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ABSTRACT

We investigate the properties of a sample of 35 galaxies, detected with the Atacama Large Millimeter/Submillimeter Array (ALMA) at 1.1 mm
in the GOODS-ALMA field (area of 69 arcmin?, resolution = 0.60”, rms ~0.18 mJy beam™"). Using the ultraviolet-to-radio deep multiwavelength
coverage of the GOODS—-South field, we fit the spectral energy distributions of these galaxies to derive their key physical properties. The galaxies
detected by ALMA are among the most massive at z=2—4 (M, neq = 8.5 X 10'° M) and they are either starburst or located in the upper part of
the galaxy star-forming main sequence. A significant portion of our galaxy population (~40%), located at z ~ 2.5-3, exhibits abnormally low gas
fractions. The sizes of these galaxies, measured with ALMA, are compatible with the trend between the rest-frame 5000 A size and stellar mass
observed for z ~ 2 elliptical galaxies, suggesting that they are building compact bulges. We show that there is a strong link between star formation
surface density (at 1.1 mm) and gas depletion time: The more compact a galaxy’s star-forming region is, the shorter its lifetime will be (without
gas replenishment). The identified compact sources associated with relatively short depletion timescales (~100 Myr) are the ideal candidates to be

the progenitors of compact elliptical galaxies at z ~ 2.

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

submillimeter: galaxies

1. Introduction

Over the last 8 billion years, the cosmic star formation density has
decreased by afactor of ~10 (e.g., Madau & Dickinson 2014). One
of the major key questions in astrophysics is to understand why
the Universe’s star-forming activity reaches a peak around z =2
and why it is now so ineffective at generating stars.

Due to the lack of infrared (IR) surveys able to detect
“typical” star-forming galaxies at z> 2, the actual contribution
of dust-obscured galaxies to the cosmic star formation his-
tory at these redshifts remains largely unknown, especially at
high masses where galaxies are known to be metal-rich (e.g.,
Tremonti et al. 2004) and dust-rich (e.g., Boissier et al. 2004;
Reddy et al. 2010). The star-formation rates (SFRs) of these
high redshift galaxies are mostly estimated from ultraviolet
(UV) measurements emitted by short-lived massive stars (e.g.,
Kennicutt & Evans 2012). This UV emission is strongly affected
by the presence of dust in the interstellar medium (ISM), which
absorbs part of this emission that is to be re-emitted in IR. There-
fore, to correctly estimate the SFR, a dust correction needs to be
applied. This approach has proved effective for distant galax-
ies up to epochs close to reionization (e.g., Oesch et al. 2015;
Bouwens et al. 2015; McLeod et al. 2015), but it suffers from
caveats due to uncertainties on the attenuation law and the dif-
ficulties to constrain it (e.g., Cowie et al. 1996; Pannella et al.
2009). For this reason, constraining galaxy IR emission is essen-
tial to obtaining a robust star formation estimate.

The rest-frame peak of a galaxy’s spectral energy distribu-
tion (SED) with a dust temperature between 30 and 50K can
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vary between 72 and 125 um (e.g., Casey et al. 2014a), corre-
sponding to an observed peak between ~280 and 500 um at z = 3.
To constrain the shape of the IR SED, at least one measurement
must be carried out beyond this peak in the FIR part of the spec-
trum. This is why (sub)millimeter observations are necessary
to constrain the IR luminosity of a galaxy. Thanks to the neg-
ative K-correction, submillimeter observations of galaxies are
not affected by the flux decrease with increasing redshift over
2 <z< 10 (Blain et al. 2002). With the Atacama Large Millime-
ter/Submillimeter Array (ALMA), it is now possible to detect
galaxies with continuum emission below 1 mJy and angular res-
olution lower than 1", which makes it possible to overcome the
limit of confusion.

The study of distant and massive galaxies is essential to
understanding our models of galaxy formation and evolution, as
they are the ideal candidate progenitors of compact quiescent
galaxies at z~2 (Barro et al. 2013; Williams et al. 2014; van
der Wel et al. 2014; Kocevski et al. 2017, see also Elbaz et al.
2018) and of present-day elliptical galaxies (Swinbank et al.
2006; Michatowski et al. 2010; Ricciardelli et al. 2010; Fu et al.
2013) that represent 60% of the total stellar mass in the local
Universe (e.g., Fukugita et al. 1998; Hogg & Turner 1998; Bell
et al. 2003). In particular, one of the most critical questions about
the growth of galaxies concerns the evolution of the gas fraction
over cosmic time and of the efficiency of galaxies to transform
this gas into stars (e.g., Somerville & Davé 2015; Schinnerer
et al. 2016; Tacconi et al. 2018). Therefore, the study of mas-
sive and distant galaxies is of the utmost importance to constrain
galaxy evolution models.
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The Great Observatories Origins Deep Survey—South
(GOODS-South) field benefits from deep and ultra-deep sur-
veys over a large range of wavelengths (the Cosmic Assembly
Near-infrared Deep Extragalactic Legacy Survey, CANDELS;
Koekemoer et al. 2011; Grogin et al. 2011, PIs: S. Faber, H.
Ferguson, the Spitzer Extended Deep Survey; Ashby et al. 2013,
the GOODS-Herschel Survey; Elbaz et al. 2011, the Chandra
Deep Field-South; Luo et al. 2017, ultra-deep radio imaging with
the Karl G. Jansky Very Large Array; VLA; Rujopakarn et al.
2016 and the Hubble Ultra Deep Field, HUDF). This large effort
allows us to study the whole SED of massive and distant galaxies
by securing the cross-identification of ALMA detected galaxies
thanks to its high angular resolution.

The GOODS-ALMA large survey covers 69 arcmin? in the
deepest region of CANDELS, with a depth of 0.18 mly, in
which 20 sources were blindly detected (Franco et al. 2018,
hereafter F18). A detailed description of this survey, detection
techniques, first results, and the presentation of optically-dark
galaxies revealed by ALMA are presented in F18. Going further
in the analysis of these data, we used Spitzer/IRAC and VLA
to extend our catalog to 16 additional sources detected down to
3.50 (see Franco et al. 2020, hereafter F20a).

Beyond cosmic noon (z 2 2) most studies on the evolution of
star formation density are based on Lyman break galaxy (LBG)
samples (e.g., Steidel et al. 1999; Alvarez-Marquez et al. 2016;
Bouwens et al. 2016). Already, evidence exists that above a stel-
lar mass of typically 5 x 10'° M, the LBG technique misses the
majority of massive dusty galaxies, because of their faintness
and the redness of their UV slope (van Dokkum et al. 2006;
Bian et al. 2013; Wang et al. 2016, 2019). Furthermore, recent
studies with ALMA of a population of galaxies previously unde-
tected by the Hubble Space Telescope (HST) has shed new light
on our understanding of the origin and formation of massive
galaxies (Wang et al. 2016, 2019; Fujimoto et al. 2016; Elbaz
et al. 2018; Schreiber et al. 2018a; Williams et al. 2019). These
optically dark galaxies constitute 20% of the sources detected in
GOODS-ALMA (F18), 17% if we include the sources detected
down to 3.50 (see F20a). Despite the fact that they are unde-
tected by the HST (at 5o limiting depth H =28.2 AB at 1.6 um),
they are detectable through their thermal dust emission thanks
to the depth and capabilities of ALMA. The systematic study of
massive galaxies (M, >5x 10'° M) during this period of rapid
transition between star-forming and quenched galaxies (Muzzin
et al. 2013) is crucial to understand the mechanism by which star
formation ceases in these galaxies.

Several surveys of the GOODS—South field have been car-
ried on with ALMA around 1 mm, resulting in a “wedding
cake” distribution of surveys. A deep survey in the Hubble Ultra
Deep Field (HUDF, 20 h, 4.5 arcmin?, rms = 35 wJy, A=1.3mm,
Dunlop et al. 2017), a wider, shallower survey encompassing the
HUDF, the ALMA 26 arcmin® survey of GOODS-S at one mil-
limeter (ASAGAO, 45 h, 26 arcmin?, rms =61 uly, 1=1.2mm,
Hatsukade et al. 2018) and finally the GOODS-ALMA survey
itself encompassing both fields and covering the full area of
GOODS-South with the deepest WFC3/H-band coverage (PI:
D. Elbaz, 20h, 69 arcmin?, rms = 182 )y, A=1.1mm, F18).
In addition, two spectroscopic surveys (the ALMA Spectro-
scopic Surveys; ASPECS), a pilot (Walter et al. 2016) and large
program (Gonzalez-Lépez et al. 2019), were performed with
ALMA over an area of ~1 arcmin® and ~3 arcmin? respectively,
inside the HUDF. This “wedding cake” approach allows us to
both to collect information on extreme and rare galaxies in map-
ping large regions and also to have a precise view of more com-
mon and abundant galaxies with deep observations on a small
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area. Interestingly, extending the survey area allows the detection
of more distant galaxies than deep observations of a smaller area.
Indeed, while only ~13% of the galaxies detected with ALMA
have a redshift >3 in the deep ALMA survey of HUDF (Dunlop
et al. 2017), ~40% of the F18 galaxies are at z > 3. In addition,
ALMA surveys over large areas allow the detection of particu-
larly massive and dusty galaxies that are rare in terms of surface
density.

This paper is organized as follows: in Sect. 2, we describe
the data used in this paper. In Sect. 3, we describe how we
took advantage of our large multiwavelength coverage to fit the
spectral energy distributions (SEDs) of the galaxies detected in
GOODS-ALMA. In Sect. 4 we explain how we derived the main
parameters of the galaxies (Mgus, Mg, SFR, depletion time).
In Sect. 5, we discuss the results and interpret them as the evi-
dence for a slow downfall of star formation in z ~ 2—3 massive
galaxies.

Throughout this paper, we adopt a spatially flat ACDM
cosmological model with Hy=70kms™! Mpc~!, Q,,=0.3 and
Qp =0.7. We assume a Salpeter (Salpeter 1955) Initial Mass
Function (IMF). We use the conversion factor of M, (Salpeter
1955, IMF)=1.7x M, (Chabrier 2003, IMF) as suggested
by Reddy (2006), Nordon et al. (2010), Caputi et al. (2015),
Riechers et al. (2013), Seko et al. (2016), Elbaz et al. (2018). All
magnitudes are quoted in the AB system (Oke & Gunn 1983).

2. Data
2.1. ALMA data

This paper uses the ALMA observations obtained between
August and September 2016 (Project ID: 2015.1.00543.S; PI: D.
Elbaz), extending over an effective area of 69 arcmin?, covering
the deepest part of the CANDELS field — in the GOODS-South
field — centered at @ = 3"32™30.0%5, 6 = —27° 48’ 00” (J2000).
We perform this analysis in a 0.60”-tapered mosaic reaching a
rms =~ 0.18 mJy beam™!. The complete description of this survey
and the data reduction are presented in detail in F18, where the
properties of 23 bright ALMA sources discovered as the result of
the blind survey in this field are discussed and cataloged. Sources
that were most likely false (indicated by an * in Table 2 in F18
and AGS22) are not taken into account in the rest of this paper.
We consider these sources spurious because they have no coun-
terparts at other wavelengths including mid-infrared. Among the
4 flagged sources, the 3 (AGS14, AGS16 and AGS19) which are
in the 100 arcmin? of the SUPER-GOODS field of view have
not been detected down to an rms~0.56 mJy at 850 um with
SCUBA-2 (see the complete explanation of the rejection of these
galaxies in F20a).

In addition, this catalog has been enriched with 16 galax-
ies, detected with a lower S/N, using the VLA and Spitzer/IRAC
counterparts (see F20a for more details). In this work, we ana-
lyze a sample of 35 galaxies with redshifts between 0.6 and 4.7
(Zmea =2.7) and stellar masses ranging from 10'%3 to 10" M
(M mea = 101993 M), The stellar mass and redshift distributions
of these 35 galaxies are visible in Fig. 10 of F20a.

2.2. Multiwavelength coverage

We take advantage of the excellent multiwavelength coverage of
the GOODS—-South field to derive the physical properties of our
galaxies. Below, we reproduce the list of the bands and filters
used to observe this field (see Guo et al. 2013; Straatman et al.
2016), to fit the spectral energy distribution of these galaxies from
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the radio to the UV. We use the following bands: In UV, optical
and near infrared (NIR), we used filters from VLT/VIMOS (U
and R; Nonino et al. 2009), from ESO/MPG/WFI (Usg, V, R;
Baade et al. 1999; Hildebrandt et al. 2006), from HST/ACS
(FA35W, F606W, FT75W, F814W, F850LP; Giavalisco
et al. 2004; Wuyts et al. 2008; Guo et al. 2013), from HST/
WEFC3 (FO98M, F105W, F125W, F160W; Grogin et al. 2011;
Koekemoer et al. 2011), from Subaru Suprime-Cam (IA484,
[A527, TA550, TA574, TA598, 1A624, 1A651, TA679, 1A738,
TA797, IA856; Cardamone et al. 2010), from CFHT/WIRCAM
(K; Hsieh et al. 2012) from Magellan/FourStar (J1, J2, J3, Hs,
HI; Straatman et al. 2016), Spitzer/IRAC, channel 1 to 4 (Fazio
et al. 2004), and Spitzer/MIPS (Rieke et al. 2004) filters. In far
infrared (FIR), PACS (70 um, 100 um, 160 um; Poglitsch et al.
2010) and SPIRE (250 pum, 350 um, 500 um; Griffin et al. 2010).
In radio, 5 and 10 cm images (Rujopakarn et al. 2016, and in
prep.). In addition, where possible, we add the (sub)millimeter
flux from previous pointings of the GOODS-South field (e.g.,
Zhou et al. 2020; Elbaz et al. 2018; Cowie et al. 2018; Barro
et al. 2017; Talia et al. 2018) or during previous surveys (e.g.,
Hodge et al. 2013; Aravena et al. 2016; Dunlop et al. 2017,
Hatsukade et al. 2018).

As the SPIRE beam is very large (18.1”,24.9”, and 36.6” at
250 um, 350 ym, and 500 um, respectively) and yielding a high
confusion limit, we use the catalog of Wang et al. (in prep.),
which is built with a state-of-the-art de-blending method. MIPS,
radio and ALMA sources have been used to define prior posi-
tions to perform source extractions on the SPIRE images. Mov-
ing from shorter to longer wavelengths, predictions were made
for the galaxy fluxes at longer wavelengths based on the redshift
and photometry information at all available shorter wavelengths.
The faint priors at longer wavelengths were then removed,
which helps to break blending degeneracies and achieve deeper
detection limits. Similar methods have been used to produce
Herschel/SPIRE catalogs in GOODS-North (Liu et al. 2018).

3. SED-fitting
3.1. Method

We fit the spectral energy distributions using two different meth-
ods, depending on whether or not the galaxy has a Herschel
counterpart. For galaxies that have a far-IR flux density mea-
sured by the Herschel space observatory, we employ the SED-
fitting code CIGALE' (Code Investigating Galaxies Emission;
Boquien et al. 2019). We use the stellar population models of
Bruzual & Charlot (2003) and the attenuation law of Calzetti
et al. (2000). The IR SED fitting was performed using the dust
infrared emission model given by Draine et al. (2014). We inde-
pendently fit the wavelengths from the UV up to 16 um, and from
24 ym up to the millimeter wavelengths respectively (see Fig. 1
for an example and Fig. A.1 for the full sample). The radio por-
tion has been added after the fitting process, using the FIR/radio
correlation, with a constant ratio between FIR and radio lumi-
nosity of 2.34 (Yun et al. 2001). The parameters used in CIGALE
were given by Ciesla et al. (2018) and are shown in Table 1.

In contrast, if the galaxy has no Herschel infrared counter-
part, we fit the data with the dust spectral energy distribution
library? presented in Schreiber et al. (2018b), and normalized
to the ALMA flux density at 1.13mm in the SED. We pro-
ceed iteratively. After fitting the galaxy with a star formation
main sequence (MS; Noeske et al. 2007; Rodighiero et al. 2011;

! Publicly available at http://cigale.lam. fr
2 Publicly available at http://cschreib.github.io/s17-irlib/

—0.5
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| L
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Fig. 1. SED of AGS1 shown as an example. The solid black line repre-
sents the best fit, which can be decomposed into the IR dust contribution
(brown line), a stellar component uncorrected for dust attenuation (dark
blue line), synchrotron emission (purple line) and the AGN contribu-
tion (orange line). An extrapolation of the AGN model of Kirkpatrick
et al. (2015) to shorter wavelengths is displayed with an orange dashed
line. In addition, we show the best fit of a modified black body, with
B = 1.5 (light blue line). The corrected UV emission is also shown in
green. Bottom panel: residuals: (observation — model)/observation. The
34 other SEDs are given in the appendix (see Fig. A.1).

Table 1. Parameters used in the SED fitting procedures by CIGALE.

Parameter  Value
Delayed SFH

Age [Gyr] 100, 250, 500, 1000, 2000, 3000

Tmain (Gyr] 100, 500, 1000, 3000, 5000, 8000, 10 000
Dust attenuation

EB-V), 001,0.1,0.3,04,06,0.7,09,1.,1.3
Dust emission

Unin 1,5, 12, 15, 20, 25, 30, 35, 40, 50

a 1,1.5,2,2.5

0% 1.e—04, 1.e-03, 1.e-02, 1.e-01, 5.e-01, 1.

Elbaz et al. 2011) SED, we compute the distance to the main
sequence (Rsg = SFR/SFRys) using the output IR luminosity
(8—1000 um) and the redshift. The Rsg and the redshift of the
galaxy can be used to calculate the dust temperature (7gy5) and
IR8 (Lir/Ls) from Egs. (18) and (19) of Schreiber et al. (2018b).
IR8 can be used as an indication of the compactness of distant
galaxies (Elbaz et al. 2011). T4, and IR8 are therefore set to
these newly calculated values in the SED-fitting process, and
an updated SED is generated. The differences in the SED fit-
ting derived quantities between the two methods are discussed
in Sect. 4.1.

3.2. AGN subtraction

To fit an SED with an AGN component, we used the code
decompIR by Mullaney et al. (2011). This code proposes to fit an
AGN according to the spectrum of a sample of host galaxies rep-
resentative of galaxies with an AGN. We consider that a galaxy
hosts an AGN when one of the five decompIR models converges
on a reasonable solution. The contribution of the AGN to the
IR luminosity can lead to an overestimation of the dust infrared
emission and therefore an overestimation of the SFR. The AGN
SED used in decompIR does not include the wavelengths below
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3 um. To better characterize the contribution of AGN to the total
infrared luminosity of galaxies, we need to know their behavior
at rest-frame wavelengths lower than 3 yum, corresponding to the
domain where the contribution of AGN is most important. Since
this AGN model is only defined for wavelengths >3 um, we
therefore used another AGN model for wavelengths shorter than
3um. We extrapolate AGN emission to shorter wavelengths,
using an AGN model from Kirkpatrick et al. (2015), by fitting
the flux of the AGN model from Kirkpatrick et al. (2015) to the
one from decompIR at 5um (the part least polluted by PAHs).
The subtraction of the AGN contribution from the optical part
of the galaxy spectrum remains highly uncertain, so we have
chosen not to modify the stellar masses of galaxies hosting an
AGN, whilst keeping in mind that they could be overestimated.
The SED fitting is done in two iterations; during the first iter-
ation, we remove the contribution of the AGN. We then apply
the CIGALE code in order to derive the properties of the galaxy
having eliminated the bias produced by the AGN.

3.3. Dust temperature

For the sake of simplicity and comparison with previous stud-
ies, we measure the dust temperature by fitting a modified black
body (MBB) model, following:

V3 +B

hy ’
exXp (kBTdusl) -1

where kg is Boltzmann’s constant, £ is the Planck’s constant, 5 is
the dust emissivity spectral index, T4y 1S the dust temperature,
and S, is the flux density. We have assumed a spectral index
B = 1.5 (e.g., Kovdcs et al. 2006; Gordon et al. 2010). We fit
the flux densities at Arese > 0.55Apeqx using the MBB model as
suggested by Hwang et al. (2010), and exclude the synchrotron
contribution. The criteria we have defined to select the points to
be modeled with a MBB are as follows: (i) at least one data point
between 0.55 X Apeak and Apear and (ii) at least one data point
beyond Apeqx, with a wavelength lower than or equal to 3 mm.

Galaxies selected in (sub)millimeter flux density are expected
to be biased toward low dust temperatures (e.g., Chapman
et al. 2003; Magdis et al. 2010; Casey et al. 2014b; McAlpine
et al. 2019). Indeed, at fixed redshift and IR brightness, the
(sub)millimeter flux of a galaxy with a colder dust temperature
will be higher than that of a galaxy with a warmer dust tempera-
ture. We were interested to know whether the galaxies detected in
this survey had unusual temperature characteristics, and if a pos-
sible temperature discrepancy could explain the properties of our
sample. Indeed, the computation of both the dust mass and the gas
mass (with the method we used), is temperature dependent.

We investigated where the galaxies detected in the GOODS-
ALMA survey are located in the IR Luminosity-Temperature
plane (Fig. 2, left panel) and in the Redshift-Temperature plane
(Fig. 2, right panel). For comparison, we also plot the dust tem-
perature of all the galaxies located in GOODS-ALMA with an
MBB fit, as described above. We find that the galaxies detected
by ALMA do not exhibit a systematic offset in the luminosity-
temperature and redshift-temperature plane compared to those
undetected by ALMA. For an SMG, the dust temperature is cor-
related with the IR luminosity (e.g., Wardlow et al. 2011). We
have found a median dust temperature of 40 K for our sample.
However, we note that the spectral index § has an influence on
the temperature. We chose to fix it, at §=1.5 in order to have
fewer free parameters in our fit and to compare all galaxies con-
sistently. If we had taken =2, on the other hand, the MBB

S,y o ey
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temperatures would have been slightly lower (1-4 K lower). We
note that we do not use this T4, temperature to determine dust
masses (see Sect. 4.1).

4. Derived parameters
4.1. Dust mass

Following Draine et al. (2007), we adopt the maximum
starlight intensity relative to the local interstellar radiation field
Unax = 10° Uy, and the power-law index @ = 2 in Eq. (2). For the
galaxies with a Herschel counterpart, the dust mass is estimated
from the CIGALE fit (see Sect. 3) using the formula from Draine
et al. (2007):

deust a-—1
W = (1 _'y)Mdusté(U_ Umin)+'deustm

min

U, (2

where Upin < Umax, @ # 1 is the exponent of the power law
describing the intensity distribution of the interstellar radiation
field, and 1y is the relative fraction of dust heated by each source.
Draine et al. (2007) showed that @ = 2 and Upp,x = 10° provided
a good fit to a large sample of nearby galaxies from the Spitzer
SINGS program (Kennicutt et al. 2003).

We compared the dust masses derived using CIGALE for
galaxies with Herschel counterparts to those derived using the
dust spectral energy distribution library presented in Schreiber
et al. (2018b). We find a systematic offset of approximately
0.15 dex between the two methods, where dust masses derived
using CIGALE are systematically larger. This may be caused
by a slight underestimation of the ALMA fluxes (see F20a)
directly affecting the dust measurement with the Schreiber et al.
(2018b) dust library but compensated by the Herschel measure-
ments when we use the full spectrum of the galaxy. In order to
avoid biasing our study, and because we did not want to derive
two physical quantities (the mass of dust and the mass of gas)
from a single data point, we do not indicate the points without
Herschel counterparts in the different figures and in the analysis.
The differences however being small, we have presented the dust
masses for galaxies with no Herschel counterpart in Table 2 as
an indication.

4.2. Gas mass

As we discuss in Sect. 4.3.1, the ALMA detected galaxies are
located in the SB region or in the upper part of the MS. To under-
stand if their position is due to an increased star formation effi-
ciency (SFE =SFR/M,,) or a large gas reservoir compared to
normal MS galaxies, we computed their gas mass Mg, as well
as their gas fraction fg,, defined by:

M gas

M B 3
Mgas"'M* ( )

f;gas =

To compute the gas mass, we assume a gas-to-dust ratio (6gpr)
depending only on metallicity. This method of derivation of the
gas mass, in comparison with using the CO-to-H, factor, which
is observationally time consuming, can be used for a large sur-
vey. However, this method is based by a wide range of assump-
tions and limitations, such as the precise measurement of the dust
mass, the assumption that the properties of the dust grains remain
unchanged with redshift, that metallicity can be estimated at high
redshift or that this relationship remains valid regardless of the
distance to the main sequence (e.g., Magdis et al. 2011, 2012,
2017; Santini et al. 2014; Berta et al. 2016).
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Fig. 2. Evolution of the dust temperature as a function of IR luminosity (left panel) and redshift (right panel) for the galaxies with a Herschel
counterpart. The ALMA detections are shown in red. By comparison, we also plot the dust temperatures of all the galaxies within the GOODS-
ALMA field, color-coded by redshift (left panel) or IR luminosity (right panel). We show the sliding median (and the 1o error) in black.

This ratio was directly derived by Leroy et al. (2011) in the
local Universe, and can be applied to our sample, assuming that
this relation is valid at all redshifts (e.g., Ivison et al. 2011; Casey
et al. 2014b; Tan et al. 2014; Swinbank et al. 2014):

M.
log,(6Gpr) = Mgas

dust

=(9.4+1.1)-(0.85+0.13)[12+10og(O/H)],

“4)

where Mg, = M(Hy) + M(Hy). At the redshifts of this study, the
atomic hydrogen can be considered negligible compared to the
molecular form (e.g., Leroy et al. 2008; Obreschkow & Rawlings
2009; Daddi et al. 2010).

We note that recent studies have found evidence for a steep
increase in the gas-to-dust ratio of subsolar metallicity galaxies
at z ~ 2 compared with this local relation (Coogan et al. 2019),
but we do not expect this effect to be significant for our more
massive, enriched galaxies. As we do not have direct metallicity
measurements for our galaxies, we use the equation given by
Genzel et al. (2012) to compute the metallicity:

12 + log(O/H) = —4.51 + 2.18log, (M, /1.7)

—~ 0.0896[log, (M, /1.7)]*. (5)

In this equation, we include a conversion factor (1/1.7)
to transform the original formula from a Chabrier IMF to a
Salpeter IMF. However, the metallicity can be underestimated
for galaxies above the main sequence (e.g., Silverman et al.
2015), which could artificially increase the proportion of gas
and conversely underestimate the gas depletion time (Elbaz et al.
2018). We compared our calculated metallicities to the metallic-
ities obtained using the fundamental metallicity relation (FMR)
of Mannucci et al. (2010):

12 + log,,(O/H) = 8.90 + 0.37m — 0.14s — 0.19m>

+0.12ms — 0.0545°, (6)

with m =1logo(M,/1.7)-10, and s =log;o(SFR/1.7). We applied
an average correction factor of —0.25+0.02 to convert from
the FMR derived using the Kewley & Dopita (2002) metallic-
ity calibration to the calibration of Pettini & Pagel (2004), as
given in Kewley & Ellison (2008). The median metallicity ratio
between these two methods is 1.03 + 0.01, where the uncertainty
corresponds to the standard deviation. For our galaxy sample,

both methods are, therefore, in good agreement. However, the
metallicities of these ALMA detected galaxies remain uncertain.
Indeed, the metallicity evolution is poorly constrained for galax-
ies at high redshift, as well as for starburst galaxies and galaxies
with AGN (e.g., Tan et al. 2013; Kewley et al. 2013). We keep
in mind that the uncertainties on the determination of Mg, are
large, taking into account all of the assumptions used.

We also verified that the mass of gas derived by the method
described above was in agreement with that derived using the
method of Scoville et al. (2016). The Scoville et al. (2016)
method is based on the assumption that continuum measure-
ments of the Rayleigh-Jeans tail can be used to estimate the mass
of dust and therefore, the mass of gas. Since this method is based
on the Rayleigh-Jeans tail, it can only be used at long wave-
lengths (1> 250 um). However, if the dust emission is optically
thin, the Scoville et al. (2016) method may underestimate the gas
mass (Miettinen et al. 2017). At 1.13 mm, the estimate of the gas
mass can be written, according to Egs. (6) and (16) of Scoville
et al. (2016), as:

FO
Mot [Mo] = S, x5.12%x 10" x (1 + 2)™*8 x (dL)ZFTRJ,
RJ
with §, the flux at 1.13mm in mJy and I'}; the correction for
departure in the rest frame of the Planck function from Rayleigh-
Jeans (Scoville et al. 2016):

r (T )= hveps(1 + 2)/ (kg Tqust)
RIU dusts Yobss )= G (0 ks Taw) —

)

®

where £ is the Planck’s constant and kg is the Boltzmann con-
stant. As explained in Scoville et al. (2016), the temperature we
should use in this equation is not the temperature derived by the
MBB fit for each individual galaxy but the mass-weighted tem-
perature. We have therefore adopted a constant mass-weighted
temperature value of 25K (see Appendix A.2 in Scoville et al.
2016).

Using a fixed mass-weighted temperature of 25 K, we find
a difference between the calculated gas mass (M gas, this work))
and that derived following Scoville et al. (2016): M(mol, scoville) /
M(gas,lhiswork) =1.1x0.6.

The gas mass is directly related to the depletion time (Tgep)
by:
M, gas

Tdep [yr_l] = SF_R

€))
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Table 2. Derived properties of the GOODS-ALMA sources.

ID z  logio(My) logio(Lr) SFR Rsg 1ogio(Maust) 10g10(Myas)  faas Tyust S 1.1mm
(Mo) (Lo) (Mo yr™") (Mo) (Mo) (X) (mly)

AGS1 2.309 11.15 12.81 +£0.02 11031’23 4.8:’8:% 9.2+0.1 11.3+0.1 0.57t8:8; 38.3+09 1.90+0.20
AGS2® 2918 1068 1298+0.14 164230 1407 88+0.1 110+0.1 06790 448+46 199022
AGS3 2582 1133 12842002 11879  33%2 9101 112+0.1 04200 410409 1.84£021
AGS4 3556 1109 1293+002 143576 382  89+0.1 11001 044700 470418 172020
AGS5 3.46 11.13 12.94 +£0.02 1487f;§ 3.8f8:§ 8.9+0.1 11.0+0.1 0.44f8:82 439+1.8 1.56+0.19
AGS6  2.698 1093 12.57+002 6511 3501 90+01 11.1+0.1 059°% 305508 127+0.18
AGST® 329 1143  1248+0.10 52272 0892 87401 10701 0.17'0% 374224 1.15+0.17
AGSS 195 1153 1270+002 861"2 3172 93400 113+0.0 038798 324+21 143+022
AGS9 3847 1097 12.69+003 8435 2792 90+0.1 11.1+0.1 059016 388422 125+021
AGSI0 241 1125 12.66+002 803'% 2801 90+01 11001 0370 300+19 0.88+0.15
AGS11® 3472 10.24 12.94 +£0.07 149232% 28.7tg;6 8.5+0.1 10.8+0.1 0.80t8:}2 50.1+£2.5 1.34+0.25
AGSI12 2.543 10.77 12.76 £0.02 998;‘2 8.11’8:2 8.7+0.1 10.9+0.1 0.56t8:8; 50.6+1.3 0.93+0.18
AGSI3 2225 1140 1243002 476", 16700  88+0.1 108+0.1 021799 397+14 0.78+0.15
AGSIS® 3472 1056 12.78+008 103478 95112 89+01 11.1+0.1 07801 389424 121 ®+0.11
AGS17 3467 1052  13.08+002 2070°12 20975 90+0.1 112201 084700 49.6+1.7 2.30* +0.44
AGSI18 2.696 11.11 12.43 +£0.03 471:%3 1.8f8:} 8.9+0.1 11.0+£0.1 0.46f8:g§ 38.1+1.4 1.70™ +£0.30
AGS20 273 1076 1259008 66671 51709 86+0.1 108+0.0 05201 406+24 1.11+024
AGS21 ) 3689 1063 1239+006 43772 32703 83+01 105+0.1 04170% 437+20 0.64+0.11
AGS23 236 1126 12174005 256'2 0971 92+01 112:0.1 0487017 201406 098021
AGS24 © 3.472 11.32 12.31 £0.11 353f§g 0.6f8:? 8.5+0.1 10.6 +£0.1 0.16f8:8§ 37.3+£25 0.88+0.22
AGS25 ™ 4.64 10.39 12.68 £0.07 8323%2 8.0f}:g 8.2+0.1 10.5+0.1 0.55f8f3 51.5+26 0.81+0.19
AGS26 1.619 10.91 12.51 +0.02 553f§g 6.1:’8:2 9.0+0.1 11.1+0.1 0.62f8:82 382+25 097+0.15
AGS27 ™ 473 10.93 12.83+0.06 1 180t{§§ 3.2:’8:‘5t 8.5+0.1 10.6 0.1 0.33f8:8; 48.0+£2.6 1.43+0.28
AGS28 215 1117 1238+002 41379 20701 92401 112+0.1 0540 333+05 1.56+021
AGS20 1117 1077  1196+0.10 161°2 3697 87+0.1 109+0.1 05500 315424 0.61+0.18
AGS30 ™ 0.646 10.40 11.84+0.14 1 1935 8.531? 8.5+0.1 10.8 +0.1 0.7lf8f§ 320+24 0.67+0.17
AGS31 245 1138 1238002 4157 1201 88+0.1 108+0.0 02170 388+29 0.720.19
AGS32) 473 1100 1273+0.06 941*21  22%03 85401 10701 031'0% 449+25 123+0.16
AGS33M 268 1071 1240+005 43272 3801  90+0.1 111+0.1 073701 1774027
AGS34 275 1082  1215+004 244 1601 87+02 109402 05403 . 055015
AGS35S 299 1085 1274+002 9558  54%03  83:0.1 105+0.1 029°0 603436 1.16+021
AGS36 @ 0.665 10.46 10.92 +0.03 143 0.9f8:? 9.4+0.1 11.7+0.1 0.94f8:{(1) ... 0.74+0.21
AGS37 1956 1119 1236002 3907° 2171 90+0.1 11.0+0.1 041708 380+16 1.10+0.16
AGS38 1314 1108 1164002 797 0971  90+03 111+03 05092 ... 1.00+0.16
AGS39 236 1057 1249+002 5372 7473  88+01 110£0.1 073701 406+17 080023

Notes. Columns: (1) source name; (2) redshifts (spectroscopic redshifts are shown to three decimal places); (3) stellar mass; (4) Lir derived from
SED fitting; (5) SFR = SFRr + SFRyy; (6) Rsg = SFR/SFRys, where SFRys is the average SFR of MS galaxies following Schreiber et al. (2015);
(7) dust mass. For galaxies for which we used the dust spectral energy distribution library presented in Schreiber et al. (2018b) (labeled by a | in
this table), the dust mass is multiplied by a factor of 2, to be consistent with the dust mass derived by the Draine et al. (2014) model (see Schreiber
et al. 2018b for details); (8) gas mass derived from Eq. (4); (9) gas fraction defined by fyas = Meas/(Mas + M,); (10) dust temperature derived from
a MBB model assuming 8 = 1.5. (VIndicates galaxies without a Herschel counterpart and whose Ly is determined only by the ALMA contribution.
For these galaxies, we show the mass of gas as an indication but we do not use it in the rest of this paper; (11) flux density at 1.1 mm. ®Indicates
changes in the flux density since F18. A summary of the fluxes (peak and integrated) as well as the sizes measured in the Main and Supplementary

catalogs are given in Table A.1.

4.3. SFR

In this section, we detail the computation of the SFR of our sam-
ple. Although the IR part totally dominates the SFR, we took
advantage of the UV coverage of GOODS-ALMA to calculate
the total SFR (SFRyc = SFRyy + SFRRR).

4.3.1. SFRRr

The infrared luminosity of each galaxy has been converted to
SFR using the Kennicutt relation (Kennicutt 1998) below:
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SFRIg [Moyr™'1=1.72x 107 Ly, (10)
with Lig in Lg, and
1000 pm c
L [Lo] = 4nd} f F (1) x ﬁd/l, (11)
8um

where dy, is the luminosity distance.

In Fig. 3, we illustrate the distribution of SFRs as a func-
tion of redshift for the ALMA-detected galaxies. We also repre-
sent the theoretical detection limit of the galaxies present in the
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Fig. 3. Infrared star formation rate as a function of redshift, for galax-
ies from the main (red dots) and supplementary (gray dots) catalogs
respectively. The SFR has been computed from the IR luminosity fol-
lowing Eq. (10). The detection limits at 4.8 (solid black line) and
3.50 (dashed black line) have also been computed from the IR library
of Schreiber et al. (2018b), with a dust temperature evolving with red-
shift taking into account the average value of the rms at 0.182 mJy.

survey at the limit of 4.8 (solid black line) used to create the
main catalog, assuming a constant rms (rms =0.182 mJy) over
the whole map, as well as the 3.50" (dashed black line) limit used
to build the supplementary catalog. However, as the rms is not
constant, and therefore may be lower at some points in the map,
some galaxies (AGS21, for example) appear below this line.

We note that there is a galaxy (AGS36) that is clearly offset
from the detection limit, with a SFR ~ 15 Mg yr~!. This galaxy
is atypical, as it has the lowest redshift in our sample (z =0.66,
the same redshift as AGS30) and it also hosts a powerful AGN
with an X-ray luminosity = 1.39 x 10* ergs~'.

The SFR limit has been computed taking into account the
main sequence SED from Schreiber et al. (2018b), with the tem-
perature and the fraction of polycyclic aromatic hydrocarbon
(PAH) emission evolving as a function of redshift. The IR lumi-
nosity was calculated by integrating the flux from the SED using
Eq. (11), and was then converted into SFR using Eq. (10).

This IR luminosity limit allows us to detect galaxies down
to an IR luminosity of 10'? Ly at redshift z=1.5, and down to
3% 10" Ly at redshift z=4. In other words, for a MS galaxy,
this allows us to detect galaxies with a minimum stellar mass
of 2.5x 10" My, 1.8 x 10'! M, and 1.5 x 10'! M, for redshifts
z=2,z=3and z =4 respectively, using Eq. (9) of Schreiber et al.
(2015).

The majority of the galaxies detected in this ALMA survey
are starbursts, or in the upper part of the MS (see Fig. 4). Among
the galaxies for which we determined the SFR, 54% of them
have a Rsg(SFR/SFRys) > 3 (see Table 2).

Not surprisingly, the most IR luminous galaxies have been
listed in the main catalog. However, we note the presence of a
portion of galaxies from the supplementary catalog that are also
among the most IR luminous galaxies. The size of the galaxies
explains this behavior. The galaxies detected in the supplemen-
tary catalog generally have larger sizes than those in the main
catalog (F20a). Even though the peak flux is fainter on average,
the integrated flux can reach values close to those of the main
catalog.

The vast majority (86%) of the galaxies analyzed in this
study can be classified as ultraluminous infrared galaxies
(ULIRGSs) with 12 <logo(Lir/Lo) <13. Only one galaxy has
an infrared luminosity slightly above this threshold. All of the

P R
11.5 12.0 0.2

o5 o
logio(M,) [Mg]

Fig. 4. Location of our ALMA detected galaxies in the SFR—-M, plane.
Galaxies with Herschel counterparts are color-coded as a function of the
Jeas- The other galaxies are represented by gray dots. We have rescaled
all of the SFRs by multiplying by SFRys(z)/SFRys(z=2.7), in order
to maintain their relative positions with respect to the main sequence.
We indicated the MS using Eq. (9) from Schreiber et al. (2015), with a
dispersion of 0.3 dex (solid and dashed lines respectively).

galaxies with logo(Lir/Lo) < 12 are galaxies less distant than the
average of the galaxies detected in this survey, with z < 1.5.

4.3.2. SFRyy

Massive galaxies are known to be heavily dust-obscured at z > 2
(e.g., Magnellietal. 2009; Murphy etal. 2011). While the SFRy, is
derived from the dust emission, we also consider the unobscured
contribution to the total SFR, observed through UV emission.
For the most massive galaxies (M, > 10'93 M,,), the fraction
of obscured to unobscured star formation (SFRr/SFRg uv) is
greater than 90% (Whitaker et al. 2017).
We derive Lyy from the observed magnitude as follows:

4ﬂd]%yl600 10—0.4(48.6+m)

Lyv [Le] = , 12)

1+z
where d| is the luminosity distance and m is the observed mag-
nitude. The SFRyy, uncorrected for dust attenuation, is in turn
derived from the Lyy, following (Daddi et al. 2004):
SFRyy [Moyr™'] =2.17x 1071% x Lyy. (13)
The total SFR (SFR, = SFRyy + SFRyR) is given in Table 2.

Unless otherwise noted, in the following, SFR refers to the total
SFR. The median contribution from SFRyy to SFR is ~1%.

4.4. AGN

Of the 1008 sources detected in X-ray during the 7 Ms expo-
sure survey of the Chandra Deep Field—South presented in Luo
et al. (2017), 397 lie in the GOODS-ALMA field. We adopted a
cross-matching radius of 0.6”, after applying the offset correc-
tions presented in F20a. We found that 13/23 (6/20) of our main
(supplementary) catalog galaxies had matches with the Luo et al.
(2017) catalog. However, the detection in X-rays is not defini-
tive proof that a galaxy hosts an AGN. We corrected the Luo
et al. (2017) cataloged X-ray luminosities when redshift devia-
tions were observed, using the following formula:

Lx = 4nd*(1 + 2" fx, (14)
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and assuming a fixed I = 2. In the following paragraphs, a galaxy
will be considered as hosting an AGN if the galaxy has an X-ray
luminosity Lx ine > 10% erg s~! (luminous X-ray sources).

5. The slow downfall of star formation in z=2-3
massive galaxies

5.1. A large fraction of galaxies in our sample with low gas
fractions

In this survey, we have detected particularly massive galaxies,
the majority of which are beyond cosmic noon at z~ 1-2. The
study of the gas mass reservoirs is essential to understand how
the galaxies will evolve with redshift and whether these galaxies
could be the progenitors of passive galaxies at z~ 2. To obtain
the most robust results possible, we have considered in the fol-
lowing section only galaxies with a Herschel counterpart. The
galaxies without a Herschel counterpart are marked with { in
Table 2. In Fig. 5 (left panel), we compare the gas fraction of our
galaxies as a function of their deviation from the MS, with the
relationship presented in Tacconi et al. (2018):

Myoi/M, = [0.66"93%| x RE:*. (15)

In the same way, we compare the depletion time with the rela-
tionship presented in Tacconi et al. (2018):

Taep [Myr] = 322743 x Rgg*. (16)

We have rescaled this relationship to correspond to the
median redshift (z,.¢ =2.7) and the median stellar mass of our
sample (M meq = 8.5 % 10'° M) by multiplying our results by
Tdep(Z> My )/Tdep(Zmeds Mx,med). To be able to directly compare
the gas fraction of our galaxies to the relationship of Tacconi
et al. (2018), we have also scaled our gas fractions according
to the median redshift and stellar mass of our sample. The gas
fractions, before rescaling, are presented in Table 2.

The depletion times span a large range, between 30 and
1600 Myr. The galaxies studied here show a dependence
between depletion time and distance to the main sequence (Rsp),
although very scattered (see Fig. 5).

About half of the GOODS-ALMA galaxies follow the
feas—Rsp relation from Tacconi et al. (2018, Eq. (20)). However,
we find a surprisingly large fraction (40%) of galaxies lying well
below this relation, that is, with excessively short depletion times
(see Fig. 5). Galaxies lying below this relationship do not have
a preferential redshift, we were detecting galaxies with redshifts
close to the median redshift of our sample. On the other hand,
the galaxies under this relation preferentially have stellar masses
higher than the average of our sample with all but one exhibiting
a stellar mass higher than 10" M. Moreover galaxies with a low
gas fraction can either be on the main sequence or be starbursts.

The galaxies with the shortest depletion times are also those
with the lowest gas fraction. This is because despite exhibiting
lower gas masses, these galaxies keep forming stars with a high
SFR.

We note that the majority of the ALMA galaxies experi-
encing a strong AGN episode with Lx >10* ergs™! lie below
the 74ep—Rsp and fys—Rsp relations (stars in Fig. 5). This sug-
gests that the low gas content and associated short depletion
time of the galaxies may be due to the AGN feedback, heat-
ing the surrounding extragalactic medium and preventing fur-
ther infall of gas. In other words, about half of the galaxies at
these flux densities and redshifts appear to suffer from starva-
tion and constitute excellent candidate progenitors of z~2 mas-
sive and compact elliptical galaxies. To further investigate this
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possibility, we show in Sect. 5.2.1 that the ALMA sizes, i.e.,
where the stars are formed, are consistent with the compact cores
of z =2 elliptical galaxies.

However, there is a trend between Rsg and the stellar mass
of the galaxies, in that the less massive galaxies in our sam-
ple have a larger average Rsg. This is partly due to a selec-
tion effect. A deeper survey would be needed to investigate
the population of galaxies on the main sequence with interme-
diate stellar masses. We also investigated the evolution of the
depletion time as a function of the stellar mass but we found
no correlation. This means that the star-formation efficiency
(SFE = SFR/Mg,s = 1/74¢p) does not change according to the stel-
lar mass of the galaxy.

The gas fractions cover a significant range of values, between
foas =0.21 and 0.84, with a median of fgss =0.52 (mean =0.52).
These values are consistent with other studies, such as
Wiklind et al. (2014) for a sample with comparable stellar
masses and redshifts. We do, however remark that for the two
common galaxies between this work and Wiklind et al. (2014),
there is a significant difference in the calculated gas fractions.
These two common galaxies are outliers from the rest of the
Wiklind et al. (2014) sample as they have gas fractions close
to unity, and in fact, correspond to two HST-dark galaxies that
were previously falsely attributed with optical counterparts.

We note that a significant number of the outliers with low
gas fractions are classified as AGN. The presence of an AGN
can influence the measurement of the stellar mass of the galaxy
and artificially lower the calculated gas fraction of the galaxies.
This result is consistent with the findings of Perna et al. (2018)
who found systematically low gas fractions in obscured AGN at
z> 1 and suggests that AGN feedback could lead to the expulsion
of gas. One of these galaxies has a low gas fraction (21%) and
does not show any sign of an AGN. This galaxy is a particularly
striking example of interacting galaxies, with strong tidal tails.
This galaxy does not have a high star formation rate, it lies on the
MS, but it does display a starburst-like behavior since it exhibits
a short gas depletion time. This galaxy could, therefore, be a
member of the population of galaxies described in Elbaz et al.
(2018), a starburst galaxy hidden in the main sequence.

We find a negative correlation between the stellar mass and
the gas fraction (see Fig. 6, right panel). The following equation
characterizes this relationship:

Joas = (=0.45£0.09) x logo(My) + 5.44 + 0.95. (17)

A similar relationship has been found in other studies (e.g.,
Popping et al. 2012; Magdis et al. 2012; Sargent et al. 2014;
Schinnerer et al. 2016). Galaxies hosting an AGN do not seem
to occupy a particular position in Fig. 6. We also indicate in
the left panel the distance to the main sequence as a function
of the stellar mass. We can also see a clear negative correlation
between the stellar mass and Rsg. On the other hand, it is not
possible to say whether selection effects are driving this trend.
To be detected, a galaxy of low mass must have a larger Rsp
than a massive galaxy. On the other hand, we do not find mas-
sive galaxies (M, > 10" My with Rgg > 5). We remain cautious
in our interpretation of this result. As the size of our survey is
modest, selection bias may be significant.

We found no correlation between the depletion time and the
stellar mass. In our sample, the efficiency for the galaxies to
transform their gas into stars is independent of the stellar mass of
the galaxy. The Pearson’s correlation coefficient between these
two quantities is 0.05, indicating the absence of a correlation.
Galaxies with the lowest gas fractions also appear to be the most
massive, suggesting that we are witnessing a slow downfall of
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Fig. 5. Evolution of the molecular gas fraction (fy,) and the gas depletion timescale (74p) as a function of the distance to the main sequence
of star-forming galaxies (Rsg = SFR/SFRys) for the main and supplementary catalog of galaxies detected by ALMA in the GOODS-ALMA
field. The solid blue line shows the relation obtained by Tacconi et al. (2018) for the median redshift and stellar mass of our sample (zpeq =2.7,
M mea = 8.5 X 10'° M,,). The uncertainty on the mean trend is obtained by Monte-Carlo simulations. In order to compare the gas fractions of all of
the galaxies in our sample, we have rescaled our gas fractions according to the median redshift and the stellar mass of our sample.
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Fig. 6. Evolution of the distance to the main sequence of star-forming galaxies (Rsg = SFR/SFRys, left panel) and the molecular gas fraction ( fyas,
right panel) as a function of the stellar mass. The best fit, given by Eq. (17), is shown by the gray shaded region.

the galaxies with the most massive galaxies dying first to become
elliptical galaxies, in a similar way to what has been shown in
Schreiber et al. (2016), but at higher redshifts. This is consis-
tent with the idea of “downsizing” where the most massive are
also the ones that form their stars the earliest and fastest (e.g.,
Cowie et al. 1996; Guzman et al. 1997; Brinchmann & Ellis
2000; Neistein et al. 2006; Fontanot et al. 2009).

5.2. Toward a reduction in the size of galaxies
5.2.1. Size

Several studies have reported the observation of massive star-
forming galaxies, compact at a rest-frame wavelength of 5000 A
or in the H-band (e.g., blue nuggets; Barro et al. 2013; Dekel &
Burkert 2014). It has been proposed that these galaxies are the
progenitors of massive, compact and passive galaxies at z=2
(e.g., Barro et al. 2013, 2016; Williams et al. 2014; Toft et al.
2014; van der Wel et al. 2014; Kocevski et al. 2017).

We have, thanks to the GOODS-ALMA survey, selected
a sample of massive star-forming galaxies. These galaxies are
among the most massive ones within the UV]J active — in other
words, star-forming — galaxies (Williams et al. 2009, using the
same definition as in F18) listed in the ZFOURGE catalog (see

Fig. 10 in F20a). For example, with ALMA we have detected the
most massive ZFOURGE galaxy in the redshift range 1 <z<?2,
the most massive galaxy at 2 <z <3, the second most massive
galaxy at 3 <z <4. These galaxies cannot continue to form stars
for long periods. If this were the case, they would become much
more massive than the most massive galaxies we have observed
at z~ 1, or in the local universe.

The galaxies in the present paper have not been selected to
be compact at a rest-frame wavelength of 5000 A. They are flux-
selected. Due to the low dispersion of the main sequence, this
selection can be seen as a stellar mass selection. We aim to study
here whether galaxies that have not been selected to be com-
pact at 5000 A can also be the progenitors of compact galax-
ies at z=~2. To do this, we have compared the 5000 A sizes of
the galaxies detected by ALMA with the 5000 A sizes of the
UV1IJ active galaxies located in the area defined by the GOODS-
ALMA survey and detected during the CANDELS program.

The majority of the galaxies studied in this paper have a red-
shift between z=2 and 4. We report in Fig. 7-left panel, the
5000 A sizes of all galaxies within 2 <z <4 located in the area
defined by the GOODS-ALMA survey, as a function of stellar
mass, in blue. We also show the 5000 A sizes of the ALMA-
detected galaxies color-coded with redshift. Galaxy sizes and
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Sérsic indices are obtained from van der Wel et al. (2014). These
values have been computed by fitting a single-component Sér-
sic profile using GALFIT (Peng et al. 2010) at both 1.25 and
1.6 um. Following van der Wel et al. (2014), the effective radius
at 5000 A has been estimated as:

My )
1.7x1010 Mg, , ifz<15

Z

| —0A35+0.12170,2510g10(
Te F125W (ﬁ)

(18)

re = e

l.7x10]0MO) ifz>1.5

I+z

-0.35+0.12:-0.25 log 10(
z
Te F160W ( 32 )

where re pi2sw and re pigow are the effective radius though the
F125W and F160W filter respectively. We also show the trends
for the UV]J active and UVJ passive galaxies with blue and red
lines respectively. These two relations were parametrized by van
der Wel et al. (2014) following:
re = A[(M,/5x10'%/1.7]", (19)
where r, is the effective radius, in other words, the semi-major
axis of the ellipse that contains half of the total flux of the
best-fitting Sérsic model, in kpc. We use the following param-
eters: logio(A)=-0.06+0.03, «=0.79 £0.07, and the scatter
in (r.) in logarithmic units ologo(r.) =0.14 £0.03 for early-
type galaxies and log;o(A)=0.51+0.01, «=0.18£0.02, and
ologio(re) =0.19 £ 0.01 for late-type galaxies (van der Wel et al.
2014).

We see that there is a significant difference in size
between active and quiescent galaxies. The size of star-forming
galaxies is on average larger than passive galaxies. Mosleh
et al. (2011) noted, for example, that UV-bright galaxies with
109 < M, /M, < 10" and 0.5 <z < 3.5 are larger than quiescent
galaxies in the same mass and redshift range by 0.45 + 0.09 dex.

For the vast majority of the ALMA detected galaxies, their
optical rest-frame sizes are comparable to the 5000 A sizes of the
UVIJ active galaxies (blue hexagons) at 2 <z <4 selected in the
same field of view. We also over-plot, in Fig. 7, the compactness
criterion given in Barro et al. (2013) and modified by Barro et al.
(2016):

(20)

This relation initially defined for H-band sizes was then rescaled
according to Eq. (18) with a redshift equal to the median red-
shift of our sample of galaxies to make it correspond to a size at
5000 A. Only three GOODS-ALMA galaxies are compact follow-
ing the compactness criterion of Eq. (20). These galaxies lie on the
trend for quiescent galaxies. We note that those galaxies that do
not follow the trend of star-forming galaxies systematically host
an AGN. If these galaxies suddenly stopped forming stars, they
would already be located on the right trend in the mass-size dia-
gram to be compact massive galaxies. With the data available to
us, it is not possible to distinguish whether the compaction of the
galaxy has triggered the AGN or, on the contrary, it is the presence
of the AGN that has caused its compaction. We note that for galax-
ies with higher stellar mass (M, > 10" M), the star-forming and
quiescent size-mass relations converge making it more difficult to
investigate these trends.

We also show the ALMA 1.1 mm sizes in comparison to
the 5000 A sizes in Fig. 7, right panel. The ALMA sizes for
the main and supplementary catalogs are given in F20a and
in Table A.1. The size distribution differs slightly between the
two samples. We showed in F18 that we were biased toward
compact sources with our detection limit of 4.80~. By lower-
ing this detection threshold in the supplementary catalog, which
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was made possible as a result of basing our detections on IRAC
and VLA detections, we are now detecting galaxies with larger
ALMA sizes. For the 26 galaxies for which we have both HST
5000 A sizes and could measure a 1.1 mm size with ALMA,
we find that ALMA sizes are generally smaller, with a median
renst/feaLma = 2.3. This ratio is significantly higher than the
ratio of 1.4 found by Fujimoto et al. (2017) at 870 um, for a
sample of 1034 ALMA sources.

Considering that dust emission is a good indicator of dust-
obscured star formation, this result indicates that compact dust-
obscured star formation (at least more compact than optical
emission) is taking place in the core of the galaxies studied here.
This study confirms the comparison of optical and millimeter
sizes performed at z ~ 1.3 by Puglisi et al. (2019), and extends it
to higher redshifts, at and before the epoch of the peak of cosmic
star formation.

For these galaxies to be the progenitors of compact elliptical
galaxies at z~ 2, they need to become more compact than their
5000 A size. The observed strong star formation activity con-
centrated in a small region of the galaxy can morphologically
transform a galaxy into a more compact object. Assuming that
there is no addition of gas, the majority of these galaxies have
gas reservoirs equal to or close to their stellar mass. If this gas is
transformed into stars in the compact emission region detected
by ALMA, these galaxies will become compact and gradually
migrate into the location of the mass-size diagram reserved for
passive galaxies.

The ALMA galaxies presented here exhibit a present Sér-
sic index in the H-band of (nags)=1.63. We have seen that
the amount of star formation associated to the compact 1.1 mm
emission is large enough to bring the half-light radius of the
ALMA galaxies on top of the one expected for passive com-
pact galaxies at z~2, hence the question that remains to be
answered is whether this evolution will also be accompanied
with an increase of the Sérsic index that will bring them closer
to the one observed for passive compact galaxies, i.e., increasing
from n=1.6 to n=2.6. To answer this question, we would need
to know with enough accuracy what is the actual Sérsic index of
the ALMA sources in the 1.1 mm band. Unfortunately our res-
olution and depth are not sufficient to derive a Sérsic index for
the dust emission, hence we cannot answer the question with-
out supplementary information. We note however, that at least
some of the ALMA sources may present Sérsic indices similar
to those measured by Hodge et al. (2016), Elbaz et al. (2018) and
Rujopakarn et al. (2019) who measured Sérsic indices close to
n~ 1 for galaxies with similar behavior in term of stellar mass,
SFR and redshift. A simple model of the impact of the newly
formed stars following such an index to the final stellar distri-
bution of the galaxies suggests that they would remain below
n=2.6. Hence we conclude that despite the fact that the ALMA
galaxies will inevitably have compact final half-light radii, only
a fraction of them will end up showing the high Sérsic index of
the compact ellipticals observed at z ~ 2. We note that this index
itself presents a distribution, hence we cannot reject the possi-
bility that most of the present ALMA sources represent reliable
progenitors of compact ellipticals at z~ 2. This galaxy sample
is building compact bulges. This is consistent with a scenario of
rapid bulge growth in galaxies and that these bulges can already
be in place at z ~ 2 (Tacchella et al. 2015).

5.2.2. Morphology

We here aim to look at the mechanisms that may have driven the
gas in the center of the ALMA galaxies. This may be violent disk
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Fig. 7. Left panel: 5000 A size-mass plane for the galaxies located in the GOODS—South field for which sizes have been measured in van der Wel
et al. (2014). The density of the UVJ active galaxies (with 2 <z <4) in the GOODS-ALMA field is represented by the blue hexagons. The blue
and red lines represent the trends of active and passive galaxies respectively, while the dashed lines give the scatter on these relations (van der

Wel et al. 2014). The ALMA-detected galaxies are shown with dots color-coded by redshift. The stars represent galaxies with Ly i, > 104 erg s

-1

Right panel: ALMA size-mass plane for the ALMA detected galaxies. For comparison, the trends for active and passive galaxies are also shown.
We indicate the compactness criterion described in Eq. (20) to visualize which galaxies are compact at 5000 A. In this figure, ALMA sizes

have been divided by a factor of V0.65, which corresponds to the median of the b/a ratio, to reflect size differences with HST. Galaxies with
Lx i > 10* erg s™! and for which only an upper limit in ALMA size has been determined are displayed with a red arrow.

instabilities (Dekel & Burkert 2014), or other dissipative pro-
cesses, including mergers (Wellons et al. 2015). To investigate
the role of mergers in the compaction process, we now investi-
gate the morphology of the ALMA-detected galaxies.
Increasing numbers of observations have demonstrated that
elliptical galaxies at z=2 are particularly compact (e.g., Trujillo
et al. 2006; van Dokkum et al. 2008; Conselice 2014; van der
Wel et al. 2014). Major merger events can give rise to ellipti-
cal galaxies (e.g., Dekel & Cox 2006; Hopkins et al. 2006a),
but can also influence the compactness of the star formation in
galaxies (e.g., Wuyts et al. 2010; Ceverino et al. 2015). Due to
their large stellar masses, which has generated and retained a
large amount of metals, and hence dust, against outflows (e.g.,
Dekel & Silk 1986; Dekel & Woo 2003; Tremonti et al. 2004),
the galaxies detected in this study are extremely dust-obscured.
In addition to this, their redshift makes them particularly faint
in UV and optical filters. Some of them are Y-dropout (e.g.,
AGSS5, AGS18), V-dropouts (e.g., AGS9, AGS10) or visible only
in the Ks-band (AGS4, AGS11, etc.). The morphology of these
galaxies is therefore difficult to obtain. We cross-matched our
sample with the catalog of Huertas-Company et al. (2015a) that
estimates the probability of being a spheroid, disk or irregular
using the Convolutional Neural Network technique. In addition
to the 6 HST-dark galaxies, which, by definition, cannot be cat-
egorized, nine other galaxies have H-band fluxes too faint to be
classified (F160W >24.5 AB mag). This leaves only 20 of our
galaxies that are present in this catalog. We use the simplified
classification proposed in Huertas-Company et al. (2015b):
pure bulges: fipn >2/3 AND fix <2/3 AND fi; < 1/10;
pure disks: fipn <2/3 AND fyisk >2/3 AND fir < 1/10;
disk + sph: fipn >2/3 AND fgik >2/3 AND firr < 1/10;
— irregular disks: fuisk >2/3 AND fyn <2/3 AND fir > 1/10;
irregulars/mergers:  fusk <2/3 AND  fn<2/3  AND
firr > 1/10.
As a result, 61% (11/18) of our galaxies are classified as irreg-
ulars/mergers (two galaxies do not fit into any of the categories
presented above). If we also take into account irregular disks,
78% (14/18) have an irregular morphology. Several galaxies
show clear morphological characteristics of mergers, for exam-
ple with large tidal tails. The galaxy AGS31, which exhibits large
tidal tails, is an excellent illustration of this (see Appendix A in

F20a). For other galaxies, the interaction with another galaxy is
more weak or uncertain.

We compared these proportions against those for a control
sample. For each of the 18 galaxies in our sample with esti-
mated morphologies from the Huertas-Company et al. (2015a)
catalog, we selected the galaxy closest to it in terms of red-
shift and stellar mass, in the control sample. This control sam-
ple exhibits significantly different morphological proportions.
Only 6% (1/18) of these galaxies can be classified as irregu-
lars/mergers, 22% (4/18) if we take into account irregular disks.
The galaxy population detected by ALMA, therefore, tends to be
on average biased toward irregular galaxies. By more precisely
considering the morphological classification, we obtain for the
sample galaxies detected by ALMA an average fon=0.16,
faisk =0.50, fir =0.34, while for the control sample, an aver-
age of foon =0.40, fa =0.53, fir =0.07. While the disk frac-
tion is relatively constant between these two samples, we are
witnessing an inversion of the fraction between the irregulars
and the spheroids. This result is consistent with a scenario in
which a gas-rich major merger could funnel the gas into the cen-
ter (e.g., Barnes & Hernquist 1991; Hopkins et al. 2006b; Dekel
& Burkert 2014; Zolotov et al. 2015; Tacchella et al. 2016). This
would explain the high fraction of irregular galaxies compared
to the control sample.

We are therefore in the presence of a heterogeneous
population of both secularly evolving disk and merger-type
galaxies. The number of galaxies classified as irregulars/mergers
is slightly higher with that found by models (Hayward et al.
2011, 2013), which predict that for a population of SMGs
with S| mm>0.5mly, star-forming galaxy-pairs account for
~30-50% of the galaxies.

5.3. IR surface brightness as a prior for the remaining
lifetime of a galaxy

The role of compact star formation in enhancing the efficiency
of star formation is illustrated in Fig. 8. Galaxies forming stars
with the largest star-formation surface density, Xggr, experience
the strongest star formation episodes with the shortest depletion
times (see Table 3).

The SFR surface density (Zspr) can be defined as:
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Fig. 8. Depletion time as a function of the Xgrgr, color-coded according
to the distance to the main sequence. The solid and dashed lines are
the fit to the sliding median and its 68% scatter respectively. The stars
represent galaxies with Ly i, > 10 erg s™!. For comparison, the results
of Elbaz et al. (2018) are shown by gray dots.

Serr = SFR/(27R?, ),

1.1 mm

@

where R; | mm 1S the half light radius (see Sect. 5.2.1 for a descrip-
tion of the determination of the millimeter size).

We have found a strong negative correlation between Xgpg
and depletion time (see Fig. 8). A similar trend was found in
Elbaz et al. (2018). This correlation can be characterized by the
following equation:

Taep [Myr] = 10(3:20£025) o Z(S—F(}){.49:0.12)' 22)

6. Conclusions

We have taken advantage of the excellent multiwavelength sup-
porting data in the GOODS-South field and the largest contigu-
ous ALMA survey to derive the physical properties of 35 ALMA
flux-selected galaxies. This sample of galaxies comes both from
a purely blind search (galaxies with a peak flux >4.8c, see F18)
and from an extension of this catalog that we have built down to
the 3.50 limit using IRAC and VLA to probe fainter millimeter
galaxies (F20a). The number of galaxies comprising our sam-
ple is comparable to the expected number of galaxies reported in
the number counts literature at similar flux and wavelengths to
those of our study (e.g., Hatsukade et al. 2013, 2018; Oteo et al.
2016; Aravena et al. 2016; Umehata et al. 2017; Fujimoto et al.
2017; Dunlop et al. 2017; Franco et al. 2018; Gonzélez-L6pez
et al. 2020; Popping et al. 2020) indicating that our sample of
galaxies is almost complete.

These galaxies are massive (My meq=8.5x%10'° M) and
therefore rare, so in order to be able to detect and analyze them,
a sufficiently large survey, such as GOODS-ALMA was needed.
It is possible now, for the first time with this survey, covering
~69 arcmin?. The analysis of the SEDs of these galaxies has
made it possible to derive some of the physical properties of
these galaxies. We are confronted with a heterogeneous pop-
ulation of galaxies. However, we highlight that about 40% of
our galaxy sample exhibits a particularly small gas fraction. We
remark that the most massive galaxies in our sample are also the
galaxies with the lowest gas fractions. With their high star forma-
tion rates (the galaxies are mostly starbursts, or on the upper part
of the main sequence) and without a gas refill mechanism, they
will consume their gas reservoirs in a typical time of 100 Myr.

We also studied the sizes of these galaxies. The advantage
of conducting a survey is that it does not impose a priori criteria
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Table 3. Size, depletion time, and star-formation surface density.

ID FWHM Tdep ZSFR
(arcsec) (Myr) (Mo yr~' kpc2)

AGSI1 0.21+0.02 1721_918 246f;‘§
AGS3 <0.17 132f}g >408
AGS4  0.18+0.02 67f§ 5603;7
AGS5  0.19+0.02 71fg 5003%0
AGS6 <0.19 lSSﬁg >180
AGS8  0.23+0.02 2373‘2‘ 14632
AGS9  0.23+0.03 15832 210:?2
AGS10 <0.21 130ff2 >169
AGS12 <0.23 75t;0 >191
AGS13 <0.23 139+3¢ >86
AGS17 0.41+0.03 84f§ 1423;
AGS18 0.50+0.08 231‘:‘3‘3 18f§
AGS23 <0.24 650" %g >41
AGS26 0.30+0.09 23532 5533
AGS28 0.50+0.07 416:'}%‘7) 15f§
AGS29 <0.28 447jg3 >19
AGS31 <0.27 15232 >56
AGS34 <0.27 319j}2§ >33
AGS35 0.45+0.12 30‘:2 50‘:?2
AGS37 0.28+0.10 2763‘71 43f%
AGS38 0.32+0.10 1516’:}%82 7’:;
AGS39 <0.28 1903 >66

Notes. Columns: (1) ALMA ID for galaxies with Herschel mea-
surements; (2) FWHM measured from uvmodelfit in CASA; (3)
depletion time (Tgep = M,,s/SFR), in Myr; (4) SFR surface density

(Zsrr = SFR/QAR% | 1)), in Mo yr~" kpe™2.

for selecting the galaxies studied. The ALMA detected galax-
ies have observed H-band or 5000 A sizes comparable to the
majority of galaxies with the same stellar masses and redshifts,
whereas their dust emission regions, i.e., the regions tracing the
obscured part of the star formation, are relatively compact and
have sizes comparable to passive galaxies at z ~ 2.

We have investigated the link between depletion time and
star formation surface density. We confirm the result showing a
tight correlation between these two quantities. The denser the
galaxy star-forming region is, the shorter the gas depletion time
is. Mechanisms leading to a compaction of the obscured star-
forming regions are to be confirmed, but a compact region mas-
sively forming stars at the center of a galaxy can lead to a rapid
morphological transition from a spiral to a compact elliptical
galaxy such as those observed at z ~ 2, despite the fact that the
ALMA selected galaxies are not yet compact at 5000 Aorinthe
H-band (they are not yet blue nuggets).

All of these different pieces of evidence indicate that our
ALMA-detected galaxies are the ideal progenitors of passive
galaxies at z~2 and natural exhaustion of their gas reservoirs
(slow downfall) is sufficient for this transition to happen quickly
without needing to invoke a (“fast”) quenching mechanism.
The large fraction of AGN among galaxies with the shortest
depletion times and gas fractions suggest however that they
may act by a starvation mechanism in preventing any further
growth.
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Appendix A: SEDs
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Fig. A.1. Optical to radio Spectral Energy Distributions for the 35 galaxies detected in the GOODS-ALMA survey. If the studied galaxy has
also been detected with Hershel, we fit the SED using the CIGALE code, otherwise we use the dust spectral energy distribution library presented
in Schreiber et al. (2018b). The solid black line represents the best fit, which can be decomposed into the IR dust contribution (brown line), a
stellar component uncorrected for dust attenuation (dark blue line), synchrotron emission (purple line) and the AGN contribution (orange line).
In addition, we show the best fit of a modified black body, with 8= 1.5 (light blue line). The corrected UV emission is also shown in green. The
bottom panel shows the residuals: (observation — model)/observation.
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Fig. A.1. continued.
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Table A.1. Summary of fluxes (peak flux using Blobcat and integrated flux using uvmodelfit), as well as the sizes (measured using
uvmodelfit) for the galaxies in the Main and Supplementary catalogs.

D Sgi;]‘(bcat }tlvl;nggﬁjdflt FHWMuvmodelflt
(mly) (mly) (arcsec)
AGSI1 1.90 £0.20* 2.20+0.13 0.21+£0.02
AGS2 1.99+0.22*  2.31+0.12 0.16 +£0.01
AGS3 1.84+0.21* 1.97+0.12 0.16+0.16
AGS4 1.72£0.20*  1.68+0.11 0.18+0.02
AGS5 1.56 +£0.19% 2.49+0.18 0.19+0.02
AGS6 1.27+0.18* 1.37+0.13 0.11+0.03
AGS7 1.15+£0.17*  1.64+0.11 0.10+0.02
AGSS8 1.43+0.22*%  2.23+0.17 0.23+0.02
AGS9 1.25+0.21* 1.70+0.18 0.23+0.03
AGS10 0.88+0.15* 1.18+0.13 0.14+0.03
AGS11  1.34+0.25% 1.71+0.17 0.12+0.02
AGS12 093+0.18% 1.17+0.15 0.22 +0.04
AGS13  0.78+0.15% 0.84x0.11 0.17+0.03
AGS15 0.80+0.16 1.21+0.11% 0.07 +£0.02
AGS17  093+0.19 2.30+0.20% 0.41+0.03
AGS18 0.85+0.18 1.70+0.28* 0.50 +0.08
AGS20 1.11+0.24* 1.90+0.20 0.19+0.02
AGS21 0.64+0.11* 0.75+0.12 0.09 +0.04
AGS23 098+0.21* 0.94+0.16 0.22+0.04
AGS24 0.88+0.22*%  0.81+0.29 0.06 +£0.55
AGS25 0.81+0.19* 1.06+0.28 0.12+0.24
AGS26 0.74+0.18 097 +0.15% 0.30+0.09
AGS27 0.82+0.22 1.43+0.28% 0.54+0.12
AGS28 0.85+0.21 1.56+0.21% 0.50 +0.07
AGS29 0.61+0.18* 1.22+0.19
AGS30 0.67+0.17* 0.83+0.23
AGS31 0.72+0.19* 1.01+0.17
AGS32  0.63+0.16 1.23+0.16%* 0.33+0.10
AGS33 0.70+0.19 1.77+0.27* 0.51+0.10
AGS34 0.55+0.15%
AGS35 0.65+0.18 1.16+0.21%* 0.45+0.12
AGS36 0.74+0.21* 0.74+0.18 0.23+0.13
AGS37 0.63+0.18 1.10+0.16% 0.28+0.10
AGS38 0.58+0.16 1.00+0.16%* 0.32+0.10
AGS39 0.80+0.23* 0.98 +0.28 0.25+0.14

Notes. For each galaxy, the flux used (as explained in F18 and F20a) is indicated by an asterisk. The absence of a size indicates a nonconvergence
of uvmodelfit. For AGS15, we obtained new 2 mm ALMA data for this galaxy, (project 2018.1.01079.S PI: M. Franco; see Zhou et al. 2020),
which led us to revise our hypothesis that the source was compact and to favor the uvmodelfit flux which is in agreement with the 2 mm flux and

the flux at 850 um (Cowie et al. 2018).

A30, page 17 of 17



