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Abstract

The lives of galaxies are shaped by the interplay of their mass components, and hence
galaxy mass dissections represent a vital contribution to the field of galaxy evolution. To
determine what sets the growth rate of galaxies in terms of their stellar mass build-up, I first
cross-calibrate two methods of measuring the fuel for star formation held in cold molecular
gas reservoirs (constraining dust masses and dynamical masses in intermediate/additional
steps). I proceed to present an application in mapping out the gas scaling relations across the
galaxy population (including the efficiency with which cold gas is converted into stars), and
their dependencies on galaxy properties. Using a full spectral fitting approach, I then con-
strain the history of star formation, and thus stellar mass evolution, over longer timescales,
complemented with a careful exploration of the robustness of the procedure.

In more detail, I first compare molecular gas masses derived by using as an indirect tracer
either CO emission at sub-mm wavelengths, or infrared dust continuum emission. Using an
updated scaling with a secondary dependency on metallicity, I find that both methodologies
can be brought into agreement without any systematic offset and with a reduced scatter of
∼ 0.1 dex, based on IRAM observations of ∼ 80 galaxies in Stripe82 with IR coverage from
WISE 22µm and Herschel-SPIRE (250, 350, 500µm). Using the kinematic information in
the CO line emission, I further find a very encouraging agreement between the dynamical
mass within a half-light radius and the sum of estimated enclosed mass components (stellar
mass, dark matter content, H i+ H2 gas), despite the simplicity of the assumed dark matter
profile and halo concentration.

My dust-based calibration is then applied to the full set of ∼ 10k galaxies with over-
lapping WISE+SPIRE data. We find that enhanced star-forming activity cannot solely be
attributed to a larger amount of fuel, but also to a higher star-forming efficiency, consistent
with literature findings based on CO-inferred gas masses. Further, we show that the effi-
ciency increases for galaxies of smaller size with more extended bulges (at fixes mass and star
formation rate). Investigating trends in the Kennicutt-Schmidt relation (linking the surface
densities of molecular gas and star formation), we find that changes in structural properties
(bulge fraction, size) or morphological factors (spiral arms, bars, mergers) primarily move
galaxies along the relation.

Next to the more instantaneous factors impacting present-day star-forming properties,
I also aim to investigate if the latter are in any way connected to the early star forma-
tion history (SFH), by using a galaxy-integrated spectro-photometric fitting procedure. To
evaluate the robustness of the method, I first analyse changes in the parameter values and
SFHs recovered as a function of slight variations in the settings of the procedure (MCMC
fitting parameters, spectral properties), as well as adopting a galaxy-integrated vs resolved
strategy. I demonstrate that, even if the exact shape of the recovered SFH can vary to some
extent, several key parameters are constrained robustly in any case, including: stellar mass,
present-day star formation rate, mass-weighted stellar age, as well as how far along a galaxy
is into the declining phase of its SFH.

Finally, I apply the galaxy-integrated fitting routine (with the most recent episode of star
formation decoupled from the early SFH) to a set of ∼ 440 massive star-forming galaxies
selected from the SDSS-IV MaNGA survey. I show that, at fixed mass, the majority of



ii

galaxies with enhanced star formation at present have already shown enhanced activity
throughout most of cosmic time. Compared to their slower-growing peers, they have started
forming only later in cosmic time, such that both groups reach a similar mass today. Using
the recovered SFHs, I derive the scatter in the “Main Sequence” (MS) relation between stellar
mass and star formation rate recovered at different lookback times. I find that stochastic
fluctuations reflected in the recent burst of star formation (due to, e.g., variations in gas
inflow, minor mergers, stellar feedback cycles) only play a modest part in the observed
scatter (∼ 0.12 dex out of ∼ 0.35 dex), and the dominant drivers are instead found in
Hubble timescale processes (with distinct halo properties, or a long-term differentiation in
bulge formation histories as plausible candidates).
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Chapter 1

Introduction and background

1.1 The big picture

It is a common piece of trivia (passed on in different variations) that as we breathe on Earth,
we inhale some of the same particles that were present in the dying breath of Hypatia of
Alexandria in 415 AD.1 This is a consequence of the enormous number of particles that
we inhale in each breath, amounting to about 1022 − 1023 (for a one-litre breath volume
at room temperature and pressure), while the total air on Earth contains “only” roughly
1021 such breaths (for a 10, 000-metre high atmosphere), with the intervening time having
ensured mixing. In reality, the nitrogen and oxygen atoms that make up the bulk of that
breath can be traced back to much earlier times as they were forged in a stellar furnace by
nuclear fusion of primordial hydrogen before being expelled during a violent late stage of
stellar evolution. These preceding hydrogen atoms in turn experienced a tumultuous past,
with their subatomic components dating all the way back to the Big Bang ∼ 13.7 billion
years ago, after which they were originally boiling in a hot particle soup of photons, quarks,
electrons, and neutrinos, forming a primordial plasma in which matter and radiation are
not yet decoupled. In the subsequent expansion and cooling, the Universe rapidly became
dominated by matter over radiation around 70, 000 years after the Big Bang, and after
∼ 370, 000 years, electrons and protons first became bound to form the aforementioned
hydrogen atoms during the epoch of recombination (while photons escaped). As initial
perturbations in the dark matter background evolved through the Boltzmann equations to
form the cosmic web, our hydrogen atoms fell into the potential wells of emerging dark
matter haloes. On their way they might become ionised by the action of their companions
who already formed the first ionising sources, concluding the so-called cosmic dark ages, and
leading to another phase transition of the Universe: reionisation (e.g., Rees 1998). Following
the density structures carved out by the dark matter, the hydrogen atoms inherited a similar
specific angular momentum as the haloes they fell into (induced by torques of the cosmic
web) and, via conservation of angular momentum, they settled in the form of a disk of
baryons, growing to become a galaxy (White & Rees, 1978; Fall & Efstathiou, 1980). Being
defined by a large concentration of baryons, galaxies experience forces other than gravity
and baryon-baryon interactions become increasingly more important despite ∼ 96% of the
Universe consisting of dark matter and dark energy.2 Those H atoms in cooler regions or

1One of the first reasonably-well documented female mathematicians, as well as a philosopher, astronomer
and advisor to the political leaders of Alexandria, who was tragically murdered as part of a religious conflict.

2Throughout this thesis, a standard ΛCDM cosmology is assumed (e.g., Blumenthal et al. 1984; Dodelson
et al. 1996).
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Figure 1.1 Left panel : Total stellar mass contribution (arbitrary units)
contained within stars of X solar masses M� in the Universe today, where
X refers to a given point on the x-axis. The mass contribution on the y-
axis is obtained by assuming a Chabrier (2003) initial stellar mass function
and multiplying it by the respective stellar mass at each point on the x-
axis. The mass of our Sun is marked by a dashed line and illustration
for reference. Right panel : Same, but for galaxies, building on the galaxy
stellar mass function prescription from Moustakas et al. (2013). The mass
of the Milky Way Galaxy is highlighted for reference. Courtesy of S.Wuyts.
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shielded from dissociating radiation would grow more dense to form clouds of H2 molecules
(the different gas phases will be characterised in more detail in Section 1.2). These H2 regions
in turn grew more massive and dense as they kept cooling, contracting and fragmenting until
their collapse led to the ignition of nuclear fusion and thus the birth of stars.

In the interiors of such newly-formed stars, the energy released by the hydrogen-to-
helium fusion delays further collapse. As hydrogen atoms become sparse within a stellar
core, the latter contracts until subsequent stages of nuclear fusion are initiated (Hoyle,
1946), and elements heavier than He (“metals”) are produced (which are not present in
primordial gas, with the exception of traces of lithium). Given a high enough mass, a star
can produce metals increasing in atomic number during its lifetime until iron production is
reached. The production of yet heavier elements - requiring more energy than is subsequently
released in the reaction - occurs only in the most violent processes in the Universe, such as
supernovae. The specific elements making up our gasp of air of course constitute a much
larger accumulation of such metals than typical stars in the Universe today - most stellar
mass is held in stars of roughly Solar metallicity (Gallazzi et al., 2008), meaning that for
every 10000 H atoms, there are only roughly 5 oxygen ones (O/H = 108.69−12 in linear
units). Moreover, when not just considering stars, the mean metallicity over all baryons in
the present-day Universe is estimated to be yet an order of magnitude lower (see Fig 14 in
Madau & Dickinson 2014).

So the heavy elements in our breath are rather rare, and they likely do not find their
origin in Solar-mass stars, but as noted above, they will instead have gone through a phase
of massive star evolution, as the most massive objects are responsible for the bulk of metal-
enriched stellar mass-loss. Such massive stars are scarce and represent only a low mass
fraction of the total stellar mass in the Universe today. In contrast, most of the stellar mass
today is locked up in stars of . 1 Solar mass (assuming a default stellar initial mass function
as proposed by Chabrier 2003). This is illustrated in the left panel of Figure 1.1, which shows
the amount of mass held in stars of X Solar masses, where X is shown on the x-axis. The
Sun’s mass is indicated by a vertical dashed line for illustration, and is situated already at
a slightly higher mass than those stars containing the bulk of the stellar mass. The right
panel shows instead the total stellar mass summed over galaxies of the given galaxy stellar
mass specified on the x-axis, illustrating that most stellar mass is held in Milky-Way-like
galaxies (indicated again by a vertical dashed line), as derived from the galaxy stellar mass
function from Moustakas et al. (2013). However, the likelihood of our primordial hydrogen
atom ending up in a star in a Milky-Way-like galaxy, or on a planet near one, is still minute,
as the bulk of the baryonic mass in the Universe is actually not held in galaxies, but in the
surrounding circumgalactic and intergalactic medium (e.g., Fukugita & Peebles 2004; see
also the reviews by McQuinn 2016 and Tumlinson et al. 2017), consisting of gas in a hot and
diffuse phase. Thus, even though it is often said that we live close to an ordinary star, at an
unremarkable position in an ordinary galaxy, the voyage that our initial pocket of baryonic
matter experienced is actually quite a unique one. For each of the roughly 1022− 1024 stars
in the observable Universe (coincidentally close to the order of magnitude of Hypatia’s last
gasp of air molecules), there will be a different story to tell, reflecting the myriad of different
possible cosmic paths that primordial particles have taken to enable their birth and light up
our Universe.

This brief cosmic summary is not unrelated to this work, in which I primarily follow
the path of baryons in galaxies from molecular gas to star formation today, and constrain
properties of the existing stellar populations (with a particular focus on how the history
of star formation, inferred from stellar ages, may be related to present-day star-forming
properties). In more detail, this thesis will feature many of the aspects discussed above,
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including both cold gas phases (atomic and molecular), the enriched material in general
(as a measure of chemical enrichment of the stars observed), CO molecules in particular
(as probes of the cold ISM), conglomerates of heavy elements in the form of dust grains
(likewise as cold gas tracers, but also as dust attenuation affecting the light emitted from the
observed stellar populations), to the dark matter haloes in which the galaxies are embedded
(in interpreting CO dynamical masses).

1.2 Gas and dust within galaxies

Interstellar space is not empty, but populated by gas atoms and molecules, though much
more sparsely than the best lab-based vacuum conditions achieved on Earth. However,
summed up over a vast spatial extent, the gas reservoirs of massive local star-forming galaxies
typically reach weights of ∼ 109 − 1010 Solar masses (M�), amounting usually to . 1/3 of
their host galaxy’s baryonic mass, although there is a significant scatter and systems with
higher gas fractions exist (e.g., Catinella et al., 2018). At higher redshifts, galaxies are

yet much more gas-rich with gas content scaling as
Mgas

M?
∼ (1 + z)2.5 (e.g., Tacconi et al.,

2018). The vast majority of gas is in a cold phase, whereas the hot ionised gas which
produces optical line emission only represents a small percentage by mass. The cold gas
mass, integrated to the galaxy outskirts, tends to be largely dominated by atomic hydrogen
as opposed to H2 molecules, although the amount of molecular gas varies substantially on a
galaxy-to-galaxy basis.

As mentioned in the introduction, heavier elements are extremely rare, but their existence
nonetheless has an important impact on galaxy evolution. One particular form of clustered
metals, called dust, consists of carbonated structures of . 1 micron size, which are expelled
by stars during their Asymptotic Giant Branch (AGB) phase, with some minor contributions
from supernovae. These dust grains are thought to grow further via accretion of surrounding
particles within the interstellar medium. Dust grains play a crucial role in star formation,
as they absorb dissociating UV radiation and re-emit it at lower energies, predominantly in
the IR. Dust can thus serve as a shielding agent to allow for hydrogen atoms to cool and
bond together to form molecules, and eventually for such molecules to group together and
grow into cold molecular gas clouds, which then collapse on timescales of < 10 Myr, igniting
new stars. As part of the cold gas content is thus burnt by star formation, the reservoir is
continuously re-supplied via gas accretion from the circumgalactic medium, although part of
it can be heated up and even transported out of the galaxies due to stellar winds and other
feedback processes (e.g. from the accretion disk around actively growing black holes). In
this context, a picture describing galaxies as self-regulating ecosystems, which balance gas
inflows, star formation and outflows, has emerged in recent years (Lilly et al., 2013; Peng
& Maiolino, 2014b). This so-called gas regulator or equilibrium growth model is motivated
by the fact that the growth of galaxies is characterised by a remarkably tight relation of
∼ 0.2− 0.3 dex scatter between the stellar mass and rate of star formation within galaxies
across a broad range of redshifts (Brinchmann et al., 2004; Noeske et al., 2007), although
the exact shape/slope can vary for different redshifts and masses probed; see e.g. Förster-
Schreiber & Wuyts (2020) and references therein). Findings suggest that the scatter in
this relation is driven by a combination of variations in the availability of molecular gas, as
well a differences in the efficiency of converting this fuel into stars (Saintonge et al., 2011;
Saintonge et al., 2017). However the relative contributions and the underlying physical
mechanisms at play remain an active area of research. In particular, a well-known challenge
in determining molecular gas masses is that the H2 molecule does not emit directly at the
low prevalent temperatures, and the conversion from indirect tracers comes with substantial
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uncertainties. On a related note, we will outline in Section 1.4 how this thesis addresses
some of the open questions of the field, highlight related studies, and specify how this thesis
complements these works. In brief, we cross-calibrate two different approaches of inferring
molecular gas masses, investigate if the H i content may play a role in disagreements, and
demonstrate that, using an adjusted metallicity scaling, both methodologies can be cross-
calibrated to match without systematic offsets, with a scatter of just ∼ 0.1 dex. In Chapter
3, we then present an application of our methodology to ∼ 10, 000 nearby galaxies and
investigate scaling relations for the gas fraction and star formation efficiency as a function
of mass, deviation from the star formation rate (SFR) typical for that mass, and structural
parameters (size, bulge fraction), as well as trends with morphological features (bars, spiral
arms, and mergers). The thesis will then proceed to investigate to what extent fluctuations
in SFR at fixed stellar mass may not only be connected to molecular gas properties, but
also related to the early star formation histories of galaxies.

1.3 The star formation histories of galaxies

In general, there are two different approaches to constraining the history of galaxy evolution
observationally. First, one can study galaxies at different redshifts, corresponding to different
lookback times. The key challenge is then to link nearby galaxies to their respective ancestors
to infer how the properties of individual systems evolved over time. To this end, a popular
approach has been to use number density information (van Dokkum et al., 2010; Wellons &
Torrey, 2017), in its simplest form assuming that the mass ranking of galaxies is conserved.
The alternative approach is to study today’s fossil record of galaxies at low redshift, and
conduct “galaxy archaeology” to thus infer their history indirectly. This latter method
is complicated by not having access to direct observations of the different evolutionary
stages, while the former comes with its own challenges as progenitor-descendent linking is
a non-trivial task (due to mergers, differences in growth rates of galaxies at fixed mass,
completeness biases) and galaxies at higher redshift become more challenging to observe
(both because of the larger distance and their lower masses and smaller sizes). In this
thesis, we focus on analysing the fossil record of nearby galaxies. We briefly introduce some
of the associated caveats below, while providing a detailed description in Chapters 4 and 5.

The stellar mass in galaxies is built up over billions of years, with the more abundant
stars reaching typical lifespans on the order of ∼ 10 Gyr. The longevity of stars implies that,
if one can accurately determine a census of the ages of stellar populations within a given
galaxy, it is possible to reconstruct its history of star formation (though without the ability
to distinguish between stars formed in situ versus ex situ and brought in via mergers).

However, recording a majority of individual stars and inferring their mass and evolu-
tionary track from their position in the Herzsprung-Russell diagram (Hertzsprung, 1905;
Russell, 1919) is only possible in our own Milky Way and the Magellanic Clouds (which are
an interactive system of satellite galaxies). Thus, statistical analyses of galaxy star forma-
tion histories (SFHs) are by necessity restricted to extracting information from the spectrum
emitted by large ensembles of stars. At their basis, stellar population synthesis (SPS) codes
are aiming to model the observed integrated spectrum as a superposition of stellar spectra,
grouped according to an IMF into mono-age stellar populations of a particular chemical
enrichment, and subsequently combined according to a star formation history. To mimic
the actual observed galaxy spectra, the stellar population model is convoluted with given
gas and dust properties. Disentangling the emitted stellar light, dust attenuation and dust
re-emission, is complicated especially for old populations by the degenerate effects of stellar
age, chemical enrichment and dust, which when increased all lead to a redder spectrum.
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Further challenges lie in colour saturation and outshining, meaning that the ages of very
old stellar populations are constrained to much lower accuracy than for young stars, while
at the same time they are intrinsically less bright than young stars that may be present in
their surroundings.

The reprocessing of ionising radiation from massive hot stars by the surrounding gas
imposes nebular emission lines on the stellar spectra, the strength of which scales with the
star formation activity (dictating the amount of massive short-lived stars), and line ratios of
which are sensitive to metallicity and other ISM conditions. While complicating aspects of
the analysis by introducing more free parameters, the nebular component thus also enriched
the information held in galaxy spectra.

In this work, I am using the novel SPS code Bagpipes (Carnall et al., 2018) to recover
the star formation histories of nearby galaxies from the MaNGA survey (Mapping Nearby
Galaxies at Apache Point Observatory; Bundy et al., 2015), providing more freedom to
the SFH than in traditional exponentially declining models. In Chapter 4, I first conduct a
systematic exploration of the impact that slight variations in the fitting procedure have on
the outcome in terms of derived SFHs and observable quantities predicted for a subset of
galaxies. I further investigate the robustness of the method by performing runs on both the
galaxy-integrated and radially resolved spectra for a subsample. Armed with a newly gained
perspective, in Chapter 5, I then apply a galaxy-integrated approach to ∼ 440 massive star-
forming galaxies to investigate the connection between a galaxy’s prior history of stellar
mass growth and present-day star-forming properties. This analysis complements Chapters
2 and 3, which assess to what extent the star-forming properties are set by the amount of
presently available cold gas.

1.4 Thesis outline

In this work, I will use multi-wavelength observations of nearby galaxies to document key
aspects of the journey of baryons from multi-phase gas to star formation. Before embarking
on this project, this section specifies the open questions that this thesis addresses, and how
it complements other studies in the field of galaxy evolution (as well as referring to the
chapters where our results on the topics below are presented).

Chapter 2 represents the starting point, focusing on how to efficiently measure the
amount of cold molecular gas within galaxies (which represents the building material for
new stars, as noted in Section 1.2). This chapter paves the way for subsequently investigat-
ing in Chapter 3 how the amount of fuel for star formation and the efficiency at which it is
burned vary across the galaxy population. As the H2 molecule does not produce any mea-
surable direct emission at the low cloud temperatures of ∼ 10K, efforts to derive molecular
gas masses are confined to indirect methods. In Chapter 2, I cross-calibrate the use of two
different indirect tracers, the sub-mm emission by CO molecules and the IR radiation by
dust, building on new CO follow-up observations of 78 galaxies with public IR data from
WISE (Wright et al., 2010) and Herschel-SPIRE (Viero et al., 2014). Our study increases
the number of low-redshift objects for which such a calibration has been conducted, while
extending the dynamic range in star formation rates (SFRs) compared to previous efforts
such as the work by, e.g., Bourne et al. (2013) (20 targets), Sandstrom et al. (2013) (26
objects), Scoville et al. (2014) (12 targets in their lowest-z sample) and Groves et al. (2015)
(36 objects). For roughly a third of our targets, we further gather Arecibo 21 cm obser-
vations complementing the CO and IR data, and investigate whether dust as a tracer of
H2 may (partially) be “contaminated” by H i gas present in the same regions. The chapter
establishes a robust dust-based calibration (∼ 0.13 dex scatter w.r.t more established CO-
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based values). Moving on to a dynamical aspect of our study, we further pose the question
whether stellar masses and dark matter contributions (i.e. the dominant mass components
within our low-z galaxies) can be estimated accurately enough to agree with the kinematic
information held in our CO line profiles.

Returning to H2 masses, Chapter 3 analyses how the availability of molecular gas in
galaxies and efficiency of its consumption vary as a function of stellar mass, star-forming
activity, and structural properties. It builds on the dust-based calibration established in
Chapter 2, which is applied to the set of ∼ 10k galaxies with WISE+SPIRE data. As
such, the chapter boosts anew the number statistics of objects with molecular gass mass
estimates at low redshift, after the recent progress made by large CO legacy surveys such as,
e.g., xCOLD GASS (> 500 sources; Saintonge et al. 2017), EDGE-CALIFA (∼ 130 targets,
Bolatto et al. 2017), ALLSMOG (∼ 90 low-mass sources; Cicone et al. 2017), MASCOT
(ongoing with ∼ 150 targets observed to date; Wylezalek et al. in prep.). As a result, we
are able to investigate structural trends of molecular gas properties not only universally
across the galaxy population, but also at fixed stellar mass M? and SFR, as well as for sub-
populations. Further, the analysis also yields predictions for H2-richness and consumption
of rarer objects such as mergers and galaxies classified as “odd-looking”, which would not
generally be included in sufficient numbers in gas studies with smaller sample size.

While star-forming activity is undoubtedly strongly tied to gas-richness, it is still an
open question to what extent galaxies’ present-day SFR may be connected to their early
star formation history (SFH). In Chapter 5, we address this topic by constraining the star
formation histories of nearby massive star-forming galaxies via full spectra fitting, while
Chapter 4 is primarily devoted to establishing the procedure and conducting robustness
checks. Expanding on the science background, galaxies are thought to grow along the so-
called “Main Sequence” (MS; e.g., Brinchmann et al. 2004; Noeske et al. 2007) relating stellar
mass and SFR, for ∼ 90% of their star-forming phase (Rodighiero et al., 2011). The scatter
of the relation (at the level of ∼ 0.2 − 0.3 dex) encodes key information about the nature
of the primary driver of star formation. In a scenario where the growth rate of galaxies is
purely determined by short-term stochastic processes (e.g. gas accretion episodes, feedback
processes) and is not connected to the early growth history, galaxies fluctuate across the full
spread of the MS, until this regulated process is disrupted by a quenching event (e.g. Peng
et al. 2010). In an alternative picture, the MS scatter may (partially or entirely) arise from
systematically distinct paths along which galaxies can grow to build up the same mass (e.g.,
Abramson et al. 2015, 2016). In that case, long-term processes set which path is taken, and
the smoother character of the SFHs allows for galaxies to quench progressively rather than
abruptely.

The former works focused on measures of integrated stellar mass and ongoing star forma-
tion rate, and may be broadly grouped as SFH forward-modelling approaches constrained
to reproduce galaxy metrics such as the evolving main sequence of star-forming galaxies. In
Chapter 5, we opt for an SFH analysis based on full spectral fitting of MaNGA galaxies as
another way of disentangling these scenarios at low redshift. As we will show in Chapter
4, the constraining power of the high-quality MaNGA data reinforces our confidence in our
results, which we find to be relatively robust w.r.t. the choice of selected priors and varia-
tions in the exact setting of the procedure when tested on a subset of objects. Further, we
use the IFU character of the MaNGA data to validate our galaxy-integrated main procedure
against a radially resolved procedure for the same subsample. While a rich literature exists
on full spectral fitting analyses on optical-IFU datasets on the topic of stellar population
gradients including age (e.g., Wilkinson et al. 2015; Goddard et al. 2017a,b; Wilkinson et al.
2017; Zheng et al. 2017; Fraser-McKelvie et al. 2019), applications of such analyses to the
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understanding of the MS scatter remain sparse. Moving to galaxy-integrated spectroscopy,
at z = 1, a study using LEGA-C data recently found that galaxy SFHs remain correlated
for at least 3 Gyr (Chauke et al., 2018). At low redshift, Pacifici et al. (2016) find a link
between present-day star formation and the early SFH based on UV-to-IR broadband SED
modelling. However, besides full spectral fitting, there are multiple alternative methodolo-
gies for investigating the origin of MS scatter. Chapter 5 concludes with a discussion placing
our results in the context of other work done in the field, including analyses of mock SFHs
produced by simulations (Torrey et al., 2018; Matthee & Schaye, 2019), abundance matching
argments (Behroozi et al., 2013; Rodŕıguez-Puebla et al., 2016), and power spectral density
formalisms (Caplar & Tacchella, 2019; Iyer et al., 2020). In Chapter 6, the main results of
the thesis are revisited, and complemented with an outlook.
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Abstract

We present a cross-calibration of CO- and dust-based molecular gas masses at z 6 0.2. Our
results are based on a survey with the IRAM 30-m telescope collecting CO(1-0) measure-
ments of 78 massive (logM?/M� > 10) galaxies with known gas-phase metallicities, and
with IR photometric coverage from WISE (22 µm) and Herschel SPIRE (250, 350, 500µm).
We find a tight relation (∼ 0.17 dex scatter) between the gas masses inferred from CO and
dust continuum emission, with a minor systematic offset of 0.05 dex. The two methods can
be brought into agreement by applying a metallicity-dependent adjustment factor (∼ 0.13
dex scatter). We illustrate that the observed offset is consistent with a scenario in which
dust traces not only molecular gas, but also part of the H i reservoir, residing in the H2-
dominated region of the galaxy. Observations of the CO(2-1) to CO(1-0) line ratio for two
thirds of the sample indicate a narrow range in excitation properties, with a median ratio
of luminosities 〈R21〉 ∼ 0.64. Finally, we find dynamical mass constraints from spectral line
profile fitting to agree well with the anticipated mass budget enclosed within an effective
radius, once all mass components (stars, gas and dark matter) are accounted for.

2.1 Introduction

The stellar build up in galaxies proceeds for the most part gradually, with about 90% of
star formation occurring on the so-called Main Sequence (Brinchmann et al., 2004; Noeske
et al., 2007; Peng et al., 2010, MS; ), a near-linear relation between the star formation
rate (SFR) and stellar mass which separates regular galaxies from starbursting and passive
galaxies. The relative ratio of starbursts to MS galaxies remains roughly unchanged out
to z ∼ 2 (Rodighiero et al., 2011; Sargent et al., 2012), the epoch at which the cosmic
SFR density peaked (Madau & Dickinson, 2014). The tightness and shape of the relation
suggests that most of the stellar mass growth is governed by a self-regulated equilibrium of
star formation, the gas inflows which fuel it and outflows (e.g., Lilly et al., 2013). Addressing
to which degree variations in SFR can be attributed to variations in the efficiency of star
formation requires knowledge of their gas content. The fuel for star formation is held in
large molecular gas clouds, which cool down efficiently to ∼ 10 K due to dust shielding,
the formation of molecules and (mostly) CO emission (see, e.g, Heyer & Dame, 2015, for
a review). Although H2 is the most abundant molecule in these reservoirs, it cannot be
observed directly because its first excited state, the J = 1 rotational state, is 175 K above
the ground state. At the low prevalent temperatures, almost no molecules occupy this state.
Any assessment of the molecular gas content is thus confined to indirect methodologies.

One avenue is to study the optically thick CO rotational transition lines originating from
the surface of molecular gas clouds in order to indirectly infer their mass integrated over
a galactic region or the galaxy as a whole. This approach adopts a metallicity-dependent
conversion factor αCO (Genzel et al., 2012; Bolatto et al., 2013). Historically, CO-based
studies were first conducted predominantly for very luminous infrared outliers including
star-bursts (e.g., Radford et al., 1991; Solomon et al., 1997). Over the past two decades
however, studies in the Local Universe have aimed to target a more complete census of
galaxies, including regular galaxies (Kenney & Young, 1988; Saintonge et al., 2011; Saintonge
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et al., 2017), normal, non-interacting disks (Braine et al., 1993), early type galaxies (Combes
et al., 2007; Young et al., 2011), AGN hosts (Garćıa-Burillo et al., 2003) and isolated galaxies
(Lisenfeld et al., 2011). Also at higher redshifts, the advent of state-of-the-art facilities with
increased sensitivity has enabled studies probing down to normal galaxies, responsible for
the bulk of cosmic star formation (Genzel et al., 2015; Tacconi et al., 2010; Daddi et al.,
2010; Geach et al., 2011; Magdis et al., 2012; Magnelli et al., 2012; Bauermeister et al.,
2013).

In recent years, an alternative approach based on studying dust as a gas tracer has
emerged, since molecules form primarily on the surface of larger dust grains acting as a
coolant and as a protection against dissociating radiation. Wide area and deep pencil-
beam observations with the Herschel Space Telescope together with advanced interferometric
observations over broad bandwidths with NOEMA and ALMA have accumulated high-
quality infrared continuum spectral energy distributions (SEDs) and/or monochromatic flux
measurements in the Rayleigh-Jeans tail of the dust emission for large samples of galaxies.
From those, dust masses can be derived and combined with metallicity-dependent dust-to-
gas scaling relations (e.g., Leroy et al., 2011; Sandstrom et al., 2013) to yield a measure of
the gas reservoir. While intrinsically lacking some of the other merits of spectral line surveys
(use as kinematic tracer, probe of detailed molecular gas conditions, ability to map at higher
spatial resolution by exploiting the dynamic range in velocities) for the sake of measuring
bulk gas reservoirs, dust-based approaches have been appealing due to the reduced telescope
time they typically require.

It is encouraging that the global picture of rapidly declining molecular gas fractions
over the past 10 gigayears is recovered by studies employing CO and dust methods alike
(Daddi et al., 2010; Genzel et al., 2010, 2015; Riechers et al., 2010; Tacconi et al., 2010;
Tacconi et al., 2013; Tacconi et al., 2018; Geach et al., 2011; Magdis et al., 2012; Magnelli
et al., 2012). Results based on the two tracers can further be brought into quantitative
agreement via the application of zero-point corrections (Genzel et al., 2015; Tacconi et al.,
2018). However, one should bear in mind that for most of the above evolutionary studies,
statements on the agreement between methods refer largely to the ensemble of galaxies, and
in the case of IR SED analyses frequently rely on stacking. Samples of galaxies for which
measurements in both tracers can be compared on an individual object basis remain sparse,
and where available resulting gas masses can differ by up to ∼ 0.5 dex depending on the
exact prescription (Decarli et al., 2016). The situation, especially at higher look-back times,
becomes more dire if requiring constraints on the gas-phase metallicity extracted directly
from optical line ratios rather than inferred from a mass-metallicity relation, which itself
features substantial scatter.

Direct cross-calibrations between CO- and dust-based gas masses exploiting large statisti-
cal samples with known metallicities therefore remain indispensable, even at lower redshifts.
Examples of such recent comparisons between CO and far infrared luminosities of nearby
galaxies, or of the gas masses based thereupon, include Bourne et al. (2013, 20 submm-
selected galaxies), Scoville et al. (2014, 12 nearby galaxies most of which are UltraLuminous
InfraRed Galaxies ULIRGs), and Groves et al. (2015) who study the galaxy-integrated and
resolved radial trends for 36 KINGFISH-HERACLES-THINGS galaxies spanning a wider
dynamic range. Here, we present an IRAM 30-m CO survey, carried out in the region of
the Herschel Stripe82 Survey (HerS, Viero et al., 2014) and complemented with Arecibo
observations, targeting 78 massive (logM? & 10) star-forming galaxies. Augmented with
14 COLD GASS (Saintonge et al., 2011) galaxies with matching sample definition and data
requirements, our sample covers a larger dynamic range in luminosity than Bourne et al.
(2013) and Scoville et al. (2014), and sensitively increases number statistics for this type of
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analysis within our considered mass range. Specifically, the dust method we explore is based
on a WISE + SPIRE sampling of the IR SED with the aim of making our results directly
applicable to the thousands of galaxies in overlap between these two legacy data sets.

The goal of this chapter is to establish at z ∼ 0 a statistical cross-calibration between CO-
and dust-based gas masses based on the same set of galaxies with known metallicities and
relying on direct observations rather than stacking. Once such a cross-calibration is estab-
lished, it can be applied to Herschel legacy data sets. Further, when carefully accounting for
the cosmic evolution of the atomic-to-molecular gas ratio (Obreschkow & Rawlings, 2009),
the cross-calibration could in principle function as a zero point for high-redshift studies with
NOEMA and ALMA.

The chapter is organised as follows: Section 2.2 describes our sample and observations. In
Section 2.3, we outline the methods used to determine gas and dynamical masses. We present
our results on the cross-calibration of gas mass measurements, the excitation properties
and dynamical mass budget of galaxies in our sample in Section 2.4, and proceed to a
summary in Section 2.5. Throughout this chapter, we assume a standard cosmology with
H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7. We further adopt a Chabrier (2003) IMF.

2.2 Sample and Observations

Here we present our sample, the selection criteria tied to it, and the direct observables
obtained from CO and HI observations and the ancillary IR and optical data.

2.2.1 Sample Selection
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Figure 2.1 Our Stripe82 CO sample in the fgas vs stellar mass M? plane
(black dots). COLD GASS measurements (blue squares) and upper limits
(blue arrows) are shown for reference. For both surveys the molecular
gas fractions are derived consistently using the same CO methodology.
Our sample covers a broad parameter space with the exception of passive
galaxies.

Our sample is chosen with the goal of cross-calibrating CO- and dust-based gas masses
on, first of all, the same set of galaxies, and second, only galaxies with known metallicities



2.2 Sample and Observations 14

based on strong optical nebular lines.
To ensure that the dust method can be applied to our sample in addition to the CO

method, we rely on IR data from the Herschel Stripe82 Survey (HerS, Viero et al., 2014)
and the Wide-field Infrared Survey Explorer (WISE, Wright et al., 2010) All-Sky Release.
The HerS imaging survey mapped an area of 79 deg2 within the SDSS/Stripe82 field. Ob-
servations were taken in the three IR photometric bands (250, 350, and 500 µm) of the
Spectral and Photometric Imaging Receiver (SPIRE) instrument. The focus on Stripe82
guarantees access to a multitude of multi-wavelength data from other surveys. The WISE
mid-IR All-Sky survey covered the entire sky in four imaging bands centered around 3.4,
4.6, 12, and 22 µm. For our purpose, we require WISE 22 µm photometry combined with
HerS detections in at least one of the SPIRE 250, 350 and 500 µm bands (30 mJy, 3σ at
250 µm). In our final sample, all 78 galaxies are 3σ-detected at 22, 250 and 350 µm, and
58 of them have a 3σ detection at 500 µm. That being said, flux measurements of lower
significance are still included in the fit, with appropriate weights. For the WISE 22µm band,
we adopt the profile-fitting (PRO) photometry given that none of our sources are extended
at 22µm (i.e., all have reduced χ2 < 3 from the profile-fitting routine).

In order to have access to reliable gas-phase metallicity measurements based on strong
optical lines, and to prevent potential non-stellar contributions to the SFR diagnostics we
employ, we require our targets to lie on the star-forming branch of the Baldwin et al.
(1981) diagram.1 From the 431 possible objects fulfilling this and the IR-based conditions
outlined above, we choose a subset of 78 galaxies at 0.025 < z < 0.2 with stellar masses
M? > 1010M�. In our selection, we aim to maximise the range of galactic properties. As
a result, our sample spans an order of magnitude in M?, nearly two orders of magnitude
in SFR, and molecular (H2 + He) gas mass fractions fgas typically ranging from ∼ 2% to
∼ 30% according to our CO-based estimates (originally chosen based on the dust-based gas
masses). Figure 2.1 summarises the span in fgas and M? in more detail compared to the
Data Release 3 COLD GASS galaxies from Saintonge et al. (2011). We do not target passive
galaxies. At the lowest redshift, we target gas-poor galaxies while at higher redshifts, our
galaxies were selected to fall into the gas-rich tail, according to the dust-based prediction
(see Figure 2.2). This approach serves to build a sample of considerable dynamic range
(comparable to the range in gas masses spanned by all galaxies with logM?/M� > 10) in
the most efficient manner: targeting the abundant lower mass and thus intrinsically fainter
population at short distances, while selecting the more rare luminous systems from a larger
cosmic volume. In more detail, the position of our galaxies in the SFR−M? plane, as well
as the distribution of their MS offset ∆log(SFR) = log SFR− log SFRMS, are summarised
in Figure 2.3, which contrasts them to the underlying population of SDSS galaxies from
the MPA-JHU database (Section 2.2.4). Rather than adopting a prescription for the MS
from the literature (which can vary depending on the adopted SFR indicator and details of
sample selection), we determine a MS with constant sSFR based on the underlying MPA-
JHU population with log M?/M� > 10. This effectively corresponds to a linear MS with
zero-point log sSFR = log SFR−logM? = −10.19, which is shown in Fig 2.3 as a grey dashed
line. It is visible that, compared to a random sample, our selection is preferentially drawing
from more (molecular) gas-rich and therefore more star-forming galaxies. However, all of
our galaxies are contained within ∆log(SFR) ∼ [−1.2σ,+2.4σ]. We note that our sample
includes 20 LIRGs (LIR > 1011L�), and no ULIRGs (LIR > 1012L�). Postage stamps for
our 78 galaxies (based on 3 SDSS bands, gri) can be found in 6.

In additon to the newly observed Stripe82 sources, we also include all 14 star-forming

1See 6 for an assessment of potential biases induced when applying our dust-based gas mass methodology
to galaxies that do feature contributions from an active galactic nucleus to their infrared SED.
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galaxies (including 2 LIRGs and no ULIRGs) from the COLD GASS survey for which dust-
based gas masses could be computed (i.e. detected in the WISE 22um band and at least
one of the three SPIRE bands (Pilbratt et al., 2010; Griffin et al., 2010) from the SPIRE
Point Source Catalogue (SPSC2). As it turns out, all of them have 3σ detections in all four
IR bands used for our analysis. Henceforth, we will simply refer as “our sample” to the
combination of our 78 CO observations and the 14 additional COLD GASS sources.
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Figure 2.2 Dust-based molecular gas masses as a function of redshift.
The black dots represent our sample; the blue dots show the underlying
massive galaxy population with S/N > 3 detections in the WISE 22um
band and at least one SPIRE band. For reference, galaxies with stellar
mass below 1010M� satisfying otherwise identical criteria are marked with
open circles.

2.2.2 CO observations and data reduction

Our CO observations were taken with the IRAM 30-m telescope using the Eight Mixer
Receiver (EMIR) with the Wideband Line Multiple Autocorrelator (WILMA) backend. For
all targets, the redshifted CO(1-0) line could be observed in the upper sideband of the 3 mm
E090 band (89− 117GHz). We additionally observed the redshifted CO(2-1) line whenever
it was covered by the same frequency setup for the 1.3 mm E230 band. This was the case
for 56 out of our 78 galaxies. Exposure times range from 6 − 108 minutes with median
value < texp >= 36 minutes, adjusted on an object-to-object basis until a significant (> 5σ)
detection was obtained.

The data reduction is performed using the CLASS software3 following procedures out-
lined by Saintonge et al. (2011). Each scan is corrected for platforming and baseline-
subtracted. Individual scans are combined into a single spectrum for each galaxy, with
velocity bins corresponding to ∼ 22 km s−1. The signal is converted from instrumental units
to units of Jy km s−1 using the 2013 wavelength-dependent values of the IRAM 30-m tele-
scope efficiencies.4 Within an appropriately defined window, the signal is summed up to

2https://www.cosmos.esa.int/web/herschel/spire-point-source-catalogue
3http://www.iram.fr/IRAMFR/GILDAS/
4http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies

https://www.cosmos.esa.int/web/herschel/spire-point-source-catalogue
 http://www.iram.fr/IRAMFR/GILDAS/
http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies
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Figure 2.3 SFR as a function of stellar mass, M?, for our sample (black
dots) and for the underlying MPA-JHU population (blue dots). The dashed
line denotes the adopted star-forming Main Sequence, which is assumed to
be linear and is based on a fit to the underlying MPA-JHU population with
log M?/M� > 10. Our galaxies overlap with the star-forming part of the
MPA-JHU sample. Specifically, the upper left corner displays a histogram
contrasting the offset from the MS, ∆log(SFR) = log SFR− log SFRMS,
for our sample and the MPA-JHU population with log M?/M� > 10.
While our sample is preferentially drawing from more actively star-forming
galaxies, it spans the full range of the MS population, within [−1.2σ,+2.4σ]
from the midline of the MS distribution.
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yield the CO line flux. Flux errors are computed as follows: Next to directly propagating
the RMS error per bin to the line flux (leading to a mean observational error of ∼ 10% in
our CO observations), we also include a flux calibration error of 10%, as well as the error
on the aperture correction (obtained by perturbing the correction model described below),
leading to a median total error of 16% on our CO flux measurements. We present a gallery
of the resulting line profiles in 6. All fluxes, errors and other direct observables are listed in
Table 1.

We follow the procedure outlined by Lisenfeld et al. (2011) to compute aperture correc-
tions (see also Stark et al., 2013; Rowlands et al., 2015). Briefly, a model galaxy is assumed,
and the emission before and after convolution with a Gaussian beam is compared. The
correction factor thus corresponds to the ratio between the total extrapolated CO intensity
and the observed inner part: fcorr = ICO,total/ICO,observed. We assume that the CO emission
follows an exponential disk distribution with scale length equal to 0.2 ∗ R25, where R25 is
the 25 mag arcsec−2 isophotal radius in the g band. We tested that our conclusions are not
altered significantly when deriving the scale length from the half-light radius taken from
Simard et al. (2011) instead. The correction can be expressed as follows:

ICO, observed/ICO, total = 4

∫ ∞
0

∫ ∞
0

exp

(
−
√
x2 + y2

hCO

)

· exp

(
− ln 2

[(
2x

HPBW

)2

+

(
2y cos i

HPBW

)2
])

dx dy (2.1)

where hCO is the scale length of the CO emission, i is the galaxy’s inclination (see Section
2.3.3) and HPBW denotes the half-power beam width. The latter is well fit by HPBW =
2460 · (νrest/GHz)−1(1 + z), where νrest denotes the rest frequency of the given line.5 For
the median redshift of our sample (< z >∼ 0.065) this corresponds to HPBW ∼ 22′′ for
the CO(1-0) line and ∼ 11′′ for CO(2-1), translating to physical sizes of 25.0 and 12.5 kpc,
respectively. Aperture effects are therefore always more pronounced for CO(2-1) than for
CO(1-0), amounting to a median value of 35.2% (84-th percentile: 79%), whereas correction
factors for CO(1-0) are limited to . 40% and with a median value of ∼ 9.6%.

Our aperture-corrected CO(1-0) line fluxes range from ∼ 0.9 to ∼ 67.5 Jy km s−1, with
a median of ∼ 7.6 Jy km s−1. Signal-to-noise ratios reach from ∼ 5 to ∼ 25, with < S/N >
∼ 10. Hereafter, all analysis and line fluxes quoted in tables, text or figures include the
aperture correction. For completeness, we include the aperture correction factors that were
applied as separate entries in Table 1.

2.2.3 HI observations and mass estimates

Complementing the IRAM 30-m Stripe82 CO program, we carried out 21 cm HI line obser-
vations for a subset of our sample with the Arecibo 305-meter telescope. We observed and
detected 24 sources, yielding S/N levels ranging from ∼ 3 to ∼ 50 with median < S/N >∼ 9.
The median ratio between the peak signal and RMS noise per channel corresponded to 5.5,
with values ranging from ∼ 3 to ∼ 30. Exposure times ranged from ∼ 3 to ∼ 30 minutes,
and data reduction followed standard procedures similar to those outlined in, e.g., Minchin
et al. (2010). In brief, spectra were polarisation-combined, scaled to Jy, baseline-subtracted
with a linear baseline and boxcar smoothed to yield velocity bins of widths ranging from
∼ 50 km s−1 to ∼ 130 km s−1, reflecting the significantly increased level of noise of our H i

5http://www.iram.es/IRAMES/telescope/telescopeSummary/telescope_summary.html

http://www.iram.es/IRAMES/telescope/telescopeSummary/telescope_summary.html
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Figure 2.4 Comparison between H i masses obtained by 21 cm HI line
observations for a subset of our galaxies, and H i mass estimates predicted
by a scaling relation taken from Catinella et al. (2012). In the absence of
an H i measurement, we rely on this scaling relation whenever discussing
the atomic-to-molecular gas ratio, or H i masses directly. The darker dots
highlight spectra with heavy RFI (see IDs 37, 38, 793, 345, 393 525 in
the appendix). The 1-to-1 line (black solid) and the median offset (black
dashed) are shown for reference. The error bars represent RMS noise in
the flux measurements and do not contain uncertainties in the conversion
of flux to inferred H i mass.

spectra compared to our CO profiles. For reference, a gallery of our 21 cm spectra recorded
is presented in 6.

We proceed to derive direct constraints on the HI mass for the 24 sources with HI
measurements (out of 92 galaxies) as follows (see, e.g. Catinella et al., 2012)

(MH i/M�) = 2.356 · 105(1 + z)−1

(
DL

Mpc

)2(
SH i

Jy km s−1

)
(2.2)

For 37 of the remaining sources that have a NUV − r color measurement available, whenever
discussing the atomic-to-molecular gas ratio (MH i/MH2

) or H i masses, we adopt the empir-
ical scaling relation based on the GALEX Arecibo SDSS Survey (GASS) DR2 presented in
Catinella et al. (2012), for which they find a scatter of ∼ 0.29 dex:

log (MH i/M?) = −0.338 logµ? − 0.235 (NUV − r) + 2.908 (2.3)

Here µ? is the stellar surface density: µ? = M? (2πR2
50)−1. We corrected the NUV − r colour

(from the GALEX database; Bianchi et al., 2011) for Galactic extinction, using ANUV−r =
1.9807 Ar, where the extinction in the r-band Ar was obtained from the SDSS database. A
k-correction was applied to take into account the small redshift difference between galaxies
in our sample and those studied by Catinella et al. (2012). For the other 31 sources without
NUV − r color measurement, we instead conducted a best fit using the tabulated binned
median values in Catinella et al. (2012), yielding:

log (MH i/M?) = −1.12 logµ? + 8.76 (2.4)
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The scatter in this relation amounts to ∼ 0.36 dex for the total, unbinned sample. Through-
out the rest of the chapter, errors on MH i correspond to the RMS noise whenever a direct
observation was made, and are set to the scatter in the respective scaling relation otherwise.

Figure 2.4 contrasts the HI masses obtained by our Arecibo survey and the values that
the scaling relation would have yielded. Our results confirm the validity of the HI scaling
relation based on GASS. We caution however that six of our observed spectra feature heavy
RFI (IDs 37, 38, 793, 345, 393 525). These six objects are highlighted by a darker colour in
Fig 2.4 and still fall reasonably close to the 1-to-1 line (with four of these objects deviating
by no more than 0.2 dex). We proceed with including the H i masses derived from their
spectra in our analysis which is unlikely to be skewed by these objects.

2.2.4 Ancillary data and galaxy properties

The location of our sample in Stripe82 allows for access to a broad range of ancillary multi-
wavelength data. Other than the WISE + SPIRE IR photometry, essential optical diagnos-
tics to compute derived galaxy properties are taken from SDSS DR7 (Abazajian et al., 2009)
or catalogues based thereupon. Specifically, we use MPA-JHU stellar masses (Kauffmann
et al., 2003a; Salim et al., 2007) and SFRs (Brinchmann et al., 2004), and uncertainties tab-
ulated by these authors. Further, following Genzel et al. (2015) and Tacconi et al. (2018), we
take the strong optical line ratios [O iii] /Hβ and [N ii] /Hα from SDSS and in Table 2 list the
gas-phase metallicities derived according to the Pettini & Pagel (2004) O3N2 calibration:

Z = 12 + log(O/H) = 8.73− 0.32 · log(([O iii] λ5007/Hβ) / ([N iii] λ6583/Hα)) (2.5)

Where relevant, structural properties based on the rest-optical emission are taken from
Simard et al. (2011) who fitted Sersic models to the two-dimensional surface brightness
profiles. The inclination i, which enters the calculation of aperture corrections and dynamical
masses, is computed from the tabulated ellipticity measurements assuming a disk thickness
h = 1/10 for local galaxies (e.g., Hall et al., 2012). The latter is defined as the ratio of scale
height to scale length (see, e.g., Wuyts et al., 2016):

cos(i)2 = ((1− ε)2 − h2)/(1− h2) (2.6)

2.3 Methods

We now reprocess the direct observables presented in Section 2.2 to obtain the physically
more meaningful quantities of gas and dynamical mass. We first discuss how we translate our
CO (1-0) fluxes into a galaxy-integrated molecular gas content and then proceed to describe
our alternative approach starting from the IR-based dust masses. Finally, we outline the
procedure of line profile fitting to determine the dynamical (i.e. total) mass enclosed within
1 Re.

2.3.1 CO-based molecular gas masses

Studies of the Milky Way and Local Group galaxies have shown that the integrated CO(1-0)
line luminosity L′CO is closely related to the number of molecular clouds, which in turn is
related to the virial mass of the cloud system (e.g., Solomon et al., 1987; Bolatto et al.,
2013). The total molecular gas mass of an ensemble of (near)-virialised clouds can therefore
be expressed as:

Mgas, CO = αCO · L′CO (2.7)
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To calculate L′CO from our aperture-corrected CO fluxes SCO, we follow the procedure
from Solomon et al. (1997):

L′CO(
K km s−1 pc2

) def
=

∫
source

∫
line

TR(v) dv dA

= 3.25·107

(
SCO

Jy km s−1

)(νobs

Hz

)−2
(
DL

Mpc

)2

(1 + z)
−3

(2.8)

In the definition above, TR denotes the wavelength-dependent surface brightness tempera-
ture in the Rayleigh-Jeans regime. νobs = νem(1 + z)−1 is the observed frequency, and DL

denotes the luminosity distance. For Milky Way-like systems, the conversion factor αCO can
be assumed to be constant: αCO, MW = 3.2 M�/(K km s−1 pc2). In general, however, the
conversion is metallicity-dependent (Leroy et al., 2011; Genzel et al., 2012; Bolatto et al.,
2013, hereafter G12 and B13, respectively). We follow the approach used in, e.g., Genzel
et al. (2015), Tacconi et al. (2018), and account for metallicity by applying the geometric
mean of the B13 and G12 correction factors χG12, B13(Z), where:

χG12(Z) = 10−1.27·(12+log(O/H)−8.67) (2.9)

χB13(Z) = 0.67 · exp
(

0.36 · 10−(12+log(O/H)−8.67)
)

(2.10)

We tested that similar conclusions are reached when adopting the prescription for αCO

presented in Accurso et al. (2017), which in addition to a metallicity-dependence features a
secondary dependence on the offset from the main sequence. Finally, we apply a 36% mass
correction for helium, such that our final gas masses are computed as:

log (Mgas,CO) = log (3.2 L′CO) +
1

2
log (χB13 · χG12) + log (1.36) (2.11)

We note that in the error calculation on Mgas,CO, we consciously choose to adopt the
fractional errors from the flux measurements (with median value 16%; see section 2.2.2). The
errors thus reflect observational uncertainties, rather than uncertainties in the conversion
factor.

2.3.2 Dust-based gas masses

In this Section, we describe how we infer a galaxy-integrated dust mass from the IR data
described in Section 3.2.3, and how we proceed to derive an estimate of the gas mass based
thereupon.

To this date, there are a number of different dust-based approaches in use, which can,
broadly speaking, be classified into three types: One route is based on probing the FIR spec-
trum at a single point in the long-wavelength Rayleigh-Jeans tail, where the dependence on
dust temperature is minor, such that the dust mass scales nearly linearly with the monochro-
matic IR luminosity (e.g., Scoville et al., 2014; Groves et al., 2015). Second, one can probe
the FIR SED with several filters and fit physically motivated dust emission models (e.g.,
Draine & Li, 2007). Finally, one may use a simplification of the second approach, where the
fitting is done based on modified blackbody emission (however, see the discussion in Berta
et al. 2016 for a critical assessment of the latter). Our method fits to WISE+SPIRE SEDs
and applies a conversion to gas masses from Genzel et al. (2015), which itself is derived from
FIR SED fitting of Draine & Li (2007) models.
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Figure 2.5 Recovered dust mass Mdust/M� (shown in colour) as a
function of the dust temperature, Tdust/K, and the total IR luminosity,
LIR/L�. The dust mass is estimated from the position in the Tdust − LIR

plane according to Eq. 2.12 using IR-based SFRs (Kennicutt, 1998a). The
dust temperature displayed on the y-axis is taken from a modified black-
body fit (Magnelli et al., 2014) to best-fit dust SED template from the
empirical library of Dale & Helou (2002a).

For each object, we fit the empirical Dale & Helou (2002a, hereafter DH02) templates to
the WISE + SPIRE SED. The dust temperature Tdust corresponding to the best-fitting tem-
plate is taken from Magnelli et al. (2014, Table A.1), who fitted single modified blackbody
functions with emissivity index β = 1.5 to the DH02 template set. As a second parameter,
the best-fitting amplitude yields a measure of the total infrared luminosity or equivalently
SFR (see Kennicutt, 1998a). Uncertainties on our fit are derived using a Monte Carlo tech-
nique, i.e. by perturbing the IR SED within the observational uncertainties of its datapoints
100 times and re-running the fitting procedure each time, yielding 100 best-fit dust temper-
atures and IR-based SFRs, and calculating the spans of their inner 68% percentile to gain a
1σ statistical uncertainty on both quantities. We follow Genzel et al. (2015) in computing
the dust mass as: (

Mdust

M�

)
= 1.2 · 1015

(
SFR

M� yr−1

)(
Tdust

K

)−5.5

(2.12)

Figure 2.5 displays the range in LIR and Tdust for the galaxies in our sample, and the dust
mass estimates based thereupon.

We then translate Mdust into a gas mass estimate using the metallicity-dependent con-
version based on sightline observations through five Local Group galaxies by Leroy et al.
(2011):

log (Mgas, dust) = log (Mdust) + 2− 0.85 ∗ ((12 + log(O/H))− 8.67) (2.13)

We remind the reader that the spatially resolved study conducted by Leroy et al. (2011)
by definition established a conversion between dust mass and total gas mass along the line
of sight within CO-emitting regions, i.e. H2 + H i. In contrast, the CO method is used to
probe the purely molecular gas phase (i.e. H2 only), which holds the immediate fuel for star
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formation. We will return to this point in Section 2.4.2 when contrasting both methods. The
dust-based gas masses obtained from equation 2.13 are displayed as a function of redshift in
Figure 2.2, which highlights our sample compared to the underlying distribution of Stripe82
HerS galaxies. We note that our adopted errors on Mgas, dust (which typically correspond
to ∼ 6%) are propagated directly from the above-mentioned statistical uncertainties in the
IR SED fit. Similarly to the CO-based approach, our error calculation thus accounts for
observational uncertainties, and does not include any systematic uncertainty in the dust-to-
gas conversion.

2.3.3 Line profile fits and enclosed mass components

Encoded in their width and spectral shape, the CO line profiles contain information about
the dynamical mass enclosed within the CO-emitting region. To each of our spectra, we
apply a fit based on gas emission from an inclined rotating disk. In Section 2.4.3, we will
then use the best-fit models as a means to inspect the total mass budget within the effective
radius.

At each radius r, we calculate the relative brightness of the light tracer (i.e. CO(1-0))
based on the assumption that molecular gas resides in an exponential disk with half-light
radius Re taken from Simard et al. (2011). The emission from each position within the galaxy
will contribute to the line profile at a specific velocity, which depends on the radius, the
inclination and the angle with respect to the major axis of the disk. The general line profile
shape is thus modelled as the superposition of the signals emitted over all radial velocities
vrad(r) = v(r) sin(i) cos(φ) convoluted with the beam width, where v(r) = (GM(< r)/r)1/2

denotes the circular velocity at a given radius, i the inclination and φ the azimuthal angle.We
calculate the circular velocity based on the model radial mass distribution Mtot(< r) =
Mbaryon(< r) + MDM(< r). The baryonic mass profile is taken to follow the Sérsic model
fit to the optical image by Simard et al. (2011). Since the stellar content dominates in
massive galaxies such as those in our sample (logM?/M� & 10), other components which
may not follow a Sérsic profile can be neglected. We note that this approach may not be
appropriate for low-mass galaxies which feature higher gas fractions. For the dark matter
distribution, we adopt a NFW halo with virial radius tied to redshift and input halo mass
following standard cosmology (e.g., Mo et al., 1998) and concentration set by redshift and
halo mass according to Dutton & Macciò (2014). We fit the CO(1-0) line profile with the
above model, leaving three parameters free: mass of the Sérsic component, mass of the NFW
component, and amplitude of the emission (i.e. CO(1-0) line flux). As initial guesses to be
perturbed, we take M? +Mgas,CO +MH i as the mass of the Sérsic component, a halo mass
calculated according to the M?−Mhalo relation from Moster et al. (2013), and an arbitrary
value for the flux. We then choose the model yielding the lowest value for

χ2 =
∑(

Fobs, j − Fmodel, j

RMSobs

)2

(2.14)

where the summation is over spectral bins and Fobs, j and Fmodel, j are the modelled and
observed fluxes in bin j, and RMSobs is the mean RMS error per bin determined outside
of the line of our observed spectra. Errors on our dynamical mass estimates are derived
similarly to those on Mgas, dust: by running 100 Monte Carlo realisations, i.e. by perturbing
the initial guesses within their uncertainties, drawing 100 samples (leading to 100 dynamical
mass estimates for each datapoint), and using that 68% of the resulting dynamical masses
fall within ±1σ, which leads to a median error of ∼ 27%.

We note that our galaxy-integrated line profiles do not generally leave us in a position to
robustly constrain the mass of each of the components separately due to strong degeneracies,
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Figure 2.6 A tight relation is observed between the integrated luminosity
of the CO(2-1) line vs the CO(1-0) line, with median excitation 〈R21〉 ∼
0.64 and scatter ∼ 0.17 dex.

but in some cases the extra flexibility in setting the shape of the mass distribution improves
the quality of fit. For our purpose, we are only extracting the total dynamical mass (i.e., the
sum of both components), which is most robustly constrained within one effective radius.

2.4 Results

We now turn to analysing the excitation properties of our sample in Section 2.4.1, and
then proceed to compare and cross-calibrate our CO- and dust-based gas masses in Section
2.4.2. In Section 2.4.3, as a sanity check, we further evaluate the overall mass budget of
our galaxies by comparing dynamical mass constraints to the sum of enclosed masses from
individual components (stars, gas, dark matter).

2.4.1 Excitation properties

Figure 2.6 compares the aperture-corrected CO(2-1) and CO(1-0) line luminosities of the
56 galaxies for which CO(2-1) observations could be taken in the same frequency setup
(effectively all objects with z < 0.14). We find a tight relation with ∼ 0.17 dex scatter,
suggesting that only a very limited range in excitation properties (at least in the low-J
regime) is present within our sample. No significant trends of R21 = LCO(2−1)/LCO(1−0)

with intrinsic galaxy properties (sSFR, mass, metallicity, size) or angular size are found,
confirming the uniform excitation properties of the galaxies in our sample and the lack of
observationally induced variations in the line ratio once aperture corrections are accounted
for. Our median value for the line ratio, 〈R21〉 ∼ 0.64, is broadly consistent with literature
values ranging from 0.5 − 0.8 in the case of spatially resolved and galaxy-integrated star-
forming disks (e.g., Leroy et al., 2013; Rosolowsky et al., 2015; Saintonge et al., 2017).

Finally, from simultaneous fitting of the line profiles of CO(1-0) and CO(2-1), leaving
the extent of CO(2-1) as an extra free parameter, we infer comparable sizes for the two CO
tracers, with the CO(2-1) size formally being 10% smaller (±0.16 dex).
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Figure 2.7 Comparison between dust-based gas masses and CO-based
gas masses. Cold gas masses from the two methods correlate strongly,
albeit with a modest offset towards higher values for the dust-based infer-
ence. The 1-to-1 line (black solid) and the median offset (black dashed) are
shown for reference. The errorbars on Mgas,CO include RMS noise, a flux
calibration error of 10%, and the statistical uncertainty on the aperture
correction (see Section 2.2.2 ), while the statistical errorbars on Mgas, dust

were derived by perturbing the IR SED and re-running our SED fitting
procedure (see Section 2.3.2).

2.4.2 Comparing CO- and dust-based gas masses

We now turn to the comparison between inferences of the cold gas reservoirs based on
CO(1-0) and the dust continuum emission. Figure 2.7 clearly shows an encouragingly tight
relation, with standard deviation ∼ 0.17 dex. In detail, the dust-based gas masses show
a very minor systematic offset from their CO-based counterparts by ∼ 0.05 dex, with the
significance of the offset corresponding to just 2.7 σ for the ensemble (where σ = 0.174/

√
92

for 92 targets). As explained in Section 2.3.2, one might naively expect a finite offset between
the two methods, given our use of CO as a tracer of purely molecular gas, while the Leroy
et al. (2011) dust-to-gas conversion included measures of the HI column density as well.

We explore the dependencies of the residuals in Figure 2.8, focusing on metallicity and
atomic-to-molecular gas ratio. Our findings suggest that the residuals reduce with metal-
licity, albeit the scatter is considerable. We note that the x- and y-axes in this plot are
not independent, since both our Mgas,CO and Mgas, dust calculations depend on metallicity
(see Sections 2.3.1 and 2.3.2). Each data point is colour-coded by a measure of the galaxy-
integrated atomic-to-molecular gas ratio MH i/MH2 (as introduced in Section 3.4.3), which
exhibits a strong relation to the residuals, in line with recent work done by Janowiecki et al.
(2018). We note, however, that any such dependence on MH i/MH2

is impractical to imple-
ment in a recipe to recalibrate the dust-based gas mass, by lack of CO coverage over the
large-area far-IR continuum surveys for which such a recipe can be of use. When repeating
this exercise for different galaxy properties, we report no significant dependencies on sSFR,
galaxy mass or size.

We aim to establish a way to predict purely molecular gas masses from dust. To
this end, we apply a linear fit depending on metallicity to our dust-based gas masses
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Figure 2.8 The offset between our dust-based and CO-based gas masses,
log (Mgas, dust)− log (Mgas,CO), reduces with increasing metallicity. A de-
pendence on atomic-to-molecular gas ratio (colour coding) is notable, such
that H i-rich systems have relatively higher dust-based gas masses com-
pared to the CO reference. The annotations in the plot specify the Pearson
correlation coefficient r and associated p-value to indicate the strength of
the correlations between the offset and, metallicity (top left) and H i/H2

ratio (top right), respectively.
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Figure 2.9 Same as Figure 2.7, but using “corrected” dust-based gas
masses. The latter were obtained from cross-calibrating the CO-and dust-
based gas masses shown in figure 2.7 adopting a linear dependence on
metallicity. The 1-to-1 line (black solid) and the median offset (black
dashed) are shown for reference. Error bars on the y axis represent the
statistical error on Mgas, dust and do not contain systematic uncertainties
in the metallicity calibration.
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Figure 2.10 Toy model sketching the atomic and molecular gas mass
profiles within a galaxy. We assume an exponential disk distribution for
H2 and flat surface mass density for HI (at least over the radial range
containing appreciable amounts of molecular gas). We use this model to
derive by how much our dust-based gas masses would be affected assuming
that the dust traces not only H2, but also part or all of the H i.

to improve consistency with the CO-based estimates. We thus minimise the expression:
[log (Mgas, dust) + a · (Z − Z�) + b]−log (Mgas,CO). Figure 2.9 shows our thus adjusted dust-
based gas masses as a function of log (Mgas,CO). Logically, the data points lie around the
1-to-1 line without remaining systematics, and inclusion of the metallicity-dependent term
allowed for a slight reduction in scatter, from ∼ 0.17 dex to ∼ 0.13 dex. Our best-fit param-
eter values are a ∼ 0.97 and b ∼ −0.17. Combining these with Equation 2.13 (i.e the Leroy
et al. (2011) conversion from dust to total gas mass) yields:

log (Mmol gas, dust) = log (Mdust) + 1.83 (2.15)

+ 0.12 ∗ ((12 + log(O/H))− 8.67)

Thus, the metallicity dependence of the molecular gas-to-dust ratio is greatly reduced
compared to the metallicity dependence of the total gas-to-dust ratio (see also, e.g., Cortese
et al., 2016).

However, one should keep in mind that Eq 2.15 follows our default approach of adopting
the geometric mean of prescriptions by G12 and B13 for the metallicity dependence of the
αCO conversion factor (see Eq. 2.11). If instead we were to adopt χG12 (χB13) the 0.12
coefficient in front of the metallicity term would become −0.37 (0.61). We hence conclude
that no significant conclusions can be drawn on deviations from a constant molecular gas-
to-dust ratio across the metallicities sampled, and a metallicity dependence as steep as
prescribed by Leroy et al. (2011) is ruled out when considering just gas in the molecular
phase.

As motivated earlier, it would be plausible to expect a finite excess in Mgas, dust compared
to the CO reference indicating that dust not only traces gas in the molecular phase, but
also (or at least in part) the atomic gas phase. We consider a toy model assuming that
H i resides in a disk of constant surface mass density, at least out to those galactic radii
traced by molecular gas. We adopt a value of 10/Z ′ M� pc−2 for the surface mass density
motivated by observations of nearby galaxies (Bigiel et al., 2008; Wong et al., 2013) and in
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Figure 2.11 Same as figure 2.7, but with our toy model adjustment
for HI applied to the dust-based gas masses. Here Mgas, dust is adjusted
and contrasted to Mgas,CO according to three scenarios. Model 0 is based
on the assumption that dust traces all cold gas (H i + H2). Model 1
assumes that at any radius at most as much H i as H2 is traced by dust,
and model 2 assumes that only H i in the H2-dominated region is traced
by dust. While model 0 is clearly overshooting the adjustment, model 2
(in which dust traces HI gas in the molecular-dominated regime) yields the
best agreement. The 1-to-1 line (black solid) and the median offset (black
dashed) are shown for reference.
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broad agreement with theoretical work based on radiative transfer calculations of the H i-
to-H2 transition threshold (Sternberg et al., 2014) , where Z ′ = Z/Z� with solar metallicity
Z� = 8.67 (Asplund et al., 2004). We further assume that the molecular gas distribution
follows an exponential profile with scale length adopted from the g-band image, in agreement
with the observed exponential decline in CO brightness in the most nearby galaxies (see, e.g.
Leroy et al., 2009; Schruba et al., 2011). The resultant mass profile is sketched in Figure
2.10, showing surface density Σ as a function of radius R: the central region is dominated
by the molecular phase, whereas H i prevails at larger radii. We then downscale Mgas, dust

(computed as outlined in Section 2.3.2) according to three different scenarios. First, following
the hypothesis that dust traces the total cold gas mass (H i + H2), i.e. Mgas, mol = Mgas, dust ·
(MH2/(MH i + MH2)), we find that the offset between dust- and CO-based mass estimates
would change from +0.05 to −0.34 dex (model 0 in Figure 2.11). Thus assuming that all
atomic gas is associated with dust, including that residing at large galactocentric radii,
clearly overshoots the downscaling. Therefore, unless there are conspiring systematic offsets
in our adopted CO-to-H2 conversion factor αCO and dust-to-gas ratio each at the level of
∼ 50%, our analysis implies that dust does not trace the entire cold gas disk (H i + H2).
This interpretation is consistent with studies comparing the scale lengths of the 21cm and
IR emission in nearby galaxies (Thomas et al., 2004) and in the Virgo cluster (Cortese et al.,
2010), which showed evidence for truncated dust (relative to H i). The idea that dust traces
only part of H i in a mixed phase yields a better agreement than the first scenario. If all H i
in overlap with H2 is traced (model 1; vertically shaded region in Figure 2.10), the offset
amounts to −0.12 dex (0.13 dex scatter). If only the H2-dominant phase is traced (model
2; horizontally shaded region in Figure 2.10), the offset changes to −0.031 dex (0.15 dex
scatter), which is consistent with our observations. However we caution that, given that
the initial offset of 0.05 dex is minor enough (2.7σ) to be a consequence of uncertainties
in the measurement, our results do not allow us to discriminate between model 2 and the
possibility that dust does not trace any H i at all. The conclusion that not all H i is traced
by dust on the other hand is statistically robust.

2.4.3 Dynamical mass constraints

In addition to integrated CO line flux information, our IRAM survey also yields dynamical
constraints on the mass budget through the width and profile shape of the galaxy-integrated
CO line measurements. Here, we take advantage of these additional constraints to investigate
the total mass budget enclosed within the effective radius. As discussed in Section 2.3.3,
we fit the observed CO(1-0) line profile with inclined rotating disk models accounting for
the finite beam width. We report the resultant dynamical masses in Table 2. We note that
consistent dynamical masses are obtained when fitting the line profiles of CO(2-1), where
observed (∆ logMdyn = 0.03± 0.13).

For a cross-check, we calculate an independent estimate of the enclosed mass components
based on the following mass profiles: For the stellar and molecular mass distribution, we
assume a Sérsic profile as fit by Simard et al. (2011). For the atomic gas we adopt a uniform
distribution with a threshold surface density of 12/(Z−Z�)M�pc−2 motivated by radiative
transfer calculations (Sternberg et al., 2014), above which gas is expected to convert from
the atomic to the molecular phase. Such a saturation effect has indeed been observed in
spatially resolved studies of nearby galaxies (Bigiel et al., 2008; Schruba et al., 2011). We
infer the total dark matter mass using the M? −Mhalo relation derived through abundance
matching (Moster et al., 2013), and adopt the halo concentration from (Dutton & Macciò,
2014). By distributing the total masses M?, MH i, MH2 and Mhalo according to these profiles,
we calculate the mass enclosed within one effective radius (Re) for each mass component.
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Figure 2.12 Dynamical mass within 1 Re versus different mass compo-
nents enclosed within the same radius. Objects with inclination < 25◦are
marked with open circles and excluded from the statistics due to signif-
icant uncertainties in inclination correction. Left: Dynamical vs stellar
mass. Stellar mass alone typically accounts for less than half of the mass
within 1 Re. Right : Dynamical mass plotted against the sum of enclosed
stellar mass, molecular gas mass, atomic gas mass and DM halo mass.
Markers in the top left of the diagram indicate by how much the offset is
reduced when adding each mass component. The offset is finally reduced
to ∼ 0.05 dex, with scatter ∼ 0.17 dex. Our dynamical mass constraints
thus agree well with the sum of enclosed mass components. The 1-to-1 line
(black solid) and the median offset (black dashed) are shown for reference.

We adopt the errors on M? provided by MPA-JHU as noted in Section 2.2.4, while errors
on MH i and MH2

remain the same as throughout (see Section 3.4.3 and 2.3.1). Since our
adopted halo masses are derived using the M? −Mhalo relation, their uncertainties follow
from a combination of the intrinsic scatter of 0.15 dex in the Moster et al. (2013) relation,
and the uncertainty on M? as input variable. We account for that by drawing, for each
galaxy, 100 stellar masses from a Gaussian centered around logM? with standard deviation
((d log M?)

2 + 0.152)1/2, then computing the corresponding 100 halo masses and using the
central 68th percentile to arrive at the final ±1σ error on Mhalo.

Figure 2.12 (left-hand panel) contrasts the dynamical mass estimates to the stellar masses
of the respective galaxies. A sizeable systematic offset is evident, of ∼ 0.38± 0.21 dex, thus
leaving significant room for other mass components than stars. Low-inclination systems are
shown for completeness (open circles), but are discarded from the statistics quoted given
their results are dominated by uncertainties in the inclination correction. Next, we add our
best estimate of all mass components that should, to various degrees, contribute to the mass
budget within the effective radius. Accounting for the sum of all enclosed masses yields an
excellent agreement to the dynamically inferred mass budget (right-hand panel of Figure
2.12), with the offset dropping to ∼ 0.05 ± 0.17 dex. This increases our confidence in our
ability to quantify the (sum of) stellar masses and dark matter contributions in the inner
disk regions. We note that this exercise should not be considered as a means to tighten
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constraints on the gas mass content (let alone identify subtle variations or re-scaling in
conversion factors). This is because baryonic gas fractions remain below ∼ 35% for nearly
all objects in our sample, and gas-to-total (i.e. including dark matter) mass fractions are
even smaller. On a sidenote, the prospects for kinematics to usefully constrain the (gas)
mass budget at higher redshifts are more optimistic, given their gas-rich nature (e.g., Tacconi
et al., 2018, and references therein) and reduced (inner) dark matter fractions (e.g., Wuyts
et al., 2016; Genzel et al., 2017; Lang et al., 2017; Übler et al., 2017). For example, Tadaki
et al. (2017) present an application to dynamically constrain αCO in the core region of
massive z∼2 SFGs.

2.5 Summary and conclusion

In this chapter, we presented an IRAM survey targeting the CO(1-0) emission line of 78
galaxies with known metallicities and with existing archival IR measurements from WISE
and the HerS survey. We additionally included 14 COLD GASS galaxies with WISE and
SPIRE coverage. For 58 galaxies, we further obtained CO(2-1) measurements, thus enabling
an analysis of our targets’ excitation properties. We calculated CO- and dust-based gas
masses to establish a cross-calibration between both methods for nearby galaxies. Our
CO-based gas mass fractions Mgas,CO/(Mgas,CO + M?) typically vary between ∼ 2 − 30
percent, with median value 14.5%. Finally, we modelled the CO(1-0) line profiles to derive
a dynamical mass constraint within one effective radius and compared the latter to the sum
of enclosed mass components.

Our main results are:

• In the comparison of CO(2-1) to CO(1-0) luminosities, we find a median ratio <
R21 > corresponding to ∼ 0.64 with a small scatter of ∼ 0.17 dex. Our results are
consistent with 0.5 < R21 < 0.8, the range of values reported in studies of the Local
Universe (Leroy et al., 2013; Rosolowsky et al., 2015; Saintonge et al., 2017). We
report no significant trends with sSFR, mass, metallicity, galaxy size, angular size,
thus suggesting a very uniform distribution of excitation properties.

•We report a tight relation between CO- and dust-based gas masses (0.17 dex scatter),
with the dust-based gas masses showing a minor offset from their CO counterparts by
about 0.05 dex. We find that the offset decreases both with a decreasing measure
of the atomic-to-molecular mass ratio and with increasing metallicity, although with
considerable scatter. We adjust our dust-based gas masses to match the CO-based
reference by introducing a zero point and metallicity-dependent term (equation 2.15),
effectively corresponding to a re-calibration of the dust-to-(molecular) gas ratio. We
further showed that our offset is consistent with the hypothesis that dust traces not
only H2, but also part of the atomic hydrogen in overlap with the H2-dominant molec-
ular gas disk, but not the entire galaxy-integrated H i reservoir. This result reflects
our expectations, given that the gas-to-dust conversion we used (Leroy et al., 2011)
was established to yield the total gas mass (H i + H2) along the line of sight in H2-
dominated regimes. However, we caution that the observed offset (at the 2.7σ level)
may also be consistent with being a consequence of observational uncertainties.

• When contrasting the dynamical mass within one effective radius to the sum of all
enclosed mass components, we find an excellent agreement (∼ 0.05± 0.17 dex offset).
Given the overall modest total gas mass fractions (. 35% of baryons, . 25% of total
except for one gas-rich outlier), this result adds little to our empirical constraints on gas



2.5 Summary and conclusion 31

mass conversion factors from CO and/or dust. However, it serves as an encouraging
demonstration that the assumptions going into the derivation of stellar mass (e.g.
IMF) and inner dark matter components (dependent on overall halo mass as well as
DM profile) are sound.
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Abstract

We combine WISE and SPIRE photometry together with gas-phase metallicities to com-
pute the cold gas masses of 11,046 nearby galaxies using a dust continuum based method
which has been cross-calibrated to CO(1-0) measurements by Bertemes et al. (2018). We
study trends of depletion time and gas fraction in the SFR - Mstar plane: at fixed mass
galaxies with an enhanced star formation activity are both more gas rich and more efficient
at converting their gas into stars. Actively star-forming low-mass galaxies are the most gas
rich. These results are consistent with the literature, now based on a substantially larger
sample. Leveraging the large number statistics, our analysis reveals residual trends with
galaxy structure such that at fixed (SFR, Mstar) smaller and more bulge-dominated galaxies
have reduced depletion times (and hence smaller gas fractions). We present fitting formu-
lae for Mgas(Mstar, ∆MS) and Mgas(Mstar, ∆MS, Re, B/T ), with the latter exhibiting a
slightly reduced scatter of 0.2 dex. Our total sample obeys a galaxy-integrated KS relation
of log

(
ΣSFR [M� yr−1 kpc−2]

)
= (1.06 ± 0.03) log

(
Σgas [M� yr−1 pc−2]

)
− (3.04 ± 0.04).

Variations in size, stellar surface density and bulge fraction primarily move galaxies along
the relation, with only modest variations in KS slope of ±0.2 around linear for subsamples
of low/high Re, Σstar or B/T. The relative proportion of galaxies with odd morphologies,
including mergers, disturbed systems and irregulars, is enhanced among the rare population
of star-bursting outliers with elevated star formation efficiencies. However, the KS relation
traced by the bulk of odd galaxies hardly differs from that describing the full galaxy pop-
ulation. Likewise, galaxies featuring bar or spiral instabilities trace the same KS relation,
although they do not cover the highest surface density regime.

3.1 Introduction

Our understanding of the galaxy population in the nearby Universe has benefitted tremen-
dously from vastly multiplexed and wide-area optical surveys such as the Sloan Digital Sky
Survey (SDSS; e.g., Abazajian et al. 2009) and Galaxy and Mass Assembly (GAMA; e.g.,
Liske et al. 2015). Combining multi-band imaging of the stellar light and spectroscopic
diagnostics of the ionised gas line emission for many 100,000s of galaxies, these programmes
facilitated a robust mapping of the nearby galaxy stellar mass function (e.g., Bell et al.,
2003; Baldry et al., 2008; Baldry et al., 2012), demographics of direct observables such as
the colour bimodality (e.g., Blanton et al., 2003; Baldry, 2004), and scaling relations be-
tween physical properties such as the star-forming main sequence (MS; e.g. Renzini & Peng
2015), the mass - metallicity relation (MZR; Tremonti et al. 2004) or combined the mass -
metallicity - star formation rate relation, also dubbed the fundamental metallicity relation
(FMR; Mannucci et al. 2010).

Comparitively speaking, our knowledge of the cold (specifically molecular) gas reservoirs
within nearby (as well as more distant) galaxies still lags behind by a few orders of magni-
tude in terms of typical sample size compared to the stellar censuses. This is the case despite
major efforts to systematically map parameter space through far-infrared CO line measure-
ments for up to 531 nearby galaxies (xCOLD GASS; Saintonge et al. 2017) or by probing
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the cold ISM through far-infrared dust continuum measurements for samples of ∼ 200 and
up to ∼ 1400 nearby galaxies (Herschel Reference Survey by Cortese et al. 2014; JINGLE
by Saintonge et al. 2018; H-ATLAS by Popesso et al. 2020). Compilations including also
CO and dust measurements for distant galaxies, reaching out to the peak epoch of cosmic
star formation 10 billion years ago, amount to over 2000 galaxies to date (Tacconi et al.,
2020).

A census of the cold gas reservoirs is critical though, as molecular gas represents the fuel
for star formation and constraints on its reservoir give access to additional information on
the galaxies’ nature (i.e., gas-richness) and fate (how much longer they will be able to form
stars). Specifically, two notable quantities of interest on a galaxy-integrated level are the gas
fraction (here defined as µgas ≡ Mgas/Mstar) and depletion time (tdep ≡ Mgas/SFR). How
these vary across the galaxy population has attracted significant interest in recent years, both
locally (e.g., Saintonge et al., 2012, 2016) and at higher redshifts (e.g., Tacconi et al., 2013;
Tacconi et al., 2018, 2020; Sargent et al., 2014). Nevertheless, as powerfully demonstrated
by the aforementioned large optical surveys, the ability to slice and dice galaxy samples as
a function of multiple galaxy properties scales exponentially with the number of parameters
considered. A means to obtain estimates of the cold gas reservoirs for larger samples thus
remains indispensable.

Lacking a permanent electric dipole moment, it is impossible at the characteristic ISM
temperatures to trace the most abundant molecule, H2, directly. Instead, the most common
approach has been to target the next most common molecule, CO, and convert its luminosity
by means of a metallicity-dependent conversion factor αCO to a measure of Mgas. With the
increased sensitivities offered by the Herschel Space Telescope and ground-based (sub)mm
arrays such as IRAM/NOEMA and ALMA, alternative methods based on measurements of
the far-infrared dust continuum have gained popularity. Such methods translate inferences
on the dust mass to a cold gas mass estimate by means of a metallicity-dependent gas-to-
dust ratio, and by merit of their observationally cheaper input observables are applicable to
larger numbers of objects.

In one such study, we recently exploited IRAM/30m CO(1-0) (as well as Arecibo HI)
observations together with far-infrared continuum spectral energy distributions (SEDs) con-
structed from the Wide-field Infrared Survey Explorer (WISE, Wright et al., 2010) All-Sky
Release and the Herschel Stripe82 Survey (HerS, Viero et al., 2014) to pursue both methods
for the same set of 92 objects, all of which had spectroscopic measurements of the gas-phase
metallicity. In doing so, we demonstrated that the dust-based gas masses can be cross-
calibrated to be consistent with those inferred from the traditional CO method to within
±0.131 dex, with no systematic offset (Chapter 2 of this thesis; Bertemes et al. 2018).

In this chapter, we apply the method outlined by Bertemes et al. (2018) to the cross
section of the SDSS covered sky and WISE + SPIRE imaging carried over the full duration
of the respective missions. We thus obtain Mgas estimates for 11,046 nearby galaxies (median
z ∼ 0.08) and leverage the considerable increase in sample statistics compared to previous
such censuses to quantify the scaling relations of cold gas properties relative to the star-
forming main sequence and as a function of galaxy structure. Here, we consider both
structural parameters inferred from the galaxies’ radial profiles (half-light radius Re, bulge-
to-total ratio B/T , stellar surface density Σstar and estimated dynamical time tdyn) and
indicators of dynamical instabilities and deviations from axisymmetry as flagged by visual
classifiers (Galaxy Zoo 2; Hart et al. 2016). We thus explore how gas richness and star
formation efficiency depend on galaxy type, consider the relation between bulge growth (plus
compactness) and gas consumption, and whether galaxies featuring dynamical instabilities
follow a distinct galaxy-integrated star formation law.
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The chapter is organised as follows: Section 3.2 describes the data used and sample
definition. Section 3.3 presents the results, starting with an assessment of tdep and µgas

variations across the SFR−Mstar plane (Section 3.3.1) and subsequently expanding to the
dependence on galaxy structure (Section 3.3.2). We quantify a gas scaling relation adopting
a fitting formula that assumes the dependences on input variables are separable (see, e.g.,
Genzel et al., 2015), explore a more flexible mapping to gas mass by means of a neural
network, and present a public catalogue, dubbed FUEL, line-matched to the SDSS MPA-
JHU data sets based thereupon in Section 3.3.3.1 Next, we consider the Kennicutt-Schmidt
(KS; Schmidt 1959; Kennicutt 1998b) relation based on galaxy-averaged surface densities,
and the distribution of galaxies of different structural/morphological types in the KS plane
(Section 3.3.4). Finally, we summarize our findings in Section 3.5.

Throughout this chapter, we assume a standard cosmology with H0 = 70 km s−1 Mpc−1,
Ωm = 0.3 and ΩΛ = 0.7. We further adopt a Chabrier (2003) IMF.

3.2 Data and sample definition

3.2.1 Stellar masses, star formation rates and metallicity

As underlying parent sample we adopt aperture-corrected star formation rates (SFR), stellar
masses and redshifts from the MPA-JHU data base of SDSS DR7 galaxies (Kauffmann et al.,
2003a; Brinchmann et al., 2004; Salim et al., 2007). Metallicities for the respective objects
are derived following the Pettini & Pagel (2004) O3N2 calibration whenever all four strong
optical lines are significantly (> 3σ) detected (61% of our final sample), the N2 diagnostic in
case Hβ and/or [OIII] are undetected (10% of the sample), and estimated from the galaxies’
(SFR, Mstar) in case the required strong lines are undetected (1%), or their ratios place the
galaxy in the Composite/AGN part of the (Baldwin et al., 1981, BPT) diagram (28%).2

3.2.2 Cold gas masses

In order to infer the cold gas reservoirs from the far-infrared dust continuum, we make use
of 22 µm photometry compiled in the WISE All-Sky Data Release (Wright et al., 2010) and
the available SPIRE photometry at 250, 350 and/or 500 µm compiled in the SPIRE Point
Source Catalogue (SPSC; Schulz et al., 2017). The search radii used to cross-match sources
uniquely to the corresponding MPA-JHU counterpart were 5”, 6”, 8” and 10” at 22, 250,
350 and 500 µm, corresponding roughly to a third of the respective beam widths.

In order to obtain a cold gas mass estimate consistent with that obtained through the CO
method, we follow Bertemes et al. (2018) in a two-step derivation, first inferring a measure of
the dust mass Mdust from the best-fitting Dale & Helou (2002b, hereafter DH02) template
to the WISE + SPIRE photometry (Eq. 12 of Bertemes et al. 2018), and then applying the
cross-calibrated metallicity-dependent conversion to the cold molecular gas mass (Eq. 15 of
Bertemes et al. 2018):

log(Mmol gas, dust) = log(Mdust) + 1.83

+ 0.12((12 + log(O/H))− 8.67) (3.1)

1The FUEL catalogue includes the direct dust-based measurements where WISE and SPIRE photometry
is available.

2In practice, we look up the 10 galaxies nearest in (log SFR; logMstar) that have a valid emission line-
based gas-phase metallicity measurement and assign the median of their metallicities to the galaxy hosting
an AGN or lacking the required line detections.
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In the remainder of this chapter, we will for simplicity refer to the quantity Mmol gas, dust

as Mgas, keeping in mind that this implicitly refers to the immediate fuel for star formation.
We note that substantial reservoirs of atomic gas are present in nearby galaxies as well
(e.g., Catinella et al., 2013), typically exceeding the molecular gas mass by a factor of a few
(Saintonge et al., 2011) and extending well beyond the stellar and molecular disk. Possible
contamination by this atomic gas component is discussed further in Section 3.4.3. The hotter
(∼ 104 K) ionized gas phase typically accounts for less than 1% of the gas mass budget in
nearby galactic disks (Brauher et al., 2008).

In fitting templates from the DH02 library, which form a series in dust temperature,
we account for both detections and upper limits in the IR photometry through use of the
likelihood function formulated by Lawless (2002, see Laskar et al. 2014 Eq. 1 - 3 for a concise
explanation and astrophysical application in SED fitting).

As we will detail when defining the sample in Section 3.2.3, our catalogue includes dust-
based gas masses for 11,046 objects that have significant (S/N > 3) detections in WISE 22
µm and at least one SPIRE band (the same criteria as applied by Bertemes et al. 2018).
Dust-based gas mass estimates for a further 4,038 objects with WISE 22 µm detections at the
2σ level are reported in the catalogue as well for completeness (and flagged accordingly), but
are not considered in this work. We verified however that incorporating those 2σ detections,
as well as additional upper limits on the gas masses of other galaxies with WISE & SPIRE
coverage that fail our default S/N criterion3, does not alter the findings presented in this
chapter.

3.2.3 Sample Definition

The full ‘IR-detected’ sample with dust-based gas masses reported in the FUEL catalogue
consists of 11,046 MPA-JHU galaxies with 3σ detections in the WISE 22 µm band and
at least one SPIRE band. Each galaxy was further required to have entries defining their
radial structure in the morphological catalogue by Simard et al. (2011), which represented
a negligible reduction in sample size.

We illustrate the distribution of this ‘IR-detected sample’ in terms of their stellar mass
and offset from the star-forming main sequence in the left-hand panel of Figure 3.1. Here,
we adopt as main sequence relation the ridge line fitted by Renzini & Peng (2015):

log(SFRMS [M� yr−1]) = 0.76 log(Mstar [M�])− 7.64 (3.2)

and define the offset from the Renzini & Peng (2015) MS as

∆MS ≡ log(SFR/SFRMS). (3.3)

By number, the ‘IR-detected’ sample is dominated by star-forming galaxies occupying
the MS (Figure 3.1, left-hand panel), although numbers are sufficient to still count numerous
outliers both above and below the MS into the quiescent regime, well beyond the ±0.3 dex
scatter in SFRs that defines the MS population itself. The sample spans the redshift interval
0.003 < z < 0.308 with a median redshift of z ∼ 0.08 and central 90th percentile range of
0.03 < z < 0.18.

In an effort to balance absolute numbers of galaxies and the level of completeness with
respect to the underlying parent population, we define a restricted sample, dubbed our ‘core’
sample, that has a redshift limit imposed for each (Mstar, ∆MS) bin. For a given (Mstar,

3For the SPSC catalogue, we infer SPIRE coverage and if so depth from the information on SPIRE
sources surrounding the SDSS galaxy that is undetected in the respective IR band. For WISE, any 22 µm
upper limits for SDSS galaxies are taken directly from the WISE All-Sky Data Release.
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Figure 3.1 Left: Number of galaxies with 3σ detections in the WISE 22
µm band and at least one SPIRE band (i.e., those for which a best estimate
of Mgas rather than an upper limit could be determined). Text labels and
colour coding denote the number of such sources per bin of stellar mass
and main sequence offset. This ‘IR-detected sample’ comprises a total of
11,046 galaxies with a median redshift of z ∼ 0.08. Middle: Equivalent
numbers for the core sample, with redshift limits imposed as outlined in
the text to balance sample size and completeness. Right: Completeness
of the core sample relative to the underlying MPA-JHU population with
SPIRE coverage. Text labels and colour coding denote the percentage of
MPA-JHU galaxies detected in WISE and SPIRE. Detection rates are 70%
on average for galaxies on the star-forming main sequence and drop pro-
gressively toward reduced levels of star formation activity. Completeness is
expressed with respect to the underlying MPA-JHU sample (with SPIRE
coverage, but not necessarily detection), as is explained in more detail in
the text below.

Sample Description Size
IR-detected Overlap SDSS ∩ WISE ∩ SPIRE (at least 1 band) ∼ 11k
Core Redshift limit in a given (M?, ∆MS) bin: z < zcross with zcross ∼ 7k

such that completeness @zcross = IR detection fraction below zcross

Core+GZ2 Overlap Core ∩ GZ2 ∼ 5k

Table 3.1 Overview of our sample definitions and their respective sizes.
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Figure 3.2 The location of our ‘core’ sample in the parameter space of
the Main Sequence is illustrated by grey contours. The black dots cor-
respond to the reference sample from Bertemes et al. (2018). While the
coverage is similar for the majority of objects, our core sample extends to
somewhat lower stellar masses M? compared to the reference sample, and
may therefore feature objects which higher atomic-to-molecular gas ratios
(xCOLD GASS; Saintonge et al. 2017) than were included in their calibra-
tion. However, we note that as we develop molecular gas scaling relations in
Section 3.3.3, we will show that an application to the xCOLD GASS sam-
ple extending down to logM? ∼ 9 yields consistent H2 gas masses across
all stellar masses, and does thus not show any evidence of the calibration
being mass-dependent in the low-mass regime.
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∆MS) bin, we define such an upper limit on redshift, zcross, as that redshift for which the
completeness level out to zcross (ranging between 0 and 1) and the fraction of IR-detected
objects with z < zcross (likewise ranging between 0 and 1) are equal. For example, if the
completeness in a given bin were 80% out to z = 0.12 and 80% of the galaxies with gas mass
measurements in the bin had z < 0.12, then only those would be included in the analysis.
The middle panel of Figure 3.1 illustrates the respective number of galaxies across the MS
diagram for this core sample, which is comprised of 7,142 objects. The subset for which
also Galaxy Zoo 2 classifications of non-axisymmetric features were available amounts to
roughly two thirds of them: 4,615 objects that we will refer to as the ‘core+GZ2’ sample.
We summarise these samples in Table 3.1.

In Fig 3.2, we compare the parameter space spanned in the M?-∆MS plane by our core
sample to the Bertemes et al. (2018) reference sample, based on which these authors derived
the dust-to-gas (H2) conversion that we apply herein to our core sample. The location
of our core sample is traced by the grey contours, whereas the black dots correspond to
the targets of the reference sample. While the coverage is broadly similar for the bulk of
objects, we note that our core sample extends to lower stellar masses. As we note in the
caveats listed in Section 3.4, our core sample may therefore include objects with enhanced
atomic-to-molecular gas fractions, as suggested by the mass trends in the xCOLD GASS
survey (Saintonge et al., 2017) which extends down to logM?/M� ∼ 9. However, in Section
3.3.3, where we derive scaling relations to predict molecular gas masses based on galaxy
properties, we present an application to the xCOLDGASS sample, and find a good agreement
between observed and predicted molecular gas masses, at a similar level both in the high-
mass (logM?/M� > 10) and low-mass (logM?/M� < 10) regime (Fig 3.9). The latter
exercise does thus not yield any evidence for a mass-dependence of the robustness of our
dust-based gas masses.

Considering all MPA-JHU galaxies with WISE and SPIRE coverage and z < zcross for
each bin, we compute the fraction of them for which a gas mass measurement (as opposed
to an upper limit) could be derived, and display this completeness measure in the right-
hand panel of Figure 3.1. Clearly, and unsurprisingly, a trend of completeness with ∆MS
is observed, such that among systems above the MS a larger fraction have the far-IR pho-
tometry required to employ the dust-based gas mass method. Whereas nearly all extreme
starbursting outliers, residing at > 3σ∆MS), are part of our core sample, this is the case
for ∼ 70% of galaxies on the MS ridgeline, and reduces further to completeness of around
∼ 50% well below the MS. We note that, not displayed in Figure 3.1 but as anticipated, the
inferred completeness at a given mass and star formation activity is a function of redshift,
such that at lower redshifts a larger proportion of the MPA-JHU galaxies has a WISE and
SPIRE counterpart.

The results of our analysis presented in Section 3.3 are conservatively based on the more
complete core sample. However, we repeated the analysis with the full ‘IR-detected’ sample
and doing so confirm that we recover the same trends as reported within this chapter.

Other than releasing the dust-based gas mass measurements themselves for all IR-
detected galaxies, we also include in our public catalogue best estimates of the gas mass,
and associated confidence intervals, for all MPA-JHU galaxies, based on a mapping from
galaxy stellar mass, star formation and their structure to their cold gas reservoirs (Section
3.3.3).

3.2.4 Galaxy structure

When discussing the relation between gas and structural properties, we will consider two
families of structural parameters: (1) those that encode the extent, shape or surface den-
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sity of the radial profile as derived from 2D parametric fits (i.e., treating each galaxy as
an axisymmetric system viewed under some inclination), and (2) visual classifications of
deviations from axisymmetry capturing the presence of instabilities. We elaborate on both
categories below.

Radial structure

To first order a galaxy’s structure can be described by its size and radial profile shape.
Major axis half-light radii Re quantified via 2D surface brightness fitting of a Sérsic (Sérsic,
1968) profile to the SDSS r-band image are taken from Simard et al. (2011), as are bulge-
disk decompositions parameterised with the bulge-to-total ratio B/T . We infer the stellar
surface density as

Σstar =
0.5Mstar

πR2
e

(3.4)

and compute gas and star formation surface densities equivalently. Finally, we will also
consider the galaxies’ dynamical time

tdyn =
Re
v(Re)

(3.5)

where v(Re) =
√

GM(<Re)
Re

with M(< Re) our best estimate of the total enclosed mass

(stars, gas and dark matter) within the galaxy’s effective radius. Specifically, the baryons
are assumed to follow the r-band light profile, halo masses are inferred using theMstar−Mhalo

relation derived from abundance matching (Moster et al., 2013), halo masses and virial radii
are for a given redshift related by cosmology, and the concentration of halo profiles at a
given mass and redshift are taken from Dutton & Macciò (2014). Bertemes et al. (2018)
demonstrated that for their galaxy sample, the enclosed mass budget computed following this
approach matched the dynamical constraints on Mdyn(< Re) inferred from modelling the
CO line profiles well without significant systematic offset (median and scatter 0.046± 0.169
dex).

Morphological indicators of dynamical instabilities

Morphological features resulting from dynamical instabilities and/or spatially inhomoge-
neous star formation histories or dust extinction can make galaxies deviate from the ide-
alised axisymmetric systems that are typically assumed when modelling their structure with
parametric methods.

Visual classifications have a long history of capturing the morphological nature of galax-
ies, whether they feature bars, spirals, grand design (i.e., two-armed) spirals, merger activity
or other forms of morphological disturbance. On the scale of SDSS samples the sheer num-
ber of objects to classify has prompted the citizen science project Galaxy Zoo (Lintott et al.,
2008; Willett et al., 2013). For reasons of internal consistency, we here consider the subset
of objects that are part of the second generation of this classification campaign, dubbed
Galaxy Zoo 2, where participants were asked a sequence of questions on the morpholog-
ical nature of a given source (see the decision tree in Fig. 2 of Hart et al. 2016). For
instance, users who identified the presence of features in a given galaxy and next flagged
it as not viewed edge-on (and only those users) will subsequently be asked if there is any
sign of a spiral pattern. Combining the vote fractions for feature (Pfeature), not edge-on
(Pnot edge−on) and presence of a spiral (Pspiral), we define a sample of secure spirals for
which Pfeature · Pnot edge−one · Pspiral > 0.5, where P<...> refers to the fraction of human
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classifiers who answered yes to a question if they were asked this question. Our samples
of secure mergers and secure bar galaxies are defined in an analogous way. This approach
prioritizes purity over completeness: for example an object that is not selected as a secure
bar galaxy may be an edge-on late-type galaxy for which the viewing angle inhibits making
this assessment, and consequently the classifier was not asked about the presence of a bar.
Similarly, mergers remain unidentified if the classifier flags the most central object (within
the 2D image they’re being presented) as an being an edge-on source, but conversely if only
the non-central source is viewed edge-on, the user will still be asked if there are any merger
signatures. Our secure merger sample thus still includes mergers of all object-to-object
orientations.

Other than the above defined secure morphological samples, we will also use the raw vote
fractions themselves as a quantitative measure of, e.g., the barredness or oddness of a galaxy.
An oddness close to unity therefore reflects that the vast majority of classifiers identified
the galaxy as odd looking (which is later specified into rings, arcs, disturbed, irregular,
merger, dust lane or other; of which only merger is a type we consider separately in our
analysis). We note in passing that the morphological classification ”odd” may in practice
represent a more complete census of all galaxies visibly identifiable as being in some stage
of interaction, since the pictographic representation of the decision tree in Hart et al. (2016,
Fig. 2) illustrates the specific ”merger” category as still featuring two distinct components
whereas merger stages closer to final coalescence may match the ”disturbed”, ”irregular” or
”other” icons more closely. Nevertheless, for consistency with other Galaxy Zoo work, we
adopt the nomenclature by Hart et al. (2016) for the remainder of the chapter.

In all cases, we use the fraction of votes debiased for redshift effects according to the
debiasing methods outlined in Hart et al. (2016).

3.3 Results

3.3.1 Gas properties across the SFR - Mstar plane

With gas mass measurements for our core sample in hand, we first consider the distribution
of cold gas properties throughout the SFR - Mstar diagram, irrespective of the galaxies’
structure or morphology. The left- and right-hand panel of Figure 3.3 present the median
depletion time and gas fraction, respectively, with the Renzini & Peng (2015) MS relation
marked for reference (black dashed line). A clear trend emerges where the depletion time
(the inverse of the global star formation efficiency) depends nearly exclusively on the MS
offset, with no apparent mass scaling at a fixed ∆MS. Galaxies on the MS are characterised
by tdep ≈ 1.3 Gyr. Whereas depletion times shorten above the MS (and conversely lengthen
below), the gas fractions show a precipitous drop as one moves from high to low ∆MS at
fixed mass. They further exhibit a more prominent mass dependence at fixed MS offset,
such that star-bursting dwarf galaxies are identified as the most gas-rich systems.

Elevated (or surpressed) levels of star formation with respect to that of a typical MS
star-forming galaxy (SFG) thus stem from the combination of both enhanced (reduced) star
formation efficiencies and larger (smaller) gas reservoirs. These results echo previous findings
for nearby galaxy samples based on the xCOLD GASS survey (Saintonge et al., 2016), now
established using a different tracer (dust continuum as opposed to CO) and a larger sample.
A consistent behaviour has also recently been presented by Popesso et al. (2020), who
employed an indirect proxy of gas mass based on the Balmer decrement, galaxy inclination
and metallicity, as calibrated to a compilation of CO and far-IR continuum measurements.
The same interpretation, of variations in ∆MS encoding both systematic changes in star
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Figure 3.3 Left: Median depletion time across the SFR - Mstar diagram.
Characteristic depletion times scale with offset from the star-forming main
sequence (dashed line), with little mass dependence at a fixed ∆MS. Right:
Median gas fraction across the SFR - Mstar diagram. The gas richness of
galaxies increases toward lower masses and larger positive ∆MS.

formation efficiency and gas fraction, has further been reported based on compilations of
CO and dust continuum observations over a larger range in lookback times as well, spanning
as much as 90% of cosmic history (e.g., Tacconi et al., 2018). For a recent update on the
redshift evolution, and a comprehensive overview of the context and implications of the
observed gas scaling relations, we refer the reader to the review by Tacconi et al. (2020).
We comment on agreement with the scaling relations provided therein in Section 3.3.3.

3.3.2 Dependence of gas properties on galaxy structure

So far, we inspected the global gas properties of galaxies in our sample with disregard for
their structural nature. In this section, we start by taking the opposite approach, contrasting
tdep and µgas as a function of structural characteristics, ignoring for the moment that our
galaxies span a range in mass and star formation activity, and that both features are known
to correlate with morphology. We will next reconvene to the SFR - Mstar space and explore
any residual dependence on radial structure, which we will cast into a mapping from galaxy
stellar mass, star formation and structure to their cold gas reservoirs.

Global structural dependence

Figure 3.4 shows an overview of depletion times and gas fractions as a function of the various
radial and non-axisymmetric structural galaxy properties. Density contours are constructed
through Gaussian kernel density estimation hence explaining the range in Galaxy Zoo vote
fractions (and B/T ) bleeding over the [0, 1] interval within which they are by definition
confined, and contour levels are logarithmically spaced. For clarity, we overplot the running
median and central 68th percentile with the solid and dotted black lines, respectively. We
further note that, with the exception of the ”spiral” class, the Galaxy Zoo vote fractions
exhibit a skewed rather than a bimodal distribution, indicative of these eyeball classifications
not being unambiguous, and motivating the use of vote fractions as a continuous metric
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Figure 3.4 Top rows: Depletion time and gas fraction as a function of the
radially defined structural properties Re, B/T , Σstar and tdyn. Contours
are calculated using kernel density estimation and shown at logarithmic in-
tervals. Solid and dotted black lines denote the running median and central
68th percentile interval, respectively. Bottom rows: Equivalent analysis for
the dependence of gas properties on non-axisymmetric structural features:
Galaxy Zoo vote fractions for bar and spiral instabilities, grand design spi-
rals, odd looking galaxies and the merger subset of the latter category.
Whereas some trends are notable (e.g., small galaxies featuring predomi-
nantly shorter tdep; Σstar anti-correlating with gas fraction; systems of very
low gas fraction rarely showing signs of instabilities), a significant range in
tdep and µgas is observed among galaxies of most morphological types.
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Structural Core sample Face-on SFGs
Property tdep µgas tdep µgas

Radial structural properties
logRe 0.34 -0.11 0.33 -0.10
B/T -0.23 -0.40 -0.30 -0.39
log Σstar -0.23 -0.24 -0.26 -0.21
log tdyn 0.32 0.09 0.33 0.08

Galaxy Zoo vote fractions
Bar -0.08 -0.05 0.03 -0.06
Spiral 0.02 0.08 0.25 0.08
Spiral grand design -0.03 0.01 0.11 0.01

Odd -0.19 0.13 -0.12 0.12
Merger -0.09 0.09 -0.07 0.07

Table 3.2 Spearman’s rank correlation coefficients for the relations be-
tween gaseous and morphological properties. Face-on star-forming galax-
ies are defined by an ellipticity ε < 0.5 and specific star formation rate
log(sSFR [yr−1]) > −11. All correlations except those denoted in smaller
font have associated p-values p < 0.01 (and mostly p� 0.001).

representing the relative strength of a feature.4

A few trends are noteworthy, but first and foremost we observe the absence of very
tight correlations between the global gas properties and most of the individual structural
parameters. That is, any systematic variation in tdep or µgas over the dynamic range in
galaxy structure probed, while often formally of statistical significance, is modest relative
to the spread in gas properties at a fixed, typical morphology. Table 3.2 quantifies the
Spearman’s rank correlation coefficients for the galaxy distributions represented in Figure
3.4, and for a subset constrained to be face-on (ε < 0.5) star-forming galaxies.

A dependence on galaxy size is notable such that the smallest tertile of galaxies, of
size Re < 4.1 kpc, are anticipated to deplete their gas reservoirs more quickly (mean and
standard deviation of log(tdep [Gyr]) = 8.86± 0.30) than the largest tertile of objects, with
Re > 6.3 kpc (mean and standard deviation of log(tdep [Gyr]) = 9.12 ± 0.37). The formal
error on the mean remains below 0.01 dex in each case, well under the amplitude of any
systematic uncertainties that may be at play. Depletion times of several Gyr and longer are
almost exclusively observed among systems of Re & 4 kpc.

Unsurprisingly, galaxies with significant bulges and objects of enhanced stellar surface
densities comprise the most gas-poor systems in our sample, which are preferentially residing
well below the MS as illustrated in Figure 3.3. We caution however that, in our core
sample with number distributions as presented in Figure 3.1, the location of bulge-dominated
galaxies relative to the MS may differ from naive expectations. On the one hand, the relative
fraction of bulge-dominated galaxies is observed to increase both below the MS and into the
upper tail of large positive ∆MS where star-bursting galaxies reside, in line with the Sérsic
index distribution across the SFR - Mstar diagram presented by Wuyts et al. (2011). On
the other hand, in terms of their absolute numbers bulge-dominated objects in our sample,
similarly as disk-dominated objects, are most commonly found on the MS relation. Either
way, blind to the position in (SFR, Mstar) space, the results presented in Figure 3.4 by

4Each galaxy in Galaxy Zoo 2 was classified by at least 40 human classifiers, rendering a fairly smooth
distribution in vote fractions.
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themselves do not lend support to a scenario of morphological quenching in which star
formation efficiencies would be reduced by a steep bulge potential stabilising any gas disk
against fragmentation and star formation (Martig et al., 2009). We revisit this question
later in this section when slicing our sample as a function of both morphology and stellar
populations, again not finding evidence in support of morphological quenching.

Finally, and strongly related to the correlation described with galaxy size, at the tail
end of high Σstar and low tdyn we observe the typical depletion times to drop, with the
correlation strength of the tdep− tdyn relation being similarly strong as that with galaxy size
(Table 3.2).

Turning to non-axisymmetric morphological features, stellar bars are known as one of
the strongest drivers of internal secular evolution within nearby disk galaxies, allowing re-
distribution of material through angular momentum transfer. Theoretical work suggests a
two-way interplay between bar strength and longevity on the one hand and the presence and
distribution of cold gas on the other hand (e.g., Athanassoula, 2003; Combes, 2008; Villa-
Vargas et al., 2010, and references therein). Larger gas fractions may limit the ability to
grow bars and/or their survival. Once present, bars can induce loss of angular momentum,
channeling gas inward thereby enhancing nuclear star formation and/or AGN activity, while
related forces may inhibit gas inflow from the outer disk regions.

Observationally, several studies have explored the different nature of barred versus un-
barred galaxies in terms of their colours, stellar populations and environment (e.g., Aguerri
et al., 2009; Masters et al., 2012; Vera et al., 2016). Among these, Masters et al. (2012)
exploit the largest sample and are the only ones that also consider gas fraction, albeit the
atomic gas fractions based on ALFALFA HI observations. Their sample counts 2090 galaxies
of which 22% are strongly barred, defined similarly as described in Section 3.2.4. They find
HI-detected galaxies of higher mass and redder colour to more frequently feature bar instabil-
ities, and report an anti-correlation between bar fraction and atomic gas fraction. Here, we
add to their analysis an inference on the molecular gas content, representing the immediate
fuel for star formation. The running median in the bottom-left panel of Figure 3.4 suggests,
analogous to the HI results, a (weak) anti-correlation between the typical gas fraction and
bar strength in our sample (which, again, is dominated in numbers by MS SFGs; see Figure
3.1). While the trend formally is statistically significant (p = 3 × 10−4), the distribution
in global gas properties of barred and unbarred galaxies is broad and exhibits a substantial
overlap in range, as often seen in other such comparison studies. One potential contributor
to the observed overlap in gas properties between galaxies with low/high bar vote fractions
may stem from the fact that, according to the Galaxy Zoo 2 decision tree, classifiers that
label a galaxy as edge-on are not asked about (and can thus not vote for) the presence of
a bar. We repeated our analysis for a subset of our sample, restricted to be viewed face-on
(ε < 0.5) and be of star-forming nature (log(sSFR [yr−1]) > −11) and recovered a similarly
weak negative correlation between barredness and gas fraction (Table 3.2). The mild neg-
ative trend of barredness with depletion time (see also Saintonge et al. 2012) is no longer
statistically significant when restricting our analysis to these face-on SFGs. Masters et al.
(2012) discuss that their findings may imply that the presence of (strong) bars speeds up
gas consumption, or conversely that increased gas fractions may inhibit bar formation. Our
results, while qualitatively in line with Masters et al. (2012), do not allow us to discriminate
between these two interpretations.

Evaluating the results on non-axisymmetric morphologies more broadly, we highlight
that when focussing on the lowest of gas fractions, at the percent level and thereabout, the
bottom row of Figure 3.4 illustrates that they rarely correspond to objects for which human
classifiers flagged the presence of instabilities, be it bars, spirals or mergers. These most
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gas-poor objects in our sample are the same high-Σstar, below-MS objects that we alluded
to before.

When considering face-on SFGs only, the most significant change in trends observed
is the presence of a positive correlation between the depletion time and the presence of
spiral arms, not seen for the overall core sample which includes edge-on systems and the
aforementioned below-MS objects (Table 3.2). We reconvene to the location of spirals in the
context of the Kennicutt-Schmidt relation in Section 3.3.4.

Finally, we consider the category of odd-looking galaxies, which we remind the reader
is comprised of various forms of irregularity, disturbance and merger morphologies. Among
the visual morphologies considered, we observe the strongest trends for this parameter,
toward shortened depletion times (i.e., enhanced star formation efficiencies) and elevated
cold gas fractions with increasing ‘oddness’, reminiscent of results by Saintonge et al. (2012)
based on 365 COLD GASS galaxies. Given the mixed bag of galaxy types, and among
them different interaction stages, the spread in global gas properties among odd looking
galaxies may not be surprising. In a systematic study analysing a large suite of binary
merger simulations and flybys, Di Matteo et al. (2007) find strong variations in the level of
star formation efficiency enhancement relative to isolated control galaxies (including cases
of no enhancement), depending on orbital parameters, retrograde versus prograde nature
of the interaction, progenitor morphology and gas fraction, as well as time relative to final
coalescence.

Structural dependence at fixed (Mstar, ∆MS)

We now leverage the large number statistics to subdivide our sample, which spans a broad
range in stellar mass and star formation activity (Figure 3.1). In Figures 3.5 and 3.6 we
evaluate the relation between depletion time and galaxy size, and depletion time versus
bulge fraction, binning the population by stellar mass and main sequence offset. Since
we are now controlling for Mstar and SFR, the only variations in tdep and µgas can come
from variations in Mgas, therefore the trends with gas fraction do not carry any additional
information and are omitted for brevity. Linear regression of the trends in each panel
contrasting depletion time (on the y-axis) versus the respective structural property (on the
x-axis) is carried out using a Python implementation of the LINMIX routine by Kelly (2007),
and statistics on the slope β are reported together with the error inferred from the posterior
distribution and the number of galaxies on which it was based by the inset numbers in
each panel. As illustrated by the central 68th percentile ranges extracted from the posterior
distribution, the robustness of inferred slopes scales with the number of objects sampled.
The lowest and highest mass bins, as well as lowest ∆MS row were omitted from Figures
3.5 and 3.6, as the number of objects per panel were insufficient to carry out an independent
linear regression. Nevertheless, a highly significant positive correlation with galaxy size and
negative correlation with bulge fraction is retrieved in the vast majority of panels. In other
words, among galaxies of the same stellar mass and level of star formation activity, it is
the more compact sub-population with a larger fraction of its stars in a bulge component
that is closest to depleting its gas reservoir. As alluded to earlier, the observed trend does
not match expectations from a morphological quenching scenario in which the presence of
a bulge would reduce the efficiency with which gas is being converted into stars. We note
that our results are consistent with a recent study by Koyama et al. (2019), which found
no evidence of morphological quenching when comparing the star formation efficiencies of
disk-dominated vs bulge-dominated galaxies in the green valley. For the aforementioned
reason that we are considering trends at fixed mass and star formation activity, equivalent
trends can be expressed in terms of gas fractions, which reduce toward smaller Re and larger
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Figure 3.5 Dependence of depletion time on galaxy size for separate
bins of stellar mass and MS offset. Each panel shows the subset of our IR-
detected sample in the respective (Mstar, ∆MS) bin (blue dots), the best-
fit linear regression (black dashed line) and central 68th percentile range
from the posterior distribution (red shaded region). Inset boxes report
the number of galaxies in the respective (Mstar, ∆MS) bin. With few
exceptions (e.g., the most massive galaxies on and above the MS), smaller
galaxies are running out of gas more quickly than more extended objects
of similar mass and star formation activity.
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Figure 3.6 Idem to Figure 3.5 but contrasting the depletion time at fixed
mass and main sequence offset to the galaxies’ bulge fraction B/T . More
bulge-dominated systems are closer to depleting their gas reservoirs at a
fixed (Mstar, ∆MS).
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B/T . Contrasting the HI properties of compact and extended SFGs in the nearby Universe,
Wang et al. (2018) found that also in atomic gas compact SFGs feature a lower gas content
and shorter associated depletion times, by about a factor 2. However, performing bulge-disk
decompositions of the optical images of galaxies from the xGASS survey (Catinella et al.,
2018), Cook et al. (2019) find little impact of the bulge strength - at fixed stellar mass and
SFR - on atomic gas properties.

Out of curiosity, we also tested how the gas fractions behave when taking out the bulge
component, assuming all gas is associated with the disk. Following such reasoning, the disk
gas fraction µgas, disk ≡ Mgas

(1−B/T )Mstar
shows a relatively flat and in some cases positive trend

with bulge strength.5

3.3.3 Recipes to estimate Mgas in the absence of dust or CO diag-
nostics and gas mass catalogue

Fitting formulae assuming separation of variables

Having visualised the interdependence of gas properties on the stellar populations and struc-
ture of galaxies in our sample, we now proceed to cast this in the form of a quantitative
scaling relation aimed at predicting the cold gas mass on the basis of galaxy properties more
commonly available for 100,000s of galaxies from wide-area optical surveys.

In the first instance, we do this according to an approach first developed by Genzel et al.
(2015) and further extended by, e.g., Tacconi et al. (2018, 2020), namely by parameterising
the scaling relation as a power-law dependence on MS offset, stellar mass, and optionally
structural information. For the latter, we restrict ourselves here to the so-called radial
structural characteristics, as (1) the physical meaning of Galaxy Zoo vote fractions is open
to interpretation, (2) Figure 3.4 did not reveal any strikingly tight trends with vote fractions
for the respective measures of non-axisymmetric instability, (3) their availability is limited
to roughly two thirds of the core sample, and (4) they are not easily reproducable with the
eye on application of any Mgas predictor to the full MPA-JHU database of SDSS galaxies.

We hence adopt the following functional form:

log(Mgas) = a

+ b log(SFR/SFRMS)

+ c log(Mstar/5× 1010 M�) (3.6)

+ d log(Re/5 kpc) (3.7)

+ e(B/T ) (3.8)

where we carry out the fitting of all coefficients simultaneously using the affine-invariant
ensemble MCMC sampler implemented in the EMCEE package (Goodman & Weare, 2010;
Foreman-Mackey et al., 2013). This approach enables a full mapping of the covariances
between fit parameters, presented in Figure 3.7. Such covariances are to be expected given
that the individual inputs are known to not be independent (Shen et al., 2003, e.g., the
galaxy size - mass relation;). Flat priors in linear space were adopted for all parameters. As
an alternative approach to estimating the confidence intervals on coefficients, we followed
a bootstrapping method. Redrawing a hundred mock realisations of the sample with re-
placement, we fit the scaling relation to each of the bootstrapped samples, and evaluated
the central 68th percentile interval for each of the coefficients. The confidence intervals

5Here, we implicitly assumed the bulge-to-total ratio quantified on rest-optical imaging to reflect the
stellar bulge mass fraction.
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Figure 3.7 Corner plot showing the 1D marginalised posterior distri-
butions for each parameter of the gas scaling relation (Eq 3.8) and 2D
marginalised posterior distributions for each pair of parameters.

thus obtained are roughly a factor 5 larger, which likely reflects the fact that MCMC-based
errors are a measure of the propagated uncertainty from measurement errors on the individ-
ual objects in the full sample, and cannot capture the uncertainty due to sample variance.
We choose to report these more conservative estimates in Table 3.3. We check that the
increased degrees of freedom in Eq, 3.7 and 3.8 do not lead to overfitting the data via a
simple reduced χ2 test (χ2

red = (Σ(fit− data)2/σ2
data)/(ndatapoints − ndof).) The recovered

values remain much larger than 1, namely 31.84, 31.62 and 26.52 for Eq. 3.6 through to
3.8, respectively, but we note these large values may be traced back to our small errors on
Mgas derived via 100 Monte Carlo realisations (see Chapter 2). Given that the errors on the
parameters entering our fit are more physically motivated, we repeat the reduced χ2 test
using the latter (thus formally treating our scaling relation as ‘data’ and the gas masses as
‘fit’), which leads to χ2

red = 7.79, 5.02, 4.71 for Eq. 3.6 through to 3.8, thus yielding no
evidence for overfitting.

Whereas Figures 3.5 and 3.6 clearly demonstrate the presence of residual correlations
with structural properties at a given stellar mass and ∆MS, we conclude that evaluated
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Figure 3.8 Distribution of residuals between the cold gas mass predicted
on the basis of stellar population and structural parameters using NN3
(Table 3.3) and the observed cold gas mass derived using the dust-based
method (Eq. 3.1), normalised by the 1σ interval on Mgas, predicted as in-
ferred using the quality-driven prediction interval method by Pearce et al.
(2018). A Gaussian of the same area with mean and standard deviation
(µ;σ) = (0; 1) is overplotted for reference.

over our core sample incorporating the additional dependence on galaxy structure only re-
sults in a minor reduction (by 10%) of the residuals. This reflects the fact that systematic
dependencies on size or bulge dominance, while statistically significant, remain overall mod-
est over the dynamic range probed by our sample compared to the spread in gas properties
at a fixed morphology. We iterate that similar gas scaling relations consistent within the
error bars are obtained when considering the full IR-detected sample, or including more
aggressively sources that have only marginal (2σ) detections in WISE 22 µm. We note that
all of the fits explored, including the simplest form corresponding to Eq. 3.6 with ∼ 0.23
dex scatter, outperform the Kennicutt-Schmidt law in the absence of resolved observations,
for which we retrieve a scatter of 0.34 dex when using on the size of the optical image.

Finally, we perform a sanity check to confirm that our results do not strongly depend
on our choice of tracer of molecular gas tracer (i.e. dust IR emission). In Fig 3.9 we
contrast the H2 mass estimated predicted by the simplest form of our scaling relation (Eq.
3.6) using the MPA-JHU stellar masses and SFRs, against the xCOLD GASS CO-based
molecular gas masses presented in (Saintonge et al., 2017). We denote lower-mass objects
with logM?/M� < 10 by purple dots, while the green dots correspond to massive targets.
With only a minor offset of −0.06 dex, the sources fall along the 1-to-1 line within a scatter
of 0.26 dex, only marginally larger than the scatter of ∼ 0.23 dex inferred from applying
the relation to the FUEL sample. This is consistent with the tight agreement (at the level
of ∼ 0.13 dex) between the CO-based gas masses and the dust-based calibration established
in Bertemes et al. (2018), despite our FUEL sample extending to lower masses than the
latter work as noted in more detail in Section 3.4.3, which discusses caveats of this work.
We further note that the low-mass (purple) objects in Fig 3.9 show a similar spread around
the relation than the massive (green) targets; in other words, we do not find any indirect
evidence for a mass-dependence of the dust-based calibration employed herein.
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Figure 3.9 Molecular gas mass estimates predicted by our scaling re-
lation in its simplest form purely from stellar masses M? and MS offset
SFR/SFRMS (see Table 3.3), contrasted against the CO-based molecular
gas masses from the xCOLD GASS survey reported in Saintonge et al. 2017.
In detail, the predictor on the y-axis corresponds to logMH2, pred/M� =
9.62 + 0.42 ∗ log(SFR/SFRMS) + 0.85 ∗ logM?/(5 · 1010M�) (Eq. 3.6). The
purple dots correspond to galaxies with logM?/M� < 10, while the green
datapoints refer to objects with high masses. The 1-to-1 line is plotted for
reference, and the offset and scatter are annotated (−0.06 and 0.26, re-
spectively). The scatter is similar to the ∼ 0.23 dex scatter of the scaling
relation w.r.t our dust-based molecular gas masses, which suggests that the
predictor is robust in terms of the choice of tracer. Moreover, the spread
is similar for the low-and high-mass regime, which indirectly supports that
the dust-based methodology employed herein - though not directly cali-
brated on the low-mass regime - holds at low stellar masses.

Fit a b c d e scatter [dex]

Eq 3.6 9.62 (0.01) 0.42 (0.02) 0.85 (0.02) / / 0.229
Eq 3.7 9.59 (0.01) 0.45 (0.02) 0.74 (0.02) 0.37 (0.05) / 0.219
Eq 3.8 9.70 (0.02) 0.44 (0.02) 0.83 (0.03) 0.20 (0.06) -0.36 (0.05) 0.207
NN1 X X X / / 0.225
NN2 X X X X / 0.209
NN3 X X X X X 0.194

Table 3.3 Coefficients (with associated 1σ uncertainties) of fitting for-
mulae for Mgas under the assumption of separable variables, excluding and
including structural dependencies. The scatter is quantified as the stan-
dard deviation of logMgas, predicted − logMgas, observed. By construction
there is no significant systematic offset.
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Neural network mapping to Mgas

Gas scaling relations parameterised by fitting formulae such as Equations 3.6 - 3.8 effectively
assume the dependence on different variables like MS offset, stellar mass or size are separable,
an approach first introduced by Genzel et al. (2015). That is, the dependence on, e.g., size is
taken to be equally strong irrespective of the mass or star formation activity of the galaxy,
and so on. As the results from Section 3.3.3 suggest, this approach works well, even though
it is worth reminding that these fitting formulae are neither physically motivated or derived
from first principles, nor is there an a priori reason to motivate the underlying assumption
of separation of variables.

To address this, we here explore the use of a neural network (NN) to infer a mapping
from the same physical properties to Mgas.

6 The specific architecture we employ is that of
a dense, fully connected network with two hidden layers of each 128 nodes, Rectified Linear
Unit (ReLU) activation functions and a single output node, representing the best prediction
of Mgas. We employ Tensorflow7 with its Keras wrapper for the implementation, tune the
network using the Adam optimiser with learning rate of 0.001 in combination with a mean
square error loss function, and employ a dropout rate of 0.5 to prevent overfitting. A grid
search over the hyperparameters suggests these are the settings optimised for our particular
problem and data set. The resulting scatter in predicted minus observed gas masses is
reported in Table 3.3, where the spread in residuals is quantified on the basis of a random
test set (20% of the full sample) that was not used for training of the NN. Evaluation of the
scatter for training and validation samples (together representing 80% of the sample) as a
function of training epoch showed that convergence was reached and did not reveal evidence
for overfitting.

Considering the resulting scatter reported in Table 3.3, we conclude that the application
of a Neural Network, in principle more flexible than the prescribed functional form adopted in
Section 3.3.3, only marginally improves the accuracy with which gas masses are predicted,
to a scatter of ∼ 0.19 dex. We verified that no further improvements were obtained if
additional input parameters such as redshift or gas-phase metallicity were included. We
also note that the inter-method scatter between CO- and dust-based gas masses as reported
by Bertemes et al. (2018) was 0.131 dex, which could be considered as a lower limit below
which it may not be reasonable to anticipate the accuracy of a gas scaling relation to drop.
We thus conclude that our application of -in principle more flexible- neural networks lends
support to an approach where gas scaling relations are modelled under the assumption of
separation of variables.

In order to derive 1σ confidence intervals for the estimated gas masses on a galaxy-by-
galaxy basis, rather than adopting the scatter for the entire population reported in Table 3.3,
we design a second NN. This one takes the same inputs and is largely of similar architecture
with the exception of there being two output nodes, encoding the lower and upper bound on
the 1σ confidence interval. One further difference is that we follow the quality-driven (QD)
prediction interval method proposed by Pearce et al. (2018) which employs a loss function
that aims to derive confidence intervals that are as narrow as possible whilst simultaneously
capturing a specified portion (in our case 68%) of the data. Figure 3.8 evaluates its success
by considering the distribution of predicted minus observed gas masses normalised by the
inferred uncertainty on the predicted gas mass. The distribution is shown for the test
subsample that was not used in training the NN itself, and the results imply the estimated
confidence intervals are a fair reflection of the actual uncertainty.

6In practice, each of the parameters is normalised prior to feeding them to the NN, as homogenising the
scale and spread enhances the NN performance.

7https://www.tensorflow.org
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Keyword Description

ObjID SDSS object ID
RA Right ascension (from SDSS)
DEC Declination (from SDSS)
REDSHIFT Spectroscopic redshift (from SDSS)
METALLICITY Gas-phase metallicity (12 + log(O/H))
FLAG METAL 1 = O3N2 (PP04)

2 = N2 (PP04)
3 = Scaling relation (i.e., based on [SFR, Mstar])

SEP SPIRE250 Separation from nearest SPIRE 250 µm source (arcsec)1

LMDUST log(Mdust) derived from WISE & SPIRE photometry (Eq 12 in Bertemes et al. 2018)
LMGAS DUST log(Mgas) derived from WISE & SPIRE photometry + metallicity (Eq 3.1)

LMGAS FIT log(Mgas) derived using the fitting formula in Equation 3.8 (see Table 3.3 for values of coefficients)
LMGAS NN log(Mgas) derived using neural network (NN3 if all inputs available)

LMGAS BEST Best estimate of log(Mgas)
E LMGAS BEST Uncertainty on LMGAS BEST (dex)
FLAG MGAS BEST 1 = Dust-based method (’IR-detected’ sample, S/NWISE > 3 & S/NSPIRE > 3)

2 = Dust-based method (S/NWISE > 2 & S/NSPIRE > 3)
3 = NN estimate of log(Mgas) based on SFR, Mstar and structural information (NN3 in Table 3.3)
4 = NN2 estimate (in case no B/T entry from Simard et al. 2011 available)
5 = NN1 estimate (in case no B/T or Re from Simard et al. 2011 available)

1 This is only the IR counterpart if the galaxy is detected above 3σ at 250 µm.

Table 3.4 Keywords for the released FUEL data table with cold gas masses
derived using the dust-based method by Bertemes et al. (2018) and/or
fitting formulae and neural network predictions based thereupon. The table
will be published as supplementary material to Chang et al. (2021) in the
online version of the journal. Entries are line-matched to the MPA-JHU
data tables and contain -99 where the respective information is unavailable.

FUEL cold gas mass catalogue line-matched to the MPA-JHU data base

We release together with this publication a public catalogue with all gas mass estimates,
calculated using the dust-based method by Bertemes et al. (2018) directly, or using the
fitting formula or neural network based thereupon. A key to its contents is presented in
Table 3.4, with the FUEL catalogue itself provided as an online supplementary material with
our upcoming publication (Chang et al., 2021) in the online version of the journal. For
convenience to the reader, we provide our catalogue line-matched to those included in the
MPA-JHU database, and also apply the dust-based method to objects detected down to
2σ in the WISE 22 µm band. Those entries with 2 < S/NWISE < 3 are not part of the
analysis presented in this chapter, but we checked that including them does not alter our
conclusions. Finally, we include a ‘lMGAS BEST’ estimate with associated uncertainty for
recommended use.

Comparison to Tacconi et al. (2020)

As a sanity check, we compared the gas masses obtained by applying the scaling relation
derived in this chapter to those that would be predicted on the basis of the scaling relation
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provided in the review by Tacconi et al. (2020), finding encouraging agreement. Here, we
note that Tacconi et al. (2020) established their scaling relation using a sample spanning a
wide redshift range, thus prompting the introduction of a redshift dependence in the fitting
formula. In detail, they fit a relation to tdep rather than Mgas, with the SFR thus entering on
both abscissa. More importantly, the authors made use of a different (redshift-dependent)
MS prescription (by Speagle et al. 2014). For the sake of a self-consistent comparison, we
therefore compare gas mass estimates that were derived starting from the directly observed
galaxy properties (SFR, Mstar et cetera) and computed main sequence offsets in each case
w.r.t. the same reference that was adopted in establishing the scaling relation. Depending on
the exact sample considered (our core sample, the full IR-detected sample, several 100,000s of
star-forming galaxies in the MPA-JHU database), we find the normalised absolute deviation
in log(Mgas, FUEL) − log(Mgas, T20) to range between 0.12 and 0.15 dex, with systematic
offsets limited to 0.03 to 0.05 dex. Only when expanding to the entire sample of MPA-JHU
galaxies, irrespective of their star-forming or quiescent nature, we find a somewhat larger
systematic offset (+0.17 dex) and scatter (0.28 dex).

3.3.4 The galaxy-averaged Kennicutt-Schmidt relation

We now turn to describing our findings in the framework of the star formation law, also
known as Kennicutt-Schmidt (KS) relation (Kennicutt, 1998b). Given that we only have
access to galaxy-integrated measurements of the cold gas reservoirs, we approach this using
galaxy-averaged surface densities of gas and star formation, calculated in an analogous way
to Eq 3.4. We caution that, as is the case in most such assessments of the galaxy-averaged
KS relation, the size adopted to compute the area in the denominator is taken from the
optical imaging, and may in practice deviate from the actual radius enclosing half of the
gas mass, respectively SFR. To first order however, the sizes of optical and molecular gas
emission are similar (e.g., Tacconi et al. 2013).

Figure 3.10 presents the KS relation of our core sample, with gray-scaled contours mark-
ing logarithmic steps in number density of galaxies and the black dashed line encoding the
best-fit linear regression:

log ΣSFR [M� kpc−2] = (1.06± 0.03) log Σgas [M� pc−2]− (3.04± 0.04), (3.9)

where the error denote formal 3σ fit errors. The scatter around the relation is 0.34 dex. The
finding of a near-linear KS relation is consistent with several previous studies of nearby and
distant galaxies (e.g., Bigiel et al., 2008; Leroy et al., 2008; Leroy et al., 2013; Genzel et al.,
2010; Daddi et al., 2010; Freundlich et al., 2019).

In order to give a visual impression of the variety of morphologies around the periphery of
the galaxy distribution in the KS plane, we present in the surrounding panels of Figure 3.10
a compilation of 3-colour g, r, i image cutouts extracted using the SDSS SkyServer.8 The
postage stamps are drawn from different locations in the KS plane as marked with the blue
circle in the inset diagrams, and represent the galaxy that is structurally most representative
of the galaxy morphologies in that region of the diagram. In detail, we quantify this by (1)
considering all galaxies of the ‘IR+GZ2’ sample in a given sub-region of the KS plane, (2)
computing for each galaxy a distance measure from the morphological mean, quantified as

dist2
morph =

Nmorph∑
i

(Xi − 〈Xi〉)2
(3.10)

8skyserver.sdss.org
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Figure 3.10 Centre: Kennicutt-Schmidt relation. Grey-shaded areas
mark logarithmic levels of galaxy number density across the diagram. The
black dashed line and text label denote the best-fit relation to our core
sample. In orange, a linear relation corresponding to tdep = 1 Gyr is shown
for reference. Surrounding panels: Case example SDSS gri postage stamps
sized 48”×48” for galaxies with structural parameters typical for the region
in the KS plane from which they are drawn (marked with blue dot in
the inset panel reproducing the outer density contour in gray). Smaller,
smoother and rounder objects are seen in the upper ΣSFR and high surface
density regime, whereas larger disks are observed below the KS relation.
Galaxies in the low surface density regime show the most prominent spiral
patterns.
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where the summation is over all Nmorph radial structural properties and Galaxy Zoo vote
fractions and Xi represents the ith structural parameter, normalised to a mean of zero and
standard deviation of 1 (i.e., equivalent to the normalisation applied previously to inputs of
the NN), and (3) selecting one of the four lowest distmorph

2 galaxies, with an eye also on
their representativeness in terms of colour and redshift (to ensure roughly similar angular
scales). From these few case examples, yet selected in a statistically well defined manner,
we can appreciate that more compact and smoother nuggets are commonplace among the
upper and top-right regions in the KS plane, where star-bursting systems reside. Outliers
below the KS relation (bottom row of postage stamps) show a clearer disk nature, and toward
the low surface density end larger characteristic sizes. The left column of postage stamps,
drawn from the low surface density regime, feature the most prominent deviations from
axisymmetry, with signatures of spiral patterns in all of them and a bar instability in the
bottom left case. The region from which the latter case examples are drawn matches the
locus of normal spiral disks in the seminal work by Kennicutt (1998b).

In order to place our phenomenological impression on the diversity of galaxy morphologies
across the KS plane on a more statistically robust footing, we next proceed to investigate the
median structural properties along and across the KS relation. The top row of Figure 3.11
shows this for the radial structural properties available for all galaxies in our core sample.
The bottom row illustrates in an equivalent manner the prominence of non-axisymmetric
morphological features, by necessity restricted to the two thirds of objects with Galaxy Zoo
2 information. The typically skewed (rather than heavily bimodal) distribution of Galaxy
Zoo vote fractions presented in Figure 3.4 motivated us to use the median in a given KS bin
as metric, consistent also with what is shown in the top row of Figure 3.11, but we verified
that similar trends are observed if the fraction of galaxies with vote fractions above a given
threshold were used as colour coding instead.

A first observation is that all radial structural properties show systematic changes along
the KS relation. This is most striking for galaxy size, stellar surface density and dynamical
time, although one should bear in mind that all three include the optical half-light radius
Re in their definition, which also enters in quadrature in the denominator on both axes of
the KS diagram. Perhaps more interesting therefore is to inspect the systematic variations
across the KS relation (i.e., with ΣSFR at fixed Σgas). Here, all indicators point toward
the upper tail of the ΣSFR distribution, corresponding to the most enhanced star formation
efficiencies, to more frequently exhibit compact morphologies, of higher bulge fraction than
their counterparts below the best-fit KS relation. Bulge strength in our sample thus seems
to be more indicative of an ongoing nuclear starburst than it being associated with or
even responsible for a reduced star formation efficiency of the galaxies as proposed by the
simulation work of Martig et al. (2009).

In line with our visual impression of Figure 3.10, Figure 3.11 confirms that bar and
spiral instabilities are more common at the low surface density end of the KS relation.
In principle, the systematic trend toward smaller sizes in the high surface density regime
may inhibit spotting similar instabilities on smaller physical scales, if present, in the seeing
limited SDSS imagery. To test for such a possible effect, we restricted the sample to redshifts
below z < 0.07 and confirmed that it remains the case that the average bar and spiral vote
fractions drop steadily as one moves to higher surface densities along the KS relation. Using
the z < 0.07 restriction, we further examine the statistical significance of these results
by performing a simple two-sample Kolmogorov–Smirnov test, comparing the subsample
of galaxies with log Σgas/(M� pc−2) < 1 to the galaxies with higher gas surface densities
in terms of their distribution of bar/spiral vote fractions. We reject the null hypothesis
that these subsamples stem from the same underlying distribution in the “barred-ness” and
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Figure 3.11 Top: The KS plane colour-coded by the median structural
parameters Re, B/T , Σstar and tdyn in our core sample of IR-detected
galaxies. Bottom: Equivalent plots for the ‘IR+GZ2’ sample showing the
median Galaxy Zoo vote fractions encoding the presence of various non-
axisymmetric features. Clear variations along the KS relation are evident,
with increasingly smaller sizes, hence larger stellar surface densities and
shorter dynamical times toward the high-surface density end of the rela-
tion, where progressively fewer bar and spiral instabilities are reported.
Additionally, some variations in the typical galactic structure with ΣSFR

are seen at fixed Σgas as well. The characteristic size in our sample de-
creases and bulge strength increases as we consider systems of higher star
formation efficiency. In the upper tail of the population we also observe
an increased incidence of odd looking galaxies and mergers, although we
caution that these extremes only represent a small fraction of the overall
(and even of the odd-looking or merger) population.
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Figure 3.12 Kennicutt-Schmidt relation for sub-populations visually
classified as featuring a non-axisymmetric instability. From left to right
coloured contours mark the location (in logarithmic steps of galaxy num-
ber) of barred galaxies, galaxies featuring spiral structure, the subset of
grand design (i.e., two-armed) spirals, odd looking galaxies, and their sub-
set identified as mergers. Most instability classes exhibit a best-fit KS
relation (coloured dashed line) strikingly similar to that quantified on the
overall sample (black dashed line).

“spiral-ness” space with p-values corresponding to 2.17 · 10−6 and 4.45 · 10−10, respectively.
Thus, the trends of bars and spirals predominantly populating the low-surface density regime
are statistically significant, but we stress that this analysis does not yield any implication
about the robustness of the KS relation w.r.t such morphological changes itself, which we
will explore further below. It would be interesting to evaluate the presence of strong bar
and/or spiral signatures in the context of a Toomre Q stability analysis, where smaller
values of Q ∝ σκ

GΣ are anticipated to make galaxies more prone to gravitational instabilities
and hence bar/spiral formation (σ and κ representing the velocity dispersion and epicyclic
frequency, respectively; Toomre 1964). Figure 3.11 illustrates that while clearly both gas (by
definition) and stars reach higher galaxy-averaged surface densities to the upper right of the
KS diagram, this is compensated by reduced values of tdyn ∝ 1/κ. By lack of information
on σ we defer an exploration of this aspect to future work, where the constraints on cold gas
presented in this chapter could be combined with kinematic information from integral-field
spectroscopy. We do note in this context that velocity dispersions characteristic for cold gas
within nearby disk galaxies are low (of order 10 - 12 km s−1 as inferred from the HERACLES
and EDGE-CALIFA CO surveys; Mogotsi et al. 2016; Levy et al. 2018) and observations of
high spectral resolution are therefore essential.

Turning to the category of more irregular, odd-looking and merger-like morphologies, we
find that they gain in relative importance among galaxies occuping the upper rim of the
distribution in KS space. While this is in line with the conventional idea of interactions
inducing torques, channelling gas inwards where it can be consumed on shorter timescales,
we stress that the upper ΣSFR tail of the distribution comprises a small fraction of our
overall sample, and more importantly only a small fraction even among the odd-looking and
merger subclasses.

The implication of this statement is illustrated in Figure 3.12, where we show for the
so-called secure instability subsamples described in Section 3.2.4 their location in the KS
diagram, and the best-fit linear regression contrasted to that based on the full ‘IR-selected’
sample. It is remarkable how consistent the best-fit KS relation remains, both in its slope
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and zero point if evaluated at a typical Σgas, irrespective of the presence or absence of
specific non-axisymmetric features. Perhaps the most discrepant is the class of mergers, but
the sample statistics and dynamic range are small such that even here the slope is formally
consistent with that determined for the overall underlying population. As can be read from
the GZ2 decision tree presented in Figure 2 of Hart et al. (2016), classifiers flagging an object
as edge-on will not be asked about its barred or spiral nature. Whereas the position of a
galaxy in the KS plane should not depend on its orientation (as we compute the surface
densities using their major axis size), the bar and spiral vote fractions will therefore be a
function of viewing angle. In principle this could contribute to at least part of the overlap
in the KS diagram between galaxies featuring/lacking such bar or spiral patterns. However,
repeating the analysis considering face-on systems only we retrieve the same result, of the
best-fit KS relation being consistent in zero point and consistent with a near-linear slope
irrespective of the presence/absence of instabilities such as bars or spiral arms. We note that
all classifiers are asked about a galaxy’s oddness. While odd-looking and merging galaxies
may represent a relatively larger fraction of the rare population of starbursting galaxies with
elevated star formation efficiencies (Figure 3.11), the bulk of them follow a KS relation that
is virtually indistinguishable from that of the overall galaxy sample (Figure 3.12). This is
reminiscent of the simulation work by Di Matteo et al. (2007) who find that their compilation
of isolated galaxies, mergers and flybys at various stages of interaction and with different
progenitor properties and orbital parameters all line up along a similar KS relation, albeit
of somewhat steeper slope (N ∼ 1.4) than the only marginally superlinear one quantified in
our analysis.

A similar observation can be made when considering the KS relation fit to subsets of
our core sample split by any of the radial structure properties (Re, B/T , Σstar and tdyn;
see Figure 3.13). Whereas the distribution of different structural subclasses shows clear
shifts along our nominal KS relation, linear regression on any of the morphological subsets
yields very similar KS relations. Variations in KS slope cover the range ∼ 0.8 − 1.2, with
the most extreme deviations from Eq. 3.9 (e.g., the upper tertile in tdyn) corresponding to
those subsets spanning a smaller dynamic range in Σgas, for which the slope is therefore less
well constrained. Within this range, the best-fit slope increases modestly towards higher
Σstar and yet more weakly towards shorter tdyn. In all cases, the zero point evaluated at
the location in Σgas where the bulk of the galaxies reside coincides with the best fit to the
overall sample.

3.4 Caveats

In this section, we briefly comment on a number of caveats that in principle could affect
measurements of the cold gas budget in a systematic manner and as such may introduce
limits to the degree to which uncertainties on gas scaling relations can be reduced by a
sheer increase in number statistics. For a more exhaustive overview of potential pitfalls and
systematics we refer the reader to the review by Tacconi et al. (2020).

3.4.1 AGN contamination

By exploring a grid of IR SEDs with contributions from star formation and AGN, Bertemes
et al. (2018) evaluated in which regime the dust-based method as applied in this chapter may
be subject to more severe AGN ‘contamination’. As outlined in their Appendix, dust-based
gas masses can be overpredicted by a factor 1.5 or more if the bolometric AGN luminosity
exceeds the IR luminosity contributed by star formation by a factor 3.3. To address the
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Figure 3.13 Kennicutt-Schmidt relation for sub-populations defined by
the radial structural properties Re, B/T , Σstar (coloured contours) super-
posed on the full underlying population (grey-shaded contours taken from
Figure 3.10). The best-fit relation to the total sample (black dashed line)
is reproduced for reference in each panel. Galaxies of large/small size and
low/high bulge fraction are primarily shifted along the same relation. For
objects with stellar mass surface densities Σstar in the upper 33th per-
centile (third panel in the third row), a modest steepening of the KS slope
is further notable compared to galaxies with lower Σstar, but overall the
relation remains remarkably robust.
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fraction of objects in our sample that fall in this category, we identify galaxies hosting an
active nucleus as those whose optical emission line ratios place them in the Composite or
AGN region of the BPT diagram (Kauffmann et al., 2003c). AGN bolometric luminosities
are next estimated on the basis of the [OIII]λ5007 line luminosity, applying the bolometric
corrections by Lamastra et al. (2009).

Only 0.7% of the AGN in our sample exceed the aforementioned threshold of 3.3 LIR,SF.
This translates to 0.2% of objects in the overall sample for which AGN contamination may
systematically boost Mgas estimates at the factor & 1.5× level.

3.4.2 Photometry and PSF effects

The infrared observations exploited in this chapter inherently are of a poorer spatial resolu-
tion than the optical SDSS imaging. Whereas care was taken to only identify unambiguous
cross-matches between the optical and infrared catalogues, the presence of individual objects
whose infrared photometry may have been affected by source blending cannot be excluded.
Conversely, for those objects of largest angular extent we caution that the respective infrared
photometric pipelines may not have been optimised to capture their extended emission. In
the case of SPSC, very large nearby galaxies are by construction not part of the catalogue
and thus will not bias results. For sources that are included, 4 different photometric extrac-
tion methods are used, with the so-called Timeline Fitter 2 (TM2) method providing the
best guess for extended fluxes (see Schulz et al. 2017 for details).

By evaluating which objects have a reduced χ2 > 3 in the WISE profile-fitting routine, or
a large angular size relative to the beam width of SPIRE 250 µm (Re[”]/HWHM250 µm > 1),
we estimate that the fraction of objects for which the infrared photometry may potentially
be compromised at some level remains below 7%, although the precise impact is hard to
quantify. As a post-facto sanity check, we investigated this tail of the galaxy distribution
with relatively large angular extent, and compared the gas masses derived for them to those
of sources with similar intrinsic physical properties (SFR, Mstar, Re, B/T) but located at
a larger distance and thus with no concerns regarding the infrared photometric extraction.
Doing so, a median offset of−0.1 dex may hint at a minor systematic underestimate of the gas
masses for such extended systems, albeit with a bias that is still smaller than the typical 0.2
dex inter-object scatter for galaxies of similar physical properties. Since applicable only to
a minor portion of our sample, and because qualitatively it would bias the inference of Mgas

for large (not small) galaxies to mildly lower values, we conclude that any such systematics
cannot be responsible for spuriously driving the observed trend of shorter depletion times
for more compact systems.

3.4.3 HI contributions

The dust-based cold gas masses analysed in this work were derived using the method outlined
by Bertemes et al. (2018), who cross-calibrated their results to CO observations for a sample
of 92 galaxies, augmented with HI measurements from Arecibo for a subset, or otherwise a
proxy for MHI established by Catinella et al. (2012). From their analysis, Bertemes et al.
(2018) rejected the notion that the dust-based cold gas mass estimates derived following
their procedures and using the Leroy et al. (2011) dust-to-gas ratio prescription would probe
all of the H2 and HI gas (including the substantial amount of very extended HI emission
that nearby galaxies commonly feature). Instead, it proved to be more closely related to
the actual fuel for star formation present in the molecular-dominated regime. Bertemes
et al. (2018) demonstrated that, with a slightly re-calibrated metallicity-dependent dust-to-
(molecular) gas ratio (their Eq. 15), the derived dust-based gas masses were in excellent
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agreement with the CO observations (0.13 dex scatter and no systematic offset).
While this can be taken as an encouraging indication that the cold gas scaling relations

described in this work are indeed primarily addressing the molecular gas reservoirs, we
caution that among the galaxies analysed in this work, systems with enhanced atomic-to-
molecular gas ratios relative to those in the sample by Bertemes et al. (2018) are likely
to be present (e.g., at the low-mass end; see Saintonge et al., 2017). Depending on the
degree to which dust is mixed in with such more prominent HI reservoirs, there may be a
non-negligible contribution from atomic gas to the dust-based gas mass estimates among
the lowest-mass systems.

3.5 Conclusions

In this chapter, we leveraged the legacy value of WISE and Herschel SPIRE imaging over
large areas to construct a sample of cold gas mass measurements for an unprecedented
number of 11,046 nearby galaxies (median redshift z ∼ 0.08, 90th percentile range 0.03 <
z < 0.18). We make these measurements publicly available and provide as part of the FUEL

catalogue a table line-matched to the MPA-JHU database of 927,552 SDSS galaxies with
our best estimates of their cold gas reservoirs based on fitting formulae and a neural network
trained on a core sample of 7142 IR-detected galaxies optimised for completeness.

We analysed the dependence of global gas properties (tdep, µgas, galaxy-averaged KS
relation) on galaxy structure. Here, we considered both parametric quantifications of their
radial profiles (Re, B/T , Σstar, tdyn) and measures of non-axisymmetric signatures of insta-
bilities as characterised by citizen scientists taking part in Galaxy Zoo 2.

Our main findings are:

• Offsets from the star-forming main sequence are not simply explained by only a change
in gas content or only a change in depletion time, but rather come about due to a
combination of both, in line with literature trends based on CO observations (Saintonge
et al., 2016). Starbursting systems are more gas-rich and more efficient in converting
their cold gas reservoirs into stars, whereas the opposite is the case for quiescent
galaxies below the MS. Starbursting dwarf galaxies are the most gas-rich.

• Overall, structural dependencies evaluated over the entire sample without controlling
for stellar mass or star formation activity are modest, although a few statistically
significant trends are notable (characterised in Table 3.2): smaller galaxies and galaxies
with short dynamical times feature relatively shorter depletion times, IR-detected
galaxies with significant bulges and high stellar surface densities have reduced gas
fractions. In terms of non-axisymmetric features, strong bar instabilities are more often
associated with reduced gas fractions and there is an indication of mildly increased
gas fractions and reduced depletion times among odd looking galaxies (comprising
mergers, disturbed systems and irregulars).

• At fixed stellar mass and star formation activity, a residual correlation with galaxy
structure is still notable, with smaller galaxies and higher B/T featuring shorter de-
pletion times. That said, though statistically significant (see the 1σ values quoted in
Figs 3.5 and 3.6), incorporating this structural dependence into a fitting formula or
neural network only leads to a minor reduction of residuals between the measured and
predicted Mgas.

• The assumption of separation of variables, commonplace in the literature on gas scaling
relations, seems justified as use of a neural network -in principle allowing for a different
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functional dependence- yields only a minor improvement in residuals, bringing them
down to ∼ 0.2 dex as quantified on a test sample not used for training the NN.

• We retrieve a global KS relation of near-linear slope (Eq. 3.9), consistent with results
in the literature. The KS relation is remarkably robust when quantified for differ-
ent morphological subclasses, with slopes varying within the range N = 0.8 − 1.2,
and negligible changes in zero point evaluated at the gas surface density where most
objects reside. While modest deviations are thus visible, with statistical significance
(see 3σ errors on the slope in Fig 3.12), their effect is overall subtle compared to
the main finding of a stable star formation law across a significant range in struc-
tural/morphological properties. Thus, parameters of radial structure influence mostly
where along the KS relation galaxies are found. Spiral and bar instabilities are most
common at intermediate and low surface densities.

• Despite the robustness of the best-fit KS relation, driven by the bulk of the objects,
interesting changes in the morphological mix are notable when exploring the sparsely
populated regime of outliers above/below the KS relation (6 4 objects per bin located
> 1.5 dex above the relation). High efficiency starbursting outliers tend to be smaller,
more bulge-dominated, and consequently characterised by shorter dynamical times.
The incidence of odd looking galaxies is also enhanced among them.

We conclude that the large number statistics provided by wide-area far-IR continuum
surveys paired with the dust-based method of quantifying cold gas reservoirs enables a
systematic exploration of global gas properties and valuable insights on their connection to
galaxy structure.
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4.1 Introduction

In the previous Chapters 2 and 3, we presented studies of the cold gas content of galaxies,
corresponding to the fuel for star formation. This prior analysis encompasses calibrating
different methodologies for deriving molecular gas masses, and investigating variations in
gas fraction and depletion time as a function of mass, star-formation activity, structural
parameters, and morphological features. We now proceed to investigate in more detail the
next step in the baryon cycle, namely the build-up of stellar mass via star formation. To
place empirical constraints on this process, we apply a full spectral fitting methodology.
While for the above-mentioned gas studies, the fossil record of low-redshift galaxies offers an
instantaneous probe of the gas content (with the redshift evolution of gas scaling relations
constrained by lookback studies; see, e.g., the review by Tacconi et al. (2020) and references
therein), fitting the spectra of nearby galaxies as the combined light emitted by stars of
different ages (convoluted with metallicity, gas and dust properties) by definition enables
the recovery of not just the present-day star formation rate, but also the prior history of
star formation.

In the prior gas studies, we found that star-bursting galaxies with enhanced star-forming
activity at fixed mass are both more gas-rich, but also more efficient at converting gas into
stars. In other words, while the availability of cold gas can fluctuate due to e.g. variations in
gas accretion, minor mergers, or “breathing” cycles with gas heating following an enhanced
episode of star formation, these processes may not be the only driver of present-day star-
forming properties. On the one hand, variations in star-forming efficiency (SFE), as opposed
to gas content, may contribute and be explained by an array of stochastic processes at play.
For instance, the sweeping motion of spiral arms or bars may cause episodes of more rapid gas
compression and thus enhanced SFE for the same amount of fuel, until the subsequent stellar
feedback suppresses the formation of new stars again and a new cycle starts. On the other
hand, the question arises whether processes on longer timescales (bulge formation, differences
in halo properties) could cause systematic differences in the growth rate of galaxies. In the
following chapters, we approach this topic from a different angle, by analysing to what extent
variations in present-day SFRs reflect short-term stochasticity, and to what degree they may
be linked to differences in the early history of star-formation.

The spectra of galaxies constitute a rich source of information, featuring imprints of the
stellar age, dust properties, as well as the physical and chemical state of the galaxy. For
illustration, we list here only a handful of diagnostics available in the optical wavelength
regime. The overall colour (i.e., continuum shape) is modulated by age, dust, and metal-
licity, leaving a degeneracy where redder colours can be due to older stellar ages, enhanced
attenuation and/or higher metallicities. At higher spectral resolution, continuum breaks,
absorption and emission line diagnostics can aid in breaking these degeneracies. The Balmer
break at 3646 Å serves as a tracer of intermediate-age stellar populations around ∼ 0.2− 1
Gyr, dominated by A stars. Older (F, G, and K) stars are too cool to prominently fea-
ture this continuum discontinuity arising from the Balmer line series, as most hydrogen in
their atmospheres is in its ground state. Ionised metals in their atmosphere do enhance
the opacity, causing a continuum break at 4000 Å. It is frequently used in conjuncture with
the Hδ absorption, arising from late-B to early-F stars and becoming most prominent in
galaxies that ended a burst of star formation ∼ 0.1 − 1 Gyr ago. Gaseous emission lines
from HII regions ionised by the UV radiation of massive hot OB stars contribute additional
diagnostics sensitive to shorter timescales, of ∼ 10 Myr. Hα is frequently used as a quasi-
instantaneous star formation tracer, with the Balmer decrement (Hα/Hβ) adding a probe
of nebular attenuation (including the obscuration due to dust associated with birthclouds;
Calzetti et al. (2000), and relative line strengths of nitrogen and oxygen relative to hydrogen
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offering a diagnostic of the gas-phase metallicity (e.g., Pettini & Pagel 2004). Information on
the chemical enrichment of stars is embedded in absorption line strengths of heavy elements
such as Mg and iron, with their relative line strengths tracing the prevalence of different
types of supernovae (core-collapse vs type Ia) operating on different timescales, thus offering
an alternative way of age-dating (or rather measuring the temporal extent of over which star
formation occurred within) intermediate galaxy ages (Thomas et al., 2005).

As the multitude of aforementioned age, metallicity or dust tracers already hints at,
breaking of the age-dust-metallicity degeneracy is best accomplished by leveraging the in-
formation distributed all across the spectrum. In recent years, the use of discrete sets of
line indices therefore has made room for the increasingly popular approach of full spectral
fitting. Even so, recovering star formation histories (SFHs) remains a challenging endeavour.
In the interest of developing a robust procedure and gaining a realistic understanding of the
uncertainties associated with it, in this chapter, we conduct a careful investigation of the de-
pendencies of recovered SFHs on the assumptions going into our full spectral fitting routine,
and observational effects. In Section 4.4.1, we focus on the fitting of galaxy-integrated spec-
tra, comparing the outcome of fifteen different settings which vary in their treatment of dust,
metallicity, and emission lines, as well as SFH parameterisations, definition of priors, wave-
length range fitted, and the stacking procedure of spaxels used to generate galaxy-integrated
(and annular) spectra.

Using our default setting, we then proceed to assess how the galaxy-integrated approach
and a radially resolved technique differ in terms of their recovered SFHs and observables in
Sections 4.4.2 and 4.4.3. In principle, resolved methods have the potential of allowing for a
more realistic picture of galaxies, with radial variations in chemical and dust properties, and
moreover age gradients. Accounting for these could possibly reduce the effects of observa-
tional outshining of old populations by young stars. As we will show in this chapter however,
even though the exact shape of the early SFHs can be challenging to pin down accurately in
some cases, we find that several characterising aspects of the SFH are robust. In Chapter 5,
which we will exploit this to derive constraints on the SFH for our full sample and return to
the question of the link between present-day star-forming properties and long-term histories.

4.2 Data and sample definition

In this Section we outline the dataset that forms the basis for all spectral analysis presented
in this Chapter and the next. After introducing the Mapping Nearby Galaxies at Apache
Point Observatory (MaNGA) survey in Section 4.2.1, we describe the selection criteria to
identify a sample of star-forming galaxies (SFGs; Section 4.2.2) and a subset of them whose
spectral shape is representative of that of other SFGs of similar mass and MS offset (Section
4.2.3).

4.2.1 MaNGA IFU survey

Our analysis is based on the Data Release 15 (DR15) of the Mapping Nearby Galaxies at
Apache Point Observatory (MaNGA) survey (Bundy et al., 2015). MaNGA is one of three
core programmes forming the fourth generation of the Sloan Digital Sky Survey (SDSS;
Blanton et al. 2017). Launched in July 2014, MaNGA aims to collect spatially resolved
optical integral-field unit (IFU) spectroscopy for ∼ 10, 000 nearby galaxies (〈z〉 ∼ 0.03). As
such, it complements the emerging plethora of IFU datasets including, e.g., the SAMI Galaxy
Survey (3k targets; Bryant et al., 2015; Green et al., 2018), the various MUSE (Bacon et al.,
2010) science data products, CALIFA (Sánchez et al., 2012), and ATLAS3D (Cappellari
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et al., 2011). MaNGA uses the two BOSS (Baryonic Oscillation Spectroscopic Survey)
spectrographs mounted on the 2.5 metre Sloan telescope at the Apache Point Observatory
(APO) in a new manner. To optimise the coverage of galaxies of different spatial extents,
MaNGA uses IFUs of five different sizes, corresponding to bundles of 19 fibres (12” on sky)
up to 127 fibres (32”) that are arranged hexagonally, and carry out dithered observations.
A major technological advance lies in the precision of the hexagonal pattern: fibres are
typically shifted by less than ∼3 µm (rms) (< 2% of the outer diameter) from their perfect
position, and as a result, Law et al. (2015) show that for a triangular dithering pattern,
the PSF FWHM (point-spread function full width half maximum) is expected to deviate by
less than 7% over an IFU (2.66± 0.01 arcsec). This positional accuracy is due to the fibres
being held in place by a newly developed casing (ferrule), designed to push fibres to self-
arrange hexagonally upon insertion (Drory et al., 2015). In total, MaNGA comprises 1423
fibers, each with a 120 µm core diameter, which can be used to observe 17 target galaxies
simultaneously within the same 7 deg2 spanned by the field of view (FOV) of the Sloan
Telescope. The light collected by the fibres is led into in the BOSS spectrographs, which
both feature a red and a blue arm to provide continuous spectral coverage from 3600 Å to
10300 Å (Smee et al., 2013) at a median spectra resolution of R ∼ 2000 (R ∼ 1600 at 4000
Å and R ∼ 2300 at 8500 Å). For details on the observational strategy and Data Reduction
Pipeline (DRP), we refer the reader to Law et al. (2015) and Yan et al. (2016a,b). The
DRP datacube products are sampled on a uniform grid of square spaxels sized 0.5”× 0.5”,
corresponding to a typical scale of ∼ 1 − 2 kpc, thus oversampling the effective angular
resolution of ∼ 2.′′5. In our analysis, we specifically make use of the LOGCUBE files in
which the wavelength dimension is sampled in logarithmic steps.

The ∼ 10k MaNGA targets are chosen from the NASA-Sloan Atlas (NSA; Blanton
et al., 2011) of SDSS legacy survey galaxies to follow a roughly flat distribution in log(M∗)
above a mass limit of 109 M� (Wake et al., 2017). They are required to be covered by the
MaNGA IFUs out to 1.5 Re (“primary” sample, including two third of of all objects) or
2.5 Re (“secondary”), where Re denotes the half-light radius containing 50% of a galaxy’s
light. The survey further includes & 100 ancillary targets to boost the numbers of rare
objects, such as mergers, post-starbursts, luminous AGN, and green valley galaxies, for
instance. By design, to ensure an optimal match between IFU coverage and the angular
extent of galaxies on the sky, more massive and larger galaxies tend to be observed at
somewhat larger distances such that the spatial resolution is relatively uniform among the
sample when expressed in units of Re, and less so in units of kpc.

4.2.2 Spectral analysis sample

From the MaNGA DR15, we select a sample of star-forming galaxies. In brief, we exclude
passive galaxies, objects with quality flags indicating unreliable data products, targets with
low coverage by the MaNGA field of view, as well as known AGN and major mergers. In
detail, we apply the following criteria:

• We cross-match the MaNGA galaxies with the MPA-JHU database1 and use their stel-
lar masses (Kauffmann et al., 2003a; Salim et al., 2007) and SFRs (Brinchmann et al.,
2004) to select massive Main Sequence galaxies with 9.75 < logM?, MPA−JHU < 10.75
and Main Sequence offsets −0.7 < ∆MSMPA−JHU < 0.7 with respect to the MS
relation defined by Renzini & Peng (2015). Using these ranges, we classify galax-
ies into two mass bins centred around logM?, MPA−JHU = [10/10.5] (0.5 dex wide

1http://www.mpa-garching.mpg.de/SDSS/DR7

http://www.mpa-garching.mpg.de/SDSS/DR7
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each) and seven bins in MS offset of width 0.2 dex, centred at ∆MSMPA−JHU =
[0.0/± 0.2/± 0.4/± 0.6].

• We discard galaxies for which the MANGA DRP3QUAL or MANGA DAPQUAL bit-
mask flags indicate a critical failure for a given datacube in either DRP or DAP (e.g.
hardware failure, flux calibration failure due to incoming cosmic ray, failed astrometry
due to a bright stellar object etc. - these examples are taken from Law et al. 2015).2

• We remove known Active Galactic Nuclei (AGN) by requiring our selected objects to
lie on the star-forming branch of the Baldwin et al. (1981) (line fluxes extracted within
the 3” diameter SDSS fibre were used to this end), and further by discarding any cross-
matches with the X-Ray selected AGN from the Swift-BAT catalog (identified by the
detection of hard X-ray emission in the 14−195 keV band; Oh et al. 2018)3. discarding
any cross-matches with the X-Ray selected AGN from the Swift-BAT catalog (Oh
et al., 2018), and requiring our selected objects to lie on the star-forming branch of
the Baldwin et al. (1981) (line fluxes extracted within the 3” diameter SDSS fibre were
used to evaluate this).

• We remove any major mergers identified by the Galaxy Zoo data releases 1 and 2
(Willett et al., 2013) because of the increased difficulty of defining adequate aperture
corrections, as discussed below.

• We require a minimum spatial coverage by the MaNGA field of view (FOV) as follows:
the total photometric g-band flux from the NSA catalog is not permitted to exceed by
more than a factor 1.5 the summed g-band flux of all MaNGA spaxels used for science.
In other words, no more than a third of a galaxy may lie outside or in masked regions
of the MaNGA FoV. The typical scaling factor to total is substantially lower, with a
median factor 1.22 for the galaxies in our sample.

Using these selection criteria, we obtain a sample of 445 massive star-forming galaxies on
the Main Sequence.

For each of them, we extract a global spectrum on the basis of all spaxels graded usable
for science, and a set of annular spectra tracing the elliptical Petrosian apertures, defined
with widths of 0.2Re where Re was quantified on the NSA g-band image. The radial extent
out to which we apply these elliptical aperture extractions is defined by the number of
science-graded spaxels: once less than 50% of the area of an annulus is covered, we stop
adding further annuli and instead combine all science-graded spaxels lying further from
the centre into this outer bin. We label spaxels as science-graded if their DAP MAPS file
indicates a reliable determination of the stellar velocity.4 Aperture corrections to the global
spectra are applied as a uniform scaling based on the ratio between the Petrosian total
g-band flux measured on the NSA image and the g-band flux summed over the pixels that
make up the galaxy-integrated spectrum. For the annuli, the aperture correction is applied
to the outer bin such that effectively the missing flux is assumed to share the spectral
characteristics of the galaxy outskirts that are adequately sampled by the MaNGA fibre
bundle. Aperture corrections would be more inaccurate in the case of major mergers which
are more asymmetrical. Tidal features falling outside the aperture may have a different
spectrum than the rest of the galaxy altogether, and if one object is captured more fully

2These flags are described under “Maskbits” on https://sdss-marvin.readthedocs.io/en/stable/

datamodel/mpl5.html
3There are five BAT matches in our sample.
4The MAPS HYB10−GAU−MILESHC maps were used to this end.

https://sdss-marvin.readthedocs.io/en/stable/datamodel/mpl5.html
https://sdss-marvin.readthedocs.io/en/stable/datamodel/mpl5.html
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by the aperture than its companion object, the aperture correction would predominantly
amplify the spectrum of that first object. The radially resolved aperture correction would
be further complicated as one single last “annulus” drawn by our procedure would enclose
two sources rather than having one real centre (and even if adjusting the procedure to draw
two sets of annuli, there would always be an overlap between both sets). For the sake of
simplicity and given the relatively rare character of of major mergers, we thus exclude major
mergers from this work.

4.2.3 Spectrally representative objects

As Section 4.3 will highlight, stellar population modelling involves a variety of choices and
assumptions to be made, from the parameterisation of the star formation history to the
treatment of metallicity and attenuation. Sanity checks evaluating the robustness of conclu-
sions drawn from our analysis are therefore in place, but rerunning fits with every possible
permutation of the settings remains unfeasible computationally. To this end, we select from
each bin in stellar mass and MS offset a galaxy that -to the extent possible- can be considered
representative of the ensemble of galaxies in its bin. To identify such objects in an empirical
fashion and on the basis of the same information that will serve as input to our full spectral
fitting analysis, we execute the following steps. First, we deredden each global spectrum on
the basis of the Balmer decrement measured within the full MaNGA FoV. Specifically, we
assume the stellar attenuation to be 0.44 times that inferred from the Balmer decrement
(see Calzetti et al. 2000, and Section 4.3.1 for more details). The motivation for this step is
that we are primarily interested in the star formation history aspect of spectral modelling,
and therefore would want to identify an object of typical intrinsic spectral shape, rather
than merely of median attenuation level. Next, we shift all spectra to a common redshift of
z = 0.04 and normalise each of them by their median flux within a ±50 Å window around a
wavelength of 7200 Å. We subsequently compute a reference spectrum by taking the median
at each wavelength element over all normalised spectra in a given (M∗, ∆MS) bin. Since
this reference spectrum does not by definition correspond to a realistic galaxy spectrum
itself, we identify the object whose spectrum has the lowest median absolute deviation from
the reference spectrum as most representative in intrinsic spectral shape for the respective
(M∗, ∆MS) bin. In order to assess more easily how retrieved total stellar masses compare
to those provided as part of the MPA-JHU database, we rescale each of our representative
spectra to the middle of the mass bin they represent. In other words, irrespective of MS
offset a derived stellar mass fully consistent with the MPA-JHU value would read either
log(M∗) = 10.0 or 10.5, depending on the mass column it is drawn from.

4.3 Methods

4.3.1 Stellar Population Synthesis modelling

From stars to stellar populations
A star-by-star study of the stellar population content of galaxies, where the relative

counts of stars across the Herzsprung-Russell diagram (Hertzsprung, 1905; Russell, 1919)
are used as a means to age date the system, is only feasible within Local Group galaxies such
as our own Milky Way and its main satellites, the Magellanic Clouds. High-resolution ob-
servations from space, such as the Panchromatic Hubble Andromeda Treasury programme
(PHAT; Dalcanton et al., 2012) are able to extend this resolved approach to our nearest
neighbour, M31, but even so remain subject to blending of the more numerous, lower lumi-
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nosity stars. Semi-resolved techniques, where individual stars are no longer resolved, but flux
variations between neighbouring pixels stem from the stochastic distribution of stars (i.e.,
akin to the surface brightness fluctuation distance method) have been proposed by Conroy
& van Dokkum (2016). The latter pixel colour - magnitude diagrams can serve as a stellar
population diagnostic for galaxies out to the Coma cluster, at roughly 100 Mpc distance.
Beyond this nearby volume, any census of the stellar population content is necessarily based
on the aggregate emission from stars, without imprint of individual constituents.

The methodology to interpret this integrated emission from stars of different mass, and
optionally of varying age and metallicity, is referred to as Stellar Population Synthesis (SPS).
It finds its origin in the pioneering work by Beatric Tinsley (Tinsley, 1968; Tinsley & Gunn,
1976) and has seen a rich following since (e.g., Bruzual A. & Charlot, 1993; Bruzual &
Charlot, 2003; Fioc & Rocca-Volmerange, 1997; Leitherer et al., 1997; Maraston, 1998,
2005). For a comprehensive overview of the technique, we refer the reader to the review by
Conroy (2013). Here, we summarise its key ingredients and overarching concept. The core
building blocks of SPS models are so-called Single Stellar Populations (SSPs), representing
the spectral signature of a mono-age stellar population of particular chemical enrichment.
Its construction is rooted in stellar evolution theory, where isochrones in the Herzsprung-
Russell diagram are used to populate the SSP as a superposition of spectra from a stellar
library, with weights drawn from an Initial Mass Function (IMF) characterising the relative
number of low- and high-mass stars. The stellar library can consist of empirical spectra,
spectra generated from model atmospheres, or hybrid approaches where model-informed
differential corrections are applied to empirical spectra (e.g., to model the low- or high-
metallicity regimes not represented in the Solar neighbourhood where spectra of individual
stars can be obtained; Conroy et al. 2009).

Parameterisation of star formation histories
As galaxies build up their stellar content over an extended period of time, a realistic

model spectral energy distribution can next be composed as a superposition of SSP tem-
plates, with a star formation history function Ψ(t) encoding the relative weights of SSP
templates of different age. Approaches to encoding the star formation history (SFH) are
often grouped under ‘parametric’ and ‘non-parametric’, but in effect both classes are char-
acterised by a finite set of parameters. In the former case, these parameters describe a
family of relatively simple functional forms. Exponentially declining SFHs (also known as
τ models; Ψ(t) ∝ e−t/τ ) have been widely used, for their simplicity and because this choice
was inherited from the original application of SPS models to the modelling of (generally
old) early-type galaxies. Their instantaneous rise from zero to peak star formation activity
makes them, despite their popularity, arguably the least representative of any galaxy present
in the real Universe. Delayed τ models (Ψ(t) ∝ t e−t/τ ) have the benefit of featuring both
a rising and a declining phase, with the drawback that the characteristic timescale for both
are coupled. Log-normal SFHs add flexibility by allowing the time period over which the
formation of stars extends (tfwhm) and the time in cosmic history at which the star for-
mation history peaked (tmax) to vary independently. Describing the scale free log-normal
distribution of star formation rates as

SFR(t, t0, τ) =
1

t
√

2πτ2
e−

(ln t−t0)2

2τ2 (4.1)

its parameters t0 and τ can be recast into the physically more intuitive full width at half
maximum temporal extent (tfwhm) and time of peak star formation activity (tmax) mentioned
before. Gladders et al. (2013) makes a case for the use of the log-normal functional form as
a means to successfully describe simultaneously the cosmic star formation rate density over
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cosmic time, and the present-day distribution of specific star formation rates of galaxies.
Analysing the SFHs of galaxies in the Illustris cosmological hydrodynamical simulation of
galaxy formation, Diemer et al. (2017) likewise finds the log-normal form to better represent
the typical histories emerging within the simulation than a set of alternative parameterisa-
tions with fewer or similar degrees of freedom.

So-called ‘non-parametric’ SFHs are usually defined either as superpositions of SSPs with
a separate normalisation and age (and optionally metallicity) for each as free parameters,
or as a piecewise constant history. The latter most frequently adopts age bins of fixed
width spaced logarithmically in time, motivated by the finding by Ocvirk et al. (2006)
that the distinguishability between stellar population ages is roughly proportional to their
separation in logarithmic time. They have the potential to span a much wider range of
SFHs, including ones that may not be realistic, and consequently tend to be associated
with a more complex likelihood landscape which demands longer computational times to
explore. Introducing additional parameters to represent the location of the age bin edges
would lend yet more freedom to such models, again at the expense of a more complicated
likelihood landscape. Leja et al. (2019) further demonstrate that, depending on the amount
of constraining information present in the data, different results can be obtained depending
on the exact form of parameterisation, and its associated (sometimes implicit) priors. In
the case of a piecewise constant SFH, such differences may arise between imposing a flat
prior on the mass formed in each age bin versus parameterising the jump in star formation
rate between age bins. For poorly constraining data, the former can lead to rather bursty or
erratic histories, whereas a simple prior on the latter can ensure a constant SFH is recovered
in the absence of constraining information. In addition to the argument presented above
that Illustris mock SFHs are well described by a lognormal continuous form, there is also
a strong observational motivation to favour more continuous SFHs over bursty ones: When
not adopting such a “continuity prior”, the photometric analysis in Leja et al. (2019) does
not yield any star-forming Main Sequence relation (their Fig 10).

As discussed in more detail in Section 4.3.2, we choose to use a parametric lognormal
SFH shape with a decoupled recent burst, and in Section 4.4.1 we will show that this model
does not show any strong sensitivity on the adopted prior on the mass formed in different
agebins. This may be due to a combination of the high quality of the data and the fact that
the parametric procedure by definition does not offer as much freedom as non-parametric
procedures. The MaNGA data used in this work differs from GAMA photometry used in
Leja et al. (2019) by its spectroscopic and resolved character as well as e.g. signal-to-noise
and redshift of the targets. If performing a non-parametric fitting analysis on MaNGA data,
it would therefore be valuable to first conduct a similarly systematic investigation into the
sensitivity of the procedure on the adopted priors, which is however beyond the scope of
this work.

The impact of the ISM: dust attenuation and emission, gaseous line emission
The dimming and reddening effect of dust grains present in the intervening Inter-Stellar

Medium (ISM) can be accounted for. In a simplified scenario where all stars share the same
level of chemical enrichment Z and are subject to dust attenuation in the form of a uniform
foreground screen with optical depth τλ, the galaxy-integrated spectrum can be formulated
as

Fλ(t, Z) =

∫ t

0

Ψ(t− t′) fSSP(λ; t′, Z) e−τλ dt′ (4.2)

where the integration variable t′ measures lookback time and the wavelength-dependent
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optical depth is often rewritten in units of magnitudes:

Aλ = AV k(λ) = 1.086 τλ. (4.3)

Here, the normalisation AV is quantified in the visual V band, and the wavelength depen-
dence k(λ) follows an assumed reddening law. Over a large cross section of the extragalactic
literature, this is the canonical reddening law by Calzetti et al. (2000), but other prescrip-
tions, such as those calibrated for the Milky Way, LMC and SMC (Cardelli et al., 1989;
Prevot et al., 1984; Pei, 1992) are employed as well, and vary in their steepness at short
wavelengths and the prominence of a dust absorption feature around 2175 Å. Charlot &
Fall (2000) proposed a dust model in which, aside from a normalisation, the power-law slope
itself is left as a free parameter of the reddening curve. It has been cautioned that SFRs
and stellar masses inferred from photometric optical SED fitting are highly sensitive to the
assumed dust law (see, e.g. Fig 2 in Salim & Narayanan 2020). As mentioned further below
however, the spectroscopic constraints in this work seem to greatly reduce this sensitivity.

The energy absorbed at short wavelengths will heat the dust grains, leading them to
produce thermal emission at longer wavelengths. A self-consistent implementation of the
dust re-emission ensures that energy balance is achieved by what is taken away by dust
absorption at UV-optical wavelengths, and what is re-emitted in the infrared. Since in
this work, for simplicity and by lack of aperture-matched infrared photometry, we restrict
our analysis to the optical regime, we do not exploit this functionality, which is not without
caveats itself (see, e.g., Hayward & Smith, 2015) and would further require the introduction
of several additional free parameters.

Finally, the realism of model spectral energy distributions of galaxies can be augmented
by the inclusion of ionised gas emission lines. The latter becomes more relevant as the input
data is gathered over a finer wavelength sampling, but for highly star-forming systems can
even be important to account for when considering medium- and broad-band photometric
SEDs. A self-consistent treatment of the line emission typically relies on a grid of pho-
toionisation models, pre-computed for a set of discrete values of metallicity and ionisation
parameter (the ratio of ionising photons to hydrogen atoms), with a normalisation of line
strengths that is tied to the abundance of young stars responsible for the ionising radiation
from HII regions. Alternatively, in the case of spectral rather photometric analyses, emis-
sion lines could be masked or subtracted prior to the SPS modelling. While simplifying the
analysis, this goes at the expense of any constraining information (e.g., on present star for-
mation and/or dust attenuation) encoded in the (relative) line strengths, and in the case of
masking may further eliminate certain age-sensitive features such as the underlying Balmer
absorption arising from stellar atmospheres (and typically being dominated by A stars).

As we will explain in more detail in Section 4.3.2, our fiducial fitting procedure is run on
MaNGA spectra including emission lines and spectroscopic features assuming a Calzetti et al.
(2000) extinction law. In Section 4.4.1, we also explore the use of a multiplicative polynomial
implementing the Charlot & Fall (2000) dust model or a flux calibration correction, and find
that recovered key parameters are surprisingly robust and not significantly altered when
running the analysis on a set of test objects. In future work however, a careful exploration
of the impact of the assumed dust law on the results of a spectroscopic SPS analysis would
be highly valuable.

Fitting and uncertainties
With the ability to generate galaxy SED models in hand, the next step is to identify the

best-fitting set of parameter values given an observed spectral energy distribution, sampled
by photometry and/or spectra. A multitude of codes have been developed to carry out this
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task, in approach varying from a complete search over a fixed grid of parameter settings
(e.g., FAST; Kriek et al., 2009) to codes that employ a least-squares minimisation algorithm
to find the solution with the lowest chi-squared statistic (e.g., Wilkinson et al., 2017):

χ2 =
∑
i

(Fobs(λi)− Fλi(t, Z))2

Eobs(λi)2
(4.4)

where the summation is carried out over all photometric bands and/or wavelength elements
of the spectrum.5 In recent years, these more traditional approaches have been accompanied
by a number of new SED modelling packages which employ a Bayesian framework (e.g.,
Bagpipes by Carnall et al. 2018; Prospector by Leja et al. 2017; ProSpect by Robotham
et al. 2020; BEAGLE by Chevallard & Charlot 2016). Their merit lies in a more robust
exploration of the high-dimensional and often multi-modal parameter space, with as aim
not only to identify the global maximum likelihood location but also a more robust measure
of uncertainties and degeneracies in the form of a posterior distribution that traces the
covariances present between degenerate parameters. The Bayesian setup further facilitates a
more straightforward incorporation of prior knowledge/assumptions into the fit parameters6,
as the likelihood statistic to be maximised can be written as

L ∝ − ln(χ2) + ln(P Prior) (4.5)

where the second term, encoding the prior probability distribution, allows imposing prior
beliefs in the form of hard limits or gradually varying weights favouring certain parameter
regimes. In this work, we make use of the code Bagpipes (Carnall et al., 2018), which makes
use of the MultiNest Monte Carlo Markov Chain nested sampling algorithm.7 The specific
settings we employ are outlined in Section 4.3.2.

The challenge of SPS modelling
Before detailing the specific settings adopted for our full spectral fitting analysis, we

emphasise that the main challenge of SPS modelling lies in the fact that several of the factors
determining the spectral shapes of SEDs (stellar age, stellar metallicity and dust reddening)
are highly degenerate (Conroy, 2013, and references therein). Moreover, of direct impact on
our ability to recover the long-term star formation histories of galaxies, the light-weighting of
stellar populations of different age is always such that younger populations have significantly
lower mass-to-light (M/L) ratios than older populations, making it difficult to identify the
presence and amount of old stars under the glare of newly formed generations. This light-
weighting effect stems directly from key lessons learned from stellar evolution theory, namely
that stellar luminosity is a steep power of stellar mass (L ∝M3−3.5 for main sequence stars)
and that stellar lifetimes decline sensitively with increasing stellar mass (τ ∝M−2.5).

Figure 4.1 demonstrates this lightweighting effect by considering the integrated emission
of all stars in the present-day Universe, formed according to a star formation history which

5In the presence of well-sampled spectroscopic information, full spectral fitting has in recent years gained
popularity over the use of a limited set of discrete spectral indices which are picked to be more age- or
metallicity-sensitive in nature. This trend followed the realisation that the stellar population information
is spread over the spectrum rather evenly, and the gain computational power which now enables more
sophisticated model evaluation.

6as opposed to, e.g., simply discarding non-physical or observationally dis-favoured solutions in retrospect
7In detail, dynamic nested sampling algorithms differ slightly from other Bayesian inference strategies as

they are designed to estimate the Bayesian “evidence” and produce the posterior as by-product, rather than
estimating the posterior. In this approach, at each iteration, proposed parameter values are drawn from the
priors within iso-contours of constant likelihood. The priors play a role slightly different than in Eq 4.5, but
the general concepts remain the same.
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Figure 4.1 Light contribution of stars of different ages as a function
of wavelength. The cosmic SFR density from Madau & Dickinson 2014
is overplotted on the colourbar which indicates stellar age). Left panel:
Redshift 0. Right panel: Redshift 2. Courtesy of S. Wuyts.

peaked roughly 10 Gyr ago, and has been declining ever since (Madau & Dickinson, 2014,
illustrated by the black curve in the second panel). As a function of wavelength, from the
rest-UV to the rest-frame near infrared, the colour coding of the plot indicates what fraction
of the light emitted at this wavelength originates from stars younger than a certain age.8

In the absence of dust, the UV emission serves as a good proxy for the amount of recently
formed stars. Iso-age curves decline most rapidly around the location of the 4000 Å break,
and feature deviations from a smooth curve due to the imprint of spectral absorption lines
whose equivalent width is a function of stellar age. At the longest wavelengths probed, the
relative proportion of the integrated light emitted by stars in the present-day Universe is
roughly so that stars formed in different Gyr-length intervals of cosmic history contribute
by similar amounts. This is a coincidence directly tied to the particular form of the cosmic
star formation history of the Universe we live in, where most stars were formed early on,
and the relatively smaller amount of more recently formed stars is compensated by their
brighter emission. To illustrate that this has not been the case at all times, the right-hand
panel in Figure 4.1 shows an equivalent diagram as it would be assessed by an observer
living roughly 10 Gyr ago (at z = 2). At that stage, the cosmic SFH was still in its rising
phase, just about reaching its peak, and the relative number of stars of different age and
their different M/L ratios no longer compensate. Instead, they reinforce the lightweighting
effect that at all wavelengths the bulk of emission is probing only the most recent generation
of stars.

4.3.2 Full spectral fitting procedure used in this work

Having addressed the general concept and main challenge of SPS modelling in Section 4.3.1,
we now turn to the specific settings adopted in our spectro-photometric analysis of MaNGA
galaxies. We make use of the public Bagpipes stellar population modelling code (Carnall
et al., 2018). The stellar population grid included in Bagpipes assumes a Kroupa & Boily

8No dust attenuation is assumed in generating this figure. The input SPS models are those by Bruzual
& Charlot (2003), the Kroupa & Boily (2002) IMF is adopted, and composite spectra are computed using
Bagpipes (Carnall et al., 2018).
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(2002) IMF, and is based on the 2016 version of the BC03 models. Unlike the original
BC03 (Bruzual & Charlot, 2003) models, the latter adopts the MILES stellar spectral li-
brary (Falcón-Barroso et al., 2011). This empirical library goes out to 7500 Å, beyond which
spectra are extended by means of model atmospheres. We limit the wavelength range to be
fitted to 3700−7400 Å, in line with the general trend in the literature on full spectral fitting
(e.g., Goddard et al., 2017b; Wilkinson et al., 2017; Zheng et al., 2017; Ge et al., 2018)
where wavelengths λ < 8000 Å are considered to avoid template mismatch due to system-
atic model uncertainties and an increased incidence of highly non-gaussian noise introduced
by the imperfect subtraction of sky lines which become more prominent at longer wave-
lengths. Within the considered wavelength range, only the (redshift-dependent) locations of
the [OII]λ3726, 3729 and [SII]λ6716, 6731 doublets are masked, as it was found empirically
that their line strengths were hard to reproduce simultaneously with those of lines more
directly connected to the rate of star formation (Hα), the nebular attenuation (Hα/Hβ) and
the gaseous metallicity (Hβ, [OIII], Hα, [NII]). We attribute this to the relatively simplified
CLOUDY photoionisation model grid from which Bagpipes draws. The photoionisation grid
is parameterised as a function of age of the birthclouds (kept fixed at 10 Myr), metallicity
(taken to be the metallicity of stars still residing in birthclouds), and ionisation parameter
log(U). The actual line emission in real galaxies may differ, depending on the escape fraction
of ionising photons (assumed to be zero), geometry, and other sources of ionisation than HII
regions. The latter may include low levels of AGN activity not dominating the line ratios
within the 3” diameter SDSS spectroscopy, shocks and hard radiation from evolved stars
(so-called Diffuse Ionised Gas, often abbreviated as DIG, Zhang et al. 2017). Carnall et al.
(2018) further illustrate that, for a given SFR, the Hα luminosity predicted by Bagpipes
(i.e., based on its CLOUDY grid that used BC03 templates as input) systematically exceeds
that predicted by Kennicutt & Evans (2012) with offsets up to 0.2 dex depending on metal-
licity and ionisation parameter. For this reason, we relax the constraints imposed by the
nebular emission by introducing a nuisance parameter that allows a uniform downscaling
of the emission line strengths by a factor 1 - 1.5 (with flat prior). This way, the emission
line information can guide constraints on star formation within the most recent 10 Myr,
and on attenuation to and metallicity of the gas and stars residing in birthclouds, while
possible tension with the requirement to simultaneously reproduce the continuum emission
by these youngest stars can be alleviated. Regarding the nebular emission from HII regions
and the continuum emission from stars still residing within their birthclouds, it is well es-
tablished that they are subject to higher levels of attenuation than the bulk of the stars.
Physically, this results from a dust component associated with the birthclouds, whereas
older stellar populations only see the column of diffuse dust pervading the ISM. The rela-
tive ratio of nebular to stellar attenuation has been quantified by Calzetti et al. (2000) to
be AV, gas = AV, stars/0.44, although Wild et al. (2011) provide evidence that the precise
amount of extra attenuation towards HII regions may depend on a galaxy’s specific SFR
and inclination with respect to us as observer. Even though our spectral coverage contains
a probe of nebular attenuation in the form of the Balmer decrement (Hα/Hβ) we identi-
fied a tendency for fits to drift to unrealistically high AV, gas and to poorly reproduce the
observed Balmer line strengths. Parameterised by a multiplicative factor η in the relation
AV, gas = ηAV, stars, we therefore decided to fix η = 1/0.44 to its canonical value determined
by Calzetti et al. (2000). Where relevant, we comment on robustness of our results if leaving
η as a free parameter instead.

To further introduce freedom to simultaneously fit the continuum and line emission and
account for possible deviations from a simple functional form for the SFH, we employ a
two-component star formation history and chemical enrichment history, in which the most
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recent 30 Myr is decoupled from that of the earlier, long-term history. Specifically, we
adopt a log-normal form to describe the early SFH, inspired by the work by Gladders et al.
(2013), Abramson et al. (2015, 2016), and Diemer et al. (2017). All stars formed during
this period of time are assigned an identical metallicity, which is left as a free parameter,
with a logarithmic prior between hard bounds of 0.1Z� and 2Z�. A logarithmic prior was
also imposed on the time of peak star formation tmax as the implicit prior on mass-weighted
stellar age would otherwise lead to age underestimates (compared to expectations from the
cosmic star formation rate density evolution) in the absence of constraining data (Carnall
et al., 2019b). We will show later that this particular choice turns out not to be of concern
when working on the high-S/N spectral information provided by MaNGA.

The second, most recent component of the star formation and chemical enrichment his-
tory, is parameterised as an episode of constant star formation extending over the most
recent 30 Myr. Rather than adopting the SFR during or mass formed within this period of
time as free parameter, we implement it with a free parameter x that quantifies the jump
in SFR between the end of the log-normal phase and the start of the most recent 30 Myr of
the galaxy’s history. This jump can be either positive (i.e., representing a burst) or negative
(i.e., representing a dip in SFR), and is hard-bounded to not exceed 2 dex in amplitude. We
follow Leja et al. (2019) in adopting a prior that follows a student’s t-distribution:

PDF (x, ν) =
Γ
(
ν+1

2

)
√
νπ Γ

(
1
2ν
) (1 +

(x/σ)2

ν

)− ν+1
2

(4.6)

with a width σ = 0.3 and a value for the degrees of freedom ν = 2 setting the probability
in the tails of the distribution.9 In the nomenclature of Leja et al. (2019), the above is
referred to as a continuity prior as, in the absence of constraining data, it would ensure the
star formation to continue smoothly from the end of the log-normal. This as opposed to a
parameterisation by the mass formed during the second component, which in the absence of
constraining information may lead to more abrupt jumps in SFR. We note, however, that
as we will quantify later, the MaNGA spectra are sufficiently constraining that also this
particular choice does not alter the findings presented in this Chapter or the next, where
short-term burstiness of SFHs is a key focus.

In our setup, the most recent 30 Myr are not only decoupled from the galaxy’s earlier
history in its level of star formation activity (intentionally so, not to artificially tie the
presently ongoing SFR and the long-term shape of the SFH). This second component is also
decoupled to some degree in terms of its level of stellar chemical enrichment. Given the
quasi-instantaneous formation of these young stars out of the interstellar medium over the
timespan of 30 Myr, their stellar metallicity can be regarded as identical to the present-day
gas-phase metallicity of the galaxy - in practice, we thus compute the nebular emission lines
originating from the gas by interpolating over the photoionisation grid for a metallicity equal
to the stellar enrichment of the recent SFH component (and for an ionisation parameter being
left free). The chemical decouplement of the recent burst is a setting chosen deliberately to
allow for a gas-phase metallicity distinct from that of the bulk of the stars formed in the
galaxy’s past. After all, the gas-phase metallicity is an instantaneous measure of the present
enrichment of the ISM, whereas the weighted stellar metallicity of the galaxy (approximated
in our procedure by the single stellar metallicity of the long-lived lognormal component)
contains an imprint of the cumulative stellar build-up over time.10 Indeed, the gas-phase

9Γ is the Gamma function.
10With just one value of metallicity for all stars formed more than 30 Myr ago, this quantity Zstar

characterising the lognormal component should be regarded as more closely reflecting a light- rather than
mass-weighted metallicity. While a gradually evolving metallicity, tied to the SFH, may be more realistic, its
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Table 4.1 Free parameters in our default spectro-photometric fitting of MaNGA galaxies.

Parameter Meaning Units Priora

M?, formed Integral over the star formation history M� [101; 1015] log10

tmax Time since Big Bang at which SFH peaks Gyr [1; age Universe] log10

fwhm Full width at half maximum of the log-normal SFH Gyr [0.1, 20]
x Jump in SFR between end of log-normal and burst phase dex [−2; 2] (ν; σ) = (2; 0.3)
Z? Metallicity of stars older than 30 Myr Z� [0.1; 2] log10

∆Z Excess metallicity of gas and of stars younger than 30 Myr dex [0; 1] (µ; σ) = (0.5; 0.5)b

AV Visual attenuation according to Calzetti et al. (2000) reddening mag [0; 2]
U Ionisation parameter - [10−4; 10−2] log10

femline Downscaling factor applied to emission line strengths - [1; 1.5]
noise Scaling factor applied to error spectrum - [0.01; 1]c

z Redshift - [z0 ± 0.01] (µ; σ) = (z0; 0.005)
σ Velocity dispersion km s−1 [40; 400] log10

a Hard bounds are indicated in square brackets []. Priors are flat in linear space unless marked with log10 (indicating a flat prior in logarithmic

space), or by the mean and standard deviation of a Gaussian (µ; σ), or by the degrees of freedom and scale factor of a Student’s-t distribution

(ν; σ) (see Eq 4.6).
b Additionally a hard cap of 2Z� is imposed on Zgas.
c All spectra have their error spectrum upscaled prior to fitting by uniform factor so as to obtain a median S/N ratio of 30, to account for

systematics and template mismatch. The noise scaling nuisance parameter is applied on top of this.

metallicity of galaxies over a wide range in mass is found to be systematically higher than
the stellar metallicity, in both models and observations (e.g., Finlator & Davé, 2008; Peng
& Maiolino, 2014a; Pipino et al., 2014; Lian et al., 2018a,b). Inspired by these studies, we
introduce a free parameter ∆Z quantifying the amount (in dex) by which the most recent
generation of stars is higher in metallicity than that of the bulk of the stars formed during
the log-normal phase. We require ∆Z > 0 and impose a weak Gaussian prior of width
σ = 0.5 dex and centred at 0.5 dex. Metallicities are capped at 2Z� not to take unrealistic
values and exceed beyond the boundaries of the BC03 stellar population grid. Different
metallicity treatments were explored, and are commented on in Section 4.4.1.

In our fiducial setting, we employ a Calzetti et al. (2000) attenuation law, and impose
the attenuation to HII regions (including gas as well as stars younger than 10 Myr still
residing in their birth clouds) to be elevated by a factor 1/0.44. Settings with a free factor
η or variable power-law slope of the attenuation law (as proposed by Charlot & Fall 2000
were explored and found not to alter the overall conclusions.

Finally, we summarise in Table 4.1 the 12 free parameters in our fits with fiducial settings.
Other than the stellar population parameters discussed above, these include the velocity
dispersion, some wiggle room in the exact galaxy redshift and a multiplicative factor to
scale the uncertainties on the spectral fluxes with respect to the broad-band photometry.
The latter can be considered as nuisance parameters for our stellar population analysis, and
do not show a degeneracy with the physical properties of interest. We further note that
while the fit parameter Mformed quantifies the integral over the star formation history, the
property most commonly considered in the remainder of our analysis is the stellar mass M∗,
representing the mass in stars and stellar remnants at the time of observations, accounting
for stellar mass loss.

form would depend on the unknown inflow and outflow rates onto and out of the galaxy and their evolution
over cosmic time. Introducing extra freedom in this regard risks to leave the model ill-constrained.
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4.4 Results

4.4.1 Galaxy-integrated runs: Explorations around a reference point

In this section, we present examples of our spectro-photometric fits and the recovered SFHs,
and we vary several key assumptions entering the galaxy-integrated spectral fitting procedure
described in Section 4.3.2. These include the functional form adopted to describe the SFH,
constraints on any recent jump in star formation activity, metallicity settings, treatment
of birthcloud dust, nebular line scaling and masking, application of corrective polynomials,
noise scaling, the wavelength range considered in the fitting, as well as exploring a stacking
procedure with/without prior shifting of the spaxel spectra to subtract the stellar velocity
field. Our goal is to produce a qualitative overview of how these settings influence the
outcome on a limited set of spectrally representative galaxies (introduced in Section 4.2.3)
falling above, on, and below the star-forming Main Sequence, respectively. This exercise
served as a motivation for choosing our fiducial settings introduced in Section 4.3.2. As a
means to keep our systematic exploration of alternative settings manageable, we evaluate
here the impact of one change in adopted settings at a time. As discussed in Section 4.3.1,
SPS analyses inherently build on further assumptions including e.g. the stellar library used,
the shape of the IMF, stellar evolution models (which can be challenging to track accurately
for short-lived stellar phases), but varying these would require considerable computational
time and is beyond the scope of this work.

In Figure 4.2, we present the spectral fits recovered with our reference setting for 14
representative objects (2 mass bins, 7 bins of MS offset). The left column corresponds to a
mass of M?, MPA−JHU ∼ 1010 M� and the right one to M?, MPA−JHU ∼ 1010.5 M�. Going
from the top to the bottom row, the central MS offset of the bin decreases from 0.6 to −0.6
dex in steps of 0.2 dex. As anticipated, the observed and model spectra in the bottom row
show a redder continuum slope than in the top row and relatively weaker line emission. On
a side note, the more massive objects to the right tend to have fainter observed spectra as a
consequence of the MaNGA survey strategy sampling them at larger distances to match up
the MaNGA FOV with the spatial extent of the targets. The photometric data points taken
from the NSA image are overplotted on each spectrum as blue dots. To ensure the broad-
band colours are sampled from the same emitting regions as the spectra themselves, we
extract them within the same physical aperture from versions of the NSA images that were
convolved to match the MaNGA effective spatial resolution. Since the [OII]λ3726, 3729 and
[SII]λ6716, 6731 doublets were masked in the fitting, we display these lines in a transparent
fashion.

Overall, the quality of the fit to the continuum is excellent, and the emission lines included
in the fitting are reasonably well reproduced, as well as most absorption features. In detail,
emission lines can be slightly over- or underpredicted. Of primary interest are the Hα, Hβ,
[OIII] and [NII] lines given their connection to the gas-phase metallicity, SFR, and dust
attenuation. For each of these lines, the model spectrum can be slightly stronger or weaker
than the observed emission from case to case, but there are no systematic offsets and any
mismatches only correspond to a small fraction of the line strength. Searching now for
systematic trends, we note that the [OI]λ6300 line is almost always overpredicted. The
[OI]/Hα line ratio is sensitive to shocks and can be used to distinguish between different
sources of ionisation (Kewley et al., 2019), which may not be possible to reproduce with the
relatively simplified Cloudy grid used by Bagpipes. Despite masking 15 strong skylines
shortward of our maximum included wavelength of 7400 Å, one of our spectra, namely the
one for ∆MS = −0.2, M? = 10, still has a prominent remaining feature around 6350 Å.
However, the fit is unaffected and provides a similarly accurate match to the observations
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logM?,MPA−JHU/M� = 10 logM?,MPA−JHU/M� = 10.5

Figure 4.2 Observed-frame spectra (blue) and best-fit model spectra (orange) obtained using
our fiducial Bagpipes settings for our spectrally representative objects, corresponding to masses
M?/M� = 10 (left column) and M?/M� = 10.5 (left column), with MS offsets ranging from
∆MS = 0.6 dex (top) down to −0.6 dex (bottom). The NSA photometric data points are displayed
as black dots. The [OII]λ3726, 3729 and [SII]λ6716, 6731 lines, which were masked in the fitting
process, are show in a transparent manner.



4.4 Results 83

than for the other spectra. This reinforces our confidence in the robustness of the best-fit
model even in the event of an occasional unexpected glitch.

We now provide an overview of the change in values recovered for a handful of relevant
parameters when varying the exact settings of the fitting procedure, summarised in Table 4.2.
Specifically, we focus on the following quantities: stellar mass recovered, SFR (instantaneous
from the burst and averaged over the most recent 100 Myr), mass-weighted average age t50

(i.e., the lookback time at which half of the stellar mass was assembled), the ratio of the
SFR at the end of the log-normal phase over the peak SFR (RSFR = SFRpre−burst/SFRpeak,
indicates how far along into its declining SFH phase an object is), dust attenuation and stellar
metallicity. For each setting, we calculate the absolute deviation with respect to our reference
results for the 3 representative objects corresponding to ∆MSMPA−JHU = −0.4/0.0/0.4, and
list the median of these 3 values in the first row of each table entry. In a number of cases,
pointed out below, the setting in question was run on a larger number of objects, from 7
to 440, in which case the statistic was taken over all those objects. The second row of each
table entry lists the characteristic deviation normalised by the MCMC-derived uncertainty
of the parameter in question (taken from the posterior distributions generated with fiducial
settings). This measure can be interpreted as an indication of how significant systematic
changes due to different model assumptions are, compared to the confidence interval implied
within the context of a given model. We investigate the following variations to our fitting
procedure:

• A single-component (log-normal) SFH with a single metallicity applying to stars of all
ages as well as the nebular lines.

• 2-component SFH, but parameterised via the mass formed during the burst phase
rather than the jump in SFR between log-normal and burst. In the terminology of
Leja et al. (2019), this corresponds to a logM? prior rather than a ”continuity” prior,
where the latter favours small deviations in SFR in the absence of constraining data
via a student’s t-distribution (see Section 4.3.2). This particular setting was run on 7
galaxies.

• Uniform prior on the time of peak SFR, rather than a logarithmic one. The latter was
adopted in our default settings as it has been suggested to improve consistency with
the cosmic SFR density (Carnall et al., 2019b).

• 2-component SFH, but with a single metallicity for both components (i.e., the same
metallicity applying to gas and stars of all ages).

• 2-component SFH, but with the gas-phase metallicity Zgas being completely decou-
pled from the stellar metallicity Z? (rather than Zgas/Z? > 1 with an observationally
motivated prior centered around 0.5 dex (Lian et al., 2018b)).

• 2-component SFH, but with the decoupled recent burst (or dip) in star formation
lasting 100 Myr rather than 30 Myr. This particular setting was run on ∼ 440 galaxies.

• Extra birthcloud attenuation η ≡ AV,gas/AV,stars left free to vary between [1, 5] instead
of being fixed to a constant canonical value of 1/0.44. This particular setting was run
on ∼ 290 galaxies.

• Same fitting procedure as the main setting, but focussing empirical constraints on the
stellar continuum by masking most prominent emission lines, with the exception of
Hε due to its proximity to the age-sensitive Ca K and Ca H indices. This setting was
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Table 4.2 Median absolute deviations of key physical parameter values recovered under slightly
modified conditions relative to our fiducial settings. The respective modifications are detailed
in more depth in the text. Deviations are expressed in units of dex (except for AV where it is
magnitudes), and quoted in brackets are the corresponding values normalised by the characteristic
(rms) 1σ uncertainty inferred from the posterior distribution obtained with the fiducial settings.

Change w.r.t. default run logM? log SFRburst log SFR100 Myr log t50 log RSFR AV logZ?
Single-component SFH 0.142 0.028 0.100 0.270 0.203 0.018 0.020

(30.29σ) (3.35σ) (10.83σ) (21.22σ) (10.23σ) (1.98σ) (0.86σ)

logM? prior on SFR jump 0.0003 0.017 0.063 0.037 0.183 0.011 0.202
(1.51σ) (1.79σ) (7.06σ) (3.28σ) (11.07σ) (1.25σ) (13.06σ)

Uniform prior on tmax 0.000 0.001 0.001 0.001 0.001 0.001 0.000
(0.05σ) (0.04σ) (0.03σ) (0.05σ) (0.01σ) (0.03σ) (0.01σ)

Single metallicity 0.001 0.001 0.000 0.000 0.002 0.002 0.003
(0.16σ) (0.04σ) (0.08σ) (0.02σ) (0.07σ) (0.11σ) (0.14σ)

Zgas free (versus ∆Z > 0 0.006 0.009 0.022 0.006 0.044 0.015 0.065
with prior around 0.5 dex) (1.23σ) (1.01σ) (2.45σ) (0.50σ) (2.32σ) (1.40σ) (2.83σ)

100 Myr burst 0.018 0.006 0.098 0.023 0.055 0.004 0.012
(49.61σ) (0.08σ) (0.52σ) (1.14σ) (0.28σ) (0.37σ) (0.53σ)

η free 0.012 0.150 0.016 0.040 0.099 0.051 0.006
(35.11σ) (1.41σ) (1.44σ) (2.04σ) (3.85σ) (4.84σ) (0.30σ)

Continuum-based fit 0.006 0.054 0.054 0.093 0.136 0.051 0.222
(1.33σ) (6.40σ) (5.90σ) (7.28σ) (6.89σ) (5.09σ) (9.70σ)

No line scaling 0.008 0.171 0.008 0.009 0.053 0.005 0.001
nuisance parameter (1.62σ) (20.09σ) (0.85σ) (0.71σ) (2.79σ) (0.44σ) (0.06σ)

Mult. polynomial 0.039 0.165 0.144 0.025 0.075 0.223 0.016
(8.31σ) (19.44σ) (15.57σ) (1.97σ) (3.66σ) (22.74σ) (0.71σ)

Mult. + add. polynomial 0.149 0.505 0.352 0.011 0.074 0.698 0.062
(31.78σ) (59.50σ) (38.12σ) (0.86σ) (3.67σ) (71.40σ) (2.72σ)

MCMC calibration 0.213 0.317 0.107 0.045 0.221 0.422 0.007
(45.43σ) (37.17σ) (11.55σ) (3.54σ) (11.02σ) (43.04σ) (0.29σ)

〈S/N〉 = 15 const. 0.008 0.011 0.011 0.011 0.027 0.003 0.018
(1.62σ) (1.17σ) (1.14σ) (0.87σ) (1.35σ) (0.44σ) (0.78σ)

λfit = 3700− 10000 Å 0.018 0.098 0.079 0.025 0.083 0.112 0.267
(3.84σ) (11.44σ) (8.66σ) (1.95σ) (4.08σ) (11.54σ) (11.39σ)

No velocity shifting 0.003 0.009 0.008 0.003 0.013 0.017 0.016
(0.69σ) (1.16σ) (0.89σ) (0.25σ) (0.56σ) (1.85σ) (0.71σ)
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motivated by the existing rich literature on SFH analyses based on continuum fits (i.e,
where nebular lines are subtracted or masked rather than modelled, or in some cases
modelled in a separate step; see, e.g., Cid Fernandes et al. 2013; Goddard et al. 2017b;
Wilkinson et al. 2017; Zheng et al. 2017; Peterken et al. 2019; Trussler et al. 2020b).

• Not using the nuisance parameter for emission line scaling, which was introduced
to account for differences between the Hα line strength at fixed SFR predicted by
Bagpipes/Cloudy and the scaling proposed by Kennicutt & Evans (2012).

• Procedure which attempts to account for flux calibration issues by, at each iteration,
fitting a 2nd-degree multiplicative polynomial to the residuals between the model ex-
plored and the observed spectrum.

• Similar attempt at flux calibration correction, but using both a multiplicative and an
additive polynomial (also 2nd-order) as suggested by Cappellari (2017).

• Different implementation of the corrective multiplicative polynomial, where the coef-
ficients are included as free parameters in the MCMC fitting routine.

• Upscaling the noise to yield a median signal-to-noise of 15 rather than the spectral
noise scaling being a free parameter adjusted by the routine itself, explored to allow
for enough freedom of the fit to step through parameter space efficiently.

• Fitting the full wavelength range 3700− 10000 Å rather than limiting to wavelengths
to < 7400 Åto ensure coverage by the empirical MILES stellar library.

• Same fitting procedure as the main setting, but run on the spectra recovered by a
stacking spaxels without subtracting the velocity field, leading to a slightly lower
resolution and increased line broadening.

In addition to these settings, we also explored a setting with Gaussian process correlated
noise following Carnall et al. (2019a), but due to runtimes being boosted by a factor > 10,
we terminated this run in anticipation of our analysis on the full sample of massive star-
forming MaNGA galaxies in chapter 5. While Table 4.2 captures key parameters related
to the SFH shape as well as stellar metallicity and dust attenuation, we note that there
are other aspects to the outcome that disqualify several of these settings: For instance,
the run with free birthcloud attenuation η = AV,gas/AV,stars yielded unreasonably high
η values, frequently running into the upper bound set on η. Further, the three settings
with corrective polynomials yielded up-/downscaling factors frequently exceeding 30%. In
reality, the MaNGA spectra are estimated to achieve flux calibrations with an rms error of
1.7% between Hα and Hβ (Yan et al., 2016a). What plausibly may be responsible for the
large values assigned to some of the corrective polynomials is that in the fit the nuisance
parameters may inadvertently be used to account for dust reddening. We therefore decide
to simply exclude corrective polynomials from our fitting procedure. For a study similarly
carrying out an SPS analysis without corrective polynomials in MaNGA galaxies, we refer
the reader to Belfiore et al. (2018). Finally, the fit exploiting the extended wavelengh baseline
out to 10000Å may be disfavoured because these wavelengths are not covered empirically
by the underlying MILES stellar library.11 For the sake of completeness, we include all of
these disqualified settings in Table 4.2, with their name written in grey, to illustrate to what
extent the outcome would be affected. In their case, however, deviations from the main
setting are not likely to indicate any issue with our fiducial setting.

11Instead, the longer wavelength extension relies on synthetic stellar atmosphere models, which are not
without caveats.
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Ignoring the discarded runs listed above, the recovered stellar masses are very robust,
with deviations smaller than 0.15 dex, and < 0.02 dex for any but the single-component SFH
run. For the latter, the recovered present-day star-forming properties and the early SFH
would by definition not be independent. We therefore refrain from using it to investigate
whether a link between the two exists (as explored in Chapter 5). In principle, the difference
between results obtained with a single- and two-component SFH could be attributed to either
the different SFH shape itself, or the fact that in the latter also the metallicity of young
stars and gas are decoupled. We experimented with a two-component history in which
the metallicity of both components was tied to be identical, and found this to yield stellar
masses and other physical properties that were near-identical to those from our default two-
component model (see ”single metallicity” rows in Table 4.2). The allowed freedom in SFH
shape is thus the main culprit responsible for the difference in inferred physical properties,
by an amount that frequently exceeds the formal MCMC error bars by over an order of
magnitude.

Turning to the recovery of SFRs, we find these to be robust at the level of 0.1 dex or
less, except for the following cases: 1) Systematically higher burst SFRs were returned by
runs with free nebular attenuation. I.e., an artificially high η was paired with an enhanced
rate of star formation at the level of ∼ 0.15 dex during the burst phase. The level of star
formation averaged over 100 Myr was left unaffected, as the η parameter only affects the
emission by stars and gas still embedded in birthclouds (with lifetimes of 10 Myr). Given
its potential impact on our study of the MS scatter (Chapter 5), we ran this setting for the
full galaxy sample and reassuringly found our main conclusions regarding the origin of the
MS scatter to remain in place. 2) The burst SFR (but again not the SFR100 Myr) was also
systematically affected, at the level of 0.17 dex, when switching off the nuisance parameter
that allowed a uniform downscaling of the emission line strengths. The Bagpipes+CLOUDY
grid produces stronger line emission per unit of star formation than implied by the Kennicutt
& Evans (2012) scaling, and as such a given spectrum’s line emission can be reproduced by
a relatively lower level of instantaneous star formation. 3) Finally, much larger offsets, to
both SFRburst and SFR100 Myr, arose from adopting corrective polynomials, but as indicated
before these are to be discarded. More stringent priors on the allowed amplitudes of the
polynomials would be required to serve their intended use.

As key diagnostics capturing the extent and shape of the long-term SFH, the mass-
weighted age (t50) and RSFR parameters are recovered encouragingly well, with MAD . 0.2
dex for most run variations, with the single-component SFH runs ranking among those
deviating more, presumably due to the inability of this simpler functional form to account
flexibly for older stars present under the glare of the youngest stellar population. For
the information-rich data we analyse, the choice of prior (linear or logarithmic) on the
parameter quantifying the peak time of the SFH does not impact the results. We do flag
that minor changes to our model assumptions do lead to changes in the inferred t50 and
RSFR that exceed the formal MCMC errors by factors of several, emphasising that with the
high-quality spectro-photometric information we are in the regime dominated by systematic
uncertainties.

Finally, though not the focus of our analysis, we note that dust attenuations to the bulk
of the stars are recovered robustly (. 0.05 mag), with only some of the runs with corrective
polynomials catastrophically (but artificially) altering the amount of inferred dust reddening.
Regarding stellar metallicity, the somewhat larger MAD ≈ 0.2 dex found in comparing runs
adopting a logM? prior or masking emission lines in fact stem not just from scatter but
from a systematic shift towards higher metallicities than for our fiducial run, higher than
values found in the observational literature (Trussler et al., 2020a), which prompts us to
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favour our fiducial settings.
We now take a closer look at two specific settings: where the connection between the two

SFH components is implemented via a “continuity” prior (our default approach, favouring
small jumps in SFR in the absence of constraining data) and an alternative ansatz where the
burst SFR is (indirectly) parametrised by the log of the mass formed during this decoupled
phase (a “logM?” prior). Modelling broad-band SEDs, which necessarily contain signifi-
cantly less constraining information, Leja et al. (2019) cautioned that this choice of priors
can make the difference between artificially smooth or bursty recovered SFHs, respectively.
In Figure 4.3, we contrast the recovered SFHs for seven representative objects drawn from
different MS offset bins, showing our default “continuity” prior results on the left and logM?

prior results on the right. Mass-weighted ages (t50) are marked by a vertical dashed line,
and the burst SFRs are highlighted by a blue dot on the y-axis. Overall, SFH shapes and
burst SFRs are reasonably well conserved, indicating that the MaNGA spectra do constrain
the outcome of the fit, and consequently sensitivity to the specific prior under considera-
tion is far less severe than illustrated by Leja et al. (2019) for broad-band SED modelling.
For the most starbursting object, the jump in SFR flips from a burst to a dip when going
from continuity to logM? prior, which is due to the log-normal component being younger in
mass-weighted stellar age by ∼ 0.8 Gyr and placing more star formation at the end of that
phase. However, both runs agree that this object is still close to its peak SFR, and formed
more recently than all other objects displayed. A change in the SFH shape is arguably best
visible for the object with ∆MS = −0.2, where t50 experiences its largest jump with 1.3
Gyr. However, even so, both runs agree that this galaxy formed at the most intermediate
lookback time (i.e., 3 objects have lower t50 and 3 objects have higher t50), and the SFH
shape in both cases shows that this object started its declining phase of the SFH, but is not
as far into it as other cases. Burst SFRs are also very similar in both cases. We proceed with
the main setting using the continuity prior, but conclude from this exercise that recovered
SFRs of the decoupled burst component are robust, and that moreover the general picture
drawn from the shape of the early SFH is relatively consistent.

Finally, while in the previous paragraphs we have investigated the robustness of the
recovered median parameter values, we now turn to discussing degeneracies, i.e. investigating
whether there are multiple physically distinct models providing a reasonable fit to any
observed spectrum and if so, how well the algorithm is able to discriminate between them.
To this end, in Fig 4.4, we present a corner plot serving to illustrate degeneracies which
may affect the outcome of our procedure, namely for the representative object of mass
M?, MPA−JHU ∼ 1010 M� and on the MS. The spectral fit and recovered SFH for this
galaxy are shown in Figs 4.2 and 4.3 (middle of left column), respectively. We find this
object’s properties in the corner plot to be broadly representative of the other galaxies from
our representative sample. We further note that convergence in dynamic nested sampling
algorithms differs from standard MCM-based approaches in that no burn-in is required and
the fitting process is is completed once the method has smoothly integrated over the vast
majority of the posterior (for a detailed discussion, we refer the reader to Speagle 2020).
Going back to Fig 4.4, each panel corresponds to a 2D or 1D projection of the parameter
space, within which the posterior distribution for the parameters on the x- and y-axes is
displayed, and we highlight panels with signs of (anti-)correlations in green. For the sake
of clarity, we omit the nuisance parameters listed in the bottom four rows of Table 4.1,
and instead limit the plot to the physical free parameters: dust attenuation AV , excess
metallicity ∆Z of gas and young stars w.r.t stars created in the log-normal SFH phase,
full width half maximum of the log-normal SFH component fwhm, stellar mass formed
M?, formed, metallicity of all stellar populations older than the recent burst Z, age of the
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Continuity prior logM? prior

Figure 4.3 SFHs recovered by two specific settings: imposing a continuity prior (left) vs logM
prior (right). Specifically, the SFHs of spectrally representative galaxies normalised to the middle of
their mass bin at logM?/M� = 10.5 are shown for an extended range of MS offsets, from ∆MS = 0.6
dex (top) down to −0.6 dex (bottom). In each panel, the SFR of the recent burst lasting 30 Myr
is highlighted by a blue dot, and the mass-weighted stellar age t50 is indicated by a vertical dashed
line. MCMC-derived errorbars on all quantities are shown as grey shaded contours enclosing the
16th to 84th percentiles of the posteriors, which do not correspond to real physical errorbars, and
which underestimate for example the uncertainties on the present-day SFRs (covered by the blue
markers).
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Figure 4.4 Corner plot for the representative on-MS object with M?, MPA−JHU ∼ 1010 M�. Each panel consists
of a 2D or 1D projection of the posterior distribution in the parameter space explored out by the fitting procedure.
Parameters included in the plot are the same as the physical parameters in Table 4.1 (with nuisance parameters
omitted for the sake of clarity): dust attenuation AV , excess metallicity ∆Z of the burst component, full width half
maximum of the log-normal SFH component fwhm, stellar mass formed M?, formed, metallicity of the log-normal
component Z, cosmic time at which the SFH peaks tmax, jump in SFR during the recent burst x, and ionisation
parameter U . While we highlight several indications for degeneracies in green, we note that there are no multiple
peaks in the posteriors, and overall the dynamic range spanned is small (except for fwhm, which however does
not impact e.g. the mass-weighted stellar age, as discussed in the text).
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Universe at the peak of the SFH tmax, jump in SFR during the recent burst x, and ionisation
parameter U .

Encouragingly, none of the posterior distributions feature multiple peaks, which suggests
that using the median of the posterior distribution to define the resulting “best-fit” param-
eter values is a valid method. Focusing on metallicities, we note a natural anti-correlation
between ∆Z and Z: if a higher metallicity is already attributed to the bulk of stars, then
the jump in metallicity for the recent burst is smaller. We recall that, motivated by obser-
vations, we limit ∆Z to positive values, which is why the contours can be “truncated” for
this parameter. 12 Both Z and ∆Z are in turn correlated / anti-correlated with x and thus
with the burst SFR crucial to our analysis; however, the dynamic range spanned by x values
remains very small (σ ∼ 0.01 dex) such that we do not expect metallicity degeneracies to
affect our conclusions. Turning to SFH properties, there may be an anti-correlation between
the duration of the main episode of star formation and the cosmic time at which it peaks
(reflected in our parameters fwhm and tmax), though the trend is quite flat towards the
high-likelihood space. The uncertainty on fwhm is substantial at the level of ∼few Gyr,
but as can be deduced from Fig 4.3 (middle of left column), the mass-weighted stellar age is
not strongly affected by fwhm. We note that both fwhm and tmax are naturally related to
how much mass is formed, which is reflected in the corner plot. Nevertheless, the recovered
mass varies by just ∼ 0.1, which we thus consider robust. Finally, the age-dust degeneracy
is reflected in a correlation between AV and tmax: if the galaxy is assumed to be slightly
younger (having formed at larger tmax), then more dust attenuation is needed to account
for the reddening. However, again, for both quantities the small range in values spanned is
reassuring. Overall, we conclude that the high quality of the MaNGA data ensures sufficient
constraining power for our analysis.

4.4.2 Resolved vs galaxy-integrated analysis I: Radial profiles of
present-day galactic properties

In the previous section, we tested 15 different slight variations of our galaxy-integrated
fitting procedure on a set of representative objects on/above/below the MS, and quantified
how they vary in their predictions of several key parameters characterising present-day star-
forming properties and the shape of the early SFH, as well as (stellar) metallicities and dust
attenuation. We discussed that there was reason to discard several of these settings, but for
all settings still under consideration, the outcome of the fits was encouragingly robust.

Using the main setting that we introduced in Section 4.3.2, we now turn to the next
step where we compare galaxy-integrated to spatially resolved analyses for the subset of 14
representative objects from the bins with log M?,MPA−JHU = 10.0/10.5 and ∆MSMPA−JHU =
−0.6/−0.4/−0.2/0.0/0.2/0.4/0.6. We additionally conduct sanity checks for several different
settings, on which we will comment below where appropriate. Specifically, the spatially
resolved approach considers the spectra of individual elliptical annuli of 0.2Re width. In
principle this exercise can yield first hints of possible trends with MS offset in the recovered
SFHs and radial profiles of physical observables such as age and dust attenuation. These
should however not be overgeneralised given the limitation of number statistics.

We start by evaluating whether spatial variations are present at all within the field of
view sampled by MaNGA, and at what amplitude. Subsequently, in the next section, we will
evaluate if and at what level such radial variations may bias inferences from galaxy-integrated

12While we expect this constraint to hold for the majority of objects, we note that in individual galaxies,
an accretion event may lead to diluted gas in the outskirts (e.g., Luo et al. 2020), which is not accounted
for in our procedure.
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logM?/M� = 10 logM?/M� = 10.5

Figure 4.5 Radial profiles of dust attenuation AV, colour-coded as a function
of (galaxy-integrated) Main Sequence offset. Results are shown for spectrally
representative objects of mass logM?/M� ∼ 10 (left) and logM?/M� ∼ 10.5
(right). Visual attenuation levels inferred from the galaxy-integrated spectra
are marked as horizontal dotted lines.

spectral fitting, where we assume a uniform attenuation, a simplified chemical make-up (one
metallicity for the bulk of the stars, and one for the stars formed most recently and the gas
ionised by them), and a relatively simple parameterisation of the star formation history. The
physical properties for which we inspect their radial variation are dust attenuation, stellar
metallicity, specific star formation rate (sSFR), and mass-weighted stellar age (t50).

Figure 4.5 summarises the recovered dust attenuation AV as a function of radius for
the representative galaxies in the logM? = 10 (left) and logM? = 10.5 (right) mass bins.
To distinguish objects, each curve is colour-coded according to its MS offset recovered by
the galaxy-integrated fitting for the recent burst. Each curve is accompanied further by a
horizontal dashed line of the same colour, representing the galaxy-integrated AV value.13

The different galaxies have different spatial extents, with few observed out to > 2.5Re, and
the others being ”truncated” at smaller radii. As discussed further in Section 4.2.2, we
require all of our annuli to have at least 50% of their area covered by the aperture. Any
science-graded spaxels falling outside the outermost “valid” annulus are simply added in to
the latter, such that the curves in Figure 4.5 can in practice extent somewhat further than
the x-axis indicates.

In general, AV values decrease slightly with radius, suggesting centrally concentrated
dust distributions, but a small number of flat profiles are notably too. This is in line
with observational expectations that dust follows an exponential disk profile (in overlap
with molecular gas), and radial trends of nebular dust attenuation within MaNGA galaxies
discussed by Li et al. (2019). Most of our AV,stars profiles are further in good qualitative and
quantitative agreement with recent results by Greener et al. (2020) who conducted a spaxel-
by-spaxel investigation of dust attenuation in MaNGA spirals (see their Figs 4 & 5). The
few cases reaching central attenuation levels of ∼ 1 magnitude in the visible lie in the tail of
their distribution. One of them (at logM? = 10.5) corresponds to an extreme starbursting

13Since the MS offsets recovered by our fits and computed w.r.t. the Renzini & Peng (2015) MS can differ
from the MPA-JHU values, the colours do not necessarily span the full range of ∆MS = −0.6 to 0.6. In
Chapter 5, we will proceed to exploit galaxy-integrated spectral fits run on our full sample to define MS
offsets self-consistently w.r.t. a MS relation fit to our Bagpipes SFR and M? values.
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logM?/M� = 10 logM?/M� = 10.5

Figure 4.6 Same as figure 4.5, but for radial profiles of sSFR averaged over
the past 100 Myrs, sSFR100Myr. In this case, in addition to the sSFRs from the
galaxy-integrated spectra denoted by the dotted horizontal lines, we also show
by a dashed line the galaxy-integrated sSFR inferred from annular spectra, i.e.
the sum of annular SFRs divided by the sum of annular masses for each given
object.

outlier, but in general no obvious trend with MS offset is seen among our (admittedly
limited) set of case examples. We verified that centrally peaked dust attenuation values
are also recovered when using a more continuum-based approach (masking emission lines),
or when leaving birth-cloud dust η = AV,gas/AV,stars as a free parameter. However, in the
latter case, we found that the inferred radial profiles of nebular attenuation are not smooth
but instead exhibit a rather erratic behaviour as a function of galactocentric radius. This
is indicative of η being poorly constrained, and was part of our considerations to fix the
parameter to the canonical value of 1/0.44 derived by Calzetti et al. (2000). Importantly,
the dust attenuation values from the galaxy-integrated fit (dashed lines) are consistent with
the typical attenuation seen in the radial profiles recovered by our resolved runs.

We now turn to analysing radial gradients of the specific star formation rate, sSFR, in
Figure 4.6. Nearly all profiles show sSFR values that increase with radius out to at least
∼ 1Re and then flatten or turn over. The few exceptions with centrally peaking sSFR
rank among the most starbursting outliers above the MS. The dominant trend of centrally
suppressed sSFR profiles with a peak occurring around ∼ 1Re is consistent with other
studies presenting sSFR profiles on the Main Sequence. For instance, in another study
using MaNGA galaxies, Belfiore et al. (2018) find that the strong central decrease in sSFR
they recover in green valley galaxies can be traced back already to a central suppression
in massive Main Sequence galaxies (with sSFRs in the outskirts also being suppressed to a
lesser extent). At slightly higher redshifts of 0.2 < z < 0.7, Morselli et al. (2019) also find a
central decrease in sSFR on and below the MS using HST data in the GOODS fields. Efforts
to push the census of sSFR profiles out to higher redshifts have either relied on Hα equivalent
width profiles (at 0.7 < z < 1.5 by Nelson et al. 2016b and z ∼ 2 by Tacchella et al. 2018)
or resolved broad-band colour information (Wang et al. (2017a) at z ∼ 1 and Liu et al.
(2017) at z ∼ 2). In all but the most massive galaxies (logM?/M� > 11), however, they
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Figure 4.7 Same as figure 4.5, but for the radial profiles of mass-weighted
age t50 (equal to the lookback time at which a given galaxy assembled half of
the stellar mass it holds today).

attribute most of the radial equivalent width and colour profiles in these distant galaxies to
dust rather than sSFR gradients (see also Nelson et al. 2016a). Clearly, while dust gradients
are still present in present-day SFGs (Figure 4.5), the central star formation no longer scales
with the amount of stellar mass already assembled in the centre in the same way as it does
further out in the disk around ∼ Re, or as it seems to do across most of the radial range
for intermediate mass galaxies around the peak of cosmic star formation. The patterns
described here, as well as a hint of the radial sSFR profiles on average being steeper in the
higher mass bin, fit in with a picture where centrally suppressed sSFR are a consequence of
inside-out growth, with the central regions being less gas-rich after having converted more
of their gas into stars already. However, alternative explanations exist; e.g., central bulge
formation may stabilize gas disks against fragmentation (Martig et al., 2009), and lead to
lower central sSFR by contributing in mass but not SFR. In Figures 4.7 and 4.11 below, we
will show in a different manner that we recover signatures of inside-out ageing and inside-out
growth, probed by the evolution of the half-light radius reconstructed from the fossil record.
We note that the changes in the amplitude and shape of the sSFR profiles are very minor
when considering spectral fits where we masked emission lines, and somewhat surprisingly
even when using the procedure with free η which yields overly high birthcloud attenuation
(as discussed above). Naively one may have expected this to impact the recovered best-fit
SFRs. This robustness is encouraging given that present-day star-forming properties are an
important component of our analysis in Chapter 5 on the origin of scatter in the star-forming
Main Sequence.

Perhaps just as relevant, we read from Figure 4.6 that the galaxy-integrated MS offset is
not just a function of whether the star formation in the centre is higher or lower than average;
the entire profiles are systematically shifted up and down with ∆MSint. That is, while the
excess star formation in starbursting outliers is in several cases most pronounced in the
centre, it is not restricted to this central area, even for those systems presently undergoing
a nuclear starburst. Galaxies above the MS are on average above the (resolved) MS at all
radii, and likewise galaxies below the MS reside below the (resolved) MS over the full radial
extent probed. Moreover, the measure of sSFR inferred from the galaxy-integrated spectrum
gives a good indication of the typical sSFR across the radial range probed.
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Figure 4.8 Same as figure 4.5, but showing the radial profiles of stellar metal-
licity (metallicity of the stars formed within the lognormal phase of the SFH in
our procedure).

In Figure 4.7, we show the corresponding mass-weighted stellar age profiles. That is, for
each draw from the posterior distribution for a given annulus of 0.2Re width, we compute
t50 as the lookback time at which 50% of the mass in the annulus was assembled, and
mark with solid line and polygon the median and central 68th percentile confidence interval,
respectively. For most profiles, t50 decreases as a function of radius, iterating that these
galaxies age primarily from the inside out, consistent with, e.g., the negative age gradients
reported by Garćıa-Benito et al. (2017). The few most extreme starbursting outliers are
an exception to this rule, featuring a younger central annulus. There is further at least a
qualitative consistency with the inside-out size growth of star-forming galaxies over cosmic
time derived from lookback studies. Intriguingly, several profiles show an indication of an
upturn in age at the outer annuli again, which would suggest that outside-in aging processes
contribute as well. Of potential interest in this context, a fraction of massive MaNGA
galaxies have been found to be growing from the outside-in during their recent 2 Gyr, as
diagnosed by their resolved 4000 Å break (Wang et al., 2017b). As we will address in Section
4.4.3, however, our analysis suggests a predominant inside-out growth for our representative
objects based on the evolution of the half-mass radius, but does not exclude that there could
be a secondary contribution of outside-in growing and ageing processes.

Importantly, we also observe in Figure 4.7 an anti-correlation between stellar age and
MS offset, irrespective of radius. Galaxies which grow the fastest in terms of stellar mass
today have formed the bulk of their stars more recently, for the 14 representative objects
explored herein. This trend remains present when using a procedure masking most strong
emission lines (focusing on the stellar continuum), and allowing the birthcloud obscuration
to vary independently via a free η leaves the result unaltered as well.

For completeness, we include in Figure 4.8 the stellar metallicity profiles derived from the
same fits with fiducial settings. A few of the profiles exhibit sudden jumps in metallicity as
a function of galactocentric radius, an issue we also encounter when inspecting the runs with
η free or with emission lines masked. Ignoring these outliers, we do not find any evidence
for a systematic trend of metallicities as a function of radius, and for the logM? = 10 bin
the profiles look relatively flat. Flat profiles are somewhat unexpected at these masses, as
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previous studies reported lower stellar (and gas) metallicities in the outskirts (see, e.g. Lian
et al., 2018a, for a result in MaNGA galaxies), possibly as a result of pristine gas accretion
and minor mergers. With that being said the typical absolute metallicity values we recover
do agree with the level that is expected for nearby star-forming galaxies, corresponding
roughly to log (Z?/Z�) ∼ −0.15 at logM? = 10 and log (Z?/Z�) ∼ −0.26 at logM? = 10.5
(see Fig 2 in Trussler et al., 2020a). We note that when using the continuum-based setting,
our recovered metallicities are exceedingly large (on average almost twice as high as expected
from literature), which is why we disfavour this setting for our subsequent analysis.

We conclude that our recovered metallicities may need to be treated with caution due
to volatility in these profiles; however as the annuli with outlying metallicity values are not
reflected as outliers in the sSFR and dust attenuation profiles in Figures 4.6 and 4.5, as
absolute recovered values (when ignoring outliers) are reasonable, and as metallicities are
not the primary focus of this work, we will proceed with using our main fitting routine to
derive SFHs.

4.4.3 Resolved vs galaxy-integrated analysis II: Star formation his-
tories and size growth through time

In this section, we present the star formation histories (SFHs) of our representative star-
forming objects introduced in Section 4.2.3. Our objectives are to qualify to what extent
resolved and galaxy-integrated results agree, and to extract which parameters describing
the SFH are recovered most robustly. In principle, the spatially resolved analysis could
offer a more complete picture, e.g., by allowing for different chemical and dust properties at
different radii, and by potentially limiting the effects of outshining as some resolved galactic
regions (e.g., the centre) may feature a larger population of old stars and be proportionately
less contaminated by young objects. A larger variety of SFH shapes (e.g., multi-peaked) can
also be recovered for the total galaxy when summing up the SFHs of its annuli, given our
assumption of a log-normal functional form for each of them. We will apply the information
we here extract in Chapter 5 to conduct galaxy-integrated runs on our full sample and
investigate the connection between scatter around the Main Sequence and long-/short-term
fluctuations in SFHs.

Figure 4.9 presents an overview of the SFH shapes we recover for the 14 representative
galaxies from the bins with MPA-JHU-based masses logM? = 10/10.5 and Main Sequence
offsets ∆MSMPA−JHU = −0.6/ − 0.4/.../0.6. As we will explore in more detail in Chapter
5, the MS offsets recovered by our own fitting procedure can diverge from the MPA-JHU
based values, although they are clearly correlated. The top-to-bottom panels of Figure 4.9
are ranked in order of decreasing MS offset established on the basis of the instantaneous
SFRs from the burst component summed over all annular fits. This measure of MS offset
is displayed in red in the top left of each panel. The curve in grey shows the SFH curve
(SFR(t) plotted as a function of lookback time) recovered by our galaxy-integrated fitting
approach, whereas the red curve represents the SFHs obtained when fitting each annulus
separately and then summing up the recovered star formation rates in all annuli of 0.2Re
width. In an idealised case where the absolute ground truth is recovered, these two curves
would overlap perfectly. Below the SFH plotted in red lie the cumulative SFHs representing
inner parts of the galaxy, colour-coded by annulus number: The black SFH corresponds to
the central annulus (number 0), the dark green one shows SFH(R < 0.4Re) from annulus 0
+ annulus 1 together, et cetera. Shaded regions around the SFHs denote the errorbars from
the MCMC fitting procedure; for the sake of clarity, they are only shown for the integrated
SFH (grey), and the summed SFH over all annuli (red). The present-day burst SFR of the
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Figure 4.9 Cumulative SFHs for spectrally representative objects at different
MS offsets within two bins of stellar mass. Displayed in different colours is the
SFR within a given radius R = nann ·0.2Re as a function of lookback time, with
colour coding reflecting the number of the outermost included annulus of width
0.2Re. The grey curve denotes the SFH obtained by fitting the galaxy-integrated
spectrum, with 1σ uncertainties denoted by the shaded region (at each lookback
time, including the 68% of recovered SFRs). It can be contrasted directly to the
red curve obtained from analysing each annulus separately, then summing up
the star formation in all annuli. For both of these curves, the SFR of the recent
burst is highlighted by a dot on the y-axis. Uncertainties on the cumulative
SFHs out to a smaller number of annuli (with colour coding indicating the
number of annuli summed) are omitted for clarity. The vertical lines denote
the time at which 50% of the galaxy mass was assembled, as recovered by the
galaxy-integrated (grey) and resolved (red) analysis, respectively.



4.4 Results 97

grey and red curves are further demarcated by a circle on the y-axis (associated MCMC-
derived errorbars are hidden below this circle - for a discussion on underestimated errors
please see the footnote in the next paragraph). As noted in Section 4.2.2, in the case of
the annular spectra, the aperture correction (scale-up factor to match the NSA photometric
g-band flux) is applied to the spectrum of the outermost annulus, which we assume matches
more closely the spectral properties of any regions falling outside the MaNGA FOV. In
practice, this means that contrasting the grey and red curves is not strictly speaking a 1-
to-1 comparison, but we verified that the trends identified herein still hold when we instead
scale up all annular spectra by the same factor as the galaxy-integrated spectrum.

At first glance, the burst SFRs of resolved vs integrated analyses are in very good agree-
ment, while the shape of the early SFH can be mildly to significantly discrepant, although
the integrals under the SFHs look similar. Indeed we find that these first visual impressions
are reflected in the robustness of the recovered stellar mass and Main Sequence offsets. For
a direct quantitative comparison, we annotate in each panel the instantaneous MS offset
(∆MSburst), the MS offset averaged over 100 Myr (∆MS100 Myr), as well as the stellar mass
(accounting for mass-loss). For each, we report the result of the resolved analysis in red, and
that of the galaxy-integrated analysis in grey parentheses. We derive the MS offsets using the
Main Sequence prescription derived in Renzini & Peng (2015). The recovered stellar masses
differ by at most 0.06 dex, an excellent sign of robustness which is not a priori a given. The
MS offsets averaged over 100 Myr likewise change by . 0.08 dex, and the burst MS offsets by
6 0.11 dex. The vertical grey/red lines with associated shaded error bars denote the mass-
weighted stellar age t50 obtained via the resolved and galaxy-integrated approach. While the
error bars from the MCMC procedure are underestimated w.r.t. real physical error bars14,
the recovered best-fit mass-weighted stellar ages from resolved vs integrated procedures are
relatively robust, with t50 values from the galaxy-integrated vs resolved analyses differing
by less than a gigayear.

Discrepancies between the galaxy-integrated and resolved SFH shape are most prominent
in the second-to-last panel on the left. The resolved SFH shows two distinct bumps in the
early SFH (not counting the recent burst). This case illustrates a limitation of the galaxy-
integrated approach: Multiple peaks in SFH are not possibly to recover with the galaxy-
integrated fitting procedure when assuming a log-normal functional form for the SFH. In
contrast, the summed up SFHs are a superposition of log-normals, suggesting that the inner
annuli assemble most of their mass at early times and the outer annuli formed most of their
stars later.

Despite these caveats, there are several hints at trends with MS offset that can be read
from the resolved and integrated analyses alike for these 14 representative objects thus far:

• Galaxies falling above the Main Sequence today seem to have formed more recently,
evidenced, e.g., by t50 values of . 5 Gyr in lookback time for the objects above the
MS, and t50 & 6 Gyr for below-MS objects.

• Galaxies that are the furthest below the Main Sequence seem to be the furthest along
in the declining phase of the SFH. Their low present-day star-formation activity can

14In brief, MCMC-derived error bars denote how easily a best fit can be found: e.g., these error bars
will be small if there is one model / a narrow range of models which clearly provide a much superior fit
to the data within observational uncertainties than all the rest of the model library. On the other hand,
these error bars will be large if the data does not have much constraining power to discriminate between a
large number of models: f.ex. because of inherent degeneracies such as the dust-age-metallicity reddening,
or due to spectral features being dominated by some parameters “washing” out the effects of others (e.g.
outshining of old stars by young populations), due to the model library not perfectly describing reality, or
due to large observational uncertainties.



4.4 Results 98

Figure 4.10 Recovered values of RSFR = SFRpre−burst/SFRpeak, contrasting
resolved vs galaxy-integrated procedures for the 14 spectrally representative
galaxies. Each object is colour-coded according to its (galaxy-integrated) MS
offset.

thus not merely be attributed to a recent dip in the past 30 Myr. Conversely, above-
MS objects have recent SFRs close to the maximum SFR they experienced at any
point in their history.

The same two generic features are seen in runs where we assigned the recent burst to
extend over 100 Myr. It may be tempting to extrapolate these trends to a characteristic
behaviour across the full galaxy population. Nevertheless, for now, these remains trends
of just 14 galaxies, albeit selected to be representative in their spectral shape for the full
set of MaNGA galaxies with a similar MS offset. However, in the next chapter, we will
carry out the analysis using the full set of star-forming galaxies (based on galaxy-integrated
fits, boosted in confidence regarding its reliability given the comparisons evaluated in this
section) and recover a similar pattern in terms of systematic dependences of SFH shape on
MS offset.

In order to express more quantitatively how far along galaxies of different MS offsets are
into the declining phase of their SFH, we introduced in Section 4.4.1 the quantity RSFR =
SFRpre−burst/SFRpeak. The burst component is not entering this parameter, which is thus
decoupled from the galaxy’s present-day star-forming properties. Figure 4.10 contrasts the
RSFR values derived from the resolved method on the y-axis to the ones derived from the
galaxy-integrated analysis on the x-axis, colour-coding each point according to the MS offset
derived by the galaxy-integrated procedure for the recent burst. In particular, galaxies with
RSFR > 0.5 are still closer to the peak of star formation than to the end of their declining
phase, and vice versa for RSFR < 0.5. While the galaxies with low RSFR values (i.e. far
along into their declining SFH phase) fall almost exactly on the 1-to-1 line, a few high-RSFR

objects fall slightly below. The latter are galaxies with high present-day MS offset and still
close to the peak of star formation, and returning to Fig 4.9 they correspond to specific
objects in the upper four rows that experienced a growth episode with subsequent decline
in the outer annulus/annuli around 1− 3 Gyr ago (red curve). The annular spectral fitting
is thus able to resolve a recent start of the decline in star formation in the outer galactic
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Figure 4.11 Evolution of the (normalised) size Re(t)/Re(today) in time, with
colours corresponding to the present-day burst MS offset of the objects in ques-
tion (derived by our galaxy-integrated procedure w.r.t to the Renzini & Peng
(2015) MS relation: ∆MSint = log SFRint − log SFRRP15). We define Re(t) as
the radius containing half of the stellar mass at each lookback time t, and cal-
culate a rough estimate thereof by interpolating over the recovered mass within
annuli of width 0.2Re. The left and right panels correspond to our spectrally
representative objects of mass logM? ∼ 10 and 10.5, respectively.

regions, which is not possible with the galaxy-integrated procedure. Nevertheless, RSFR

values above 0.5 are clearly obtained for these objects by resolved and galaxy-integrated
procedures alike, and in general the proximity of the points to the 1-to-1 line suggests that
RSFR is a robust parameter to use in our analysis in Chapter 5.

Finally, using our resolved SFH analysis it is also possible to constrain the size growth
of individual galaxies. For this purpose we derive, at each point in cosmic time, the radius
containing half of the stellar mass formed at the time.15 Our diagnostic of size evolution
is by necessity crude and subject to limitations due to the finite MaNGA resolution and
interpolation over cumulative enclose mass profiles established subject to the adopted annu-
lar binning. Nevertheless, Figure 4.11 shows the relative evolution of the half-mass radius
as function of lookback time, denoted as Re(t)/Re(today). With the exception of one star-
bursting object for each mass bin, most curves suggest an inside-out growth, with growth
in the outskirts occurring faster (evidenced by steeper slopes) for objects with a higher MS
offset. This behaviour persists over an extended period of lookback times (> 5 Gyr). The
evidence for inside-out growth is at least in qualitative agreement with the observed growth
of star-forming galaxies (SFGs) over cosmic time derived from lookback studies. The latter
has traditionally been quantified by comparing SFG sizes at fixed mass over a range of red-
shifts (e.g., van der Wel et al. 2013), but as individual galaxies grow in mass over time, the
size growth they experience between two cosmic epochs is larger than that quantified for the
population at a fixed mass. Efforts to construct sequences of progenitors and descendants
linked across cosmic time have been undertaken under the assumption of a conservation of
mass ranking (e.g., van Dokkum et al., 2010, 2013; Patel et al., 2013) and refined on the

15Observationally, this is usually quantified via the half-light radius Re, assuming a constant mass-to-light
ratio, but see efforts to reconstruct stellar mass maps and quantify half-mass radii based thereupon by, e.g.,
Wuyts et al. (2012) and Suess et al. (2019).
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Figure 4.12 Evolutionary tracks in the plane of (normalised) size
Re(t)/Re(today) vs mass taken by individual galaxies, colour-coded by their
present-day Main Sequence offset. Re(t) and the colour-coding are the same as
in Fig 4.11

basis of cosmological simulations (Wellons & Torrey, 2017), with a characteristic growth
vector of ∆ logRe = 0.3∆ logM? (van Dokkum et al., 2015).

In an attempt to draw a more direct comparison to the results by van Dokkum et al.
(2015), we proceed to draw tracks in the size-mass plane in Figure 4.12. As in previous
plots, each track is colour-coded according to the MS offset of the corresponding galaxy,
and the more massive objects are shown on the right while the logM? = 10 objects are
displayed in the left panel. We note that this classification accounts for mass loss, whereas
the x-axis of the plots corresponds -for ease of computation- to the integral over the SFH
at each time. The above-mentioned growth vector of ∆ logRe = 0.3∆ logM? is overplotted
as a black arrow, which was proposed to characterise the typical growth curve of galaxies
whereas individual objects can follow a large variety of tracks around this relation (see, e.g.,
the compilation of simulated galaxy tracks by Zolotov et al. 2015 in Fig 22 of van Dokkum
et al. 2015). The paths recovered by our analysis are quite diverse indeed. For the more
massive objects, it is only in the growth above logM? ∼ 10.4 that several tracks do seem to
follows slopes broadly similar to the black growth vector, but for lower masses formed, the
majority of curves favours a more horizontal evolution. As for the lower-mass objects, when
ignoring the one starbursting object experiencing a nuclear starburst and growing from the
outside-in, the median of all remaining tracks would actually roughly yield a slope similar
to the black growth vector, even though none of the individual objects fall on it.

4.5 Conclusion

In this chapter, we introduced the MaNGA sample that forms the foundation to our full
spectral fitting analysis. We gave an overview of the various ingredients, possible approaches
and necessary assumptions to be considered in stellar population modelling, and commented
on the associated uncertainties and robustness of physical quantities extracted. We did so
by contrasting a number of possible settings, as well as by comparing a radially resolved
versus galaxy-integrated approach. While nearby star-forming galaxies do feature gradients
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in stellar and ISM conditions over the radial extent probed by the MaNGA FOV, it was
found that a galaxy-integrated census (leveraging the extended spatial coverage compared to,
say, the single-fibre SDSS Legacy Survey) does encouragingly well in reproducing a number
of key descriptors of the stellar population content: its total stellar mass, present-day SFR
and MS offset, as well as mass-weighted stellar age and overall shape and phase (captured
by RSFR). With these lessons in hand, we embark in the next chapter on an analysis of the
full sample of intermediate mass SFGs in MaNGA to dissect the scatter of SFGs around the
MS scaling relation and investigate its physical origin.



Chapter 5

Scatter of the star-forming
Main Sequence
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Preamble

In this chapter, we apply a galaxy-integrated full spectral fitting procedure to massive
MaNGA galaxies on the star-forming Main Sequence (MS), and analyse their recovered
star formation histories (SFHs) to investigate the origin of scatter around the MS scaling
relation. To this end, we assume a 2-component functional form for the SFHs (log-normal +
recent burst/dip), thus decoupling the recent star-forming properties from the early stellar
mass growth. As we will show below, our analysis supports a clear link between present-day
star-forming activity and early SFHs, indicating that the scatter around the MS primarily
reflects differences in the assembly of stellar masses on Hubble timescales. Using our recov-
ered SFH shapes, we estimate the evolution of the MS relation in time and find that a typical
galaxy above (below) the MS today tends to reside above (below) the MS throughout most
of cosmic history. In more detail, at each snapshot in the past 12 Gyr, the percentage of
galaxies that exhibit the same above/below-MS status at that time as they hold at present
stays above ∼ 60% (& 70% for the past 6 Gyr). The fact that the growth of the above-MS
galaxies in our sample results in similar masses than their slow-growing companions can
be attributed to above-MS galaxies assembling only at a later cosmic times. However, by
comparing the MS scatter from our burst SFRs to the SFRs averaged over longer lookback
times, we show that short-term stochasticity also plays a role (albeit secondary), with a
contribution of ∼ 0.12 dex to the scatter of ∼ 0.35 dex in the MS relation today.

5.1 Introduction

The stellar mass assembly of galaxies is a key element of any theory of galaxy evolution. As
mentioned in previous chapters, star-forming galaxies have been shown to follow a relatively
tight relation between their mass and star formation rate (SFR), called the star-forming
Main Sequence (MS; Brinchmann et al., 2004; Noeske et al., 2007),which characterises their
growth. MS relations have been observed out to redshifts z ∼ 2 − 3 (Daddi et al., 2007;
Elbaz et al., 2007; Rodighiero et al., 2011; Sargent et al., 2012; Tomczak et al., 2016; Iyer
et al., 2018) and beyond (e.g., Salmon et al., 2015; Tasca et al., 2015), with studies finding
either a bending away from a linear relation at the high-mass end (more pronounced at late
times), or a steepening of the slope with redshift in case a single power-law fit is adopted.
The tightness of the relation, with a scatter of ∼ 0.3 dex, stands out across all masses and
redshifts probed, and has been interpreted as an indication for the self-regulating nature of
galaxies, that during their equilibrium growth phase satisfy a continuity equation balancing
gas inflow, star formation, and outflows. When integrating over the median SFR given
by different MS prescriptions to recover the growth of a MS galaxy over its whole life, one
further finds a consistent picture in which typical star formation histories first rise, peak, and
then decline, reminiscent of the evolution of the cosmic SFR density (Madau & Dickinson,
2014).

While a reasonably consistent picture has emerged on the shape and evolution of the
MS, it remains a matter of debate whether within this framework a single characteristic
history, modulo perturbations (i.e., ‘weather’), is capable of capturing the lives of SFGs at
a given mass, or whether there are multiple pathways of stellar mass growth that jointly
make up the evolving MS relation (see the cartoon in Figure 5.1; Förster-Schreiber & Wuyts
2020 and references therein). In the first scenario, the observed scatter around the MS
can be attributed purely to stochastic fluctuations in growth rate, which could for example
stem from short-term variations in the rate of gas accretion and/or minor mergers. Within
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Figure 5.1 Cartoon illustrating the scientific question posed in this work:
How do galaxies grow along the star-forming Main Sequence? Is the scatter of
the MS relation purely due to short-term stochasticity in stellar mass growth, or
are there long-term differentiations on the order of Hubble timescales between
the SFHs of similar-mass SFGs? For simplicity and illustrative purposes, this
cartoon sketches the evolutionary tracks in a form where the zero point evolution
of the MS has been divided out. In reality, the MS relation evolves over time,
most significantly so in zero point.

the galaxy itself, further causes of SFR fluctuations on timescales much shorter than the
Hubble time may include local instabilities arising in the disk, or the sweeping motion of
spiral density waves causing episodes of compression, cooling and collapse of gas clouds to
form stars during an intense burst, followed by feedback from supernovae and massive short-
lived stars. In response, temporary episodes of enhanced heating may affect the availability
of molecular gas, thus leading to a short-term decline in SFR until a new ‘breathing’ cycle
begins. This picture is consistent with, e.g., Peng et al. (2010), who argue that galaxies grow
stochastically along the (evolving) MS until they reach a critical mass and their probability of
quenching by a disruptive process (required to be separate to the bursty processes underlying
star formation) exponentially grows. The latter inference is motivated by the fact that the
stellar mass function ever since cosmic noon shows a turnover at masses & 1011 M� beyond
which number densities drop.

A second school of thought interprets the scatter in the MS as (partially or entirely) be-
ing an imprint of systematic long-term differences in the star formation histories of galaxies
above/below the relation today (Abramson et al., 2015, 2016), thus favouring a predomi-
nantly smooth evolution of SFHs in which present-day SFRs correlate with prior star forma-
tion over long timescales. Quenching is attributed to a continuous decline in galaxies’ SFHs
(needed to reproduce observed metrics of galaxy evolution such as the cosmic SFR density
evolution) in this scenario. The apparent dichotomy of galaxies in the colour-magnitude
diagram is interpreted as an artificial remnant, stemming from old populations saturating
in their evolution towards redder colours (e.g., Salim 2014). This picture has recently been
supported by results from the EAGLE cosmological simulations (Matthee & Schaye, 2019),
pointing to a combination of short-term stochasticity and fluctuations on Hubble timescales,
with the majority of the scatter being a consequence of different growth paths due to long-
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term variations in halo formation times and -related- halo concentration. On the other hand,
it has also been cautioned that the existence of a MS relation may follow naturally from the
central limit theorem (Kelson, 2014; Kelson et al., 2016). Understanding the origin of scatter
around the scaling relation, and the associated physical interpretation for the evolution of
galaxies, thus remains an active area of research.

In this work, we approach these questions by inferring the star formation histories of
massive star-forming galaxies observed as part of the MaNGA integral-field spectroscopic
survey (Bundy et al., 2015), and analysing the results as a function of their position around
the Main Sequence. We stress that this study thus focuses on galaxies still in their active
phase, specifically on the timescale of star-forming processes that give rise to the scatter in
the Main Sequence at z ∼ 0, where we are able to make use of the high quality MaNGA
spectra (and in particular we used their IFU character for robustness checks outlined in
Chapter 4). While, as noted above, our results may hold indirect clues to the nature of
galaxy quenching, we do not include quiescent galaxies in our sample, which would not
inform the origin of scatter at low redshift. To investigate the question at higher redshift,
lookback studies of on-MS galaxies at the time of interest would be better suited than
backtracing the SFHs of low-redshift passive galaxies. The latter undertaking would be
hindered by the issue that any short-term (e.g. ∼ 100Myr) bursts that quiescent objects
may have experienced during their prior active phase could not be resolved in their earlier
SFH given the larger observational uncertainties in the ages of old stars due to the saturation
of their colours, even if one constructed an SFH model that theoretically allows for burstiness
at an a priori unknown lookback time (which would be challenging in itself).

Within this chapter, we use the full spectral fitting methodology established in Section
4.3.2 of the previous chapter, which we briefly recap below.

5.2 Methods

We carry out full spectrophotometric fitting to constrain the SFHs of massive star-forming
MaNGA galaxies. To this end, we use the public Bagpipes SPS code (Carnall et al., 2018)
with a parametric SFH whose functional form consists of two components: a constant burst
for the most recent 30 Myr and a log-normal at higher lookback times, thus decoupling the
recent and early SFH contributions. With both components being independent from each
other, we ensure that a priori no answer is artificially imposed regarding the question whether
long-term SFHs are different between galaxies with different present-day star-forming prop-
erties. In a purely stochastic growth model, all galaxies would share a similar early SFH
averaging to the same log-normal form (which can also reproduce a relatively flat growth,
as will be visible in some examples of our recovered SFHs shown in Section 5.3.2 below),
while variations in the recent burst/dip component would produce the observed MS scatter
entirely on their own.. Regarding the parametrisation of the early SFH, log-normal models
have been found to outperform delayed-τ models by allowing for a larger variety of shapes,
including a slower decline in SFR with cosmic time (e.g., Gladders et al., 2013; Diemer et al.,
2017). As a sanity check we repeated our analysis with the burst phase extending over 100
Myr, and found this not to alter our conclusions.

To leverage number statistics while maintaining a reasonable runtime, we run the fitting
procedure on the galaxies’ integrated spectra rather than conducting a spatially resolved
analysis. In the previous chapter, we demonstrated that -encouragingly- the key features
and parameters that characterise the SFH properties of importance to addressing the above
question are conserved, including: star-forming properties at the time of observation, the
total stellar mass, the mass-weighted stellar age, and to what extent a given SFH is still
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Figure 5.2 Main Sequence offsets derived in this work contrasted against
the MPA-JHU reference values. Results based on the instantaneous SFR and
SFR averaged over the past 100 Myr are shown with purple and green symbols,
respectively. Their respective median offset compared to the MPA-JHU results
and associated scatter quantified as the normalised median absolute deviation
are listed in the legend. For reference the one-to-one relation is denoted by the
dashed line.

close to peaking or already progressing in its declining phase. We parameterise the latter by
the ratio of the SFR prior to the most recent episode (which is intentionally decoupled from
the long-term SFH and left free to allow for a recent burst or dip in star formation activity)
to the peak of this long-term, log-normal shaped SFH component.

Our sample of 445 galaxies is presented in Section 4.2.2, but in brief it is selected as
follows: Based on MPA-JHU stellar masses and SFRs, we select MaNGA DR15 targets
with 9.75 < logM?/M� < 10.75 and with SFRs falling no more than 0.7 dex above/below
the MS prescription by Renzini & Peng (2015). We exclude objects which are flagged as
unreliable in the MaNGA DR15 catalog and targets for which aperture corrections from the
MaNGA science-graded FoV to the total g-band flux exceed a factor 1.5. We also remove
AGN selected using the Baldwin et al. (1981) diagram, or identified by cross-matches to the
Swift-BAT survey (Oh et al., 2018), as well as GalaxyZoo-identified major mergers.

5.3 Results

5.3.1 The present-day Main Sequence and offsets thereof

Before dissecting the early mass growth history of star-forming galaxies, we first focus on
their present-day SFR and position around the MS recovered by our own fitting procedure.
In Figure 5.2, we contrast as a sanity check our recovered MS offsets to the ones inferred
using the MPA-JHU stellar mass (Kauffmann et al., 2003b) and SFR values (Brinchmann
et al., 2004; Salim et al., 2007). The latter SFRs were derived based on a combination of
optical emission line modelling (within the 3” diameter SDSS fibre) and modelling of the



5.3 Results 108

Figure 5.3 Present-day SFR - M∗ relation for the galaxies in our sample,
as inferred through Bagpipes spectro-photometric fitting. Instantaneous SFRs
and SFRs averaged over 100 Myr are marked with separate colours, as are their
best-fit linear Main Sequence relations.

broad-band continuum colours to correct for the star formation missed outside the SDSS
fibre.1 These different adopted SFR tracers vary in the timescale they are sensitive to from
∼ 10 Myr to ∼ 100 Myr (although see Flores Velázquez et al. 2020 for a discussion of
the sensitivity of these timescales to the characteristic burstiness versus time-steadiness of
the galaxies observed). For completeness, we compute our MS offsets both on the basis
of the instantaneous SFR, and after averaging the recovered SFR over the past 100 Myr
to imitate the timescales probed by optical continuum SFR indicators. Reassuringly, a
significant correlation between our inferred MS offsets and the MPA-JHU-based values is
visible (Spearman’s rank correlation coefficient 0.59/0.58 for ∆MSburst and ∆MS100 Myr,
respectively, with associated p < 10−14), albeit with a scatter of ∼ 0.25 dex. The level of
scatter is not unexpected given the different input data used (most significantly the larger
FoV over which spectral information is available in MaNGA compared to the single-fibre
SDSS Legacy Survey) and the systematic differences in methodologies applied (including the
underlying uncertainties in, e.g, dust corrections, isochrones, stellar models, interpolation of
nebular emission grids, etc). We refer the reader to Brinchmann et al. (2004) for a careful
consideration of the contributions of different sources of errors that go into deriving SFRs.
For the sake of clarity, their quoted error bars (typically ∼ 0.5 dex in SFR) are omitted in
5.2, whereas the much smaller error bars on our SFRs represent the formal MCMC errors
obtained under the given set of model assumptions, and should be regarded as lower limits
to the real physical uncertainties (for a sense of the sensitivity to adjustments in model
settings, see Section 4.4 in Chapter 4). The fact that our MS offsets and those based on
the MPA-JHU database show a broad agreement, despite the distinct methodologies and
different input observational data adopted, informs us that the observed scatter is at least
partially real, and hence that an analysis of its physical meaning is merited. Had all MS
offsets been attributable to measurement uncertainties, then an investigation of the physical

1For non-SF galaxies (AGN and composite galaxies, as well as quiescent systems) the MPA-JHU SFRs
are based on the 4000 Å break strength (within the fibre), but given our sample selection few such cases
enter our analysis.
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origin of the observed finite variations in star formation around the mean scaling relation
would have been futile.

We now examine how our sample populates the SFR - M∗ plane in Figure 5.3. The purple
dots correspond to the SFR values averaged over the past 100 Myr, and the corresponding
MS relation is shown as a purple dashed line. The relation was obtained as follows: In a
first step, we perform a least-squares linear regression between log SFR and logM?, based
on which we calculate the histogram of MS offsets ∆MS and fit the distribution with a
Gaussian (using the python curve fit routine) of standard deviation σGauss. We then use
this step to exclude four 5σGauss outliers, which our analysis suggests are quiescent, even
though they were labelled as star-forming according to their MPA-JHU SFRs. We finally
repeat the least-squares linear regression to update the MS relation. This procedure yields
a MS slope of 0.7, broadly similar to the sub-linear slope of 0.76 of the Renzini & Peng
(2015) MS relation, which is shown as a grey dashed line, though our SFRs are slightly
higher on average. As a measure of scatter, we indicate the normalised median absolute
deviation (NMAD2) in the legend of the plot. In green, we also show the relation given by
the SFRs of the decoupled burst in the most recent 30 Myr, which is consistent with the
one given by the SFRs averaged over 100 Myr. The scatter of ∼ 0.33 and 0.29 dex around
both relations, respectively, is broadly consistent with the typical tightness of the relation
observed at various masses and redshifts, as noted in section 5.1. This is encouraging, though
we note that our fitting procedure is used to simultaneously constrain stellar masses and
SFRs, which are not independent quantities. In principle, conspiring uncertainties could
lead to a tighter apparent relation than the true MS (e.g., Carnall et al., 2019b), but we
expect this to be less the case when considering SFRburst, as the decoupled burst contributes
negligibly to the overall galaxy stellar mass.

5.3.2 Star formation histories as a function of MS offset

In Figure 5.4, we present an overview of our 445 derived SFHs. Each panel shows in grey the
SFHs of all objects falling into a given bin of mass and Main Sequence offset, and in black the
median SFH shape (the median SFR at each given point in time). Left and right columns
correspond to galaxies below/above logM?/M� = 10.25, and from top to bottom objects are
sorted from MS offsets of ∆MS ∼ 0.6 decreasing down to −0.6. The Main Sequence offset
is calculated according to the SFR recovered for the burst (rather than an SFR averaged
over 100 Myr), as the burst is decoupled from the early SFH to allow for a fair assessment
of the link between present-day MS offset and early star formation as independent qualities.
In each bin, the vertical dashed line marks the median of all t50 values (with t50 being the
lookback time at which half of a galaxy’s mass was assembled), with error bars represented
by the grey shading, whereas the dotted line shows the t50 value of the black median SFH.

At first glance, the median SFHs of objects above the Main Sequence are markedly
distinct from those on or below the scaling relation. They seem to have formed the bulk
of their stars more recently, and are at the time of observation caught closer to their peak
of star formation, or exhibit a flatter SFH shape. Perhaps not surprisingly, the most star-
bursting objects also tend to feature a stronger recent burst in SFR (as opposed to a dip,
or no strong burst/dip preference). Consistent with first impressions, the t50 values show a
trend towards shorter lookback times above the MS. However, the galaxies with the least
star-forming activity today did not necessarily form at the earliest times: the two bins
with ∆MS = −0.6 and the more massive bin with ∆MS = −0.4 show SFHs with peaks

2Defined as NMAD = 1.4826 median(|∆MS|), where the factor 1.4826 ensures that for a Gaussian
distribution the result equals the standard deviation.
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logM?/M� < 10.25 logM?/M� > 10.25

Figure 5.4 Overview of recovered SFHs for our massive star-forming galaxies,
classified into two mass bins of logM?/M� < 10.25 and > 10.25, respectively,
and seven bins of recovered Main Sequence offsets w.r.t the Renzini & Peng
(2015) relation, ∆MSburst = log SFRburst− log SFRRP15 = 0.6, 0.4, ...,−0.6 dex.
The black solid curve shows the median SFH in each given bin (defined as the
median SFR(t) at each point t in lookback time). In each panel, the SFR of the
recent burst lasting 30 Myr is highlighted by a blue dot. The vertical dashed
line denotes the median of all t50 values in this bin, with error bars containing
the inner 68% of t50 values represented by the grey shading, whereas the dotted
line marks the t50 value of the black median SFH.
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Figure 5.5 Ratio of the star formation rate immediately preceding the de-
coupled burst (SFRpre−burst) and the maximum SFR reached by the galaxy at
any prior time in cosmic history, plotted as a function of MS offset. Irrespective
of whether MS offset is defined instantaneously (i.e., on the basis of the de-
coupled burst) or averaged over the most recent 100 Myr, a positive relation is
seen between the characteristic shape of the long-term SFH (i.e., how far a given
galaxy has proceeded into its declining phase) and the present-day position with
respect to the Main Sequence relation.

located preferentially at intermediate lookback times (though please note the small number
statistics). In general, galaxies that fall further below the Main Sequence seem to be further
in their declining phase.

We note that there are two objects in the bin with ∆MS = 0.2 and logM?/M� ∼ 10.0
which show an unusual (and arguably unrealistic) SFH starting only around lookback times
of 3 Gyr and then shooting up to higher SFRs than reached by any of the other object.
These outlying galaxies correspond to less than 0.5% of the sample and are thus unlikely to
skew the analysis. Finally, at least for galaxies of logM?/M� ∼ 10.5, the recovered SFHs
seem to disfavour peaks around a lookback time of ∼ 10 Gyr. This is likely a limitation
of the fitting procedure: 10 Gyr old stars in massive galaxies may lack distinctive features
while being subject to outshining by young populations and may therefore not be recovered.
Alternatively, the lack of objects for which the inferred peak of star-formation activity is
allocated to the epoch around 10 Gyr of lookback time may hint at a template mismatch
between model and observed stellar populations of that age.

In Figure 5.5, we further validate the picture in which SFGs presently occupying the
lower part of the scatter around the MS have already progressed further into their declining
phase. The parameter RSFR ≡ SFRpre−burst/SFRpeak is shown as a function of MS offset.
In the previous chapter (Section 4.4.2), we demonstrated that this parameter is recovered
consistently by galaxy-integrated and radially resolved analyses on a set of 14 representative
galaxies. The purple dots denote the MS offsets determined by the burst SFR, while the
green dots refer to the MS offset averaged over 100 Myr. In the latter case, both axes are
strictly speaking not independent as they both incorporate the SFRpre−burst at the end of
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Figure 5.6 Left panel: Evolution of the MS scatter for our full sample of mas-
sive star-forming galaxies, based on SFRs averaged over the period in lookback
time indicated on the x-axis. Both results from runs with tburst = 30 Myr and
100 Myr are displayed, using the standard deviation as a diagnostic of scatter.
The marker indicates the MS scatter derived at the recent end of the log-normal
SFH component (i.e., not averaged over time). Right panel: Same as left panel,
but quantified by the normalised median absolute deviation.

the log-normal phase, which naturally leads to a tighter relation. Even so, we note that
-irrespective of the star-formation timescale based on which the MS offset is defined- the
distribution is not a simple scatter plot. Galaxies with ∆MS ∼ 0.2 do show a lot of variation
in terms of how far into the decline of their SFH they are. However, galaxies below the MS
always feature low values of RSFR and star-bursting objects always high ones. This implies
that present-day star-forming properties are to some extent connected to the long-term SFH.
In other words, galaxies seem to“remember” their early SFH and set their present-day MS
offset accordingly, as opposed to experiencing SFR fluctuations around the Main Sequence
in a purely stochastic fashion.

As a robustness check, we verified that equivalent trends to those presented in Figures
5.4 and 5.5 are recovered when decoupling the most recent 100 Myr (as opposed to 30 Myr)
from the prior log-normal functional form for the SFH, and likewise a consistent picture
is retrieved when slightly modifying the treatment of nebular attenuation, by leaving the
factor by which gas and stars in birth clouds are subject to higher attenuation free, rather
than imposing the factor 1/0.44 derived by Calzetti et al. (2000).

5.3.3 Quantifying the MS scatter

In order to quantify the extent to which the scatter around the Main Sequence relation can
be attributed to recent stochastic fluctuations3 as opposed to long-term SFH differences, we
now analyse the scatter around the MS based on SFR estimates averaged over (or evaluated
at) different timescales. In the left panel of Figure 5.6, we show the standard deviation of the
MS recovered when averaging the SFRs of all objects over X Gyrs, where X is varied along
the x-axis. In quantifying this statistic, the same 5 objects that were previously discussed
to be > 5σ outliers were rejected from the analysis. To assess to what extent the assumed

3In our parameterisation, such a recent fluctuation can be captured by the burst phase, which -we remind
the reader- is allowed to take the form of a recent dip in star formation activity as well.
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burst length impacts the conclusion, we display the results from two series of Bagpipes
fitting runs, with different imposed burst lengths of 30 Myr and 100 Myr, respectively. The
burst length can thus be read off as the length of time over which the MS scatter curve stays
horizontal. Each curve is further accompanied by a diamond-shaped marker denoting the
MS scatter that would be obtained when using only the SFRs at the end of the log-normal
phase, i.e., at the single point in cosmic time right before the burst occurs. During the
burst, the MS scatter is around 0.35 dex, slightly lower if a longer burst is used. The pre-
burst MS scatter shown by the marker is slightly lower around 0.32 − 0.33 dex depending
on burst length, supporting a picture in which short-term variability in the burst makes
a small contribution to the overall MS scatter, roughly amounting to ∼ 0.12 dex (0.35 ∼√

0.332 + 0.122). The MS scatter steadily decreases when a longer time-averaging is applied
to quantify the ‘recent’ star formation activity, amounting to ∼ 0.2 dex when averaging
over the past 3 Gyr. This suggests that a significant contribution to the observed scatter
can be found in processes that operate on longer timescales, but with shorter-timescale
differentiations amounting to ∼ 0.28 dex scatter: 0.35 ∼

√
0.22 + 0.282. For timescales

> 3 Gyr the interpretation of this plot in relation to our understanding of MS scatter
becomes increasingly non-trivial, as we are no longer evaluating the recent star formation
activity, but instead approaching the galaxies’ lifetime averaged SFR (which for a sufficiently
long averaging timescale should by definition be similar for similar-mass galaxies). In the
right-hand panel of Figure 5.6, we display the same trend, but making use of a different
statistical measure that is more robust to outliers: the normalised median absolute deviation.
Use of the NMAD returns overall slightly lower values of scatter, but otherwise conveys a
consistent message: the scatter evaluated based on the present-day (i.e., burst-phase) SFR
values is slightly enhanced compared to that evaluated based on the end points of the
log-normal phase (diamond symbols), and the scatter reduces gradually with increasing
averaging timescale. We conclude from this that there is a contribution to the scatter from
short-term (< 100 Myr) stochasticity, but likewise a significant contribution that corresponds
to a differentiation in SFHs over much longer (gigayears) timescales. We note that this
assessment overlooks any potential contributions from measurement errors to the observed
scatter. To roughly approximate the impact of this factor, we equate the measurement error
to the scatter of 0.25 dex we recover between ∆MSBagpipes and ∆MSMPA−JHU (as shown in
Fig 5.2). In that case, arguably

√
0.352 − 0.122 − 0.252 = 0.21 dex may still be attributed

to long-term differentiation, which thus continues to dominate over short-term stochasticity
parameterised by the burst phase.

These conclusions are qualitatively consistent with recent results from the EAGLE cos-
mological hydrodynamical simulation (Matthee & Schaye, 2019) suggesting that it is a com-
bination of stochastic fluctuations and long-term differences in growth histories that gives
rise to the scatter of the MS scaling relation. Their analysis attributes SFH variations over
timescales of 10 Gyr, identified as a dominant contributor to the MS scatter, to differences
in halo assembly. In detail, they find that fluctuations on timescales < 2 Gyr contribute to
less than 30 % of the total scatter in the MS. For timescales < 100 Myr similar to our burst
length, their Fig 8 suggests a contribution of . 5%, while our analysis retrieves a higher
(but still sub-dominant) burst contribution of ∼ 34 % (0.12 dex out of 0.35 dex). From
an observational point of view, given the challenges in deriving present-day SFRs discussed
in Section 5.3.1 (see also the outcome of Section 4.4.1 suggesting our burst SFRs to be
robustly predicted within < 0.1 dex), it is not impossible that observational uncertainties
may artificially increase the level of scatter recovered in the burst component, in which case
our derived contribution of 0.12 dex may be more closely regarded as an upper limit.

In contrast, a recent study by Caplar & Tacchella (2019) suggests that SFHs do not cor-
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relate beyond lookback times of just ∼ 200 Myr. These authors use a different methodology
based on modelling SFHs as a stochastic process of variable timescales, and arrive to their
quantification of a break timescale beyond which a galaxy looses memory of its prior star
formation after assuming a value of 2 for the high-frequency slope of the power spectrum
density.4 We note that our work and that of Caplar & Tacchella (2019), given their different
aims, are sensitive to different timescales, and a different number of processes. Our procedure
by definition confines stochasticity to the recent burst lasting for 30 Myr (or 100 Myr), and
recovers systematic growth differences on longer timescales, such that intermediate-timescale
stochastic processes (e.g. major mergers) could in principle be missed. In contrast, Caplar
& Tacchella (2019) focus deliberately on stochasticity on sub-Gyr timescales. By assuming
that fluctuations around the MS arise due to a single stochastic process and by defining their
parameter space with decorrelation times τbreak 6 1 Gyr, they determine the timescale over
which stochasticity predominantly operates. Their results serve e.g. as a valuable constraint
to inform simulations incorporating feedback prescriptions, and further relate to the dura-
tion over which internal physical processes of galaxies - rather than gas inflow variability -
are the most important driver of short-to-intermediate-term fluctuations in MS offset. Thus,
the conclusions from their study are not in direct tension with our results.

5.3.4 Evolutionary tracks

Our analysis can also be used to inspect the individual tracks taken by galaxies through
cosmic time in their MS offset, specific SFR, cumulative stellar mass build-up, as well as in
the SFR - M? plane. For this purpose, we first determine the MS at each point in lookback
time. In Figure 5.7, we illustrate the recovered distribution of galaxies in the MS plane
at different snapshots corresponding to tlookback = 0 (i.e., the epoch of observation, corre-
sponding to z ≈ 0.036), 2, 4, and 6 Gyr, respectively. Objects are colour-coded according
to their MS offset obtained from the SFRs averaged over a 100 Myr interval prior to the
time of observation. Rather than assuming a given mass-loss prescription, we here plot for
simplicity the total stellar mass formed (as opposed to retained). In each panel, the black
dashed line denotes our prescription for the MS at that time, and the dotted line shows the
z ∼ 0 MS relation for reference.

We stress that defining a MS relation for different time slices by backtracking our
derived SFHs is not trivial for the following reason: Our initial sample is mass-limited
and complete according to the stellar masses and SFRs taken from the MPA-JHU catalog
(9.75 < logM?, MPA−JHU < 10.75 and −0.7 < ∆MSMPA−JHU < 0.7; see Section 4.2.2 for
a detailed description of our sample selection). Our subsequent analysis then yields stellar
masses that differ slightly from the MPA-JHU literature values, leading to a soft cut in mass.
As we derive (formed) stellar masses and SFRs at higher lookback times, given that different
galaxies evolve at different growth rates, it is unavoidable that the mass range is stretched
such that there is a low-mass regime of galaxies for which the distribution sampled is not
mass-complete. These objects correspond to the galaxies which grew fastest most recently,
and given the continuity of our log-normal SFHs, they are also in a stage of fast growth at
the probed lookback time. In reality, lower-SFR objects would co-exist with them at the
same mass, but they are not part of our sample selected based on (MPA-JHU) stellar masses
at the time of observation. We choose to proceed as follows: At each snapshot, we start
from the high-mass end by approximating a MS relation for the most massive galaxies only,
and, going towards lower masses, we visually determine an appropriate ad hoc cutoff mass

4In detail their constraints, based on comparisons of Hα, UV+IR and u-band measurements of nearby
galaxies, are subject to a degeneracy between this power-law slope and the aforementioned break timescale.
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white space

Figure 5.7 Snapshots of the recovered distribution of galaxies around the
MS at the time of their observation (top left panel) (corresponding to redshift
∼ 0.04), and at a given lookback time tLookback of 2, 4 and 6 Gyr (bottom right
panel) w.r.t the time of observation. In each panel, the galaxies are colour-coded
according to their MS offset at tLookback = 0 Gyr, which is defined in detail
below. For simplicity, the x-axis in each panel refers to the stellar mass formed
at tLookback, without invoking any mass-loss prescription. In each panel, we fit
the MS of the corresponding lookback time, and display the resulting relation
by a black dashed line. The fit in any panel is quantified based on galaxies
more massive than marked by the vertical dashed line, in order to avoid biases
due to incompleteness at the low-mass end which is only populated by fast-
growing galaxies when starting from our mass-limited present-day sample. For
reference, in the panels corresponding to tLookback = 2 /4 /6 Gyr, the relation
at tLookback = 0 Gyr is shown by a dotted line. The latter relation is used
in the calculation of the colour scheme, referring to the logarithmic MS offset
given by the SFRs averaged over 100 Myr prior to the time of observation:
∆MS100 Myr(tLookback = 0) = log SFR(tLookback = 0)− log SFRMS(tLookback =
0).
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Mcut (marked by the vertical dashed lines in Figure 5.7) below which the scatter around the
MS relation would not be symmetric in ∆ log SFR anymore, such that it is not desirable to
include lower-mass objects in the fit. We note that at any given time slice, the high-mass end
is not guaranteed to yield a complete census of SFRs either, but is preferable nonetheless to
the low-mass regime. Between the snapshots shown, the threshold mass Mcut is interpolated
by means of a low-order polynomial.

Proceeding with the above MS prescription, we can now compare the evolution of the
MS relation to the z ∼ 0 reference in Figure 5.7. As anticipated, at higher lookback times
galaxies of a given mass exhibit higher SFRs leading to the MS relation lying above the
z ∼ 0 reference, reflecting our assumption of the log-normal functional form for the SFHs
mimicking the shape of the cosmic SFR density (although in principle it would have been
possible for our fitting procedure to recover a different picture by placing all galaxies in the
rising phase of their SFH). At a lookback time of 2 Gyr, the order around the MS is more
or less preserved w.r.t. the z ∼ 0 reference, while at tlookback = 4 Gyr, a handful of objects
have crossed the MS (red dots above the relation).

Moving on from snapshots at single points in time, we turn to the aforementioned tracks
taken by galaxies throughout cosmic time for various growth measures. In Figure 5.8, the top
left panels show how the MS offset varies as a function of lookback time, the top right panels
refer to the evolution of the mass formed, the bottom left panels to the sSFR evolution, and
the bottom right panels displays the tracks in the SFR - M? plane, along with an indication
of the MS today and at a lookback time of 4 Gyr. Each track is colour-coded according to
its present-day MS offset calculated from the SFR averaged over a period of 100 Myr prior
to the time of observation. While we show these panels separately for bins of (retained)
stellar mass below and above 1010.25 M� in the top/bottom framed boxes, the MS fitting
procedure described above was carried out using our full sample to benefit from the larger
dynamic range.

In all four panels, one can clearly recognise trends of the tracks taken as a function of
present-day MS offsets (if there were no such trends, then the colours of the tracks would
be entirely mixed). The exploration presented in Chapter 4 suggests that the qualitative
trends of our recovered tracks with MS offset are conserved regardless of whether the recent
jump in SFR is informed by a logM? prior or continuity prior (our default, favouring a
continuous SFH in the absence of constraining data). Focusing first on the evolution of the
MS offset (top left panels), there are several crossings of the MS, mostly by star-bursting
(violet) or below-MS (red/orange) objects at lookback times higher than ∼ 4 Gyr. However,
throughout all cosmic times, a clear majority of the green/yellow tracks (denoting objects
slightly below and on the MS today) stay below most blue curves (corresponding to today’s
above-MS galaxies with 0.2 < ∆MS100 Myr(tobs) < 0.4). The fact that all of these objects
still end up with similar masses today can be attributed to differences in formation times.
Indeed, the above-MS galaxies start their growth later in cosmic time, as is shown in the top
right panel displaying the cumulative mass build-up, but then grow faster compared to other
objects at the same point in time, such that they eventually catch up in mass formed. There
is a strong similarity between these overall trends and the mass growth curves inferred from
recent EAGLE results (Matthee & Schaye, 2019, their Figure 10), even though among our
sample several of today’s starbursting (violet) and least star-forming (red/orange) galaxies
can take alternative paths. These alternative paths are seen perhaps most clearly in the
evolution of the sSFR (bottom left panels) for the least star-forming (red/orange) galaxies
at the present day, which we also identified earlier in the bottom panels of Figure 5.7. We
divided these red/orange objects into two classes: those that spent a majority of cosmic
time below the MS and above the relation, respectively. Carrying out a series of KS-tests,
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logM?/M� < 10.25

logM?/M� > 10.25

Figure 5.8 Individual tracks of each galaxy’s MS offset (top left), mass growth
(top right), and sSFR (bottom left) throughout cosmic time, separately for
masses logM?/M� < 10.25 in the top frame and > 10.25 in the bottom frame.
Each track is colour-coded according to the galaxy’s observed Main Sequence
offset today, ∆MSburst (traced by the burst and decoupled from the early SFH).
The bottom right panel displays the tracks along the (evolving) Main Sequence.
In the top left panel, the MS offset at a given lookback time has been calculated
w.r.t the our fit of the MS at that point in time, as is illustrated and explained
in more detail in Fig 5.7. In the top right panel, the mass displayed on the
y-axis corresponds to the total mass formed at a given lookback time, without
invoking any prescription for mass-loss.
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Figure 5.9 Fraction of galaxies that, at a given lookback time, maintain the
same above/below-MS status as they do at the time of observation according to
their burst SFR (decoupled from the early SFH). The black curve display the
fraction of galaxies on the same side of the relation for the census of all galaxies,
while the blue and red curves focus on objects above/below the MS at the time
of observation, respectively. The black dotted line displays the resulting fraction
(for all galaxies) when perturbing the backtracked MS offset values within 0.12
dex to approximately account for the contribution of stochasticity within the
lognormal phase of the SFH. The value of 0.12 dex for this exercise was recovered
from our comparison of the MS offset scatter during and immediately before the
burst.

we found no evidence that they differ in any way in their structural properties (mass formed,
size, stellar surface density, central stellar velocity dispersion) or other properties (jump in
SFR, stellar metallicity).

Having noted the existence of occasional alternative paths, we stress that our analysis
overall suggests that the majority of objects maintain their above/below-MS status through-
out the majority of cosmic time. We illustrate this conclusion in Figure 5.9, where we show
the fraction of galaxies that, at a given lookback time, can be found on the same side of the
MS relation as they inhabit at present. The black curve collectively refers to all galaxies
and stays above 50% at all times. In other words, at each point in lookback time, there are
more objects that have the same above/below-MS status as they do today than objects with
switched status compared to today. In more detail, we quantitatively find that 2 Gyr ago,
80% of galaxies could be found on the same side of the MS relation as they inhabit today,
with the percentage decreasing to ∼ 70% at a lookback time of 6 Gyr, and ∼ 60% at larger
lookback times. The red curve focuses on present-day below-MS objects: it displays, among
those objects only, what fraction lie below the MS at a given lookback time, namely & 70%
over lookback times of 8 Gyr. Only at the earliest cosmic times, tlookback & 11 Gyr, objects
with switched status seem to slightly dominate, though with the caveat that the definition
of the MS becomes increasingly non-trivial. Finally, the blue curve refers to the fraction of
present-day above-MS galaxies that are above-MS at a given point in time. This fraction
is > 70% at most times, but features an at first glance surprising dip, which indicates that
most of these objects actually switched to falling below the MS between lookback times of
7 − 8.5 Gyr. Taking their inferred SFHs at face value, they cross the MS again at larger
lookback times, thus regaining the above-MS status that they hold today.
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As a caveat, we raise the fact that our adopted two-component SFH by construction
exhibits a smooth behaviour over all but the recent burst phase. The MS crossings evalu-
ated here thus stem from the different forms (peak times and widths) these histories take
among the galaxies in our sample, and not from stochastic events they undergo at earlier
epochs. Constraining recent burstiness is hard enough given the challenges posed by SPS
modelling (see Section 4.3.1), the integrated emission from stellar populations would not
enable disentangling burst events that took place gigayears into a galaxies’ past. To assess
the impact of this omission, we carry out the following (admittedly oversimplistic) sanity
check. At any point in time, we perturb the backtracked MS offset values by 0.12 dex,
which our evaluation of MS scatter indicated to be a measure of contributions by recent
stochastic events. Recomputing fsame side using these randomly perturbed values, we obtain
only marginally reduced values of fsame side as displayed as the black dotted line in Figure
5.9 (i.e., smaller by much less than the induced 0.12 dex perturbations).

Returning now to the bottom right panels of Fig 5.8, we analyse the individual tracks
taken by galaxies in the SFR - mass plane. It is worth pointing out explicitly that, unlike
for the other 3 panels, the tracks here are no longer linear in time. The galaxies which
formed over 1010.25 M� today have grown to logMformed = 9 within a relatively short time
of typically ∼ 2.5 Gyr, and for a number of objects this growth is condensed further into
. 1 Gyr. Given our consideration above of the challenges associated with determining a MS
relation at high lookback times, the tracks at lower masses may therefore be regarded with
caution. With that being said, there are distinct paths for the galaxies on the MS compared
to the ones above the relation (consistent again with previous impressions that there is a
link between present-day star-forming properties and early SFH). At first glance, it may
seem counter-intuitive that the tracks taken by star-bursting objects fall below the ones for
objects on the MS. However, as visible in the top right panel and shown in more detail in the
previous Figure 5.7, at a given slice in lookback time, the present-day starbursting galaxies
lie at lower masses. In the MS plane, it is therefore a different exercise to compare the SFRs
at fixed mass than at fixed time. To further illustrate that the median of all tracks as a
function of mass does not correspond to any MS relation, we overplot our derived MS at the
time of observation and at a lookback time of 4 Gyr. One can for example note that objects
that at tlookback = 4 Gyr are at lower masses than the majority of objects will naturally
have an above-MS SFR for that time. Overall, the tracks analysed in this paragraph are
consistent with a picture in which the orgin of scatter in the MS can be partially attributed
to systematic differences in galaxy growth on Hubble timescales, though not entirely.

5.4 Discussion and conclusion

In this chapter, we performed galaxy-integrated full spectral fitting on ∼ 440 low-redshift
massive star-forming galaxies in the MaNGA survey. Using the recovered SFHs, we analysed
the origin of scatter in the star-forming Main Sequence (short-term stochastic fluctuations
in star-forming activity versus long-term systematic differences in mass assembly). In par-
ticular, our procedure assumed a 2-component SFH, allowing for a recent burst/dip in SFR
which is decoupled from the early SFH to avoid imposing an answer. In principle, it would
therefore be possible to reproduce the scatter in the MS at the time of observation by yielding
variable bursts, but similar early SFHs for all galaxies.

Our main findings can be summarised as follows:

• In general, galaxies below the MS today have already progressed further into the
declining phase of their SFH , while starbursting galaxies are closer to the peak of
their SFH, thus not just experiencing a strong recent burst (Figures 5.4 and 5.5).
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• Across all cosmic times, a majority of galaxies are found to have the same above/below-
MS status as they exhibit at the present day (Figure 5.9). This is the case even if
individual galaxies can fluctuate and cross the MS (Figure 5.8). Overall, our analysis
thus suggests that there is a strong contribution of Hubble timescale processes to the
scatter in the MS.

• In detail, we find that the scatter of 0.32−0.35 dex in the present-day MS (depending
on the exact procedure used) can be partially attributed to stochasticity captured in
the burst at the level of 0.12 dex, but that the dominant source of the scatter lies
indeed in processes operating over longer timescales (Figure 5.6). This is qualitatively
consistent with the EAGLE results in Matthee & Schaye (2019), though their analysis
infers an even lower contribution of . 5% by processes operating on the most recent
30− 100 Myr burst to the overall scatter.

Our results imply that galaxies for the most part “remember” their early SFH, such that the
scatter around the MS relation observed today predominantly reflects long-term differences
in their growth. The latter, in turn, may be traced back to variations in halo properties due
to different halo assembly times (e.g., Matthee & Schaye 2019). However, we also find that
Hubble timescale processes on their own would not account for all the scatter in the present
MS. Instead, they are complemented by short-term fluctuations in SFR due to, e.g., minor
mergers, variations in gas inflow, as well as cycles of enhanced star formation followed by a
suppression due to stellar or AGN feedback. Our analysis thus supports a picture in which
above/below-MS galaxies tend to inhabit different regions in the SFR-mass plane at each
given snapshot in time, but they still experience minor fluctuations within these regions.

We now highlight several avenues in which our procedure could be refined in the future,
and place our results in more detail within the context of the field. First, we note that
in this work, we deliberately restricted the early SFH of a given galaxy to a log-normal
shape. This is a conservative choice as opposed to using non-parametric SFHs, which leave
greater freedom to the SFH shape at the expense of requiring a careful exploration of the
definitions of the priors to avoid retrieving an ensemble of “unphysical” SFHs which may not
reproduce any MS relation (see Leja et al. 2019 for a result on broadband-photometry). To
our knowledge, such an analysis has not been conducted for spectro-photometric procedures
to date, and would be beyond the scope of this work. We thus employ log-normal SFHs
with the motivation that, in addition to naturally reproducing a number of core observables
tracing galaxy evolution as noted below, they also provide a good description of the growth
tracks taken by Illustris mock galaxies (Diemer et al., 2017). Further, using CANDELS data
at 0.5 < z < 3, Iyer et al. (2019) analysed the incidence of galaxies with multi-peak SFHs
as recovered by a non-parametric SFH analysis and found that, while non-zero, the fraction
of such objects was limited to 20 − 30% across different masses and redshifts probed. We
note however that burstier SFHs are favoured by e.g. the FIRE (Hopkins et al., 2014) and
SIMBA simulations (Davé et al., 2019; Lower et al., 2020).

With our results suggesting that the dominant driver of variations in stellar mass growth
lies in Hubble time differentiation of SFHs, our work is broadly consistent with the frame-
work presented by, e.g., Gladders et al. (2013); Abramson et al. (2015, 2016). The latter find
that a diversified family of log-normal SFHs - constrained only by the by cosmic SFR density
as well as the observed sSFRs of ∼ 3000 galaxies at z < 0.1 - automatically predicts several
observed metrics of galaxy evolution (including e.g. the evolution of the galaxy stellar mass
function, of sSFRs and the slope of the MS out to z ∼ 6). In such a picture, the quenching
of galaxies represents the natural progression of the decline of the log-normal component of
SFHs, consistent with the interpretation of galaxy bimodality as an observational artifact
due to the colour saturation of old stellar populations (e.g., Salim 2014). As for the physical
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origin behind long-term SFH differentiations, studies based on abundance matching argu-
ments suggest that long-term variations in halo accretion rates (e.g., Behroozi et al. 2013;
Rodŕıguez-Puebla et al. 2016) can account for the scatter around the Main Sequence. This
interpretation is further consistent with results from the IllustrisTNG simulations in which
oscillations around the MS occur on roughly halo dynamical times (Torrey et al., 2018) and,
as noted above, with analysis of the simulated galaxy population in EAGLE (Matthee &
Schaye 2019). Based on a power spectral density formalism introduced in Caplar & Tac-
chella (2019), Iyer et al. (2020) conduct a comprehensive study of the SFHs predicted by
an extensive range of cosmological hydrodynamical and zoom-in simulations, semi-analytic
models and empirical models, and find that sub-Gyr stochastic fluctuations do not dominate
the galaxy SFHs (though models vary significantly in how much power is attributed to dif-
ferent long timescales). Using UV-to-IR broadband SED modelling of low-redshift galaxies,
Pacifici et al. (2016) find that within a given mass bin, galaxies with higher SFR have a
relatively more extended SFH (in agreement with our results in Fig 5.4), although their
analysis includes quiescent galaxies. At z = 1, based on high-resolution LEGA-C spectra,
Chauke et al. (2018) find that galaxies “remember” their SFH for at least 3 Gyr (almost
half of the age of the Universe at that time).

On the other hand, Kelson (2014; 2016) argue that the MS evolution of the MS and
galaxy mass functions can also be produced as a by-product when evolving the ensemble
of galaxy SFHs within the framework of a quasi-stochastic process (similarly to a random
walk). In this framework, quenching operates as a sudden event disrupting the stochastic
processes underlying star formation. Another way to approach the question is to derive
average SFHs by integrating over the Main Sequence at different redshifts, and reproducing
the observed scatter of the relation by introducing either short-term fluctuations (Renzini,
2009; Peng et al., 2010) or long-term variations in the initial conditions of the SFHs (Speagle
et al., 2014). As noted above, our conclusions point to a hybrid model in which long-term
processes dominate variations in MS offset, but cannot account for it alone, such that short-
term stochasticity is required to amount to ∼ 0.12 dex of the scatter. We note that this
amount could in principle be mass-dependent (though we defer extending our analysis to
lower masses logM? ∼ 9 to a future project) - for instance, Weisz et al. (2012) and Guo et al.
(2016) argue that lower-mass galaxies have a burstier character than massive objects based
on comparing optical-to-UV SFR indicators which operate on different timescales < 100
Myr (though Flores Velázquez et al. 2020 suggest that these timescales are not universal).
In the simple models explored herein, stochastic processes are confined to a burst lasting
30 and 100 Myrs, respectively. While we did not find any significant difference in outcome
by switching between the two burst lengths explored (Fig 5.6) nor by back-propagating our
stochastic scatter onto the early SFH component (Fig 5.9), it is important to note that
any stochasticity on intermediate timescales would not be probed by our burst (at least not
entirely). We note that at higher redshifts (1 < z < 4), Tacchella et al. (2016) propose
a picture in which galaxies oscillate around the MS with periods lasting ∼ 40% of the
(redshift-dependent) Hubble timescale, due to compactification and subsequently enhanced
star formation and feedback (based on VELA simulations; Ceverino et al. 2014). However,
at low redshift, a study by Caplar & Tacchella (2019) suggests that stochastic processes are
confined to ∼ 200 Myr by modelling the ensemble of fluctuations in MS offset as a power
spectral density.5.

We stress that our primary aim in this work was to disciminate whether the most uni-

5These authors come to this conclusion by assuming these variations can be described with a single
stochastic process operating on the sub-Gyr timescale, and constraining power spectral properties by simul-
taneously fitting the observed MS relations measured in Hα, UV+IR
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versally important regulator of star formation in massive star-forming low-redshift galax-
ies operates on short timescales (. 100 Myr) consistent with stochastic processes, longer
timescales pointing to systematically different growth modes across the galaxy population,
or a combination of both. Having thus investigated SFHs as a pure function of position
around the MS (treating all galaxies within a given (M?, SFR) bin universally), we note
that in a future project, refinements could be made by evaluating our results separately for
different galaxy populations. For instance, for galaxies within a group environment, it is not
impossible that f.ex. Hubble timescale differentiations in their SFHs linked to the group’s
halo properties may play an even more important role than for field galaxies. Similarly,
galaxies of different structural properties may differ in their SFH properties. For example,
in the context of resolved analyses of MaNGA galaxies, the FIREFLY analyses in Goddard
et al. (2017a,b) recovered age gradients that were impacted by both morphological and envi-
ronmental effects, while the STARLIGHT runs in (Zheng et al., 2017) yielded no evidence
of any local or global overdensity efffects. In principle, our procedure could add to these
studies if extending our radially resolved analysis from Chapter 4 to more objects. Within
the scope of this thesis however, we conclude that on average, variations in the MS offsets of
massive star-forming galaxies arise predominantly from long-term systematic differences in
their SFH operating on Hubble timescales, with a lower contribution by stochastic processes
on . 100 Myr.



Chapter 6

Conclusions and Outlook

In this thesis, I have exploited multi-wavelength observations of nearby galaxies to derive
the masses of different cold gas phases, the dust reservoir, total dynamical masses (in com-
plement with estimates of dark matter content), as well as the stellar mass components.
For the latter, I also constrained their evolution with cosmic time. As a main application,
I have then attempted to disentangle the different contributions that set the rate of stellar
mass assembly in galaxies. From this viewpoint, the flow of the thesis can be summarised
as follows:

• In Chapter 2, I have started by cross-calibrating two different methods to measure the
present-day fuel for star formation held in the cold molecular gas reservoir of galaxies
(Bertemes et al., 2018), based on using CO and dust as a tracer. This is a step done in
anticipation of assessing to what extent the availability of fuel dictates the star-forming
activity of galaxies. Using new IRAM observations of the CO emission for ∼ 80 nearby
galaxies in Stripe82 (augmented with H i observations we acquired from Arecibo for a
subset), with publicly available IR data from WISE 22µm and Herschel/SPIRE (250,
350, 500µm) constraining dust emission, I found evidence that the dust may not purely
trace molecular gas, but also part of the atomic phase where spatially overlapping. I
further demonstrated that, using an adjusted metallicity scaling, the CO- and dust-
based methodologies can be cross-calibrated to match without systematic offsets, with
a scatter of just ∼ 0.1 dex. Using the CO line emission as a kinematic tracer, I
further found a remarkable agreement between the dynamical mass within a half-light
radius and the best estimate of the summed-up mass components, which validates the
assumed stellar mass and halo properties (which dominate by mass contribution).

• In Chapter 3, I contributed to an application of the IR-based calibration I established
in the previous chapter to derive molecular gas masses for the full catalog of ∼ 10k
WISE+SPIRE galaxies. We found that star-forming activity is not solely driven by
the availability of gas, but that there are also fluctuations in how efficiently different
galaxies consume the fuel, consistent with literature findings that used CO emission as
a tracer (e.g., Saintonge et al., 2017). At fixed mass and star formation rate, galaxies
of smaller size and/or higher bulge fraction are found to feature shorter depletion times
(and consequently lower gas fractions). Considering the galaxy-averaged Kennicutt-
Schmidt star formation law, variations in structural parameters (size, bulge fraction)
and non-axisymmetric morphological features (bars, spiral arms, mergers) primarily
move galaxies along the relation, with only minor variations in zero point or slope for
morphologically selected sub-populations.
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• I then approached the topic of the origin of variations in star formation activity from
a different angle, by investigating a potential link between present-day star-forming
properties and the early history of stellar mass growth. To this end, I set up a full
spectral fitting procedure to apply to nearby massive star-forming galaxies from the
SDSS-IV MaNGA integral-field spectroscopic survey. The goal of this exercise was
to determine the ages of their resident stars and thus reconstructing each galaxy’s
star formation history (SFH). In Chapter 4, I evaluated and discussed the robustness
of the fitting procedure on a subset of fourteen spectrally representative galaxies (2
mass bins, 7 bins of offset from the SFR-mass relation), in terms of slight variations in
settings, and galaxy-integrated vs radially resolved character of the analysis. Despite
occasional variations in the exact SFH shape depending on the methodology used, I
found that the following properties relevant to our analysis were constrained robustly:
strength of a present-day burst/dip in SFR, the time at which half the stellar mass
was assembled (t50), how far along into the declining phase of its SFH an object is
(which we parametrised by RSFR, the ratio of the SFR immediately prior to the recent
burst and the peak of the early SFH). The derived radial profiles of several observable
properties - though not to be overinterpreted given low number statistics - were also in
agreement with trends identified in the literature: radial gradients of the specific SFR
(≡ SFR/M?), dust attenuation, age gradients, as well as galaxy-integrated metallicity
values (despite more erratic behaviour in the radial trends). Finally, the resolved SFHs
supported inside-out growth scenarios in almost all cases (constrained via the evolution
of the half-mass radius).

• Building on the lessons learned from Chapter 4, I proceeded in Chapter 5 to apply
the spectro-photometric fitting procedure to the full sample of ∼ 440 massive star-
forming galaxies, and confirmed that a strong connection between SFHs and current
star-forming activity indeed exists. Galaxies with relatively suppressed star formation
activity are the furthest into their declining phase of star formation, while starbursts
of similar mass are still close to being in their peak epoch of star formation. This was
not a priori built in, since the recent and early star formation were decoupled in the
functional shape imposed on the SFHs by our fitting procedure. In particular, I find
that galaxies with enhanced star formation today start their growth later in cosmic
time and then grow comparatively fast at all times (staying mostly above the SFR-mass
relation), so that they eventually catch up with today’s slower growing companions
who started their assembly earlier. I use the recovered SFHs to derive the scatter in
SFRs at fixed mass at the time of observation (. 0.35 dex), right before the recent
decoupled burst (on timescales of 30 Myr / 100 Myr), and at earlier cosmic times. I
conclude that only ∼ 0.12 dex of this scatter can be attributed to stochastic processes
captured by the burst (e.g. variations in the gas inflow rate, minor mergers, breathing
cycles consisting of episodes of enhanced star formation followed by a suppression due
to stellar feedback). The bulk of the scatter is instead traced back due to long-term
differences in the growth of galaxies (e.g., due to differences in halo properties and/or
bulge formation over long timescales).

There are numerous avenues for expanding the work presented herein. One of the next
immediate steps is to extend the study in Chapter 5 to lower masses (∼ 109 Solar masses)
to gain a more complete view of galaxy mass growth over time, by including objects which
started their assembly presumably more recently. Moreover, I have already started expand-
ing the radially resolved spectral fitting analysis introduced in Chapter 4 by conducting runs
on a set of ∼ 150 massive galaxies to boost number statistics. This will enable us to refine the
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shape of the SFHs and in particular to derive which annuli formed later/earlier and investi-
gate differences in galaxy size growth (as opposed to mass growth) for a statistical sample.
The latter could, in a future work, be contrasted to expectations from progenitor-descendant
sequences obtained from (refined) abundance matching arguments, with the comparison po-
tentially providing constraints on the importance of growth via major mergers and stellar
radial migration. Another yield from this extended resolved analysis would be a statistical
exploration of the radial gradients of the observables listed above.

In particular, it is still an open question to what extent stellar age and metallicity
gradients may be linked to the molecular gas availability. In this context, upon my impending
move to the Astronomisches Recheninstitut (ARI) in Heidelberg, I may be involved in the
MaNGA-ARO Survey of CO Targets (MASCOT) survey, an ESO large programme (PI: D.
Wylezalek) following up MaNGA galaxies with the Arizona Radio Observatory 12m single-
dish telescope1 to obtain CO-based molecular gas masses. Complementary to how resolved
galaxy properties correlate with the availability/paucity of gas, one of the goals of the survey
is further to use the kinematic information in optical lines to assess the impact of outflows
on molecular gas, induced by feedback from both star formation and AGN. I note that the
extension to AGN will add another layer of complication to the full spectral fitting analysis,
given their contribution to the emission line properties, so it may be necessary to expand
the nebular line model or switch to a procedure where line emission is masked/subtracted
but absorption features remain included. My analysis in Chapter 4 suggests that, with such
a procedure, recovered star formation rates and mass-weighted stellar ages would still be
inferred robustly, but stellar metallicities may be treated with caution.

In addition to using galaxy-integrated CO observations, I also plan to conduct spatially
resolved molecular gas mass studies. Specifically, I intend to explore a new methodology
for deriving molecular gas properties, based on the optical absorption of dust rather than
its IR emission. This concept is powerful in principle given its applicability to vast optical
spectroscopic surveys, including IFU datasets, potentially enabling large statistical studies
of resolved molecular gas maps. Encouragingly, a recent study by Concas & Popesso (2019)
established an empirical correlation at the level of ∼ 0.3 dex between the galaxy-integrated
Balmer decrement and CO-inferred gas masses in nearby galaxies (when accounting for
inclination), and the validity of the method has further recently been confirmed on spatially
resolved EDGE-CALIFA data (Barrera-Ballesteros et al., 2020). With ∼ 25% of the (public)
EDGE-CALIFA sample being AGN/LINERs, I intend to use their CO-based molecular gas
maps to explore additionally whether an optimised prescription can be formulated for AGN,
and could be applied to MaNGA AGN. I further intend to complement these statistical
efforts by submitting proposals to obtain more accurate molecular gas maps with ALMA2

for selected sources featuring unusual extinction-based gas properties.
Finally, on the horizon are a number of powerful new observing facilities which will allow

me to extend multi-wavelength, spectroscopic, and in many cases spatially resolved analyses
of the kind presented in this thesis to higher redshifts. In the near future, the launch of
the James Webb Space Telescope (JWST; Gardner et al. 2006) will enable 3D studies at
unprecedented high redshifts with its NIRSpec (Ferruit et al., 2012) and MIRI (Bouchet
et al., 2015) near- to mid-infrared instruments. A further gain in spatial resolution will
follow with the diffraction-limited HARMONI integral-field spectrograph on the Extremely
Large Telescope3. Meanwhile, the next few years will see a number of massively multi-
plexed optical fibre spectrographs come online that will significantly boost number statistics

1http://aro.as.arizona.edu/
2https://www.almaobservatory.org/
3http://www.eso.org/sci/facilities/eelt/

http://aro.as.arizona.edu/
https://www.almaobservatory.org/
http://www.eso.org/sci/facilities/eelt/
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from the nearby Universe out to the peak of cosmic star formation (WEAVE 4, 4MOST5,
VLT/MOONS6). At the same time, new and upcoming multi-wavelength wide-field sur-
veys from the X-rays (ERASS with eROSITA7) to the optical (VCRO8, formerly known as
LSST), near infrared (Euclid9) and radio (WALLABY10 with ASKAP) will provide numer-
ous opportunities for synergies. Among opportunities presented by these new workhorse
instruments for observational astronomy in the 2020s, I may be involved in the ambitious
JWST Early Release Science Program “Q3D” (PI: D. Wylezalek), which will use the IFU
mode of NIRSpec and MIRI to study the spatially resolved interplay of three powerful AGN
with their host galaxies.

4http://casu.ast.cam.ac.uk/surveys-projects/weave
5https://www.4most.eu/cms/
6https://vltmoons.org/
7https://www.mpe.mpg.de/eROSITA
8https://www.lsst.org/
9https://sci.esa.int/web/euclid

10https://wallaby-survey.org/

http://casu.ast.cam.ac.uk/surveys-projects/weave
https://www.4most.eu/cms/
https://vltmoons.org/
https://www.mpe.mpg.de/eROSITA
https://www.lsst.org/
https://sci.esa.int/web/euclid
https://wallaby-survey.org/
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Appendix 2.A: AGN contribution

While our sample was selected to consist of purely star-forming galaxies, we aim to quan-
tify to what extent the calibration proposed herein can be applied to samples containing
SFG+AGN composite galaxies. To this end, we simulate a grid of model AGN SEDs and
add their photometry in the 22, 250, 350 and 500 µm bands with appropriate scaling to the
observed WISE+SPIRE photometry of our star-forming sample. We apply our SED fitting
procedure to these mock composite observations, and calculate dust-based gas masses for
the “contaminated” sources.

Our AGN IR model SEDs are taken from Kirkpatrick et al. (2015), who compiled a library
of templates based on stacking Spitzer mid-IR spectroscopy and multi-wavelength imaging
data of luminous infrared galaxies. Specifically, to explore different AGN spectral shapes, we
use the four different AGN templates in their comprehensive library (“AGN1” to “AGN4”
according to different redshift and IR luminosity cuts), plus the purest AGN template from
their mid-IR library (“MIR1.0”). For a detailed discussion about the technique, underlying
assumptions, possible selection biases and limitations of the models, we refer the reader to
Kirkpatrick et al. (2015). To get a rough estimate of the bolometric luminosity Lbol, AGN

of the AGN model IR SEDs, we apply a bolometric correction factor of 10.09 at 22 µm
as proposed by Runnoe et al. (2012). For each galaxy in our sample, we scale the mock
photometric fluxes such that the ratio of the AGN bolometric luminosity and the integrated
IR luminosity of our star-forming SED, fAGN = log(Lbol, AGN/LIR, SF), ranges from−1 to 1,
thus accounting for various degrees of AGN contribution. We caution that the Runnoe et al.
(2012) conversion was established for luminous AGN with 45.1 < logLbol, AGN < 47.0, while
our parameter space explores bolometric luminosities ranging from 1043.3 to 1046.2 erg s−1.
We also note that our sample is situated at redshifts < 0.2 while the Kirkpatrick et al. (2015)
templates were established for z > 0.3. As a result, our treatment of the AGN contribution
is likely simplistic, and exploring how AGN properties might differ for our parameter space
is beyond the scope of this work. Here we simply aim to provide a rough estimate of the
general scale of AGN contribution effects.

The expected median over-/underprediction in dust-based gas masses, ∆ log (Mgas,dust),
is shown in Figure 1 as a function of the strength of AGN contribution. At fAGN > 1,
the gas mass is overpredicted with the discrepancy increasing with the strength of the
AGN. The trends result from the two dependencies stated in Eq. 12: the dust mass (and
therefore the predicted gas mass) increases linearly with LIR, SF, while the dependence on
dust temperature scales with a power of −5.5. The AGN contribution increases the total
IR luminosity, while at the same time adding predominantly to the flux at 22µm, thus
compensating by making the dust appear hotter. Our findings suggest that dust-based gas
masses will be overpredicted by a factor 2 (1.5) if the AGN luminosity Lbol, AGN exceeds
∼ 5.4LIR, SF (3.3LIR, SF).



128

1.0 0.5 0.0 0.5 1.0
AGN contribution, log(Lbol, AGN/LIR, SF)

0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

∆
lo

g
( M

g
a
s,

d
u
st
)

Figure 1 Expected variation in the prediction of Mgas, dust when fitting the
SED of a model composite galaxy with AGN contribution, as opposed to a
purely star-forming galaxy. The median trend (black solid line) is calculated
ranging over all galaxies and for each of them, over five templates accounting
for different AGN spectral shapes. The grey region displays the 68 percentile
range.
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Appendix 2.B: Catalog of observables and derived quan-
tities

In Tables 1 and 2, we list the values of our direct observations and derived quantities for
the Stripe82 sample.
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Table 1 Directly observable quantities for our 78 Stripe82 galaxies: aperture-
corrected CO(1-0) flux FCO(1−0) and, where applicable, CO(2-1) flux FCO(2−1),
corresponding aperture correction factors (fcorr, CO(1−0), fcorr, CO(2−1)), the lu-
minosity ratio R21 = FCO(2−1)/FCO(1−0), and, where applicable, H i flux FH i.

ID RA DEC z FCO(1−0) fcorr, CO(1−0) FCO(2−1) fcorr, CO(2−1) R21 FH i

[hh:mm:ss.s] [dd:mm:ss.s] [Jy km s−1] [Jy km s−1] [Jy km s−1]

216 01:46:02.5 -00:17:36.3 0.055 18.1 ± 0.7 1.06 57 ± 2 1.62 3.1 ± 0.1 /
586 02:18:02.1 -00:33:34.7 0.144 3.6 ± 0.5 1.18 / / / /
621 02:12:19.8 01:04:41.4 0.151 6.4 ± 0.6 1.29 / / / /
742 01:15:12.7 -00:11:53.6 0.196 4.2 ± 0.5 1.02 / / / /
745 01:44:55.5 -00:40:27.9 0.15 2.9 ± 0.3 1.32 / / / /
210 01:04:44.7 -00:53:41.2 0.066 2.1 ± 0.4 1.01 6 ± 1 1.19 2.7 ± 0.7 /
335 01:21:19.4 -00:46:50.2 0.054 9.2 ± 1.0 1.02 21 ± 1 1.51 2.3 ± 0.3 /
749 01:44:50.7 00:09:21.9 0.148 3.5 ± 0.4 1.02 / / / /
310 01:14:56.3 00:07:50.5 0.041 28 ± 2 1.02 79 ± 3 1.68 2.8 ± 0.2 /
576 01:48:21.4 00:46:57.9 0.143 6.3 ± 0.7 1.09 / / / /
315 01:14:25.7 00:32:09.9 0.041 10.7 ± 0.7 1.02 28 ± 2 1.99 2.6 ± 0.2 1.0 ± 0.1
765 02:02:16.1 00:04:25.8 0.163 7.7 ± 0.6 1.13 / / / /
393 01:59:51.0 00:56:16.5 0.06 7.6 ± 0.8 1.04 26 ± 2 1.23 3.4 ± 0.4 2.6 ± 0.1
62 02:18:59.6 00:19:48.0 0.03 41 ± 3 1.14 65 ± 3 1.59 1.6 ± 0.1 1.4 ± 0.1
633 02:09:57.9 -00:08:52.1 0.147 2.7 ± 0.4 1.06 / / / /
498 01:17:43.1 00:24:24.4 0.133 5.7 ± 0.6 1.04 11 ± 1 1.14 1.9 ± 0.3 /
110 01:39:31.8 -00:01:52.7 0.057 20.4 ± 0.8 1.02 46 ± 3 1.61 2.3 ± 0.2 /
66 01:30:21.3 -00:57:45.0 0.029 10 ± 1 1.17 37 ± 2 1.33 3.7 ± 0.5 /
67 01:23:17.0 -00:54:21.7 0.026 23 ± 2 1.3 75 ± 4 1.82 3.3 ± 0.4 0.7 ± 0.1
495 01:11:42.2 00:46:04.7 0.125 4.1 ± 0.4 1.04 5 ± 1 1.11 1.2 ± 0.3 /
72 01:19:34.4 00:39:13.2 0.054 10 ± 1 1.13 31 ± 2 1.47 3.1 ± 0.4 /
657 02:02:21.6 -00:54:17.5 0.162 2.9 ± 0.3 1.27 / / / /
770 02:05:10.5 00:33:46.1 0.156 4.0 ± 0.4 1.26 / / / /
793 01:57:01.5 -00:16:44.5 0.045 15 ± 1 1.33 47 ± 2 1.49 3.2 ± 0.3 1.8 ± 0.3
22 01:15:40.6 01:11:52.7 0.044 15 ± 1 1.18 38 ± 2 1.8 2.5 ± 0.2 2.4 ± 0.2
345 01:56:09.0 -00:16:15.8 0.047 10.4 ± 0.8 1.01 37 ± 1 1.41 3.6 ± 0.3 0.7 ± 0.1
628 01:37:52.1 00:24:53.1 0.15 2.4 ± 0.4 1.01 / / / /
47 02:17:17.0 -00:25:18.7 0.041 11 ± 1 1.04 24 ± 2 1.37 2.1 ± 0.3 1.5 ± 0.2
579 02:05:13.6 00:24:02.9 0.136 2.0 ± 0.3 1.22 / / / /
4 01:21:20.4 -00:36:51.5 0.054 9.8 ± 0.8 1.18 10 ± 1 1.34 1.0 ± 0.1 /
525 02:11:16.7 -00:50:02.4 0.083 6.4 ± 0.5 1.06 18 ± 1 1.29 2.8 ± 0.3 0.9 ± 0.2
527 00:59:10.0 -00:20:55.1 0.079 13.5 ± 0.8 1.02 18 ± 1 1.38 1.3 ± 0.1 0.9 ± 0.2
652 01:31:20.4 00:20:41.1 0.157 4.3 ± 0.5 1.38 / / / /
521 01:46:48.9 -00:43:05.8 0.082 6.8 ± 0.7 1.07 18 ± 1 1.22 2.7 ± 0.3 /
650 02:04:31.3 00:13:41.2 0.163 7.6 ± 0.8 1.08 / / / /
334 01:19:05.2 -00:47:07.4 0.054 11.1 ± 0.9 1.12 27 ± 1 1.37 2.4 ± 0.2 /
506 02:04:45.6 -01:02:33.5 0.13 3.4 ± 0.4 1.09 10 ± 1 1.27 3.1 ± 0.5 /
5 01:57:00.6 -00:05:23.5 0.045 30.8 ± 1.2 1.02 80 ± 2 1.9 2.6 ± 0.1 1.9 ± 0.1
364 01:09:04.5 -01:12:13.1 0.063 5.5 ± 0.7 1.07 15 ± 1 1.41 2.8 ± 0.4 /
277 01:28:46.5 00:16:59.9 0.105 9.5 ± 0.8 1.27 / / / /
202 01:02:13.6 -00:26:13.8 0.067 12 ± 1 1.02 24 ± 1 1.66 2.0 ± 0.2 /
734 02:04:04.0 00:25:24.8 0.175 3.4 ± 0.4 1.07 / / / /
753 01:05:23.5 00:56:08.6 0.151 0.9 ± 0.2 1.15 / / / /
151 01:42:33.1 00:13:10.8 0.08 5.5 ± 0.7 1.15 8 ± 2 1.33 1.4 ± 0.3 1.2 ± 0.2
336 01:21:47.2 -00:46:44.0 0.054 7.2 ± 0.9 1.1 21 ± 1 1.48 3.0 ± 0.4 /
401 02:09:13.1 01:12:51.4 0.116 5.7 ± 0.5 1.07 12 ± 1 1.11 2.1 ± 0.3 /
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Table 1 (cont.)

ID RA DEC z FCO(1−0) fcorr, CO(1−0) FCO(2−1) fcorr, CO(2−1) R21 FH i

[hh:mm:ss.s] [dd:mm:ss.s] [Jy km s−1] [Jy km s−1] [Jy km s−1]

715 01:53:14.3 -01:05:50.6 0.126 5.1 ± 0.6 1.11 11 ± 1 1.25 2.2 ± 0.4 /
439 01:06:28.2 -00:16:56.9 0.067 6.5 ± 0.6 1.11 15 ± 1 1.22 2.3 ± 0.3 /
614 01:21:23.4 01:11:53.6 0.171 6.9 ± 0.6 1.23 / / / /
190 01:36:08.1 00:20:49.9 0.071 5.6 ± 0.5 1.2 15 ± 1 1.36 2.6 ± 0.3 /
121 01:01:47.9 -00:33:52.1 0.065 3.1 ± 0.6 1.05 9 ± 2 1.32 3.1 ± 0.8 /
111 01:38:40.7 -00:09:33.7 0.057 14 ± 1 1.02 32 ± 2 1.75 2.4 ± 0.3 /
38 01:15:08.2 00:13:37.6 0.044 10 ± 1 1.06 22 ± 2 1.62 2.1 ± 0.3 0.6 ± 0.2
267 01:24:48.9 00:54:36.1 0.033 68 ± 3 1.17 158 ± 4 2.18 2.3 ± 0.1 0.8 ± 0.1
266 01:01:07.8 00:51:27.8 0.027 13 ± 2 1.03 32 ± 2 1.77 2.5 ± 0.4 1.0 ± 0.1
264 01:28:30.3 00:00:14.5 0.026 21 ± 2 1.03 42 ± 2 1.97 2.0 ± 0.2 0.6 ± 0.1
780 00:58:28.0 -01:05:03.7 0.193 2.9 ± 0.6 1.1 / / / /
268 01:32:25.5 00:58:36.0 0.027 16 ± 2 1.09 47 ± 2 1.48 3.0 ± 0.3 0.5 ± 0.1
106 01:12:54.9 00:40:51.6 0.065 9.2 ± 0.8 1.02 21 ± 2 1.25 2.3 ± 0.3 /
480 01:14:40.0 00:28:07.5 0.092 9.1 ± 0.8 1.21 / / / /
39 01:13:46.3 00:18:20.6 0.044 20 ± 2 1.1 74 ± 3 1.92 3.8 ± 0.3 /
520 01:46:20.7 -00:38:49.3 0.083 7.6 ± 0.8 1.02 15 ± 1 1.29 2.0 ± 0.3 1.9 ± 0.2
59 01:54:54.2 00:48:40.4 0.027 54 ± 3 1.36 103 ± 4 2.25 1.9 ± 0.1 4.7 ± 0.1
319 02:13:56.8 00:31:52.3 0.041 8 ± 1 1.14 20 ± 2 1.86 2.7 ± 0.5 2.4 ± 0.1
55 01:24:28.7 01:08:19.2 0.031 15 ± 2 1.1 43 ± 3 1.76 2.9 ± 0.4 /
18 02:11:14.5 01:05:15.4 0.04 8.0 ± 0.6 1.03 27 ± 1 1.6 3.4 ± 0.3 1.6 ± 0.1
30 01:31:48.1 00:39:45.9 0.043 7.9 ± 0.7 1.14 19 ± 2 2.0 2.4 ± 0.3 0.9 ± 0.1
37 01:15:08.8 00:15:56.9 0.043 19 ± 1 1.01 71 ± 2 1.41 3.7 ± 0.3 0.6 ± 0.2
354 01:16:23.6 00:26:44.8 0.055 4.7 ± 0.5 1.09 16 ± 1 1.47 3.4 ± 0.4 /
379 01:41:18.6 -00:12:37.7 0.055 3.3 ± 0.6 1.1 7 ± 1 1.28 2.1 ± 0.4 /
642 01:12:08.0 -00:05:11.3 0.178 4.1 ± 0.6 1.1 / / / /
32 01:14:15.8 00:45:55.2 0.042 15.0 ± 0.9 1.24 42 ± 2 2.08 2.8 ± 0.2 0.7 ± 0.1
649 02:05:01.8 00:16:13.5 0.161 6.5 ± 0.5 1.29 / / / /
437 00:58:14.9 -00:13:37.0 0.071 12 ± 1 1.27 47 ± 2 1.5 4.0 ± 0.5 /
204 01:06:11.5 -00:53:59.6 0.067 13 ± 1 1.3 31 ± 1 1.46 2.4 ± 0.2 /
292 02:01:43.4 -01:04:11.4 0.043 5 ± 1 1.03 19 ± 4 1.88 4 ± 1 /
514 01:57:18.3 -01:10:11.9 0.081 5.2 ± 0.8 1.13 20 ± 2 1.35 3.8 ± 0.7 /
65 01:24:38.1 -00:03:46.4 0.028 10 ± 1 1.22 21 ± 2 1.95 2.1 ± 0.3 1.9 ± 0.1
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Table 2 Derived physical quantities for our 78 Stripe82 galaxies: redshift
z, stellar mass logM?, star formation rate log SFR, metallicity Z, half-light
radius Re, dust temperature Tdust, dust mass logMdust, dust-based gas mass
log (Mgas, dust), CO-based gas mass log (Mgas,CO), dynamical mass logMdyn

and H i mass logMH i. For low-inclination systems (inc < 25◦), the values for
Mdyn are marked with an asterisk to indicate that they are likely dominated
by uncertainties in the inclination. The H i mass MH i is marked with a double
asterisk when the value was obtained based on the Catinella et al. (2012) scaling
relation rather than a direct H i observation, as discussed in Section 2.3. We
stress that the uncertainties presented here are of statistical nature only and
thus exclude systematics stemming from, e.g., the CO-to-H2 and dust-to-gas
conversion factors.

ID z logM? log SFR Z Re Tdust logMdust log (Mgas, dust) log (Mgas,CO) logMdyn logMH i

[M�] [M� yr−1] [kpc] [K] [M�] [ M�] [ M�] [M�] [M�]
216 0.06 10.76 1.03 8.77 4.06 27.1 7.96 ±0.01 9.87 ±0.01 9.97 ±0.05 10.4 ± 0.3* 10.1 ±0.3**
586 0.14 10.56 1.33 8.73 3.17 31.2 8.21 ±0.03 10.16 ±0.03 10.11 ±0.07 10.6 ± 0.2 10.2 ±0.3**
621 0.15 10.88 1.41 8.81 3.72 30.2 8.28 ±0.04 10.16 ±0.04 10.35 ±0.06 10.8 ± 0.1 10.0 ±0.3**
742 0.2 11.11 1.35 8.74 15.06 28.5 8.53 ±0.03 10.47 ±0.03 10.46 ±0.06 11.6 ± 0.1 10.5 ±0.3**
745 0.15 10.51 1.13 8.67 6.02 31.2 8.17 ±0.03 10.18 ±0.03 10.12 ±0.06 10.3 ± 0.1 10.5 ±0.3**
210 0.07 10.0 0.18 8.68 5.1 26.0 7.66 ±0.05 9.65 ±0.05 9.21 ±0.09 10.2 ± 0.1 9.7 ±0.3**
335 0.05 10.21 0.43 8.79 6.27 25.1 7.75 ±0.03 9.65 ±0.03 9.64 ±0.07 10.6 ± 0.1 10.0 ±0.3**
749 0.15 10.67 1.05 8.75 5.6 28.5 8.24 ±0.03 10.17 ±0.03 10.12 ±0.06 10.8 ± 0.1 10.3 ±0.3**
310 0.04 10.8 0.74 8.81 4.81 25.5 8.04 ±0.01 9.92 ±0.01 9.87 ±0.06 10.8 ± 0.1 9.9 ±0.3**
576 0.14 10.88 1.44 8.81 4.15 29.3 8.34 ±0.03 10.22 ±0.03 10.32 ±0.06 10.8 ± 0.1 9.9 ±0.3**
315 0.04 10.43 0.36 8.77 7.44 26.0 7.62 ±0.03 9.53 ±0.03 9.46 ±0.07 10.6 ± 0.1 9.87 ±0.05
765 0.16 10.66 1.39 8.8 4.17 26.5 8.65 ±0.02 10.54 ±0.02 10.53 ±0.05 10.9 ± 0.1* 10.1 ±0.3**
393 0.06 10.37 0.79 8.72 3.74 30.2 7.83 ±0.01 9.79 ±0.01 9.69 ±0.06 10.3 ± 0.1 10.61 ±0.02
62 0.03 10.46 0.33 8.77 4.48 27.1 7.78 ±0.01 9.7 ±0.01 9.78 ±0.06 10.7 ± 0.1 9.73 ±0.04
633 0.15 10.45 1.03 8.7 7.04 28.5 8.17 ±0.05 10.14 ±0.05 10.03 ±0.07 10.1 ± 0.3 10.5 ±0.3**
498 0.13 10.95 1.23 8.69 7.07 29.3 8.22 ±0.03 10.21 ±0.03 10.28 ±0.06 11.0 ± 0.1 10.2 ±0.3**
110 0.06 10.82 0.69 8.79 6.83 26.0 8.02 ±0.01 9.92 ±0.01 10.03 ±0.05 10.5 ± 0.4* 10.5 ±0.3**
66 0.03 10.36 0.6 8.8 3.1 29.3 7.21 ±0.02 9.11 ±0.02 9.12 ±0.07 10.2 ± 0.1 9.2 ±0.3**
67 0.03 10.38 -0.07 8.78 3.95 28.5 7.45 ±0.01 9.36 ±0.01 9.37 ±0.06 10.5 ± 0.1 9.3 ±0.1
495 0.13 10.94 0.93 8.73 6.92 26.5 8.22 ±0.05 10.17 ±0.05 10.05 ±0.06 10.9 ± 0.1 9.9 ±0.3**
72 0.05 10.62 0.62 8.72 6.39 27.1 7.83 ±0.01 9.8 ±0.01 9.71 ±0.06 10.8 ± 0.1 9.8 ±0.3**
657 0.16 10.47 1.07 8.77 5.18 27.8 8.28 ±0.04 10.19 ±0.04 10.1 ±0.06 10.4 ± 0.2 10.1 ±0.3**
770 0.16 10.83 1.1 8.8 5.48 26.0 8.33 ±0.05 10.22 ±0.05 10.2 ±0.06 10.5 ± 0.2 10.3 ±0.3**
793 0.05 10.56 0.93 8.85 5.76 29.3 7.72 ±0.01 9.57 ±0.01 9.68 ±0.06 10.6 ± 0.1 10.2 ±0.1
22 0.04 10.76 0.94 8.83 8.57 28.5 7.75 ±0.01 9.61 ±0.01 9.65 ±0.06 10.9 ± 0.1 10.31 ±0.04
345 0.05 10.57 0.53 8.7 5.73 27.1 7.73 ±0.02 9.7 ±0.02 9.62 ±0.06 10.7 ± 0.1 9.9 ±0.1
628 0.15 10.74 1.09 8.72 6.71 27.8 8.23 ±0.05 10.19 ±0.05 10.0 ±0.08 10.8 ± 0.1 10.5 ±0.3**
47 0.04 10.27 0.22 8.8 3.79 27.1 7.49 ±0.02 9.38 ±0.02 9.47 ±0.07 10.2 ± 0.1 10.0 ±0.1
579 0.14 10.39 0.73 8.72 5.59 28.5 8.12 ±0.05 10.07 ±0.05 9.81 ±0.08 10.6 ± 0.1 10.3 ±0.3**
4 0.05 10.74 0.52 8.8 3.23 25.1 7.74 ±0.05 9.63 ±0.05 9.65 ±0.06 10.6 ± 0.1 9.5 ±0.3**
525 0.08 10.35 0.57 8.77 5.38 23.1 8.26 ±0.09 10.17 ±0.09 9.88 ±0.05 10.3 ± 0.2* 10.5 ±0.1
527 0.08 10.74 0.78 8.76 6.68 25.1 8.17 ±0.03 10.09 ±0.03 10.14 ±0.05 11.4 ± 0.4* 10.4 ±0.1
652 0.16 10.7 1.58 8.78 3.44 29.3 8.36 ±0.03 10.27 ±0.03 10.23 ±0.06 10.4 ± 0.2 10.2 ±0.3**
521 0.08 10.42 0.74 8.67 8.5 26.5 8.15 ±0.03 10.15 ±0.03 9.92 ±0.06 10.7 ± 0.1 10.1 ±0.3**
650 0.16 11.03 1.48 8.75 11.74 25.5 8.63 ±0.03 10.57 ±0.03 10.56 ±0.06 11.2 ± 0.1 10.8 ±0.3**
334 0.05 10.46 0.71 8.83 5.26 26.0 7.9 ±0.03 9.77 ±0.03 9.72 ±0.05 10.6 ± 0.1 10.1 ±0.3**
506 0.13 11.48 1.03 8.81 5.74 24.2 8.28 ±0.05 10.16 ±0.05 9.96 ±0.06 11.3 ± 0.3* 10.9 ±0.3**
5 0.05 10.77 0.7 8.79 6.09 26.5 7.96 ±0.01 9.86 ±0.01 10.02 ±0.07 10.8 ± 0.1 10.24 ±0.02
364 0.06 10.32 0.88 8.71 5.1 28.5 7.95 ±0.02 9.92 ±0.02 9.59 ±0.07 10.5 ± 0.1 10.1 ±0.3**
277 0.1 11.01 1.37 8.79 6.11 26.0 8.38 ±0.02 10.28 ±0.02 10.23 ±0.05 11.0 ± 0.1 9.9 ±0.3**
202 0.07 10.88 0.46 8.65 10.12 23.7 8.02 ±0.08 10.04 ±0.08 9.99 ±0.07 11.2 ± 0.1 10.3 ±0.3**
734 0.18 11.16 1.39 8.82 6.58 27.8 8.44 ±0.03 10.31 ±0.03 10.25 ±0.06 11.6 ± 0.3* 10.4 ±0.3**
753 0.15 10.33 0.9 8.71 7.22 26.5 8.2 ±0.1 10.2 ±0.1 9.61 ±0.08 10.3 ± 0.4 10.6 ±0.3**
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Table 2 (cont.)

ID z logM? log SFR Z Re Tdust logMdust log (Mgas, dust) log (Mgas,CO) logMdyn logMH i

[M�] [M� yr−1] [kpc] [K] [M�] [ M�] [ M�] [M�] [M�]
151 0.08 10.65 0.64 8.81 6.73 25.5 8.2 ±0.1 10.1 ±0.11 9.74 ±0.07 10.9 ± 0.1 10.6 ±0.1
336 0.05 10.25 0.75 8.8 5.29 24.8 7.88 ±0.03 9.77 ±0.03 9.51 ±0.07 10.9 ± 0.3* 10.2 ±0.3**
401 0.12 10.81 1.12 8.82 5.46 27.1 8.23 ±0.03 10.11 ±0.03 10.08 ±0.06 10.8 ± 0.1 10.1 ±0.3**
715 0.13 10.89 1.12 8.79 12.32 25.5 8.33 ±0.05 10.22 ±0.05 10.13 ±0.07 11.2 ± 0.2 10.6 ±0.3**
439 0.07 10.52 0.45 8.73 5.68 26.5 7.89 ±0.02 9.84 ±0.02 9.71 ±0.06 10.61 ± 0.02 9.9 ±0.3**
614 0.17 10.97 1.6 8.79 5.37 28.5 8.71 ±0.02 10.61 ±0.02 10.52 ±0.05 10.5 ± 0.4 10.6 ±0.3**
190 0.07 10.35 0.68 8.82 4.7 27.1 7.89 ±0.03 9.77 ±0.03 9.63 ±0.06 10.4 ± 0.1 10.1 ±0.3**
121 0.06 10.49 0.69 8.76 4.5 27.8 7.74 ±0.03 9.67 ±0.03 9.35 ±0.08 10.4 ± 0.1 10.0 ±0.3**
111 0.06 10.85 0.65 8.8 6.14 26.5 7.86 ±0.02 9.75 ±0.02 9.87 ±0.07 10.9 ± 0.1 10.5 ±0.3**
38 0.04 10.13 0.74 8.81 4.25 29.3 7.52 ±0.02 9.39 ±0.02 9.52 ±0.07 10.5 ± 0.2 9.7 ±0.1
267 0.03 10.83 1.0 8.81 4.73 27.8 7.98 ±0.0 9.86 ±0.0 10.05 ±0.06 10.8 ± 0.2 9.59 ±0.04
266 0.03 10.13 0.03 8.82 2.6 25.5 7.33 ±0.03 9.2 ±0.03 9.2 ±0.08 10.2 ± 0.1 9.52 ±0.04
264 0.03 10.26 -0.08 8.84 3.96 27.1 7.3 ±0.01 9.16 ±0.01 9.35 ±0.07 10.4 ± 0.2 9.3 ±0.1
780 0.19 11.17 1.34 8.72 4.11 26.5 8.49 ±0.06 10.45 ±0.06 10.32 ±0.09 10.8 ± 0.2 9.9 ±0.3**
268 0.03 10.11 0.15 8.76 2.71 27.8 7.4 ±0.01 9.33 ±0.01 9.25 ±0.06 10.2 ± 0.1 9.2 ±0.1
106 0.06 10.22 0.73 8.79 3.44 29.3 7.88 ±0.02 9.77 ±0.02 9.78 ±0.06 10.2 ± 0.1 9.8 ±0.3**
480 0.09 11.04 0.91 8.73 8.88 26.5 8.14 ±0.03 10.09 ±0.03 10.17 ±0.06 11.3 ± 0.1 10.6 ±0.3**
39 0.04 10.92 0.87 8.78 9.33 26.5 7.85 ±0.01 9.76 ±0.01 9.78 ±0.07 11.0 ± 0.1 10.1 ±0.3**
520 0.08 10.76 0.73 8.76 7.5 25.5 8.13 ±0.03 10.05 ±0.03 9.93 ±0.06 10.8 ± 0.1 10.76 ±0.04
59 0.03 10.33 0.71 8.84 3.73 30.2 7.689 ±0.003 9.556 ±0.003 9.77 ±0.07 10.3 ± 0.1 10.19 ±0.01
319 0.04 10.38 0.39 8.82 8.19 26.0 7.53 ±0.02 9.4 ±0.02 9.27 ±0.09 10.6 ± 0.2 10.25 ±0.03
55 0.03 10.04 0.5 8.85 3.47 28.5 7.46 ±0.01 9.31 ±0.01 9.3 ±0.07 10.4 ± 0.2 9.9 ±0.3**
18 0.04 10.05 0.4 8.83 4.03 27.1 7.51 ±0.02 9.37 ±0.02 9.3 ±0.06 10.1 ± 0.2* 10.06 ±0.03
30 0.04 10.31 -0.4 8.86 8.41 23.9 7.77 ±0.08 9.61 ±0.08 9.35 ±0.07 10.7 ± 0.1 9.86 ±0.04
37 0.04 10.42 0.57 8.76 3.53 25.1 7.94 ±0.01 9.86 ±0.01 9.76 ±0.06 10.4 ± 0.1 9.7 ±0.1
354 0.05 10.63 0.29 8.73 5.88 25.1 7.8 ±0.1 9.7 ±0.1 9.37 ±0.06 10.8 ± 0.1 10.3 ±0.3**
379 0.06 10.08 0.54 8.72 4.71 25.5 7.62 ±0.04 9.58 ±0.04 9.25 ±0.08 10.5 ± 0.1 10.0 ±0.3**
642 0.18 10.85 1.27 8.77 8.19 27.8 8.41 ±0.04 10.33 ±0.04 10.36 ±0.07 11.0 ± 0.1 10.3 ±0.3**
32 0.04 10.82 0.59 8.72 11.11 26.5 7.66 ±0.02 9.62 ±0.02 9.65 ±0.06 10.8 ± 0.1 9.72 ±0.04
649 0.16 10.89 1.03 8.8 6.23 27.8 8.57 ±0.02 10.46 ±0.02 10.45 ±0.05 12.1 ± 0.6* 10.4 ±0.3**
437 0.07 10.76 1.11 8.71 7.12 31.2 8.12 ±0.01 10.08 ±0.01 10.01 ±0.06 10.7 ± 0.1 10.2 ±0.3**
204 0.07 10.9 0.89 8.78 3.72 26.5 8.04 ±0.02 9.95 ±0.02 9.97 ±0.06 10.8 ± 0.1 9.8 ±0.3**
292 0.04 11.0 0.3 8.78 5.76 24.8 7.47 ±0.05 9.38 ±0.05 9.2 ±0.1 11.2 ± 0.2 9.7 ±0.3**
514 0.08 10.6 0.47 8.7 8.79 23.9 8.09 ±0.08 10.07 ±0.08 9.78 ±0.07 10.8 ± 0.1 10.0 ±0.3**
65 0.03 10.34 -0.33 8.68 6.26 21.6 7.41 ±0.03 9.4 ±0.03 9.12 ±0.07 10.7 ± 0.1 9.80 ±0.03
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Appendix 2.C: Postage stamps

In figure 2 we present 3-colour gri postage stamps for the 78 galaxies targeted by our IRAM
30-m CO survey.

Figure 2 SDSS 3-colour gri postage stamps for the galaxies targeted by our
IRAM 30-m CO(1-0) survey, ranked by redshift (indicated in the bottom right
corner). For reference, we indicate the 22” beam of the IRAM 30-m telescope
with a dotted circle.
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Figure 2 (cont.)
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Appendix 2.D: Spectral gallery

Figure 3 IRAM CO(1-0) line profiles for the 78 galaxies in our sample, sorted
by increasing redshift. The red curve represents the line profile fit obtained by
modelling the emission from a rotating disk (see Section 3.3). The yellow shaded
region marks the line as adopted in the calculation of the integrated line flux,
and the dashed line denotes the 1σ level. All flux densities are displayed as
observed before the aperture correction was applied.
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Figure 3 (cont.)
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Figure 3 (cont.)
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Figure 3 (cont.)
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Figure 3 (cont.)
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Figure 3 (cont.)

In Figure 3, we present the line profiles of all of our CO(1-0) observations, ranked by
increasing redshift. Overplotted in red is the best-fitting rotating disk model. Figure 4
shows a collection of the 56 CO(2-1) line profiles that were observed simultaneously. The
H i 21 cm line spectra recorded for a subsample of our galaxies are shown in Figure 5, sorted
by increasing redshift as well.
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Figure 4 IRAM CO(2-1) line profiles for 56 of our galaxies, sorted by in-
creasing redshift. The yellow shaded region marks the line as adopted in the
calculation of the integrated line flux, and the dashed line denotes the 1σ level.
All flux densities are displayed as observed before the aperture correction was
applied.
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Figure 4 (cont.)
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Figure 4 (cont.)
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Figure 4 (cont.)
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Figure 5 H i 21 cm line profiles for 24 galaxies in our sample, sorted by
increasing redshift. The grey areas mark regions of interference from a different
signal - these regions were excluded in the computation of the RMS error, which
is used for calculating the uncertainties on integrated H i line fluxes, and H i
masses. The yellow shaded region marks the line as adopted in the calculation
of the integrated line flux, and the dashed line denotes the 1σ level. The zero-
point of the velocity axis is positioned at the predicted observed line frequency
according to spectroscopic redshift from SDSS.
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Figure 5 (cont.)
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Übler H., et al., 2017, The Astrophysical Journal, 842, 121

Vera M., Alonso S., Coldwell G., 2016, Astronomy & Astrophysics, 595, A63

Viero M., et al., 2014, The Astrophysical Journals, 210, 22

Villa-Vargas J., Shlosman I., Heller C., 2010, The Astrophysical Journal, 719, 1470

Wake D. A., et al., 2017, The Astrophysical Journal, 154, 86

Wang W., et al., 2017a, Monthly Notices of the Royal Astronomical Society, 469, 4063

Wang E., Kong X., Wang H., Wang L., Lin L., Gao Y., Liu Q., 2017b, The Astrophysical
Journal, 844, 144

Wang E., Kong X., Pan Z., 2018, The Astrophysical Journal, 865, 49

Weisz D. R., et al., 2012, The Astrophyscial Journal, 744, 44

Wellons S., Torrey P., 2017, MNRAS, 467, 3887

White S. D. M., Rees M. J., 1978, Monthly Notices of the Royal Astronomical Society, 183,
341

Wild V., Charlot S., Brinchmann J., Heckman T., Vince O., Pacifici C., Chevallard J., 2011,
Monthly Notices of the Royal Astronomical Society, 417, 1760

Wilkinson D. M., et al., 2015, Monthly Notices of the Royal Astronomical Society, 449, 328

Wilkinson D. M., Maraston C., Goddard D., Thomas D., Parikh T., 2017, Monthly Notices
of the Royal Astronomical Society, 472, 4297

Willett K. W., et al., 2013, Monthly Notices of the Royal Astronomical Society, 435, 2835

Wong T., et al., 2013, The Astrophysical Journall, 777, L4

Wright E., et al., 2010, The Astrophysical Journal, 140, 1868

Wuyts S., et al., 2011, The Astrophysical Journal, 742, 96

Wuyts S., et al., 2012, The Astrophysical Journal, 753, 114

Wuyts S., et al., 2016, The Astrophysical Journal, 831, 149

http://dx.doi.org/10.1086/147861
https://ui.adsabs.harvard.edu/abs/1964ApJ...139.1217T
http://dx.doi.org/10.1093/mnrasl/sly031
https://ui.adsabs.harvard.edu/abs/2018MNRAS.477L..16T
http://dx.doi.org/10.1086/423264
https://ui.adsabs.harvard.edu/abs/2020arXiv200601154T
http://dx.doi.org/10.1093/mnras/stz3286
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.5406T
http://dx.doi.org/10.1146/annurev-astro-091916-055240
http://dx.doi.org/10.1146/annurev-astro-091916-055240
https://ui.adsabs.harvard.edu/abs/2017ARA&A..55..389T
http://dx.doi.org/10.3847/1538-4357/aa7558
http://dx.doi.org/10.1051/0004-6361/201628750
https://ui.adsabs.harvard.edu/abs/2016A&A...595A..63V
http://dx.doi.org/10.1088/0067-0049/210/2/22
http://dx.doi.org/10.1088/0004-637X/719/2/1470
https://ui.adsabs.harvard.edu/abs/2010ApJ...719.1470V
http://dx.doi.org/10.3847/1538-3881/aa7ecc
https://ui.adsabs.harvard.edu/abs/2017AJ....154...86W
http://dx.doi.org/10.1093/mnras/stx1148
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469.4063W
http://dx.doi.org/10.3847/1538-4357/aa7bed
http://dx.doi.org/10.3847/1538-4357/aa7bed
https://ui.adsabs.harvard.edu/abs/2017ApJ...844..144W
http://dx.doi.org/10.3847/1538-4357/aadb9e
https://ui.adsabs.harvard.edu/abs/2018ApJ...865...49W
http://dx.doi.org/10.1088/0004-637X/744/1/44
https://ui.adsabs.harvard.edu/abs/2012ApJ...744...44W
http://dx.doi.org/10.1093/mnras/stx358
http://dx.doi.org/10.1093/mnras/183.3.341
https://ui.adsabs.harvard.edu/abs/1978MNRAS.183..341W
https://ui.adsabs.harvard.edu/abs/1978MNRAS.183..341W
http://dx.doi.org/10.1111/j.1365-2966.2011.19367.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.1760W
http://dx.doi.org/10.1093/mnras/stv301
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449..328W
http://dx.doi.org/10.1093/mnras/stx2215
http://dx.doi.org/10.1093/mnras/stx2215
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.4297W
http://dx.doi.org/10.1093/mnras/stt1458
http://dx.doi.org/10.1088/2041-8205/777/1/L4
http://dx.doi.org/10.1088/0004-6256/140/6/1868
http://dx.doi.org/10.1088/0004-637X/742/2/96
http://dx.doi.org/10.1088/0004-637X/753/2/114
https://ui.adsabs.harvard.edu/abs/2012ApJ...753..114W
http://dx.doi.org/10.3847/0004-637X/831/2/149


BIBLIOGRAPHY 160

Wylezalek D., Cicone C., et al. 2021, in prep.

Yan R., et al., 2016a, The Astrophysical Journal, 151, 8

Yan R., et al., 2016b, The Astrophysical Journal, 152, 197

Young L., et al., 2011, Monthly Notices of the Royal Astronomical Society, 414, 940

Zhang K., et al., 2017, Monthly Notices of the Royal Astronomical Society, 466, 3217

Zheng Z., et al., 2017, Monthly Notices of the Royal Astronomical Society, 465, 4572

Zolotov A., et al., 2015, Monthly Notices of the Royal Astronomical Society, 450, 2327

van Dokkum P. G., et al., 2010, The Astrophysical Journal, 709, 1018

van Dokkum P. G., et al., 2013, The Astrophysical Journall, 771, L35

van Dokkum P. G., et al., 2015, The Astrophysical Journal, 813, 23

van der Wel A., et al., 2013, The Astrophysical Journall, 777, L17

http://dx.doi.org/10.3847/0004-6256/151/1/8
https://ui.adsabs.harvard.edu/abs/2016AJ....151....8Y
http://dx.doi.org/10.3847/0004-6256/152/6/197
https://ui.adsabs.harvard.edu/abs/2016AJ....152..197Y
http://dx.doi.org/10.1111/j.1365-2966.2011.18561.x
http://dx.doi.org/10.1093/mnras/stw3308
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.3217Z
http://dx.doi.org/10.1093/mnras/stw3030
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.4572Z
http://dx.doi.org/10.1093/mnras/stv740
https://ui.adsabs.harvard.edu/abs/2015MNRAS.450.2327Z
http://dx.doi.org/10.1088/0004-637X/709/2/1018
https://ui.adsabs.harvard.edu/abs/2010ApJ...709.1018V
http://dx.doi.org/10.1088/2041-8205/771/2/L35
https://ui.adsabs.harvard.edu/abs/2013ApJ...771L..35V
http://dx.doi.org/10.1088/0004-637X/813/1/23
https://ui.adsabs.harvard.edu/abs/2015ApJ...813...23V
http://dx.doi.org/10.1088/2041-8205/777/1/L17
https://ui.adsabs.harvard.edu/abs/2013ApJ...777L..17V

	Acronyms
	Introduction and background
	The big picture
	Gas and dust within galaxies
	The star formation histories of galaxies
	Thesis outline

	Cross-calibration of CO- versus dust-based gas masses and assessment of the dynamical mass budget in Herschel-SDSS Stripe82 galaxies
	Introduction
	Sample and Observations
	Sample Selection
	CO observations and data reduction
	 HI observations and mass estimates
	Ancillary data and galaxy properties

	Methods
	CO-based molecular gas masses
	Dust-based gas masses
	Line profile fits and enclosed mass components

	Results
	Excitation properties
	Comparing CO- and dust-based gas masses
	Dynamical mass constraints

	Summary and conclusion

	FUEL: cold gas properties of 10k nearby galaxies - the relation to galaxy structure
	Introduction
	Data and sample definition
	Stellar masses, star formation rates and metallicity
	Cold gas masses
	Sample Definition
	Galaxy structure

	Results
	Gas properties across the SFR - Mstar plane
	Dependence of gas properties on galaxy structure
	Recipes to estimate Mgas in the absence of dust or CO diagnostics and gas mass catalogue
	The galaxy-averaged Kennicutt-Schmidt relation

	Caveats
	AGN contamination
	Photometry and PSF effects
	HI contributions

	Conclusions
	Acknowledgements

	Recovering star formation histories via full spectral fitting: Galaxy-integrated vs resolved analysis
	Introduction
	Data and sample definition
	MaNGA IFU survey
	Spectral analysis sample
	Spectrally representative objects

	Methods
	Stellar Population Synthesis modelling
	Full spectral fitting procedure used in this work

	Results
	Galaxy-integrated runs: Explorations around a reference point
	Resolved vs galaxy-integrated analysis I: Radial profiles of present-day galactic properties
	Resolved vs galaxy-integrated analysis II: Star formation histories and size growth through time

	Conclusion

	Scatter of the star-forming Main Sequence
	Introduction
	Methods
	Results
	The present-day Main Sequence and offsets thereof
	Star formation histories as a function of MS offset
	Quantifying the MS scatter
	Evolutionary tracks

	Discussion and conclusion

	Conclusions and Outlook
	Appendix 2.A: AGN contribution
	Appendix 2.B: Catalog of observables and derived quantities
	Appendix 2.C: Postage stamps
	Appendix 2.D: Spectral gallery

