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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 2,

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.
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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 a review). 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., Mgs/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 =1log;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 A1 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 = 67.8km s~ 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 A3COSMOS data set

The A*COSMOS 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
A’COSMOS 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™28.6°,
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°° My 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 o7;/(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+r[Mo yr~'1 = 1.09x 107" (LR [Lo]+3.3X Luv[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.
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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 pm-to-Lig
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+uy)<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(SFRg+uv/SFRsgp) of 0.09703% (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 >1010 M, (that is, those
detectable by our stacking analysis; see Sect. 4) and with SFR >
100 Mo 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:

10M:
log(SFRys(z, SM)) = So — ait — log (1 + (H)_M)) , @

Mt, = My — at,

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 A3COSMOS 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
(<20) with S4, i /SAma > 2 or ML/M3 > 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 Ljr 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 O 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, < 10'3 My 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 A3COSMOS 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., Lg‘f;(;). 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 ;7 SED
r - L850 /Lflobs/(nz)'

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 pm luminosity following

IL(u, v, W5z = 47 D} X |V(u, 0, W), X TP /(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 wm Iuminosity 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 = LGt 0. W) —5—
ANn(S1)
rest

where L(u, v, W)sso 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 Sy, 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.,
Lhitea(u, v, w)‘ées%) 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 wm 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;t;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, Rgiﬂrf,

. 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 Lgso 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 () in
each stellar mass—redshift bin is reported in the left panel (i.e., Np/N), while the detection significance i.€., S /Ny, 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 My. 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 Mmol = (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., @co) 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,/My < 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/Npex) 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, /My < 10''0),
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., §/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,
ie., 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/Npeax > 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 A’COSMOS 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., ttmoi = {(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 A3COSMOS 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 @ (M (SFR) (AMS)  (Vobs) (Lgsow)  SNpeak  Mumokow  Mmoipy e, 000 gfe RS RS
(log1o [Mo]) (logy [Me yr™'1) (GHz) (10¥ergs~' Hz™1) (logjg [Mo]) (logjg [Mo]) (arcsec) (arcsec) (arcsec) (kpe)  (kpc)

1 2) 3 @ O ©) @) ] [©)] (10 (11) (12) (13) (14) (15) (16) a7 (18)
11.0 < logo 06<z<1.0 27 1 079 11.16 1.58 0.09  298.02 23407 4 10.550,1 10440, 0.51 110 083 304 21y
My < 12.0 10<z<14 39 18 124 1117 2.01 019 313.30 4.5:07 23 10.820,1 10.810,1 050 075 075 19402 19:02
l4<z<18 23 9 157 11.22 221 020 31127 63112 28 10950, 10940, 047 077 078 2101 22402
18<z<22 35 14 198 1122 235 0.15 31298 84430 23 110402 111404 042 065 067 17401 18402
22<z<26 35 13 235 11.26 2.52 024 31017 93419 26 111404 1149, 042 059 062 15, 160,
26<z<30 26 12 282 11.22 2.57 022 297.10 9.0418 37 11.040, 11150, 072 079 087 Ly 15s0;
30<z<34 9 5 319 11.16 276 038 271.01 88415 30 11.040,1 11.040,1 139 160 160 26.02 2.5:02
11.0 < logo 06<z<14 17 0 097 11.17 1.62 -0.03 270.21 20109 5 104402 10.5:02 0.83 092  1.02 ldyg7 2009
My <120 l4<z<22 20 7 184 1119 2.18 0.00 301.15 3840 13 107402 107402 0.69 081 087 15402 19402
(off the phase 22<z<26 13 6 239 11.20 2.40 0.11  284.18 77119 17 11.040,1 11.040,1 072 077 080 09i0; 1.2:02
center) 26<z<30 8 3 280 11.20 2.55 0.19 27793 Tdyig 16 11049, 11049, 098 113 117 18402 21103
30<z<34 6 3 3.8 11.19 2.72 0.33 25930 93414 15 .10 .10 129 157 157 2902 29403
10.5 < logy 04<z<08 57 4 067 10.69 1.43 0.18 31673 0.840.5 5 10.1402 101502 060 082 084 16407 L7:08
My < 11.0 08<z<1l 73 2 092 10.72 1.58 0.06  298.96 13409 9 103403 103403 062 085 087 19402 2004
ll<z<14 81 12 125 10.71 1.83 0.08 27475 29406 26 10.610,1 10.610,1 055 064 068 1240 Ldsgn
14<z<17 63 6 155 10.72 1.99 011  299.42 17106 14 104402 104401 068 073 073 10405 10402
17<2<20 59 6 185 10.69 1.96 —0.02 284.15 27106 6 10.610,1 10.6.0.1 054 108  1.04 33404 3.li0g
20<z<24 51 6 219 10.72 2.07 —~0.04 282.95 2.0405 8 104401 10.5.0.1 080 090 094 18404 26407
24<z<30 62 8 269 10.69 2.16 -0.02 279.43 28406 13 10.610,1 10.540,1 0.81 098 1.0l 22,05 20404
30<z<36 43 7 322 10.70 2.10 -0.12 269.51 3241 16 10.6:0,1 10.7.40,1 0.63 088 096 21402 2302
10.0 < logo 04<z<08 103 0 0.67 10.26 1.24 0.11 30270 05505 3 99104 10.1502 075 126 165 304 43122
My <105 08<z<I.l 131 0 094 1023 1.34 002 299.47 07102 4 10.049, 9.8403 063 124 088 37.07 2lsip
ll<z<14 95 0 124 10.24 1.48 -0.04 27081 0.8108 8 101504 10203 068 073  1.03 08407 27407
l4<z<17 114 1 154 1022 1.67 0.06 289.10 Ldy0n 9 10.340,1 10.4.40,1 071 082 094 1403 22405
17<2z<20 79 1 185 10.21 1.67 -0.04 278.14 0.9.02 5 10.140, 10.240, 076 091 108 17407 27412
20<z<24 92 1 218 10.22 1.62 —0.14 284.62 11404 4 102401 103401 040 067 071 19404 2.li07
24<z<30 79 0 274 1024 1.80 -0.10 269.94 22409 4 10.5:02 104402 058 120 091 35402 23412
30<z<36 100 1 330 10.20 1.79 —0.11 261.39 17403 6 10440, 104401 0.84 L1l 127 23,07 30412

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

+ (c+ckx IOgIO(M*/lolO)) X Leosmic
+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, (My,.), to (f(tL . . MY, 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
MCMC analysis are shown in Fig. 6, with b = —0.468*0 075,

c = —0.122f8:88§, d= 0.572“_’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 = 0O (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*5:9%8,
d =0.481*00% and ck = —0.016*0911).

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
A3COSMOS 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'%5 <
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, Tmot = (@ + ak x log;o(M/10'%)) x AMS

+b xlog,o(M,/10'%)

+ (c+ckx loglo(M*/lolo)) X Leosmic
+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 = 0.055t0.071,

¢ =0.049*0008 d = —0.64300% and ck = 0.016*3010. 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
7 < 1.0. Atz = 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, < 102, orange for 10'%° <
M, /Mg < 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
Mgas(z, M, AMS) from Eq. (8) by SFRums(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,, SFRM® =
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-

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

250 Myr (from Eq. (9)) or Tf’;gf = 620 Myr (from Eq. (8)/specific
SFRys), our prediction qualitatively agrees with the latest
observational constraints from the ALPINE [C II] ALMA large
project (i.e., Tff(fl = 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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3

c = -0.122:3988

o ]_L
g 5 5
K
» 3
(S °

d =0.572+3328

i

ck = 0.002+4411

i
L

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.
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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'" 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 My yr~! 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 wm) 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, /M, < 102, 10195 <

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", orange for
10" < M, /My < 10", and blue for 10'° < M, /M, < 10'%3,

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. 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, ~
10'07-117 p1.) 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., Zsgr = SFR/ (ZHRE};C_WZ) versus Xy, =
Mmol/(27T Rzgc_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. (2006);
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 Zspr 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 —2y,, relation due to the increase in their molec-
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, < 10'2, 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., Tho1) — €quivalently,
the SFE (i.e., 1/tme) — of MS galaxies is controlled by their
2um,,- In other words, the evolution of the depletion time with
redshift and stellar mass seen in Fig. 7 can be predicted from
their X, 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 X, , falls below
the relation followed by starburst galaxies. In this high X,

ol
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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 pm 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-M o relation. To study
how these particular choices of SED templates and Lgsg-to-M
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 Tgye = 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, relations. We evaluate the impact of
these relations on our results in Appendix B by repeating our
analysis using instead of the metallicy-independent Lgsp-to-M o)
relation of Hughes et al. (2017, hereafter H17), (i) the H17 rela-
tion inferred assuming a a.co of 4.35 My (Kkm s~ 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 Lgso-to-Mg,s relation assuming
Taust = 25 K and 8 = 1.8 combined to the metallicity-dependent
M qust-to-Myyo 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 dgpr 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 ~ Oto 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, 0GDR>
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 1-2¢-.

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-Mo
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
<tcosmic>a <M*>7 and <AMS> to infer ,ugaS(M*atcosmiCa 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
(Mo1) for a given analytical functions of pg,s(M., teosmic, AMS)
and o1 (M., teosmic, AMS). Without such an approach (i.e., sim-
ply inferring pgas(M., teosmic, AMS) and Timo1(M., feosmic AMS)
by fitting (Mo1), {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-, feosmic; AMS)
and 7ol (M., Zeosmic AMS).

Recent findings in the literature suggests that there might
exist an mean offset of 0”/2 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 1.3Gyr 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 Xga—Zsrr
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

;&5). 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 XZgpg 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
Yspr- 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 =
Mpnot/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 (=0.01), 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,
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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 Xspr 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'% 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, pg,, 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., RS;EO ~
l.Sf(l):g kpc).

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'° My 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 (Sin — Sou)/Sin and
(RicrilrC - Rgilff)/RiC;rc (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 (S, — S ou)/Sin
and (RS™ — RSI) /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

UVmodelfit

Undetected

m 6% offset
s 4% offset

5input

5input - Soutput

0.66

avg. o

[
%
o

o

w

s
Fraction

=]
=
o

30 50 70 100

Sinput [,UJY]

————— 0.00
145 205

o [My]

200 500 85

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” 30~ 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

(i-e~v (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.
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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 - Rf,iurf)/RiclilrC ~ 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 Lgso-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., @cp) 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, 6gpr)- 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,, 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(Mmo1) = log(Lsso) — 19.83, (B.1)

where Mo and Lgs are in units of Mg and erg sTTHz !, 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 Lgsy-to-Mgys relation and then a
metallicity-dependent Mg,g-to-M o relation. To begin with, we
thus convert our stacked rest-frame 850 um luminosities into
M gust 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 gys-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(Mino1) = log(Mayst) +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),

_Ja if log(My/My) > b(2),
12+ log(O/H) = {a —0.087 x (log(Ma/Mo) — b))%, 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 ], 6GDR)-

where a=8.74 and b(z)=10.4+4.46x1og(1+z)-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 gys-to-My, relation of Leroy et al. (2011, dgpr),
which was calibrated using high-resolution observations of five
local group galaxies,

102(Mim1) = 10g(Muug) + 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.

. . . H17
To summarize, the gas mass calibrations are: M,

MBI <« MHIT~ M316 < M%®®  The redshift evolution of the
ol mol mol mol

aco=435 _
=

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

logio Hmol
with @ = 0.4195 and ak = 0.1195 from Liu et al. (2019b)
b c ck d
H17 046800 0.1270008 0572088 0.002:001)
HiZpgss 046375070 000270008 03117800 000075018
BIS 0353008 -0.009%0%0% 02667087 00080010
S16 -0.3961 0070 -0.123*0008  0.584*00%0  -0.004+001
L1l 067910068 _0.152+0008  0.948*0:057 0.0170910
10g10 Tmot [Gy™']
with a = —0.5724 and ak = 0.1120 from Liu et al. (2019b)
b c ck d
H17 0.055700%0  0.049*03008  -0.643700%  0.01670:01
HiTogomazs 0054000 0069°0%%  -0899°00% 00147501
BI8 0.168%006%  0.072709%  -0.947+0:057 0.006+910
516 0125900 0047000 062800 0.0100810
L1l 01571008 0.019+2008  0.2657095  0.03170:919

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-My,, 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-Mpe 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 Lgso-to-My, 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-M, ratio. This seems also
confirmed by the good agreement at high stellar masses between
our H17 measurements and those from the metallicity-dependent
dGpr method.
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