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Abstract

We present a characterization of the physical properties of a sample of 35 securely detected, dusty galaxies in the
deep ALMA 1.2 mm image obtained as part of the ALMA Spectroscopic Survey in the Hubble Ultra Deep Field
(ASPECS) Large Program. This sample is complemented by 26 additional sources identified via an optical/
infrared source positional prior. Using their well-characterized spectral energy distributions, we derive median
stellar masses and star formation rates (SFR) of 4.8 x 10'° My and 30 Mg, yr ', respectively, and interquartile
ranges of (2.4-11.7) x 10'"® Mg and 20-50 My, yr '. We derive a median spectroscopic redshift of 1.8 with an
interquartile range 1.1-2.6, significantly lower than submillimeter galaxies detected in shallower, wide-field
surveys. We find that 59% =+ 13%, 6% + 4%, and 34% =+ 9% of our sources are within, above, and below=+0.4
dex from the SFR—stellar-mass relation or main sequence (MS), respectively. The ASPECS galaxies closely follow
the SFR—molecular gas mass relation and other previously established scaling relations, confirming a factor of five
increase of the gas-to-stellar-mass ratio from z = 0.5 to 2.5 and a mild evolution of the gas depletion timescales
with a typical value of 0.7 Gyr at z = 1-3. ASPECS galaxies located significantly below the MS, a poorly
exploited parameter space, have low gas-to-stellar-mass ratios of ~0.1-0.2 and long depletion timescales >1 Gyr.
Galaxies along the MS dominate the cosmic density of molecular gas at all redshifts. Systems above the MS have
an increasing contribution to the total gas reservoirs from z < 1 to z = 2.5, while the opposite is found for galaxies
below the MS.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Galaxy quenching (2040); Submillimeter
astronomy (1647); High-redshift galaxies (734)
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1. Introduction
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A major focus of galaxy evolution studies in the past few
decades has been to understand the physical mechanisms that
drive the growth of galaxies, starting from cold atomic hydrogen
through the cold interstellar medium (ISM; e.g., where the bulk
of dense molecular hydrogen, H,, resides) to star formation. A
critical measurement has been the determination of the evolution
of the cosmic star formation rate (SFR) density, establishing an
important framework to understand the key epochs in which the

different physical mechanisms are taking place (e.g., Madau &
Dickinson 2014). Due to the direct link between the reservoirs of
molecular gas in the universe and star formation activity,
understanding this cosmic evolution of galaxies requires
measurements of the cold ISM through cold dust and molecular
gas observations (e.g., Carilli & Walter 2013).

To study these processes, several approaches have been
developed to select a variety of galaxy populations in which
signatures of the ISM content can be observed.
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Large (sub)millimeter continuum surveys with bolometer
cameras on single-dish telescopes have been conducted over
the past two decades, covering significant contiguous areas of
the sky, ranging from a few tens of arcmin® to thousands of
deg2 (e.g., Barger et al. 1998; Hughes et al. 1998; Bertoldi et al.
2000; Eales et al. 2000; Cowie et al. 2002; Scott et al.
2002, 2008, 2012; Coppin et al. 2006; Bertoldi et al. 2007;
Greve et al. 2008; Weil} et al. 2009; Austermann et al. 2010;
Negrello et al. 2010; Vieira et al. 2010; Aretxaga et al.
2011; Hatsukade et al. 2011; Mocanu et al. 2013; Geach et al.
2017; Wang et al. 2017; Simpson et al. 2019). By construction,
these surveys tend to detect the redshifted far-IR emission from
galaxies at z > 1 and thus trace the dust reservoirs heated by
ultraviolet (UV) radiation from star formation or active galactic
nucleus (AGN) activity, hence preferentially selecting galaxies
with high SFRs and/or substantial dust (and molecular gas)
reservoirs (e.g., Casey et al. 2014). These efforts yielded the
discovery of a population of luminous dusty star-forming galaxies
(DSFGs) at high redshift that were not accounted for in previous
optical cosmological surveys. These galaxies, commonly called
submillimeter galaxies (SMGs), have SFRs > 200 Mg, yr ' and
assembled a significant fraction of their stellar content with M, ~
10" My (e.g., Simpson et al. 2014; Swinbank et al. 2014;
da Cunha et al. 2015; Chang et al. 2018; Zavala et al. 2018;
Dudzeviciaté et al. 2020).

An important step to understanding the physical mechanisms
of galaxy growth has been the determination that the bulk of
star-forming galaxies, typically selected through their optical
colors, form a broad correlation or “sequence” between their
stellar masses and SFRs, representing what has been called
the “main sequence” (MS) of star formation (e.g., Brinchmann
et al. 2004; Daddi et al. 2007; Elbaz et al. 2007, 2011;
Noeske et al. 2007; Peng et al. 2010; Rodighiero et al. 2010;
Whitaker et al. 2012, 2014; Speagle et al. 2014; Schreiber
et al. 2015). Galaxies below this sequence are usually called
“passive” galaxies, while those above it are called “starbursts.”
Follow-up observations of dust continuum and molecular gas,
through "2CO line emission, in optically selected MS galaxies
across the stellar mass versus SFR diagram yielded a revolution
in the study of galaxy evolution: these star-forming MS
galaxies were found to host large amounts of molecular gas,
yielding bright detections of CO line emission (e.g., Daddi
et al. 2010a). This targeted approach enabled the study of
galaxies with faint dust continuum emission that blind
bolometer surveys were unable to explore. Most significantly,
these studies allowed for the determination of scaling relations
between various fundamental parameters, including their stellar
masses, specific SFRs, molecular gas depletion timescales, and
molecular gas fractions, revealing for some of these parameters
clear signs of evolution with redshift (e.g., Daddi et al. 2010b;
Genzel et al. 2010, 2015; Tacconi et al. 2010, 2013, 2018;
Saintonge et al. 2011, 2013, 2016; Leroy et al. 2013; Sargent
et al. 2014; Santini et al. 2014; Papovich et al. 2016; Schinnerer
et al. 2016; Scoville et al. 2016, 2017; Freundlich et al. 2019;
Liu et al. 2019; Wiklind et al. 2019). These observations
have established a basis for an observational and theoretical
framework of galaxy evolution.

Despite the important progress made, dust continuum
surveys have only been able to detect directly the (sub)
millimeter brightest galaxies, missing the general population of
DSFGs through cosmic time. Targeted CO/dust observations
across the stellar mass versus SFR diagram, on the other hand,
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have focused on galaxies preselected through their optical
colors, potentially missing a significant fraction of the galaxy
population (e.g., Aravena et al. 2019).

The advent of the Atacama Large Millimeter/submillimeter
Array (ALMA) has opened a new window for studying cold
dust and molecular gas in the general population of star-
forming galaxies, enabling us for the first time to produce
sensitive blank-field dust continuum and CO line emission
searches over significant contiguous areas of the sky (~1-50
arcmin®). These efforts have mostly been done in well-studied
cosmological deep fields in order to take advantage of the
wealth of multiwavelength data (e.g., Aravena et al. 2016a;
Dunlop et al. 2017; Gonzélez-Lépez et al. 2017; Franco et al.
2018; Hatsukade et al. 2018; Pavesi et al. 2018; Riechers
et al. 2019), as well as fields known to be located in galaxy
protoclusters at high redshift (e.g., Umehata et al. 2018).

The ALMA Spectroscopic Survey (ASPECS) in the Hubble
Ultra Deep Field (HUDF) is a simultaneous blank-field CO line
and dust continuum survey of distant galaxies performed with
ALMA. In a first stage, the ASPECS pilot program targeted a
region of ~1 arcmin” in the HUDF, spectroscopically scanning
the full ALMA bands 3 (3 mm) and 6 (1 mm) to search for CO
line emission from galaxies at 0 < z < 6, [C1I] line emission
at 6 < z < 8, and dust continuum (e.g., Aravena et al. 2016a,
2016b; Bouwens et al. 2016; Carilli et al. 2016; Decarli et al.
20164, 2016b; Walter et al. 2016). The ASPECS large program
(LP) builds on the observational strategy and results presented
by the ASPECS pilot observations, extending the covered area
of the HUDF to 4.6 arcmin®, roughly composing the Hubble
eXtremely Deep Field (XDF), the region of the HUDF with the
deepest near-IR (NIR) observations (Illingworth et al. 2013;
Koekemoer et al. 2013). The first results of the ASPECS
LP based on the ALMA band 3 observations are presented
in a series of recent papers (Aravena et al. 2019; Boogaard
et al. 2019; Decarli et al. 2020; Gonzalez-Lopez et al. 2019;
Popping et al. 2019; Uzgil et al. 2019; H. Inami et al. 2020, in
preparation).

In this paper, we present the physical properties of the faint
dusty sources detected in the sensitive ASPECS 1.2 mm
continuum map using the wealth of ancillary multiwavelength
data available in the HUDF. In Section 2, we briefly summarize
the ASPECS observations and ancillary data used. In Section 3,
we present our main results and describe the sample of
millimeter sources and their multiwavelength counterparts,
redshifts, and spectral energy distributions (SEDs). In
Section 4, we study the location of our sources with respect
to the MS of star formation and compare the properties of the
dust continuum sources with galaxies in the field and previous
ISM studies. Finally, in Section 5, we summarize the
conclusions of this work. Throughout this paper, we assume
a standard ACDM cosmology with Hy = 70 km s~ ' Mpc ',
Qa = 0.7, and Q,, = 0.3. All magnitudes are presented in the
AB system.

2. Observations
2.1. The ASPECS LP

The ASPECS 1.2 mm continuum map yields an unprece-
dented rms level of 9.3 uJy beam ', being the most sensitive
millimeter survey obtained today over a contiguous area of
~5 arcmin® (Gonzilez-Lépez et al. 2020). The depth of these
observations yielded the detection of 35 statistically significant
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sources plus 26 prior-based lower-significance sources (see
below) and allowed for the discovery of a flattening of the
1 mm number counts at fluxes <100 pJy (Gonzilez-Lopez
et al. 2020; Popping et al. 2020). These results reflect that most
of the extragalactic background light (EBL) at this wavelength
in the HUDF is resolved by these observations (Gonzélez-
Lopez et al. 2020), being a direct consequence of the shape and
evolution of the 1 mm luminosity function (Popping et al.
2020). While the area covered by the ASPECS LP program is
relatively modest, its depth allows us to reach well beyond the
knee of the luminosity function at 1.1 mm and thus access most
of the dust content available in the HUDF galaxies.

2.2. ALMA Observations

The ASPECS LP survey setup and data reduction steps are
described in Gonzélez-Lépez et al. (2020), Walter et al. (2016),
and Aravena et al. (2016a). Here we repeat the most relevant
information for the present study.

ALMA band 6 observations were obtained during Cycles 4
and 5 under excellent to good weather conditions (PWV ~
0.5-2.0). Observations were performed in an 85-point mosaic,
covering roughly the same region composed by the ALMA
band 3 mosaic of the XDF (see Gonzalez-Lopez et al. 2020).
Individual pointings overlap each other by about half the
ALMA primary beam (PB) at half-power beamwidth (HPBW),
i.e., close to Nyquist sampling. Band 6 was scanned using eight
frequency tunings, covering 212.0-272.0 GHz with no overlap
or gaps between individual spectral windows. The ALMA PB
in individual pointings ranges between 30” and 23" for this
frequency range.

The observations were performed using the C43-1 and C43-2
arrays, leading to an angular resolution of 1753 x 1708 at the
center of the band 6 scan (242 GHz). Calibration was performed
via standard observatory procedures with passband and phase
calibration determined from nearby quasars and should be
accurate within +10%. Calibration and imaging were done using
the Common Astronomy Software Application package (CASA)
versions v5.1.1 and v5.4.0-70, respectively. To obtain continuum
maps, we collapsed along the frequency axis in the UV-plane and
inverted the visibilities using the CASA task TCLEAN using
natural weighting and mosaic mode. This yielded an image
reaching down to a noise level of 9.3 ;Jy beam '. A second
version of the 1.2mm map was obtained by tapering the
visibilities in order to gain sensitivity for extended sources that
were marginally detected in the naturally weighted image. This
yielded an image with a resolution of 2”37 x 2”05 with a noise
level of 11.3 pJy beam™ .

2.3. Ancillary Data

Our ALMA observations cover roughly the same region as
the Hubble XDF. Thus, the ASPECS LP field benefits from the
deepest observations obtained with the Hubble Space Tele-
scope (HST) Advanced Camera for Surveys (ACS) and Wide
Field Camera 3 (WFC3) through the HUDF09, HUDF12, and
Cosmic Assembly Near-infrared Deep Extragalactic Legacy
Survey (CANDELS) programs, as well as public photometric
and spectroscopic catalogs (Coe et al. 2006; Xu et al. 2007;
Rhoads et al. 2009; McLure et al. 2013; Schenker et al. 2013;
Bouwens et al. 2014; Skelton et al. 2014; Morris et al. 2015;
Momcheva et al. 2016; Inami et al. 2017). As in other ASPECS
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studies, we make use of this optical and infrared coverage of
the XDF, including the photometric and spectroscopic redshift
information available from Skelton et al. (2014). The area
covered by the ASPECS LP footprint was observed by the
MUSE Hubble Ultra Deep Survey (Bacon et al. 2017),
representing the main optical spectroscopic sample in this area
(Inami et al. 2017). The Multi-Unit Spectroscopic Explorer
(MUSE) at the ESO Very Large Telescope provides integral
field spectroscopy in the wavelength range 4750-9350 A of a
3’ x 3’ region in the HUDF and a deeper 1’ x 1’ region that
mostly overlaps with the ASPECS field. The MUSE spectro-
scopic survey provides spectroscopic redshifts for optically
faint galaxies at i775w ~ 26 magnitudes (and down to ~30 mag
for fainter emission-line galaxies) and thus is very complimen-
tary to our ASPECS survey. MUSE covers key spectral lines,
including Ha A6563, [O 111] AM959, 5007, and [O 11] AA3726,
3729 at z < 0.36, [O IT] AA3726, 3729 at z < 1.5, a number of
absorption features at z = 1.5-2.0, and Lya at z = 2.9-6.7
(e.g., Boogaard et al. 2019). In addition to the HST and MUSE
coverage, a wealth of optical and infrared coverage from space
and ground-based telescopes is available in this field. This
includes Spitzer Infrared Array Camera (IRAC) and Multiband
Imaging Photometer (MIPS) imaging, as well as the Herschel
PACS and SPIRE photometry (Elbaz et al. 2011). From this,
we created a master photometric and spectroscopic catalog of
the XDF region as detailed in Decarli et al. (2020), which
includes >30 bands for ~7000 galaxies, 475 of which have
spectroscopic redshifts.

3. Results
3.1. Main Sample

Details about the 1 mm continuum source extraction, fidelity,
and completeness analysis, as well as source catalog, are described
in Gonzélez-Lopez et al. (2020). Here, we provide a brief summary
of these procedures.

Source extraction was performed simultaneously in the
natural and tapered weighted images, using the LineSeeker
code by searching for all pixels with signal-to-noise ratio
(S/N) > 2 and grouping them into single sources using the
DBSCAN algorithm. The noise level was computed from
the rms value in all pixels excluding those with S/N > 5 (for
details see Gonzdlez-Lépez et al. 2019, 2020).

The fidelity f for each of the extracted sources was computed
based on the number of positive (Npos) and negative (Npeg)
detections at a given S/N value, with f = 1 — Npeo/Npos. For
reference, a fidelity of 50% is achieved at S/N = 4.3. A similar
procedure on the tapered image yields a 50% fidelity at
S/N = 33.

This extraction yielded a sample of 34 sources, one of which
was split into two separate sources based on visual inspection
(Gonzélez-Lépez et al. 2020), leading to a final high-fidelity
sample of 35 sources with fidelities >0.5. Only one additional
source not significantly detected in the natural weighted
image was found in the tapered one, C28, which is found
to be associated with a large spiral galaxy at z = 0.622 (see
Gonzélez-Lépez et al. 2020). Table 1 lists this main sample,
and these sources are highlighted in Figure 1.
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Table 1
Main Sample of Sources Detected in the ASPECS 1.2 mm Continuum Map
ID RA. Decl. S/N f )2 mm S5 mm CO ID OIR? Reference,
(J2000) (J2000) (udy) (1dy) (Y/N)

@) @ 3 (C)) ®) ©) O] ® €] 10)
Co1 03:32:38.54 —27:46:34.6 67.6 1.0 752 + 24 325 +£38 1 Y CM
C02 03:32:36.96 —27:47:27.2 44.1 1.0 432 £ 10 29.6 £ 6.3 Y 3D
C03 03:32:34.43 —27:46:59.8 30.7 1.0 430 £ 23 <200 4 Y CM
Co4 03:32:41.02 —27:46:31.6 26.8 1.0 316 + 12 2277 £ 42 3 Y CO
CO05 03:32:39.75 —27:46:11.6 232 1.0 461 + 28 274 £ 4.6 5 Y CM
C06 03:32:43.53 —27:46:39.2 22.6 1.0 1071 + 47 465 £ 7.1 7 Y CcO
Cco7 03:32:35.08 —27:46:47.8 20.1 1.0 233 £ 12 <200 Y CO
C08 03:32:38.03 —27:46:26.6 16.2 1.0 163 + 10 <200 Y M
Cc09 03:32:35.56 —27:47:04.2 15.9 1.0 155 + 10 <200 13 Y CO
C10 03:32:40.07 —27:47:55.8 13.8 1.0 342 £+ 34 < 20.0 Y M
Cl11 03:32:43.32 —27:46:47.0 13.6 1.0 289 + 21 <200 Y 3D
C12 03:32:36.48 —27:46:31.8 10.7 1.0 114 £ 11 < 20.0 15 Y CM
C13 03:32:42.99 —27:46:50.2 9.7 1.0 116 + 16 <200 10 Y CM
Cl4a 03:32:41.69 —27:46:55.8 9.4 1.0 96 + 10 <200 Y CO
Cl4b 03:32:41.85 —27:46:57.0 9.4 1.0 89 £+ 20 < 20.0 Y CM
Cl15 03:32:42.37 —27:47:08.0 8.9 1.0 118 £ 13 < 20.0 2 Y CM
Cl6 03:32:39.87 —27:47:15.2 8.8 1.0 143 + 18 <200 6 Y CM
C17 03:32:38.80 —27:47:14.8 8.1 1.0 97 + 15 <200 Y M
C18 03:32:37.37 —27:46:45.8 7.2 1.0 107 + 16 <200 Y M
C19 03:32:36.19 —27:46:28.0 6.8 1.0 85+ 12 < 20.0 12 Y CM
C20 03:32:35.77 —27:46:27.6 6.0 1.0 95 + 16 < 20.0 Y M
C21 03:32:36.00 —27:47:25.8 5.5 1.0 58 + 11 <200 Y 3D
Cc22 03:32:37.61 —27:47:44.2 5.5 1.0 59 + 11 <200 Y M
C23 03:32:35.55 —27:46:26.2 5.4 1.0 148 + 30 <200 8 Y CM
C24 03:32:38.77 —27:48:10.4 5.4 1.0 135 £ 25 < 20.0 Y 3D
C25 03:32:34.87 —27:46:40.8 5.4 1.0 90 + 17 < 20.0 14 Y CM
C26 03:32:34.70 —27:46:45.0 43 0.5 65 + 15 <200 Y M
C27 03:32:40.22 —27:47:38.2 4.1 0.8 46 £+ 11 <200 N
C28 03:32:40.84 —27:46:16.8 39 0.9 184 + 46 < 20.0 Y M
C29 03:32:34.45 —27:47:35.6 35 0.8 308 + 75 <200 N
C30 03:32:38.79 —27:47:32.6 35 0.8 34+ 10 <200 Y M
C31 03:32:37.07 —27:46:17.4 35 0.8 47 £ 12 <200 Y M
C32 03:32:37.73 —27:47:06.8 35 0.8 41 £ 10 < 20.0 Y M
C33 03:32:38.51 —27:47:02.8 33 0.6 42+ 10 < 20.0 Y M
C34 03:32:40.04 —27:46:26.4 33 0.6 39 + 11 < 20.0 N

Note. Column (1): source name. Columns (2) and (3): position of the continuum detection in the ALMA 1.2 mm map. Column (4): S/N of the 1.2 mm detection. Column
(5): fidelity (f) of the 1 mm detection, as defined in the text (for details see Gonzélez-Lopez et al. 2020). Column (6): flux density at 1.2 mm, corrected for PB (Gonzailez-
Lépez et al. 2020). Column (7): flux density at 3 mm (Gonzélez-Ldpez et al. 2019). Column (8): CO source ID (Aravena et al. 2019; Boogaard et al. 2019). Column (9): is
there an optical counterpart identification for this source (yes/no)? Column (10): redshift code. M: MUSE (spectroscopic redshift; Inami et al. 2017); CO: CO line confirmed
(spectroscopic redshift; Aravena et al. 2019; Boogaard et al. 2019); CM: CO and MUSE joint redshift determination (spectroscopic redshift; Boogaard et al. 2019); 3D: 3D-
HST (photometric redshift Skelton et al. 2014; Momcheva et al. 2016); GS: other HST redshifts (photo-z; Morris et al. 2015; Rafelski et al. 2015).

3.2. Multiwavelength Counterparts
3.2.1. Optical

We searched for matches between the 1.2 mm continuum
detections and the HST optical sources in the field, using the
catalog from Skelton et al. (2014). We identified these optical
counterparts within a 1” radius from the 1.2 mm position (for
details see Gonzdlez-Lopez et al. 2020), with an additional
requirement that the probability of chance association
P =1 — exp(—nd?) is less than 5%. Here, n is the number
density of optical sources (with mggow < 27) in the neighbor-
hood, and d is the distance between the millimeter and the optical
source. Based on this, we expect one to two sources to be a
spurious association. The 1” radius is well matched to the 1.2 mm
map beam size and the typical size of optical sources in the field
(Aravena et al. 2016a). The astrometry of the ALMA and HST
images, when corrected for known distortions (Dunlop et al. 2017),

is accurate to within <0” 1, thus not representing a major source of
possible offsets. While offsets between the optical and (sub)
millimeter components of ~1” are not unusual for bright DSFGs
(e.g., Hodge et al. 2012), this is typically not the case for fainter
dusty galaxies or “typical” galaxies as in the sample studied here
(e.g., Daddi et al. 2010a; Franco et al. 2020).

Figure 1 shows the location of the 1.2 mm sources with respect
to the optical galaxies in the field. Figure 2 shows the HST F160W
magnitudes as a function of redshift for the 1.2 mm sources
compared to the optical galaxies in the field. At all redshifts,
ASPECS 12 mm galaxies are among the brightest. Multi-
wavelength cutouts for individual sources are shown in
Appendix B. We find that from the sample of 35 mm detections
in the ASPECS field, 32 have clear optical counterparts in the HST
images. The three 1.2 mm detections with no optical counterparts
have low S/N values and are consistent with the number of
spurious sources at these significances, based on the fidelity
analysis (see discussion in Gonzdlez-Lopez et al. 2020).
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Figure 1. Optical /NIR color image of the HUDF (F450W, F850LP, F160W), with contours overlaid representing the ALMA 1.2 mm emission unveiled by the
ASPECS LP survey. Contours are shown at 30, 50, 70, 100, and 200 level, with o = 9.3 ;Jy beam ™', The significant 1.2 mm continuum sources detected by the
ASPECS survey are highlighted by cyan squares (main sample) and green diamonds (secondary sample), while the locations of the CO line emitters from the ALMA
band 3 part of this program are shown as magenta circles. Some faint sources are better recovered in the tapered, lower-resolution image (not shown here) and thus not

necessarily visible through the white contours presented here.

18
19
20
21
22
23
24
25
26
27
28
29

10

I\IIII\I\I I\IIIIII\|\IIIIII\I|I\II\II

o v ASPECS 1.2mm
. GOODS-S

M,sow.as [Mag]

IIIIII]|IIIiHIII|HIHIIIII\HIIII\I}HIIIHIIIHIIIiI[IlIIIIH\II|III\HIII|IIHHIII|HIIIIIH TITITIT

0 1 2 3 4

Figure 2. Apparent magnitudes in the HST F160W band as a function of
redshift for the ASPECS sources with optical/NIR counterparts. The
background contours represent the location of field galaxies from the
GOODS-S field for comparison. For display purposes, these are shown as
the square root of the number of sources at a given location in this plane.
ASPECS galaxies from the main and the faint, prior-based samples are
represented by filled circles and triangles, respectively. The coloring of each
data point represents the 1.2 mm flux as shown by the color bar. The ASPECS
1 mm galaxies are among the brightest galaxies in the NIR regime at all
redshifts in this field.

3.2.2. IR

Several of our ASPECS 1.2 mm continuum sources have an
IR counterpart in Spitzer 24 ym and/or Herschel PACS 100/
160 pm catalogs (Elbaz et al. 2011). We find that out of the 35
significant ASPECS sources, 25 have a Herschel PACS
counterpart within 1”7, and 10 have only upper limits at these
wavelengths (Gonzdlez-Lépez et al. 2020). Due to its poor
angular resolution (18”-36"), we do not attempt to match our
sample to Herschel SPIRE sources. Out of these 10 Herschel
PACS undetected sources, five have clear 24 ym and optical
counterparts (1 mm.C8, 1 mm.Cl1, 1 mm.C18, 1 mm.C21,
and 1 mm.C31). From the other five sources (1 mm.C9, 1 mm.
C25, 1 mm.C27, 1 mm.C29, and 1 mm.C34), only two have
clear optical counterparts (1 mm.C9 and 1 mm.C25).

Conversely, out of the 37 Herschel PACS sources in the
HUDF, 25 have a clear 1.2 mm counterpart as mentioned above,
9 can be associated with ~2.00—3.5¢ 1.2 mm positive blobs in the
map, and 3 have no millimeter match. Most of these nine sources
are part of the ASPECS 1 mm secondary sample. The other three
Herschel sources undetected at 1.2 mm are located near the edge
of the ASPECS map, where the sensitivity worsens rapidly.

3.2.3. CO

It is interesting to check how many of the previously
reported ASPECS CO emitters from ALMA band 3 observa-
tions (Gonzalez-Lépez et al. 2019) are detected in the deep
ASPECS 1.2 mm map. Of the 18 ASPECS CO line emitters
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(16 blind plus 2 prior based), 13 have a counterpart in the main
sample of dust continuum sources reported here. From the
other 5 CO sources (3 mm.9, 3 mm.11, 3 mm.16, 3 mm.MP1,
and 3 mm.MP2), two have associated emission at the ~3o0
level (3 mm.16 and 3 mm.MP1) and are included in the faint
prior-based sample (see Section 3.3). One of these, 3 mm.9,
falls outside the coverage of the ASPECS 1.2 mm mosaic (see
Figure 1), while 3 mm.MP2 is blended with 3 mm.8 corresp-
onding to source C24 in the 1 mm map. Hence, only one CO
source, 3 mm.11, has a formal nondetection at 1.2 mm,
yielding an upper limit of 50 pJy (50). We note that this
source identification and redshift have been confirmed through
a clear CO (4—3) line detection in the ALMA band 6 cube
(Boogaard et al. 2020).

3.3. Prior-based Millimeter Sample

Millimeter sources at a lower significance level than the
main sample, down to a fidelity of 50%, were extracted based
on the existence of an optical or IR counterpart (see above).
Optical sources were restricted to have HST F160W magni-
tudes <27 mag, to ensure more reliable associations. This
prior-based approach relies on the fact that bright optical
sources will most likely be associated with massive or star-
forming galaxies, which would likely show faint 1.2 mm
emission. For this secondary sample, we consider a millimeter
source as plausible if the probability of chance association with
an optical match is P < 0.05 and lies within 1”. Based on this,
we expect ~1 source to be a false optical-millimeter match.
Similarly, one can look for associations between faint
millimeter sources and IR Herschel /PACS sources in the field.
Given the low density of both source samples, the likelihood of
a chance association is negligible. For additional details on the
prior-based selection, we refer the reader to Gonzilez-Lopez
et al. (2020).

With this approach we find an additional sample of 25 mm
sources using an optical prior. Twelve of these have an IR
(Spitzer and/or Herschel) counterpart. Only one additional
source is found using a Herschel prior alone. Throughout the
rest of this paper, we treat this prior-based, faint millimeter
sample as the secondary sample.

3.4. SED Fitting and Derivation of Properties

For all galaxies in the HUDF, we fit their SED using the
high-redshift extension of MAGPHYS (da Cunha et al
2008, 2015). We use the available 26 broad- and medium-
band filters in the optical and infrared regimes, from the U band
to Spitzer IRAC 8 pm, and including the Spitzer MIPS 24 pm
and the ALMA 1.2 and 3 mm fluxes and upper limits. For the
continuum-detected galaxies, we include the ALMA 1.2 and
3 mm and Herschel PACS 100 and 160 pm fluxes or limits.
We note that for the field galaxies we do not include the
Herschel PACS limits, as the depth of the ALMA maps sets
significantly more stringent constraints.

MAGPHYS yields estimates for the stellar masses, SFR,
specific SFR, and attenuation. To constrain the FIR SED,
MAGPHYS assumes a two-component graybody approximation,
with dust emissivity indexes of 1.5 and 2.0 for the warm and
cold components, respectively. Under these assumptions,
MAGPHYS fits yield estimates of the IR luminosity and the
dust masses and temperatures. MAGPHYS employs a physically
motivated prescription to balance the energy output at different
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Figure 3. Example of the MAGPHYS SED fitting performed on source
ASPECS-LP.1 mm.CO1. The black circles show the observed photometric
data, and the red solid curve shows the best-fitted template. The blue curve
shows the model-unattenuated stellar emission. The redshift and median values
of the posterior likelihood distribution of the stellar mass, SFR, and visual
attenuation (Ay) are given in the upper left corner.

wavelengths. Thus, even in cases with poor constraints on the
IR SED, estimates on the IR luminosity and/or dust mass
arise from constraints on the dust-reprocessed UV emission,
which is well sampled by the UV-to-infrared photometry as
demonstrated by Dudzeviciaté et al. (2020). An example of the
photometry and SED fits obtained for the ASPECS sources
is shown in Figure 3. The full set of SED fits is presented
in Appendix C. The properties derived for individual ASPECS
Il mm sources are shown in Table 2. The values listed
correspond to the same values used in Gonzalez-Lépez et al.
(2020) and Boogaard et al. (2020).

Figure 4 shows the distributions of redshift, SFR, stellar
mass, and specific SFRs for our ASPECS 1.2 mm continuum
sources compared to all galaxies in the HUDF. This HUDF
galaxy sample was restricted to galaxies with log(Ms) > 8.5
and log(SFR) > —1 and to sources that fall within the region
covered by the ASPECS observations (within PB > 0.1) and
with redshifts that match those found for the ASPECS 1.2 mm
sources (0.5 <z < 5). From this, we find that the ASPECS
galaxies are among the most massive and star-forming galaxies
in the ASPECS field in the specified redshift range. The
ASPECS 1.2 mm galaxies span almost 2 dex in stellar mass
and SFR. For the main sample, we find a median stellar mass of
4.8 x 10'°Mg, with an interquartile range of (2.4-11.7) x
10'°M, and a median SFR of 33Mg, yr~ ', with an interquartile
range of 19-51M¢ yr~'. These values confirm previous results
found for this galaxy population by the ASPECS pilot survey
(Aravena et al. 2016a), which targeted a smaller region of
the HUDF at slightly shallower depth. Interestingly, when
including sources from the faint, prior-based sample, we find
lower redshifts, stellar masses, and SFRs compared to the
main sample. For this sample, we find a median stellar mass
of 0.9 x 10'"°Mg, with an interquartile range of (0.1-1.5) x
10'°M, and a median SFR of 4M yr—', with an interquartile
range of 3-8Mg yr .

Based on the comparison of the stellar masses and SFRs
obtained with MAGPHYS and PROSPECTOR (see Bouwens
et al. 2020), we find that these parameters are precise to
within ~0.1-0.2 dex in the stellar-mass range explored in this
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Table 2
Properties of the Main Sample of ASPECS 1.2 mm Galaxies

Aravena et al.

ID 2 Mi60 SFR Miars Awms Ty Lir My, sED Mo, ry Mwol, co
(AB mag) (Mg yr ) (10"°M¢) (K) (10" L) (10'M¢) (101%M¢) (10"°M¢)

(Y] () 3) €] 5) (6) N ()] ©) (10) 11

Co01 2.543 232 23373 2.5+83 0.65+049 5571 79.4780 41794 10.0 £ 0.5 133 £ 0.5

02 1.760 23.1 45+2! 7244 —0.297518 41710 57721 9.0+}3 62403

C03 1.414 222 52+1 18.6%32 —0.331011 3871 8.9713 71588 62 +03 10.0 + 0.8

C04 2.454 252 6113 48742 —0.237518 38+ 8.3139 4178 42402 50405

C05 1.551 21.7 6275, 324433 —0.45791} 3874 10.5%43 77432 6.7+ 0.4 8.8+0.8

C06 2.696 24.6 217489 11773 —0.057518 3774 257783 12.57%¢ 14.0 £ 0.7 11.0 £ 1.3

co7 2.580 23.3 4413 9.5H19 —0.647014 4043 76197 2.550% 3.1+02

Co08 3.711 23.6 300130 224732 —0.3610% 5547 339118 1.0+92 1.9+ 0.1

C09 3.601 252 38ty 0.6191 0.33+918 4012 4.0%29 1707 1.9 £ 0.1

C10 1.997 21.6 1091 12,6713 —0.205919 4872 269727 3.2798 48405 20+03

C11 2.760 242 5313 54704 —-0.39592 3772 6.673% 3.5503 37403

C12 1.096 23.4 3674 03791 1.097919 3572 46492 1.9+92 1.6 + 0.1 15402

C13 1.037 21.8 1843 12.013 —0.52+511 3572 4.4+0¢ 13193 1.6 + 0.2 37404

Clda 1.999 23.6 50119 6.510% —0.3273148 51+30 8.711% 0.8792 13+0.1

Cl14b 1.999 227 1942 221402 —0.297914 3778 1.6%92 1.159¢ 13403

Cl5 1317 214 1% 15.571] —0.917344 3613 3.4104 16593 17402 47 + 04

C16 1.095 20.8 3313 37404 —0.015918 4513 3.4703 2.8742 2.0+02 33404

Cl17 1.848 22.4 2272 41799 —0.507311 37+10 22403 15193 14 +£02

C18 1.845 22.0 272 3.8103 —0.3010144 39+40 29443 15754 15402

C19 2.574 23.1 34716 44403 —0.5040% 5148 41419 0.9704 11402 18402

C20 1.093 21.4 942 8.1+10 —0.74594 3474 1.8703 1.4+54 13402

21 2.690 23.7 1353 2.1192 —0.5879% 37.6715! 1.29793! 0.8+93 0.8 + 0.1

22 1.097 21.3 25t 1.9483 0.15919 4849 234703 0.8703 0.8 £ 0.1

C23 1.382 21.3 40%3 48403 —0.105319 3773 50108 16503 2.1+04 17403

C24 2.680 24.4 24712 1.0153 0.037933 384! 2.550% 1.8708 18403

C25 1.098 21.6 2273 3.5003 —0.161319 3542 2.61903 11593 12402 24403

C26 1.552 229 843 25703 —0.54"01 42%9 L1734 1.0493 0.9 + 02

C28 0.662 19.5 74 59199 —0.337318 3471 0.6707 14533 20405

C30 0.458 20.4 13+ 10431 0.39°918 4178 1.1793 0.1 0.3 + 0.1

C31 2227 226 223! 12494 0.017548 5078, 19459 0.5+92 0.7+ 0.2

c32 0.667 21.8 40 26793 ~0.63%919 35+9 0.6 0.893 04+ 0.1

C33 0.948 20.1 34 12,6713 —1.247%8 3278 0.7+3% 0.8793 0.6 + 0.1

Note. For all MAGPHYS-derived parameters, an additional 0.1 dex error has been added in quadrature to the original MAGPHYS uncertainties. This is particularly
important in cases with excellent SED fits, where low uncertainty values are produced owing to the discrete sampling spacing of the underlying SED templates.
Column (1): source ID, ASPECS-LP.1 mm.xx. Column (2): best redshift available (see Table 1 for redshift references). Column (3): AB magnitude in the F160W
HST band. Columns (4)—(8): SFR, stellar mass, normalized specific SFR (Ays), dust temperature (73), and IR luminosity (Lig), derived from MAGPHYS SED fitting.
Column (9): molecular gas mass derived from the dust mass delivered by MAGPHYS and a gas-to-dust ratio dgpr = 200. Column (10): molecular gas mass obtained
from the 1.2 mm flux and the calibrations from Scoville et al. (2014). Column (11): molecular gas mass obtained from the CO line emission detected by ASPECS
3 mm spectroscopy. To convert the CO J > 1 to the ground transition, we use the average line ratios derived for the ASPECS sample itself (Boogaard et al. 2020),
with r5; = 0.83 £ 0.12, r3; = 0.58 £ 0.10, and r4; = 0.30 £ 0.08 for galaxies at z < 1.7 and ry; = 1.02 £ 0.18, r3; = 0.92 & 0.17, and ry; = 0.76 + 0.16 for
galaxies at z > 1.7 (see Appendix A). For consistency with previous ASPECS work, a fixed aco = 3.6 M (K km s ')~ is used. This represents a systematic
underestimation of <0.1 dex with respect to values obtained when using a metallicity-dependent aico scheme.

study. To test the reliability of the physical parameters obtained
with MAGPHYS, Dudzeviciité et al. (2020) run MAGPHYS SED
fitting on a sample of ~9400 galaxies from the EAGLE galaxy
simulation with SFR > 10 Mg yr ' and z > 0.25. They find
that MAGPHYS successfully provides good estimates of all
parameters, except for the stellar masses where a significant
systematic underestimation of 0.46 dex was found. Dudze-
viciaté et al. (2020) attribute this difference to variations in the
adopted star formation histories, dust model, and geometry
between MAGPHYS and the used radiative transfer code. Based
on the comparison of the stellar masses and SFRs obtained with
the MAGPHYS and PROSPECTOR SED fitting codes in HUDF/
ASPECS galaxies, Bouwens et al. (2020) find that these

parameters are precise to within ~0.1-0.2 dex and MAGPHYS
stellar masses are lower by ~0.1 dex in the stellar-mass range
explored in this study (~10%3~1My). These later results are in
good agreement with the comparisons made by Liu et al.
(2019). To account for these systematic uncertainties, we have
added in quadrature a 0.1 dex uncertainty to all the MAGPHYS
parameters derived.

4. Analysis and Discussion

4.1. Redshifts

The vast majority of identified ASPECS 1.2 mm galaxies
have a reliable spectroscopic redshift: out of the 32 ASPECS
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Figure 4. Distribution of properties of the ASPECS dust continuum sources compared to the galaxies in the HUDF. From left to right, we show the distribution of
redshift, stellar mass, SFR, and normalized specific SFR (Ays = log(sSFR/sSFRys); see Section 4.2). The histograms for the field galaxies have been normalized by
a factor of 20, for display purposes, and restricted to galaxies with log(SFR) > —1 and log(Mj,s > 8.6). The main and main+secondary samples of ASPECS 1.2 mm
galaxies are shown in pink and purple colors, respectively. Dust-selected galaxies show clear differences in their overall properties compared to the HUDF galaxies.

1.2 mm galaxies with optical counterparts in the main sample,
28 have an unambiguous spectroscopic redshift available from
the deep ASPECS CO spectroscopy (Gonzdlez-Lopez et al.
2019), MUSE spectroscopy (Boogaard et al. 2019), and/or
other optical/NIR spectroscopic surveys in the HUDF. The
other four sources have a photometric redshift from the 3D-
HST survey (e.g., Skelton et al. 2014; Momcheva et al. 2016).
Similarly, out of the 26 sources in the secondary sample, 21
have a spectroscopic redshift and 5 have a photometric redshift
from 3D-HST (see Tables 1 and D1).

Figure 5 shows the redshift distribution of the ASPECS
1.2 mm continuum sources in the main sample compared to
two other galaxy samples detected in previous (sub)millimeter
continuum deep maps, including the ALMA survey of the
GOODS South field (Franco et al. 2018) and the recent ALMA
survey of the SCUBA-2 Cosmology Legacy Survey UKIDSS/
UDS field (AS2UDS; Stach et al. 2019; Dudzeviciaté et al.
2020). The latter survey, in particular, specifically targets
millimeter-brighter galaxies (S;nm =>0.3-0.5 mlJy), most of
which correspond to SMGs.

We find that the main sample of ASPECS 1.2 mm
continuum galaxies has a median redshift of 1.85 with an
interquartile range of 1.10-2.57. The secondary sample of
ASPECS 1.2 mm galaxies has consistently lower redshifts,
yielding a median redshift of 1.10 and an interquartile range of
0.77-1.72. These redshifts are significantly lower than those
found in shallower surveys such as that in the GOODS South
field, with a median redshift of 2.92 (Franco et al. 2018), and in
the AS2UDS, with a median redshift of 2.61 (Dudzevicitté
et al. 2020). These results confirm previous indications from
the ASPECS pilot survey that these faint DSFGs (with
Siomm < 0.1 mJy) have significantly different redshift dis-
tributions and lower median redshifts than brighter SMGs
selected from shallower, larger-area surveys at similar
wavelengths (e.g., Aravena et al. 2016a). Furthermore, this
supports previous findings that the redshift distribution of (sub)
millimeter surveys is sensitive to depth (e.g., Archibald et al.
2001; Ivison et al. 2007; Béthermin et al. 2015; Brisbin et al.
2017).

4.2. Location in Stellar Mass versus SFR Plane

Based on the properties derived through SED fitting, we
explore the location of our galaxies in the stellar mass versus SFR
diagram. The left panel of Figure 6 shows the comparison
between the ASPECS sources and HUDF galaxies. The right
panel of Figure 6 shows the normalized specific SFR,
representing the galaxies’ offset with respect to the star formation
MS, using a prescription for its location as a function of redshift
and stellar mass from Schreiber et al. (2015). Here, the specific
SFR is defined as sSFR = SFR /M, and thus the offset from
the MS is defined as Ayis = 10g(SSFR/sSFRyis(z, Mygars)).-

We define the boundaries of the MS to be within £0.4 dex
from the prescription curves given by Schreiber et al. (2015).
This selection is conservative, thus accounting for possible
uncertainties on the stellar-mass estimates. With this prescrip-
tion, we find that most of the UDF galaxies are consistently
located within the MS, well centered around the MS with a
median Aps = 0.0 and an interquartile range width of
0.31 dex.

We find that 59% =+ 13% (19 out of the 32) of galaxies from
the main sample lie within £0.4 dex from the MS at the
respective redshift and stellar mass. Furthermore, 6% + 4%
(2 out of 32) and 34% =+ 9% (11 out of 32) of the ASPECS
1.2 mm galaxies are located above and below the MS, respectively.
For the secondary sample, we find that 68% + 16%, 8% =+ 6%,
and 24% 4+ 10% (17, 2, and 6 sources) fall within, above, and
below 0.4 dex from the MS, respectively, i.e., the percentages for
the secondary sample of ASPECS 1.2 mm galaxies are very
similar to those obtained for the main sample. We note that the MS
limits are broad, covering roughly an order of magnitude around
the star-forming ‘“sequence.” Thus, these results indicate that
galaxies below the MS represent a nonnegligible fraction of the
dusty (gas-rich) galaxies in the ASPECS survey. Such below-MS
galaxies, typically associated with “passive” (or even “quenched”)
star formation activity, have so far been mostly ignored in
observations of cold dust and molecular gas, although significant
progress has been made in recent years (e.g., Sargent et al. 2015;
Suess et al. 2017; Gobat et al. 2018; Spilker et al. 2018; Bezanson
et al. 2019).
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Figure 5. Redshift distribution of the ASPECS 1 mm galaxies in the main
sample compared to recent deep ALMA millimeter surveys. The solid black
and dashed gray histograms show the distribution of ASPECS main and
secondary samples, respectively. Two representative comparison samples of
dusty galaxies selected from (sub)millimeter surveys with ALMA and
SCUBA-2 are shown as blue dotted and solid magenta histograms, respectively
(Franco et al. 2018; Stach et al. 2019; Dudzeviciute et al. 2020). All histograms
are normalized to the total number of galaxies in each sample. The ASPECS
galaxy sample shows lower redshifts than millimeter-brighter galaxies detected
in those surveys.

The ASPECS 1.2 mm galaxies in the main sample show
Ayps median and interquartile range width values of —0.30 and
0.51 dex, respectively. Similarly, the secondary sample shows
median and interquartile width values of —0.19 and 0.40 dex,
respectively. These values indicate that ASPECS 1.2 mm
galaxies are systematically below the nominal MS prescription,
with a wider distribution, contrary to the case of the UDF
sample, which is well centered around the MS, and suggest the
almost lack of an MS for these faint dusty galaxies.

Furthermore, we find a tendency of decreasing Ayg with
increasing stellar mass, particularly for galaxies with stellar
masses above ~10”M®, which tend to lie below the defined
boundaries of the MS. The fractions of galaxies below the MS
in this mass range are similar between the main and secondary
sample. This could imply that the most massive ASPECS
1.2 mm galaxies are halting their SFR significantly, faster than
field galaxies, while still retaining a significant amount of ISM
dust and gas. This would be in line with observations of a
flattening of the MS at the highest stellar masses.*”

Figure 7 shows the evolution of Ayg with redshift. While
the bulk of field galaxies show almost no evolution, there
appears to be a mild tendency for the ASPECS 1.2 mm galaxies

2 However, this effect could also be produced if the adopted MS prescription
(Schreiber et al. 2015) does not apply to our sample in this stellar-mass range,
or if the derived SFR values for our galaxies are underestimated. To explore
this, we first used the (different) MS prescription from Speagle et al. (2014) and
found consistent results when compared to those obtained with the adopted MS
prescription, even yielding systematically higher fractions of galaxies below
the MS for both the ASPECS 1.2 mm galaxies and the UDF galaxies.
Furthermore, with the adopted MS prescription the majority of the field
galaxies fall very well aligned with the MS, and since the properties for the
UDF and ASPECS galaxies were derived consistently, we do not expect
unphysical systematic differences in the SFR values for the ASPECS sample.

Aravena et al.

to have lower Ay at decreasing redshifts. This pattern,
however, could be produced by the low number of ASPECS
1.2 mm sources.

4.3. ISM Molecular Gas Masses

The MAGPHYS SED fitting routine uses a prescription to
balance the energy output at various wavelengths, thus
producing estimates of the dust mass (M) based on the best
SED fit model. For this estimation, MAGPHYS uses a two-
component graybody dust SED with varying dust temperature
and mass and fixed dust emissivity indices 8 = 1.5 and 2.0 for
the warm and cold dust components, respectively. Note that for
the majority of our ASPECS galaxies there are Herschel far-IR
measurements that improve greatly the completeness of the
dust SED, providing better accuracy in the dust masses.
Following the approach in Aravena et al. (2016¢), we used this
M, estimate along with an assumption of the molecular gas-to-
dust ratio (dgpr) to compute the molecular gas mass as
Minol,sED = 6GDR My

For consistency with previous studies in the ASPECS
series (e.g., Aravena et al. 2016a, 2019; Boogaard et al. 2019;
Decarli et al. 2020), we fix 6gpr = 200 and use this SED-
based approach to compute the molecular gas masses for the
ASPECS 1.2 mm continuum sample throughout. The computed
masses are listed in Tables 2 and D2.

In Appendix A, we present a detailed comparison between
three different estimates of the molecular gas mass for our
sample (SED-based, 1.2 mm continuum, CO) and the effects of
using a metallicity-dependent prescription for dgpgr. Using
either this later approach or any of the other methods yields
molecular gas estimates that are well within the uncertainties of
the measurements and thus fully consistent with the masses
used here.

4.4. ISM Properties

In the following, we study and place in context the ISM
properties of the ASPECS 1.2 mm galaxies with respect to
previous observations of distant galaxies.

For comparison, we use the compilation of CO line and dust
continuum measurements obtained by the IRAM Plateau de
Bureau HIgh-z Blue Sequence Survey (PHIBSS; Tacconi et al.
2013) and PHIBSS2 (Tacconi et al. 2018; Freundlich et al.
2019). These provide stellar masses, SFRs, and molecular gas
masses (from dust and CO observations) for a large sample of
1444 massive star-forming galaxies from z = 0 to 4 (see also
Liu et al. 2019). Figure 8 shows the molecular gas mass as a
function of redshift for the ASPECS 1.2 mm galaxies compared
to the PHIBSS1/2 sample. The galaxies detected by the
ASPECS 1.2 mm survey have molecular gas masses well
below the lower mass envelope of the PHIBSS1/2 sample in
this plane. This means that the ASPECS observations reach
galaxies with lower molecular gas masses, with a well-
described M, selection function as shown by the dashed
and dotted lines in this plot.

The relationship between the SFR and molecular gas mass in
galaxies is usually termed the global “Schmidt-Kennicutt” (SK)
relation or “star formation” law and exposes the intimate
interplay between star formation and molecular gas. The ratio
between these two quantities is usually referred to as “star
formation efficiency,” defined as SFE = SFR/M,,,. The
inverse of this relation, typically termed the gas depletion
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Figure 6. Location of the ASPECS dust continuum sources compared to field galaxies in the HUDF. The ASPECS galaxies are denoted by the colored large circles
and triangles, representing galaxies in the main and secondary samples, respectively. Left: stellar mass vs. SFR diagram. The HUDF galaxies are represented by blue
contours, which scale as the square root of the number of sources in a given bin element in this diagram. The solid curves represent the observational relationships
between SFR and stellar mass as a function of redshift (from Schreiber et al. 2015). These redshifts are denoted in different colors as shown by the color bar to the
right. Right: offset from the MS (Ays) as a function of stellar mass. A significant fraction of the ASPECS 1 mm galaxies lie slightly below the MS.
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Figure 7. Evolution of the normalized sSFR, or offset from the MS (Aps),
with redshift for the ASPECS 1.2 mm galaxies compared to field UDF
galaxies. ASPECS galaxies are color-coded according to their stellar masses as
denoted by the horizontal color bar. Circles and triangles represent galaxies in
the main and secondary ASPECS samples, respectively. The background
contours represent the square root of the number of field galaxies in a specific
location of this diagram. The dashed and dotted lines denote the region
considered to be consistent with the MS of star formation.

timescale and defined as tgep, = Mo /SFR, is rendered as the
time necessary to exhaust all molecular gas reservoir in the
galaxy at the current SFR in the absence of feedback
mechanisms.

Another key parameter corresponds to the molecular gas
fraction, fgas ol / (Mpo1 + M), which corresponds to the
fraction of baryons contained in the form of molecular gas in a

galaxy. For simplicity and for consistency in the comparison with
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earlier work, hereafter we conduct our analysis using the
molecular-gas-to-stellar-mass ratio, fimer = Mot/ Mitars-

Both parameters, fqep and fy.s (Or fimo1), are thought to follow
scaling relations with redshift, sSFR, and stellar mass, as
determined from previous targeted star-forming galaxies (e.g.,
Daddi et al. 2010a; Tacconi et al. 2010, 2013, 2018; Genzel
et al. 2015; Scoville et al. 2017; Liu et al. 2019).

Figure 9 shows the SFR as a function of M, (global SK
plot) for the ASPECS 1.2 mm galaxies compared to the
PHIBSS1/2 sample. The coloring of each point represents the
normalized sSFR or offset from the MS, and the dashed lines
show the location of constant molecular gas depletion
timescales. Most ASPECS 1.2 mm galaxies in the main sample
are located slightly above the line of #4., ~ 1 Gyr, consistent
with the location of the PHIBSS1/2 sources. Only one of the
ASPECS sources is consistent with gas depletion timescales
shorter than 0.1 Gyr. The secondary sample shows a large
scatter in gas depletion timescales with sources spanning the
full range from 0.1 to 10 Gyr, although most of them are
consistent with 4., ~ 1 Gyr.

The left panel of Figure 10 shows the molecular-gas-to-
stellar-mass ratio (me1) versus the offset from the MS (Aps).
The ASPECS 1.2 mm galaxies in the main sample follow the
PHIBSS1/2 sources and the expected scaling relations for their
typical mass and redshift (Liu et al. 2019), where galaxies show
an increasing fim,o With increasing Ays. It is interesting to note
that those galaxies with Aps < —0.5 show molecular-gas-to-
stellar-mass ratios of ~0.1-0.2 (or molecular gas fractions
feas ~0.09-0.17, consistent with recent measurements based on
CO line emission in individual “quenched” galaxies and post-
starbursts; e.g., Sargent et al. 2015; Suess et al. 2017; Gobat
et al. 2018; Spilker et al. 2018; Bezanson et al. 2019). This
indicates that galaxies below the MS have already exhausted a
significant part of their molecular gas reservoirs and are in the
process of being quenched.

The right panel of Figure 10 shows the molecular gas
depletion timescale versus Ays. As with fi,01, the majority of
the ASPECS 1.2 mm galaxies in the main sample tend to form
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Figure 8. Molecular gas masses as a function of redshift. The ASPECS 1.2 mm
galaxies in the main and secondary samples are shown by filled circles and
triangles, respectively, with M, computed using the RJ method. The color of
each data point is denoted by its stellar mass as shown by the vertical color bar.
The blue background contours represent the number of sources (+/N) from the
PHIBSS1/2 sample (Tacconi et al. 2018; Freundlich et al. 2019). The dashed
and dotted lines represent the value of M, for a galaxy at redshift z and with a
1.2 mm flux given by the 30 level (28,Jy), assuming a dust temperature of 25
and 45 K, respectively. The ASPECS 1.2 mm map allows us to reach lower
M., than achieved by most ISM galaxy surveys.

a sequence in this plane, where galaxies with larger positive
offsets from the MS tend to have shorter depletion timescales
and thus are consistent with a “starburst” mode of star
formation, and conversely, galaxies with negative offsets from
the MS have longer depletion timescales. The ASPECS 1.2 mm
galaxies are in agreement with the bulk of literature PHIBSS1/
2 sources in this plane and follow closely the scaling relations
predicted for their range of stellar masses and redshift (e.g., Liu
et al. 2019). As predicted from the scaling relations, the
galaxies with Apg < —0.5 show molecular gas depletion
timescales of ~1-3 Gyr.

4.5. Evolution of the ISM

Figure 11 shows the evolution with redshift of the gas
depletion timescales and molecular gas ratio for the ASPECS
1.2 mm galaxies, compared with the PHIBSS1/2 sample and
with the standard scaling relations for these parameters (e.g.,
Scoville et al. 2017; Tacconi et al. 2018; Liu et al. 2019). We
find that the ASPECS 1.2 mm galaxies exhibit the mild
evolution of f4., with redshift as expected from previous
observations and models. As seen previously for the ASPECS
CO-selected galaxies (Aravena et al. 2019), the ASPECS 1.2
mm galaxies tend to be slightly above the bulk of PHIBSS1/2
sources; however, the average #,., obtained for the main sample
in different redshift bins (open black squares) are in agreement
with the evolution of #4, for MS galaxies predicted by Tacconi
et al. (2018) and Liu et al. (2019) at the median stellar mass and
redshift of the ASPECS 1.2 mm sample. Two of the ASPECS
galaxies show significantly lower f4qe, values than those
expected for MS galaxies at their respective redshifts, yet
consistent with the spread of values shown by the PHIBBS1/2
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Figure 9. SFR vs. M, or integrated “Schmidt-Kennicutt” diagram for the
ASPECS 1 mm sources compared to the PHIBSS1/2 sample (Tacconi
et al. 2018; Freundlich et al. 2019). Filled circles and triangles show the
location of the ASPECS main and secondary samples, respectively. The
background light-blue contours represent the square root of the number of
PHIBSS1/2 sources in a particular location in the diagram. The ASPECS 1.2
mm galaxies are color-coded according to their distance to the MS (normalized
sSFR: Ays). The dashed lines represent the location of constant gas depletion
timescales.

galaxies. Overall, the mild evolution of the average gas
depletion timescales yields a typical 4, ~ 0.7 Gyr in the
redshift range z = 1-3.

Similarly, the ASPECS 1.2 mm galaxies follow and support
the general trend of increasing the molecular gas ratio by
roughly a factor of 5.0 from z = 0.5 to z ~ 3. As with 74.p, we
find that the ASPECS sources in the main sample lie slightly
below the region occupied by the PHIBSS1/2 galaxies,
although the average fi,,o points fall within the uncertainties
from the values predicted for MS galaxies by Tacconi et al.
(2018) and Liu et al. (2019) at the median stellar mass and
redshift of the ASPECS 1.2 mm sample. The lower i, values
compared to the PHIBSS1/2 sample argue for a milder
evolution of this parameter for ASPECS 1.2 mm galaxies. We
also find that one and two ASPECS sources from the main and
secondary samples, respectively, have log(u,,,) > 0.8, con-
sistent with a dominant molecular phase component and well
above the general trend paved by the PHIBSS1/2 galaxies and
the ASPECS main sample sources.

4.6. Molecular Gas Budget

One of the most important results of “molecular deep field”
observations, as exemplified by the ASPECS project, corre-
sponds to the determination of the cosmic molecular gas
density as a function of redshift (py,(z)), as it provides a
measurement of the amount of material available to support star
formation (e.g., Walter et al. 2014; Decarli et al. 2016a, 2020;
Riechers et al. 2019). Measuring this parameter requires
observations of molecular gas through CO line or dust
continuum emission over a significantly large, well-defined
cosmological volume. Current studies from the various surveys
present a consistent picture for the evolution of py, out to
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Figure 10. ISM properties of the ASPECS 1.2 mm sources, compared to the PHIBSS1/2 sample (Tacconi et al. 2018; Freundlich et al. 2019). Filled circles and
triangles show the location of the ASPECS main and faint samples, respectively. The background light-blue contours represent the square root of the number of
PHIBSS1/2 sources in a particular location in the diagram. The left panel shows the molecular-gas-to-stellar-mass ratio (fmo1) as a function of the offset from the MS
(Ams = log(sSFR/sSFRys). The right panel shows the molecular gas depletion timescale (f4ep) as a function of Ays. Individual ASPECS sources are color-coded
according to their redshift, as denoted in the horizontal color bar. The blue solid and magenta dashed lines represent the scaling relations predicted by the models of
Scoville et al. (2017) and Tacconi et al. (2018) at the median stellar mass and redshift of the ASPECS sample. The black dotted and dashed—dotted lines show the
prescription of Liu et al. (2019) when applied to the interquartiles range of the stellar masses and redshifts for the ASPECS 1.2 mm galaxies.

z ~ 3, showing minor changes of this parameter between z = 3
and 1 and a steep decline from z = 1 to 0, thus following very
closely the evolution of the cosmic SFR density in this redshift
range (Decarli et al. 2016a, 2020; Riechers et al. 2019;
Magnelli et al. 2020). It is thus interesting to ask, what is the
nature of the galaxies that dominate py, with redshift? Or
equivalently, what is the contribution of different galaxy types
to py,?

We here follow the same approach introduced in Aravena
et al. (2019) and compute the fraction of py, contributed by
galaxies within, above, and below the MS, at three redshift
bins. From the full sample of ASPECS 1.2 mm galaxies (main
and secondary samples), we select sources with Ayg > 0.4,
Apms < —0.4, and —0.4 < Ay < 0.4 to be above, below, and
within the MS, respectively. We subdivided each of these
samples into three redshift bins z = 0.4 — 1.0, 1.0 — 2.0, and
2.0-3.0 and added up the derived dust-based, molecular gas
masses for all galaxies in each redshift bin and galaxy type.
Each of these measurements was thus divided by the total
molecular gas mass, obtained from the value of py, G.e.,
P (@) X Volume(z)) for that redshift bin from the ASPECS
survey (Decarli et al. 2020), thus yielding the fraction of py,
contributed from galaxies in a particular galaxy class (or
cosmic molecular gas budget). The addition of the molecular
gas masses from all galaxies in a particular redshift bin (divided
by pp,(z)) yields to full contribution from the individually
detected galaxies to the cosmic molecular gas budget. The
uncertainties in the molecular gas budget value are computed as
the sum in quadrature of the individual molecular gas mass
values and the statistical uncertainty, which follows a binomial
distribution, scaled to the total molecular gas in that red-
shift bin.

Figure 12 shows the results from this procedure. The dotted
horizontal line represents a fraction of py, equal to 100% at
each redshift. We find that the contribution to py, from all
galaxies studied here to the molecular gas budget corresponds
to almost 100% at z < 2.0, decreasing to 80% at z ~ 2.5,
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implying that the galaxies in this study account for almost all
the cosmic density of molecular gas measured in the HUDF.
This is in good agreement with the fact that the ASPECS
1.2 mm galaxies, including the secondary sample, make up
close to 100% of the EBL expected in the HUDF at this
wavelength. Furthermore, we find that the dominant population
of py, at all redshifts corresponds to MS galaxies. There is a
strong evolution with increasing redshift. Galaxies above the
MS, which contribute with about 20% of py, at z ~ 2.5, suffer
a steep decline at z < 1, dropping their contribution to ~0%.
Meantime, the contribution from galaxies within the MS stays
relatively constant at ~60% of py, from z ~ 2.5 to z ~ 0.
Surprisingly, galaxies below the MS increase their contribution
to py, from ~5% at z ~ 2.5 to ~40% at z < 1. This result
suggests an overall cessation of star formation in galaxies on
and above the MS from z ~ 2.5 to z < 1, which coincides with
an increased abundance of below-MS galaxies. These galaxies,
which ceased their star formation activity, would still retain a
significant portion of their dust and molecular gas reservoirs,
contributing an important fraction to py, at z < 1. We note that
since the galaxies in this study make up most of py, at z < 3,
there is little room for a significantly larger contribution from
above or below the MS galaxies that we might be missing as a
result of the limited areal coverage of the ASPECS field (i.e.,
massive galaxies above the MS are less abundant and thus
would only be found in larger-area surveys).

These trends are in agreement with previous results obtained
from the ASPECS CO sample alone presented by Aravena
et al. (2019), and thus the physical interpretation given there is
also applicable here. Our results follow consistently the
contributions from galaxies above and in the MS to the cosmic
SFR density as a function of redshift (e.g., Sargent et al. 2012;
Schreiber et al. 2015). Furthermore, our results are in apparent
disagreement with the large molecular gas masses found for
massive early-type galaxies at z ~ 1.8 (e.g., below the MS
galaxies; Gobat et al. 2018). However, it seems plausible that
while galaxies below the MS might have larger molecular gas
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Figure 11. Evolution of the gas depletion timescale and molecular-to-stellar gas mass ratio with redshift for the ASPECS 1.2 mm continuum sources compared to
galaxies from the PHIBSS1/2 survey. The background contours represent the square root of the number of PHIBSS1/2 sources in these plots. ASPECS sources in the
main and faint samples are shown by circles and triangles, respectively, and are color-coded according to their stellar masses. The open squares show the weighted
averages of #ep and fimer for the ASPECS galaxies in broad redshift bins centered at z ~ 0.7, 1.5, and 2.5, highlighting the evolution of these parameters with redshift.
The blue solid and magenta dashed lines represent the scaling relations predicted by the models of Scoville et al. (2017) and Tacconi et al. (2018) at the median stellar
mass of the ASPECS sample for an MS galaxy. The black dotted and dashed—dotted lines show the prescription of Liu et al. (2019) when applied to the interquartile
range of the stellar masses and redshifts for the ASPECS 1.2 mm galaxies (Tacconi et al. 2013).
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Figure 12. Contribution to the total molecular gas budge from galaxies above
(starburst), in, or below (passive) the MS (defined in Section 4.2) as a function
of redshift inferred from the ASPECS 1.2 mm dust continuum observation
survey. The blue, green, and red data points and lines represent galaxies above,
on, and below the MS, respectively. The black curve shows the contribution of
all the ASPECS 1.2 mm galaxies considered here to the total molecular gas at
each redshift. Each data point is computed from the sum of molecular gas
masses (estimated from the dust continuum) of all galaxies in that redshift bin
and galaxy type. The redshift measurement of each point is computed as the
average redshift from all galaxies in that bin. The shaded region represents the
uncertainties of each measurement. Galaxies below the MS appear to have an
increasing contribution to the cosmic density of molecular gas at lower
redshifts.

reservoirs at z > 1.5, they are less abundant and thus represent
a minor fraction of py,. At lower redshifts, the average
molecular gas content of galaxies below the MS is lower;
however, this population is more numerous, thus contributing a
larger fraction of py,.
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5. Conclusions and Closing Remarks

In this paper, we have measured and analyzed the properties
of a sample of 61 faint, dust-selected galaxies found in the deep
ALMA 1.2 mm map of the HUDF as part of the ASPECS LP;
35 and 26 of these sources form the main and secondary
samples, respectively. The integrated emission from these
individual galaxies makes up most of the 1.2mm light
measured in the HUDF (Gonzalez-Lépez et al. 2020) and thus
accounts for almost all the dust emission found in this region of
the sky. As such, these galaxies represent a unique opportunity
to study the evolution of the dust and molecular gas mass with
cosmic time in a close to statistically complete fashion. The
main results from this study can be summarized as follows:

1. Out of the 35 sources blindly detected at 1.2 mm, 32 have
clear optical counterparts in the HST images and 25 have
Herschel PACS counterparts. Additionally, we select 26
mm sources using optical and IR priors. Out of the 18 CO
line emitters detected by the 3 mm line spectroscopy
(Aravena et al. 2019; Boogaard et al. 2019; Gonzélez-
Lépez et al. 2019), 15 have a 1 mm continuum
counterpart at the >30 level. Most of these sources have
an accurate spectroscopic redshift from MUSE or ALMA
spectroscopy.

. For all sources with reliable counterparts, we derived
physical properties using MAGPHYS. We find a large
range in stellar masses and SFRs for the ASPECS
galaxies in the main sample, with median values of
43 x 10 My and 30 Mg yr ' and interquartile ranges
of (24-11.7) x 10" My and 20-50 Mg yr ',
respectively.

. The ASPECS 1.2 mm galaxies in the main sample are
found to have a median redshift of 1.8, with an
interquartile range of 1.1-2.6. The median redshift for
the ASPECS galaxies is thus significantly lower than
those found for brighter SMGs.
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4. Overall, 59% of the ASPECS 1 mm galaxies in the main
sample are consistent with the MS of star formation at
their respective redshift, with 34% and 6% lying more
than 0.4 dex below and above the MS, respectively. We
find similar fractions for the secondary ASPECS sample.
A wider spread in Ays with respect to UDF galaxies and
systematically lower values are found for ASPECS
galaxies. A tentative trend of Ay with stellar mass is
found; however, no trend is found with redshift. These
results point to a relevant role of massive below-MS
galaxies as molecular gas reservoirs.

5. The ASPECS 1.2 mm galaxies follow tightly the
relationship between SFR and M, consistent with that
found for previous samples.

6. We find that the ASPECS 1.2 mm galaxies follow the
trends of molecular gas depletion timescale and mole-
cular-to-stellar ratio with Ays expected from standard
scaling relations. In particular, we find that sources
significantly below the MS, with Ays < —0.5, have
Hmor ~ 0.1-0.2, consistent with recent findings from the
literature.

7. The ASPECS 1.2 mm galaxies consistently follow the
evolution of 74, and fime With redshift expected from
standard scaling relations. Our observations support the
mild evolution of #4., with redshift, yielding a typical
depletion timescale of 0.7 Gyr at z = 1-3, and confirm
the decrease by a factor of 5 in the molecular gas-to-
stellar-mass ratio from z = 3 to z = 0.5.

8. We find substantial evidence for a changing contribution
from different classes of galaxies to the cosmic density of
molecular gas as a function of redshift. While star-
forming MS galaxies appear to dominate at all redshifts,
galaxies below and above the MS significantly increase/
decrease their contribution with decreasing redshift, from
z ~ 2.5t0z < 1. This is attributed to a higher abundance
of passive galaxies at lower redshifts even though they
are expected to have higher molecular gas reservoirs at
z > 1, hinting at a cessation of star formation activity in
passive galaxies at lower redshifts.

The ASPECS LP survey has enabled a complementary view
of the evolution of the ISM content through cosmic time in a
unique flux-limited, dust-mass-selected sample of galaxies.
Overall, the derived properties of these galaxies are consistent
with standard scaling relations previously established through
targeted observations of molecular gas and dust. The large
fraction of sources classified to be below the MS, as well as the
increasingly important role of these galaxies in the cosmic
molecular gas density (py,), indicates that this population of
galaxies has so far been overlooked.

Despite the importance of this complementary approach and
progress made so far, expanding significantly the current
ASPECS LP observations beyond the XDF/HUDF (in either
band 3 or band 6) will be difficult with current instrumentation
and facilities. Particularly, adding >3 times more areal
coverage to the current ASPECS footprint at similar depth
(~10-13 1Jy at 1.2 mm continuum) will require >500 hr of
observing time with ALMA. Given the already large number of
sources (>1000) for which global ISM properties have been
derived (e.g., Tacconi et al. 2018; Liu et al. 2019), future
observational efforts should concentrate on understanding the
physics involved in galaxy buildup, through high-resolution
observations of molecular gas and dust continuum. Similarly, it
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will be critical to understand the accuracy and applicability of
molecular gas mass estimators in the ASPECS galaxies through
dedicated observations of the CO (1-0) and [CI] emission lines
as additional key tracers of the ISM.
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Appendix A
Comparison of the Various Molecular Gas Mass Estimates

The availability of well-sampled multiwavelength SED,
dust continuum, and CO line measurements for the ASPECS
1.2 mm sources allows us to compute the molecular gas mass
of our galaxies in various ways. In the following, we describe
the methods used to compute molecular gas masses and thereby
present a comparison between these estimates. These various
estimates are listed in Tables 2 and D2.

A.l. CO-based Estimate

CO line detections (Jy, =2 — 4) are available for a
subsample of our sources from the ASPECS 3 mm line scan,
and the associated flux densities can be used to obtain
molecular gas masses Mo co (for details see Aravena et al.
2019; Boogaard et al. 2019). In short, the CO line flux densities
are used to obtain CO line luminosities (L'cop—y—1y). The
luminosities are converted into the ground-state CO (1-0) line
luminosities (L'co1—0)) using the average CO line ratios
derived from the extended sample of ASPECS CO galaxies at
z~ 1.5 and z ~ 2.5 (Boogaard et al. 2020; Riechers et al.
2020). We use the following line ratios (for details see
Boogaard et al. 2020): for galaxies at z = 1.0 — 1.6, we use
r1 = 0.83 £ 0.12, r3; = 0.58 + 0.10, and r4; = 0.30 £ 0.08;
for galaxies at z = 2.0 — 2.7, we use rp; = 1.02 £ 0.18,
r31 = 0.92 £ 0.17, and ry; = 0.76 £ 0.16. These line ratios
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are consistent with a higher excitation (close to local thermal
equilibrium up to J < 4) than the average CO spectral line
energy distribution (SLED) of (typically more massive) BzK
galaxies at z = 1.5 previously studied by Daddi et al. (2015).
We thus convert the line luminosities to molecular gas
masses using Myo1.co = col coq—o), Where aco is the CO-
luminosity-to-gas-mass conversion factor, assumed to be equal
t0 3.6 = 0.8 My (K km s~ ' pc?) ™! (Daddi et al. 2010a).

In the next section, we discuss the effect of assuming a
metallicity (Z) dependence of aco. As explained in Aravena
et al. (2019), assuming a metallicity-dependent aco yields a
factor +0.1 dex larger Mo co. Since only a handful of our
sources have any estimate of their metallicity based on optical
spectroscopy (Boogaard et al. 2019), we use the range of stellar
masses of our galaxies and the well-known stellar-mass—
metallicity (MZ) relation to provide a rough estimate of Z. For
this, we adopt the MZ relationship computed by Genzel et al.
(2015), who combined the MZ relations at different redshifts
presented by Erb et al. (2006), Maiolino et al. (2008), Zahid
et al. (2014), and Wuyts et al. (2014). This prescription, also
recently used by Tacconi et al. (2018), is given by

Z =12 + log(O/H) = a — 0087 My, — b)?, (A1)

where a = 8.74 and b = 10.4 + 4.46log(1 + z) — 1.78log(1 + z).
Similarly, we adopt a metallicity-dependent cvco prescription from
Bolatto et al. (2013), with the form

aco(Z) = 4.36 x 0.67 x exp(0.36 x 10667-2) (A2)

where 12 + log(O/H) = Z is the galaxy metallicity.

A.2. MAGPHYS SED Dust-based Estimate

The MAGPHYS SED fitting routine uses a prescription to
balance the energy output at various wavelengths, thus
producing estimates of the dust mass (M,) based on the best
SED fit model (for additional details see Section 4.3). We thus
used My together with an assumption of the molecular gas-to-
dust ratio (6gpr) to compute the molecular gas mass
as Mol sep = OGpr M.

The value of dgpr is known to depend on Z based on
observations of local galaxies and simulations out to higher
redshifts (Popping et al. 2017; Coogan et al. 2019). We adopt
the broken power-law form of the dgpr—Z relation prescribed
by Rémy-Ruyer et al. (2014). For the mass range of the
ASPECS galaxies, this form is given by

log(égpr) = 2.21 — 1.0[12 + log(O/H) — 8.69].  (A3)

For the median stellar mass and redshift of the ASPECS
sample, ~10'6 Mg and z ~ 1.8, respectively, we find metalli-
cities in the range 12 + log;o(O/H) = 8.4 — 8.6. For this
metallicity range, we thus expect dgpr ~ 200 (e.g., Rémy-Ruyer
et al. 2014; De Vis et al. 2019). We note that using the 6gpr—Z
relationship found by Leroy et al. (2011) would yield égpr = 130
for the median stellar mass and redshift values for the ASPECS
sample, corresponding to a factor of ~0.18 dex lower.

A.3. Rayleigh—Jeans Dust-based Estimate

Various studies have shown that the cold dust emission from
distant galaxies in the Rayleigh—Jeans (RJ) long-wavelength regime
can be used as a reliable tracer of the ISM molecular gas mass,
under reasonable assumptions on the dust properties (Scoville et al.
2014, 2016; Hughes et al. 2017; Kaasinen et al. 2019). Although
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the method comes in different flavors, the dust temperatures are
expected to have little effect on the dust content measurements, and
it is assumed to be fixed at Ty = 25 K, which corresponds to the
typical value for local star-forming galaxies. Following Scoville
et al. (2014), the dust emissivity index is assumed fixed at 3 = 1.8,
which corresponds to the value measured in our Galaxy. Instead of
assuming a dust-to-gas ratio, as usually done for molecular gas
estimates based on dust continuum emission (see below), this
method was independently calibrated to a value of L,g50,m /Mmols
expected to be fairly constant for a relatively ample range of galaxy
properties, and using a fixed aco of 6.5Mg(K km s~ pc?) ™!
(Scoville et al. 2016, 2017). Hereafter, we refer to this method as
“RJ.” Thus, assuming that most of the ISM content is molecular,
the molecular gas mass as a function of the measured flux density
S, (in mly) is thus given by

(A4)

—-3.8
Muorry = 1.2(1 + Z)—4.8( Vobs. ) I

_SI/Dl%s
350 Tkry

where Dy is the luminosity distance at the source redshift z, in
units of Gpc; vps is the observed frequency, which in our case
corresponds to 242 GHz; and T'g; is a factor to correct for the
deviation from the RJ limit at increasing redshifts.

A.4. Comparison

Each of the three methods described in the previous section
has its own uncertainties owing to the assumption of various
conversion factors or metallicity-dependent prescriptions. Here,
we briefly contrast the results obtained by these methods,
applied on the ASPECS 1.2 mm galaxy sample.

Figure Al shows the comparison of molecular gas mass
estimates for the ASPECS 1.2 mm sources, between the RJ and
MAGPHYS SED methods, using two different assumptions for
dgpr in the latter approach. In the first case (left panel), we use a
fixed value for 6gpr of 200, following the expected typical
(median) metallicity for our sample, as well as previous estimates
for the ASPECS pilot survey (Aravena et al. 2016a). In the second
case (right panel), we compute a metallicity-dependent Sgpr
individually for each source. Here, we use the stellar mass of each
source, the MZ relation, and the adopted prescription of dgpr(Z).

From this comparison, we find that there is remarkable
agreement in the molecular gas mass values obtained through
the RJ and MAGPHYS methods when using a fixed dgpr = 200
(Figure Al, left panel). This agreement is somewhat expected
since both estimates essentially come from the same dust
measurements, even though the MAGPHYS method includes
more information from the SED photometry.

These methods use different combinations of (aco, dgpr, 3)
parameter values. For the MAGPHYS SED method, we assume
Ocpr = 200 and emissivity index (= 1.5, whereas the RJ
method uses aco = 6.5 and 8 = 1.8. The large aco factor used
in the RJ approach implies a factor of 0.26 dex larger molecular
gas masses, compared to assuming aco = 3.6 for example.
However, this is compensated by the larger dgpr, compared to a
typical 6gpr = 100, and lower 3 value used in the MAGPHYS
method, which yield 0.3 dex and ~0.05 dex (assuming z ~ 1)
larger MAGPHYS molecular gas mass estimates.

If we now, instead of fixing the parameters, allow the dgpr
value to vary with metallicity individually for each source
(Figure Al, right panel), we find little variation in the relation-
ship, yielding a very similar scatter and location of individual
sources, well within the uncertainties of individual measurements.
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Figure Al. Comparison between the molecular gas mass estimates using the RJ-based method, from a single ALMA band 6 measurement, and the SED-based
approach, from MAGPHYS fitting, for the main sample of ASPECS 1.2 mm sources. The left panel shows the case when a fixed value for the gas-to-dust mass ratio
66pr = 200 is assumed. The right panel shows the case when a metallicity-dependent dgpg is used. In this later case, the metallicity is inferred from the stellar masses.
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Figure A2. Comparison between the molecular gas mass values obtained from SED fitting method and the CO-based estimates for CO line and dust-continuum-
detected galaxies in the ASPECS LP survey. CO measurements are reported by Aravena et al. (2019) and Boogaard et al. (2019); however, their conversion to the
ground-state CO transition has been recently revised for our sample to be close to LTE, and thus the CO luminosities (L'co) are roughly equal for the J < 4 CO
transitions (Boogaard et al. 2020). The left panel shows the case when égpr and aco are kept fixed at standard values. The right panel shows the case with a
metallicity-dependent approach for both parameters. The dotted lines highlight differences of 0.3 dex with respect to the linear 1:1 scaling shown by the solid line.

This indicates that using a fixed or metallicity-dependent dgpr
does not affect the resulting molecular gas masses significantly.
Moreover, this hints that the most massive ASPECS galaxies
have relatively uniform metallicities (as previously found by
Boogaard et al. 2019).

As a reference, we also compare the MAGPHYS SED-based
molecular gas mass estimates with the CO-based molecular gas
masses for those 1.2 mm continuum sources that were also
previously detected in CO line emission in the ASPECS 3 mm
line scan (Aravena et al. 2019; Boogaard et al. 2019; Gonzalez-
Lépez et al. 2019). We note that the MAGPHYS method mostly
relies on the assumed prescription for égpr, whereas the CO-
based molecular gas masses are subject to assumptions for aco
and the CO SLED shape (CO excitation). As mentioned earlier,
we use the average CO SLED obtained for a significant fraction
of the galaxies in our sample based on recent observations
obtained with the VLA (Riechers et al. 2020) and by the
ASPECS 3 mm and 1 mm line survey (Boogaard et al. 2020).
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By fixing 6gpr and aco to the canonical values of 200 and
3.6, respectively, we find a clear correlation between both
estimates (Figure A2, left panel), indicating that both methods
yield consistent molecular gas masses. Allowing both parameters
to vary with metallicity (i.e., with stellar mass) as shown in
Figure A2 (right panel), we find a slightly larger scatter, yet the
results compared with the fixed-metallicity approach are
qualitatively similar.

In summary, we find that there is overall good agreement
between the various methods to compute the molecular gas
masses, supporting our choice for the MAGPHYS SED method.
Using the RJ method for our 1.2 mm continuum sample would
yield mostly negligible differences in the molecular gas masses.
The use of a metallicity-based approach using standard
prescriptions for the mass-metallicity, dgpr—Z, and aco—Z
relations does not produce a substantial difference compared to
using (well informed) fixed parameters for dgpr and aco. The
use of metallicity-based estimates yields mostly an increase of
the scatter when comparing different estimates.
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Appendix B
Multiwavelength Thumbnails

Figure B1 shows multiwavelength image cutouts centered at
the location of the ASPECS 1.2 mm sources.
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Figure B1. Multiwavelength postage stamps toward the 35 ALMA dust continuum detections from the ASPECS LP survey. From left to right, we show an optical/
NIR false-color composite (F435W /F850LP/F105W) and individual images in the F850LP and F160W bands, the IRAC channel 1, and ALMA at 1.2 mm.
(An extended version of this figure is available.)
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Appendix C
Spectral Energy Distribution Fits

Figures C1 and C2 show the multiwavelength photometry
(from UV to mm wavelengths) and the best-fit SEDs obtained
with MAGPHYS for 1.2 mm galaxies in the main and
secondary samples, respectively.
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Figure C1. SEDs of the ASPECS 1.2 mm galaxies for sources in the main sample, except for source ID CO1, which is shown in Figure 3. The black circles show the
observed photometry. The solid red curves represent the best-fit SED obtained with MAGPHYS. The blue curves show the unattenuated stellar emission. The redshift,
stellar mass, SFR, and optical attenuation are shown for each case (Ay).
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Figure C2. SEDs of the ASPECS 1.2 mm galaxies for sources in the faint sample. The black circles show the observed photometry. The solid red curves represent the
best-fit SED obtained with MAGPHYS. The blue curves show the unattenuated stellar emission. The redshift, stellar mass, SFR, and optical attenuation are shown for

each case (Ay).
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Figure C2. (Continued.)
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Tables D1 and D2 list the main derived properties for the
ASPECS 1.2 mm galaxies in the secondary sample.

Appendix D
Properties of Faint Prior-based Sample

Aravena et al.

Table D1
Secondary Sample of ASPECS 1.2 mm Galaxies

ID RA. Dec. S/N F 812 mm S5 mm CO ID OIR? Reference,
Faint. (J2000) (J2000) (1dy) (dy) (Y/N)

1) (@) 3 (C)) ) ©) ) ® C)] (10)
FCO1 03:32:34.66 —27:47:21.2 3.9 0.91 55.6 £ 13.7 <20.0 Y M
FCO02 03:32:35.74 —27:46:39.6 3.8 0.90 41.7 £ 10.7 <20.0 Y M
FCO03 03:32:41.32 —27:47:06.6 3.7 0.91 38.0 £9.8 <20.0 Y 3D
FC04 03:32:41.47 —27:47:29.2 3.7 0.92 60.4 £ 15.8 <20.0 Y M
FC05 03:32:37.51 —27:47:56.6 3.6 0.90 70.4 £ 18.9 <20.0 Y M
FCO06 03:32:41.63 —27:46:25.8 3.6 0.90 76.2 + 20.5 <20.0 Y M
FCO7 03:32:40.01 —27:47:51.2 3.5 0.83 51.3 + 14.0 <20.0 Y M
FCO08 03:32:35.85 —27:47:18.6 35 0.90 346 £ 95 <20.0 Y M
FC09 03:32:38.56 —27:47:30.6 34 0.90 333 +£93 <20.0 Y 3D
FC10 03:32:38.62 —27:47:34.4 34 0.85 327+93 <20.0 Y M
FCI11 03:32:36.66 —27:46:31.2 33 0.87 34.7 £10.0 <20.0 Y M
FC12 03:32:37.17 —27:46:26.2 33 0.85 334 +98 <20.0 Y M
FC13 03:32:37.85 —27:47:51.8 32 0.85 395 £ 11.7 <20.0 Y M
FC14 03:32:35.37 —27:47:17.0 32 0.81 32.1 £9.38 <20.0 Y 3D
FCI15 03:32:38.36 —27:46:00.2 3.1 0.81 44.1 £ 135 <20.0 Y M
FCl16 03:32:35.79 —27:46:55.4 3.1 0.82 30.6 £ 94 <20.0 Y 3D
FC17 03:32:38.56 —27:46:31.0 3.0 0.80 348 £9.6 <20.0 Y M
FC18 03:32:37.33 —27:45:57.8 3.0 0.80 62.5 + 19.9 <20.0 MPO1 Y CM
FC19 03:32:38.98 —27:46:31.0 3.8 0.80 439 £ 11.7 <20.0 Y M
FC20 03:32:39.89 —27:46:07.4 3.6 0.82 85.8 +£23.8 <20.0 16 Y CM
FC21 03:32:41.35 —27:46:52.0 35 0.84 54.0 £15.2 <20.0 Y M
FC22 03:32:37.60 —27:47:40.6 34 0.85 39.7 £ 11.9 <20.0 Y M
FC23 03:32:42.37 —27:46:57.8 3.0 0.81 38.8 £ 12.7 <20.0 Y M
FC24 03:32:36.86 —27:46:35.0 3.0 0.82 359 +11.8 <20.0 Y M
FC25 03:32:41.80 —27:47:39.0 3.0 0.83 165.2 £ 54.2 <20.0 Y 3D
FC26" 03:32:38.09 —27: 46: 14.1 3.0 0.50 39.5 + 12.0 <20.0 N M

Notes. Column (1): source name, ASPECS-LP.1 mm.Faint.xx; an “F” has been added to differentiate these sources from the main sample. Columns (2) and (3):
position of the continuum detection in the ALMA 1.2 mm map. Column (4): S/N of the 1.2 mm detection. Column (5): fidelity (F) of the 1 mm detection, as defined
in the text (for details see Gonzdlez-Lopez et al. 2020). Column (6): flux density at 1.2 mm, corrected for PB. Column (7): flux density at 3 mm. Column (8): CO
source ID. Column (9): is there an optical counterpart identification for this source (yes/no)? Column (10): redshift code. M: MUSE (spec-z, from Inami et al. 2017);
CO: CO line confirmed (spec-z; Aravena et al. 2019; Boogaard et al. 2019); CM: CO and MUSE joint redshift determination (spec-z; Boogaard et al. 2019); 3D: 3D-

HST (photo-z; Skelton et al. 2014; Momcheva et al. 2016); GS: other HST redshifts (photo-z; Morris et al. 2015; Rafelski et al. 2015).
# Identification made based on IR Herschel PACS prior.
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Aravena et al.

Table D2
Properties of the Secondary Sample of ASPECS 1.2 mm Galaxies
ID Z mi60 SFR Mgars Ams T Lir Mo, sED My, Ry Mmol, co
Faint. (AB mag) (Mg yr™) 10°My) X) (10'°L) (10°My) (10°M¢) (10'°My)
Y] (2) 3) 4) (5) (6) M ) ) (10) (11)
FCO1 1315 233 472 20.073%§ —0.727918 3373 7.8128 82441 8.0 £ 2.0
FC02 2.067 23.8 3611} 224731 —0.017043 50+¢ 37.178§ 35713 58+ 1.5
FC03 1.640 25.4 05491 07451 —0.267018 48+13 0.141901 0.1+93 55+ 14
FC04 0.338 24.1 0.1°91 0.4192 —1.4670% 347§ 0.0473%3 0.040%3 34409
FC05 2.674 27.0 473 0.4+93 0.63+041 3713 51742 48738 92+25
FC06 2.981 25.1 5+ 23492 —0.077910 35t 48703 4738 9.7 +26
FCO07 0.980 23.6 16453 0.9 0.337013 45%1% 12584 02138 6.9+ 19
FC08 1.906 224 39*% 14.1743 0.23+349 5573 39*7 3.4+4)2 49+ 13
FC09 2.700 23.4 3373, 11.7533 0.077319 5377 377 2,679 43412
FC10 4752 813 2.3537 —0.11793$ 43737 9.873% 2478 3.7+ 1.1
FC11 0.997 21.3 4+ 417443 —0.897019 3873 12.9413 22504 47413
FC12 1.096 232 0.57%1 31.6%37 —1.77:34 2874 2.4+04 55131 46+ 14
FCI3 0.768 2.1 1.5%93 3.6497 —0.251014 40416 0.7+9% 0.3+44 47+ 14
FCl4 0.900 26.2 0.179% 0.1794 —0.09931 41! 0.07+3:48 0.1592 42+ 13
FC15 1.036 233 2+ 15492 0.117314 40+)0 11597 0.7+}1 6.0+ 18
FC16 1.720 233 61 9.2+ —0.337%1¢ 3748 53795 35720 44+ 13
FC17 0.622 20.8 3t 145414 —047514 337] 2.8703 3.07%9 3.6+ 1.0
FCI8 1.096 223 843 13.57%4 —0.215014 3678 110533 9.37%5 8.7 +28 0.9 +02
FC19 0.419 20.2 34 8.61%% —0.197518 34713 20193 25729 32408
FC20 1.294 21.8 1243 214738 —0.31701¢ 35712 107533 11.6%] 123 £ 34 0.8 +0.2
FC21 0.620 20.9 4+ 182418 —0.45%:19 3073 44703 46439 56+ 1.6
FC22 0.664 242 0.3+5% 0.2+99 0.34793¢ 44+18 0.12+98¢ 0.179¢ 43+ 13
FC23 0.332 23.8 17! 0.1289 1.29%910 25113 0.9+91 2.6103 22407
FC24 1.610 23.7 472 26731 0.00792 39744 3.013] 13138 524 1.7
FC25 2.330 242 1742 14.842§ -0.2159% 3672 214493 18.87133 224 474
FC26 0.997 22.0 672 6.5742 0.02731% 35712 47433 40737 534+ 1.6

Note. For all MAGPHYS-derived parameters, an additional 0.1 dex error has been added in quadrature to the original MAGPHYS uncertainties. This is particularly
important in cases with excellent SED fits, where low uncertainty values are produced owing to the discrete sampling spacing of the underlying SED templates.
Column (1): source ID, ASPECS-LP.1 mm.Faint.xx. Column (2): best redshift available (see Table D1 for redshift references). Column (3): AB magnitude in the
F160W HST band. Columns (4)—(8): SFR, stellar mass, normalized specific SFR (Ays), dust temperature (73), and IR luminosity (Lr), derived from MAGPHYS SED
fitting. Column (9): molecular gas mass derived from the dust mass delivered by MAGPHYS and a gas-to-dust ratio dgpr = 200. Column (10): molecular gas mass
obtained from the 1.2 mm flux and the calibrations from Scoville et al. (2014). Column (11): molecular gas mass obtained from the CO line emission detected by
ASPECS 3 mm spectroscopy. To convert the CO J > 1 to the ground transition, we use the average line ratios derived for the ASPECS sample itself (Boogaard et al.
2020), with rp; = 0.83 £ 0.12, r3; = 0.58 £ 0.10, and r4; = 0.30 % 0.08 for galaxies at z < 1.7 and rp; = 1.02 £ 0.18, r3; = 0.92 £ 0.17, and r4; = 0.76 £ 0.16
for galaxies at z > 1.7 (see Appendix A). For consistency with previous ASPECS work, a fixed aco = 3.6 M., (K km s~ ')~ is used. This represents a systematic

underestimation of <0.1 dex with respect to values obtained when using a metallicity-dependent cico scheme.
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