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Zusammenfassung

Empirisch gesehen héngt die Sternentstehungsrate einer Galaxie nur von ihrer moleku-
laren Gasmasse ab. Neuere Beobachtungen zeigen jedoch, dass die Sternentstehung in
stellaren Sphéroiden systematisch unterhalb dieser Skalierungsbeziehungen liegt. Es wurde
vorgeschlagen, dass die globale galaktische Umgebung die Gasdynamik so beeinflussen
kann, dass die Sternentstehung stark unterdriickt wird. Dies wird mit einer Reihe von hy-
drodynamischen Simulationen isolierter Galaxien untersucht, welche ein neues Sternenste-
hungsmodell beinhalten, das den Einfluss der galaktischen Dynamik auf die Sternentstehung
erfasst. Der von den Simulationen abgedeckte Parameterraum reicht von Scheibengalaxien
bis zu Sphéroiden, deren anfangliche Gasanteile von 1-20 Prozent variieren. Dies ermoglicht
eine ausfithrliche Untersuchung der Auswirkungen von unterschiedlichen Gravitationspo-
tentialen auf die Gaseigenschaften und die Sternentstehungsrate, und wie diese mit dem
Gasanteil zusammenhéngen. Die Scherung, die durch das tiefe Gravitationspotential eines
Sphéroids entsteht, erzeugt Turbulenz im Gas, was zu einer dynamischen Unterdriickung
der Fragmentierung und Sternentstehung fiihrt. Die dynamische Unterdriickung der Ster-
nentstehung steigt mit hoheren stellaren Oberflichendichten und niedrigerem Gasanteil.
Dies impliziert, dass die Physik der Sternentstehung den Baryonenkreislauf bei niedrigen
Rotverschiebungen und hohen Galaxienmassen begrenzen und regulieren kann.

Abstract

Empirically, the star formation rate of a galaxy depends only on its molecular gas mass.
However, recent observations indicate that star formation in stellar spheroids systemat-
ically falls below these scaling relations. It has been suggested that the global galactic
environment can affect the gas dynamics such that star formation is heavily suppressed.
This is investigated using a suite of hydrodynamic simulations of isolated galaxies, which
includes a new sub-grid model that captures the influence of galactic dynamics on star
formation. The parameter space covered by the simulations ranges from disc galaxies to
spheroids, with initial gas fractions varying from 1-20 per cent. This enables a detailed
exploration of how differences in the gravitational potential affect the gas properties and
star formation rate, as well as how it interlinks with the gas fraction. The shear generated
by the the deep gravitational potential of spheroids is found to drive turbulence in the gas,
leading to a dynamical suppression of fragmentation and star formation. This dynamical
suppression of star formation is enhanced at higher stellar surface densities and lower gas
fractions. This implies that the physics of star formation can limit and regulate the baryon
cycle at low redshifts and high galaxy masses.
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Preface

The research presented in this thesis has been carried out at the Astronomisches Rechen-
Institut, a part of the Centre for Astronomy of Heidelberg University, between October
2017 and May 2021.

The aim of this thesis is to determine how the insterstellar medium and star forma-
tion activity of a galaxy are affected by its morphology. Chapter [2] presents a suite of
hydrodynamic simulations of isolated galaxies, whose morphology ranges from disc galaxy
to spheroid and includes the development of a new sub-grid star formation model that
captures the impact of galactic dynamics on star formation. In Chapter [3 the ability of
the gravitational potential to drive turbulence in the interstellar medium is studied by
computing the density power spectra of the Chapter [2] simulations and comparing them to
observations. Finally, Chapter [f] extends the work of Chapter [2] and makes it applicable
to the galaxy population at large, using an additional set of simulations that constrain the
role of the gas fraction.

The contents of Chapter [2] and Chapter [4] have been published by Oxford University
Press in the international, peer-reviewed journal Monthly Notices of the Royal Astronomical
Society as Gensior et al. (2020 and Gensior and Kruijssen (2021), respectively. Chapter
is based on a manuscript in preparation (Gensior, Davis, Bureau, Kruijssen) which will be
submitted to an international journal after this thesis is submitted. My contribution to the
articles and manuscript presented in this thesis is that of the principal author. All research
has been carried out in collaboration with other authors and a more detailed description
of my contribution prefaces each relevant chapter.

Full references to publications included in this thesis are given below:

e Chapter [2 Jindra Gensior et al. (June 2020). “Heart of darkness: the influence of
galactic dynamics on quenching star formation in galaxy spheroids”. MNRAS 495.1.
199223 arXiv: 2002.01484 [astro-ph.GA]

e Chapter {4 Jindra Gensior and J. M. Diederik Kruijssen (Jan. 2021). “The elephant
in the bathtub: when the physics of star formation regulate the baryon cycle of
galaxies”. MNRAS 500.2, 20002011, arXiv: 2011.01235 [astro-ph.GA]
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Chapter 1

Introduction and Background

Humankind has a long history of gazing at the night sky, trying to understand the Uni-
verse. Cave paintings and stone carvings indicate that pre-historic humans might have
had a basic understanding of some astrophysical phenomena as early as several thousand
years BC (Sweatman and Coombs, 2018). We have come a long way since those early
days of stargazing and vastly improved our theoretical understanding in many areas. We
have realised that stars are fundamental to our existence. They are a link across many
astrophysical phenomena from galaxy formation and evolution to planet formation and
astrobiology (McKee and Ostriker, 2007; Krumholz, 2014)).

However, beyond the fact that stars form out of collapsing clouds of gas, many questions
remain open. For example, what sets the efficiency with which gas is converted into stars
— local processes within or around the cloud, the galactic environmeniﬂ or both? How
does the physics of star formation on cloud-scales relate to the star formation observed for
galaxies globally? What causes a galaxy to cease star formation?

The disparity of the spatial and temporal scales involved in the star formation process
is enormous. On the spatial side ranging from < 0.01 pc for the cores in which individual
stars form, to tens of kpc for individual galaxies, or tens and hundreds of Mpc if consid-
ering cosmological effects. The timescales range from Myr to a Hubble time and vastly
exceed human lifetimes, making observations of the process impossible. Thus, a complete
understanding and theory of star formation remains elusive, making it one of the major
unsolved problems of contemporary astrophysics.

This thesis aims to address some of the above questions, using numerical simulations of
galaxies that model star formation based on recent advances in cloud-scale star formation
theory. The remainder of this introduction is structured as follows. First, Section gives
an overview over galaxies, their classification and properties, then Section discusses
galaxy-integrated star formation and its cessation. Section Section discusses the baryon
cycle of galaxies. Finally, Section[I.4]zooms in on smaller scales, focussing on the interstellar
medium and cloud-scale star formation theory.

'In this thesis galactic environment will refer to the conditions within a galaxy. If environment is
denoted to mean the position of a galaxy in the field, a group or a cluster this will be explicitly stated.
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1.1 GGalaxies

Galaxies are like people. The better
you get to know them the more
peculiar they often seem to become.

S. van den Bergh, Galaxy Morphology
and Classification

A cornerstone for our modern understanding of galaxy formation in a cold dark mat-
ter with a non-zero cosmological constant (ACDM) cosmological formalism is the model
by White and Rees (1978)). Structure formation within the universe proceeds from the
growth of density perturbations that become gravitationally unstable and collapse when
the density contrast to the surrounding matter becomes large enough. These structures
grow hierarchically through merging, and form a complex web with the most massive grav-
itationally bound objects at the intersections. Gas follows the gravity of the dark matter
halo, and provided it can cool efficiently within it, it begins to collapse and forms stars,
and thus galaxies (e.g. Mo et al., 2010). This hierarchical growth is observed in numerical
simulations of structure formation (e.g. Springel et al.,|2005b)), which have been found to
reproduce the observed clustering of galaxies.

This paradigm of structure formation defines our understanding of a galaxy: a gravita-
tionally bound system of gas and stars which sits within a larger and more massive dark
matter halo. Massive galaxies also appear to host super-massive black holes (SMBHs) in
their centres (e.g. Lynden-Bell, |1969; Kormendy and Richstone, 1995). The accretion discs
of some nearby ones can now be directly observed (see Event Horizon Telescope Collab-
oration et al., 2019). Galaxies have long been classified based on the stellar morphology
and structure they show in optical images. The earliest attempt at this was undertaken by
Wolf (1908)), but the classification proposed by Hubble (1926)) is the one still in use today
(albeit somewhat modified, e.g. Conselice, 2014). The original Hubble (1926)) classification
scheme, shown in Figure like it was first visualised by Hubble (1936), divides galaxies
into ellipticals and spirals. The stars in elliptical galaxies are arranged in a spheroid, with
dispersion-dominated kinematics. By contrast, spirals consist of a rotation-supported stel-
lar disc and a nuclear spheroidal component. They are classified by the size of their stellar
bulge, and how tightly wound and resolved their spiral arms are, as well as sub-divided
based on whether they posses a central stellar bar or not. Lenticular galaxies (S0) form an
intermediate category between spiral and elliptical galaxies in the Hubble (1936) tuning
fork. They also consist of a central spheroid embedded in a stellar disc, where the disc
does not show signatures of spiral arms. However, it has been suggested based on visual
and dynamical measurements that lenticulars form a parallel branch to the spirals and can
also be classified by the size of their stellar bulgeﬂ (e.g. van den Bergh, [1976; Cappellari
et al., 2011b; Conselice, 2014)). For completeness, it should be mentioned that there are
also galaxies with irregular morphologies (caused by mergers, e.g. Toomre and Toomre,
1972)) and dwarfs (galaxies with stellar masses < 10° My, e.g. Geha et al., 2012) that do

2The terms bulge and spheroid will be used synonymously throughout this thesis.
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Edwin Hubble's
Classification
Scheme .

Ellipticals

Figure 1.1: The Hubble classification scheme for galaxies, forming the iconic tuning fork.
Early-type galaxies (i.e. ellipticals and lenticulars/S0) are classified by their increasing
ellipticity and the absence of a spiral structure within a stellar disc (S0). The split in the
tuning fork occurs for late-type galaxies (i.e. spirals), which are divided into barred and
non-barred galaxies, and ordered along the tuning fork by the size of the nuclear region
and how tightly wound their spiral arms are. Image credit: STScl

not fit within this classification scheme, but they are not within the focus of this thesis.
Rather, I will focus on (more) massive galaxies which can be divided by how bulge- or disc-
dominated they are. Ellipticals and lenticulars are commonly grouped together under the
term early-type galaxies (ETGs), while spirals and irregulars fall under the umbrella term
late-type galaxies (LTGs). Despite the nomenclature, they do not form an evolutionary
sequence from early- to late-types.

The morphology of a galaxy is related to its optical colour. ETGs tend to be redder
than LTGs (e.g. Holmberg, [1958; Roberts and Haynes, [1994). Galaxies form a bimodal
distribution in colour-absolute magnitude (and therefore mass) space (e.g. Baldry et al.,
2004])), divided into a ‘blue cloud’ and ‘red sequence’, that has been in place at least since
redshift 3—4 (e.g. Brammer et al., 2011; Whitaker et al.,|2011; Muzzin et al., 2013). Since
the colour is determined from the integrated light of all stars within the galaxy, it depends
on the age of the stellar populations and thus on the star formation history of the galaxy.
Young stellar populations appear bluer, whereas evolved ones are red. The implication of
the colour-magnitude bimodality is that, on average, LT Gs are actively star forming and
occupying the blue cloud, while early-types are quiescent and have old stellar populations
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(e.g. Roberts and Haynes, |1994; Kauffmann et al., 2003; Blanton and Moustakas, [2009)
and are therefore commonly described as ‘red and dead’.

There are different formation pathways proposed for the different galaxy types. Theory
predicts that disc-dominated, rotation supported LTGs form when the specific angular
momentum of the gas accreting onto a halo is conserved (Fall and Efstathiou, [1980; Mo
et al., [1998)). Failure to reproduce disc-dominated galaxies in (early) numerical simulations
resulted from gas cooling too efficiently and forming a dense central spheroid (e.g. Katz
et al., |1996; Balogh et al., |2001) highlighted the importance of feedback from stars and
active galactic nuclei (AGN) that heats and expels gas from the galactic disc and thus
prevents this runaway bulge formation (e.g. Somerville and Davé, 2015; Naab and Ostriker,
2017, and references therein). The gas and dust reservoir within galaxies, referred to
as interstellar medium (ISM), will be discussed in more detail in Section The most
pertinent ISM component for star formation is cold molecular gas (e.g. Wong and Blitz,
2002, see Section . LTGs in the local Universe have gas-to-stellar mass ratios of
~ 10 per cent (e.g. Saintonge et al., 2017; Tacconi et al., [2020)) and had substantially larger
gas fractions (up to 50 per cent) at high redshift (e.g. Geach et al., 2011; Tacconi et al.,
2013, [2018; Tacconi et al., 2020).

Major mergers have long been shown to produce dispersion-dominated stellar spheroids
(e.g. Toomre, 1977; Barnes, [1988; Mihos and Hernquist, 1996). However, a dominant
disc component can be reformed through a gas-rich merger (e.g. Robertson et al., 2004,
2006; Hopkins et al., [2009; Martig et al., 2009). This highlights that a key requirement
for forming ETGs is a mechanism that can prevent accretion of gas, through feedback or
other mechanisms (e.g. Somerville and Davé, 2015; Naab and Ostriker, 2017). This will
be discussed in more detail in Section Contrary to the "red and dead" stereotype, a
significant fraction of ETGs contain cold gas and dust. Atomic hydrogen (HI) is detected
in > 50 per cent of ETGs (e.g. Oosterloo et al., 2010; Yildiz et al., 2020), dust detection
rates range from 50 to 75 per cent (e.g. Knapp et al., |[1989; Colbert et al.,|2001; Kokusho
et al., 2019) and approximately 25 per cent of ETGs host molecular gas (HZED reservoirs
(e.g. Combes et al., 2007; Welch et al., 2010; Young et al., 2011; Davis et al.,2019). While
some ETGs have a molecular gas fraction of 5—10 per cent, the majority has gas fractions
< 1 per cent (Young et al., [2011; Davis et al., 2019). The origin of the molecular gas in
ETGs appears to be diverse. It is likely a mix between molecular gas retained through
the morphological transformation from spiral to ETG, stellar mass loss, cooling from the
hot halo and gas-rich minor mergers depositing gas in a kinematically misaligned disc
(e.g. Davis et al., 2013b; Babyk et al., 2019; Davis et al., 2019). The implications of the
presence of molecular gas, as a seed for star formation, in ETGs will be explored further
in Section [I.2] and several chapters of this thesis.

3Tt is difficult to observe Hy directly, because the molecule does not have a dipole moment and the
rovibrational transitions only get excited at high temperatures. The most commonly used observational
proxy is carbon monoxide (COj e.g. Carroll and Ostlie, 2006]).
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1.2 GGalactic Star Formation

Observational star formation relations are the fundamental probe that theory and numerical
simulations need to match (if they are not hard-coded into them in the first place). There
are some uncertainties associated with the observations, for example due to differences
in various tracers of the star formation rate (SFR) and their calibration (e.g. Kennicutt,
1998a; Kennicutt and Evans, 2012 Calzetti, [2013) and the conversion of the observed gas
luminosities into a molecular gas mass (e.g. Bolatto et al., [2013| and references therein).
Nonetheless, over time some tight global scaling relations have been observed. In the
following sections the scaling relations between SFR and gas density (Section , SFR
and galaxy stellar mass (Section will be reviewed, leading into a discussion of
possible mechanisms to quench, i.e. shut down star formation, in galaxies (Section .

1.2.1 Empirical Star Formation Scaling Relations
1.2.1.1 The Schmidt-Kennicutt relation

In his seminal work, Schmidt (1959) proposed that the global SFR of a galaxy depends
only on the density of its gas:

psFR X P, (1.2.1)

where Schmidt (1959) argued that n ~ 2 matched the most observational constraints at the
time. This sparked a large effort into empirically determining the exponent of the Schmidt
law, as well as a debate into whether a global law for star formation exists at all or whether
a threshold for star formation or other criteria are required (e.g. Kennicutt, [1989, and
references therein). Nearly four decades after Schmidt’s paper, Kennicutt (1998b) observed
a tight relation between the total (atomic plus molecular) gas surface density and SFR
surface density:

Ssrr = ASY, (1.2.2)

with N = 1.4 £0.15. The tightness of this relation across 5 decades in Yz and 6 decades
in Ygpr for a sample consisting of 61 star forming disc galaxies as well as 36 starburstsE]
provides compelling evidence for the presence of a global star formation relation. More
recent investigations with improved measurements of SFR and gas and larger sample sizes
remain in good agreement with the original Schmidt (1959)-Kennicutt (1998b) N ~ 1.4
relation (e.g. Kennicutt and Evans, |2012; de los Reyes and Kennicutt, [2019).

However, starting from Wong and Blitz (2002)), there has been a growing body of
evidence that the global SFR of galaxies correlates more strongly with their molecular gas
content, rather than the total gas (e.g. Wong and Blitz, [2002; Bigiel et al., |2008; Schruba
et al., [2011; Leroy et al., 2013)). For example, Bigiel et al. (2008) demonstrate that the
radial profiles of the SFR traces that of Hs, while that of HI differs significantly. The
SFR drops sharply below total gas surface densities of 9—10 Mupc~2, where the ISM is
atomic-dominated (e.g. Wong and Blitz, 2002; Bigiel et al., 2008). Even though these

4Starbursts are galaxies with an enhanced star formation rate and appear particularly luminous in the
infrared (e.g. Kennicutt and Evans, 2012).
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studies do not find any relation between Xgpr and Xy, more recently the volumetric HI
density has been observed to be a good tracer of the volumetric global SFR (Bacchini et al.,
2019, 2020).

The molecular star formation relation exhibits a linear scaling of SFR with Hy surface
density (e.g. Bigiel et al., [2008; Schruba et al., 2011; Leroy et al.,|2013; Bolatto et al., [2017)).
The depletion time is defined as tgepmol = XH,/XsFR, i.€. the time required to convert
the entirety of the current molecular gas reservoir into stars at the current SFR (assumed
constant). For a linear scaling relation between gas surface density and SFR, it implies
that all galaxies will have the same depletion time, or alternatively that there is a uniform
conversion efficiency of molecular gas into stars. The depletion time measured for nearby
spiral galaxies is ~ 2 Gyr (e.g. Bigiel et al., 2008; Leroy et al., 2008]).

Dense gas is defined as gas a few orders of magnitude denser than CO. In extragalactic
observations it is commonly traced through emission from the molecule HCN, whereas a
dust extinction threshold is used in Milky Way clouds. Dense gas has been proposed as
another good (if not fundamental) tracer of the star formation rate by Gao and Solomon
(2004). They argue that star formation solely takes place in dense gas, evidenced by the
tighter correlation between the HCN luminosity and the infrared (IR) luminosity (Lg; the
SFR tracer), compared to CO and Lig. Since CO traces all molecular gas, including dense
gas emitting in HCN, the CO-Lg relationship is a corollary of that between HCN and
Lir (Gao and Solomon, 2004). Later work shows that the slightly super-linear positive
correlation between HCN and IR luminosity also extends down to massive, dense clumps
in the Milky Way. This further suggests that the dense gas fraction determines the SFR
and implies that starbursts can be understood as having an enhanced fraction of dense gas
(Wu et al., 2010} see also Lada et al., 2010, 2012]).

This thesis is motivated by the deviations that galaxies show from these (global) star
formation relations. Specifically, the sub-set of ETGs that contains molecular gas but
appears to form stars at a lower rate than LTGs. An absence or suppression of star
formation in lenticulars had already been noticed in the early days of extragalactic star
formation studies (e.g. Schommer and Bothun, (1983} Kennicutt, [1989)). More recently
Saintonge et al. (2011) showed that the depletion time in the COLDGASS sample of 222
galaxies with M, > 10'° Mg, increases with increasing stellar mass (see also Bolatto et al.,
2017). Since the depletion time is the ratio of SFR to gas density, its inverse can be regarded
as a proxy for how efficiently gas is converted into stars. Thus, long depletion times imply
less efficient star formation. In a follow up study, Saintonge et al. (2012) demonstrate
that galaxies with a larger central stellar surface density (a proxy for the dominance of the
spheroidal component of galaxies) exhibit longer depletion times than later galaxy types at
comparable stellar mass. Davis et al. (2014) find that the SFR in ETGs is systematically
suppressed by a factor of ~ 3 below the relation of Kennicutt (1998b) and Bigiel et al.
(2008)). This is shown in Figure (Figure 5 in Davis et al., 2014). van de Voort et al.
(2018)) specifically target 6 ETGs that have undergone a gas-rich minor merger recently.
Although mergers usually precede a starburst episode, the SFR of these objects lies 1—2
orders of magnitude below the Kennicutt (1998b) relation for LTGs of similar gas surface
densities (van de Voort et al., |[2018]).
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Figure 1.2: Star formation rate surface density as a function of total gas surface density
for the spiral (black) and starburst (blue) galaxies from Kennicutt (1998b), the resolved
early-type galaxies (ETGs; orange) from Martig et al. (2013) and the ETGs (red) from
Davis et al. (2014). The blue line shows the original Kennicutt (1998b) relation, and while
the red line shows the best fit to the ETGs, highlighting their suppressed SFR. Figure
reproduced from Davis et al. (2014)).

It has been hypothesised that the SFR of ETGs might appear suppressed when com-
paring the molecular or total gas scaling relations, but that their dense gas fractions might
be such that they should fall on the HCN-Lg relation. Indeed, Krips et al. (2010) find
that the 3 out of 4 ETGs they detected in HCN fall on the low-SFR end of the Gao and
Solomon (2004) relation. Crocker et al. (2012)) detect HCN in 12 out of 18 ETGs. These
ETGs are considerably more scattered in Lir-HCN/'2CO space than the Gao and Solomon
(2004) sample, and even at high dense gas fractions of 5—10 per cent have a lower Lig by
an order of magnitude or more. This could in part be caused by the HCN-to-'2CO ratio
not being a good tracer of the dense gas fraction in ETGs (Crocker et al., 2012). Given
the scarcity of data it is currently not possible to draw a meaningful conclusion for the
relation between dense gas (fraction) and star formation for ETGs as a whole.

However, SFR suppression is not exclusively seen in ETGs. The central molecular
zone (CMZ) is the bulge-dominated region of the Milky Way, encompassing the central 500
pc. The SFR of the CMZ also falls below the predictions of the Schmidt-Kennicutt (SK)
relation (e.g. Longmore et al.,2013; Kruijssen et al., 2014). Resolved (at the scale of ~ kpc)
HCN observations of more than 30 nearby late-type galaxies show a similar behaviour. The
SEFR shows an anti-correlation with the stellar surface density, while the dense gas fraction
is correlated with the stellar surface density (e.g. Usero et al., [2015; Bigiel et al., |2016;
Gallagher et al., [2018; Querejeta et al., 2019)). Specifically, Usero et al. (2015) find that the
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star formation rate in galaxy centres is suppressed by a factor of 6-8 compared to the discs.
The offset from the SK relation seems to depend on morphology, too. Analysing 28 galaxies
from the ALMA-MaNGA QUEnching and STar formation (ALMaQUEST Lin et al., 2020)
survey, Ellison et al. (2021a) find that the offset below the SK relation correlates with the
Sérsic (1963) index. The larger the Sérsic index, the more bulge-dominated a galaxy (an
index of 4 corresponds to the light profile of an elliptical, while 1 corresponds to a disc).
Ellison et al. (2021a) find that the offset from the SK relation is 2 0.5 dex for galaxies
with Ngersic > 3.

These discrepancies between a large observed dense gas fraction, but a suppressed
SFR at high stellar surface densities highlight that simple, solely density-dependent star
formation models cannot accurately capture the complexity of the star formation process.
Instead the efficiency of star formation seems to depend on the environment. This will be

further explored Section [1.4.2.2]

1.2.1.2 The Star Formation Main Sequence

Star-forming galaxies fall along a tight empirical relation between their global SFR and
stellar mass, M, (e.g. Daddi et al., [2007; Elbaz et al., [2007; Noeske et al., 2007b; Schimi-
novich et al., 2007; Pannella et al., [2009; Magdis et al., |2010; Peng et al., [2010; Rodighiero
et al., 2010, 2011} Wuyts et al., |2011; Whitaker et al., [2012; Speagle et al., 2014; Whitaker
et al., [2014; Renzini and Peng, 2015; Saintonge et al., 2016 Janowiecki et al., [2020; Leslie
et al., |2020). This relationship of increasing SFR with increasing M, was dubbed the
star formation main sequence (SFMS) by Noeske et al. (2007b)). The SFMS is established
up to redshift z ~ 6 (e.g. Speagle et al., 2014) for a variety of star formation tracers (see
discussion in Speagle et al., 2014; Renzini and Peng, 2015). It has a (sub-)linear slope in log
M, - log SFR space, which somewhat depends on the selection criteria (see e.g. Whitaker
et al., 2012, who recover a linear relation for their data when only fitting blue galaxies).
The normalisation of the SFMS changes with time, for example dropping by a factor of
20—30 since z ~ 2 (e.g. Daddi et al., 2007; Whitaker et al., 2012; Leslie et al., 2020), which
is likely a reflection of the cosmic star formation history (e.g. Madau and Dickinson, 2014).
The slope of the relation is time dependent as well (e.g. Speagle et al., |2014; Whitaker
et al., 2014; Leslie et al., [2020)). Nonetheless, the relation is fairly tight at all times, with
an observed scatter of < 0.3 dex (e.g. Noeske et al., 2007b; Whitaker et al., 2012; Speagle
et al., [2014)).

Many studies have found the shape of the SFMS to deviate from a single power law,
flattening at high galaxy stellar masses (e.g. Elbaz et al.,|2011; Lee et al., 2015; Schreiber
et al., [2015; Saintonge et al., 2016} Tomczak et al., [2016; Popesso et al., [2019; Cook et al.,
2020; Leslie et al., [2020). The mass above which the relation flattens varies between the
studies from log M, /Mg > 9.5 (Leslie et al., |[2020)) to log M, /Mg > 10.5 (Schreiber et al.,
2015|), and possibly as a function of redshift (Tomczak et al., |2016). It also becomes
less pronounced at z 2 2 (e.g. Schreiber et al., 2015; Leslie et al., [2020)). The general
interpretation is that the inclusion of galaxies which are already in the process of quenching
causes the flattening. Specifically, there have been two main physical interpretations put
forward to explain this behaviour:



Introduction and Background 9

Firstly, that the increase in the abundance of bulge-dominated galaxies with decreasing
redshift (e.g. Bundy et al., [2006} 2010; Buitrago et al., [2013)) leads to lower average SFR
(e.g. Schreiber et al., 2015; Popesso et al., 2019; Leslie et al., 2020). It has been shown
that the SFR is anti-correlated with the bulge-fraction or more generally decreases from
late- to early-type morphology at fixed stellar mass (e.g. Wuyts et al., 2011; Abramson
et al., 2014} Catalan-Torrecilla et al., 2017; Janowiecki et al., 2020} Leslie et al., 2020). A
dependence of the SFMS on morphology is also found for resolved relations (e.g. Gonzalez
Delgado et al., 2016; Maragkoudakis et al., [2017; Medling et al., 2018; Pan et al., 2018;
Ellison et al., 2021a)), where galaxies with a more dominant spheroid component tend to
be offset below the SFMS. The offset of galaxies below the SFMS, that fall either within
the transition region (green valley) or quiescent in the red cloud, is also directly related to
the bulge mass fraction of the galaxy (e.g. Cook et al.,|2020). However, Cook et al. (2020))
show that the trend persists even after decomposing galaxies into bulge and disc regions
and considering the SFR and the disc mass only (under the assumption that this is the
star-forming component). This suggests that another mechanism not directly related to
morphology is required to explain the low SFRs at high galaxy masses.

The second interpretation for the flattening of the SFMS is related to the lack of cold
gas in massive galaxies. Saintonge et al. (2016)) find that both the atomic and molecular
gas fractions steadily decrease with increasing stellar mass. This implies that the SFR
decrease is a simple consequence of cutting off the gas supply of a galaxy, rather than issues
of converting the atomic into molecular gas. The most massive galaxies in the flattening
part of the SFMS will exhaust their gas reservoir within one depletion time of 1—-2 Gyr and
not accrete sufficient quantities of new gas to sustain their current SFRs, thus quenching
slowly (e.g. Noeske et al., 2007a; Saintonge et al., [2016; Popesso et al., 2019). However, low
gas fractions also do not seem to be a necessary condition for quiescence. Janowiecki et al.
(2020)) define an atomic and a molecular gas main sequence in analogy with the SFMS
and find that galaxies with gas reservoirs on or above these gas main sequences (even for
molecular gas) can have SFRs suppressed an order of magnitude below the SFMS.

From the discussion of empirical star formation relations, two main drivers of the SFR
have emerged. The star formation efficiency (SFE) appears to be linked to the galactic
environment. As discussed in Section and above, star formation in ETGs and galaxy
bulges is suppressed compared to LTGs. This implies that the SFR carries some dependence
on galaxy morphology. At the same time, the amount of gas in a galaxy also influences its
star formation activity. What remains unclear are the specific physical mechanisms that
govern the entire process, and especially leads galaxies to become quenched. This will be
discussed in more detail in the following Section.

1.2.2 How do galaxies quench?

Before discussing which mechanisms might drive a galaxy into quiescence, we first have to
define what it means to be quenched. Unfortunately, quenching is a very fuzzy concept
in both the qualitative and quantitative description (e.g. Man and Belli, |2018; Donnari
et al., 2019; Iyer et al., 2020). Qualitatively, quenching on one hand means the process
by which an actively star-forming galaxy significantly reduces, if not terminates, its star
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formation. On the other hand, it gets used simultaneously to refer to the maintenance of
this quiescent state until the present day. This can involve drastically different timescales,
and thus it is still debated whether a single quenching mechanism can do both (e.g. Man
and Belli, |2018). Quantitatively, there are three main approaches taken in the literature to
define something as quenched or quiescentﬂ (see e.g. Donnari et al., 2019, and discussion
therein). The first is to use a cut in specific SFR (sSFR). The sSFR is defined as the
SFR normalised by M,, which can also be interpreted as the ratio of current to prior star
formation. This maximum sSFR threshold for quiescence can be fixed based on a strong
bimodality in the stellar mass-SFR plane (e.g. Fontana et al., 2009; McGee et al., 2011}
Wetzel et al., [2012), usually an sSFR = 107! yr is used. Alternatively the sSFR cut-off
can be time-dependent, particularly if a large redshift range is considered to account for the
variation in star formation across cosmic time (e.g. Pacifici et al., [2016; Jian et al., |[2018;
Carnall et al., 2020; Iyer et al.,2020). Secondly, one can impose a minimum offset from the
SFMS, usually > 20; e.g. Morselli et al., 2017; Cook et al., 2020 or alternatively a flat 1
dex suppression (e.g. Fang et al.,[2018)). The third method selects quenched galaxies based
on the region they occupy in the plane of restframe U-V, V-J colour (e.g. Williams et al.,
2009; Whitaker et al., 2011). Finally, there exists a sub-set of galaxies that are classified
as ‘post-starburst’ (PSB), because their spectra show signatures of A-type, but not the
most massive O- and B-type stars, in combination with instantaneous star formation rates
below the SFMS. This is indicative of PSBs having undergone a short starburst < 1 Gyr
ago and rapidly quenching afterwards. PSBs constitute less than a per cent of the galaxy
population at z ~ 0, but they were more numerous in the past (~ 5 per cent at z ~ 2)
and could be responsible for building up to 38 per cent of the red sequence at z > 0.7 (e.g.
Wild et al., 2009, [2016). Intriguingly, PSBs appear to host large fractions of molecular gas.
Therefore, PSBs require a rapid quenching mechanism that additionally allows them to
retain substantial amounts of molecular gas while suppressing the SFR (e.g. French et al.,
2015; Rowlands et al., [2015; Suess et al., [2017; Smercina et al., 2018; Yesuf and Ho, [2020).

Summarising the above, in order to drastically reduce the star formation activity in a
galaxy the quenching mechanism must achieve one or more of the following:

1. prevent the accretion of cold gas onto a galaxy,
2. remove cold gas from the galaxy, either by heating or expelling it,

3. influence the SFE, such that the SFR becomes suppressed even if cold, molecular gas
is present within the galaxy.

Peng et al. (2010)) distinguished between environmental quenching, which acts primarily
on satellites (e.g. Peng et al., 2012; Wetzel et al., 2013), and mass quenching, mechanisms
for massive galaxies. In the context of environmental quenching, environment refers to the
surroundings of a galaxy. For completeness it should be mentioned that the environmental

5Depending on the definition of quenching, these terms mean the same thing (and the literature tends
to use them interchangeably). However, in light of the double definition of quenching it would probably
behoove us to use quenching to refer to the inital process of shutting down the star formation and quiescence
to the maintenance of the quenched state afterwards.
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effects that can quench satellites are ram-pressure stripping of a galaxies ISM (e.g. Gunn
and Gott, 1972; Abadi et al.,|1999), strangulation (removal of the outer gaseous envelope of
a galaxy falling into the cluster, star formation will cease once the remaining gas reservoir
is exhaused e.g. Larson et al., [1980; Balogh et al., [2000), and galaxy harassment (many
interactions with other cluster members, e.g. Farouki and Shapiro, [1981; Moore et al.,
1996)). However, the focus of this thesis lies on centrals and isolated galaxies and thus I
will review the mechanisms which can affect those galaxies in more detail below.

Cosmological Starvation falls into the first category of the quenching list. It prevents
the accretion of gas onto halos. Physically it is motivated by the varied accretion histories
of dark matter halos (e.g. McBride et al., 2009), some of which experience starvation
following a growth phase (e.g. Diemand et al., 2007). If the dark matter halo accretion rate
dIn Mpy/dt drops below 0.4 Gyr~!, the gas accretion rate will follow suit and cause a drop
in sSFR below the SFMS within a few hundred Myr (Feldmann et al.,|2016). Cosmological
starvation was proposed by Feldmann and Mayer (2015) to explain the existence of massive,
quiescent ETGs at z > 2 that must have formed most of their stars at even higher redshift
(e.g. Straatman et al., 2014)) and quenched within a few hundred Myr (e.g. Schawinski et al.,
2014)). This mechanism does not completely shut off gas accretion (and by extension star
formation) and is not expected to work well in galaxy groups and clusters which exhibit a
higher dark matter halo density.

Halo Quenching also prevents the accretion of cold gas onto galaxies. Numerical
simulations predict that once the dark matter halo of a galaxy exceeds a halo mass of
~ 10'2 M, the gas accreted onto it will be shocked to the virial temperature of the halo
(Birnboim and Dekel, 2003|, see also e.g. Keres et al., [2005; Dekel and Birnboim, 2006}
Ocvirk et al., 2008; Keres et al., [2009; Davé et al., |2017). If the gas is then incapable
of cooling and new gas continues getting shock heated, this effectively prevents gas in
the circumgalactic medium (CGM) from condensing onto the galaxies. However, even if
external accretion no longer takes place, stellar mass loss from asymptotic giant branch
stars can replenish a galaxies ISM and could thus allow for star formation again. In addition,
it has been shown that cold streams from the cosmic web can penetrate the shock heated
halo and deliver cool gas to the galaxy (e.g. Dekel et al., 2009).

Gravitational heating refers the transfer of gravitational potential energy from in-
falling satellites or gas clumps to kinetic energy of the halo gas through dynamical friction
(e.g. Dekel and Birnboim, [2008; Khochfar and Ostriker, 2008; Johansson et al., |2009).
Gravitational heating is a way to sustain a hot CGM without requiring AGN feedback.
It is focussed on sustaining a hot intracluster medium in particular (e.g. Khochfar and
Ostriker, [2008) and might act in support of halo quenching.

AGN feedback can come in two distinct modes, dubbed ‘quasar’ and ‘radio’ mode
respectively. Quasar mode is ejective, powering strong outflows that remove gas from
the galaxy (e.g. Sanders et al., |[1988; Di Matteo et al., 2005; McCarthy et al., 2011). By
contrast, in radio mode the AGN feedback heats the gas, thus making it unavailable for
star formation without needing to eject it from the galaxy (e.g. Bower et al., 2006; Croton
et al., [2006). The addition of AGN feedback allowed the big cosmological simulations of
the last decade to match the knee in the observed galaxy mass function (e.g. Vogelsberger
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et al., 2014; Schaye et al., [2015; Pillepich et al., |2018) that simple estimations based
on previous dark matter only simulations (e.g. Springel et al., [2005b) failed to predict.
The tight correlation between bulge mass and SMBH mass (e.g. Magorrian et al., |1998;
Kormendy and Ho, [2013)), in conjunction with the strong dependence of quiescence on
bulge dominance, has been interpreted as an observational indication for the importance
of AGN feedback (e.g. Bluck et al., 2014, 2019)). However, no observational evidence has
conclusively proven AGN feedback to be the powerhouse that quenches star formation
and then keeps it quiescent. Furthermore, AGN feedback offers no explanation for the
suppressed SFRs in PSBs and ETGs that host molecular gas reservoirs but do not show
signs of recent AGN activity (e.g. Davis et al., |2014; Rowlands et al., 2015 Suess et al.,
2017).

Stellar feedback in form of supernovae (SN) and stellar winds during a starburst
episode has been discussed as the other potential driver of ejective galactic winds (e.g.
Chevalier and Clegg, [1985; Heckman et al., |1990; Veilleux et al., 2005)). Low SFEs in dwarf
galaxies can be accounted for with SN regulation (e.g. Dekel and Silk, [1986; Governato et al.,
2010; Shen et al., [2014)). Stellar feedback is also a pre-requisite for reproducing late-type
galaxies that match observations (e.g. Guedes et al., [2011; Stinson et al., 2013; Hopkins
et al.,[2014; Agertz and Kravtsov, [2015). However, above halo masses of ~ 10'? M), stellar
feedback fails to regulate and thus quench star formation. Neither superbubble feedback,
which takes into account the increase in the effectiveness of feedback due to clustering of
SNe, (e.g. Keller et al., |2016)), nor radiation pressure driven winds (e.g. Aumer et al., [2013;
Roskar et al., [2014) can generate realistic quiescent massive galaxies.

Morphological Quenching was coined by Martig et al. (2009). It is the only quench-
ing mechanism that addresses the third point on the list: suppressing the SFR in the
presence of a molecular gas reservoir. Briefly, the idea is that the deep gravitational poten-
tial of a spheroid stabilises the gas disc against gravitational instability, thus preventing
star formation. This is based on the stability analysis originally conducted by Toomre
(1964). A thin disc (of gas or stars) is stable against axisymmetric instabilities if

s (1.2.3)

Q:eGE ’

where k is the epicyclic frequency, o the velocity dispersion, ¥ the surface density of the
disc, € = 7 for a gas disc and 3.36 for a stellar disc. This condition can also be expressed
as a length scale, A\ = 1GX,/Q%. On scales larger than Ar, differential rotation (shear)
prevents the formation of instabilities. The stability of a gas disc embedded in a stellar
disc is more aptly characterised using an effective Q parameter (observationally, e.g. Wong
and Blitz, [2002; Leroy et al., 2008). This effective Toomre parameter (Jog and Solomon,
1984b}; Elmegreen, [1995; Martig et al., [2009)) is defined as:

Quif = gasQpas + Q1 (1.2.4)

where the coefficients agas and st depend on the velocity dispersion of the gas and stars,
as well as the shape of the gravitational potential, and are of order unity for LTGs. A thin
stellar disc can enhance the self-gravity within gravitational perturbations, lowering the
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effective Toomre Q and thus allowing the gas to fragment into clouds even if the gas disc
on its own would be stable (e.g. Jog and Solomon, (1984a). Martig et al. (2009)) argue that
the impact of the spheroidal component on the stability of the gas disc is twofold. Firstly,
for lenticulars and ellipticals @@« >> 1, helping to stabilise the gas rather than triggering
its collapse. Secondly they suggest that the spheroidal potential will enhance x and induce
a high velocity dispersion through shear, thereby leading to Qgas > 1.

How effective morphological quenching is in suppressing star formation in ETGs re-
mains somewhat ambiguous. Numerical simulations indicate that a dominant spheroidal
component is not always sufficient in suppressing star formation. Simulating a massive
isolated galaxy embedded in a hot CGM halo, Su et al. (2019) find that the SFR is only
marginally affected by the presence of a massive bulge. The temporarily quiescent galaxy
in Martig et al. (2009) becomes star-forming again following a merger and Martig et al.
(2013) only see a suppression of star formation below the SK relation for an ETG with a
gas fraction of 1.3 per cent. While Ceverino et al. (2010)) attribute the quiescent state of
their simulations at z ~ 1.3 to morphological quenching, the simulated galaxies have gas
fractions a factor of ~ 2—5 below the observational limits at this redshift. This indicates
that morphological quenching might require a low gas fraction to operate. While the strong
correlation between bulge mass and quiescence (e.g. Bluck et al., 2014} 2019) can also be
interpreted as evidence for morphological quenching, more direct evidence is rare. The
increase in Q towards the centre of z ~ 2 star-forming galaxies has been interpreted as the
early-onset of morphological quenching by Genzel et al. (2014)). Yet, analysing galaxies on
the SEMS at 0.5 < z < 0.8, Freundlich et al. (2019) find no trend between the SFR and
morphological indicators for bulge-dominance. This contrasts with findings in the local
Universe (e.g. Saintonge et al., 2011; Ellison et al., 2021a), which Freundlich et al. (2019)
argue could be due to an average gas-to-stellar mass ratio of 0.28. By contrast a stack of
z > 1.4 ETGs, with an average gas fraction of 9 per cent, has an sSFR suppressed by a
factor of 30, which Gobat et al. (2018]) attribute to morphological quenching. Distinctly
different radial sSFR profiles for bulges and discs, where bulges show a centrally suppressed
sSFR might be another indicator of morphological quenching in action (e.g. Méndez-Abreu
et al., [2019).

Although it does not fall under the mantle of morphological quenching as defined by
Martig et al. (2009), shear from bars has been proposed as another possibility of quenching
star formation in gas rich spiral galaxies. Simulations those objects confirm that the
formation of a bar can suppress the SFR by an order of magnitude within a Gyr (see
Khoperskov et al., 2018| and references therein).

In summary, it is likely that there is no single quenching mechanism that can explain
all quiescent galaxies everywhere. Instead, it is likely a combination of some of the mecha-
nisms introduced in this section. However, morphological quenching remains the popular
choice to invoke for galaxy samples that exhibit suppressed SFRs but still host molecu-
lar gas reservoirs at all redshifts (e.g. Davis et al., 2014; Suess et al., [2017; Kim et al.,
2018; Smercina et al., 2018; Janowiecki et al., 2020). This thesis explores the effect of
morphological quenching in depth in Chapters 2] to
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Figure 1.3: The baryon cycle of galaxies: Gas flows from the intergalactic medium (IGM)
into the circumgalactic medium (CGM) surrounding the galaxy. From there, it cools and
accretes onto the galactic plane where it proceeds to form stars. Stellar and AGN feedback
drive outflows of gas back into the CGM, or if they are particularly energetic into the
IGM. The image at the centre of this schematic depicts the starburst galaxy M82, showing
the powerful outflows driven from the star-forming disc. Image credit for the M82 image:
NASA/ESA/HubbleHeritage Team (AURA /STScI).

1.3 The Baryon Cycle of Galaxies

The term baryon cycle broadly describes the movement of gas as it cycles in and out of
galaxies. Gas flows from the intergalactic medium (IGM) onto a galaxy halo and CGM gas
accretes onto a disc in the galactic plane via cold streams and filaments or hot spherical
accretion (e.g. Katz and White, 1993} Katz et al., Dekel et al., [2009). In the ISM, a
fraction of that gas will form stars, regulated by stellar feedback (e.g. Hopkins et al.,
Agertz et al., . SNe can drive outflows out of the galactic plane (e.g. Chevalier and
Clegg, Heckman et al., , Veilleux et al., . Depending on the velocity
of the outflow, gas might re-accrete onto the galaxy after some time as a galactic fountain
(e.g. Shapiro and Field, or be energetic enough to leave the galactic potential (e.g.
Heckman et al., Chisholm et al., . AGN feedback is another driver of outflows
(e.g. Veilleux et al., Fabian, [2012). Through this cycle, galaxies and the CGM become
enriched in metals (e.g. Oppenheimer and Davé, ; Tumlinson et al., Péroux and
Howk, .

The above behaviour can be summarised succinctly in a few analytic rate equations. The
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models of galaxy formation and evolution that take this approach are called ‘gas-regulator’,
‘bathtub’; or ‘equilibrium’ models (e.g. Finlator and Davé, 2008; Bouché et al., |2010; Davé
et al., [2012; Dekel et al., 2013; Lilly et al., 2013; Dekel and Mandelker, 2014; Peng and
Maiolino, [2014; Belfiore et al., 2019; Tacchella et al., 2020)). They offer a simple framework
for understanding the complex physics underpinning galaxy evolution, without the need
for full hydrodynamical simulations or more involved semi-analytic models. Gas-regulator
models assume that a star-forming galaxy is approximately in equilibrium between inflows
and outflows, so while galaxies and their surrounding halos are not quite closed boxes, they
can be approximated as such. Usually, a constant conversion of gas into stars is assumed,
following the SK relation. In this case the SFR will be exclusively regulated by the inflow
of gas. Since the driving of outflows carries a dependence on the SFR (with SNe feedback
assumed to be doing the driving), even the outflow rate is determined by the inflow rate of
gas. This implies that, to first order, galaxy evolution depends only the inflow rate of gas.

In general these models are particularly good at reproducing the mass—metallicityﬁ
relationship of galaxies (see e.g. Finlator and Davé, 2008)). Model estimates match the
gas fraction of galaxies (e.g. Davé et al., [2012) and the SFMS (although, e.g. Dekel and
Mandelker, [2014], note some tension for z < 3). Since approximately 90 per cent of the star
formation in the Universe occurs in galaxies residing on the SEFMS (e.g. Rodighiero et al.,
2011, |2015), gas-regulator models offer a simple way to learn about the galaxy population
at large. However, it is unclear how quenching should be treated in this framework. The
only way for a galaxy to stop star formation would be to first shut off gas inflow completely,
and then exhaust the residual ISM gas supply. Gas-regulator models are incapable of
explaining suppressed SFRs like those observed in ETGs and PSBs (e.g. Davis et al., 2014,
2015; French et al., 2015} Rowlands et al., 2015} Suess et al., 2017, van de Voort et al.,
2018). Peng and Maiolino (2014) suggested to use a variable SFE in the model, which would
allow to take into account quenching. This is a more physical approach than assuming
the SFE is constant, as evident from the observed variations in SFE between and within
galaxies detailed in Section[1.2.1.1] Belfiore et al. (2019) also argue that an environmentally-
dependent, variable SFE is required in gas-regulator models, to more accurately model
gas-phase metallicity gradients in galaxies. Tacchella et al. (2020)) similarly advocate for a
variable, cloud-scale SFE in gas-regulator models, motivated by the breaks in the power
spectral density of a galaxy’s SFR, one of which is associated with cloud-scale processes.
This highlights that the star formation physics play a key role in shaping galaxy evolution
and the baryon cycle. To fully understand what sets the SFE we need to study the ISM
physics in more detail. These will be introduced in the following section.

1.4 The Interstellar Medium and Cloud-scale Star Formation

The term interstellar medium encompasses all gas and dust that exist within galaxies. It
consists mainly of hydrogen (73.81 per cent by mass) and helium (24.85 per cent), with

SMetallicity refers to the abundance of metals, a term encompassing all elements heavier than He-
lium. The metallicity was negligible following the big bang and increased to solar abundance through
nucleosynthesis processes in stars (e.g. Iliadis, [2007; Karakas and Lattanzio, 2014)).
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metals contributing 1.34 per cent at solar abundance (Asplund et al., [2009). The gaseous
ISM components can be divided into multiple phases based on their densities, temperatures
and ionization states (e.g. Field et al., |[1969; McKee and Ostriker, |1977; Ferriére, [2001; Cox,
2005; Tielens, 2005; Draine, [2011)).

By temperature, the ISM can be divided into a hot (7" > 10%>° K, hydrogen is fully
ionised), warm (5000 — 10000 K, where the hydrogen could be ionised or neutral) and cold
(T < 100 K, hydrogen is neutral or molecular) phase. Most relevant for star formation is
the cold gas phase, because gas will only be able to collapse into stars under its self-gravity
if it can cool efficiently. The strong observational dependence of the SFR on ¥y, (e.g. Wong
and Blitz, 2002, see also Section suggests that molecular hydrogen is a pre-requisite
for star formation. However, the tight molecular SK relation could also be a consequence
of the fact that the ISM sites that are suitable for star formation also full-fill the conditions
for Hy formation (e.g. Krumholz et al., 2011)). The ISM is very dynamic due to its turbulent
state, thereby allowing a multi-phase medium to exist and mix. The nature and effects of
turbulence will be discussed in more detail in the following section.

1.4.1 Turbulence in the Interstellar Medium

Big whirls have little whirls

That feed on their velocity,

And little whirls have lesser whirls
And so on to viscosity

L. F. Richardson, Weather Prediction
by Numerical Process

In a turbulent fluid, the velocity fluctuates randomly and unpredictably. Turbulence
occurs when the ratio of inertial to viscous forces in the fluid is large. This is described by

the Reynolds number,

L
Re ="~ (1.4.1)

v

where v is the mean velocity of the flow, L the characteristic length scale and v the viscosity
of the fluid. The transition from laminar to turbulent flow occurs when the Reynolds number
exceeds Re = 1000 — 3000. The ISM has a Reynolds number of 10° — 108(e.g. Tielens,
2005) and can thus be considered turbulent. Observed Mach numbersﬂ in the Milky Way
range from 4 to 20 (e.g. Burkhart et al., 2010; Kainulainen and Tan, [2013} Kainulainen
and Federrath, |2017), making the ISM turbulence supersonic.

Turbulence forms a so-called ‘turbulent cascade’ between the scale at which the energy
is injected in the medium (driving scale) and the scale at which it dissipates. This leads to a
dependence of the velocity dispersion on the current length scale of turbulence, o x 1€ (e.g.
Elmegreen and Scalo, [2004; McKee and Ostriker, |2007; Hennebelle and Falgarone, [2012)).
Incompressible turbulence has a dissipationless cascade, meaning that as eddies transfer
energy from larger to smaller scales until viscosity dissipates the energy into heat. This

M= o/cs, the ratio of velocity dispersion to the sound speed of the medium
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was first described by Kolmogorov (1941). Incompressible turbulence leads to a velocity

scaling of o o [ %, c= % The other extreme in types of turbulent forcing is compressive

turbulence, discussed by Burgers (1939). Burgers (1939) turbulence dissipates through
shocks, and produces a velocity scaling of o l%, c= %

Larson (1981) presented the first evidence for turbulence in the ISM by finding a
linewidth — size relation in Milky Way molecular clouds. These obeyed a velocity scaling
with ¢ = 0.38, close to that of Kolmogorov turbulence (Larson, 1981). The relation between
cloud size and velocity dispersion has since been observationally confirmed many times.
However, subsequent studies found scalings of ¢ ~ 0.5 (e.g. Solomon et al., |1987; Heyer
and Brunt, [2004; Calda-Primo et al., 2013]), more indicative of compressible turbulence.

Simulations of pure magneto-hydrodynamical (MHD) and hydrodynamical (HD) tur-
bulence predict that the probability distribution function (PDF) of the density has a
log-normal form (e.g. Vazquez-Semadeni, (1994; Padoan et al., [1997; Scalo et al., [1998;
Ostriker et al., 2001; Kritsuk et al., 2007; Federrath et al., 2008} Federrath et al., 2010;
Molina et al., [2012)). The density PDF becomes wider the more turbulent (i.e. higher M)

the ISM, as it will lead to more shocks. This density PDF can be described mathematically

as: R (s )2
P(s) = mexp (—%‘3> , (1.4.2)

where s = In(p/po), po the mean gas density and so = —402. The width of the PDF, o2,
depends on the turbulent forcing through the sonic Mach number, M, and a dimensionless
forcing parameter, b, (Federrath et al., 2008):

02 =In 1+ b2./\/l2] . (1.4.3)

The turbulent forcing parameter is defined as

b=1+ <11) - 1> ¢, (1.4.4)

where D is the dimensionality of turbulence considered and ¢ € [0, 1] depends on the type
of forcing. Purely solenoidal forcing yields ( = 1, while { = 0 for purely compressive
forcing. The log-normal form can also be understood as a consequence of the central limit
theorem: The strength of shocks scales with M, which also relates the pre- and post-shock
densities (e.g. Landau and Lifshitz, [1987). If the turbulence in the ISM is at least partially
compressible then energy will dissipate through shocks. This sets the density distribution
of the gas, which becomes a normal distribution in log space, since the post-shock densities
are additive.

If self-gravity is included in the turbulence simulations, the PDF develops a power-law
tail at high densities (e.g. Klessen et al., |2000; Slyz et al., |2005; Hennebelle et al., |2008;
Kritsuk et al., 2011). The slope of the tail and the density of the transition change over
time as the collapse progresses. The slope varies from a steep slope of 3 and a transition at
high density to 1-1.5 with a transition at a (significantly) lower density (e.g. Collins et al.,
2012; Girichidis et al., [2014; Lee et al., [2015; Burkhart et al., |2017)). Over the last decades
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this behaviour has been observed in Milky Way clouds (e.g. Kainulainen et al., 2009; André
et al., |2011; Kainulainen et al.,|[2011; Lombardi et al., 2015; Alves et al., 2017)).

A large number of other statistical methods have been applied to quantify the turbulence
within the ISM, in an attempt to better understand its origins, as reviewed by Elmegreen
and Scalo (2004). Among them are the delta-variance, fractal dimension, the structure
function, the auto-correlation function, power spectrum and energy density Spectllum. All
of these can be applied to the velocity field, the density, or the combination p3wv. The
slope of the power spectrum can be used to determine the type of turbulence, because
Kolmogorov (1941) and Burgers (1939) turbulence scale differently. In one dimension, the
power spectra will scale as P(k) o k=°/3 and k2, respectively. The nature of the forcing
(e.g. Federrath, 2013). It is more straightforward to interpret the slope of velocity spectra,
because the density spectrum only contains information on the turbulent velocity field if
the turbulence is incompressible.

Turbulence is expected to decay within a crossing time, t., ~ L/o (e.g. Mestel and
Spitzer, 1956; Mac Low, |1999; Mac Low and Klessen, |2004; McKee and Ostriker, 2007).
This is of order a few Myr for molecular clouds (e.g. Hennebelle and Falgarone, 2012;
Chevance et al., 2020c) and not significantly affected or prolonged by MHD turbulent
effects (e.g. Zweibel and Josafatsson, |1983; Mac Low et al., [1998; Stone et al., [1998; Cho
and Lazarian, |2003)). A decay time of a few Myr is somewhat shorter than the observed cloud
lifetimes of 10 — 30 Myr (e.g. Engargiola et al., [2003; Kawamura et al., 2009; Meidt et al.,
2015, Chevance et al., [2020b). Yet the ubiquity of velocity dispersions o ~ 10—20 kms~!
in CO (e.g. Bigiel et al., 2008, Calda-Primo et al., 2013)) and HI (e.g. van Zee and Bryant,
1999; Tamburro et al., |2009; Ianjamasimanana et al., [2012) indicate that turbulence is
omnipresent in the ISM. Even the value of o > 1 kms™! Sun et al. (2018, 2020b) find for
cloud-sized regions in a sample of 70 LTGs is firmly in the regime of supersonic turbulence,
since the sound speed of CO is ~ 0.3 kms~'. This implies that there must be some driving
mechanism that regularly injects the energy required to sustain the turbulence in the ISM.
It remains unclear what mechanism(s) drive the turbulence and on which scale(s) energy
is injected into the ISM (e.g. Elmegreen and Scalo, 2004; Mac Low and Klessen, 2004;
McKee and Ostriker, 2007; Hennebelle and Falgarone, 2012)). Over time, many possible
mechanisms have been proposed, which are listed belowﬂ

e accretion of gas onto the galaxy (e.g. Field et al., 2008; Klessen and Hennebelle, 2010)
and subsequent radial transport by gravity (e.g. Krumholz et al., 2018)

e stellar feedback (e.g. Norman and Ferrara, [1996; Matzner, [2002; Krumholz et al.,
2018): specifically through photoionisation, SNe explosions and stellar winds

e ambient pressure (e.g. Schruba et al., [2019)
e spiral arm shocks (e.g. Roberts, |1969; Wada, 2008])

e shear (e.g. Martig et al., 2009; Meidt et al., 2018)

8Mostly based on the discussion in Mac Low and Klessen (2004) and Hennebelle and Falgarone (2012).
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e magneto-rotational instability (e.g. Balbus and Hawley, [1998)
e thermal instability (e.g. Vazquez-Semadeni et al., 2000; Kritsuk and Norman, [2002)
e proto-stellar jets and outflows (e.g. Nakamura and Li, 2007, Wang et al., 2010)

None of these possible energy-injection mechanisms can explain all turbulent ISM obser-
vations at once. For example, comparing simulations of turbulent molecular clouds with
different types of forcing to observations, Brunt et al. (2009) conclude that the driving
processes must act on scales comparable to the cloud size or larger. This rules out proto-
stellar outflows as sole drivers of turbulence, even though it is an important contribution to
the small-scale turbulence. Williams et al. (1994) find comparable velocity dispersions in
star-forming and quiescent clouds, which implies that turbulence cannot solely be driven by
stellar feedback processes. In some cases, e.g. magneto-rotational instability, thermal insta-
bility, stellar winds and stellar radiation, the amount of energy converted into turbulence
is simply too low to sustain the observed velocity dispersions on its own.

Krumholz et al. (2018) developed an analytical model where the turbulent velocity
dispersion is set by a combination of gas accretion and gravitational instabilities, and
stellar feedback. This model manages to reproduce velocity dispersions of spiral and dwarf
galaxies both in the local Universe and at high redshift. Conversely, shear is thought to be
an important source of turbulence in ETGs (e.g. Martig et al., |2009).

Giant molecular clouds (GMCs) likely form at the centres of converging flows driven
by the turbulent motions and shocks in the ISM, or through gravitational instabilities
(e.g. Dobbs et al., 2014 Chevance et al., 2020c, and references therein). The fraction of
molecular gas in the cloud is determined by the midplane gas pressure of its galaxy (e.g.
Blitz and Rosolowsky, [2006). Due to their comparatively small sizes, molecular cloud
populations have been studied most extensively in the Milky Way, and only a few other,
nearby galaxies. The Physics at High Angular resolution in Nearby GalaxieS (PHANGS)
project (Leroy et al., 2021Db)) is starting to revolutionise this, having observed 74 local
late-type galaxies in 2CO at spatial resolutions of < 150 pc. In general, molecular cloud
masses lie in the range 10* — 10%5 Mg (e.g. Rosolowsky et al., 2003; Heyer et al., [2009;
Freeman et al., 2017; Miville-Deschénes et al., 2017; Colombo et al., |2019)), with sizes
ranging from 1 — 100 pc.

Early observations of GMCs (Larson, 1981; Solomon et al., [1987)) found them to have a
constant surface density, which lead to the the belief that clouds are gravitationally bound
entities in virial equilibrium. This is characterised by the virial parameter, oy, defined as
the ratio of kinetic to gravitational potential energy:

2Fyin  Hb0?R o2
Qi = = X ——.
" Egaw GM T XR

(1.4.5)

This definition follows Bertoldi and McKee (1992)) for a spherical cloud with velocity
dispersion o, radius R, mass M, and surface density ¥. Clouds are gravitationally bound
for avir < 2 and in virial equilibrium if avi; = 1. An ayr > 2 would indicate that the
structure is unbound, however external pressure can confine a structure even at large i,
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(e.g. Schruba et al., 2019). More recent observations of GMCs reveal that o/ R scales with
Y (e.g. Heyer et al., 2009; Leroy et al., 2017, Sun et al., [2018; Colombo et al., 2019; Sun
et al., [2020a)), implying that clouds exist in various states of virialisation. Some molecular
clouds are observed with ayi >> 10, but the median of the LTG cloud population appears
to be 2.7 (Sun et al., 2020b). The physical state of molecular clouds is a crucial aspect for
star formation on the cloud-scale, which we discuss in the following Section.

1.4.2 Cloud-scale Star Formation

The Toomre length (introduced in Section defines the largest scale on which a gas
disc is susceptible to gravitational instability if perturbed. The smallest scale on which
gravitational instability can occur is the Jeans (1902) length. On smaller scales the gas is
pressure supported against collapse. The Jeans length is defined as:

1

et 2
= - 1.4.
=5 (146)

where ¢ is the sound speed of the cloud, and p its mean density. Gravitational instability
occurs for A > Aj. This criterion can also be expressed in terms of the mass contained
within the Jeans length:

47 A J 3 3 _1
My=—p () xTz2p 2, (1.4.7)
3 2

where clouds with masses in excess of the Jeans mass, Mj, will be unstable and will start
to collapseﬂ As a cloud collapses, the density increases and the Jeans mass decreases.
This leads to fragmentation — within the larger collapsing cloud smaller regions become
gravitationally unstable and start collapsing themselves. Low and Lynden-Bell (1976) find
that fragmentation halts once M < 0.004 M. The above analysis neglects the presence of
external pressure, which is unphysical for the conditions in the ISM. Bonnor (1956) and
Ebert (1957) derived an analogous maximum mass for a cloud in hydrodynamic equilibrium
with a surface pressure po?.

However, GMCs themselves are not single homogeneous, spherical entities with uniform
density. The intermittency of turbulence creates filamentary structures and gravitational
fragmentation creates a hierarchy of overdense clumps and cores on various scales that are
embedded in a more diffuse medium (e.g. Williams et al., [2000; McKee and Ostriker, 2007}
Hennebelle and Falgarone, 2012; Chevance et al., [2020c|). At scales below the sonic scale,
turbulence within the gas becomes less important than self-gravity (e.g. Kritsuk et al.,
2013)). The formation of individual stars and binaries takes place in the dense cores at
these small scales (e.g. McKee and Ostriker, [2007; Krumholz, [2014). In this thesis, we are
interested in star formation at the scale of clouds and how it relates to the global SFR of
galaxies. Therefore, this thesis will not review the formation process of individual stars
and /or star clusters in more detail, but focus instead on what sets the overall star formation

rate of GMCs.

9This is the definition used by e.g. Binney and Tremaine (2008) and McKee and Ostriker (2007),
although they note that the Jeans mass is sometimes simply defined as pA3.
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One important timescale in this context is the free-fall time, tg:

3
= . 1.4.
tg =/ 32G) (1.4.8)

This is the time it would take a spherically symmetric cloud with average density p to
collapse under its own gravity in the absence of forces opposing the collapse (e.g. Spitzer,
1978)). The star formation efficiency (SFE) is the fraction of gas converted into stars on a
certain timescale. The SFE per free-fall time is given by

M % te
tﬁ = )
M, gas tdep

€ = (1.4.9)

which depends on the SFR, M, and the mass of the cloud Myss, in addition to the free-fall
tim. The depletion time tgep = Mgas /M « is defined as the time it will take to convert
the entirety of the current gas reservoir into stars at the current SFR (assumed constant).
If only gravity and thermal pressure were relevant in gas cloud collapse and the gas can
cool efficiently, then t4ep, — tg¢ and the SFE should be 100 per cent.

Even if the free-fall time of GMCs is on the shorter side of astrophysical timescales
with ~few Myr, this nevertheless makes it impossible to observe the full collapse. Since
observations only capture a snapshot of the star formation process within the clouds,
observed SFEs are by necessity an instantaneous measure and do not completely reflect
the theoretical eg (Kim et al., 2021b). Often, if tg is unknown or too uncertain, observed
SFEs will be quoted as 1/t4cp, rather than calculated as per Equation Instead of
considering the efficiency of star formation over a free-fall time, which tends to be shorter
than the lifetime of clouds, the SFE of a cloud can also be considered as an integrated
quantity, €. This is defined as

M, (t — Tife)
Mgas(t =0)’

€int = (1.4.10)
i.e. the fraction of gas that is converted into stars across the lifetime of the cloud. The
average integrated SFE for clouds across an entire galaxy can now be measured using a
statistical method (Kruijssen and Longmore, 2014; Kruijssen et al., 2018).

1.4.2.1 Observations of the Cloud-scale Star Formation Efficiency

The average SFE per free-fall time for clouds in the Milky Way is 1 — 2 per cent (e.g. Myers
et al., [1986; Evans and Lada, [1991; Evans et al., |2014} Lee et al., |2016; Vutisalchavakul
et al., 2016), but with considerable variation. For example, Lee et al. (2016) find a scatter
of 0.91 dex for their data and Vutisalchavakul et al. (2016)) find efficiencies ranging from
0.03 — 10 per cent in the plane of the Milky Way. Murray (2011) finds similar variation
in his sample of star forming complexes (0.001 < eg < 0.592) although an average eg that
exceeds that of other Milky Way studies with 15 per cent. The SFE within the CMZ varies

0The SFE can equally be defined with surface or volume densities of gas and SFR.
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between 1 — 4 per cent (Barnes et al., [2017)), which places it in between the Murray (2011)
and the other results. Ochsendorf et al. (2017)) find an average SFE of 0.12 or 0.25 in the
LMC depending on whether they estimate the SFR by counting young stellar objects or
Ha and 24pm emission, respectively. This is more in line with the Murray (2011) values
for the Milky Way. Krumholz et al. (2019) argues these systematically higher values than
the eg ~ 0.01 average could be due to how the GMCs are selected.

Cloud-scale average estimates of the SFE per free-fall time in other galaxies exist for M
51 (Leroy et al., 2017, but see also Bigiel et al., 2016, Querejeta et al., 2019)), 14 galaxies
from the PHANGS sample (Utomo et al., 2018|) and NGCs 3351, 3627, 4254 and 4321
(Gallagher et al., |2018). Gallagher et al. (2018) find an average SFE of 0.2 — 0.3 per cent
both when tracing all molecular gas in CO and dense gas in HCN. This agrees well with
Leroy et al. (2017) who finds an average of 0.36 per cent in M 51, again with significant
variation between individual regions (0.04 — 2.5 per cent). The median for the PHANGS
sample is ~ 0.7 per cent, with ~ 1 dex variation within and between the galaxies analysed
(Utomo et al., [2018). The integrated SFE measurements are slightly larger, but show
a similar picture: Kim et al. (2021a) finds integrated efficiencies ranging from 0.7 to
6.8 per cent for 6 galaxies, where the SFR is measured in 24pm. Murray (2011) estimates
an average 8 per cent for his sample of Milky Way clouds and Chevance et al. (2020b) find
integrated SFEs in range 4 — 10 per cent in a subset of 9 PHANGS galaxies.

These results highlight two points: firstly, that the conversion of gas to stars on the
cloud-scale is inefficient on average and secondly, that it varies greatly both within and
between galaxies. FEarly hypothesis for the inefficieny of star formation were focussed
on magnetic fields and their support against collapse (as proposed by Mouschovias and
Spitzer, |1976|, reviewed by Shu et al., [1987). Although the underlying physics are not
fully understood to this day, the consensus is that the turbulence in the ISM, outlined in
Section plays a key role. Recent observations indicate that GMCs tend to be dispersed
within < 3 Myr following the formation of massive stars, most likely due to photoionisation
and stellar winds (Chevance et al., 2020al). This leads to a picture of clouds as transient
entities, which only survive until stellar feedback processes destroy them following the
formation of the first massive stars. It follows that cloud-scale star formation is inefficient,
because only a small fraction of the gas within a cloud forms stars prior to its dispersal
(see also e.g. Semenov et al., 2017, |2018; Chevance et al., [2020c, and references therein).
Based on this understanding, a number of theoretical models for a variable cloud-scale star
formation efficiency have been developed that depend on parameters associated with the
turbulence.

1.4.2.2 Analytic Models of the Star Formation Efficiency

Building on the premise that the log-normal density PDF of the turbulent ISM determines
the fraction of gas is converted into stars on a free-fall timescale, it is possible to analytically
determine the EﬂE of clouds. In a generalised form (Federrath and Klessen, 2012)@ the

" the literature this is often referred to as SFRg, however this is equivalent to the eg defined in
Equation for Mgas = Mcioua and the free-fall time of the average cloud density.
12The original Padoan and Nordlund (2011) model does not include the factor ¢x.
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SFE is given by the integral over the density PDF defined in Equation [1.4.2

epsrB  [°° tg(po) p
€ = —P(s)ds. 1.4.11
"= / n(o) po” ) (L41)

The factor epspp accounts for the fact that proto-stellar feedback is expected to prevent
some of the available gas from accreting onto a protostar during the star formation process.
Estimates for its value range from 0.25 > epgpp > 0.7 for individual star formation and
0.3 > epgrp > 0.5 for clustered low-mass stars (e.g. Matzner and McKee, 2000). The qbt_l is
a fudge factor of order unity that is determined via numerical simulations. This definition
of the SFE explicitly includes a critical density, Scrit = In(perit/p), that gas must exceed for
star formation to proceed. The models in the literature differ in how they define the critical
density, and their treatment of the free-fall time factor tg(po)/tg(p). A brief summary of
them is given below (see also Table and Table 1 in Federrath and Klessen, 2012).

The first model is that of Krumholz and McKee (2005), who consider hydrodynamic
turbulence only. They set the free-fall time factor to unity and argue that the critical
overdensity for collapse, exp(Seit), is determined by Ag > Ay, where Ag is the sonic scale.
The physical motivation is that the sonic Mach number drops below 1 on scales smaller
than the sonic scale (e.g. Vazquez-Semadeni et al., 2003; Federrath et al., 2010), which
allows gravitational collapse to proceed (e.g. Mac Low and Klessen, 2004). This sets
Serit = 210 (pxA3(p0)/As) = In[(72/5)p2anir M?], where ¢y allows for some variations in
the actual scale at which collapse sets in and is determined from numerical simulations.
Based on the Vazquez-Semadeni et al. (2003) simulations, Krumholz and McKee (2005)
set ¢ = 1.12.

Full MHD turbulence is considered by Padoan and Nordlund (2011). The critical
density is defined based on magnetic shock jump conditions and the critical mass for
magnetic collapse, as Serit = In[0.0670 2, M2 f(3)], where 6 is the ratio between the
cloud size and the largest turbulent scale, and a numerical factor < 1. The ratio of the
thermal to magnetic pressure is 8 = 2¢2/ 11124. Its inclusion in the critical density through
f(B) = (140.9256715)2/3(14 B~1)~2 accounts for the effect of magnetic fields in hindering
gravitational collapse. In this mode, the free-fall time factor is set to tg(po)/te(perit), thus
still allowing to evaluate it outside the integral in Equation [1.4.11

The third model considered here is that of Hennebelle and Chabrier (2011). These
authors were the first to argue that the free-fall time factor should be included in the
integral when determining eg, as the free-fall time changes with density. They re-evaluated
the Krumholz and McKee (2005) and Padoan and Nordlund (2011 models in this so called
multi-free-fall (multi-ff) approach and added a third approach for determining the critical
density. Considering only hydrodynamical turbulence, the SFE is determined via the mass
spectrum and the mass of the largest fluctuation which can become unstable within the
cloud. This can be translated into a cut-off length ., defined as the ratio of the turbulent
Jeans length (e.g. Bonazzola et al.,|1987; Federrath and Klessen, [2012) to the cloud size. The
critical overdensity is then serit = In[perit th + Perit turb) = In[(72/ 15)y;11tavir(3y;§c/\/t_2 +1)].
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Table 1.1: Summary of the analytic star formation efficiency per free-fall time models. Adapted from Federrath and Klessen
(2012), with the addition of the Burkhart (2018) (B) model. KM stands for the model of Krumholz and McKee (2005), PN for
Padoan and Nordlund (2011) and HC for Hennebelle and Chabrier (2011). As per Federrath and Klessen (2012), the KM and
HC models can include the effect of magnetic fields on the collapse by multiplying the critical density by a factor (14 g~1)~1.
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The general solution for the multi-ff SFE is given by:

_ €PSFB 3 5 T2 — Serit
€ = 200 exp <805> 1+ erf ( N ) (1.4.12)

into which the sqi; from the model of choice can be substituted. Federrath and Klessen
(2012) extend the applicability of the Krumholz and McKee (2005) and Hennebelle and
Chabrier (2011)) models to MHD, by including the effects of magnetic fields in the critical
density. Specifically, they do this by replacing the thermal pressure with the sum of the
thermal and magnetic pressures, i.e. Py, — P, + Prag. Using the definition of the plasma
B = Pih/Pmag and effective Mach number can be defined as M(1+ *1)*1/ 2 which replaces
M in the definition of s¢yit.

Through predicting the dependence of the SFE on the physical conditions of clouds in
the ISM, one can develop an intuition for the effect that the physical conditions have on the
star formation process. All aforementioned models predict that eg decreases with increasing
avir and increases with increasing M. This makes sense on the intuitive level, as more
kinetic energy, compared to the self-gravity of the cloud, makes it harder to collapse. The
more supersonically turbulent the gas, the stronger the shocks and compression, allowing
for potentially faster collapse (which is how eg > 1 is possible in these models). Comparison
with observations of Milky Way clouds (Heiderman et al., 2010; Lada et al., [2010)) reveals
a good agreement between the models and the data, although not all scatter in the data
is captured by the models. Another bonus of an analytic theory for the physical processes
determining the SFE is that Equation can be used to improve the sub-grid modelling
of star formation in numerical simulations (see e.g. Kimm et al., 2017; Trebitsch et al.,
2017; Kretschmer and Teyssier, [2020; Nunez-Castifieyra et al., 2021]).

Not captured by the these models is the possibility that the SFE explicitly varies over
time, i.e. even though the turbulent nature of the ISM does not change during the star
formation process, the SFE does. Yet, observations of Milky Way GMCs indicate that this
occurs in some star forming regions (e.g. Palla and Stahler, 2000; Lee et al., 2016; Caldwell
and Chang, 2018). Burkhart (2018) argue that this can be accounted for by including the
power law tail of the gas PDF, in addition to the log-normal part, in analytical models.
The gas PDF can then be described as

N (5—50)2)
exp <— = , §<s
PintpL(s) = § V278 203 ' (1.4.13)
NC exp(—ns), 5> s,

where s; = In(py/po) is the density contrast of the transition point from the log-normal to
the power law form (e.g. Collins et al., 2012; Burkhart et al., |[2017; Burkhart, 2018). The
amplitude of the power law part is given by C' = exp (1/2(n — 1)no?)/(1/2702) and like the
transition point sy = (n—1/2)02 depends on the slope of the power law 7. The normalisation
N can be derived from requiring that the PDF is normalised to one. Subsequently, the
PDF of Equation [1.4.13] can be integrated in the same manner and with the same choices
for the critical density and the free-fall time factor as Equation [I.4.11] The multi-ff solution
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becomes

e = Nepsrn exp <3U§> orf 03 = Serit | orf oF — st
2 8 202 202

+NCepsri [eXp(‘:(lﬁ — 77))] , (1.4.14)

and is limited to n > 1.5.

Through the dependence of sy on 7, the SFE as described in Equation varies with
time implicitly. Analytical and numerical analysis demonstrates that the slope of the power
law varies from 7 ~ 3 at the beginning of collapse to n ~ 1.5 — 1 across a free-fall time (e.g.
Girichidis et al., [2014; Burkhart et al., |2017)), although the exact timescale depends on the
magnetic field strength (Burkhart et al., 2015). As the power law tail becomes shallower
at fixed M and ay;r, the star formation accelerates and eg increases. The SFE deviation
from a constant value begins at steeper slopes for low Mach numbers. The Burkhart (2018)
SFE model predicts the variety in eg of Milky Way clouds for moderate changes in the
turbulent forcing parameter and within the range of M observed for the Milky Way. It
also explains the scatter between cloud mass and SFR of the Lada et al. (2012)) relation as
an evolutionary sequence with the SFR increasing with decreasing power-law slope at fixed
cloud mass. The log-normal PDF-based models would need to invoke a variation of two
orders of magnitude in Mach number to explain this scatter, far in excess of the Milky Way
typical M = 4—20 (e.g. Burkhart et al., 2010; Kainulainen and Tan, |2013; Kainulainen
and Federrath, [2017)).

The power law slope becomes shallower over time because the fraction of dense gas
increases the more collapse progresses (e.g. Burkhart, 2018; Burkhart and Mocz, 2019)).
Since eg is related to 7, this implies that the SFE should increase with increasing dense gas
fraction. However, recent HCN observations of 30 nearby galaxies find that, statistically,
the SFE is anti-correlated with stellar surface density, while the dense gas fraction corre-
lates with it (e.g. Usero et al., 2015; Bigiel et al., 2016). This indicates that more than
the competition of gravity and feedback determines the overall SFR (as predicted in e.g.
Burkhart, 2018; Krumholz et al., [2018)). Instead it suggests that the galactic environment
(and its influence on large scale turbulence), can also play an important role in governing
the star formation process. This is consistent with a recent theoretical model that invokes
galactic shear as the dominant process in setting the SFE (Meidt et al., 2018, |2020).

1.4.2.3 The Cloud-scale Star Formation Efficiency in Simulations

The highly compressive supersonic turbulence of the ISM cannot be fully described analyti-
cally. Simulations provide the opportunity to gain a better understanding of the properties
and impact of (M)HD turbulence in the ISM (e.g. Elmegreen and Scalo, 2004; Mac Low and
Klessen, 2004; Hennebelle and Falgarone, 2012)). In case of the SFE specifically, simulations
have been used to calibrate and validate the density PDF-based analytical models (e.g.
Krumholz and McKee, 2005; Padoan and Nordlund, [2011; Federrath and Klessen, 2012;
Mocz and Burkhart, 2019)). High-resolution simulations of turbulent boxes can also be used
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to empirically derive the relation between the SFE and the properties of the turbulent ISM,
if the star formation process is included.

Prominently, Padoan et al. (2012) used a suite of 45 MHD turbulent box simulations
with solenoidal forcing, self-gravity and stringent criteria for sink particle star formation
to determine eg. Fitting the simulation results, Padoan et al. (2012) find that the SFE is
well described by a negative exponential dependence on the ratio of free-fall to dynamical
time tg/tayn < @22, modulo a factor to account for the proto-stellar feedback:

€ff = €PSFB exp(—l.thf/tdyn). (1.4.15)

The simulations suggest that the virial parameter is the critical factor in setting the SFE.
This implies that overdensities will only collapse (efficiently) if self-gravity dominates over
the kinetic energy. This is somewhat different to the majority of the analytic models in
which a high Mach number can also lead to a high SFE. Magnetic fields are found to
have little impact, as for realistic ISM values the eg varied by less than a factor of two
(Padoan et al., 2012)). Later on, Padoan et al. (2017) used simulations at significantly
higher resolution that included SN feedback, making the turbulent forcing more realistic,
and updated Equation to eg = 0.4exp(—1.6a%?). Like the theoretical descriptions
in Section [[.4:2.2] this parametrisation of the SFE can also be used in the sub-grid star
formation model of simulations (e.g. Semenov et al., 2016).

The Padoan et al. (2012) model manages to reproduce the SFEs found in Milky Way
GMC observations that had been published by 2012 (e.g. Krumholz and Tan, 2007; Evans
et al., |2009; Murray, 2011)). However, there is some tension with more recent results. The
scatter in eg it predicts is smaller than the observed scatter, implying that the Padoan et al.
(2012)) cannot fully explain the observations of Lee et al. (2016]), even if it does better than
the analytical models. Similarly, Vutisalchavakul et al. (2016) find large scatter in eg, but
no trend with the Padoan et al. (2012) model. Considering the cloud-scale regions in M51,
Leroy et al. (2017)) only find broad agreement with a lot of scatter around the Padoan et al.
(2012)) prediction, when considering the individual environments (arm, inter-arm, centre).
The global average of the M51 regions appears completely uncorrelated (Leroy et al., 2017)).
A comparison of the virial parameters and SFEs in regions of the Milky Way and several
nearby galaxies also demonstrates that turbulence-regulated SFE models (both analytic
and numerical) only match the observed values of low pressure environments. All models
significantly overpredict the SFE of clouds in high pressure environments (Schruba et al.,
2019).

A recent numerical study implies that the discrepancy between models and observations
is not caused by a failure of turbulent star formation theory. Kim et al. (2021b)) use a suite
of 55 radiative-transfer MHD simulations that follow the collapse of a molecular cloud and
include star formation, SN and radiation feedback. The initial conditions vary both the
virial parameter of the cloud and the strength of the magnetic field. The eg values of the
simulated clouds are in good agreement with Padoan et al. (2012) and qualitatively match
the multi-ff Krumholz and McKee (2005) model. Interestingly, mock observations based on
these simulations no longer follow the analytical and numerical trends, but instead show
good agreement with cloud-scale SFE observations. Observational effects combined with
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the evolution of the cloud properties over time completely obscures the prior, theoretical
trend, suggesting that in truth there is less disparity between cloud-scale SFE observations
and theory than recently thought (Kim et al., [2021b)). This also implies that theoretical
eg parametrisations remain a good approximation of cloud-scale star formation and can
continue being used in the star formation recipes of larger scale simulations.

1.5 This Thesis

This introduction has highlighted that on the galactic scale star formation is inefficient,
that it depends on the galactic environment and is lower in stellar bulges. The mechanism
by which massive galaxies are quenched remains unknown, but seems to be strongly related
with morphology. Morphological quenching in particular appears to be a promising concept.
Not only can it hypothetically explain why galaxies have global SFRs that fall below the
standard star formation relations despite hosting molecular gas, but could conceivably be
invoked to explain the locally suppressed SFRs in bulges compared to discs. However,
morphological quenching has been a poorly explored, phenomenological concept. There
remain many open questions, for example does a spheroid induce shear that is able to
consistently drive turbulence in the gas? How much of the galactic gravitational potential
must the spheroidal component dominate before it affects the star formation activity within
the galaxy? Is there a specific gas fraction above which morphological quenching becomes
ineffective, and if so, does it depend on any galaxy properties? With the parametrisations
introduced in Section[I1.4.2.2] and Section [1.4.2.3] it is now possible to model star formation
in galaxy simulations in a more physically motivated way that also traces directly the
turbulent state of the gas.

The aim of this thesis is to bridge the gap between cloud-scale and galaxy-scale star
formation by using an empirically-motivated, cloud-scale sub-grid star formation model
in galaxy simulations. In particular, this thesis is focussed on is determining the impact
of galaxy morphology on star formation and its quenching, using dedicated numerical
simulations. In Chapter [2] a numerical framework to estimate cloud-scale quantities in
galaxy and larger scale simulations is developed to accurately calculate an environmentally-
dependent SFE. After validation against a constant SFE model, it is used in a suite
of isolated galaxy simulations that include a bulge component of various different sizes
and masses to explore how these changes in the gravitational potential affect the SFR of
the galaxy. In Chapter [3] I use spatial power spectra to constrain the turbulence in the
circumnuclear gas reservoir of the Chapter [2 simulations and a mix of 12 early- and late-
type galaxies with visually matching ISM morphology. Chapter [4 extends the simulation
suite introduced in Chapter [2| to study the effect of a varying gas fraction on the different
potentials. Using the results, a prediction for the part of the galaxy stellar mass-redshift
parameter space where the star formation physics regulate the baryon cycle of galaxies is
made. Finally, I conclude in Chapter [5] with a discussion of the results obtained in this
thesis and future research avenues.
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Abstract

Quenched galaxies are often observed to contain a strong bulge component. The key
question is whether this reflects a causal connection — can star formation be quenched
dynamically by bulges or the spheroids of early-type galaxies? We systematically investigate
the impact of these morphological components on star formation, by performing a suite
of hydrodynamical simulations of isolated galaxies containing a spheroid. We vary the
bulge mass and scale radius, while the total initial stellar, halo and gas mass are kept
constant, with a gas fraction of 5 per cent. In addition, we consider two different sub-
grid star formation prescriptions. The first follows most simulations in the literature by
assuming a constant star formation efficiency per free-fall time, whereas in the second
model it depends on the gas virial parameter, following high-resolution simulations of
turbulent fragmentation. Across all simulations, central spheroids increase the gas velocity
dispersion towards the galactic centre. This increases the gravitational stability of the gas
disc, suppresses fragmentation and star formation, and results in galaxies hosting extremely
smooth and quiescent gas discs that fall below the galaxy main sequence. These effects
amplify when using the more sophisticated, dynamics-dependent star formation model.
Finally, we discover a pronounced relation between the central stellar surface density and
star formation rate (SFR), such that the most bulge-dominated galaxies show the strongest
deviation from the main sequence. We conclude that the SFR of galaxies is not only
set by the balance between accretion and feedback, but carries a (sometimes dominant)
dependence on the gravitational potential.

2.1 Introduction

It is a major open question how the physics of star formation on the scales of giant
molecular clouds affect the macroscopic evolution of galaxies. Numerical simulations provide
a controlled environment to test current hypotheses and identify the pertinent underlying
physics. The main challenge for such experiments is that star formation takes place
on length scales far below the resolution limit of modern high resolution galaxy and
cosmological simulations e.g. Hopkins et al., [2018al Therefore, it must be implemented as
a sub-grid model, as pioneered by Cen and Ostriker, [1992; Katz, 1992/ The star formation
rate (SFR) volume density can be expressed as

: p
PSFR = €ff (2.1.1)
ff

where p is the volume density of the star-forming gas and eg the star formation efficiency
(SFE) per free-fall time, i.e. the fraction of gas that is converted to stars over a time-scale

3T
= . 2.1.2
tr =1/ 32Gp ( )

Because the free-fall time is proportional to p~%?, equation effectively represents
a volumetric star formation relation of the Schmidt (1959) and Kennicutt (1998b) form,

: 1.5
PSFR X P
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While the empirical scaling relation between SFR and gas surface density (Xgpr o Yy,
with n ~ 1.4, see e.g. Kennicutt and Evans 2012)) holds for late-type galaxies, which are
traditionally considered to be star-forming (e.g. de los Reyes and Kennicutt, 2019), there
is increasing evidence that this relation does not hold universally. Molecular gas has been
detected in about 22 per cent of early-type galaxies (Young et al., [2011}; Davis et al., 2019),
with gas surface densities comparable to those found in late-types. However, galaxies with
stellar spheroidsﬂ systematically exhibit longer gas depletion times (the time it takes for
the gas within a galaxy to be converted to stars at the current SFR) than late-type galaxies,
with gas fractions being either lower than or comparable to those of their massive spiral
counterparts (Saintonge et al., 2012)). Similarly, analysing the SFRs of galaxies in the
ATLAS?P survey, Davis et al., 2014 showed that early-type galaxies exhibit lower SFRs
compared to their late-type counterparts. Davis et al. (2014) find that the early-type star
formation relation lies a factor of ~ 3 below those of Kennicutt, [1998b| and Bigiel et al.,
2008

The low SFR in spheroids is not restricted to early-type galaxies. The Central Molecular
Zone (CMZ, i.e. the central few 100 pc of the Milky Way) exhibits similar behaviour. Despite
a large abundance of dense gas, the observed SFR in the CMZ falls below predictions
of aforementioned empirical scaling relations (Longmore et al., 2013} Kruijssen et al.,
2014). The observation that star formation is suppressed across different (though all bulge-
dominated) environments implies that physical processes beyond the simple density scaling
of equation [2.1.T] must be considered to fully understand star formation in galaxies.

‘Morphological quenching’ (Martig et al., 2009) has been proposed as a phenomeno-
logical concept to explain the absence of star formation in the presence of molecular gas
reservoirs. In this picture, galaxies with a dominant spheroidal component have a steeper
gravitational potential well at the centre relative to disc-dominated galaxies. This means
their angular velocity (£2) increases towards the bulge-dominated centre, raising the degree
of gravitational stability (expressed through the ) parameter of Toomre|1964). Martig et al.
(2009) speculate that shear, caused by a larger and more peaked €2 profile, can induce and
maintain a high turbulent velocity dispersion (o) in the interstellar medium (ISM). This
would then allow the gas to remain pressure-supported against collapse, thereby quenching
star formation in the spheroid.

In the decade since being proposed, morphological quenching has been a mixed success.
Observationally, Huang and Kauffmann, 2014 identify a strong correlation between gas
depletion time and specific SFR (sSFR, the SFR normalised by the stellar mass). However,
only a weak link between stellar density and star formation has been found, implying
that while stellar bulges and low SFRs might correlate, they need not be causally related.
While the green valley galaxiesﬂ studied in Belfiore et al., [2018 exhibit a strong suppression
of sSFR in the galaxy centres, they also show an integrated (but smaller) suppression
in sSFR compared to galaxies on the ‘main sequence’ of star-forming galaxies. This

'Here used interchangeably with ‘bulges’ or ‘early-type galaxies’ to indicate the presence of a spheroidal
stellar morphological component.

2In sSFR-stellar mass space, these fall in between the ‘main sequence’ of star-forming galaxies and the
quenched galaxy population, and are therefore thought to be in the process of being quenched.
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global suppression is restricted to galaxies with both a high central stellar density and
a low-ionization emission line region. Some mass-matched galaxies with similarly high
central densities exhibit ‘normal’ star formation activity, thus suggesting that morphological
quenching can not be the sole driver of suppressed star formation (Belfiore et al., 2018).
By contrast, Méndez-Abreu et al.,[2019|find a clear difference in star formation relation for
bulge and disc components, with bulges exhibiting systematically lower SFRs and longer
gas depletion times. Similarly to the results of Belfiore et al., 2018, the sSFR profiles for
their bulge components also exhibit a strong central and general suppression, suggesting
that a dominant bulge can affect the star formation activity at all radii. As the gas content
in bulge and disc components of their galaxies is similar, Méndez-Abreu et al., 2019 argue
that the observed suppression in star formation is caused by a dynamical process that
stabilises the gas, such as morphological quenching.

The numerical perspective paints a similarly ambiguous picture. In high-resolution
simulations comparing an isolated spiral and elliptical galaxy, Martig et al., 2013 found
that morphological quenching is effective, albeit only at gas fractions lower than a few
per cent. Even for gas fractions as low as 4.5 per cent, these authors find that the star
formation relation for the two galaxy types is offset by only ~ 30 per cent. Investigating
a variety of quenching mechanisms in isolated galaxy simulations, Su et al., 2019| only
find a slight decrease of the SFR in their bulge-dominated galaxies, concluding that other
quenching mechanisms are required to significantly suppress the star formation in these
objects. Recently, Kretschmer and Teyssier, |2020| have demonstrated that morphological
quenching can be reproduced in a cosmological zoom-in simulation when modelling star
formation with a dependence on the virial parameter and Mach number of the gas, but not
when using a constant SFE per free-fall time (eg in equation .

In this chapter, we use a suite of hydrodynamical simulations of isolated galaxies to
systematically quantify the effect of a spheroidal stellar component on the structure and
dynamics of the ISM and galactic star formation, paying particular attention to the extent
to which star formation can be suppressed by the presence of this component. As recent
studies have shown, a physically-motivated, environmentally-dependent star formation
model (captured through the choice of eg) may be crucial for reproducing the observed
effect. We therefore consider two different sub-grid prescriptions for star formation in this
work. Throughout, we adopt a gas fraction of 5 per cent, appropriate for Milky Way-mass
galaxies at z = 0, as well as for galaxies in the transition region between the main sequence
and the quenched galaxy population (e.g. Saintonge et al., 2017; Catinella et al., 2018]).
The chapter is structured as follows. Section presents a discussion of our sub-grid
star formation prescription, discussing how star formation is traditionally modelled, before
introducing our new sub-grid model that accounts for the dynamical state of the gas. The
simulation suite is then introduced in Section 23] To investigate the effect of the star
formation model, Section compares simulations using our dynamics-dependent model
to those using a constant efficiency per free fall time eg, while Section [2.5] focuses on the
impact of the bulge component on the galaxy. Section places our results in context
of recent observations and theoretical studies in the literature. Finally, we summarise our
findings and conclude in Section [2.7]
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2.2 Modelling Star Formation in Galaxy Simulations

2.2.1 Star Formation in the Literature

Simply using equation [2.1.1] as sub-grid star formation model theoretically allows star
formation everywhere, regardless of the physical or dynamical properties of the ISM (even
if the rate of star formation depends on the gas density). As star formation is observed
to proceed in cold, dense, molecular gas (e.g. Wong and Blitz, 2002; Bigiel et al., [2008), a
variety of thresholds are used in combination with the sub-grid model to prevent arbitrary
and spurious star formation in e.g. hot, diffuse gas. A volume density threshold is the most
common restriction used (e.g. Navarro and White, 1993; Springel and Hernquist, 2003;
Kim et al., 2016). Only gas denser than the threshold can form stars, which is often used
as analogous to the overdensities that are Jeans unstable and will eventually collapse. In
addition, some models ensure that stars only form under the appropriate physical conditions
by imposing a temperature ceiling for star formation (e.g. Stinson et al., 2006; Nickerson et
al., 2019)) or incorporating an Hs fraction into equation m (e.g. Robertson and Kravtsov,
2008; Christensen et al., 2012; Grisdale et al., 2017)).

The other main free parameter in star formation models defined by equation [2.1.1]
is the efficiency per free-fall time eg. Both eg and the thresholds mentioned above are
generally chosen such that the star formation in the simulated galaxy matches the observed
relationship between SFR and gas surface density (Kennicutt, |1998b; Bigiel et al., |2008;
Leroy et al., 2013). However, recent work suggests that the SFR is set by the balance
between inflow and feedback-driven outflow, such that these self-regulate and the star
formation prescription itself only has a weak effect on the SFR (Hopkins et al., 2011}
Agertz et al., [2013). This weakens the importance of the choice of thresholds and eg.
Strong and efficient feedback will shape the density structure and kinematics of the ISM,
and thus inhibit star formation by preventing gas from simply collapsing into dense peaks
through gravity (Hopkins et al., [2011)). The SFE itself determines how many stars form and
subsequently how much feedback is injected into the gas. Agertz et al., [2013| demonstrate
that, when including efficient momentum input from stellar feedback, changing eg by a
factor of 10 between simulations leads to a star formation relation that varies by a factor
of 2 at most. This results in an effective degeneracy that is reflected by a wide range across
the literature of (density) thresholds (these are somewhat resolution-dependent, but range
from 0.1 cm™ in Pillepich et al.2018/to 1000 cm ™2 in Hopkins et al. 2018a)) and efficiencies
(eg = 0.01 in Kim et al. 2016 to eg = 1 for the FIRE2 simulations of Hopkins et al. 2018a,
even if the latter include additional criteria depending on the state of the gas, including
self-gravity).

The common underlying assumption in the aforementioned simulations is that it is
accurate to convert gas to stars with a constant eg once the criteria for star formation
are satisfied. However, there is observational evidence (Utomo et al., 2018} Schruba et al.,
2019, and references therein) that the SFE varies up to an order of magnitude both within
and between galaxies. Similarly, Chevance et al. (2020b)) find that the galactic environment
(and galactic dynamics in particular) often determine the lifetimes of molecular clouds and
thus their integrated star formation efficiencies. Analytical studies (Krumholz and McKee,
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2005, Hennebelle and Chabrier, 2011; Padoan and Nordlund, 2011; Federrath and Klessen,
2012; Burkhart, 2018) corroborate this further, all predicting an additional dependence
of the SFR on the turbulent state of the ISM, rather than just gas self-gravity. All of
these studies conclude that the SFE depends on the local environmental conditions. In
view of our goal to assess how gas dynamics in stellar spheroids can impact (galactic-scale)
star formation, it is crucial to include some form of environmental dependence in the star
formation modelling of our simulations.

Most theoretical predictions for eg are based on analysis of the gas density probability
distribution function (PDF') and link it to the virial parameter oy, the sonic Mach number
M, the turbulent forcing parameter b and the ratio of thermal to magnetic pressure, 3
(Federrath and Klessen, 2012)). When investigating these dependences in high resolution
simulations of turbulent molecular clouds, Padoan et al. (2012,|2017) show that of these four
parameters, the SFE per free-fall time primarily depends on the virial parameter. Recently,
these findings have been used by Semenov et al., 2016/ and Kretschmer and Teyssier (2020)
as a sub-grid star formation model, in combination with a sub-grid model for gas turbulence,
as well as by e.g. Kimm et al. (2017)), Trebitsch et al. (2017) and Rosdahl et al. (2018)
without including a sub-grid turbulence model. Similar to the work done by these groups,
we have developed a sub-grid star formation model based on the gas dynamics for use in
the moving mesh code AREPO (Springel, [2010), which we introduce next.

2.2.2 A Sub-Grid Star Formation Model based on Gas Dynamics

In order to account for the dependence of eg on the virial parameter found in numerical
simulations of turbulent fragmentation, we implement an environmentally-dependent eg
based on the parametrisation of Padoan et al., [2017. It directly expresses eg in terms of
the virial parameter of the gas, by writing

eg = 0.4exp (—1.6a22). (2.2.1)
The virial parameter is approximately the ratio of turbulent to gravitational potential

energy of a (molecular) gas cloud and can also be expressed as ratio of free-fall to turbulent
crossing time (t¢;) of the cloud (Bertoldi and McKee, [1992), i.e.

40 [ tg\?
iy = (ﬂ), (2.2.2)

3n2 \ te
with
L
20’
where L is the length scale associated with turbulence, over which ¢ and a.;, are calculated.

Substituting equations [2.1.2] [2.2.2] and [2.2.3] into equation yields the final expression
for the SFE per free-fall time for each gas cell:

ter = (2.2.3)

(2.2.4)
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For any numerical implementation of this model, it is necessary to define the length scale
L. Without a sub-grid model for turbulence such as in Semenov et al., 2016 which enables
these authors to associate L with the size of a resolution element, we must decide on a
suitable length scale that allows the model to work independently of resolution. As the virial
parameter is a cloud-scale property, we need to evaluate it for local overdensities. To achieve
this, we use a version of Sobolev’s approximation (Sobolev, |1960) to determine the size of
a local overdensity around a gas cell. In analogy with Sobolev’s original approximation,
which uses velocity gradients to determine the characteristic size scale for radiative transfer
in stellar envelopes, we define L based on the characteristic length scale for changes in the
density of the surrounding gas as set by the density gradient |Vp| = |dp/dr|, i.e.

p

L=|=— 2.2.5
Z|. (225)

which we refer to as density gradient length scale.

This now shifts the focus onto how to calculate Vp. Because AREPO is an Eulerian-
Lagrangian hybrid method, one could obtain the gradient either using the cell interfaces of
the mesh, or using a smoothing kernel like a smooth particle hydrodynamics (SPH) code.
Using only the neighbouring cell interfaces introduces a resolution dependence, which is
undesirable. Additionally, the virial parameter calculation would not be self-consistent, as
o, p and Vp would all be calculated on different length scales. Calculating the density
gradient using a smoothing kernel (W) instead causes a dependence on the number of
neighbouring cells (nng1,) picked up by the kernel and in turn on the smoothing length h, as
h is traditionally chosen such that n,g, is a fixed, pre-determined number. As with using
cell interfaces, this would make Vp dependent on a fixed number of neighbours, and cause
us to evaluate o, Vp and p on different scales. Instead, we therefore evaluate Vp and p on
a length scale which matches the density gradient length scale. To achieve this, we use the
kernel approach of equation [2.2.6}

Nngb

Vp(r) =Y m;VW(|r —x3), ). (2.2.6)
j=1

However, following the above reasoning, we consider the number of neighbours an indepen-
dent variable that is decoupled from the smoothing length. We keep h fixed and introduce
a third length scale liy,, which is the distance from the central gas cell on which we find
neighbours. This allows us to vary liy in an iterative process aimed at matching the density
gradient length scale L (calculated based on Vp and p) and Iy .

Figure [2.1] visualises how the code works and how the length scales are determined for
an overdensity. Specifically, it progresses as follows:

1 Determine and fix h:

1.1 Perform a tree-walk to find 32 weighted neighbours (Figure panel a)

1.2 Set h to 2x the distance to the furthest neighbour (Figure , panel b), to not be too
limited by the choice of nth neighbour and the distance to it
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h

Figure 2.1: Idealised overdensity on a Voronoi mesh; coloured lines indicate the smoothing
length of the kernel (h, orange), the tree-walk length scale (I, purple) and the density
gradient length scale (L, cyan). The five panels illustrate our algorithm for calculating the
density gradient length scale (and subsequently the virial parameter). Panels a and b show
how h is set by identifying a distance within which a certain number of neighbours can be
found (panel a) and then extending it by a factor of 2. After that, we keep h constant, as
seen in panels c—e. We then find cells within a distance liy, and calculate L based on their
density and density gradient (panel c¢). Panel d shows how liy is adjusted and iterated
over, because Iy, and L do not match for the initial Iy, in panel c. The overdensity is
successfully identified once lty, and L converge (panel e).

2 Iterate over lyy, at fixed h, until |l — L| < ¢ty is fulfilled (Figure panels c—e)

2.1 Our initial guess for lyy is set as lyy = 0.5h (see panel c).

2.2 Adjust li by multiplying/dividing by a small factor (depending on the change in
density gradient, but capped at v/2) to become closer to the current value of L, for
L > liy (panel d) and L < Iy, respectively; repeat until convergence is reached.

Once the density gradient and tree-walk length scales match to within the convergence
criteria, we evaluate the velocity dispersion over the gas cell neighbours within I, and
include the thermal component from the sound speed ¢ when calculating oy, i.e.

0 = \/0%s+ 2. (2.2.7)

Now all quantities relevant for eg are known and the star formation rate can be calculated.
This self-consistent approach distinguishes our sub-grid star formation model from other
models in the literature that also do not include a sub-grid prescription for turbulence, in
which the velocity dispersion is calculated from the velocity gradient across the star forming
cell using only the nearest neighbours (e.g. Kimm et al., [2017). We refer to Appendix
for a quantitative demonstration of how the sub-grid model is only weakly affected by
resolution.

2.3 Method

The simulations described in this chapter have been run with the moving-mesh code
AREPO (Springel, 2010). The equations of hydrodynamics are solved on an unstructured
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mesh, built from a Voronoi tesselation, using a second-order accurate, unsplit Godunov
solver. The hydrodynamics solution is Galilean invariant, because the Voronoi generator
points move with the gas fluid. Collisionless particles (i.e. stars and dark matter) are
treated as Langrangian, with gravity being solved using a tree-based scheme. To achieve
optimal gravitational resolution, we use an adaptive gravitational softening length (Price
and Monaghan, [2007)).

2.3.1 Star Formation, Feedback and Cooling
2.3.1.1 Star Formation and Cooling

To model the thermal state of the ISM, we use the Grackle chemistry and cooling libraryﬂ
(Smith et al., [2017), with the 6 species non-equilibrium chemistry network. This means we
track atomic hydrogen, helium and their ions throughout the simulation. In combination
with tabulated metal abundances these are then used to determine the cooling rate. Inter-
stellar radiation is taken into account by including the Haardt and Madau, |2012| constant
UV-background. As the galaxies in this study resemble evolved objects, we assume solar
metallicity for each galaxy.

The SFR of a gas cell is calculated as described in section 2.2.2] using a cubic spline
kernel (Monaghan, 1992)E| We require the length scales L and I, to agree to within
10 per cent of the smoothing length during the velocity dispersion and density gradient
calculation, i.e. ¢y = 0.1h. Whether a gas cell is converted to, or spawns a star particle is
then decided stochastically.

As discussed in section [2.2.1] further constraints on the properties of star-forming gas
are required to prevent spurious star formation, especially in simulations with a constant
e (see Section [2.3.2). Based on the values used in the literature and appropriate for
our resolution, we use a minimum density threshold of 1 cm™3, as well as a maximum
temperature threshold of 10% K. To enable a fair comparison between the constant and
dynamics-dependent SFE, we apply the same restrictions to gas in simulations run with
the virial parameter-dependent eg. The dynamics-dependent model does not depend on
these thresholds as strongly as the model with a constant SFE, because eg is regulated by
the state of the gas. We refer to Appendix [A.2] for a more detailed discussion of how the
results obtained with the dynamics-dependent SFE are only weakly affected by the choice
of thresholds.

2.3.1.2 Feedback Model

To study the effects of the star formation model on a gas disc, we must include a model
for stellar feedback. In the controlled experiments presented here, we use a simple model
for feedback from Type II supernovae (SNe), first introduced by Hopkins et al. (2014)) and
Kimm and Cen (2014). This ‘mechanical feedback’ has excellent numerical convergence

3https://grackle.readthedocs.io/
4To isolate the effect of the new sub-grid star formation model from any changes caused by the differences
in gravitational potential, we repeat three of our simulations with a constant eg = 1 per cent (see

Section [2.3.2)).
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properties, with the same amount of total momentum injected over 6 decades of mass
resolution (Hopkins et al., [2018b)). As was shown in Rosdahl et al. (2017), this model also
produces similar self-regulating behaviour to the stochastic thermal model of Dalla Vecchia
and Schaye (2012) and the kinetic model of Dubois and Teyssier (2008), both of which are
widely used in both cosmological and isolated simulations of galaxy formation.

We follow an approach similar to Hopkins et al. (2014), where a kernel as in SPH is
used to deposit feedback to the 32 nearest neighbours. These receive a share of feedback
mass, metals, momentum, and thermal energy as a function of their M4 kernel weighting
W;;. For a given total SNe mass M,.; and energy F5; = Esn/10% ergs™!, we calculate the
terminal momentum of the blastwave at the end of the pressure-driven snowplough phase
(and the beginning of the momentum-conserving snowplough phase) following Cioffi et al.
(1988, equation 4.7), i.e.

(WijE51)13/14

DPterm — 4.8 X 105 M@ km Si1 W,
m TNy

(2.3.1)

with the metallicity parameter (,, = MIN(Z/Z5,0.01) and the gas density ng. For each
resolution element receiving feedback, we calculate an energy conserving (Sedov-Taylor)
momentum pst = /2W;jm; Egn (where m; is the element mass after receiving ejecta) as
well as the terminal snowplough momentum pierm. Each element then receives feedback
momentum pg, = MIN(Wj;Dterm, pst) and thermal energy Fsn = Wi Esn — 2(p — )2/ m;
(i.e. what remains).

We assume a canonical E5; = 1 for the SNe energy, with one SNe occurring per 100 Mg
of stellar mass formed (Chabrier, [2003; Leitherer et al., [2014) and a delay time of 4 Myr
before SNe detonate. For simplicity, we detonate all SNe together 4 Myr after a star
particle has formed, which Kimm et al. (2015) showed to have little change in the overall
star formation history by z ~ 3 compared to having individual SNe detonate over a range
of delay times sampled from STARBURST99 (Leitherer et al.,|2014). In order to prevent
the overcooling Kimm et al. (2015) found for long (10 Myr) SNe delays, we choose a smaller
timescale, comparable to the feedback disruption times observed in Kruijssen et al., [2019a
and Chevance et al., |2020b. Each SNe also ejects 10.5 Mg of mass (Mej) and 2 Mg of
metal ejecta, the same total amounts used in the FIRE-2 simulations (Hopkins et al.,
2013a)).

2.3.2 Initial Conditions

The initial conditions of our simulations have been created following the procedure outlined
in Springel et al., 2005a. Each isolated galaxy consists of a stellar, dark matter, and
gas component, with the stellar component possibly subdivided into a disc and a bulge
component. All initial conditions are based on the standard AGORA disc (Kim et al., [2016).
However, to assess how different gravitational potentials influence the SFR and whether
bulges can suppress star formation, a set of initial conditions with a variety of bulge mass
fractions and scale radii is needed. Thus, while otherwise similar to the initial conditions
used in the AGORA disc, the bulge component can differ. Below, the components defining



Name M, [10°Mg] Ry, [kpe] Resolution [Mg)] SFE model Remark
noB 0 0 1 x 10% eg = f(avir) ‘bulgeless’
B_M30_R1 1.41 1 1 x 10* e = f(awir)

B_M30_ R2 1.41 2 1 x 10% e = f(ayir)

B M30 R3 1.41 3 1 x 10* e = f(ayir)

B_M60 R1 2.83 1 1 x 10% e = f(air)

B_M60 R2 2.83 2 1 x 10* e = f(air) “fiducial’

B _M60 R3 2.83 3 1 x 10* e = f(awir)

B M90 R1 4.24 1 1x 104 e = f(air) ‘compact bulge’
B _M90 R2 4.24 2 1 x 10* e = f(awir)

B _M90 R3 4.24 3 1 x 10 e = f(ayir)

noB c¢SFE 0 0 1 x 10* eg = 1 per cent

B _M60 R2 cSFE 2.83 2 1 x 10* e = 1 per cent

B _M90_ R1 cSFE 4.24 1 1 x 10% eg = 1 per cent

B M60 R2 hres 2.83 2 3 x 103 e = f(avir)  ‘high resolution’
B _M60_ R2 lres 2.83 2 3 x 10 eg = f(awir) ‘low resolution’

Table 2.1: Initial conditions of the simulations. The naming convention of the simulations is to first list the presence of a
bulge (‘B’ or ‘noB’), followed by the relative bulge mass (‘MX’ with X the percentage of the total mass constituted by the
bulge) and then the bulge scale radius (‘RY’ with Y the radius in kpc). Runs with a constant eg have ‘¢SFE’ appended;
similarly, the postfix ‘res’ indicates runs in which the resolution is varied. The final column lists the descriptive designations
by which we refer to some of the simulations throughout this chapter.
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our fiducial model are described in detail. Table 2.1] lists the full suite of simulations and
the quantities that we vary across the suite.

The dark matter halo is modelled as a Hernquist, [1990| profile, with a concentration
parameter of ¢ = 10, a spin parameter of A = 0.04, and a circular velocity vejre = 180 kms™!,
similar to those of the Milky Way (Bland-Hawthorn and Gerhard, 2016). A Hernquist,
1990| profile is also used to describe the bulge component. It is defined by the bulge mass
My, and its scale radius Ry,. To explore the effect of varying the gravitational potential,
we vary both of these parameters. In order to ensure that all changes are due to a change
in the bulge component, all galaxies in the sample have the same initial total stellar
mass, of M, ~ 4.71 x 10'° M. We split this mass into a bulge and disc component, i.e.
M, = M, + Mg, and include a control run that only has a disc (M = 0). We consider
bulge mass fractions of 30, 60, and 90 per cent of the initial stellar mass, and scale radii
of 1, 2, and 3 kpc. Our fiducial model is chosen to have a bulge component with a mass
and radius in the middle of the parameter space covered in this exploration, i.e. the scale
radius is Ry, = 2kpc and the bulge contains 60 per cent of the initial stellar mass, yielding
a My /Mgy ratio of 1.5. The stellar disc is described by an exponential radial profile with
an initial scale length Rgq = 4.6 kpc, and a vertical sech? profile with scale height of 0.1Ry.

We express the initial amount of gas as ratio of gas to the total stellar mass, because
the disc mass varies greatly between the initial conditions. For simplicity (to not include
another dimension into the parameter space) we choose the same gas fraction for all galaxies
in this study. To mimic the relative gas-poorness of early-type galaxies (Young et al., 2011)
and in agreement with the findings of Saintonge et al., |2017] for galaxies of similar stellar
mass, the initial total gas to stellar mass ratio is fixed to Myqs/M, = 0.05.

With an average mass resolution of ~ 1 x 10*Mg and a density threshold for star
formation of 1 cm ™3, we use a minimum gravitational softening length of 12 pc. With these
choices, we ensure that gas cells are gravitationally resolved for densities up to two orders
of magnitude higher than the density threshold. This is relevant in the context of our star
formation model, because it ensures that the gas can condense into structures with densities
higher than the threshold before becoming self-gravitating. The gravitational softening
for the dark matter halo is coarser, with a softening length of 26 pc. The gravitational
softening is modified for the resolution tests, with minimum softening lengths of 15 (35) and
6 (12) pc for baryons (dark matter) in the runs B. M60 R2 lres and B_ M60 R2 hres,
respectively.

We show a selection of initial conditions in Figure to give the reader an idea of how
the stellar component looks visually, as well as to quantify the impact of the different bulge
radii and bulge/disc ratios on the shear experienced by the ISM in these galaxies. More
massive and more compact (i.e. higher density) bulges increase the shear, most strongly so
in the centre, but also throughout the galaxy. For the same reason, the galactocentric radius
out to which the bulge dominates the galactic shear is larger for higher bulge densities.
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Figure 2.2: Gradient of the angular velocity |d€2/dr| (a measure of shear) as a function
of galactocentric radius (top) and mock colour images (using u, v, ¢ filters) of the stars
(bottom) for four initial conditions from our simulation suite. From left to right, these show
the bulgeless model (noB), the weakest bulge model (B_M30_R3), the fiducial bulge model
(B_M60 R2), and most dominant bulge model (B M90 R1). For the first two of these
models, the dark matter halo is the dominant source of shear. The total shear increases in
the presence of a bulge; the more prominent the bulge component, the stronger the effect.
The shear experienced by the fiducial run is dominated by the bulge component in the
inner 3.5 kpc. For the most compact bulge, the shear induced by the bulge component
dominates over the contribution from the dark matter out to 7 kpc.

2.4 Comparison of Star Formation Models with a Constant
or Varying Star Formation Efficiency

2.4.1 Star Formation

To assess how the global SFR is affected by the dynamics-dependent and constant SFE
models, as well as by different stellar potentials, we consider the radially-binned star forma-
tion relation of a subset of six simulations, shown in Figure Following Kruijssen and
Longmore, 2014, who show that the temporal and spatial variations of the star formation
relation caused by cloud evolution introduce considerable scatter on sub-kpc scales, we
calculate the SFR and gas surface density in radial annuli of 750 pc width. We exclude

the central 300 pc from our analysis, because we omit feedback from active galactic nu-
clei and lack the resolution to accurately model the star formation activity in the very
nucleus. Though mostly relevant for the spheroid-dominated galaxies, we apply this cut to
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Figure 2.3: SFR surface density as a function of gas surface density for the bulgeless (left),
fiducial (centre) and compact-bulge (right) simulations, contrasting the constant (top) and
dynamics-dependent (bottom) SFE models. The colour coding indicates the galactocentric
radius. Red lines show the best-fitting power law relations for the panels indicated in
the legend. Each point represents a time average of snapshots separated by 100 Myr; the
snapshot-to-snapshot variation is shown by the error bars. The central 300 pc are excluded
from the analysis (see Section . This figure shows that the presence of a spheroid
suppresses the SFR towards small galactocentric radii in all simulations, but most strongly
so for the dynamics-dependent star formation model.

all galaxies in the sample. We refer to Section [2.5.2] and [2.6.3] for more details. In analogy
to observations (e.g. Kennicutt and Evans, ; Leroy et al., ; Haydon et al., ,
we only use the stars which formed in the past 10 Myr to calculate the mean SFR over
this time interval. To obtain a measure of the variation in ¥grr and Y, we average over
snapshots separated by 100 Myr; this variation is indicated by the error bars in Figure
We remind the reader that all simulated galaxies have a gas fraction of 5 per cent.

Both bulgeless runs follow a similar star formation relation and are largely insensitive
to the sub-grid star formation model. The net SFR of the dynamics-dependent efficiency
run is slightly higher, as indicated by the different normalisation. However, within the error
bars arising from time variation, the SFRs of the simulations agree remarkably well with
each other. A similar star formation relation is seen for the B M60 R2 c¢SFE simulation,
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Figure 2.4: Comparing the effect of different sub-grid star formation models on the turbulent
velocity dispersion of the gas, for the bulgeless (left), fiducial (middle) and compact bulge
(right) galaxies. The panels show the result for gas that satisfies the density and temperature
thresholds for star formation.

but its overall SFR is lower, indicated by the offset between the best fit lines in the upper
middle panel of Figure This reflects the stabilising effect of the bulge (see below). The
dynamics-dependent eg model in the bottom middle panel shows a similar relation down to
the inner 1.5 kpc. At smaller radii, the B. M60 R2 run shows a pronounced drop in SFR,
similar to those observed by Méndez-Abreu et al., 2019, Differences in SFR resulting from
different sub-grid models are even starker for the B M90 R1 and B M90 R1 cSFE
simulations. Run B M90 R1 c¢SFE effectively follows the same star formation relation
as run B M60 R2 cSFE. However, the SFR of run B_ M90_ RI1 peaks at a radius of
~ 3.5 kpc before decreasing again, despite increasing gas surface densities, showing a much
stronger suppression of star formation than in the fiducial run or the compact bulge run
with a constant SFE.

The above comparison highlights why models with a constant SFE have been so widely
used. For a disc galaxy without a pronounced spheroid, the SFR is similar to that obtained
with a dynamics-dependent star formation model, irrespective of the choice of eg, density
threshold, and temperature ceiling, as expected from the self-regulation of star formation
and feedback (Agertz et al., 2013). However, in order to successfully reproduce the sup-
pressed SFRs towards the centres of bulge-dominated galaxies (e.g. Longmore et al., |2013;
Davis et al., [2014)), a dynamics-dependent sub-grid model is required.

We expect that the implications of changing the sub-grid star formation model extend
beyond the star formation relation, because the feedback resulting from star formation
will impact the gas differently depending on where, when and at which rate the stars are
formed. In turn, this will impact the ISM structure and kinematics, thereby influencing
future star formation. Therefore, we now proceed with a detailed analysis of how the
cloud-scale baryon cycle of ISM evolution, star formation, and feedback is affected by the
star formation model and galactic morphology.
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2.4.2 Effect on ISM properties

We now turn to an analysis of the impact of different star formation models on the state
of the turbulent ISM. Specifically, we consider the gas velocity dispersion and the virial
parameter, which directly enter into the dynamics-dependent star formation model. In
addition, we consider the turbulent pressure, because it is a crucial component for bal-
ancing self-gravity and maintaining hydrostatic equilibrium. We also consider the ISM
morphologies and gas surface density profiles of the modelled galaxies, because these set
the SFR and are likely to be affected by changes in the star formation model.

To ensure a representative and reproducible analysis of these properties, we measure
them in different snapshots and use the median and 16th-to-84th percentiles over these
snapshots. This allows us to quantify the overall trends, as well as to quantify the stochastic
variation in time introduced by the quantisation of star formation and feedback into
individual events (e.g. Kruijssen et al., 2018). We use snapshots starting at 300 Myr, to
allow the galaxies to settle into equilibrium, and subsequent ones separated by 100 Myr
(roughly a galactic dynamical time), to make sure that snapshots are independent. We
run the simulations for a Gyr, resulting in a total of eight snapshots combined this way.
Unless explicitly stated otherwise, we will use this approach to calculate any quantities
throughout the rest of the chapter.

2.4.2.1 Velocity Dispersion

We show the radial gas velocity dispersion profiles in Figure [2.4] where we compare simu-
lations run with sub-grid models using a constant and dynamics-dependent efficiency, but
with the same (stellar) gravitational potential. The velocity dispersion in galaxy discs is set
by a combination of the gravitational potential and stellar feedback (Krumholz et al., |[2018]).
Because we fix the potential, differences between models can only be the consequence of
differences between the star formation models. While the star formation prescription itself
cannot directly affect the velocity dispersion, differences in the resulting SFRs imply the
injection of different amounts of total energy and momentum by stellar feedback. This
means that the star formation model indirectly changes the gas velocity dispersion through
stellar feedback.

Considering the bulgeless simulations first, the velocity dispersions remain approxi-
mately flat in the inner ~ 5 kpc of the galaxy. This is seen more strongly for the simulations
with a constant SFE. The dynamics-dependent efficiency run has a higher absolute SFR,
causing the gas in this galaxy to be more turbulent. However, these differences remain
largely within the variation of the median ¢ over time. The variance of the median does
increase towards the centre of the galaxy for both star formation models. This increase is
driven by the greater degree of stochasticity towards the galactic centre, where the star
formation is burstier.

Focussing on the differences between sub-grid star formation models in the presence
of a bulge (middle and right panels of Figure , three points become apparent. Firstly,
irrespectively of the sub-grid star formation model and the (subset of) gas considered, the
velocity dispersion increases towards the centre of the galaxy, specifically within the inner
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Figure 2.5: Comparing the effect of different sub-grid star formation models on the virial
parameter of the gas, for the bulgeless (left), fiducial (middle) and compact bulge (right)
galaxies. The panels show the result for gas that satisfies the density and temperature
thresholds for star formation.

1—3 kpc. This is a result of the deeper central stellar potential in bulge-dominated galaxies.
For a more elaborate exploration of how the underlying gravitational potential affects o,
we refer to Section [2.5.1] Secondly, there is a small but distinct difference in o between the
different sub-grid models, within the respective bulge-dominated regions. These are the
inner 1—2 kpc for the fiducial models, and nearly all of the galaxy (but most prominently
the inner 3—4 kpc) for the most dominant bulge. In the simulations with a constant
SFE, the SFR is not (as) strongly suppressed in the central regions. The resulting, higher
momentum and energy input from stellar feedback is responsible for the offset in velocity
dispersions. It adds to the increase of the velocity dispersion caused by the presence of a
bulge, and causes the central rise of the velocity dispersion to extend further out into the
disc. Thirdly, the variance of the velocity dispersion is smaller in galaxies with a bulge
than in the simulations without a bulge. This relates back to the star formation within the
galaxy. Those galaxies with a high(er) SFR do so because they experience larger extremes,
with more subsequent feedback events, leading to a larger variation in o over time.

In conjunction with Figure Figure highlights the necessity of a dynamics-
dependent star formation model. Despite very different gas velocity dispersions, the SFRs
of runs B M90 R1 c¢SFEand B M60_ R2 cSFE are nearly the same. Only B_M60_R2
and B M90 R1 reproduce the trend obtained from cloud-scale simulations that highly
turbulent, super-virial gas should form stars less efficiently (e.g. Federrath and Klessen,
2012; Padoan et al., 2012, [2017)).

2.4.2.2 Virial Parameter

Next, we compare the effect of the sub-grid star formation model on the virial parameter.
As ayir o 02, the virial parameter is expected to show similar trends with radius as the
velocity dispersion. This is indeed seen in Figure
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Figure 2.6: Comparing the effect of different sub-grid star formation models on the turbulent
pressure of the gas, for the bulgeless (left), fiducial (middle) and compact bulge (right)
galaxies. The panels show the result for gas that satisfies the density and temperature
thresholds for star formation.

When considering the gas eligible for star formation, the gas virial parameters in the
bulgeless galaxies increase a little from the disc to the centre. The simulations with a
constant SFE show a more pronounced upturn in oy within the inner 200 pc, but these
differences fall largely within the temporal variance of the models. The median virial
parameters are slightly higher in the simulations with a dynamics-dependent eg, which
mirrors the slight elevation of the velocity dispersion caused by the higher SFR and the
resulting stellar feedback.

For the simulations with the fiducial bulge, the difference between the virial parameters
predicted by the two sub-grid star formation models near the galaxy centres is larger than
that between the velocity dispersions in Figure even after accounting for the fact that
awir ¢ 02, This is related to an additional dependence of avir o< L /M, which means that
a higher gas density lead to a lower virial parameter at fixed cloud size. While the gas in
the centre of the galaxy is less turbulent for the dynamics-dependent model, it is also more
dense, due to the prominent absence of star formation, and the fact that clouds near galaxy
centres are more compact due to the elevated tidal field strength, shear, and geometric
convergence (e.g. Kruijssen et al., 2019b)). All of these factors result in the median virial
parameter being lower in simulations run with a dynamics-dependent SFE.

The trends for the most bulge-dominated galaxies are similar to those of the fiducial
runs. Together, all panels sketch a picture in which the presence of a bulge elevates the
gas virial parameters towards the galactic centre. This increase is slightly less pronounced
when using a dynamics-dependent SFE, due to the suppression of star formation and any
subsequent feedback by the elevated virial parameter (see equation .
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Figure 2.7: Surface density projection of the gas discs for the bulgeless (left), fiducial
(middle) and compact bulge (right) galaxies. The top panels show the result for galaxies
simulated with a constant SFE sub-grid star formation model, whereas the bottom panels
show the dynamics-dependent analogue. The maps are shown at 600 Myr after the start
of the simulations and measure 20 kpc on a side. The unsuppressed SFR and subsequent
feedback in both bulgeless simulations leads to a flocculent ISM, with most of the gas along
spiral arms, whereas the bulge-dominated galaxies host smooth, quiescent central gas discs.

2.4.2.3 Turbulent Pressure

In Figure we show how the turbulent pressure, Py, = po?, of the gas changes between
the different sub-grid models for star formation. In the bulgeless simulations, the turbulent
pressure increases inwards throughout the disc, until it flattens within the inner 2 kpc. Due
to the overall similar SFR (and as with o and i, ), the profiles of the different sub-grid
star formation models agree within the variation of the median over time. The median
P;urb of gas in the fiducial and compact bulge models keeps increasing towards the centre
without such flattening. This is caused by the additional hydrostatic pressure generated
by the bulge, which the turbulent pressure equilibriates to (e.g. Schruba et al., .

2.4.2.4 ISM Morphology and Gas Surface Density Profile

We show the effect of the star formation model on the distribution of gas within the
galaxy in Figure The bulgeless galaxies look very similar in projection. The molecular
(Xg 2 10 Mg pe~?) gas is distributed along thin arm-like structures and the centre exhibits
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Figure 2.8: Comparing the effect of different sub-grid star formation models on the gas
surface density profile, for the bulgeless (left), fiducial (middle) and compact bulge (right)
galaxies. The panels show the result for gas that satisfies the density and temperature
thresholds for star formation.

considerable sub-structure. Thus, while undergoing a lot of variation, the median surface
density as a function of radius, shown in Figure [2.8] is similar at all radii.

Both fiducial bulge galaxies host a larger molecular gas reservoir in their centre. However,
the central ~ 2kpc of the constant eg galaxy are more sub-structured than for the galaxy
with the dynamics-dependent eg. Because galaxy B. M60 R2 c¢SFE forms (more) stars
than B M60_R2 at all radii, including in the centre, stellar feedback is more effective at
disrupting the gas. In the dynamics-dependent model, where feedback is weaker due to
the low SFR, the gas is able to settle into a smooth, high-density disc at the centre. The
compact bulge simulations behave very similarly. The gas disc in run B M90 R1 is even
larger and smoother than that of B M60 R2. Run B M90 R1 ¢SFE has a small disc
at the very centre, but at a lower density and with more substructure than in B M90_ R1.

The behaviour seen in the gas surface density maps is reflected in the radial gas surface
density profiles in Figure where the median 3, of B_M60_R2 and B_M90_RI1 is
consistently offset to larger surface densities with respect to the analogous simulations with
a constant SFE. Again, this difference results from the differing SFRs and corresponding
feedback intensities introduced by taking galactic dynamics into account.

In principle, it could be argued that the specific value of eg in the constant SFE model
could be adjusted to yield SFRs and galaxy properties more similar to those found for
a dynamics-dependent star formation model. Alternatively, the overall offsets may be
considered to be too small given the numerical and observational uncertainties. However,
taken at face value, the differences shown in this section highlight the importance of carefully
choosing the sub-grid star formation model and associated parameters, as the consequences
reach beyond global scalings of the SFR and instead affect the structural evolution of
the galaxy and its ISM at large. We furthermore stress that significantly suppressed star
formation in a bulge-dominated galaxy is only reproduced when explicitly accounting for
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the effect of galactic dynamics in the sub-grid star formation model, which then in turn
introduces further differences. Conversely, galaxies evolved with the constant SFE model
do not reflect any of the changes in ISM kinematics that result from the presence of different
types of bulge.

2.5 Effect of the Gravitational Potential on Interstellar Medium
properties

We now proceed to only consider the dynamics-dependent star formation model and vary the
gravitational potential across the comprehensive parameter space covered by our simulations.
We then compare how the variety of ISM-related quantities from Section differ between
these simulations. This comparison is aimed at revealing the physical mechanisms that link
galactic morphology to ISM properties, star formation, and quenching, with the eventual
goal of quantifying how these effects may change the star formation relation in these galaxies.
In Section we will demonstrate how the dynamical suppression of star formation can
drive entire galaxies off the main sequence of star-forming galaxies, into the red cloud of
quenched systems.

2.5.1 Turbulent Velocity Dispersion

The velocity dispersion of the gas is one of the main gas properties setting the virial
parameter (and thus the SFE). In Figure we show the radial profiles of o for all
simulations with a dynamics-dependent SFE. The bulgeless simulation is included in every
panel as a reference line. Because the bulgeless galaxy is a pure exponential disc, the
median velocity dispersion is approximately flat as a function of radius, only declining
slightly in the outskirts of the disc.

From the velocity dispersion profiles displayed in Figure it is clear that both Ry
and My, have an influence on the dynamical state of the gas. All three mass fractions
exhibit a similar behaviour, in that the velocity dispersion of the gas increases towards
the centre of the galaxy in the presence of a bulge. The more centrally concentrated the
bulge (i.e. the smaller R}, is), the stronger the effect. Bulges with smaller R}, induce more
turbulence at a given M. Additionally, gas further away from the centre is affected by
the potential. It is likely that the true dependence on bulge properties uses a combination
of Ry, and M), such as through a linear, surface, of volume mass density enclosed at each
radius (reflecting the potential, force, and tidal field, respectively). In either of these cases,
we expect a monotonic trend of ISM properties and SFR with M,,/R} with n = 1-3. We
demonstrate such a dependence of the SFR on the enclosed mass surface density (n = 2)
in Section 2.6.11

The set of galaxies with the lowest bulge fraction, M}y = 0.3M, shows the smallest
differences in velocity dispersion. Only the R, = 1 kpc bulge displays a strong ¢ increase in
the inner few hundred pc, by < 0.3 dex. At this bulge mass, the two more extended bulges
have very similar velocity dispersion profiles, largely resembling the bulgeless galaxy. Based
on the discussion so far, this may seem surprising, because one would expect the B M30 R2
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Figure 2.9: Radial profiles of the gas turbulent velocity dispersion for different gravitational
potentials. Each panel compares the effect of different bulge scale radii at a constant bulge
mass, with the columns showing simulations with bulges containing 30, 60 and 90 per cent
of the initial stellar mass, from left to right. The top row shows the result for gas that
satisfies the density and temperature thresholds for star formation, whereas the bottom
row only includes gas from which stars formed. The central 300 pc are excluded from the
analysis of the bottom panels (see Section. Fach panel includes a dotted line showing
the bulgeless simulation.

run to exhibit a larger velocity dispersion than the B M30 R3 run. However, as can be
seen in the rotation curves of Figure the galaxy with the weakest bulge resembles the
bulgeless run very closely. It has the second largest net SFR of all simulations with a
dynamics-dependent eg. The resultant feedback is sufficient to increase o to same level as
in run B M30_R2. At bulge mass fractions of 60 and 90 per cent, the effect of the bulge
scale radius becomes more discernible, because the bulge potential is no longer drowned
out by the dark matter halo. Even run B__M60 R3 shows a higher velocity dispersion
towards the centre than in its outskirts, although the total dynamic range of ¢ is again
only of order ~ 0.3 dex. For the most dominant bulge (B M90 R1), the effect of the
potential on ¢ is noticeable out to 3 kpc, increasing the velocity dispersion by nearly an
order of magnitude when going from the outer disc to the centre of the galaxy.
Qualitatively, the above trends hold irrespectively of whether we consider all gas eligible
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for star formation, or only that from which stars have formed. Because we exclude the
central 300 pc from the star formation analysis, we exclude them in the profiles of gas
that formed stars, too. The only difference between both subsets of gas cells is that the
median velocity dispersions of the star-forming gas are ~ 0.4 dex lower than those of all
star formation eligible gas, since star formation preferentially proceeds in regions with lower
velocity dispersions (e.g. Padoan et al., 2012)). This means that, irrespectively of the gas
tracer used, both the increase of the gas velocity dispersion towards small galactocentric
radii and the overall larger values of o for the most massive, centrally concentrated spheroids
are strong, observationally testable predictions of our simulations. These trends are key
empirical diagnostics signposting a strong interplay between galactic dynamics and ISM
kinematics in galactic spheroids and early-type galaxies.

2.5.2 Virial Parameter

Figure[2.10|shows that the virial parameter follows the same trends as the velocity dispersion
with respect to bulge mass and scale radius. Resulting from the increase in turbulent velocity
dispersion towards the centres of the galaxies with a bulge, i also increases towards the
centres, and more strongly so for more compact and massive bulges. Quantitatively, the
difference in awir between the centre and the outskirts of the disc in a bulge-dominated
galaxy can reach around an order of magnitude for the most compact bulges. For the
most compact bulge, the difference remains up to ~ 0.3 dex when contrasting the virial
parameter at radii of 2.5—3 kpc to the outer disc. Again, the bulgeless galaxy has a much
flatter profile, with a higher median «; in the outer disc.

The gas that formed stars (bottom row of Figure has a lower median ay; than all
gas eligible for star formation, as well as a clearer segregation between the different bulges
within the inner 2—4 kpc. The bulgeless and weakest bulge galaxies (noB, B M30 R3
and B M30_R2) form stars with virial parameters in range o, = 1—5, as expected from
star formation theory and in accordance with recent observations (e.g. Sun et al., 2018;
Schruba et al., [2019). The more bulge dominated galaxies exhibit larger median virial
parameters, especially in the inner 1—2 kpc, reaching a maximum of ayy = 50 for run
B _M90 R1. Although this might seem disconcertingly high, such high virial parameters
have been observed for some clouds in the CMZ of the Milky Way (e.g. Kruijssen et al.,
2014} Kauffmann et al., |2017). In addition, Figure reveals that the vast majority of
stars forms with much smaller virial parameters. Because ay;r is constituted by multiple
physical quantities (cloud mass, radius, velocity dispersion) that are all affected by star
formation and feedback over time, the median virial parameter exhibits a larger time
variation between different snapshots than the quantities it is based on. This results in
larger scatter than seen for the velocity dispersions in Figure [2.9]

For the most compact bulges, there is a pronounced increase of the time variability
of the virial parameter of gas eligible for star formation at the very centre of the galaxy,
with large downward excursions. Over the course of the simulation, gas flows towards the
centre of the galaxy. Due to the amount of turbulence induced by the compact bulges, star
formation is strongly suppressed and gas continues to build up. Eventually, the gas becomes
so dense that it is no longer gravitationally fully resolved, i.e. overdensities identified by
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Figure 2.10: Radial profiles of the gas virial parameter for different gravitational potentials.
Each panel compares the effect of different bulge scale radii at a constant bulge mass, with
the columns showing simulations with bulges containing 30, 60 and 90 per cent of the initial
stellar mass, from left to right. As before, the top row shows the result for gas that satisfies
the density and temperature thresholds for star formation, whereas the bottom row only
includes gas from which stars formed. The central 300 pc are excluded from the analysis
of the bottom panels (see Section [2.4.1). Each panel includes a dotted line showing the
bulgeless simulation.

our model are smaller than the gravitiational softening length, despite consisting of tens of
gas cells. Despite its high velocity dispersions, the virial parameter then decreases again,
resulting in star formation. As discussed in more detail in Section [2.6.3] this downward
spike of the virial parameter is at least partially a numerical artefact stemming from our
resolution, which motivates the exclusion of the central 300 pc from the star formation
related analysis (see Section .

We show the cumulative distribution of virial parameters for all gas cells that formed
stars in Figure Stars in the bulgeless simulation form from gas with a median virial
parameter of ayiy = 1.1. The median virial parameters are higher for the galaxies with
bulges, more so for galaxies with more massive and compact bulges, up to a maximum
of ~ 3.5 for the most bulge-dominated galaxy. This is a reflection of the elevated virial
parameters in (the central parts of) these galaxies compared to the bulgeless run, as seen
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Figure 2.11: Normalised cumulative distribution of the virial parameter with which stars
have formed at 1 Gyr. Each panel compares the effect of different bulge scale radii at a
constant bulge mass, with the columns showing simulations with bulges containing 30, 60
and 90 per cent of the initial stellar mass, from left to right. Each panel includes a dotted
line showing the bulgeless simulation, a black horizontal line indicating the median of the
distribution, and a black vertical line indicating virial equilibrium, i.e. oy = 1.

in the bottom row of Figure 2.10] Between 2—8 per cent of stars are formed with oy, > 10
across all simulations, and only a handful of stars with a.; > 20.

2.5.3 Turbulent Pressure

Figure shows the radial profiles of the turbulent gas pressure for different gravitational
potentials. The clear differences between the different simulations suggests that turbulent
pressure is the most unambiguous tracer of the underlying gravitational potential. The
bulgeless galaxy has a roughly constant median P;,1, out to ~ 5 kpc, before it starts
declining, as both the gas density and the velocity dispersion decrease. All of the galaxies
with bulges have steeper profiles. They have higher turbulent pressures in their centres,
with a faster decline towards the outskirts. Even for the 0.3M, bulges, where the central
values fall within the uncertainty implied by the time variation of the bulgeless galaxy, we
find a distinctly different shape of the pressure profile compared to the bulgeless model.
The increase of the median P, within the inner kpc is achieved at lower bulge densities
than for o and oy, with the B. M30 R2 already showing a statistically significant central
enhancement of Pi.,. This results from the fact that increased gas densities and velocity
dispersions both contribute to boosting the pressure, such that P, is the cleanest tracer
of the effect of the bulge on the ISM properties.

Broadly speaking, the trends of Py, with R}, and My, are similar to the behaviour of
avir and o with radius. The most compact galaxies have median central pressures that are
1-2 orders of magnitude larger than that of the bulgeless galaxy. This links back to the star
formation activity within these galaxies, which we will quantify further in Section A
dearth of star formation in the central region allows the high density gas to dominate, such
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Figure 2.12: Radial profiles of the turbulent gas pressure for different gravitational po-
tentials. Each panel compares the effect of different bulge scale radii at a constant bulge
mass, with the columns showing simulations with bulges containing 30, 60 and 90 per cent
of the initial stellar mass, from left to right. As before, the top row shows the result for
gas that satisfies the density and temperature thresholds for star formation, whereas the
bottom row only includes gas from which stars formed. The central 300 pc are excluded
from the analysis of the bottom panels (see Section [2.4.1)). Each panel includes a dotted
line showing the bulgeless simulation.

that nearly all gas is eligible for star formation. In combination with the higher velocity
dispersions, this leads to a consistently high Piyp-

As for the velocity dispersion, the strong increase in turbulent pressure towards the
centre of the galaxy traces the gravitational potential generated by the bulge. The cor-
responding increase of the turbulent pressure for larger bulge mass fractions and smaller
scale radii is an observationally testable prediction of our simulations.

Contrary to what we find for the radial profiles of the velocity dispersion and virial
parameter, the turbulent gas pressure profiles of the gas that formed stars do not closely
mirror those of the star formation eligible gas. The shape of the bulgeless galaxy’s profile
is similar to that of the eligible gas, but median pressures are two orders of magnitude
higher. For galaxies with bulges, the trend seen in the top panels is inverted: the more
bulge-dominated a galaxy, the lower the median Py, of the gas that formed stars. This
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happens because the bulge suppresses the formation of density contrasts in the ISM (see
Section . While the bulgeless galaxy achieves considerable fragmentation and thus
major density (and therefore pressure) contrast between the diffuse ISM and its condensa-
tions, the suppression of fragmentation by the bulges in the other simulations means that
the pressure contrasts are smaller.

2.5.4 ISM Morphology

Lastly, we focus on how the gravitational potential affects the spatial distribution and
structure of the ISM within the galaxies. Figure shows the projected gas surface
density maps of all galaxies evolved with a dynamics-dependent SFE at 600Myr after the
start of the simulation. Each galaxy starts out with the same, smooth exponential gas disc.
Therefore any difference in disc structure is due to the combined effects of star formation,
stellar feedback, and the dynamical evolution in the underlying gravitational potential,
which differs between the simulations depending on the bulge properties.

The outskirts of all galaxies look similar, with dense gas arrayed along tightly wound
spiral arms. However, the centres clearly differ between the ten simulations shown here. In
the most massive and compact bulges, the gas settles into a smooth, dense disc. The spatial
extent of these discs range from being several hundred pc in radius for the intermediate
bulges (B M30 R1,B M60 R2, and B M90 R3) to extending a size of 2 kpc for the
compact bulge simulation (B_M90 R1). By contrast, the bulgeless galaxy and the simu-
lation with the weakest bulge (B_M30_R3) host a central gas reservoir with considerable
substructure, even though they also contain a large amount of dense gas in their central
region. These central regions do not resemble discs, but fragment into star-forming units
and are subsequently disturbed further by stellar feedback.

The gas surface density maps of Figure [2.13] show a stellar bulge stabilises the ISM
of its host galaxy. Thanks to the increased shear velocities, the gas velocity dispersions
are elevated, which together prevents the gravitational instability of the gas reservoir and
suppresses star formation, in the process preventing the disruption of the ISM by stellar
feedback. This is a powerful illustration of the interplay between galactic dynamics, ISM
structure, and star formation, which predicts clear, monotonic trends with the morphology
of the host galaxy.

2.5.5 Star Formation

We conclude our parameter survey of the impact of the gravitational potential on the ISM
and star formation by focusing on the SFR of the simulated galaxies. Based on the results
presented in Sections 2.5.12.5.3] with the gas velocity dispersion, virial parameter, and
turbulent pressure all increasing towards the galactic centres, and most strongly so for
the most massive and compact bulges, we expect the SFR in these galaxies to follow suit.
Figure [2.14] shows the star formation relation, between the SFR surface density and the
gas surface density, for all galaxies in the sample. The data points and colours indicate
different galactocentric radii, showing how the star formation relation depends on radius. As
elsewhere in this section, we only consider the simulations run with a dynamics-dependent
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Figure 2.13: Surface density projection of the gas discs evolved with a dynamics-dependent
star formation model. The top panel shows the bulgeless simulation. In the other panels,
the bulge mass fraction increases towards the right and the bulge scale radius increases
upwards, as indicated by the annotations, such that the bulge density increases towards the
bottom right. The maps are shown at 600 Myr after the start of the each simulation and
measure 20 kpc on a side. The suppressed SFR in bulge-dominated galaxies enables the
build-up of a quiescent, undisturbed, and therefore smooth nuclear gas disc. The spatial
extent of this disc increases with the density of the bulge. Only galaxies with a negligible
bulge component show signs of substructure driven by gravitational instability and stellar
feedback.
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Figure 2.14: SFR surface density as a function of gas surface density for all galaxies evolved
using a dynamics-dependent eg. The colour coding indicates the galactocentric radius. For
reference, the top-left corner of each panel shows a fake colour image of the stellar content of
each galaxy. The dotted red line indicates the best-fitting power law to the star formation
relation of the bulgeless galaxy, and is included to guide the eye and highlight how the
star formation relation changes due to differences in the gravitational potential. The SFRs
are calculated from stars that formed within the past 10 Myr of any snapshot. Each point
represents a time average of snapshots separated by 100 Myr; the snapshot-to-snapshot
variation is shown by the error bars. The central 300 pc are excluded from the analysis
(see Section . This figure shows that the presence of a spheroid suppresses the SFR
towards small galactocentric radii in all simulations, and that this suppression intensifies
for higher-density bulges, which are located towards the bottom right.
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Figure 2.15: Simulation data overplotted on the data from the xCOLDGASS (Saintonge
et al., |2017) and the xGASS (Catinella et al., 2018) surveys. The left panel shows the
sSFR—stellar mass plane and the right panel shows the offset from the main sequence as a
function of stellar surface density (u.). The definition of the star formation main sequence
is taken from Catinella et al. (2018)). All simulated galaxies with dynamics-dependent star
formation exhibit a strong trend: the global SFR falls further below the main sequence,
the more bulge dominated the galaxy. This trend is shown by the dot-dashed blue line in
the right panel; solid lines show the running median of the detected (navy), non-detected
(grey) and entire sample (steel blue) of xGASS/xCOLDGASS galaxies. Constant efficiency
galaxies follow a much shallower trend with u,, as indicated by the dotted purple line.
As for the Schmidt-Kennicutt diagrams the central 300 pc of the simulated galaxies are
excluded from the analysis.

star formation model. As before, we exclude the central 300 pc from our analysis, to ensure
that our conclusions are not influenced by unresolved star formation at the centre. This is
discussed further in Section 2.6.3l

The star formation relation follows a simple, monotonic, power law form for the bulgeless
galaxy (see the red dotted lines in Figure . However, this changes as the bulge mass
fraction and compactness increases, particularly towards the centres of the galaxies. Out
of all galaxies, only the weakest bulge simulation (B_M30_ R3) is marginally consistent
with the bulgeless galaxy to within the time variability between different snapshots, as
encapsulated by the error bars. All other galaxies exhibit a pronounced flattening or
turnover of the star formation relation towards the galactic centre. The degree of the
flattening and the overall suppression of the SFR within the galaxy increase for more
massive and compact bulges. For the galaxy with the most compact bulge (B_M90 R1),
this yields a total, galaxy-wide SFR that is a factor of ~ 5 lower than that of the bulgeless
galaxy.

All galaxies exhibit a clear central suppression of the SFR, by up to two orders of
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magnitude (which is similar to the suppression of the SFR observed in the CMZ of the
Milky Way, Longmore et al. 2013). However, the uncertainty introduced by the time
variability of the SFR also seems to increase as the suppression becomes more pronounced,
towards more dominant bulges. This is a statistical effect. We use radial bins with a
constant radial thickness, implying that the area over which the SFR is integrated for each
bin increases towards the outskirts of the galaxy, driving down the uncertainties. However,
outside radii of ~ 3 kpc, the scatter increases again. This results from the outward decrease
of the gas surface density and the SFR, implying fewer star formation events at large radii
and increased stochasticity. The time variability is the smallest at radii of a few kpc.

In conclusion, Figure [2.14] shows that the gravitational potential generated by a stellar
spheroid strongly influences the star formation relation of galaxies. The galaxies with the
most massive and compact bulges are affected the most, showing a flattening or turnover
of the star formation relation, as well as the lowest total SFR with suppressions by up to a
factor of ~ 5.

2.6 Discussion

2.6.1 Comparison with Observations

The discussion of Sections [2.5.4] and [2.5.5] shows that the presence of a bulge leads to
decreased ISM fragmentation and suppressed SFRs towards galactic centres. Here, we
place these results in the context of the observed galaxy population.

2.6.1.1 Main Sequence of Star-forming Galaxies

It was shown in Section [2.5.5] that the integrated SFRs of the simulated galaxies can be
suppressed by up to a factor of ~ 5 due to the dynamical effects induced by a stellar
spheroid. In Figure 2.15, we place the implications of this result in the context of the
galaxy population. We show the global sSFR as a function of stellar mass (spanning the
‘main sequence of star-forming galaxies’, e.g. Noeske et al. 2007b; Peng et al. [2010), as well
as the offset of the main sequence as a function of stellar surface density (u.), both for our
suite of simulations and for the galaxy population observed as part of the xCOLDGASS
(Saintonge et al., [2017) and xGASS (Catinella et al., [2018]) surveys. Before proceeding, we
note that all of our galaxies have the same initial M, and low gas fraction of 5 per cent.
Being isolated simulations, they do not include gas accretion or any other influences of the
large-scale cosmic environment and are chosen to resemble z = 0 galaxies.

The left-hand panel of Figure 2.15|shows that the global sSFR of our sample ranges from
the star formation main sequence (for the bulgeless galaxy), to the lowest sSFR at which
gas is detected within the surveyed galaxies, approximately 1 dex below the main sequence,
where star formation in galaxies has been ‘quenched’. The simulated galaxies thus span a
range consistent with the observed, vertical scatter below the star formation main sequence.
This means that, even without including any feedback from active galactic nuclei, our
simulations bridge the transition region (the ‘green valley’) towards the quenched galaxy
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population (the ‘red cloud’), purely relying on the interplay between galactic morphology,
(hydro)dynamics, the properties of the ISM, and star formation.

It is reasonable to expect that the offset from the main sequence depends on the density
of the stellar spheroid or bulge. The right-hand panel of Figure [2.15] shows the offset from
the main sequence as a function of the stellar mass surface density (), together with
the observed galaxies from xCOLDGASS and xGASS. Our simulations with a dynamics-
dependent star formation model follow a clear trend of increased quenching of star formation
towards increasing .. This highlights that the stellar surface density (i.e. a combination
of the bulge mass and scale radius) is the physical quantity driving the suppression of
star formation. Compared to the running medians of detections and non-detections and
the full sample, the fit to our sample does not quantitatively match any of the individual
trends and also exhibits considerably less scatter than the observed galaxies. This is not
necessarily surprising. Firstly, we did not fine-tune our simulations to match the xGASS
and xCOLDGASS galaxies. Secondly, we only vary the bulge properties in this experiment,
but it is likely that other quantities (e.g. gas fraction) affect the offset from the main
sequence. We will explore this further in a follow-up study (Gensior et al. in prep.).

Most importantly, our simulations reproduce the overall trend that star formation is
suppressed or quenched as the stellar surface density of the central bulge or spheroid in-
creases. By contrast, the simulations with a constant SFE show a very different trend.
Their offset from the main sequence is considerably smaller, with a much shallower depen-
dence on uy. The total dynamic range in sSFR is a factor of ~ 2, much smaller than for
the dynamics-dependent SFE. Finally, Figure illustrates that the bulge-dominated
galaxies in our sample also qualitatively reproduce the trends observed by Méndez-Abreu
et al., 2019, The more bulge-dominated they are, the more significant the drop of SFR
towards the centre.

2.6.1.2 ISM Properties

A clear prediction of our models is that the velocity dispersion, virial parameter, and ISM
pressure increase towards galactic centres. For velocity dispersions and ISM pressures,
this is a well-established observational result (e.g. Kruijssen and Longmore, 2013; Leroy
et al., |2016; Sun et al., 2018; Schruba et al., [2019; Sun et al., 2020a). Indeed, the velocity
dispersions spanned by our simulations are consistent with the range found in the above
studies. The turbulent pressures are also consistent with observations of star-forming
galaxies in the local Universe (e.g. Faesi et al., 2018). There is tentative observational
evidence that the gas virial parameter also increases towards galactic centres, especially in
the presence of strong dynamical features (Sun et al., 2018)). The radial median values of
the virial parameter found in our simulations are 10-100, which might seem higher than
expected, but falls within the range that Sun et al., [2018] find for M33 and M31.

A number of early-type galaxies are observed to host molecular gas in an almost
featureless, smooth disc of molecular gas around the galactic centre (e.g. North et al., [2019).
Similar, smooth gas discs form naturally in our simulations with a dynamics-dependent
SFE, with a spatial extent that increases with the stellar (surface) density of the bulge
or spheroid. These smooth gas discs do not form when a constant SFE is used, in which
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case considerable substructure remains. This shows that the discovery of smooth gas discs
in galaxy spheroids supports the idea that the SFE depends on the dynamical state of
the ISM. At first sight, the gas in our galaxies extends further than the inner 1 — 2kpc
(see e.g. Figure , as found in the observations of North et al. (2019). However, we
remind the reader that we model all gas within the galaxies, without applying any density
threshold or carrying out synthetic observations. Given the gas surface density profiles of
our simulations (see Figure , it is likely that the molecular gas traced by CO drops off
beyond radii of ~ 2 kpc.

In summary, the ISM properties of our simulations are qualitatively consistent with
those found in observations, and provide an interesting physical perspective on the existence
of quiescent, smooth gas reservoirs in early-type galaxies. We expect that quantitative
comparisons between these simulations and the observations can help shed more light on
the detailed interplay between dynamics, ISM structure, and star formation.

2.6.2 Comparison with Other Simulations

In Section [2.1] we summarised a variety of simulations in the literature focusing on the
impact of galaxy morphology on star formation. To date, the main missing step in the
‘morphological quenching’ framework had been how galactic morphology translates into
a cloud-scale suppression of star formation. In our simulations, we capture this process
by resolving the cold ISM and including a dynamics-dependent sub-grid model for star
formation, in which star formation is gradually suppressed towards high virial parameters.
We show that the inclusion of such a model unlocks a variety of interesting predictions that
may explain the observed correlations between galactic morphology, star formation, and
quenching. Our suite of simulations systematically surveys the parameter space spanned by
the properties of the stellar spheroids. However, our results must be regarded as a single,
homogeneous set of experiments, using a single numerical method and basing itself on a
number of necessary numerical choices. Here we discuss our results in the context of other
numerical studies.

In a recent study, Su et al., 2019 find that morphological quenching is not capable of
shutting down star formation completely, even if the SFR is lower in the presence of a bulge.
As Figures [2.14] and show, we find a similar trend for the galaxies in our suite, in
which the SFR of the most bulge-dominated galaxy (B__M90 R1) is the lowest. However,
the difference in SFR between our bulgeless and most bulge-dominated galaxy is ~ 3 times
larger than found by Su et al. (2019). However, there are a number of differences in the
numerical setup and the initial condition that could be responsible for this offset. Su et al.
(2019)) use the star formation model from FIRE2 (Hopkins et al., 2018a), in which star
formation can only proceed in self-gravitating regions, with a constant eg = 1, whereas
our simulations use a gradual suppression of the SFR as a smooth function of the virial
parameter. Furthermore, the isolated galaxy simulations of Su et al. (2019)) include a halo
of hot gas, which by cooling feeds the supply of star-forming gas, boosting gas fraction and
star formation. This likely contributes to the larger SFRs relative to the ones in our galaxy
sample.

Our simulations with a constant SFE are similar to the spiral and elliptical galaxy
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simulations with a gas fraction of 4.5 per cent from Martig et al. (2013). We find a smaller
difference in global SFR between noB ¢SFE and B M60 R2 c¢SFE/B__M90 R1 c¢SFE
compared to their simulations, and a slightly larger normalisation than their star formation
relation. However, the agreement is satisfactory overall. Our simulations show that the
dependence of the sub-grid star formation model on galactic dynamics is required to
reproduce a more pronounced suppression of star formation and change the star formation
relation. Our findings are also in good agreement with the early-type galaxy simulation of
Kretschmer and Teyssier, [2020, which shows that a bulge-dominated spheroid can suppress
star formation in the centre of a galaxy. Their study also further supports the argument
that a more physically-motivated, dynamics-dependent star formation model is necessary
to accurately model star formation in such systems.

Even if they do not use it to investigate morphological quenching, Semenov et al., [2016),
2017, 2018 make use of the Padoan et al. (2012) parametrisation of the virial parameter to
calculate the SFE in their simulations. Apart from using a different method for calculating
Qyir, their sub-grid star formation model is the most similar in the literature compared to
the prescription we are using. Despite the fact that their isolated galaxy contains a bulge,
Semenov et al., 2016 do not see any central suppression of star formation. However, their
simulation differs in two important ways from the galaxies in our suite. Firstly, their bulge
component only holds ~ 9 per cent of the initial stellar mass of the galaxy confined to the
centre, thus being most similar to our bulgeless galaxy, which does not significantly deviate
from the observed star formation relation (Kennicutt and Evans, [2012)). Secondly, the gas
content of their simulation is a factor of 4 larger, at 20 per cent of the initial stellar mass,
compared to the 5 per cent that we use to mimic gas-poor, early-type galaxies.

Previous work has suggested that there may exist a critical gas fraction below which
morphological quenching’ (or, in the context of our results, rather the ‘dynamical suppres-
sion of star formation’) may proceed. Martig et al., [2013 perform simulations of idealised
galaxy models and find a considerably stronger suppression of star formation at a gas
fraction of 1.3 per cent than at 4.5 per cent. In the context of our work, we remind the
reader that Martig et al., 2013| use a constant star formation efficiency, which implies
that the dynamical suppression of star formation is less pronounced than when using a
dynamics-dependent model. As a result, this suppression may not be able to manifest
itself at gas fractions as high as in our simulations. None the less, the important insight
is that the suppression weakens towards larger gas fractions. The high-redshift (z > 5.7)
simulations of highly gas-rich (~ 50 per cent) galaxies by Trebitsch et al. (2017)) further
highlight that gas fraction is an important quantity to consider, because bursty star forma-
tion continues to proceed at a roughly constant time-averaged rate in their most massive
halo, even after the build-up of a small central bulge. Similarly, Kretschmer and Teyssier,
2020] only see a suppression of star formation in their cosmological zoom-in simulation of
an early-type galaxy after a drop in gas fraction following a merger-induced starburst, once
again indicating that gas fraction plays a key role in the suppression of star formation by
a dominant bulge component. Exploring how the gas fraction of our galaxies affects their
SFRs is beyond the scope of this chapter. We refer to Chapter {4 for a study of effect the
gas fraction has on dynamical suppression.

4
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2.6.3 Numerical Caveats
2.6.3.1 Gravitational Softening and the Implications for our Sub-Grid Model

Current numerical simulations of galaxies use particles with masses much larger than those
of the individual stars that they are constituted by. To prevent spurious heating from close
encounters by these massive particles, gravitational forces must be softened. While adaptive
gravitational softening minimises the error in the force calculation (Price and Monaghan,
2007)), one still has to choose a (minimum) length scale below which the gravitational force
is softened.

Our sub-grid star formation model is aimed at self-consistently identifying an overdense
region around a gas cell, for which the gas density and velocity dispersion can then be cal-
culated. Since the gravitational softening length is larger than the cell radius by definition,
it is conceivable that in a very dense, clumpy medium the overdensity identified is smaller
or comparable in radius to the softening length. We have quantified this directly in our
simulations and find that this occurs for < 1 per cent of gas cells in our simulation at any
given timestep, where the exact fraction depends on the prior amount of star formation
and feedback experienced by the gas. The virial parameters corresponding to these regions
are all ayiy < 2, with the majority having i < 1.

There are two possible ways in which these edge cases can be handled. Firstly, one
can define a hard threshold for Iy, requiring it to be at least equal to the softening
length of the cell. Secondly, one can simply accept that some overdensities fall within
the gravitationally softened volume. The former option goes against the principle of self-
consistently determining an overdensity based on which all other quantities are calculated.
Choosing the latter option implies that a disproportionally large fraction of stars will form
from overdensities in gravitationally softened regions, as eg o exp(—a?,‘i?).

The purpose of gravitational softening is to prevent numerical noise from artificial
hard scatterings. Hence, it can be argued that gas that becomes dense enough to fall
within the smallest softening considered should, in the context of this simulation, count as
self-gravitating and form stars. This is the standard assumption made when using simple
sub-grid star formation models with a constant eg. In that case, a fraction of gas above
the star formation threshold (usually some factor less than the maximum gravitationally
resolved density) is converted to stars every timestep. However, the main advantage of our
model is that the SFE is now determined by gas dynamics, rather than just converting
the most gravitationally unresolved gas into stars as models with a constant SFE do. This
enables star formation in self-gravitating clumps that might be less dense (i.e. that would
otherwise have a much lower probability of star formation) and, most importantly, prevents
star formation in dense gas that is highly unbound due to external forces acting on the ISM.
Both of these features of the dynamical SFE model cannot be achieved by a model with a
constant SFE. In the end, only a small subset of gas cells in our model are gravitationally
unresolved. We therefore accept this as a minor drawback — treating this subset as self-
gravitating and (potentially) star-forming clouds is equivalent to how they would be treated
in a constant SFE model. In light of the fact that we use a more physically-motivated
sub-grid star formation model, and to conserve the full self-consistency of the calculation,
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we choose to not enforce a hard limit for the tree-walk length.

The above problem is intricately linked to our choice of excluding the central 300 pc from
our SFR analysis. Since we do not include any form of feedback other than type II SNe, gas
is able to accumulate at the centres of galaxies, especially in those with high central stellar
surface densities. There, the gas is turbulent enough to suppress star formation, resulting
in increasing gas densities in the centre, eventually allowing some individual clumps to
become smaller than the gravitational softening length. Given the we do not resolve the
dynamical mechanisms relevant near galactic centres, which require sub-pc resolution (e.g.
Kruijssen et al., 2019b)), and also omit feedback from active galactic nuclei, which may
also affect the SFE of the most central gas reservoir, we choose to omit the central regions
within a 300 pc radius when analysing the SFR. With this radial cut, the majority of stars
from gas cells with Iy, smaller than the gravitational softening length are excluded during
the analysis.

2.6.3.2 A Note on Numerical Chaos

As recently demonstrated by Keller et al.,[2019/and Genel et al., 2019, numerical simulations
of galaxy formation and evolution are sensitive to (chaotic) stochasticity. As a means of
assessing whether differences between models reflect the underlying differences in physical
models or initial conditions, Keller et al., [2019 advise to run a large number of identical
simulations with different random seeds. While it is not feasible to simulate every galaxy in
our suite a large number of times, all quantities analysed in this chapter are represented as
averages over time, with an indication of the variance given by error bars. Because we model
idealised galaxies, these temporal variation is expected to be analogous to the stochasticity
investigated by Keller et al., 2019/ and Genel et al., [2019. Using the temporal variation to
quantify the uncertainties on the quantities considered thus ensures that our conclusions
remain robust and appropriately reflect how the results depend on the underlying physics.

To further test the effect of numerical effects, we simulated a subset of the galaxies
in our suite with different random number seeds (which influence the stochasticity of star
formation and the subsequent evolution of the galaxy), finding that any differences caused
by these numerical effects are smaller than the variation quantities exhibit over time.

2.7 Summary and Conclusions

In this work, we present hydrodynamical simulations of a suite of isolated galaxies with
gas-fractions appropriate for z = 0 galaxies, to systematically explore whether stellar
bulges or spheroids can dynamically suppress star formation. We systematically vary the
bulge mass fraction and scale radius to cover a total of ten different galactic morphologies.
We also introduce a new, physically-motivated sub-grid model for star formation that
includes a dependence of the SFE per free-fall time (eg) on galactic dynamics via the
virial parameter, motivated by the simulations of turbulent fragmentation by Padoan et al.
(2012). Contrary to many previous sub-grid star formation models of this nature, we do
not use a sub-grid turbulence model. Instead, the physical quantities entering the virial
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parameter are calculated by iterating over neighbouring gas cells until an overdensity is
identified self-consistently. This approach is analogous to on-the-fly cloud identification
and thus establishes the virial parameter for spatially-resolved, physically meaningful units.
To enable a comparison to traditional sub-grid star formation models, we also consider
simulations with a constant eg = 1 per cent for a subset of the galaxies. These include a
bulgeless galaxy and two models with a bulge.

Concerning the two different sub-grid star formation models, we draw the following
conclusions:

1. The global SFR exhibits little difference between using a constant or dynamics-dependent
SFE, as long as no dominant stellar spheroid is present. However, in the presence of
a spheroid, the SFRs of simulations with a dynamics-dependent SFE fall below those
with a constant SFE. The more bulge-dominated the galaxy, the larger the difference in
SFR.

2. The observed suppression of star formation at the centres of spheroid-dominated galaxies
can only be reproduced with the dynamics-dependent sub-grid model.

3. The gas reservoirs hosted in the centres of galaxies modelled with a dynamics-dependent
eg self-consistently settle into smooth disc of molecular gas. The central ISM of galaxies
modelled with a constant SFE remains much substructured and porous. This means that
the observed existence of smooth gas discs in early-type galaxies can only be understood
if the SFE depends on the dynamical state of the gas.

4. When no bulge is present, there are small differences in gas distribution and ISM
kinematics between the sub-grid star formation models, but the galaxies evolve very
similarly.

5. The gas velocity dispersion, virial parameter, and turbulent pressure differ between both
sub-grid star formation models, but mostly within the bulge-dominated region. They
show no major differences at larger radii.

We proceed to investigate the impact of a stellar spheroid on the SFR and ISM properties
of the simulated galaxies. To do so, we adopt the dynamics-dependent star formation model
and simulate a suite of ten isolated galaxies that systematically surveys a two-dimensional
parameter space of bulge properties. This space spans a factor of three in bulge mass (from
30-90 per cent of the initial stellar mass in the bulge component) and also in bulge scale
radius (from 1-3 kpc). We also include a bulgeless galaxy, so that the final suite ranges
from disc-dominated to spheroid-dominated galaxies. All galaxies have a gas fraction of
5 per cent, appropriate for Milky Way-mass galaxies at z = 0 (e.g. Saintonge et al., 2017}
Catinella et al., 2018). Our results can be summarised as follows.

1. Spheroids drive turbulence and increase the gas velocity dispersion, virial parameter, and
turbulent pressure towards the galactic centre. The strengths of these effects depends on
the bulge mass and radius. More compact (smaller Ry,) and more massive (larger M)
bulges tend to drive more turbulence. The radial range across which the ISM properties
change is the largest in galaxies with the most massive bulges.
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2. As a result of the above changes to the ISM, a stellar spheroid stabilises the ISM of its
host galaxy. Thanks to the increased shear velocities, the gas velocity dispersions are
elevated, which together prevents the gravitational instability of the gas reservoir and
suppresses fragmention, thereby also preventing the disruption of the ISM by stellar
feedback. This leads to the build-up of a smooth disc of molecular gas around the
centre of the galaxy. The smoothness and spatial extent of this disc increases for more
bulge-dominated galaxies.

3. As a result of the high virial state and the suppression of fragmentation, star formation
is dynamically suppressed in the centres of the simulated galaxies hosting a bulge
component. This leads to a flattening of the spatially-resolved star formation relations
in these systems, because the gas surface density typically increases inwards.

4. In bulge-dominated systems, the dynamical suppression star formation in the centres
leads to a measurable galaxy-integrated decrease of the SFR. In our simulations, the
factor by which the global SFR is suppressed is up to a factor of ~ 5. This drives
an offset from the main sequence of star forming galaxies. As a result, galaxies with
dominant spheroids populate the green valley and reach into the red cloud of quenched
galaxies. This offset from the main sequence increases towards larger stellar surface
densities of the bulge, clearly highlighting the impact of the gravitational potential.

5. We argue that the ‘dynamical suppression’ of the SFR in galaxy spheroidsﬂ is capa-
ble of significantly affecting the global SFR and the subsequent evolution of galaxies,
presumably most strongly for those with low (< 5 per cent) gas fractions. This form
of ‘quenching’ proceeds without expelling the gas by feedback from massive stars or
active galactic nuclei, but by dynamically stabilising the gas reservoir and rendering it
quiescent.

6. Following from these results, the SFR of galaxies is not exclusively set by the balance be-
tween accretion and feedback, but carries an important dependence on the gravitational
potential. This dependence can dominate at the low gas fractions that characterise
early-type galaxies and the bulges of late-type galaxies.

We demonstrate that the gravitational potential plays an important role in regulating
star formation in spheroid-dominated galaxies, and is capable of dynamically quenching star
formation in these systems. Including a dependence on gas dynamics in the sub-grid star
formation model is crucial to fully model this effect in simulations of galaxy formation and
evolution. However, as the comparison of our simulations to observations shows, even in
spheroid-dominated systems there exists considerable scatter around the relation between
decreasing SFR with the stellar surface density of the spheroid. This implies that additional
physical quantities, such as the gas fraction, are similarly relevant in setting the galactic
SFR. This leaves important avenues for extending our analysis and improving the predictive
power of these simulations.

5This terminology is preferred over ‘morphological quenching’, which skips the dynamical step that we
find to be crucial.
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Abstract

Recent simulations predict that the dynamical suppression of star formation in a spheroid-
dominated galaxy is preceded by the suppression of fragmentation in its interstellar medium.
The density power spectrum is a powerful tool to constrain the degree of fragmentation
within a gas reservoir. Specifically, it can answer the question whether the shear induced by
a dominant spheroidal potential can induce enough turbulence to suppress fragmentation
alongside the star formation, or if there is a different source of turbulence responsible
for the smooth central gas discs observed. In this chapter we compute surface density
power spectra for the nuclear gas reservoir of ten isolated galaxy simulations and twelve
galaxies observed as part of the mm-Wave Interferometric Survey of Dark Object Masses
(WISDOM) project. Both simulated and observed galaxies range from disc-dominated
galaxies to spheroids, varying more than an order of magnitude in central stellar surface
density, which is a tracer of bulge dominance. We find that for the simulations, the power
spectra steepen with increasing central stellar surface density, thereby clearly linking the
suppression of fragmentation to the shear-driven turbulence induced by the spheroid. By
contrast, the WISDOM observations show a different (but potentially consistent) picture:
no clear trend is visible between power spectrum slope and central stellar surface density,
but the WISDOM power spectrum slopes correlate with the central gas surface density.
This implies that the potential of the gas rather than the stars might control the driving
of turbulence in the real-Universe spheroids.

3.1 Introduction

It remains an open question how galaxies become quiescent and cease their star formation
activity while retaining a molecular gas reservoir. Empirically, the global star formation
rate (SFR) of galaxies is proportional to the surface density of their gas reservoir (e.g.
Kennicutt, [1998b} Bigiel et al., 2008; de los Reyes and Kennicutt, 2019). However, these
relations are based on late-type, star-forming galaxies. By contrast, the ~25 per cent
of early-type galaxies (ETGs) which host molecular gas (e.g. Young et al., [2011; Davis
et al., 2019) exhibit a suppressed SFR despite hosting similar gas reservoirs (Davis et al.,
2014)). A similar behaviour is seen in the central, bulge-dominated region of the Milky Way
(Longmore et al., 2013; Kruijssen et al., [2014). Additionally, there is some evidence for
intermediate redshift early-type galaxies that are quiescent despite hosting molecular gas
reservoirs (Suess et al., 2017; Williams et al., 2021)).

In recent years, the ‘dynamical suppression’ of star formation (also known as ‘morpho-
logical quenching’ﬂ Martig et al., 2009)) has emerged as a viable pathway to quiescence in
bulge-dominated galaxies (e.g. Martig et al., 2009, |2013; Gensior et al., 2020; Kretschmer
and Teyssier, 2020; Gensior and Kruijssen, 2021). Dynamical suppression describes the
process where shear, induced by the spheroidal component of the gravitational potential,

1For the remainder of this chapter we will exclusively use the term dynamical suppression, since the
galactic dynamics play a crucial role in the suppression and quenching, whereas to morphological quenching
places all emphasis on the presence of a bulge.



The WISDOM of Power Spectra 69

drives turbulence in the gas, thereby stabilising it and suppressing star formation. Although
dynamical suppression requires low gas fractions to be effective (Martig et al., 2013} Gensior
and Kruijssen, 2021)), it offers a compelling explanation for the suppressed star formation
activity observed in ETGs with gas reservoirs.

A key step within the dynamical suppression of star formation is the (dynamical)
suppression of fragmentation. Gensior et al. (2020) simulated ten isolated galaxies with
identical stellar mass, but morphologically ranging from disc galaxy to spheroid. The
galaxies with dominant bulges formed a smooth, dense circumnuclear gas reservoir that
increased in size with increasing central stellar surface density (p., a tracer for the domi-
nance of the spheroidal component). These look remarkably similar to the molecular gas
reservoir observed in the lenticular galaxy NGC 0383 (North et al., [2019). By comparison,
the interstellar medium (ISM) of the low p, galaxies in the Gensior et al. (2020) sample is
porous, sub-structured and clumpy throughout the entire galaxy. This is more comparable
to spiral galaxies, such as e.g. M33 (Koch et al., |2020) or those within the PHANGS
sample (e.g Leroy et al., 2021allb). Gensior et al. (2020) attribute the visual suppression
of fragmentation to the shear-driven turbulence, but do not investigate it further. In this
chapter we wish to quantify the effect the gravitational potential and galactic dynamics
have on the gas reservoir of a galaxy and its turbulent state. To do so, we turn to an ISM
statistic that has been used numerous times to analyse turbulence in galaxies: the spatial
power spectrum of the ISM.

The power spectrum encodes information on the nature of the turbulence (e.g. Elmegreen
and Scalo, 2004). For example, the slopes of the density and velocity power spectra can be
used to distinguish whether the turbulence in incompressible (Kolmogorov, |1941), or com-
pressible (e.g. Burgers, |1939; Fleck, |1996) and whether the turbulent forcing is solenoidal
or compressive (e.g. Federrath, 2013; Nandakumar and Dutta, 2020, for an application
to a spiral galaxy). Power spectra have been extensively studied for regions within the
Milky Way (e.g. Crovisier and Dickey, 1983; Green, |1993; Stutzki et al., (1998} Lazarian and
Pogosyan, [2000; Miville-Deschénes et al., 2003, Swift and Welch, 2008; Miville-Deschénes
et al., [2010; Martin et al., [2015; Pingel et al., |2018]). Over the last two decades this has
been extended to external galaxies such as the Magellanic Clouds (e.g. Stanimirovic et al.
(1999)) for the Small Magellanic Cloud and Elmegreen et al. (2001) and Block et al. (2010)
for the Large Magellanic Cloud, see also Koch et al. |2020) and nearby spirals (e.g. Dutta
et al., 2013)) and dwarfs (e.g. Dutta et al., 2009a; Zhang et al., 2012).

Crucially for our purpose, the density power spectrum is very sensitive to the morphology
of the tracer (Koch et al., 2020). Specifically, the absence of fragmentation shifts power
from the smaller to the larger spatial scales (Renaud et al., [2013; Grisdale et al., 2017)).
Therefore, a suppression of fragmentation in the data will be visible as a steep power
spectrum. However, there is some debate surrounding the shape (and slope) of extragalactic
power spectra. Some studies find that their data is better represented by a broken power
law (e.g. Dutta et al., |2009a; Block et al., 2010; Combes et al., 2012) where the small
scale power law has a steeper slope than the large scale one. This break in the power
spectrum is hypothesised to indicate the transition from three dimensional turbulence on
small scales to two dimensional turbulence on the large scales, the location of the break
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coinciding with the scale height of the galaxy (e.g. Dutta et al., 2009a)). Yet, a break in the
power spectrum is far from ubiquitous (e.g. Stanimirovic et al., [1999; Dutta et al., 2009b;
Zhang et al., 2012; Dutta et al., 2013; Koch et al., 2020)). Recently, Koch et al. (2020)
found evidence that the break could be an artefact from not accounting for the shape of
the point spread function of the data and can otherwise result from a bright, dominant
source (see also Willett et al., 2005). Similarly, different methods of calculating the power
spectrum (in particular, whether the uv-plane visibility (e.g. Begum et al., [2006) or the
zeroth moment, surface density map is used in the computationEI) and different tracers
(e.g. Combes et al., 2012; Koch et al., 2020} and references therein) can yield very different
results for the power spectrum slope(s). The above might imply that the density power
spectrum is a poorly constrained probe for ISM turbulence, at least when considering whole
galaxies. However, given its sensitivity to the morphology of the gas and especially when
taking care to systematically apply the same procedure to the simulations, the density
power spectrum should be a good tool to quantify the impact of the gravitational potential
on the turbulence within the galaxy. If the visually smooth, circumnuclear gas reservoirs of
the bulge-dominated galaxies are the result of shear-driven turbulence, we expect to see a
continuous steepening of the power spectrum slope going from the disc-dominated galaxies
with a porous and sub-structured ISM to the bulge-dominated ones.

Given the close visual agreement between the Gensior et al. (2020]) smooth circum-
nuclear gas reservoirs and those of ETGs like NGC 0383, we wish to compare the power
spectrum findings from the simulations to observations. To do so, we turn to the mm-Wave
Interferometric Survey for Dark Object Masses (WISDOM; e.g. Onishi et al., 2017) project.
The primary aim of WISDOM is to accurately measure the mass of each galaxy’s central
super-massive black hole (SMBH) using the gas dynamics. As a result we have exquisite,
high-resolution CO maps of the circumnuclear gas reservoir in a variety of different galaxies,
ranging from late- to early-types. This makes WISDOM the ideal comparison sample for
our purposes.

This chapter is structured as follows: In Section [3.2] we give an overview of the Gen-
sior et al. (2020) simulations and WISDOM observations used, as well as our method of
obtaining the density power spectrum. The power spectra of simulations and observations
are presented in Section [3.3] and their trends are discussed in Section [3.4] Finally, we
summarise our findings and conclude in Section [3.5]

3.2 Methods

3.2.1 Simulations
3.2.1.1 Simulation Set-up

We analyse the ISM morphologies of the isolated galaxies presented in Chapter [2| (Gensior
et al., 2020) that were simulated with a dynamics-dependent star formation efficiency

2For example, the measured slope for NGC 628 ranges from 1.6 (Dutta et al., 2008, visibility method),
to 2.2 (Walker et al., [2014), to 2.6 (Grisdale et al., 2017)), the latter both obtained from surface density
maps. See also the discussion for DDO 210 in Zhang et al. [2012|
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Figure 3.1: Gaussian-smoothed and regridded surface density projection for the central
gas reservoir of each simulation considered in this chapter, 600 Myr after the start of the
simulation. The bulge mass of the simulations in the columns increases from 30 per cent
on the left to 90 per cent on the right, while the bulge scale radius decreases from top to
bottom. Each map has an extent of 2.25 kpc a side and the purple circle in the bottom left
corner indicates the size of the Gaussian beam. The central regions of the bulge-dominated
galaxies (bottom right) are much smoother and devoid of sub-structure, compared to the
clumpy ISM found in the central regions of the disc-dominated simulations (top left).
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(SFE). We briefly describe the initial conditions and simulation physics below, but refer
the reader to Section for a more complete description.

The suite comprises of ten simulations, where each isolated galaxy consists of a gaseous
and stellar component within a Hernquist (1990) dark matter halo. In all cases excepting
one (run no_B), the stellar contribution is split into an exponential disc and Hernquist
(1990) bulge component. The total initial stellar mass is fixed at M, ~ 4.71 x 10'° Mg,
but we vary the mass fraction of the bulge component from 30 — 90 per cent and its scale
radius from 1 — 3 kpc between the simulations to create a range of different gravitational
potentials. All galaxies are initiated with a gas-to-stellar mass ratio Mgas/M, = 0.05,
in good agreement with the gas fraction of massive galaxies in the local Universe (e.g.
Saintonge et al., [2017) and within the upper range of early-type galaxies (Young et al.,
2011)).

The simulations are performed with the moving-mesh code AREPO (Springel, 2010;
Weinberger et al., |2020), which treats stars and dark matter as Lagrangian particles, while
the hydrodynamics are solved on an unstructured mesh in form of a Voronoi tessellation.
Gravity is solved in a tree-based scheme and we use an adaptive gravitational softening
approach (Price and Monaghan, 2007)) for optimal gravitational resolution. With a mass
resolution of ~ 1 x 10* M, for gas and stars, and a resolution of ~ 1 x 10° My, for the
dark matter, we fix the minimum softening length at 12 pc for gas and stars and 26 pc for
dark matter, respectively. This ensures that the gas is well resolved at our star formation
density threshold nipesh = 1 cm™ and beyond.

Star formation is modelled using the Katz (1992) parametrisation for the star formation
rate pgpr = egply ! where eg is the star formation efficiency per free-fall time, p the density
and tg = /37/32Gp the free-fall time of the gas. We introduce a dependence on the gas
dynamics using the virial parameter, avir, dependent star formation efficiency of Padoan
et al. (2012} 2017):

e = 0.4 exp(—1.6a22). (3.2.1)

vir

This dynamics-dependent star formation efficiency reproduces the observed suppressed
star formation rates in early-type galaxies (Gensior et al., [2020; Kretschmer and Teyssier,
2020), but converges to the Kennicutt (1998b) relation for late-type or gas-rich galaxies
(e.g. Semenov et al., 2016; Gensior and Kruijssen, 2021J).

The virial parameter is calculated from a cloud-like overdensity around each star-forming
gas cell using the algorithm presented in Gensior et al. (2020)). Apart from a minimum
density threshold of ninesn = 1 cm™2, the gas must also be cooler than 1 x 10° K to
be eligible for star formation. We model the thermal state of the gas using the Grackle
chemistry and cooling libraryﬂ (Smith et al., 2017) with the six species chemistry network
enabled. Tabulated atomic metal line cooling at solar metallicity and heating from the
interstellar radiation field using the Haardt and Madau (2012)) UV-background are included
as well.

We consider feedback from massive stars in the form of type II supernovae (SNe). These
are modelled using the mechanical feedback formulation (Hopkins et al., 2014; Kimm and

3https://grackle.readthedocs.io/
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Cen, |2014): Numerically the energy, mass and metals injected by each SN are distributed
to the 32 nearest neighbours using an SPH kernel. We assume one SN per 100 M, of stellar
mass formed (Chabrier, 2003} Leitherer et al., 2014), where each SN injects 1 x 10°!ergs™!
of energy and ejects 10.5 Mg, of mass and 2 Mg, of metals into the surrounding medium. The
SN are detonated with a delay time of 4 Myr, towards the upper end of the range recent
observations of feedback disruption timescales show (Kruijssen et al., 2019a; Chevance
et al., |2020alb)).

3.2.1.2 Obtaining Gas Surface Density Maps

Gas surface density maps for each simulation snapshot are created using the ray-tracing
functionality within AREP O. The primary focus of this work is to analyse the circum-
nuclear gas disc in galaxies, therefore we create maps that focus on the central 2.25 kpc
of each simulated galaxy. This is comparable in extent to the larger WISDOM maps,
e.g. that of NGC 0383. Each gas surface density map is computed by integrating the
densities of gas cells that fall within each pixel from 1 kpc below to 1 kpc above the galactic
mid-plane. The pixel size of our original map is 1.2 pc per pixel, comparable to the size of
the densest Voronoi cells. It is chosen to ensure that all structure is sufficiently resolved.
In order to make this more comparable to the observations, we smooth each map with a
Gaussian kernel that has a full width at half maximum (FWHM) of 43 pc, comparable
to the geometric average of the NGC 0383 beam. Following the smoothing, each map is
regridded to a coarser resolution of 10.8 pc/pix while conserving the surface density.

Although we use NGC 0383 as a point of reference, we have tested the resolution
dependence of our results using different beam sizes and find that it does not qualitatively
affect our conclusions. Additionally, we have created mock radio interferometer observations
of the simulations using the KINematic Molecular Simulation (KinMS)E| tool (Davis et al.,
2013a, [2020a). Similarly to the resolution test, we did not find a qualitative difference in
the results between the projections and the KinMS maps. Therefore, we use the surface
density projections as described above and refer the interested reader to Appendices
and [B22] for a more quantitative discussion of these tests.

To ensure that we average over fluctuations due to cloud-scale rapid cycling (e.g. Krui-
jssen et al., 2019a; Chevance et al., [2020b)), we generate 8 surface density maps per simula-
tion, starting from the 300 Myr snapshot, when the gas disc has settled into equilibrium.
Subsequently a map is generated for snapshots separated by 100 Myr, approximately a
galactic dynamical time, until the end of the simulation at 1 Gyr. Figure [3.1] shows the
central region of each simulated galaxy, 600 Myr after the beginning of the simulation.
One can clearly see the aforementioned differences in ISM structure: the surface density
maps of the disc-dominated galaxies (top left panels) are dominated by dense clumps and
filamentary structure, whereas the surface density distribution in the bulge-dominated
galaxies (bottom right panels) appears very smooth, apart from the very bright central
spot.

“https://github.com/Timothy ADavis,/KinMSpy



Name Type Distance [Mpc|] log(Mp2/Mg) log(M./Mg) Rex ["]  log(ps/Mokpe=2) log(SFR/Mgyr—!) WISDOM

FRL 0049 -3.0 (Spiral] 86.7 [1] 9.6 9] 10.3 [1] 37 9.31 1.21 1] 1
NGC 0383  -2.9 (ETG) 66.6 [2] 9.1 [9] 11.6 [10]  16.23 [13] 9.40 16
NGC 0404 -2.8 (ETG) 3.06 [3] 6.7 9] 9.1 [11] 64 [14] 8.36 -2.60 [15] 17
NGC 0524  -1.2 (ETG) 23.3 [4] 7.9 |9] 11.0 [12]  23.66 [13] 9.33 -0.56 [12] 18
NGC 1387  -2.8 (ETG) 19.9 [5] 8.5 [9] 10.7 [12] 1572 [13] 9.51 -0.68 [12] 19
NGC 1574  -2.9 (ETG) 19.3 6] 7.1 9] 10.8 [12]  21.01 [13] 9.41 -0.91 [12] 20
NGC 4429 -0 8 (ETG) 16.5 [4] 7.5 |9] 10.8 [12]  48.84 [13] 8.81 -0.84 [12] 21
NGC 4501 3.3 (Spiral) 15.3 [4] 7.5 [9] 11.0 [12]  57.66 [13] 9.02 0.43 [12]
NGC 4826 2.2 (Spiral) 7.36 [4] 7.5 |9] 102 [12]  69.27 [13] 8.62 -0.71 [12]
NGC 5806 3.2 (Spiral) 21.4 [4] 8.5 [9)] 10.6 [12]  29.69 [13] 8.77 -0.03 [12]
NGC 6753 (Splral) 43.7 [7] 9.9 [9] 10.8 [12]  19.62 [13] 8.78 0.32 [12]
NGC 6958 -3 7 (ETG) 35.4 8] 8.2 [9] 10.76 [12]  11.8 [13] 9.48 -0.58 [12] 22

Table 3.1: WISDOM galaxies considered in this paper and their galaxy properties, the references for which are given in the
square brackets. Column 1 lists their names, column 2 their morphological type according to the HyperLEDA database. The

distance to each galaxy is listed in column 3, obtained from the Atlas3P survey (Cappellari et al., 2011a) where possible.

Molecular gas masses in column 4 are estimated from the moment zero maps as described in the text. The stellar mass is
listed in column 5, and like the star formation rates in column 8 taken from the zOMGS survey (Leroy et al., 2019) wherever
possible. The effective radius in the K-band is given in column 6 using the 2MASS (Skrutskie et al., [2006) estimate where
available. Column 7 lists the central stellar surface density (u.) of each galaxy, calculated from the stellar mass and effective
radius listed here. Finally, column 9 lists the WISDOM papers associated with each galaxy. References: (1) Lelli et al. (in

preparation) (2) Freedman et al. (2001), (3) Karachentsev et al. (2002), (4) Cappellari et al. (2011a), (5) Liu et al. (2002),

(6) Tonry et al. (2001), (7) Bogdan et al. (2017), (8) Marino et al. (2011), (9) this work, (10) Ma et al. (2014), (11) Seth
et al. (2010), (12) Leroy et al. (2019), (13) Skrutskie et al. (2006), (14) Baggett et al. (1998), (15) Thilker et al. (2010), (16)

North et al. (2019), (17) Davis et al. (2020b), (18) Smith et al. (2019), (19) Boyce et al. (in preparation), (20) Ruffa et al.

(in preparation), (21) Davis et al. (2018), (22) Thater et al. (in preparation).

®Hubble Space Telescope imaging of FRL 0049 reveals a disc and spiral arms, which in combination with a high gas fraction and SFR makes
it more likely that this is a late-type galaxy (Lelli et al. in preparation, see also Malkan et al., [1998] Mufioz Marin et al., [2007), despite the
HyperLEDA classification as ETG.
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3.2.2 Observational Data

The surface density (zeroth moment) maps of twelve galaxies from the WISDOM programme
form the observational side of our comparison. This sample comprises five late-type and six
early-type galaxies as well as one dwarf spheroidal, with a range of central stellar surface
densities. Table lists the selected galaxies and their associated properties. We calculate
the central stellar surface density as:

M,

- = 2.2
2n R (3.2.2)

[

where M, and R, are the galaxy’s stellar mass and effective radius respectively. To
keep this calculation as self-consistent as possible we use stellar masses from the z = 0
Multiwavelength Galaxy Synthesis (zOMGS; Leroy et al., 2019)) and K-band effective radii
from the Two Micron All Sky Survey (2MASS; Skrutskie et al., |2006) survey whenever
possible.

All WISDOM galaxies were observed with the Atacama Large Millimetre /submillimetre
Array (ALMA) in both a compact and extended set-up, such that the data in all cases are
sensitive to emission on scales up to ~11 arcsec. In ten galaxies of the sample the J = 2 to
J = 1 transition of 2CO was observed. For NGC 4429 and NGC 4826 the 12CO(3-2) line
has been observed instead. The raw ALMA data were calibrated using the standard ALMA
pipeline, as provided by the ALMA regional centre staff. Then the Common Astronomy
Software Applications (CAsA; McMullin et al., [2007) package was used to create the final
data cube, from which the zeroth moment map has been generated using a masked moment
technique. A more detailed description of the data reduction and calibration can be found
in the WISDOM project associated papers (Davis et al., 2017, 2018; North et al., [2019;
Smith et al., 2019; Davis et al., |2020b; North et al., |2021; Smith et al., [2021). We use
this zeroth moment map to estimate the gas mass as listed in Table 3.1} To convert from
temperature brightness units to surface densities, we assume a CO-to-Hy conversion factor
of aco = 4.8 Mg (K kms™1)"Ipc™2 a CO(2-1)/CO(1-0) intensity ratio of 0.8 as per Bigiel
et al. (2008)F and a CO(3-2)/CO(1-0) intensity ratio of 1.06 (Davis et al.,[2018). Table
details the properties such as the synthesised beam and pixel sizes for all galaxies in the
sample.

We show the moment zero maps of all galaxies we consider here in Figure Given
that the primary aim of the WISDOM project is to dynamically measure SMBH masses
in nearby galaxies, the resultant set of observed circumnuclear gas reservoirs is quite
heterogeneous. The sensitivity limit of the observations ranges from approximately 3
to 70 Mupc~2, while the resolution is similarly varied. Extent and morphology of the
circumnuclear gas reservoir also differ significantly between the twelve galaxies. FRL 0049,
NGC 1387, NGC 1574 and NGC 6958 appear to have a smooth distribution of gas, with the
density declining towards the outskirts of the gas disc. NGC 0383 and NGC 0524 appear
marginally more sub-structured than the aforementioned galaxies with faint rings in their

SPreviously analysed WISDOM galaxies are in better agreement with a line ratio of 0.8 (e.g. North
et al., 2019)), rather than the more recent 0.64 (den Brok et al., [2021)). Hence, we assume a ratio of 0.8 for
the entire sample.
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Figure 3.2: Moment zero maps of all WISDOM galaxies considered in this paper. The scale
bar in the bottom right gives and indication to the size of the visible circumnuclear gas
disc. A purple ellipse in the bottom left corner of each image shows the size of the beam.
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overall fairly smooth gas distribution. NGC 4429, NGC 4826 and NGC 5806 appear to
have multiple dense clumps in their circumnuclear discs, but the gas reservoir of the ETG
NGC 4429 is noticeably more smooth compared to the spiral or ring patterns visible in
the two LTGs. NGC 0524, 4429 and 6958 have holes in the centre of their gas distribution.
The origin of these holes is still unclear, although they might be caused by shear induced
by the central SMBH (Onishi et al., [2017; Davis et al., 2018; Smith et al., |[2019).

Visually, the circumnuclear gas discs shown in Figure [3.2] seem to largely follow the
prediction of Gensior et al. (2020) that a bulge-dominated galaxy with high central stellar
surface density will have a smooth inner gas reservoir. To quantify this, and to better
compare simulations and observations, we turn to computing surface density power spectra
for the entire sample.

3.2.3 Obtaining Power Spectra

The power spectra are computed using the python package TurbuStatm (Koch et al., [2019)).
The two-dimensional power spectrum is obtained by multiplying the Fourier transform
of the surface density map by its complex conjugate. In this work, we focus on the
one-dimensional power spectrum, which is generated by azimuthally averaging the two-
dimensional power spectrum of each map. To simplify the comparison between simulations
and observations, we only fit a single power law to each power spectrum:

P(k) = Ak™", (3.2.3)

where A is the amplitude of the power law and 8 the power spectrum slope. As discussed
in Section sometimes a broken power law provides a better fit to the data (e.g. Dutta
et al., |2009b; Grisdale et al., 2017) and we will discuss individual deviations from a single
power law in more detail in the Section

Individual bright emission regions are capable of dominating the power spectrum on
small scales to the extent that it induces a bump and break in the power spectrum (e.g.
Willett et al., |2005; Koch et al., 2020)). In our simulated sample, we observe the same
behaviour for all bulge-dominated galaxies. This effect is caused by the extremely dense
region at the centre of these galaxies. There, gas accumulates continuously because star
formation is suppressed and the simulations do not include AGN feedback, which could
remove (some of) the innermost gas reservoir (Gensior et al., 2020)). Therefore, we mask the
centre of all simulated galaxies using a cosine bell window functionlﬂ To keep the analysis
as consistent as possible, we similarly mask the centre of the WISDOM observations. The
central region masked for each WISDOM galaxy depends on the beam-size, i.e. the fraction
of the values tapered is a multiple of the relative beam size. To avoid contamination in the
power spectrum from Gibbs ringing, we additionally use a Tukey function with a = 0.1 to
taper the edges of all gas maps.

The fit to the power spectrum is limited by the beam size on the small spatial scales, and
by the spatial scale to which all flux has been recovered on the larger scales. Specifically, we

"https://turbustat.readthedocs.io/en /latest /index.html
8For more details on the centre masking we refer to Appendix



Name Position Angle [°] Inclination [°| beam size [* [2]] beam size [pc [2]] pixel size [] pixel size[pc] Sensitivity limit [Mgpc 2]
FRL 0049 30 95.9 0.216 x 0.160 90.72 x 67.37 0.020 8.41 43.92
NGC 0383 142 37.6 0.175 x 0.101 56.58 x 32.60 0.035 11.30 23.33
NGC 0404 37 20.0 0.078 x 0.037 1.16 x 0.56 0.020 0.30 55.33
NGC 0524 40 20.6 0.377 x 0.280 42.62 x 31.62 0.100 11.30 3.09
NGC 1387 64 35.0 0.455 x 0.384 43.21 x 36.52 0.100 9.50 8.95
NGC 1574 340 25.0 0.201 x 0.136 18.79 x 12.70 0.035 3.27 24.00
NGC 4429 93 66.8 0.178 x 0.141 14.23 x 11.27 0.050 4.00 32.05
NGC 4501 135 58.7 0.669 x 0.592 49.60 x 43.90 0.110 8.16 9.85
NGC 4826 100 99.5 0.211 x 0.160 7.52 x 5.71 0.040 1.43 44.37
NGC 5806 170 60.0 0.328 x 0.273 34.07 x 28.33 0.050 5.19 16.22
NGC 6753 30 31.0 0.222 x 0.088 46.82 x 18.63 0.030 6.34 59.53
NGC 6958 115 70.0 0.184 x 0.089 31.57 x 15.30 0.075 12.87 69.40

Table 3.2: Zeroth moment map related quantities for all WISDOM galaxies considered in this paper (name in column 1):
position angle, inclination, beam and pixel size (the latter both in arcsec and converted to physical sizes using the distances
in Table as well as the minimum surface density to which the observations were sensitive.

8L
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limit the fit to spatial scales larger than 3 x FWHMgauss/v/8 log 2, where the FWHMGauss
is the FWHM of the Gaussian smoothing kernel used on the simulations, or the geometric
beam average for the WISDOM observations. This means we avoid the contamination of
the power spectrum from beam effects and noise from pixelation (Koch et al., 2020).

3.3 Power Spectra
3.3.1 Simulations
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Figure 3.3: Surface density power spectra, computed on the snapshot 600 Myr after
starting the simulations. Each panel compares the effect of changing bulge radii (1-3 kpc)
at constant bulge mass, with the panels showing simulations with bulges containing 30, 60
and 90 per cent of the central stellar mass from left to right. The bulge-less galaxy is shown
with the 30 per cent mass bulges. In each panel a vertical, black, dashed line indicates the
smallest spatial scale considered for the fit, and the legend indicates the power law slope of
each fit. All galaxies have a similar amount of power, but individual spectra are vertically
offset from each other for visibility.

We first show example power spectra with the power law fit of Equation [3:2.3] for the
suite of simulations at 600 Myr in Figure[3.3] Power spectra are depicted as solid lines, with
the power law fit as a black, dashed line on-top. The shaded area around each line indicates
the standard deviation of the azimuthal power in the two-dimensional power spectrum
at any given spatial scale. This is assumed to be larger than the inherent uncertainty of
the maps (Koch et al., |2020). The vertical dashed line indicates the smallest spatial scale
considered for the fit. As detailed in Section smaller scales are too affected by the
beam to include them when fitting the power law.
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Name (B)  time variation (fit error) fit range [pc]
noB 1.84 0.09 0.11 83 — 1500
B M30 _R1 235 0.16 0.17 83 — 1500
B M30 R2 1.78 0.09 0.16 83 — 1500
B M30_R3 1.77 0.10 0.11 83 — 1500
B M60 R1 2.69 0.06 0.14 83 — 1500
B M60 R2 2.33 0.21 0.13 83 - 1500
B _M60 _R3 1.89 0.10 0.11 83 — 1500
B _M90 R1 2.59 0.08 0.20 83 — 1500
B _M90 R2 2.58 0.04 0.14 83 — 1500
B M90 R3 247 0.12 0.14 83 — 1500

Table 3.3: Results of the power law fit to the one dimensional power spectrum for all
simulations. Column 2 lists the time-averaged best-fit slope. The standard deviation on
the average over time is given in column 3, while column 4 shows the average uncertainty
on the power spectrum fit.

The panels in Figure represent the different bulge mass fractions of 30 (left), 60
(centre) and 90 (right) per cent. All simulated galaxies are well fitted by a single power
law within the uncertainties of the azimuthal average. In each panel, the power spectrum
slopes increase from the more extended (R}, = 3 kpc) to the more compact (R}, = 1 kpc)
bulges. The slopes also increase from left to right, demonstrating that a more massive
bulge with the same scale radius will result in a steeper power spectrum. This steepening of
the power law is expected from an increasing lack of fragmentation (Grisdale et al., [2017)).
The trend shown in Figure [3.3] quantitatively confirms the qualitative observation that can
be made from Figure Namely, that galaxies with more compact and massive bulges,
with higher central stellar surface density 4, host smooth central gas reservoirs in which
fragmentation is suppressed, compared to the disc-dominated galaxies that have a clumpy
and sub-structured ISM.

The power spectrum of the bulge-less galaxy is a mild outlier from the aforementioned
trend, in that it has a slope that is steeper than that of one low p., bulge-containing galaxy
even accounting for the uncertainty of the fit. However, it is also the galaxy with the highest
SFR of the sample (Gensior et al., 2020) and therefore receives the most SN feedback. The
feedback contributes to the turbulence experienced by the gas (e.g. Krumholz et al., 2018)
and will lead to a steeper slope in the bulgeless galaxy (see also e.g. Walker et al., 2014]).

Table [3.3] summarises the time-averaged results of the power spectrum fit for all simu-
lated galaxies. The trend seen in Figure that galaxies with higher u, have steeper power
spectra, holds true when averaged across 700 Myr, too. Next to the average slope, we quote
both the standard deviation on the slope average as well as the average error on the slope fit
for all simulations. For most of the sample, the variation in power spectrum slope over time
is comparable to the average error on the power law fit. Only the most bulge-dominated
galaxies have a noticeably smaller variation in slope over time. The larger time-variability
of the power spectrum slope for the galaxies with low p, and a clumpy ISM indicates
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Figure 3.4: Time-averaged slope of the power law fits to the simulations () as a function of
the galaxies central stellar surface density (u.). Error bars indicate the standard deviation
of the best-fit power law slope over time. As indicated by the Spearman rank coefficient in
the bottom right corner of the plot, there is a correlation between the slope of the power
spectrum and the central stellar surface density of a galaxy.

that these clumps are transient structures, whose number and distribution changes over
time leading to the variation in power spectrum slope. By contrast, the variation of the
best-fit slope over time is smaller in high u, galaxies which have a very smooth ISM. A
small variation in power spectrum slope over time is consistent with previous simulations
(Bournaud et al., [2010; Grisdale et al., 2017). Table also confirms that the average
power spectrum slope of the noB run agrees with that of the runs B_ M30_R3, B_M30_ R2
and B__M60_R3 within the variation over time or the error on the fit.

To be more quantitative in linking the galactic gravitational potential and the power
spectrum, we plot the power spectrum slopes as a function of central stellar surface density
for all simulated galaxies in Figure[3.4] There is a clear trend of increasing power spectrum
slope with increasing u*ﬂ We use the Spearman rank coefficient to assess the strength
and statistical significance of this correlation. To take into account the uncertainty on the
slopes (standard deviation over time), we perform 1000 Monte Carlo simulations assuming
that each point is well described by a Gaussian distribution. This allows us to quote both
rank coefficient and p-value with an uncertainty, as given by the average and 16th-to-84th

9Focussing on the three points with the highest central stellar surface densities, it appears as if the power
spectrum slopes might flatten at log(u./Mgkpc™2) > 8.75. As described in more detail in Appendix |B.3} we
have performed additional simulations of isolated galaxies which populate the 8.75 < log(u«/Mekpc™) <
9.3 space and add an additional point at log(u./Mgkpc™) ~ 9.45, to test this. Indeed, the additional
power spectrum slopes are consistent with a much shallower trend, if not a complete flattening, at high
central stellar surface densities. However, it is unclear whether this behaviour is physical in origin, or due
to the inherent resolution limit of the simulations, as well as other parameter choices. Interestingly this
flattening occurs at a slope of 2.6-2.7, which is close to the 2.66 expected of two dimensional Kolmogorov
(1941) turbulence. If physical, this could indicate that there is a limit to how much fragmentation can be
suppressed by shear before one reaches incompressible turbulence.
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percentile of the Monte Carlo simulation. A Spearman coefficient of r = 0.86f8:8; with
p= 0.004f8:88§ confirms that the correlation between § and central stellar surface density is
strong and statistically significant. This directly links the galactic gravitational potential to
the suppression of fragmentation via the power spectrum slope. It confirms that the shear
form a high u, potential does not only drive turbulence that suppresses star formation, but
also tears apart clouds, and suppresses fragmentation. This is a strong prediction from the
simulations to which we can compare the WISDOM observations.

3.3.2 Power Spectra of the Observations

Name B fit range [pc]
FRL 0049 3.02+0.09 148 — 3387
NGC 0383 2.70 £0.46 83 — 1518
NGC 0404 2.33+0.04 2 -163
NGC 0524 2.05+0.18 71 —1243
NGC 1387 2.12+0.10 70 — 944
NGC 1574 2.83+0.11 26 — 192
NGC 4429 2.33+0.22 24 — 809
NGC 4501 2.29+0.11 90 — 816
NGC 4826 2.78 +£0.22 9177
NGC 5806 2.69+0.29 60 — 1141
NGC 6753 2.81+0.13 57 — 2325
NGC 6958 2.75+0.44 42 — 692

Table 3.4: Power spectrum slope and fit error for all WISDOM galaxies, as well as the
spatial range across which the power spectrum was fitted with the simple power law.

Figure shows the individual power spectra of all the WISDOM galaxies considered
in this paper. All spectra are plotted on the same spatial scale, both to make comparison
easier and highlight the different spatial scales under consideration. Each panel contains
an inset image of the centre-masked zeroth moment map on which the individual power
spectrum was computed. The black, vertical, dashed line indicates the smallest spatial
scale which was considered for the fit, and the navy, dashed line shows the power law fit
to the power spectrum. We summarise the results of the 1D power spectra fits for the
WISDOM galaxies in Table

It is immediately apparent that only half of the galaxies (FRL 0049, NGC 0404, NGC
1387, NGC 1574, NGC 4429 and NGC 4826) are well described by a single power law. The
other spectra show very pronounced bumps and breaks. In NGC 0383, NGC 0524 and
NGC 5806 this is likely caused by the ring structures visible in the moment zero maps.
NGC 4501 remains dominated by its bright centre, which is the likely cause for the bump
in the spectrum at length scales of ~ 250 pc. Similarly, NGC 6753 possesses a very bright
central region sitting in a very low density region which is itself surrounded by a low density
gas disc with weak spiral arms. This likely gives rise to the complicated shape of the power



The WISDOM of Power Spectra

83

spatial scale |pc|

10% 10% 10! 100 10° 102 10 100 10 10? 10! 100
L 4 6_
¢ FRLOOAY | | NGC0383 |
g, 1% X
o ; i  + \
w* '-Qh..: 41
3_
4 —== 3.02(9) 2 -—- 27(5) 1t NGC0404
2_
1_,
21 11 1
0t
L 0] \|
0t —== 2.33(4)
ol 17
51 17 r
NGC0524 NGC1387 NGC1574
6+ b 31 1
8 ¥
o 54 wE 1] 55 e |
3 \\ 1 2 A‘rra#
4_. L
21 e 1 e 11 e 1
202) 1 41 21(1) § 2.8(1)
11 1
9 0
0 T i
_— 0t
o) —21
=
o
A~ 6 6 81
& NGC4501 A
5T o7 \
\
N
41 PG
31 51
o -—= 231 § 4] NGC4826
B 11 L3l e
11 e ] 7
0t 21
0. +4
—-== 23(2) —1} 14 === 238(2)
_1,
NGC5806 NGC6753 | NGC6958
61 ~ o
; \ ;!‘n**
2_
4, 4
-== 27(3) -== 28(1) \ ——= 2.7(4)
Lol 1
2.
2+ \M o0+
O,
0t —11
-3 -2 -1 0 -3 -2 —1 0 -3 -2 -1 0

log spatial frequency [pc™!]

Figure 3.5: Power spectra of the WISDOM galaxies, plotted the same spatial scales for
better comparison. The navy, dashed line shows the power law fit to each power spectrum,
with the legend in the individual panels quoting the slope of the fit. The dashed black
line in each panel indicates the smallest spatial scale which was considered for the fit. An
inset image shows the centre-masked moment zero map of each galaxy, on which the power
spectrum was computed.
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spectrum which shows multiple break points.

We recompute the power spectra of the observations, allowing for a break. Comparing
the Bayesian information criterion of the fits with and without a break yields only two
galaxies, NGC 4826 and NGC 5806, that are better fit by a broken power law. A break
in the density power spectrum is thought to indicate the scale height of the gas disc, as
turbulence transitions from three-dimensional turbulence on small scales to two-dimensional
turbulence on large scales (e.g. Dutta et al., 2009a)). The break scale for NGC 4826 is at
27 pc, which would imply that it is an extremely thin gas disc. Scale heights of 31 + 8 and
33+ 8 pc have been measured for NGC 5907 and NGC 4565 respectively (Yim et al., 2014),
but CO scale heights of ~100-200 pc are more common (Wilson et al., 2019)). However, 27
pc approximately matches the size of the dense clumps visible in the zeroth moment map,
which can plausibly cause the break. The break in NGC 5806 occurs at 190 pc and could
be linked to the scale height. Alternatively, the fit might still be affected by the prominent
ring structure.

In Figure [3.6] we show the WISDOM galaxies power spectrum slopes as a function of
their central stellar surface density. Contrary to the clear trend seen in for the simulations
in Figure the slopes of the observed galaxies are much more scattered with respect to fiy.
For example, FRL 0049 has the steepest power spectrum with a slope of 3.02, while NGC
0524 has the shallowest with a slope of 2.05, but both galaxies have a central stellar surface
density of log (s /Mgkpc™2) ~ 9.3. Discrepancies between the slopes of other galaxies with
similar central stellar surface densities are somewhat smaller, like 0.45 between NGC 4429
and NGC 5806 or 0.63 for NGC 1387 and NGC 6958, but nonetheless a clear deviation
from the prediction of the simulations. There is a very shallow decreasing trend of power
spectrum slope with the central stellar surface density for these WISDOM observations,

but it is not statistically significant. Neither for the whole data set (r = —O.lOfg%g,
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Figure 3.6: Slope of the power law fits to power spectra of the WISDOM galaxies as a
function of central stellar surface density (). The error bars indicate the error on the
power spectrum fit. There is no correlation between the slope of the power spectra and the
central stellar surface density of the galaxies.
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p = 0.64Jj8:§g), nor for the sub-set of spiral galaxies (r = 0.07f8228, p = O.72Jj8éi) or

ETGs (r = O.lOfgé% with p = 0.71f8:%§). This could in part stem from the unsuitability
of some observations to fitting a single power law to their power spectrum. Alternatively,
it could imply that the flattening seen for the simulations at high . is physical, with the
observations scattering around the part of parameter space in which it occurs. We will
discuss this behaviour in more depth in Section However, before doing so we wish
to investigate whether the power spectrum slopes of the WISDOM galaxies are correlated
with other physical quantities.

3.4 Discussion

3.4.1 Correlations with the Slopes of WISDOM Power Spectra?

In an attempt to find the underlying driver of turbulence in the observations, we have
tested the correlation between the power spectrum slope and a large number of properties.
Some are observational (the beam size, the extent of the fit, the lower limit of the fit, the
sensitivity of observations), while others are properties of the galaxy (gas mass, extent of
the gas reservoir, central gas surface density, stellar mass, gas fraction, ratio of gas-to-stellar
extent, ratio of central gas-to-stellar surface density, SFR, specific SFR). The table listing
all Spearman rank coefficients and the corresponding p-values can be found in Appendix[B.4]
If we define p < 0.1 as statistically significant, we find a single correlation (with central
gas surface density) for the observations. This, as well as some other properties of interest
will be discussed in more detail in the following subsections.

3.4.1.1 Sensitivity of the Observations
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Figure 3.7: Slope of the power law fits to the power spectra of the WISDOM galaxies as a
function of the sensitivity limit of the observations. The points are colour-coded by their
central stellar surface density, p., and the error bars show the uncertainty on the power
law fit. There is a trend between power spectrum slope and the sensitivity limit of the
observations, but it is not statistically significant.
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Firstly, we investigate what effect the sensitivity of the observations has on the slope
of the power spectra. Koch et al. (2020) highlight that observational effects can influence
the power spectrum, even on scales larger than the beam. With sensitivity limits that
differ by nearly two orders of magnitude, ranging from 3 (NGC 0524) to 70 Mgpc—2 (NGC
6958), it is worth examining whether this affects the power spectrum. Indeed, Figure
shows a trend between the minimum surface density of gas that the observations are
sensitive to and the slope of the resultant power spectrum. The power spectrum steepens
the lower the sensitivity. Furthermore, considering both spirals and particularly ETGs
individually, the galaxies with lower sensitivity but shallower power spectra are those of
the sample which have a lower central stellar surface density. This admits the possibility
that the relation between 8 and YXgas thresh might be masking an underlying trend between
the power spectrum slopes and p,. This correlation has a Spearman rank coefficient of
r = 0.49701% and a p = 0.16701%, making it statistically not significant. To test if our
results were affected, we have performed the observational analysis with all zeroth moment
maps clipped to a surface density limit of 70 Mupc™2, to mimic uniform sensitivity. This
crude approximation had a negligible effect on the relation between power law slopes and
central stellar surface density shown in Figure [3.6] Despite that, we advise to be mindful
of this when comparing power spectra of a heterogeneous set of observations.

3.4.1.2 Gas Fraction

Dynamical suppression has a strong dependence on the gas fraction of galaxies (Martig
et al., 2013; Gensior and Kruijssen, 2021). Additionally, Gensior and Kruijssen (2021)
demonstrate that the morphology of the circumnuclear gas reservoir can be strongly affected
by the gas-to-stellar mass ratio of the galaxies. At fixed (high) central stellar surface density,
the smooth circumnuclear gas disc decreased in extent until finally becoming porous and

9.50
g 30 1 =
S + 9.257
Z 2.
E95 ] =
= 9.00 &
5 + ) =
Q ~
7ol | BE 3
@ . -
2 Jr=02701 " Spirals [lts50 &
= (043702 o LETGs
1517 o e e 8.25
-3 —2 ~1

log fyas

Figure 3.8: Slope of the power law fits to the power spectra of the WISDOM galaxies as
a function of the molecular gas-to-stellar mass ratio, fgas. The points are colour-coded by
their central stellar surface density, us, and the error bars show the uncertainty on the
power law fit.
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sub-structured like the rest of the ISM for gas-to-stellar mass ratios ranging from 1 to
20 per cent. For simplicity we have restricted ourselves in this study to the analysis of
the Gensior et al. (2020) simulations with a constant gas-to-stellar mass ratio, but the
observed galaxies have a range of gas fractions. Therefore, we investigate the molecular
gas-to-stellar mass ratio of the WISDOM galaxies in relation to their power spectrum slopes
in Figure |3.8] with the points colour-coded by their pu.. However, as evidenced by the
Spearman rank coefficient of r = 0.27f8:%§ with a p = 0.43f8:g% we do not find a trend of
statistical significance. There is also no uniform secondary trend in which the steeper slopes
correspond to galaxies with higher pu., in contrast to the prediction from the simulations.

3.4.1.3 Specific Star Formation Rate
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Figure 3.9: Slope of the power law fits to the power spectra of the WISDOM galaxies as a
function of the specific star formation rate (sSFR). The points are colour-coded by their
central stellar surface density, p,, and the error bars show the uncertainty on the power
law fit.

The SFR is another quantity of interest as one of the primary drivers of feedback
and thus turbulence. Here we examine whether there is a correlation between the power
spectrum slope and the specific SFR (sSFR, the SFR normalised by the stellar mass of a
galaxy) of the eleven WISDOM galaxies for which SFRs have been measured. Figure
shows that there is no trend between the power spectrum slope and the sSFR of a galaxy.

This is affirmed by a Spearman coefficient of r = 0.37Jj8&§ with p = 0.30f8:%§.

3.4.1.4 Central Gas Surface Density

We now examine the central gas surface density, figas, which we calculate like p, in Equa-
tion [3:2.2 We use the molecular gas mass from Table [3.I] and estimate the half-light radius
of the gas as the radius of a circle placed on the centre of the zeroth moment map that
includes half of the total measured emission. Figure[3.10[shows the power spectrum slope as
a function of pgas, as in previous plots colour-coded by p4. The observations show a trend
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Figure 3.10: Slope of the power law fits to the power spectra of the WISDOM galaxies as
a function of the central molecular gas surface density, jigas. The points are colour-coded
by their central stellar surface density, u, and the error bars show the uncertainty on
the power law fit. There is a trend that might be statistically significant between power
spectrum slope and central gas surface density.

of steeper power spectra with increasing central gas surface density. This correlation has
a rank coefficient of r = 0.65f8:%$ with p = 0.06f8:82, making it (marginally) statistically
significant. This correlation implies that the central concentration of gas is more important
in setting the ISM physics than its relative abundance with respect to the stars or the stellar
potential. However, the differences in the sensitivity of the observations (see Table and
Section , affect the trend found herﬂ Therefore, a large(r), more homogeneous
sample of observations is required to see whether this correlation between power spectrum
slope and central gas surface density holds. The simulations do not show any trend with
gas due to the small dynamic range of central gas surface densities, caused by the great

similarity of the flat surface density profiles in the inner kpc (see Figure in Chapter .

3.4.1.5 Ratio of Central Gas-to-Stellar Surface Density

Finally, we consider the dependence of the power spectrum slope on the ratio of central
gas-to-stellar surface density in Figure [3.11] There is a trend of steeper power spectrum
slopes with increasing central gas-to-stellar surface density. However, it is weaker than

the correlation with pge.s and not statistically significant (Spearman r = 0.51f8:£, p=

O.llfg:gg). Given the weak anti-correlation found between power spectrum slope and central
stellar surface density in Figure it likely may partially wash out the trend 8 and pgas.
This implies that for the WISDOM galaxies the potential of the gas determines the slope
of the power spectrum (and by extension the ISM turbulence). Conversely, the depth of
the stellar potential (and shear induced turbulence) seem to have a smaller effect on these

galaxies. This is highlighted by the fact that for every possible correlation discussed in this

0% clipping the observations weakens the trend and makes it statistically insignificant
(r = 0451513, p = 0.1975755).
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Figure 3.11: Slope of the power law fits to the power spectra of the WISDOM galaxies as a
function of the ratio between central molecular gas-to-stellar surface density, jigas/pi«. The
points are colour-coded by their u, and the error bars show the uncertainty on the power
law fit.

Section there are no uniform secondary trends with u, for galaxies with different
power spectrum slopes. Studying the velocity spectra of these galaxies could provide more
insight into the discrepancies of in density power spectrum slopes for galaxies with visually
similar discs and similar galactic properties, which we plan to do in a future study (Davis
et al. in preparation).

3.4.2 Differences between Observations and Simulations

Figure [3.12] combines Figure [3.4] and Figure [3.6] showing the power spectrum slopes of
simulations and observations as function of central stellar surface density. Shear induced
by a deep gravitational potential is the main driver of turbulence in the simulations, as
indicated by the trend of steeper power spectra as a function of u.. The observations with
central stellar surface densities in range 8.3 > log(u./M,kpc™2) < 8.8 largely follow the
simulated data. However, as pointed out in Section [3.3.2] instead of even steeper power
spectra or a flattening of the trend for WISDOM observations with larger central stellar
surface densities, the other eight galaxies are scattered in S — u, space with a shallow
decreasing trend. Nonetheless, they remain broadly consistent with the simulations. In the
remainder of this subsection, we wish to further discuss differences between the simulations
and the observations that could contribute to the more nuanced picture with larger scatter
of the observations.

It should be kept in mind that what we simulate are idealised galaxies in isolated boxes,
where the only difference between them is the distribution of the stellar matter. Thus their
only sources of turbulence are shear, (self-)gravity and SN feedback. The simulated galaxies
have not evolved over a Hubble time in a cosmological setting, i.e. never accreted gas from
the cosmic web, undergone mergers or interactions with other galaxies, and by construction
do not contain black holes. In contrast to that, all of the WISDOM galaxies host an SMBH,
which is active in some of them (e.g. FRL 0049, NGC 0383, NGC 6753). Although the
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Figure 3.12: Power spectrum slopes of the simulations (teal) and the WISDOM observations

(purple) as a function of central stellar surface density u.. Error bars signify the variation
over time (simulations) or the error on the fit (observations).

radio-jet of NGC 0383 does not appear to have an impact on the gas disc or velocity field
visually (North et al., [2019)), it is unclear whether it would affect the power spectrum. To
our knowledge, the impact of an active galactic nucleus on the power spectrum of a galaxy
has not yet been investigated. The SMBHs radius of influence tends to be comparable to
the lower spatial limit of the power spectrum fit, so its influence on the potential should
therefore have little bearing on our results. However, it remains difficult to estimate the
effect of the active SMBH on the power spectrum from the observations.

Cluster membership and related effects on galaxies can affect their power spectra:
Investigating the power spectrum of Virgo cluster galaxy NGC 4254, Dutta et al. (2010)
found that the power spectrum slope varies between different regions (inner vs. outer)
of the galaxy, which also affected the velocity integrated power spectrum. Dutta et al.
(2010) attribute this difference to galaxy harassment. As most of the WISDOM galaxies
presented here are members of a galaxy group or cluster, this could contribute to the
scatter in their power spectrum slopes and in the poor quality of the fit for some. It
is also important to capture the effect of galaxy interactions and cosmological evolution
in simulations, as evidenced by the density power spectrum slope comparison between
observations and simulations of the SMC. With a (large scale) slope of 1.7, Grisdale et al.
(2017)) find a much shallower power law for their simulated SMC than Stanimirovic et al.
(1999), who obtain a slope of 3.04 from HI observations. Grisdale et al. (2017) argue that
this discrepancy is the result of running an isolated galaxy simulation which lacks tidal
effects from galaxy interactions.

In short, while there is broad agreement between the simulations and the WISDOM
observations, the discrepancies are likely the result of several factors. The observational
heterogeneity (e.g. sensitivity, see Section could dilute the effect of the stellar
potential on the power spectrum slope, in combination with additional effects not captured
by the simulations. A larger, more homogeneous sample of observations might be able to
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address some of these issues. Similarly, high resolution cosmological zoom-in simulations
might be able to produce a more realistic comparison.

3.4.3 Comparison with the Literature
3.4.3.1 Simulations

Over the past decade, power spectra have been used to assess the necessity for and quality
of feedback models in simulations. Most of these show a break in the power spectrum on
scales of several tens of pc to 1 kpc (e.g. Bournaud et al., [2010; Combes et al., [2012; Renaud
et al., 2013 Walker et al., [2014; Grisdale et al., 2017 although the power spectrum break
in Renaud et al., 2013|is on a much smaller scale of around 1 pc). Unlike these, the power
spectra of our simulations are well described by a single power law, better comparable to
the two runs with less intense feedback of Walker et al. (2014). The (large-scale, in case
of broken power law fits) slopes range from 0.67 (Renaud et al., 2013)) to 4.5 (Pilkington
et al., 2011)), although they mostly range from 1.3 to 2.6 (Bournaud et al., 2010; Combes
et al., |2012; Walker et al., |[2014; Grisdale et al., |2017)) for runs with stellar feedback. This
is in good agreement with the slopes we find for the simulated power spectra here (1.8-2.7).
A trend in all aforementioned simulations in the literature is the steepening of the power
spectra in simulations with (more) feedback. This might seem counter-intuitive compared
to our result of steeper power spectra with increasing suppression of fragmentation and
therefore suppression of star formation and the subsequent feedback. However, there is
a simple explanation for this: Both strong feedback and the shear from the gravitational
potential have the same effect. The shear-driven turbulence shifts the power in the gas
from smaller to larger scales by suppressing fragmentation and the formation of GMCs.
Similarly, strong feedback destroys clouds more effectively thereby also shifting the power
from smaller to larger scales, steepening the power spectrum(e.g. Pilkington et al., 2011}
Walker et al., 2014). We also find some indication to the effect of feedback in our simulated
galaxies. Figure [3.4] shows that the bulge-less galaxy has a steeper power spectrum than
a couple of other low pu, galaxies. This is a direct consequence of its higher SFR (cf.

Figures and [2.15]).

3.4.3.2 Observations

A variety of tracers have been used in the study of extragalactic power spectra. However,
only M 31 (Koch et al., |2020) and M 33 (Combes et al., |2012; Koch et al., 2020), have
been previously analysed in CO. With slopes of 1.59 for M31 and 1.5 Combes et al. (2012)
or 0.91 Koch et al. (2020) for M 33, these are much shallower than those we find for the
WISDOM galaxies presented here. If the ISM turbulence is truly scale-free, then it should
not matter that the length scales considered are vastly different. The M 31 and M 33 data
ranges from hundreds of pc to several tens of kpc, whereas the circumnuclear gas reservoir
in some of our galaxies only spans a few hundred parsecs, and even in the most extreme
case the largest length scale considered is 3.4 kpc. However, like Koch et al. (2020), we find
that the morphology of the gas disc is important in determining the power spectrum slope
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and shape. With often only a small disc detected, it is therefore difficult to comparﬂ
Encouragingly Miville-Deschénes et al. (2010) and Pingel et al. (2018) find power spectrum
slopes of 2.7 when using dust and CO emission to study regions within the Milky Way,
which is in better agreement with the slopes of the WISDOM galaxies than Combes et al.
(2012) and Koch et al. (2020).

The power spectrum slopes of our galaxies are more comparable to those often observed
in HI, which tend to lie in the range of 1.5 to 3.0 (e.g. Dutta et al., 2009b; Zhang et al.,
2012, Dutta et al., 2013; Walker et al., 2014; Grisdale et al., 2017, Koch et al., 2020,
and references therein). This raises an interesting question, namely whether HI power
spectra of the WISDOM galaxies would be steeper or shallower than their CO counterparts.
Turbulent theory predicts that the molecular gas should have a steeper slope than the
atomic counterpart (Romeo et al., 2010), but Koch et al. (2020)) find that for M31 and
Ma33 the HI spectra are steeper. With the extremes of the HI power spectrum slopes at
0.3 Dutta et al. (2013) and 4.3 Zhang et al. (2012), both steeper and shallower HI power
spectra for the WISDOM galaxies would not be without precedenc@.

We do not see an indication for a ubiquitous break in the power spectrum that would
indicate a transition from turbulence in the plane of the galaxy to three-dimensional turbu-
lence at the scale height of the galaxy (e.g. Dutta et al., 2009a). Instead the morphological
features specific to the galaxies (such as rings) show up as bumps or wiggles in the power
spectrum. Only two galaxies would be better described by a broken power law. For NGC
4826 the break scale appears around the size of the bright clumps within the gas disc,
making it more likely that the break in the power spectrum indicates a transition from
turbulence in the large-scale ISM to the largest fragments. The break in NGC 5806 could
be around the disc scale height, but it might also be caused by the effect of the dominant
ring on the power spectrum. In general we find that the morphology of the gas is important
in determining the power spectrum shape, in good agreement with Koch et al. (2020)).

The lack of a correlation between the power spectrum slopes of the WISDOM galaxies
and their sSFR matches the current picture in the literature. Zhang et al. (2012) find a
tentative anti-correlation between SFR and power spectrum slope for their dwarfs with a
B-band magnitude lower than -14.5, but none for the entire sample. Similarly, Dutta et al.
(2009b)) see tentative evidence for a tentative correlation with the SFR in five dwarf galaxies,
but find only scatter for a larger sample of 18 late-type galaxies (Dutta et al., [2013). The
trend of steeper power spectrum slopes with increasing central gas surface density we find
for the WISDOM galaxies seems somewhat more controversial. On the one hand, Koch
et al. (2020)) argue that the shallow power spectrum they find for M 33 is caused by the
central concentration of CO within the inner 2 kpc. On the other hand, the behaviour of
the WISDOM galaxies matches what Walker et al. (2014) find for their simulations. There,
both of the galaxies with an exponential HI surface density profile have a steeper power
spectrum than the galaxy that evolved to have a flat HI surface density profile from the

HYWe see evidence from the simulations that including a larger region in the power spectrum fit leads to
a flattening of the power spectra, as more of the clumpy, sub-structured ISM is included.

2However, only 10 per cent of the ETGs in clustered environments show signatures of HI (e.g. Serra
et al., [2012), so HI power spectra are likely only possible for field ETGs.
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same initial conditions (Walker et al., 2014)).

Lastly, as previously highlighted by Koch et al. (2020]), we find that the observational
factors are important. The power spectrum slopes show a trend with the sensitivity of
our observations, which also affects the correlation with the central gas density we find
(through its impact on the measured gas masses). Even though beam size (map resolution),
inclination and surface density thresholds do not qualitatively affect the trend with central
stellar surface density displayed by the power spectra of the simulationﬂ they make a small
quantitative difference. Similarly the discrepancy in spectral index between smoothing the
simulated map with a Gaussian beam or a mock interferometric beanﬂ highlights how
sensitive the absolute value of the power spectrum slope is to how the data was taken and
the method of analysis. This makes it doubly difficult to compare results with(in) the
literature, and draw sound conclusions, as some discrepancies might be purely methodology
dependent (see also Zhang et al., 2012).

3.5 Summary and Conclusions

In this paper, we have analysed the density power spectra of the circumnuclear gas reservoir
in 10 isolated, simulated galaxies from Gensior et al. (2020) and 12 galaxies from the
WISDOM project (e.g. Onishi et al.,[2017), making it the largest sample of CO extragalactic
power spectra studied to date. The simulated galaxies range from disc galaxy to spheroid,
at a fixed gas to stellar mass ratio of 5 per cent. Their circumnuclear gas reservoir becomes
increasingly smooth with increasing p., as the bulge-dominance increases. The WISDOM
galaxies comprise a mix of late- and early-type galaxies, some of which have very sub-
structured, others very smooth gas reservoirs. We compute the azimuthally-averaged, one
dimensional power spectrum of the surface density, which is sensitive to the turbulent
forcing in the gas. Our findings are summarised below:

1. There is a strong correlation between the power spectrum slope (/) and the central
stellar surface density (p.) of the simulations. The power spectra are steeper in galaxies
with higher p, and smoother central gas reservoirs. This confirms that the shear induced
by the gravitational potential results in the dynamical suppression of fragmentation.

2. The flattening of the power spectrum slopes at log(u./Mgkpce™2) > 8.75 to a constant
value of 2.6-2.7 could be physical or an artefact caused by the inherent resolution of
the simulation and other parameter choices. If the flattening is physical, the close
correspondence with the slope of two-dimensional Kolmogorov (1941)) turbulence (2.66)
could indicate that high shear eventually drives incompressible turbulence.

3. Contrary to the simulations, the observations do not show a trend between power
spectrum slope and central stellar surface density as a whole, nor divided into sub-
samples of early- and late-type galaxies. However, the majority of the WISDOM galaxies
have log(p./Mokpc™2) > 8.75, power spectrum slopes scattering around the simulations

13For more details on these tests, please refer to Appendix
14Please refer to Appendix for more detail.
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where they show a flattening of 8 with p,. This could indicate that the flattening is
physical in origin. The large scatter in the observational slopes likely results from a
combination of physical effects not captured in the simulations which the power spectrum,
observational heterogeneity and different gas morphologies (e.g. rings and spiral arm
structure) affecting the quality of the power spectrum fit.

4. Out of all the properties we test for, we only find a (marginally) statistically significant
correlation between the power spectrum slope and the central gas surface density of the
WISDOM observations. Although this depends on the sensitivity of the observations,
this suggests that the potential of the gas, rather than the stellar gravitational potential
may shape the ISM and be the dominant driver of turbulence.

We demonstrate using isolated galaxy simulations that the shear and turbulence in-
duced by a spheroidal component that dominates the gravitational potential can suppress
fragmentation, resulting in a steep density power spectrum. The observations of 12 WIS-
DOM galaxies show a more nuanced picture, and their power spectrum slopes depend most
strongly on the central gas concentration. However, the heterogeneity of the observations
and the sometimes poor description of a galaxy’s power spectrum by a power law make it
difficult to make any strong statements. Velocity power spectra of the WISDOM galax-
ies could further elucidate the turbulent mechanisms and possible discrepancies between
galaxies with similar properties and different density power spectrum slopes. Power spectra
of a larger, more homogeneous sample of observations are required to firmly determine if
the tentative correlation we found in the WISDOM sample holds true (Gensior et al. in
preparation, for a similar study of the PHANGS sample of galaxies). In addition, high
resolution cosmological (zoom) simulations that resolve the cold ISM in sufficient detail
could shed more light on density power spectra from the theoretical side.
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Abstract

In simple models of galaxy formation and evolution, star formation is solely regulated by
the amount of gas present in the galaxy. However, it has recently been shown that star
formation can be suppressed by galactic dynamics in galaxies that contain a dominant
spheroidal component and a low gas fraction. This ‘dynamical suppression’ is hypothesised
to also contribute to quenching gas-rich galaxies at high redshift, but its impact on the
galaxy population at large remains unclear. In this chapter, we assess the importance of
dynamical suppression in the context of gas regulator models of galaxy evolution through
hydrodynamic simulations of isolated galaxies, with gas-to-stellar mass ratios of 0.01-0.20
and a range of galactic gravitational potentials from disc-dominated to spheroidal. Star
formation is modelled using a dynamics-dependent efficiency per free-fall time, which
depends on the virial parameter of the gas. We find that dynamical suppression becomes
more effective at lower gas fractions and quantify its impact on the star formation rate
as a function of gas fraction and stellar spheroid mass surface density. We combine the
results of our simulations with observed scaling relations that describe the change of galaxy
properties across cosmic time, and determine the galaxy mass and redshift range where
dynamical suppression may affect the baryon cycle. We predict that the physics of star
formation can limit and regulate the baryon cycle at low redshifts (z < 1.4) and high galaxy
masses (M, > 3 x 10'9 Mg), where dynamical suppression can drive galaxies off the star

~

formation main sequence.

4.1 Introduction

The past 10-15 years have brought major progress in understanding the scaling relations
describing the galaxy population. Star-forming galaxies are organised along the star forma-
tion main sequence (SFMS; see e.g. Noeske et al. 2007b; Peng et al. 2010), which is a tight
relation between galaxy mass and star formation rate (SFR). The main source of progress
has been the development of simple models describing the baryon cycle of galaxies as they
evolve over cosmic time. These models relate the galactic-scale processes of star formation
and stellar feedback to gas accretion onto dark matter haloes. A family of galaxy evolution
models referred to as ‘bathtub’ or ‘gas-regulator’ models (e.g. Finlator and Davé, 2008;
Bouché et al., 2010; Dekel et al., |2013} Lilly et al., [2013) do this by parametrising these
complex physical processes in simple, analytically-solvable equations. In these models, the
gas inflow onto a galaxy determines its properties and evolution. Star formation is solely
dependent on the presence of cold gas that is converted into stars with a constant efficiency,
as observed in most star-forming galaxies (e.g. Kennicutt, 1998b; Leroy et al., 2013). The
star formation rate is thus regulated by the balance between gas inflow and the stellar
feedback-driven outflow (Hopkins et al., 2011; Agertz et al., 2013]).

Gas-regulator models are particularly compelling, because they allow one to interpret
observational results and make predictions for the evolution of the galaxy population
without requiring sophisticated semi-analytic models or full hydrodynamic simulations. For
instance, they have been highly successful in reproducing and explaining scaling relations



When star formation drives the baryon cycle 97

relating to the chemical enrichment of galaxies, like the mass-metallicity relation (Lequeux
et al., |1979; Tremonti et al., 2004 or the mass-metallicity-SFR relation (Mannucci et al.,
2010). By contrast, the specific SFR (sSFR, the SFR normalised by the stellar mass of the
galaxy) is reproduced well by regulator models at redshift z > 3, but discrepancies arise
at lower redshifts (Dekel and Mandelker, |2014). Furthermore, gas-regulator models are
focused on the star-forming population of galaxies, and it is not clear how they extend to
the quiescent population of galaxies that are (in the process of being) quenched. Peng and
Maiolino (2014) suggest that this population could be accounted for by simply lowering
the value of the star formation efficiency, which is otherwise assumed to be constant.

In the gas-regulator framework, the quenching of galaxies is a direct result of no
longer hosting a reservoir of cold, molecular gas. This can be achieved through heating
by active galactic nuclei (AGN) or by expelling the available gas (see e.g. Bower et al.,
2006 Croton et al., 2006, Fabian, [2012; Lacerda et al., 2020). Gas supplies can also
be depleted through strangulation (Larson et al., 1980)) or halo quenching (Dekel and
Birnboim, |2006). In galaxy clusters or groups, galaxies can be quenched by external effects
removing the gas, such as ram pressure stripping (Gunn and Gott, [1972)) or harassment
(Moore et al., [1996)). However, it remains a major open question how galaxies quench
and remain quiescent while retaining (a substantial amount of) molecular gas (e.g. Davis
et al., |2014), especially in isolated galaxies that do not experience strong AGN feedback.
This cannot be accomplished through halo quenching on its own, because in that case
galaxies should remain star-forming until all their molecular gas is depleted, contrary to
the observations. Martig et al. (2009) proposed that a galaxy’s gaseous component may be
stabilised against gravitational collapse and star formation by the presence of a dominant
spheroidal component. This process was originally dubbed ‘morphological quenching’ and
has been put forward as a possible quenching mechanism in spheroid-dominated galaxies.
In this picture, the spheroid’s gravitational potential increases the shear experienced by
the gas, which in turn enhances its velocity dispersion and its Toomre (1964) @ parameter.
This prevents the fragmentation of the gas into dense clouds and subsequently suppresses
star formation.

Isolated, early-type galaxies in the local Universe exhibit SFRs per unit molecular gas
mass that are suppressed compared to late-type galaxies (compare Bigiel et al., 2008} Davis
et al., 2014). It has been proposed that morphological quenching is responsible for the
inefficient star formation in early-type galaxies (Martig et al., [2013; Davis et al., 2014).
Morphological quenching has also been invoked as a quenching mechanism at intermediate
redshifts of 0.6 < z < 1.2 for galaxies with compact central bulges (Kim et al., [2018]), and to
explain the existence of two gas rich post-starburst galaxies at z ~ 0.7 (Suess et al., [2017)).
Genzel et al. (2014) showed that the Toomre () parameter increases towards the centres of
galaxies at z~2 and interpreted this as an early sign of morphological quenching. Similarly,
a number of studies have related the SFRs of galaxies at z ~ 2—3 to their morphologies and
hypothesise that morphological quenching is at least partially responsible for the quiescent
galaxy population (e.g. Wuyts et al., 2011; Barro et al., [2013; Huertas-Company et al.,
2015; Barro et al., |2017).

In Gensior et al. (2020]), we set out to rigorously explore the phenomenological concept
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of morphological quenchingﬂ by running a suite of isolated galaxy simulations with a sub-
grid star formation model that relates the star formation efficiency to galactic dynamics via
a dependence on the virial parameter of the gas. The parameter space spanned by these
simulations ranges from disc galaxies to spheroids and was designed to assess whether a
dominant bulge component would be able to induce turbulence and suppress star formation
in the galaxy, for Milky Way-mass galaxies with a gas to stellar mass ratio of Mgas/M, =
0.05. In particular, we showed that the shear induced by the deep potential well of the bulge
can drive up the gas velocity dispersion sufficiently to render the gas supervirial, thereby
suppressing star formation in the central region. This tested and confirmed the hypothesis
of Martig et al. (2009) that the median velocity dispersion of the gas increases towards
the galactic centre in the presence of a bulge (Gensior et al., [2020). Both the increase in
velocity dispersion and the subsequent suppression of star formation are enhanced at higher
stellar surface densities (i), which is a proxy for the dominance of the bulge in the galactic
potential. This is consistent with the dearth of star formation observed in a post-starburst
galaxy with a gas fraction of 5 per cent by Suess et al. (2017) and also agrees with the result
of Kretschmer and Teyssier (2020), who found that dynamical suppression is sufficient to
quench a galaxy in a cosmological zoom-in simulation following a merger-driven starburst
and subsequent gas expulsion.

In the context of the aforementioned gas-regulator models, these results raise a critical
question: is there any part of the galaxy population for which the physics of star formation
can dominate the baryon cycle through dynamical suppression? If the answer is affirmative,
this would necessitate the extension of gas-regulator models with an environmentally-
dependent star formation efficiency, such that the SFRs of galaxies are not exclusively set
by their gas accretion rates.

There are suggestions in the literature that dynamical suppression is sensitive to the gas
fraction of the galaxy and ineffective if the galaxy has a large, or continuously replenishing
gas reservoir. For instance, Martig et al. (2013) only report a suppression of star formation
for their galaxy simulated with a gas fraction of 1.3 per cent, but not for their galaxy with
a gas fraction of 4.5 per cent. However, their simulations use a constant star formation
efficiency, which leads to galaxies with approximately the same SFR even if u, differs by
~ 0.7 dex. With this insensitivity to the galactic potential, simulations with a constant star
formation efficiency consequently do not accurately reproduce the observed star formation
suppression of spheroid-dominated galaxies (Gensior et al., [2020). None the less, it is
plausible that the dynamical suppression of star formation is only triggered below some
threshold gas fraction, where the gas no longer dominates the local gravitational potential.
Indeed, simulations with more sophisticated sub-grid star formation models yield similar
behaviour. Simulations of reionization with dynamics-dependent star formation indicate
that at extremely high redshift (z > 5.7), with gas fractions exceeding 50 per cent, the
time-averaged star formation rate remains unaffected by the build-up of a bulge component
(Trebitsch et al., 2017). Likewise, Su et al. (2019)) performed simulations of isolated

1We will exclusively use the term dynamical suppression from here onward, as the galactic dynamics are
a crucial component for the suppression and quenching, while morphological quenching places all emphasis
on the presence of a bulge.
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galaxies and found that continued accretion and cooling of gas from the hot circumgalactic
medium prevents the galaxies from quenching, even if the presence of a bulge causes a mild
suppression of star formation.

In this chapter, we investigate the impact of dynamical suppression on the galaxy
population across cosmic time. We wish to establish whether there exist any conditions
under which the physics of star formation represent the rate-limiting step in (and therefore
regulate) the baryon cycle and, if so, determine the galaxy mass and redshift range for which
this is predicted to occur. Therefore, we extend the parameter space covered in Gensior et
al. (2020)) by repeating our simulations of galaxies with different gravitational potentials for
a wide variety of different gas fractions. In Section we outline the numerical methods
used and introduce the simulations. The results are presented in Section In Section 4.4
we assess the impact of our results on the galaxy population by predicting at which galaxy
masses and redshifts dynamical suppression should affect the SFR in galaxies. Finally, we
summarise and discuss these results in Section

4.2 Simulations

All simulations analysed in this work were performed with the moving-mesh code AREPO
(Springel, 2010)). In AREPO, stars and dark matter are treated as Langrangian particles,
while the equations of hydrodynamics are solved on an unstructured mesh, created from a
Voronoi tesselation, with a second-order, unsplit Godunov solver. Gravitational interactions
are calculated using a tree-based scheme.

Treatment of star formation, cooling and feedback is the same as in Gensior et al.
(2020), which we briefly summarise here. The sub-grid model for star formation uses a
virial parameter (ayiy) based star formation efficiency per free-fall time (eg) as in Padoan
et al. (2012} 2017):

e = 0.4exp (—1.6a%2), (4.2.1)

vir

which we use to calculate the star formation rate density pgpr of a gas cell as
. P
PSFR — fotf. (422)
ff

Equation introduces a dependence on the gas dynamics into the Katz (1992) star
formation prescription of equation [£:2.2] which otherwise just depends on the gas density
p, both explicitly and through the free-fall time tg = /37/32Gp. The virial parameter
is calculated self-consistently using the density gradient based approach introduced by
Gensior et al. (2020)), where

o

- (4.2.3)

1/2 Vp
e pl/2’

vir 0
which is calculated exclusively using the gas properties. This approach effectively performs
an on-the-fly cloud identification by iterating over neighbouring gas cells until an overdensity
is identified, from which the velocity dispersion ¢ and subsequently the virial parameter
are calculated. For consistency with the simulations described in Gensior et al. (2020)), we
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Name My, [101°Mg] Ry [kpe]  fgas
B_M90 Rl fgl 124 1 0.01
B M90 Rl fg3 4.24 1 0.03
B M90 R1 fg5 4.24 1 0.05
B M90 Rl fgl0 4.24 1 0.10
B_M90 R1_fg20 4.24 1 0.20
B M60 R2 fgl 2.83 2 001
B_M60_R2 fg3 2.83 2 0.03
B _M60_R2 fgh 2.83 2 0.05
B_M60_ R2 fgl0 2.83 p 0.10
B_M60 R2 fg20 2.83 2 020
B_M30 R3 fgl 1.41 3 0.01
B M30 R3 fg3 1.41 3 003
B_M30 R3 fgh 1.41 3 005
B_M30_ R3 fgl0 1.41 3 0.10
B M30 R3 fg20 1.41 3 0.20

Table 4.1: Initial conditions of the simulations. Simulations are named by their bulge
component and gas fraction, i.e. prefix ‘B’, followed by the relative bulge mass (‘M X’ with
X the percentage of the total mass constituted by the bulge), the bulge scale radius (‘RY”
with Y the radius in kpc) and lastly the ratio of gas to stellar mass (‘fgZ’ with Z the ratio
multiplied by 100).

impose a minimum density threshold of 1 cm™ and a maximum temperature threshold of
1 x 10% K to define gas that is eligible for star formation. To model the thermal state of the
gas, we use the Grackle chemistry and cooling libraryﬂ (Smith et al., 2017), with the six
species chemistry network and tabulated atomic fine structure cooling at solar metallicity.
A constant Haardt and Madau (2012) UV-background is used to model heating due to the
interstellar radiation field. Feedback from star formation is included as mechanical feedback
from Type II supernovae (SNe) (Hopkins et al., |2014; Kimm and Cen, 2014). Each SN
injects 1 x 10°! ergs™! of energy and ejects 10.5 M, into the surrounding gas, of which
2 Mg are metals. Numerically, this is done by using a kernel to deposit the feedback to the
32 nearest neighbours, similar to Hopkins et al. (2014)). We assume one SN per 100 Mg
stellar mass formed (Chabrier, [2003; Leitherer et al., [2014) and a delay time of 4 Myr, in
line with recently observed feedback disruption times (Kruijssen et al., 2019a; Chevance
et al., |2020alb)), before detonation.

The initial conditions resemble those of the AGORA disc (Kim et al., 2016), and were
chosen from the parameter space surveyed in Gensior et al. (2020) (specifically, we adopt
and modify runs B_M30_R3, B_M60_R2 and B_M90_R1 from that work; see Chapter 2]
Table , to cover a range in different galactic potentials from disc-dominated galaxy
to spheroidal. Table lists all isolated galaxy simulations considered in this chapter.

Zhttps://grackle.readthedocs.io/
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All initial conditions were created according to the procedure detailed by Springel et al.
(2005a). Each isolated galaxy is initialised in a dark matter halo with a Hernquist (1990)
profile which has a concentration ¢ = 10, a spin parameter A = 0.04 and a circular velocity
Veire = 180 kms~!. The stellar component has a mass of M, ~ 4.71 x 1010 Mg and is
divided into a bulge and disc component. We also model the bulge with a Hernquist (1990)
profile, while the disc is described by an exponential radial profile and a sech? profile in the
vertical direction. The defining parameters of the bulge profile are varied between different
initial conditions, from 30—90 per cent of the initial stellar mass for the bulge mass Mj,
and 1—3 kpc for the bulge scale radius Ry,. To maximise the difference in gravitational
potential between the three different options, we combine M}, and R}, to yield a compact,
completely bulge-dominated galaxy (M}, = 0.9M,, Ry, = 1 kpc), a disc-dominated galaxy
(My, = 0.3M,, Ry, = 3 kpc) and one with an intermediate bulge component (M}, = 0.6M,,
Ry, = 2 kpc). The mass of stars in the disc is determined by Mq = M, — My, its radial scale
length is Rq = 4.6 kpc, and its exponential scale height is 0.1R4. The gaseous component
follows the same profile as the stellar disc. We vary the mass of gas in the disc for each
set of initial conditions between 0.01—0.20M,. This is done to explore how the trends
with gravitational potential seen for foas = Mgas /M, = 0.05 reported by Gensior et al.
(2020) depend on the gas fraction, extending the suite into regimes where galaxies are
more gas-poor or more gas-rich than the original sample (thereby smoothly connecting the
properties of local early-type galaxies to those of high redshift galaxies, e.g. Geach et al.
2011} Tacconi et al. [2013). A mass resolution of ~ 1 x 10* M, is used for the gas cells and
stellar particles, while that of the dark matter is 1 x 10° M. We use adaptive gravitational
softening (Price and Monaghan, |2007) to achieve optimum gravitational resolution, with
minimum softening lengths of 12 and 26 pc for baryons and dark matter, respectively. This

results in an average softening length of 25 pc for gas at a density of 10 cm™3.

4.3 Results

4.3.1 Gas Dynamics

We first explore how the turbulent state of the gas is affected by the underlying gravitational
potential and the gas fraction. The turbulent velocity dispersion directly influences the
star formation rate via the virial parameter. Figure shows the radial velocity dispersion
profiles for gas meeting our density and temperature criteria for star formation. We measure
the median and the 16th-to-84th percentiles in several snapshots to average over fluctuations
due to cloud-scale evolutionary cycling (e.g. Kruijssen et al., |[2018; Chevance et al., 2020Db)).
To do so, we use snapshots from 300 Myr onward (offset from the start of the simulation to
allow the galaxy to settle into equilibrium) until the end of the simulation at 1 Gyr. The
snapshots are separated by 100 Myr, which is approximately a galactic dynamical time.
The panels in Figure[d.T]represent different gravitational potentials, with disc-dominated
potential (runs B_M30_R3) on the left, intermediate bulges (runs B_M60_R2) in the
middle, and the extremely bulge-dominated potential (runs B M90 R1) on the right.
In all simulations, the velocity dispersion increases towards the galactic centre. For all
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Figure 4.1: The effect of the gravitational potential and gas fractions on the velocity
dispersion. Each panel shows the radial profile of the gas velocity dispersion for galaxies
with gas-to-stellar mass ratios of 0.01—0.20, for the disc-dominated (left), intermediate
bulge (middle) and completely bulge-dominated (right) potentials. Lines indicate the
median over time, while the shaded regions indicate the 16th-to-84th percentile variation
of the median over time.

gas-to-stellar mass ratios fgas < 0.10, this increase is steeper for more prominent bulges.
The runs with fgas = 0.20 are the only exception, because their median velocity dispersion
profiles are the same across all panels to within the snapshot-to-snapshot time variation.
We thus identify a gas-to-stellar mass ratio threshold of fyas ~ 10 per cent) above which
the velocity dispersion of the gas disc is no longer affected by the underlying gravitational
potential. Even in the run with the most compact bulge (B_M90 R1 f{g20), the gas disc
is sufficiently dense that its self-gravity dominates over the shear induced by the stellar
potential.

All runs with a gas-to-stellar mass ratio of fsas = 0.01 exhibit a similar velocity
dispersion profile shape. The median velocity dispersion increases from the outskirts of
the disc towards the centre of the galaxyﬁ. As we demonstrate in Gensior et al. (2020
this radial trend signifies that the shearing motions in the underlying potential increase
the velocity dispersion. It demonstrates that at the lowest gas fractions a minor bulge
component is enough to affect the gas dynamics. Even for the disc-dominated potential
(B_M30_R3 fgl), we find a modest increase in velocity dispersion, of ~ 0.3 dex across
the full range of radii, whereas the bulge-dominated potential (B_ M90 R1 fgl) induces

3The profile of B_M90 R1 fgl contains a gap between 300—700 pc. This is a result of the star
formation eligibility criteria that we apply. Although gas is present at all radii within the simulation, the
shear induced by the potential prevents gas from fragmenting into dense clumps and instead smooths it
into a featureless disc (Gensior et al., |2020). At fgas = 0.01, this leads to the absence of star-formation
eligible gas between 300—700 pc, because the shearing apart of overdensities leads to gas with densities
below 1 cm ™2 when so little gas is present. For a quantitative discussion of how the these mechanisms
affect the gas density distribution and the interstellar medium (ISM) structure in the simulations, we refer
the interested reader to Appendix
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a ~ 1 dex difference, sustaining median velocity dispersions of ~ 40—50 kms~! at the
galactic centre.

At intermediate gas-to-stellar mass ratios (fgas = 0.03—0.10), the gas in the disc-
dominated runs (B__M30_ R3, left panel in Figure has an approximately flat median
velocity dispersion throughout the inner ~ 5kpc, which only declines slightly towards
larger radii. This is equivalent to the profile found for a bulgeless galaxy by Gensior et al.
(2020). Conversely, the most bulge-dominated simulations (B M90 R1, right panel in
Figure all show the distinct increase in velocity dispersion towards the centre of the
galaxy indicative of turbulent motions induced by the bulge. Also at these intermediate
gas fractions, we find that the magnitude of the effect increases towards lower gas fractions.
The velocity dispersion increases by ~ {0.9,0.7} dex within the inner {4,3} kpc in the
runs with feas = {0.03,0.05}, while the run with fyas = 0.10 experiences a rise of 0.3 dex
in the inner 700 pc. Under the influence of the intermediately bulge-dominated potential
(B_M60_R2, middle panel in Figure , only runs with fg.s < 0.05 show an increase of
the central velocity dispersion. This shows that the gas-to-stellar mass threshold below
which the bulge enhances the gas velocity dispersion increases with the central stellar
surface density.

At high gas-to-stellar mass ratios (fgas = 0.10—0.20), the median velocity dispersion
profiles are nearly insensitive to the gravitational potential. Interestingly, they also exhibit
a larger time variation of the median velocity dispersion compared to those with fgas < 0.05
for all gravitational potentials. This is related to the significantly higher SFR in these
objects (also see Section . One might expect that a larger global SFR leads to less
bursty star formation and thus less variation of the median velocity dispersion over time.
However, within each radial bin, star formation is always bursty and thus a net high(er)
SFR leads to a larger number of subsequent feedback events and more variation of the
velocity dispersion. An additional difference compared to the profiles of the galaxies with
Jeas < 0.05 is that they have slightly elevated velocity dispersions at large radii. A higher
gas fraction leads to a more massive gas disc and will increase the mid-plane pressure,
against which the gas needs to support itself with higher o (e.g. Krumholz et al., 2018;
Schruba et al., [2019).

4.3.2 Star Formation

We now investigate how the integrated star formation activity of a galaxy is affected by
the combination of its gas fraction and gravitational potential. In Figure [£.2] the global
star formation activity of the simulated galaxies is compared to that of galaxies in the
xCOLDGASS (Saintonge et al., [2017) and xGASS (Catinella et al., [2018)) surveys. As in
Gensior et al. (2020), we exclude the central 300 pc of our galaxies from the star formation
analysis, because we do not model AGN feedback. This form of feedback would help to
disperse gas that accumulates at the centre and reaches very high densities. While the
simulations do not include AGN feedback, they also lack the gravitational resolution to
accurately model the star formation activity at the very centre of the galaxy. The simulation
results represent a global average taken between 300 Myr and 1 Gyr, when the galaxy has
settled into equilibrium.
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Figure 4.2: Comparison of the star formation activity of the simulated galaxies to the
observed galaxy population in the xGASS Catinella et al. and xCOLDGASS Sain-
tonge et al. surveys. Left: specific SFR (sSFR = SFR/M,) as a function of stellar
mass. The black line shows the star formation main sequence from Catinella et al. ,
with the grey-shaded band indicating the 1o scatter. Right: vertical offset from the star
formation main sequence as a function of the stellar surface density (u.). In both panels,
diamonds show the results from the simulations, colour coded by their gas-to-stellar mass
ratio feas. Navy (grey) points show the detections (non-detections) of the xGASS (HI,
Catinella et al., and xCOLDGASS (CO, Saintonge et al., surveys. The central
300pc of the simulations are excluded from the analysis (see the text).

The left panel of Figure |4.2] shows the specific SFR (sSFR = SFR/M,) as a function of
stellar mass, where the colour of the simulation points indicates their initial gas-to-stellar
mass ratio fgas. All simulated galaxies have a very similar stellar mass by construction;
differences arise exclusively due to differences in SFR over the course of the simulation.
To first order, the (s)SFR increases with the gas-to-stellar mass ratio, which directly
follows from the well-known observation that SFR oc Mg, for star-forming main sequence
galaxies (e.g. Kennicutt, Bigiel et al., Leroy et al., . Quantitatively,
galaxies with gas-to-stellar mass ratios fgas > 0.05 fall within the 1o scatter around the
xGASS and xCOLDGASS Catinella et al. star formation main sequence (SFMS, e.g.
Noeske et al. Peng et al. . Galaxies with gas-to-stellar mass ratios fgas < 0.05
tend to fall below the main sequence. While Figure clearly demonstrates that the
gas mass has a strong influence on the global SFR of a galaxy, we are mainly interested
in trends with the gravitational potential. The left panel of Figure shows that the
spread in the sSFR of simulations with the same gas fraction increases towards galaxies
with lower gas fractions, indicating a stronger impact of dynamical suppression. The
most gas-rich simulations (fgas = 0.10—0.20) exhibit a negligible range of < 0.1 dex in
sSFR, irrespective of the gravitational potential. By contrast, galaxies with intermediate
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gas content (fgas = 0.03—0.05) span a range in sSFR of ~2 and 0.6 dex, respectively,
highlighting that the gravitational potential has a major impact on the sSFR (recall that
Gensior et al. 2020/ adopted fgas = 0.05 in all simulations). In the most gas-poor systems
(fgas = 0.01), only the disc-dominated run B_M30_R3_ fgl forms a non-negligible amount
of stars

To further quantify how the gravitational potential affects the position of a galaxy
relative to the SFMS and to show how this position depends on the gas fraction, the right
panel of Figure shows the offset from the Catinella et al. (2018) SFMS as a function
of the stellar surface density p. (defined as the mean surface density within the galaxy’s
stellar half-mass radius) for all simulations. The stellar half-mass surface density traces
both the bulge surface density and bulge-dominance. This panel clearly visualises the key
trends that govern the SFMS offsets visible in the left panel. Galaxies with higher stellar
surface densities generally fall further below the SFMS, but this trend becomes shallower
at higher gas-to-stellar mass ratios, until it eventually vanishes altogether for fg.s = 0.20.
In such gas-rich galaxies, the gas achieves densities high enough that it is self-gravitating
and forms stars on a free-fall time-scale. For fg.s = 0.10, the simulations show a very
slight decrease in star formation activity towards more bulge-dominated potentials, but
the overall decrease is only ~ 0.1 dex. For lower gas fractions, the dynamical suppression
of star formation going from disc-dominated to bulge-dominated potentials is much larger,
and continues to steepen as the gas fraction decreases. This is a direct consequence of
the behaviour seen in Figure [I.1] and described in Section where we find that only
galaxies with fgas < 0.05 are sensitive to the shear induced by bulge-dominated potentials,
and that this sensitivity increases towards lower gas fractions.

These results imply that a dominant spheroidal component in itself is not sufficient
to quench a galaxy or maintain quiescence — only galaxies with gas-to-stellar mass ratios
feas < 0.05 are found to show a significant relation between SFMS offset and stellar surface
density. Dynamical suppression is rendered ineffective altogether in more gas-rich galaxies
(as applies to the high-redshift galaxy population, to which gas-regulator models have been
calibrated). In the next section, we derive analytical expressions for the stellar masses and
redshifts at which dynamical suppression becomes important.

4.4 When the Elephant steps into the Bathtub: Predicting
the Onset of Dynamical Suppression

Figure [4.2] highlights that the effectiveness of dynamical suppression exhibits a strong
dependence on the gas fraction and a moderate (but important) dependence on the stellar

4To verify that our results are not caused by the absence of gas eligible for star formation in the inner
300—700 pc of B_M90 R1 fgl (see the discussion of Figure , we ran an additional simulation with a
density threshold of 0.1 cm™ and a temperature ceiling of 10* K to define gas eligible for star formation.
We also ran a simulation with the same star formation criteria as B_M90_R1_fgl, but a factor of three
higher resolution. Neither of these additional simulations exhibit any significant differences in sSFR relative
toB_M90 R1 fgl.
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surface density. We quantify the effect on the sSFR by performing a multi-linear regressionﬁ
of the simulated data. This yields the following relation:

log(sSFRgim [Gyr™Y]) = —1.79 + 4.00 log ( gég;) (4.4.1)

~0.9910g (s )
for 8.0 < log (px /Mg kpe™2) < 9.5 and 0.01 < feas < 0.20. By combining this fit with
observed scaling relations describing the galaxy population, we can predict a minimum
stellar mass as a function of redshift at which dynamical suppression will become effective.
First, we rewrite the right-hand side of equation [4.4.1] in terms of log M, and z. The
stellar surface density is given by p. = M, /(2rR?) and can be converted to solely depend
on stellar mass and redshift by assuming a galaxy mass-radius-redshift relation. For this,
we use:
Re = 8.9kpe(1 + 2) %7 (M, /5 x 1019M )02, (4.4.2)

as obtained for late-type galaxies by van der Wel et al. (2014). Early-type galaxies are found
to have smaller radii and larger stellar surface densities, which means that the mass-radius
relation for late-type galaxies can indeed be used to derive the limiting case that we are
interested in here. Secondly, we use the observed scaling of the gas fraction as a function of
redshift and stellar mass (Tacconi et al., [2018) to eliminate fgas from equation This
adds further justification to our choice of the late-type mass-radius relation, because the
Tacconi et al. (2018]) relation was derived for star-forming galaxies. We chose their best fit
for a Speagle et al. (2014) SFMS, which gives:

log (5%5) = 0.11 + 2.491log(1 + 2) + 0.52AMS (4.4.3)
~03610g (5 )

where AMS is the main sequence offset in dex.

We define ‘effective dynamical suppression’ as causing a SFMS offset of AMS =
—0.5 dex, which is expressed as a negative to reflect a suppression of star formation.
The magnitude of the offset, 0.5 dex, is a compromise between the mass-dependent scatter
about the main sequence and the maximum variation of 0.6 dex experienced by galaxies
throughout their life on the SFMS (Catinella et al., [2018; Tacconi et al., [2018). As such,
this definition means that galaxies need to be at least 1o below the main sequence for
dynamical suppression to be ‘important’. We keep AMS constant, because Speagle et al.
(2014)) find that the scatter around the SEMS varies little across cosmic time. Now, we can
evaluate equation [£.4.1] at AMS = —0.5 dex and write:

log(sSFRgim [Gyr™!]) = —2.39 + 8.481og(1 + 2) (4.4.4)

5We discuss the validity of using this parameterisation in Appendix
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Requiring AMS = —0.5 dex as our minimum SFMS offset for equation [£.4.4] then allows
us to define the condition:

— 0.5 > log(sSFRgim [Gyr™!]) — log(sSFRus obs[Gyr 1)), (4.4.5)

where we use the Speagle et al. (2014) SFMS to define log(sSFRMS,ObS[Gyr_l]) for self-
consistency with the preceding derivation, specifically with the fg.s relation from Tacconi
et al. (2018)). Therefore, equation becomes:

~05>  —2.39 + 8.48log(1 + 2) — 1.9910g ( sy ) (4.4.6)

—(—0.16 — 0.026t.) x (log (Emﬁ\fw)
+(6.51 — 0.11t) — 9,

+10.73)

for 9.0 < log (M./Mg) < 11.7, 8.0 < log (p1./Mg kpc™?) < 9.5, and 0.01 < faas < 0.20.
If this condition is satisfied, dynamical suppression is predicted to drive galaxies off the
SFMS. The t. in this equation is the age of the universe in Gyr and can be written as a
function of redshift (Tacconi et al., 2018):

logt. = 1.143 — 1.026log(1 + z) — 0.599log?(1 + z) (4.4.7)
+0.528 log3(1 + 2),
which assumes a flat ACDM universe with €2,,, = 0.3 and Hg = 70 km s~ Mpc~1.

Finally, we can reorder the condition of equation to predict the minimum required
stellar mass at a given redshift above which dynamical suppression becomes important:

. « S —2.66 + 8.48log(1 + z) + 0.17t,
(]
&\ 5 x 1010 M, 1.83 — 0.026t, ’

(4.4.8)

where t. is defined as a function of redshift according to equation [£.4.7 We find that the
condition of equation [£.4.§| can be approximated to within < 1 per cent by a third-order
polynomial fit, providing the minimum stellar mass as a function of redshift:

M* 2 3

Expressed as a maximum redshift as a function of stellar mass, this equivalently becomes:

2 <0.23 +1.221og ( (4.4.10)

M*
5x1010 Mg,

2 M, 3 M,

The prediction expressed equivalently in equations [£.4.8H4.4.10] is shown in Figure [£:3]
The black line indicates the minimum stellar mass a galaxy must have at a given redshift (or,
conversely, a maximum redshift at a given stellar mass) to experience dynamical suppression,
as in equations [4.4.8] and [4.4.10] Galaxies residing below the line, in the grey-shaded area,
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Figure 4.3: Redshift and stellar mass range for which galaxies are predicted to be affected
by the dynamical suppression of star formation. The black line indicates where the typical
observed gas fraction (Tacconi et al., and the gas fraction required for dynamical
suppression are equal, as expressed in equation Galaxies below the line (grey-shaded
area) are predicted to experience dynamical suppression. Coloured lines show the stellar
mass growth histories of galaxies with z = 0 stellar masses ranging from 1.8 x 10'° Mg
to 3 x 10" Mg, as predicted by Moster et al. and Behroozi et al. (see the
legend).
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should typically fall below the SFMS as a result of dynamical suppression, even if it does
not quench the galaxy completely. As the equation has been derived for stellar masses
log(M,/Mg) < 11.7 (Tacconi et al., |2018)), the black line is an extrapolation at stellar
masses above this limit (visualised by a dashed line).

In Figure [4.3] we show which galaxies are affected by dynamical suppression, and for
how long this has been the case. To make this comparison, we adopt the stellar mass
assembly histories from Moster et al. (2018) and Behroozi et al. (2019), who have used
a combination of halo abundance matching and empirical constraints. Coloured lines in
Figure [£.3 show the average assembly history, as predicted by the models of Moster et al.
(2018)) and Behroozi et al. (2019), for galaxies with a stellar mass at z = 0 in the range
of 1.8 x 10!Y < M, /My < 3 x 10!, derived from halos with final masses of 102,103,
and 10'*My. The figure shows that L, galaxies like the Milky Way have typically been
experiencing the onset of dynamical suppression since z < 0.23 (or up to 2.8 Gyr). By
contrast, the most massive galaxies considered here (M, ~ 3 x 101! M) are predicted to
have experienced dynamically suppressed star formation since z < 0.82 (up to 6.9 Gyr ago)
(Behroozi et al., 2019) or z < 1.36 (up to 8.8 Gyr ago) (Moster et al., [2018]) depending on
the stellar mass assembly history model.

In the Milky Way, there is evidence for the dynamical suppression of star formation
in the bulge-dominated central 500 pc (Longmore et al., 2013; Kruijssen et al., 2014]).
For galaxies out to z ~ 1, there is indirect evidence supporting our prediction in terms
of observed morphological trends. For instance, the transition from discs to spheroids
dominating the stellar mass budgets of galaxies occurs at a stellar mass of 10'%® M, for
the galaxy population at z ~ 0.1. Moreover, the average bulge-to-total ratio increases with
increasing stellar mass (Thanjavur et al., [2016)), such that the most massive galaxies tend
to be bulge-dominated from z ~ 1.5 onward (Bundy et al., 2006} 2010; Buitrago et al.,
2013). We predict that these galaxies are susceptible to the dynamical suppression of star
formation.

4.5 Discussion

4.5.1 Summary

In this chapter, we have used a suite of 15 hydrodynamical simulations of isolated galaxies
to investigate under which conditions galactic-dynamical processes can suppress star forma-
tion. The simulations span a variety of gravitational potentials (most prominently tracing
different stellar surface densities or bulge-to-disc ratios) and gas-to-stellar mass ratios (in
the range fgas = 0.01—0.20). The simulations adopt a dynamics-dependent sub-grid star
formation model, in which more super-virial gas clouds form stars less efficiently. The
results are summarised as follows:

1. The dynamical suppression of star formation proceeds by the increase of the gas velocity
dispersion by shear, rendering the gas supervirial. The bulge component of the simulated
galaxies drives a central increase of the velocity dispersion most efficiently at high central
stellar surface densities (i.e. high bulge-to-disc ratios) and low gas fractions. At the lowest
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gas-to-stellar mass ratio (fgas = 0.01), even the weakest bulge component considered
in this work is sufficient to drive up the central velocity dispersion. At the highest
gas-to-stellar mass ratio (fgas = 0.20), the median velocity dispersion is insensitive to
the gravitational potential.

2. The extent to which the SFR is dynamically suppressed depends on both the gas-
to-stellar mass ratio (fgas) and the stellar surface density (u.). For a given p,, we
identify the critical fgas above which dynamical suppression becomes ineffective, because
the stellar spheroidal component no longer dominates the local gravitational potential.
Conversely, the effect of dynamical suppression increases towards lower gas fractions,
driving galaxy off the star formation main sequence (SFMS), into the population of
quenched galaxies.

3. The gas-to-stellar mass ratio (or gas fraction) does not only act as a threshold for
dynamical suppression, but also regulates its overall strength and dependence on stellar
surface density. The lower the gas fraction, the steeper the anti-correlation between the
SFR and stellar surface density — not only is the global (s)SFR more suppressed at lower
gas fractions, but the amount of suppression compared to the SFMS becomes steeper.

4. We perform a multi-linear regression to quantify the relation between sSFR, pu., and
feas- By combining this relation with the observed dependence of these quantities on
galaxy mass and redshift (Tacconi et al., 2018), we can derive the subset of the galaxy
population for which dynamical suppression is predicted to be effective. We find that
the physics of star formation can be the rate-limiting step in the baryon cycle at high

galaxy masses (equation [4.4.9) and low redshifts (equation [4.4.10} also see Figure [4.3).

4.5.2 Implications for Galaxy Evolution and Quenching

Our findings are in good agreement with recent observational results. Similarly to Tacconi
et al. (2018]), who relate the main sequence offset to gas fraction and stellar mass across
redshift, nearby grand design spirals also exhibit a direct link between SFR, stellar surface
density and gas fraction on 500 pc scales (Morselli et al., 2020). Surveys of the galaxy
population at z ~ 0 additionally suggest that the offset from the SFMS is driven by a
combination of (molecular) gas fraction and star formation efficiency (e.g. Zhang et al.,
2019; Brownson et al., [2020; Piotrowska et al., 2020). This is consistent with our findings
in Section [4.3.2] where we predict that the star formation efficiency decreases steeply with
fx (and can thus be considered synonymous) at fixed gas fraction. Observations also reveal
that the main sequence offset increases with bulge-to-disc ratio (Bluck et al. [2019; Cook
et al. [2020 and references therein), which again agrees qualitatively with our prediction
that high stellar surface densities lead to the dynamical suppression of star formation.
Numerically, our results are in agreement with (but considerably extend) previous
simulations of similar systems (e.g. Martig et al., 2013; Semenov et al., 2016} Su et al.,|[2019;
Kretschmer and Teyssier, [2020). Like ours, these simulations predict that gas dynamics
influence star formation only in sufficiently gas-poor galaxies. Interestingly, Martig et al.
(2009) find that star formation in their cosmological zoom-in simulation is dynamically
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suppressed from z ~ 0.8 onward when the galaxy’s stellar mass exceeds 10'! Mg, which is
consistent with our prediction. While the quantitative agreement is likely a coincidence, the
general qualitative agreement is encouraging and implies that it is crucial to take dynamical
suppression into account when modelling the evolution of massive (M, > 3 x 10'° M)
galaxies in the intermediate-to-low redshift universe. The analytical representations of
our findings can be readily incorporated in gas regulator models, or as sub-grid models in
semi-analytic models and hydrodynamic simulations.

While the suite of simulations presented here provides key insights into the dynamical
suppression of star formation and its dependence on the host galaxy properties, they
represent idealised numerical experiments that generate various follow-up questions. The
simulations do not model gas inflow onto the galactic halo, nor do the initial conditions
include a hot circumgalactic medium. How do more realistic boundary conditions affect
the onset and extent of dynamical suppression? The models also do not include AGN
feedback, which is a key agent for driving gas outflows and quenching galaxies. What
is the interplay between AGN feedback and dynamical suppression? The SN feedback
used in the simulations does expel some amount of gas from the disc, which later rains
back down onto the galaxy. This provides some level of gas outflow and inflow, despite
which dynamical suppression is found to regulate the SFR in an important part of galaxy
mass-redshift space. There is reason to believe that the Padoan et al. (2012, 2017)) model
may somewhat overpredict the extent to which star formation is suppressed (Schruba et al.,
2019)), because the star formation efficiency carries a strong exponential dependence on the
virial parameter. Further uncertainty on the predictions of Figure [£.3] may arise through
the relations adopted to express the dependence of p, and fgas on My, particularly due
to using an observational fgas relation that solely describes the molecular gas. While the
cold ISM in high-redshift galaxies is mostly molecular, there is a transition at z = 0.1—0.3
below which atomic gas becomes the dominant component (Tacconi et al., [2018). This
implies that we might overpredict the magnitude and onset of dynamical suppression at
galaxy stellar masses log(M,/Mg) < 10.75 and redshifts z < 0.3. Nonetheless, this is a
relatively small part of the mass range considered in Figure The qualitative agreement
of our simulations with both observational and numerical studies demonstrates that there
is indeed a regime where dynamical suppression drives down the SFR in galaxies.

Our results do not imply that dynamical suppression is solely responsible for galaxy
quenching, even in the grey-shaded area of galaxy mass-redshift space in Figure where
it is expected to act. On its own, the effectiveness of dynamical suppression has a simple
dependence on galactic properties — the higher the gas fraction (or redshift) of a galaxy, the
higher its stellar mass must be to have a gravitational potential deep enough to affect the gas
motions and star formation. Therefore, dynamical suppression should act more effectively
when combined with physical processes capable of preventing the accumulation of a massive
gas reservoir. An example of such a process is halo quenching (Dekel and Birnboim, |2006;
Davé et al., [2017)), which halts the gas inflow from the cosmic Webﬁ Alternatively, the

5While halo quenching curtails the growth of the cold ISM from external accretion, the ISM of a galaxy
will still be replenished through stellar mass loss from AGB stars. However, recent studies of the cold gas
and dust in early-type galaxies show that stellar mass loss only contributes a small fraction to their cold
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existence of a massive gas reservoir could be prevented by AGN feedback, by heating and
expelling gas from the galaxy (e.g. Bower et al., 2006; Croton et al., [2006; Fabian, 2012;
Donnari et al., 2019; Lacerda et al., 2020; Su et al.,|2020). AGN feedback and dynamical
suppression might be forming a symbiotic cycle — dynamical suppression requires some
mechanism to deplete the galactic gas supply (a role plausibly fulfilled by AGN feedback),
and once this is achieved, dynamical suppression will help preserve and build a quiescent
gas disc at the centre of the galaxy, which is not consumed by star formation and therefore
can feed the AGN again. Our simulations suggest that this nuanced picture, in which a
combination of dynamical suppression and AGN feedback or halo quenching regulates the
baryon cycle, is necessary to create the quiescent galaxy population (as been argued by a
number of observational studies, see e.g. Lang et al., 2014; Hahn et al., 2017)).

Ultimately, our prediction that the dynamical suppression of star formation should
manifest itself at certain galaxy masses and redshifts (Figure should be interpreted as
evidence for a regime in which galaxy evolution is no longer solely determined by the balance
between gas inflow and outflow. Recently, there have been attempts to add improved star
formation physics to gas-regulator models. For instance, Belfiore et al. (2019) include an
empirically-motivated star formation efficiency that changes as a function of galactic radius,
whereas Tacchella et al. (2020) take into account molecular cloud lifetimes. Figure acts
as a guide to determine on which parts of parameter space future studies should focus,
both in observational surveys of the galaxy population and through cosmological (zoom-in)
simulations.

ISM (e.g Davis et al., 2019; Kokusho et al., [2019). Therefore, the effectiveness of dynamical suppression
will not be strongly affected by the mass loss of old stars.
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Conclusions

The scientific aim of this thesis was to understand the impact of the galactic gravitational
potential on ISM properties (e.g. gas morphology, velocity dispersion) and star formation.
In particular, quantifying the conditions in which star formation might be suppressed
or quenched through the influence of a dominant spheroid. To do so, a sub-grid star
formation model that goes beyond the constant star formation efficiency approaches and
can be used in galaxy- and cosmology-scale simulations has been developed. Dynamical
suppression has been studied using a large suite of isolated galaxy simulations to go beyond
the phenomenology of the seminal morphological quenching paper (Martig et al.,|2009).

In Section [5.1] and subsections I will summarise the content of the main chapters of this
thesis. These will be placed in the context of the current status of the field in Section [5.2
and possibilities for future research will conclude the thesis in Section

5.1 Summary

Chapter II: Heart of Darkness

Motivated by the observational evidence that the SFE per free-fall time varies both within
and across galaxies (e.g. Murray, 2011; Utomo et al.,|2018), we develop a new sub-grid star
formation model for the moving-mesh code AREPO (Springel, [2010; Weinberger et al.,
2020) that includes a variable eg. The parametrisation of the star formation efficiency
stems from empirical fits to high-resolution simulations of a molecular cloud in a turbulent
box (Padoan et al., 2012, 2017) and introduces a dependence on the galactic dynamics
via the virial parameter of the gas: eg = 0.4exp(—1.6a%5). The algorithm with which
it is calculated effectively performs an on-the-fly cloud identification, by identifying an
overdensity surrounding each gas cell. In this characteristic region, the velocity dispersion
and subsequently the virial parameter are calculated. The algorithm is well converged
across a decade in resolution and generic enough that any cloud-scale quantities can be
calculated with it. In the limit of a disc-only gravitational potential (i.e. no additional
shear through a bulge component), the dynamics-dependent efficiency converges to the
constant efficiency case. However, in bulge-dominated potentials, there are noticeable
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differences in the ISM morphology, global and radial SFR. Namely, where the ISM of the
constant SFE galaxies shows the holes characteristic of SN feedback at all radii, that of
the bulge-dominated galaxies remains in a smooth disc in the central region. Furthermore,
the SFR is more centrally suppressed when modelled with the dynamics-dependent SFE,
which results in a global SFR difference of 0.5 dex in the spheroid.

Equipped with the dynamics-dependent SFE, we then use ten isolated galaxy simula-
tions to study the impact of the gravitational potential on star formation. All galaxies in
the suite have identical initial stellar and gas masses (Mgas = 0.05M,) and gas distribution,
but morphologies ranging from disc galaxies to spheroids. We find that the presence of
a spheroid drives turbulence and enhances the velocity dispersion, virial parameter and
turbulent pressure of the gas towards the galactic centre. The effect becomes stronger the
higher the central stellar surface density i, i.e. the more compact and/or massive the
bulge component. This quantifies the prediction of Martig et al. (2009): the shear from a
dominant spheroid increases the velocity dispersion of the gas. Furthermore, we find that
the shear-driven turbulence stabilises the gas reservoir: the ISM in the bulge-dominated
galaxies forms a smooth, dense gas disc in the central region, spanning more than 4 kpc
across in the spheroids case. Contrary to that, the ISM of the disc-dominated galaxies is
clumpy, porous and sub-structured throughout the galaxy. Finally, gas turbulence impacts
star formation within the galaxy and globally. The SFR of the galaxies is increasingly
suppressed towards the galactic centre with increasing p.. The global SFR in the spheroid-
dominated galaxies reduced by a factor of 5 compared to the bulge-less galaxy. Thus we
find that morphological quenching is a viable mechanism to suppress the SFR in bulge-
dominated, gas poor galaxies. We coin the term dynamical suppression, to highlight the
importance of the galaxy dynamics in the process.

Chapter III: The WISDOM of Power Spectra

In this chapter, we use power spectra of the surface density to quantify the turbulence (e.g.
Elmegreen and Scalo, |2004)) in the central 2.25 kpc of the ten isolated galaxies modelled with
a dynamics-dependent SFE introduced in Chapter 2l The power spectrum depends on the
morphology of the gas (Koch et al., 2020). Its slope is expected to steepen in the absence of
fragmentation (Renaud et al.,|[2013; Grisdale et al., 2017). If the smooth circumnuclear gas
reservoirs result from the suppression of fragmentation through the shear-driven turbulence
induced by a spheroid-dominated potential, we expect to see a clear trend between the
power spectrum slope and fi,.

Indeed, we see a strong correlation of increasing power spectrum slope with increasing
central stellar surface density. The correlation has a mean Spearman rank coefficient of
O.86f8:8¥ and is significant at the p < 0.01 level. This demonstrates that shear dynam-
ically suppresses fragmentation in the centres of bulge-dominated galaxies. The trend
between power spectrum slope and central stellar surface density might level off and os-
cillate shallowly around a constant power spectrum slope once log( ./ M@kpcfz) > 8.75.
This might be physical in nature, the result of the limited numerical resolution and/or
other systematic assumptions that mask a (shallower) steepening of the power spectra
at very high central stellar surface densities. If physical, the flattening of the trend at
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log(pts/Mgkpe™2) > 8.75 would imply that there is a maximum extent to which shear
can suppress fragmentation. The close correspondence of these power spectra slopes to
two-dimensional Kolmogorov (1941) turbulence might indicate that sufficiently high shear
drives incompressible turbulence in the plane of the galaxy.

To corroborate our findings, we apply the same analysis to 12CO observations of twelve
galaxies from the WISDOM project (e.g. Onishi et al., 2017)), comprising a mix of late-
and early-type galaxies with a range of p,. Contrary to the simulations, the WISDOM
power spectra do not show any trend with the central stellar surface densities. Instead
they are very scattered, with an average slope of 2.55. However, since the majority of
the WISDOM sample has log(u./Mokpc™2) > 8.75, this is in broad agreement with the
simulations. This hints that the convergence of the simulations to a single power spectrum
slope could be physical in nature. The large scatter of the observations is likely driven by
physical processes (e.g. interactions with other galaxies, galactic environment) not captured
in the isolated galaxy simulations. The only correlation we find for the power spectra of
the WISDOM galaxies is between the power spectrum slope and the central gas surface
density. This suggests that in the real Universe, the potential of the gas, rather than the
stars, plays a more dominant role in the driving of galactic turbulence. However, since this
trend has some dependence on the heterogeneity of the observations, confirmation from a
more homogeneous data set is still required.

Chapter IV: The Elephant in the Bathtub

In this chapter, we consider the effect of dynamical suppression on quiescence for the wider
galaxy population. Specifically, we investigate how the results presented in Chapter [2] are
affected by varying the gas fraction of the simulated galaxies. Recent works (e.g. Brownson
et al., 2020; Colombo et al., [2020; Piotrowska et al., [2020]) have highlighted the importance
of the combination of gas fraction and SFE in quenching galaxies. It has been indicated
previously that dynamical suppression acts predominantly at low gas fractions (Martig et
al., [2013; Kretschmer and Teyssier, |2020). We simulate the most disc- and bulge-dominated
galaxies, as well as one intermediate case from the suite presented in Chapter [2] with initial
gas-to-stellar mass ratios ranging from 1-20 per cent.

The effectiveness of dynamical suppression depends on how much and how effectively
turbulence can be driven by the shear from the bulge component of the potential. We
identify a critical gas-to-stellar mass ratio fgas, above which self-gravity locally dominates
over shear. The gas becomes indifferent to the underlying galactic gravitational potential:
the velocity dispersion is set by stellar feedback at all radii and the SFR is no longer affected
by the potential. Conversely, dynamical suppression becomes more effective, the lower the
gas fraction. In this case, larger central turbulent velocity dispersions can be sustained
and, at the lowest gas fraction considered, even the disc-dominated galaxy exhibits a
moderate increase of velocity dispersion towards the galactic centre. The global SFR is
more suppressed, while the anti-correlation between SFR and i, steepens, too, the more the
gas fraction decreases. Therefore, fqas controls both the overall strength of the dynamical
suppression and its dependence on the central stellar surface density.

To extend these conclusions to the galaxy population at large, we perform a multi-
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linear regression analysis of the data to quantify the effect of fgas and p, on the sSFR.
We then derive a prediction for the subset of the galaxy population affected by dynamical
suppression by combining our regression result with empirical scaling relations for the
evolution of the gas fraction (Tacconi et al., 2018), the sSFR (Speagle et al., 2014]) and
the galaxy radius (van der Wel et al., [2014) with galaxy mass and redshift. We find
that dynamical suppression can effectively suppress star formation for high galaxy masses
(log(M./Mg) =z 10.5) at intermediate-to-low redshift (¢ < 1.5). The physics of star
formation are therefore predicted to dominate the baryon cycle of galaxies at high galaxy
stellar masses and intermediate-to-low redshifts by suppressing the conversion of gas to
stars.

5.2 Discussion

As this thesis comes to a close one question remains: what have we learned? The research
conducted over the past four years and summarised in Section above can be recast
into some overarching ideas that naturally lead to future research directions. They will be
expanded upon below.

5.2.1 Galactic dynamics matter

Chapter [ highlights that dynamical suppression requires low gas fractions in order to be
effective. This is in good agreement with previous studies (Martig et al., 2009, [2013; Su
et al., 2019; Kretschmer and Teyssier, 2020). This can be understood in terms of the cloud-
scale physics: once clouds are dynamically decoupled from the galactic background and the
local free-fall time falls below the shear timescale, collapse will proceed (e.g. Jeffreson and
Kruijssen, 2018; Meidt et al.,2020)). The higher the gas fraction, the larger the local density,
making it easier for clouds to decouple from the dynamics. Conversely, larger local stellar
densities can sustain larger gas fractions while star formation remains suppressed (as can be
seen in e.g. Ellison et al., 2021b). Preceding the dynamical suppression of star formation is
the suppression of gas fragmentation. The power spectrum analysis of Chapter [3] confirms
that this is the result of shear-driven turbulence from the spheroid-dominated gravitational
potential.

There is much observational evidence for quenching beginning ‘inside-out’, i.e. star
formation is suppressed in the centres of galaxies even if globally they still fall on the
SFMS or a SK relation (e.g. Longmore et al., |2013; Kruijssen et al., [2014 for the CMZ,
Usero et al., 2015 Bigiel et al., [2016; Gallagher et al., 2018, Méndez-Abreu et al., 2019
Querejeta et al., 2019} Ellison et al., |2021b| for external galaxies and Tacchella et al., 2018
for massive galaxies at z ~ 2). The central suppression of star formation becomes even
more pronounced for galaxies below the SFMS (e.g. Belfiore et al., 2018; Ellison et al., 2018;
Medling et al., 2018; Kalinova et al., 2021; Nelson et al., |2021). Dynamical suppression
naturally leads to a stronger central suppression of star formation, because there the shear
induced by a spheroidal component is the strongest. Figure in Chapter [2]demonstrates
that the central suppression of star formation can even occur in for disc-dominated galaxies
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with low .

5.2.2 Dynamical suppression maintains quiescence but does not quench

The dependence of dynamical suppression on the local balance between gas and stellar
potential has a strong implication for its ability to quench galaxies. No matter whether
quenching happens ‘fast’ (< 1 Gyr, sometimes even < 250-500 Myr e.g. Schawinski et al.,
2014) or ‘slow’ (~ 2—5 Gyr e.g. Hahn et al.,2017) it is unlikely that dynamical suppression
causes the initial quenching. This is more obvious for the fast quenching route, which
is commonly attributed to a (merger-induced) starburst that rapidly consumes gas and
drives strong outflows (e.g. Veilleux et al., 2005)), powered by AGN or stellar feedback.
Slow quenching has previously been attributed to dynamical suppression (e.g. Hahn et al.,
2017; Gobat et al., |2018; Kim et al., 2018; Belli et al., 2021)). However, for dynamical
suppression to act effectively, the gas reservoir of a galaxy must be replenished at a slower
rate than star formation consumes it. Since dynamical suppression actively reduces the
SFR, it necessitates a mechanism that prevents or drastically reduces gas cooling from
the halo. It could be cosmological starvation (Feldmann and Mayer, 2015) that reduces
gas accretion because the dark matter halo starves, halo quenching (e.g. Birnboim and
Dekel, [2003; Dekel and Birnboim, [2006) or radio-mode AGN feedback (e.g. Best et al.,
2005; Bower et al., [2006; Croton et al., 2006]) which keep the halo hot.

Once any of these mechanisms inhibits cold gas accretion from the halo, a galaxy’s SFR
can be dynamically suppressed. In this mode, dynamical suppression will likely be capable
of keeping a galaxy quiescent across cosmic time to z = 0 in the face of stellar mass loss
replenishing the ISM (since stellar mass loss only contributes a small fraction to the cold
ISM of ETGs, see Davis et al., 2019; Kokusho et al., 2019). If a galaxy has been quenched
for a sufficiently long time and the residual gas reservoir is depleted enough, even a gas-rich
minor merger should not cause a rejuvenation of star formation. This would explain the
observations of Davis et al. (2015) and van de Voort et al. (2018), who find that the SFR
of ETGs at z < 0.1 remains very suppressed following a recent merger, while Belli et al.
(2021)) find that a merger rejuvenated a massive galaxy at z ~ 1.

Dynamical suppression is not redundant in the face of all the actual quenching mecha-
nisms. Instead it is required to maintain quiescence in galaxies that retain (or re-acquire) a
cold gas reservoir after quenching (e.g. Martig et al., 2013; Davis et al., 2014, 2015; French
et al., 2015, Rowlands et al., 2015; Hahn et al., 2017 Suess et al., |2017; Gobat et al., [2018;
van de Voort et al., [2018; Colombo et al., 2020; Belli et al., 2021; Williams et al., 2021)).

5.2.3 Environmentally-dependent star formation models are important

Chapter [2] discusses in detail the different approaches taken to model star formation in
galaxy-scale simulations. In many cases, a constant SFE in combination with density and
temperature thresholds is assumed, calibrated against the SK relation. Yet we find in
Chapter [2| that much of the dynamical SFR suppression is missed, and star formation
takes place in spite of the suppression of fragmentation when using a constant SFE model.
We need the more physically-motivated, dynamics-dependent sub-grid model to accurately
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capture the effect of dynamical suppression. This finding is mirrored by Kretschmer and
Teyssier (2020)), whose cosmological zoom-in simulation only results in a quiescent ETG
when using a dynamics-dependent SFE. Semenov et al. (2019) argue in the same vein. Their
simulations of a LTG only match the observed, near linear-scaling of the molecular SK
relation (e.g. Bigiel et al., [2008; Leroy et al., 2013) if a dependence on the virial parameter
is included in the star formation model.

Cosmological simulations tend to have a very simplistic ISM and star formation model,
where gas does not cool below 10 K and can form stars once it reaches densities of 0.1cm™3.
Comparing the radial sSFR profiles of green valley galaxies in the Evolution and Assembly
of GalLaxies and their Environments (EAGLE; Crain et al., [2015; Schaye et al., 2015)
and [llustris (Genel et al., 2014} Vogelsberger et al., 2014) with observations, Starkenburg
et al. (2019) find that the simulations do not match the observations. Both cosmological
simulations fail to reproduce the observed central suppression of sSFR, showing the opposite
trend instead. Nelson et al. (2021) find that this discrepancy is somewhat mitigated with
the improved AGN feedback in IllustrisTNG (Weinberger et al., 2018; Nelson et al., [2019)).
The radial sSFR profiles qualitatively match the behaviour of the observations. However,
quantitatively, the sSFR is overpredicted in the inner regions of the galaxy. It is moderate
for the SFMS galaxies, approximately a factor of 2 and only converges with the observations
at galactocentric radii > 3 kpc. The difference is more drastic for the galaxies below the
SFMS. There, the HlustrisTNG profile rises much more steeply, overpredicting the sSFR
by up to ~ 0.6 dex and only converging with the observations at a radius of 5 kpc. SIMBA
(Davé et al., 2019) is a cosmological simulation that actually has a cool ISM, Ha-based star
formation and halo quenching, in addition to sophisticated stellar and black hole feedback.
Although it qualitatively predicts the centrally suppressed sSFR of green valley galaxies, it
still overpredicts the sSSFR by an order of magnitude (Appleby et al., 2020)). Much work has
been done on improving AGN feedback recipes for these cosmological simulations. However,
these mismatches in the radial sSFR profiles, but also other star forming properties (e.g.
Hahn et al., [2019; Iyer et al.,|2020)), highlight that (AGN) feedback on its own is not enough
to match observations. Dynamical suppression naturally leads to the centrally suppressed
sSFR of galaxies below the SFMS, but as Chapter [2] demonstrates, this is only truly visible
when using a dynamics-dependent star formation sub-grid model.

5.3 Outlook

Following on from the key points highlighted in the discussion, particularly Section
the next step is to use environmentally-dependent SFEs in the star formation models of
cosmological simulations. This we plan to do in the Empirically-Motivated Physics (EMP)
simulations (Kruijssen et al. in preparation, Keller et al. in preparation). Because running
a large cosmological volume at high baryonic resolution is very expensive, the first step
towards this is through a suite of cosmological zoom-in simulations. The EMP- Pathfinder
suite encompasses 25 galaxies drawn from the EAGLE (Schaye et al., 2015)) volume, with
Milky Way-masses (Mpalo ~ 1012 M) at z = 0. Each galaxy is simulated twice, once with
a constant SFE and once using the Gensior et al. (2020) environmentally-dependent SFE
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introduced in Chapter |2 (Reina Campos, 2020, Reina-Campos et al. in preparation). With
these simulations, I will study how the star forming properties of galaxies evolve across
cosmic time and quantify how they contrast with predictions from traditional models. Key
observables are global properties like galaxy masses, gas content, morphology, and star
formation histories, but also gas properties, such as the sub-kpc ISM structure, velocity
dispersion and virial parameters. With two realisations of the same galaxy, it will be
possible to pinpoint the unique predictions of the cloud-scale SFE model. Furthermore,
EMP-Pathfinder will be a first test for the prediction of Chapter [4 is the star formation
activity dynamically suppressed below the SFMS in the more massive galaxies?

Another step is to use empirically-motivated sub-grid star formation models in simu-
lations with AGN, as has recently been pioneered by Dubois et al. (2020). In Chapter
we speculate that dynamical suppression of fragmentation might act in symbiosis with
AGN feedback, by building a large circumnuclear gas reservoir that could subsequently
fuel the AGN (see also, e.g. Wada, 2004 Davies et al., 2007)). Dedicated simulations will
be able to determine if there is a symbiotic effect. Furthermore, specifically comparing
cosmological (zoom-in) simulations with and without AGN will drive progress towards
establishing whether bulge mass strongly correlates with quiescence due to the dynamical
suppression of star formation, the presence of a SMBH, or a combination of both (e.g.
Bluck et al., 2014, 2019). Density power spectra (and other turbulence statistics) of the gas
in such cosmological zoom-in simulations will improve our understanding of what drives
turbulence in galaxies. Potentially, they could reveal the underlying physical mechanism
that causes the correlation between power spectrum slope and central gas surface density
in the WISDOM galaxies found in Chapter [3

Observationally, the future looks bright for improving our understanding of star forma-
tion and quenching. With upcoming observatories such as the James Webb Space Telescope
and the Extremely Large Telescope it will be possible to obtain SFRs and star formation
histories for a large number of galaxies across cosmic time. Observations of the star for-
mation histories of such a wealth of galaxies will place strong constraints on quenching
timescales and mechanisms. They can test if dynamical suppression does affect massive
galaxies at low redshifts as predicted in Chapter[d The EMP-Pathfinder and EMP galaxies
are evolved self-consistenly with an environmentally-dependent SFE that is calibrated on
z = 0 star-forming clouds. Comparing results from these simulations to observations will
pinpoint if cloud-scale star formation changes across cosmic time. In parallel, surveys such
as PHANGS (Leroy et al., 2021b)), which resolve gas on the GMC-scale in a large set of
galaxies, will revolutionise our understanding of cloud-scale star formation and what drives
the SFE. Thus, paving the way for empirically-motivated sub-grid models that are directly
based on cloud-scale observations.
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Concluding remarks

In this thesis, I have investigated the impact of the galactic gravitational potential on
the interstellar medium and star formation activity of galaxies. This has demonstrated
that shear induced by a dominant spheroidal component can drive sufficient turbulence
to dynamically suppress first the fragmentation of gas into clouds and subsequently the
star formation activity of the galaxy. Furthermore, I have shown that the dynamical
suppression of star formation is a viable mechanism to keep massive galaxies with molecular
gas reservoirs quiescent. However, dynamical suppression depends on initially reducing the
cold gas fraction of a galaxy, if not keeping it low permanently, via a different quenching
mechanism. This highlights that more work is required to fully understand what governs
the star formation and quenching of galaxies.
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Appendix A

Appendix: Heart of Darkness

This appendix contains supplementary material for Chapter Specifically, we test the
convergence of the cloud-scale parameter estimation in Appendix and the robustness
of the dynamics-dependent SFE model results to changes in the star formation thresholds

in Appendix

A.1 Resolution Test

The dynamics-dependent sub-grid star formation model includes a weak dependence on the
(number of) neighbouring gas cells during the initial tree-walk. Therefore, we simulate the
fiducial initial conditions at both higher and lower resolution (runs B M60 R2 hres and
B_M60_R2 lres respectively) to test the convergence of the star formation model over
a decade in resolution. The virial parameter is the crucial quantity for which the effect
of resolution has to be determined, because it sets the SFE. In Figure [A.I], we show the
time-averaged median virial parameter as a function of the galactocentric radius. It shows
that the virial parameter follows the same radial trends despite the different mass resolution.
With feedback also being affected by resolution, some offsets and slight variation in profile
shape are expected. We therefore consider the convergence expressed by Figure to be
satisfactory.

Figure shows the cumulative distribution of the virial parameter of all gas cells.
This figure illustrates that, despite the order of magnitude difference in resolution, there is
very little difference between the distribution of virial parameters in the three simulations.
The median of the high-resolution run is slightly higher compared to the other two, but due
to the relatively modest dependence of the SFE on the virial parameter (see equation ,
this only makes a difference of a few percent in SFE, demonstrating good convergence.
This is further corroborated by Figure which shows the cumulative distributions of
the virial parameters from which stars actually formed in the three simulations. While the
median values vary between 1.3 and 2.9 from the highest to the lowest resolution, this is
an acceptable difference considering the factor-of-10 difference in resolution.

Combining the above tests, we conclude that our star formation model reaches satisfac-
tory convergence at the 10* Mg, resolution that we have used in this study.
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Figure A.1: Time-averaged radial profiles of the virial parameter, shown for three simula-
tions of the fiducial bulge galaxy spanning a decade in numerical resolution. All profiles
follow a similar trend, but differences persist. These differences result from stellar feedback
having a slightly different effect at different resolutions.
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Figure A.2: Normalised cumulative distribution of the virial parameter for the different
resolutions tested, as indicated by the legend. The horizontal black line indicates the
median of each distribution.
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Figure A.3: Normalised cumulative distribution of the virial parameter with which stars
formed, comparing the three simulations with different resolutions, as indicated by the
legend. The horizontal black line indicates the median of each distribution. The median
Oy With which stars form lies between ayi, = 1.3 for B. M60 R2 hres and o = 2.9 for
B _M60_R2 lres.

A.2 Choice of Star Formation Thresholds

To ascertain the robustness of our sub-grid star formation model, and to ensure that our
results are not influenced by the choices of thresholds determining which gas cells are eligible
for star formation, we simulate the fiducial bulge galaxy with a range of different density
and temperature thresholds for star formation. These thresholds are listed in Table
and include both a higher and lower density threshold by an order of magnitude, as well
as a temperature threshold that is higher by a factor of 50.

For the gas that is eligible for star formation, Figure [A-4] shows that the gas virial
parameters change considerably when using a different density threshold. Higher-density
gas is more likely to be self-gravitating and thus have a lower virial parameter. Similarly,
including more diffuse gas in the median will push the oy to higher values. Similar
differences are shown in Figure [A’5] which shows the normalised cumulative distributions
of the virial parameter in the different simulations.

However, the gas with low virial parameters at which stars form most efficiently rep-
resents only a small fraction of the total mass. As a result, the differences in the virial
parameter, which mostly manifest themselves at high oy, do not strongly affect the global
SFR. This is demonstrated by Figure [A.6] where only the virial parameter in simulation
B_M60_R2 hDT shows a small offset, whereas the other three runs agree excellently.

Finally, Figure[A 7] shows the star formation relation, generated in the same way as those
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Name Density threshold [em~3] Temperature threshold [K]
B_M60_R2 1 1 x 103
B _M60 R2 IDT 0.1 1x 103
B_M60_R2 hDT 10 1 x 103
B _M60 R2 hTT 1 5 x 10%

Table A.1: Summary of simulations run to test the influence of star formation thresholds
on the dynamics-dependent sub-grid star formation model. All simulations are those of
the fiducial bulge (Ry, = 2 kpc and My, = 0.6M,). We only vary the listed threshold
parameters.

SFE eligible gas only
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Figure A.4: Time-averaged radial profiles of the virial parameter, comparing simulations
with different star formation thresholds, as detailed in Table
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Figure A.5: Normalised cumulative distribution of oy, comparing simulations with different
star formation thresholds, as detailed in Table .
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Figure A.6: Normalised cumulative distribution of ayi with which stars have formed
after 1 Gyr, comparing simulations with different star formation thresholds, as detailed in

Table @
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Figure A.7: SFR surface density as a function of gas surface density, comparing simulations
with different star formation thresholds, as detailed in Table The colour coding
indicates the galactocentric radius.

discussed in Section and Section All simulations are quantitatively consistent
with the fiducial simulation B M60 R2. For all of them, the Xgpr flattens towards the
centre of the galaxy with increasing ¥, with a pronounced suppression in the central radial
bin. Any differences agree to within the uncertainties implied by the time variability of
the SFR. The insensitivity of the star formation relation to the density and temperature
thresholds used is a result of the fact that our dynamics-dependent star formation model
self-consistently selects self-gravitating overdensities by increasing their SFE. Irrespectively
of the thresholds set, stars form at the roughly same rate, with a median oy, ~ 1.9, and
follow the same star formation relation.

We conclude that the density and temperature thresholds for star formation used
elsewhere in the literature, and which originally have been tuned to work for a constant
€, can also be used with our model. They do not affect our conclusions regarding the
influence of the gravitational potential on the SFR of galaxies. As our tests demonstrate,
our sub-grid star formation model could also be used without any threshold at all, even if
this would imply an increase in computational expense.
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Appendix: WISDOM of Power
Spectra

This appendix contains supplementary material for Chapter ] In Appendix and
Appendix we test how various choices in generating the mock observations of the
simulations affect the measured power spectra. Appendix [B.3| presents some additional
simulations with log(js/Mgkpc™2) > 8.85 and Appendix ts all correlation.

B.1 KinMS
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Figure B.1: Gas surface density maps generated using the KinMS tool, exemplary shown
for the three galaxies with a bulge mass of 0.3M, (left column of Figure , 600 Myr
after the start of the simulations. The map has an extent of 2.25 kpc a side and the purple
circle in the bottom left corner indicates the size of the beam. There is good agreement
between the AREPO generated surface density projections and the KinMS maps, although
the mock observations with KinMS tend to wash out smaller structures.

The KinMS tool is capable of creating mock interferometric observations from an under-
lying particle distribution. It can mimic observational effects such as beam smearing and
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Figure B.2: Slopes of the power spectra obtained from the KinMS gas maps as a function
of central stellar surface density (). Although the dynamic range in slopes is smaller
compared to Figure the strong correlation between power spectrum slope and central
stellar surface densities persists.

velocity binning (Davis et al., 2013b), that do not get taken into account when computing
surface densities using AREPO’s ray tracing. Although KinMS can mock an asymmetric
beam at a position angle and incline the gas distribution, we restrict ourselves to the simple
test case of using a symmetric beam with a FWHM of 43.3 pc and a map of 0° inclina-
tion here. This is done to better match the simulation results presented in Section [3.3.1
but we will explore the impact of inclination and beam size on the power spectrum in
Appendix

We pass KinMS the position and mass of the gas cells, as well as the rotation curve for
each simulated galaxy. The final maps have a velocity resolution of 10 kms™!, a bandwidth
of ~1000 kms~! and a pixel size of 11 pc (corresponding to resolving the beam with ~4
pixels). Like the AREPO surface density projections, we generate mock observations for 8
snapshots from 300 Myr to 1 Gyr. As an example, Figure shows the maps for the three
galaxies whose bulge contains 30 per cent of the initial stellar mass at 600 Myr. Overall
there is good agreement between the AREPO (left column of Figure and the KinMS
maps shown here.

Figure shows the power spectrum slopes of the KinMS moment zero maps as a
function of central stellar surface densities of the corresponding simulations. Qualitatively
we find the same trend of steepening power spectrum slope with increasing central stellar
surface density as for the surface density projections (Figure . The Spearman rank
coefficient of r = 0.82f8:88 with p = 0.008f8:88§ indicates a strong and probable correlation,
which agrees with the one found in Section [3.3.1] within the uncertainties. Qualitatively
there is a difference in power spectrum slope for the galaxies with log(,u*/M@kpc_Q) < 8.35.
Although they show the same behaviour quantitatively, the KinMS power spectra of these
galaxies have consistently steeper slopes, ranging from 2.01 to 2.09, than their surface
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density projection counterparts which vary between 1.77 to 1.89. This is a result of the
KinMS beam that smooths out some of the small scale structure, thereby steepening the
slope. We have confirmed that we can reproduce the steeper slopes of the low u, galaxies
to within their uncertainty using our original AREPO ray-tracing map and convolving it
with the KinMS beam kernel. Since both methods yield qualitatively the same results, we
use the AREPO surface density projection convolved with a Gaussian kernel, which stays
truer to the underlying gas distribution.

B.2 Parameter Tests

This appendix details a number of test we have performed on the simulations and the
surface density maps obtained from them. Below we will discuss in detail how the FWHM
of the Gaussian kernel used to smooth the map prior to obtaining the power spectra
(Section, the inclination gas distribution (Section , clipping the surface density
map at a threshold (Section and our choice of masking the centre (Section
affect the slope of the power spectra and the correlation between slope and central stellar
surface density we find for the simulations.

B.2.1 Beam Size

For the main analysis of Chapter [3| we smooth the ray-tracing surface density projections
generated with AREPO with a Gaussian kernel that has a FWHM of 43.3 pc, equivalent to
the geometric mean of the NGC 0383 beam. However, the beam can affect the shape of the
power spectrum up to a few times the FWHM (e.g. Grisdale et al.,|[2017; Koch et al., [2020).
We only consider spatial scales in excess of 3 x FWHM/1/81log 2, which should somewhat
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Figure B.3: Time-averaged power spectrum slope of the simulations as a function of their
central stellar surface density (). Points are colour-coded by the size of the beam (FWHM
of the Gaussian kernel) with which the map was smoothed prior to computing the power
spectrum. The error bars indicate the standard deviation of the slope over time and the
shading indicates the average error on the slope fit.
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mitigate this effect. Nonetheless, we test the robustness of our results to changes in beam
size here. To do so, we vary the FWHM of the Gaussian smoothing kernel we apply on our
original surface density projection from 20 x 20 to 70 x 70 pc?. We subsequently re-grid the
map such that the beam is always resolved by approximately 4 pixels. When computing the
power spectrum we account for the difference in beam size by adjusting the lower spatial
limit of the fit accordingly.

Figure shows the time-averaged power spectrum slopes as a function of the central
stellar surface density, colour-coded by the beam size. The error bars denote the standard
deviation of the power spectrum slope over time, while the grey shaded region indicates
the average uncertainty on the fit. There is some variation in power spectrum slope with
changing beam size, however excepting the most bulge-dominated galaxy this only occurs
over a range in slope that is comparable to the error on the fit. There is no clear pattern
of how the beam size affects the power spectrum slope. The power spectra of galaxies with
log (s /Mokpe™2) < 8.3 and a more sub-structured ISM appear to become shallower when
the beam size is increased. For the other galaxies, there is no longer a monotonic trend of
the slope with beam size and in each case the points scatter differently. Tendentially the
power spectra of galaxies with log(u./Mekpe™2) > 8.7 steepen with increasing beam size.
This is likely caused by smoothing out more of the smallest (invisible) density fluctuations,
making the gas discs even smoother.

We list the Spearman rank correlation coefficients and the probability for each data set
to be statistically significant in Table At all beam sizes considered here, the correlation
between the power spectrum slopes and central stellar surface density remains strong and
statistically significant. In short, although there is some quantitative variation of the power
spectrum shape that depends on the beam size, this discrepancy is only of order the error
on the fit. Qualitatively, there is good agreement between all the power spectra.

Beam size [pc] Spearman r p-value
20 0.8275:0%  0.00970008
30 0.827009  0.0080 058
40 0.861396  0.00413:99%
50 0.91%5:0%  0.001 509
60 0.927008  0.001005
70 0.867992  0.0035:993

Table B.1: Spearman rank coefficients and p-values for the correlation between power
spectrum slope and central stellar surface density of the simulated galaxies, when using
different beam sizes in the Gaussian smoothing kernel applied to the surface density maps.
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Figure B.4: Time-averaged power spectrum slope of the simulations as a function of their
central stellar surface density (u.). Points are colour-coded by the inclination of the
map from which the power spectrum was computed. The errorbars indicate the standard
deviation of the slope over time, while the grey patches show the average error on the
power spectrum slope fit.

B.2.2 Inclination

Another important quantity to consider is the inclination of the surface density map
on which the power spectrum is computed. Our default for the simulations is a face-on
projection, but the WISDOM observations have inclinations ranging from 20 to 70°. We use
KinMS to produce surface density maps at inclinations ranging from 0 to 90° and otherwise
using the set-up described in Appendix [B:I] We show the resultant time-averaged power
spectral indices as a function of central stellar surface density in Figure [B.4] Each point is
colour-coded by the inclination of the map from which it was produced, error bars on the
points indicate the standard deviation of the slope over time and the grey-shaded patch
indicates the average error on the fit. There is some variation in slope as a function of
inclination, but for inclinations below 90° the slopes are often in agreement within the
variation over time, and always within the error on the fit. Qualitatively, the correlation of
steeper power spectra with increasing p, is preserved at the p < 0.01 level for inclinations
below 70°. It persists with a lower Spearman rank coefficient (although still within the
16th-to-84th percentile variation) at the p < 0.05 interval for inclinations of 70 and 80°, as
shown in Table The power spectra are only significantly affected at an inclination of
90°. When the galaxy is viewed edge-on all power spectra are very steep. This affects the
disc-dominated galaxies with a more sub-structured ISM more than the bulge-dominated
ones. In the log(js./ M@kpc_2) < 8.3 galaxies some steepening occurs already at inclinations
2 70°. Thus, caution is advised when considering power spectra of galaxies whose gas
reservoirs have inclinations above 70°, but below that the expected variation of the power
spectrum slope are small. This is in good agreement with Grisdale et al. (2017) who find
that inclining their galaxies to 40° mostly affects the total power in the power spectrum
and the shape below the beam scale.
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Inclination [°| Spearmanr  p-value

0 0.821998  0.007+3:997
10 0.837008  0.0071000%
20 0.847398  0.006+3:99
30 0.84199%  0.005+9:99
40 0.87T002  0.00270003
50 0.87F3:96  0.003+3:993
60 0.86999  0.005+9:9%
70 0.767012  0.02670 0%
80 0.787017  0.020700%
90 0.431919 0.261+0208

Table B.2: Spearman rank coefficients and p-values for the correlation between power
spectrum slope and central stellar surface density of the simulated galaxies, when inclining
the maps of the simulated galaxies by the angle specified in column 1.

B.2.3 Surface Density Threshold

In contrast to the CO observations, the surface density projections for the galaxy include all
(cold) gas within the simulation because we do not use a sufficiently sophisticated chemical
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Figure B.5: Time-averaged power spectrum slope of the simulations as a function of their
central stellar surface density (u.). Points are colour-coded by the surface density threshold
imposed on the map from which the power spectrum was computed. The errorbars indicate
the standard deviation of the slope over time.
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Zthresh [M(DpCiQ]

Spearman r

p-value

0 0.86996  0.00419:993
1 0.86008  0.00370055
3 0.86995  0.00415:993
5 0.869:96  0.00419993
10 0.847008  0.00670099
30 -0.017922  0.6517028
50 -0.441925  0.28170:222
70 -0.57103%  0.15910-158
100 -0.587022  0.148T0 1%

Table B.3: Spearman rank coefficients and p-values for the correlation between power
spectrum slope and central stellar surface density of the simulated galaxies, when restricting
the analysis to maps with surface densities exceeding those listed in column 1.

model that models molecular gas or tracks CO specifically. Here we test the effect the effect
of clipping our surface density maps at specific thresholds on the power spectrum slope.
After obtaining the AREPO-generated surface density map, we set all surface density
values below our threshold to NaN. We test thresholds up to 100 Mopc~™2 and show this
as the coloured points in the time-averaged power spectrum slopes as a function of central
stellar surface density plot in Figure For Sipresh < 10 Mope™2 the power spectra
remain largely unaffected, the slopes agreeing within the standard deviation over time, or
within the error on the fit. Notable differences start to appear for Lipresh > 30 Mopc ™2, the
green and yellow diamonds in Figure The power spectra become much shallower for all
galaxies. This is the result of focussing on smaller and smaller, (very) high density peaks.
These are preferentially found in the more disc-dominated galaxies, which already have a
clumpier ISM with starker density contrasts. Therefore, the differences in power spectrum
slope are larger for the bulge-dominated galaxies. However, it is clear that these high
surface density thresholds are somewhat unphysical for our simulations, as what remains
left is a noise map in essence. As before, we show the Spearman rank coefficient for a
correlation between  and u, with different thresholds in Table [B.3] In summary, our
results remain robust even when introducing a reasonable threshold that would mimic

molecular gas more closely, such as ~10 Mopc™2.
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Figure B.6: Power spectra of the most disc- and bulge-dominated galaxies B M30 R3
B _M90_R1 without masking the centre. The power spectrum of B_M90 RI1 is clearly
dominated by the very dense attenuation of gas at the centre of the galaxy on scales up to
200 pc, while the power spectrum of B. M30 R3 is very similar to the centre masked one.

B.2.4 Centre Masking

Lastly, we discuss the effect masking the centres has on the power spectrum slopes we
measure. Figure gives an example of how extreme the effect of the very dense central
region in the bulge-dominated galaxies is, by contrasting it with the power spectrum of an
unmasked disc-dominated galaxy. In the B. M90 R1 spectrum there is a bump followed by
an order of magnitude drop in power on the spatial scales associated with the central region
that make fitting the power spectrum with any kind of power law impossible. This central
attenuation of gas is a consequence of the star formation rate suppression in the galactic
centre and the lack of feedback from active galactic nuclei and therefore unphysical (see
also the discussion in Gensior et al. 2020)). To avoid contamination in the power spectrum
from this bright centre we mask it using the Cosine Bell Window function of astropy.

We show the evolution of the power spectrum slope as a function of the masking
parameter « in Figure[B.7] The disc-dominated galaxies with a sub-structured ISM are not
strongly affected by the centre masking until o > 0.5 is reached, but even then there is only
moderate steepening. The bulge-dominated galaxies show a lot more variation. At o < 0.1
slopes are shallow and change dramatically between the data points because the central
region is not completely masked. This trend of variation due to the very dominant central
region continues for the more bulge dominated galaxies until a~0.25 and only equilibriate
somewhat afterwards. The slopes of the more bulge-dominated galaxies also increase with
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Figure B.7: Power spectrum slope for all simulations (exemplary at 600 Myr) as a function
of the masking parameter a that determines the width of the Cosine Bell window used to
mask the centre of simulations and observations alike.

Name M, [101°Mg] Ry, [kpe] log(ps/Mokpe™?)
B_M75 Rl 3.50 1 9.01
B M90 R1p5 4.24 1.5 8.96
B_MI100 RI 4.67 1 9.43
B M100 R2 4.67 2 8.86

Table B.4: Initial conditions of the additional simulations. We only vary the listed param-
eters.

increasing «, however for those where the change is drastic, the errors on the fit are very
large. We choose our masking parameter from the region where all power spectrum slopes
have reached a temporary equilibrium, i.e. where the central region of the bulge-dominated
galaxies no longer dominates the power spectrum fit, and thus settle on o = 0.35. The
corresponding masking parameter for the observations is calculated as:

160,y ix — 1
Qlohs = = g(npl )7 (B21>

lpix

where b,yg is the geometric beam average, npix the number of pixels along one side of the
map and [« the size of a pixel in pc.

B.3 Additional Simulations

To test whether the power spectrum slope approaches a constant value at high central
stellar surface density, we perform four additional simulations with log i, values ranging
from 8.86 to 9.43. These additional initial conditions are generated following the procedure
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Figure B.8: Power spectrum slopes () of all simulations as a function of central stellar
surface density (u«). For easier visibility, the additional simulations discussed in this
appendix are highlighted in maroon and displayed as crosses. The strong correlation
between § and u, persists.

outlined in Section [2.3.2] Table [B:4] lists the different bulge masses and scale radii that
result in galaxies with . values in the range we want to investigate.

In Figure the power spectrum slope is plotted against the central stellar surface
density of both the original simulations discussed in Chapter [3| and the additional sim-
ulations, highlighted by maroon crosses. Although weaker than the original correlation,
with r = 0.81f8:8; and p = 0.0021“8:885 the correlation between 5 and pu. still holds at a
statistically significant level. Indeed, the Monte Carlo simulations indicate that the cor-
relation found with the additional simulations is stronger, and the Spearman rank values
agree within the 16th/84th percentile uncertainties. The three additional simulations with
central stellar surface densities between 8.8 < log . < 9.25 have a slope comparable to the
runs B M90 R2 and B__M90_ R1 immediately bracketing them. Only run B__M100_R1
exhibits a slightly steeper slope, which still falls within the variation over time of run
B _M90 RI1. For all additional simulations, the variation in power spectrum slope over
time is minimal.

The slopes of the additional simulations do indicate that the trend of steeper power
spectrum slopes with increasing central stellar surface density becomes much shallower,
if not approaching a constant value at log p, > 8.75. This implies that the central gas
reservoir in these galaxies reaches a "maximum smoothness" without any fragmentation
or substructure, that there is a limit to how much shear can affect and tear apart the gas.
There are two possible explanations for observing this behaviour: It is either a physical
limit, or a numerical resolution effect. The latter could be caused by our relatively low
resolution of ~ 1x 10* M, per gas particle, making it difficult to resolve objects comparable
to smaller giant molecular clouds properly. However, testing whether this is a numerical
effect requires additional simulations at a much higher resolution, which are beyond the
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scope of the current study. Therefore, it will remain unclear whether the flattening of the
B — u4 trend is physical or numerical in origin.

It should also be noted following Appendix [B:2.1] that even the choice of beam size
affects if we see a flattening. At beam sizes of 20 and 30 pc (around the average gravitational
resolution of 25 pc), the trend between 5 and p., is less pronounced, whereas it becomes
stronger (and does not approach a constant slope) for beam sizes of 50 and 60 pc. We also
test the behaviour of the power spectrum using surface density maps that are 4.5 kpc a
side. This is marginally larger than the diameter of the smooth gas reservoir in the most
bulge-dominated galaxy. Although the power spectrum slopes become shallower on average,
the trend between power spectrum slopes and central stellar surface densities is preserved
and the slopes continuously increase with u,. This highlights further how sensitive power
spectrum slopes in general, and the flattening effect in particular, are to parameter choices.

B.4 WISDOM Power Spectrum Slope (non-)Correlations

We summarise our search for correlations between the power spectrum slopes of the WIS-
DOM galaxies and various properties in Table For each quantity we show the mean
Spearman rank coefficient and p-value and indicate their 16th and 84th percentiles from
1000 Monte Carlo simulations, performed to account for the uncertainty on each power
spectrum fit. In addition to showing the correlation probability for the entire sample, we
also show it for the sub-samples of ETGs and Spirals. We test for correlation with: pgas,
the central gas surface density; Mgas, the gas mass; Ryqs, the half-light radius of the gas;
the star formation rate (SFR); the specific star formation rate (sSFR); Rco/Re, the ratio
of gas-to-stellar half-light radii; fzas, the gas-to-stellar mass ratio; figas/ i+, the gas-to-stellar
central surface density ratio; u., the central stellar surface density; M., the stellar mass of
the galaxy; Y i, the sensitivity of the observations; iy, the smallest scale of the power
law fit; Lax-lmin, the extent of the power law fit, and the geometric average of the beam
(beam).
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all galaxies

ETGs

Spirals

Property

Spearman r

p-value

Spearman r

p-value

Spearman r

p-value

Hgas
Mias
Rgas
SFR
sSFR
Rgas/Re
fgas

Hgas / s
[

M,

Yimin
lmin
Imax-lmin

beam

0.65701
0.20%45
0.0951¢
0.19%013
0.37013
-0.017013
0.271013
0.51%71
-0.107015
-0.24%53
0497517
-0.01%516
0.140 15

0.16

0.061998
0.4075:33
0.661031
0.5870:2%
0.3010 15
0.765:15
0.4379-23

0.08
0.1179 08

0.6475:38
0.48703
0.1675:13
0.715:%
0.6175:37
0.715:31

0.5970:35
-0.0870:39
-0.2710:27
0371932
02870154
0547013
-0.30103
0.520 15
0.105577
0.07%035
0.467057
012793
-0.29%575

0.24
-0.13503

0.22%03%
0.677551
0.58%551
0481031
0.58%0 54
0241034
0.515092
0.2675 05
0.7175%
0.63102>
0.33%0 36
0.68%0 57
0.56104%

0.661033

0.691035
0.5803%
0.38% 03
0.12105
0.34%334
0.49%05;
0.71753
0.2807%
0.07*557
0547575
0.465:5
0.06%5:56
0.51553)

0.081922

0.22%0,1g
0.33%033
04975750
0.671070
0.50 1551
04075755
0.215517
0.6475753
0.7275:53
0.374035
0455057
0.74*525
0387034

0.737033

Table B.5: Mean Spearman rank correlation coefficient with 16th and 84th percentiles
and probability for non-correlation between the slopes of the WISDOM power spectra and
assorted properties. These have been estimated from 1000 Monte-Carlo simulations of
the data, to take into account uncertainty on the power law fit. We show the correlation
coefficient and p-values for the entire sample and the sub-sets of early- and late-type

galaxies.
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Appendix: Elephant in the Bathtub

This appendix contains supplementary material for Chapter [d] We first demonstrate the
validity of using a multi-linear regression to fit the sSFR dependence on p, and fgas in
Appendix [CI] Then we discuss the density distribution of the gas in Appendix [C.2}

log fgas

7.0 7.5 8.0 8.5 9.0 9.5 10.0
log f. Mo kpe™?]

Figure C.1: Gas-to-stellar mass ratio fgas and stellar surface density (u.) plane, coloured
by the specific SFR (sSFR = SFR/M,) predicted by the multi-linear regression of equa-
tion[4.4.1] Diamonds show results from the simulations at different times between 0.3-1 Gyr,
colour-coded by their current sSFR. The grey and white lines indicate the expected range
in sSFR between stellar masses 2 x 10°My, < M, < 3 x 10'2M,, for galaxies on the Speagle
et al. SEMS at redshift 2 and 0 respectively. The good agreement between the
colours of the data points and the background demonstrates that the multi-linear regres-
sion provides a satisfactory description of the simulations.

177
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C.1 Validation of the Multi-linear Regression

Figure compares the sSFR measured in the simulations to the prediction from the
multi-linear regression of equation f.4.1] for a range of gas-to-stellar mass ratios and stellar
surface densities. The comparison between the colour of the diamonds and the background
shading shows good agreement between the two, within the boundaries set by the grey and
white lines, which demarcate the range in sSFR expected from galaxies on the Speagle et al.
(2014) SFMS with stellar masses 2 x 109Mg < M, < 3 x 10'2M. We require agreement
between the simulation data-points and the fit in the part of fgas—pu« parameter space
encased by the lines, because this is the mass range considered in our prediction for the
importance of dynamical suppression on the galaxy population. The grey lines denote
values for the main sequence sSFR at z = 2, while the white lines show the sSFR for z =0
galaxies. Consequently, the assessment of the quality of the fit should be restricted to points
above the log M, = 3 x 10!2My, z = 0 white line. Figure shows excellent agreement
between linear model and simulations in this part of parameter space. Across the entire
model grid, only a few points show a lower sSFR compared to the multi-linear regression fit,
likely because our sub-grid star formation model might overestimate the suppression of star
formation somewhat in part of parameter space (see discussion in Section . However,
these points fall below the bottom white line, i.e. outside of our region of relevance, and
thus do not influence our conclusion that a multi-linear parametrisation of the sSFR is an
appropriate fit to the simulated data.

C.2 Gas Density Distributions
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Figure C.2: Gas volume density distributions of the simulated galaxies. Each panel shows
the probability density function (PDF) of the gas for galaxies with gas-to-stellar mass
ratios of 0.01—0.20, for the disc-dominated (left), intermediate bulge (middle) and bulge-
dominated (right) potentials. Lines indicate the median over time, while the shaded regions
indicate the 16th-to-84th percentile variation over time. The vertical black dotted line

indicates the minimum density threshold for star formation, which is nyi, = 1 cm™3.
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The probability density function (PDF) for all gas within the simulations is shown in
Figure for the complete set of different stellar density profiles and gas-to-stellar mass
ratio. The main difference in the gas distribution between the different gas fractions lies
in the high-density tail of the PDF. The higher the gas-to-stellar mass ratio, the more gas
is present at high densities. This difference between galaxies with different gas-to-stellar
mass fractions increases the more spheroid-dominated the gravitational potential is. It
is caused by shear, which inhibits the fragmentation of gas into smaller, denser clouds
at low gas-to-stellar mass ratios (see also Figure . Despite these differences at low
gas-to-stellar mass ratios, the mass-weighted fractions of gas above the star formation
threshold for the runs with fg.s = 0.05—0.20 only differ by a couple of per cent or less.
The sharp drop of the gas PDF just below the density threshold for star formation seen for
runs B M60_R2 fgl and B_ M90_R1 fgl might suggest a numerical bias in the sSFR
of these galaxies, related to the choice of threshold density. To address this, we performed
two (re-)simulations of B_M90 R1 fgl (one with a density threshold of 1y, = 0.1 cm™3
and one with higher resolution), which show that the SFRs presented in Chapter |4] are not
affected by the threshold choice and resolution.

Figure shows a projection of the gas surface density for each simulated galaxy.
Gensior et al. (2020) found that the shear induced by a dominant spheroidal component
can suppress fragmentation in the ISM of the galaxy, creating a smooth circumnuclear gas
disc. The extent of the disc depends on the bulge strength, i.e. the higher the central stellar
surface density, the larger disc. Figure demonstrates that with fz.s < 3 per cent even
the disc-dominated galaxies show signs of this process, even if the central gas reservoir is
marginally disturbed. The more gas dominates the local gravitational potential at higher
gas-to-stellar mass ratios, the lower the impact of the stellar potential. As shear becomes
insufficient in suppressing fragmentation, star formation and stellar feedback proceed. These
processes together lead to an increasingly more substructured ISM. At a gas-to-stellar mass
ratio of 20 per cent, the most bulge-dominated potential barely hosts a central gas disc.
Figure illustrates that, similarly to the dynamical suppression of star formation, the
extent and existence of the smooth central gas disc also depends on both the gas-to-stellar
mass ratio and the underlying gravitational potential.
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Figure C.3: Surface density projection of the gas component in the simulated galaxies.
The columns indicate the distinct gravitational potentials, with disc-dominated on the left,
intermediate bulge in the middle and bulge-dominated on the right. The gas-to-stellar
mass ratio increases from 1 per cent in the top row to 20 per cent in the bottom row. The
maps are shown at 900 Myr after the start of the each simulation and measure 20 kpc on a
side. At low gas-to-stellar mass ratios, we find ubiquitous smooth nuclear gas discs, which
arise from the dynamical suppression of fragmentation. At fgas > 10 per cent, the ISM is
predominantly substructured, due to gravitational instability and stellar feedback. At such
a high gas fraction, even the completely bulge-dominated potential only hosts a very small
central disc.
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