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Abstract

With the advent of the Atacama Large Millimeter/submillimeter Array (ALMA), we now have the
opportunity to measure the physical properties of the cold, dense, star-forming interstellar medium (ISM)
even in distant, high-redshift galaxies. This dissertation documents measurements of the mean molecular
gas mass, M, and apparent size of star-forming galaxies (SFGs) at different cosmological epochs, for
galaxies over a wide range of total stellar mass, M, and in different star formation modes, normal vs.
starburst. This contributes to constrain the physical mechanisms that regulate star formation throughout
cosmic history.

It has been known that most of the SFGs follow a tight correlation between total star formation rate
and total stellar mass, the so-called main sequence (MS) of SFGs. I selected a sample of mass-complete
MS galaxies and measured their mean M,,, and size using a Fourier-domain stacking analysis. Based on
the measurements, I determined the mean molecular gas fraction, M,,,/M,, and the mean molecular gas
depletion time, M,/ star formation rate (SFR), of these SFGs. I found that MS galaxies exhibit a constant
mean molecular gas depletion time of ~400 million years over cosmic time, while their mean molecular gas
fraction decreases by a factor of ~24 over the past 11 billion years. These findings suggest that cold gas
must be continuously accreted to MS galaxies from the cosmic web to sustain star formation on timescales
of giga-years, and that the evolution of MS galaxies is predominantly regulated by variations in their gas
content. The mean gas sizes of MS galaxies remain constant (~2.2 kpc) across all stellar masses and
throughout cosmic time, which is smaller than the mean size of their monochromatic optical emissions, but
similar to the mean size of their stellar mass distributions. This suggests negative radial gradient of the dust
attenuation in MS galaxies.

By integrating the gas mass, size, and star formation rate of MS galaxies, I investigated the relation
between their gas mass surface density and the SFR surface density, known as the Kennicutt-Schmidt
relation. An universal slope of ~1.13 in log-space across cosmic time is found, which implies that the
increase in mean molecular gas depletion time of observed over the past 11 Gyr is due to a decrease in the
gas surface density.

On the origin of a ~0.3 dex scatter in the SFR on the MS at a given redshift and M, I found that SFGs
located on the lower envelop of the MS have lower molecular gas fraction and longer depletion time, while
SFGs located on the upper envelope have higher gas mass fractions and shorter depletion time. This
suggests that small variations in the SFR of SFGs during their long-term evolution within the MS are
regulated by disturbances acting on short timescales, such as minor mergers and violent disk instabilities.

At any redshift and total stellar mass, a subset of SFGs have star formation rates of more than a factor of
three higher than those of MS galaxies. These are the so-called starburst galaxies, which I have found to
exhibit complex optical morphologies indicative of merger events that appear as infall of gas into deeper
gravitational potentials, as evidenced by more compact gas sizes (~1.4 kpc). This infalling gas scenario
is supported by my finding that starburst galaxies have larger molecular gas fractions than MS galaxies,
because neutral hydrogen gas would lose its angular momentum and fall into the deeper gravitational
potentials, transforming into a molecular phase.
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CHAPTER 1

Introduction

Mankind has been interested in the secrets of the heavens for thousands of years. In fact, the history
of mankind is as long as the history of astronomy. In the last few hundred years, advances in telescope
technology have allowed us to observe sources that are more distant and less luminous than what can be
seen with the human eye. We are now able to constrain the evolutionary history of galaxies over cosmic
time by observing the light emitted by their various components, i.e., stars, black holes, and the interstellar
medium. However, the underlying mechanisms that drive this evolution are not fully understood. This is
partly due to difficulties in measuring the fuel for star formation, i.e. the molecular gas, in distant galaxies.
The main goal of this thesis work has been to address these limitations by measuring the gas mass and
size of galaxies over a wide range of redshifts and stellar masses using the most powerful interferometric
telescope to date, the Atacama Large Millimeter/submillimeter Array (ALMA), and an innovative Fourier
space-based stacking analysis. Such measurements provide key constraints on our understanding of the
underlying mechanisms that drive galaxy evolution over cosmic time.

In the following sections, I will introduce the general background of this doctoral research. In Sect. 1.1,
I first present our current understanding of cosmology, spanning the epoch from the Big Bang to the
emergence of the first light. In Sect. 1.2, I introduce the various physical properties of galaxies that can
be revealed through the investigation of their Spectral Energy Distribution (SED). Finally, in Sect. 1.3, 1
summarize the evolutionary scenario of galaxies across cosmic times, as revealed by the past investigations
of their different components.

1.1 From the Big Bang to the first light

Our Universe emerged from an initial state of extreme density and temperature known as the Big Bang
around 13.8 billion years ago (e.g., Planck Collaboration et al., 2020). From this moment on, the Universe
underwent a rapid expansion phase, the so called inflation (e.g., Kawasaki et al., 2005; Planck Collaboration
et al., 2020, and Fig. 1.1). The ACDM cosmological model elegantly describes this cosmic evolution, with
A representing dark energy and CDM symbolizing cold dark matter (e.g., Planck Collaboration et al., 2016;
Planck Collaboration et al., 2020). Dark energy, which accounts for roughly 68% of the total mass-energy
budget of the Universe, opposes gravity and causes the Universe to expand at an accelerating rate (e.g.,
Brax, 2018). This concept is supported by Hubble’s law, which relates galactic distances and recessional
velocities, indicating an expanding Universe (e.g., Riess et al., 2019; Pesce et al., 2020; Shajib et al., 2023).
In contrast, CDM, accounting for roughly 27% of the total mass-energy budget, is hypothesized to be
made up of cold, non-relativistic, and collisionless particles (e.g., Ostriker, 1993; Weinberg et al., 2015;
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Rodriguez-Montoya et al., 2020). The existence of CDM was first substantiated by empirical evidence from
galactic rotation curves, which exhibit discrepancies between the mass inferred from the orbital velocity of
stars and the visible baryonic mass (Babcock, 1939; van de Hulst et al., 1957; Rubin, 1983). This suggests
a significant amount of unseen mass and leads to the postulation of dark matter (e.g., Jovanovié, 2017;
Bertone and Hooper, 2018; Mancera Pifia et al., 2022).

As the Universe expanded following the Big Bang, both its density and temperature steadily decreased.
The Cosmic Microwave Background (CMB) bears witness to this epoch. Characterized as nearly uniform
black-body radiation, the CMB has an observed temperature of about 2.7 Kelvin (K). This corresponds to
an effective temperature of > 10* K when at a redshift z > 4,000, serving as evidence of the early state of
the Universe (see Durrer, 2015, for a review). As the Universe cooled to temperatures below ~3000 K,
baryonic matter began to form neutral hydrogen (H1) atoms (e.g., Ahn and Smith, 2018), marking the
epoch of recombination at z~1100. Further cosmic expansion caused these hydrogen atoms to cool, and
their peak black-body radiation to fell into the infrared (IR) wavelength. This period, devoid of visible light
to human observers, is known as the Dark Ages (see Miralda-Escudé, 2003, for a review). During this
era, dark matter began to profoundly shape the structure of the Universe by forming dark matter halos via
gravitational collapse. Simulations and observations in the large-scale structures support this hypothesis
(see Peebles, 1980; Coles, 2001, for a review). The dark matter halos, with high gravitational potential,
could further attract HI atoms. These atoms would later transform into molecular hydrogen (H,) gas,
leading to the formation of molecular clouds. These clouds serve as ideal environments for star formation.
A contracting (non-magnetized) molecular cloud could collapse, causing its core temperature to rise, once
it reaches its Jeans mass,

v~ (—S ) () (1.1)
T 02km/s ) \10%em™3) ’

where M, represents the solar mass, c is the gaseous sound speed, and n denotes the gas number density,
with respect to the mean mass per particle. As the temperature in the collapsing core rises, molecular
hydrogen transitions back into ionized hydrogen. Once the core temperature exceeds a few million K,
enabling hydrogen atoms to overcome the energy barrier, nuclear fusion is initiated, leading to the formation
of stars.

The birth of the first generation of stars, the Population III stars, signaled the end of the Dark Ages
and the beginning of the epoch of reionization at z ~20 (see Zaroubi, 2013, for a review). Theoretical
studies propose that these massive (> 100M,), short-lived, and metal-free stars (e.g., Schaerer, 2002;
Fraser et al., 2017; Lazar and Bromm, 2022; Klessen and Glover, 2023; Larkin et al., 2023) were born
when the total mass of a dark matter halo reached around 106M@ (see Bromm and Yoshida, 2011, for a
review). The end of the life of these stars led to Population III supernovae, resulting in the first creation
and ejection of heavy elements, such as, Carbon (C), Oxygen (O), Silicon (Si), and Iron (Fe), into the
interstellar medium (e.g., Padmanabhan and Loeb, 2022). However, since these ejections took place in the
shallow gravitational potential of this ~106M® dark matter halo, they likely removed most of the gas and
thus halted any subsequent star formation. Studies suggest that the first galaxies were born at z ~10 with
total dark matter halo mass > 10° M, i.e., when their gravitational potential is strong enough to hold the
gas and sustain self-regulated star formation (e.g., Bromm and Yoshida, 2011; Chen et al., 2022). The
continuous radiation from generations of stars gradually ionized the hydrogen in the Universe, marking the
end of the reionization epoch, when the intergalactic medium (IGM) was fully ionized, around z ~6 (e.g.,
Fan et al., 2003; Yang et al., 2020; Simmonds et al., 2023).
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Figure 1.1: The story of our Universe. In between the Big Bang and the formation of the first galaxies (z ~10),
our Universe underwent the epoch of recombination (from z ~1,100 to z ~200), Dark Ages (from z ~200 to
z ~20), and the epoch of reionization (from z ~20 to z ~6). Figure taken from Caltech and NASA webpage
(http://imagine.gsfc.nasa.gov/docs/sats_n_data/satellites/jwst_darkages.html).

1.2 To diagnose the physical properties of galaxies

Following their formation, galaxies undergo diverse evolutionary stages, leading eventually to the diversity
of galaxies we observe today in the local universe. However, given the complex conditions within the
interstellar medium (ISM) of galaxies, creating a succinct theory that captures their evolution and reproduce
the observed diversity in shape and colors of local galaxies is challenging. As a result, accurately measuring
the physical properties (e.g., their stellar mass, star formation rate, molecular gas mass, and size) of a large
samples of galaxies across cosmic time is essential to refine theories and simulations of galaxy evolution.
Typically, the physical properties of galaxies are inferred through the study of their SED. The SED illustrates
how light energy is distributed across different wavelengths, ranging from X-ray to radio (e.g., Fig. 1.2 for
a typical star-forming galaxy, Bruzual and Charlot, 2003; da Cunha et al., 2008; da Cunha et al., 2015).
Below, I introduce different physical properties of galaxies that are essential for this doctoral research and
how they can be inferred from the modeling of their SED.
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Figure 1.2: Energy distribution of a typical star-forming galaxy at different wavelengths. Several signature emissions
reflecting the physical conditions of a galaxy can be observed, e.g., continuum emission at optical/near-IR wavelengths
indicates the amount of stars (red line; see Sect. 1.2.1), at UV wavelengths reflects the unobscured star formation
(blue line; see Sect. 1.2.2), and at FIR/millimeter wavelengths reveals the amount of dust (green line; see Sect. 1.2.3),
which correlates with the gas content. Figure adapted from Galliano et al. (2008).

1.2.1 Stellar mass

Stars are a main constituency of the baryonic matter content of the universe. They are the end point of
the evolution of matter from the diffuse gas phase to self-gravitating molecular clouds, and they are the
sources of all heavy elements beyond Lithium. The total mass in all stars of a galaxy is a key indicator of
its evolution history, and thus a prime observable.

Stars have masses ranging from 0.08 M to ~150 M (e.g., Kumar, 1963; Figer, 2005), where the upper
mass limit depends strongly on the the metallicity, which refers to the abundance of elements heavier
than helium, of the gas they form from. Stars are historically classified in various spectral classes that are
sorted in their initial mass. The O and B stars are the most rare and massive stars, with masses > 6 M.
Due to their intense nuclear fusion, their lifespans are short, typically no more than ~100 million years
(e.g., Arabadjis and Richstone, 1998; Crowther, 2012; Aschenbrenner et al., 2023). The most massive
stars, although rare, outshine the more numerous low-mass stars in any young stellar population. The total
luminosity of a young star forming region can therefore be related to the total star formation rate (see
Sect. 1.2.2), but is unrelated to the total stellar mass that a galaxy has accumulated over billions of years.
In contrast, stars with masses < 6 M are numerous, have a long lifespan (e.g., Wolfe et al., 2010, stars
with a mass equivalent to our sun live up to ~10 billion years). When < 6 M, stars evolve to their end
phases, they become red giants, a phase that can last for more than a gigayear (e.g., Wu et al., 2018). Red
giants emit brightly in the near-infrared spectrum (see the red curve, i.e., non-ionising stars, in Fig. 1.2),
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making this emission a good tracer for the total stellar mass of a galaxy. Observational studies use SED
fitting of the entire stellar population of a galaxy to convert the optical/near-infrared (near-IR) emission
into stellar masses (e.g., Song et al., 2016; Lower et al., 2020; Robertson et al., 2023). This method uses
specific stellar initial mass functions convolved with single star spectra, and assumes some star formation
history to construct a multitude of SED models. It fits multi-band observational data to these models to
determine the corresponding stellar mass. This approach allows for the measurement of the stellar mass of
galaxies across diverse populations and distances. In this doctoral research, the stellar masses of galaxies
are determined using such an SED fitting approach. In the COSMOS field, where I conducted this study
and which benefits from observations in more than 20 spectral bands ranging from the ultraviolet (UV) to
near-IR (see Sect. 2.2), the uncertainties on the derived stellar masses are estimated to be less than 0.1 dex
(e.g., Laigle et al., 2016; Weaver et al., 2021).

1.2.2 Star formation rate

The total star formation rate is a measure of the instantaneous rate of star formation, i.e., the growth rate of
the mass in all stars. It can be derived by assuming an initial mass function that describes the initial mass
distribution for a population of stars during star formation, and using emission from sources that show
evidence of recent star formation.

The short-lived O- and B-type stars that form from dense molecular clouds in regions of high gas mass
density (i.e., particle number density > 10*cm™ (e.g., McKee and Ostriker, 2007; Parmentier et al., 2011))
serve as effective tracers of the SFR of a galaxy. These massive stars undergo intense nuclear fusion
and have temperatures exceeding 10,000K in their atmospheres, primarily emitting radiation in the UV
wavelength (see light-blue curve, i.e., OB stars, in Fig. 1.2). Madau et al. (1998) provided a widely-used
calibration to estimate the SFR of a galaxy,

SFRyy[M,yr '] = 1.4 x 1072°L [ergss™' Hz '], (1.2)

where L, is the monochromatic luminosity observed at wavelengths 1,500 to 2,800 A, where, in the
absence of dust attenuation (see below), the UV spectrum of a star forming galaxy is nearly flat. A part
of the energetic radiation of O and B stars (wavelength <912A can ionize the surrounding hydrogen gas,
creating so called HII regions. Free electrons can recombine with these ionized hydrogens, and transition
to lower energy levels. When they transition from the energy level n=3 to n=2, they emit line radiation
at 6,564 A(see Fig. 1.2), known as the Ha emission. This optical emission line is bright in star-forming
galaxies (SFGs) and can also be used as a tracer to probe the SFR of galaxies (e.g., Kennicutt, 1998a;
Pflamm-Altenburg et al., 2007; Dominguez Sanchez et al., 2012; Dominguez Sdnchez et al., 2014). The
Ha recombination emission trace even more instantaneous (massive) star formation than the UV luminosity,
and the conversion from its luminosity to SFR is given by Kennicutt (1998a) as

SFRy, [M,yr™'] =7.9 x 107 Ly, [ergss '], (1.3)

where Ly, is the luminosity of the He emission line.

The radiation emitted from young star forming regions is dominated by that of the most massive stars,
although they contribute only a small share in the total stellar mass. The stellar radiation is partially
absorbed by the dense dusty clouds surrounding massive star-forming regions (e.g., Draine, 2003). This
radiation absorbed by dust grains heats them and the absorbed energy is re-emitted as thermal radiation
at IR to sub-millimeter wavelengths (see pink and dark blue curves in Fig. 1.2). Therefore, to accurately
determine the total SFR of a galaxy, studies combine measurements at both UV and IR wavelengths (e.g.,
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Kennicutt, 1998a; Elbaz et al., 2007; Wuyts et al., 2011). For example, Kennicutt (1998a) provided a
calibration based on observations in both the UV and IR to estimate the SFR of a galaxy,

SFRyyir [ Mg yr '] = 1.09 x 107" Lig [Ly] +3.3 X Lygoo[Lo]) (1.4)

where Loggy = vL,, (2,800 A) and Ly is the total IR luminosity of a galaxy, integrated from 8-1,000 um. In
this case, the IR luminosity can be determined either by renormalizing IR SED templates (e.g., Wuyts et al.,
2011; Kirkpatrick et al., 2012) to a single mid-IR band observation or by fitting these IR SED templates to
multiple far-IR band observations. High redshift galaxies are found to be very dusty and thus have a large
fraction (>50%) of their UV emission absorbed by dust (e.g., Magnelli et al., 2011; Wuyts et al., 2011;
Pannella et al., 2015). The use of the approach that combines UV and IR measurements to calculate the
SFER of high redshift galaxies is therefore crucial. When applicable, this is the method I have chosen in my
work.

1.2.3 Gas mass

Hydrogen is the most basic and abundant element in our Universe, making up to ~75% of the baryonic mass
in the ISM (e.g., Obreschkow and Rawlings, 2009). The neutral (HI) and molecular (H,) forms of hydrogen
are crucial components of the ISM, as they fuel galaxy growth through star formation. Below, I briefly
describe the HI and H, gas components of the ISM and discuss methods to measure them observationally.

Neutral hydrogen

Galaxies initially grow in baryonic mass by accreting ionized gas from the intergalactic medium, through
gas streams in large cosmic filaments. This gas turns neutral as it accumulates in galaxies, and in their later
evolutionary stages, most disk galaxies maintain a large, thick disk of neutral hydrogen that can extend
well beyond the stellar disk. This neutral gas can condense to form molecular clouds from which stars
form. This conversion from atomic to molecular is most efficient in the inner, central part of galaxies. HI is
the most common form of cold gas in the Universe at all epochs, and is the foundational ingredient of the
cosmic baryon cycle and of star formation.

The 21 cm emission line serves as a tracer for these HI gas (e.g., Kerp et al., 2016; Di Teodoro and Peek,
2021), which originates from the change in the spin orientation of an electron relative to the proton within a
hydrogen atom. The probability for this transition is very small as it takes ~11 million years (Myr) for a
hydrogen atom to spontaneously undergo this transition (see Saintonge and Catinella, 2022, for a review).
Despite this low probability, the high abundance wide spread emission of HI make this emission line
sufficiently bright to be easily detected even with small radio telescopes in our own galaxy. Measurements
of the 21 cm emission line can be used to determine the total HI gas mass in distant galaxies,

2.356 x 10°
Mg M) = 220210 (b [Mpe))? / s, [yl dv. (L.5)
(1+2z)

here D, is the luminosity distance and S, is the flux density over the emission line spectrum. Using
21 cm measurements, we know that HI gas contributes up to 80% of the hydrogen mass in SFGs of the
local Universe (e.g., Obreschkow and Rawlings, 2009; Fletcher et al., 2021; Saintonge and Catinella,
2022). Accounting for the HI gas is thus important when exploring the physics regulating star formation
in SFGs. Unfortunately, in the high redshift Universe (z > 1.0), measuring the 21 cm emission line in a
galaxy becomes increasingly difficult with available technology, due to sensitivity limits and terrestrial
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radio frequency interference. Consequently, indirect probes of HI gas, such as measuring the UV damped
Lyman-alpha absorbing lines of high-redshift galaxies, are used to measure the comoving, average HI mass
density at high redshifts. Using such an approach, Bauermeister et al. (2010, and references therein) found
that there is very little evolution of HI comoving mass density from z ~0 to z ~4. Given the findings that
the molecular gas mass density increases significantly with redshift (e.g., Liu et al., 2019b; Magnelli et al.,
2020; Tacconi et al., 2020), in this doctoral research, I have made an approximation of molecular hydrogen
gas mass ~ total hydrogen gas mass within high-redshift SFGs, which is consistent with other high-redshift
galaxy studies.

Molecular hydrogen

Due to the symmetrical structure of the H, molecule, it lacks a dipole moment and therefore does not emit
electric dipole, but only faint quadrupole radiation. Moreover, the energy for the first excited rotational
level of H, molecule is relatively high, corresponding to 510 K and emission at 28 um so that the bulk of
molecular gas, which is at temperature well below 100K, does not radiate strongly. Molecular hydrogen
is therefore difficult to be measured directly. The second-most abundant molecule in galaxies, CO, is
commonly used as proxy for the dense molecular gas within galaxies (see Bolatto et al., 2013, for a
review). The relative intensities of different transition lines of CO molecules yield information about
the physical condition in the ISM of a galaxy, specifically the density and temperature (e.g., Seaquist
et al., 2006; Narayanan and Krumholz, 2014; Zhao et al., 2016). For a given transition, above the so
called critical density the rate of collisional excitation to an upper level exceeds the rate of spontaneous
radiative de-excitation. The critical density for the lowest CO rotational transition line, CO (J=1-0), is
n ~2x10° cm™ at 100 K (e.g., Narayanan and Krumholz, 2014), which makes this line a sensitive tracer of
the the bulk of the molecular gas in galaxies (e.g., Wang and Hwang, 2020; den Brok et al., 2021; Teng
et al., 2023; Zhang and Ho, 2023). However, this line is typically optically thick, which makes it more
complicated to interpret. In the local Universe, studies attempt to build a simple empirical relation that
relates the CO (J=1-0) luminosity, Lq, of a galaxy (equally that of a resolved molecular cloud) to its

molecular gas mass, My, using a mass-to-light conversion factor, @,

It was empirically found that ¢ varies between ~0.2 and ~20 (K km s pcz)_l, depending on the physical
properties of galaxies (e.g., Sandstrom et al., 2013; Bolatto et al., 2013), such as metallicity, gas temperature
and density, and intensity of the radiation field. Using the lowest CO rotational line to measure the molecular
gas masses for a significant, representative sample of high redshift SFGs is inefficient, because this would
require relatively long observing time. Besides, the applicability of g derived from local galaxies to
high-redshift SFGs, given differing ISM conditions, remains a topic of debate (e.g., Srianand et al., 2008;
Papadopoulos et al., 2012).

To measure more efficiently the molecular gas mass in high-redshift SFGs, recent studies have proposed
an approach based on dust emission (see green curve, i.e., cold dust grains in molecular clouds, in Fig. 1.2).
Dust and molecular gas are closely linked, not only because dust grains catalyze the formation of H, (e.g.,
Hollenbach and Salpeter, 1971), but generally dust and gas is well mixed with constant relative abundance,
irrespective of the gas phase.

An simple empirical approach uses the narrow-band flux density of the dust mm-wavelength emission
spectrum, thus measuring in the the Rayleigh—Jeans (RJ) part of the thermal (modified black-body) emission
spectrum (e.g., Scoville et al., 2014; Scoville et al., 2016; Liu et al., 2019b; Magnelli et al., 2020; Millard
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et al., 2020; Dye et al., 2022). The measured RJ flux density can be related to a molecular gas mass
using an empirical light-to-gas mass relation. Hughes et al. (2017, hereafter H17) compare the CO
(J=1-0) luminosity and rest-frame luminosity at 850 um (i.e., Lg%sé) of local galaxies, assuming a constant

@co=6.5(Kkms™' pc?)™", and calibrate the Lizy-to-H, gas mass relation,

logjoMy, = (0.92 = 0.02)log o Lgsy — (17.31 + 0.59), (1.7
where My, is in M, and Lgessé is in erg sT'Hz ! Using RJ flux densities and a light-to-gas mass relation is
now widely used in high-redshift studies, because of its simplicity and convenience. Specifically, it allows
one to constrain the gas mass of a SFGs with little observing time, a few minutes compared to more than
half an hour required when using CO lines.

However, studies have found that the gas-to-dust mass ratio within galaxies increases as their metallicity
decreases (e.g., Rémy-Ruyer et al., 2014). An approach that assumes a constant light-to-gas mass ratio
might not be suitable for high-redshift and low-stellar mass galaxies, which typically have lower metallicity
(e.g., Mannucci et al., 2010; Curti et al., 2023; Nakajima et al., 2023). Therefore, an alternative approach
that first measures the dust mass, My,, and then applies a metallicity-dependent M -to-gas mass relation
has been developed. The dust mass can be measured by either applying multi-wavelength dust SED fits
(e.g., Hunt et al., 2019; Kokorev et al., 2021; Suzuki et al., 2021), using an optically thin approximation
that assumes a mass-weighted mean dust temperature of 25 K (e.g., Magnelli et al., 2020), or scaling the
SED template to the observed RJ flux density and applying a total IR luminosity Lg-to-dust mass relation
(e.g., Béthermin et al., 2012, hereafter B12). The obtained dust mass can then be converted into molecular
gas mass using locally calibrated M, -to-gas mass relations. For example, Leroy et al. (2011, hereafter
L11) use high-resolution observations of five local group galaxies to calibrate a metallicity-dependent
M 4,-to-gas mass relation,

log(M,s/Mg) = 1og(Mgyy /M) +9.4 = 0.85(12 + log(O/H)), (1.8)
where the gas-phase metallicity, 12+log(O/H), can be inferred using the redshift- and stellar mass-dependent
relation given by, e.g., Liu et al. (2019b), the so-called mass-metallicity relation,

a whenlog(M, /M) > b(z),

2 . (1.9)
a—0.087(log(M, /M) — b(z)) otherwise,

12 +1og(O/H) = {

where a = 8.74 and b(z) = 10.4 + 4.46log(1 + z) — 1.78(log(1 + 2))*.

Studies that use approaches based on dust emissions to measure the gas mass of high-redshift SFGs
typically use the molecular gas mass as an approximation of the total hydrogen gas mass (i.e., Mg;:t =
My +My; ~ My,; e.g., Liu et al.,, 2019b; Magnelli et al., 2020; Tacconi et al., 2020). This is because
the HI gas mass is difficult to measure at z > 1.0 and the molecular gas mass density is found to increase
significantly with redshift (Tacconi et al., 2020). The approximation is supported by CO measurements that
trace only the molecular phase, which tend to agree well with dust-based measurements (e.g., Genzel et al.,

2015; Scoville et al., 2016; Scoville et al., 2017; Tacconi et al., 2018; Tacconi et al., 2020).

1.3 Evolution of galaxies

Over the past decades, studies have examined how the physical properties of galaxies (e.g., stellar mass,
SFR, molecular gas mass, and size) change over cosmic time, shedding light on our understanding of galaxy
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Figure 1.3: Cosmic SFRD from literature studies. Total cosmic SFRD from Madau and Dickinson (2014, black
dashed line), Kistler et al. (2009, purple diamonds), and Robertson and Ellis (2012, green triangle). Dust-unobscured
cosmic SFRD from Moutard et al. (2020, denoted M20 in the legend) and Bouwens et al. (2022, denoted B22 in the
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squares), Gruppioni et al. (2020, blue triangles), Fudamoto et al. (2021, brown hexagon), Novak et al. (2017, green
diamonds), Khusanova et al. (2021, gray squares), Barrufet et al. (2023, red diamond), van der Vlugt et al. (2022,
green hexagons), and Algera et al. (2023, purple and orange data points). Figure taken from Algera et al. (2023).

evolution. In the following, I will describe several key findings from these studies and discuss some of their
limitations and how my research has sought to alleviate them.

1.3.1 Cosmic evolution of star formation

A simple, yet powerful, way to understand the evolutionary history of galaxies is to study the global star
formation of the universe per unit comoving volume (the so-called star formation rate density; SFRD), and
to examine its evolution over cosmic time (e.g., Madau and Dickinson, 2014; Novak et al., 2017; Liu et al.,
2018; Gruppioni et al., 2020; Leslie et al., 2020; Katsianis et al., 2021; Picouet et al., 2023). Madau and
Dickinson (2014) provided a comprehensive review of cosmic SFRD across all redshifts. They found that
the cosmic SFRD increases rapidly after the earliest galaxy formation epochs, then peaks at z ~ 2 (the
so-called cosmic noon), and subsequently decreases by a factor of ~ 10 to the present day value (Fig. 1.3).
To parameterize this evolution, they proposed the empirical relation

(1 + Z)2.7

SFRD = 0.015 =%
1+[(1+2)/2.9]™

(1.10)

M, year_1 MpC_3.
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Figure 1.4: Number density of galaxies in the stellar mass-SFR plane. The darkest pixels show the highest number
density of galaxies within that particular stellar mass bin. The black dashed lines with white background show
the second-order polynomial function fitted to the MS as found by Magnelli et al. (2014). Lines represent the MS
determined by Elbaz et al. (2011, dotted black), Rodighiero et al. (2010, red dot-dashed), and Whitaker et al. (2012,
green dot-dashed). One can directly observe that the normalization of the MS increases with redhsifts. Figure taken
from Magnelli et al. (2014).

By integrating this empirical relation across cosmic time, they derived the cosmic stellar mass density. They
concluded that ~50% and ~25% of the current observable stellar mass was formed between the epoch of
reionization and z ~1.3 and z ~2.0 (i.e., cosmic noon), respectively. While most recent studies support the
above empirical relation for z < 3 (e.g., Novak et al., 2017; Liu et al., 2018; Gruppioni et al., 2020; Leslie
et al., 2020; Katsianis et al., 2021), some discrepancies exist at z > 3. In fact, several recent studies suggest
higher SFRDs when both dust-obscured and unobscured data are combined (e.g., Fig. 1.3, Gruppioni et al.,
2020; Katsianis et al., 2021; Khusanova et al., 2021; Algera et al., 2023). This discrepancy may arise from
the fact that Madau and Dickinson (2014) rely solely on uncertain dust attenuation-corrected UV emission
to constrain the SFRD for z > 3. Their estimates may thus miss a population of high-redshift dusty SFGs.

1.3.2 Stellar mass—SFR plane

While the cosmic SFRD is well constrained up to z ~8 (see Fig. 1.3), details in the mechanisms that drive
the rise and fall of the cosmic SFRD are uncertain. To gain further insight into these mechanisms, one
should first study the SFR and stellar mass of each individual galaxy, as this allows us to determine where
star formation is primarily taking place.

Numerous studies show that galaxies can be divided into three populations on the SFR-stellar mass
plane. The largest population contributes about 80% of the cosmic SFRD, and exhibits a tight, nearly
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linear (in log-space) correlation between its SFR and stellar mass, the so-called main-sequence (MS) of
SFGs (Fig. 1.4; e.g., Elbaz et al., 2011; Whitaker et al., 2012; Schreiber et al., 2015; Leslie et al., 2020;
Delvecchio et al., 2021). Several important features were found for the MS. First, for a given stellar mass
and redshift, the MS exhibits a constant scatter of ~0.3 dex in the SFR. Second, the normalization of the
MS is found to increase by a factor of 20 from the present day to the cosmic noon (i.e., z ~2). Third, a bend
and flattening of the SFR at high stellar masses has been observed for the MS galaxies, with the bending
stellar mass increasing with redshift and becoming less obvious at z > 2.5.

The second population on the SFR-stellar mass plane are galaxies with intense star formation activity.
These galaxies are offset above the MS with AMS (log,,(SFR/SFRyg)) > 0.7, the so-called starburst
galaxies (e.g., Rodighiero et al., 2011; Schreiber et al., 2015; Silverman et al., 2018). Starburst galaxies are
rare, accounting for only 5% of the SFG population, but contribute to 10% of the SFRD at all redshifts (e.g.,
Sargent et al., 2012; Lamastra et al., 2013). Observations and simulations suggest that starburst galaxies
could be induced by mergers, galaxy interactions, or disk instabilities (e.g., Porter et al., 2014; Wilkinson
et al., 2018; Calabro et al., 2019; Cibinel et al., 2019; Renaud et al., 2022). With their intense star formation,
starburst galaxies are likely to have a relatively short lifespan, i.e., < 300 Myr (e.g., Schawinski et al., 2014;
Bergvall et al., 2016; Diaz-Garcia and Knapen, 2020; Rinaldi et al., 2022).

The third population of galaxies is found ~1 dex below the MS on the SFR-stellar mass plane,
predominantly at the high end of the stellar mass. These are referred to as quiescent galaxies (e.g., Valentino
et al., 2020; Lustig et al., 2023; Suzuki et al., 2022). Characterized by limited ongoing star formation (e.g.,
Young et al., 2011; Gobat et al., 2020; Caliendo et al., 2021), they are dominated by old stellar populations
(e.g., Diaz-Garcia et al., 2019; Buzzo et al., 2022), resulting in a predominantly red color. Furthermore,
these galaxies are more likely to be found in dense environments (e.g., Strazzullo et al., 2019; Noordeh
et al., 2021; Buzzo et al., 2022), such as the centers of galaxy clusters.

Simulations attempt to interpret the mechanisms behind the characteristics of the MS, starburst, and
quiescent galaxies. For the scatter of ~0.3 dex in MS galaxies, simulations by Tacchella et al. (2016)
suggest that its origin could be a complex combination of several phenomena: galaxies on the MS could
experience cycles of compaction (increasing AMS) and depletion (decreasing AMS) phases (Fig. 1.5).
For the observed increase in MS normalization with redshift, simulations interpret this by the cosmic
evolution of the accretion rate of gas from the IGM onto MS galaxies (e.g., Bouché et al., 2010; Lilly
et al., 2013; Peng and Maiolino, 2014). For the flattening of the MS, studies use the mass-quenching
model (e.g., Peng et al., 2010; Nelson et al., 2018; Wright et al., 2019) to explain such a discovery. In the
mass-quenching model, galaxies accumulate stellar mass over cosmic time. When their halo mass is <
1010'5M®, the gravitational potential of these galaxies allows for efficient accretion of gas from the IGM.
This supports the ongoing star formation in these galaxies, resulting in a linear correlation between their
stellar mass and SFR over cosmic time. However, as these galaxies evolve over a few gigayears (Gyrs), they
become increasingly massive. Once their halo mass > 1010'5MO, various mechanisms, such as the activity
of their AGN or heating due to their elevated gravitational potential, act to reduce the further accretion of
the fuel for star formation from the IGM (e.g., Dekel and Birnboim, 2006; Rodriguez Montero et al., 2019;
Donnari et al., 2021). These mechanisms would therefore reduce star formation in these massive galaxies.
For starbursts, simulations suggest that they result from an increase in the star formation efficiency (SFE)
of galaxies (e.g., Di Matteo et al., 2007; Sargent et al., 2014). However, other simulations suggest that
an increase in star formation fuel, specifically the molecular gas, is necessary to trigger such intense star
formation (e.g., Sparre et al., 2022). Finally, the formation of quiescent galaxies is simulated to result from
the quenching of SFGs by the growth of their hot halos, preventing further cold gas accretion, depletion of
the surrounding gas, AGN activity, or merger events (e.g., Fig. 1.6, Tacchella et al., 2016; Man and Belli,
2018; Noordeh et al., 2021; Gémez-Guijarro et al., 2022; Park et al., 2022; Walters et al., 2022).
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Figure 1.5: Schematic of the mechanisms driving the dispersion of the MS and the quenching of SFGs. Figure taken
from Tacchella et al. (2016).

Common to all these theories is that the evolution of MS, starburst, and quiescent galaxies is regulated by
their gas content. Unfortunately, until recently, most of these theoretical studies lacked direct observational
constraints on the gas content of high-redshift SFGs and could neither be confirmed nor refuted. To
overcome this limitation, accurate measurements of the molecular gas mass and size of high-redshift SFGs
are essential.

1.3.3 Gas mass within galaxies

Simulations predict that the gas content within SFGs plays an essential role in regulating their evolution
(e.g., Sargent et al., 2012; Tacchella et al., 2016). Accurate measurements of the gas mass in SFGs therefore
provide crucial observational constraints for distinguishing between different evolutionary scenarios (e.g.,
Sargent et al., 2014; Schinnerer et al., 2016; Miettinen et al., 2017a; Scoville et al., 2017; Tacconi et al.,
2020; Liu et al., 2019b), and thus improve our understanding of galaxy evolution. At the beginning of
my doctoral research, the most advanced studies on this topic by Liu et al. (2019b, Fig. 1.7) and Tacconi
et al. (2020) have already started to investigate the gas mass of individual SFGs across different redshifts,
stellar masses, and AMSs. Across different redshifts, they measured a relatively constant molecular gas
fraction, o = My, /M, for massive SFGs at z > 2, but a decrease of this fraction by a factor of ~20
from z ~ 2 to z ~ 0. They also found that the molecular depletion time, T, M,,/SFR = 1/SFE, for

mol =
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What causes quenching in massive galaxies?
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Figure 1.6: Schematic diagram listing the quenching mechanisms in massive galaxies. Figure taken from Man and
Belli (2018).

SFGs gradually decreases by a factor of ~3 from 1.5 Gyr at z ~0 to 600 Myr at z>1.5. Most of these results
have been interpreted mainly in the light of gas regulator models (e.g., Bouché et al., 2010; Lilly et al.,
2013; Peng and Maiolino, 2014). In this model, the continuous accretion of fresh gas from the cosmic
web is required to sustain galaxy growth. Without this, galaxies would cease star formation and become
"red and dead" within the typical depletion timescale of their gas reservoir, which is ~600 Myr at z>1.5.
Across different stellar masses, they found that the molecular gas fraction of SFGs decreases as their stellar
mass increases. This finding supports the mass-quenching model (see the previous section; e.g., Peng et al.,
2010; Nelson et al., 2018; Wright et al., 2019). Finally, across different AMSs, the insight provided by
these studies was very limited due to their sparse sampling of the AMS < 0 parameter space. Nevertheless,
extrapolations made in these studies suggest that the molecular gas fraction and depletion time of SFGs
increase and decrease, respectively, as their AMS increases. This implies that variations in both the gas
content and SFE influence the transition of SFGs from the MS to the starburst regime, as predicted by the
simulation of Tacchella et al. (2016, Fig. 1.5).

The above observational studies provide insight into the gas content of galaxies across different redshifts,
stellar masses, and AMSs. However, they have significant limitations that affect the reliability of their
conclusions. First, they typically suffer from small number statistics, especially when splitting galaxies into
different redshift, stellar mass, and AMS bins. Second, their samples are drawn from parent samples with
complex selection criteria, potentially biasing the measured mean molecular gas mass. Third, they are
mainly limited to galaxies that are bright enough to be individually-detected in the (sub)mm observations
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Figure 1.7: Redshift evolution of molecular gas fraction and depletion time. (fop) The cosmic evolution of the mean
molecular gas fraction in SFGs observed and fitted in Scoville et al. (2017, pink lines), Tacconi et al. (2018, green
lines), and Liu et al. (2019b, orange lines). Different sub-panels correspond to different stellar mass (from left to
right) and AMS (from bottom to top). The blue shaded regions display the distribution of measurements conducted
by Liu et al. (2019b). (bottom) Similar to the top panel, but for the mean molecular gas depletion time. Figure taken
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Figure 1.8: Core to total mass ratio vs. stellar mass for a group of galaxies. Different panels show different redshift
bins. Red, green, and blue frame outside the stamps show galaxies that are classified as quenched, compact and MS.
Blue and red solid lines show the best fit stellar mass-core to total mass ratio relations for SFG and quiescent galaxies
at each redshift bin. Red dashed lines are the threshold that was used to define compact SFGs. Sub panels display the
Sérsic index for all massive SFGs. Figure taken from Venemans et al. (2017).

used to infer their gas mass. These limitations restrict their scope to luminous, i.e., gas-rich, SFGs with M,
> IOIO'SMQ. This implies that at the beginning of my doctoral research, our understanding of the gas content
in SFGs was biased, leaving the gas content of low stellar mass, high-redshift, and low AMS galaxies
mostly unknown. This can be observed in Fig. 1.7 where the molecular gas fraction at M, < 1010'5MO , 2>
1, and AMS < 0.3 is based only on extrapolation. The primary aim of this doctoral research is to overcome
these limitations by using an innovative Fourier space-based stacking analysis of a large dataset of ALMA
observations (see Sect. 2.3.1 and Sect. 2.1) to measure the gas content of a mass-complete sample of SFGs,
probing a board range of different physical properties (e.g., redshift, stellar mass, and AMS).

1.3.4 Sizes of star forming galaxies

To gain a better understanding of the mechanisms that drive the evolution of SFGs, it is also crucial to
investigate how galaxies develop their structure and thus measure in particular their rest-frame optical size,
i.e, the distribution of their stars. The optical size of SFGs was found to increase as redshift decreases and
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Figure 1.9: Relation between stellar mass and effective radius (left panel for K -band and right panel for ALMA
observations) for z ~1.25 galaxies. Blue lines and shaded regions represent the van der Wel et al. (2014) relation
and their scatter for SFGs at z ~1.25. Red dashed lines display the van der Wel et al. (2014) relation for early-type
galaxies. Red filled circles denote compact galaxies. Crosses above the data points indicate the classification of AGN.
Figure taken from Puglisi et al. (2021).

stellar mass increases (e.g., van der Wel et al., 2014; Suess et al., 2019b; Suess et al., 2019a; Yang et al.,
2021). This suggests that SFGs grow up their size as they evolve along the MS (e.g., van Dokkum et al.,
2013; van Dokkum et al., 2015). In addition, SFGs are found to have larger optical size (e.g., Lang et al.,
2014; van der Wel et al., 2014; Barro et al., 2017; Suess et al., 2019a; Yang et al., 2021) and to possess a
lower core stellar mass surface density (2;) within a 1 kpc radius (e.g., Fig. 1.8, Tacchella et al., 2015;
Venemans et al., 2017; Mosleh et al., 2017; Suess et al., 2021) than quiescent galaxies. These findings
imply that SFGs must undergo a compaction phase before they quench into quiescent galaxies (e.g., Cheung
et al., 2012; Barro et al., 2017; Venemans et al., 2017). While the aforementioned studies have measured
how the stellar structures of SFGs change with redshift and along the MS, they do not explain how these
changes occurred.

To delve deeper into the mechanisms underlying the size evolution of the stellar component of SFGs,
some studies investigate the distribution of ongoing star formation within SFGs by measuring the size of
their He emission. They found that the Ha size of SFGs is slightly larger than their optical size, with
the difference becoming less pronounced at lower stellar masses (e.g., Nelson et al., 2016; Wilman et al.,
2020; Matharu et al., 2022). However, simulations suggest that the central regions of high-redshift SFGs
are dusty (Popping et al., 2022), as also supported by recent observation with the JWST (Nelson et al.,
2023). This makes correcting for dust attenuation in size measurements from Ha emission at high redshifts
challenging. Having in mind the effect of dust and the extreme difficulty of correcting for it, other studies
have used ALMA and VLA observations in the FIR and radio wavelengths to determine the dust-unbiased
size of star-forming regions in high-redshift SFGs. They found that the star-forming regions in some
SFGs with M, > 101()'5M(D were more compact than their rest-frame optical size (e.g., Fig. 1.9, Elbaz
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Figure 1.10: The KS relation for SFGs and merger galaxies up to z ~3.5. Open circles represent the SFGs. Magenta
and red squares display the local and z > 1 merger galaxies, respectively. Gray dashed line represents the fitting result
for SFGs. Red dashed lines show the fitting result for merger galaxies, assuming different values of @ for SFGs and
mergers. Figure taken from Genzel et al. (2010).

et al., 2018; Jiménez-Andrade et al., 2019; Jiménez-Andrade et al., 2021; Tadaki et al., 2020; Puglisi
et al., 2021; Gémez-Guijarro et al., 2022). These findings contradict the observational results from Ha
size, and this centrally enhanced star formation in SFGs is typically interpreted as the result of cold gas
being accreted into their central regions, which then forms their stellar bulges (e.g., Zolotov et al., 2015;
Tacchella et al., 2016). However, these studies face the same challenges as those mentioned previously
concerning the gas mass of SFGs. In general, the sample that are used in these morphological studies are
mainly restricted to small or biased (e.g., radio-selected, ALMA-selected, or optically-selected) samples,
and thus not representative of the entire SFG population. Therefore, many questions remain unanswered
regarding the morphological evolution of SFGs across cosmic time, particularly concerning where star
formation occurs in relation to their stellar components. The secondary goal of this doctoral research is to
investigate the star-forming size of a mass-complete sample of SFGs, probing a broad range in redshift,
stellar mass, and AMS.

1.3.5 Kennicutt-Schmidt relation

By integrating the aforementioned measurements, i.e., SFR, gas mass, and star-forming size of high-redshift
SFGs, one can examine how their SFR density scales with their gas mass density. The seminal research
on this topics by Schmidt (1959) revealed a power law correlation, characterized by an index of ~ 2,
between the SFR volume density (pgpg) and gas volume density (p,,,) within the Galactic plane. This
index suggested a specific physical condition within star-forming regions. To gain deeper insight into the
mechanisms driving star formation, Kennicutt (1998b) assumed a fixed gas scale height and proposed
a relation between the SFR surface density (Xgpg) and gas mass surface density (Z,; )., the so called
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Kennicutt-Schmidt (KS) relation, for a group of normal and starburst galaxies,

logio(Esrr [Mo yr™ kpe]) = e - logyo(Zy,, [Mo pe?]) +C, (1.11)

where « is the power law index and C is the normalization. They found that @=1.4, which supports a
scenario in which the SFR in self-gravitating disks scales with the ratio of py,, to its free-fall timescale (i.e.,

oc pgfs‘s ). Following Kennicutt (1998b), numerous studies on various scales, environments, galactics and
extragalactics have revealed that the power law index of the KS relation might not be equal to 1.4 but vary
between 0.75 to 2 (e.g., Wong and Blitz, 2002; Schuster et al., 2007; Bigiel et al., 2008; Leroy et al., 2013;
Momose et al., 2013; Miura et al., 2014; Shetty et al., 2014; Wilson et al., 2019; Wang and Hwang, 2020;
Ellison et al., 2021; Pessa et al., 2021; Sanchez et al., 2021). However, at large scale, i.e., > 100 pc, Bigiel
et al. (2008) used observational data in a broad range of X, . Xgpr, and HT surface densities, which
considered different ISM conditions (e.g., metallicity, stellar surface density, gas pressure, and galactic
rotation), and found an @ = 1.0. They concluded that their result on the Xgpg-X,,  scaling relation reflects
the filling factor of GMCs within the beam, rather than indicating changes in the physical conditions within
the star-forming regions. In addition, they argued that data from normal galaxies should not be mixed with
those from starburst galaxies due to their different star formation environments (e.g., Gao and Solomon,
2004; Rosolowsky and Blitz, 2005). This is the main reason their result contradicts the findings of Schmidt
(1959), who found an @ = 1.4. Recent studies support the conclusion of Bigiel et al. (2008), extending the
measurement of the global scale KS relation up to z ~5 (e.g., Fig. 1.10, Genzel et al., 2010; Miettinen et al.,
2017b). When splitting the data into normal and starburst galaxies, they found that the power law index
of the KS relation appeared to be near-unity for both types of galaxies, with the only difference being in
their normalization. This supports a scenario in which the evolution of MS galaxies across cosmic time is
primarily influenced by variations in their gas content rather than by changes in SFE, except in cases where
their SFE is boosted by a factor of > 5 due to major merger-induced starbursts. However, Genzel et al.
(2010) and Miettinen et al. (2017b) used a very limited sample of galaxies to constrain the KS relation. In
addition, their results did not seem to agree with the conclusion of Liu et al. (2019b) and Tacconi et al.
(2020), who find that the intense star-forming activity in starbursts is attributed not only to higher SFE but
also to a higher gas mass fraction. Therefore, at the beginning of this doctoral research, it remains unclear
whether the near-unity KS relation can be universally applied to galaxies across all redshifts, stellar masses,
and AMSs. The tertiary objective of my doctoral research is to tackle this unresolved question.
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Data and methods

The above studies have revealed general aspects of galaxy evolution. However, many questions remain
unanswered due to our limited understanding of the gas mass and size of high-redshift SFGs. In order to go
beyond the existing literature, I first collected SFG observations from the most advanced interferometric
telescope, ALMA, focusing on those SFGs that were also covered by a deep panchromatic near-infrared
optical catalog, from which the stellar mass and SFR of the galaxies could be accurately inferred. This
allows me to obtain mass complete galaxy samples. Finally, I developed an innovative Fourier-domain
stacking analysis to measure the gas content and size of a mass-complete sample of SFGs and to carefully
study the dependences of these gas reservoir properties on the stellar mass, cosmic time, and star formation
mode of the galaxies using a Bayesian statistical approach.

In the following sections, I present the basic details of the instruments, data, and statistical approaches
used for the research presented in this dissertation. In Sect. 2.1, I introduce the interferometric telescope
used in my study and describe how it produces observational data. In Sect. 2.2, I present the data set used to
infer the physical properties of my galaxy sample. Finally, in Sect. 2.3, I present the statistical approaches
used to obtain the mean molecular gas mass of SFGs and to constrain their cosmic evolution.
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Figure 2.1: Schematic of an interferometric telescope. Several important elements of interferometric telescopes are
illustrated in the figure, including the distance between two single-dish telescopes (baseline, D), source position (),
optical path length (Dsin6), bandpass amplifiers (H1 and H2), geometric time delay (7,), instrumental time delay (7;),
and correlator. Figure taken from Thompson et al. (2017).

2.1 ALMA

To measure the molecular gas mass and size of SFGs, I used their RJ dust continuum flux as a proxy (see
Sect. 1.2.3). This requires a telescope operating in the (sub)millimeter wavelength range. Considering the
typical angular size of the star forming region of SFGs (i.e. ~0.4 arcsec for SFGs with R g ~1.5 kpc at
z ~1.25, see Fig. 1.9), a telescope with high angular resolution (6 ;) is required. The angular resolution
of telescopes can be expressed as

angulal

A
6 =1.22—, 2.1
D 2.1)

angular

where A is the observed wavelength and D is the aperture diameter of the telescope. For the same aperture
size, telescopes observing at 1 mm have an angular resolution that is X1000 worse than those observing
at 1 um. Building a large-aperture single-dish telescope is always challenging, given the gravitational
distortions, surface accuracy, and structural and material limitations. Even the largest single-dish telescope
on Earth, the Five-hundred-meter Aperture Spherical Telescope, has an aperture diameter of "only" 500 m.
To achieve high angular resolution in the submillimeter to radio wavelength range, the interferometric

20



Chapter 2 Data and methods

Table 2.1: ALMA working band and their basic information (taken from https://www.eso.org/public/teles-
instr/alma/receiver-bands/).

ALMA Wavelength Noise Temperature (K) Frequency First

band coverage (mm) specification (GHz) light
1 6-8.6 32 35-50 2011
2 2.6-4.5 47 67-116 TBD
3 2.6-3.6 60 84-116 2009
4 1.8-2.4 82 125-163 2013
5 1.4-1.8 105 163-211 2016
6 1.1-14 136 211-275 2009
7 0.8-1.1 219 275-373 2009
8 0.6-0.8 292 385-500 2013
9 0.4-0.5 261 602-720 2011
10 0.3-04 344 787-950 2012

technique is used. The simplest interferometric telescope consists of a pair of antennas (Fig. 2.1), whose
distance is usually called the baseline D. An advanced interferometric telescope typically contains multiple
antennas, thus forming multiple baselines. By carefully processing the data collected from these antennas,
one can synthesize a virtual telescope with an aperture diameter equal to the length of the longest baseline.
The submillimeter interferometer ALMA follows this principle and is the one I made use of for my work.

Located in the Atacama Desert at an altitude of 5,000 meters, ALMA began observations in 2009.
ALMA has a total of 66 antennas: 54 of them have a diameter of 12 m, while 12 have a diameter of 7 m.
Among these antennas, fifty 12 m antennas can be flexibly moved to achieve the desired angular resolution,
with the longest baseline reaching up to 16 km, providing the highest angular resolution (as fine as 20 mas
at 230 GHz). However, performing observations with such long baselines faces the problem of missing flux.
This problem arises because interferometric telescopes are more sensitive to structures in the source that
have a size corresponding to the scales sampled by these baselines. Thus, extended structures (e.g. > 4”'.3
at 110 GHz) corresponding to the scales sampled by shorter baselines are poorly imaged. Therefore, the
remaining four 12 m and twelve 7 m antennas are configured in a special fixed short baseline configuration
known as the Atacama Compact Array (ACA) (Iguchi et al., 2009). The ACA is designed to capture the
flux from low spatial frequency Fourier components. Note that in this dissertation I did not include ALMA
datasets observed with the ACA because the missing scales are beyond the angular size of high redshift
SFGs. In addition to its high angular resolution, ALMA also has high spectral resolution (as accurate as
3.8 kHz) and working bands from 35 to 950 GHz. Details about the different bands and the corresponding
noise temperature and frequency can be found in Tab. 2.1.

From signal to visibility

In each of ALMA’s antennas, several physical properties are recorded during the observations. For example,
each antenna measures the amplitude of the incoming signal, including not only the signal from the target
source, but also the signal from so-called calibration sources, for which the emission properties (shape and
flux density) are well known and can be used to calibrate the data, as will be introduced below. In addition,
the time difference of the wavefronts of the signal reaching each antenna is recorded, depending on the
position of the source in the sky (6, see Fig. 2.1). The time difference can be calculated by dividing the
optical path length (Dsin#) by the speed of light. By taking into account the frequency of the observation,
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this time difference can be translated into a phase difference. This phase difference is a key parameter
when combining data from different ALMA antennas. For each pair of ALMA antennas, the recorded data
are processed by a correlator, which computes the cross-correlation function as a function of the time lag
between antennas and generates the data for that baseline. These data record the spatial coherence of the
incoming radiation, i.e. amplitude and phase, as a function of the baseline length and the orientation of the
observation, the so-called visibility. The visibility V (u, v, w) can be expressed as

. 2_.2
V(I/l, v, W) _ / / I(x, y)e—Zﬂl(ux+vy+w(Vl—x -y —1)) dx dy (2.2)

where [ is the sky brightness distribution, x and y are directional cosines measured with respect to the axes
u and v, and w is in the direction orthogonal to the (u, v) plane.

Calibration

After the observations are made, several calibrations must be performed on the raw visibilities to ensure
that the final data products are scientifically reliable. For example, a bandpass calibration corrects for
frequency-dependent effects because antenna receivers have slightly different sensitivities at different
frequencies. This calibration relies on a known source (i.e., the calibrator) with a well-understood spectrum.
By comparing the observed spectrum with that expected from the bandpass calibrator, we can determine
the response of the antennas at different frequencies. Flux calibration also converts the digital signal to
absolute units of flux density, typically in Janskys (1 J y=10_26W ‘m2. Hz™'). This calibration relies on a
calibrator with a known and very stable emission, such as quasars and planets. By comparing the observed
signal with that expected from the flux calibrator, we can determine the conversion applied to the data.
Finally, gain calibration ensures that the visibilities are consistently scaled across the different observing
conditions encountered during an observing run, which can last from a few minutes to hundreds of minutes.
The gain of an antenna, which refers to its ability to convert incoming electromagnetic waves into electrical
signals, can vary due to changes in temperature, humidity, and the performance of electronic components
during the observation. This calibration relies on the regular observation of a phase calibrator with a known
emission. Once the variations in gain are known, corrections are applied to the data. By measuring the
variation in the phase of the calibrator at each antenna, the phases of the signal from the target source can
then be accurately calibrated.

Imaging

Once the calibrations have been performed, one can obtain an image that represents the convolution of
the spatial coherence function with the sampling function. This is the so-called "dirty" image, which is
produced by applying the Fourier transform to the visibilities. The term "dirty" refers to the fact that
the image contains sidelobes resulting from the response of the interferometer (the sampling function).
Algorithms are applied to the dirty image to remove these sidelobes and to obtain an image with the correct
intensity distribution, known as the "clean" image. The technique developed by Hogbom (1974) is the
most widely used. This algorithm identifies the brightest peak in the dirty image, subtracts a point spread
function (often called the dirty beam, i.e., the sampling function) centered on that peak, and adds the
subtracted function to a clean component list. This process is repeated iteratively until the peaks across
the dirty image are less than the threshold (usually >30 of the rms on the dirty image), creating a clean
component list that models the true sky brightness distribution. Finally, by convolving this clean component
list with the so-called clean beam, which is a Gaussian function with the same FWHM as the dirty beam
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but without its sidelobes, and adding it to the residuals from the dirty image, one can obtain the cleaned
image without sidelobes.

ALMA data in this doctoral research

For this doctoral thesis, I used all available ALMA band-6 and -7 archive data observed in the Cosmic
Evolution Survey (COSMOS) field (see Sect. 2.2 for details). These two bands operate at wavelengths
between 0.8 and 1.4 mm, allowing me to capture the RJ tail emission from the cold dust in galaxies (see
Sect. 1.2.3 and the green line in Fig. 1.2). I then decided to keep only the data observed after ALMA
Cycle 2. This is because the calibration software used by ALMA (i.e., the Common Astronomy Software
Applications (CASA) package (McMullin et al., 2007)) has only converged on the definition of how it
weights data when it is used to perform calibrations at the different visibilities after Cycle 2. The early
versions of CASA assumed that the data sets were uniformly sampled in time and frequency and adopted a
global weighting scale factor. This assumption did not affect the fidelity of calibration and imaging within
a single ALMA project. However, when merging datasets from different ALMA projects with different
bandwidths and channel counts, this assumption could lead to incongruent weight scales. Therefore, after
ALMA Cycle 2, CASA adopted channel-dependent weights. This allows the combination of different
ALMA projects with different channel sensitivities and bases. Since the stacking analysis in this dissertation
relies on combining multiple datasets from different ALMA projects observed in different cycles, I limited
my analysis to those datasets observed after Cycle 2.

2.2 The COSMOS field

To study the evolutionary history of galaxies for this thesis, I needed to focus on a region of the sky with
deep panchromatic observations that would allow me to obtain the physical properties of galaxies over a
wide range of cosmic time. My preferred choice is therefore the COSMOS field, which covers an area
of about two square degrees of the sky, centered at R.A. (J2000) = 10"00™28.6°, Dec. = +02°12'21.0”
(Scoville et al., 2007). This field is one of the largest ever surveyed by HST, and it has been observed by
several telescopes at different wavelengths, ranging from X-ray (e.g., XMM-Newton; Cappelluti et al.,
2009), ultraviolet (e.g., GALEX; Zamojski et al., 2007), optical (e.g., Koekemoer et al., 2007; Taniguchi
etal., 2007), IR (e.g., Spitzer; Sanders et al., 2007), up to radio wavelengths (e.g., VLA; Schinnerer et al.,
2010; Smolci¢ et al., 2017). This makes the COSMOS field an ideal region to study the evolutionary
history of galaxies.

Optical source catalog

To obtain the stellar mass and the dust-free SFR of SFGs, in my first publication I relied on the COSMOS2015
catalog (Laigle et al., 2016). This catalog collects for the first time the X-ray to mid-IR (MIR) photometry
for more than half a million galaxies within the COSMOS field. The studies associated with this catalog
have used these photometric measurements to constrain the photometric redshifts, stellar masses, and
dust-free SFRs of galaxies using the method described in Sections 1.2.1 and 1.2.2, respectively. After the
completion of my first publication, the latest COSMOS2020 catalog (Weaver et al., 2021) became available,
which I used in my second publication. This catalog uses similar approaches as the COSMOS2015 catalog
to determine the physical properties of galaxies within the COSMOS field. However, this latest catalog
offers many advances. It uses observations from Gaia to align the astrometry, resulting in an absolute
astrometric uncertainty of 20 milliarcseconds. In addition, a new photometric extraction tool (THE FARMER)
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Figure 2.2: Mass completeness versus redshift in the COSMOS2020 catalog. Lines show the mass completeness
limits for different types of galaxies in the COSMOS2015 and COSMOS2020 catalogs. The mass completeness
limits have improved by ~0.5 dex from the COSMOS2015 to COSMOS2020 catalog at z ~3, due to advancements in
photometric extraction in these latest catalog. Figure taken from Weaver et al. (2021).

was developed to refine the photometry of the galaxies. This enhancement has significantly improved the
reliability of the measured photometric redshifts, e.g. galaxies with i-band apparent magnitudes between
25.0 and 27.0 have a redshift precision (Az/(1+z)) of 0.036. In addition, this advance has reduced the
uncertainties in the estimated stellar masses to less than 0.1 dex. The COSMOS2020 catalog achieves mass
completeness down to M, ~ 109M® even at z ~3 (Fig. 2.2).

Infrared source catalog

To constrain the dust-obscured SFR of SFGs, I used the super-deblended catalog published by Jin et al.
(2018). This catalog established a state-of-the-art point spread function (PSF) fitting method to accurately
measure the MIR to (sub)millimeter photometry of sources, even when the target source may be blended
with nearby sources in the image due to the limited spatial resolution of infrared telescopes. 1 obtained the
infrared luminosities of SFGs by fitting their MIR and/or FIR SEDs to the template of Chary and Elbaz
(2001). The measured infrared luminosities were then converted to dust-obscured SFR using equation 1.4
from section1.2.2.

A3COSMOS project

To measure the mean molecular gas content and size of SFGs by stacking analysis, I used the calibrated
visibilities that were collected by the Automated mining of the ALMA Archive in the COSMOS field
project (A3COSMOS; Fig. 2.3, Liu et al., 2019a; Adscheid, 2023). This project starts with the collection of
all publicly available ALMA archival data, including band-6 and -7 observations, which are typically used
to detect dust emission in SFGs. These data were then calibrated and cleaned using the CASA package
and scripts compiled by the ALMA observatory. As more ALMA data are released, the database of the
A’COSMOS project continues to grow. This project performs a blind search for continuum emission
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Figure 2.3: Coverage of all ALMA observations collected in the A’cosmMos project until 06.06.2022. Blue shaded
rectangles and blue circles are the fields with archive data from mapping and pointed observations, respectively. The
size of each circle corresponds to the FWHM of the primary beam of the observation. Dashed lines display the
outlines of the survey field from CANDELS (Grogin et al., 2011, yellow), COSMOS HST/ACS (Koekemoer et al.,
2007, orange), and S2COSMOS (Simpson et al., 2019, red). Figure provided by Adscheid (2023).

from sources with signal-to-noise (S/N) ratio > 4.35 on the cleaned ALMA images. They then used the
MAGPHYS SED fitting (da Cunha et al., 2008; da Cunha et al., 2015) to determine the physical properties,
such as, stellar mass, SFR, and total IR luminosity, of the sources, resulting in the A’COSMOS catalog. All
the calibrated visibilities, cleaned images, and the value-added source catalog provided by the A’COSMOS
project can be easily accessed through a single portal.

2.3 Statistical approaches

While the A*’COSMOS catalog provides measurements of dust emission for massive galaxies through single
detections with high significance (i.e., S/N > 4.35), only a few high redshift SFGs with M, < lO“M(D
are detected individually in the ALMA archive. This is due to the fact that such galaxies are very faint at
submillimeter wavelengths and thus difficult to detect individually. For example, at z ~3, only ~10% of the
M, ~ 10'"%7 M SFGs have an S/N > 4 on the maps. To retrieve the faint emission of these SFGs and to
measure their mean molecular gas mass and size, I used a stacking analysis. I then constrained the cosmic
evolution of the mean molecular gas fraction and depletion time of these SFGs using a Bayesian statistical
approach. Details of these statistical approaches are presented below.
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Figure 2.4: Illustration of image domain stacking analysis. The images on the left show 20 simulated ALMA
observational images with the same spatial resolution but different noise, each 6 X 6 arcsec in size, with a modeled
galaxy in the center. The image on the right shows the stacked result, obtained by stacking the 20 images on the left
to improve the S/N of the stacked galaxies.

2.3.1 Stacking analysis

Assuming that the sources are unresolved or barely resolved, my stacking analysis groups them in a
meaningful way (e.g., into bins of redshift and stellar mass), and averages the pixel values either by mean
or median (e.g., Dole et al., 2006; Zheng et al., 2006; Magnelli et al., 2014; Scoville et al., 2014; Magnelli
et al., 2015; Schreiber et al., 2015; Lindroos et al., 2016; Magnelli et al., 2020).

The simplest way to stack data sets is to perform the analysis in the image domain (e.g., Fig. 2.4). The
pixel intensity in the stacked image can be calculated as,

S1 077
1 stack = 2

g

(2.3)

where I; is the pixel intensity of the i-th galaxy and o is the noise level in the image of the i-th galaxy. This
reduces the background noise in the stacked image and improves the S/N. However, image domain stacking
only applies to data sets observed at the same frequency and angular resolution. It cannot be used to stack
data from the A’COSMOS project, which contains observations from different ALMA projects using
different frequency settings and different array configurations, resulting in different angular resolutions in
the images. Therefore, in my research, I developed a Fourier domain stacking analysis that can stack data
sets from different ALMA projects. Since different galaxies were observed at different frequencies, I used
the MS and starburst SED templates from Béthermin et al. (2012) and calculated the SED template flux
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density ratio between the 850x(1 + z)um and the observed wavelength of the galaxy of interest,

SED _ oSED SED
I T P V8s0x(14z) um / Vobs * (2.4)
With this, I scaled the ALMA visibility amplitudes from flux density (S“fivm) to rest-frame 850um

luminosity,
=47 D} S;MMATSP /(14 2), 2.5)

V850 m, rest
where Dy is the luminosity distance of the galaxy of interest. The above rescaling of the ALMA visibilities
was done using the CASA tasks gencal and applycal. Since the galaxy of interest may not be located
at the phase center during the observations, using the CASA package STACKER (Lindroos et al., 2015) I
shifted the phase center of the visibilities to the coordinates of the galaxy,

Vipitiea (it v, W) = V(v w) 7B GmS0/4 4 (8 | (2.6)

where V (u, v, w) is the visibilities, S"O is a unit vector pointing to the original phase center, S & 18 a unit vector
pointing to the position of the stacked galaxy, A (S «) 1s the primary beam attenuation in the direction
of § «» B 1s the visibility baseline. Finally, I concatenated these visibilities together using the CASA task
concat. Details of the scripts for the above process are presented in the Appendix A.

Rest-frame 850 ym luminosity and size

The rest-frame 850 ym luminosity and size of the stacked galaxy were measured using two different
approaches. First, I measured them in the Fourier domain by fitting a single component model, either a
Gaussian disk or a point source, to the stacked visibilities using the CASA task uvmodelfit. Alternatively,
I measured them in the image domain by using the CASA task tclean to image the stacked data set. 1
selected Briggs natural weighting and cleaned the image down to a 30 threshold, and fit a single 2D
component model to the cleaned image using the Python Blob Detector and Source Finder (PyBDSF)
package (Mohan and Rafferty, 2015). After the measurements, I define the effective radius of the stacked
galaxy, R.g ~ FWHM /2.43, following Jiménez-Andrade et al. (2019). Here, FWHM denotes the
beam-deconvolved full width at half maximum of the major axis output by uvmodelfit or PyBDSF. I then

expressed the mean size of the stacked galaxy in terms of circularized radii, R(‘;’gc,

i b
Rzgc = Reff X \/;9 (27)

where b/a is the axis ratio measured with uvmodelfit or PyBDSF. Note that the rest-frame 850 um
luminosity and size obtained with uvmodelfit and PyBDSF agree within the uncertainties.

From rest-frame 850 ym luminosity to molecular gas mass

I converted the rest-frame 850 um luminosity measurements to molecular gas mass. I follow the gas mass
conversions as previously introduced in Sect. 1.2.3. In the first paper of my doctoral research (Sect. 3 and
Appendix B), I used the H17 approach. This approach was chosen because I wanted to compare my results
with those of Liu et al. (2019b), who also used the H17 method to estimate the molecular gas mass of SFGs.
However, as pointed out in Sect. 1.2.3, this approach, which assumes a constant light-to-gas mass ratio, may
not be suitable for high-redshift and low-stellar-mass galaxies due to their lower metallicities. Therefore, in
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the second paper of this doctoral research (Sect. 4 and Appendix C), [ used the B12 and L11 approaches
instead.

2.3.2 MCMC analysis

In order to accurately constrain the cosmic evolution of the mean molecular gas fraction and depletion time
of SFGs as a function of their stellar mass and redshift, it is crucial to carefully choose the approach to
perform the fit. The simplest approach to numerically test the goodness of fit of a model to the data is to
find the minimum value of Pearson’s chi-squared test,

ZZZM
E. ’

4

2.8)

where y? is Pearson’s cumulative test statistic, O ; is the i-th observation, and E; is the expected value from
the model corresponding to the same variables as O;. However, this approach has its limitations, especially
when the given variables do not follow a normal distribution.

To address this issue, in this doctoral research, I used the Markov Chain Monte Carlo (MCMC) method —
a Bayesian statistical technique — to find the best fit. In this context, the Markov chain implies that the i-th
sample (for i > 1) is generated randomly but depends on the state reached in the (i-1)-th sample, i.e., the
sample generated during the process are autocorrelated. The Monte Carlo in this context refers to the use
of random sampling and probabilistic reasoning to estimate parameters. I use the Python package emcee
(Foreman-Mackey et al., 2013) to perform the MCMC fit.
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CHAPTER 3

A3COSMOS: A census on the molecular gas mass
and extent of main-sequence galaxies across cosmic
time (Summary)

This chapter is a summary of the article published in Astronomy and Astrophysics (A&A) as:

Wang, T.-M., Magnelli B., Schinnerer E., Liu D., Modak Z. A., Jiménez-Andrade E. F., Karoumpis C.,
Kokorev V., and Bertoldi F. (2022), A&A, 660, A142.

In this publication, I performed the stacking analysis on the ALMA dataset and the conducted scientific
analysis under the supervision of Magnelli and Bertoldi. Modak provided the script for simulating
ALMA observations to test the stacking analysis. The other co-authors contributed to the interpretation
of the results and provided comments and revisions to the final manuscript. The refereed article can
be found in Appendix B of this document, while the open access version is found under the reference
arXiv:2201.12070v1.

3.1 Context

To understand the evolutionary history of SFGs over cosmic time, precise measurements of the gas reservoir
that fuels their star formation are required. Although some studies have attempted to measure these physical
properties of SFGs at different redshifts, stellar masses, and AMSs (e.g., Carilli and Walter, 2013; Sargent
et al., 2014; Schinnerer et al., 2016; Miettinen et al., 2017a; Scoville et al., 2017; Tacconi et al., 2018;
Tacconi et al., 2020; Gowardhan et al., 2019; Liu et al., 2019b; Wiklind et al., 2019; Cassata et al., 2020),
they all show evidence of selection bias in their galaxy samples (Fig. 3.1). Indeed, it is difficult to detect
the gas reservoir of high redshift and low stellar mass SFGs individually, which makes the measurement of
the mean molecular gas mass of SFGs with a mass complete sample challenging.

3.2 Aims

We aim to constrain for the first time the cosmic evolution of the mean molecular gas mass and size of a
mass complete sample of SFGs with M, > 1010M® at0.4 < z < 3.6.
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Figure 3.1: INlustration of the selection bias in galaxy samples in literature studies. The panels show the redshift
evolution of the molecular gas mass in MS galaxies at different stellar masses. Symbols for lines and data points are
shown in the legend. One can directly observe that MS galaxies detected individually in ALMA images (pink circles)
are biased towards high stellar masses, high AMSs, and low redshifts. This figure is taken from Wang et al. (2022).

3.3 Methods

In the COSMOS2015 catalog, we obtained the stellar mass and redshift of SFGs and selected only those
above the mass completeness limits of this catalog. The SFR of these SFGs was calculated following the
ladder of the SFR indicator as advocated by Wuyts et al. (2011). We used the MS calibration of Leslie
et al. (2020) and kept only SFGs with -0.5 < AMS < 0.5. These SFGs were then matched with all available
ALMA band-6 and -7 observations from the A>*COSMOS project, retaining only those observed by ALMA.
We developed an innovative Fourier domain stacking analysis and applied it to this ALMA dataset. This
stacking analysis, performed on the Rayleigh-Jeans dust continuum emission, allows us to measure the
mean molecular gas mass and size of MS galaxies at the redshift and stellar mass where galaxies are
difficult to detect individually. Finally, the empirical relationship between the cosmic evolution of the mean
molecular gas mass and the depletion time is derived using the Markov chain Monte Carlo method.

3.4 Results

The molecular gas mass of MS galaxies evolves with redshift and stellar mass. The mean molecular gas
fraction of MS galaxies decreases by a factor of ~ 24 from z ~ 3.2 to z ~ 0 at all stellar masses. At a given
redshift, it decreases with stellar mass at about the same rate as the decrease in the specific star formation
rate (SFR/M, ) of MS galaxies. The molecular gas depletion time of MS galaxies remains roughly constant
at z > 0.5 with a value of 300-500 Myr, but increases by a factor of ~ 3 from z ~ 0.5 to z ~ 0. The
star-forming size of MS galaxies remains roughly constant over cosmic time and stellar mass, with an
average circularized half-light radius of ~2.2kpc. Combining these measurements, we derived the KS
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relation, i.e. the Xy, —— gy relation, of MS galaxies and found a slope of ~ 1.13.

3.5 Conclusions

At first order, at high redshifts and low stellar masses, our measured mean molecular gas masses of MS
galaxies are generally lower than predictions from previous studies. This discrepancy can be explained
by the fact that those studies were largely biased towards individually detected MS galaxies with massive
gas reservoirs (e.g. Fig. 3.1). The molecular gas content of MS galaxies regulates their star formation
over cosmic time, with variations in their star formation efficiency playing a secondary role. This finding
is supported by an apparently universal MS-only and near-unity slope of the KS relation, which is also
found in Genzel et al. (2010) and Miettinen et al. (2017b). Continuous cold gas accretion to MS galaxies is
required to sustain their star formation throughout their > Gyr evolution. Without such cold gas accretion,
their star formation would cease in a few hundred million years, as indicated by their short mean molecular
gas depletion times. Finally, the compact FIR sizes of MS galaxies relative to their optical sizes, as
discovered in our study, could indicate the formation of galaxy bulges (e.g., Fisher, 2006; Zolotov et al.,
2015; Goldbaum et al., 2016; Tacchella et al., 2016; Tonini et al., 2016).
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CHAPTER 4

A3COSMOS: Dissecting the gas content of
star-forming galaxies across the main sequence at 1.2
< z < 1.6 (Summary)

This chapter is a summary of the article published in Astronomy and Astrophysics (A& A) with reference:

Wang T.-M., Magnelli B., Schinnerer E., Liu D., Jiménez-Andrade E. F., Karoumpis C., Adscheid S., and
Bertoldi F. (2023), A&A, 47219-23 (in print).

In this publication, I performed the stacking analysis on the ALMA data and the scientific analysis under
the supervision of Magnelli and Bertoldi. The other coauthors contributed to the interpretation of the
results and provided comments and revisions to the final manuscript. The published article can be found in
Appendix C of this thesis, while the open access version can be found under reference arXiv:2311.11832v1.

4.1 Context

At all redshifts, most SFGs reside on the main sequence (MS), which has a scatter of ~0.3 dex in the SFR
(e.g., Schreiber et al., 2015; Leslie et al., 2020; Leja et al., 2022; Popesso et al., 2023). However, some
of SFGs are outliers with extreme star formation (e.g., Schreiber et al., 2015; Silverman et al., 2018). To
deepen our understanding of the mechanisms driving these features, it is essential to study the gas mass and
size of SFGs across a board range of AMS with mass-complete samples. However, due to instrumental
limitations, such a study has not yet been conducted.

4.2 Aims

The aim of this work is to understand the physical mechanisms that drive the scatter of the MS and starburst
with a group of mass-complete M, >109'5M® SFGsat12<z<1.6.

4.3 Methods

We selected SFGs and obtained their stellar mass and redshift from the COSMOS2020 catalog, and
calculated their SFRs following the ladder of SFR indicator as advocated by Wuyts et al. (2011). The
AMS of these SFGs were defined following the MS calibration of Leslie et al. (2020). We cross-matched
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these SFGs with the available ALMA band-6 and -7 observations from the A’COSMOS project, keeping
only those that have been observed by ALMA. Applying the Fourier-domain stacking analysis to ALMA
datasets, it allows us to accurately measure the mean molecular gas mass and size of SFGs down to stellar
mass ~109'5M®, where none of the MS galaxies can be individually detected in their ALMA images. For
our selected SFGs, we also apply an image-domain stacking analysis on their HST i-band and UltraVISTA
J- and K -band images. This enables us to probe the distribution of their stellar components. The stellar
mass size of MS galaxies is acquired by applying the Rp,i¢_eiiar—tight~10~ Rhaif—stellar—mass COnVersion at rest
5000 angstrom of Suess et al. (2019a) to their rest-frame optical sizes. We then compare the modeled
stellar mass size of MS galaxies to their star-forming size derived from our ALMA stacking analysis.

4.4 Results

The mean molecular gas fraction of SFGs increases by a factor of ~1.4 as they move across the MS (from
AMS~-0.2 to AMS~0.2), while the mean molecular gas depletion time decreases by a factor of ~1.8
simultaneously. The mean molecular gas fraction of MS galaxies decreases by a factor of ~7 as stellar
mass increases from M, ~ 109'7MG to ~ 10" '3M@, while their mean molecular gas depletion time remains
roughly constant across all stellar massed. The majority of galaxies on the MS have Rgpg = Ryjjar- AS
SFGs transition from the MS to the starburst region (from AMS~0 to AMS~0.7), their mean molecular gas
fraction increases by a factor of ~2.1, and their mean molecular gas depletion time decreases by a factor of
~3.3. This is accompanied by a transformation in their optical morphology from disk-like to merger-like
and a decrease in star-forming size from ~2.5kpc to ~1.4kpc. MS galaxies exhibit a larger size dispersion
compared to that of starburst galaxies. This may hint at hidden starburst within the MS. Finally, MS and
starburst galaxies follow the same KS relation, i.e., the X, — Xgpg relation, with an inferred slope of
~1.13.

4.5 Conclusions

The scatter on the MS is caused by variations in both the star formation efficiency and molecular gas
fraction of galaxies. Our findings support the simulation of Tacchella et al. (2020), which suggests that
SFGs may cycle through complex star formation mechanisms over several Gyr. In their simulation, the star
formation efficiency of MS galaxies can be elevated due to minor mergers or disk instabilities, leading
to an increase in their AMS (e.g., Cacciato et al., 2012; Dekel and Burkert, 2014; Lapiner et al., 2023).
Conversely, star formation within MS galaxies can reduce their gas fraction, thus decreasing their SFR and
AMS (e.g., Feldmann and Mayer, 2015; Spilker et al., 2019). On the MS, the mean molecular gas fraction
decreases with increasing stellar mass. This could be linked to variations in their cold gas accretion and can
explain the origin of the bending of the MS (e.g., Daddi et al., 2022). Our finding that MS galaxies have
Rpr ® Rgeplar» but a much larger optical size, indicates that they have strong radial dust attenuation gradient.
Finally, our observations suggest that strarburst are induced by major mergers. In this process, the star
formation efficiency and molecular gas fraction increase. The latter can be understood as the surrounding
HT gas of the SFGs could become unstable during the merger and fall into the central region of the merger
system (e.g., Weston et al., 2017; Blumenthal and Barnes, 2018; Sivasankaran et al., 2022), transforming
into additional molecular gas content (e.g., Yu et al., 2022).
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Summary and outlook

5.1 Summary

By integrating the results of this dissertation with those from the literature, we can get a clearer picture of
the evolutionary history of our universe. Galaxies are thought to have formed at z ~10 (e.g., Bromm and
Yoshida, 2011; Chen et al., 2022) and later evolved mostly in isolation. They continue to accrete fresh gas
from the cosmic web, which fuels their star formation during their evolution, as suggested by observations
of their gas content (e.g., Liu et al., 2019b; Tacconi et al., 2020; Wang et al., 2022; Wang et al., 2023).

In chapter 3 I examined the evolution of MS galaxies at 0.4 < z < 3.6, focusing on their mean molecular
gas fraction and depletion time. Between z ~3.6 and z ~0.4, they maintain a relatively high and stable mean
molecular gas fraction and a short and constant mean molecular gas depletion time, i.e., 300-500 Myr,
indicating the need for cold accretion from the cosmic web. For a given redshift, galaxies with higher
stellar mass tend to have lower mean molecular gas fractions. This finding supports the interpretation that
the flattening of the MS at high masses is due to a decrease in their gas accretion rate, which could be
related to the mass-quenching model (e.g., Peng et al., 2010; Nelson et al., 2018; Wright et al., 2019). In
measuring the size of these MS galaxies, I found that their star-forming size is constant, i.e. ~2.2kpc, and
compact at all redshifts and stellar masses. This is often interpreted as the accretion of cold gas into their
center, forming the stellar bulges (e.g., Fisher, 2006; Zolotov et al., 2015; Goldbaum et al., 2016; Tacchella
et al., 2016; Tonini et al., 2016). Overall, the evolution of MS galaxies in this cosmic epoch is primarily
dominated by variations in their gas accretion rate and content, as supported by my finding of a near-unity
KS relation slope of ~1.13.

In chapter 4 I studied the same physical properties as in chapter 3, but for M, > 10° M SFGs at z ~1.4
and -0.7 < AMS <1.3. Across the MS, i.e. from AMS~ —0.2 to AMS~0.2, the mean molecular gas fraction
of SFGs increases by a factor of ~1.4, while their depletion time decreases by a factor of ~1.8. This reflects
a complex star formation scenario as suggested by Tacchella et al. (2020). For example, the star formation
efficiency of MS galaxies can be enhanced by small mergers or disk instabilities, increasing their AMS
(e.g., Cacciato et al., 2012; Dekel and Burkert, 2014; Lapiner et al., 2023). Conversely, star formation can
reduce the gas fraction of MS galaxies, thereby decreasing their SFR and AMS (e.g., Feldmann and Mayer,
2015; Spilker et al., 2019). MS galaxies can experience these cycles over a few Gyr.

In some rare cases, MS galaxies move into the starburst region, i.e. from AMS~0 to AMS~0.7, via
mergers, as revealed by our morphology measurements. This process includes an increase in the mean
molecular gas content by a factor of ~2.1, a decrease in the mean molecular gas depletion time by a factor
of ~3.3, and a decrease in star formation size from ~2.5 kpc to ~1.4 kpc.
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The increased molecular gas content and decreased star formation region size indicate instability in
the surrounding H1 gas. This gas loses its angular momentum during galaxy collisions, falls into the
deep gravitational potential region of the system (e.g., Weston et al., 2017; Blumenthal and Barnes, 2018;
Sivasankaran et al., 2022), and changes into additional molecular gas (e.g., Yu et al., 2022). This highly
unstable molecular gas then turns into stars, but with a higher star formation efficiency than that observed
in MS galaxies.

Finally, I measured the optical size of SFGs, modeled their half-mass size, and found that their half-mass
size is similar to their star-forming extend, but smaller than their optical size. I conclude that this relatively
large optical size reflects strong dust extinction within SFGs (e.g., Popping et al., 2022).

5.2 Outlook

The Fourier domain stacking analysis developed in this thesis allows us to accurately measure the mean
molecular gas mass and size of SFGs over a wide range of redshifts, stellar masses, and AMS. However,
several questions remain unanswered, in particular those related to gas mass and size measurements of
galaxies at redshifts, stellar masses, and AMS beyond the limits explored in this work. This is mainly due to
insufficient ALMA data observed in the COSMOS field, i.e. the signal-to-noise ratio of the stacked image
correlates with the square of the number of visibilities used in the stacking analysis. As more ALMA data
observed in the COSMOS field become available in the future, and with the advent of next-generation
telescopes, I expect that these unresolved issues can be addressed. Below, I outline some remaining
questions that could be addressed in the future using the statistical approach developed during my Ph.D.
work.

What role does the gas content of SFGs play during morphological quenching?

Studies have found that the morphological distribution of galaxies (i.e., the percentage of galaxies that
are disks, spheroids, irregular, or bulge+disk) depends on redshift and stellar mass (e.g., Ferreira et al.,
2022; Huertas-Company et al., 2023). The morphology of a galaxy reflects the dynamics of its internal
components, such as stars and gas, and could be related to its star formation evolution, including disk
formation by gas accretion or destruction by mergers. Leslie et al. (2020) found that the mass quenching of
SFGs is associated with a change in their morphology. In particular, bulge-dominated late-type galaxies
contribute more to the total SFR at low redshifts and high stellar masses. This could be related to the
morphological quenching model (e.g., Martig et al., 2013), where bulge-dominated SFGs stabilize their
molecular clouds and thus regulate star formation. To confirm this interpretation, one needs to categorize
galaxies based on their morphology, stellar mass, and SFR, and then study their gas mass and size. However,
this categorization would divide galaxies into bins, thereby reducing the signal-to-noise ratio of the stacked
galaxy. Therefore, such a study has not yet been done.

What are the mechanisms that trigger starbursts at redshifts beyond the scope of this study?

The cosmic major merger fraction has been studied in the literature (e.g., Xu et al., 2012; Tasca et al., 2014;
Ventou et al., 2017; Duncan et al., 2019; Romano et al., 2021). These studies found that the major merger
fraction increases dramatically from z ~0 to z ~3, and decreases smoothly from z ~3 to z ~6. Their results
suggest a variation in the environments of galaxies at different cosmic times. In this dissertation, I have
successfully linked starburst galaxies to merger events and explored the mechanisms that trigger starbursts
at z ~1.4. However, it remains unclear whether my conclusions apply to starburst galaxies at other redshifts.
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Future studies using more ALMA datasets containing high-redshift SFGs with a large dynamical range in
their AMS can address this issue. This will be made possible in particular by future deep and large surveys
with JWST, such as the COSMOS Web program (Casey et al., 2023).

What are the physical mechanisms that trigger star formation in SFGs at their birth?

In this thesis, I have provided precise gas mass measurements for a group of mass-complete SFGs with
redshifts up to z ~3.6 and stellar masses down to M, ~ 109‘5M®. This allows us to understand a part
of the evolutionary history of SFGs. However, it is not clear whether my results can be applied to the
very beginning of galaxy formation at z ~10 and with total halo mass ~108M® (e.g., Bromm and Yoshida,
2011; Chen et al., 2022). In addition, studies have argued that the RJ dust continuum approach may not be
suitable for measuring the gas mass in SFGs at z > 5 (e.g., Zhang et al., 2016; Vizgan et al., 2022), because
the cold dust in SFGs could thermally couple with the increasing CMB temperature. They suggest that
the measurement of the ionized carbon (CII) emission line at rest-frame 158 pm could be a promising
approach to estimate the gas mass of high redshift SFGs (e.g., Dessauges-Zavadsky et al., 2020; Vizgan
et al., 2022; Heintz et al., 2023). Future studies could potentially address this issue by applying a stacking
analysis to the CII emission line data from a group of mass-complete high redshift SFGs, especially as
more ALMA datasets are released.
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APPENDIX A

Script for the stacking analysis

Here I present details on the script that I used to perform Fourier-domain stacking in my research work (see
Sect. 2.3.1). This script should be executed under CASA version 4.6.0.

I include the python packages that are used in this script Lindroos et al. (2015).

import numpy as np

import stacker

import stacker.uv

from scipy.io.idl import readsav

For each galaxy, I calculate EP from eq. 2.4 using the SED templates of Béthermin et al. (2012) and
interpolation.

lambda_obs=(3.0*10**8/frequency)*10**6

lambda_850=850.0*(1+redshift)

# frequency: the observed frequency in Hz.

# redshift: the redshift of the target galaxy.
SED_lambda=readsav(’SED_z.save’)[’lambda_grids’]
SED_z_grid=readsav’SED_z.save’)[’z_grids’]
SED_lower=readsav(’SED_z.save’)[’snu_grids_ms’][SED_number]

# call SED wavelength grids, in unit of um, SED redshift grids,

# and SED flux grids at a given redshift, in unit of Jy.
f_predict_obs_SED_lower=np.interp(lambda_obs,SED_lambda,SED_lower)
f predict_850_SED_lower=np.interp(lambda_850,SED_lambda,SED_lower)
# obtain the SED flux at the observed wavelength and 850 um using interpolation.
frec_lower=f_predict_850_SED_lower/f_predict_obs_SED_lower

# calculate PP ata given redshift grid.
SED_upper=readsav(’SED_z.save’)[’snu_grids_ms’][SED_number+1]

# call SED flux grids for the next redshift.
f_predict_obs_SED_upper=np.interp(lambda_obs,SED_lambda,SED_upper)
f predict_850_SED_upper=np.interp(lambda_850,SED_lambda,SED_upper)
# obtain the SED flux at the observed wavelength and 850 um using interpolation.
frec_upper=f_predict_850_SED_upper/f_predict_obs_SED_upper

# calculate TP at the next redshift grid.
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gamma_SED=np.interp(age_obs,[age_upper,age_lower],[frec_big,frec_small])
# obtain the final I>FP at the redshift of the target source using interpolation.
# age: the corresponding cosmic age at a give redshift in year.

I then use I'SEP to scale the amplitude of ALMA visibilities to the rest-frame 850 ym luminosity, using

CASA tasks gencal and applycal.

scale=1.0/np.sqrt((4*np.pi*(DL)**2*gamma_SED/(1+redshift)))

# define the scaling factor with I'SEP and here DL is the luminosity distance in meter.
gencal(vis=vis, caltable=caltable, caltype="amp’, spw=spw, parameter=scale)

# vis: visibility. caltable: calibration table. spw: spectral window.

applycal(vis=vis, spw=spw, gaintable=caltable)

split(vis=vis, outputvis="vis_amp_shifted’, datacolumn="corrected’)

# split the result after applying CASA task gencal and applycal.

I use stacker to shift the phase center of the visibilities to the coordinates of the galaxy.

flux[’uv’]=stacker.uv.stack(coordinate,inputvis="vis_amp_shifted’, outputvis="stack_output’,datacolumn="data’)
# coordinate: the coordinate of the galaxy.

Finally, I stack the visibilities of the galaxies using the CASA task concat.

concat(vis=vislist,concatvis="uvstacked.ms’)
# vislist: list of visibilities to stack.
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APPENDIX B

A3COSMOS: A census on the molecular gas mass

and extent of main-sequence galaxies across cosmic
time

The publication Wang et al. A&A (2022), 660A, 142W is reproduced below in its original form with
permission by ESO.
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ABSTRACT

Aims. We aim to constrain for the first time the mean mass and extent of the molecular gas of a mass-complete sample of normal

>10'" M, star-forming galaxies at 0.4 < z < 3.6.

Methods. We apply an innovative uv-based stacking analysis to a large set of archival Atacama Large Millimeter/submillimeter
Array (ALMA) observations using a mass-complete sample of main-sequence (MS) galaxies. This stacking analysis, performed on
the Rayleigh-Jeans dust continuum emission, provides accurate measurements of the mean mass and extent of the molecular gas of

galaxy populations, which are otherwise individually undetected.

Results. The molecular gas mass of MS galaxies evolves with redshift and stellar mass. At all stellar masses, the molecular gas
fraction decreases by a factor of ~24 from z ~ 3.2 to z ~ 0. At a given redshift, the molecular gas fraction of MS galaxies decreases
with stellar mass at roughly the same rate that their specific star-formation rate (SFR/M, ) decreases. The molecular gas depletion
time of MS galaxies remains roughly constant at z > 0.5 with a value of 300-500 Myr, but increases by a factor of ~3 from z ~ 0.5
to z ~ 0. This evolution of the molecular gas depletion time of MS galaxies can be predicted from the evolution of their molecular

gas surface density and a seemingly universal MS-only Z,,

mol

— Xgpr relation with an inferred slope of ~1.13, the so-called Kennicutt—

Schmidt (KS) relation. The far-infrared size of MS galaxies shows no significant evolution with redshift or stellar mass, with a mean
circularized half-light radius of ~2.2 kpc. Finally, our mean molecular gas masses are generally lower than previous estimates, likely
due to the fact that literature studies were largely biased toward individually detected MS galaxies with massive gas reservoirs.
Conclusions. To first order, the molecular gas content of MS galaxies regulates their star formation across cosmic time, while variation
in their star-formation efficiency plays a secondary role. Despite a large evolution of their gas content and star-formation rates, MS
galaxies have evolved along a seemingly universal MS-only KS relation.

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: ISM

1. Introduction

Understanding galaxy evolution across cosmic time is one of the
key topics of modern astronomy. One very successful approach
for addressing this vast and important question is to assem-
ble and study large and representative samples of galaxies
through deep multiwavelength extragalactic surveys. Using this
approach, much has been learned over the last few decades about
the global star-formation history of the Universe. The cosmic
star-formation rate density (SFRD) increases from early cosmic
times, z ~ 2, and decreases by a factor of 10 by z ~ 0 (Madau &
Dickinson 2014). About 80% of this star formation takes place
in relatively massive galaxies (>10'° M) that reside on the so-
called main sequence (MS) of star-forming galaxies (SFGs; e.g.,
Noeske et al. 2007; Rodighiero et al. 2011; Sargent et al. 2012).
This MS denotes the tight correlation that exists between the
stellar mass (M, ) and star-formation rate (SFR) of galaxies,
which is observed up to z ~ 4 (e.g., Brinchmann et al. 2004;
Pannella et al. 2009; Magdis et al. 2010; Zahid et al. 2012;
Kashino et al. 2013; Whitaker et al. 2014; Sobral et al. 2014;

Speagle et al. 2014; Johnston et al. 2015; Tomczak et al. 2016;
Bourne et al. 2017; Pearson et al. 2018; Popesso et al. 2019;
Leslie et al. 2020). The existence of the MS, with its constant
scatter of 0.3 dex and a normalization that decreases by a fac-
tor of 20 from z ~ 2 to z ~ 0, suggests that most SFGs are
isolated and secularly evolving with long (>1 Gyr) star-forming
duty cycles. On the contrary, galaxies above the MS (~5% of the
SFG population; Luo et al. 2014) seem to be mostly associated
with short, intense starbursts triggered by major mergers and
contribute only 10% to the SFRD at all redshifts (e.g., Sargent
et al. 2012). While the evolution of the MS and SFRD across
cosmic time is observationally well established up to z ~ 2, the
mechanisms driving their evolution remain poorly constrained.
At z > 2, our understanding is even more limited because
observations obtained from different rest-frame frequencies (i.e.,
ultraviolet, far-infrared, or radio) provide a somewhat discrepant
view of the exact evolution of the SFRD (e.g., Bouwens et al.
2015; Novak et al. 2017; Liu et al. 2018; Gruppioni et al. 2020).

To shed light on the physical processes that regulate star for-
mation across cosmic time, it is paramount to obtain a precise
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measurement of the molecular gas content of local and high-
redshift galaxies. Indeed, molecular gas fuels star formation,
as revealed by the tight correlation between gas mass and SFR
surface densities, the so-called Kennicutt—Schmidt (KS) relation
(Kennicutt 1998a). Molecular hydrogen (H,) is the most abun-
dant constituent of molecular gas, but it is difficult to observe
due to its lack of a dipole moment. For this reason, the carbon
monoxide (CO) molecule, which is the most abundant and read-
ily observable constituent of molecular gas, is usually used to
trace the molecular gas content of galaxies (see Bolatto et al.
2013, for areview). However, even with the Atacama Large Mil-
limeter/submillimeter Array (ALMA), obtaining such measure-
ments for z > 2.0 MS galaxies with stellar masses of ~10'° M
still requires an hour of observing time per object. The CO
molecule is thus still poorly suited for the study of large and
representative samples of high-redshift galaxies. Therefore, in
recent years, an alternative approach of focusing on high-redshift
galaxies has emerged, which relies on dust mass measurements
and a standard gas-to-dust mass ratio calibrated in the local Uni-
verse. These gas mass measurements, inferred from either mul-
tiwavelength dust spectral energy distribution (SED) fits (e.g.,
Magdis et al. 2012; Magnelli et al. 2012b, 2014; Santini et al.
2014; Tan et al. 2014; Béthermin et al. 2015; Berta et al. 2016;
Hunt et al. 2019) or single Rayleigh—Jeans (RJ) flux density con-
version (e.g., Scoville et al. 2014, 2016; Groves et al. 2015;
Schinnerer et al. 2016; Kaasinen et al. 2019; Liu et al. 2019b;
Magnelli et al. 2020; Millard et al. 2020), were shown to be sur-
prisingly accurate when compared to state-of-the-art CO mea-
surements (e.g., Genzel et al. 2015; Scoville et al. 2016, 2017;
Tacconi et al. 2018, 2020).

This dust-based approach has since allowed the measure-
ment of the gas content of hundreds of high-redshift SFGs. It
was found that the gas fraction of massive SFGs (i.e., Mg,/M..)
is relatively constant at z > 2 but decreases significantly from
z ~ 2tz ~ 0 (Carilli & Walter 2013; Sargent et al. 2014;
Schinnerer et al. 2016; Miettinen et al. 2017b; Scoville et al.
2017; Tacconi et al. 2018, 2020; Gowardhan et al. 2019; Liu
et al. 2019b; Wiklind et al. 2019; Cassata et al. 2020). This evo-
lution follows that of the normalization of the MS and implies
that the star-formation efficiency (SFE; i.e., SFR/Mg,) in these
galaxies remains relatively constant across cosmic time. This
finding is confirmed by the global evolution of the co-moving
gas mass density, which resembles that of the SFRD (Magnelli
et al. 2020). At any redshift, the depletion time (fgep1 = 1/SFE)
of the gas reservoirs of massive SFGs is found to be relatively
short, on the order of ~0.5-1 Gyr. Without continuous replen-
ishment of their gas reservoirs, star formation in massive MS
galaxies would thus cease within ~0.5—1 Gyr, in tension with the
existence of the MS itself (i.e., long star-forming duty cycles).
The continuous accretion of fresh gas from the intergalactic or
circum-galactic medium would thus be the main parameter reg-
ulating star formation across cosmic time, as also suggested by
hydro-dynamical simulations (e.g., Faucher-Giguere et al. 2011;
Walther et al. 2019).

While all these previous studies provided key information
for our understanding of galaxy evolution, they all suffer from a
set of limitations. Firstly, all relied on samples of a few hun-
dred to at most a thousand galaxies and thus suffered from
small number statistics, especially because these samples were
further split into numerous redshift, stellar mass, and AMS
(AMS =1og;o(SFR/SFRys)) bins. Secondly, all these studies
were based on subsets of galaxies drawn from a parent sam-
ple using complex underlying selection functions. Each subsam-
ple could thus still fail to provide a complete and representative
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view of the gas content of high-redshift galaxies. This likely
explains in part why these studies agreed qualitatively but dis-
agree quantitatively on the exact redshift evolution of the gas
content of massive galaxies (see Liu et al. 2019b). Finally, and
most importantly, these studies relied mainly on individually
detected galaxies and were thus limited to the high-mass end
(>10'%3 M) of the SFG population. While constraining the gas
content of massive galaxies is important, extending our knowl-
edge toward lower stellar masses is crucial because the bulk
of the star-formation activity of the Universe is known to take
place in 10'%195 My galaxies (e.g., Karim et al. 2011; Leslie
et al. 2020). The gas properties of these crucial low-mass high-
redshift SFGs thus remain largely unknown simply because most
are individually undetected, even in deep ALMA observations.

To statistically retrieve the faint emission of this SFG popu-
lation, one can perform a stacking analysis. Indeed, by grouping
galaxies in meaningful ways (e.g., in bins of redshift and stel-
lar mass) and by stacking their observations (e.g., summing or
averaging), one effectively increases the observing time toward
this galaxy population and can thus infer their average proper-
ties. The noise in the stacked image decreases as the root square
of the number of stacked galaxies, and thus large samples can
lead to robust detections of previously individually undetected
galaxy populations. Such a statistical approach applied to, for
example, Spitzer, Herschel, or ALMA images has proven to be
extremely powerful and to push measurements well below the
conventional instrumental and confusion noise limits of these
observatories (e.g., Dole et al. 2006; Zheng et al. 2006; Magnelli
et al. 2014, 2015, 2020; Scoville et al. 2014; Schreiber et al.
2015; Lindroos et al. 2016). Although stacking over the entire
ALMA archive provides a unique opportunity to study the gas
mass content of low-mass high-redshift SFGs, it also presents
two challenges when compared to standard stacking analyses
performed with Spitzer, Herschel, or single ALMA projects, as
the ALMA archival data are heterogeneous in terms of observed
frequencies and spatial resolution. While stacking data obtained
at different observing frequencies simply implies a rescaling of
each individual data set to a common rest-frame luminosity fre-
quency using locally calibrated submillimeter SEDs, stacking
data with different spatial resolutions is a more uncommon chal-
lenge that has only rarely been tackled in the literature (e.g.,
Lindroos et al. 2016; Chang et al. 2020). It can, however, be eas-
ily addressed thanks to the very nature of ALMA observations.
Indeed, while combining observations with different spatial res-
olutions would involve very uncertain and complex convolutions
in the image domain, combining them in the uv domain is strictly
equivalent to performing aperture synthesis on a single object
(e.g., Lindroos et al. 2016; Chang et al. 2020).

In this work, we aim at mitigating most of the limitations
that affect current studies of the gas properties of high-redshift
SFGs by applying an innovative uv-based stacking analysis to a
large set of ALMA observations toward a mass-complete sample
of M, > 10'° M, MS galaxies. This sample is drawn from one
of the largest, yet still deep, multiwavelength extragalactic sur-
veys, the Cosmic Evolution Survey 2015 (COSMOS-2015) cat-
alog (Laigle et al. 2016). The stellar masses and redshifts of our
galaxies were taken directly from the COSMOS-2015 catalog,
while their SFRs were estimated from their COSMOS-2015 rest-
ultraviolet, mid-infrared (MIR), and far-infrared (FIR) photome-
try following the ladder of SFR indicators of Wuyts et al. (2011).
From this mass-complete sample of MS galaxies, we only kept
those with an ALMA archival band-6 or band-7 coverage as
assembled by the Automated mining of the ALMA Archive in
the COSMOS field (A’COSMOS) project (Liu et al. 2019a).
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This mass-complete sample of MS galaxies was then subdivided
into several redshift and stellar mass bins, and a measurement
of their mean molecular gas mass and size was performed using
a uv-based stacking analysis of their ALMA observations. This
stacking analysis allows for accurate mean gas mass and size
measurements even at low stellar masses where galaxies are too
faint to be individually detected by ALMA. Our results provide,
for the first time, robust RJ-based constraints on the mean cold
gas mass of a mass-complete sample of M, > 10'0 M, galaxies
up to z ~ 3. Combined with their mean FIR size measurements,
this yields the first stringent constraint of the KS relation at high
redshift.

The structure of the paper is as follows: in Sect. 2 we intro-
duce the ALMA data used in our study and our mass-complete
sample of MS galaxies; in Sect. 3 we describe the method used
to estimate the mean gas mass and size of a given galaxy pop-
ulation, stacking their ALMA observations in the uv domain; in
Sect. 4 we present our results, and we discuss them in Sect. 5;
finally, in Sect. 6 we summarize our findings and present our
conclusions.

Throughout the paper, we assume a flat A cold dark mat-
ter cosmology with Hy = 67.8kms~! Mpc™!, Qy = 0.308, and
Qa = 0.692 (Planck Collaboration XIII 2016). All stellar masses
and SFRs are provided assuming a Chabrier (2003) initial mass
function.

2. Data
2.1. The ABCOSMOS data set

The A3COSMOS project aims at homogeneously processing
(i.e., calibration, imaging and source extraction) of all ALMA
projects targeting the COSMOS field that are publicly avail-
able, and providing these calibrated visibilities, cleaned images,
and value-added source catalog via a single access portal (Liu
et al. 2019a). In our analysis we use the A’COSMOS 20200310
version', that is, all ALMA projects publicly available over the
COSMOS field as of 10 March 2020. This database contains 80
independent ALMA projects with band-6 and/or band-7 obser-
vations. The interferometric calibration was performed by the
A3COSMOS project using the Common Astronomy Software
Applications (CASA) package (McMullin et al. 2007) and the
calibration scripts provided by the ALMA observatory. During
this calibration step, a weight is assigned to each calibrated
visibility and this weight is key for the accuracy of our stack-
ing analysis (see Sect. 3.2). Unfortunately, the definition of
these weights changed between the CASA versions used for the
ALMA cycles 0, 1, and 2, and those used for ALMA cycles >3.
For this reason, we excluded from our analysis all cycle 0, 1,
and 2 ALMA projects. Our final database contains 64 ALMA
projects, 39 in band-6 and 25 in band-7. These projects include
1893 images (equivalently ALMA pointings), which contain a
total of 1002 sources with >4.35¢ (Liu et al. 2019a).

2.2. Our sample

COSMOS is a deep extragalactic blind survey of two square
degrees on the sky centered at RA (J2000) = 10"00™28.65,
Dec=+02°12"21.0" (Scoville et al. 2007). This survey has
been carried out over 46 broad and narrow bands probing

1 A3COSMOS 20200310 version: https://sites.google.com/
view/a3cosmos/data/dataset_v20200310

the entire electromagnetic spectrum, from X-ray (e.g., XMM-
Newton; Cappelluti et al. 2009), ultraviolet (e.g., GALEX;
Zamojski et al. 2007), optical (e.g., Koekemoer et al. 2007,
Taniguchi et al. 2007), infrared (e.g., Spitzer; Sanders et al.
2007), to radio wavelengths (e.g., VLA; Schinnerer et al. 2010;
Smolci¢ et al. 2017). These observations have triggered numer-
ous spectroscopic follow-up studies, providing nowadays more
than 10000 spectroscopic redshifts for galaxies over this field.
From all these photometric and spectroscopic multiwavelength
coverage, Laigle et al. (2016) built the reference COSMOS-
2015 catalog, providing the photometry, redshift (photometric
or spectroscopic), stellar mass, and SFR of more than half a
million of galaxies. From their careful analysis, Laigle et al.
(2016) classified galaxies into quiescent and star-forming based
on a standard rest-frame near-ultraviolet-r/r-J selection method.
The mass-completeness of their SFGs is down to stellar masses
of ~10°3 My at z < 1.75 and ~10°° M, at z < 3.50 (see
their Table 6). Here we select only SFGs above their mass-
completeness limit. Moreover, to avoid contamination from
active galactic nuclei (AGNs), we exclude from our analysis all
galaxies classified as AGNs based on their X-Ray luminosity
(Lx > 10*ergs™'; Szokoly et al. 2004) using the latest COS-
MOS X-ray catalog of Marchesi et al. (2016). After the selec-
tion of SFGs and exclusion of AGNs, our parent sample is left
with 515465 galaxies (green contours in Fig. 1). We note that
photometric redshifts in the COSMOS-2015 catalog are highly
reliable even up to the redshift limit of our study (i.e., z = 3.6),
with a redshift accuracy of os;/147 ~ 0.028 (Laigle et al. 2016).

To select from this parent sample galaxies residing within the
MS of SFGs, one needs to accurately measured their SFRs. The
COSMOS-2015 catalog provides such estimates but those are
solely based on optical-to-near-infrared SED fits performed by
Laigle et al. (2016). While reliable for stellar masses with M, <
10" M, and moderately SFGs, observations from the Her-
schel Space Observatory have unambiguously demonstrated that
such measurements are inaccurate for starbursting or massive
SFGs, in which star formation can be heavily dust-enshrouded
(e.g., Wuyts et al. 2011; Qin et al. 2019). To accurately mea-
sure the SFR of all galaxies in our parent sample, we thus
used the approach advocated by Wuyts et al. (2011): applying
to each galaxy the best dust-corrected star-formation indicator
available (the so-called ladder of SFR indicator; see below for
details). The SFR of galaxies for which infrared observations
were available, were obtained by combining their un-obscured
and obscured SFRs, following Kennicutt (1998b) for a Chabrier
(2003) initial mass function,

SFRyv+ir[Mo yr~'] = 1.09x 107" (Lir[Lo]+3.3X Lyv[Lo]), (1)

where the rest-frame Lyy at 2300 A was taken from
the COSMOS-2015 catalog, and the rest-frame Lir =
L(8—1000 um) was calculated from their MIR/FIR photometry?.
For galaxies with multiple FIR photometry in the COSMOS-
2015 catalog3, we estimated their Lig by fitting their Herschel-
Photodetector Array Camera and Spectrometer (PACS) and Her-
schel-Spectral and Photometric Imaging Receiver (SPIRE) flux

2 Among the 3037 galaxies of our final sample (see below), 972 (32%)
have MIR 24 um photometry and among those 482 (16%) have multi-
ple FIR photometry. Among the 1376 galaxies of our final sample with
stellar mass >10'" M, (those detectable by our stacking analysis; see
Sect. 4), 852 (62%) have MIR 24 um photometry and among those 461
(33%) have multiple FIR photometry.

3 The Herschel photometry in the COSMOS-2015 catalog is based on
the 24 um prior source extraction performed by the PEP (Lutz et al.
2011) and HerMES (Oliver et al. 2012) consortia.

A142, page 3 of 25



A&A 660, A142 (2022)

0.6 1.4 2.2 3.0

11.0 =log10(M./Mo)<12.0 L 0.4
- 0.3
- 0.2
o ’ - 0.1
T T k T+
-1 0 1
10.0 =log10(M./Ms)<11.0
- 0.3 ”
02 +
N
4_-0// o
: . +
-1 0 1 £
9.0 =log10(M./Ms)<10.0 g
- 0.4 =
F0.3 <
02 £
- 0.1
qﬁ/ : [ o—a o
-1 0 1
8.5 <1og10(M./Ms)<9.0 0.4
- 0.3
- 0.2
- 0.1

-1 1

AMS

Fig. 1. Completeness and relative AMS distribution in our final sample. Lef: Stellar mass and redshift distribution in our final ALMA-covered
mass-complete sample of MS galaxies (blue dots). The dashed pink contours display the number density of SFGs in Laigle et al. (2016), i.e., our
parent sample of SFGs. The pink contour levels are in steps of 500 from 200 to 3700 galaxies per z—log;o M, bin of size 0.14 and 0.15, respectively.
The solid orange line represents the stellar mass completeness limit of SFGs in Laigle et al. (2016). The green contour shows the number density
of SFGs in Laigle et al. (2016) above this stellar mass completeness limit, i.e., our parent mass-complete sample. The green contour levels are
in steps of 500 from 200 to 3700 galaxies per z—log;o M, bin of size 0.14 and 0.15, respectively. Right: Relative AMS distribution in our final
ALMA-covered mass-complete sample of MS galaxies (blue histogram) and our mass-complete parent sample of SFGs (green histogram) in
different stellar mass bins. In the highest stellar mass bin, the dashed purple line shows the relative AMS distribution after having rejected from
our final sample all ALMA primary targets, i.e., galaxies at the phase center of the ALMA observation. The vertical dashed blue lines display the
+0.5 dex interval used to defined MS galaxies. Over this interval, the integral of each histogram is equal to one. This normalization is needed to
compare our final and mass-complete parent samples, which contain 3037 and 515 465 galaxies, respectively.

densities (Lutz et al. 2011; Oliver et al. 2012) with the SED
template library of Chary & Elbaz (2001). For galaxies with-
out a multiple FIR photometry but an MIR 24 um detection in
the COSMOS-2015 catalog, we estimated their Lig by scaling
the MS SED template of Elbaz et al. (2011) to their 24 um
flux densities (Le Floc’h et al. 2009). This particular MS SED
template was chosen because it provides accurate 24 um-to-Lir
conversions over the redshift and stellar mass ranges probed in
our study (Elbaz et al. 2011). For galaxies without any MIR or
FIR photometry, we used the SFRs measured by Laigle et al.
(2016) and which were obtained by fitting their optical-to-near-
infrared photometry with the Bruzual & Charlot (2003) SED
model. We verified that toward intermediate SFRs — that is,
where the fraction of galaxies with an MIR/FIR detection starts
to decrease (i.e., 0<log(SFRr+yuv)<1.5) — our ultraviolet-
plus-infrared-based SFR measurements agree with those solely
based on this optical-to-near-infrared SED fits, with a median
log(SFRguv/SFRsgp) of 0.097037 (Fig. 2). This agreement
ensures a smooth transition between the different steps of our
ladder of SFR indicators. Also, among the 269 galaxies of
our final sample with stellar masses >10' M, (that is, those
detectable by our stacking analysis; see Sect. 4) and with SFR >
100 M, yr~', only 54 have their SFRs solely based on their SED
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fits and thus potentially underestimated by ~0.3-0.5dex (see
Fig. 2). Finally, we note that at high SFRs, where a high frac-
tion of galaxies are individually detected by ALMA, our SFRs
agree with those from the A3COSMOS catalog, that is, inferred
with Multi-wavelength Analysis of Galaxy Physical Properties
(MAGPHYS; da Cunha et al. 2008, 2015) SED fitting com-
bining the COSMOS-2015 photometry with super-deblended
Herschel (Jin et al. 2018) and ALMA photometry.

From their redshift, stellar mass, and SFR, we can mea-
sure the offset of each of these galaxies from the MS:
AMS =1log(SFR(z, SM)/SFRys(z, SM)). To this end, we used
the MS calibration of Leslie et al. (2020), as it is also based on
the mass-complete COSMOS-2015 catalog:

oM
Mt, = M, — ast,

oM
log(SFRys(z, SM)) = S — a7 — log (1 + (—)) , )

where M is log(M, /M), t is the age of the Universe in Gyr,
So =297, My = 11.06, a; = 0.22, and a, = 0.12. Our mass-
complete sample of MS galaxies was then constructed by select-
ing galaxies with AMS between —0.5 and 0.5 (e.g., Rodighiero
et al. 2014). This sample contains 92 739 galaxies.
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Fig. 2. Comparison of the SFRs obtained from the COSMOS-2015 cat-

alog, i.e., SFRggp, to the SFRs obtained from the ladder of SFR, i.e.,

SFRyv.r- Number densities are displayed in log-scale. Blue circles rep-

resent the median value of 10g(SFRgsgp) in log(SFRyv,r) bins, starting

from —0.25 dex and with a bin size of 0.5 dex. Error bars correspond to
the 16th and 84th percentiles. The pink line is the one-to-one relation.

Finally, from this mass-complete sample of MS galax-
ies, we selected those with an ALMA band-6 (~243 GHz) or
band-7 (~324 GHz) coverage in the A>COSMOS database (see
Sect. 2.1). Here, we only consider galaxies well within the
ALMA primary beam (i.e., where the primary beam response is
higher than 0.5). This conservative primary beam cut was used
because uncertainties in the primary beam response far from
the phase center can significantly affect our stacking analysis
(see Sect. 3.2). In addition, to avoid contamination by bright
neighboring sources, we excluded from our analysis galaxy pairs
(<270) with SL 1 /S% pa > 2 or ML/M? > 3 (for ALMA
undetected galaxies, assuming a first-order Mgy,s — M, corre-
lation). About 8% of our galaxies are excluded by these cri-
teria. However, we note that most of these excluded galaxy
pairs (~95%) are due to projection effects (Az > 0.05). This
implies that the exclusion of these galaxies does not introduce
any biases into our final ALMA-covered mass-complete sam-
ple of MS galaxies. There are 3,037 galaxies in this final sample.
The left panel of Fig. 1 shows the stellar mass and redshift distri-
bution of our parent and final samples. Our final sample probes a
broad range in redshifts and stellar masses, similar to that probed
by our parent sample. We verified that our parent and final sam-
ples have consistent stellar mass, redshift and Ljg distributions,
with Kolmogorov—Smirvov probabilities of 99%, 99%, and 96%
of being drawn from the same distribution, respectively.

The ALMA archive cannot be treated as a real blind sur-
vey and thus our ALMA coverage selection criteria could have
introduced a bias in our final ALMA-covered mass-complete MS
galaxy sample. As an example (though rather unrealistic), if all
ALMA projects in COSMOS would have targeted MS galaxies
with AMS = 0.3 dex, our final sample would naturally be biased
toward this population and thus not be representative of the entire
MS galaxy population. A simple way to test the presence of such
bias is to compare the AMS distributions of our final and par-
ent samples for different stellar mass bins (Fig. 1; right panels).
As expected, our parent sample (green histogram) exhibits in all
stellar mass bins a Gaussian distribution centered at 0 and with a
0.3 dex dispersion. At low stellar masses (M, < 10'°0 M), our

final sample follows the same distribution, with a Kolmogorov—
Smirvov 99% probability of being drawn from the same sample
(this finding remaining true even if we further divide these stellar
mass bins into several redshift bins). Indeed, in these low stellar
mass bins, only 5% of our galaxies are located at the phase cen-
ter of the ALMA image and thus were the primary target of the
ALMA observations. However, we note that in the highest stel-
lar mass bins the AMS distribution of our final sample is signifi-
cantly skewed toward high AMS values (this finding is still true
if we further divide these stellar mass bins into several redshift
bins). In these stellar mass bins, about 63% of our galaxies are
the primary targets of the ALMA observations (i.e., located at
the phase center), and thus potentially affected by complex and
uncontrollable selection biases. Excluding these primary targets
from our galaxy sample yields AMS distribution in much bet-
ter agreement with those of our parent sample. In the rest of our
analysis, at high masses, we show our stacking results before
and after excluding these primary-target galaxies. In addition,
we account for these AMS distributions while fitting the cosmic
and stellar mass evolution of the mean molecular gas content of
MS galaxies.

3. Method

ALMA has revolutionized the study of high-redshift SFGs at
(sub)millimeter wavelengths. Nevertheless, even with its un-
parallel sensitivity, ALMA cannot detect within a reasonable
observing time MS galaxies with M, < 10'5 M, at z > 0.5.
Consequently, despite including all individually detected galax-
ies within the A’COSMOS images (i.e., primary targets and
serendipitous detections), the final sample of Liu et al. (2019b)
is still mostly restricted to the high-mass end of the SFG popu-
lation. The emission of such low-mass high-redshift SFGs cap-
tured within these images is too faint to be individually detected,
and thus remains unexploited. To statistically retrieve the faint
emission of this SFG population, we need to perform a stack-
ing analysis. As already mentioned, stacking over the entire
A’COSMOS data set presents two challenges when compared to
standard stacking analysis performed with Spitzer, Herschel, or
individual ALMA projects. Indeed, the A>COSMOS database is
heterogeneous in terms of observed frequencies and spatial res-
olution. The frequency-heterogeneity problem is simply solved
by a prior rescaling of each individual data set to a common rest-
frame luminosity frequency using locally calibrated submillime-
ter SEDs (Sect. 3.1), while the spatial resolution-heterogeneity
problem is solved by performing our stacking analysis in the uv
domain (Sect. 3.2).

In the following, we describe in detail the different steps of
our stacking analysis, while the validation of this methodology
via Monte Carlo simulations is presented in Appendix A.

3.1. From observed-frame flux densities to rest-frame
luminosities

The A*COSMOS observations were performed at different fre-
quencies and the galaxies to be stacked also lie at slightly dif-
ferent redshifts. Therefore, prior to proceeding with our stack-
ing analysis, we needed to convert the ALMA observations of a
given galaxy from observed flux density to its rest-frame lumi-
nosity at 850 um (i.e., Lgs). To do so, we used the MS SED tem-
plates of Béthermin et al. (2012), which accurately capture the
monotonic increase in the dust temperature of MS galaxies with
redshift (e.g., Magdis et al. 2012; Magnelli et al. 2014). First,

we computed the SED template luminosity ratio at rest-frame
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850 um and the observed rest-frame wavelength of the galaxy of
interest,

SED __ ySED SED
r - L850 /Lflobs/(n:)'

3

The observed ALMA visibility amplitudes toward this galaxy
(i.e., |V(u,v,w)la,,) — which are in units of flux density — were
then converted into rest-frame 850 um luminosity following

LG, 0, WSt = 47t DY X |V(u, 0, w4, X TSEP /(1 + 2),

“

where Dy is the luminosity distance of the galaxy of interest.
This rescaling of the amplitude (and weights) of the ALMA vis-
ibilities was performed for each stacked galaxy using the CASA
tasks gencal and applycal.

3.2. Stacking in the uv domain

Stacking in the uv domain relies on the exact same princi-
ple as aperture synthesis. The only difference is that one com-
bines multiple baselines pointing at the same galaxy popula-
tion instead of multiple baselines pointing at the same galaxy.
The tools or tasks needed to perform stacking in the uv domain
are thus all readily available in CASA. For each of our stellar
mass-redshift bin and each galaxy within these bins, we pro-
ceeded as follow. First, we time- and frequency-averaged their
measurement set, producing one averaged visibility per ALMA
scan (lasting typically 30s and originally divided into ten 3-
second integration bins) and ALMA spectral window (prob-
ing typically 2GHz and originally divided into hundreds of
channels). This step, which was performed using the CASA
task split, is crucial to keep the volume of our final stacked
measurement sets within current computing capabilities. These
averaged visibilities were then rescaled from observed-frame
flux density into rest-frame 850 pm luminosity using the CASA
tasks gencal and applycal (see Sect. 3.1). Finally, the phase
center of these averaged and rescaled visibilities were shifted
to the coordinate of the stacked galaxy. This step was per-
formed using the CASA package STACKER (Lindroos et al. 2015)
following

27"i3'(§0—§k)’

&)

Loiea(tt, 0. w)g3 = L0t 0. W) ——
An(S1)
rest

where L(u,v, w)850 is the averaged and rescaled visibility, S o0 1s

a unit vector pointing to the original phase center, S is a unit
vector pointing to the position of the stacked galaxy, Ay(Sy)
is the primary beam attenuation in the direction S;, B is the
baseline of the visibility. The final stacked measurement set
of a given stellar mass-redshift bin was then obtained by con-
catenating the shifted, rescaled, and averaged visibilities (i.e.,
Lgniteea(u, v, w g":;(t)) of all galaxies within this bin using the CASA
task concat. Because all these steps were performed in CASA,
the original weights of all visibilities (i.e., those accounting for
their system temperature, channel width, integration time...)
were properly renormalized and could thus be used for the forth-
coming uv-model fit and image processing.

To measure the stacked rest-frame 850 um luminosity of
each of our stellar mass-redshift bins (i.e., L;‘;‘gk), we used
two different approaches. First, we extracted this information
from the uv domain by fitting a single component model to
the stacked measurement set. This fit was performed using the
CASA task uvmodelfit, assuming a single Gaussian compo-
nent and fixing its position to the stacked phase center. Sec-
ond, we measured L;?gk from the image domain. To do so,
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we imaged the stacked measurement set with the CASA task
tclean, using Briggs natural weighting and cleaning the image
down to 30-. Then, we fitted a 2D Gaussian model to the cleaned
image using the Python Blob Detector and Source Finder
(PyBDSF) package (Mohan & Rafferty 2015). For all our stel-
lar mass—redshift bins, these two approaches agreed within the
uncertainties.

Our uv-domain and image-domain fits provide us also with
the mean size (or upper limit) of the galaxy population in a
given stellar mass—redshift bin. From the intrinsic (i.e., beam-
deconvolved) full width at half maximum (FWHM) of the major
axis outputted by uvmodelfit or PyBDSF, we define the effec-
tive — equivalently half-light — radius (R.g) of the stacked pop-
ulation following Jiménez-Andrade et al. (2019) (i.e., Reg =
FWHM/2.43). Then, we express these mean size measurements
in form of circularized radii, R;iﬂrf,

i b
R = Rax o

where b/a is the axis ratio measured with uvmodelfit or
PyBDSF.

Finally, to infer the uncertainties associated with these
stacked rest-frame 850 um luminosity and size measurements,
we used a standard resampling method. These uncertainties
account not only for the instrumental noise in the stacked mea-
surement set (i.e., the detection significance) but also for the
intrinsic distribution of Lgsg and size within the stacked galaxy
population. For a stellar mass—redshift bin containing N galax-
ies, we performed N different realizations of our stacking anal-
ysis, removing in each realization one galaxy of the stacked
sample. The uncertainties on L;‘;gk and size are then given by
the standard deviation of these quantities measured over these
realizations multiplied by VN. We note that because there is a
possible mismatch of ~0”2 between the stacked optical-based
position and the actual (sub)millimeter position of the sources
(e.g., Elbaz et al. 2018), the average FIR sizes inferred in our
study could be slightly overestimated. This is further discussed
in Sect. 4.3.

It should be noted that although some studies have used
median stacking to mitigate the contribution of bright outliers
to the stacked flux densities (e.g., Algera et al. 2020; Feltre et al.
2020; Fudamoto et al. 2020; Gabdnyi et al. 2021; Johnston et al.
2021), we decided to perform our analysis using a mean stack;
that is to say, in the uv domain our models are fitted to the
weighted mean visibility amplitudes and our images are created
by tclean using weighted mean visibilities. This choice was
made for the following reasons: (i) the impact of bright outliers
is already mitigated by our —0.5 < AMS < 0.5 selection, which
by construction excludes gas-rich starbursts; (ii) the impact of
bright outliers is accounted for in our uncertainties (i.e., resam-
pling method); and finally (iii) Schreiber et al. (2015) and Leslie
et al. (2020), which thoroughly tested mean and median stack-
ing, concluded both that median stacking is biased toward higher
values at low S/N because the median is not a linear oper-
ation and that the stacked distribution is intrinsically a log-
normal distribution skewed toward bright sources. As a result,
median stacked fluxes are difficult to interpret and are often
not measuring the median nor mean fluxes, but something in
between. We note, however, that the median visibility amplitudes
of each of our stacked bins are consistent, within the uncertain-
ties, with the mean visibility amplitudes (see open symbols in
Fig. 3).

(6)
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Fig. 3. Results of our stacking analysis for MS galaxies in the uv and image domain. For each stellar mass—redshift bin, the left panel shows the
single component model (solid pink line) fitted to the (stacked) mean visibility amplitudes (filled blue circles) using the CASA task uvmodelfit.
Open orange circles show the median visibility amplitudes, which are consistent, within the uncertainties, with the mean visibility amplitudes. The
top-right and bottom-right panels show, respectively, the stacked and residual images, the latter being obtained by subtracting from the former the
single 2D Gaussian component fitted by PyBDSF. The number of individually detected galaxies (Np) and the number of stacked galaxies (V) in
each stellar mass—redshift bin is reported in the left panel (i.e., Np/N), while the detection significance i.e., S /N e, is reported in the upper-right
panel.
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3.3. From rest-frame 850 um luminosities to molecular gas
masses

The literature contains a plethora of relations linking molecu-
lar gas mass of galaxies with their (sub)millimeter luminosities
(e.g., Bourne et al. 2013; Groves et al. 2015; Scoville et al.
2017; Bertemes et al. 2018; Saintonge et al. 2018; Kaasinen
et al. 2019). All of them rely on an assumed gas-to-dust mass
ratio (or a direct 870 um luminosity-to-gas mass ratio) that might
or might not depend on the metallicity. Liu et al. (2019b) thor-
oughly studied how these different relations influence our molec-
ular gas mass estimation, using a sample of galaxies down
to a stellar mass of ~10'%3 M. They found that metallicity-
dependent relations (Rémy-Ruyer et al. 2014; Genzel et al.
2015) and the 850 wm luminosity-dependent relation of Hughes
et al. (2017) only differ by ~0.15-0.25 dex (which is compa-
rable to the observed scatter), and that the relation of Hughes
et al. (2017) provided the best agreement with local observa-
tions (e.g., Bertemes et al. 2018; Saintonge et al. 2018). They
concluded that the 850 um luminosity-dependent relation is thus
the most preferable relation for galaxies down to a stellar mass
of M, ~ 10'%3 M, and for which no metallicity measurements
are available. Based on their analysis, we decided to use this
empirically calibrated relation of Hughes et al. (2017). The mean
molecular gas mass of a given galaxy population (i.e., M) is
thus computed from their stacked rest-frame 850 wm luminosi-
ties following

log,o Mmo1 = (0.93 £ 0.01) - log,, Lgso — (17.74 £ 0.05), @)

where My, already includes the 1.36 correction factor to
account for helium and assumes a CO-to-M,,, conversion factor
(i.e., aco) of 6.5(Kkms™! pc?)~!.

In Sect. 4.5.1 and Appendix B, we thoroughly present and
discuss the impact on our results of using different gas mass cal-
ibration relations. In brief, the main conclusions of our paper
are not qualitatively affected by this particular choice; the H17
method yields measurements that are bracket by those inferred
from other relations. Finally, measurements obtained using H17
are in good agreement with Tacconi et al. (2020) at high stellar
masses, where the Tacconi et al. (2020) study can be considered
as the reference.

4. Results

The results of our stacking analysis are shown in Fig. 3 and
summarized in Table 1. In our highest stellar mass bin (i.e.,
10" < M,/M, < 10'%; right-most column), the number
of stacked sources per redshift bin varies from 9 to 39, with
about 37% of them being individually detected. In this stellar
mass bin, our stacking analysis yields high significance detec-
tions, with peak signal-to-noise ratios (S/Npy) greater than
20, except in our lowest redshift bin with §/Npe ~ 4. In
the uv domain, those high significance detections are character-
ized by a Gaussian-like decrease of the stacked visibility ampli-
tudes with the uv-distance, well fitted by our single component
model. These galaxy populations are thus detected and spatially
resolved by our stacking analysis. In the image domain, this
translates into bright spatially resolved phase-center emission
(i.e., with a median synthesized beam FWHM of 0”5 and an
median angular size-to-synthesized beam FWHM ratio of 1.5)
that is well described by single 2D Gaussian components. In our
intermediate stellar mass bin (i.e., 10'%° < M, /M, < 10'19),
the number of stacked sources per redshift bin increases (43-81),
while the fraction of them being individually detected decreases
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to about 10%. As for our highest stellar mass bin, our stacking
analysis yields high significance detections (i.e., S/Npeax > 5)
in all of our redshift bins and those are spatially resolved at our
median synthesized beam FWHM of 076. Finally, in our lowest
stellar mass bin (i.e., 10'° < M, /M, < 10'%°), the number of
stacked sources per redshift bin increases even further (79-131)
and only few of them are individually detected (1%). In this low
stellar mass bin, the same patterns are observed, i.e., spatially
resolved detections in the uv and image domain (with a median
synthesize beam FWHM of 0/7), though at lower significance,
i.e., 3 < §/Npeak < 9. This implies that the number of stacked
galaxies (controlled by the stellar mass function of MS galax-
ies) does not increase sufficiently to fully counterbalance the
decrease in their molecular gas content with respect to the most
massive population. Nevertheless, even in this low stellar mass
bin, our stacking analysis yields clear detection (S/Npeac > 3),
especially when considering both the uv domain and image-
domain constraints. We note that pushing this stacking analysis
to lower stellar masses (M, < 10'%) did not produce any signifi-
cant detection. These results are thus not presented here and not
discussed further in the paper.

We conclude that our stacking analysis provides robust mean
molecular gas mass and FIR size measurements for M, >
10'° M., MS galaxies from z ~ 0.4 to 3.6. Considering that in our
highest and lowest stellar mass bins only 37% and ~1% of these
galaxies were individually detected in the A3COSMOS catalog,
respectively, our stacking analysis clearly provides the first unbi-
ased ALMA view on the gas content and size of MS galaxies.

4.1. The molecular gas content of MS galaxies

The redshift evolution of the molecular gas mass of MS galax-
ies inferred from our stacking analysis is shown in Fig. 4. It is
compared to analytical predictions from the literature (Scoville
et al. 2017; Liu et al. 2019b; Tacconi et al. 2020), individually
detected MS galaxies taken from the A3COSMOS catalog (Liu
et al. 2019b) and a local reference (i.e., z ~ 0.03) taken from
Saintonge et al. (2017). In addition, in Fig. 5, we present the evo-
lution of the molecular gas fraction (i.e., tmoi = {(Mmo1)/{M4))
of MS galaxies as a function of redshifts and stellar masses. We
note that for our galaxies in common with the A3COSMOS cata-
log, the stellar masses used here (i.e., those from the COSMOS-
2015 catalog) are about 0.22 dex lower than those reported in
the A3COSMOS catalog. This offset, which is also discussed
in Liu et al. (2019b), is likely explained by the fact that stel-
lar masses in the A’COSMOS catalog rely on full optical-to-
millimeter energy-balanced SED fits performed with MAGPHYS.
While this offset is observed for massive galaxies, it might not be
present at <10'%3 M, where the number of galaxies available in
the A’ COSMOS catalog is too scarce to provide meaningful com-
parison with the COSMOS-2015 catalog. In any case, when com-
paring our analytical predictions to those from Liu et al. (2019b),
we thus show both their original predictions and those inferred
by accounting for this systematic 0.22 dex offset.

Our measurements reveal a significant evolution of the
molecular gas mass of MS galaxies with both redshifts and stel-
lar masses. For all stellar mass bins, the molecular gas masses
of MS galaxies (equivalently molecular gas fraction) increase by
a factor of ~24 from z ~ 0 to z ~ 3.2. In addition, at a given
redshift, the molecular gas masses of MS galaxies significantly
increase with stellar masses. This trend is, however, sublinear in
the log-log space, which implies that the molecular gas fraction
of MS galaxies decreases with stellar mass at a given redshift
(Fig. 5). To obtain a more quantitative constraint on the stellar
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Table 1. Molecular gas mass and size properties of MS galaxies.

My z N Np (2 (M) (SFR) (AMS)  (Vops) (L8500 S/Npeak  Mmol-uv Miolpy  Oeam  Ornoluo Omol—py Reffuwr  Reffopy
(logyo [Mp]) (logjo [Mo yr’lJ) (GHz) (103 erg sTTHz ) (logyp [Mp]) (logjo [Ma]) (arcsec) (arcsec) (arcsec) (kpe)  (kpc)

Q)] 2) 3 @ O ©) @) ] © (10) (11) (12) 13) ) (5) (16) a7 (18)
11.0 < logjo 06<z<1.0 27 1 079 11.16 1.58 0.09 298.02 23407 4 105401 104402 0.51 1.10 083 3.0y 2149
My < 12.0 10<z<14 39 18 124 11.17 2.01 0.19 31330 4507 23 10.840.1 10.840.1 0.50 0.75 075 19402 19402
l4<z<18 23 9 157 11.22 2.21 020 311.27 63512 28 109401 109401 0.47 0.77 0.78  2.1401 22402
1.8<z<22 35 14 198 11.22 2.35 0.15 31298 84,30 23 11.0402 111401 0.42 0.65 0.67 17001 18402
22<z<26 35 13 235 11.26 2.52 024 310.17 93419 26 11140 11140 0.42 0.59 0.62 1.5.01 1.640
26<z<30 26 12 282 11.22 2.57 022 297.10 9.0418 37 11.0401 11.1.0 0.72 0.79 087 1.lio1 15401
30<z<34 9 5 319 11.16 2.76 0.38  271.01 88,15 30 11.040 11.040 1.39 1.60 1.60  2.6402 2.5:02
11.0 < logyq 06<z<14 17 0 097 11.17 1.62 -0.03 270.21 2.0409 5 104402 10.5402 0.83 0.92 1.02 14407 2.0409
My <12.0 1l4<z<22 20 7 184 11.19 2.18 0.00 301.15 3.8421 13 10.7402 10.7402 0.69 0.81 087  1.5502 19402
(off the phase 22<z<26 13 6 239 11.20 2.40 0.11 284.18 77519 17 11.0401 110401 0.72 0.77 080 09401 12502
center) 26<z<30 8 3 280 11.20 2.55 0.19 27793 T4.18 16 110401 110401 0.98 1.13 1.17 18402 2.1i03
30<z<34 6 3 318 11.19 2.72 033 259.30 93414 15 11140 11140 1.29 1.57 1.57 29,02 29.03
10.5 < logy 04<z<08 57 4 067 10.69 1.43 0.18 316.73 0.8.05 5 10.1402 10.1402 0.60 0.82 084 1.6.07 1.7.08
My <11.0 08<z<Il 73 2 092 10.72 1.58 0.06  298.96 1.3409 9 103403 103403 0.62 0.85 087 19402 2.0.04
1l<z<14 81 12 125 10.71 1.83 0.08 27475 29506 26 10.640 1 10.640 1 0.55 0.64 0.68 1.24.01 14402
l4<z<17 63 6 155 10.72 1.99 0.11  299.42 17406 14 104402 10440 0.68 0.73 0.73  1.0405 1.0402
1.7<z<20 59 6 185 10.69 1.96 —0.02 284.15 2.7.06 6 10.640.1 10.640.1 0.54 1.08 1.04 33404 3.li08
20<z<24 51 6 219 10.72 2.07 —0.04 28295 2.0405 8 104401 105401 0.80 0.90 094 18,04 26407
24<z<30 62 8 269 10.69 2.16 -0.02 279.43 2.8506 13 10.640 1 10.540,1 0.81 0.98 1.01 22402 2.0404
30<z<36 43 7 322 10.70 2.10 -0.12 269.51 32,411 16 10.640 10.740.1 0.63 0.88 096 21402 23:02
10.0 < logyq 04<z<08 103 0 0.67 10.26 1.24 0.11  302.70 0.55055 3 9.9:04 10.1402 0.75 1.26 1.65  3.0411 43:22
My < 10.5 08<z<I.1 131 0 094 10.23 1.34 0.02  299.47 0.7102 4 10.050.1 9.8403 0.63 1.24 088 37,07 2141
11<z<14 95 0 124 10.24 1.48 -0.04 270.81 0.8:08 8 10.1504 10.2403 0.68 0.73 1.03 08407 2.7:07
14<z<17 114 1 154 10.22 1.67 0.06 289.10 14402 9 103401 104401 0.71 0.82 094 14,03 22405
1.7<z<20 79 1 185 10.21 1.67 -0.04 278.14 09402 5 10.1401 10.2401 0.76 091 1.08 174,07 27+12
20<z<24 92 1 218 10.22 1.62 -0.14  284.62 11404 4 10.240 10340 0.40 0.67 071 19404 21407
24<z<30 79 0 274 10.24 1.80 -0.10  269.94 22509 4 105402 104402 0.58 1.20 091 35,02 23412
30<z<36 100 1 330 10.20 1.79 —0.11 261.39 1.7403 6 104401 104401 0.84 1.11 127 23407 3.0412

Notes. (1) Stellar mass bin, (2) redshift bin, (3) number of stacked galaxies, (4) number of individually detected stacked galaxies, (5) mean redshift,
(6) mean stellar mass, (7) mean SFR, (8) mean AMS, (9) mean observed frequency, (10) mean Lgso inferred from the uv domain, (11) peak S/N on
the image, (12) mean gas mass inferred from the uv-domain, and (13) from the image domain, (14) circularized synthesized beam FWHM, (15)
circularized intrinsic FWHM from the uv domain, (16) circularized intrinsic FWHM from the image domain, (17) circularized half-light radii from

the uv domain, and (18) from the image domain.

mass and redshift dependences of evolution of the molecular gas
fraction of MS galaxies, we fitted our measurements, together
with the local reference, following Liu et al. (2019b), that is,

1og,o tmol = (@ + ak x log,o(M,/10'%)) x AMS
+ b x log,y(M,/10'%)

+ (c+ckXx IOgIO(M*/lolO)) X Lcosmic
+d,

where f.osmic 1S the cosmic time in units of Gyr, and M, is
in units of M. Because our analysis does not probe a large
dynamic range in AMS, we fixed a and ak to the values reported
by Liu et al. (2019b) (i.e., a = 0.4195 and ak = 0.1195,
respectively). To constrain the remaining parameters of Eq. (8),
we then performed a standard Bayesian analysis using the
python Markov chain Monte Carlo (MCMC) package emcee
(Foreman-Mackey et al. 2013). In this analysis, we accounted
for the redshift, stellar mass, and AMS of each galaxy in a
given stacked bin, that is, in each MCMC step, we compared
our stacked measurements, (M, ), to (f(tl . . M, AMS")) and

not f((tl ), (M.),(AMS"), where i is the ith galaxy of our
stacked bin and f is the fitted function. This avoids averag-
ing biases that could arise if one would simply fit our stacked
measurements using (£ ), (M), and (AMS"). Results of this

cosmic
: o : _ 0.070
MCMC analysis are shown in Fig. 6, with b = —().4684_'0.070,

c = —0.122f8:88§, d= 0.5721’8:823, and ck = 0.002f8:8}}. These
results unambiguously demonstrate that the molecular gas frac-
tion of MS galaxies decreases with stellar masses (i.e., b < 0)
while it increases with redshifts (i.e., ¢ < 0; see blue solid lines
in Fig. 4). We note that repeating this MCMC analysis while fix-

ing a = 0 and ak = 0 (i.e., considering that our measurements

®)

are for AMS = 0 galaxies), the likelihood of our fit decreases
but the inferred gas fraction evolution remains qualitatively con-
sistent with our previous fit, albeit with a somewhat flatter stel-

lar mass dependence (i.e., b = —0.252*0072, ¢ = —0.114%)0%8,
d =0.481*30% and ck = —0.016*7911).

By comparing our results with those from the A’COSMOS
catalog, one immediately notices that these individually detected
galaxies systematically lie above our measurements. This sys-
tematic offset results from an observational bias. First of all, at a
given redshift and stellar mass, the A3COSMOS catalog mostly
contains galaxies on the upper part of the MS because those
galaxies have higher molecular gas mass (a > 0 in Eq. 8) and are
thus more likely to be individually detected. This observational
bias was, however, accounted for when fitting the A3COSMOS
population using Eq. (8). This “correction” can be seen in Fig. 4
by noticing that the A>COSMOS analytical predictions for MS
galaxies systematically lies below the A’COSMOS data-points.
Nevertheless, at a given redshift, stellar mass, and AMS, the
A*COSMOS catalog could still be biased toward galaxies with
a bright millimeter emission and thus high molecular gas mass
(see discussion in Liu et al. 2019b). Our measurements, which
are not affected by this bias and which lie systematically below
those of Scoville et al. (2017), Liu et al. (2019b), and Tacconi
et al. (2020), clearly demonstrate the presence of this residual
observational bias in these literature studies. By averaging at a
given redshift and stellar mass all MS galaxies in the field, our
stacking analysis reveals their true mean molecular gas mass.
Taken at face value, our findings imply that previous studies
might have systematically overestimated by at least 10-40% the
gas content of MS galaxies in redshift and stellar mass bins with
relatively high detection fraction (i.e., mostly M, > 10'' M),
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Fig. 4. Redshift evolution of the mean molecular gas mass of MS galaxies in three stellar mass bins, i.e., 10'' < M,/M, < 10'2, 10'%° <
M, /My < 10", and 10" < M, /M, < 10'%3. Blue circles show our uv-domain measurements, while in the highest stellar mass bin blue triangles
show those obtained after excluding ALMA primary-target galaxies from our stacked sample (see Sect. 2.2). Pink circles are individually detected
MS galaxies taken from the A’COSMOS catalog (Liu et al. 2019b), while purple stars present the local reference taken from Saintonge et al.
(2017). Lines show the analytical evolution of the gas fraction as inferred from our work (blue), from Scoville et al. (2017, green), from Liu
et al. (2019b, pink), from Tacconi et al. (2020, orange), and from Liu et al. (2019b, dotted brown line) but this time accounting for the systematic
0.22 dex offset observed between their and our stellar mass estimates. In our lower stellar mass bin, lines from the literature are dashed as they
mostly rely on extrapolations. We note that here and in all following figures, the values of (M, ) and (AMS) given in each panel are simply used to
plot the analytical evolution of the gas fraction. These values naturally vary for each stacked measurements and are accounted for by our MCMC
analysis. This avoids averaging biases that could arise if one simply fit our stacked measurements using fcosmic)»> (M« ), and (AMS).

and by 10-60% in bins with low detection fraction. While sig-
nificant, one should, however, acknowledge that these offsets
remain reasonable considering all the selection biases affecting
these previous studies. The impact of this finding for galaxy evo-
lution models is discussed in Sect. 5.

4.2. The molecular gas depletion time of MS galaxies

The redshift evolution of the molecular gas depletion time (i.e.,
Tmol = Mmo1/SFR) of MS galaxies as inferred from our stacking
analysis is shown in Fig. 7, together with analytical predictions
from Scoville et al. (2017), Liu et al. (2019b), and Tacconi et al.
(2020) as well as the local reference for MS galaxies taken from
Saintonge et al. (2017). In addition, in Fig. 8, we compare the
redshift evolution of the molecular gas depletion time as inferred
for our three stellar mass bins. Again, to obtain a more quanti-
tative constraint on the stellar mass and redshift dependences of
the molecular gas depletion time of MS galaxies, we fitted our
measurements, together with the local reference, following Liu
et al. (2019b), that is,

10g, Tmol = (@ + ak x log;o(M/10'%)) x AMS

+ b x log, (M, /10')

+ (¢ + ck x loglo(M*/lolo)) X Tcosmic
+d.

®
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Our analysis does not probe a large dynamic range in AMS,
we thus fixed a and ak to the values reported by Liu et al.
(2019b), that is, a —0.5724 and ak = 0.1120. Results of

: P : _ 0.069
our MCMC analysis are shown in Fig. 9, with b = O.OSSfO_Oﬂ,

¢ =0.04970008, d = —0.643709% and ck = 0.0167019. Because
the depletion time is the ratio of My, by SFR, we also dis-
play in Fig. 7 the redshift evolution of depletion time as one
would infer by dividing Mg,(z, M., AMS) from Eq. (8) by the
SFRums(z, M., AMS) from Leslie et al. (2020, dash-dotted light-
blue line).

In all our stellar mass bins, the molecular gas depletion time
of MS galaxies decreases by a factor of ~3-4 from z ~ 0 to
z ~ 3.2, with, however, most of this decrease happening at
75 1.0. Atz 2 1, the molecular gas depletion time of MS galax-
ies remains instead roughly constant with redshifts and stellar
masses with a value of ~300-500 Myr. While such evolution is
qualitatively predicted by all literature studies, its amplitude as
well as its exact redshift and stellar mass dependences quantita-
tively disagree (see Fig. 7). For example, our measurements and
those from Liu et al. (2019b) agree at high stellar masses, but
differ by ~30-40% in our lower stellar mass bins. These differ-
ences are likely explained by the observational biased discussed
in Sect. 4.1, which implies that the mean molecular gas mass and
thus depletion time of MS galaxies inferred by Liu et al. (2019b)
are slightly overestimated especially at low stellar masses. The
same effect likely explains the ~20-30% overestimation of the
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Fig. 5. Redshift evolution of the mean molecular gas fraction of MS
galaxies. Circles show the mean molecular gas fraction from our work.
Stars present the local reference taken from Saintonge et al. (2017).
Lines display the analytical evolution of the molecular gas fraction
inferred from our work. Symbols and lines are color-coded by stel-
lar mass, i.e., pink for 10" < M, /M, < 10", orange for 10'3 <
M, /M, < 10", and blue for 10'° < M, /M, < 10'05.

molecular gas depletion time inferred in Tacconi et al. (2020)
in most redshift—stellar mass bins probed here. While our direct
analytical fit of the redshift/stellar mass evolution of the molecu-
lar gas depletion time (solid blue lines in Fig. 7) matches rel-
atively well the local reference from Saintonge et al. (2017),
this is not the case of our fit inferred by simply dividing
Mg.s(z, M., AMS) from Eq. (8) by SFRus(z, M., AMS) from
Leslie et al. (2020, dash-dotted light-blue line). This disagree-
ment between predictions and observations at z ~ 0 is entirely
attributed to a miss-match in SFRys(z, M., AMS), that is, at a
given stellar mass, the mean SFR of z ~ 0 MS galaxies as pre-
dicted by Leslie et al. (2020) does not match that observed by
Saintonge et al. (2017). This disagreement is, however, not unex-
pected as the sample used in Leslie et al. (2020) was restricted
to z > 0.3 galaxies.

In general, we conclude that our depletion times agree at
high stellar masses with Liu et al. (2019b), that is, where their
study relies on a large and robust amount of ALMA-based mea-
surements of MS galaxies; while our depletion time agree better
at low stellar masses with Tacconi et al. (2020), that is, where
their study, contrary to that of Liu et al. (2019b), still relies
on some observational measurements of MS galaxies thanks to
their Herschel stacking analysis. Like our measurements, those
from Tacconi et al. (2020) predict only a minor evolution of
the molecular gas depletion time of MS galaxies with stel-
lar masses. This implies that the flattening of the MS at high
stellar masses observed in most studies (i.e., log,, SFRMS =
0.7 x log;y, MMS + C) is not associated with or due to lower
SFEs (i.e., 1/Tmo1) in massive systems but rather lower molec-
ular gas fraction (see Sect. 4.1). This is further discussed in

Sect. 5. In addition, we note that extrapolating our molecu-

. . .. . pred _
lar gas depletion time predictions to z ~ 5, that is, 7 | =

250 Myr (from Eq. (9)) or Tf;rf)f = 620 Myr (from Eq. (8)/specific
SFRys), our prediction qualitatively agrees with the latest
observational constraints from the ALPINE [C1I] ALMA large
project (i.e., 7% = 520 + 70 Myr) (Dessauges-Zavadsky et al.
2020).

Finally, we note that the accuracy of the depletion times

relies not only on accurate gas masses but also on accurate SFRs.
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Fig. 6. Probability distributions of the parameters in Eq. (8), as found
by fitting our stacked measurements using an MCMC analysis. The
dashed vertical lines show the 16th, 50th, and 84th percentiles of each
distribution.

In our study, the latter were estimated using the so-called ladder
of SFR indicators, that is, by applying to each galaxy the best
dust-corrected star-formation indicator available (Sect. 2.2). In
particular, among the 1376 galaxies in our final sample with stel-
lar mass >10'0 M, 852 (62%) have very robust dust-corrected
SFRs based on the combination of infrared and ultraviolet mea-
surements. Of the remaining 524 galaxies whose SFRs are solely
based on their ultraviolet-to-optical fits, most (470) should also
have robust SFRs, as they falls below the ~100 Mg yr~! limit
above which SFRggp starts to be systematically underestimated
(Fig. 2). We verified that our results remain unchanged (within
the uncertainties) when excluding from our stacking analysis
these 54 galaxies with SFRggp > 100 M, y1r‘l and without
infrared detection.

4.3. The FIR sizes of MS galaxies

Our stacking analysis provides the first measurements of the
mean FIR size of MS galaxies across cosmic time. These mean
FIR (at the observed-frame 850—-1300 um) sizes of MS galaxies
are presented in Fig. 10, and compared to optical, FIR and radio
sizes measurements from van der Wel et al. (2014), Barro et al.
(2016), Rujopakarn et al. (2016), Elbaz et al. (2018), Jiménez-
Andrade et al. (2019), Suess et al. (2019), Chang et al. (2020),
and Tadaki et al. (2020). Because most of the FIR and radio size
measurements from the literature were made on the image-plane,
we displayed in Fig. 10 our 2D Gaussian image-plane measure-
ments inferred using PyBDSF. Displaying instead our uv-plane
size measurements would, however, not change any of our con-
clusions, as both agree within their uncertainties with no appar-
ent systematic offset between them.

These FIR sizes do not seem to evolve significantly with
redshift or stellar mass, with a mean circularized effective —
equivalently half-light — radius of 2.2kpc (i.e., corresponding
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Fig. 7. Redshift evolution of the molecular gas depletion time of MS galaxies in three stellar mass bins, i.e., 10! < M, /My < 102, 1013 <

M, /M, < 10!, and 10'° < M, /M, < 10'*>. Blue circles show our uv
each of these stacked samples. Purple stars show the local MS reference

-domain molecular gas mass measurements divided by the mean SFR of

taken from Saintonge et al. (2017). Lines present the analytical evolution

of the molecular gas depletion time as inferred from our work (blue lines; see text for details), from Liu et al. (2019b, pink line), from Scoville
et al. (2017, green line), and from Tacconi et al. (2020, orange line). In our lower stellar mass bin, lines from the literature are dashed as they

mostly rely on extrapolations.
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Fig. 8. Redshift evolution of the molecular gas depletion time of MS
galaxies. Circles show the mean molecular gas depletion time from
our work. Stars show the local MS reference taken from Saintonge
et al. (2017). Lines display the analytical evolution of the molecular
gas fraction inferred from our work. Symbols and lines are color-coded
by stellar mass, i.e., pink for 10" < M,/M, < 10'2, orange for
10'%% < M, /M5 < 10'!, and blue for 10" < M, /M, < 100,

4.0

to a median angular size-to-synthesized beam FWHM ratio of
1.5). Because there is a possible mismatch between our stacked
position and the actual millimeter position of the sources (e.g.,
Elbaz et al. 2018), these average FIR sizes could, however, be
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Fig. 9. Probability distributions of the parameters in Eq. (9) as found
by fitting our stacked measurements using an MCMC analysis. The
dashed vertical lines show the 16th, 50th, and 84th percentiles of each
distribution.
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Fig. 10. Redshift evolution of the half-light (or half-mass) radius of MS galaxies. Pink, orange, and blue circles present our stacking results for
our high, mid, and low stellar mass bins, i.e., 10" < M, /M, < 10'%, 10'%° < M, /M, < 10", and 10" < M, /M, < 10'%3, respectively. The
gray data points are the FIR sizes of MS galaxies from Barro et al. (2016, dots), Rujopakarn et al. (2016, pluses), Elbaz et al. (2018, stars), Lang
et al. (2019, diamonds), Chang et al. (2020, pentagons), and Tadaki et al. (2020, triangles); light blue stars are radio sizes of MS galaxies from
Jiménez-Andrade et al. (2019). The black crosses are the FIR sizes of M, = 10'%° M, MS galaxies from the simulations of Popping et al. (2022).
The green triangles and stars are the optical half-light sizes of M, = 10'%% M, and M, = 10'"*> My MS galaxies from van der Wel et al. (2014).
Finally, the purple triangles, stars, and crosses are the optical half-mass sizes of M, = 10'°% M, M, = 10'°7 M, and M, = 10''* M, MS
galaxies from Suess et al. (2019). Because most of these literature studies relied on image-plane fits, the stacked FIR sizes displayed here are those

from our 2D Gaussian image-plane fits done using PyBDSF.

slightly overestimated. Nevertheless, such bias does not seem
to be significant as our measurements agree qualitatively and
quantitatively with the mean star-forming size of massive (M, ~
10'97-117 A1) MS galaxies inferred by the most recent litera-
ture studies. In contrast, the half-light stellar size of massive MS
galaxies is typically larger than these FIR extents by a factor of
2 and 4 at z ~ 3 and 1, respectively (see Fig. 10; van der Wel
et al. 2014). In lower-mass MS galaxies (i.e., M, ~ 10'%3 M),
larger half-light stellar size than FIR extents are also observed
but mostly at low redshifts. As discussed in Sect. 5, this appar-
ent discrepancy between optical and FIR sizes of MS galaxies
does not, however, necessarily translate into stellar half-mass
radius discrepancy, as complex obscuration biases need to be
accounted for when converting half-light stellar radius into half-
mass stellar radius (e.g., Lang et al. 2019; Suess et al. 2019;
Popping et al. 2022). For example, the FIR sizes inferred in our
study agree quantitatively with the mean redshift-independent
half-mass stellar radius of SFGs measured by Suess et al. (2019).

4.4. The Kennicutt-Schmidt relation

Combining our half-light FIR radii (from our image-plane fits),
molecular gas mass, and SFR measurements, we study in Fig. 11
the relation between the SFR and gas mass surface densities

of MS galaxies (i.e., Xspr = SFR/ (ZnRCirc_pyz) versus Xy, =

eff
Mmol/(2ﬂ R;}-;C_p
estimates with results from the literature: local normal and star-
burst galaxies from Kennicutt (1998a, hereafter K98) and de los

Reyes & Kennicutt (2019) (taking only their molecular gas phase

yz); the so-called KS relation). We compare our

measurements and thus excluding contribution from the atomic
gas phase) as well as the global fit of the KS relation from K98;
(z) = 1.2 MS galaxies from Daddi et al. (2010) as well as their
MS-only galaxies fit of the KS relation; (z) = 1.5 MS galax-
ies from Davis et al. (2007), Noeske et al. (2007), and Tacconi
et al. (2010); (z) = 2.3 MS galaxies from Erb et al. (2000);
and finally the MS-only galaxies fit of the KS relation from
Genzel et al. (2010). We note that here we take the FIR size
of galaxies as a proxy of their SFRs and gas mass distributions
(under the hypothesis that the dust and gas are co-spatial). This
assumption is justified by recent simulations in which the FIR
half-light radius of galaxies is found to be consistent with the
radius containing half their star formation and to be only slightly
more compact than the radius containing half their molecular gas
mass, at least in z < 2 galaxies (Popping et al. 2022).

There is a tight correlation between the Xy, and Xgpr of MS
galaxies, with no significant dependences of this relation on stel-
lar mass or redshift; in other words, at a given Xy, measure-
ments from different stellar mass or redshift bins agree within
their uncertainties. Our measurements are consistent with previ-
ous individually detected MS galaxy estimates while they fall
below those from individually detected starbursts. In general,
at a given redshift, MS galaxies with higher stellar masses are
located at the higher end of the Zggr — Xy, , relation due to the
increase in their molecular gas content and the absence of sig-
nificant size evolution with stellar mass, which translates into an
overall increase in their Xy, . Similarly, at a given stellar mass,
MS galaxies at higher redshifts are mostly located at the higher
end of the Zgpr —2 )y, , relation due to the increase in their molec-

mol

ular gas content and the absence of significant size evolution
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Fig. 11. Relation between the SFR and gas mass densities of SFGs, i.e., the so-called KS relation. Left: our stacking results for our high, mid, and
low stellar mass bins, i.e., 10" < M, /M, < 10'%, 10'%5 < M, /M, < 10'", and 10" < M, /M, < 10'3, respectively, shown by pink, orange,
and blue circles. Gray circles and stars are normal and starburst local galaxies from K98 and de los Reyes & Kennicutt (2019, taking only their
molecular gas mass estimates, i.e., excluding the atomic phase). Red, purple, and brown triangles are (z) = 1.2 (Daddi et al. 2010), (z) = 1.5
(Davis et al. 2007; Noeske et al. 2007; Tacconi et al. 2010), and (z) = 2.3 (Erb et al. 2006) MS galaxies, respectively. The green line is a fit to
the KS relation considering only MS galaxies, i.e., our measurements together with the K98 normal local galaxy average (turquoise dot). Right:
comparison of our MS-only KS relation to the global fit of K98, the MS-only (long dashed blue line) and starburst-only (dotted blue line) fits of
Genzel et al. (2010). Open circles show our measurements, with symbol size increasing with redshift and color-coded by stellar masses.

with redshifts, which also translates into an overall increase in
their Xy, ;.

We performed a linear fit of the KS relation of MS-only
galaxies in log-log space, combining our high-redshift MS
galaxies measurements with those from the local Universe
obtained by K98 and de los Reyes & Kennicutt (2019),

log,oZsrr = (1.13 £ 0.09) - log; X, — (3.06 £ 0.33). (10)
The inferred power index of the MS-only KS relation (i.e.,
a = 1.13) is smaller than that found by Daddi et al. (2010) con-
sidering MS-only galaxies (@ = 1.42), but similar to that found
by Genzel et al. (2010) for MS-only galaxies (@ = 1.17). We
note that previous high-redshift investigations (i.e., Daddi et al.
2010; Genzel et al. 2010) were only based on relatively small
samples of massive high-redshift SFGs (i.e., N < 50, z > 1, and
M, > 10'! M), and are thus likely limited by selection biases. A
power law index for the MS-only KS relation that is greater than
unity implies that the depletion time (i.e., To1) — equivalently,
the SFE (i.e., 1/tmo) — of MS galaxies is controlled by their
2u,.- In other words, the evolution of the depletion time with
redshift and stellar mass seen in Fig. 7 can be predicted from
their Xy, , and this universal redshift-independent MS-only KS
relation. The KS of MS-only galaxies remains thus one of the
most fundamental relation to understand the stellar mass growth
of the Universe over the last 10 Gyr.

Finally, as already pointed out by, for example, Daddi et al.
(2010) and Genzel et al. (2010), we found that MS galaxies
seems to follow a KS relation that at high X3,  falls below

mol

the relation followed by starburst galaxies. In this high Xy,

A142, page 14 of 25

regime, starbursts exhibit SFEs that are two to three times
higher.

We note that in this analysis we implicitly assume that the
dust and gas are co-spatial. However, this assumption might not
always be verified, as suggested by some ALMA high-resolution
observations of submillimeter-selected galaxies (e.g., Chen et al.
2017; Calistro Rivera et al. 2018), which revealed around two
times more compact dust continuum emission than gas CO emis-
sion. Increasing our FIR sizes by a factor of 2 would shift our
data points toward lower surface densities along the one-to-one
line in the log-log space but would not significantly change the
slope of the inferred KS relation. However, such a large offset or
discrepancy in spatial distribution would also translate into very
uncertain dust-based gas mass measurements and would thus
impact in a more complex way the inferred KS relation. Regard-
less, submillimeter-selected galaxies are extreme object located
far above the MS (e.g., Magnelli et al. 2012a; Casey et al. 2014)
and MS galaxies do not seem to exhibit any significant discrep-
ancies between their gas and dust sizes (Puglisi et al. 2019).

4.5. Limitations and uncertainties

Naturally, our analysis suffers from a number of limitations and
uncertainties. Those can be mostly divided into two categories:
those inherent to all studies measuring molecular gas masses
from single RJ dust continuum flux densities; and those specifi-
cally associated with our stacking analysis that are related to the
averaged nature of our stacked measurements. In the following,
we try to exhaustively list these limitations and uncertainties, and
discuss their impact on the main conclusions of our analysis.
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4.5.1. From observed-frame flux densities to molecular gas
masses

To convert observed-frame flux densities into molecular gas
masses, we applied a two-step approach, first converting
observed-frame flux densities into rest-frame 850 wm luminosi-
ties using a standard SED template (the so-called k-correction)
and then converting these rest-frame luminosities into molecu-
lar gas masses using a standard Lgso-to-Mpo relation. To study
how these particular choices of SED templates and Lgso-to-M o
relations influence our results, we repeated our analysis using
alternatives commonly adopted in the literature.

Instead of using the SED template of Béthermin et al. (2012)
to perform our k-corrections, we repeated our analysis using the
SED template of Schreiber et al. (2018) or a single gray-body
emission with Ty = 25K and S = 1.8 (as it is assumed in,
e.g., Scoville et al. 2016). These two k-correction methods yield
molecular gas masses that are, respectively, 12% higher and 16%
lower at z ~ 0.6 than our original calculation and 5% higher
and 5% lower at z ~ 3.2 than our original calculation. Because
our original k-corrections are bracket by these alternatives and
because the inferred offsets are in any cases well within the
uncertainties of our original constraints, we conclude that the
specific choice of this SED template has no significant impact
on our results.

As extensively discussed in Liu et al. (2019b), systematic
offsets are found between all different metallicity-dependent or
-independent Lgsy-to-Mp,o relations. We evaluate the impact of
these relations on our results in Appendix B by repeating our
analysis using instead of the metallicy-independent Lgso-to- Mo
relation of Hughes et al. (2017, hereafter H17), (i) the H17 rela-
tion inferred assuming a aco of 4.35 My (Kkms™' pc?)~! (here-
after H17,.,=435) instead of 6.5 My (Kkms™!pc?)~!; (ii) the
metallicity-independent Lgsy-to-Mpo relation of Scoville et al.
(2016, hereafter S16), (iii) a Lgsp-to-Mgyy relation assuming
Taust = 25 K and 8 = 1.8 combined to the metallicity-dependent
M qust-to-M o relation of Bertemes et al. (2018, hereafter B18)
and finally (iv) a Lgsp-to-Mgyy relation assuming Tgy = 25K
and 8 = 1.8 combined to the metallicity-dependent Mgy -to-
M, relation of Leroy et al. (2011, hereafter 6gpr ). As for our k-
corrections, our original calculation (i.e., H17) yields estimates
that are bracket by these alternatives: H17,.,-435 produces esti-
mates that are systematically lower than ours by ~0.17 dex,
B18 gives values that are systematically lower than ours by
~0.17dex; S16 yields values that are consistent with those
reported here within ~0.04 dex; while the dgpr method produces
estimates that are systematically higher than ours by ~0.13 dex.
In addition to this global offsets, the metallicity-dependent meth-
ods (i.e., dgpr and B18) introduces redshift- and stellar mass-
dependent trends, which are due to the fact that lower-mass and
higher-redshift galaxies have increasingly lower metallicities.
Consequently, the offsets between our measurements and those
inferred with the d6gpr method increase toward lower masses
and higher redshifts, while the offsets with B18 decrease toward
lower masses and higher redshifts. Even if present, these stellar
mass- and redshift-dependent trends do not qualitatively change
the main conclusions of our papers: irrespective of the assumed
methods: (i) the molecular gas fraction of MS galaxies still
increases with redshifts and decreases with stellar masses; (ii)
their depletion time still remains mostly dependent on their red-
shifts and not their stellar masses and finally, (iii) MS galaxies
still evolve along a seemingly universal MS-only KS relation.
These evolutions are, however, quantitatively changed, with, for
example, the molecular gas fraction of MS galaxies increasing

by a factor of ~15, ~45, ~33, and ~17 fromz ~ 0 to z ~ 3.2
for the H17,.,=435, Ogpr, S16, and B18 gas mass calibrations,
respectively, as compared to the factor of 24 found for the H17
method; and their molecular gas depletion time being 200-300,
400-600, 400-700, and 200-500 Myr for the H17,.,=435, SGDR>
S16, and B18 gas mass calibrations, respectively, instead of 300—
500 Myr for our original calculation. Again, our original con-
straints are roughly bracket by these alternatives and values are
consistent within 1-20-.

We note that combining the local measurements from Sain-
tonge et al. (2017) with our high-redshift H17 estimates yields
a redshift evolution of the molecular gas content of SFGs that
is in very good agreement with that of Tacconi et al. (2020)
at high stellar masses (Fig. 4), where this latter can be consid-
ered as the reference as it is based on a fairly complete sam-
ple of massive SFGs across cosmic time and a thorough cross-
calibration of the CO- and dust-based methods. This agreement
could seem surprising as the Lgso-to-My,, relation of H17 was
calibrated using aco = 6.5, while our local reference (i.e., Sain-
tonge et al. 2017) converted their CO measurements into molec-
ular gas masses using aco ~ 4 (at the high stellar masses of our
study). This agreement between our high-redshift H17 measure-
ments and those from Tacconi et al. (2020) is due to the fact that
using aco = 6.5 instead of 4.3 to calibrate the local Lgso-to- M,
relation corrects indirectly (and to first order) for the fact that at
a given stellar mass, high-redshift galaxies have lower metallic-
ities than local galaxies, and thus have a higher gas-to-dust ratio
(e.g., Leroy et al. 2011) and consequently should have a lower
Lgso-to-M ) ratio.

Finally, we note that the particular choice of a Lgsy-to-Myo
relation cannot explain the differences observed between the
molecular gas masses of MS galaxies at a given stellar mass and
redshift inferred by our study and that from Liu et al. (2019b) and
Scoville et al. (2016). Indeed, Liu et al. (2019b) also used H17 to
infer their molecular gas mass estimates, while the method used
in Scoville et al. (2017) (i.e., S16) provides consistent results
with H17 (within ~0.04 dex). In both cases, differences between
our and their measurements are likely caused by the fact that
these literature studies were largely biased toward individually
detected MS galaxies with massive gas reservoirs.

4.5.2. Limitation and uncertainties associated with stacking

Stacking in the uv domain is a difficult task and could be sub-
ject to a series of potential downfalls when applied to the het-
erogeneous A3COSMOS database. To test the reliability of our
stacking analysis, we used realistic simulations, in which mock
sources with different flux densities and sizes were introduced in
an A’COSMOS-like interferometric database and subsequently
stacked using the same procedure as the real sources. The results
of these simulations, which are shown in Appendix A, unam-
biguously demonstrate the reliability of our stacking analysis
to accurately retrieve the intrinsic flux densities and sizes of a
stacked population. As a reminder, performing such a stacking
analysis on images with drastically different spatial resolutions
would be virtually impossible or very uncertain.

While our simulations demonstrated that we were able to
accurately measure the mean flux density of a galaxy popu-
lation, one still has to remember that these stacked measure-
ments are averaged values for galaxy populations with intri-
cate stellar mass, SFR, and redshift distributions. How these
mean molecular gas measurements, (M), can be related to
(teosmic)> (M), and (AMS) to infer ,ngas(M*7tcosmic, AMS) and
Tmol (M, teosmics AMS) is an none trivial question and depends on
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the intrinsic stellar mass, SFR, and redshift distributions of each
stacked populations. To address this issue, we applied a Bayesian
analysis in which using the true distributions of these stacked
populations we estimated the likelihood to measure their stacked
(M) for a given analytical functions of pig,s(M., teosmic, AMS)
and o (M., teosmic, AMS). Without such an approach (i.e., sim-
p]y inferring /Jgas(M*a Tcosmics AMS) and Tmol(M*» Tcosmics AMS)
by fitting (Mmo1), {fcosmic)s (M), and (AMS)), those analyt-
ical functions would differ from our original calculation by
up to 25%. While this approach is currently the best way
to deal with this averaging issue, only future high-sensitivity
ALMA observations that individually detect all our MS galax-
ies would be able to definitively constrain pgas(M-, feosmics AMS)
and Tiol (M, feosmic, AMS).

Recent findings in the literature suggests that there might
exist an mean offset of 072 between the optical position and the
actual (sub)millimeter position of our sources (e.g., Elbaz et al.
2018). While we verified via simulations that such an offset does
not affect significantly our stacked flux density and size measure-
ments, one should at worst consider our molecular gas sizes as
upper limits or more realistically keep in mind that those should
be corrected from this extra convolution kernel. We decided,
however, not to correct our size measurements from this effect
in Table 1 because this optical-to-FIR position offset still needs
to be confirmed and because deconvolving those intrinsic sizes
(i.e., 85 or g€ ) by an Gaussian kernel with a FWHM

mol—-uv mol—py
of 0”72 would only have lowered them by ~6%, leaving all our
results unchanged.

5. Discussion

Our analysis reveals that (i) the molecular gas fraction of MS
galaxies increases with redshift and decreases with stellar mass;
(ii) the depletion time of MS galaxies does not depend on
their stellar masses but mostly on their redshift, increasing from
0.4Gyr at z ~ 3.6 to 1.3 Gyr at z ~ 0; (iii) the FIR size of MS
galaxies does not evolve with redshifts nor stellar masses, with
a mean half-light radius of 2.2 kpc; and finally, (iv) MS galaxies
evolve along a seemingly universal MS-only KS relation with a
slope of ~1.13.

In the following, we discuss some of these results in light of
recent observational findings and galaxy evolution scenarios.

5.1. A universal Kennicutt-Schmidt relation

It is crucial to accurately measure the relation between the SFR
and gas (surface) densities of galaxies because it provides theo-
retical models with key information about the mechanisms and
efficiency with which these galaxies turn their gas into stars. The
pioneering work of Schmidt (1959) suggests that in the Galac-
tic plane the SFR volume density (pspr) is proportional to the
gas volume density (pgas) With a power law index of ~2. This
power law index directly reflects the physical conditions for star
formation and can be studied, assuming a constant gas scale
height, via the observationally more convenient Xy,—Xsrr rela-
tion (i.e., the so-called KS relation). At sub-kiloparsec scales,
this power law index is found to vary from @ ~ 0.75 to 2, render-
ing difficult any theoretical interpretation of this relation at small
scales (e.g., Wong & Blitz 2002; Schuster et al. 2007; Bigiel
et al. 2008; Leroy et al. 2013; Momose et al. 2013; Miura et al.
2014; Shetty et al. 2014; Wilson et al. 2019; Wang & Hwang
2020; Ellison et al. 2021; Pessa et al. 2021; Sanchez et al. 2021).
For example, a power law index of ~0.75 is expected if giant
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molecular clouds (GMCs) convert all their gas into stars over a
free-fall time (e.g., Krumholz & McKee 2005), while a power
index of ~2.0 is expected if star formation is mostly induced by
collisions of small clouds of gas (e.g., Wyse 1986; Wong & Blitz
2002).

K98 provides the first accurate measurement of the Xg—Xsrr
relation at global scales by combining data from both normal
and starburst galaxies. K98 find @« = 1.4, which is near the
expected value of 1.5 for self-gravitating disks if the SFR scales
as the ratio of gas volume density (0g,) to the free-fall timescale

gfs's). However, Bigiel et al. (2008) argue that the conditions
for star formation in starbursts are too different to be combined
with normal galaxies (e.g., Gao & Solomon 2004; Rosolowsky &
Blitz 2005) and find @ = 1.0 when considering only kiloparsec-
scale star-forming regions of nearby spirals. They conclude that
stars are forming in GMCs with relatively uniform properties and
that at supra-kiloparsec scales, star formation remains unresolved
and Xgpg becomes thus more a measure of the filling fraction
of GMCs than changes in conditions for star formation. Recent
studies at high redshift and global scales support this conclusion
(e.g., Genzel et al. 2010; Miettinen et al. 2017a). In particular,
Genzel et al. (2010) argue that normal and starburst galaxies seem
to follow two different KS relations both with a near-unity power
law index but with different normalization, the latter galaxy pop-
ulation being more efficient in turning gas into stars. Our analy-
sis also supports the existence of a universal KS relation for MS
galaxies with a near-unity power law index. Our results are the
first to extend this finding up to z ~ 3.6 and using a mass-complete
sample of >10'° M, MS galaxies. We note in particular that the
extension of our analysis to very high redshift is crucial because
high-redshift MS galaxies have sufficiently high Z,,s to provide
adequate leverage to accurately constrain the power law index of
the KS relation on global scales. The high Z,,s of these high-
redshift MS galaxies also allow us to compare their SFE with
that of local starbursts that have similarly high Z,,s (see local
starbursts in Fig. 11 from K98 and de los Reyes & Kennicutt
2019).

While the power law index of the KS relation for MS galax-
ies found in our analysis is consistent with that of Genzel et al.
(2010), our normalization differs by about 0.2 dex (see right
panel of Fig. 11), with our findings predicting shorter depletion
times for MS galaxies than theirs. This difference can most likely
be explained by the same limitation as that affecting Liu et al.
(2019b) and Tacconi et al. (2020): literature studies on the KS
relation are based on individually detected CO galaxy observa-
tions and are thus likely biased toward gas-rich galaxies at fixed
Xsrr. Naturally, one cannot rule out that part of this offset is
due to some remaining offset between CO-based and dust-based
molecular gas mass estimates (e.g., Tacconi et al. 2020).

5.2. Molecular gas depletion time

The molecular gas depletion time is defined as the time that a
galaxy would need to deplete its molecular gas reservoir through
star formation, provided a constant SFR and no gas accretion
(i.e., Tmol = Mmo1/SFR). It can theoretically be written as 7o =
M01/SFR = tg/eg, where tg is the free-fall time and &g is a
dimensionless measure of the SFR efficiency, linking the mass of
gas available for star formation and that effectively turning into
stars (Krumholz et al. 2012). Theoretically, g is supposed to be
roughly constant (x0.01), rendering any variations in depletion
time mostly due to variations in t¢ (Krumholz et al. 2012).
Observationally, the molecular depletion time of SFGs was
found to follow tight scaling relations with their AMS, redshifts,



W. Tsan-Ming et al.: Molecular gas mass and extent of main-sequence galaxies across cosmic time

<logigM.>=11.20
<AMS>=0.19
B 11.0=1log;oM.<12.0

®

H‘l

<logi1oM.>=10.71
<AMS>=0.04
10.5 =log;oM.<11.0

0.14

1.0 2.0 3.0

4.

0.0 1.0 2.0 3.0 4.0

0.0

<log1oM.>=10.23
<AMS>=-0.02
10.0 = log10M.<10.5

0.14

————

® This work

mm This work, fitting

494
| \P T‘\'}*_L_;
0.0 1.0 2.0 3.0

4.0

Z

Fig. 12. Same as Fig. 7, but comparing our results to predictions from the cosmological hydrodynamic simulations of Davé et al. (2011, dash-dotted
light-blue line), Lagos et al. (2015, dash-dotted orange line), Tacchella et al. (2016, dash-dotted pink line), and Kudritzki et al. (2021, dash-dotted

gray line).

and stellar masses, providing thereby key information for mod-
els of galaxy evolution (e.g., Saintonge et al. 2016; Tacconi
et al. 2018, 2020; Liu et al. 2019b; Hunt et al. 2020; Popesso
et al. 2020). For example, the depletion time of galaxies sit-
uated well above the MS (i.e., xX4) was found to be signif-
icantly shorter (~0.1 Gyr) than that of MS galaxies, suggest-
ing a different star-formation mode for this galaxy population,
likely triggered by the major merger of two gas-rich galaxies
(e.g., Genzel et al. 2010; Hayward et al. 2011; Alaghband-Zadeh
et al. 2012; Riechers et al. 2013). In addition, the depletion time
of MS galaxies was found to slightly decrease with redshift up
to z ~ 3 (e.g., Schinnerer et al. 2016; Tacchella et al. 2016;
Tacconi et al. 2018, 2020; Padmanabhan & Loeb 2020). Our
analysis, which confirms this finding, reveals that this appar-
ent evolution is, however, not associated per se with a red-
shift evolution of the star-formation mode of MS galaxies but
rather to the increase in their gas content with redshift, a rel-
atively constant star-forming extent, and a seemingly universal
KS relation with a power law index of ~1.13: at a given stel-
lar mass, the gas content of MS galaxies increases with red-
shift while their star-forming size remains roughly constant;
their Xy, , increases thus smoothly with redshift, shifting toward
higher Xgpr to Xy, ratios. The molecular gas depletion time
of MS galaxies was finally found to slightly decrease with stel-
lar masses (e.g., Saintonge et al. 2016; Tacconi et al. 2018,
2020; Padmanabhan & Loeb 2020). On the contrary, our anal-
ysis finds that the evolution of their depletion time is mostly
independent from their stellar masses. We note that this stel-
lar mass-independent evolution of the depletion time suggests
that the flattening of the MS at high stellar masses (>10'0> M)

and z < 2.5 (Leslie et al. 2020) is mostly due to their lower gas
content rather than lower SFEs (see Sect. 5.4).

The scaling relations between the molecular gas depletion
time of MS galaxies and their redshifts and stellar masses
provide stringent constraints to hydrodynamic simulations per-
formed in a cosmological context. In Fig. 12, we compare
our findings to predictions from the simulations of Davé et al.
(2011), Lagos et al. (2015), Tacchella et al. (2016), and Kudritzki
et al. (2021). Overall, all these simulations predict a decrease in
the molecular gas depletion time of MS galaxies with redshift
and stellar mass, in qualitative agreement with our observations.
However, the slope and overall normalization of these scaling
relations vary by at least a factor of 3 between all these sim-
ulations and none can accurately reproduce the observed rela-
tions. As discussed in Kudritzki et al. (2021), predictions of
the molecular depletion time are indeed strongly affected by
the exact star formation, accretion and feedback models imple-
mented in these simulations. The large disagreement between
simulations and with the observations demonstrates that our
understanding of these complex mechanisms across cosmic
time is far from being complete and it also demonstrates the
power of simple scaling relations to constrain models of galaxy
evolution.

Finally, irrespective of the exact slope of these various
scaling relations, all observations point toward relatively short
molecular gas depletion times (~0.5-1 Gyr) for MS galaxies
of any stellar masses and redshifts. Without a constant replen-
ishment of their gas reservoirs, the population of MS galaxies
observed at, for example, z ~ 2, would thus have fully disap-
peared by z = 1.5 (see, e.g., Walter et al. 2020). These findings
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strongly support the so-called gas regulator models (e.g., Erb
2008; Bouché et al. 2010; Davé et al. 2012; Lilly et al. 2013;
Peng & Maiolino 2014; Rathaus & Sternberg 2016), in which
galaxy growth is mostly driven by a continuous supply of fresh
gas from the cosmic web (Dekel et al. 2009).

5.3. Compact star-forming extent

Our analysis as well as numerous recent studies have revealed
that the star-forming half-light radius of MS galaxies is rela-
tively compact (i.e., 1-3 kpc) and does not evolve significantly
with redshift nor stellar mass (e.g., Barro et al. 2016; Rujopakarn
et al. 2016; Elbaz et al. 2018; Lang et al. 2019; Jiménez-Andrade
et al. 2019; Chang et al. 2020; Tadaki et al. 2020). In contrast,
Fujimoto et al. (2017) found that the FIR size of MS galaxies
evolves slightly with redshift. However, as stressed in their study,
their individually detected ALMA sample is SFR-selected and
could therefore be biased at high redshift toward compact SFGs
(i.e., galaxies with high surface brightness). In any cases, the
optical half-light radius of late-type galaxies of similar masses
and at z < 3 is found to be about two times larger (~3-8 kpc)
than their star-forming extent (Sect. 4.3 van der Wel et al.
2014; Fujimoto et al. 2017; Elbaz et al. 2018; Lang et al. 2019;
Jiménez-Andrade et al. 2019, 2021; Chen et al. 2020; Tadaki
et al. 2020). This centrally enhanced star formation is usually
interpreted in the literature as a sign that the cold gas accreted
by MS galaxies falls preferentially onto their central region
and triggers the formation of their bulge (e.g., Fisher 2006;
Goldbaum et al. 2016; Tonini et al. 2016). These bulges would
therefore grow from inside out and quench in the latest evolu-
tionary stage of MS galaxies, leaving solely the outer disk with
star-formation activities (e.g., Tacchella et al. 2015; Ellison et al.
2018; Rowlands et al. 2018; Colombo et al. 2020). While possi-
ble for massive SFGs, which are known to have massive central
bulges (e.g., Leslie et al. 2020), such an interpretation seems less
likely for less massive MS galaxies (i.e., M, < 10'? M) that
are explored for the first time here. Using high-resolution ALMA
and Hubble Space Telescope observations of 20 submillimeter-
selected galaxies, Lang et al. (2019) argues instead that the dis-
crepancy between FIR and optical sizes is mostly due to observa-
tional biases in which important radial color gradients yield very
discrepant half-light and half-mass radii. This observational find-
ing has recently been supported by The Next Generation Illus-
tris 50 (TNGS50) simulations coupled with state-of-the-art radia-
tive transfer code to study the FIR, optical, and half-mass radius
of thousands high-redshift 10°-10'" M, MS galaxies (Popping
etal. 2022). Indeed, in these simulations it is found that while the
FIR half-light radius correlates with the radius containing half
the star formation in galaxies, strong and un-corrected obscura-
tion of the stellar light toward the galaxy center increases signifi-
cantly the apparent extent of the disk sizes in the optical. Popping
et al. (2022) conclude that the compact dust-continuum emission
of MS galaxies with respect to the optical size is not necessar-
ily evidence of the buildup of a dense central stellar component.
Future high-resolution near-infrared observations performed by
the James Webb Space Telescope will certainly play a key role
in validating or invalidating these later findings.

5.4. The flattening of the MS relation at high masses

It is now relatively well established that the slope of the MS of
SFGs flattens at high stellar masses, with this flattening becom-
ing more and more prominent at z < 2.5 (e.g., Schreiber et al.
2015; Popesso et al. 2019; Leslie et al. 2020). Such a flattening of
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the MS is usually associated with the so-called mass-quenching
model (e.g., Peng et al. 2010; Nelson et al. 2018; Wright et al.
2019). In this model, massive galaxies with their high gravita-
tional potential hold a large accretion rate, growing their core
rapidly in a few gigayears. As the core keeps growing, however,
the ever larger gravitational potential could shock heat and/or an
AGN could heat the new infalling gas, slowing down the gas
accretion rate and reducing thereby the specific SFR of mas-
sive galaxies (e.g., Dekel & Birnboim 2006; Rodriguez Montero
et al. 2019; Donnari et al. 2021). On the other hand, less mas-
sive galaxies could take more than a Hubble time to trigger such
feedback and could thus efficiently accrete fresh cold gas even at
low redshift. Our analysis reveals that the molecular gas fraction
of our MS galaxies decreases with stellar mass at a rate mirror-
ing than that of the flattening of the MS, yielding almost con-
stant depletion time (equivalently SFE) with stellar mass. This
implies that the slow downfall of the star formation in massive
MS galaxies is principally due to an decrease in their molecu-
lar gas content rather than a decrease in their SFE, in agreement
with recent observations of low-redshift galaxies (Colombo et al.
2020). Our findings support thus an interpretation in which the
flattening of the MS at high masses is primarily controlled by the
ability of galaxies to efficiently accrete or not accrete gas from
the intergalactic medium.

Finally, we note that Leslie et al. (2020) found that the flat-
tening of the MS must be linked with changes in the morphologi-
cal composition of galaxies: bulge-dominated late-type galaxies,
which dominate the SFG population at high stellar masses, show
a flattening of the MS, while disk-dominated late-type galaxies
have align on a SFR-M, sequence with a slightly higher normal-
ization and with a power law index in the log-log space close to
unity. Although this result seems to favor a scenario in which
the gas in bulge-dominated MS galaxies is stabilized against
fragmentation (so-called morphological quenching; Martig et al.
2013), our findings suggest that the gas is instead simply not
present to form stars in these galaxies: either it has been removed
by feedback or cold gas is no longer able to be accreted effi-
ciently onto bulge-dominated late-type galaxies.

6. Summary

We have investigated the evolution of the molecular gas content
of MS galaxies from z ~ 3.6 to z ~ 0.4. We applied an innovative
uv-based stacking analysis to a large set of ALMA observations
toward a mass-complete sample of >10'" My MS galaxies. This
uv-based stacking analysis, performed on the RJ dust continuum
emission of these galaxies, provides an accurate measurement
of their mean molecular gas content (Hughes et al. 2017). With
this unique data set and innovative approach, we constrain the
redshift and stellar mass evolution of the mean molecular gas
mass, molecular gas fraction, molecular gas depletion time, and
molecular gas size of MS galaxies down to 10'° M and up to
z ~ 3.4. Finally, we have also studied for the first time — using a
mass-complete sample of MS galaxies — the KS relation at high
redshift. Our main findings are:

1. The mean molecular gas mass of MS galaxies evolves sig-
nificantly with redshift and depends on the stellar mass. At all
stellar masses, the molecular gas fraction (i.e., tgas = Mmol /M)
decreases by a factor of ~24 from z ~ 3.2 to z ~ 0. In addi-
tion, at a given redshift, ug, decreases with stellar mass at
roughly the same rate as the decrease in the specific SFR (i.e.,
SSFR = SFR/M,) of MS galaxies.
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2. Our mean molecular gas mass measurements are generally
lower (~10-60%) than literature estimates (e.g., Scoville et al.
2017; Liu et al. 2019b; Tacconi et al. 2020), especially at low
stellar masses. Literature measurements, which have mostly
relied on individually detected galaxies, were likely biased
toward gas-rich galaxies.

3. The molecular gas depletion time (i.e., Tmo = Mmo1/SFR)
of MS galaxies remains mostly constant at z > 0.5 with a value
of 300-500 Myr, but increases by a factor of ~3 by z ~ 0.

4. The mean FIR size of MS galaxies does not seem to evolve
significantly with redshift or stellar mass, with a mean circu-
larized half-light radius of ~2.2kpc. This result agrees quali-
tatively and quantitatively with the star-forming extent of MS
galaxies measured in Jiménez-Andrade et al. (2019) using high-
resolution radio observations of the COSMOS field (i.e., Rf;gcio ~
1.5%33 kpe).

5. The redshift evolution of 1, can be accurately predicted
from the redshift evolution of the molecular gas surface density
(i.e., Zp,,,) of MS galaxies and a seemingly universal MS-only
XMy — 2M,,, Telation with a slope of ~1.13, the KS relation.
Our findings provide key constraints for galaxy evolution mod-
els, as >10'" M, MS galaxies are known to have been respon-
sible for the bulk of the star-forming activity of the Universe
over the last 10 Gyr. To first order, it seems that the molecular
gas content of MS galaxies regulates the evolution of their star-
formation activity across cosmic time, while variation in their
SFE (i.e., 1/Tmo1) plays only a secondary role. The short deple-
tion time of the molecular gas reservoir of MS galaxies (<1 Gyr)
contrasts with the long duty cycle inherent to the existence of the
MS itself. This suggests that the continuous replenishment of the
molecular gas reservoir of MS galaxies plays a fundamental role
in regulating star formation across cosmic time. Finally, despite
large variations in the gas content and SFR of MS galaxies over
the last 10 Gyr, their star formation seems to take place in their
inner 2 kpc radius and to follow a seemingly universal MS-only
ZM - ZSFR relation.
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Appendix A: Reliability of the stacked flux density
and size measurements

To test the reliability of the flux densities and sizes measured
by stacking in the uv and image domain, we used simulations
tailored to reproduce the peculiar properties of the A3COSMOS
archive (i.e., with a heterogeneous frequency, depth, and spa-
tial resolution). The logic of our approach is to (i) simulate
100 realistic ALMA observations of a galaxy population with
a given intrinsic flux density and size properties, (ii) stack these
100 mock observations, and (iii) finally compare the measured
stacked flux density and size to the intrinsic ones. For a given
set of flux density and size properties, we judge the reliabil-
ity of our stacking analysis by computing (Siy — S ou)/Sin and
(RO — Ry O)/RI™ (i.e., the error on the retrieved stacked flux
density and size, respectively).

Our mock ALMA observations were generated using the
CASA task simobserve. To realistically reproduce the hetero-
geneity of the A3COSMOS archive, the observing properties
of each simulation (i.e., frequency resolution, integration time,
and antenna positions) were randomly picked from one of the
A3COSMOS data set. Then, the stacked position of the mock
galaxies were randomly selected within a radius of 3”from the
simulated phase center. Finally, to account for possible mis-
matches between the stacked position and the actual millimeter
position of the stacked sources, we randomly placed these mock

30 50 70 100

galaxies around their stacked position, following a 2D Gaussian
distribution with a dispersion of 0”2 (e.g., Elbaz et al. 2018). We
note that here we do not test the effect of the observed-frame
flux density to rest-frame luminosities conversion discussed in
Sect. 3.1. Indeed, from a technical point of view this conversion
is strictly equivalent to a simple multiplication and thus a noise
increase or decrease in the initial to-be-stacked data set. Our sim-
ulation already test the effect of stacking data set with different
noise, redistributing this noise distribution is thus unnecessary.

Results of these Monte Carlo simulations for three realistic
angular sizes (i.e., point source, FWHM = 0’5 and FWHM =
1”70) and twelves flux densities combinations, are shown in
Fig. A.1 and A.2. These results demonstrate the reliability of our
stacked flux density and size measurements. Indeed, all size-flux
density combinations that yield a detection have (Si, — S out)/Sin
and (RS™ — REI) /RS values consistent with O within the mea-
sured uncertainties. We only notice a slight systematic overesti-
mation of our stacked flux densities by 6% and 4% when inferred
from the uv and image domain, respectively. Such an offset is vir-
tually insignificant with respect to the measured uncertainties.
Lastly, we note that galaxies with larger intrinsic sizes (i.e., 1”70)
do not yield a detection down to our lowest flux density combi-
nation. This is not inherent to our stacking analysis but simply to
the spreading of the flux densities of these galaxies over several
synthesized beams.

200 500
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Fig. A.1. Uncertainty on the uv-domain (upper panel) and image-domain (lower panel) stacked flux density measurements of 100 simulated
galaxies as a function of their intrinsic flux densities and sizes. The vertical pink dashed line shows the average “point source” 3o~ detection
threshold of the measurement sets to be stacked, while the lower right subpanel displays their 1o distribution. The vertical solid pink line presents
the point source 30 detection threshold in the stacked measurement set. Our stacking analysis allows accurate mean flux density measurements

(e, (Sin

— Souw)/Sin ~ 0) for galaxy populations that are otherwise individually undetected, i.e., with intrinsic flux densities lower than the

vertical pink dashed line. Stacked flux densities are in average underestimated by 6% and 4% in the uv domain and image domain, respectively, as

illustrated by the dark blue solid and dashed horizontal lines, respectively.

A142, page 21 of 25



A&A 660, A142 (2022)

30 50 70 100 200 500
2 A A . . . :
UVmodelfit
1 s
0 Undetected
4:-; 1 0
s -1
g
°| 3
Tlg -
.| 2
5
HE PyBDSF
=
< 11
0
_1 .
) : . : . . .
30 50 70 100 200 500

Sinput [IJJy]

Fig. A.2. Uncertainty on the uv-domain (upper panel) and image-domain (lower panel) stacked size measurements of 100 simulated galaxies as
a function of their intrinsic flux densities and sizes. Lines and symbols are the same as in Fig. A.1. Our stacking analysis allows accurate mean
size measurements (i.e., (Ric‘ilrC — RCirey /RiCIiIrc ~ 0) for galaxy populations that are otherwise individually undetected, i.e., with intrinsic flux densities
lower than the vertical dashed pink line.
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Appendix B: Different gas mass calibrations

The results of our study could naturally be influenced by the
particular assumptions made here to convert stacked rest-frame
850 um luminosities into molecular gas masses (see, e.g., dis-
cussion in Liu et al. 2019b). To evaluate the impact of these
assumption on our results, we compare molecular gas masses
obtained here using the metallicity-independent Lgsy-to-Mpo;
relation of H17 with those obtained using others relations com-
monly applied in the literature (Fig. B.1).

H17 inferred two Lgsp-to-M o relations: the one used in the core
of our paper was calibrated using a CO-to-M,, conversion fac-
tor (i.e., @cop) that assumes that the density and properties in the
gas reservoirs of high-redshift galaxies are similar to Milky Way

GMCs (i.e., aco=6.5 My (Kkms™' pc?)~!); and another relation
calibrated instead using @co=4.35 (H17,.,=435), which is the
standard value for the Milky Way. These relations have the same
slope and only differ in terms of normalization. Molecular gas
masses obtained with H17,.,-435 are thus shifted to lower val-
ues by 0.17dex (Fig. B.1). This yields a quantitatively differ-
ent evolution of the molecular gas mass fraction and depletion
time with redshift than those inferred with H17 (Fig. B.2). How-
ever, the main conclusions of our analysis remains unchanged:
the molecular gas fraction of MS galaxies still increases sig-
nificantly with redshifts and decreases with stellar masses;
and their depletion time still decrease more moderately with
redshifts and remains mostly independent from their stellar
mass.
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Fig. B.1. Comparisons between four molecular gas mass calibrations, i.e., from Hughes et al. (2017) assuming aco = 6.5 (H17; used throughout
our paper), Hughes et al. (2017) assuming aco = 4.35 (H17,.,-435), Scoville et al. (2016, S16), Bertemes et al. (2018, B18), and Leroy et al.
(2011, dgpr)- In each panel, the solid gray line is the one-to-one relation. Symbol colors have the same meaning as in Fig. 11.
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Fig. B.2. Redshift evolution of the mean molecular gas fraction and
molecular gas depletion time of MS galaxies, with the M,,, from the
H17,,-435 gas mass calibration. Dots show the mean molecular gas
fraction and molecular gas depletion time from our work. Stars repre-
sent the local reference taken from Saintonge et al. (2017). Solid lines
display the analytical evolution of the molecular gas fraction and molec-
ular gas depletion time inferred with the H17,.,-435 gas mass calibra-
tion. Dashed lines show the analytical evolution of the molecular gas
fraction and molecular gas depletion time inferred with the H17 gas
mass calibration (used throughout the paper). Symbols and lines are
color-coded by stellar mass.

Besides the H17 gas mass calibration, S16 also provides
a metallicity-independent Lgsy-to-Mp,o relation calibrated on
a sample of 70 SFGs with both dust RJ and CO measure-
ments. Then, assuming a constant mass-weighted dust tem-
perature of 25K, a dust emissivity, 8, of 1.8, and aco=6.5
My (Kkms™ pc?)7!, they calibrated a light-to-mass relation

log(Myo1) = log(Lgsp) — 19.83, (B.1)

where Mo and Lgsg are in units of Mg, and ergs™' Hz™!, respec-
tively. This relation yields molecular gas masses in very good
agreement with those inferred here (Fig. B.1), with only a sys-
tematic offset of +0.04 dex for S16. The redshift evolution of the
molecular gas mass fraction and depletion time inferred using
S16 are shown in Fig. B.3. Those agree qualitatively and quanti-
tatively with the original findings of our study.

One can also measure the molecular gas mass of SFGs
by applying first a standard Lgso-to-Mg,s relation and then a
metallicity-dependent Mg,g-to-Mpe relation. To begin with, we
thus convert our stacked rest-frame 850 um luminosities into
My following Magnelli et al. (2020), who assumed a constant
mass-weighted dust temperature of 25K, a dust emissivity of
1.8, and a photon cross section to dust mass ratio at rest-frame
850 um, kgs0, of 0.0431 m? kg~!,

log(Maust) = log(Lgso) — 21.86, (B.2)

where Mg, is in unit of M. This dust mass can then be con-
verted into molecular gas mass using the metallicity-dependent
M gust-to-Mpo) relation of, for example, B18, which was cali-
brated using 78 local SFGs with known gas-phase metallicity,
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Fig. B.4. Same as Fig. B.2 but for the gas mass calibration from B18.

log(Mmo1) = log(Maust) +1.83 +0.12 % ((12 + 1og(O/H)) — 8.67),
(B.3)
where the gas-phase metallicity, 12+log(O/H), can be inferred

using the redshift- and stellar mass-dependent relation given in
Liu et al. (2019b),

(a if log(M4/Mo) > b(z),
12+ log(O/1 = {a ~0.087 x (log(M«/Mo) = b(2))*, else,
(B.4)
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Fig. B.5. Same as Fig. B.2 but for the gas mass calibration from Leroy
et al. (201 1, 6GDR)~

where a=8.74 and b(z)=10.4+4.46xlog(1+2)-1.78x(log(1+z))>.
Using this molecular gas mass calibration (i.e., B18) yields esti-
mates that are ~0.17 dex lower than those from H17 (Fig. B.1).
In addition to this global offset, this metallicity-dependent
approach yields quantitatively different evolution of the molec-
ular gas mass fraction and depletion time with redshift than
those inferred with H17 (Fig. B.4). However, the main conclu-
sions of our analysis remains unchanged: the molecular gas frac-
tion of MS galaxies still increases significantly with redshifts
and decreases with stellar masses; and their depletion time still
decreases more moderately with redshifts and remains mostly
independent from their stellar mass.

Finally, we converted the dust masses from Eq. B.2 into
molecular gas masses using instead the standard metallicity-
dependent M gy-to-My, relation of Leroy et al. (2011, dgpr),
which was calibrated using high-resolution observations of five
local group galaxies,

10g(Mumo) = log(Maus) + 9.4 — 0.85 x (12 + log(O/H)).  (B.5)

We note that while this relation formally account for both molec-
ular and atomic gas masses, we implicitly assume here that the
gas in high-redshift (z > 0.5) SFGs is dominated by their molec-
ular phase Tacconi et al. (see discussion in 2018); Liu et al. (see
discussion in 2019b). Overall, the molecular gas masses inferred
using the dgpr method are about ~0.13 dex higher than those
obtained from H17 (Fig. B.1). As for B18, this gas mass cali-
bration also yields slightly different, yet qualitatively consistent,
molecular gas mass fraction and depletion time redshift evolu-

tion (Fig. B.5) than those inferred with H17.
. . . H1740=43
To summarize, the gas mass calibrations are: Mmo1 o=

MBI8 < pH17 o pySlo o Mr‘;GODlR. The redshift evolution of the

mol mol mol

Table B.1. Best-fit coefficients for the molecular gas fraction (Eq. 8)
and molecular gas depletion time (Eq. 9) functions.

log10 Hmol
with a = 0.4195 and ak = 0.1195 from Liu et al. (2019b)
b c ck d
0.070 0.008 0.059 0.011
H17 -0.468:)'070 ‘0'1221).003 0.572f0_060 0~002to.011
HlToco=a35  -0463%007)  -01025068 03115508 0.000%5,
0.069 0.008 0.057 0.010
B18 —0.3531)‘069 ‘0'099fo.003 0.2661’0_057 —0.008f0.010
0.070 0.008 0.059 0.011
S16 -O.396f0~070 -0.123f0.008 0.584f0.058 '0-004i0.o11
0.068 0.008 0.057 0.010
L11 —0.679’:0'067 -0. 152“:0_008 0.948“_’0_057 0.017’:0010
10g10 Tmot [Gy ']
with a = —0.5724 and ak = 0.1120 from Liu et al. (2019b)
b c ck d
0.069 0.008 0.056 0.010
H17 O.OSSfO‘O71 0.049j0‘008 —0.643’:0_057 0.016’:0010
HlToco=a3s  0.054%506  0.069%0G5  -0.899%60%  0.014%00,
0.069 0.008 0.057 0.010
B18 0.168“_'04067 0.072j(m08 —0.947’:0'057 0.006’:0010
0.070 0.008 0.058 0.010
St6 -0.125 t0,067 0‘047J:0.008 _0'628t0058 0'010i0.0|0
0.068 0.008 0.059 0.010
L11 —0.157j0_070 0.019j0_008 —0.265’:0'057 0.031 to.m i

molecular gas fraction and depletion time obtained from S16
agree qualitatively and quantitatively with those from H17, while
those measured using H17,.,-435, B18 and dgpr agree only
qualitatively with those from H17 (see Table B.1). However,
because the main conclusion of our paper are not qualitatively
affected by the particular choice of a given relation and because
the H17 approach yield measurements that are bracket by others,
we decided to use H17 in our paper.

The choice of using the Lgso-to-Mp,o relation from H17
could seem at odds since this relation was calibrated using
aco=6.5, while our local reference (i.e., Saintonge et al. 2017)
converted their CO measurements into molecular gas masses
using aco ~4 (at the high stellar masses of our study). Despite
this apparent inconsistency, the redshift evolution of the molecu-
lar gas content of massive SFGs inferred by combining this local
reference with our high-redshift H17 measurements is in much
better agreement with Tacconi et al. (2020) than when combin-
ing this local reference with our high-redshift H17,.,-435 mea-
surements (see Fig. 4 and B.1). Because at high stellar masses
results from Tacconi et al. (2020) can be considered as the ref-
erence (as they are based in a fairly complete sample of massive
SFGs and a thorough cross-calibration of the CO- and dust-based
methods), we decided to use in the core of our paper the Lgs-
to-Mp,o) relation from H17. The agreement between these high-
redshift H17 measurements and those from Tacconi et al. (2020)
is explained by the fact that using aco=6.5 instead of 4.3 to cal-
ibrate the local Lgsy-to-Mp relation corrects indirectly (and to
first order) for the fact that at a given stellar mass, high-redshift
galaxies have lower metallicities than local galaxies, and thus
have a higher gas-to-dust ratio (e.g., Leroy et al. 2011) and con-
sequently should have lower Lgsg-to-Mp, ratio. This seems also
confirmed by the good agreement at high stellar masses between
our H17 measurements and those from the metallicity-dependent
dGpr Mmethod.
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ABSTRACT

Aims. We aim to understand the physical mechanisms that drive star formation in a sample of mass-complete (>10°° M) star-forming
galaxies (SFGs) at 1.2 < z < 1.6.

Methods. We selected SFGs from the COSMOS2020 catalog and applied a uv-domain stacking analysis to their archival Atacama
Large Millimeter/submillimeter Array (ALMA) data. Our stacking analysis provides precise measurements of the mean molecular
gas mass and size of SFGs down to a stellar mass of M, ~10°3M,, even though at these stellar mass galaxies on the main sequence
(MS) are no longer detected individually in the archival ALMA data. We also applied an image-domain stacking analysis on their
HST i-band and UltraVISTA J- and K,-band images. This allowed us to trace the distribution of their stellar component. Correcting
these rest-frame optical sizes using the Rhai—sicltar—light~tO-Rhalt—stellar-mass CONVersion at rest 5000A, we obtain the stellar mass size of
MS galaxies and compare them to the sizes of their star-forming component obtained from our ALMA stacking analysis.

Results. Across the MS (-0.2 < AMS=log(SFR/SFRys) < 0.2), the mean molecular gas fraction of SFGs increases by a factor of
~1.4, while their mean molecular gas depletion time decreases by a factor of ~1.8. The scatter of the MS could thus be caused by
variations in both the star formation efficiency and molecular gas fraction of galaxies. The mean molecular gas fraction of MS galaxies
decreases by a factor of ~7 from M,~ 10" M, to ~ 10''* M, while their mean molecular gas depletion time remains roughly the
same at all stellar masses. This finding could be a hint that the bending of the MS at z ~1.4 is primarily driven by variations in cold gas
accretion. The majority of the galaxies lying on the MS have Rpr & Ryenar- Their central regions are subject to large dust attenuation.
Starbursts (SBs, AMS>0.7) have a mean molecular gas fraction ~2.1 times larger and mean molecular gas depletion time ~3.3 times
shorter than MS galaxies. Additionally, they have more compact star-forming regions (~2.5 kpc for MS galaxies vs. ~1.4 kpc for
SBs) and systematically disturbed rest-frame optical morphologies, which is consistent with their association with major-mergers.
SBs and MS galaxies follow the same relation between their molecular gas mass and star formation rate surface densities with a slope

of ~ 1.1 — 1.2, that is, the so-called Kennicutt-Schmidt relation.

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: ISM

1. Introduction

Parts of the evolutionary history of the Universe have been re-
vealed to us in the last decades by modern telescopes. In particu-
lar, it has been found that the cosmic star formation rate density
(SFRD) increases from early cosmic times, reaches a peak at
cosmic noon, i.e., z ~ 2, and smoothly decreases by a factor of
~ 10 by z ~ 0 (e.g., Madau & Dickinson 2014; Novak et al.
2017; Liu et al. 2018; Gruppioni et al. 2020; Leslie et al. 2020).
In the star formation rate (SFR) versus stellar mass (M,) plane,
star-forming galaxies (SFGs) can be broadly classified into two
populations. The first and largest population resides on a tight
correlation between SFR and stellar mass, which accounts for
about 80% of the cosmic SFRD, the so-called main sequence
(MS) of SFGs (e.g., Noeske et al. 2007; Elbaz et al. 2011; Mag-
nelli et al. 2014; Schreiber et al. 2015; Leslie et al. 2020; Leja et
al. 2022; Popesso et al. 2022). The MS has a scatter of ~0.3 dex
and a normalization that decreases by a factor of 20 from z ~ 2

to z ~ 0 (e.g., Schreiber et al. 2015; Leslie et al. 2020; Leja et
al. 2022; Popesso et al. 2022). The MS is also found to bend at
high stellar mass (e.g., Schreiber et al. 2015; Popesso et al. 2019;
Leslie et al. 2020; Delvecchio et al. 2021), but this flattening be-
comes less prominent with increasing redshift and almost van-
ishes by z ~ 2. SFGs on the MS are thought to evolve in isolation
with long star-forming duty cycles, sustained by continuous cold
gas accretion (e.g., Liu et al. 2019a; Tacconi et al. 2020; Wang
et al. 2022). The second population, known as starbursts (SBs),
exhibits intense star formation activities and is offset above the
MS with AMS (log;o(SFR/SFRys)) > 0.7 (e.g., Schreiber et al.
2015; Silverman et al. 2018). These galaxies make up only 5%
of the SFG population and contribute 10% of the SFRD out to
z ~4 (e.g., Rodighiero et al. 2011; Sargent et al. 2012; Lamastra
et al. 2013; Schreiber et al. 2015). Their enhanced star formation
is believed to result from mergers, interactions between galaxies,
or disk instabilities of galaxies (e.g., Davé et al. 2010; Hodge et
al. 2012; Porter et al. 2014; Wilkinson et al. 2018; Calabro et al.
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2019; Cibinel et al. 2019; Renaud et al. 2022). Despite the well-
established classification of SFGs based on their SFRs and stellar
masses up to z ~ 6, the underlying mechanisms causing the evo-
lution of the normalization of the MS (leading to the dispersion
of the MS) and the triggering of SBs remain debated. Deeper in-
sight into the mechanisms behind these scaling relations can be
gained from precise measurements of their molecular gas reser-
voir, which serves as the fuel for star formation.

In the local universe, carbon monoxide (CO) emission from
the molecular gas is widely used to measure the molecular gas
content of galaxies (see Bolatto et al. 2013, for a review). How-
ever, obtaining the molecular gas mass of SFGs through CO
observations at high redshifts is a challenge considering the
sensitivity of even the latest (sub)millimeter and radio inter-
ferometers, e.g., Atacama Large Millimeter/submillimeter Ar-
ray (ALMA), Northern Extended Millimeter Array (NOEMA),
and Karl G. Jansky Very Large Array (JVLA). To alleviate
this limitation, a new approach to measure gas mass for high-
redshift galaxies from dust continuum observations has been de-
veloped in recent years. This approach relies on standard gas-
to-dust mass relations and well-calibrated dust mass measure-
ments, which can be achieved by using either multiwavelength
dust spectral energy distribution (SED) fits (e.g., Magdis et al.
2012; Santini et al. 2014; Hunt et al. 2019; Kokorev et al. 2021;
Suzuki et al. 2021) or a single Rayleigh—Jeans (RJ) flux den-
sity conversion (e.g., Scoville et al. 2014, 2016; Liu et al. 2019a;
Magnelli et al. 2020; Millard et al. 2020; Dye et al. 2022; Wang
et al. 2022). A plethora of literature studies have since used this
approach to measure the molecular gas mass of massive SFGs
up to z ~5 (e.g., Scoville et al. 2016; Liu et al. 2019a; Tacconi
et al. 2020; Suzuki et al. 2021; Wang et al. 2022). Among these,
that of Wang et al. (2022) is the first to statistically constrain
(through stacking) the molecular gas content of a mass-complete
sample of MS galaxies down to 10'° M, and up to z ~ 3.5, thus
avoiding any selection bias that could potentially affect previ-
ous studies. With this approach, they accurately measured that
the mean molecular gas fraction, i.e., ttmol = Mmol/Myx, of MS
galaxies decreases with increasing stellar mass and decreases by
a factor of ~ 20 from z ~ 3 to z ~ 0. Additionally, they found
that the molecular gas depletion time (i.e., Tmol = Mmo1/SFR) of
MS galaxies remains roughly constant at z > 0.5 with a value
of 300 — 500 Myr, and it only increases by a factor of ~ 3 from
z ~ 0.5 to z ~ 0. This suggests that to the first order, the molec-
ular gas content of MS galaxies regulates their star formation
across cosmic time, while variation of their star formation effi-
ciency plays a secondary role.

Although the study of Wang et al. (2022) has provided us
with an accurate estimate of the redshift evolution of the molec-
ular gas content of MS galaxies as a whole population, they did
not study how the molecular content of SFGs evolves across and
well above the MS. Therefore, while it is generally accepted that
SBs partly have a higher star formation efficiency and partly a
higher molecular gas content than MS galaxies (e.g., Genzel et
al. 2010; Liu et al. 2019a; Tacconi et al. 2020), the exact bal-
ance between these two distinct effects is still uncertain, mainly
because current studies on the evolution of the molecular gas
content of SFGs with AMS are still not based on mass-complete
samples and are thus potentially affected by selection biases. As
a consequence, we are missing a complete picture of the physical
mechanisms that drive and regulate the dispersion of ~ 0.3 dex
of the MS and that drive galaxies well above the MS. To make
progress on these topics, a detailed study of the evolution of
the molecular gas content of a mass-complete sample SFGs as
a function of AMS is needed.
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To gain a better understanding of the mechanisms that drive
the evolution of SFGs, it is also essential to accurately measure
the extent of their gas reservoir. Indeed, such measurements al-
low us to investigate the fundamental scaling relationship be-
tween the SFR and gas surface densities of SFGs, the so-called
Kennicutt-Schmidt (KS) relation (Kennicutt 1998a). Wang et al.
(2022) found, for example, that the moderate redshift evolution
of the molecular gas depletion time of MS galaxies could be pre-
dicted from the evolution of their molecular gas surface density
and a universal KS relation with a slope of ~ 1.13. In addition,
some observations suggest that the most extreme SBs follow a
different KS relation, characterized by a slope of ~ 1.13 but
with a normalization ~ 10 times higher than that of MS galax-
ies (e.g., Daddi et al. 2010; Genzel et al. 2010). This latter result
is, however, still debated because it remains unclear whether the
KS relation is truly bimodal (MS vs. SB) or whether it evolves
smoothly with AMS. To make further progress on this topic, a
detailed study of the evolution of the molecular gas mass and
size of a mass-complete sample SFGs as a function of AMS is
needed.

In this work, we thus derived the mean molecular gas mass
and extent of SFGs across the MS at M, > 10°°M, and 1.2 <
z < 1.6 using a stacking analysis. This redshift range was cho-
sen as it yields detection with the highest significance level in
Wang et al. (2022), i.e., we can further dissect the mean molec-
ular gas mass of the SFGs in different AMS. We selected our
mass-complete sample of SFGs in the Cosmic Evolution Survey
(COSMOS) field using their latest optical-to-near-infrared cat-
alog (i.e., the COSMOS2020 catalog; Weaver et al. 2021) and
the super-deblended far-infrared-to-millimeter catalog of Jin et
al. (2018). These SFGs were then subdivided into different stel-
lar mass and AMS bins. In each bin, we performed a uv-domain
stacking analysis on the ALMA band 6 and 7 dataset and mea-
sured their mean molecular gas mass and size. This allowed us
to constrain the KS relation for a mass-complete (> 10°3 M)
sample of galaxies probing a wide range of AMS for the first
time and thereby gain insights into the mechanisms that regulate
the dispersion of the MS and that drive galaxies well above the
MS. Finally, we compared the dust-obscured star-forming sizes
of our MS galaxies to the size of their stellar component using
data from the Hubble Space Telescope (HST) and UltraVISTA.
This allowed us to better understand the processes leading to the
structural evolution of SFGs (e.g., Wilman et al. 2020). We ver-
ified, in particular, if the recent finding of compact star-forming
regions relative to the mass-size relation of late type galaxies
with ALMA (e.g., Ikarashi et al. 2015; Simpson et al. 2015;
Hodge et al. 2016; Fujimoto et al. 2017; Elbaz et al. 2018; Lang
et al. 2019; Rujopakarn et al. 2019; Puglisi et al. 2019; Chang
et al. 2020; Chen et al. 2020; Franco et al. 2020; Tadaki et al.
2020; Puglisi et al. 2021; Gémez-Guijarro et al. 2022a; Wang et
al. 2022) is due to dust attenuation biasing current measurements
of the mass-size relation at high redshift or not.

Our paper is organized as follows. Sect. 2 introduces our
mass-complete sample of SFGs and their ALMA, HST, and Ul-
traVISTA observations; Sect. 3 details the stacking method used
to measure their mean molecular gas masses, star-forming sizes,
and stellar sizes; Sect. 4 presents our results, and Sect. 5 dis-
cusses the implication of our findings; finally, Sect. 6 presents
our conclusions.

We assumed a flat A cold dark matter cosmology with Hy =
67.8 km s~! Mpc‘l, Qn = 0.308, and Qp = 0.692 (Planck Col-
laboration et al. 2016). A Chabrier (2003) initial mass function
is assumed for all stellar masses and SFRs.
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2. Data
2.1. Parent sample and ALMA data

The latest optical-to-near-infrared catalog in the COSMOS field,
i.e., the COSMOS2020 catalog (Weaver et al. 2021), provides
accurate photometry, photometric redshift, stellar mass, and SFR
measurements for more than 966,000 sources. The astrometry of
all these sources is aligned to Gaia, and their photometry were
obtained using a new photometric extraction tool (THE FARMER).
This catalog provides highly reliable photometric redshift even
for faint galaxies, that is, with a redshift precision (Az/(1+z)) of
0.036 for galaxies with an i-band apparent magnitude between
25.0 and 27.0.

We selected galaxies at 1.2< z <1.6 in THE FARMER cata-
log. Then, we classified galaxies into star-forming and quiescent
galaxies following the standard rest-frame near-ultraviolet-r/r-
J selection method from Ilbert et al. (2013) and selected only
the SFGs. We excluded galaxies below the mass-completeness
limit of the COSMOS2020 catalog, which is 108 Mg at z ~1.2
and ~10%7 Mg, at z ~1.6. In addition, we excluded galaxies clas-
sified as active galactic nuclei (AGNs) to avoid contamination.
We excluded AGNs based on their X-ray luminosity (Lx > 10*?
erg s'; Szokoly et al. 2004) and the latest COSMOS X-ray cat-
alog of Marchesi et al. (2016). We then excluded galaxies classi-
fied as AGNs from their optical SED using the catalog of Stemo
et al. (2020). Finally, we excluded galaxies classified as radio
AGNs in the VLA-COSMOS 3 GHz AGN catalog (Delvecchio
et al. 2017). This parent sample of SFGs at 1.2 < z < 1.6 contains
62,681 galaxies.

The A3COSMOS dataset (Liu et al. 2019b) gathers all
ALMA archive projects available in the COSMOS field, mak-
ing it ideal for studying the dust RJ-tail luminosity emitted by
galaxies, which is a proxy of their molecular gas content. In
this work, we used the A3COSMOS data version 20220105 (Ad-
scheid et al. in prep.), i.e., all public COSMOS ALMA datasets
released by the 5 January 2022. The A3COSMOS database con-
tains the ALMA calibrated measurement sets, the cleaned im-
ages, and a value-added catalogue, which gathers all the galax-
ies individually detected in these images (i.e., with a signal-to-
noise ratio > 4.35 following Liu et al. 2019b). As stressed in
Wang et al. (2022), the definition of weights on visibilities af-
ter ALMA cycle 2 is different from the definition of the pre-
vious ALMA cycle. Therefore, we only used the ALMA data
from band 6 (~243 GHz) and band 7 (~324 GHz) that were ob-
served after ALMA cycle 2. We cross-matched our parent sam-
ple with the A3COSMOS database, and excluded galaxies that
were not covered by any ALMA observations, i.e., those located
in regions with a primary beam response under 0.5. This reduces
our sample to 1,971 galaxies. Finally, in order to avoid contam-
ination from bright nearby sources during our stacking analysis,
we excluded galaxy pairs (< 270) with S4,\\/SA ya > 2 Or
M. /M? > 3!, There are 1,688 galaxies in this final sample.

The SFR of our galaxies was obtained following Kennicutt
(1998b) for a Chabrier (2003) initial mass function,

SFRyy+r[Mo yr'] = 1.09x 107" (Lir[Lo]+3.3X Lyv[Lo]), (1)

where the rest-frame Lyy at 2300A was taken from the COS-
MOS2020 catalog, and the rest-frame Lig = L(8 — 1000 um) was
calculated by following the ladder of SFR indicator as advocated
by Wuyts et al. (2011); i.e., we used the best infrared luminos-
ity indicator available for each galaxy. To this end, we used the

! 1 and 2 denote the brighter and fainter objects in a pair system.
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Fig. 1. Number density of galaxies from COSMOS2020 catalog in SFR-
M, plane, with SFRs determined by the approach used in our study.
The darkest color indicates the highest number density of galaxies for a
given stellar mass, which is further highlighted by purple circles in the
stellar mass range of 10°3My< M,<10'"*M,. These number density
peaks correspond to the MS for our SFR tracer and can be compared
to the MS from Leslie et al. (2020, green solid lines), where the SFRs
were measured from three GHz radio-continuum observations.

mid-infrared (MIR) and far-infrared (FIR) photometry from the
super-deblended catalog (Jin et al. 2018), which provides Spitzer
and Herschel photometries without contamination from nearby
sources by iteratively deblending source emission with prior in-
formation, SED prediction, and residual source detection tech-
niques. For galaxies with FIR and MIR photometry, their Lig was
obtained by fitting their MIR and/or FIR SED with the template
of Chary & Elbaz (2001) (see details in Sect. 2.2 of Wang et al.
(2022)). For galaxies without any MIR or FIR photometry, their
SFRs were taken directly from the COSMOS2020 catalog. We
note that Wang et al. (2022) have verified that the SFRs obtained
from UV+IR measurements agree with the COSMOS2020 SFRs
at intermediate SFRs (see their Fig. 2.), i.e., where the MIR/FIR
detection rate of galaxies starts to decrease. From the SFR and
stellar mass of each of our galaxies, we measured their offset
from the MS, i.e., AMS = log(SFR(z, M,.)/SFRy\s(z, M)), us-
ing the MS calibration of Leslie et al. (2020).

The SFR indicator used in our study differs from that of
Leslie et al. (2020), who used 3 GHz radio-continuum to mea-
sure the SFR of their SFG. In Fig. 1, we show a test we did to de-
termine whether these different SFR indicators could introduce
bias into our study, and in particular lead to different definitions
of the MS. To this end, we selected all M, >10°"M,, galaxies
with 1.2 < z < 1.6 in the COSMOS2020 catalog and calcu-
lated their SFR based on the ladder of SFR indicators used in
our study. At 10°°My< M, <10"3M,, we then defined the peak
of the number density of galaxies at each stellar mass (purple cir-
cles in Fig. 1) as "our" MS. Finally, we compared our MS with
that of Leslie et al. (2020, green solid lines in Fig. 1) and found
an average offset of 0.02 dex and no offset greater than 0.2 dex
in any of our specific stellar mass bins. This demonstrates that
the use of the MS from Leslie et al. is appropriate and leads to
accurate measurements of AMS.

2.2. HST and UltraVISTA data

We studied the size of the stellar component of our galaxies us-
ing their optical-to-near-infrared emission. First, we used the
HST/Advanced Camera for Surveys (ACS) i-band images of
Koekemoer et al. (2007) and Massey et al. (2010). The HST/ACS
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i band has a wavelength centered at 8,333 A and a PSF full width
at half maximum (FWHM) of 0.095 arcsec. At the redshift of
our galaxies, this corresponds to the rest-frame wavelength of
~3,470 A and thus traces the near UV emitted by young O/B
stars. Second, we used the Ultra Visible and Infrared Survey
Telescope for Astronomy (UltraVISTA) J- and K-band images
of McCracken et al. (2012). The UltraVISTA J and K; bands
have wavelengths centered on 12,525 and 21,557 A. At the red-
shift of our galaxies, these images correspond to the rest-frame
wavelengths of ~5,210 A and ~8,980 A and thus trace the bulk
of the stellar population of these galaxies. Because VISTA is a
ground-based telescope, there is variation of the seeing across
the mosaics. However, McCracken et al. (2012) stressed that
such seeing variation is small (~0.05 arcsec) compared to the
average seeing. In our paper, we thus used the PSF FWHMs of
McCracken et al. (2012), which are 0.77 and 0.78 arcsec for the
J and K bands, respectively.

3. Method

The high-sensitivity of ALMA has revolutionized our ability to
measure the gas content (from RJ dust continuum emission) of
high-stellar-mass, high-AMS, and low-redshift galaxies. How-
ever, with the time restriction of each ALMA project, galaxies
at high redshift, low stellar mass, and low AMS remain difficult
to detect individually with ALMA (e.g., see Table 1 of Wang
et al. (2022)). To statistically measure the mean value of our
mass-complete sample of SFGs at z ~1.4, we therefore used a
stacking analysis. However, stacking the A3COSMOS dataset is
a challenge because the different ALMA projects were observed
at different frequencies and spatial resolutions (e.g., Wang et al.
2022). On the contrary, stacking the HST or UltraVISTA datasets
is straightforward because each of these datasets corresponds
to only one frequency and one angular resolution. Below, we
describe the steps to perform the uv-domain stacking analysis
on our ALMA data and the steps to perform the image-domain
stacking analysis on the HST and UltraVISTA data.

3.1. The stacking analysis

We followed the same approach as Wang et al. (2022) to perform
the uv-domain stacking analysis of our ALMA dataset. Details
regarding these steps can be found in their Sects. 3.1 and 3.2.
We first scaled the observed ALMA visibility amplitudes of each
galaxy to its rest-frame luminosity at 850 um (i.e., LgZ) using the
SED templates of Béthermin et al. (2012) and the Common As-
tronomy Software Applications package (CASA; McMullin et
al. 2007) tasks gencal and applycal. In practice, this scaling
was performed using both the MS and SB galaxy SED templates
of Béthermin et al. (2012). Then, for a galaxy with AMS <0.4,
we kept the scaling obtained with the MS galaxy SED template;
for a galaxy with AMS > 0.7, we kept that measured with the SB
galaxy SED template; and, finally, for a galaxy with 0.4 < AMS
< 0.7, we used a linear interpolation in the log-space between
the MS and SB galaxy SED template scalings. For each galaxy,
we then shifted the phase center of its visibilities to its coordi-
nates by using a CASA based package: the STACKER (Lindroos
et al. 2015). The visibilities of the galaxies in each M,—AMS
bin were then stacked together using the CASA task concat.
The cleaned image was generated from the stacked measurement
set with the CASA task tclean using Briggs n = 2 weight-
ing and cleaning the image down to 30 Finally, we measured

the stacked Lg’;(; and its beam-deconvolved distribution with the
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CASA task uvmodelfit (uv-domain) and the Python Blob De-
tector and Source Finder (PyBDSF) package (Mohan & Rafferty
2015) (image-domain). Both uvmodel fit and PyBDSF fit a sin-
gle Gaussian component to the source. We express the mean size
of the stacked galaxies in the form of circularized radii, Rggcz

ir b
Rgffc = Reff X \/;, )

where b/a is the axis ratio measured with uvmodelfit or
PyBDSF and R.g is the effective radius (following Murphy
et al. (2017) and Jiménez-Andrade et al. (2019), Rg =
FWHMGaussian/2.43, where FWHMGaussian 1S the beam decon-
volved FWHM of the single Gaussian component fitted to the
source).

We followed the standard resampling method from Wang et
al. (2022) to derive the uncertainties in these L‘;SS(; and size mea-
surements (see their Sect. 3.2). This gives us the uncertainties
from both the instrumental noise and the intrinsic distribution of
the stacked population. These uncertainties are marked as thin
error bars in the following figures. We also measured the uncer-
tainties from the instrumental noise alone by simulating galaxies
with the same ng‘é and size measured in each stacked M,—AMS
bin. These simulated galaxies were placed at 3’0 from the phase
center in each realization of our resampling method. Then, by
measuring the physical properties of these simulated galaxies,
we obtained the uncertainties from the instrumental noise alone.
This uncertainty is marked by thick error bars in the following
figures.

To obtain the mean molecular gas mass of each M,—AMS
bin, we first converted their stacked Lgess(g to dust mass. This was
performed by scaling the MS and SB galaxy SED templates of
Béthermin et al. (2012) to the stacked L‘;SS(;, calculating the cor-
responding Lir, and applying the Ljg-to-dust mass conversion
provided by Béthermin et al. (2012) for each of these SED tem-
plates. Then, for bins with AMS <0.4, we kept the dust mass
measured with the MS galaxy SED template; for bins with AMS
> 0.7, we kept that measured with the SB galaxy SED template;
and, finally, for bins with 0.4 < AMS < 0.7, we used a linear in-
terpolation in the log-space between the MS and SB galaxy SED
template measurements. Because these dust mass measurements
considered the AMS of each bin, it takes into account the differ-
ent dust grain temperatures within MS and SB galaxies. We then
converted these dust masses into molecular gas masses using the
gas-to-dust mass ratio versus metallicity relation of Leroy et al.
(2011), i.e., 6gpr method:

log(Mmo1) = log(Mayst) + 9.4 — 0.85 X (12 + log(O/H)), 3)

where the gas-phase metallicity, 12+log(O/H), was obtained fol-
lowing the redshift- and stellar mass-dependent relation given in
Liu et al. (2019a):

' a if log(M4/Mo) > b(z),
12 log(O7H) = {a = 0.087 x (log(M+/Mo) = b(2)*,  else,
4)

where a=8.74 and b(z)=10.4+4.46xlog(1+z)-1.78x(log(1+z))>.

As mentioned above, images in the COSMOS field obtained
by the HST or UltraVISTA telescope have uniform sensitivity
and PSF. In these cases, stacking in the image domain is straight-
forward and appropriate. For each telescope, we stacked the im-
ages using the noise-weighted method:
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Fig. 2. Astrometric offsets between COSMOS-2020 (Weaver et al.
2021), HST-ACS-COSMOS (Leauthaud et al. 2007), and A3COSMOS
catalogs (Liu et al. 2019b). Each panel shows the R.A. and Dec. offset
distribution for sources presented in both catalogs. The top and right
axes of each panel display the histograms of these R.A. and Dec. off-
sets. Pink dashed vertical lines are the 16th, 50th, and 84th percentiles
of each distribution.

where I,k 1s the pixel intensity in the stacked image, ; is the
pixel intensity of the i-th galaxies, and o is the pixel noise of
the i-th galaxies. We compare the radial profile of the stacked
ALMA, HST, and UltraVISTA images in Sect. 4.2.

3.2. Uncertainties from the mismatch of position and
selection of astrometry

The use of accurate galaxy coordinates is critical for obtain-
ing high-quality results from our stacking analysis. In Fig. 2,
we compare the astrometry offset between sources in the COS-
MOS2020 and HST-ACS-COSMOS catalog and show a 0.07
arcsec offset in R.A. This systematic offset is not due to an in-
trinsic mismatch between the HST and COSMO0S2020 emitting
regions of our galaxies, but rather a misalignment between the
astrometric references of the two catalogs. Despite being small,
this misalignment is still larger than the PSF size of the stacked
HST image and cannot be neglected. To account for this, a 0.07
arcsec offset in R.A. was taken into consideration when we per-
formed the image-domain stacking analysis on the HST i-band
image.

A possible intrinsic mismatch of ~ 0”2 between the optical
and FIR emitting regions of SFGs was reported in some literature
studies (e.g., Elbaz et al. 2018). This would translate into a dis-
persion between the FIR and optical positions of SFGs and could
lead to artificially large FIR sizes when stacking the FIR data
using optical positions. We investigated the existence of such
systematic positional mismatch by comparing the astrometry of
the COSMOS2020 catalog (optical-based; positions used in our
ALMA stacking analysis) and A*COSMOS catalog (Liu et al.
2019b, (sub)millimeter-based) in Fig. 2. We find that the posi-
tional dispersions between these catalogs is relatively small com-
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Fig. 3. Relative differences on rest-frame 850um luminosity (L{Z) and
FIR beam-deconvolved size of the stacked galaxies based on astrometry
from the COSMOS-2020 catalog (Weaver et al. 2021) or A3COSMOS
catalog (Liu et al. 2019b). Squares show the relative difference on the
stacked LgZ. Circles display the relative difference on the FIR size for
the resolved stacked galaxies, while stars show the bins where the stacks
are spatially unresolved (i.e., point sources). Symbols are color-coded
by stellar mass, i.e., pink for 10!! < M, /M, < 10'2, orange for 10'%° <
M, /M, < 10", and blue for 10" < M, /M, < 10'%3. The green dashed
lines are the average uncertainties in each panel, while values are given
on the bottom left of each panel. Overall, using either optically-based
or (sub)millimeter-based positions in stacking analysis yields consistent
results.

pared to the beam size of our stacked ALMA dataset (i.e., dis-
persion < 1/3 FWHM of the typical ALMA stacked beam). We
then studied the impact of this dispersion on our results further
by repeating our stacking analysis but limiting it to the source in-
dividually detected by ALMA and using their A3COSMOS posi-
tion instead of their COSMOS2020 position. We find that using
the A3COSMOS positions changes by their measured stacked
luminosities and sizes (Fig. 3) at most 5%, which is relatively
little compared to our uncertainties. Based on this finding, we
conclude that the mismatch between the optical-based position
and (sub)millimeter-based position would only have a minor ef-
fect on the FIR luminosities and sizes inferred from our stacking
analysis.

4. Results
4.1. Molecular gas content and star-forming size

The results of our ALMA stacking analysis are shown in Fig. 4
and Fig. 5 and are summarized in Tab. 1. In high M,—AMS bins,
ie., M, > 10'%5M, and AMS > 0.4, more than 60% of the
stacked sources are detected individually by ALMA. The stacks
for these bins thus yield a detection with a high signal-to-noise
ratio, i.e., S/N>17. The detection rate (Nparma/N) decreases
with decreasing stellar mass and AMS, reaching a minimum of
0% in our lowest stellar mass bins. Our stacking analysis allows,
however, for the detection at reasonable significance (i.e., S/N >
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Table 1. Molecular gas mass and size properties of the stacked galaxies.

M, AMS N Np arma @ (M) (AMS) <L§e55(;—uv> S/Npeak Minol-uy Mmol—py Hglcr;m gﬁlcrgon.—uv Hglcrccon.—py Rggc—uv Rggc—py

logio Mg 10 ergs™! logioMey  logioMy  arcsec arcsec arcsec kpc kpc

Hz™!

€)) @) 3) “ &) (6) ) ®) €)) a0y an a2) a3) (14) as) a6)
11.0<logjo M, <12.0  0.7< AMS <1.1 5 5 1.38 11.25 0.81 114,56 27 11.040 11.040 0.61 0.26 0.32 09403 1.1.03
0.4< AMS <0.7 26 23 1.40 11.29 0.54 75410 46 10.8.0.1 10.8.0.1 0.51 0.31 0.37 1.1oos  1.3.01
0.0< AMS <04 28 16 1.36 11.27 0.20 4.0.09 24 10.7 0.1 10.8.0.1 0.52 0.48 0.51 1.7.05  1.8:03
-0.6< AMS <0.0 8 1 1.43 11.26 -0.30 26419 17 10.6403 10.6403 0.94 0.44 0.49 1.6.12 1742
10.5<logjo M, <11.0  0.7< AMS <1.0 6 5 1.45 10.83 0.80 6.3.16 21 10.8.0.1 10.8.0.1 0.68 0.20 0.34 07006 12406
0.4< AMS <0.7 10 6 1.31 10.78 0.50 5.8.12 17 107404 10.8.0.1 0.66 0.27 0.35 09404 12404
0.0< AMS <04 49 8 1.35 10.74 0.17 1.8412 16 10.5.03 10.5.03 0.69 0.40 0.48 14,05 17403
-0.7< AMS <0.0 41 3 1.34 10.71 -0.22 12,03 5 103,03 10.5.402 0.70 0.58 0.86 20419  3.0.00
10.0< logjo M, <10.5  0.4< AMS <0.9 11 1 1.39 10.19 0.72 1.4.04 4 10.3401 10.4.0.1 0.56 - - - <2.0
0.0< AMS <04 48 3 1.37 10.25 0.14 0.9.402 6 102,04 104,04 0.87 0.56 0.85 20414 3.0414
-0.7< AMS <0.0 82 1 1.38 10.22 -0.28 0.6.03 4 10.1.02 10.2.02 0.73 0.91 1.00 3246 35416
9.5<logjp M, <10.0  0.4<AMS <1.3 20 0 1.40 9.69 0.59 0.6404 4 10.1.03 10.2403 1.14 - - - <4.0"
0.0<AMS <04 74 0 1.34 9.73 0.18 0.4.02 4 10.0402 9.9.02 1.07 - - - <3.8"

-0.7< AMS <0.0 129 0 1.38 9.72 -0.29 < 0.3 - - < 10.07 0.61 - - - -

ndino ‘ou yduosnuew :sjoord Yy

Notes. (1) Stellar mass bin, (2) AMS bin, (3) number of stacked galaxies, (4) number of individually detected stacked galaxies, (5) mean redshift, (6) mean stellar mass, (7) mean AMS, (8) mean
Ly, inferred from the uv-domain, (9) peak S/N on the image, (10) mean molecular gas mass inferred from the uv-domain, and (11) from the image-domain, (12) circularized synthesized beam
FWHM, (13) circularized deconvolved FWHM from the uv-domain, and (14) from the image-domain, (15) circularized half-light radii from the uv-domain, and (16) from the image-domain.
Size upper limit inferred from its circularized synthesized beam FWHM.

7 Lgso and molecular gas mass upper limit inferred from the 5o noise on the image.
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Fig. 4. Results in uv-domain of our ALMA stacking analysis. In each panel, a single component model (green solid line for Gaussian profile
and yellow solid line for point source) has been fit to the mean visibility amplitudes (blue filled circles) using the CASA task uvmodelfit. The
maximun values of AMS from the lowest to highest stellar mass bins are 1.3, 0.9, 1.0, and 1.1; and the minimum values from the lowest to highest
stellar mass bins are -0.7, -0.7, -0.7, and -0.6, respectively. The number of individually detected galaxies in the ALMA archival images (Np aLma)

and the number of stacked galaxies (N) is also reported in each panel.

4) in most of these low M,—AMS bins. Yet, there is no significant
detection in the lowest stellar mass and AMS bin, i.e., 10>’ M, <
M, < 10993, and AMS < 0. For this bin, we instead infer an
50 upper limit on the mean molecular gas mass.

In the uv domain, most of the stacked visibilities are well
fit by an elliptical Gaussian component, except for our lowest
stellar mass bins and the highest AMS bin at 10'%°M, < M,
< 10'%3 M. Indeed, for the latter, a fit with an elliptical Gaus-
sian component with uvmodelfit led to an axis ratio with a

value close to 0. These bins have instead the properties of a point
source, as also suggested by the relatively constant value of their
visibility amplitude as a function of the uv distance. For these
bins, we simply fit a point-source model and conservatively used
their circularized synthesized beam FWHM as an upper limit to
their FIR size.

Finally, we note that the mean molecular gas mass and size
measured by uvmodelfit in the uv domain and by PyBDSF in
the image domain are in agreement within the uncertainties (see
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Fig. 5. Results in image-domain of our ALMA stacking analysis in uv-domain. The maximun values of AMS from the lowest to highest stellar
mass bins are 1.3, 0.9, 1.0, and 1.1; and the minimum values from the lowest to highest stellar mass bins are -0.7, -0.7, -0.7, and -0.6, respectively.
Each panel has a size of 6 arcsec X 6 arcsec. The synthesized beam of the image is shown in the right-bottom corner of each panel.

Tab. 1). Such an agreement is perfectly in line with the findings
and simulations presented in Wang et al. (2022).

4.1.1. Molecular gas fraction and depletion time of SFGs

The mean molecular gas fraction (umo1=Mgas/Mx) and mean
molecular gas depletion time (Tmo=Mgas/SFR) of our stacked
galaxies for different AMSs are shown in Fig. 6 and Fig. 7,
respectively, along with the analytical relations of Liu et al.
(2019a), Tacconi et al. (2020), and Wang et al. (2022). Our mea-
surements show that the mean molecular gas fraction of galaxies
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increases by a factor of ~2.1 from MS galaxies (AMS~0) to SB
galaxies (AMS~0.8), and the mean molecular gas depletion time
decreases by a factor of ~3.3 from MS galaxies to SB galax-
ies. These findings are consistent with those of Scoville et al.
(2023), who find that the mean molecular gas fraction increases
by a factor of ~1.7 from MS galaxies to SB galaxies, while the
mean molecular gas depletion time decreases by a factor of ~3.7.
These findings suggest that the variation in star formation effi-
ciency (1/Tmo1) and the variation in gas content are roughly sim-
ilar when galaxies move from being MS to SB. Meanwhile, the
mean molecular gas fraction of galaxies increases by a factor of
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Fig. 6. Molecular gas fraction (i.e., timoi = Mgs/M,) of SFGs at z ~1.4
as a function of their distance to the MS (i.e., AMS) and their stellar
mass. Blue circles show the mean molecular gas fraction from our work.
The square displays the upper limit for the bin with no detection in both
the uv domain and image domain. The thick error bars display the in-
strumental uncertainty in each bin, while the thin error bars show the
total uncertainty, i.e., including both the instrumental noise and the un-
certainties due to the intrinsic dispersion of the molecular gas fraction
within the stacked population. Salmon-colored circles represent indi-
vidually detected galaxies taken from the latest A3COSMOS catalog
(S/N > 4.35; Adscheid et al. in prep.), applying the same method used
here to convert these flux densities into molecular gas mass. Dashed
lines display the analytical relations of the molecular gas fraction at dif-
ferent stellar mass and AMS from Liu et al. (2019a, pink), Tacconi et
al. (2020, orange), and Wang et al. (2022, blue). Gray lines show the
analytical relation from Wang et al. (2022) at M, = 10'%7*M,, as a ref-
erence, which is the same stellar mass as in the second panel.

~1.4 across the MS (-0.2 < AMS < 0.2), and the mean molecular
gas depletion time decreases by a factor of ~1.8 across the MS.
Our findings indicate that the change of gas content and star for-
mation efficiency play again roughly a similar role when SFGs
oscillate within the MS. This disagrees with the findings of Sar-
gent et al. (2014), who found that the oscillation is mainly due
to variations in their gas content. This discrepancy likely comes
from the fact that the "2-star formation mode" model of Sargent
et al. (2014) was fit to a relatively small number of data points,
mixing different redshifts and stellar masses and restricting the
variation of the depletion time of MS galaxies to their SFR. Fi-
nally, we find that the mean molecular gas fraction of galaxies
decreases by a factor of ~7 from M, ~ 10" Mg to ~ 103 M,
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Fig. 7. Same as Fig. 6, but for the molecular gas depletion time (i.e.,
Tmol = Mgas/SFR)~

while their mean molecular gas depletion time does not change
with stellar mass. Our results support the scenario that the bend-
ing of the MS at z ~1.4, which at this redshift appears at M, >
10103 M, is due to a variation in the cold gas accretion of these
galaxies that decreases their gas fraction (e.g., Daddi et al. 2022)
rather than changes in their star formation efficiency.

Our mean molecular gas fraction for MS galaxies are in qual-
itative and quantitative agreement with the analytical relations of
Liu et al. (2019a), Tacconi et al. (2020), and Wang et al. (2022).
Regarding our mean molecular gas depletion time for MS galax-
ies, they are in agreement with the analytical relations of Tac-
coni et al. (2020) and Wang et al. (2022) at all stellar masses.
However, our results only agree with the analytical relation of
Liu et al. (2019a) for M, > 10'%°M,. Interestingly, our results
on the mean molecular gas fraction agree with those of Liu et
al. (2019a) at M, < 10'%3 M. The molecular gas depletion time
being the ratio between the molecular gas mass and SFR, the dis-
crepancy between our results and the analytical relation of Liu et
al. (2019a) at M, < 10'%3M, can only be explained by the use
of different SFRys calibrations. We note that at z ~ 1.4 and M,
< 10'93 M, the results from Liu et al. (2019a) are mostly based
on extrapolations.

Finally, we find that the slopes of the pmo — AMS relations
might be slightly shallower compared to those found in Liu et al.
(2019a), Tacconi et al. (2020), and Wang et al. (2022); while the
slopes of the 7,0 — AMS relations appear to be slightly steeper
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Fig. 8. Circularized effective FIR radius as a function of distance to
the MS. Circles and stars show the mean and upper limit FIR sizes
for the resolved and unresolved stacked galaxies, respectively. Error
bars are the same as in Fig. 6, but for the circularized effective FIR ra-
dius. Crosses are the mean radio sizes of SFGs at M, > 10'%3 M, from
Jiménez-Andrade et al. (2019).

compared to those found in the aforementioned studies. Specifi-
cally, while the slopes of the pn—AMS and 7,01 —AMS relations
in logarithm space are 0.51 and —0.49 in Tacconi et al. (2020),
we found that slopes of ~ 0.40 and ~ —0.65 would provide a bet-
ter fit to our measurements, respectively. As SFGs move from the
MS to SB, their mean molecular gas fraction increases and the
mean molecular gas depletion time decreases slightly more than
anticipated by these analytical relations.

4.1.2. Star-forming size of SFGs

The circularized effective FIR size of our stacked galaxies in
different M,—AMS bins is shown in Fig. 8. Although still un-
certain, these measurements suggest that the FIR size decreases
from 2.5 kpc to 1.4 kpc when going from AMS~0 to AMS~0.8,
especially when considering only the uncertainties from the in-
strumental noise (thick error bars in Fig. 8). This finding is in
qualitative agreement with Jiménez-Andrade et al. (2019), who
studied the radio size of massive (>10'"°My) z ~1.5 SFGs as a
function of AMS. SBs have thus more compact star-forming re-
gion compared to MS galaxies, potentially linked to the merger
events that triggered them (see Sect. 4.2). Indeed, simulations
suggest that galaxy mergers can trigger the inflow of gas to-
wards the central region and create compact star-forming regions
(e.g., Springel et al. 2005; Sparre & Springel 2016; Blumenthal
& Barnes 2018; Byrne-Mamahit et al. 2023).

We also find that the relative dispersion of sizes within the
SB population is smaller than within the MS population (see thin
error bars in Fig. §; see also Jiménez-Andrade et al. (2019)).
A small size dispersion within the SB population may seem at
odds with the diversity of orientation, size, and mass ratio that
a merging system can have and thus the diversity of gas tidal
tails or bridges it can exhibit. Our results therefore support a
scenario in which the inflow of gas to a central, coalescent, and
compact region is short during a merger, i.e., < 0.3 Gyr (e.g.,
Sparre et al. 2022). On the other hand, the relatively large size
dispersion within the MS population, especially for the low AMS
population, could indicate the presence of a hidden and compact
SB population within the normal and extended MS galaxies (see
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Fig. 9. Relation between SFR surface density (Zsgr) and molecular
gas mass surface density (Zy,,,) of SFGs, i.e., the so-called KS rela-
tion. Blue, orange, and red circles represent our stacking results for MS
galaxies, in between MS and SB galaxies, and SB galaxies, i.e., AMS
<04, 0.4< AMS < 0.7, and 0.7< AMS, respectively. The red star with
the arrow is the lower limit of Xgpr and Xy, in our highest AMS and
100 < M, /My<10'"° bin because their star-forming size is not re-
solved. Gray circles and stars are local normal and SB galaxies from
Kennicutt (1998a) and de los Reyes & Kennicutt (2019). Green and
brown triangles are the median values of these local normal and SB
galaxies. The blue dashed line is the MS-only KS relation from Wang
et al. (2022). Purple dashed and dotted lines are the KS relations for
SFGs and mergers from Genzel et al. (2010).

also Elbaz et al. 2018; Jiménez-Andrade et al. 2019; Puglisi et
al. 2021; Gémez-Guijarro et al. 2022b).

4.1.3. The Kennicutt-Schmidt relation

In Fig. 9, we show the relation between the SFR and molecu-
lar gas mass surface densities (the so-called KS relation) of our
stacked galaxies by combining their SFR, molecular gas mass,
and FIR size measurements. We also compare these measure-
ments with results from the literature: molecular gas phase mea-
surement of local normal and starburst galaxies from Kennicutt
(1998a) and de los Reyes & Kennicutt (2019) and the KS relation
for SFGs from Genzel et al. (2010) and Wang et al. (2022).

The KS relation of our stacked MS galaxies is fully consis-
tent with the relation for SFGs from Genzel et al. (2010) and for
MS-only galaxies from Wang et al. (2022). SBs roughly fall on
the same KS relation as MS galaxies. Indeed, the increase of the
mean star formation efficiency of SBs compared to MS galaxies
(see Sect. 4.1.1) is in part explained by the combination of their
~2-3 times more compact FIR sizes (shifting their molecular gas
mass surface densities to higher values by a factor ~4-9), ~2.1
times larger molecular gas mass fraction (shifting their molecu-
lar gas mass surface densities to higher values by a factor ~2.1),
and the slope of 1.1-1.2 of the KS relation.

Our SBs deviate by ~0.5 dex from the KS relation for merg-
ers from Genzel et al. (2010). The reason for this difference
could be threefold. (i) Genzel et al. (2010) used CO-based gas
mass measurements and an aco specific for mergers. This par-
ticular aco could underestimate their molecular gas mass by a
factor of ~0.5 dex. (ii) Genzel et al. (2010) averaged the size
measurements from Hea, optical, UV, and CO as a representative
of star-forming size and report ~2 times larger sizes compared to
our FIR measurements. (iii) Genzel et al. (2010) restricted their
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SB sample to mergers, while we defined SB based on their dis-
tance from the MS.

4.2. Stellar population size and morphology

Results of our image-domain stacking analysis on the HST i-
band dataset are displayed in Fig. 10. All the HST stacked im-
ages have significant detection with a S/N > 5. In addition, while
galaxies on the MS (AMS < 0.4) exhibit disk-like morphology,
it is clear from our stacked HST images that galaxies above
the MS have disturbed morphology associated with multiple
stellar components. To further characterize these disk-like and
merger-like morphologies, we measured the Gini and M20 coef-
ficients of the 195 individual galaxies with M, > 10'°M,, that
are sufficiently bright” using the python package statmorph
(Rodriguez-Gomez et al. 2019, 2022). The Gini describes the
relative pixel distribution, while the M20 corresponds to the
second-order moment of the brightest 20% of the pixels of a
galaxy (Lotz et al. 2004). If a galaxy has a merger-like morphol-
ogy, it has a relatively high Gini and low M20 coefficient com-
pared to disk-like galaxies. The Gini and M20 coefficient mea-
sured on the HST i-band image of each of our galaxies and on
their stacked HST i-band images are shown in Fig. 11. The un-
certainties associated with these Gini and M20 coefficient mea-
surements were obtained using Monte Carlo simulations. For
each galaxy, we created 100 realizations, each containing the
modeled galaxy obtained by statmorph and a random back-
ground noise consistent with that found on the residual map of
statmorph. We then measured the Gini and M20 coefficients
on these 100 realizations and used their distributions as uncer-
tainties. To distinguish merging, spiral, and elliptical galaxies,
we used the morphological classification from Lotz et al. (2008).
Since we aim to compare the morphology and size of the stacked
galaxies that have at least one FIR size measurement in the stel-
lar mass bin, we did not measure the morphology of galaxies
with M, < 1090,

For individual galaxies (left panel of Fig 11), we find that
SBs have indeed a merger-like morphology (see also Fig. 12
in which we show examples of these HST i-band images) For
our stacked images (right panel of Fig 11), this separation is
less clear as the stacking analysis naturally erases the irregu-
larity of the merging system and thus decreases their Gini and
increases their M20 values. Yet stacked SBs are located closer
to the merger separation than MS galaxies, and thus still retain
some information from their merger origin. We note that this is
due to the small number statistic of our SB sample, and we can
expect these irregularities to be largely erased in future studies
stacking large numbers of SBs.

We show the image-domain stacking analysis for the UltraV-
ISTA dataset in Fig. 13 (UltraVISTA J-band) and Fig. 14 (Ultra-
VISTA K;-band). The stacked images of the UltraVISTA dataset
have significant detection with a S/N > 5. As a sanity check, in
Fig. 15 we compare the mass—size relation at a rest-frame wave-
length of 5, 000A inferred from our stacking analysis (i.e., fitting
2D Gaussian profiles to our UltraVISTA J-band stacks, our sam-
ple being at z ~ 1.4) to that inferred by van der Wel et al. (2014)
using HST images of the CANDELS fields. We find a very good
agreement between these two mass—size relations. This demon-
strates that, despite the use of a seeing-limited image and of a
stacking analysis, we can still obtain accurate estimates of the
mean size of SFGs.

2 Above this stellar mass, 119 galaxies, mostly at low AMS, remain
undetected in the HST i band and are thus excluded from our analysis.

This unique FIR, HST i-band, UltraVISTA J-band, and Ul-
traVISTA K;-band stacking analysis enables us to compare the
size of stacked galaxies at different wavelengths, which in turn
reflects the distribution of their various components, such as their
young and old stars. Because our stacked FIR and optical images
have different spatial resolution, before performing any compar-
ison, we matched the PSFs by convolving each image with dif-
ferent kernels to ensure that all images have the same final res-
olution. The optical and FIR radial profiles in each M,—AMS
bin after this PSF-matching are shown in Fig. 16. These radial
profiles were created by measuring the mean intensity value at
different radii and normalizing these mean values with the inten-
sity measured in the central pixel.

In Fig. 16, most of the radial light profiles are more extended
than the matched PSF, except for the FIR radial profile in the
highest AMS and 10'° < M, /M, < 10'% bin. This indicates
that except for the latter, all the other bins have spatially re-
solved emission at optical and FIR wavelengths. However, the
spatial extents in these different wavelength are not always the
same and we typically found at M, > 10'%>My: HST i-band >
UltraVISTA J-band > UltraVISTA K,-band > ALMA. To quan-
tify the size ratio between these bands, we measured their de-

convolved FWHM (i.e., \[FWHM? - Hfarget) and converted it

to an effective radius following Jiménez-Andrade et al. (2019),
i.e., Reg ® FWHM (deconvolved)/2.43. The effective radius of
each band (Ryug) and its ratio to the FIR size is displayed in
Fig. 17. We note that the FIR sizes inferred using this simple
beam deconvolution of the light profile are consistent with those
inferred using single Gaussian fit to our original (before kernel
convolution) stacked ALMA images, with a mean offset of ~5%
(see blue square in Fig. 17).

We find that the FIR and rest-frame optical sizes of MS
galaxies are generally in agreement with each other at M,
<10'93 M. Above this stellar mass, their rest-frame optical sizes
are usually larger than their FIR sizes. The finding of Rpical
> Rpr could be interpreted as evidence that we are witness-
ing the formation of the central bulge in these massive MS
galaxies. However, this interpretation depends on which optical
sizes we consider, as those tend to decrease when measured at
longer wavelengths (HST i-band > UltraVISTA J-band > Ultra-
VISTA K;-band; see also, e.g., van der Wel et al. 2014; Suess
et al. 2022). It is thus highly probable that our rest-frame op-
tical sizes, even when measured in the longest band available
(i.e., UltraVISTA Kj;-band), are still affected by large dust at-
tenuation at the center of these galaxies and could therefore
be overestimated. To obtain an accurate comparison between
the size of the star-forming component of these galaxies (i.e.,
their FIR size) and their stellar component, it is thus necessary
to determine their half-stellar mass radius from our observed
rest-frame optical effective radius. To do so, we corrected our
effective radius at rest of ~0.5 um (UltraVISTA J-band) us-
ing the Rhaif—stellar—light-t0-Rhalf—stellar—mass Tatio versus stellar mass
relation calibrated at rest of 0.5 ym by Suess et al. (2019).
The corrected half-stellar mass size of MS galaxies (i.e., those
with AMS<0.4) are consistent with their stacked FIR size, with
(Rstellaryr, ams)/ RFIR 4, ams) 2=0-920.3. This result agrees with the
simulation of Popping et al. (2022), which found that the half-
stellar mass sizes of SFGs are consistent with the half-light size
of the dust continuum emission (and their half SFR size).

At AMS>0.4, using the relation of Suess et al. (2019) to cor-
rect half-light size to half-stellar mass size is probably inappro-
priate as this relation has not been calibrated specifically for SBs.
Nevertheless, the fact that at AMS>0.4 even the corrected half-
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Fig. 10. Same as Fig. 5, but for the image stacking on the HST i-band data.

stellar mass sizes are larger than the FIR sizes is probably best
explained by the fact that these galaxies are dominated by merg-
ing systems. In this case, the rest-frame optical sizes are likely
dominated by the disrupted morphology of the merging stellar
components, whereas the FIR sizes are likely dominated by the
coalescing star-forming region as, for example, in the local an-
tennae galaxies (e.g., Bigiel et al. 2015).

5. Discussion

Our analysis reveals several key properties of SFGs at z ~1.4:
(i) their mean molecular gas fraction increases and their mean
molecular gas depletion time decreases continuously and at sim-
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ilar rates across the MS (-0.2 < AMS < 0.2) and into the SB
region (i.e., up to AMS~0.8); (ii) their FIR size decreases from
2.5 kpc at AMS~O0 to 1.4 kpc at AMS~0.8; (iii) MS galaxies and
SBs fall roughly on the same KS relation with a slope of 1.13;
(iv) SBs tend to have a merger-like morphology, while MS galax-
ies tend to have a disk-like morphology; (v) at M, > 1093 M,
their optical sizes are usually Rysri—band > RUltraVISTA J—band >
RuiravisTa k,—band> consistently with the so-called negative color
gradient; (vi) after having statistically corrected these rest-frame
optical sizes for dust attenuation using an empirical relation from
Suess et al. (2019), the stellar mass sizes of MS galaxies are sim-
ilar to their FIR sizes.
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Fig. 11. Morphological classification of our M, > 10'°M, SFGs measured on their HST i-band images. Circles in the left panel are the Gini and
M20 coeflicient measured on HST i-band images of each individual galaxy, while the right panel shows the Gini and M20 coefficient measured for
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Fig. 12. Examples of HST i-band images of individual SB. Numbers on
each image show their COSM0S2020 ID and measured Gini and M20
coeflicients. Each image has a size of 6” X 6”.

5.1. The dispersion of the MS

At all redshifts and stellar masses, a constant dispersion of
~0.3 dex of the MS has been observed (e.g., Schreiber et al.
2015; Leslie et al. 2020; Leja et al. 2022). Simulations by Tac-
chella et al. (2016, 2020) suggest that the mechanisms behind
the dispersion of the MS could be complex. For example, gas
compaction induced by minor mergers or disk instabilities could
enhance the star formation efficiency of galaxies, raise their SFR,
and thus increase their AMS (e.g., Cacciato et al. 2012; Dekel &
Burkert 2014; Lapiner et al. 2023). On the other hand, the de-
pletion of gas due to star formation or supernova feedback could
reduce the gas fraction in galaxies, suppress their SFR, and thus

decrease their AMS (e.g., Feldmann & Mayer 2015; Spilker et
al. 2019). Most star-forming galaxies would thus experience cy-
cles of the aforementioned mechanisms and oscillate on the MS
for a few gigayears, finally quenching into quiescence if the in-
flow of fresh gas from the the cosmic web cannot support its
star formation (e.g., Feldmann & Mayer 2015; Williams et al.
2021). During these oscillations within the MS, simulations of
Tacchella et al. (2016, see also Tacchella et al. 2020) predict that
the variation in molecular gas fraction and star formation effi-
ciency play a similar role. Our findings of both higher molecular
gas fraction and lower depletion time as galaxies move across
the MS support this scenario. Although still tentative, the obser-
vation of slightly more compact FIR sizes at AMS~ 0.2 than at
AMS~ —0.2 (see Fig. 8) is also consistent with this scenario.

5.2. Compact star-forming size or dust attenuation effect

To understand the mechanisms leading to the disk growth of
SFGs along the MS, one needs to compare their current mor-
phologies (i.e., those of their stellar components) to the distribu-
tion of their ongoing star formation. In this context, many stud-
ies have investigated the Ha extent (Ry,), i.e., star-forming size,
and optical extent (Roptical), 1-€., stellar size, of SFGs at different
redshifts and stellar masses (e.g., Nelson et al. 2016; Wilman et
al. 2020; Matharu et al. 2022). They found that Ry/Roptical 18
usually >1, and that this ratio decreases with decreasing stel-
lar mass. These results suggest that the growth of SFGs fol-
low the so-called inside-out scenario, i.e., where new stars form
mainly at large radii. However, recent ALMA observations have
contradicted this picture of large star-forming size compared to
stellar size at least at the high-mass end (> 10'%3M_) of high-
redshift (z > 1) SFGs, as those have mostly revealed compact
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Fig. 13. Same as Fig. 5, but for the image stacking on the UltraVISTA J-band data.

star-forming regions compared to their rest-frame optical extent
(e.g., Elbaz et al. 2018; Tadaki et al. 2020; Puglisi et al. 2021;
Goémez-Guijarro et al. 2022a; Wang et al. 2022). This discov-
ery of such compact star-forming regions is usually interpreted
as the formation of stellar bulges in SFGs (e.g., Zolotov et al.
2015; Tacchella et al. 2016). Recent TNG50 simulations by Pop-
ping et al. (2022) suggest instead that the observed compact star-
forming size in massive SFGs, when compared to their optical
sizes, could primarily result from large dust attenuation in the
central region. This attenuation strongly affects the estimation of
their stellar extent based on rest-frame optical observations. Here
we probe for the first time with a mass-complete sample the op-
tical and FIR sizes of MS galaxies down to M,~10'"0M,. We
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found that their star-forming size is similar to their stellar mass
size, i.€., (Rstellary, aus) / RFIR o, ans) ) =0-9%0.3, when accounting
for dust attenuation. Our finding supports the interpretation that
the observed larger optical size compared to the star-forming size
in MS galaxies may be primarily due to dust extinction.

5.3. Which mechanism(s) trigger SBs?

Starbursts are believed to mostly originate from the major
merger of two gas-rich galaxies (e.g., Moreno et al. 2019; Re-
naud et al. 2022; Petersson et al. 2023). During a merger, the
molecular gas clouds of galaxies can interact with each other
and fall into the central region of the merging system (e.g., We-
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Fig. 14. Same as Fig. 5, but for the image stacking on the UltraVISTA K;-band data.

ston et al. 2017; Blumenthal & Barnes 2018; Sivasankaran et
al. 2022). The fact that most of the individual SBs have merger-
like morphology in the rest-frame optical and the stacked SBs
have compact FIR size support such a merger-driven scenario.
We note that literature studies also suggest that a portion of SBs
could be induced without major merger, such as galaxy interac-
tions or disk instabilities (e.g., Porter et al. 2014; Wilkinson et al.
2018). Our finding that a few individual galaxies do not exhibit
merger-like morphologies in their rest-frame optical images (left
panel of Fig. 11) supports this interpretation.

While mergers appear to be the dominating driver for the
formation of SBs, the exact way galaxy mergers enhance star
formation in such systems is debated. Mergers could enhance

solely the star formation efficiency (e.g., Di Matteo et al. 2007;
Sargent et al. 2014). This scenario is observationally supported
by the finding in Genzel et al. (2010) of a distinct KS relation
for SBs with ten times higher normalization compared to the KS
relation for SFGs. On the other hand, the molecular gas frac-
tion of SFGs could also be elevated by a factor of >2 during
a merger, which is revealed by both simulations (e.g., Teyssier
et al. 2010; Renaud et al. 2014) and observations in the local
Universe (e.g., Pan et al. 2018; Violino et al. 2018; Lisenfeld et
al. 2019). Indeed, during a merger, the extended H I reservoir of
the merging galaxies (e.g., Neeleman et al. 2017; Walter et al.
2020) can be compressed and transformed into molecular gas
(e.g., Yu et al. 2022), thereby enhancing the molecular gas frac-
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Fig. 15. Circularized effective radius at rest-frame wavelength of
5, 000A as a function of stellar mass. Circles show the UltraVISTA J-
band sizes from our stacking analysis, corresponding roughly to a rest-
frame wavelength of 5, 000A for our z ~ 1.4 sample. Squares (z ~1.25)
and triangles (z ~1.75), along with their error bars, show the 16th, 50th,
and 84th percentiles from van der Wel et al. (2014) for late-type galaxies
as inferred using HST images of the CANDELS fields.

tion in merging systems. We found that the mean molecular gas
fraction increases by a factor of ~2.1 from the MS to SBs, while
the mean molecular gas depletion time decreases by a factor of
~3.3. These findings support the scenario where HI gas from the
reservoir flows into the gravitational well of the merging system
and subsequently converts into molecular gas during the merger,
thereby leading to a higher molecular gas fraction in SBs. This
mechanism is nearly as important as the variation in star forma-
tion efficiency to explain the increase in SFR at a given stellar
mass when SFGs move from the MS to the SB regime.

6. Summary

We investigated the molecular gas mass properties of a mass-
complete sample (>10°7M;) of SFGs at 1.2 < z < 1.6, and in
particular the variation of these properties with the distance of
these galaxies from the main sequence of SFGs (i.e., AMS). We
applied a uv-domain stacking analysis to all archival ALMA data
available for the COSMOS field to accurately measure the RJ-
based molecular gas mass and size of SFGs in multiple stellar
mass and AMS bins. With this approach, we studied, for the first
time, the molecular gas fraction, molecular gas star formation ef-
ficiency, and the KS relation of MS galaxies (-0.7 < AMS < 0.4)
and SBs (AMS > 0.7). Additionally, we performed an image-
domain stacking analysis on the HST i-band and UltraVISTA
J- and K;-band images of these galaxies and measured, thereby,
the size and morphology of their stellar component. Our main
findings are listed below.

1. The mean molecular gas fraction of SFGs increases by a fac-
tor of ~2.1, while their mean molecular gas depletion time
decreases by a factor of ~3.3, as they move from the MS
(AMS ~ 0) to SB (AMS ~ 0.8).

2. Across the MS (-0.2 < AMS < 0.2), the mean molecular gas
fraction of SFGs increases by a factor of ~1.4, while their
mean molecular gas depletion time decreases by a factor of
~1.8.

3. Although still uncertain, the mean FIR size of SFGs seems
to decrease from ~2.5 kpc at the MS to ~1.4 kpc at the SB.
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4. Main-sequence galaxies and SBs follow the same near-linear
KS relation, with a slope of 1.1 — 1.2.

5. The measured optical size decreases with wavelength for M,
> 10103 M, with HST i-band > UltraVISTA J-band > Ultra-
VISTA K-band. This is consistent with the so-called nega-
tive color gradient described in the literature and is likely due
to dust attenuation.

6. When accounting for dust attenuation by converting the half-
light radius of MS galaxies in the UltraVISTA J band into
half-mass radius using the relation of Suess et al. (2019), the
size of the stellar component of MS galaxies is similar to that
of their star-forming component.

7. Starbursts tend to have merger-like morphology, while MS
galaxies have disk-like morphology, as revealed by their
Gini-M20 coeflicient of their optical HST i-band images.

Overall, the evolution of SFGs across and above the MS is a
complex combination of variations in their molecular gas frac-
tion, mean molecular gas depletion time, and mean star-forming
size. Variations in both the molecular gas fraction and star for-
mation efficiency seem to drive the oscillation of SFGs within
the MS, likely through cycles of compaction, depletion, and out-
flow, as predicted by Tacchella et al. (2016, see also Tacchella
et al. 2020). SFGs move into the SB region as a result of galaxy
mergers that yield to a more compact star-forming region and
larger gas fraction that may originate from the transformation
of the surrounding HI reservoir into molecular gas. This in turn
leads to higher Xy, and thus higher star formation efficiency as
SBs follow the universal KS relation with a slope of 1.1-1.2.
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Fig. 16. Normalized radial light profile of stacked ALMA (blue circles), HST (yellow stars), UltraVISTA J-band (brown triangles), and UltraV-
ISTA K-band (pink squares) images in different M,—AMS bins. All stacked images are matched to the same PSF, i.e., 6i,e; (gray dashed line).
The maximum value of AMS for the mid-low, mid-high, and high stellar mass bins are 0.9, 1.0, and 1.1; and the minimum value for the mid-low,
mid-high, and high stellar mass bins are -0.7, -0.7, and -0.6, respectively. At the lowest stellar mass, we do not present radial light profiles of the
stacked galaxies as they are either unresolved or undetected in our ALMA stacked images.

References

Béthermin, M., Daddi, E., Magdis, G., et al. 2012, AplJ, 757, L23.
doi:10.1088/2041-8205/757/2/1.23

Bigiel, F,, Leroy, A. K., Blitz, L., et al. 2015, ApJ, 815, 103. doi:10.1088/0004-
637X/815/2/103

Blumenthal, K. A. & Barnes,
doi:10.1093/mnras/sty 1605

Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A, 51, 207.
doi:10.1146/annurev-astro-082812-140944

Byrne-Mamahit, S., Hani, M. H., Ellison, S. L., et al. 2023, MNRAS, 519, 4966.
doi:10.1093/mnras/stac3674

J. E. 2018, MNRAS, 479, 3952.

Cacciato, M., Dekel, A., & Genel, 818.
doi:10.1111/j.1365-2966.2011.20359.x

Calabro, A., Daddi, E., Fensch, J.,
doi:10.1051/0004-6361/201935778

Chabrier, G. 2003, PASP, 115, 763. doi:10.1086/376392

Chang, Y.-Y., Le Floc’h, E., Juneau, S., et al. 2020, ApJ, 888, 44.
doi:10.3847/1538-4357/ab595b

Chary, R. & Elbaz, D. 2001, ApJ, 556, 562. doi:10.1086/321609

Chen, C.-C., Harrison, C. M., Smail, I, et al. 2020, A&A, 635, All9.
doi:10.1051/0004-6361/201936286

Cibinel, A., Daddi, E., Sargent, M. T., et al. 2019, MNRAS, 485, 5631.
doi:10.1093/mnras/stz690

S. 2012, MNRAS, 421,

et al. 2019, A&A, 632, A9S8.

Article number, page 17 of 20



A&A proofs: manuscript no. output

m ALMA e UltraVISTA J-band
* corrected Rstellarmass

MaX

0.7

20.4
t "
______ 6 SR S| L L
0.0
{,
______________ .ik
k
min
9.5 10.0 10.5 11.0

12.0

10910 (M* [MG])

Fig. 17. Ratio of effective radius in different bands to effective radius in FIR measured by fitting a single Gaussian to our original ALMA stacked
images. Yellow, brown, and pink circles correspond the optical size measured from the HST i-band, UltraVISTA J-band, and UltraVISTA K;-band
light profiles, respectively. Blue squares display the FIR size measured from the ALMA light profile. Brown stars show the stellar mass effective
radius inferred by correcting our UltraVISTA J-band sizes with a Rpait—steltar-light-t0-Rhalf—stellar-mass Telation at rest 5000 A from Suess et al. (2019).
We provide lower limits of the size ratio in the highest AMS and 10'° < M, /M,<10'%3 bin because these galaxies are unresolved in our ALMA
stacked images. The maximun value of AMS for the mid-low, mid-high, and high stellar mass bin are 0.9, 1.0, and 1.1; and the minimum value for
the mid-low, mid-high, and high stellar mass bin are -0.7, -0.7, and -0.6, respectively.

Daddi, E., Elbaz, D., Walter, F., et al. 2010, ApJ, 714, L118. doi:10.1088/2041-
8205/714/1/L118

Daddi, E., Delvecchio, I., Dimauro, P,
doi:10.1051/0004-6361/202243574

Davé, R., Finlator, K., Oppenheimer, B. D., et al. 2010, MNRAS, 404, 1355.
doi:10.1111/j.1365-2966.2010.16395.x

Dekel, A. & Burkert, A. 2014, MNRAS, 438, 1870. doi:10.1093/mnras/stt2331

Delvecchio, I, Smol¢i¢, V., Zamorani, G., et al. 2017, A&A, 602, A3.
doi:10.1051/0004-6361/201629367

et al. 2022, A&A, 661, L7.

Article number, page 18 of 20

Delvecchio, 1., Daddi, E., Sargent, M. T., et al. 2021, A&A, 647, Al123.

doi:10.1051/0004-6361/202039647
de los Reyes, M. A. C. & Kennicutt, R. C. 2019, ApJ, 872, 16. doi:10.3847/1538-

4357/aafa82
Di Matteo, P., Combes, F., Melchior, A.-L., et al. 2007, A&A, 468, 61.

doi:10.1051/0004-6361:20066959
Dye, S., Eales, S. A., Gomez, H. L., et al. 2022, MNRAS, 510, 3734.

doi:10.1093/mnras/stab3569
Elbaz, D., Dickinson, M., Hwang, H. S., et al. 2011, A&A, 533, All9.

doi:10.1051/0004-6361/201117239



T.-M. Wang et al.: Molecular gas mass and extent of galaxies across and above the main sequence

Elbaz, D., Leiton, R., Nagar, N., et al. 2018, A&A, 616, A110. doi: 10.1051/0004-
6361/201732370

Feldmann, R. &  Mayer, L.
doi:10.1093/mnras/stu2207

Franco, M., Elbaz, D., Zhou, L., et al. 2020, A&A, 643, A30. doi:10.1051/0004-
6361/202038312

Fujimoto, S., Ouchi, M., Shibuya, T.,
doi:10.3847/1538-4357/aa93e6

Genzel, R., Tacconi, L. J., Gracia-Carpio, J., et al. 2010, MNRAS, 407, 2091.
doi:10.1111/j.1365-2966.2010.16969.x

Gomez-Guijarro, C., Elbaz, D., Xiao, M., et al. 2022, A&A, 659, A196.
doi:10.1051/0004-6361/202142352

Gomez-Guijarro, C., Elbaz, D., Xiao, M., et al. 2022, A&A, 658, A43.
doi:10.1051/0004-6361/202141615

Gruppioni, C., Béthermin, M., Loiacono, F, et al. 2020, A&A, 643, AS.
doi:10.1051/0004-6361/202038487

Hodge, J. A., Carilli, C. L., Walter, F, et al. 2012, ApJ, 760, 11.
doi:10.1088/0004-637X/760/1/11

Hodge, J. A., Swinbank, A. M., Simpson, J. M., et al. 2016, ApJ, 833, 103.
doi:10.3847/1538-4357/833/1/103

Hunt, L. K., De Looze, I., Boquien, M., et al. 2019, A&A, 621, ASI.
doi:10.1051/0004-6361/201834212

Ikarashi, S., Ivison, R. J.,, Caputi, K. I, et al. 2015, ApJ, 810, 133.
doi:10.1088/0004-637X/810/2/133

Ilbert, O., McCracken, H. J., Le Fevre, O., et al. 2013, A&A, 556, A55.
doi:10.1051/0004-6361/201321100

Jiménez-Andrade, E. F., Magnelli, B., Karim, A., et al. 2019, A&A, 625, Al114.
doi:10.1051/0004-6361/201935178

Jin, S., Daddi, E., Liu, D., et al. 2018, ApJ, 864, 56. doi:10.3847/1538-
4357/aad4af

Kennicutt, R. C. 1998, ApJ, 498, 541. doi:10.1086/305588

Kennicutt, R. C. 1998, ARA&A, 36, 189. doi:10.1146/annurev.astro.36.1.189

Kennicutt, R. C. & De Los Reyes, M. A. C. 2021, AplJ, 908, 61.
doi:10.3847/1538-4357/abd3a2

Koekemoer, A. M., Aussel, H., Calzetti, D., et al. 2007, ApJS, 172, 196.
doi:10.1086/520086

Kokorev, V. I., Magdis, G. E., Davidzon, I., et al. 2021, ApJ, 921, 40.
doi:10.3847/1538-4357/ac18ce

Lamastra, A., Menci, N., Fiore,
doi:10.1051/0004-6361/201220754

Lang, P., Schinnerer, E., Smail, L., et al. 2019, ApJ, 879, 54. doi:10.3847/1538-
4357/ab1f77

Lapiner, S., Dekel, A.,
doi:10.1093/mnras/stad1263

Leauthaud, A., Massey, R., Kneib, J.-P., et al. 2007, ApJS, 172, 219.
doi:10.1086/516598

Leja, J., Speagle, J. S., Ting, Y.-S., et al. 2022, ApJ, 936, 165. doi:10.3847/1538-
4357/ac887d

Leroy, A. K., Bolatto, A., Gordon, K., et al.
doi:10.1088/0004-637X/737/1/12

Leslie, S. K., Schinnerer, E., Liu, D., et al. 2020, ApJ, 899, 58. doi:10.3847/1538-
4357/aba044

Lindroos, L., Knudsen, K. K., Vlemmings, W., et al. 2015, MNRAS, 446, 3502.
doi:10.1093/mnras/stu2344

Lisenfeld, U., Xu, C. K., Gao, Y,
doi:10.1051/0004-6361/201935536

Liu, D., Daddi, E., Dickinson, M., et al. 2018, ApJ, 853, 172. doi:10.3847/1538-
4357/aaa600

Liu, D., Schinnerer, E., Groves, B., et al. 2019, ApJ, 887, 235. doi: 10.3847/1538-
4357/ab578d

Liu, D., Lang, P, Magnelli, B., et al. 2019, ApJS, 244, 40. doi:10.3847/1538-
4365/ab42da

Lotz, J. M., Primack, J., & Madau, P. 2004, AJ, 128, 163. doi:10.1086/421849

Lotz, J. M., Davis, M., Faber, S. M., et al. 2008, AplJ, 672, 177.
doi:10.1086/523659d0i:10.1111/j.1365-2966.2008.14004.x

Madau, P. & Dickinson, M. 2014, ARA&A, 52, 415. doi:10.1146/annurev-astro-
081811-125615

Magdis, G. E., Daddi, E., Béthermin, M., et al. 2012, ApJ, 760, 6.
doi:10.1088/0004-637X/760/1/6

Magnelli, B., Lutz, D., Saintonge, A., et al. 2014, A&A, 561, AS86.
doi:10.1051/0004-6361/201322217

Magnelli, B., Boogaard, L., Decarli, R., et al. 2020, ApJ, 892, 66.
doi:10.3847/1538-4357/ab7897

Marchesi, S., Civano, F,, Elvis, M., et al. 2016, ApJ, 817, 34. doi:10.3847/0004-
637X/817/1/34

Matharu, J., Papovich, C., Simons, R. C., et al. 2022, ApJ, 937, 16.
doi:10.3847/1538-4357/ac8471

Massey, R., Stoughton, C., Leauthaud, A., et al. 2010, MNRAS, 401, 371.
doi:10.1111/j.1365-2966.2009.15638.x

2015, MNRAS, 446, 1939.

et al. 2017, AplJ, 850, 83.

F, et al. 2013, A&A, 552, Ad44.

Freundlich, J., et al. 2023, MNRAS.

2011, AplJ, 737, 12.

et al. 2019, A&A, 627, Al07.

McCracken, H. J., Milvang-Jensen, B., Dunlop, J., et al. 2012, A&A, 544, A156.
doi:10.1051/0004-6361/201219507

McMullin J. P., Waters B., Schiebel D., Young W., Golap K., 2007, in Shaw R.
A., Hill F, Bell D. J., eds, Astronomical Society of the Pacific Conference
Series Vol. 376, Astronomical Data Analysis Software and Systems XVI. p.
127

Millard, J. S., Eales, S. A., Smith, M. W. L., et al. 2020, MNRAS, 494, 293.
doi:10.1093/mnras/staa609

Mohan, N., & Rafferty, D. 2015, PyBDSF: Python Blob Detection and Source
Finder, ascl:1502.007

Moreno, J., Torrey, P, Ellison, S. L., et al. 2019, MNRAS, 485, 1320.
doi:10.1093/mnras/stz417

Murphy, E. J., Momjian, E., Condon, J. J., et al. 2017, ApJ, 839, 35.
doi:10.3847/1538-4357/aa62fd

Neeleman, M., Kanekar, N., Prochaska, J. X., et al. 2017, Science, 355, 1285.
doi:10.1126/science.aal1737

Nelson, E. J., van Dokkum, P. G., Forster Schreiber, N. M., et al. 2016, ApJ, 828,
27. doi:10.3847/0004-637X/828/1/27

Noeske, K. G., Weiner, B. J., Faber, S. M., et al. 2007, ApJ, 660, L43.
doi:10.1086/517926

Novak, M., Smol¢ié, V., Delhaize, J.,
doi:10.1051/0004-6361/201629436

Pan, H.-A., Lin, L., Hsieh, B.-C., et al. 2018, ApJ, 868, 132. doi:10.3847/1538-
4357/aaeb92

Petersson, J., Renaud, F., Agertz, O., et al. 2023, MNRAS, 518, 3261.
doi:10.1093/mnras/stac3136

Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016, A&A, 594, A13.
doi:10.1051/0004-6361/201525830

Popesso, P., Morselli, L., Concas, A., et al. 2019, MNRAS, 490, 5285.
doi:10.1093/mnras/stz2635

Popesso, P., Concas, A.,
doi:10.1093/mnras/stac3214

Popping, G., Pillepich, A., Calistro Rivera, G., et al. 2022, MNRAS, 510, 3321.
doi:10.1093/mnras/stab3312

Porter, L. A., Somerville, R. S., Primack, J. R., et al. 2014, MNRAS, 444, 942.
doi:10.1093/mnras/stu1434

Puglisi, A., Daddi, E., Liu, D., et al. 2019, ApJ, 877, L23. doi:10.3847/2041-
8213/ab1192

Puglisi, A., Daddi, E., Valentino, F., et al. 2021, MNRAS, 508, 5217.
doi:10.1093/mnras/stab2914

Renaud, F., Bournaud, F., Kraljic, K., et al. 2014, MNRAS, 442, L33.
doi:10.1093/mnrasl/slu050

Renaud, F., Segovia Otero, A., & Agertz, O. 2022, MNRAS, 516, 4922.
doi:10.1093/mnras/stac2557

Rodighiero, G., Daddi, E., Baronchelli, I., et al. 2011, ApJ, 739, L40.
doi:10.1088/2041-8205/739/2/L40

Rodriguez-Gomez, V., Snyder, G. F, Lotz, J. M., et al. 2019, MNRAS, 483,
4140. doi: 10.1093/mnras/sty3345

Rodriguez-Gomez, V., Lotz, J., & Snyder, G. 2022, Astrophysics Source Code
Library. ascl:2201.010

Rujopakarn, W., Daddi, E., Rieke, G. H., et al. 2019, ApJ, 882, 107.
doi:10.3847/1538-4357/ab3791

Santini, P., Maiolino, R., Magnelli, B., et al. 2014, A&A, 562, A30.
doi:10.1051/0004-6361/201322835

Sargent, M. T., Béthermin, M., Daddi, E., et al. 2012, ApJ, 747, L31.
doi:10.1088/2041-8205/747/2/L.31

Sargent, M. T., Daddi, E., Béthermin, M., et al. 2014, ApJ, 793, 19.
doi:10.1088/0004-637X/793/1/19

Schreiber, C., Pannella, M., Elbaz, D., et al.
doi:10.1051/0004-6361/201425017

Scoville, N., Aussel, H., Sheth, K., et al. 2014, ApJ, 783, 84. doi:10.1088/0004-
637X/783/2/84

Scoville, N., Sheth, K., Aussel, H., et al. 2016, ApJ, 820, 83. doi:10.3847/0004-
637X/820/2/83

Scoville, N., Faisst, A., Weaver, J., et al. 2023, ApJ, 943, 82. doi:10.3847/1538-
4357/acalbc

Shen, S., Mo, H. J.,, White, S. D. M., et al. 2003, MNRAS, 343, 978.
doi:10.1046/j.1365-8711.2003.06740.x

Silverman, J. D., Rujopakarn, W., Daddi, E., et al. 2018, ApJ, 867, 92.
doi:10.3847/1538-4357/aae25e

Simpson, J. M., Smail, 1., Swinbank, A. M., et al. 2015, ApJ, 799, 8I.
doi:10.1088/0004-637X/799/1/81

Sivasankaran, A., Blecha, L., Torrey, P., et al. 2022, MNRAS, 517, 4752.
doi:10.1093/mnras/stac2759

Sparre, M. &  Springel, V.
doi:10.1093/mnras/stw1793

Sparre, M., Whittingham, J., Damle, M., et al. 2022, MNRAS, 509, 2720.
doi:10.1093/mnras/stab3171

et al. 2017, A&A, 602, AS.

Cresci, G., et al. 2022, MNRAS.

2015, A&A, 575, A74.

2016, MNRAS, 462, 2418.

Article number, page 19 of 20



A&A proofs: manuscript no. output

Spilker, J. S., Bezanson, R., Weiner, B. J., et al. 2019, ApJ, 883, 8I.
doi:10.3847/1538-4357/ab3804

Springel, V., Di Matteo, T., & Hernquist, L. 2005, MNRAS, 361, 776.
doi:10.1111/j.1365-2966.2005.09238.x

Stemo, A., Comerford, J. M., Barrows, R. S., et al. 2020, ApJ, 888, 78.
doi:10.3847/1538-4357/ab5f66

Suess, K. A., Kriek, M., Price, S. H., et al. 2019, ApJ, 877, 103.
doi:10.3847/1538-4357/ablbda

Suess, K. A., Bezanson, R., Nelson, E. J., et al. 2022, ApJ, 937, L33.
doi:10.3847/2041-8213/ac8e06

Suzuki, T. L., Onodera, M., Kodama, T., et al. 2021, ApJ, 908, 15.
doi:10.3847/1538-4357/abd4e7

Szokoly, G. P.,, Bergeron, J., Hasinger, G., et al. 2004, AplS, 155, 271.
doi:10.1086/424707

Tacchella, S., Dekel, A., Carollo, C. M., et al. 2016, MNRAS, 457, 2790.
doi:10.1093/mnras/stw131

Tacchella, S., Forbes, J. C., & Caplar, N. 2020, MNRAS, 497, 698.
doi:10.1093/mnras/staal 838

Tacconi, L. J., Genzel, R., & Sternberg, A. 2020, ARA&A, 58, 157.
doi:10.1146/annurev-astro-082812-141034

Tadaki, K.-. ichi ., Belli, S., Burkert, A., et al. 2020, ApJ, 901, 74.
doi:10.3847/1538-4357/abaf4a

Teyssier, R., Chapon, D., & Bournaud, F. 2010, ApJ, 720, L149.
doi:10.1088/2041-8205/720/2/L.149

van der Wel, A., Franx, M., van Dokkum, P. G., et al. 2014, ApJ, 788, 28.
doi:10.1088/0004-637X/788/1/28

Violino, G., Ellison, S. L., Sargent, M., et al. 2018, MNRAS, 476, 2591.
doi:10.1093/mnras/sty345

Walter, F., Carilli, C., Neeleman, M., et al. 2020, ApJ, 902, 111.
doi:10.3847/1538-4357/abb82e

Wang, T.-M., Magnelli, B., Schinnerer, E., et al. 2022, A&A, 660, A142.
doi:10.1051/0004-6361/202142299

Weaver, J. R., Kauffmann, O., Shuntov, M., et al. 2021, A&A, 23721506W

Weston, M. E., McIntosh, D. H., Brodwin, M., et al. 2017, MNRAS, 464, 3882.
doi:10.1093/mnras/stw2620

Wilkinson, C. L., Pimbblet, K. A., Stott, J. P, et al. 2018, MNRAS, 479, 758.
doi:10.1093/mnras/sty 1493

Williams, C. C., Spilker, J. S., Whitaker, K. E., et al. 2021, ApJ, 908, 54.
doi:10.3847/1538-4357/abcbf6

Wilman, D. J., Fossati, M., Mendel, J. T., et al. 2020, ApJ, 892, 1.
doi:10.3847/1538-4357/ab7914

Wauyts, S., Forster Schreiber, N. M., Lutz, D., et al. 2011, ApJ, 738, 106.
doi:10.1088/0004-637X/738/1/106

Yu, Q., Fang, T., Feng, S., et al. 2022, ApJ, 934, 114. doi:10.3847/1538-
4357/ac78e6

Zolotov, A., Dekel, A., Mandelker, N., et al. 2015, MNRAS, 450, 2327.
doi:10.1093/mnras/stv740

Article number, page 20 of 20



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10

2.1
2.2
23
24

3.1

The story of our Universe. . . . . . . . . . . . . . i it 3
Energy distribution of a typical star-forming galaxy at different wavelengths. . . . . . . . 4
Cosmic SFRD from literature studies. . . . . . . ... .. ... ... ... .. ..... 9
Number density of galaxies in the stellar mass-SFR plane. . . . . . . .. ... ... ... 10
Schematic of the mechanisms driving the dispersion of the MS and the quenching of SFGs. 12
Schematic diagram listing the quenching mechanisms in massive galaxies. . . . . . . . . 13
Redshift evolution of molecular gas fraction and depletion time of SFGs. . . . . . . . .. 14
Core to total mass ratio vs. stellar mass for a group of galaxies. . . . . . ... ... ... 15
Compact star-forming size of SFGs revealed by recent ALMA observation. . . . .. .. 16
The KS relation discovered by Genzel et al. (2010). . . . . . . . ... ... ... .... 17
Schematic of an interferometric telescope. . . . . . . . . . . . ... ... ... 20
Mass completeness versus redshift in the COSMOS2020 catalog. . . . . . ... ... .. 24
Coverage of ALMA observations collected in the A’cosMos project.. . . . . .. ... 25
[llustration of image-domain stacking analysis. . . . . . . . .. ... ... ... . .... 26
[lustration of the selection bias in galaxy samples in literature studies . . . . .. .. .. 30

98



List of Tables

2.1 ALMA working band and their basic information

99



Acknowledgements

I would like to thank my advisor, Prof. Dr. Frank Bertoldi, for his guidance in my work, conference
presentations, and writing. He taught me how to organize my thoughts and express them fluently.

I thank Dr. Benjamin Magnelli for his daily guidance and support throughout my doctoral research.
He regularly reviewed my work and provided invaluable comments that enabled me to successfully complete
two first-author publications and this dissertation. From Benjamin, I learned not only how to conduct

research, but also how to think logically.

I would like to thank Dr. Eva Schinnerer and Dr. Daizhong Liu for their assistance in comment-
ing on my two first-author publications.

I am grateful to all my friends at AIfA, especially my officemate, Christos Karoumpis. I discussed
scientific issues with Christos, and I shared many wonderful trips and memories with him.

I am deeply thankful for the support from my family. Every time I have been stuck with my work
and felt depressed, their warm encouragement has helped me to move forward positively.

Finally, I am grateful for the financial support through the DFG Collaborative Research Centre 956,
Project number 184018867.

Without all the assistance from these people, this thesis would not have been possible.

100






	1 Introduction
	1.1 From the Big Bang to the first light
	1.2 To diagnose the physical properties of galaxies
	1.2.1 Stellar mass
	1.2.2 Star formation rate
	1.2.3 Gas mass

	1.3 Evolution of galaxies
	1.3.1 Cosmic evolution of star formation
	1.3.2 Stellar mass–SFR plane
	1.3.3 Gas mass within galaxies
	1.3.4 Sizes of star forming galaxies
	1.3.5 Kennicutt-Schmidt relation


	2 Data and methods
	2.1 ALMA
	2.2 The COSMOS field
	2.3 Statistical approaches
	2.3.1 Stacking analysis
	2.3.2 MCMC analysis


	3 A3COSMOS: A census on the molecular gas mass and extent of main-sequence galaxies across cosmic time (Summary)
	3.1 Context
	3.2 Aims
	3.3 Methods
	3.4 Results
	3.5 Conclusions

	4 A3COSMOS: Dissecting the gas content of star-forming galaxies across the main sequence at 1.2 ≤z < 1.6 (Summary)
	4.1 Context
	4.2 Aims
	4.3 Methods
	4.4 Results
	4.5 Conclusions

	5 Summary and outlook
	5.1 Summary
	5.2 Outlook

	Bibliography
	A Script for the stacking analysis
	B A3COSMOS: A census on the molecular gas mass and extent of main-sequence galaxies across cosmic time
	C A3COSMOS: Dissecting the gas content of star-forming galaxies across the main sequence at 1.2 ≤z < 1.6
	List of Figures
	List of Tables

