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Abstract
DARK

Niels Bohr Institute

Master of Astrophysics

Statistics, Properties and Origin of Massive Quiescent Galaxies at High
Redshifts in the IllustrisTNG Universe

by Matthieu Williams

Recent observations have found an increasingly large amount of massive galaxies which had
already ceased their star formation at redshift z “ 3´ 2 (i.e. when the universe was young,
between 2.15´ 3.29 Gyr old), i.e. which have become quiescent. In this thesis, we investigate
to what extent the modern cosmological simulation IllustrisTNG can reproduce statistics
and basic properties of these observed high-z massive quiescent galaxy populations. We also
studied the possible physical driving mechanism for quenching star formation in these high-z
galaxies. When making reasonable assumptions on how to define a galaxy and its quiescence,
IllustrisTNG predictions are in rough agreement with observed stellar mass functions of
quiescent galaxies at z “ 2´ 3, and observed quiescent fractions fQG at a given stellar mass.
The TNG100-1 run is more frequently in agreement with observations than TNG300-1 run.
Yet in the stellar half-mass radius-to-velocity dispersion and fQG planes, both simulation runs
are not so consistent with observations. Taking advantage of the full assembly histories of
massive quiescent galaxies at z “ 2´ 3 in the IllustrisTNG simulation, allows us to explore
the possible origin for star formation quenching at these early cosmic epochs. Our results
show that the central supermassive black holes are typically seeded earlier and are growing
faster in quiescent galaxies at given stellar mass, compared to the star-forming counterparts
at z “ 2 ´ 3. This finding indicates that feedback from accreting supermassive black holes
may be one of the main drivers for suppressing star formation via heating and expelling gas
in/from a galaxy. Instead, there seems to be no relevant contribution from major or minor
mergers to stop star formation in these galaxies (via gas consumption due to triggering a star
burst), as, however, often suggested in observational studies.
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Chapter 1

Introduction

Cosmic inflation is a commonly accepted theory added to the standard Big Bang model,
relating to one of the earliest major phases of the universe ending about 10´32s after the Big
Bang. During this extremely short epoch, the universe experiences an exponential expansion
along with a significant cooling. Quantum fluctuations, prior to cosmic inflation, are thought
to have been expanded by a factor of at least 1026 and resulted in over and under density
structures.

Once the universe enters into its recombination era, temperatures have dropped sufficiently
(„ 103K) to allow electrons to decouple from photons, and thus combine with primordial
atomic nuclei to build neutral atoms. With this decoupling of the radiation and baryonic
matter, the universe starts becoming transparent to photons as they would no longer interacted
with electrons. These released photons are behind the detection of the cosmic microwave
background (CMB) radiation 380 000 yr after the Big Bang. From this point on, baryonic
matter would be gravitationally pulled towards over densities where dark matter had already
been amassed.

After the time of the CMB and as a result of self-gravity, the contrast between over dense
and under dense regions intensifies. In other words, these gravitational instabilities explain
why over dense areas densify with time by depleting the under dense regions. These regions
then collapse producing virialised dark matter halos within which the average kinetic energy
amounts to minus the half of the average potential energy.

It is within these dark matter halos that baryonic gas, trapped inside due to their gravi-
tational potential wells, starts to cool down. As it does so, it forms dense molecular clouds
which later collapse producing stars in large numbers before assembling into galaxies.

Galaxies grow in mass through continual accretion of matter and galaxy merging, two
galaxies colliding and forming a larger galaxy. This leads to growth of structures and galaxies
being described as hierarchical or bottom-up meaning, in the case of galaxies, smaller galaxies
via galaxy merging form more and more massive galaxies (Schneider, 2015).

1.1 Observed High-z Galaxies

Recent studies have recorded, through the recognition of a 1.47 µm-continuum break as the
Lyman-α break (Oesch et al., 2016) and of 3 ultraviolet emission lines as CIII doublets and
OIII single (Jiang et al., 2021), the highest-z observed galaxy to be at z „ 11 (when the
universe reached its first 400Myr). Large galaxy populations have also been found to be already
formed later in cosmic time as Bouwens et al., 2015 confirmed the uncovering of nearly 10400
galaxies at 4 À z À 10, which stands to be the largest HST-detected set of high-z galaxies.
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1.2 High-z Surveys and Associated Telescopes

Studies of deep high-z surveys such as the MUSYC survey (Kriek et al., 2006) of the Gemini
South Telescope, the Great Observatories Origins Deep Survey (GOODS, Fontana et al., 2009)
from the collaboration of Hubble Space Telescope (HST) and Spitzer Space Telescope (Spitzer),
the UltraVISTA survey (Muzzin et al., 2013) with the Visible and Infrared Survey Telescope
for Astronomy (VISTA, Ilbert et al., 2013; Martis et al., 2016), the 3D-HST survey (Fumagalli
et al., 2014; van der Wel et al., 2014) and the Cosmic Assembly Near-infrared Extragalactic
Legacy Survey (CANDELS, Popping et al., 2015) of the HST (Santini et al., 2012; Bouwens
et al., 2015; Barro et al., 2016; Oesch et al., 2016) and the Ultra Deep Survey (Tasca et al.,
2015) from the European Southern Observatory-Very Large Telescope (ESO–VLT) have led
the way to giving meaning to the particularities of galaxies and large structures of the Universe
since z „ 10.

This understanding has been further developed with findings from the Cosmic Evolution
Survey of the COSMOS field (Domínguez Sánchez et al., 2011; Muzzin et al., 2013; van der Wel
et al., 2014) viewed with the Subaru Telescope (Kajisawa et al., 2009; Ilbert et al., 2013), the
Spitzer (Santini et al., 2012; Fumagalli et al., 2014) and the HST, the Sloan Digital Sky Survey
(SDSS, Cheung et al., 2016)-IV with the Sloan Foundation Telescope and the installation of
the Multi-Object Spectrometer for Infra-Red Exploration (MOSFIRE, Kriek et al., 2016; Belli
et al., 2017; Schreiber et al., 2018; Belli et al., 2019; Tanaka et al., 2019; Valentino et al.,
2020; Esdaile et al., 2021) in 2012 on the Keck I telescope (Bezanson et al., 2009; Newman
et al., 2010; Belli et al., 2014). The NEWFIRM Medium-Band Survey’s (NMBS), with the
National Optical Astronomical Observatory, (NOAO) medium-bandwidth near-IR filters has
shown high resolution improvments in the estimation of 1.5 ă z ă 3.5 photometric redshifts
through the determination of the 4000 Å-Balmer break (Whitaker et al., 2010). The X-Shooter
Spectroscopy instrument (Vernet et al., 2011) on the VLT has played a role in the measurement
of galaxy stellar dynamics and structure of high-z quiescent galaxies (Tanaka et al., 2019;
Stockmann et al., 2020; Valentino et al., 2020).

More concretely, among some of the results obtained through these surveys were the
estimations of the scale height of the Galactic thick disk (900 parsecs) and the halo power
law distribution coefficient (´3.5 to ´4.5). This was achieved by MUSYC survey from the
photometric properties of K (orange) dwarf stars and M (red) dwarf stars, with life expectancies
along the main star-forming sequence (MSFS) of at least 2 ´ 3 times that of the Sun’s1.
As well as the definite bi-modal color-color distribution of galaxies with high and low levels
of star formation was proved with the SDSS survey2 (Strateva et al., 2001). But also, van
Dokkum et al., 2011, using data collected from the 3D-HST survey, showed that at 1 ă z ă 1.5
(„ 30´ 40% of its current age) massive (ą 1011Md) galaxies were more diversified in terms
of their detected H α emission lines, morphology and velocity dispersion than local similarly
massive galaxies. CANDELS survey, on the other hand, targets objects and structures
belonging to the Cosmic Dawn3. As such, this survey made possible the observation of the
first black hole seed candidates at z ą 6 with expected masses of at least 105Md. They are
thought to have originated from primordial clouds of atomic-cooling metal-free gas collapsing
at 10 ă z ă 15 (Pacucci et al., 2016).

1.3 Observed High-z Quiescent Galaxies

Galaxies have frequently been categorized according to their associated color magnitude,
mainly originating from their stellar population, in reason of the observed bi-modality of

1See MUSYC Results
2See SDSS Results
3See CANDELS Epochs

https://www.eso.org/sci/publications/messenger/archive/no.129-sep07/messenger-no129-45-48.pdf
https://www.sdss.org/science/
https://www.ipac.caltech.edu/project/candels
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the global color distribution (Strateva et al., 2001; Bell et al., 2003; Budavári et al., 2003;
Blanton et al., 2003; Hogg et al., 2003; Baldry et al., 2004b; Baldry et al., 2004a; Cirasuolo
et al., 2007). Hotter blue stars have shorter lifespans than colder and redder counterparts
making them good indicators of recent ongoing star-formation. Suppression of star formation
within galaxies results in the reddening of their observed color as the relative fraction of older
red stars increases and the number of short-lived blue stars diminishes. However, regions of
current galaxy star formation obscured by dust, belonging to the galaxy or present along the
observational line of sight, have shifted the detected galaxy color towards the reds (Kriek et al.,
2006; Ilbert et al., 2013; Glazebrook et al., 2017; Santini et al., 2020). Simple UV selection
has been reported to misidentify up to half of star-forming galaxies at z ą 2.5 as dusty ones
were grouped with galaxies with suppressed star formation (Muzzin et al., 2013). As it was
highlighted in Martis et al., 2016, these types of star-forming galaxies dominate the massive
(logpMq ą 10.3) galaxy population at z ą 2.

In the local Universe it has been known, for some time, that massive blue star-forming
(SFGs with high star-forming rates SFR) and red quiescent (QGs with low SFR) galaxies
coexist (Tully et al., 1982; Bell et al., 2003). Recently, deeper observations have shown that
this color bi-modality remains up to z „ 5 (Kriek et al., 2016; Glazebrook et al., 2017; Merlin
et al., 2018; Girelli et al., 2019; Merlin et al., 2019; Tanaka et al., 2019; Santini et al., 2020;
Valentino et al., 2020; Esdaile et al., 2021) as massive QGs (MQGs) were already present
at these times although less numerous than in the local Universe. As of z “ 2.5, quenched
galaxies have become the majority population, first amongst the most massive ones and later
on amongst less and less massive galaxies. Indeed at 0.2 ă z ă 0.5, the quiescent population
was predominant for all galaxies with stellar masses above 1010.5Md (Muzzin et al., 2013).

A set of extremely red z „ 3´ 6 galaxies initially revealed by the Spitzer IRAC intrument,
will soon4 be studied by the James Webb Space Telescope’s (JWST) NIRSpec instrument to
distinguish between QGs and dusty SFGs (Barrufet et al., 2021). JWST/NIRSpec will have the
ability to differentiate these two galaxy types thanks to its broad 0.6´ 5.3µm coverage range
and reveal galaxy kinematics (Nanayakkara et al., 2021). Additionally, JWST will provide a
better basis for separating high-z QGs and low-z dusty SFGs through the monotoring of 4000
Åbreak and 20µm rest-frame band (Merlin et al., 2018). In the near future, the European
Extremely Large Telescope (ELT) will become the largest optical near-IR telescope. It will
deliver spectral data for some of the faintest of objects and will allow for strong morphological
analysis (Merlin et al., 2019). Its atmospheric distortions-corrected images will be significantly
sharper than HST5.

1.4 Properties of Observed MQGs

We will now go over a few physical properties associated to MQGs present in literature from
detected emission lines to inferred stellar mass densities and velocity dispersion.

1.4.1 Galaxy Emission Lines

To start, we will focus on characteristic emission lines of such galaxies at high-z. First off,
Hα emission lines have been known to originate from H II regions, clouds of ionized hydrogen
atoms, with young (ă 107yr) star clusters. As such, the width of measured Hα emission lines
has been interpreted as a present-to-past SFR indicator. As it turns out, some MQGs have
been found to not exhibit any Hα emission lines which further confirmed the lack of ongoing
star formation (Kriek et al., 2006). Other QGs were caught emitting faint mid-IR light, with

4The announced launch date is December 18 2021 from Europe’s Spaceport in French Guyana on an Ariane
5 (JWST Launch).

5See EELT Announcement and Facility

https://www.nasa.gov/press-release/nasa-readies-james-webb-space-telescope-for-december-launch
https://www.eso.org/public/announcements/ann21008/
https://www.eso.org/sci/facilities/eelt/science/
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a weak stellar contribution at these wavelengths. This is in net contrast with the intense
mid-IR light arising from dust re-emission of UV-absorbed light observed in the case of SFGs
(Fontana et al., 2009).Additionally, strong Hβ, Hγ and Hδ Balmer emission lines that likely
originated from short-lived A-type stars were spotted in the near-IR spectrum of a MQG at
z “ 3.717. This revealed the galaxy’s past starburst history (Glazebrook et al., 2017). Finally,
a few recently quiescent galaxies have exhibited high ratios of rNIIs{Hα, low emission levels
of rOIIIs{Hβ and rOIIIs{rOIIs and the ionised gas’ large line width. This is in agreement
with shocked gas stemming from AGN-driven outflows although AGN photoionisation is also
another possible cause in some cases. Such outflows may be considered as quenching processes
since they lead to the heating of the interstellar medium (Newman et al., 2018).

1.4.2 Galaxy Stellar Mass Functions

Then we have a look at the galaxy stellar mass of these MQGs. The Stellar Population Synthesis
(SPS, Bruzual et al., 2003) model has provided an assessment of the spectral evolution of
stars. This has made possible the capture of galaxy rest-frame colors which in turn served to
establish blue and red galaxy populations. By assuming red galaxies to be quiescent, a galaxy
stellar mass function (GSMF) of quiescent populations is finally obtained (Ilbert et al., 2013).
Now, these color quiescent GSMF’s almost invariant high mass end slope has been interpreted
as proof of insignificant mass growth for highly massive quiescent galaxies at z ă 1 once the
star formation has been quenched and major galaxy-galaxy mergers are infrequent. Moustakas
et al., 2013 has further confirmed this implication finding that mergers do not represent a
decisive player in galaxy mass growth. At z „ 3.75, the quiescent GSMF, approximated by a
single Schechter, has shown a considerable MQG population with a characteristic Schechter
stellar mass M‹ increasing with decreasing redshift amounting to 1010.52Md at z “ 2. The
less massive quiescent group only becomes noticeable at later cosmic times (z ă 1.5) with the
then GSMF being fitted with double Schechter functions. Additional validation is required to
confirm z “ 1.5 as a pivotal epoch for quiescent galaxies (McLeod et al., 2021). The strong
evolution of the GSMF deduced in Davidzon et al., 2017 has supported the emergence of
MQGs at z “ 3 while Santini et al., 2020 has pushed it to even earlier times (z “ 4).

1.4.3 Galaxy Stellar Mass Densities

Thirdly, we turned our attention to the stellar mass density of these MQGs (either in terms
of the surface density Σ‹ or the volume density ρ‹). To begin, the average ρ‹ within the
effective radius has been measured to be „ 100 times higher in MQGs at z “ 2.3 than in
nearby massive elliptical galaxies often taken as nowadays quiescent descendants (Bezanson
et al., 2009). In addition, four newly analysed MQGs at 3 ă z ă 4 were discovered to be
more compact in the HLR´M plane (with HLR the half-light radius) than MQGs at z “ 2
(Esdaile et al., 2021). This should imply that, since z “ 4, MQGs have become severely less
and less compact within the effective radius with decreasing redshift. Interestingly, within
a 1kpc-radius, the ρ‹ and the Σ‹ of MQGs, since z « 2, have halved or decreased by no
more than a third (Bezanson et al., 2009; Mosleh et al., 2017). For comparison, during that
same period, the Σ‹ within a 1kpc-radius of massive SFGs has almost doubled (Mosleh et al.,
2017). These trends for MQGs have been interpreted as supporting an inside-out stellar mass
growth evolution; the central regions of nearby massive ellipticals being the remains of compact
MQGs (Bezanson et al., 2009). For such a growth scenario, an expulsion of the central star
formation towards the outer regions, within these galaxies, is expected to have occurred as
early as z “ 2.5 (Tacchella et al., 2017). More generally, as of z “ 3.5, the redshift evolution
of the ρ‹ of MQGs has been predicted to be p1 ` zq´4.7. This actually corresponds to the
squared of the redshift evolution of the ρ‹ of massive SFGs. This implies that the quenched
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population since z “ 3.5 has experienced a more rapid ρ‹ growth than was recorded for the
star-forming population (Muzzin et al., 2013). Finally, a recent study has concluded in the
possible existence of a minimal mass-and-redshift dependent threshold of Σ‹ ě 1010Mdkpc2

within 1kpc for quenching to start. This verdict was reached after galaxies showing substantial
levels of central Σ‹ were found to be predominantly quiescent. Adding to this was an apparent
drop in the Σ‹ ´ sSFR plane at this specific Σ‹. However, a direct causal link between Σ‹
and sSFR has been hard to confirm (Mosleh et al., 2017). Previously in van Dokkum et al.,
2015, AGN feedback or other mechanisms coupled to stellar density were thought to kick in
once a stellar mass density threshold was reached and then cause star-formation to cease.

1.4.4 Galaxy Radii

Fourthly, we give a view of the galaxy radii evolution of these MQGs through cosmic time.
Typically, there have been two distinct galaxy radii in literature even if one is more regularly
stated.

The first characteristic size, most frequently deduced from observations, has been the
effective radius Reff . The effective radius refers to the semi-major axis radius of the ellipse
within which half of the total light, emitted from a galaxy, is found. It has often been inferred
by semi-major axis of the half-light ellipse of Sersic model fits of light profiles (van der Wel
et al., 2014). This has allowed the detection of a much greater increase in the number density
associated to small-sized passive early-type galaxies than of small late-type SFGs from z “ 3 to
z “ 1.5. Subsequently, the small massive compact late-type galaxy population was suggested
to be a likely intermediate state between massive but less compact late and early type galaxies
(van der Wel et al., 2014). For context, by strictly comparing the average radius evolution
between QGs and SFGs, observations, from z “ 3 to z “ 0, have revealed the size growth
to be faster in the case of QGs than for SFGs. Indeed, the exponent of its radius’ redshift
evolution (Reff „ p1` zq´1.48) was found to be twice that of SFGs (van der Wel et al., 2014).

The second galaxy size commonly used has been the stellar half-mass radius SHMR. As
the name suggest, SHMR indicates the radius that halves the integrated stellar mass density
profile, previously extrapolated to 100kpc (Mosleh et al., 2017) or less. By insisting on massive
compact dusty SFGs at z “ 2.5 being progenitors of z “ 2 quiescent galaxies, SHMR of these
galaxies has been expected to experienced a 37.5% decrease following nuclear starburst events
(Barro et al., 2016). Thus, quiescent galaxies at z “ 2 are suggested to be more compact than
their progenitors at z “ 2.5.

A comparison between SHMR and H160-band Reff confirmed that SHMR ă Reff , when
it comes to MQGs, as SHMR amounted to 30´ 50% of Reff (Mosleh et al., 2017).

1.4.5 Galaxy Stellar Velocity Dispersion

Finally, we address MQGs’ stellar velocity dispersion σe, ‹, defined as the statistical scatter or
dispersion of the stellar velocities relative to its mean stellar velocity. Balmer absorption lines
are crucial for the estimations of σe, ‹ at high-z (z ą 1) however, it is no longer the case at
z ă 1. This was recently confirmed in Belli et al., 2017.

First of all, at 3 ă z ă 4, observations of MQGs have shown that the σe, ‹ range between
200´ 300km{s (Tanaka et al., 2019; Esdaile et al., 2021). These high σe, ‹ are correlated to
high levels of stellar mass and small radii (Esdaile et al., 2021). Later on at 1.5 ă z ă 2.5, the
inferred dissimilarities in σe, ‹ between edge-on and face-on in some MQGs have appeared to
suggest that they host rotational disks within them. Further confirmation of these disks at
high-z, have come with today’s MQGs having only half the V {σe, ‹ ratio (with the circular
velocity V ) of those at high-z (Belli et al., 2017). This later evolution of these disks inside
MQGs has been understood to be the result of dry mergers at z ă 1.5 which diminished
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the angular momentum of the disks (Belli et al., 2019). The disappearance of rotational
disks implies that galaxy morphological evolutions, from disk galaxies to nowadays ellipticals,
were not necessarily synchronized with quenching mechanisms (Belli et al., 2019). Such a
conclusion stands in clear conflict with common understanding (see Bezanson et al., 2009).
At 0.9 ă z ă 1.6, MQG population has been observed with smaller radii but larger σe, ‹ than
nearby massive galaxy populations (Belli et al., 2014).

Finally, ionized gas disks, derived from gas dynamics and Hα emission lines, were found
within compact massive SFGs at z ą 2, potential progenitors of compact MQGs at z ą 1.5,
have a tendency to lower the estimated σe, ‹. These disks, in fact, cover regions up to twice
those covered by stars (van Dokkum et al., 2015).

1.5 Candidate Quenching Mechanisms

The true mechanisms responsible for the quenching of star formation in high-z galaxies have
not yet been established (Belli et al., 2017) and are still up for debate. Though, concerning
massive (Á 1010.5M‹) galaxies, quenching has been observed to be efficient since z “ 2.5
(Fumagalli et al., 2014). In addition, the drop in the high mass end of the SFR-mass relation
as of z “ 3.5 has been seen as a sign of substantial quenching and fast growth in galaxies
at high-z (Tasca et al., 2015). Amongst the multiple processes and scenarios envisioned for
suppressing star formation, feedback from low level active galactic nuclei (AGN) is the most
likely candidate (Cheung et al., 2016; Belli et al., 2019) triggering early quenching (as of
z « 4.5, Girelli et al., 2019).

AGN feedbacks are observed to happen in two major modes: jet/radio mode, directly
detectable by X-ray imaging, and radiative/quasar/bright mode. In the first mode (radio
mode), quenching occurs through relativistic particles-based collimated jets warming up the
supply of cold halo gas. In the second mode (quasar mode), however, it is the result of
mergers, fast black hole growth and quasar winds expelling gas beyond central regions (Girelli
et al., 2019). Mergers tend to be recurrent in proto-clusters where galaxy number densities
are significant and velocity dispersion are weak (Sherman et al., 2020). Repeated mergers
combined with AGN and stellar feedback could over stimulate star formation leading to its
suppression in central regions. In the young universe (2.5 ă z ă 3), such mechanisms could act
as another remarkable quenching processes Sherman et al., 2020). Strong nuclear starbursts
with depletion times of „ 0.1Gyr could also allow massive and large dusty SFGs at z “ 2.5 to
be the direct progenitors of compact MQGs at z “ 2 (Barro et al., 2016). This is known as a
dissipation-driven formation scenario.

Observations suggest two different timescales for quenching: one slow essentially concerning
large galaxies, and one fast backed up by gas-rich mergers and producing compact post-
starburst galaxies. Slow quenching is primarily the product of cold gas depletion following
the appearance of stable virial shocks coupled with the AGN radio-mode feedback heating.
It may also result from the receding of gas inflows towards galaxies or other cosmological or
gravitational effects (Belli et al., 2019). Throughout the Universe, cold dense intergalactic
filaments ensure the flow of gas from the ionized intergalactic medium towards galaxies. This
is expected to contribute to quick star formation in galaxies(Sherman et al., 2020). Following
observations of large gas reservoirs in some post-starbursts and quiescent galaxies, Schreiber
et al., 2018 proposed that quenching within galaxies may start before gas depletion. This hints
towards other possible quenching processes other than gas depletion as favorable candidates of
slow quenching.

Some quenching processes, such as gas disk stabilization, have been described as morpho-
logical processes. Gas disk stabilization, supported by a deep potential well and a removal of
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stellar disk structure, would prevent perturbation and fragmentation of the gas disk and its
collapse into star-forming gas clouds (Martig et al., 2009).

Looking at a specific population of MQGs, dead galaxies, it has been shown that extremely
low SFRs measured in dead galaxies at z ą 1.5 may be explained by inefficient gas recycling
(star formation sustained by the mass loss of old stars) (Belli et al., 2019). This entails that
quenching processes are restraining the cooling of the to-be recycled gas or perhaps ejecting it
to outer regions. This phenomenon could explain a 60% increase in the stellar radius from
z “ 2 to present day (Belli et al., 2019). Supplementary evidence is needed to support the case
of inefficient quenching mechanisms in massive halos at z ą 3. At those times, star formation is
monopolized by inefficient baryonic cooling (Davidzon et al., 2017). Yet, signatures of efficient
quenching processes are already reported at z “ 2.

In Peng et al., 2010 two phenomenological quenching paths are introduced. The first path
would be via environment quenching, associated to a galaxy migration towards high over density
zones while large cosmological structures form. This path is efficient for low mass galaxies and
results in recently quenched galaxies being interpreted as a primary quenching transitional state
(Ichikawa et al., 2017). Environmental quenchings include ram pressure stripping (stripping of
cold gas in the outer low stellar mass dense regions), gravitational harassment (overall impact
of frequent high speed tidal interactions) and starvation / strangulation (Moustakas et al.,
2013). Gravitational harassment is thought to be effective for old cluster galaxies with high
velocity dispersion, in so far as gravitational torques imply gas inflow to central regions fueling
only central star formation (Querejeta et al., 2016). The second phenomenological path is
mass quenching intrinsic to the total galaxy stellar mass and appears to be the dominant path
taken by massive (ą 1010.2Md) quiescent galaxies.

Future minor mergers, will, in the case of passively evolving galaxies, contribute to mass
growth in the outer regions while leaving the central regions almost unchanged (Mendel et al.,
2020).

1.6 Cosmological Galaxy Formation Simulations

In recent years, state of the art cosmological simulations, Illustris (Vogelsberger et al., 2014;
Genel et al., 2014; Sijacki et al., 2015), EAGLE (Schaye et al., 2015; Furlong et al., 2017),
SIMBA (Davé et al., 2019) and IllustrisTNG (The Next Generation, Pillepich et al., 2018b;
Pillepich et al., 2018a, Springel et al., 2018, Nelson et al., 2018, Naiman et al., 2018, Marinacci
et al., 2018) have been developed and later used as virtual laboratories to study various aspects
of galaxy formation and evolution over large cosmic timescales otherwise unobtainable through
simple analysis of observations and smaller models. As a result, they have been employed to
interpret the predicted mechanisms behind suppression of star-formation in quiescent galaxy
populations in EAGLE (Schaye et al., 2015), SIMBA (Rodríguez Montero et al., 2019) and
IllustrisTNG (Weinberger et al., 2018).

The goal of this work is to understand the extent to which modern cosmological simulations,
such as IllustrisTNG, can replicate observed populations of MQGs as early as z „ 3 and their
basic properties. Now, having such a cosmological simulation at hand, we take a further step
to identify the mechanisms and reasons behind the quenching of star-formation at these early
cosmic epochs. As such, this report is divided into four parts. We start off, in chapter 2, with
a presentation of the IllustrisTNG cosmological simulation used in our study of MQGs at
high-z. Our IllustrisTNG results and predictions are presented in chapter 3. In chapter 4, we
discuss and analyse our outcomes before summarizing our general conclusions in chapter 5.
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Chapter 2

IllustrisTNG Simulations

In this section, we will introduce the IllustrisTNG simulation. We will first look at the
assumed initial conditions. Then, we will present the Illustris simulation as the basis for the
newer updated version whilst considering some of the physical processes implemented into the
simulation. And finally, we will address previous results linked to quiescent populations and
obtained using the IllustrisTNG simulation.

2.1 Initial Conditions and Conventions

IllustrisTNG’s cosmological parameters, selected from the Planck Collaboration et al., 2016,
are as indicated in Table 2.1. .

ΩΛ ΩB ΩDM h ns

0.6911 0.0486 0.3089 0.6774 0.9667

Table 2.1: IllustrisTNG cosmological parameters: the vacuum density ΩΛ, the cosmological baryonic
density ΩB , the dark matter density ΩDM , the scaled Hubble constant h “ H0{100km{s{Mpc and the

spectral index ns selected from the Planck Collaboration et al., 2016

The Illustris Simulation is a ab initio (z “ 127 under the Zedovich approximation account-
ing for the non-linear epochs of the simulated universe’s gravitational evolution) magneto-
hydrodynamical ΛCDM cosmological simulation with a flat curvature presupposing a three-
constituent universe: baryonic matter, dark matter and dark energy which sustains the
simulated universe’s accelerated expansion.

Cold Dark Matter (CDM) and Hot Dark Matter (HDM) are two distinct approaches based
on the velocity of dark matter components. HDM supposes relativistic velocity dispersion while
CDM presumes weaker speeds. This difference in nature of dark matter leads to clear disparities.
Under the HDM paradigm, its dark matter components are subject to free streaming namely
the ability to flow unaffected by gravitational potential wells induced by over-dense regions
that inevitably dissipate. This favors the early forming of large cosmological structures before
the appearance of galaxies emerging from the fragmentation of these super structures. These
features and evolutionary stages do not arise with CDM defined dark matter. On the one
hand, such HDM predictions are in obvious disagreement with observations of high-z galaxies
and quasars as well as the flat rotation profiles of spiral galaxies. The CDM theory, on the
other hand, clearly justifies the cosmic microwave background radiation (CMB), the Universe’s
expansion history and some characteristics of large cosmological structures (SpringerBook).

In the following study, we use M as log10pM‹{Mdq with M‹ in solar masses Md.
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2.2 Illustris Simulation Base

IllustrisTNG is cosmological magneto-hydrodynamic simulation conducted with the AREPO
code.

Illustris’ first particularity is its galilean-invariant, gridless moving mesh provided by
the AREPO code (Springel, 2010) which allows for a finite volume approach and a second
order unsplit Godunov scheme along with an exact Riemann solver. Such a code avoids
fluid instability suppression stemming from Langrangian smoothed particle hydrodynamic
(SPH) approaches and over-mixing combined with galilean-invariance loss from Eularian
hydrodynamics with cartesian adaptive mesh refinement (AMR) systems. This unstructured
moving mesh is tessellated with Voronoi cells. The Voronoi tesselation attributes to a given
cell center, without overlapping, the area closest to it. These center points may also be viewed
as triangle vertices adding up to form a Delaunay tesselation of space. The fundamental
requirement of Delaunay triangulation is that a trangle’s associated circumcircle may not
inclose other mesh points. If a mesh point were to be added or moved, this no-point-within-
circumcircle property would need to remain valid for every newly drawn connecting link. Then,
the Voronoi underlying characteristic would be applied to reach a new evolved mesh.

The AREPO code was upgraded to allow for quasi-Langrangian magnetohydrodynamics
(MHD, Pillepich et al., 2018b). With the addition of magnetic fields and the ideal MHD
assumption, an 8-wave Powel cleaning algorithm was implemented to maintain the null
divergence. Taking magnetic fields into consideration is a major improvement to the Illustris
simulation. The Green-Gauss spatial gradient estimator has also been replaced by a Least-
Squares Fit estimator (LSF) to limit strong center of mass and mesh point location deviations
in the case of strongly irregular geometry cells.

The gravitational force is numerically calculated using a Tree-PM (Particle Mesh) scheme
with a hierarchical octree algorithm when dealing with short range forces and a particle mesh
method when longer. The simulation volume is a comoving box with periodic boundaries
which is expressed in comoving kpc (ckpc). Multiplying a comoving length by the scale factor
a “ 1

1`z converts it to a physical length.
Cosmologically simulated haloes are indentified using Friend-Of-Friend algorithm with

a linking length of 20% of the mean inter-particle distance (Pillepich et al., 2018a). The
later identification of subhaloes is accomplished using the numerical method SUBFIND as in
Subhalo Finder (Springel et al., 2001). This algorithm assumes subhaloes to be locally over
dense self-connected particles. For this, it begins by establishing a density map associated
to all particles bound to the halo. With this distribution obtained, the algorithm will first
determine all possible candidate subhaloes with a high-to-low density binding analysis and
then it confirms those candidates satisfying the substructure definition with a low-to-high
density unbinding. During the identification phase, it links, at each iteration, the highest
unbound point to one or two of its nearest most bound neighbors until all points have been
checked. If a point unites two previously unconnected particle groups then both groups are
categorized as possible subhalo candidates and the algorithm goes on to find the next most
dense unbound point. During the confirmation phase, candidates are subject to unbinding
scheme. For this procedure, the most bound particles within substructures are classified as
subhalo center and their velocity as the candidates’ mean velocities. By appending the Hubble
flow, due to universe expansion, to the velocity of the other bound particles, the algorithm
then unbinds all of the positive total energy particles. Non-repeated candidates are finally
confirmed as subhalos if more than a certain number of points remain bounded.

For each simulation run and time iteration, whole volume information is stored in a
snapshot file and a group catalog file. Snapshots contain data simulated headers, parameters,
configurations and five PartType packages. PartTypes include gas, dark matter, tracer, star
with wind and black hole particles. For every PartType group, certain physical traits are stored.
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Group catalogs are composed of overall halo or subhalo properties. A third characteristic is
the dark matter and subhalo merger trees.

Merger trees are connections between groups and subgroups of different snapshots. They
are obtained using the LHaloTree and and SubLink algorithms respectively. The SubLink
procedure is subdivided into three steps (Rodriguez-Gomez et al., 2015). First of all, for each
subhalo at snapshot Si, the algorithm determines all the possible descendant subhaloes at Si`1

with which it shares common particles. Then, each candidate subhalo is graded with regards
to a particle mass and particle binding energy rank. Finally, the candidate with the highest
merit score is recognized as the unique descendant. If a descendant subhalo moves so close to
a larger structure that difference in density is weak, the subhalo may be skipped. In this case,
a descendant in the following snapshot will be identified as the descendant. However, if it
remains in the larger structure for more snapshots, the search for a descendant will stop and
it will be added to the larger structure. A chain of progenitor and descendant galaxies form
progenitor or descendant branches respectively. The main progenitor branch is the progenitor
branch composed of all the first progenitors that is the progenitors with the most massive past
history.

2.3 Galaxy Formation Processes

The IllustrisTNG Simulation, is based on the strength of the Illustris Simulation. However,
numerous changes have been made. The simulation has three distinct simulated volumes
with cubic sides of 35h´1 « 50 Mpc (TNG50-X), « 100 Mpc (TNG100-X) and « 300 Mpc
(TNG300-X). In the following study, we focus only on the TNG100-1 and TNG300-1 runs
since they have the highest baryonic and dark matter resolution while still being the largest
simulated volumes. Their physical and numerical parameters are displayed in Table 2.2. The
simulation was built to ensure that the smaller the volume the higher the baryonic particle
mass mB and dark matter particle mass resolution mDM . The 100 stored snapshots now start
at z „ 20 (0.179 Gyr) and finish at z „ 0 (13.8 Gyr) with a range of „ 0.05´ 0.2 Gyr between
snapshots.

Parameter Unit TNG100-1 TNG300-1

LCom.Cub cMpc h´1 75 205
LPhys.Cub Mpc 110.7 302.6
NG ´ 18203 25003

NDM ´ 18203 25003

mB 106Md 1.4 11
mDM 106Md 7.5 59

Table 2.2: Physical and numerical parameters from TNG100 and TNG300 simulation runs: the
comoving cubic size length LCom.Cub, the physical cubic size length LPhys.Cub, the total number of
gas cells NG and dark matter particles NDM , the average baryonic mass mB and the average dark

matter mass mDM

One of the first major astrophysics-related improvements concerns supermassive black
holes and their low accretion rate feedback. The previous thermal bubble model was replaced
by black hole-driven winds. The black hole seeding mass has been increased by a factor 8 to
1.18ˆ 106Md as soon as the halo reaches a mass of 7.38ˆ 1010Md which implies a stronger
and sooner impact of the black hole on its host. In the IllustrisTNG simulation, galactic winds
now have the ability to flow isotropically. This is in contrast with previous bipolar constraints
applied onto these winds. This still produces galactic fountains due to the spreading in the
direction of minimum resistance. The evolution of stars was modified as well to better agree
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with observations. Simulated stars evolve along the asymptotic giant branch before core
collapse (Ia or II), once they have reached a mass threshold of 8Md (6Md with Illustris). A
notable novelty is the gas-metallicity dependent parametrisation of the injection mass loading.

As mentioned in Pillepich et al., 2018b, IllustrisTNG simulation features not tuned to fit
observations as well as not negatively impacted by numerical adaptation may be interpreted
as predictive. The IllustrisTNG simulation was calibrated to imitate certain z “ 0 observation
relations among which are the GSMF, the stellar mass to size relation, the black hole to galaxy
mass relation and the z ă 10 cosmic star formation rate density.

As soon as a Voronoi gas cell reaches a density threshold of 0.1cm´3, it becomes star
forming (Donnari et al., 2019). This gas cell is then attributed a disk-averaged star formation
rate density ΣSFR according to the empirical Kennicutt-Schmidt law (Springel et al., 2003;
Kennicutt, 1998):

ΣSFR “ p2.5˘ 0.7q ˆ 10´4

ˆ

Σgas

1 Md pc´2

˙n Md

yr´1 kpc´2

with n “ 1.4 ˘ 0.15 and Σgas the gas cell’s associated surface density. The star particles
produced have a Chabrier Initial Mass Function (Chabrier, 2003) and are common-aged stellar
populations. Minimum non zero SFRs are star forming time dependent. SFRs increase with
the cell’s cold gas mass (Donnari et al., 2019).

Once the black hole particle is seeded, and maintained in its host’s minimum gravitational
potential even in the event of black hole mergers, it accretes following a non-boosted Bondi-
Hoyle accretion 9MBondi with a superior Eddington accretion 9MEdd limit (Weinberger et al.,
2018):

9MBondi “ α
4πG2M2

BHρ

c3
S

with α “ 1

9MEdd “
4πGMBHmp

εrσT
c with εr “ 0.2

with the gravitational constant G, the black hole mass MBH , the kernel-weighted surrounding
density ρ, the kernel-weighted surrounding sound speed cS , the mass of a proton mp, the light
speed c, the radiative efficiency of the black hole εr and the Thompson cross section σT .

The black hole feedback has two modes: one for the high accretion rates and another for
low accretion rates. In the high accretion state, feedback occurs through thermal injection
with an associated energy of:

9EHA “ 0.02 9Mc2

Alternatively, in the low accretion state, kinetic winds stemmed from the black hole amounting
to an overall kinetic energy of:

9ELA “ min

ˆ

ρ

0.05ρCSF
, 0.2

˙

9Mc2

with the critical star forming density ρCSF . The min function assigns a value to the weakness
of the AGN feedback energy-environment coupling. The Eddington ratio fEdd “ 9MBondi{ 9MEdd

relative to:

fcrit “ min

˜

0.002

ˆ

MBH

108 Md

˙2

, 0.1

¸

stands as the separation line between both accretion states.
To guarantee a time efficient chemical enrichment of the interstellar medium (ISM), the

enrichment process only materializes if one out of two conditions are fulfilled: the star
particle-to-total galaxy stellar mass ratio surpasses 0.0001 or the star particle is newly formed
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(ă 100Myr). Such a modification in the implementation of chemical enrichment does not
affect the overall simulation results. The modelling of gas cooling (from the ionizing UV
background radiation field, metal lines and AGN radiation field), self-shielding for dense ISM
and stellar feedback (driving galactic outflows) are also required and so added to the Illustris
and IllustrisTNG simulations (Pillepich et al., 2018b).

2.4 Galaxy Definition Criteria with IllustrisTNG

The simulation allows for two distinct galaxy definitions based on aperture. All particles bound
to a unique subhalo are considered to form an all-bound (AB) galaxy, whereas for an in-radius
(IR) galaxy, only those contained within twice the stellar half mass radius (SHMR) are kept.
We expect the properties of IR-defined galaxies to be more in agreement with observations
as the IR galaxy definition describes galaxies in a way which is closer to the one adopted by
observations. Initially, three additional galaxy definitions were taken with spherical apertures
of 10ckpc{h, 30ckpc{h and 100ckpc{h. Galaxies are also required to have a stellar mass 1000
times the simulation’s average stellar particle mass which means M “ 9.15 for TNG100-1 and
M “ 10.04 for TNG300-1 to be properly resolved. The last galaxy criterion adopted avoids
the inclusion of flagged galaxies with doubtful cosmological origins. These suspicious galaxies
formed while they were satellites with low dark matter fraction (ă 80%) within a halo’s virial
radius. In addition, the stellar formation time (SFT ) provides an adequate distinction between
stars (SFT ą 0) and wind phase gas cells (SFT ď 0) combined to form the fourth particle
type.

There are three different approaches to studying IllustrisTNG simulation data: an analysis
of downloadable data files, a web-based interface approach with requests and a JupyterLab
technique. We have found the second way of analysis to be most suited for the study of merger
trees as it presents the best apparent data stored-to-analysis time ratio.

2.5 Previous Results of MQGs with IllustrisTNG

Finally, we will introduce a few of the latest published results (2018, 2019) of research relating
to the study of MQGs achieved with the IllustrisTNG simulation.

Some of the published results (Donnari et al., 2019) have already emphasized the importance
and effects of the quiescent criterion and of the galaxy definition criterion on the QG and
SFG populations. As it turns out, the level of the bending of the main star-forming sequence
(MSFS) at the high mass end (M “ 10.7´ 11.5) strongly depends on the quiescent criterion
used. However, UVJ-defined QGs and 1dex-below-MSFS-defined QGs have almost identical
quiescent galaxy fractions. This likely implies that both quiescent criteria classify the same
galaxies as part of the QG population. Furthermore, results have shown that non negligeable
amounts of star formation takes place in the outer regions of galaxies. This explains the
MSFS’s overall drop in terms of SFR when smaller apertures are selected. Thus, smaller
galaxy apertures lead to more galaxies being categorized as quiescent. This negatively impacts
IllustrisTNG’s ability to reproduce observations.

Other findings, from Nelson et al., 2019 using TNG50 runs, have highlighted several
properties of galactic outflows from MQGs at 1 ă z ă 6. All galaxies with SFR below the
MSFS have been categorized as quiescent. First of all, MQGs, from TNG50, have been found
to have the most powerful black hole driven-outflows although they are only comparable to
those of highly starburst galaxies. It has also been shown that at constant galaxy stellar
masses, the velocity of outflows in MQGs diminishes with cosmic time. Secondly, it has been
documented that the central black hole feedback intervenes more and more in the mass loading
of outflows after MQGs have reached stellar masses of 1010.5M‹. This is coherent with an ever
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increasing mass loading onto the outflow, coming from the black hole feedback, as we turn our
attention to increasingly massive (ą 1010.5M‹) QGs. Interestingly, for low mass (ă 1010.5M‹)
QGs the mass loading of outflows is supported by stellar feedback. In this instance, the outflow
mass loading gradually reduces with a mass increase in those low mass QGs.

We would also like to present the circumstances behind the past quenching of MQGs at
z “ 0 that have already been explored. To start with, progenitors of small-sized and low-mass
QGs at z “ 0 have been quenched at earlier epochs than large MQGs. Indeed, these large
MQGs were noticed to remain longer on the MSFS (Genel et al., 2018). Another publication
(Weinberger et al., 2018) claims that the central supermassive black hole, while in its kinetic
and low accretion state, is responsible for the existence of a QG population at z “ 0. This same
paper also mentions that black hole growth and feedback (for those with logpMBH{Mdq ą 8.5)
is sustained by gas accretion from black hole mergers (Weinberger et al., 2018).

Interestingly, some research, carried out with IllustrisTNG simulation, are in disagreement
with observations. The IllustrisTNG simulation data suggests an apparent underestimation of
the MSFS at 0.75 ă z ă 2.0 and a need for an improvement of the stellar feedback model
(Donnari et al., 2019). In clear disagreement with observations, early-type galaxy sizes are
greater than those of late-type galaxies (Rodriguez-Gomez et al., 2019). Weinberger et al.,
2018 noticed an over-prediction of the quasar luminosity function monopolized by quickly
thermally accreting moderately massive black hole.
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Chapter 3

Results

For this study, we are exploring the quenching processes behind the observed existence of
a high-z quiescent galaxy population. To do so, we have decided to use the IllustrisTNG
simulation and more specifically TNG100-1 and TNG300-1. All results are obtained through
the investigation of IllustrisTNG data files and should not be treated as observations.

First of all, we focus on IllustrisTNG’s ability to reproduce observational GSMFs, quiescent
galaxy fractions and different galaxy properties at high and low redshifts so as to specifically
test to what extent IllustrisTNG is able to replicate quiescent galaxy populations at high
z. Secondly, we review various definitions of quiescence and check their effect on the results
mentioned above. Subsequently, we investigate the predictions of simulations on the origins of
massive quiescent galaxies at high redshifts. These are heavily debated in observations.

This first part was done using downloaded data files associated to z “ 0, z “ 0.5, z “ 1,
z “ 2, z “ 3 and exclusively for TNG300-1 z “ 3.5. This underlying work warrants our
decision to direct our attention to IllustrisTNG’s time evolution predictions of selected massive
quiescent z “ 2 and z “ 3 galaxies. Unless specified otherwise, we only display mass bins with
a minimal count of 10 elements and the default IllustrisTNG uncertainty range corresponds to
the 16th{84th percentiles intervals.

3.1 Galaxy Stellar Mass Functions of IllustrisTNG Galaxies

We start with studying the GSMFs. For this, we start off by obtaining the global (SFGs and
QGs combined) GSMFs for z “ 0 (Figure 3.1), z “ 2 (Figure 3.2) and z “ 3 (Figure 3.3). For
every GSMF line, we logarithmically divide the galaxy sample according to their stellar masses
into 18´21 bins for the high redshift samples and 26´27 bins for z “ 0 group. Then we divide
the number of galaxies per bin by the volume of the simulation and by the logarithmic bin size.
This allows for a comparison between different volumes and observations. We assumed different
galaxy definitions: the all-bound (AB), the in-radius (IR) and three spherical apertures of
within-10 ckpc{h, within-30 ckpc{h and within-100 ckpc{h. Fixed mass bins for every galaxy
definition provides a qualitative view of the definition effect. To contextualise the GSMF
curves, we compute Poisson error ranges and added observationally fitted simple and double
Schechter GSMF functions (Schechter, 1976; Baldry et al., 2008; Bernardi et al., 2013; McLeod
et al., 2021).

A clear difference arises in the high mass end (Á 1011Md) of the GSMF between Baldry
et al., 2008 and Bernardi et al., 2013. As mentioned in Bernardi et al., 20131, this noticeable
difference in φpM‹q has to be the result of the stellar mass-to-light ratio (M‹{L) only. As a
matter of fact, both studies used the same initial mass function (IMF, Chabrier, 2003) to
estimate GSMF but their M‹{L vary.

In Figure 3.1 and for M À 10.5, all of our GSMF curves are in agreement À 0.1dex with
observations. At higher masses 10.5 Á M Á 11.2, the GSMF of the AB TNG100-1 galaxy

1The following comments were actually written regarding disparities between Baldry et al., 2012 and
Bernardi et al., 2013. However, Baldry et al., 2008 and Baldry et al., 2012 make similar assumptions.
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Figure 3.1: IllustrisTNG global galaxy stellar mass function (GSMF) at z “ 0. Four distinct GSMFs
are drawn for all-bound TNG100-1 galaxies (blue), in-radius TNG100-1 galaxies (orange), all-bound
TNG300-1 galaxies (green), in-radius TNG300-1 galaxies (red) as well as their associated Poisson error
range. The number of galaxies used for each GSMF calculations is noted N . A set of double Schechter
function fits of observational data points is shown with grey and blue symbols (Bernardi et al., 2013)
along with their respective error-propagated uncertainty range in shaded areas (Baldry et al., 2008;

McLeod et al., 2021).

sample is the only one consistent with observations. For the high mass end, both AB galaxies
are above Bernardi et al., 2013’s. For M Á 10.5, we notice that the GSMF is shifted by
À 0.2dex towards higher stellar masses in the case of AB-galaxies compared to IR-galaxies
for both TNG100-1 and TNG300-1. This tendency is to be expected since IR-galaxies only
account for a fraction of the particles included in the AB definition.

For both z “ 2 and z “ 3, we separated TNG100-1 (bottom sub-figures) and TNG300-1 (top
sub-figures) curves for more readability. In Figure 3.2, all TNG100-1 GSMFs reproduces almost
perfectly the observations. TNG300-1 GSMFs are also in agreement with observations with IR
and the within-30 ckpc{h GSMFs among the closest. For both TNG100-1 and TNG300-1, the
IR GSMF is enclosed by the within-10 ckpc{h and the within-30 ckpc{h GSMFs suggesting a
SHMR “ 5 ´ 15 ckpc{h. In Figure 3.3, the significant spread of the observational GSMFs
helps all z “ 3 IllustrisTNG GSMFs to be in clear coherence with observations. Such strong
variations in observations do not put any constraint on IllustrisTNG predictions. It is, thus,
left unclear how well IllustrisTNG galaxy populations at z “ 3 replicate reality. For all GSMF
regardless of the redshift, we see that TNG300-1 produces a greater number of highly massive
M Á 11.2 galaxies. This is thanks to a larger-sized virtual volume. There in an overlap
between both runs in the mass interval 10.0 ÀM À 11.2.

As presented in Peng et al., 2010, global GSMFs are expected to resemble double Schechter
functions at z “ 0. This is a direct consequence of the galaxy stellar mass distribution of the
star-forming (simple) and quiescent (double) populations. The likely causes of their respective
GSMF shapes is discussed in subsection 3.2.2. For the TNG300-1 within-X ckpc{h GSMFs
(with X “ 10, 30, 100), „ 5% (z “ 3) and „ 33% (z “ 2) of galaxies were not available
computationally2 for study. This leads to a clear drop in the M Á 10.5. The overall GSMF is
moved to lower values with increasing redshift meaning the number of simulated galaxies, at
or above a given mass, increases with cosmic time.

2due to an unfixed Python built-in OSError error when analysing the data
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Figure 3.2: IllustrisTNG global galaxy stellar mass function (GSMF) at z “ 2. Five distinct GSMFs
are drawn for both TNG100-1 (top) and TNG300-1 (bottom) for all-bound galaxies (blue), in-radius
galaxies (orange), within-10 ckpc{h galaxies (dotted green), within-30 ckpc{h galaxies (dash-dotted
red) and within-100 ckpc{h galaxies (dashed purple) as well as their associated Poisson error range.
The number of galaxies used for each GSMF calculations is noted N . A set of simple (Muzzin et al.,
2013; Ichikawa et al., 2017) and double (Ilbert et al., 2013; McLeod et al., 2021) Schechter function fits
of observational data points is shown with grey, blue and black symbols along with their respective

error-propagated uncertainty range in shaded areas.
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Figure 3.3: IllustrisTNG galaxy stellar mass function (GSMF) at z “ 3. Five distinct GSMFs are
drawn for both TNG100-1 (top) and TNG300-1 (bottom) for all-bound galaxies (blue), in-radius
galaxies (orange), within-10 ckpc{h galaxies (dotted green), within-30 ckpc{h galaxies (dash-dotted
red) and within-100 ckpc{h galaxies (dashed purple) as well as their associated Poisson error range.
The number of galaxies used for each GSMF calculations is noted N . A set of simple (Davidzon et al.,
2017; Muzzin et al., 2013; Santini et al., 2012; Kajisawa et al., 2009; Ichikawa et al., 2017) and double
(Davidzon et al., 2017; Ilbert et al., 2013; McLeod et al., 2021) Schechter function fits of observational
data points is shown with grey, blue and black symbols along with their respective error-propagated

uncertainty range in shaded areas.
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3.2 Quiescent Galaxies with IllustrisTNG

We now concentrate on defining the quiescence criterion and visualising its effect on galaxy
properties.

3.2.1 Quiescent Galaxy Definitions

The redshift evolution of two chosen quiescent criteria are shown in Figure 3.4. Both criteria
depend on the specific star formation rate (sSFR “ SFR{M) of IllustrisTNG galaxies. We
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Figure 3.4: Redshift evolution of the specific star formation rate (sSFR). The 0.3{tH critical sSFR
(red) chosen to distinguish IllustrisTNG quiescent galaxies from star-forming ones. We indicate the
critical sSFR using the method selected by Genel et al., 2018 for TNG300-1 (solid purple) and
TNG100-1 (dotted purple). In addition, both the star-forming main sequence from Tasca et al., 2015
and Speagle et al., 2014 are shown in dash-dotted and dashed blue lines. We also display the upper
sSFR limits of color-defined quiescent galaxies in green triangles (Fumagalli et al., 2014 and Schreiber
et al., 2018) and other adopted sSFR threshold in green three-line symbol (Barro et al., 2016 and

Ellison et al., 2015).

set 0.3{tH , with tH the Hubble time, as our main critical specific star formation rate (sSFRc,
Franx et al., 2008) to separate quiescent galaxies from star-forming ones. We do so in the
following way:

Quiescent Galaxies : sSFR ă 0.3{tH

Star-Forming Galaxies : sSFR ą 0.3{tH

We also use a main star-forming sequence-based (MSFS) quiescent description to split
IllustrisTNG galaxies into quiescent and star-forming populations. In other words, all galaxies
with a sSFR falling below the mean sSFR of the MSFS at M “ 9.15´ 10.5 (sSFRMSFS)
by at least 1dex are classified as quiescent. In the rest of the report, we will refer to this
definition of quiescence using the MS ´ 1 notation. More explicitly, this MS ´ 1 quiescent
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Figure 3.5: Specific star formation rate sSFR versus the all-bound (AB) galaxy stellar mass (M‹) at
z “ 0 (red), z “ 2 (green), z “ 3 (orange) and z “ 3.5 (blue, for TNG300-1 only). For each redshift,
we display the median sSFR (solid evolving line) and its 16{84th percentile range (shaded area), the
mean sSFR in the logarithmic mass range 9´ 10.5 (solid vertical line), the 1dex below mean sSFR
(dashed line) and the 0.3{tH critical sSFR (dotted line). The top panel represents TNG100-1 galaxies

while the bottom panel shows TNG300-1 galaxies.

definition divides galaxies as follows:

Quiescent Galaxies : sSFR ă sSFRMSFS ´ 1 dex

Star-Forming Galaxies : sSFR ą sSFRMSFS ´ 1 dex

This selection is displayed in Figure 3.5 and inspired by Genel et al., 2018’s approach with
18´ 23 non-empty logarithmic bins. For all running median sSFR curves, there is a weakly
downward trend which ends at M „ 10.5 and followed by a significant fall before stabilising
after M „ 11.0. The global mass evolution of the sSFR rises and flattens with increasing
redshift. At z “ 0, MS´ 1 is a more conservative threshold than 0.3{tH by „ 0.3dex whereas
the inverse is true at high redshift.

We also review the redshift evolution of both these SFG-QG separators in Figure 3.4. For
context, other chosen quiescent interpretation (Ellison et al., 2015; Barro et al., 2016) are
added to the figure. The MS´ 1 threshold of M “ 9.15´ 10.5 is coherent with observational
main star-forming sequences (MSFS) (Speagle et al., 2014; Tasca et al., 2015). 0.3{tH is
inferior to the upper sSFR limits of color-defined quiescent galaxies (Fumagalli et al., 2014,
Schreiber et al., 2018) until z „ 1.5 and to MS´ 1 until z „ 0.75. This suggests the Hubble
time-based criterion is adapted for quiescent galaxies at z ą 0.75 and so will be used for
the remaining of the study. With this threshold, we have log psSFRpz “ 2qq “ ´10.21 and
log psSFRpz “ 3qq “ ´10.04. However the MS ´ 1 criterion should be considered a better
option for selecting low-z (z ă 0.75) quiescent galaxies.

After this, we take a look at the sSFR-mass relation of quiescent and star-forming categories
at z “ 3, z “ 2 and z “ 0 with Figure B.1 and Figure 3.6 for TNG100-1 and TNG300-1
respectively. At high-z, quiescent IR (QIR) galaxies are found between M “ 10.4´ 11.1. We
notice a lowering of the galaxy stellar mass of new quiescent galaxies as redshifts decreases
from z “ 3 to z “ 0. As anticipated, the total number of galaxies is higher for the TNG300-1
run than it is for TNG100-1 since volume is about 9 times greater. This explains quiescent
galaxies being up to 10 times more numerous in TNG300-1 than in TNG100-1 at all redshifts.
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Figure 3.6: Specific star formation rate sSFR distribution as a function of the in-radius (left panels)
and all-bound (right panels) galaxy stellar mass (M‹). In these plots, we present the z “ 0 (top panels),
z “ 2 (center panels) and z “ 3 (bottom panels) TNG300-1 galaxies. For each redshift, we report the
median (solid blue) and the 16{84th percentile ranges (blue shaded area) of the IllustrisTNG main
star-forming sequence and quiescent galaxies (orange dots). The adopted 0.3{tH critical sSFR and the
one using Genel et al., 2018’s method are represented as black dash-dotted lines and the grey dotted
lines respectively. We also show the main star-forming sequence from Speagle et al., 2014 and Popping

et al., 2015’s sSFR distribution.

The MSFS from Speagle et al., 2014 is better reproduced at z “ 0 than at higher redshifts.
At z “ 3 and z “ 2, the MS ´ 1 quiescent criterion because less conservative could possibly
be in better agreement with observations. Data from Popping et al., 2015 corresponds to
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the global sSFR-mass relation and so is coherent with IllustrisTNG. We can clearly see the
numerical lower non-zero sSFR limit that decreases with increasing galaxy stellar mass.
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Figure 3.7: Spatial comoving distributions within 10 ˆ SHMR of the star formation rate (SFR)
(black-to-purple-to-yellow shaded areas) and of the galaxy stellar mass (M‹) (green-to-yellow contour
lines). The galaxy’s stellar center of mass (red symbol) is taken as the origin of all three plots. The
blue circle indicates the 2 ˆ SHMR perimeter. We also specify the total SFR, specific SFR and

galaxy stellar mass within 2ˆ SHMR.

We were also attentive to the galaxy definition’s impact, AB and IR, on the star-forming
and quiescent classification. We selected all of the high-z QIR and star-forming IR (SFIR)
galaxies and extracted the sSFR for the same indexed but AB-defined galaxies. A maximum
of 0.05% of SFIRs are interpreted as quiescent AB (QAB) galaxies. This means that the
star-forming AB (SFAB) galaxies, also selected as SFIRs, do not have significant fraction of
stellar mass outside the central regions and if otherwise, it is accompanied by star formation
in the outer regions. However, we also discovered 40% of TNG300-1 and 50% of TNG100-1
z “ 3 QIRs (galaxies that are quiescent within twice SHMR) were also considered to be
SFABs (galaxies that are star-forming under the all-bound galaxy definition). Both fractions
dropped by „ 12% at z “ 2. These findings support the inside-out quenching scenario which
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advocates the participation of black hole, for high mass galaxies, and stellar, for low mass
galaxies, feedbacks in the suppression of central star formation as discussed by Nelson et al.,
2019. The one (three) high-z massive galaxies in Figure 3.7 (Figure A.2 and Figure A.1) are
regarded as both QIR and SFAB. We detect a ring distributed SFR within a 10ˆ SHMR
spherical aperture within 3% of the galaxy virial radius (Huang et al., 2017). In addition,
we plot the galaxy stellar mass spatial distribution on top. For smoother contour lines, we
decided to fix the lower M limit to 5 times the initial stellar particle mass. To better grasp
these 3D distributions, we also show the same galaxy through three orthogonal projections. In
Figure A.1, the reason behind the spiral structure of the star-forming region goes beyond the
scope of this thesis. As it would require a closer follow-up of this galaxy’s internal mechanisms.

All findings presented above lead us to affirm the necessity for a cautious choice of definitions
of quiescence and of galaxy aperture. As seen earlier, both of them significantly affect the QG
and SFG populations and IllustrisTNG’s ability to duplicate observational properties of each
population.
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Figure 3.8: Quiescent (solid) and star-forming (dashed) galaxy stellar mass functions (GSMF) at z “ 0
(right panels), at z “ 2 (center panels) and at z “ 3 (left panels). Two distinct GSMFs are drawn for
both TNG100-1 (blue and green) and TNG300-1 (orange, red, purple and brown) for all-bound (AB)
galaxies (bottom panels) and in-radius (IR) galaxies (top panels) as well as their associated Poisson
error range. For each redshift, we specify the number of galaxies used for each GSMF calculations. A
few simple and double Schechter function fits of observational data points are plotted with grey, blue
and black symbols (Santini et al., 2020) with error-propagated uncertainty range (Girelli et al., 2019;
Muzzin et al., 2013; Davidzon et al., 2017; Ilbert et al., 2013; Ichikawa et al., 2017; McLeod et al.,

2021; Moustakas et al., 2013).
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3.2.2 Quiescent Galaxy Stellar Mass Functions

Next, we investigate the quiescent and star-forming GSMFs at z “ 0, z “ 2 and z “ 3 to test
IllustrisTNG quiescent-defined galaxies coherence with observations. The same method used
for the global GSMF is applied here with the exception this time of the display of all non-empty
logarithmic stellar mass bins. The entire quiescent GSMF curves moved to higher values with
decreasing redshift. The star-forming GSMFs indicate a similar evolution although much less
apparent. With cosmic time, the quiescent GSMFs close the gap with the star-forming ones
until it dominates beyond the characteristic Schechter mass MCS at z “ 2. For the low mass
end at z “ 0, it is within 0.6dex. This is accompanied by a visible decline of MCS from „ 10.9
at z “ 3 to „ 10.5 at z “ 0. From z “ 3 to 2, there seems to be a slight steepening of the
high-mass end slopes.

As said in Peng et al., 2010, the double Schechter function, associated to the quiescent
group, is induced by two separate quenching mechanisms: one environment-related, which
includes merger and satellite quenching, for low mass galaxies and one mass-associated for
massive galaxies. For low-mass galaxies, satellite quenching becomes more predominant at
low redshift as satellite galaxies migrate towards the center of large structure that develop
with time. The mass quenching rate η for massive galaxies is expected be proportional to
SFR in other words: η « SFR{MCS with MCS acting as a star-formation cut-off mass (Peng
et al., 2010). This likely causes a decline of the high-mass end exponent with time because of
a piling up of new massive quiescent galaxies around MCS . This leads to GSMF maximums at
low-mass and around MCS . Our GSMFs coincide with Peng et al., 2010’s insight on the shape
and evolution of the GSMF of the QG population.

The quiescent IR GSMF curves are more consistent with observations than the quiescent
AB GSMFs. This is likely due to the reason presented earlier (section 3.1). In Figure 3.4, the
0.3{tH criterion was shown to lead to inconsistencies, between observations and the high-mass
end of the GSMFs of the QG population at z “ 0. Indeed, we found that massive galaxies
with sSFRs between MS ´ 0.7 and MS ´ 1 were included into the quiescent population.

3.2.3 Quiescent Galaxy Fractions

We also check how well our fraction of quiescent galaxies fQG replicate observational fractions
of this galaxy population at z “ 0, z “ 2 and z “ 3. At first, we work on the mass evolution
of fQG at these different redshifts (Figure 3.9). Since we are interested in the high-z massive
quiescent galaxies, we set a minimum galaxy stellar mass of 1010Md. For each logarithmic
mass bin, we calculated fQG using the number of quiescent NQG and total NG (quiescent
and star-forming combined) galaxies per bin and a Poisson error range of fQG with error
propagation providing σFQG “

a

2NQG{NG. We constrained the error range of fQG so that
the lower Poisson error may not be below 0 and that the upper Poisson error may not be above
1. The physical reality of the fQG and of its associated error requires such constraints (0 to
1). We computed fQG for AB, IR galaxies with both quiescent criteria and so obtained four
distinct curves. The fQG from TNG300-1 are systematically greater than those from TNG100-1.
This appears to show that a larger simulation volume allows for the development of stronger
quenching processes particularly for M ą 11 galaxies. At all redshifts, fQG grows with galaxy
stellar mass, most dramatically for 10 ăM À 11, and more steeply with decreasing redshift.
At z “ 3, fQG increases rather linearly. Super massive galaxies are most representative of
the quiescent z “ 3 population. Yet, with time, more and more lower mass galaxies join the
quiescent sample. This is as if quiescent processes were mass-dependant (Domínguez Sánchez
et al., 2011). They first affect the most massive galaxies before appearing in lesser and lesser
massive galaxies. This trend is one aspect of what is often referred to as galaxy downsizing
or anti-hierarchical trend in galaxy evolution. At z “ 0, fQG reaches a plateau at M „ 11
between 0.8 and 1. Overall, the AB galaxy definition best reproduces high-z observations.
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Figure 3.9: Fraction of quiescent galaxies (fQG) in terms of galaxy stellar mass (M‹) at z “ 0 (top
panels), z “ 2 (center panels) and z “ 3 (bottom panels). For each redshift and for both TNG100-1
(left panels) and TNG300-1 (right panels) galaxies, we distinguish four categories: all-bound galaxies
(blue, green), in-rad galaxies (orange, red) using Genel et al., 2018’s criterion and the 0.3{tH sSFRc

respectively. For each fQG category, we report the associated Poisson error range. Observational data
points of this quiescent fraction are specified in grey, blue and black symbols (McLeod et al., 2021;
Domínguez Sánchez et al., 2011; Ichikawa et al., 2017; Sherman et al., 2020; Davidzon et al., 2017).

This is somewhat striking as some observations (McLeod et al., 2021) use the half light radius
which is more analogous to the IR definition than it is to the AB. Additionally, we notice large
error ranges in the estimations of the quiescent galaxy fractions in the high-mass end in both
our results and observations (Sherman et al., 2020; McLeod et al., 2021). This is due to the
combination of small highly massive QG samples and to errors being dominated by Poisson
errors.

Finally, we obtained the redshift evolution of the fQG from z “ 3.5 to z “ 0 (Figure 3.10).
For this evolution, we selected only the M ě 11 quiescent galaxies. The AB quiescent
galaxies produce a fQG curve more consistent with observations. This is despite the AB
galaxy definition ever being used, in published observational literature, due to galaxy aperture
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Figure 3.10: Redshift evolution of the fraction of quiescent galaxies (fQG) with galaxy stellar masses
of at least 1011M‹. For both TNG100-1 (left panels) and TNG300-1 (right panels) quiescent galaxies,
we distinguish four categories: all-bound galaxies (blue, green), in-rad galaxies (orange, red) using
Genel et al., 2018’s criterion and the 0.3{tH sSFRc respectively. For each fQG category, we report the
associated Poisson error range. Observational data points of this quiescent fraction are specified in
grey, blue and black symbols (Damen et al., 2011; Sherman et al., 2020; Martis et al., 2016; Fontana
et al., 2009; Whitaker et al., 2010; Domínguez Sánchez et al., 2011; McLeod et al., 2021; Kriek et al.,

2006).

limitations. For TNG100-1 galaxies, the fraction has a two phase increase with decreasing
redshift. z “ 1´ 0.5 is the turning point between an earlier constant or weak increase and a
later steeper rise. For TNG300-1, the order of the stages are flipped and the decisive epoch is
at z “ 2. However these two phases are not distinguishable for 0.3{tH AB quiescent galaxies
as rises linearly between z “ 3.5 and z “ 0. The global trend is better replicated by TNG100-1
as TNG300-1 once again over predicts the fraction.

For the observational fQG, the galaxy stellar masses considered are M ě 10.85 (Fontana
et al., 2009; Domínguez Sánchez et al., 2011), M ě 11 (Kriek et al., 2006; Whitaker et al.,
2010; Damen et al., 2011), M “ 11 (Sherman et al., 2020), 10.55 ďM ď 13 (McLeod et al.,
2021) and 10.9 ďM ď 11.2 (Martis et al., 2016). The quiescent fractions were deduced from
either the ratio of the stellar mass density of QGs and of all galaxies (McLeod et al., 2021),
the ratio of the quiescent and of the global GSMF (Ichikawa et al., 2017) or the ratio of
the number of quiescent galaxies and of the total number of galaxies (Damen et al., 2011;
Domínguez Sánchez et al., 2011; Martis et al., 2016; Sherman et al., 2020).
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3.2.4 Physical Properties of Quiescent Galaxies

Stellar Half Mass Radii
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Figure 3.11: Stellar half mass radius (SHMR) of quiescent (solid) and star-forming (dashed) galaxies at
z “ 3´ 3.5 (left panels), z “ 2 (center panels) and z “ 0 (right panels) versus galaxy stellar mass (M‹).
For both TNG100-1 and TNG300-1 galaxies, we show the median, the 16th{84th and the 2nd{98th

percentile ranges of all-bound (top panels) and in-radius (bottom panels) galaxies. The number of
quiescent galaxies is indicated next to each simulation name. A few observational data points are
plotted in grey lines with their error-propagated uncertainty range from van der Wel et al., 2014.

We are also interested in how well our two types of quiescent-defined galaxies reproduce
the observations of galaxy effective radius. Initially, we study the size-mass relation at high
and low redshifts (Figure 3.11) before continuing with the redshift evolution of the galaxy size
(Figure 3.12). As said previously in Pillepich et al., 2018b, the global IllustrisTNG size-mass
relation is calibrated to concur with z “ 0 observations and so it does. We notice, already at
z “ 2, a gradual growth of the stellar half mass radius with stellar mass after M “ 10.5. At
z “ 3.5´ 3, the quiescent and star-forming selected sizes seem to be mass-independant and the
SHMR oscillates around 0.7´ 2kpc. This is evidence of IllustrisTNG’s inability to imitate
observed mass-size relations at early times (z “ 3). Star-forming galaxies remain in most
cases less compact than quiescent ones even at lower redshifts. At all masses and redshifts,
TNG300-1 returns star-forming and quiescent galaxy of greater sizes, by up to 0.4dex, than
those from TNG100-1. This is a clear resolution effect: it is an artificial numerical effect
and not physical effect. Given the higher resolution of TNG100, the galaxy sizes of both
populations should be more reliable. This is a clear resolution effect (i.e. it’s an artificial
numerical effect, and not physical). Given the higher resolution of TNG100, the corresponding
should be more reliable.

van der Wel et al., 2014 observations are related to an effective radius that takes into
account half the total flux radius. For context, the average half-mass radius can represent
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Figure 3.12: Redshift evolution of the stellar half mass radius (SHMR) of quiescent (solid) and
star-forming (dashed) galaxies. For both TNG100-1 and TNG300-1 galaxies, we show the median and
the 16th{84th percentile ranges of all-bound (left panels) and in-radius (right panels) galaxies. Galaxies
shown are sorted into two galaxy stellar mass bins. A few observational data points are plotted in grey

lines with their uncertainty range (van der Wel et al., 2014; Mosleh et al., 2017).

30 ´ 50% of the half light radius3 (Mosleh et al., 2017). These estimated radii may vary
according to the band filter. Genel et al., 2018 finds the IllustrisTNG size-mass relation to be
coherent with z “ 2´ 0 observations and so does ours.

The median SHMR of two massive quiescent populations has more than tripled between
z “ 3 and z “ 0. This is coherent with the stellar mass behaviour of QGs. Indeed, it has
been observed that QGs become less and less compact with cosmic time as well as experience
an expulsion of the central star formation towards the outer regions already at z ă 2.5 (see
subsection 1.4.3, Tacchella et al., 2017). The IR galaxies tend to be slightly larger than AB
galaxies which generates less agreement with the measurement of the half total flux radius
from van der Wel et al., 2014 and the half mass radius from Mosleh et al., 2017 of quiescent

3The half light radii were inferred with H160 band for early-type galaxies
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galaxies and so does TNG300-1 with regards to TNG100-1 by up to 0.3dex. The star-forming
galaxies are constantly larger than passive ones. With time, the star-forming group grows in
sizes and later on fills up the ranks of the quiescent category as their star formation is quenched.

Velocity Dispersion

The velocity dispersion σe associated to each galaxy corresponds to a one directional velocity
dispersion estimated using all of the simulated particle and cells bound to it. The one
directionality of the velocity dispersion is obtained by dividing the 3D dispersion velocity by
a factor

?
3. We included all non-empty bins. For each redshift, we detect a rising of the

velocity dispersion with increasing stellar mass and little scatter (Figure 3.13). Star-forming
and quiescent galaxies are barely differentiable with regards to the mass evolution of σe with
the exception of less massive galaxies. For such galaxies, the gap is reduced from 0.5dex at
z “ 3 to ă 0.1dex. Both TNG100-1 and TNG300-1 replicate some of the estimated stellar σe
of observed galaxies (Mendel et al., 2020; Stockmann et al., 2020; Esdaile et al., 2021). Yet
again, AB galaxies with lower σe than the IR ones are closer to observations. Due to the large
scatter in the observations of σe, it is hard to make a concrete conclusion about an evolution
in observations and to determine to what extent simulation predictions are consistent with
observations. They certainly fail to predict a large enough scatter at a given mass bin. This
can also point towards some short-comings in the simulations.
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Figure 3.13: One dimensional velocity dispersion (σe) distribution of quiescent (solid) and star-forming
(dashed) galaxies at z “ 3 ´ 3.5 (left panels), z “ 2 (center panels) and z “ 0 (right panels) in
terms of galaxy stellar mass (M‹). For both TNG100-1 and TNG300-1 galaxies, we show the median,
the 16th{84th and the 2nd{98th percentile ranges of all-bound (top panels) and in-radius (bottom
panels) galaxies. The number of quiescent galaxies is indicated next to each simulation name. A few
observational data points are plotted in grey and blue symbols with their uncertainty range (Esdaile

et al., 2021; Mendel et al., 2020; Stockmann et al., 2020).
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Afterwards, we divided our massive quiescent and star-forming sample into three galaxy
stellar mass bins (Figure 3.14). On this occasion, IR quiescent galaxies were more consistent
with σe observations than AB passive galaxies. Since the IR galaxy definition is more alike
the one chosen in observations than the AB one, it was expected that the σe of IR-defined
IllustrisTNG galaxies match those of observed galaxies more closely than those of AB galaxies.
Hence our expectations were verified. Overall, the redshift evolution of the σe decreases by
ă 0.3 dex with decreasing redshift. We also find that the more massive a galaxy, the greater the
σe is. σe from TNG100-1 are slightly lower than those from TNG300-1. This is undoubtedly
due to TNG100’s high resolution.
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Figure 3.14: Redshift evolution of the one dimensional velocity dispersion (σe) of quiescent (solid) and
star-forming (dashed) galaxies. For both TNG100-1 and TNG300-1 galaxies, we show the median
and the 16th{84th percentile ranges of all-bound (top panels) and in-radius (bottom panels) galaxies.
Galaxies shown are sorted into three galaxy stellar mass bins. A few observational data points are
plotted in grey lines with their uncertainty range (Belli et al., 2014; Mendel et al., 2020; Newman

et al., 2010; Esdaile et al., 2021;Stockmann et al., 2020; Tanaka et al., 2019).

Velocity-Size Planes

Subsequently, we show the σe-SHMR planes for all quiescent and star-forming galaxies with
stellar masses above or equal to the critical galaxy stellar mass resolution adopted for TNG300-
1. We split them into three galaxy stellar mass bins (Figure 3.15). We display all SHMR
bins with at least 7 counts.
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Figure 3.15: One dimensional velocity dispersion (σe) distribution of z “ 3.5´ 0 quiescent galaxies
in terms of the stellar half mass radius (SHMR) a characteristic radius (R). For both TNG100-1
(left panels) and TNG300-1 (right panels) galaxies, we show the median and the 16th{84th percentile
ranges (in colored areas or in error bars if only one SHMR bin) of in-radius (solid) galaxies. Regarding
all-bound (dashed) galaxies, we report only the median σe. All selected galaxies are sorted into three
galaxy stellar mass bins. Half-light radius observational data points are also plotted in colored symbols
with their uncertainty range (Esdaile et al., 2021; Belli et al., 2017; Belli et al., 2014; Mendel et al.,

2020; Stockmann et al., 2020).

If the σe ´ R plane is not divided into stellar mass bins, we report a mass dependency
of this relation which intensifies with decreasing redshift. There is no pattern in terms of
differences between IR and AB galaxies. For TNG300-1, the whole plane seems to be shifted
to higher SHMR and σe and there is less scatter. In Figure 3.15, quiescent σe and SHMR
are less correlated in TNG100 than in TNG300. The growth of σe, as a function of SHMR,
flattens and the spread range of SHMR narrows with decreasing redshift. These trends can
be understood as the result of the quenching of more different types of massive galaxies as
cosmic time roles out. They could be supported by the individual mass growth and quenching
of the small low mass SFG population at high redshift as shown by (Figure 3.8). This is in
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contradiction with the tendencies revealed by some observations. There is more diversity, in
terms of H α emission lines, morphology and velocity dispersion, amongst the population of
massive (ą 1011Md) galaxies at high redshift (1 ă z ă 1.5) than can be observed in the local
universe (van Dokkum et al., 2011). In time, more of these massive galaxies not yet quenched
at 1 ă z ă 1.5, will evolve to become quiescent (as seen in Figure 3.8). It appears that lower
mass bins produce broader SHMR ranges and steeper σe-SHMR relations. Mass binning
also improves the overlap of IllustrisTNG predictions and observations. This may be due to
larger numbers of less massive QG populations than of more massive QG groups. The AB and
IR relations are almost the same with IR galaxies sometimes having higher median σe. All of
the observations are of half light radius and stellar velocity dispersion. This as well as the use
of the 1D σe could explain our under prediction of this relation and little scatter.

Simulation Galaxy Galaxy M1 M2 M3 M4

Name Type Definition 10.0-10.5 10.5-11.0 11.0-11.5 11.5-12.0

TNG100-1 Quiescent All-bound 18 (54.5%) 99 (55.3%) 38 (67.9%) -
(z “ 2) In-radius 61 (51.7%) 178 (56.9%) 31 (77.5%) -

Star-forming All-bound 1164 (59.4%) 422 (59.9%) 65 (68.4%) -
In-radius 985 (60.3%) 194 (61.2%) 14 (73.7%) -

TNG300-1 Quiescent All-bound 150 (34.6%) 2075 (59.6%) 789 (71.1%) -
(z “ 2) In-radius 647 (48.8%) 3013 p (62.4%) 559 (75.3%) -

Star-forming All-bound 16088 (60.1%) 5612 (61.8%) 569 (69.6%) -
In-radius 13437 (60.2%) 2657 (62.7%) 107 (66.9%) -

TNG100-1 Quiescent All-bound - 10 (58.8%) 8 (57.1%) -
(z “ 3) In-radius - 26 (63.4%) 15 (78.9%) -

Star-forming All-bound - 152 (53.9%) 33 (70.2%) -
In-radius - 82 (54.5%) 6 (60.0%) -

TNG300-1 Quiescent All-bound - 160 (51.3%) 135 (69.9%) 24 (82.8%)

(z “ 3) In-radius - 363 (55.1%) 142 (76.3%) 14 (82.4%)

Star-forming All-bound - 2345 (56.9%) 363 (65.5%) 26 (92.9%)

In-radius - 1399 (58.9%) 145 (70.7%) 3 (100%)

Table 3.1: Number (and kept relative fraction) of main branch z “ 2 and z “ 3 galaxies for each galaxy
category and galaxy stellar mass bin Mi.

For a given radius, at high-z and M between 10´11, the observed stellar velocity dispersion
has a much larger scatter compared to our results from IllustrisTNG simulations. Secondly,
we observe that the IllustrisTNG simulation does not manage to predict as high velocity
dispersion as the ones resulting from observations. This may point towards some short-coming
of the simulations. Instead for most massive galaxies, at a given radius, the velocity dispersion,
in IllustrisTNG galaxies, tends to be over-estimated. A deeper understanding of the origin of
these discrepancies is needed, but that goes beyond the scope of this thesis.

3.3 Origin of Massive Quiescent at High-Redshift

We have seen in the last subsections, that we have a generally fair agreement between the
statistics and properties of high-z MQGs in IllustrisTNG and current observational data.
Thus, in this subsection, we can go a step further and take advantage of the merger trees to
explore what the origin of MQGs at z “ 2´ 3 is, i.e. which are the main physical processes
driving this quenching of star-formation so early in time. In the following subsections, we will,
specifically, investigate the role of feedback from accreting black holes and the time at which
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black holes start growing in galaxies (in subsection 3.3.2) as well as the role of merger events
(in subsection 3.3.3) for the quenching. These are some of the processes most often discussed
in literature.
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Figure 3.16: Redshift evolution of the galaxy stellar mass (M‹) (top panels), the specific star formation
rate (sSFR) (center panels) and the star formation rate (SFR) (bottom panels). We report these
characteristics for TNG300-1 (solid) and TNG100-1 (dashed), quiescent (red and orange) and star-
forming (blue and green) at z “ 2, all-bound and in-radius galaxies. The selected galaxy stellar mass
bin is specified in the top panel. For each sub-figure, the median is shown by a solid evolving line and
the 16th{86th percentile range by a colored area. The dotted curve in the center panels represents the
sSFRc “ 0.3{tH limit. The solid vertical black line marks the redshift at which these galaxies are

quiescent or star-forming.

Using IllustrisTNG subhalo merger trees, we identify the descendants and progenitors
belonging to the main branch of the z “ 0 descendants of z “ 2 and z “ 3 quiescent and
star-forming galaxies. Once identified, we extract certain galaxy characteristics which we
then plot in terms of redshift. This allows the visualisation of the change of each of these
characteristics. The characteristics we have chosen to look at first are: the galaxy stellar
mass, the sSFR, the SFR, the black hole mass MBH , the Eddington ratio fEdd and the AGN
luminosity LAGN .

In Table 3.1, we present the number of z “ 2 and z “ 3 galaxies used for every galaxy
stellar mass bin and galaxy categories. To facilitate our analysis, we kept z “ 2 and z “ 3
galaxies that belong to the main branch with the most massive history. This ensures that
none of these galaxies have common z ă 2 or z ă 3 descendants since there can only be one
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main progenitor branch for each z “ 0 descendant. This relative fraction of galaxies retained
for each galaxy group is also provided in Table 3.1.

In addition, we excluded, from the median and the 16th{84th percentile ranges calculations,
progenitor and descendant galaxies with galaxy stellar masses M‹ below 9.15 for TNG100-1
and 10.04 for TNG300-1 as well as all zero values.
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Figure 3.17: Redshift evolution of the galaxy stellar mass (M‹) (top panels), the specific star formation
rate (sSFR) (center panels) and the star formation rate (SFR) (bottom panels). We report these
characteristics for TNG300-1 (solid) and TNG100-1 (dashed), quiescent (red and orange) and star-
forming (blue and green) at z “ 3, all-bound and in-radius galaxies. The selected galaxy stellar mass
bin is specified in the top panel. For each sub-figure, the median is shown by a solid evolving line and
the 16th{86th percentile range by a colored area. The dotted curve in the center panels represents the
sSFRc “ 0.3{tH limit. The solid vertical black line marks the redshift at which these galaxies are

quiescent or star-forming.

3.3.1 Redshift Evolution of Galaxy Properties

First off, we work on the redshift evolution of the galaxy stellar mass, the sSFR and the SFR
for three different z “ 2 and z “ 3 galaxy stellar mass bins (Figure 3.16 and Figure 3.17).
At z „ 2.5 (z „ 3.5) for z “ 2 (z “ 3), the progenitors of quiescent galaxies start seeing
their sSFR drop before reaching quenched levels. The quiescent galaxy stellar mass growth,
on the other hand, begins at higher redshifts than the galaxy stellar mass growth of SFGs.
This stellar mass growth has two phases with z “ 2 and z “ 3 being the changing redshifts.
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Therefore the progenitors of quiescent galaxies at z “ 2 and z “ 3 start to assemble their
stellar mass more quickly and earlier than the progenitors of their star-forming analogues.
The rise in the first phase is more dramatic than in the second. At that same epoch, the star
formation rate drops considerably before stabilising allowing the stellar mass to increase but
this time less intensely as the SFR weaker. The majority of the z “ 0 descendants of z “ 3
and z “ 2 galaxies appear to be quiescent.

3.3.2 Redshift Evolution of Black Hole Properties and Role of Black Holes
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Figure 3.18: Redshift evolution of the black hole mass MBH (top panels), the Eddington ratio fedd
(center panels) and the AGN luminosity LAGN (bottom panels). We report these characteristics for
TNG300-1 (solid) and TNG100-1 (dashed), quiescent (red and orange) and star-forming (blue and
green) at z “ 2, all-bound and in-radius galaxies. The selected galaxy stellar mass bin is specified in
the top panel. For each sub-figure, the median is shown by a solid evolving line and the 16th{86th

percentile range by a colored area. The solid vertical black line marks the redshift at which these
galaxies are quiescent or star-forming.

As of now, we will be testing the hypothesis that the quenching of star-formation of high-z
massive galaxies is caused by the AGN feedback. For every galaxy at each redshift, the most
massive black hole particle within twice the SHMR was treated as the central supermassive
black hole. From this black hole was first extracted its mass MBH , its instantaneous accretion
rate 9M and its Eddington accretion rate 9MEdd. We then calculated, as in Hirschmann et al.,
2014, the Eddington ratio fEdd “ 9M{ 9MEdd and the associated AGN (Active Galactic Nuclei)
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luminosity LAGN “ εr 9Mc2 with εr “ 0.2. We also did not include AGN luminosities below
1040erg{s for median and percentile estimations.
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Figure 3.19: Redshift evolution of the black hole mass MBH (top panels), the Eddington ratio fedd
(center panels) and the AGN luminosity LAGN (bottom panels). We report these characteristics for
TNG300-1 (solid) and TNG100-1 (dashed), quiescent (red and orange) and star-forming (blue and
green) at z “ 3, all-bound and in-radius galaxies. The selected galaxy stellar mass bin is specified in
the top panel. For each sub-figure, the median is shown by a solid evolving line and the 16th{86th

percentile range by a colored area. The solid vertical black line marks the redshift at which these
galaxies are quiescent or star-forming.

The growth of the black hole mass the progenitors and descendants of QGs, at high-z, has
two stages. The first stage is a rapid rise followed by a second weaker/slower growth stage
with z “ 2 and z “ 3 as the decisive redshifts (Figure 3.18; Figure 3.19). For the progenitors
of quiescent galaxies, the fedd falls by almost 4 dex from fedd « 1 at z “ 4´ 3.5 for z “ 3 and
z “ 2. The drop of the Eddington ratio of star-forming galaxies is shifted to higher redshifts
as the galaxy stellar mass bin is greater. To summarise, for the progenitors of MQGs at high-z,
the black hole mass grows much faster, the black hole accretion rates fedd are much higher and
the AGN luminosity peaks at earlier times than for the progenitors of massive SFGs at high-z.
This means that MQGs at high-z have been exposed to higher levels of AGN feedback for a
longer period of time. This trend is a bit less pronounced for galaxies in the highest mass bin,
but this may be linked to lower statistics for MQGs, in particular at z=3.

The median value of the fedd of the star-forming progenitors of z “ 2 and z “ 3 QGs
are superior to those of z “ 2 and z “ 3 SFGs. Black holes accreting at Eddington levels at
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very high-z appear to play important role in the star-formation quenching. The quiescent
luminosity peaks at logpLAGN q “ 46 ˘ 0.5 at z “ 3 (z “ 4) for z “ 2 (z “ 3) immediately
before declining by ě 2dex within a period of redshift.
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Figure 3.20: Cumulative relative fraction of galaxies with a given black hole seeded redshift (zBHS)
(left sub-panels) and with a given galaxy stellar mass at zBHS (right sub-panels). We report these
fraction for TNG300-1 (solid) and TNG100-1 (dashed), quiescent (red and orange) and star-forming
(blue and green) at z “ 2 (left panels) and z “ 3 (right panels), all-bound and in-radius galaxies. The

selected galaxy stellar mass bin is specified in the left sub-panels.

Secondly, we study the redshift zBHS at which the black hole is seeded in a progenitor
galaxy and the galaxy stellar mass at zBHS (Figure 3.20). We look for the highest redshift at
which black holes are seeded into their host galaxy. As a reminder, a central black hole with
MBH “ 1.18ˆ 106Md is seeded within a halo once the halo reaches a mass of 7.38ˆ 1010Md.
We find that progenitors of MQGs have their central supermassive black hole seeded at earlier
times than those of SFGs. Indeed, we find, for example, that the supermassive black holes of
the progenitors of 10 ăM ă 11 MQGs at z “ 2 are seeded at 7.2´ 6.5 (referring to median)
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while the supermassive black holes of the progenitors of 10 ă M ă 11 SFGs at z “ 2 are
seeded at 6.5´ 5.5 (referring to median). There also seems to be a slight increasing trend
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Figure 3.21: Relative fraction of galaxies resulting from a specific number of major (top panels) and
minor (bottom panels) mergers. We report these fraction for TNG300-1 (full) and TNG100-1 (hatched),
quiescent (red and orange) and star-forming (blue and green) at z “ 2, all-bound and in-radius galaxies.

The selected galaxy stellar mass bin is specified in the bottom panels.

for the median values of zBHS as the galaxy mass bin increases: from zBHS “ 7 ´ 6.5 for
the progenitors of 10 ăM ă 10.5 MQGs at z “ 2 to zBHS “ 7.2´ 7 for the progenitors of
10.5 ăM ă 11 MQGs at z “ 2 and from zBHS “ 6´5.5 for the progenitors of 10 ăM ă 10.5
massive SFGs at z “ 2 to zBHS “ 6.5 for the progenitors of 10.5 ăM ă 11 massive SFGs
at z “ 2. This remains a vague trend since the 16th{86th percentile range of zBHS for the
progenitors of both QG and SFG populations, overlap considerably. This implies that the
progenitors of z “ 2{3 QGs reside earlier and in more massive halos than those of z “ 2{3
SFGs since black holes are seeded once a specific halo mass is reached. This presupposes that
the progenitors of MQGs at high-z are exposed to black hole feedback for longer periods of
time. This is likely to contribute to an earlier quenching of the progenitors of MQGs relative
to those of massive SFGs. At zBHS , the galaxy stellar mass of the progenitors of z “ 3 and
z “ 2 SFGs and QGs are almost identical. It appears that, with larger galaxy stellar mass
bins, the gap between values of zBHS associated to MQGs and to massive SFGs at high-z is
reduced. We understand this to be a statistical issue, as we have less highly massive galaxies
than lower massive galaxies.

3.3.3 Role of Major and Minor Merger Events

In published literature (Belli et al., 2019; Girelli et al., 2019; Sherman et al., 2020;), galaxy
mergers have frequently been brought forward as substantial candidates for the quenching
of galaxies. This makes the research of galaxy mergers, both major and minor, particularly
compelling for the study of the origin of MQGs at high-z. With this in mind, we studied
quiescent and star-forming galaxies’ past merging history. We categorised 1 : 1´ 1 : 4 mergers
as major mergers and 1 : 4´ 1 : 10 mergers as minor mergers. We counted all the mergers
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Figure 3.22: Relative fraction of galaxies resulting from a specific number of major (top panels) and
minor (bottom panels) mergers. We report these fraction for TNG300-1 (full) and TNG100-1 (hatched),
quiescent (red and orange) and star-forming (blue and green) at z “ 3, all-bound and in-radius galaxies.

The selected galaxy stellar mass bin is specified in the bottom panels.

occurring between the first progenitor to be beyond the galaxy stellar mass threshold and the
redshift of the selection. We did not aim to account for galaxies that would oscillate around
the mass threshold due to mergers and galaxy harassment although it is a possibility.

With increasing galaxy stellar mass bin, the number of galaxies having not been the
product of a single major or minor merger decreases causing the number of galaxies with 1
and 2 recorded past mergers to increase (Figure 3.21; Figure 3.22). There seems to be no clear
indication that MQGs have more or less past major or minor mergers than massive SFGs.
Indeed, the relative fractions, across categories, are close to identical. Therefore, it is likely
that galaxy mergers do not have a relevant role in the quenching process of MQGs at z “ 2{3.
They are definitely not necessary in the case of MQGs at z “ 2{3.

3.4 Rejuvenation of Massive Quiescent Galaxies After z=2/3

Finally, IllustrisTNG subhalo merger trees also provide an opportunity to study the descendants
of high-redshift massive quiescent galaxies such as their relative star-forming fraction fSFG.

Ichikawa et al., 2017 has speculated on the possible star-formation rejuvenation of the
passive galaxy population. Star-formation rejuvenation is to be understood as a sudden
starburst leading a previously quiescent galaxy to become star-forming once again. Ichikawa
et al., 2017 mentions minor mergers as possible events triggering star-formation rejuvenation.
This study expects half of its recently QGs to have rejuvenated at z ą 1.5. Interestingly,
IllustrisTNG appears to predict such events (Figure 3.23). In fact, after z “ 3 and z “ 2,
the fSFG of quiescent descendants rises to a high of about 5´ 35% before vanishing shortly
before z “ 0. The greater the mass bin the greater the fraction of rejuvenated galaxies. It is
the same for higher redshift total quenching leading to a more significant peak. TNG100-1
produces higher rejuvenation levels than TNG300-1. We did not linger on the individual
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Figure 3.23: Redshift evolution of the relative star-forming fraction (fSFG). We report TNG300-1
(solid) and TNG100-1 (dashed), quiescent (red and orange) and star-forming (blue and green) at z “ 2
(top panels) and z “ 3 (bottom panels), all-bound and in-radius galaxies. The selected galaxy stellar
mass bin is specified in each panel. The solid vertical black line marks the redshift at which these

galaxies are quiescent or star-forming.

galaxy rejuvenation level but we simply looked to check whether the galaxy’s sSFR surpasses
the sSFRc. It would be interesting to further understand the reasons behind some MQGs
rejuvenating. This, however, goes beyond the scope of this thesis.
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Chapter 4

Discussion

In this section, we will discuss our results while putting them into context. We will begin our
discussion with the two (or five) galaxy definitions that we used in this work (see section 4.1).
Then we will address the two criteria defining quiescence in IllustrisTNG galaxies, in section 4.2.
Thirdly, in section 4.3, we will review the mass-size, mass-velocity dispersion and size-velocity
dispersion relations. Afterwards, we will treat, in section 4.4, the origin of IllustrisTNG’s
massive quiescent galaxies at high-z. In the last two subsections, we will mention the various
caveats we identified to explain the discrepancies between our IllustrisTNG results and
observations. We will first look, in section 4.5, at those arising from IllustrisTNG and then
those originating from observations (section 4.6).

4.1 Different Definitions for Galaxies

To start off, in order to compile this report, we tested two distinct galaxy definitions: an
all-bound (AB) galaxy definition and an in-radius (IR) galaxy definition (see section 2.4).
From the start, we expected the IR galaxy definition to provide better agreement between
properties of observed galaxies and the properties of IllustrisTNG galaxies than AB galaxy
definition. These expectations were based on the fact that IR galaxy definition describes
galaxies in a way which is closer to the one adopted by observations.

What is more, these expectations were confirmed for all of the global and quiescent galaxy
stellar mass functions especially at their high mass ends. By definition AB galaxies have
greater galaxy stellar masses than IR galaxies. This explains the differences we see at the high
mass end between AB galaxies, IR galaxies and observed galaxies. However, these expectations
were also refuted when properties of AB galaxies were more aligned with observations than
were the properties of IR galaxies. Such properties were: the fraction of quiescent galaxies at
z “ 2 and z “ 3 (Figure 3.9), the stellar half mass radius of MQGs at redshift 0 (Figure 3.11)
and the velocity dispersion of MQGs at high redshift (Figure 3.13).

We tested and found that the quiescent classification of galaxy is highly impacted by the
galaxy aperture definition. Indeed as was highlighted in Donnari et al., 2019, the smaller the
galaxy aperture the more IllustrisTNG galaxies categorised as quiescent. As a matter of fact,
the existence of galaxies that are both quiescent under the IR galaxy definition as well as
star-forming under the AB galaxy definition suggests some star-formation taking place in the
outer (ą 2ˆ SHMR) region of galaxies. Interestingly, the idea that observed galaxies have
been wrongly classified as quiescent galaxies, due to undetected star formation happening in
the outer regions, has been presented in Merlin et al., 2019. In addition to star formation
occurring outside of the central region, the ring-like structure of the star forming clouds
(Figure 3.7, Figure A.2 and Figure A.1) supports the idea of an inside-out quenching or a
heating of the central gas due to black hole feedback. Therefore the choice of the galaxy
definition is paramount when studying quiescent galaxies.
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4.2 Different Criteria for Quiescence

First of all, we checked the impact of the choice of criteria for quiescence on IllustrisTNG
galaxies by using two different criteria: one 0.3{tH and one MS ´ 1 (see subsection 3.2.1). As
was revealed by Figure 3.4, the 0.3{tH selection is appropriate for galaxies at high-z (z ą 1.5)
and below the MS ´ 1 until z ą 0.75. However, the MS ´ 1 criterion should be considered a
better option for low-z galaxies.

These criteria are put into context by the main star-forming sequence from Speagle et al.,
2014, which is a compilation of 25 studies of the MSFS at 0 ă z ă 6. In fact, these criteria
allow for the infiltration, within the quiescent galaxy population, of super massive SFGs at
z ă 0.75. This leads to a degradation in the purity of our IllustrisTNG MQG sample at
low redshift and even more so for the sample defined according to the 0.3{tH criterion. The
presence of SFG infiltrators in the IllustrisTNG MQG sample has negative affects on the
properties of IllustrisTNG MQGs by distancing them from the observed MQG properties at
low-z. Since our study relates to MQGs at high-z, this only truly affects our results of the
future (z ă 3 or z ă 2) star-formation rejuvenation of MQGs at high redshift.

In order to improve the quiescent criteria and limit the effects mentioned above, we could,
in future studies, create a new criteria for quiescence by combining the 0.3{tH selection and
the upper sSFR limit provided by Fumagalli et al., 2014. It is worth mentioning that Donnari
et al., 2019 obtained extremely similar quiescent fractions between the IllustrisTNG UV J and
a linearly extrapolated MS ´ 1 criteria. This goes to show that the two selections, although
obtained differently, lead to a substantial overlap of their quiescent galaxy population. It
was also the case, in our study, for quiescent galaxy fractions with differences in fractions
primarily due to the choice of galaxy definition rather than that of the definition for quiescence.
To conclude, the choice of galaxy definition is to be taken more seriously than the choice of
definition for quiescence as differences arise predominately from the former.

4.3 Origin of Mass-Size and Mass-Velocity Dispersion Relation

We would like to focus on the possible origin of the stellar mass-size and stellar mass-velocity-
dispersion relations arising in IllustrisTNG and often found in published literature (Newman
et al., 2010; Belli et al., 2014; van der Wel et al., 2014; Belli et al., 2017; Mosleh et al., 2017;
Tanaka et al., 2019; Mendel et al., 2020; Stockmann et al., 2020; Esdaile et al., 2021).

For low mass star-forming galaxies, galaxy size growth is monopolised by star-formation
while for high mass quiescent galaxies, growth is due to mergers (van Dokkum et al., 2015).
In Figure 3.21 and Figure 3.22, at z ą 2{3, we already observed this size growth tendency for
high-mass QGs. Indeed, at z “ 2{3, more massive galaxies have been subjected to merging than
it is the case for lower mass galaxies. This should explain the two phases of the stellar mass
evolution of SHMR seen in Figure 3.11 at z ă 2. At z “ 3.5 or z “ 3, IllustrisTNG returns
a rather flat relation which could be explained by quiescent galaxies having quenched very
recently and no more frequent mergers than for star-forming galaxies. At z “ 2, the median
SHMR of SFGs still remains greater than the median SHMR of QGs. This insinuates
that, although the two-phased SHMR curves are now apparent, with mergers becoming
more frequent, star formation is still the dominant SHMR growth channel. With decreasing
redshift, the SHMR gap starts to close between MQGs and SFGs (Figure 3.12). In other
words, MQGs grow into galaxy sizes more similar to SFG sizes as cosmic time unfolds. This
can be explained by mergers becoming more frequent due the formation of large cosmological
structures connecting halos together, also known as halo merging, at low-z. Large SFGs also
join the QG population as they witness the quenching of their star-formation.

As highlighted in Savorgnan et al., 2016, there is less scatter for QGs (early-type galaxies)
than for SFGs (late-type galaxies) in the MBH -Msph,‹ relation with Msph,‹ the host spheroidal
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stellar mass. This implies that, for QGs, their central supermassive black hole evolves with
their spheroidal stellar mass in a way which is more common between each individual QG
than it is between each individual SFG (Schneider, 2015). The σe has also been shown to
correlate with the black hole mass (Schneider, 2015). This supports the case for a close
evolution between the central supermassive black hole and a galaxy’s rotating spheroidal stellar
component. All of this explains the likely origin of the stellar mass-σe relation we observe.

As said earlier, the velocity dispersion used here is a one dimensional velocity dispersion of
all particle and cell members of a given galaxy. All observations are two dimensional stellar
velocity dispersion. This represents one caveat for comparison with observed σe. The other
caveat relates to our use of SHMR as a galaxy size (up to half of half-light radius (Mosleh
et al., 2017). This likely explains some of the inconsistencies with observations.

4.4 Origin of Massive Quiescent Galaxies at High-Redshift

In addition to star formation occurring outside of the central region, the ring-like structure
of the star forming clouds (Figure 3.7, Figure A.2 and Figure A.1) supports the idea of an
inside-out quenching or a heating of the central gas due to black hole feedback. This is coherent
with the stellar mass behaviour of QGs. Indeed, it has been observed that QGs become less
and less compact with cosmic time as well as experience an expulsion of the central star
formation towards the outer regions already at z ă 2.5.

For quiescent GSMF s, recently quenched galaxies appear to be less massive with time. As
presented in Peng et al., 2010, this is possibly due to galaxy migration towards the center of
galaxy clusters. If the increase in galaxy stellar mass achieved through central star formation
fueled by accreting cold gas from outside the galaxy (Sherman et al., 2020) is a significant
mass growth channel and that the halo gas reservoir has already been depleted by already
present galaxies, the galaxy migration will be highly efficient.

To summarise, for the progenitors of MQGs at high-z, the black hole mass grows much
faster, the black hole accretion rates fedd are much higher and the AGN luminosity peaks at
earlier times than for the progenitors of massive SFGs at high-z. This means that MQGs at
high-z have been exposed to higher levels of AGN feedback for a longer period of time. This
trend is a bit less pronounced for galaxies in the highest mass bin, but this may be linked to
lower statistics for MQGs, in particular at z=3.

Other than a drop in the fraction of galaxies fG with no past mergers and a rise of fG for
those with at least one, there appears to be no obvious difference between the past merging
history of high-z quiescent and star-forming galaxies. Therefore, quenching in galaxies is not
strikingly due to past major or minor mergers. TNG300-1 is more apt to larger fG with at
least one past minor or major merger. SIMBA simulation also predicts that major mergers are
not linked to quenching but do lead to starbursts (Weinberger et al., 2018; Rodríguez Montero
et al., 2019).

The drop in black hole activity after an almost maximal accretion rate and little black
hole mass increase may imply a lack of cold gas within a galaxy, an emptied halo gas reservoir
(Moustakas et al., 2013), the dissipation of intergalactic filaments providing cold gas from the
IGM (Sherman et al., 2020) or a stable gas disk (Martig et al., 2009) or ionised gas disk (van
Dokkum et al., 2015). Future studies using the IllustrisTNG simulation could and should be
directed in these fields by determining the redshift evolution cold gas fractions inside galaxies
and in the parent halo. However as suggested in Schreiber et al., 2018, quiescent galaxies
could still harbor significant amounts of gas reservoir. This would support the case for stable
non-star-forming gas disk or the heating of the remaining gas via past thermal black hole
feedback (Girelli et al., 2019). Since quenching progenitors of z “ 3{2 quiescent galaxies
witness a diminishing black hole accretion activity, the black hole-driven kinetic winds could
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likely expel gas beyond the outer regions and outside of galaxies themselves (Girelli et al.,
2019). Valentino et al., 2020 found that TNG300 did not predict all sub-millimeter galaxies
to be progenitors of z “ 4´ 3 quiescent galaxies. Weinberger et al., 2018 revealed that the
quenching of IllustrisTNG z “ 0 quiescent galaxies was associated to kinetic mode feedback
from low black hole accretion. This also appears to be the case for IllustrisTNG z “ 3 and
z “ 2 quiescent galaxies.

4.5 Caveats of IllustrisTNG Simulation

At high-z, of simulation limitations, we are unable to conclude with certainty on the mechanisms
and processes causing quenching. We have found three caveats for the IllustrisTNG Simulation:

1. AB-defined galaxies better agree with observations than IR-defined galaxies for the
fraction of quiescent galaxies at z “ 2 and z “ 3 (Figure 3.9), the stellar half mass
radius of MQGs at redshift 0 (Figure 3.11) and the velocity dispersion of MQGs at high
redshift (Figure 3.13);

2. At z “ 2 ´ 3, the main star-forming sequence, resulting from our 0.3{tH criterion for
quiescence, was underestimated (outside of 16{84th percentile ranges) with regards to
the MSFS from Speagle et al., 2014 (a compilation of 25 studies of MSFS). This
underestimation of the MSFS was also found to hold at 0.75 ă z ă 2.0 (Donnari et al.,
2019). The stellar feedback model requires improvements;

3. There seems to be an over estimation of M ě 11 MQGs at z “ 2 (and to some degree
at z “ 3). This overestimation is regardless of the quiescent criteria;

4.6 Caveats of Observational Data

The reason for detailing the methods chosen in the papers we used is that IllustrisTNG allows
for an intrinsic and instantaneous access to galaxy properties. It is not the case for galaxies in
the observable universe as properties are inferred from galaxy spectra.

4.6.1 Observational Estimates of SFR

Spectral Energy Distribution (SED) fits using LePhare code (Arnouts et al., 2002; Ilbert
et al., 2006) have been combined with several SFHs to witness the impact each SFH has on its
associated SFR estimates. As such, exponentially declining and delayed τ declining SFHs
(Tasca et al., 2015; Davidzon et al., 2017) along with exponentially rising, power law rising,
linearly rising and superimposition of a top hat and an exponentially declining SFHs (Speagle
et al., 2014) for fixed redshifts were selected in the observations mentioned in the figures.
Inputting spectroscopic redshifts lessens degeneracy (Tasca et al., 2015). SFRs have also been
infered with SFRIR “ 0.98 ˆ 10´10LIR (Bell et al., 2005) after extrapolating the total IR
luminosity from observed 24µm flux using Bolzonella et al., 2000’s HYPERZ program (as well
as UV emission in addition to the IR for Damen et al., 2011) or source fitting algorithms, as
presented in Labbé et al., 2005 and Wuyts et al., 2007 (Fumagalli et al., 2014). Brammer et al.,
2008’s EAZY (Sherman et al., 2020), Kriek et al., 2009’s FAST and its C++ implementation
FAST++ (Schreiber et al., 2018) have also been used to track SFRs (Whitaker et al., 2010;
Barro et al., 2016 and Schreiber et al., 2018; Esdaile et al., 2021 respectively) while keeping
in mind Hβ and [OII] emission lines to determine SFR upper limits (Valentino et al., 2020).
iSEDfit, a Bayesian SED modeling code, linked to an Chabrier, 2003 IMF was employed in
Moustakas et al., 2013 to evaluate the SFRs. The width of the Hα emission line gave an
overview of the ongoing SFRs (Kriek et al., 2006). A further method for obtaining SFRs



4.6. Caveats of Observational Data 45

is with Tanaka2015 photometric redshift code (Tanaka et al., 2019). Finally, the Bruzual A.
et al., 1993’s GISSEL 2000 SED fitting code was chosen to retrieve SFRs (Fontana et al.,
2009).

4.6.2 Observational Estimates of Galaxy Sizes

The two dimensional surface brightness fitting algorithm GALFIT (Peng et al., 2002; Belli
et al., 2017; Stockmann et al., 2020) and its 3rd version (Peng et al., 2010; van der Wel et al.,
2014; Mosleh et al., 2017; Mendel et al., 2020, Esdaile et al., 2021) were employed in the
measurement of a majority of the half-light radii HLR.

GALFIT has been used to obtain galaxy half-light radius via flexible Sersic light profiles
(van der Wel et al., 2014; Mendel et al., 2020; Stockmann et al., 2020; Esdaile et al., 2021).
Belli et al., 2017 has shown major ellipse axis radii or semi-major radii to be more consistent
with observations than circularized radii, differing only by a factor of ?q with q the axis ratio.
Estimated circularized radius has been noticeably smaller than face-on galaxy radius. Mosleh
et al., 2017, after having inferred HLRs and galaxy stellar mass profiles via SED fits, deduced
SHMR.

4.6.3 Observational Estimates of Stellar Velocity Dispersion

The velocity dispersion from other studies reported in our figures correspond to line of sight
stellar velocity dispersion attained with the pPXF algorithm (which stands for Penalized
Pixel-Fitting) from Cappellari et al., 2004 (Newman et al., 2010; Belli et al., 2014; Belli et al.,
2017; Stockmann et al., 2020) or Cappellari, 2017 (Esdaile et al., 2021) along with the simple
stellar population model from Vazdekis et al., 2010 (Tanaka et al., 2019). In Mendel et al., 2020,
σe were obtained through lognormal SFHs and solar metallicity which have unsignificantly
biased the estimates. The Gaussian convolution of SFHs has been shown as a technique to
provide σe estimates (Valentino et al., 2020)

4.6.4 Observational Criteria for Quiescence Selection

As in Sherman et al., 2020, there have been three major criteria to distinguish between
star-forming and quiescent galaxies: a rest-frame color magnitude-based selection, a MSFS-
based selection and a sSFR-based selection. Rest-frame color magnitudes have been obtained
through the integration of the best fitted observed SED synthetic spectrum (Belli et al.,
2014). Merlin et al., 2018 has argued that spectral synthesis models dictates the quiescent
classification of galaxies due to their key role in establishing selection regions in color planes
and providing a method to estimate galaxy characteristics such as age, SFR, rest-frame color
and stellar mass via SED fits.

In terms of rest-frame color magnitude-based selections, the most frequently used one has
to be the U ´ V vs V ´ J plane (UV J hereafter). A UV J limit that has been commonly used
(Belli et al., 2014; van der Wel et al., 2014; Martis et al., 2016, Belli et al., 2017; Mosleh et al.,
2017; Schreiber et al., 2018), was developed in Williams et al., 2009:

pU ´ V q ą 0.88ˆ pV ´ Jq ` 0.69, for z ă 0.5

pU ´ V q ą 0.88ˆ pV ´ Jq ` 0.59, for 0.5 ă z ă 1.0

pU ´ V q ą 0.88ˆ pV ´ Jq ` 0.49, for 1.0 ă z ă 2.0

pU ´ V q ą 1.3 and pV ´ Jq ă 1.6, for all z

It was defined so as to maximize the sSFR differences between the regions and contamination
from unobscured and dusty star-forming galaxies. In Carnall et al., 2018 (referenced by
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McLeod et al., 2021), Williams et al., 2009’s for-z ă 0.5 and for-all-z criteria were applied to a
redshift range of 0.25 ě z ě 3.75.

In Whitaker et al., 2011 (assumed by Belli et al., 2014; van der Wel et al., 2014; Belli
et al., 2017; Mendel et al., 2020; Esdaile et al., 2021), most of the UV J limits from Williams
et al., 2009 have been reused and pU ´ V q and pV ´ Jq thresholds changing with redshift were
implemented:

pU ´ V q ą 0.88ˆ pV ´ Jq ` 0.69, for z ă 0.5

pU ´ V q ą 0.88ˆ pV ´ Jq ` 0.59, for z ą 0.5

pU ´ V q ą 1.3 and pV ´ Jq ă 1.6, for z ă 1.5

pU ´ V q ą 1.3 and pV ´ Jq ă 1.5, for 1.5 ă z ă 2.0

pU ´ V q ą 1.2 and pV ´ Jq ă 1.4, for 2.0 ă z ă 3.5

Other studies (Muzzin et al., 2013; Belli et al., 2017; Sherman et al., 2020; Stockmann et al.,
2020) have decided to keep some of Whitaker et al., 2011 UVJ selection limits however with
U ´ V ą 1.3, V ´ J ă 1.5 for all redshifts and z “ 1.0 being the decisive redshift.

Fumagalli et al., 2014 opted for a UV J selection mixing those from Williams et al., 2009 and
Whitaker et al., 2011 in other words: U ´V ą 1.3, V ´J ă 1.5, pU ´V q ą 0.8ˆpV ´Jq` 0.7
for all redshifts.

Whitaker et al., 2010, on the other hand, has gone for a quite distinct UV J selection
(Brammer et al., 2009) involving pU ´ V q, dust reddening correction factor ∆UV “ 0.47AV
(AV the visual extinction built upon the Calzetti et al., 2000 dust extinction law), the Hubble
time tH and the lookback time tLB:

pU ´ V q ´∆UV ´ p2.03´ 0.77ˆ tLB{tHq ą ´0.4

The expected time evolving mean linear color is described by the third term. The final results
have turned out to be very similar to those provided from a Williams et al., 2009 UV J selection
despite Brammer et al., 2009 being more conservative (Brammer et al., 2009). Merlin et al.,
2018 has found UV J diagrams to not be ideal at classifying passive galaxies since galaxies
with low levels of dust and sudden quenching SFH have been to detected outside the quiescent
zone of the UV J plane 0.5Gyr after star formation suppression.

Another rest-frame color magnitude-based selection has been put forward in Ilbert et al.,
2013 and made use of NUV ´ r` vs r`´ J plane (NUV rJ) with NUV being the 0.23065µm-
centered GALEX filter and r` a broad band filter centered at 0.62318µm. Ilbert et al., 2013
has set it in the following way:

pNUV ´ rq ą 3 pr ´ Jq ` 1, for 0.2 ă z ă 2.0

pNUV ´ rq ą 3.1, for 0.2 ă z ă 2.0

These criteria were adopted in Davidzon et al., 2017 and in Ichikawa et al., 2017. Ichikawa
et al., 2017 has added a third critical threshold r´J “ 0.5 for the distinction between recently
and long-time quenched galaxies. This selection has taken into account the 0.2Gyr period prior
to star-formation quenching if assuming a single burst model (Ichikawa et al., 2017). Under
UV J rest-frame color selections, there has been little distinction between logpsSFRq ă ´11
and logpsSFRq « ´10. This is not the case for NUV rJ as it has been shown to be more
suitable to past 106 ´ 108yr star formation (Davidzon et al., 2017). In addition, NUV rJ has
been found to be more robust at high-z than NUV rK (NUV ´ r` vs r` ´K plane) due
to more unknown surrounding the k-correction (Davidzon et al., 2017). NUV ´ r` versus
r` ´ J color-color diagrams have provided a clearer contrast between quiescent and dusty
star-forming galaxies than their analogous U ´V /V ´J as well as minimised the observational



4.6. Caveats of Observational Data 47

uncertainties as they deal with larger dynamical ranges (Ilbert et al., 2013). Half of the
star-forming population, using the latter diagram, was regarded as part of the red galaxy
population, and so a quiescent one, but this was due to the reddening effect of high levels of
obscuring dust (Muzzin et al., 2013). Recently, FUV color-based criterion have been found,
via Bayesian methods, to have an even greater correlation with sSFR compared to NUV
color-based selection (Leja et al., 2019).

Further confirmation of the UV J-quiescent nature of observed galaxies was achieved with
a logpsSFRq ă ´11 (Ilbert et al., 2013) or a sSFR ă 0.15Gyr´1 (Schreiber et al., 2018)
selection. Girelli et al., 2019 used a sSFR criterion logpsSFRryr´1sq ă ´10.5 and two
near-IR band selection JK vs IRAC[3.6]-IRAC[4.5] and JK vs IRAC[3.6] to define quiescent
galaxies. Certain studies preferred a logpsSFRq ă ´11 selection to characterise quenched
galaxies (Domínguez Sánchez et al., 2011; Sherman et al., 2020).

Some quiescent galaxies are classified only using a logpSFRq ă ´0.49 ` 0.65 logpM ´

10q ` 1.07pz ´ 0.1q criterion (Moustakas et al., 2013), a sSFR ă 0.1Gyr´1 (Barro et al.,
2016) criterion or the MS ´ 1 criterion (Ellison et al., 2015). Yet Fontana et al., 2009
went on to separate red or dead galaxies (logpsSFRq ă ´11) from quiescent galaxies with
sSFR ă 1{tU pzq for which tU pzq is the age of the universe at a given redshift. Damen
et al., 2011 has remained the study with which we share the closest quiescent definition
as sSFR ă 1{3tH with tH the Hubble time. Tanaka et al., 2019 opted for a mixture of a
sSFR-based and a MSFS-based selection by insisting on the 1σ upper limit of estimated
sSFR being below logpsSFRq ă 9.5 (Tanaka et al., 2019).

In Santini et al., 2020, galaxies have had to meet the following requirements: H ă 27,
detection significance within 1σ in K, IR1, IR2 bands, best top hat SFH fit with SFR “ 0 in
the passive phase, high quiescent (ą 30%) and low star-forming (ą 5%) best-fit solutions to
be considered quiescent. While in Kriek et al., 2006, galaxies with emission lines best fitted by
evolved stellar population models were categorized as quiescent.

Donnari et al., 2019 obtained similar quiescent fractions between the IllustrisTNG UV J
and a linearly extrapolated MS ´ 1 criteria.

sSFR classification has been found to be stricter than color classification at high-z (Ilbert
et al., 2013)
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Chapter 5

Conclusion

In this report, we were exploring the massive quiescent galaxies at high-z provided by the
IllustrisTNG simulation. We started off by analysing the simulation’s reproducibility of certain
high-z MQG properties such as: galaxy stellar mass, quiescent fraction, SHMR, σe and
σe ´ SHMR plane.

After this was verified, we went on to studying the origin of the early quenching of massive
galaxies at high-z by taking advantage of the assembly histories from subhalo merger trees.
This lead us to turning our attention to the redshift evolution of galaxy and black hole of both
MQGs and SFGs at z “ 2{3.

A summary of our results and conclusions are presented below:

1. The GSMF and the fQG of MQGs strongly depend on the galaxy definition criteria
rather than on the quiescent selection. When we select an IR galaxy definition then our
IllustrisTNG results are in fair agreement. This is partly due to large uncertainties in
the observation of properties of MQGs at high-z. From GSMF and fQG of MQGs, we
find traces of a galaxy downsizing (or anti-hierarchical trend) in galaxy formation which
is often discussed in literature;

2. Both galaxy sizes (SHMR) and velocity dispersion (σe) of simulated MQGs are in
rough agreement with observations. There are cases when SHMR and σe of simulated
MQGs are not in agreement. For example, at z “ 3, the simulation fails to replicate the
previously observed and reported correlation between SHMR and galaxy stellar mass
for MQGs. IllustrisTNG is equally unsuccessful at predicting the large scatter shown by
observations relating to the σe-M plane.

3. When looking at the past evolution of MQGs and massive SFGs, we detect a difference
in the starting redshift for the rapid mass increase of their central black hole (as well
as for their galaxy stellar mass). For MQGs at z “ 2 (z “ 3) it starts earlier, at z „ 5
(z „ 6), than it does for their analogue SFGs;

4. At fixed galaxy stellar mass, SFGs are characterised by lower („ 0.2´ 0.3) Eddington
ratios at higher redshift while MQGs maintain a near 1 Eddington ratio until z “ 3´ 4;

5. Importantly, we note that the Eddington ratios of progenitors of MQGs at high-z are
higher than those of SFGs for a given stellar mass. This implies that their central black
hole typically grows faster than the SFGs’ central black hole releasing more energy and
resulting in highly efficient feedback;

6. Both MQGs and SFGs present near identical relative fractions of galaxies having experi-
enced 0 or 1 major or minor mergers. Therefore, there is no clear indication that past,
major or minor, mergers impact the sSFR of galaxies;

7. The central black hole of MQGs is seeded at higher redshift than it is for SFGs’. For
example, for 10 ă M ă 11 galaxies at z “ 2, seeding occurs at 6.5 ă z ă 7.2 for the
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progenitors of MQGs while it does so at 5.5 ă z ă 6.5 for the progenitors of their
analogue SFGs. At both of these times, the progenitors of these MQGs and SFGs have
almost identical stellar masses (8.0 ăM ă 8.5). The earlier seeding of faster growing
black holes in the progenitors of MQGs at high-z means that these progenitors have
been exposed to black hole feedback for a longer period of time (and residing in massive
halos at earlier times);

8. Finally, we find that MQGs at z “ 2{3 experience, at later times (z ă 3 ´ 2), star-
formation rejuvenation. As a matter of fact, there is a clear rise of 0.2 in their 1 ă z ă 3
(for those at z “ 3) and 1 ă z ă 2 (for those at z “ 2)-descendants’ relative star-forming
galaxy fraction. For SFGs, their z “ 3 ´ 4-progenitors have the lowest past relative
star-forming fraction at 0.8´ 0.9. This fraction will then be 1 at z “ 2{3 before slowly
decreasing until z “ 0. Due to the chosen 0.3{tH criterion for quiescence definition, the
fraction of rejuvenated MQGs may be overestimated at z ă 0.75;

This study has not been able to sufficiently quantify central supermassive black holes and
its feedback as the origin of MQGs at high-z although it does suggest that they are.

In the future, this could be further established by obtaining fractions of galaxies at very
high redshift (z ą 6) with highly accreting supermassive black holes whose descendants are
MQGs at z “ 2{3. Additionally, in order to be able to properly confirm the role of black
holes in the quenching of star-formation in massive galaxies at high-z, zoom-in cosmological
simulations would be a preferable option. Zoom-in are less computationally expensive in the
switching on and off of black hole feedback. In addition, it would be worthwhile looking at
the past assembly history all of IllustrisTNG MQGs at z “ 2{3 and not only, as done in our
research, those belonging to main progenitor branches of z “ 0 IllustrisTNG galaxies. Using
our MQG sample and studying the redshift evolution of the cold gas fractions (the cold gas
mass relative to the stellar and cold gas masses) of MQGs at z “ 2{3 could help understand the
inflow, the consumption and the expelling of cold gas. This is relevant as cold gas represents
the basis of star formation. On the one hand, if we were to find that the redshift evolution of
the cold gas fraction of MQGs at z “ 2{3 was different, prior to z “ 2{3, to that of SFGs then
we could assume quenching to originate from the internal depletion of the galaxy cold gas. On
the other hand, if these redshift evolution of cold gas fraction were to be close to identical
then we would have to further investigate the gas reservoir inside the parent halo. This might
allow for a conclusion that quenching is, perhaps, due to halo reservoir cold gas depletion in
the IllustrisTNG universe. When dealing with IllustrisTNG MQGs at high-z, the study of
their emission lines retracing their quenching mechanisms could help the diagnosis of galaxies
subjected to quiescence and detected by the JWST/NIRSpec instrument in the observable
universe.

This study was made possible using the multi-processing powers of Copenhagen University’s
HPC (High Performance Computing) system attributed to the DARK research team. In
addition, we used Copenhagen University’s ERDA (Electronic Research Data Archive) to store
our results.
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Figure A.1: Spatial comoving distributions within 10 ˆ SHMR of the star formation rate (SFR)
(black-to-purple-to-yellow shaded areas) and of the galaxy stellar mass (M‹) (green-to-yellow contour
lines). The galaxy’s stellar center of mass (red symbol) is taken as the origin of all three plots. The
blue circle indicates the 2 ˆ SHMR perimeter. We also specify the total SFR, specific SFR and

galaxy stellar mass within 2ˆ SHMR.
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Figure A.2: Spatial comoving distributions within 10 ˆ SHMR of the star formation rate (SFR)
(black-to-purple-to-yellow shaded areas) and of the galaxy stellar mass (M‹) (green-to-yellow contour
lines). The galaxy’s stellar center of mass (red symbol) is taken as the origin of all three plots. The
blue circle indicates the 2 ˆ SHMR perimeter. We also specify the total SFR, specific SFR and

galaxy stellar mass within 2ˆ SHMR.
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Figure B.1: Specific star formation rate sSFR distribution as a function of the in-radius (left panels)
and all-bound (right panels) galaxy stellar mass (M‹). In these plots, we present the z “ 0 (top panels),
z “ 2 (center panels) and z “ 3 (bottom panels) TNG100-1 galaxies. For each redshift, we report the
median (solid blue) and the 16{84th percentile ranges (blue shaded area) of the IllustrisTNG main
star-forming sequence and quiescent galaxies (orange dots). The adopted 0.3{tH critical sSFR and
the Genel et al., 2018 critical sSFR are represented as black dash-dotted lines and the grey dotted
lines respectively. We also show the main star-forming sequence from Speagle et al., 2014 and Popping

et al., 2015’s sSFR distribution.
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