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ABSTRACT

We conducted sub-millimeter observations with the Atacama Large Millimeter/sub-millimeter Ar-
ray (ALMA) of star-forming galaxies at z ~ 3.3, whose gas-phase metallicities have been previously
measured. We investigate the dust and gas contents of the galaxies at z ~ 3.3 and study how galax-
ies are interacting with their circumgalactic/intergalactic medium at this epoch by probing their gas
mass fractions and gas-phase metallicities. Single-band dust continuum emission tracing dust mass
and the relation between the gas-phase metallicity and gas-to-dust mass ratio are used to estimate
the gas masses. The estimated gas mass fractions and depletion timescales are fgas = 0.20-0.75 and
tgep = 0.09-1.55 Gyr, respectively. Although the galaxies appear to tightly distribute around the star-
forming main sequence at z ~ 3.3, both quantities show a wider spread at a fixed stellar mass than
expected from the scaling relation, suggesting a large diversity of fundamental gas properties among
star-forming galaxies apparently on the main sequence. Comparing gas mass fraction and gas-phase
metallicity between the star-forming galaxies at z ~ 3.3 and at lower redshifts, star-forming galaxies
at z ~ 3.3 appear to be more metal-poor than local galaxies with similar gas mass fractions. Using the
gas regulator model to interpret this offset, we find that it can be explained by a higher mass-loading
factor, suggesting that the mass-loading factor in outflows increases at earlier cosmic times.

Keywords: galaxies: formation — galaxies: evolution — galaxies: star formation — galaxies: ISM —
galaxies: high-redshift

1. INTRODUCTION

Molecular gas (Hs) is one of the fundamental physi-
cal quantities of galaxies because it is the fuel for star
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formation. It is well known that the gas surface density
is correlated with the star-formation rate (SFR) sur-
face density (the Schmidt—Kennicutt relation; Schmidt
1959; Kennicutt 1998). The total gas mass is also con-
nected with the total star-forming activity (e.g., Daddi
et al. 2010; Genzel et al. 2010). The typical SFR of
star-forming galaxies at a given stellar mass appears to
monotonically increases with increasing redshifts (e.g.,
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Whitaker et al. 2012; Sobral et al. 2014; Tomczak et al.
2016). More active star formation in galaxies at higher
redshifts is considered to be supported by a larger
amount of gas (e.g., Daddi et al. 2010; Genzel et al. 2010;
Geach et al. 2011; Bothwell et al. 2013b; Tacconi et al.
2013; Birkin et al. 2020). Investigating the gas contents
in galaxies at high redshifts is crucial to understand for-
mation and evolution of galaxies in the Universe (e.g.,
Walter et al. 2016; Riechers et al. 2019).

Observational studies over the past decade revealed
the gas properties not only for dusty starburst galax-
ies, such as sub-millimeter bright galaxies (SMGs), but
also for ultraviolet (UV)/optical-selected star-forming
galaxies on the stellar mass—SFR relation, the so-called
“main sequence” of star-forming galaxies, at z 2 1 (e.g.,
Daddi et al. 2010; Genzel et al. 2010; Tacconi et al.
2010, 2013; Magdis et al. 2017). The increasing num-
ber of galaxies with individual measurements of the gas
mass in a wide redshift range makes it possible to estab-
lish the scaling relations for gas mass fraction and gas
depletion timescale (= Mgas/SFR) as a function of red-
shift, stellar mass, and SFR (e.g., Scoville et al. 2017;
Tacconi et al. 2018; Freundlich et al. 2019; Liu et al.
2019). At z > 3, however, the number of UV /optical-
selected star-forming galaxies with the individual mea-
surements of gas content is still small (with CO emission
lines: Magdis et al. 2017; Cassata et al. 2020, and with
dust continuum: Schinnerer et al. 2016; Wiklind et al.
2019; Aravena et al. 2020). How the gas properties of
UV /optical-selected galaxies evolve at z > 3 are not
conclusive yet.

The atomic and/or molecular hydrogen gas mass is
also said to be correlated with the gas-phase metallic-
ity from both observations (e.g., Bothwell et al. 2013a;
Hunt et al. 2015; Bothwell et al. 2016b; Seko et al. 2016a;
Brown et al. 2018) and cosmological numerical simula-
tions (e.g., Lagos et al. 2016; Torrey et al. 2019). It has
been suggested that the gas mass is more fundamen-
tal than the SFR to explain the scatter of the mass—
metallicity relation of star-forming galaxies (e.g., Both-
well et al. 2013a; Zahid et al. 2014; Brown et al. 2018).
Indeed, more gas-rich star-forming galaxies tend to be
more metal-poor and more actively forming stars. At
high redshifts, a direct comparison between gas mass
and gas-phase metallicity is limited to a handful of
galaxies at z ~ 1-3 (Saintonge et al. 2013; Seko et al.
2016a; Shapley et al. 2020). Seko et al. (2016a) found a
trend that the gas mass fraction decreases with increas-
ing metallicities at a fixed stellar mass for star-forming
galaxies at z ~ 1.4. Such a direct comparison between
the two quantities has not been done at z > 3.

Galaxies evolve by interacting with the intergalactic
medium (IGM). Gas accretes onto galaxies from the out-
side, chemical enrichment proceeds as stars form, and
gas and metals are ejected from galaxies by outflow (e.g.,
Bouché et al. 2010; Davé et al. 2011; Lilly et al. 2013;
Peng & Maiolino 2014; Tacchella et al. 2020). Gas mass
fraction and gas-phase metallicity are often used to in-
vestigate the relative contributions between star forma-
tion, gas outflow, and inflow (Erb 2008; Cresci et al.
2010; Troncoso et al. 2014; Yabe et al. 2015; Seko et al.
2016b; Sanders et al. 2020). Most of these studies es-
timated gas mass fractions by converting the SFR. sur-
face density to gas surface density with the Schmidt-
Kennicutt relation (Erb 2008; Cresci et al. 2010; Tron-
coso et al. 2014; Yabe et al. 2015; Sanders et al. 2020).
Given that galaxies are more actively forming stars at
higher redshifts, they are expected to be more actively
interacting with the surrounding IGM via outflows and
inflows (e.g., Yabe et al. 2015). At z > 3, it has been
suggested that star-forming galaxies are no longer in
equilibrium (e.g., Mannucci et al. 2010), where the gas
consumption due to star formation and outflows is bal-
anced with the gas acquisition by inflows (inflow = star
formation + outflow), due to the intense gas inflows onto
galaxies in the early Universe. Estimating both the gas
mass and gas-phase metallicity for star-forming galaxies
at z > 3 allows tests of whether galaxies at z > 3 are
out of equilibrium or not.

Several methods are commonly used to estimate gas
masses. The first one is using CO emission line fluxes
(e.g., Daddi et al. 2010; Genzel et al. 2010; Tacconi et al.
2010, 2013). This method has uncertainties on the CO-
to-Hy conversion factor, which changes depending on
metallicity (Genzel et al. 2012) and on the CO excita-
tion states when using higher-J CO lines (e.g., Daddi
et al. 2015; Riechers et al. 2020). Furthermore, obser-
vations of CO lines for galaxies at high redshifts are
observationally expensive. The second one is converting
a dust mass to a gas mass with an assumed gas-to-dust
mass ratio (e.g., Santini et al. 2014; Béthermin et al.
2015). Because the gas-to-dust mass ratio depends on
the metallicity (Leroy et al. 2011; Rémy-Ruyer et al.
2014), metallicity measurements are crucial to estimate
the gas mass accurately. Gas masses can also be esti-
mated with an empirically calibrated relation between a
single-band dust continuum flux at the Rayleigh-Jeans
(R-J) tail and gas mass (e.g., Scoville et al. 2014, 2016;
Groves et al. 2015). These scaling relations are cali-
brated with local galaxies or with local galaxies and
SMGs up to z ~ 2. In this method, the gas-to-dust mass
ratio is included in the conversion factor, and thus, is not
needed to be considered. It remains unclear whether the
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empirical calibration methods are applicable to galax-
ies at z > 3 or how much scatter there is in the re-
lationships. Given that dust continuum observations
take much less time as compared to the CO observa-
tions, using dust continuum as a tracer of gas has an
advantage to increase the number of galaxies at higher
redshifts with individual gas estimates, but these will
only be reliable when precise metallicities are also avail-
able. Metallicity measurements based on rest-frame op-
tical emission lines for dustier star-forming galaxies are
thought to have larger uncertainties due to strong dust
obscuration (e.g., Santini et al. 2010). Herrera-Camus
et al. (2018) reported a discrepancy between metallic-
ities derived with rest-frame optical emission lines and
far-infrared (FIR) fine-structure lines for local (Ultra)
Luminous Infrared Galaxies ((U)LIRGS).

In this paper, we present the results from sub-
millimeter observations with the Atacama Large
Millimeter/sub-millimeter Array (ALMA) of star-
forming galaxies at z = 3—4. High quality near-infrared
(NIR) spectra obtained with Keck/MOSFIRE (McLean
et al. 2010, 2012) are available for all of the targets and
their gas-phase metallicities are already measured (On-
odera et al. 2016; Suzuki et al. 2017). By observing the
dust continuum emission, we can estimate their dust
masses and convert them to gas masses using the rela-
tion between the metallicity and gas-to-dust mass ratio.
We then investigate the gas properties, namely, gas mass
fractions and gas depletion timescales, of star-forming
galaxies at z = 3—4. Comparing the gas contents with
the gas-phase metallicities, we aim to understand how
star-forming galaxies at this epoch interact with their
surrounding IGM via gas inflows and outflows.

This paper is organized as follows. In Section 2, we
introduce our parent sample of star-forming galaxies at
z = 3-4 and describe the observations conducted with
ALMA. We also describe the reduction and analysis for
the obtained data and stacking analysis. In Section 3,
we present our estimates of the physical quantities, such
as gas-phase metallicity, ionization parameter, and gas
mass. In Section 4, we show our results on the dust
and gas properties of the star-forming galaxies at z =
34 and discuss their metallicity dependencies. We also
compare our observational results with a gas regulator
model to discuss how star-forming galaxies at this epoch
interact with their surrounding IGM. We summarize this
paper in Section 5.

Throughout of this paper, we assume the cosmolog-
ical parameters of Q,, = 0.3, Qx = 0.7, and Hy =
70 km s~ Mpc~!. We use a Chabrier initial mass func-
tion (IMF; Chabrier 2003).

2. OBSERVATION AND REDUCTION
2.1. Spectroscopically confirmed galazies at z =3—4

Our parent sample is constructed from the two dif-
ferent studies of star-forming galaxies at 3 < z < 4
in the COSMOS field using NIR spectroscopy with
Keck/MOSFIRE. One study is based on a spectroscopic
and photometric redshift selection (Onodera et al. 2016,
Section 2.1.1), while the other study is based on narrow-
band selection (Suzuki et al. 2017, Section 2.1.2). The
parent sample from both studies consists of 53 galaxies
with zgpec ~ 3.0-3.8.

2.1.1. UV-selected galaxies

In Onodera et al. (2016, hereafter O16), targets for
spectroscopic observation were originally selected from
the zZCOSMOS-Deep redshift catalog (Lilly et al. 2007)
and the 30-band COSMOS photometric redshift catalog
(McCracken et al. 2012; Ilbert et al. 2013). O16 con-
ducted H- and K-band spectroscopy and confirmed 43
galaxies at zspec = 3.0-3.8 based on the rest-frame opti-
cal emission lines. The confirmed star-forming galaxies
span a stellar mass range of log(M,/Mg) ~ 8.5-11.0 and
distribute around the star-forming main sequence at z ~
3.3 (016).

2.1.2. [OIlI] emission line galazies

In Suzuki et al. (2017, hereafter S17), targets for
spectroscopic observation were selected from a catalog
of narrow-band(NB)-selected [O111]A5007 emission line
galaxies at z = 3.23, obtained by the High-Z Emission
Line Survey (HiZELS; Best et al. 2013; Sobral et al.
2013; Khostovan et al. 2015). S17 conducted H- and K-
band spectroscopy and confirmed ten [O111] emitters at
Zspec = 3.23-3.28. The stellar mass range of the con-
firmed [O111] emitters is log(M./Mg) ~ 9.1-10.2. The
[O111] emitters follow the star-forming main sequence at
z ~ 3.2 and the mass—metallicity relation established by

016 (S17).

2.2. ALMA Band-6 observation

We selected galaxies with log(M,/Mg) > 10 and > 30
detection of [O1mI]A5007, HS, or [O11]A3727 emission
lines from the parent sample as targets for the ALMA
observations. We excluded two galaxies classified as the
active galactic nuclei (AGNs) in O16. One has an X-ray
counterpart detected with Chandra. The other shows
strong [NellI]A3869 emission and a high [O111]A\4363 /H~y
ratio, which is likely to be powered by the AGN (O16).
As a result, the sample for the ALMA observations con-
sists of 12 galaxies, two of which are [O111] emitters from
S17 (Table 1).
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Although the potential AGNs were excluded from our
ALMA targets, we found that one of the ALMA targets,
192129, is detected in X-ray with Chandra (Elvis et al.
2009; Civano et al. 2012, 2016) and included in the X-
ray-selected AGN catalog of Kalfountzou et al. (2014) as
a type-2 AGN. The optical-NIR spectral energy distri-
bution (SED) of this source is not peculiar as compared
to the other galaxies (016, and as shown in the best-
fit SEDs in Appendix A) and its HS emission line is
narrow, which is likely to be consistent with the classifi-
cation by Kalfountzou et al. (2014). Although we expect
that the optical-NIR emission is dominated by emission
from the host galaxy, the physical quantities, such as
stellar mass, SFR, gas-phase metallicity, and ionization
parameter (Section 2.4 and 3.1), may be affected by the
emission from the AGN. On the other hand, the dust
continuum observed at ALMA Band-6 (A\est ~ 280 pm)
is expected to be dominated by cold dust emission from
star-forming regions (T' ~ 20-40 K). We do not exclude
this source in the following analyses but distinguish it
from the other sources on each figure.

Our ALMA Cycle 6 program with Band-6 was
conducted during December 2018 — March 2019
(2018.1.00681.S, PI: T. Suzuki). Frequencies of four
spectral windows are slightly different among the tar-
gets depending on their spectroscopic redshifts (between
221.9 GHz and 254.4 GHz). We set the frequencies of
the spectral windows so that we can cover the CO(9-8)
line (vpest = 1036.9 GHz) with one of the four spec-
tral windows. The effective bandwidth of each spectral
window is 1.875 GHz. The data were taken with the
Time Domain Mode (TDM). The total on-source time
is ~5-90 min depending on the stellar mass, SFR, and
gas-phase metallicity of the targets as summarized in
Table 1.

The brightest source at 1.3 mm, 208681, appears to
be detected with the CO(9-8) line. Given that quasar
host galaxies tend to have more extreme CO excitation
states than normal star-forming galaxies (Carilli & Wal-
ter 2013), the CO(9-8) line detection may suggest that
this source hosts an AGN. We will discuss the CO(9—
8) line of this source in a forthcoming paper (Suzuki et
al. 2020 in preparation). We note that the contribu-
tion of the CO(9-8) line to the dust continuum flux is
negligible.

We used the Common Astronomy Software Applica-
tion package (cAsA; McMullin et al. 2007) to calibrate
the raw data. We run the CLEAN algorithm with nat-
ural weighting. When there are sources detected with
> 5o level, we run CLEAN again by masking the sources.
Because the synthesized beam sizes are slightly different
among the targets, we created the uv-tapered maps for

some of the sources to conduct flux measurement under
similar beam sizes. The average beam size of 12 ALMA
maps is 1.”52 x 1.”32.

We used IMFIT to fit a 2D Gaussian to each target.
The central position is fixed at the centroid determined
in the Ks-band image from UltraVISTA!. Our detec-
tion criterion is that the peak flux obtained by IMFIT
has > 30 significance. As a result, six out of 12 galax-
ies satisfy this criterion as summarized in Table 1. We
ran IMFIT several times with different parameter set-
tings to check the robustness of the obtained fluxes. We
confirmed that the fitting results for the six detected
sources are not affected by the parameter settings. In
the following sections, we use peak fluxes measured with
IMFIT as the total fluxes of the detected sources. The
obtained peak fluxes broadly agree with the aperture
fluxes (r = 1.5 arcsec) measured at the position of the
Ks-band centroid within the uncertainties, which sug-
gests that our targets are not spatially resolved in the
ALMA maps. As for the non-detected sources, we as-
signed 3o upper limit fluxes. The measured fluxes and
limits are summarized in Table 1. The listed fluxes are
corrected for the primary beam. Because the ALMA
targets are located at the center of each ALMA map,
the primary beam correction is less than 1 % for all of
the targets.

Figure 1 shows the ALMA maps of our target galax-
ies together with the Ks-band centroids. Some of the
ALMA-detected sources, such as 406444 and 434585,
show a clear spatial offset (up to ~ 0.5 arcsec) between
the dust continuum emission and the Ks-band centroid.
Their relatively large positional offsets are probably due
to the lower signal-to-noise ratios of their dust con-
tinuum emission. Indeed, among the ALMA-detected
sources, we found a trend that the positional offset be-
tween the dust emission peak and the Ks-band centroid
becomes larger with decreasing signal-to-noise ratio of
the dust continuum emission.

2.3. Stacking analysis

We stacked the Band-6 images of the ALMA non-
detected sources to investigate their average dust con-
tinuum flux. As a result of SED fitting in Section 2.4,
one source, 434618, turns out to be only log(M../Mg) =
9.3970-53. This is probably due to using a different SED
fitting code and/or different photometric catalog with
deeper NIR and Spitzer data from the previous estimate
(016). Because the stellar mass of 434618 is 2 0.6 dex
smaller than those of the other non-detected sources, we

L https://irsa.ipac.caltech.edu/data/COSMOS /index_cutouts.
html
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Table 1. Summary of the targets of this study and ALMA Band-6 observations.

b

1D? R.A? DEC.? Zspec  EXp. time Central freq.® RMS level? S1.3mm © Reference
[deg] [deg] [min] [GHz| [mJy beam™!] [mJy]

208681 149.90551 2.353990 3.267 5 232.1 0.05 1.02 +0.05 016
214339 150.31607 2.372240 3.609 5 233.0 0.05 0.30 £ 0.05 ”
406444 150.33032 2.072270 3.304 5 232.1 0.04 0.12+0.04 ”

3 149.97513  1.69375 3.230 41 235.6 0.01 0.11 £0.01 S17
434585 149.84702 2.373020 3.363 11 230.9 0.03 0.11 £0.03 016
192129°  150.30078 2.300540 3.495 49 237.3 0.01 0.05 £ 0.01 ”
217753 149.89451 2.383700 3.254 5 232.1 0.05 < 0.15 ”
218783 149.92082 2.387060 3.297 5 232.1 0.04 < 0.11 "
212298 150.34268 2.365390 3.108 5 246.2 0.04 < 0.11 "
413391 149.78424  2.452890 3.365 11 230.9 0.03 < 0.10 "

5 149.95568 1.68044  3.241 53 235.6 0.01 < 0.04 S17
434618 149.89213 2.414710 3.285 88 233.5 0.01 < 0.03 016

NOTE— 2Object IDs and coordinates are extracted from the original papers. ®On-source observing time for Band-6 observations.
°Central frequency of the four spectral windows. “Measured in the tapered maps. ®*Measured in the tapered maps with IMFIT
and corrected for the primary beam. 3¢ upper limits are shown for the ALMA non-detected sources. fX-ray detected source

(Section 2.2).

208681 214339 406444 3 434585 192129
J- |
ALMA-detected l. L @ nm t
@ ® @ [ ] ® @
217753 218783 212298 413391 5 434618 Stack
|
ALMA non-detected g i+ . e ' i i .
L ® ® .« . @ F il

Figure 1.

ALMA Band-6 images before tapering of 12 targets (image size: 5" x 5”). A black circle shows the beam size of

each image. Black contours correspond to 40, 80, 120, and 160. A plus mark represents the centroid determined in the Ks-band
image. Some of the ALMA detected sources, such as 406444 and 434585, show a larger spatial offset between the dust continuum
emission and the Ks-band centroid than the other detected sources. This is probably due to the lower signal-to-noise ratios of
their dust continuum emission. The stacked image of the five individually ALMA non-detected sources with log(M./Mg) =
10.0-10.4 is also shown. The central position is shown with a plus mark. The stacked emission is detected at 5o.

excluded this source so that we can investigate the av-
erage dust and gas properties of star-forming galaxies
with similar stellar masses of log(M../Mg) = 10.0-10.4.

We cut out the tapered 20” x 20” ALMA images cen-
tered on the Ks-band position. Then, we stacked the
cutout images by weighting with the RMS levels in the
tapered maps (Table 1). The stacked image is shown
in Figure 1. We measured the total flux of the stacked
image with IMFIT as done in Section 2.2. The obtained
flux is 0.06 + 0.01 mJy, which satisfies our detection
criterion.

2.4. SED fitting

We conducted SED fitting including the dust contin-
uum flux or limit at 1.3 mm obtained with ALMA. We
used the SED fitting code MAGPHYS (da Cunha et al.
2008, 2015; Battisti et al. 2019), which can fit the SEDs
from the optical to radio wavelengths consistently. MAG-
PHYS combines the emission by stellar populations with
the attenuation and emission by dust in galaxies based
on the energy balance technique. We used the updated
version of MAGPHYS for galaxies at high redshifts (da
Cunha et al. 2015).
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MAGPHYS adopts stellar population synthesis models
of Bruzual & Charlot (2003) with the Chabrier (2003)
IMF. The metallicity range is set to be from 0.2 to 2
times solar. Star formation history is parameterized
as a continuous delayed exponential function i.e., the
star formation rate rises at the earlier epoch and then
declines exponentially with a certain timescale between
0.075 and 1.5 Gyr~!. The age is randomly drawn be-
tween 0.1 and 10 Gyrs. MAGPHYS also includes star
bursts of random duration and amplitude to account for
the stochasticity on star formation history. The current
SFR is determined by averaging SFH over last 100 Myr.
As for the dust attenuation, MAGPHYS uses the two-
component model of Charlot & Fall (2000). A number
of tests of the application of MAGPHYS to dust-obscured
galaxies, including simulated galaxies from EAGLE, are
discussed in Dudzeviciuteé et al. (2020).

MAGPHYS takes into account four main dust compo-
nents, namely, a polycyclic aromatic hydrocarbons, hot
dust at mid-infrared, warm dust, and cold dust in the
thermal equilibrium. The warm and cold dust compo-
nents in the thermal equilibrium emit as modified black
bodies with emissivity index § of 1.5 for the warm com-
ponents and 2 for the cold components (da Cunha et al.
2015). MAGPHYS assumes a dust mass absorption coef-
ficient at 850pm of Kaps = 0.77 g~ ! cm?.

We combined the flux densities at 1.3 mm from
ALMA with the optical-NIR, broad-band photometries
(u, B,V,7,ip, 2pp, Y, J,H, Ks, 3.6, 4.5, 5.8, and 8.0 pm)
from the COSMOS2015 catalog (Laigle et al. 2016). Be-
cause MAGPHYS does not include emission lines from
the ionized gas, we subtracted the emission line fluxes
measured with the NIR spectra from the H-band ([O11])
and Ks-band ([O111] doublet, Hf) fluxes. We took into
account the upper limits for the optical-NIR photome-
tries by giving 0 to the flux column and a 3o value to
the photometric error column according to da Cunha
et al. (2015). As for the 1.3 mm flux of the ALMA
non-detected sources, we gave a 1.50 + 1o value as done
in Dudzeviciuteé et al. (2020). Using a 1.50 £ 1o value
provides a better weighting of the sub-millimeter con-
straint in the best-fit model returned by MAGPHYS than
using a 3¢ upper limit. The derived physical param-
eters, such as stellar masses and SFRs, do not signifi-
cantly change depending on the adopted flux and error
values (Dudzeviciute et al. 2020).

We also conducted SED fitting for the stacked sample
with the obtained 1.3 mm flux in Section 2.3. When tak-
ing an average of the optical-NIR photometries, we used
the same weights as used in the ALMA image stacking
(Section 2.3).

The best-fit SEDs of the individual galaxies and the
stacked sample are shown in Appendix A. We use the
median values of the probability distribution function
(PDF) for stellar mass, SFR, and dust mass in the fol-
lowing analyses. These physical quantities are summa-
rized in Table 2. The uncertainties correspond to the
16-84th percentile values of the PDF. As for the dust
masses of the ALMA non-detected sources, we use the
97.5th percentile values of the PDF as the upper limits.

In order to evaluate whether the upper limits on the
dust masses are reasonable, we estimated dust mass up-
per limits with a different method. We calculated a
ratio between the dust mass and the luminosity density
at 997.6 GHz in the rest-frame, Mayst/Loo7.6 GHz, fOT
each detected source. We then converted the 3o upper
limits of 1.3 mm fluxes to the dust mass upper limits
with the median Mgyst/Log7.6 guy ratio. The difference
of the rest-frame frequencies among the sources is cor-
rected for assuming L, o< A™37. The estimated dust
mass upper limits are similar as the 97.5th percentile
values of the PDF from MAGPHYS.

One of the uncertainties on the dust mass is the as-
sumed dust mass absorption coefficient, Kaps. It is re-
ported that dust masses obtained with MAGPHYS are
lower by a factor of two as compared to those esti-
mated based on the Draine & Li (2007) models, which
assume the smaller dust mass absorption coefficient of
Kabs = 0.38 g=! em? (Hunt et al. 2019).

3. ANALYSIS
3.1. Gas-phase metallicity and ionization parameter

We recalculated the gas-phase metallicities with the
following four relations, which are locally calibrated in
Curti et al. (2017):

log Ry = 0.418 — 0.961x — 3.50522 — 1.9492°,  (
log R (
log O30 = —0.691 — 2.9442 — 1.308z2, (3
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where Ry = [Ouj/HB, R; = [Om]A5007/HS,
O32 = [O11]A5007/[011], Rosz = ([O111]AN4959,5007 +
[On])/HB, and z is 12 + log(O/H) normalized to the
solar value. The emission line fluxes of the sources are
available in O16 and S17.

We also estimated the ionization parameter, log(gq),
for the galaxies observed with ALMA as done in O16.
The ionization parameter is described as the ratio of the
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Table 2. Summary of the physical quantities of the star-forming galaxies at z ~ 3.3 and the stacked sample.

1D log(M../Mg)* log(SFR)* 124 log(O/H)P log(q) dGDR log(Maust /M@)®¢  log(Mgas/M@)
Mg yr'] [cm s™']

208681  10.82+9-00 2.1015:98 8.5910-04 7.6440.03 126713 8.8915-41 11.2975:33
214339 10.48%50r 176 +0.13 8.3015:9% 7.8210:05 064134 8.2210-17 10.94+9-19
406444 10.87+9:08 2.31759% 8.3910:08 7771008 211449 7.64%01% 10.2615:12

3 10.43+5:0¢ 1737013 8.4015-0 7.6940.06 205728 7710 10.32+9-1¢
434585  10.13+9:9 1731041 8.47+519 7.6940.25 172746 7.6715-29 10.21+5:23
192129  10.457312 1.3570:99 8.41+5:07 7.8310:03 199133 7.4015:18 10.00%9:59
217753 10.3919:9° 1671013 8.5770 54 7.55+0.06 131112 < 8.00 < 10.42
218783  10.12759% 1.7075-18 8.4210:56 7.674+0.03 197132 < 7.84 <10.43
212298  10.38%5:14 1.7415:38 8.3970 0% 7767053 213755 < 7.84 <10.47
413391 10.0879%9  1.88+0.00 8.3370% 7697055 246747 < 7.73 < 10.42

5 10.147309  1.37+0.15  837+0.05  7.59+0.07 22073 <7.33 < 9.97
434618  9.391012 1.18%5:09 8.2670 58 7787053 284723 < 7.28 < 10.04
stack!  10.18705% 1.527513 8.38+0.05  7.62+0.06 216427 7.331017 9.9701%

NOTE— *Median value of the PDF obtained from MAGPHYS. Error bars correspond to the 16th—68th percentiles. PEstimated
using an empirical calibration method by Curti et al. (2017). “The 97.5th percentile values from MAGPHYS are given as the
upper limits. Stacking result for the five ALMA non-detected sources with log(M./Mg) = 10.0-10.4 (Section 2.3).

number of the ionizing photons and the hydrogen atoms
to be ionized. The definition of ¢ is as follows:

Qo

= 5
1= TR (5)

where Qpo is the flux of the ionizing photons produced
by the existing stars above the Lyman limit, R, is the
Stromgren radius, and ny is the local density of hydro-
gen atoms (Kewley & Dopita 2002).

We use the following relation by Kobulnicky & Kew-
ley (2004) to estimate the ionization parameter from
the [O111]AN4959,5007/[O11] ratio (Osz) and gas-phase
metallicity;

log(q) = { 32.81 — 1.153y% + [12 + log(O/H)]
x (—3.396 — 0.025y + 0.1444y%)}
x {4.63 — 0.3119y — 0.163y> + [12 + log(O/H)]
x (—0.48 + 0.0271y + 0.02037y2)} (6)

where y = log Oss.

3.2. M, — SFR and M, — gas-phase metallicity
diagram

Figure 2 shows the star-forming main sequence and
the mass—metallicity relation for the star-forming galax-
ies at z ~ 3.3. In the left panel, we also show star-
forming galaxies and SMGs at z = 3—4 from the lit-
erature, which are introduced in Section 3.4. In the

right panel, we show stacking results at z ~ 3.3 from
the MOSDEF survey (Sanders et al. 2020). We use the
line ratios given in Sanders et al. (2020) and the same
metallicity calibration method as shown in Section 3.1.
Our targets distribute around the star-forming main se-
quence and the mass-metallicity relation, and thus, are
not biased in terms of the star-forming activity and gas-
phase metallicity. The stacked sample is also close to the
star-forming main sequence and the mass—metallicity re-
lation, indicating that the stacked sample has a typical
SFR and gas-phase metallicity for its stellar mass.

3.3. Gas mass

We converted the dust masses from MAGPHYS to gas
masses with the relation between the gas-phase metal-
licity and gas-to-dust mass ratio. We use the relation
shown in Magdis et al. (2012) as follows:

10g(8gar) = (10.5421.0)— (0.9940.12) x (12+1og(O /H)),
(7)
which is based on the relation of Leroy et al. (2011) and
uses the metallicity estimated with the [N11]/He ratio
of Pettini & Pagel (2004). Note that the dust mass
estimation in Leroy et al. (2011) and Magdis et al. (2012)
is based on the Draine & Li (2007) models. The scatter
of this relation is 0.15 dex (Magdis et al. 2012).
We need to convert the gas-phase metallicity in Ta-
ble 2 to that based on the Pettini & Pagel (2004) cal-
ibration. We estimated [N11]/Ha ratios using the rela-
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Figure 2. (Left) Stellar mass—SFR relation for the star-forming galaxies at z = 3-4 observed with ALMA together with star-
forming galaxies and SMGs at z = 3-4 from the literature (Section 3.4). The solid line shows the star-forming main sequence
at z = 3.3 from Speagle et al. (2014). The dashed lines represent +0.3 dex from the main sequence. (Right) Stellar mass versus
gas-phase metallicity diagram. We show the stacking results from the MOSDEF survey (Sanders et al. 2020) for comparison.
The thick solid line shows the mass—metallicity relation at z = 0 from Curti et al. (2020). The black solid line shows the best-
fitted relation for our parent sample at z ~ 3.3, and the dashed lines represent its scatter of 0.11 dex. The galaxies observed
with ALMA distribute around the star-forming main sequence and the mass—metallicity relation. They are not biased in terms

of the star-forming activity and gas-phase metallicity.

tion between 12+1og(O/H) and [N11]/Ha of Curti et al.
(2017), and then, converted the estimated [N11]/Ha ra-
tios to the gas-phase metallicities using the Pettini &
Pagel (2004) calibration. The empirical relation between
12 + log(O/H) and [Nu]/Ha has a scatter of 0.1 dex
along the metallicity direction (Curti et al. 2017). This
scatter causes ~ 0.19 dex uncertainty on average on the
estimated [N11]/Ha ratios for our sample. Given that
the Pettini & Pagel (2004) calibration has a scatter of
0.18 dex, the converted gas-phase metallicities have a
typical uncertainty of 0.26 dex.
Then, we estimated gas masses as follows:

Mgas = Mdust X 5gdr7 (8)

where Mg,s includes both molecular and atomic hydro-
gen. We multiply our dust masses by a factor of two
when converting them to gas masses with Eq. (8) to
correct for the systematic difference of the dust mass
estimation between MAGPHYS and Draine & Li (2007)
models (Section 2.4). The estimated gas masses and
limits of the individual sources and the stacked sample
are summarized in Table 2.

Given ~ 0.30 dex uncertainty coming from the as-
sumed Kaps (Hunt et al. 2019), ~ 0.26 dex uncertainty
on the converted gas-phase metallicities, and ~ 0.15 dex
scatter of the relation between the gas-phase metallicity
and gas-to-dust mass ratio (Magdis et al. 2012), the sys-
tematic uncertainty of our gas mass estimate is roughly
0.42 dex.

3.4. Comparison sample from the literature

We next introduce samples from the literature to
which we compare our data in Section 4. Since different
works use different approaches to estimate dust and/or
gas masses, these comparisons must be interpreted with
care. Please refer to the papers cited below for more
details about the samples selection, observations, and
methods used to estimate dust and/or gas masses.

e Magdis et al. (2017) investigated the dust and gas
masses of two massive Lyman Break Galaxies (LBGs)
at z ~ 3. The dust masses are estimated with the
Draine & Li (2007) models. They used several inde-
pendent methods to estimate the gas masses, namely,
CO(3-2) line, dust mass from the IR SED, and the
empirical relation of Groves et al. (2015).

e Wiklind et al. (2019) targeted star-forming galaxies
at z ~ 3. They used the empirical relation of Scoville
et al. (2016) to estimate molecular gas masses. We
show 11 galaxies with the individual molecular gas
estimates.

o ASPECS: We extract two galaxies at z ~ 3.6 from the
ASPECS 1.2 mm continuum source catalog (Aravena
et al. 2020). The dust masses are estimated from
SED fitting with MAGPHYS. We use the gas masses
estimated with the dust mass and the fixed gas-to-
dust mass ratio of 200 in their catalog.

e Cassata et al. (2020) observed CO emission lines for
massive LBGs at z ~ 3-4. They used the CO(5-4)

emission lines to estimate molecular gas masses.
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e AS2UDS is an ALMA survey targeting 700 SMGs
(Dudzeviciuté et al. 2020). Here we show the
AS2UDS galaxies at z = 3—4. Dudzeviciute et al.
(2020) estimated the dust masses of the AS2UDS
galaxies from the SED fitting with MAGPHYS. They
converted the dust mass to the gas mass assuming the
fixed gas-to-dust mass ratio of 100.

e Tan et al. (2014) investigated the dust masses of three
SMGs at z = 4.05 with the multi-band photometry
in the IR regime. They used the Draine & Li (2007)
dust models to estimate the dust masses.

We also introduce the following galaxy samples at
lower redshifts, which have individual measurements of
gas mass and gas-phase metallicity.

e Saintonge et al. (2013) investigated the dust and
molecular gas masses of 17 gravitationally lensed star-
forming galaxies at z ~ 1.4-3. They used the Draine
& Li (2007) models to estimate dust masses. Molecu-
lar gas masses are estimated from the CO(3-2) lines.
We show four galaxies at z ~ 2-3 in Section 4.1 and
4.4.

e Seko et al. (2016a) investigated the dust and molec-
ular gas masses of star-forming galaxies at z ~ 1.4.
They converted the dust continuum flux to a dust
mass assuming modified black body with fixed Tqust =
30 K and 8 = 1.5. They used the CO(5-4) line to es-
timate the molecular gas masses.

e xCOLD-GASS is a CO(1-0) line survey for local SDSS
galaxies. We use the public catalog in Saintonge et al.
(2017) and combine it with the catalog of the xGASS
project (Catinella et al. 2018) to estimate the total
gas masses. The stellar masses of the xCOLD-GASS
galaxies are in the range of log(M./Mg) = 9.1-11.2.

e ALLSMOG is a CO(2-1) line survey for local SDSS
galaxies (Bothwell et al. 2014).  Most of the
ALLSMOG galaxies have the measurements of the
atomic hydrogen gas by different studies (please
see Cicone et al. (2017) for more details). The
stellar mass range of the ALLSMOG galaxies is
log(M../Mg) = 9.3-10.0.

4. RESULTS AND DISCUSSION
4.1. Dust mass and its metallicity dependence

The dust masses of the star-forming galaxies at
z ~ 3.3 are estimated to be log(Mgust/Mg) ~ 7.4-
8.9 (Table 2). The dust mass of the stacked sample
is log(Maust/Me) = 7.33701Z. The left panel of Fig-
ure 3 shows the comparison of dust masses between the
star-forming galaxies at z ~ 3.3 and the galaxies at z ~
1.4-4 in the literature (Section 3.4). As mentioned in

Section 3.4, Tan et al. (2014), Magdis et al. (2017), and
Saintonge et al. (2013) estimated dust masses with the
Draine & Li (2007) models. To correct for the systematic
difference of the dust mass estimate between MAGPHYS
and Draine & Li (2007) models, the dust masses of the
galaxies in these studies are divided by a factor of two
in the left panel of Figure 3.

The right panel of Figure 3 shows the relation between
the gas-phase metallicity and dust-to-stellar mass ratio
for the star-forming galaxies at z ~ 3.3. Given that
dust is produced from metals, we would expect galaxies
with higher metallicities to have larger dust masses at
a given stellar mass. We find no statistically significant
trend between the dust-to-stellar mass ratio and gas-
phase metallicity among our sample.

The brightest source at 1.3 mm among our sample,
208681 (Table 1 and Figure 3), has a dust mass of
log(Maust/Mg) = 8.897008, which is comparable to
those of SMGs at z ~ 3-4 (Tan et al. 2014; Dudzeviciute
et al. 2020). This source can be classified as a SMG
in terms of its dust content. The other five galaxies
and the stacked sample have ~ 1 dex lower dust masses
than the SMGs at z ~ 34 with similar stellar masses.
This brightest source, 208681, is also the most metal-
rich galaxy with 12 + log(O/H) = 8.5970 52 among our
sample and appears to distribute apart from the other
galaxies in the right panel of Figure 3. This may sug-
gest that SMGs have a different relation between the
gas-phase metallicity and dust-to-stellar mass ratio from
UV /optical-selected star-forming galaxies.

The star-forming galaxies at z ~ 3—4 except for the
SMGs show a positive correlation between the stellar
mass and dust mass. The dust-to-stellar mass ratio
takes value roughly between 1 x 1073 and 5 x 1073
(median value is 2 x 1072) in the stellar mass range
of log(M,./Mg) ~ 10.1-11.4.

When comparing with star-forming galaxies at z ~ 1.4
(Seko et al. 2016a) and z ~ 2-3 (Saintonge et al.
2013), star-forming galaxies at lower redshifts have sim-
ilar dust-to-stellar mass ratios (1 x 1073 — 5 x 1073)
as our galaxies at z ~ 3.3 with similar stellar masses.
Although a fair comparison is difficult due to different
sample selection among the three studies, the evolution
of the dust-to-stellar mass ratios seems to be mild since
z ~ 1.4 to 3.3 as shown in Béthermin et al. (2015).

4.2. Gas properties of star-forming galazies at z=3-/

Figure 4 shows the gas mass fraction, fgas
Mgas/(Mgas + M,), and gas depletion timescale, tqep =
Mgas/SFR, as a function of stellar mass for the star-
forming galaxies at z ~ 3.3. Our estimated gas mass
fractions are 0.20-0.75 and the gas depletion timescales
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Figure 3. (Left) Relation between stellar mass and dust mass for the star-forming galaxies at z ~ 3.3 together with galaxies
at z ~ 1.4—4 from the literature. The dashed lines correspond to constant dust-to-stellar mass ratios of Maust/M. = 1 X 1073
and 3 x 1073, We show the galaxy samples of Tan et al. (2014), Magdis et al. (2017), and Saintonge et al. (2013) after dividing
their dust masses by a factor of two to correct for the difference of the assumed Kans. The star-forming galaxies at z ~ 3.3
have similar dust-to-stellar mass ratios as more massive star-forming galaxies from Magdis et al. (2017) and ASPECS (Aravena
et al. 2020). (Right) Relation between the gas-phase metallicity and dust-to-stellar mass ratio for the star-forming galaxies at
z ~ 3.3. We find no clear correlation between the gas-phase metallicity and dust-to-stellar mass ratio among our sample.

are 0.09-1.55 Gyr. The typical uncertainties of fgas
and tgep are £0.09 and £0.22 dex, respectively. Given
that the gas masses have the systematic uncertainty of
~ 0.42 dex (Section 3.3), fgas and t4cp have an additional
error of ~ 0.19 and 0.42 dex (lo), respectively. As for
the stacked sample, the gas mass fraction and gas deple-
tion timescale are estimated to be fgas = 0.3870 59 and
taep = 0.28701% Gyr, respectively.

We show star-forming galaxies and SMGs at z ~ 3—
4 from the literature (Section 3.4) in Figure 4. The
solid line in each panel represents the scaling relation for
galaxies on the star-forming main sequence at z ~ 3.3
from Tacconi et al. (2018). The dashed lines correspond
to the case when galaxies are at +0.3 dex from the star-
forming main sequence. Our sample including the stack-
ing result reaches down to fgas ~ 0.2-0.3, which is lower
by a factor of 2 2 than the scaling relation. We also
find a scatter of 2 1 dex for the gas depletion timescale
at a fixed stellar mass. Such a large scatter of the gas
properties is also seen in the samples of Wiklind et al.
(2019) and Dudzeviciuteé et al. (2020).

It has been reported that the gas mass fraction and
depletion timescale of the main sequence galaxies grad-
ually change depending on the deviation from the star-
forming main sequence (Ays; e.g., Saintonge et al. 2012;
Sargent et al. 2014; Tacconi et al. 2018). We checked
how the offset of the gas mass fraction or depletion
timescale from the scaling relation for galaxies on the
main sequence changes depending on Apg. We find a
trend consistent with Tacconi et al. (2018) when com-
bining our sample with the samples of the literature

(Magdis et al. 2017; Wiklind et al. 2019; Cassata et al.
2020; Aravena et al. 2020). However, at a fixed Ays,
our sample shows a large scatter of the gas mass fraction
and depletion timescale. The observed scatter of the
gas mass fraction and depletion timescale in our sam-
ple cannot be explained by Ayg alone. These results
suggest that the fundamental gas properties of galaxies
have a large diversity even when they have similar stel-
lar masses and SFRs (Elbaz et al. 2018). Given that the
scaling relations are possibly biased toward dusty and
gas-rich galaxies especially at higher redshifts, the scal-
ing relations may not be representative of the majority
of the galaxy populations at z ~ 3—4.

Given that we use the metallicities to derive the gas
properties, the observed trends as a function of stellar
mass in Figure 4 may be partly caused by the mass—
metallicity relation. However, the distribution of our
sample in Figure 4 does not change significantly when
assuming a constant gas-to-dust mass ratio. This means
that our results are not affected by the fact that we use
the gas-phase metallicities to derive the gas properties.

4.3. Gas mass fraction versus physical conditions of
the ionized gas

We investigate the relation between the gas mass frac-
tion and the physical conditions of the ionized gas,
namely, gas-phase metallicity and ionization parameter
(Section 3.1), for our galaxy sample at z ~ 3.3. Fig-
ure 5 shows the comparison between the gas mass frac-
tion and gas-phase metallicity. We note that the gas
mass fraction and gas-phase metallicity (and also ion-
ization parameter) are not independent as mentioned in
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Figure 4. Stellar mass versus gas mass fraction (left) and gas depletion timescale (right) diagram for star-forming galaxies at
z ~ 3-4. We show our sample at z ~ 3.3 together with galaxies at z ~ 3-4 from the literature (Magdis et al. 2017; Wiklind
et al. 2019; Aravena et al. 2020; Cassata et al. 2020; Dudzeviciuteé et al. 2020). The solid line in each panel represents the scaling
relation for star-forming galaxies on the main sequence at z ~ 3.3 from Tacconi et al. (2018). The dashed lines correspond
to the cases that galaxies are 0.3 dex above/below the main sequence. The vertical line in the top right corner on each panel
represents an additional +1o error for our sample coming from the systematic uncertainty on Mgas (Section 3.3). Contrary to
the tight distribution of the galaxies at z ~ 3.3 around the main sequence, the derived gas mass fractions and gas depletion
timescales show a large scatter at a fixed stellar mass. Gas properties of star-forming galaxies may have a larger intrinsic scatter

than expected from the scaling relation.
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Figure 5. Gas mass fraction versus gas-phase metallicity
for our galaxy sample at z ~ 3.3. The horizontal bar in the
bottom right corner shows an additional +10 error on the
gas mass fraction coming from the systematic uncertainty
on Mgas. The dashed lines show how the two quantities de-
pend on each other when fixing the dust-to-stellar mass ratio
at 1 x 107% and 3 x 1072, We find no statistically signifi-
cant correlation between the gas mass fraction and gas-phase
metallicity among our sample.

the previous section. In Figure 5, we show how the two
quantities depend on each other when fixing the dust-
to-stellar mass ratio with dashed lines.

Given that the abundance of oxygen with respect
to hydrogen changes depending on the amount of the
hydrogen gas in galaxies, the gas-phase metallicity,
12+1log(O/H), would be expected to decrease as the gas
mass fraction increases (e.g., Bothwell et al. 2013a; Za-
hid et al. 2014; Bothwell et al. 2016a; Seko et al. 2016a).
However, we find no statistically significant correlation
between the gas mass fraction and gas-phase metallicity
for the star-forming galaxies at z ~ 3.3, which is the
same as the result obtained from the comparison be-
tween the gas-phase metallicity and dust-to-stellar mass
ratio (Figure 3).

We find no clear correlation between the gas mass
fraction and ionization parameter as well. According to
Kashino & Inoue (2019), the gas mass fraction and ion-
ization parameter are related indirectly via three param-
eters, namely, specific SFR (sSFR), gas-phase metallic-
ity, and electron density. When the gas-phase metallic-
ity increases or sSFR decreases, both the gas mass frac-
tion and ionization parameter decreases. When the elec-
tron density increases, the gas mass fraction increases
but the ionization parameter decreases (Kashino & In-
oue 2019). Because the gas mass fraction and ionization
parameter depend on the three parameters in a differ-
ent way, how the gas mass fraction correlates with the
ionization parameter is not straightforward. We would
need to fix some of the parameters to investigate the
trend between the two quantities.
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A lack of a clear correlation between gas mass fractions
and the physical conditions of the ionized gas may re-
flect stochastic star-formation histories for star-forming
galaxies at high redshifts. Star formation in galaxies at
higher redshifts are suggested to be burstier than local
galaxies (Guo et al. 2016; Faucher-Giguere 2018; Tac-
chella et al. 2020). When the star-forming activity in
galaxies changes on a short timescale, it becomes more
difficult to identify a global trend between the physical
quantities.

Note that our sample size may be too small to find any
correlation. We need a larger sample of galaxies covering
a wider range of stellar mass to confirm whether the gas
mass fraction correlates with gas-phase metallicity and
ionization parameter.

4.4. Comparison of galazies at z = 0-5.3 on the fyas
versus 12+log(O/H) diagram

Figure 6 shows the star-forming galaxies from z =
0 to 3.3 (Section 3.4) on the gas mass fraction versus
metallicity diagram.

In the literature (Saintonge et al. 2013; Seko et al.
2016a; Saintonge et al. 2017; Cicone et al. 2017), the
gas-phase metallicities are estimated with the [N11]/Hao
ratios. In order to compare with the gas-phase metallic-
ities of our sample, which are estimated based on [O111],
Hp, and [O11] lines (Curti et al. 2017), we convert the
given [N11]/Ha ratios in the previous studies to the gas-
phase metallicities using the empirical relation between
12 +log(O/H) and [N11]/Ha of Curti et al. (2017).

The gas mass fraction of the galaxies at z ~ 0 and
3.3 is the total (molecular+atomic) gas mass fraction
to compare with a gas regulator model, in which the
atomic and molecular hydrogen are indistinguishable,
in the following sections. The gas mass fraction of the
galaxies in Seko et al. (2016a) and Saintonge et al. (2013)
is the molecular gas mass fraction. We expect that the
comparison in Figure 6 is not significantly affected by
the fact that we do not include the atomic gas for the
two samples. The fraction of the molecular gas is sug-
gested to increase with increasing redshifts because of
the higher surface density of galaxies at higher redshifts
(e.g., Popping et al. 2015). Popping et al. (2015) suggest
the fraction of the molecular gas in the total gas is ~
0.6-0.8 at z ~ 1.5-3.0 based on their simulations.

Focusing on the local galaxies in Figure 6, the gas-
phase metallicity gradually decreases with increasing gas
mass fraction as shown in Bothwell et al. (2013a) and
Hunt et al. (2015). Such a gradual decrease of the gas-
phase metallicity with increasing gas mass fraction indi-
cates that we need to cover a wide range of gas mass frac-

tion to identify the correlation between the two quanti-
ties.

Whereas the star-forming galaxies at z ~ 1.4 from
Seko et al. (2016a) appear to be located at the gas-rich
end of the distribution of the local star-forming galax-
ies, the galaxies at z 2 2 from this study and Saintonge
et al. (2013) show an offset toward the lower gas-phase
metallicities (~ 0.2 dex) with respect to the distribu-
tion of the local galaxies. This result suggests that star-
forming galaxies at z 2 2 are less chemically enriched
than those at z = 0 and even at z ~ 1.4 with similar gas
mass fractions.

The molecular gas mass is estimated with the CO lines
in the literature (Section 3.4). Although the systematic
difference caused by using different methods to estimate
gas mass could change the relative distribution of the
galaxies in the horizontal direction, it cannot explain
the offset of the galaxies at z ~ 3.3 toward the low gas-
phase metallicity with respect to the local galaxies. As
for the gas-phase metallicity, Curti et al. (2017) showed
that the offset of gas-phase metallicities calibrated with
different line ratios is 0.04 dex on average. The sys-
tematic uncertainty caused by using different line ratios
to calibrate the metallicity is also unlikely to affect our
results.

We have a caveat on our gas-phase metallicity mea-
surement for the ALMA-detected, dusty star-forming
galaxies in our sample. Herrera-Camus et al. (2018) re-
ported that gas-phase metallicities calibrated with rest-
frame optical emission lines tend to be lower than those
calibrated with FIR fine-structure lines up to by a factor
of two for local (U)LIRGs. The FIR lines are likely to
trace the ionized gas in the dense and dusty star-forming
regions, which are no longer traced by the optical emis-
sion lines, and such dense and dusty star-forming regions
would be more metal enriched (e.g., Santini et al. 2010).
When this is also the case for our ALMA-detected galax-
ies at z ~ 3.3, the offset toward the low metallicity with
respect to the local galaxies in Figure 6 could be ex-
plained by the underestimated gas-phase metallicities
for our sample. However, when comparing the dust
extinction values, Ay, between our sample and local
(U)LIRGs in Rupke et al. (2008), the median Ay of our
ALMA-detected galaxies (~ 0.6 mag) is much smaller
than that of local (U)LIRGs (~ 3.6 mag). This im-
plies that the ALMA-detected galaxies in our sample are
not as dusty as the local (U)LIRGs, and thus, that the
metallicities calibrated with the optical emission lines
can be regarded as representative values for our sample
at z ~ 3.3.

4.4.1. Comparison with a gas regulator model
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Figure 6. Relation between gas mass fraction and gas-phase metallicity for star-forming galaxies from z = 0 to z ~ 3.3. The
horizontal bar in the left bottom corner represents an additional +1¢ error on the gas mass fraction coming from the systematic
uncertainty on Mg,s for our sample. Only the molecular gas components are considered for the galaxies in Seko et al. (2016a)
and Saintonge et al. (2013). The star-forming galaxies at z 2 2 show an offset toward the lower gas-phase metallicity from the
distribution of the local galaxies. The black lines show the model tracks from the gas regulator model of Peng & Maiolino (2014)
assuming different mass-loading factors between A = 0.5 and 2.5. The distribution of the star-forming galaxies at z ~ 3.3 on this
diagram can be broadly explained with the model tracks with A ~ 2-2.5, suggesting the redshift evolution of the mass-loading

factor for star-forming galaxies.

“Equilibrium”, “bathtub” or “gas regulator” models
are used to track the evolution of the fundamental phys-
ical quantities of galaxies, such as gas mass, SFR, and
metallicity, by considering gas inflows, outflows, star for-
mation, and metal production in galaxies (e.g., Finlator
& Davé 2008; Bouché et al. 2010; Davé et al. 2012; Dayal
et al. 2013; Lilly et al. 2013; Peng & Maiolino 2014; Tac-
chella et al. 2020). We compare the observational data
at z = 0-3.3 with a gas regulator model by Peng &
Maiolino (2014).

Peng & Maiolino (2014) derived the analytic formula
to track the evolution of the physical quantities, such as
gas mass, SFR, metallicity, and stellar mass. The input
parameters of this model are gas inflow rate (®), star for-
mation efficiency (¢ = SFR/Mg,s), mass-loading factor
(A = outflow rate/SFR), and return mass fraction (R).
The gas accretion to the galaxy is assumed to scale with
the growth rate of the dark matter halo. The dark mat-
ter halo growth rate is derived from the cosmological hy-
drodynamic simulations (Faucher-Giguere et al. 2011).
The outflow rate is assumed to be proportional to SFR.
The return mass fraction takes on values ~ 0.2 to ~ 0.5
depending on the IMF. This model assumes that these
input parameters are constant with time or change with
longer timescales than the equilibrium timescale. The
equilibrium timescale is the timescale to reach the equi-
librium state, where gas acquisition by inflows balance

with gas consumption by star formation and outflows.
The equilibrium timescale is expressed as follows:

1
T A Rt )

The time evolution of the gas mass fraction and gas-
phase metallicity is described as follows:

)
_ Teq)

. R S
Zgas() = [Zo + yreqs(l — e Ta)][L — ¢ realie 7],
(11)
where Zj is the metallicity of the infalling gas, and y is
the average yield per stellar generation.

In Figure 6, we show the model tracks obtained from
the gas regulator model of Peng & Maiolino (2014). We
assume R = 0.4 (for the Chabrier IMF; Madau & Dick-
inson 2014) and y = 1.5Z¢ (e.g., Yabe et al. 2015). The
gas depletion timescale (1/¢) is set to be tgep = 0.8 Gyr.
Note that the normalization of model tracks in Figure 6
does not depend on the absolute value of t4.,. We as-
sume five different mass-loading factors between A = 0.5
and 2.5 (Figure 6).

We find that the distribution of the star-forming
galaxies at z ~ 3.3 and those from Saintonge et al.

Fauslt) = !

(10)
1+e(1—-R) (t

3
l—e T7eq
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(2013) can be broadly explained by the model tracks
with the high mass-loading factor of A ~ 2.0-2.5 rather
than the lower values such as A ~ 0.5 or 1. We need
stronger outflow with larger A to achieve the lower gas-
phase metallicity for star-forming galaxies at z 2 2 than
the local ones with similar gas mass fractions. This re-
sult may suggest a redshift evolution of the mass-loading
factor A\ from z = 0 to 3.3, as we discuss below.

Yabe et al. (2015) showed the increasing outflow rate
normalized by SFR with increasing redshifts up to z ~ 2
by comparing the observational data (stellar mass, gas
mass fraction, and gas-phase metallicity) with a simple
chemical evolution model (see also Troncoso et al. 2014).
Some theoretical studies based on analytic models or nu-
merical simulations showed the redshift evolution of the
mass-loading factor (e.g., Barai et al. 2015; Mitra et al.
2015; Muratov et al. 2015; Hayward & Hopkins 2017).
Observationally, Sugahara et al. (2017) showed a trend
that the star-forming galaxies at higher redshift (up to
z = 2) have larger mass-loading factor at a fixed circular
velocity. Our results obtained from the comparison be-
tween the observational data and the model tracks sup-
port the idea that star-forming galaxies at higher red-
shifts have larger mass-loading factors, and thus, more
massive outflow.

4.4.2. Equilibrium timescale

We estimate the equilibrium timescales (Eq. (9)) for
the star-forming galaxies at z ~ 3.3 with the gas de-
pletion timescale obtained from the observation and the
mass-loading factor inferred from the comparison with
the model tracks in Figure 6. The equilibrium timescales
of the ALMA-detected sources are estimated to be 0.03—
2.21 Gyr (average value: 0.52 Gyr) assuming R = 0.4
for the Chabrier IMF (Madau & Dickinson 2014).

According to Peng & Maiolino (2014), when the equi-
librium timescale is much shorter than the Hubble time,
galaxies are expected to be in the equilibrium state,
where gas acquisition by inflows and gas consumption
by star formation and outflows are balanced. On the
other hand, when the equilibrium timescale is compara-
ble to the Hubble time, galaxies are considered to have
much larger gas reservoir and to be out of equilibrium.

The average equilibrium timescale of the detected
sources is roughly one order of magnitude shorter than
the Hubble time at z = 3.3 (2.82 Gyr). However, not all
of the galaxies necessarily start forming stars at the be-
ginning of the Universe. Given that the age of galaxies
must be smaller than the Hubble time, the equilibrium
timescale should probably be compared with the age of
the galaxies rather than the Hubble time.

We here use the ratio of M, /SFR, which can be re-
garded as the minimum age of a galaxy. The star-
forming galaxies at z ~ 3.3 have M,/SFR = 0.25—
1.25 Gyr (average: 0.57 Gyr), which is closer to the equi-
librium timescales than the Hubble time. Especially,
the galaxies with relatively larger gas mass fractions,
feas ~ 0.6-0.8, in our sample tend to have the equilib-
rium timescales comparable to the minimum ages. This
result may suggest that normal star-forming galaxies at
z ~ 3 with relatively large gas mass fractions have not
yet reached the equilibrium state as suggested in Man-
nucci et al. (2010).

In the future, it will be of interest to study how our
results are affected by relaxing the assumptions about
galaxies being in equilibrium and by considering bursty
star formation histories (Tacchella et al. 2020). Direct
measurements of gas outflow and inflow rates would be
also important to further investigate whether the star-
forming galaxies at z ~ 3.3 are out of equilibrium. The
spatially resolved emission line maps for the individual
galaxies will enable us to search for outflow signatures
and estimate the mass outflow rates (e.g., Genzel et al.
2011; Davies et al. 2019). Furthermore, a simulation
study suggests a correlation between metallicity gradi-
ents and gas accretion rates (Collacchioni et al. 2020).
We would be able to investigate the gas inflow rates
by obtaining metallicity gradients from the spatially re-
solved emission line maps.

5. SUMMARY

We conducted ALMA Band-6 observations of star-
forming galaxies at z ~ 3.3, which have measurements
of their metallicities based on the rest-frame optical
spectroscopy. Thus we can directly compare the metal-
licities with the dust and inferred gas properties from
our ALMA observations for star-forming galaxies at
z ~ 3.3. We detected the dust continuum emission in-
dividually from six out of 12 galaxies. We stacked the
ALMA maps of the five ALMA non-detected sources
with log(M./Mg) = 10.0-10.4 and obtained a ~ 50 de-
tection of this sample.

We estimated dust masses from SED fitting with MAG-
PHYS including the 1.3 mm fluxes from ALMA. We con-
verted the dust mass to the gas mass with a relation
between the gas-phase metallicity and gas-to-dust mass
ratio. With the estimates of dust mass, gas mass, and
the physical conditions of the ionized gas, we conclude
the following:

e The median value of the dust-to-stellar mass ratios
is Maust /My ~ 3.042.0x 1073, The dust-to-stellar
mass ratio of the stacked sample is ~ 1.4 £+ 0.5 x
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1073. We find no clear trend between the dust-to-
stellar mass ratio and gas-phase metallicity.

e The estimated gas mass fractions and gas de-
pletion timescales are fgas 0.20-0.75 and
taep = 0.09-1.55 Gyr, respectively. The stacked
sample shows fes = 0.387000 and tgep =
0.28701% Gyr. The gas mass fractions and gas de-
pletion timescales of the galaxies at z ~ 3.3 show
a wider spread at a fixed stellar mass as compared
to the scaling relations of galaxies on the main se-
quence at z ~ 3.3. Given that most of our galax-
ies at z ~ 3.3 distribute around the star-forming
main sequence with +0.3 dex, the large scatter of
the gas mass fraction and depletion timescale may
suggest a significant diversity of these fundamental
properties within the so-called main sequence.

e We find no clear correlation between the gas mass
fraction and the physical conditions of the ionized
gas, namely, gas-phase metallicity and ionization
parameter, at z ~ 3.3. We may require a large
sample of galaxies covering a wider range of the
physical quantities to confirm whether gas mass
fractions correlate with the ionized gas conditions
or not.

e Comparing star-forming galaxies at different red-
shifts on the gas mass fraction versus metallicity
diagram, we find that the star-forming galaxies at
z 2 2 show an offset toward lower metallicities as
compared to the distribution of local star-forming
galaxies, in the sense that star-forming galaxies at
z 2 2 appear to be more metal-poor than the local
galaxies with similar gas mass fractions.

e We find that the distribution of star-forming
galaxies at z ~ 3.3 on the gas mass fraction versus
gas-phase metallicity diagram can be broadly ex-
plained by models assuming higher mass-loading
factors in outflows of A ~ 2.0-2.5 from the gas
regulator model of Peng & Maiolino (2014). This
result supports the idea that star-forming galax-
ies at higher redshfits have powerful outflows with
higher mass-loading factors.

e Comparing the equilibrium timescales (Peng &
Maiolino 2014) and the minimum ages of the
galaxies (M,/SFR), we find that the equilib-
rium timescale of the relatively gas-rich galaxies
(fgas ~ 0.7) is comparable to their minimum ages,
suggesting that they may be out of equilibrium.

It remains unclear whether star-forming galaxies at
high redshifts follow the same relation between gas-

phase metallicity and gas-to-dust mass ratio as local
galaxies (Saintonge et al. 2013; Seko et al. 2016a, but
see also Magdis et al. 2012; Shapley et al. 2020). Obser-
vations of independent gas tracers, such as CO or [CI]
emission lines, will be required to investigate the rela-
tion between the gas-phase metallicity and gas-to-dust
mass ratio at z > 3.

Another caveat is whether the metallicities derived
from the rest-frame optical emission lines are applicable
to dusty star-forming galaxies at high redshifts. Metal-
licity measurements with FIR fine structure lines are
required to investigate this further.

High-resolution integral-field-unit (IFU) observation
with the James Webb Space Telescope (JWST) will en-
able us to investigate the metallicity gradients within
the individual galaxies and to search for the outflow sig-
natures within them. The spatially resolved emission
line maps would be useful to investigate the effects of
gas inflows and outflows more directly.
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APPENDIX

A. MAGPHYS BEST-FIT SEDS

Figure 7 shows the best-fit SEDs from MAGPHYS for 12 galaxies observed with ALMA. We also show the best-fit SED
for the stacked sample including the five ALMA non-detected sources with log(M,/Mg) = 10.0-10.4 (Section 2.3).
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Figure 7. Best-fit SEDs (sold line) obtained with MAGPHYS. Data points are from the COSMOS2015 catalog Laigle et al.
(2016) and the ALMA Band-6 observation in this study. Arrows show 3o upper limits. When fitting the ALMA non-detected
sources, the 1.3 mm flux and its uncertainty are set to 1.50 £ 1o (Dudzeviciateé et al. 2020).
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