 kpc in the considered simulations, the choice between the two has
no impact on our results. The half-light and half-mass radii are in the order of
1− 4 kpc for the kind of galaxies studied here (see Section 3.6). The large range of
sizes covered by these apertures brackets typical sizes of apertures in observations
(see also e.g., Donnari et al., 2019, 2021). We therefore obtain 4 different subsamples
of massive galaxies by applying again the mass cut of log(M⋆/M⊙) ≥ 11 to the same
simulated parent galaxy sample by accounting for particles within the 4 different
apertures considered.

To calculate the centers (of mass and light) of simulated galaxies for defining
apertures, we project the particle positions along random lines of sight and iter-
atively calculate the average position of particles weighted by either their stellar
mass or H-band luminosity, excluding particles at > 2 kpc from the center3 until
convergence. Identifying as the galaxy center the position of the local (mass or
light) density maximum within 10 kpc of the above-defined center - possibly a bet-
ter definition for a minor fraction of asymmetric galaxies - results in an average shift
of the assumed center of the aperture by 0.16 kpc, and has no impact on the results
presented here.

3.2.4 Estimation of luminosities for simulated galaxies

For some analyses we use restframe U, V, J and observed H band luminosities.
To calculate luminosities for simulated galaxies we assign to each stellar particle a
SED corresponding to its age using Bruzual and Charlot (2003) stellar population
synthesis models with a Chabrier (2003) IMF, linearly interpolating the models to
match the metallicity of the given particle. We then calculate global SED’s as the
sum of the individual particle SED’s within the considered apertures.

We adopt an empirical approach to model the impact of dust on the global
galaxy SED’s. For quiescent galaxies we adopt results from D’Eugenio et al. (2021)
for our sample of 10 quiescent galaxies at 2.4 < z < 3.2, finding 0.1 < AV < 1.6
with a median AV = 0.5 (other spectroscopic studies at similar redshift find AV in
good agreement, e.g., Esdaile et al., 2020; Schreiber et al., 2018; Valentino et al.,

3Visual inspection confirms that a threshold of 2 kpc gives the best estimate of the halo centers
for most of the subhalos.
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2020). For each simulated quiescent galaxy we randomly choose an AV from this
distribution and consequently apply dust reddening to its SED assuming a Calzetti
(2001) attenuation law modified by a power law with slope (Noll et al., 2009; Salim,
Boquien, and Lee, 2018) δ = −0.4. Since all galaxies in the D’Eugenio et al. (2021)
sample are relatively young with t50 < 0.8Gyr (where t50 is the lookback time when
half of the stellar mass of the galaxy was formed, see Section 3.4) and a median
t50 = 0.45+0.05

−0.10Gyr, adopting the attenuation values estimated by D’Eugenio et al.
(2021) might overestimate the attenuation for older quiescent galaxies. To gauge
the impact of this effect on our results, we also calculate luminosities by applying
dust attenuation with D’Eugenio et al. (2021) AV only to quiescent galaxies with
t50 < 0.8Gyr, while for older sources, due to the lack of measurements at this
redshift, we adopt a Calzetti (2001) dust attenuation law with an AV typical of
quiescent galaxies with stellar ages 1 − 2Gyr - as appropriate for old populations
at z ≈ 3 - from lower redshift work (González Delgado et al., 2015). We therefore
assume for simulated quiescent galaxies with t50 > 0.8Gyr a randomly selected AV

from a Gaussian distribution with mean 0.25mag and standard deviation 0.15mag.
As this estimate is based on low-redshift quiescent sources (likely affected by, if
anything, less dust attenuation than z ∼ 3 counterparts of similar mass and age) we
assume that our two empirical approaches should bracket the actual dust attenuation
affecting z ∼ 3 quiescent galaxies in the probed mass range. In the following we
quote as a default results assuming this prescription for dust attenuation of quiescent
galaxies, and discuss as needed the dependence of the results on this choice.

For star-forming galaxies we use a Calzetti (2001) dust attenuation law with
stellar mass dependent AV from McLure et al. (2018) and Pannella et al. (2015),
giving AV = 1.8 − 1.6mag for a log(M⋆/M⊙) = 11 galaxy, with a scatter of 0.4 −
0.2mag, respectively. Given the similarity of the attenuation estimated from the
work of McLure et al. (2018) and Pannella et al. (2015), for the sake of simplicity
results presented in the following for star-forming galaxies are quoted only assuming
AV from Pannella et al. (2015). Using AV from McLure et al. (2018) does not affect
our results unless otherwise noted.

For some purposes of our analysis we need to mimic photometric uncertainties.
We quantify these based on the uncertainties (as a function of magnitude) on the
photometry of galaxies at 2.5 < z < 3 in the COSMOS2015 (Laigle et al., 2016)
catalog, whose data have been used for several observational work on high-redshift
quiescent galaxies and in particular for studies we directly compare with in the
following.

3.2.5 Selection of quiescent galaxies in simulations

Galaxies are often classified - and especially so at high redshift - as star-forming
or quiescent based on their position in rest-frame or observed color diagrams (e.g.,
Daddi et al., 2004; Williams et al., 2009; Ilbert et al., 2013; Arnouts et al., 2013). In
simulations, different sSFR criteria are used to separate quiescent and star-forming
galaxies throughout the literature. If a MS of star-forming galaxies (e.g., Noeske et
al., 2007) can be identified in the simulated sample, galaxies with a SFR significantly
lower than the MS can be defined as quiescent (e.g., Genel et al., 2018; Donnari et
al., 2019, 2021). Alternatively, an absolute sSFR threshold, typically depending
on redshift (e.g., Franx et al., 2008) can be defined to separate star-forming and
quiescent sources. In this section we compare the impact of such different criteria on
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the selection of high-redshift massive quiescent galaxies in the TNG and Magneticum
simulations investigated here.

We estimate the MS following Donnari et al. (2019); briefly, we bin galaxies
in 0.2 dex stellar mass bins and iteratively calculate the median SFR in each bin,
excluding galaxies with a SFR more than 1 dex below the median until convergence.
The uncertainty on the derived MS is estimated by bootstrapping over 1000 samples.

In Figure 3.1 we show the estimated MS of star-forming galaxies at z ≈ 2.7 for the
three simulations used in this paper and for different apertures (see Section 3.2.3).
In this figure we include for clarity lower mass galaxies down to log(M⋆/M⊙) =
10.6. Differences between the estimates adopting different apertures are consistent
within the uncertainties, as shown in the figure. The MS in M3 rises linearly from
log(SFR/M⊙ yr−1) ≈ 1.4 at log(M⋆/M⊙) ≈ 10.6 to log(SFR/M⊙ yr−1) ≈ 2.1 at
log(M⋆/M⊙) ≈ 11.5. At low masses the main sequence in TNG300 is about 0.2 dex
higher than in M3; it rises with a similar slope as in M3 but bends at log(M⋆/M⊙) ≈
11.1 (≈ 11.3 for the two smallest apertures) reaching down to log(SFR/M⊙ yr−1) ≈
1.3 at log(M⋆/M⊙) = 11.5. This is because a large fraction of massive galaxies in
TNG300 is already quenched and no sequence of star-forming galaxies can be clearly
identified. The MS in TNG100 is flat over the full mass range considered here with
a value of log(SFR/M⊙ yr−1) ≈ 1.6.

MS determinations from observations at similar redshift (e.g., Schreiber et al.,
2015; Sargent et al., 2014, see brown and red lines in the upper panels in Figure 3.1)
have slopes in overall good agreement with our measurements in M3 and TNG300 at
lower masses. However, observed MSs show higher SFRs by ≈ 0.6 dex with respect
to both M3 and TNG300 simulations.

An often used SFR threshold for defining quiescence is 1 dex below the main
sequence (see e.g., Sherman et al., 2020; Donnari et al., 2019; Morselli et al., 2019)
which we show for measurements in an aperture of 30 kpc in Figure 3.1 together with
the Franx et al. (2008) criterion sSFR < 0.3 × H(t) (see also Lotz et al., 2021, in
particular on a study in Magneticum), that is log(sSFR× yr) ≈ −10.0 at z = 2.75.
As the figure shows, in M3 the MS-based quiescence threshold is 0.3 dex lower than
the Franx et al. (2008) sSFR threshold over the full mass range. For TNG300 both
criteria are consistent for galaxies with log(M⋆/M⊙) ≲ 11.1; in TNG100 the two
criteria imply the same SFR threshold at log(M⋆/M⊙) ≈ 10.7 but deviate at higher
masses.

The broadly similar threshold defined by both criteria in M3 and in TNG300 at
masses where the main sequence can be robustly estimated suggests that the Franx
et al. (2008) criterion is appropriate to classify star-forming and quiescent galaxies
in the simulated samples considered here. The discrepancy between the two criteria
in TNG100 can be explained by a combination of small sample size and an also high
fraction of quenched galaxies at high masses in this simulations. In the following we
therefore denote galaxies as quiescent if they fulfil the Franx et al. (2008) criterion.

Leja, Tacchella, and Conroy (2019) investigate the correlation between the lo-
cation of galaxies at 0.5 < z < 2.5 in a UVJ restframe color plane and their sSFR
and calibrate the separation in the UVJ plane for different thresholds of sSFR. Ac-
cording to this calibration, the often used UVJ criterion from Williams et al. (2009)
roughly corresponds to a sSFR threshold of −9.5 < log(sSFR×yr) < −10.0, similar
at face value to the sSFR threshold adopted here.
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Figure 3.1: The main sequence and quiescent galaxy fraction at z ≈ 2.7 in the
studied simulations. First row: the MS of star-forming galaxies (blue solid line)
as determined in the M3 (left), TNG300 (middle) and TNG100 (right) simulations
at log(M⋆/M⊙) > 10.6 (stellar masses and SFRs measured in 30 kpc apertures, see
Section 3.2.3). Blue circles show individual galaxies. The gray solid line shows
the MS offset to lower SFR by 1 dex. The dashed gray line shows the Franx et al.
(2008) criterion for quiescence. Dotted gray line shows a log(sSFR × yr) = −11.
Observational determinations of the MS at the same redshift are shown, as indicated.
Second row: the dependence of the estimated MS at high masses on the aperture
used to compute galaxy stellar mass and SFR, as indicated (see Section 3.2.3).
Dashed and dotted lines are the same as in top panels. Third row: the estimated
quiescent fraction in the simulations as a function of stellar mass, and its dependence
on the adopted aperture as indicated. Quiescent fractions shown here are defined
based on the Franx et al. (2008) criterion for quiescence. Observational estimates of
the quiescent fraction at the same redshift are shown, as indicated (see Section 3.2.6
for full details). Fourth row: Same as third row, but quiescent fractions in the
simulations are estimated from UVJ color diagrams (see Section 3.5).
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3.2.6 Quiescent fractions in simulations

In Figure 3.1 we show quiescent fractions at log(M⋆/M⊙) > 11, as estimated from
the Franx et al. (2008) criterion as discussed above, as a function of stellar mass
for different apertures, and compare with observational results at 2.5 < z < 3.0
from Ilbert et al. (2013), Muzzin et al. (2013b), Martis et al. (2016), Davidzon et al.
(2017) and Sherman et al. (2020). Uncertainties are obtained by calculating the
binomial confidence intervals following Cameron (2011). The quiescent fraction for
all log(M⋆/M⊙) > 11 galaxies in M3 is 19±3 percent with no significant dependence
on the adopted aperture (among the choices discussed in Section 3.2.3). Quiescent
fractions for the same mass range in TNG are higher with 44±2 percent in TNG300
and 34±5 percent in TNG100, and more sensitive to the chosen aperture with larger
apertures leading to smaller quiescent fractions. In TNG300 the difference between
estimates with the smallest (2×r50) vs. the largest (including all particles) apertures
is constant at ≈ 20 percentage points over the full mass range, indicating that star
formation is stronger in the galaxy outskirts (see also Merlin et al., 2019; Donnari
et al., 2019). TNG300 quiescent fractions strongly increase with mass also in the
log(M⋆/M⊙) > 11 mass range investigated here, reaching values of 50 − 70 percent
at log(M⋆/M⊙) ≈ 11.5. In TNG100 quiescent fractions decrease with increasing
stellar stellar mass except for the smallest aperture (2× rmass

50 ).

Observed quiescent fractions from Ilbert et al. (2013), Muzzin et al. (2013b),
Martis et al. (2016) and Sherman et al. (2020) are in good agreement with those
estimated for M3 and lower than in both TNG simulations. The quiescent fraction
estimated in Davidzon et al. (2017) is significantly lower than other observations4.
Based on SED fitting on optical (DES) and NIR (NEWFIRM, VISTA, CFHT,
IRAC) data, Sherman et al. (2020) estimate quiescent fractions with three different
criteria to select quiescent galaxies: UVJ color classification, log(sSFR× yr) < −11
and SFR > 1 dex below the MS. They find consistent results with all criteria,
which also agree with quiescent fractions from Muzzin et al. (2013b), Tomczak et al.
(2016) and Martis et al. (2016) and in M3 (see Figure 3.1). However, in contrast
to their result, applying a quiescence threshold of log(sSFR × yr) = −11 in the
simulations (corresponding to ≈ 2 dex below the MS) results in quiescent fractions
of 5 − 15 percent (depending on the adopted aperture) in M3, and 2 − 45 percent
(strongly depending on aperture) in both TNG boxes (see Figure 3.8).

In the following for the sake of brevity and readability we will present by default
only results obtained with 30 kpc apertures around the center of mass, and explicitly
comment as needed on results that depend on this choice.

4Davidzon et al. (2017) explain such lower quiescent fractions as likely due to their use of the
NUV−r−J classification method (Ilbert et al., 2013) rather than UVJ, resulting in different sSFR
thresholds. To investigate this we consider the COSMOS2015 (Laigle et al., 2016) catalog on
which Davidzon et al. (2017) study is based. While Davidzon et al. (2017) re-estimate photometric
redshifts and stellar masses, we take the original masses and NUV-r− J classification from Laigle
et al. (2016) to compute quiescent fractions. These fractions are in good agreement with those
from Muzzin et al. (2013b), Martis et al. (2016) and Sherman et al. (2020), so we conclude that
the lower quiescent fractions in Davidzon et al. (2017) might in fact also depend on the different
redshift and stellar mass estimates.
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Table 3.1: Properties of the simulations used for this work.
Magneticum 3 TNG300 TNG100

mb [10
6M⊙] 7.3 11.0 1.4

mDM [106M⊙] 36.0 59.0 7.5
ϵ⋆ [comoving kpc/h] 0.7 2.0 1.0
Box size [comoving Mpc] 182 303 111

Cosmology
ΩM 0.272 0.309
ΩΛ 0.728 0.691
ΩB 0.046 0.049
h 0.704 0.677
σ8 0.809 0.816

The sample
zsnap 2.79 2.73
ϵ⋆,zsnap [physical kpc] 0.26 0.8 0.4

Number of log(M⋆/M⊙) > 11 galaxies (30 kpc aperture)
All 166 993 73
Star-forming 136 549 47
Quiescent 30 444 26

3.3 Stellar mass functions and number densities

In the upper panel of Figure 3.2 we compare observed SMFs at 2.5 < z < 3.0 from
Ilbert et al. (2013), Muzzin et al. (2013b) and Davidzon et al. (2017) for all, quiescent
and star-forming galaxies with those that we obtain for the simulations at z ≈ 2.73.
Uncertainties are obtained by bootstrapping. At log(M⋆/M⊙) > 11 the total SMFs
of all simulations are in reasonably good agreement. The SMF of quiescent galaxies
at log(M⋆/M⊙) > 11 is significantly lower in M3 than in both TNG boxes (reflecting
the high quiescent fraction in TNG already discussed in Section 3.2.6). At lower
masses instead, the SMF of quiescent galaxies in both TNG boxes declines while it
continues to increase towards lower masses in M3 where a large fraction of galaxies
at low masses is quenched. The best agreement between all simulations is seen in
the SMFs of star-forming galaxies at log(M⋆/M⊙) > 11 where the lower fraction of
star-forming galaxies in TNG is compensated by the slightly larger total SMF.

At log(M⋆/M⊙) ≳ 11 the observed SMFs for all and star-forming galaxies from
Ilbert et al. (2013) and Muzzin et al. (2013b) are in perfect agreement with TNG100
and also reasonably close to TNG300 and M3 results. The total SMF from Davidzon
et al. (2017) is a bit lower than in TNG100, Ilbert et al. (2013) and Muzzin et
al. (2013b) but still in very good agreement with M3 at log(M⋆/M⊙) > 11. The
star-forming SMF from Davidzon et al. (2017) matches perfectly TNG300 and M3
(because of their very high fraction of star forming galaxies compensating the lower
total SMF). The strongest differences in Figure 3.2 can be seen for the SMFs for
quiescent galaxies, where results from Ilbert et al. (2013) and Muzzin et al. (2013b)
lie between (and broadly consistent with) those from the TNG boxes and M3, while
the SMF from Davidzon et al. (2017) is much lower than in all simulations (reflecting
their low quiescent fraction, as discussed in Section 3.2.6).

For quiescent galaxies with log(M⋆/M⊙) ≥ 11 we find number densities of
η = 5.0 ± 0.9, 16.0 ± 0.8 and 19.2 ± 3.8 1 × 10−6Mpc−3 for M3, TNG300 and
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Figure 3.2: Stellar mass functions and cumulative number densities at z ≈ 2.7 in
the studied simulations. Top panels: The SMF of all (left), star-forming (middle)
and quiescent (right) galaxies from M3, TNG300 and TNG100. Observational esti-
mates are shown for comparison, as indicated. Bottom panels: The corresponding
cumulative number densities of all, star-forming and quiescent galaxies compared
with observational estimates as indicated. In all panels the grey shaded areas show
poisson uncertainties. Total SMFs and number densities in the simulations are in
overall good agreement with observations. Higher SMFs and number densities for
quiescent galaxies in TNG simulations with respect to M3 and observations reflect
the higher quiescent fraction in TNG. See Section 3.3 for full details.

TNG100, respectively. In the bottom panels of Figure 3.2 we show cumulative num-
ber densities from all simulations and compare these results again with observational
estimates from Muzzin et al. (2013b). The agreement between the number densities
reflects the agreement for the SMFs shown in the upper panels. Because Davidzon
et al. (2017) do not estimate cumulative number densities we estimate them from
the original COSMOS2015 redshifts and NUV-r+ vs. r+ − J from Laigle et al.
(2016), finding perfect agreement with M3 for all number densities (all, quiescent
and star-forming galaxies), and relatively good agreement also with TNG with the
significant exception of the quiescent galaxy number density.

3.4 Stellar ages

The age of the Universe at z ≈ 3 is only ≈ 2Gyr, but short star formation timescales
at high redshift allow the existence of quiescent galaxies older than 1Gyr. However,
spectroscopic studies confirming the most distant quiescent galaxies, at 3 < z < 4,
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find with very few exceptions only young galaxies (partly because of observational
reasons, see below) with ages significantly below 1Gyr (Schreiber et al., 2018; Forrest
et al., 2020a,b; Valentino et al., 2020; Saracco et al., 2020). For our observed sample
at 2.4 < z < 3.2, ages are also young with a median t50, the lookback time when
50 percent of the stellar mass of the galaxies was formed, of 0.45+0.05

−0.10Gyr (D’Eugenio
et al., 2021).

To compare observed stellar ages of quiescent galaxies with those of galaxies in
the simulations we also calculate t50 for the simulated galaxies as the lookback time
when half of the stellar mass of the galaxy was formed not accounting for mass losses,
i.e. we consider the initial masses of the stellar particles. As previously discussed
we consider all particles within an aperture of 30 kpc at the snapshot redshift. Ages
estimated in smaller apertures are slightly older but average ages are consistent
within the uncertainties, and the aperture choice does not impact the results of the
discussion. Histograms of t50 for quiescent and star-forming galaxies together with
the results for our observed quiescent sample are shown in Figure 3.3. The average
ages for quiescent galaxies in M3, TNG300 and TNG100 are 1.03+0.11

−0.15, 0.78
+0.01
−0.01 and

0.91+0.02
−0.10Gyr and for star-forming galaxies 0.71+0.03

−0.01, 0.67
+0.01
−0.01 and 0.64+0.04

−0.02Gyr. The
median age of our observed sample t50 = 0.45+0.05

−0.10Gyr is significantly younger than
those of the simulated galaxies.

There may be several reasons for such age discrepancy on both the simulation and
observation sides. We note first of all that age determinations from spectroscopic
samples are expected to be biased towards younger ages, because the oldest galaxies
are extremely difficult to observe even at very high masses with current instruments.
Indeed, based on photometric observations older quiescent galaxies may actually
exist (e.g., Straatman et al., 2014; Carnall et al., 2020; Kalita et al., 2021), but
while they may be elusive even in photometric studies, obtaining spectra to robustly
confirm their nature and measure their ages is currently too expensive or unfeasible.
Indeed, in Lustig et al. (2021) and D’Eugenio et al. (2020) we have analysed our
selection criteria for the observed sample and found a mild bias towards younger
ages due to the applied H band cut. However, applying the same H < 22mag
cut to galaxies in the simulated sample has a negligible effect (see dashed lines
in Figure 3.3), and thus we conclude that the expected age bias of spectroscopic
samples cannot be a main explanation for the age discrepancy between observed
and simulated quiescent galaxies. Star formation histories in the simulations might
be intrinsically different from those of real galaxies, resulting in too old ages with
respect to observations. Furthermore, our specific analysis of the simulation might
affect this result: we investigate the impact of our sSFR criterion to select the
quiescent sample on the age distribution of quiescent galaxies. The scatter of the
MS is approximately 0.3 dex, independent of stellar mass at least up to z ≈ 3 (e.g.,
Whitaker et al., 2012b; Speagle et al., 2014; Tomczak et al., 2016; Pearson et al.,
2018). The Franx et al. (2008) criterion discussed above thus identifies as quiescent
only galaxies much below the MS (≳ 3 times the intrinsic scatter). This might limit
our simulated quiescent samples to older ages. We therefore investigate this by
reselecting quiescent galaxies including all sources with a SFR already significantly
below the MS but that have not yet reached formal quiescence according to the
Franx et al. (2008) criterion by relaxing the SFR threshold for quiescence to 2σ
(0.6 dex) below the MS. More specifically, following the discussion in Section 3.2.3,
in particular with respect to the uncertainties in defining the MS at high masses
and the location of the Franx et al. (2008) threshold ≈ 10× below the MS, for the
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purpose of this check we define as quiescent those galaxies having a sSFR of at
most 2.5× higher than the Franx et al. (2008) threshold. As expected the average
age of the selected quiescent population becomes younger with this relaxed cut,
however, the change is marginal in both TNG boxes and about 20 percent in M3,
not strong enough to explain the discrepancy with the observed results. For a
significant effect on the average age a much larger fraction of young star-forming
galaxies would have to be classified as quiescent. In fact, Figure 3.3 shows that the
bulk of the star-forming population is anyway older than the average t50 estimated
in the observational sample by D’Eugenio et al. (2021).

To investigate this discrepancy further we show in Figure 3.4 the average SFH
of quiescent and star-forming galaxies in the three simulations, that we obtain by
averaging the fraction of formed mass in an interval of look-back time tLB for all
galaxies. It can be seen that most of the star formation in the quiescent population
happens at tLB > 0.5Gyr, reflecting the relatively old ages. To estimate the t50 of
the observed galaxies from spectro-photometric modeling, D’Eugenio et al. (2021)
marginalize over a set of constant, truncated constant, exponentially declining and
delayed exponentially declining SFHs. The average onset of star formation estimated
in D’Eugenio et al. (2021) occurs much later than in the simulations (only ≈ 0.6Gyr
before observation epoch, see Figure 3.4). To more specifically compare SFHs of
quiescent galaxies we also show in Figure 3.4 the average SFH of simulated quiescent
galaxies in different age bins. Generally, in all three simulations the maximum of
star formation in quiescent galaxies is reached at larger lookback times than in
star-forming galaxies. In the TNG simulations about 8 percent of the galaxies have
t50 ≤ 0.5Gyr, 80 percent have 0.5 < t50 ≤ 1.0Gyr, the remaining galaxies are
older. On average their star-formation rate peaks ≈ 0.3, 0.7 and 1.1Gyr before
observation epoch, respectively. Except for galaxies in the oldest age bin, 50 percent
of the total stellar mass of the galaxies is already formed before the peak of star
formation. Quiescent galaxies in M3 are on average older (see Figure 3.3), with all
quiescent galaxies being older than 0.5Gyr and about 60 percent older than 1Gyr.
In this respect, we note that the t50 estimated from spectro-photometric fitting,
being estimated from galaxy light, is anyway preferentially biased towards younger
stellar populations, and especially so for complex SFHs with a significant fraction
of stellar mass formed at early times but with a significant recent burst, which are
often not properly accounted for by the adopted SFH libraries. As a limiting case
we therefore also show in Figure 3.3 observed H band light-weighted ages (≈ 4300 Å
restframe). Although we stress that ages estimated as t50 from spectro-photometric
modeling (e.g., D’Eugenio et al., 2021) formally aim at estimating mass-weighted
ages, we consider here light-weighted ages as a limiting case where the impact of
the recent SFH on the age estimate is strongest. The resulting ages are younger
with a median of ≈ 0.6Gyr for quiescent and 0.3Gyr for star-forming galaxies in all
simulations. Therefore, although at face value there is a discrepancy in the ages of
quiescent galaxies in observed samples and in simulations, a quantitative estimate of
the actual significance of this discrepancy is limited by potential observational biases
(in sample selection as well as in the estimation of stellar ages) as well as in possible
inconsistencies in the analysis of the simulated galaxies with respect to the observed
ones (including star formation histories and dust attenuation prescriptions).
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Figure 3.3: Histograms of stellar ages of quiescent (red) and star-forming (blue)
galaxies in the studied simulations, as indicated. Median ages (shown by solid
vertical lines) are given in each panel, together with their uncertainty and with the
RMS of the age distribution. Dashed vertical lines show the median age of quiescent
galaxies with H < 22 (see Section 3.4). Black lines and circles show the median
age and individual galaxy stellar ages for the observed sample of quiescent galaxies
at z ≈ 2.7 from D’Eugenio et al. (2021). Top and middle panels show ages defined
as t50, and classify galaxies as star-forming vs. quiescent based on the Franx et
al. (2008) and on the relaxed sSFR threshold criteria, respectively. Bottom panels
show observed H-band light-weighted ages, and galaxies are classified according to
the relaxed sSFR threshold. Full details in Section 3.4.
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Figure 3.4: SFHs as fraction of formed mass per lookback-time interval in the studied
simulations (as indicated), as a function of look-back time, for galaxies selected at
z ≈ 2.7. Top panels: average SFH of all quiescent (red) and star-forming (blue)
galaxies. The black solid line shows the average SFH of 10 observed quiescent
galaxies from spectro-photometric modeling from D’Eugenio et al. (2021), and the
black dashed line their median age (t50). In the top-middle panel the black circles
show individual ages for the same sample. Bottom panels: average SFH of quiescent
galaxies with t50 ≤ 0.5Gyr (green), 0.5 < t50 ≤ 0.5Gyr (violet) and t50 > 0.5Gyr
(cyan). In each panel, the number of galaxies in each age bin is reported in the
corresponding color. Shaded areas around SFHs (including black line in top-middle
panel) show the RMS of the corresponding distribution.
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3.5 UVJ selection of high-redshift quiescent galax-

ies

In Lustig et al. (2021) we analysed the UVJ restframe color plot of massive (log(M⋆/M⊙) >
11.1) galaxies at 2.5 < z < 3.0 from the Muzzin et al. (2013a) and COSMOS2015
(Laigle et al., 2016) catalogs. The combination of photometric uncertainties across
the UVJ diagram and the distribution of 24 µm-detected sources suggested a po-
tentially significant contamination of UVJ-quiescent samples by dusty star-forming
sources. According to our analysis potential contaminants amount to ≈ 20 percent
of the log(M⋆/M⊙) > 11.1 UVJ quiescent galaxy sample at this redshift, preferen-
tially affecting the UVJ region typically populated by older quiescent galaxies (for
full details see Lustig et al., 2021). In this section we investigate the purity and com-
pleteness of a UVJ selected quiescent galaxy sample as identified in the simulations
mimicking the selection criteria and photometric uncertainties as in the observed
case. We note already here that in the attempt to reproduce the observed selection
we need to rely on assumptions concerning dust attenuation of star-forming and
quiescent populations (see Section 3.2.4), and we will neglect the impact of AGN on
the galaxy SED’s. We also note that by construction the following results apply for
photometric uncertainties typical of the COSMOS2015 catalog.

We calculate 1000 realisations of UVJ restframe colors for all simulated galax-
ies, in each step we randomly assign dust attenuation to the galaxies according to
their classification based on the Franx et al. (2008) sSFR criterion as explained in
Section 3.2.4 accounting for the scatter in AV for both star-forming and quiescent
populations, and perturb the photometry to match the photometric uncertainties of
the COSMOS2015 catalog (see Section 3.2.4). We then divide the UVJ plane into
bins of V − J and U − V and calculate for each bin and realization the fraction
of quiescent galaxies according to the Franx et al. (2008) criterion. The average
quiescent fraction as a function of the location in the UVJ diagram and a random
single realisation of the diagram are shown in Figure 3.5. If considering the impact
of the different dust attenuation prescriptions considered in Section 3.2.4 we find
absolute differences for purity, completeness and overall UVJ quiescent fractions of
at most 5, 4, and 3 percentage points, respectively.

In the lower panel in Figure 3.1 we show quiescent fractions in the simulations
according to pure UVJ classification with the considered photometric uncertainties.
For an aperture of 30 kpc (see Section 3.2.3) the overall UVJ quiescent fraction
of log(M⋆/M⊙) > 11 galaxies in M3 is ≈ 30 percent (about 10 percentage points
higher than according to the sSFR classification) and 40 percent in the TNG simu-
lations (consistent with sSFR classification). Quiescent fractions in TNG simulations
strongly depend on the considered aperture and are between ≈ 35 percent (consid-
ering all bound particles) and ≈ 55 percent (considering particles within 2× r50, see
Section 3.2.3). Quiescent fractions for different apertures in M3 differ by at most 4
percentage points.

However, there are significant differences between the sSFR- and UVJ-selected
quiescent samples, that reflect in the completeness and purity of the UVJ-selected
sample by comparison to the sSFR-based quiescence definition. The quiescent part
of the UVJ diagram shows strong contamination from star-forming galaxies at V −
J ≳ 1 in all simulations. In M3 the overall purity with respect to the Franx et al.
(2008) sSFR criterion of a UVJ selected quiescent galaxy sample with log(M⋆/M⊙) >
11 is only ≈ 41 percent and the completeness (with respect to the full sSFR-selected
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quiescent sample) is ≈ 67 percent (see further discussion below). As expected due
to the intrinsic higher quiescent fraction (see Section 3.2.6), the contamination in
the TNG simulations is lower with a purity of the overall UVJ-quiescent sample
of ≈ 80 percent in TNG300 and 70 percent in TNG100. The completeness is ≈
75 percent in both TNG boxes. We stress again that this only reflects the higher
intrinsic quiescent fraction in TNG with respect to M3. Differences in the purity
between the simulations at fixed quiescent fraction are an estimate of the systematic
uncertainty originating from different age distributions. At a quiescent fraction of
19 percent the difference in purity between the sample with the highest (TNG300)
and lowest purity (M3) is ≈ 10 percentage points.

Following our discussion in Section 3.4 we also repeat the calculation applying
the relaxed sSFR cut (SFR 4 times below the MS) for the classification of quiescent
galaxies. The corresponding UVJ color plots are shown in Figure 3.8. While the
UVJ-derived quiescent fraction does not significantly change (within 4 percentage
points with no systematic shifts), the purity of the UVJ quiescent sample increases
by 10−16 percentage points, reaching 57 percent in M3 and 82−90 percent in TNG,
because of an overall increase of the quiescent population due to young quenched
sources with sSFR between 4 and 10 times below the MS now being classified as
quiescent (this result is stable against the adopted dust attenuation prescription
from Section 3.2.4). This might suggest that a non-negligible fraction of the observed
UVJ-quiescent population (within the typically adopted UVJ-quiescent region, e.g.,
Williams et al., 2009) is made of intrinsically very young sources spread throughout
the UVJ quiescent region by dust attenuation.

From our analysis of the UVJ diagram of log(M⋆/M⊙) > 11.1 galaxies at 2.5 <
z < 3 in Lustig et al. (2021), considering photometric uncertainties and 24 µm
detections, we estimated the purity of a UVJ selected quiescent sample to be in the
order of 80 percent with an increasing contamination towards the region typically
populated by older quiescent galaxies, the latter in qualitative agreement with our
findings from simulations.

As discussed above, our modelling of the UVJ diagram for simulated galaxies
with both considered sSFR thresholds would suggest a higher purity of the UVJ-
quiescent sample for TNG, in better agreement with purity estimates derived from
observations, with respect to M3. This higher purity results from the substantially
higher intrinsic quiescent fraction in TNG with respect to M3 (see Figure 3.1). In
this respect we note that in TNG simulations the ”observationally estimated” UVJ-
derived quiescent fractions at log(M⋆/M⊙) > 11 are ≈ 40 percent and differ by at
most 3 percentage points from intrinsic (sSFR-based) quiescent fractions, while in
M3 UVJ-derived quiescent fractions are ≈ 30 percent (≈ 10 percentage points higher
than intrinsic quiescent fractions, see bottom panels of Figure 3.1).

Independent of the exact sSFR classification criterion and for all dust attenua-
tion parametrizations that we considered (see Section 3.2.4), the UVJ classification
criterion in its standard form adopted at lower redshifts (e.g., Williams et al., 2009)
might not be ideal for a high completeness and purity sample of massive high red-
shift galaxies (with the photometric uncertainties considered here, see also e.g.,
Merlin et al., 2018). Investigating a sample of spectroscopically confirmed quiescent
galaxies at 3 < z < 4, Schreiber et al. (2018) find that an increasing fraction of mas-
sive quiescent galaxies at high redshift with a SFR reduced by at least 90 percent
with respect to their main formation phase has not yet entered the quiescent part
of the standard UVJ selection. For more complete samples of massive quiescent
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galaxies at high redshift they suggest to adjust the selection criteria by removing
the U − V > 1.3 constraint that is used to avoid contamination with star-forming
galaxies but is less relevant for massive samples where photometric uncertainties
are smaller and star-forming sources are typically more dusty. Also Forrest et al.
(2020b) find that a standard UVJ diagram does not provide a pure or complete se-
lection of quiescent galaxies for massive samples at high redshift. Figure 3.5 shows
the UVJ diagram for all three simulations according to the model described above.
Our findings support the suggestion of removing the U − V > 1.3 constraint. Fur-
thermore, with the photometric depth of the COSMOS2015 catalog our modeling
(and we stress again the caveats deriving from making assumptions on dust at-
tenuation, neglecting AGN contribution, and relying on SFHs from the considered
simulations) suggests that strong contamination from dusty star-forming sources in
the UVJ quiescent region at V −J ≳ 1 may reduce significantly the purity of such a
selected sample, potentially biasing derived properties for this population. If in our
analysis we remove the U − V > 1.3 constraint and we only consider the quiescent
population at V − J < 1, the purity of the selected samples increase from ≲ 50 to
80− 90 percent while completeness remains at the ≈ 90 percent level.

3.6 Morphologies

In Lustig et al. (2021) we have analysed the morphologies of our observed quiescent
sample by fitting Sérsic (1963, 1968) profiles to the Wide Field Camera 3 H-band
images of our targets. We found compact structures with a median radius of re =
1.4+0.9

−0.2 kpc, consistent with previous work suggesting size evolution by nearly an
order of magnitude for massive quiescent galaxies across the redshift range 0 < z < 3.
We found high Sérsic indices with an average of n = 4.5+0.3

−1.4, indicating that massive
quiescent galaxies are typically already bulge dominated at z ≈ 3. In this Section
we investigate from the simulations whether structural properties are correlated
with quiescence, and thus morphological differences exist between star-forming and
quiescent galaxy populations at z ≈ 2.7.

Because of the different inherent properties and statistical and systematic uncer-
tainties of the probe of galaxy structure in observations and simulations, we cannot
analyse the morphologies of simulated galaxies as we do with actual observations.
Indeed the strongest constraints on the profiles of observed galaxies come from the
inner part of the surface brightness profile with the highest SNR, while the outskirts
are progressively more and more dominated by noise. In simulations the gravita-
tional softening length modifies particle-particle interactions at small scales to avoid
too close encounters of particles. This smooths out the distribution of particles in
the central part of simulated galaxies where the density is very high and, from a
modeling perspective, is not analogous to the smoothing by the PSF occurring in
actual images. When analysing galaxies much larger than the softening length the
central part can be excluded to fit Sérsic profiles (e.g., Remus and Forbes, 2021).
However, at higher redshift, where galaxies are at fixed mass much smaller than in
the local Universe, this kind of fit may be very sensitive to the size of the masked
part. Following a range of tests to explore the impact of this effect, we therefore
decided to use non-parametric descriptions of the morphologies that we describe in
the following. We stress here that results discussed in the following are thus, by con-
struction, not based on the direct, quantitative comparison of similarly estimated
properties on observed and simulated galaxies. We rather attempt to investigate
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Figure 3.5: The restframe U − V vs. V − J color diagram for simulated galaxies at
z ≈ 2.7, adopting prescriptions for dust attenuation and photometric uncertainties
corresponding to the COSMOS2015 (Laigle et al., 2016) catalog. See Section 3.2.4
for full details. Top panels: a random realization of the diagram for the studied sim-
ulations, as indicated including scatter in dust attenuation and photometric uncer-
tainties as detailed in Section 3.2.4. Quiescent and star-forming galaxies according
to the Franx et al. (2008) criterion are shown with red and blue dots, respectively.
Bottom panels: the average fraction of quiescent galaxies (according to the Franx
et al. (2008) criterion) over 1000 realizations, as a function of the position across
the diagram, as indicated by the color bar. In each of the bottom panels, the corre-
sponding estimated completeness (c) and purity (p) of the UVJ-selected quiescent
sample are given, together with the UVJ-derived quiescent fraction qUVJ (error bars
give the RMS across the different realizations).
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with a range of probes whether we can find structural differences between star-
forming and quiescent populations in the simulated samples at this redshift.

Axis ratios

In a first step we iteratively calculate axis ratios for the projected galaxies following
the equations in Bertin and Arnouts (1996) modified for our purpose where the
positions and emitted light of individual particles are known. Briefly, in each step
we calculate the second moments of the projected particle positions, weighted by
their simulated observed H band emission:

xjxk =

∑
imixi,jxi,k∑

i mi

−
(∑

i mixi,j∑
i mi

)(∑
i mixi,k∑

i mi

)
, (3.1)

where xi,j is the j-th component of the position of particle i and mi the weight.
The semimajor (A+) and semiminor axes (A−) can then be calculated as:

A±
2 =

x2
1 + x2

2

2
±

√√√√(x2
1 − x2

2

2

)2

+ x1x2
2. (3.2)

The position angle θ is given by the following equation:

tan 2θ = 2
xy

x2 − y2
. (3.3)

We then define for a particle i its distance rei from the center of the galaxy
accounting for the ellipticity as:

rei =

∣∣∣∣(1 0
0 q−1

)
R(−θ)(xi − xc)

∣∣∣∣ (3.4)

where q = A−/A+ is the axis ratio of the galaxy, xc its center, xi the position of
particle i and the matrix R(−θ) rotates the positions by −θ.

Given the typical depth of images we used for the modeling of observed galaxies,
the surface brightness profiles of the observed targets is equal to the background
RMS at distance of on average 6 kpc from the center. For this reason, to more
closely probe the axis ratios estimated for the observed galaxies, we exclude all
particles with rei > 6 kpc and repeat the calculation of the axis ratio and the rotation
angle until convergence (considering only particles with rei < 3 kpc rather than 6 kpc
increases the axis ratios only marginally by 0.02 on average).

Sizes and Concentration

The effective radius of a Sérsic profile contains 50 percent of the total light of the
galaxy. To compare with the measured sizes for our observed quiescent sample and
with results from van der Wel et al. (2014) on a larger statistical galaxy sample
though with limited statistics for massive quiescent galaxies at this redshift, we
measure from the simulated data half-light radii of the semimajor axis within an
elliptical 30 kpc aperture for the simulated galaxies using the definition of the radius
accounting for ellipticities from equation 3.4. As a measure of the concentration we
use the definition:

C = 5× log(ro/ri) (3.5)
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from Kent (1985). In most works the outer (ro) and inner (ri) radii are defined as
r80 and r20 (containing 80 and 20 percent of the total light, respectively). Since for
about half of the galaxies in the TNG300 simulation at z = 2.73 the estimated r20
are smaller than the softening length these radii may be biased by the softening and
we therefore use instead as inner radius the half-light radius, which is larger than
the softening length for more than 95 percent of the relevant sample. We include in
the further analysis also the 5 percent galaxies with a half-light radius smaller than
the softening length, removing them has no significant impact on estimated average
properties. Both radii are measured along the semi-major axis. All galaxy sizes
defined above clearly depend on the aperture chosen as representative of the total
galaxy flux (or mass). If measuring r50 (r80) within an aperture of 2 times the half-
light radius rather than in 30 kpc apertures as discussed above, sizes of individual
galaxies would be on average smaller by 35 percent (60 percent). The concentration
of individual galaxies would decrease by ≈ 1 on average, however, the significance of
the difference of average concentrations between star-forming and quiescent galaxies
is not affected.

For a closer comparison between observations and simulations, we compute con-
centrations corresponding to the r80/r50 ratio also for our observed quiescent sample,
based on Sérsic profiles from Lustig et al. (2021). If only the central 30 kpc of the
Sérsic profiles are considered rather than the full profile, concentrations are lower by
< 0.01 for 6 galaxies out of 10. For 4 galaxies with Sérsic index ≳ 5 the concentration
decreases by 0.24− 0.86.

Specific angular momentum and b-value

We calculate the 2-dimensional specific angular momentum within elliptical aper-
tures for all galaxies as:

j =

∣∣∣∣∑i mi xi × vi∑
i mi

∣∣∣∣ (3.6)

where mi is the emitted light of particle i in the observed H band, xi its projected
position with respect to the center of light and vi its velocity with respect to the
global light-weighted velocity of the galaxy. Specific angular momenta estimated
within 2 × r50 instead of 30 kpc are on average 45 percent smaller. However, the
significance of the average angular momentum difference between star-forming and
quiescent galaxy populations is not impacted by the choice of the aperture.

In addition we calculate for all galaxies the b-value, defined as the logarithmic
specific angular momentum at a pivot stellar mass of 1M⊙, assuming j ∝ M

2/3
⋆

(Teklu et al., 2015):

b = log(j × s / km / kpc)− 2/3× log(M⋆/M⊙). (3.7)

3.6.1 Structural properties in relation to quiescence

The morphological parameters discussed above are shown as a function of stellar
mass in Figure 3.6. The average morphological parameters for log(M⋆/M⊙) > 11
quiescent and star-forming galaxies are listed in Table 3.2. In Figure 3.7 we show
b-values as a function of sSFR. Uncertainties on the average properties and on the
difference between both populations are obtained with bootstrapping. The median
mass of quiescent and star-forming galaxies in the considered simulations differs by
at most 0.06 dex and does not impact the comparison. Due to the small sample size
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Table 3.2: Average half-light radii (r50), specific stellar angular momentum (j),
concentration (C58) and axis ratio (q) for the log(M⋆/M⊙) > 11 samples of quiescent
(Q) and star-forming (SF) galaxies and their ratio.

M3 TNG300 TNG100

Q 3.2+0.2
−0.4 1.8+0.1

−0.1 1.6+0.2
−0.5

r50 SF 1.9+0.2
−0.2 2.20+0.07

−0.04 2.2+0.2
−0.4

[kpc] ratio 1.7+0.2
−0.3 0.81+0.04

−0.03 0.7+0.2
−0.2

Q 172+64
−35 227+18

−20 272+84
−50

j SF 219+11
−23 411+32

−15 405+49
−26

[km kpc / s] ratio 0.8+0.3
−0.2 0.5+0.1

−0.1 0.7+0.3
−0.1

Q 2.6+0.2
−0.1 2.40+0.05

−0.04 2.8+0.1
−0.1

C58 SF 2.4+0.1
−0.1 1.94+0.02

−0.04 2.1+0.1
−0.1

difference 0.3+0.2
−0.2 0.47+0.05

−0.05 0.7+0.2
−0.2

Q 0.76+0.04
−0.03 0.66+0.01

−0.01 0.73+0.07
−0.05

q SF 0.72+0.02
−0.04 0.57+0.01

−0.01 0.58+0.03
−0.05

ratio 1.1+0.1
−0.1 1.15+0.03

−0.03 1.3+0.2
−0.1

in the TNG100 simulations the uncertainties on the average parameters are very
large. Because of the consistency with TNG300 results we only comment the latter
and M3 in the following.

Radii

In all simulations half-light radii of star-forming and quiescent galaxies are very
similar, with a difference of the average size of at most 0.2 dex. The median size of
log(M⋆/M⊙) > 11 quiescent and star-forming galaxies in TNG300 is 1.79+0.05

−0.07 kpc
and 2.20+0.06

−0.04 kpc, respectively, with no significant dependence on stellar mass. Qui-
escent galaxies in M3 have sizes of 3.16+0.23

−0.39, larger than those of star-forming galaxies
with 1.87+0.18

−0.18 kpc, though average sizes of star-forming and quiescent galaxies are
consistent when estimated in 2 times the half-light radius apertures. The increase
of average sizes of star-forming galaxies with stellar mass visible in M3 in Figure 3.6
is actually only seen for 30 kpc aperture based sizes. If classifying galaxies based on
UVJ restframe colors (see Section 3.5) average sizes of log(M⋆/M⊙) > 11 quiescent
and star-forming galaxy populations change by at most 0.05 dex.

van der Wel et al. (2014) study morphologies of star-forming and quiescent galax-
ies at 0 < z < 3 based on data from the 3D-HST (Brammer et al., 2012) and
CANDELS (Grogin et al., 2011; Koekemoer et al., 2011) survey. In their analysis,
massive (11.0 < log(M⋆/M⊙) < 11.5) quiescent galaxies at 2.5 < z < 3.0 are smaller
than star-forming galaxies, with average sizes of 2.5+0.5

−0.4 kpc and 3.55+0.2
−0.2 kpc, respec-

tively (although with a large scatter, see Figure 3.6). The best-fit mass-size relations
of quiescent and star-forming sources cross at log(M⋆/M⊙) ≈ 11.6 because of their
different slopes of d log r [kpc]/d logM⋆ [M⊙] = 0.79± 0.07 and 0.18± 0.02, respec-
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Figure 3.6: Morphological properties (projected) of quiescent (red) and star-forming
(blue) galaxies at z ≈ 2.7 as a function of stellar mass in the studied simulation
as indicated. Individual galaxies are shown with filled circles, solid lines indicate
median values estimated in 0.1 dex bins of stellar mass if at least 5 galaxies fall in the
bin. Black open circles show observational results for quiescent galaxies from Lustig
et al. (2021). In the first-row panels we show half-light (observed H band) radii along
the semi-major axis. The dashed red (blue) line and square show the best-fit mass-
size relation and average size in the 11.0 < log(M⋆/M⊙) < 11.5 bin for observed
quiescent (star-forming) galaxies at 2.5 < z < 3.0 from van der Wel et al. (2014).
In the second-row panels we show specific angular momenta. Light blue (light red)
lines are references for quiescent (star-forming) galaxies from Romanowsky and Fall
(2012) scaled to the redshift of the simulation by j vs. z relations from Swinbank
et al. (2017, dashed lines) and Lagos et al. (2017, dotted lines). In the third-row
panels we show the concentration of the galaxies. In the fourth-row panels we show
projected axis ratios.
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Figure 3.7: The b-value (specific angular momentum scaled to a pivot mass of 1M⊙
assuming j ∝ M2/3) for all galaxies at z ≈ 2.7 as a function of sSFR in the studied
simulations as indicated. Grey dots show individual galaxies. Blue (red) lines show
the average b-value of observed nearby spiral (elliptical) galaxies from Romanowsky
and Fall (2012) scaled to z ≈ 2.7 assuming j ∝ (1 + z)−1/2 (Obreschkow et al.,
2015). The lower (upper) limit of the shaded areas indicates the b-value if scaled
to z ≈ 2.7 adopting the relation from Swinbank et al. (2017) (Lagos et al., 2017).
Green vertical lines show the sSFR threshold for quiescence adopting the Franx et
al. (2008) criterion. The black solid lines show the median b-value in bins of sSFR.
Numbers indicate the quiescent fractions in the three ranges below the red solid line
/ above the blue solid line / in between.
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tively. In M3 quiescent galaxies have sizes consistent with observed ones from van
der Wel et al. (2014). However, although at face value quiescent galaxy sizes in M3
are similar in size to, or larger than, star-forming galaxies (depending on aperture
choice), because of the large statistical uncertainties they are still consistent with
having the same ratio of star-forming and quiescent galaxy sizes estimated by van
der Wel et al. (2014). In TNG300 quiescent galaxies have on average significantly
smaller sizes than star-forming galaxies with a ratio of 0.7− 0.8 (depending on the
considered aperture), in good quantitative agreement with measurements from van
der Wel et al. (2014). The larger sample size in TNG300 also allows to investi-
gate the size-stellar mass relation which is consistent with being flat in the probed
log(M⋆/M⊙) > 11 range for both populations.

Genel et al. (2018) investigate the mass-size relation of star-forming and quenched
galaxies with log(M⋆/M⊙) > 9 in TNG100 up to z = 3. At masses higher than
log(M⋆/M⊙) ≈ 10.5 and up to z ≈ 2, they find for both populations that the mass-
size relation increases with a constant slope, in good quantitative agreement with
determinations of the mass-size relation from Shen et al. (2003), Bernardi et al.
(2014) and van der Wel et al. (2014). However, at z = 3 Genel et al. (2018) find
flat mass-size relations for both populations up to log(M⋆/M⊙) = 11, in agreement
with our results for TNG300 at higher masses.

Remus et al. (2017) investigated the mass-size relation for early-type galaxies
in Magneticum up to z = 2. At all redshifts they find good agreement with van
der Wel et al. (2014) as well, down to stellar masses of log(M⋆/M⊙) = 10.7, clearly
showing that the observed evolution in the mass-size relation of early-type galaxies
in Magneticum is reproduced successfully as well. However, from Teklu et al. (2015)
it is known that some of these early-type galaxies have still large gas fractions and
thus are likely not quiescent.

Specific angular momentum

The average light-weighted projected angular momenta of log(M⋆/M⊙) > 11 quies-
cent galaxies in M3 and TNG300 are 170+50

−40 and 230+20
−20, respectively. In all simu-

lations it is larger for star-forming than for quiescent galaxies, but the difference is
only significant in TNG300 with a ratio of 0.55± 0.06.

In Figure 3.6 we compare the angular momenta from the simulations with results
from Romanowsky and Fall (2012) for observed disks of nearby spiral galaxies and
elliptical galaxies. To account for the evolution of the specific angular momentum
with redshift we extrapolate the Romanowsky and Fall (2012) relations to z ≈ 2.7
based on results from Swinbank et al. (2017) and Lagos et al. (2017). Swinbank
et al. (2017) analyse observed star-forming galaxies at 0.3 ≲ z ≲ 1.7 and find that
their angular momentum evolves with (z + 1)−1 (≈ 0.6 dex decrease between z = 0
to z = 2.7). To date observational statistical measurements of angular momenta of
quiescent galaxies do not reach z ≈ 2 and their redshift evolution is less constrained.
However, by analysing galaxies in the EAGLE simulations, Lagos et al. (2017) find
evidence for a weaker evolution of the angular momentum of quiescent galaxies of
only 0.2 dex between z = 0 and 3 while star-forming galaxies show an evolution of
0.3− 0.4 dex in the same redshift range. For an isolated spherical halo Obreschkow
et al. (2015) find that the specific angular momentum evolves with (1 + z)−1/2 (in-
crease by ≈ 0.3 dex between z = 2.7 and z = 0) due to cosmic expansion. Teklu
et al. (2015) showed that the evolution of the specific angular momentum in Mag-
neticum is consistent with the relation from Obreschkow et al. (2015). To account
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for the uncertainties in the redshift evolution of the angular momentum we therefore
show the low redshift results from Romanowsky and Fall (2012) scaled by 0.2 and
0.6 dex. In TNG300 and M3 the angular momentum increases with stellar mass with
a slope similar to that estimated in the parametrization of Romanowsky and Fall
(2012) up to at least log(M⋆/M⊙) ≈ 11.3. In TNG300 quiescent galaxies match the
angular momenta of elliptical galaxies scaled by the evolution for quiescent galaxies
from Lagos et al. (2017). The average angular momenta of star-forming galaxies in
TNG300 are slightly lower than findings from Romanowsky and Fall (2012) for disk
galaxies scaled by the relation for star-forming galaxies from Swinbank et al. (2017).

b-value

By analysing the specific angular momentum of galaxies in Magneticum up to
z ≈ 2 Teklu et al. (2015) and Teklu, Remus, and Dolag (2016) found that disk
and spheroidal galaxies populate different regions in the M⋆ − j plane which there-
fore is an excellent tracer for morphology. Assuming the relation j ∝ M

2/3
⋆ (e.g.,

Romanowsky and Fall, 2012) a single parameter, the b-value (Teklu et al., 2015),
can be used to separate between different morphological types.

In Figure 3.7 we show the estimated b-values of massive (log(M⋆/M⊙) > 11)
galaxies at z ≈ 2.7 for all considered simulations, as a function of sSFR. The solid
red and blue lines split the diagram in regions exclusively populated by early- and
late-type galaxies (bottom and top part of the plot, according to Teklu et al. (2015)
based on the Obreschkow et al. (2015) scaling to z = 2.7). Shaded areas around the
blue and red solid lines show the impact of adopting a different scaling of angular
momentum with redshift, from Lagos et al. (2017) and Swinbank et al. (2017).

In all simulations, the median b-values of quiescent galaxy populations are in
broad agreement with expectations for bulges from Romanowsky and Fall (2012)
scaled to z ≈ 2.7 (with scalings from Lagos et al., 2017; Obreschkow et al., 2015;
Swinbank et al., 2017). However, star-forming galaxies have a median b-value which
is lower by 0.4 − 0.8 in M3 and 0.1 − 0.5 in TNG simulations (depending on the
adopted scaling) than expected for spirals.

Figure 3.7 clearly shows that in all simulations the low-b-value region (below
the solid red line), which is expected to be populated by morphologically early-type
galaxies, actually contains sources over a broad range of sSFR, with a significant
fraction of actively star-forming sources (only ≈ 20 percent of these low-b-value
galaxies are classified as quiescent in M3 and ≈ 40 − 60 percent in TNG100 and
TNG300.

Axis ratios and concentration

In all simulations we find that average projected axis ratios and concentrations
of quiescent galaxies are larger than for star-forming galaxies (see lowest panels
of Figure 3.6), however, due to the small sample sizes in M3 and TNG100 these
differences are only significant in TNG300. Average axis ratios of quiescent galaxies
in M3 and TNG300 are 0.76+0.04

−0.03 and 0.66+0.01
−0.01, which is higher than for star-forming

galaxies by a factor of 1.08+0.07
−0.06 and 1.15+0.03

−0.03. In Lustig et al. (2021) we found
for our observed sample of 10 quiescent galaxies an average axis ratio of 0.73+0.06

−0.12.
The uncertainties on the average axis ratios of observed galaxies at high redshift
are relatively large because of the small sample sizes and the additional dependence
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of the axis ratio on the inclination angle. We could therefore not see a significant
difference between axis ratios of observed quiescent and star-forming galaxies.

The concentration of the profiles of quiescent galaxies is larger than that of star-
forming galaxies by 0.28±0.19 and 0.47±0.05 in M3 and TNG300, respectively (see
second lowest panels of Figure 3.6). Although the differences in average axis ratio
and concentration between quiescent and star-forming galaxies in the simulations
are relatively small they suggest that the evolution of quiescent galaxies towards a
spheroidal, bulge dominated structure is already in progress at this redshift. For
comparison we calculate concentrations for galaxies from van der Wel et al. (2014)
with the same definition relying on results of their morphological analysis. We find
a difference of the concentration of star-forming and quiescent galaxies of ≈ 0.8,
larger than found in the simulations, with no significant redshift trend.

3.7 Summary and conclusions

We have analysed massive (log(M⋆/M⊙) > 11) galaxies at z ≈ 2.7 in the Mag-
neticum (M3) and IllustrisTNG (TNG100 and TNG300) hydrodynamical simula-
tions and compared with observational results on stellar population and structural
properties at similar redshift. For all of our analyses we considered a range of aper-
tures, different prescriptions for dust attenuation for quiescent and star-forming
galaxy populations and different criteria for defining quiescence, to estimate the im-
pact of such assumptions on the comparison of simulations and observations carried
out in this work.

We investigate the main sequence of star-forming galaxies in the studied simula-
tions and find that in M3 the SFR increases constantly with stellar mass with a slope
close to unity (at constant log(sSFR×yr) ≈ −9.3) over the full mass range. In both
TNG simulations at log(M⋆/M⊙) ≳ 11.1 a large fraction of galaxies is quenched and
we can only identify a MS in TNG300 at lower masses. Observed main sequences
from Sargent et al. (2014) and Schreiber et al. (2015) have a slope in agreement with
our determination for M3 and TNG300 at lower masses but are offset to higher SFR
by ≈ 0.6 dex. Following inspection of the star formation rate vs. mass diagram in
the different simulations (see Section 3.2.3) we thus adopt the Franx et al. (2008)
criterion to identify quiescent galaxies in all studied simulations, which turns out
to be roughly equivalent to defining quiescent galaxies as those with a SFR 1 dex
below the MS.

Based on this selection, as shown in Figure 3.1, for M3 the quiescent fraction
(19 percent at log(M⋆/M⊙) > 11) is anyway largely consistent with most observa-
tions (except Davidzon et al., 2017, see Section 3.2.6) for all considered apertures,
while quiescent fractions at log(M⋆/M⊙) > 11 in TNG simulations are larger than
observed by a factor of ≈ 2. If quiescent galaxies are identified by UVJ colors in-
stead, quiescent fractions at log(M⋆/M⊙) > 11 in M3 increase to 30 percent while
quiescent fractions in TNG simulations differ by < 5 percentage points from the
ones estimated with the Franx et al. (2008) sSFR criterion for defining quiescence.

Average ages in terms of t50 for the quiescent galaxy population in all simulations
are ≳ 0.8Gyr, significantly older than the average t50 of 0.5Gyr estimated for our
observed comparison sample in D’Eugenio et al. (2021) (as well as from studies of
stellar ages as e.g., Schreiber et al., 2018; Forrest et al., 2020a,b; Valentino et al.,
2020; Saracco et al., 2020). In Lustig et al. (2021) and D’Eugenio et al. (2021) we
analysed the massive parent sample of quiescent galaxies at 2.5 < z < 3.0 in the
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Muzzin et al. (2013a) and COSMOS2015 (Laigle et al., 2016) catalogs and found
a potential mild bias of the studied spectroscopically confirmed sample towards
younger stellar ages, due to the selection of quiescent candidates for the spectro-
scopic follow-up. However, this selection effect alone cannot explain the discrepancy
between the ages in the simulations and the observations (see Section 3.4). By
analysing the SFHs of quiescent galaxies in the simulations we find that a signifi-
cant fraction of their stellar mass is already formed at early times during a relatively
slow increase of the SFR. The age discrepancy between observed vs. simulated qui-
escent galaxies might therefore partly be produced also by observational biases in
the age estimation for observed sources due to a higher sensitivity to the most recent
SFH and more generally model dependence of the spectro-photometric modeling as
discussed in Section 3.4.

We investigate the restframe UVJ color plane of the simulated galaxies adopting
recipes for dust attenuation of both quiescent and star-forming sources, and photo-
metric uncertainties typical of deep field surveys used for studies at this redshift. We
find that UVJ quiescent samples are strongly contaminated by dusty star-forming
sources in the UVJ region typically populated by the oldest quiescent galaxies, re-
ducing the overall purity of a UVJ selected sample to ≈ 40 − 50 percent according
to our modeling and with photometric uncertainties typical for the COSMOS2015
catalog. In agreement with results from previous studies (e.g., Schreiber et al., 2018;
Merlin et al., 2018; Santini et al., 2021) we find that the UVJ selection with the
routinely adopted criteria (Williams et al., 2009) leads to incomplete samples since
a non negligible fraction of recently quenched quiescent galaxies with significantly
suppressed SFR (and in this case e.g. log(sSFR × yr) < −10) has not yet entered
the UVJ quiescent region due to the U − V > 1.3 constraint.

Because of the relatively small sample size in TNG100 and M3 we can detect
structural differences between quiescent and star-forming populations at a significant
level only in TNG300. We find that simulated quiescent galaxies are on average more
centrally concentrated and have higher stellar axis ratios than star-forming galaxies,
indicating that morphological differences as seen in observations at lower redshift
(e.g., Hill et al., 2019) are already emerging at z ≈ 3. In all simulations the ratio of
quiescent and star-forming galaxy sizes in the observed H-band at log(M⋆/M⊙) > 11
is formally in agreement with observations at similar redshift (van der Wel et al.,
2014, but note poor statistics affecting M3 and TNG100 results). With the larger
sample size in TNG300 we also investigate the dependence of sizes on stellar mass
and find the size-mass relation consistent with being flat for both populations in
the probed log(M⋆/M⊙) > 11 range. The slope of the specific angular momentum
vs. mass relation in the studied simulations is in agreement with observations from
Romanowsky and Fall (2012). Specific angular momenta of quiescent (star-forming)
galaxies at log(M⋆/M⊙) > 11 in TNG300 are by a factor of ≈ 1.3 (2) larger than in
M3. Considering the large uncertainties on the evolution of angular momenta with
redshift, the average specific angular momenta of both simulations are in agreement
with our extrapolation of the low-redshift observed specific angular momentum-
stellar mass relation (see Section 3.6.1).

Due to the complications hampering a proper, direct and fair comparison of
structural properties in observations vs. simulations in our analysis (see full dis-
cussion in Section 3.6), it is not trivial to establish in absolute terms whether the
correlation between structural and stellar population properties already seen at this
redshift in several studies (see Bell et al. 2012; Mowla et al. 2019; Esdaile et al.
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2020; Lang et al. 2014; Tacchella et al. 2015; Lustig et al. 2021, but see also van
Dokkum et al. 2008; van der Wel et al. 2011; Bezanson et al. 2018; McGrath et al.
2008; Bundy et al. 2010; Chang et al. 2013; McLure et al. 2013; Hsu, Stockton, and
Shih 2014 for a different picture) is actually quantitatively reflected in simulated
galaxies. In fact, based on the analysis of b-values, that have been shown to corre-
late with galaxy morphology (Teklu et al., 2015; Teklu, Remus, and Dolag, 2016),
early-type morphology and quiescence do not seem to be necessarily tightly related
in the studied simulations with a significant fraction of morphologically early-type
sources being still actively star forming (see Section 3.6.1). A more specific inves-
tigation of the early paths of structural evolution in connection with quenching in
the studied simulations will be discussed in a future work.
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3.8 Appendix

3.8.1 Impact of sSFR threshold for quiescence on quiescent
fractions

In Section 3.2.3 we discuss different sSFR thresholds for defining quiescence in sim-
ulations. To take into account the evolution of the normalisation of the MS with
redshift (e.g., Schreiber et al., 2015; Speagle et al., 2014; Tomczak et al., 2016;
Johnston et al., 2015) we adopt for the analyses in this work a redshift dependent
sSFR threshold (sSFR ≈ 1 × 10−10 yr−1 at z = 2.7) to define quiescence. In Fig-
ure 3.8 we show quiescent fractions if a sSFR threshold of 1× 10−11 yr−1, often used
for classification at low redshift, is used instead and compare with observational
results from Muzzin et al. (2013b), Martis et al. (2016), Davidzon et al. (2017) and
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Figure 3.8: Quiescent fractions in the simulations for all apertures considered in
this work (see Section 3.2.3) adopting a threshold of log(sSFR×yr) = −11 to define
quiescence. We compare with observational results from Muzzin et al. (2013b),
Martis et al. (2016), Davidzon et al. (2017) and Sherman et al. (2020) as indicated
in the legend.

Sherman et al. (2020). At log(M⋆/M⊙) > 11 we find overall quiescent fractions
between 5 and 15 percent for M3, lower than found by Muzzin et al. (2013b), Mar-
tis et al. (2016) and Sherman et al. (2020) but still higher than in Davidzon et al.
(2017). Quiescent fractions in both TNG simulations in the same mass range show
a very strong aperture dependence with overall quiescent fractions between 7 and
45 percent in TNG300 and 2 and 43 percent in TNG100. The highest quiescent frac-
tions are measured for an aperture of 2 times the half-mass radius, the lowest if all
bound particles are considered.

3.8.2 Impact of a higher sSFR threshold for defining quies-
cence on estimated purity and completeness of UVJ
selected samples

In Section 3.5 we analyse purity, completeness and UVJ-derived quiescent fractions
for a UVJ selected sample of quiescent galaxies. In Figure 3.9 we show UVJ diagrams
for simulated massive galaxy samples where we adopted a relaxed sSFR threshold
for defining quiescence (ssfr = 0.75×H(z), see Section 3.4). The different threshold
for quiescence affects the implementation of dust attenuation for the individual
galaxies, and thus the galaxy distribution in the UVJ diagram. Ultimately, the
adopted definition of quiescence affects by construction the purity and completeness
of the UVJ-selected quiescent samples as determined in Section 3.5. We find overall
UVJ-derived quiescent fractions of 28 percent in M3 and ≈ 40 percent in the TNG
simulations, consistent with UVJ-derived quiescent fractions obtained adopting the
Franx et al. (2008) criterion (as in Section 3.5). The estimated completeness of
UVJ-selected quiescent samples in the considered mass range decreases by 10 − 20
percentage points with respect to our results in Section 3.5 because a significant
fraction of galaxies classified as quiescent with the relaxed threshold are very young
and have not yet entered the UVJ quiescent region. The purity increases by 10− 15
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Figure 3.9: Restframe U − V vs. V − J colors for simulated galaxies. In the
upper panel we show a random single realisation of the colors after applying dust
attenuation. In the middle panel we show the average fraction of quiescent galaxies
from 1000 realisations as a function of the position in the UVJ diagram as indicated
by the colorbar if a threshold of sSFR = 0.75 × H(z) is adopted. The numbers
show completeness (c) and purity (p) of the overall UVJ-quiescent sample and the
quiescent fraction according to UVJ selection (qUVJ) together with the scatter across
the different realizations.

percentage points because a larger fraction of galaxies in the UVJ quiescent region
is defined as quiescent with the relaxed sSFR threshold.





Chapter 4

Redshift calibration and
environmental analysis of z ≈ 3
quiescent galaxies

ABSTRACT
Dense environments like galaxy clusters are known to host a high fraction of
quenched galaxies. In this work we search for overdensities of log(M⋆/M⊙) >
10.8 galaxies at positions of quiescent galaxies at 2.2 < z < 3.5 in the COS-
MOS field as potential tracers of proto-clusters. For our analysis we estimate
photometric redshifts of quiescent galaxies using a sample of 20 spectroscopi-
cally confirmed quiescent galaxies in the same redshift range as the calibration
sample, improving significantly the photometric redshift accuracy for this spe-
cific population compared to current catalogs. We then compare the density
at positions of quiescent and star-forming galaxies in redshift slices centered
at the redshifts of quiescent galaxies. We find that 8-10 out of 12 quiescent
galaxies are located in at least mild overdensities. In three cases the density is
higher than for 90 percent of the positions of star-forming galaxies, suggesting
that these galaxies might be located in proto-clusters that evolve into massive
clusters at lower redshift.

4.1 Introduction

In the low redshift universe quiescent galaxies dominate the high mass end and out-
number star-forming galaxies at log(M⋆/M⊙) > 11.5 by a factor ≈ 10 (e.g., Baldry
et al., 2004). There is a strong correlation between star formation and morphol-
ogy, with quiescent galaxies at low redshift appearing typically as bulge-dominated
early-type galaxies while star-forming galaxies mostly have disk-dominated late-type
morphologies. Several ways to quench star formation have been proposed, such as
gas consumption, stellar- and AGN feedback and morphological quenching (e.g.,
Dekel and Silk, 1986; Ciotti and Ostriker, 2007; Martig et al., 2009). These mech-
anisms can partly also explain the observed correlation between star-formation and
morphology. Observations show that dense environments host significantly higher
fractions of quiescent, bulge-dominated galaxies (e.g., Dressler, 1980; Peng et al.,
2010b; Tanaka et al., 2004; Postman et al., 2005; Cooper et al., 2006; Poggianti
et al., 2008; Pannella et al., 2009c; Muzzin et al., 2012; Mok et al., 2013; Woo et al.,
2013; Kovač et al., 2014; Strazzullo et al., 2019; Old et al., 2020). Quenching mech-
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anisms that are especially effective in dense environments have been proposed as
an explanation. Examples include the truncation of gas accretion from the cosmic
web when a satellite is accreted by a massive halo (called strangulation, e.g., Dekel
and Birnboim, 2006; Larson, Tinsley, and Caldwell, 1980; Balogh and Morris, 2000;
Balogh, Navarro, and Morris, 2000; Kereš et al., 2005b; van den Bosch et al., 2008;
Peng, Maiolino, and Cochrane, 2015). Furthermore, if the pressure of the external
medium is high enough, ram pressure stripping can remove cold gas from galaxies
(e.g., Gunn and Gott, 1972; Abadi, Moore, and Bower, 1999; Quilis, Moore, and
Bower, 2000). Also, accelerated evolution of galaxies in dense environments and
preprocessing may significantly contribute to the larger fraction of more evolved
galaxies in dense environments (e.g., Werner et al., 2022; van der Burg et al., 2020).

For the study of environmental effects on galaxy evolution, the investigation of
dense environments like (proto-)clusters across a broad redshift range is crucial.
Today, detections of (proto-)clusters reach out to z ≳ 5 (e.g., Andreon et al., 2009;
Henry et al., 2010; Gobat et al., 2011; Capak et al., 2011; Stanford et al., 2012;
Zeimann et al., 2012; Yuan et al., 2014; Newman et al., 2014; Cucciati et al., 2014;
Wang et al., 2016; Mantz et al., 2018; Toshikawa et al., 2020; Shi et al., 2021b; Shi
et al., 2021a; Shen et al., 2021; McConachie et al., 2021; Polletta et al., 2021; Calvi
et al., 2021). A variety of approaches have been adopted to identify clusters and
proto-clusters up to high redshift. Massive clusters can be detected through their
intracluster medium via the Sunyaev-Zeldovich effect or their diffuse X-ray emission,
with such searches reaching out to z ≈ 1.5 (Foley et al., 2011; Bleem et al., 2015;
Rosati et al., 1999; Adami et al., 2011; Fassbender et al., 2011; Klein et al., 2021).
In contrast to X-ray emission, the strength of the Sunyaev-Zeldovich effect is not
affected by cosmological dimming and thus may offer the advantage of a roughly
constant cluster mass detection threshold as a function of redshift (e.g., Bocquet
et al., 2019).

The search for less massive (proto-)clusters can employ galaxy-based methods.
Overdensities of star-forming galaxies can be found via narrow-band surveys target-
ing Lyα or Hα emission (e.g., Steidel et al., 2000; Ouchi et al., 2003, 2005; Lemaux
et al., 2009; Hatch et al., 2011; Zheng et al., 2021) and red galaxy overdensities
have also been used to identify distant clusters and proto-clusters (e.g., Kodama
et al., 2007; Spitler et al., 2012). Thanks to deep multi-band surveys that allow
the estimation of photometric redshifts in large fields, dense environments have also
been identified as galaxy overdensities in redshift slices (e.g., Castellano et al., 2007;
Salimbeni et al., 2009; Scoville et al., 2013; Chiang, Overzier, and Gebhardt, 2014;
Strazzullo et al., 2015b; Cucciati et al., 2018).

When estimating redshifts from broad band photometry the very coarse spectral
resolution and limited number of clearly identifiable, distinct features in the probed
SED implies larger uncertainties on the estimated redshifts compared to spectro-
scopic redshifts. However, strong features as for instance the 4000 Å break in red
galaxies if properly probed with carefully chosen passbands can provide strong con-
straints on the photometric redshift (e.g., Gladders and Yee, 2000; Eisenstein et
al., 2001; Padmanabhan et al., 2005). Large photometric multi-wavelength surveys
in deep fields like COSMOS, GOODS-S and GOODS-N have sufficiently extended
wavelength coverage to probe the stellar SED from UV to NIR, securing high-quality
photometric redshifts (photo-z’s) over a very broad redshift range (Barro et al., 2019;
Whitaker et al., 2019; Weaver et al., 2022). Different techniques have been developed
to map between observed fluxes and redshift, and these can be considered to fall
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into two different classes: template fitting (e.g., Brammer, van Dokkum, and Coppi,
2008; Arnouts et al., 1999; Bolzonella, Miralles, and Pelló, 2000; Ilbert et al., 2006;
Feldmann et al., 2006) and machine learning (e.g., Tagliaferri et al., 2003; Collister
and Lahav, 2004; Hoyle, 2016; Eriksen et al., 2020; Schmidt et al., 2020; Schuldt
et al., 2021). While machine learning algorithms require a large training sample
matching the expected redshift distribution, template fitting methods provide in
principle also the possibility to estimate photometric redshifts of galaxies without
reference redshifts thanks to the use of physically motivated SED templates. How-
ever, the accuracy of photometric redshifts can here also be significantly improved
by calibrating the calculation with spectroscopic redshifts of galaxies with similar
stellar population properties at similar redshift. Such calibration can compensate
systematic offsets in different photometric bands resulting from uncertainties in the
photometric zero-point calibration and transmission curves of instruments, system-
atics in the photometric measurements or inadequacies of spectral synthesis models
(Ilbert et al., 2006; Brodwin et al., 2006).

In this work we analyse the galaxy density in redshift slices at 2.2 < z < 3.5 in
the COSMOS field to search for potential overdensities around massive, quiescent
galaxies that may point toward the presence of a proto-cluster. For this analysis
and more generally for the selection and investigation of targets for spectroscopic
follow-up observations to improve the statistical significance of high redshift quies-
cent galaxy properties, we also improve the accuracy of photo-z’s for high redshift
quiescent galaxies at z > 2.2 using spectroscopic redshifts of quiescent galaxies as
a calibration set. In Section 4.2 we calibrate photometric redshifts for high-redshift
quiescent galaxies and estimate stellar masses for galaxies in the COSMOS field.

In Section 4.3 we analyse the source density in the COSMOS field and in Sec-
tion 4.4 we summarise our findings. We assume a ΛCDM cosmology with H0 =
71 km

sMpc
, ΩM = 0.27 and ΩΛ = 0.73. A Chabrier (2003) IMF is assumed. Magni-

tudes are given in the AB system.

4.2 Photometric redshift and stellar mass estima-

tion

For our analysis we use the COSMOS2015 multi-band photometric catalog (Laigle et
al., 2016) containing. It contains photometry for sources in the 2 deg2 COSMOS field
(Scoville et al., 2007) in up to 32 bands (18 broad bands and 14 narrow bands). The
catalog provides photometric redshift estimates with a precision of σ∆z/(1+zs) = 0.007
and a catastrophic outlier fraction of η = 0.5 percent, where catastrophic outliers
are defined as sources for which |(zphot−zspec)/(1+zspec)| > 0.15. At 3 < z < 6 these
values increase to σ∆z/(1+z) = 0.021 and η = 13.2 percent. While these estimates
apply generically to the whole galaxy population in the COSMOS2015 catalog, we
compare in Figure 4.1 spectroscopic redshifts of recently confirmed quiescent galaxies
in the COSMOS field in the redshift range 2.2 < z < 3.5 from Marsan et al. (2015),
Belli, Newman, and Ellis (2017), Schreiber et al. (2018, only robust redshifts), Stock-
mann et al. (2020), and D’Eugenio et al. (2021) with photometric redshifts from the
COSMOS2015 catalog. We find that photo-z’s for these sources are systematically
underestimated, by on average (zphot − zspec)/(1 + zspec) = −0.06 (−0.08 if con-
sidering only galaxies with zspec > 2.5). Formally the normalized median absolute
deviation (NMAD, Hoaglin, Mosteller, and Tukey 1983) scatter for this sample is
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σNMAD = 0.09 and the catastrophic outlier fraction 4.5 percent. Considering only
the 13 sources with zspec > 2.5 these values increase to 0.12 and 23 percent (3 catas-
trophic outliers).

4.2.1 Calibration of photometric redshifts for high-redshift
quiescent galaxies

To improve the accuracy of photometric redshifts for quiescent galaxies at 2.2 <
z < 3.5 for our further analysis, we re-estimate photometric redshifts using 20
spectroscopically confirmed quiescent galaxies as a calibration set (see Table 4.1)
with SED fitting. We use a combination of two template sets: the EAZY (Brammer,
van Dokkum, and Coppi, 2008) standard template set1 and a second template set
specifically suited for the description of the SED’s of high redshift quiescent galaxies.
The EAZY template set is best suited for the bulk of the galaxy population across
a broad redshift range, spanning a wide range of galaxy colors. It is composed of
five templates calibrated with synthetic photometry from semi-analytical models,
plus additionally a young dusty template and an old, red SED describing the oldest,
most massive galaxies at z < 1, that were introduced to compensate for the lack of
these specific kinds of SED’s in the original template set (Brammer, van Dokkum,
and Coppi, 2008; Brammer et al., 2011b; Whitaker et al., 2010b, 2011). Specific
minority populations like high-redshift galaxies that quenched at early times may be
less accurately described due to the small number of templates that can be combined
to reproduce their SED’s. For this reason we also add specific young quiescent
templates to the EAZY template set for the photo-z calibration (as well as for the
SED modelling carried out in Section 4.2.2). This young quiescent template set
consists of 34 templates created with Bruzual and Charlot (2003) stellar synthesis
models assuming a Chabrier (2003) IMF. The templates are created for unobscured
SSPs with ages ranging between 0.5 and 3.5Gyr (the age of the universe at z = 1.9)
and metallicities Z = 0.02 (solar) and 0.008.

To carry out our photo-z calibration we use EAZY to fit combinations of SED
templates to photometry of the 20 galaxies in the calibration set in 15 passbands
from the COSMOS2015 catalog, ranging from 0.45 µm to 8 µm, fixing the redshift
to the spectroscopic redshift. We iteratively repeat this procedure, in each step
calculating, for each band, the photometric offset, that is the median ratio between
best-fit model flux and observed flux in the given band over all galaxies in the
calibration sample. We then multiply the observed photometry by the offsets in all
bands and repeat the procedure until convergence (see e.g., Muzzin et al., 2013a;
Capak et al., 2007; Ilbert et al., 2009). The obtained offsets are in the 0.88 − 1.18
range.

We then re-estimate photo-z’s for all galaxies with zphot > 1.6 or without redshift
estimate in the COSMOS2015 catalog after applying these photometric offsets. In
the right panel of Figure 4.1 we compare our estimated photometric redshifts for
galaxies in the calibration sample with their spectroscopic redshift (because of the
low number of spectroscopically confirmed quiescent galaxies at z > 2 we use the
same sample of galaxies for calibration and verification of the photometric redshift
quality). We find an NMAD scatter of 0.02 and no catastrophic outliers.

In Figure 4.2 we compare our calibrated photo-z’s of quiescent galaxies with
log(M⋆/M⊙) > 10.8 (for the estimation of stellar masses and classification see Sec-

1EAZY v1.1 lines, http://www.astro.yale.edu/eazy/internal/index.html
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Figure 4.1: Difference between photometric and spectroscopic redshift for quies-
cent galaxies in the calibration set as a function of spectroscopic redshift from the
literature (as indicated). In the left panel we compare spectroscopic redshifts with
photometric redshifts from the COSMOS2015 (Laigle et al., 2016) catalog, in the
right panel with photometric redshifts estimated in this work. By comparing the
spectroscopic redshift from Marsan et al. (2015) with the corresponding photo-z
in the COSMOS2015 catalog we find (zphot − zspec)/(1 + zspec) = −0.7, exceeding
the range of the plot. Galaxies below the green line are considered as catastrophic
outliers. In both panels we show the corresponding NMAD scatter and the fraction
of catastrophic outliers (η). The median systematic underestimation of photo-z’s in
the left panel is (zphot − zspec)/(1 + zspec) = −0.06.

tion 4.2.2) in the range 2.0 < z < 3.3 with photo-z’s from several sources (Muzzin
et al., 2013a; Laigle et al., 2016; Weaver et al., 2022). In the entire redshift range
photometric redshifts from this work are on average higher than in all other pub-
lished catalogs. By comparison with photo-z’s from Laigle et al. (2016) we find
σNMAD = 0.09 and a catastrophic outlier fraction of η = 13 percent, in perfect agree-
ment with what we obtain in our comparison with spectroscopic redshifts of galaxies
from the calibration sample (see Figure 4.1). The agreement with photo-z’s from
Muzzin et al. (2013a) is better (σNMAD = 0.05, η = 8percent), as expected due to
better agreement with spectroscopic redshifts in this redshift range (see Chapter 2
and Lustig et al., 2021). By comparing with photo-z’s from Weaver et al. (2022),
we find σNMAD = 0.10 and η = 19 percent.

4.2.2 Classification and stellar mass estimation

The photometric redshifts estimated in Section 4.2.1 are calibrated for high-redshift
quiescent galaxies. For the following analyses we estimate stellar masses for all
galaxies in the COSMOS2015 catalog using FAST++2 to fit stellar population syn-
thesis models to the COSMOS2015 photometry, assuming a Chabrier (2003) IMF,
a Calzetti (2001) dust attenuation law and a delayed exponentially declining SFH.
We assume for quiescent galaxies the calibrated photo-z’s from this work and for
star-forming galaxies photo-z’s from the COSMOS2015 catalog.

To identify quiescent vs. star-forming galaxies we estimate redshifts for all galax-
ies with z > 1.6 for which we calculated calibrated photo-z’s again, considering two

2https://github.com/cschreib/fastpp
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Figure 4.2: Comparison of photometric redshifts of quiescent galaxies from Muzzin
et al. (2013a), Laigle et al. (2016) and Weaver et al. (2022) with estimates from this
work. In all panels we show histograms of the redshift difference as a function of the
redshift estimated in this work. Red circles show the median difference if at least 10
galaxies fall in the specific bin. The green line shows the threshold for catastrophic
outliers (±0.15).

Table 4.1: Spectroscopically confirmed quiescent galaxies in the redshift range 2.2 <
z < 3.5 used as calibration sample for the re-estimation of photometric redshifts
specifically tuned for high-redshift quiescent galaxies. The column ID lists the ids of
the sources in the COSMOS2015 catalog. The columns RA and DEC list the right
ascension and declination of the sources. The zspec column lists the spectroscopic
redshifts estimated in the works listed in the reference column.

ID RA (h:m:s) DEC (d:m:s) zspec reference
834299 10:00:27.81 2:33:49.10 3.35 Marsan et al. (2015)
592130 10:00:13.17 2:11:53.47 2.30
616542 10:00:13.40 2:14:09.92 2.44 Belli, Newman, and Ellis (2017)
623536 10:00:12.60 2:14:44.16 2.44
666180 10:00:23.93 2:18:42.53 2.44
652048 10:00:17.15 2:17:28.32 3.34 Schreiber et al. (2018)
683969 10:00:29.83 2:20:14.64 2.89
501158 10:00:42.38 2:03:39.22 2.23
368191 10:00:50.13 1:51:00.91 2.70 Stockmann et al. (2020)
640744 10:01:57.00 2:16:12.11 2.48
135730 10:01:39.98 1:29:34.45 2.84
137182 10:00:57.35 1:29:39.54 2.56
252568 9:57:48.58 1:39:57.76 3.12
361413 10:02:00.97 1:50:24.32 3.23
447058 9:59:11.77 1:58:32.97 2.67 D’Eugenio et al. (2021)
478302 9:59:01.31 2:01:34.17 2.80
503898 10:01:31.86 2:03:58.72 2.67
575436 10:00:43.76 2:10:28.70 3.00
707962 9:59:32.52 2:22:22.07 2.67
977680 10:00:12.66 2:47:23.56 2.39
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SED fitting setups: 1) only SED templates appropriate for young quiescent galax-
ies (see Section 4.2.1) and applying photometric offsets as derived in the previous
section, specifically calibrated for high-redshift quiescent galaxies and 2) consider-
ing only EAZY v1.1 lines templates without additional photometric offsets applied.
Galaxies with a lower χ2 in the fit with quiescent templates are defined as quiescent
and our calibrated photo-z’s are adopted. The remaining sources are considered to
be star-forming, and we adopt the COMSOS2015 photo-z. Adopting this criterion,
we find a quiescent fraction of 12 percent at log(M⋆/M⊙) > 10.8.

4.3 Mapping the number density of high redshift

galaxies in the COSMOS field

In this section we search for potential overdensities preferentially associated with
massive quiescent galaxies. For this purpose we compare the source density in the
COSMOS field at redshifts and positions of confirmed quiescent galaxies from the
combined spectroscopic sample (see Table 4.1) with the density at positions of star-
forming galaxies in the same stellar mass and redshift range. We consider galaxies
with log(M⋆/M⊙) > 10.8 because both the estimated uncertainties on photo-z’s for
quiescent galaxies increase significantly at lower masses and this threshold is close
to the expected 95 percent mass completeness threshold of log(M⋆/M⊙) ≈ 10.9
at z = 3.5 of the COSMOS2015 photometric catalog that we use, as inferred by
scaling the empirically motivated mass completeness threshold of the photometric
catalog from Muzzin et al. (2013a), based on the UltraVista data release 1, to the
photometric depth of the data release 2, which is the basis for the COSMOS2015
catalog. For each galaxy in the spectroscopic quiescent sample we select from the
COSMOS2015 catalog, adapted with our calibrated redshifts for quiescent galaxies
(see Section 4.2.2), all galaxies in a photo-z range around the spectroscopic redshift.
To choose an appropriate photo-z range we compare the scatter of the photometric
vs. spectroscopic redshifts estimated for the calibration sample with the photometric
redshift uncertainties estimated by EAZY. We find:

χ2

n
=

1

n

n∑
i

(
zphot,i − zspec,i

σphoti

)2

≈ 0.6 (4.1)

(where n = 20 is the size of the calibration sample), suggesting that the photo-z
uncertainties estimated by EAZY broadly reflect the empirically observed uncer-
tainties and if anything might be possibly overestimated by ≈ 25 percent. The me-
dian calibrated photo-z uncertainty for quiescent galaxies with log(M⋆/M⊙) > 10.8
is 0.2 (and if assuming that photo-z uncertainties from EAZY are overestimated
by 25 percent, 64 percent of the galaxies have σz < 0.2). Therefore in the follow-
ing we consider for the calculation of source densities around the quiescent targets
all log(M⋆/M⊙) > 10.8 galaxies in a photo-z range ±0.2 around the spectroscopic
redshift of the quiescent galaxy.

We follow two different approaches to map the source density in the COSMOS
field as detailed below. With both methods we calculate the density at positions in
the field on a grid with a step size of 2 arcsec (≈ 16 kpc at z = 2.75), accounting
for masked areas (see Figure 4.3, for more details see Laigle et al. 2016; Capak
et al. 2007). The first estimator for source density that we use is the n-th nearest
neighbour density Σn, that is the average density in the circle of radius equal to the
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Figure 4.3: Masked areas in the COSMOS2015 catalog (Laigle et al., 2016). Blue
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distance of the n-th nearest neighbour (e.g., Wang et al., 2016; Daddi et al., 2017).
In this analysis, for a grid point i, j it is defined as:

Σi,j
n =

n

Ai,j
rn

, (4.2)

where Ai,j
rn is the unmasked surface of a circle with radius rn, the distance to the

n-th neighbour, around the grid point. Given the mass completeness threshold our
search is limited to massive proto-cluster cores, that are expected to have a size of
≲ 200 kpc at 2 < z < 4 (e.g., Wang et al., 2016; Oteo et al., 2018; Strazzullo et al.,
2018; Willis et al., 2020). Given the density of massive tracers in the cores we choose
n = 2.

For our second density estimator we convolve the positions of sources in the
COSMOS field with a Gaussian kernel k, accounting for masked areas as described
below. The density is then given by:

D =
M ∗ k
I ∗ k

=
d

f
, (4.3)

where the value of M i,j corresponds to the number of galaxies at position i, j, and
I i,j = 1 at unmasked positions and 0 elsewhere. For the following analysis we only
consider grid points with f i,j ≥ 0.8. We choose Gaussian kernels with standard
deviations of 20 arcsec (160 kpc at z = 2.7).
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4.3.1 Massive galaxy density around quiescent vs. star-
forming galaxies

In Figure 4.4 (Figure 4.5) we show cutouts of Σ2 (Gaussian convolution) maps at
the position of spectroscopically confirmed quiescent galaxies. We only consider the
12 galaxies for which at most 20 percent of the surface within a radius equal to the
distance to the second neighbour is masked. The bottom sub-panel for each quiescent
target shows for comparison the histogram of the density estimator at the position
of star-forming galaxies with zspec − 0.05 < zphot < zspec + 0.05, where zspec is the
spectroscopic redshift of the corresponding quiescent galaxy that defines the central
redshift of the map. Our results do not significantly change if we consider galaxies
within a range of zspec−0.1 < zphot < zspec+0.1. For all studied quiescent galaxies we
calculate the fraction of star-forming counterparts located in denser environments
as a measure of the relative density difference. The uncertainty on the fraction
is calculated with binomial confidence intervals following Cameron (2011) and is
≤ 4 percent.

Figures 4.4 and 4.5 show that 8 out of the 12 quiescent galaxies are located in re-
gions that are denser than the average location of star-forming counterparts, though
generally only marginally, with consistent results obtained by the two adopted den-
sity estimators. However, in three cases (IDs 575436, 616542 and 623536) the source
density excess is not strongly pronounced with still ≳ 30 percent of star-forming
counterparts being located in denser environments. The source density at the po-
sition of IDs 368191, 592130 and 666180 is higher than for ≳ 90 percent of the
positions of star-forming counterparts, which might suggest the presence of a pro-
tocluster environment.

The strongly pronounced overdensities for three out of the twelve studied qui-
escent galaxies with respect to star-forming counterparts, and the typically higher
source density of 8 of them, even though these sources were not selected based on
environmental criteria, suggests that quiescent galaxies at 2.2 < z < 3.5 may be
preferentially found in dense environments that might potentially evolve into mas-
sive clusters at lower redshift. Especially the three targets located in significant
overdensities are potentially interesting targets for follow-up observations for the
study of the evolution of massive clusters and the environmental impact on the
evolution of their galaxies.

4.4 Summary and conclusion

In this work we analyse the source density at positions of quiescent vs. star-forming
galaxies in the same stellar mass (log(M⋆/M⊙) > 10.8) and redshift (2.2 < z < 3.5)
range, to investigate potential differences in the environments of quiescent vs. star-
forming galaxies at fixed mass at this cosmic time. Because photometric redshifts in
the current photometric catalogs are systematically underestimated, for this anal-
ysis we first calibrate photo-z’s specifically for quiescent galaxies at 2.2 < z < 3.5
(see Section 4.2.1). For this purpose we use spectroscopically confirmed quiescent
galaxies as a calibration sample to improve the photo-z accuracy specifically for this
population. By comparison with spectroscopic redshifts from the calibration sample
we find a scatter of σNMAD = 0.02 and no catastrophic outliers, although the small
number of spectroscopically confirmed quiescent galaxies in this redshift range does
not allow one to estimate these numbers on an independent sample.
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Figure 4.4: The second nearest neighbour density (Σ2) map of massive galaxies as
defined in Section 4.3, in portions of the COSMOS field around the studied quiescent
targets. For each quiescent galaxy source (see Section 4.3) we show a pair of plots.
Upper panels: cutout of Σ2 maps with a size of 5 arcsec centered at the position of
the quiescent galaxy and considering all log(M⋆/M⊙) > 10.8 galaxies in the photo-z
range zspec − 0.2 < z < zspec + 0.2 as described in Section 4.3. Red circles show
the distance to the second neighbour. Lower panels: Corresponding histograms of
Σ2 densities evaluated in the same photo-z range at the position of star-forming
galaxies with photometric redshift within zspec ± 0.05 from the target quiescent
source. The density at the position of the studied quiescent targets is shown with
the red vertical line, the average density at positions of star-forming galaxies with
the black line. We also show the fraction fh of star-forming galaxies right of the red
line and the number N of galaxies contributing to the histogram. For visibility we
colour histograms with a median density smaller then the density at the quiescent
galaxy position with green, others with blue.
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Figure 4.5: Like Figure 4.4, but source densities here are estimated by convolving
positions of galaxies with a Gaussian kernel with a size of 20 arcsec (160 kpc at
z = 2.7, see Section 4.3). Red circles shown in the maps have a radius of 20 arcsec.
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To investigate the source density of log(M⋆/M⊙) > 10.8 galaxies in the COSMOS
field we use two different estimators: the nearest neighbour density Σ2 and the galaxy
density convolved with a 20 arcsec Gaussian kernel (see Section 4.3). We compare
the source density at positions of quiescent and star-forming galaxies, finding largely
consistent results with both estimators. The majority of quiescent galaxies (8-10
out of 12) is located in overdense regions, although significant overdensities are only
found at the position of three of the studied galaxies.

Due to the high stellar mass completeness threshold of log(M⋆/M⊙) = 10.8 our
work is limited to the search for rare, massive galaxies in a proto-cluster core and is
thus affected by statistical uncertainties that might lead one to miss the detection of
some overdensities. This work is still in progress, and we are considering alternative
ways to improve this aspect of our analysis. In this work we are relying on source
detection and photometry from the COSMOS2015 catalog. Recently a new, deeper
catalog of sources in the COSMOS field has been published (COSMOS2020, Weaver
et al., 2022, see Figure 4.2). We are planning to repeat our analysis with this new
catalog, potentially allowing us to derive more precise photo-z’s for quiescent galax-
ies and to extend the estimates of local density to lower stellar mass galaxies. To
improve the statistics of the used tracers and thus the significance of the overdensity
detection we will also consider galaxies below the mass completeness threshold in
our analysis, which we have avoided in the analysis presented here to limit biases
in overdensity significance toward specific kinds of overdensities based on the stellar
population properties of their host galaxies. We are also working on a spectroscopic
analysis for the potential confirmation of the strongest overdensities where spectro-
scopic (including grism) data are already available. For this purpose we have also
started to analyse Hubble Space Telescope grism observations from D’Eugenio et al.
(2020, 2021), but will also consider targeted follow-up observations.

Furthermore, to date only few quiescent galaxies have been confirmed at z ≳ 2.
We thus plan to include photometrically-selected quiescent galaxies in the above
analysis to improve both its statistics and its representativeness with respect to the
parent population of massive galaxies in the probed redshift range.



Chapter 5

Summary and outlook

In this thesis we have studied stellar population and structural properties of massive
quiescent galaxies at high redshift by means of observations and hydrodynamical
simulations.

We analyse galaxy morphologies of one of the first statistical samples of spec-
troscopically confirmed massive (10.8 < log(M⋆/M⊙) < 11.3) quiescent galaxies at
2.4 < z < 3.2. Due to the intrisic rarity of these sources we rely on targeted imag-
ing. An analysis of the representativeness of this sample with respect to the parent
population of massive quiescent galaxies suggests a mild bias towards young ages
(D’Eugenio et al., 2020; Lustig et al., 2021).

We find high Sérsic indices and axis ratios (medians ∼ 4.5 and 0.73), suggesting
that massive, quiescent galaxies are, already at high redshift, largely bulge domi-
nated systems. The existence of a correlation between quiescence and morphology
already at high redshift suggests that the morphological transformation from disk-
to bulge-dominated structure either shortly precedes, is concomitant or happens
shortly after quenching of star formation. We measure effective radii of the order of
1 kpc, in good agreement with the extrapolation to high stellar masses of previous
determinations of the mass-size relation at similar redshift (e.g., van der Wel et al.,
2014), and consistent with size evolution of massive, quiescent galaxies at fixed mass
by nearly an order of magnitude since z ∼ 3.

In a complementary analysis we focus on counterparts of massive (log(M⋆/M⊙) >
11) galaxies at z ∼ 2.7 in the hydrodynamical simulations IllustrisTNG (boxes
TNG100 and TNG300) and Magneticum (box 3). We find stellar mass functions
in good agreement with observations at similar redshift, although with a ∼ 2 times
higher fraction of quiescent galaxies in IllustrisTNG. Quiescent galaxies in simula-
tions are significantly older (by a factor of ∼ 2) than their observed counterparts
in spectroscopic studies at similar redshift. Besides intrinsically too old ages in
simulations this might partly be explained through inaccuracies in estimating stel-
lar ages from observations. We are currently analysing this further by generating
spectro-photometric data for simulated galaxies, with the same characteristics as
those in the compared observational studies, to estimate stellar ages with the same
spectro-photometric modeling as adopted in observational studies, thus allowing a
more direct estimate of the impact of observational methods on the observed stellar
ages.

We further use simulations to investigate the performance at this redshift and
for galaxies with high steller masses (log(M⋆/M⊙) > 11) of the routinely used UVJ
restframe-color selection of quiescent galaxies, accounting for photometric scatter
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typical for current deep surveys. Applying standard UVJ selection criteria (Williams
et al., 2009) we find evidence for significant contamination of quiescent samples (up
to 60 percent) by star-forming galaxies entering the UVJ region typically populated
by older quiescent systems. Furthermore, a significant fraction of young galaxies
with already strongly suppressed star formation (log(sSFR × yr) < −10) has not
yet entered the UVJ quiescent region, reducing the completeness of a UVJ selected
quiescent sample by ∼ 30 percent at these high masses.

We also investigate structural properties of simulated massive quiescent vs. star-
forming galaxies at this redshift, finding that already at z ∼ 3 the structural differ-
ences observed at lower redshifts between these two populations with respect to size,
axis ratio, concentration and angular momentum have started to develop. However,
quantitatively there remains tension between the observed and simulated results
and the comparison is still hampered by poor statistics in both observations and
simulations and unavoidable differences in their analysis procedures.

Because the most massive and old quiescent galaxies at lower redshift are found in
galaxy clusters, we investigate the environment of massive quiescent galaxies at 2.2 <
z < 3.5 to search for over-densities that may potentially indicate the presence of a
proto-cluster. To this aim we compare the source density at positions of quiescent
vs. star-forming galaxies in the COSMOS field. Because photo-z’s of high redshift
quiescent galaxies are systematically underestimated in current photo-z catalogs, we
improve for our analysis the quality of photo-z’s for the specific population of very
distant quiescent sources, by using spectroscopically confirmed quiescent galaxies in
the same redshift range as a calibration set. We then estimate the density of massive
galaxies around star-forming and quiescent galaxies and find that the majority of
quiescent sources is located in marginally overdense environments with respect to
star-forming analogs, and 3 out of 12 galaxies in the studied quiescent sample are
located in significant overdensities that might evolve into massive clusters at lower
redshift. We are also currently working on the possible spectroscopic confirmation
of one of the strongest candidate overdensities from already available data.

As a counterpart to this work, we are currently designing an investigation on
hydrodynamical simulations and semi-analytical models to probe the expected envi-
ronments of high-redshift massive quiescent vs. star-forming galaxies. This analysis
is expected in particular to investigate the association between early quenched, very
massive sources and dense environments in proto-cluster regions, possibly proto-
cluster cores, to investigate whether simulations predict that these first, massive,
quiescent sources may be the progenitors of massive galaxies with high formation
redshifts typically found in cluster cores at lower redshifts. In this context we are
starting to explore this connection by probing likely descendant cluster environments
in simulations at z ∼ 1.5, investigating the comparison of the predicted properties
of their massive galaxy populations with those observed in the most distant and
massive clusters known.

For this analysis we use the box 2b of the Magneticum simulations with a
comoving volume of ∼ 900Mpc, large enough to contain massive clusters with
M500 > 2×1014M⊙

1 at z ∼ 1.5 (14 clusters at z = 1.3 and 2 at z = 1.7). Dark mat-
ter and gas particles in this simulation have a mass of 9.8× 108M⊙ and 2× 108M⊙,
respectively. Each gas particle spawns up to 4 stellar particles with an average mass

1We define R500 and R200 as the radii in which the mean density is 500 and 200 times, respec-
tively, the critical density of the Universe at the cluster redshift. The mass contained within these
radii is denoted M500 and M200.
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Figure 5.1: The environmental quenching efficiency in massive, high redshift galaxy
clusters. The quenching efficiency within the central 0.45 × R500 (left panel) and
0.7×R500 (right panel) is shown as a function of halo massM500 for simulated clusters
at z = 1.7 (red) and z = 1.3 (blue). Red and blue lines and shaded areas show the
corresponding average and uncertainty across all M500 > 2× 1014M⊙ clusters. The
average central quenching efficiency of all M500 > 2×1014M⊙ clusters is shown with
the horizontal lines. Black symbols show results from Strazzullo et al. (2019).

of 5×107M⊙. For our analysis we consider all galaxies with log(M⋆/M⊙) > 10.54 for
direct comparison with observational work with this stellar mass limit (see below).

In these rare, extreme environments in this simulation, we calculate the environ-
mental quenching efficiency as a function of distance from the cluster center. This
is defined as qeff(r) =

q(r)−qfield
1−qfield

, where q(r) is the quiescent fraction at clustercentric

distance r and qfield the average quiescent fraction in the field (e.g., van den Bosch
et al., 2008). The environmental quenching efficiency qeff(r) thus represents the frac-
tion of galaxies that would normally be star forming in the field which are instead
quenched at clustercentric distance r in the cluster environment. By analogy with
observational studies, with ”field” we refer to all galaxies within a large volume (in
this case the whole simulation box), regardless of the local density at their position.

In Figure 5.1 we compare simulation predictions with observational results in the
central regions of a representative sample of five very massive clusters at 1.4 ≲ z ≲
1.7 (Strazzullo et al., 2019). We thus show the environmental quenching efficiency
within the central 0.45 and 0.7×R500 for all clusters withM500 > 2×1014M⊙, similar
to what probed in these observations. The uncertainty on the quiescent fraction is
calculated following Cameron (2011) and propagated to obtain the uncertainties on
the quenching efficiency. We find that the average quenching efficiency in the central
regions of massive clusters at this redshift predicted by the studied simulation is close
to observations (∼ 0.7 in the probed region, with no significant redshift dependence
in the probed redshift range).

Observations to determine the quenching efficiency profile across the virial vol-
ume in such massive clusters at this redshift have only recently been acquired, and
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Figure 5.2: The environmental quenching efficiency as a function of clustercentric
distance, averaged over all simulated M500 > 2× 1014M⊙ galaxy clusters at z = 1.7
(red) and z = 1.3 (blue).

are currently being analysed. The environmental quenching efficiency is expected to
decrease with clustercentric distance, due to the correlation between clustercentric
distance and galaxy infall time, and of the timescales of the relevant physical pro-
cesses suppressing star formation in the cluster environment. In Figure 5.2 we show
the quenching efficiency as a function of cluster-centric distance at z = 1.3 and
z = 1.7, averaged over all M500 > 2× 1014M⊙ clusters. From the high environmen-
tal quenching efficiency in the central cluster regions discussed above, as expected
the simulation shows a decreasing quenching efficiency at larger radii, with the qui-
escent galaxy fraction reaching the field level at R ∼ R200, independent of redshift.
We are planning to compare these results with semianalytical models (Hirschmann,
De Lucia, and Fontanot, 2016; Fontanot et al., 2020) and zoom-in hydrodynamical
simulations (Bassini et al., 2019, 2020), both to investigate the impact of specific
prescriptions on the simulation predictions, as well as to more effectively leverage the
observational measurements to constrain actual physical processes affecting galaxy
evolution in distant clusters and protocluster environments.
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