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ABSTRACT

The dust-to-stellar mass ratio (Mdust/M?) is a crucial yet poorly constrained quantity to understand the complex physical processes
involved in the production of dust, metals and stars in galaxy evolution. In this work we explore trends of Mdust/M? with different
physical parameters using observations of 300 massive, dusty star-forming galaxies detected with ALMA up to z ≈ 5. Additionally,
we interpret our findings with different models of dusty galaxy formation. We find that Mdust/M? evolves with redshift, stellar mass,
specific star formation rate and integrated dust size, differently for main sequence and starburst galaxies. In both galaxy populations
Mdust/M? increases until z ∼ 2 followed by a roughly flat trend towards higher redshifts, suggesting efficient dust growth in the distant
universe. We confirm that the inverse relation between Mdust/M? and M? holds up to z ≈ 5 and can be interpreted as an evolutionary
transition from early to late starburst phases. We demonstrate that Mdust/M? in starbursts reflects the increase in molecular gas fraction
with redshift, and attains the highest values for sources with the most compact dusty star-formation.
The state-of-the-art cosmological simulations that include self-consistent dust growth, broadly reproduce the evolution of Mdust/M?

in main sequence galaxies, but underestimate it in starbursts. The latter is found to be linked to lower gas-phase metallicities and
longer dust growth timescales relative to observations. Phenomenological models based on the main-sequence/starburst dichotomy
and analytical models that include recipes for rapid metal enrichment are consistent with our observations. Therefore, our results
strongly suggest that high Mdust/M? is due to rapid dust grain growth in metal enriched interstellar medium. This work highlights
multifold benefits of using Mdust/M? as a diagnostic tool for: (1) disentangling main sequence and starburst galaxies up to z ∼ 5; (2)
probing the evolutionary phase of massive objects; and (3) refining the treatment of the dust life cycle in simulations.

Key words. galaxies: evolution – galaxies: ISM–galaxies: starburst – galaxies: star formation – submillimeter: galaxies

1. Introduction

Recent advent of infrared (IR) instruments such are Herschel and
ALMA, allowed us to identify long, high-redshift tail (2 < z < 7)
of individual dusty star-forming galaxies (DSFGs, e.g. Weiß
et al. 2013, Riechers et al. 2013, Oteo et al. 2017b, Zavala et al.
2017, Strandet et al. 2017, Jin et al. 2019, Casey et al. 2019, for
comprehensive reviews see Casey et al. 2014 and Hodge & da
Cunha 2020). The nature of these sources is critical to our under-
standing of how massive galaxies assemble and how could their
large dust reservoirs have been formed at early cosmic times (e.g.
Dwek et al. 2014, Zhukovska et al. 2016, Popping et al. 2017,
Aoyama et al. 2019, Nanni et al. 2020). Along with the progress

in increasing the statistics of DSFGs, many observational works
revisited the correlation between the star-formation rate (SFR)
and stellar mass (M?) in star-forming galaxies, showing that in
the vast majority of known DSFGs these two quantities are ex-
pected to form almost linear relation so-called "main-sequence"
(MS hereafter, Brinchmann et al. 2004, Noeske et al. 2007, El-
baz et al. 2010, Daddi et al. 2010, Rodighiero et al. 2011, Sargent
et al. 2014, Speagle et al. 2014, Whitaker et al. 2015, Schreiber
et al. 2015, Pearson et al. 2018). The prominent positive outliers
of this sequence with boosted specific SFR (sSFR = SFR/M?)
are so-called starbursts (SB). Knowing the physical properties
of these two populations of objects allows us to understand the
heterogeneous characteristics of distant DSFGs concerning their
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evolutionary stage within the main-sequence paradigm (e.g. Sar-
gent et al. 2014, Scoville et al. 2017, Silverman et al. 2018).

It is generally perceived that multiwavelength observations
(e.g. from ultraviolet (UV) to sub-mm) are key to providing a
complete picture of the stellar mass (M?) and SFR of dusty
galaxies. On one hand, dust affects the spectral energy distri-
butions (SED) of galaxies such that at shorter wavelengths stel-
lar light is more absorbed by dust and re-emitted in far-infrared
(FIR). On the other hand, along with molecular and atomic lines,
dust is one of major coolants of the interstellar medium (ISM)
and prevents gas heating up from the general interstellar radia-
tion field, thus playing an important role in the process of star
formation (Cuppen et al. 2017). As a consequence, the ratio
between the dust and stellar mass (Mdust/M?) stands as a key
parameter for understanding the physical processes involved in
producing the dust, metals, and stars in DSFGs. It has been sug-
gested that Mdust/M? can be a useful marker of the galaxy ISM
and survival capacity of dust grains against the multiple destruc-
tion processes (Dunne et al. 2011, Rowlands et al. 2014, Tan
et al. 2014, Béthermin et al. 2015, Calura et al. 2017, De Vis
et al. 2017, Michałowski et al. 2019, Burgarella et al. 2020).

In spite of its importance, the cosmic evolution of Mdust/M?

has not yet been fully understood. Linking the cosmic evolu-
tion of dust-to-stellar properties in massive galaxies is extremely
challenging task due to various reasons: (1) A proper constraint
of dust quantities such as dust luminosity (LIR) and Mdust re-
quires exquisite IR SEDs with rich wavelength sampling towards
Rayleigh-Jeans (RJ) tail. Until recently, the limited depth of FIR
surveys restricts statistical studies of high-z DSFGs either to the
most luminous objects (e.g. Riechers et al. 2013, Dowell et al.
2014, Oteo et al. 2017a, Donevski et al. 2018, Miller et al. 2018,
Pavesi et al. 2018), or strongly lensed galaxies (e.g. Negrello
et al. 2010, Wardlow et al. 2014, Strandet et al. 2017, Ciesla
et al. 2020); (2) Considering the limiting beam size of single-
dish FIR instruments, extensive follow-ups with high spatial res-
olution are required to better constraint sources’ IR SEDs and
redshifts (Cox et al. 2011, Hodge et al. 2013, Simpson et al.
2015, da Cunha et al. 2015, Miettinen et al. 2015, Oteo et al.
2017b, Dunlop et al. 2017, Miettinen et al. 2017, Fudamoto et al.
2017, Stach et al. 2019, An et al. 2019, Dudzevičiūtė et al. 2019,
Gómez-Guijarro et al. 2019, Simpson et al. 2020); (3) The DS-
FGs are usually highly dust-obscured, meaning that their con-
tinuum emission is very faint at rest-frame UV/optical wave-
lengths. Due to above stated reasons, there are still consider-
able uncertainties in the derived physical properties of DSFGs.
Consequently, some vital quantities, such as M?, Mdust or AGN-
fraction ( fAGN), are poorly constrained, which often prevent us
from knowing the position of DSFGs in the SFR-M? plane with
respect to the "main-sequence".

To partially overcome those issues, statistical methods based
on stacking are often applied to infer the average properties of
DSFGs that lie close to the confusion limit (e.g., Schreiber et al.
2015, Béthermin et al. 2015). More recently, a new generation of
source extraction methods based on positional, redshift and/or
SED priors, were tested in order to directly resolve individual
galaxies from confused IR images (e.g. Pearson et al. 2017, Hur-
ley et al. 2017, Liu et al. 2017). These techniques enabled ob-
servational constraints of DSFGs, e.g. the scaling between the
dust mass and gas mass (Leroy et al. 2011, Magdis et al. 2012,
Zahid et al. 2014, Scoville et al. 2017, Tacconi et al. 2018, Liu
et al. 2019b), and the evolution of dust temperature (Magdis et al.
2012, Béthermin et al. 2015, Béthermin et al. 2015, Liang et al.
2019). Such discoveries have raised important questions about
the dust mass content in the early universe, in particular what

are the observational imprints of the main sources of dust mass
production/destruction at high-z’s.

Along with observational efforts, throughout the last decade
an extensive attention has been given to the theoretical studies
of the formation of DSFGs and their dark matter (DM) halos
by applying different classes of cosmological simulations (Hay-
ward 2013, Narayanan et al. 2015, McKinnon et al. 2017, Davé
et al. 2019, Aoyama et al. 2019) or semi-analytic and analytic
methods (Lacey et al. 2016, Popping et al. 2017, Imara et al.
2018, Cousin et al. 2019, Vijayan et al. 2019, Lagos et al. 2019,
Pantoni et al. 2019). To investigate the evolution of the dust con-
tent of high-z DSFGs, the models have made significant progress
by replacing the simplified scaling relations with the physical
recipes for self-consistent dust formation, growth and destruc-
tion in evolving galaxies (e.g. McKinnon et al. 2017, Aoyama
et al. 2019, Hou et al. 2019, Graziani et al. 2019, Davé et al.
2019). While this empowers to study diverse samples of DS-
FGs from the statistical point of view, it remains challenging to
interpret the key contributors to their dust-to-stellar mass ratio.
The main reason is the existing tension between the modelled
and observed high number density of the most massive DSFGs
(M? > 1010 M�, Mdust > 109 M�, McKinnon et al. 2017).

We consider that is timely to link the methods described
above and inspect the nature of Mdust/M? in a large sample
of individually detected high-z DSFGs. There are two main
questions we address in this work. The first one is: How the
Mdust/M? evolves with cosmic time and position of the galaxy
with respect to the main-sequence? Properly answering to this
question requires careful examination of all observational chal-
lenges outlined above. For this goal, we assemble large statis-
tical data set that contains MS and SB DSFGs identified over
a wide redshift range in the COSMOS field with ALMA. We
complement deep multi-wavelength catalogue with the carefully
de-blended sources’ IR fluxes, and apply physically motivated
SED modelling to self-consistently derive physical properties of
DSFGs. We study different trends with Mdust/M? for galaxies
within and above the MS. We then address the second question:
How can the Mdust/M? be understood within the framework of
dusty galaxy formation and evolution? We employ state-of-the-
art galaxy models, with the aim in achieving comprehensive un-
derstanding of the nature of rapid dust evolution in our sources.

The paper is organised as follows: in Section 2 we describe
the data analysed in this work. In Section 3 we explain the SED
fitting methodology and provide average statistical properties of
our sample. In Section 4 we present the main results that show
how the dust-to-stellar mass ratio of ALMA detected DSFGs
scales with the galaxy redshift, sSFR and M?. We provide the
recipe to model the observed data based on simple empirical
prescriptions. In Section 5 we compare our results to different
models of galaxy formation and evolution. We discuss the role
of compact dusty star-formation on observed Mdust/M? in Sec-
tion 6, while our main conclusions are outlined in Section 7.
Throughout the paper we assume a Planck Collaboration et al.
(2016) cosmology and Chabrier IMF (Chabrier 2003).

2. Data and sample selection

To build the statistically significant sample of DSFGs suitable
for our analysis, we adopt homogeneously calibrated multiwave-
length catalogues released by the Herschel Extragalactic Legacy
Project (HELP , Małek et al. 2018, Shirley et al. 2019, Oliver et
al., in preparation). The HELP catalogues offer observational in-
formation across the well-known and well-studied extragalactic
fields that were targeted by Herschel. We chose the COSMOS
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field (Scoville et al. 2007) due to the wealth of multi-wavelength
data complemented to several hundreds of galaxies that exist in
public ALMA archive. The main advantage of panchromatic cat-
alogue provided by HELP is its homogeneous calibration and
implementation of state-of-the-art source extracting/de-blending
tool (XID+, Hurley et al. 2017) that allows us to overcome the
confusion limit in FIR observations made with the Herschel tele-
scope.

In order to extract the fluxes beyond the conventional Spitzer
and Herschel confusion limit, the MIPS (24µm), PACS (100,
160µm) and SPIRE fluxes (250, 350 and 500 µm) are assigned to
each source with use of probabilistic de-blending method XID+
(Hurley et al. 2017). The code XID+ de-blends confusion lim-
ited maps with use of positional and redshift information from
the deepest IRAC priors (up to 23.4 mag at 3.6 µm). In this way,
we take the advantage of fluctuations within the confused maps
and place strong constraints on the peak of sources’ FIR SEDs,
improving upon dust embedded star formation and identify the
main contributors to the flux detected with higher-resolution in-
struments that operate at longer wavelengths (i.e. ALMA). Given
the positional prior from the HELP catalogue, we identify coun-
terparts to ALMA detected galaxies, either in Band 6 (1.1mm,
121 source) or Band 7 (870 µm, 207 sources). We adopt fluxes
available within the ALMA archive (A3COSMOS, see Liu et al.
2019a for more details).

For the final galaxy sample we require source detections
with S/N ≥ 3 in at least 5 photometric bands in the mid-IR-
to-FIR/sub-mm range (8 µm < λ <1100 µm), and with S/N ≥ 5
in at least 10 photometric bands covering the optical-NIR range
(0.3 µm < λ <8 µm). These requirements are particularly im-
portant for achieving the robustness to physical parameters es-
timated from SED fitting (see e.g. Małek et al. 2018). When
multiple measurements are available in similar optical-NIR pass-
bands we take the deepest one to reduce the measurement uncer-
tainties. The optical to NIR data come from Subaru Suprime-
Cam (6 bands), HSC (Y-band), VISTA (J,H,Ks bands) and
IRAC (4 bands). We assemble the final list of sources (329
in total), out of which 73 galaxies have known publicly avail-
able spectroscopic redshifts (zspec), while the rest have photo-
metric redshifts (zphot) generated using a Bayesian combination
approach (the precision of zphot is estimated to be δz/1 + zspec <
0.005, see Duncan et al. 2018 for details). The full redshift dis-
tribution extends over a wide range (0.5 < z < 5.25) as shown in
top panel of Fig. 1.

3. Panchromatic SED modelling of the data

3.1. Tools: CIGALE

We make use of very dense panchromatic data coverage and
apply full SED (UV+IR) modelling of our DSFGs. As a main
tool we adopt the newest release of Code Investigating GALaxy
Emission (CIGALE; Boquien et al. 20191, Noll et al. 2009)
CIGALE is a state-of-the-art SED modelling and fitting code,
which combines UV-optical stellar SED with IR component. The
code entirely conserves the energy between dust absorption in
the UV-to-NIR domain and emission in the mid-IR and FIR.
CIGALE is designed for estimating the wide range of phys-
ical parameters by comparing modelled galaxy SEDs to ob-
served ones. For each parameter CIGALE makes a probability
distribution function (PDF) analysis, and the output value is the
likelihood-weighted mean of the PDF (and consequently, the as-
sociated error is likelihood-weighted standard deviation). In this
1 https://gitlab.lam.fr/cigale/cigale

work we carefully chose the model parameters following some
of the most recent prescriptions that are extensively tested on
large multi-band datasets with available deep IR observations,
thus being optimised for a wide range of DSFGs (e.g. Lo Faro
et al. 2017, Ciesla et al. 2017, Pearson et al. 2018, Małek et al.
2018, Buat et al. 2019). In the following we briefly summarise
the choice of modules and parameters presented in Table 1.

Stellar component

To construct the stellar component of our SED model we use
Bruzual & Charlot stellar population synthesis model (Bruzual
& Charlot 2003, BC03) together with a Chabrier 2003 IMF. We
fix metallicity to the solar value, which is usually seen as good
assumption because the more recent star formation events are
using more metallic gas (Asano et al. 2013). Our assumption is
additionally motivated by recent spectroscopy studies of DSFGs
in HUDF field, for which metallicities consistent with solar are
inferred at 1 < z < 3 (Boogaard et al. 2019, see also Nagao et al.
2012, Kriek et al. 2016, De Breuck et al. 2019)2. We adopt the
flexible star-formation historiy (SFH) which is composed of a
delayed component with additional burst. The functional form is
given as:

SFR(t) = SFRdelayed(t) + SFRburst(t), (1)

where SFRdelayed(t) ∝ te−t/ømain , and SFRburst(t) ∝ e−(t−t0)/øburst .
Here τmain represents e-folding time of the main stellar popu-
lation, while τmain represents e-folding time of the late starburst.
The e-folding time of the two stellar populations (old and young)
in the SFH was roughly matched to that of Małek et al. (2018).

Our choice of SFH is motivated by study of Ciesla et al.
(2017) (see also Forrest et al. 2018) who investigate how accu-
rate are different choices of SFHs in reproducing the IR obser-
vations with respect to the SFR −M? plane. Ciesla et al. (2017)
show that exponentially declining and delayed SFH struggle to
model high SFRs in z > 2 DSFGs, while exponentially rising
and log-normal SFHs has the ability to reach highest SFRs, but
show some inconsistency with observed data of massive galaxies
at intermediate and lower redshifts.

Dust attenuation

In order to model the effects of dust on the integrated spectral
properties for the large variety of galaxies, we adopt a double
power-law recipe for dust attenuation initially described in Char-
lot & Fall (2000). The Charlot & Fall (2000) attenuation law
(CF00) assumes that birth clouds (BCs) and the ISM each atten-
uate light according to fixed power-law attenuation curves. The
formalism is based on age-dependent attenuation, meaning that
differential attenuation between young (age < 107 yr) and old
(age > 107 yr) stars is assumed. Both attenuation laws are mod-
elled by a power law function, with the amount of attenuation
quantified by the attenuation in the V band. We chose to keep
both power law slopes (BC and ISM) of the attenuation fixed at
-0.7. The parameters we adopt for CF00 are already used for the
fitting of a large sample of DSFGs (Małek et al. 2018).

The choice of dust attenuation laws can significantly impact
estimated stellar masses of massive, dusty galaxies and our mo-
tivation to chose CF00 is strengthen by two recent findings: (a) it

2 Additionally, in the next Section we also compare our results to stud-
ies that explore grid of metallicities and star-formation histories.
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Table 1: Parameters used for modelling the SEDs with CIGALE. All ages/times are given in Gyr.

Parameter Values Description

Star Formation History
τmain 1.0, 1.8, 3.0, 5.0, 7.0 e-folding time (main)
τburst 0.01 e-folding time (burst)
fburst 0.001, 0.1, 0.20, 0.30 Mass fraction of the late burst
Age 0.5, 1.0, 2.0, 3.0, 4.5, 6.0, 7.5, 9.0, 10.0, 11.0, 12.0 Population age (main)

Burst age 0.001, 0.05, 0.08, 0.11, 0.3 Age of the late burst
Stellar emission

IMF Chabrier 2003 Initial mass function
Z 0.02 Metallicity (0.02) in Solar

Separation age 0.01 Age difference between old and young population
Dust attenuation

ABC
v 0.3, 0.8, 1.2, 3.3, 3.8 V-band attenuation

slope BC -0.7 Power law slope of BC attenuation
BC to ISM factor 0.3, 0.5, 0.8, 1.0 Ratio of the BC-to-ISM attenuation

slope ISM -0.7 ISM attenuation power law slope
Dust emission

qPAH 0.47, 1.12, 3.9 Mass fraction of PAH
Umin 5.0, 10, 25.0, 40. Minimum radiation field
α 2.0 Dust emission power law slope
γ 0.02 Illuminated fraction

AGN emission
rratio 60. Maximum to minimum radii of the dust torus
τ 1.0, 6.0 Optical depth at 9.7µm
β -0.5 Radial dust distribution within the torus
γ 0.0 Angular dust distribution within the torus

Opening angle 100◦ γ Opening angle of the torus
ψ 0.001, 89.99 Angle between eq.axis and line of sight

fAGN 0.0, 0.1, 0.25, 0.5, 0.8 AGN fraction

has been shown that hydrodynamical galaxy models require the
inclusion of a birth cloud component to properly match the ob-
served optical depth-attenuation curve slope relation in galaxies
(Trayford et al. 2020, see Salim & Narayanan 2020 for the re-
view); (b) it has been found that the widely used Calzetti attenu-
ation law (Calzetti et al. 2000) sometimes tends to underestimate
M? by 0.3−0.5dex in massive high-z DSFGs (see discussions in
Lo Faro et al. 2017, Williams et al. 2018 and Buat et al. 2019).

Dust emission model

In general Mdust can be estimated either with more simplified
methods such as single SED template fitting (Schreiber et al.
2018) and modified blackbody (MBB) fitting (Pozzi et al. 2019,
Clements et al. 2018), or with more complex and physically mo-
tivated dust emission models (Draine & Li 2007, Galliano et al.
2011, Draine et al. 2014, Jones et al. 2017, see Galliano et al.
2018 for an extensive review). We choose to perform the mod-
elling of galaxies’ IR SEDs with the physically motivated, dust
emission library of Draine et al. 2014 (DL14 hereafter).

The DL14 is a multi-parameter library which describes the
interstellar dust as a mixture of carbonaceous and amorphous
silicate grains. The grain size distributions are chosen to realisti-
cally "mimic" the observed extinction in the Milky Way (MW),
the Large Magellanic Cloud (LMC), and the Small Magellanic
Cloud (SMC). The properties of dust grains are parametrised
by the so-called polycyclic aromatic hydrocarbon (PAH) index
(qPAH), defined as the fraction of the dust mass in the form of
PAH grains. The IR SEDs are calculated for dust grains heated
by starlight for various distributions of intensities. The majority
of the dust is heated by a radiation field with constant intensity
from the diffuse ISM, while much smaller fraction of dust (de-
fined as a fraction γ) is exposed to starlight with interstellar ra-

diation field (ISRF) intensity in a range comprised between Umin
to Umax following a power-law distribution. We sample differ-
ent Umin, keeping the dust emission slope fixed at β = 2 along
with illumination fraction fixed at γ = 0.02 (see Magdis et al.
2012, Małek et al. 2018, Buat et al. 2019). In our modelling, LIR
is an integral of a SED over the rest-frame wavelength range of
λ = 8 − 1000 µm, while the dust masses are derived by fitting
and normalising the IR photometry to the DL14 library.

It has been shown that modelling of broadband SEDs with
physically motivated models increases the robustness of dust
mass estimates (e.g. Draine & Li 2007, Berta et al. 2016,
Schreiber et al. 2018). Furthermore, it is demonstrated that single
Tdust MBB fitting tends to significantly underestimate the Mdust
by a factor of ∼ 2 as compared to those derived from physi-
cally based libraries (Dale et al. 2012, Magdis et al. 2012, De
Vis et al. 2017). The discrepancies in estimated Mdust could be
larger for galaxies with colder dust and higher vertical distance
to the galaxy MS (Berta et al. 2016). On top of this, the consis-
tency has been found between the dust properties (Mdust and LIR)
derived with CIGALE DL14 library to those modelled in hydro
simulations where dust is treated with radiative transfer (Smith
& Hayward 2018, Trčka et al. 2020).

AGN model

AGN activity is known to be present in DSFGs (Symeonidis
et al. 2013, Brown et al. 2019) and can significantly impact de-
rived physical properties, particularly stellar mass (Ciesla et al.
2015, Salim et al. 2016, Leja et al. 2018). Thus, to improve the
derived galaxy properties we chose to quantify the contribution
of AGNs to the total predicted LIR. We derive the fractional con-
tribution of the AGN, defined as the relative impact of the dusty
torus of the AGN to the LIR ("AGN fraction"). We adopt AGN
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templates presented in Fritz et al. 2006 (see also Feltre et al.
2012). The templates are computed at different lines of sight
with respect to the torus equatorial plane and account for both
(Type 1 and Type 2) AGN emission, from 0◦ to 90◦ respectively.
The parameters in the AGN model were matched to those from
Ciesla et al. (2015). Due to computational reasons we somewhat
reduce the number of input options, and model the two extreme
values for inclination angle (0◦ and 90◦).

3.2. Statistical properties of our sample

We now fit the full datasets with the models defined in previous
section. Before using our SED derived quantities for the science
analysis, we confirm that fitted SEDs have a good quality, quan-
tified with the reduced value of χ2<10 (top left panel of Fig.
2). We additionally assign the modelling option available within
CIGALE to produce mock catalogues and then follow the ap-
proach implemented by Małek et al. (2018) to ensure that our
SED fitting procedure does not introduce significant systemat-
ics to our measurements (see Appendix A). We discard from the
further analysis all objects for which the fAGN from our full SED
is higher than 20% (29/329 sources, or 9% of the total sample).
We also double-check for additional X-ray-bright AGNs in the
COSMOS (Civano et al. 2016) and find none. After this step, the
remaining 300 sources are used for our final analysis. The full
list of sources and their main properties are presented in Table 3.

In Fig. 2 we show the distribution of SED derived properties,
while in Table 2 we tabulate median physical values confronted
to similar ALMA studies (da Cunha et al. 2015, Dudzevičiūtė
et al. 2019). We infer the high median redshift of z = 2.39 with
corresponding 16-84th percentile range (z = 1.66 − 3.31). These
are also IR luminous, with the median of LIR = 2.93 × 1012L�,
and ∼ 80% of sources above LIR = 1012L�. The two studies
we used for statistical comparison applied the MAGPHYS code (da
Cunha et al. 2010) and derived physical parameters fitting the
UV-to-sub-mm data of ALMA 870 µm selected galaxies in the
ALESS field (da Cunha et al. 2015) and UDS field (Dudzevičiūtė
et al. 2019). From Table 2 we see there is a consistency among
the studies over SED-derived physical quantities (z, LIR, SFR
and Mdust). We note that Dudzevičiūtė et al. (2019) analysed a
large statistical sample (707 objects in total) but considered only
4 photometric bands in optical-NIR part of SED. A similar cri-
terion is imposed by da Cunha et al. (2015) who analysed 99
sources out of which 22 have less than 4 photometric detections
in optical-NIR range. It is thus likely that inclusion of "optically
fainter" sources is responsible for marginally higher median red-
shifts and wider corresponding range inferred for these DSFGs
relative to ours.

To model the position with respect to the MS for each source
in our sample, we apply the functional form of the MS defined by
Speagle et al. 2014 (their "best-fit", provided with Eq. 28). For
each object from our final catalogue we assign ∆MS defined as an
linear offset of galaxy’s observed SFR to the SFR expected from
the modelled MS. We assume the galaxy is a starburst if ∆MS ≥ 4
(e.g. Elbaz et al. 2018), while the galaxy having ∆MS ≤ 4 is
considered a MS DSFG 3. We infer that our sample contains 242

3 In principle, our results would depend on how well the evolution of
the MS with redshift is constrained. We thus also test the MS relation of
Schreiber et al. (2015) but find that the choice of adopted MS does not
significantly impact the statistics of our MS and SB DSFGs.We thus
kept Speagle et al. 2014 relation for easier comparison to studies that
build gas-scaling relations upon the same MS modelling method (see
Section 4.4).

MS DSFGs (81% of the total) and 58 SB DSFGs (19% of the
total).

4. The evolution of dust-to-stellar properties over
cosmic time

4.1. The evolution of Mdust with redshift

In Fig. 2 we plot the redshift evolution of the Mdust for the full
sample of our DSFGs. From the multi-band SED fitting we find
the median of Mdust = 7.335.2

−3.4 × 108M�. The relative contribu-
tion to the total sample of DSFGs with Mdust > 109M� is 29%,
which places one third of our DSFGs towards the most extreme
tail of the dust mass function (DMF). As we see from Table 2, the
median Mdust from this work is in consistency with findings from
da Cunha et al. (2015) and Dudzevičiūtė et al. (2019). We note
that da Cunha et al. (2015) applied slightly different prescription
in their dust SED model and explore the grid of SFHs and stellar
metallicities in order to derive physical properties of ALMA ob-
served galaxies. This strengthens the conclusion that high Mdust
in ALMA detected DSFGs is not an observational artefact due to
adopted SED fitting procedure. The inferred Mdust of our DSFGs
are in average ∼ 0.2 dex larger than the values measured through
a Herschel stacking analysis of galaxies at z < 2.5 (Santini et al.
2014. The similar difference is seen if we compare to the median
Mdust of a large sample of dusty sources in the local Universe
(z < 0.5) detected within the GAMA survey (Driver et al. 2018).

Despite the fact that SFRs of our sources range over al-
most three orders of magnitude (namely, from 40 M�yr−1 to
1640 M�yr−1), their Mdust exhibits milder variation, in average
∼ 25% across the observed redshift range. We quantify the ob-
served cosmic evoluton of Mdust using linear regression fit of the
form:

log(Mdust) = (0.052 ± 0.04) × z + (8.80 ± 0.09) (2)

The slow rise with redshift is qualitatively consistent with find-
ings from Dudzevičiūtė et al. (2019, their Fig. 11). As pointed
out by Dudzevičiūtė et al. (2019), since Mdust is strongly cor-
related to ALMA 870 µm flux, the broad agreement amongst
the different ALMA studies likely reflects the similar flux limits
of the single-dish surveys followed-up with ALMA. It has been
found that sub-mm flux of extremely luminous DSFGs selected
from single dish SCUBA2 camera (at 850 µm), strongly corre-
lates with redshift (Stach et al. 2019, Simpson et al. 2020). Due
to tight connection between dust and gas (young stars are pre-
dominantly formed in dense molecular clouds, while dust catal-
yses transformation from atomic hydrogen into molecular), it has
been proposed that steady range of Mdust should correspond to a
similarly uniform selection in terms of Mgas (e.g Swinbank et al.
2014, Simpson et al. 2020).

4.2. The evolution of Mdust − SFR with respect to the
main-sequence

In order to achieve a closer insight to the ISM of our DSFGs, we
now explore how the dust masses relate to their star-formation
rates. The Mdust and SFR are expected to be correlated in galax-
ies (da Cunha et al. 2010, Dunne et al. 2011, Bourne et al. 2012,
Santini et al. 2014, Rowlands et al. 2014, Kirkpatrick et al. 2017,
Aoyama et al. 2019). Such a relationship can naturally be un-
derstood due to dust mass being a good tracer of the Mgas in
DSFGs (Scoville et al. 2017), while Mgas and SFR are linked
through the known Kennicutt–Schmidt relation (KS, Schmidt
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Fig. 1: For all panels inside the grey box: distributions of the physical properties estimated for our DSFGs from the SED fitting with CIGALE. From
top left to bottom right: the goodness of fit expressed as reduced χ2; galaxy redshift; stellar mass; star-formation rate; IR luminosity; dust
mass and galaxy linear offset from the MS (in log scale). Bottom right panel: linear offset of galaxy’s observed SFR to the SFR expected
from the modelled MS (∆MS in log scale), as a function of redshift. A border between the sources considered as MS and SB DSFGs is indicated
by a horizontal, dashed line.

Table 2: The statistics of our SED derived physical properties with CIGALE, compared to those from known statistical ALMA studies (da Cunha
et al. 2015 and Dudzevičiūtė et al. 2019). The physical parameters in these two studies are estimated via multi-band SED fitting with the code
MAGPHYS. The range indicated with each median corresponds to the 16th-84th percentile of the likelihood distribution.

This work ALESS AS2UDS
da Cunha et al. (2015) Dudzevičiūtė et al. (2019)

〈z〉 2.39+0.92
−0.73 2.7+1.39

−1.1 2.61+0.79
−0.81

〈LIR〉 2.93+2.17
−1.31 × 1012L� 3.24+2.4

−1.8 × 1012L� 2.88+2.52
−1.3 × 1012L�

〈SFR〉 270+255
−170 M�yr−1 281+420

−190 M�yr−1 236+240
−150 M�yr−1

〈M?〉 1.02+0.7
−0.4 × 1011M� 0.89+0.7

−0.4 × 1011M� 1.26+0.5
−0.5 × 1011M�

〈Mdust〉 7.33+5.2
−3.4 × 108M� 6.01+5.6

−3.8 × 108M� 6.8+5.1
−3.6 × 108M�

1959, Kennicutt 1998, Sargent et al. 2014). However, it is less
known whether the expected relation holds towards the highest
redshifts and higher SFRs.

In Fig. 3 we display how the Mdust relates to SFR. We show
the median values of the binned data for the full sample, and
for MS and SB DSFGs, separately. We find positive evolution-
ary trend of SFR with Mdust. which holds for both populations
of galaxies, while at the fixed Mdust, SB DSFGs have on average
higher SFR than the MS sample. Interestingly, we see that the
linear trend between Mdust and SFR starts to flatten towards the
upper right part of the diagram. Up to the Mdust . 109M�, the
flattening of the relation is mainly caused by MS galaxies. Con-
sidering the relation between Mdust and SFR as a consequence
of KS law Miettinen et al. (2017) argued that a shallower slope

towards higher Mdust could mean that DSFGs deviate from a tra-
ditional KS law (see also Santini et al. 2014). To better under-
stand this finding, we overlaid our data with the best scaling re-
lations between Mdust and SFR derived by Genzel et al. (2015)
and Rowlands et al. (2014). The scaling relations are built upon
the approximation that dust SED can be represented with an av-
erage constant Tdust and dust emissivity which is assumed to be
β = 1.5. The scaling relations we show in Fig. 3 imply that
Mdust and LIR are correlated as LIR/Mdust ∝ T 4+β

dust (Blain et al.
2003). From this we would expect fully linear trend between
Mdust and SFR. Our binned data differ from this expectation, and
can be better described by (logistic) function that saturates at
Mdust ∼ 109M�. Therefore, the sub-linear relation deduced from
our sample could also reflect the possible change in ISM condi-

Article number, page 6 of 25



D. Donevski et al.: Knocking on giants’ doors:

1 2 3 4 5 6
Redshift

8.0

8.5

9.0

9.5

10.0

10.5

lo
g(

M
d
u
st
/M

¯
)

Best fit [This work]
Best fit [AS2UDS]

z<1[GAMA]
This work [binned]

11.25

11.50

11.75

12.00

12.25

12.50

12.75

13.00

lo
g
(L

IR
/L

¯
)

Fig. 2: The observed redshift evolution of Mdust. Individual values are
displayed with circles, coloured with corresponding LIR. Binned means
are shown with black circles and associated 1σ errors. For comparison,
we also show the mean Mdust for a large sample of dusty galaxies up to
z ∼ 0.5 (Driver et al. 2018, black inverted triangle). The black dashed
and dotted lines are best regression fits from this work and Dudzevičiūtė
et al. (2019) respectively.

tions (e.g. wide distribution of the radiation field intensities, dif-
ferent optical depths and source geometry). This is in line with
results from studies which explored the cosmic evolution of in-
terstellar radiation fields and its complex link to galaxy stellar
mass (Béthermin et al. 2015, Schreiber et al. 2018) or gas mass
(Kirkpatrick et al. 2017, McKinney et al. 2020).
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Fig. 3: The observed relation between Mdust and SFR in our DSFGs,
shown for the whole sample (binned means, shown as black circles),
and divided on SB and MS galaxies (shaded in dark cyan and orange,
respectively). The known, empirically based scaling relation between
Tdust − SFR −Mdust (Genzel et al. 2015) are overlaid with dashed lines.
Different colours correspond to their fixed Tdust, as indicated in the leg-
end. The best fit for local and intermediate redshift ULIRGs (Rowlands
et al. 2014) are displayed with dotted and dot-dashed line, respectively.

Our DSFGs are probing the highest end of the SFR-Mdust
plane, which sparsely overlap with local DSFGs (see da Cunha
et al. 2010). This is evidence for extremely efficient and rapid
dust formation process at earlier cosmic epochs (Hjorth et al.
2014, Rowlands et al. 2014, Leśniewska & Michałowski 2019,
Dwek et al. 2019). There are several possible explanations why

Mdust–SFR relation of our DSFGs lie above the locally inferred
values. Studying the DSFGs at z ∼ 2, Kirkpatrick et al. (2017)
conclude that high-z DSFGs have larger than average molecular
gas reservoir than galaxies with similar Mdust at lower redshifts.
Other works argued towards much higher efficiency of convert-
ing gas to stars. Magdis et al. (2012) demonstrate that dust lu-
minosity emitted per unit of dust mass could also serve as a
good indicator of star formation efficiency (SFE = SFR/Mgas ∝

LIR/Mdust). Such approximation is valid if LIR ∝ SFR ∝ Mgas
and under the assumption that ratio between the dust and gas
mass (hereafter δDGR) is roughly constant. By examining this for-
malism, Schreiber et al. (2017) conclude that physical changes
in the ISM could be responsible for enhanced SFE, such that
most massive galaxies at z < 1 have reduced interstellar radia-
tion fields, and correspondingly reduced SFEs.

The cause of the flattening of Mdust-SFR relation is inter-
esting to discuss. From our data we see that shallower rise is
mostly driven by MS DSFGs, while SB DSFGs are more com-
patible with linear scaling from Genzel et al. (2015). At the first
glance, the flattening could be a consequence of our sample be-
ing incomplete at a fixed stellar mass. Nevertheless, the similar
departure from the linear trend between Mdust and SFR has been
found in the complete AzTEC survey of the brightest DSFGs se-
lected as S 1.1mm > 3.5 mJy (Miettinen et al. 2017). Hjorth et al.
(2014) investigate simple analytical limiting cases for early dust
production, being the first that propose the bending of the SFR-
Mdust relation. They postulate that a maximum attainable Mdust
is in early starburst phase in which the rapid dust build-up in
very massive systems at early cosmic times is the cause of the
observed bend-over of the SFR-Mdust relation. However, to re-
produce high dust yields, the scenario proposed by Hjorth et al.
(2014) imposes extreme dust-formation efficiency by SNe under
the galaxy closed-box solution which is found to be unrepresen-
tative for most of known DSFGs (see e.g discussion in Pantoni
et al. 2019). Therefore, the fact that we see plateau rather than a
linear rise of SFR towards the Mdust can be explained if the dust
mass build-up is related to additional dust production source, e.g.
the grain growth in the ejecta/remnant or the ISM. The process
is believed to be very fast with a timescale of a few tens of mil-
lion years (Asano et al. 2013, Hirashita & Nozawa 2017, Pop-
ping et al. 2017, Pantoni et al. 2019). In the next Section, we
will closely investigate this possibility through different scaling
relations that link dust, gas and metal content in our DSFGs.

It is also possible that the dust emission in compact DSFGs is
affected by opacity effects. As we show in Section 6, some of our
sources have extreme surface densities of dusty star-formation,
which would make the gaseous ISM highly optically thick even
in the IR regime (Cortzen et al. 2020). The fact that the SFR-
Mdust relation becomes flat for our DSFGs at the high Mdust end,
further supports this possibility. To check how the opacity as-
sumption affects our results, we use prescription of a thick dust
model from Dowell et al. (2014) and fit the IR SEDs to the
sources from the highest dust mass bin (Mdust > 2 × 109 M�).
We find that use of a thick dust model returns ∼ 2 − 3× lower
Mdust due to increase in Tdust at a given LIR. This is in line with
Cortzen et al. (2020), who studied GN20, known starburst at
z = 4, and reported ∼ 2× discrepancy between the dust masses
derived from optically thin and optically thick dust model. How-
ever, as pointed by Cortzen et al. (2020), it is difficult to properly
quantify these effects because optically thin or thick solutions
are heavily degenerate, and require independent proxy for Tdust
to discriminate between the two. For the sake of consistency, we
thus keep our DL14-based Mdust for the rest of the paper.
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4.3. The evolution of Mdust/M? with respect to the
main-sequence

We now explore how various physical quantities of our DSFGs
relate to Mdust/M? in MS and SB DSFGs. Our goal here is to
use the Mdust/M? as a tool to assess the efficiency of the specific
dust production and destruction mechanisms in galaxies. In Fig.
4 we present different evolutionary trends of Mdust/M? for MS
and SB DSFGs against the redshift, sSFR and stellar mass.

The upper left panel of Fig. 4 illustrates the evolution of
Mdust/M? ratio with redshift. We placed estimated values for MS
(SB DSFGs) in 11 (6) redshift bins of 0.3 (0.5). We did not anal-
yse the highest redshift bins (z > 5 for MS and z > 3.5 for SB
DSFGs) due to lack of statistical significance (they contain only
2 and 1 objects, respectively). The binned means and their stan-
dard errors are shown as cyan and orange regions for MS and
SB DSFGs, respectively. The medians of our DSFGs are found
to be Mdust/M? = 0.006+0.004

−0.003 for MS DSFGs and Mdust/M? =

0.017+0.010
−0.006 for SB DSFGs. We find that for both populations

Mdust/M? rises up to the certain redshift (z ∼ 2 − 2.25) and flat-
tens/bend towards earlier epochs. It is worth noting that no SB
DSFGs are observed at z > 4. This can be a consequence of our
source selection, but also an indication that SB DSFGs at high-z
lie systematically below the central relation for starbursts pre-
dicted from KS law (Santini et al. 2014, Béthermin et al. 2015,
Silverman et al. 2018, Liu et al. 2019b). Nonetheless, the SB
DSFGs typically have 3− 4 times higher Mdust/M? as compared
to MS DSFGs, regardless of the observed redshift. The varia-
tion with redshift amongst the binned values is mild, about 0.3
dex. All these imply that the carefully estimated Mdust/M? can
be applied as a useful tool for distinguishing SB and MS dusty
galaxies over wide redshift range.

The different evolution of Mdust/M? with redshift for MS and
SB DSFGs has already been reported in Béthermin et al. (2015)
(see also Tan et al. 2014). They construct the average SED of MS
and SB DSFGs detected from stacking analysis. By deducing the
mean intensity of the radiation field, they estimate the Mdust from
Draine & Li (2007) dust SEDs. Their result for MS DSFGs is
displayed with grey shaded region in Fig. 4. Considering the MS
DSFGs, we can see the similarity between the trends, such that
values inferred by Béthermin et al. (2015) suggest an increase
in Mdust/M? until z ∼ 1.5, and slight decline towards higher-z’s.
This is very similar to the overall evolutionary shape we infer
from our data, although average values from Béthermin et al.
(2015) are slightly lower than ours, due to the stacking technique
they adopt in order to reach lower LIR, thus inferring somewhat
lower normalisation for Mdust/M?. In any case, our estimates are
within 1σ uncertainty from those of Béthermin et al. (2015) over
the whole redshift range. The same authors also analyse extreme
starbursts (∆MS > 10), obtaining very steep slope for SB DSFGs
at 0 < z < 2 (see their figure 8). To compare observed trends with
other studies of individual ALMA galaxies, we bin the data from
da Cunha et al. (2015) and select objects as MS and SB DSFGs
in the exact same way as for our sample. As evident from Fig.
4, coherence between our data and those from da Cunha et al.
(2015) is present over full redshift range. For the sake of clarity,
we also show the median value obtained for the sample of the
most extreme local ULIRGs (da Cunha et al. 2010), along with
some of the most distant individual DSFGs confirmed to date
(Riechers et al. 2013, Strandet et al. 2017, Casey et al. 2019).
Despite the fact that we yet have to reach the census of observed
DSFGs at z > 4 − 7, it is clear that even the most distant DSFGs
have very high Mdust/M?, hinting there could be a wide spread in
the dust-to-stellar ratio of star-forming galaxies. Jin et al. (2019)

recently showed that some number of the most distant sources
with high Mdust/M? could be a rare population of cold starbursts
(Tdust < 30K). They argue on observed cold dust temperatures
being a result of either low star formation efficiency with rapid
metal enrichment, or evidence for optically thick dust continuum
in the FIR. Cortzen et al. 2020).

The top-right panel of Fig. 4 discloses a strong mutual cor-
relation between Mdust/M? and sSFR. This is in agreement to
what has been reported in the literature for a different statisti-
cal samples of DSFGs (Hunt et al. 2014, Martis et al. 2019) and
Lyman Break Galaxies (LBGs, Burgarella et al. 2020). We find
that correlation shows a substantial scatter but extends over two
orders of magnitude and saturates at the highest sSFR which is
in consistency with da Cunha et al. (2015). The scatter could be
due to cosmic evolution of the relation between Tdust and M?,
which is found to be non-monotonic and strongly dependent on
galaxy ISM (Kirkpatrick et al. 2017, Imara et al. 2018).

The relation between Mdust/M? and sSFR can be interpreted
as age-evolutionary sequence. That said, the difference between
objects populating the opposite corners of the Mdust/M? − sSFR
plane could originate if Mdust grows on timescales faster than
M?. The important outcome of this interpretation is that DSFGs
from the upper-right side of the diagram could be objects domi-
nated by young stellar populations that could have accumulated
at early times almost all the dust of a normal "main-sequence"
object. These young DSFGs are expected to own large amounts
of molecular gas relative to stars which would place them in the
uppermost part of the Mdust/M? − sSFR diagram, in line with
the picture where the sSFRs in more massive DSFGs peak ear-
lier in the Universe than those of less massive objects (Le Floc’h
et al. 2005, Behroozi et al. 2013). The subsequent decrease of
sSFR is due to exhaustion of their gas reservoirs and reflects the
efficiency of dust removal. Such interpretation would be consis-
tent with the scenario proposed by Burgarella et al. (2020), who
studied LBGs at z > 5 and found that sources with the youngest
stellar populations have the highest sSFRs (see also Calura et al.
2017). We will return to this point in Section 5.3 and Section 6.

In the lower panel of Fig. 4 we show Mdust/M? as a function
of M?. For our sources we show the median values computed
in bins of stellar mass, along with trends inferred for MS and
SB DSFGs, separately. We observe a clear anti-correlation be-
tween Mdust/M? and M?, with the normalisation being higher in
SB DSFGs than in MS DSFGs. We confirm that such distinc-
tion holds until log(M?/M�) = 11.2, while above this M? there
are no sources considered as starbursts. The anti-correlation of
Mdust/M? with M? is known to exists in the locally observed
galaxies (Bourne et al. 2012, De Vis et al. 2017, Casasola et al.
2020). We see that our DSFGs tend to have in average slightly
higher median Mdust/M? per fixed stellar mass, than of the most
extreme local ULIRGs (marked with the red star). The difference
is much larger and exceeds an order of magnitude if we compare
to locally detected early and late-type galaxies from the Herschel
Reference Survey (HRS, Andreani et al. 2018).

We further inspect the evolution of this inverse relation with
redshift, by dividing the full sample in four redshift bins, as de-
noted in the lower-right side of Fig. 4. We unveil several interest-
ing features. Firstly, we provide for the first time the strong ob-
servational evidence that anti-correlation of Mdust/M? with M?,
continues up to z ∼ 5 in massive DSFGs. We find a system-
atic shift towards higher Mdust/M? with increasing redshift. This
seems valid at least until M? ∼ 1011M�, after which the differ-
ence in normalisation becomes less prominent, coincidental with
the stellar mass range mostly unpopulated with SB DSFGs. Sec-
ondly, there is a tentative evidence for a change of slope of the
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Fig. 4: Top panel: The Mdust/M? versus redshfit (left) and sSFR (right), of our MS and SB DSFGs.The binned averages and corresponding
standard errors for MS and SB subsample are shown as shaded dark cyan and orange area, respectively. The grey, shaded area is the observed trend
obtained via stacking analysis by Béthermin et al. (2015). The red star in each panel indicate the median value of most extreme local ULIRGs (da
Cunha et al. 2010). Binned values for MS and SB from high-redshift ALMA sample analysed by da Cunha et al. 2015 are shown with triangles
and squares, respectively. Also displayed with red symbols are individual detections of the most distant DSFGs at z > 5 (MAMBO-9 Casey et al.
2019, Jin et al. 2019; HFLS3, Riechers et al. 2013; and SPT0311, Strandet et al. 2017). For consistency, we use public data and recalculate Mdust
of latter three objects following our method, finding a good agreement with their archival estimates. In the right panel, the binned mean values
of the full sample are presented with black circles and the results from da Cunha et al. (2015) with filled squares. The error bars represent the
dispersion (1σ) associated to the mean. Bottom panel: The Mdust/M? versus galaxy stellar mass.The left panel shows our estimates compared
to those that span the similar stellar mass range. Points are colour-coded in the same way as in the upper plot. Grey circles indicate the local galaxy
sample composed of Herschel detected galaxies (both passive and active) from the Virgo cluster (HRS, Andreani et al. 2018). On the right side,
we resolve the overall trend of Mdust/M? vs. M? from this work per different redshift bins and plot the trend with corresponding 1σ uncertainty.
Redshift bins are colour-coded as in the legend.

inverse relation with redshift. Lurking at the lowest redshift bin
we see that our data indicate a slight turnover of Mdust/M? at
characteristic M?, which is followed by a mild overall change of
the amplitude. Towards higher-z’s the inverse relation becomes
steeper, and can be roughly quantified as a simple power law
evolving from Mdust/M? ∝ M−0.21

? to Mdust/M? ∝ M−0.57
? at

1.5 < z < 5. We caution that less biased sample of spectro-
scopically confirmed candidates at z > 3 − 5 is necessary for
confirming this claim.

The observed anti-correlation of Mdust/M? with M? seems
a natural reflection of the dust life-cycle: M? grows with time
as galaxy evolving, while dust grains (altogether with ISM met-
als) decrease from the budget being incorporated into the stellar
mass. Calura et al. (2017) applied the chemical galaxy model
on proto-spheroidal galaxies, suggesting that observed trend
of Mdust/M? with M? is strongly dependent on galaxy star-
formation history. They demonstrate that galaxies characterised

by a prolonged (bursty) star formation activity, shows a rather
flat (steep) behaviour of Mdust/M? with respect to M?. They con-
cluded that the observed inverse relation is due to the time evo-
lution of Mdust/M? in the late starburst phase of DSFGs. During
this evolutionary phase, M? is still increasing, but the the galaxy
SFR and the dust production rate decrease resulting in a down-
hill of Mdust/M? towards the point which characterises the end
of star formation.

Imara et al. (2018) developed analytical solution based on
simplified empirical prescriptions and found that the evolution
of Mdust/M? with M? can be parametrised as a broken power
law, where the breaking point is controlled by δDGR. They high-
light that the evolution of galaxy molecular gas mass ratio (de-
fined as µgas = Mgas/M?) is crucial in regulating the observed
Mdust/M? per fixed M?. In this regard, the decreasing trend with
higher M? could be due to the deficiency of galaxies with high
µgas above the critical stellar mass (M? ' 1011M�). Above this
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value, the gas infall and condensation towards the central regions
would become less efficient, while feedback caused by black-
holes (BH) would suppress star-formation (e.g. Mancuso et al.
2016).

4.4. Modelling the observed evolution of Mdust/M?

To better understand what drives the cosmic evolution of
Mdust/M?, we further model our data based on simplified em-
pirical prescriptions. We follow the approach presented in sem-
inal works of Tan et al. (2014) and Béthermin et al. (2015) by
rewriting the δDGR as:

Mdust

M?
∝

Mgas

M?
× Zgas, (3)

The equation unveils that the evolution of Mdust/M? de-
pends on the evolution of molecular gas mass ratio and gas-phase
metallicity4. To solve Eq. 3 we model the redshift evolution of
Mgas/M? and Zgas relying on scaling relations from the literature.
In the following, we briefly describe our choice of parameters
entering the right side of Eq. 3.

To model the redshift evolution of Mgas/M? we apply the
gas scaling relations that are based on IR/sub-mm data. Namely,
we consider Eq. 9 from Scoville et al. (2017), Eq. 6 from Tac-
coni et al. (2018), and Eq. 11 from Liu et al. (2019b). The scal-
ing relations provide empirical recipes for connecting galaxy-
integrated properties (Mgas, M?, and SFR) in the framework of
the star-formation main sequence. These are mostly valid in trac-
ing the molecular mass component. For relatively high M? of
our sample, this is a fair assumption if one considers that rising
ISM pressure to high-z’s would induce negligible contribution
of atomic hydrogen to the total gas mass (Combes 2018, Tac-
coni et al. 2020). We instruct the reader to Scoville et al. (2017),
Tacconi et al. (2018) and Liu et al. (2019b) for detailed descrip-
tions and briefly outline the main points below: (1) Scoville et al.
(2017) derive Mgas from the optically thin RJ tail of dust emis-
sion, assuming that IR SED can be well described with the con-
stant mass-weighted Tdust, which is assumed to be 25 K; (2) Tac-
coni et al. (2018) determine Mgas combining three independent
methods based on CO line fluxes, FIR SEDs, and single sub-mm
flux (1 mm) photometry; (3) Liu et al. (2019b) provide a new
functional form for Mgas by re-analysing different systematics
and photometric bands’ conversions for a large sample of ∼ 700
DSFGs detected with ALMA. All methods are based upon in-
vestigating statistically significant number of star-forming galax-
ies whose stellar masses spanning three orders of magnitude at
0 < z < 4.

There are different ways to parametrise Zgas as a function
of M? and/or redshift and SFR, either through Fundamental
Metallicity Relation (FMR; Mannucci et al. 2010, Mannucci
et al. 2011, Curti et al. 2020, Chruslinska & Nelemans 2019), or
Mass-Metallicity Relation (MZR, e.g. Kewley & Ellison 2008,
Maiolino et al. 2008, Zahid et al. 2014,Genzel et al. 2015, Hunt
et al. 2016).

We apply three different prescriptions known in the liter-
ature: (1) The MZR from Hunt et al. (2016). It is based on
compiled observations of almost 1000 galaxies observed up
to z = 3.7. The Zgas from their sample stretch over two or-
ders of magnitude, while SFRs and stellar masses span five

4 It has been shown that for massive galaxies (M? > 1010 M�), it is
reasonable to assume log δDGR ∝ log( Z

Z�
) (Leroy et al. 2011, Magdis

et al. 2012, Rémy-Ruyer et al. 2014, Schreiber et al. 2018).

orders of magnitude. They quantify the metalicity as: Zgas =
−0.14 log(SFR) + 0.37 log(M?) + 4.82; (2) The MZR from Gen-
zel et al. (2015, their Eq.12a). They analyse a large sample of
galaxies with either CO line measurements or well-sampled dust
SEDs. The galaxies studied by Genzel et al. (2015) span wide
redshift range (0 < z < 3), and contain significant fraction
of DSFGs. (3) Broken metallicity relation (BMR) proposed by
Béthermin et al. (2015). The relation is in principle FMR with a
correction of 0.30 × (1.7 − z) dex at z > 1.7.

We now substitute different prescriptions for Zgas and
Mgas/M? into Eq. 3. For parameters entering Zgas and Mgas/M?,
we use our SED derived M?,SFR, z, along with ∆MS. By do-
ing this, from Eq. 3 we infer related cosmic evolution of the
Mdust/M?. In Fig.5 we display the modelled evolutionary tracks
for MS and SB DSFGs compared to the observed data. We see
that up to z ∼ 2 − 2.5, irrespective of their ∆MS, the observed
dust-to-stellar mass evolution can be well described by any of
adopted gas scaling relations, along with the evolution of Zgas de-
rived from Hunt et al. (2016) or Genzel et al. (2015). At z > 2.5,
predictions significantly differ, and we find that our data favour
the best-fit function from Liu et al. (2019b) and Tacconi et al.
(2018) rather than that of Scoville et al. (2017) which overes-
timates our values both for MS and SB DSFGs. We also find
larger dispersion of the residuals from the model fits in SB DS-
FGs than in MS DSFGs, which could imply a wider range of in-
trinsic physical properties (e.g.Zgas) in our starbursts. Our results
for SB DSFGs broadly agree with that of Tan et al. (2014) who
fit a compilation of individual starbursts with mildly rising trend
of Mdust/M? with redshift, quantified as Mdust/M? ∝ (1 + z)0.51.
While we see a broad agreement with Tan et al. (2014) at z & 2,
we find that at z . 2 the evolution of Mdust/M? in our SB DSFGs
can be best modelled as Mdust/M? ∝ (1+z)1.13, suggesting much
steeper rise.

We apply the relation from Liu et al. (2019b) and compute
the median Mgas, obtaining Mgas = 9.1 × 1010M� for MS DS-
FGs, and Mgas = 1.1 × 1011M� for SB DSFGs. The relation
of Scoville et al. (2017) tends to overpredict these values by
factor of 1.5-2 relative to Liu et al. (2019b) and Tacconi et al.
(2018). Interestingly, the same difference has been reported by
Dessauges-Zavadsky et al. (2020) who applied [CII] as a tracer
of molecular gas content in a large sample of MS galaxies with
a median stellar mass of 109.7M�. The differences between the
gas scaling relations have already been investigated in the litera-
ture (see discussions in Liu et al. 2019b and Millard et al. 2020).
As mentioned in Miettinen et al. (2017), a potential caveat of
Scoville et al. (2017) approach could be assumption of a con-
stant Tdust. Intensity of the radiation field is expected to evolve
and we find that increasing the Tdust (e.g. from 25 to 45K) the
inferred Mgas decreases by a factor of ∼ 1.3, which would par-
tially explain the offset to our data. An additional reason why the
Mdust/M? computed from Scoville et al. (2017) best-fit overes-
timates our data could also be due to the way they assign stel-
lar masses to their galaxies. The scaling relation is calibrated
based on the ∆MS of IR-bright DSFGs for which SFRs were com-
puted from LIR, but assigned M? were derived separately from
optical-NIR SEDs. This approach has a risk of underestimating
M? to those computed from self-consistent SED fitting from UV
to sub-mm (Mitchell et al. 2013, Buat et al. 2014). On top of this,
the gas scaling relations from Tacconi et al. (2018) and Liu et al.
(2019b) account for metalliciity correction, which is not the case
for Scoville et al. (2017).

We apply MZR from Genzel et al. (2015) and infer median
Zgas expressed as 12 + log(O/H), obtaining 12 + log(O/H) =
8.64 ± 0.05 and 12 + log(O/H) = 8.52 ± 0.09, for MS and SB
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Fig. 5: From up to bottom: The cosmic evolution of Mdust/M? mod-
elled as a combination of gas mass scaling relations and MZRs. We test
the gas scaling relations from Liu et al. (2019b), Tacconi et al. (2018)
and Scoville et al. (2017). To model the evolution of gas-phase metallic-
ity, we test different MZRs from Hunt et al. (2016), Genzel et al. (2015),
along with the broken fundamental metallicity relation (BMR, Béther-
min et al. 2015). The overplotted shaded regions are the same observed
data (MS and SB DSFGs) presented in the upper left panel of Fig. 4.

DSFGs, respectively. These values let us characterise both MS
and SB DSFGs as metal rich objects, since the estimated Zgas are
close to solar (12+ log(O/H) = 8.69, Allende Prieto et al. 2001).

It is important to stress that Zgas of high-z SB DSFGs is
a matter of active debate (see e.g. discussions in Tan et al.
2014, Liu et al. 2019b and Tacconi et al. 2020). On one hand,
optical/near-IR spectroscopy suffers from high dust attenua-
tion, and on the other hand, the statistics of sources that have
been spectroscopically studied through fine structure lines with
ALMA is still limited (Boogaard et al. 2019). While many

studies suggest that at fixed M? objects with higher ∆MS are
more gaseous and less metallic, there are recent, opposite claims
suggesting super-solar metallicities that imply lower Mgas, but
higher SFE and higher δDGR of SB DSFGs, much like in lo-
cal ULIRGs (Downes & Solomon 1998, Magdis et al. 2012,
Puglisi et al. 2017, Silverman et al. 2018, Valentino et al. 2020).
For example, using the prescription for Mgas given by Sar-
gent et al. 2014, Béthermin et al. (2015) found that, in order
to match the observed Mdust/M?, their extreme starbursts re-
quire δDGR ≈ 1/50, appropriate for Zgas twice as high as solar
(12 + log(O/H) ≈ 9). The fact that modelled curves for SB DS-
FGs at z > 2.5 are slightly above the data also supports this
hypothesis. Our data cannot fully solve this issue, and we cau-
tion the reader that our conclusions rely on the assumption that
our DSFGs do not deviate strongly from adopted scaling rela-
tions. Nevertheless, even with large uncertainties in Zgas, the high
Mdust/M? and its very slow decline towards high-z suggest that
SB DSFGs were substantially metal abundant even in the dis-
tant Universe. This strongly implies the need of rapid metal en-
richment in early star-formation phase. Furthermore, our general
conclusion from this modelling exercise is that high Mdust/M?

are originating from massive DSFGs being metal rich. Such
rapid metal enrichment at the high-z would lead to the solar (or
even few times solar) Zgas of very massive, quiescent objects into
which these DSFGs might evolve (Man et al., in prep.).

The chemical models that do not include grain growth in
the ISM have difficulty in matching the dustiest objects under
the standard IMF (Dunne et al. 2011, Rowlands et al. 2014, De
Vis et al. 2017, Calura et al. 2017). For example, Burgarella
et al. (2020) proposed the dust formation scenario assuming the
high dust condensation efficiencies from stellar ejecta and non-
standard "top-heavy" IMF, but found the maximum values lim-
ited to Mdust/M? ≤ 10−2. Consequently, it would be hard to fully
reproduce the significant number of observed DSFGs that popu-
late the top-right corner of Mdust/M? − sSFR plane.

It has been postulated that the timing when the Mdust growth
in the ISM becomes effective is determined by Zgas (see e.g.
Asano et al. 2013). If Zgas in a galaxy exceeds a certain criti-
cal value, the grain growth becomes active and the Mdust rapidly
increases until metals are depleted from the ISM. This critical
value of Zgas is larger for a shorter star formation timescales,
which is well supported by our data, since the typical star-
formation timescale (M?/SFR) of our DSFGs is less than 1
Gyr, with the median of 8.3 × 108yr. In addition, 47 sources
(15% of the total sample) form their stellar masses at very short
timescales of . 100 Myr. Studying the evolution of galaxies in
the SAGE semi-analytical model, Triani et al. (2020) have found
that the grain growth starts to dominate overall dust production
if 12 + log(O/H) & 8.5 and log(M?/M�) & 9.2. The 84% of
our sources fulfil both of these criteria, which implies that the
dust grain growth in ISM would be the dominant source of dust
production in the vast majority of observed DSFGs. However, to
better understand the evolution of Mdust/M? within the frame-
work of dusty galaxy formation, in the next Section we inspect
models, along with the state-of-the-art cosmological simulations
that track dust life cycle in a self-consistent way.

5. Comparison to the models of dusty galaxy
formation and evolution

Theoretical works that aim at investigating the evolution of dust
content in galaxies can broadly be separated into analytic and
semi-analytical solutions (e.g. Lacey et al. 2010, Gioannini et al.
2017, Popping et al. (2017), Imara et al. 2018, Pantoni et al.
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2019, Triani et al. 2020) and hydrodynamical simulations (McK-
innon et al. 2017, Aoyama et al. 2018, Hou et al. 2019, Vijayan
et al. 2019, Davé et al. 2019). On top of this, there are also
phenomenological models (e.g. Cai et al. 2013, Schreiber et al.
2016, Bethermin et al. 2017 ). The latter group of models are not
"ab initio", but they could be very useful for complementing our
knowledge about specific galaxy population.

5.1. Models

In this work we consider all three classes of models outlined
above. Namely, we analyse the predictions from the (I) Cos-
mological galaxy formation simulation with self-consistent dust
growth and feedback (SIMBA, Davé et al. 2019); (II) Analytical
model of Pantoni et al. (2019); and the (III) Phenomenological
model based on multi-band surveys (Bethermin et al. 2017).

5.1.1. SIMBA cosmological simulation (Davé et al. 2019)

The cosmological galaxy formation simulation SIMBA utilizes
mesh-free finite mass hydrodynamics (Hopkins 2015, Davé et al.
2016). We refer the reader to Davé et al. (2019) for extensive de-
scription of the simulation, and here we summarize the most im-
portant points. The primary SIMBA simulation has 10243 dark
matter particles and 10243 gas elements in a cube of 100Mpch−1

side length. The simulation preserves the mass within each fluid
element during the evolution, thereby enabling detailed track-
ing of gas flows. Star formation is modelled using a molecular
H2 gas relation from Schmidt 1959, with the abundance of H2
computed from sub-grid prescription that connects Zgas and gas
column density in the local Universe (Krumholz et al. 2012).
SIMBA applies fully physically-motivated black hole growth
following the work of Anglés-Alcázar et al. (2017). The novel
sub-grid prescriptions for AGN feedback and X-ray feedback
are also included. The implementation of dust life cycle is in-
troduced in Li et al. (2019). It is broadly based on the seminal
work by Dwek (1998) and its updated version by Popping et al.
(2017) and McKinnon et al. (2017).

The net dust production/destruction rate in SIMBA can be
generalised as:

ΣṀdust ∝ ṀSNe
dust + ṀISM

dust − Ṁdestr
dust − ṀSF

dust + Ṁinf
dust − Ṁout

dust (4)

The first term in the right side of Eq. 4 describes the dust pro-
duced by condensation of a fraction of metals from the ejecta of
SNe and asymptotic giant branch AGB) stars; the second term
describes the dust by accretion in the ISM; the third term de-
scribes the dust destructed by SNe shock waves; the fourth term
is the destruction of dust by astration and stellar feedback; the
fifth term is an additional dust production by gas infall; the sixth
term describes the expelled dust mass, due to SNe and AGN. The
latter two mechanisms are responsible for heating up/removal of
gas from the ISM into the DM halo (or even further out).

The full treatment of dust is explained in details by Eqs. (11)-
(31) in Davé et al. (2019) and Eqs. (1)-(11) in Li et al. (2019). In
general, the dust model makes the explicit assumption that dust
can grow only in the dense regions of the ISM. The production
of dust by condensation of metals from SNe and AGB ejecta is
estimated by Eq. (4)–(7) in Popping et al. (2017). The dust model
within SIMBA does not include contribution from Ia SNe which
is opposite to some models that proposed the same condensation
efficiency between Type Ia SNe and Type II SNe (Dwek 1998,
McKinnon et al. 2017, Popping et al. 2017).

Overall, SIMBA accounts for dust produced from ageing,
stellar populations, grain growth, destruction in SN shocks, and

the advection and transport of dust in galactic winds. Dust is
injected into the ISM as stars evolve off the MS, with Mdust cal-
culated using stellar nucleosynthetic yields and grain condensa-
tion efficiencies. The timescale for grain growth through colli-
sions depends on local gas density and temperature, while the
timescale for dust destruction through SN sputtering scales in-
versely with the local SNe rate. The dust grains are assumed
to all have the same radius and density (a = 0.1 µm and
σ = 2.4 g/cm3, respectively (see e.g. Draine et al. 2014). The
condensation efficiencies for AGB and core-collapse supernovae
(CC SNe) are constant (0.2 and 0.15, respectively). These values
are tuned in order to match the observed δGDR − Zgas relation by
Rémy-Ruyer et al. (2014).

5.1.2. Pantoni et al. (2019) model

Pantoni et al. (2019, hereafter P19) has presented a new set of
analytic solutions that self-consistently describes the spatially-
averaged time evolution of gas, stellar, metal, and dust content
in individual galaxies hosted within a DM halo of a given mass
and formation redshift. In particular, the solutions have been ap-
plied to the description of high-z DSFGs as the progenitors of
local ellipticals. The basic framework is described in P19. It
presumes the galaxy as an open (one-zone) system comprising
three inter-linked mass components: a reservoir of infalling gas
(subject to cooling and condensation), cold star-forming gas (fed
by gas infall and depleted by star formation and feedback), and
stellar mass (partially restored to the cold phase by stars during
their evolution). The corresponding metal and dust enrichment
history of the cold gas is self-consistently computed using as
input the solutions for the evolution of the mass components.
The evolution of Mdust takes into consideration all the relevant
physical processes contained in Eq. 4. For exact details about
the gas metallicity and dust treatment, see Eqs.(9)-(14) and (33)-
(39), respectively, in Pantoni et al. (2019). The main parameters
entering the solutions have been set by relying on an"in-situ"
evolution framework, implying that the star formation in DSFGs
at high-z is mainly regulated by internal processes (e.g., Moster
et al. 2013, Lapi et al. 2018). Coupling the outcome for indi-
vidual galaxies with merger rates based on the state-of-the-art
numerical simulations, the P19 model show success in reproduc-
ing the main statistical relationships followed by high-z DSFGs
(e.g., galaxy MS, Mgas, Mdust etc.) and by their local descendants
(e.g., mass-metallicity relation, alpha-enhancement, etc.).

5.1.3. Bethermin et al. (2017) model

The phenomenological, model of Bethermin et al. (2017, here-
after B17) relies on the combination of observed dust SED tem-
plates of galaxies and IR luminosity functions. The B17 is built
on IR/sub-mm data and it is one of few models that are able to
simultaneously match the total IR number counts and the evolu-
tion of sSFR. The model applies the abundance matching proce-
dure to populate the DM halos of a light cone constructed from
the Bolshoi-Planck simulation (Rodríguez-Puebla et al. 2016.
The halo catalogues are matched to the observed galaxy stel-
lar mass function (SMF) described by a double Schechter func-
tion (Davidzon et al. 2017). Physical properties (SFR,M?) are
assigned to each object based on the dichotomy model which
decomposes bolometric IR-luminosity function with MS and SB
dusty galaxies. B17 assume that the scatter on the MS is con-
stant with M? and redshift. Shape of the SEDs is controlled by
the galaxy type (MS or SB) and with the mean intensity of the
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radiation field 〈U〉, which couples with the Tdust. Contribution of
AGNs and strong lensing are also included following the recipe
presented in Béthermin et al. (2012).

5.2. Confronting observed results to models

We now confront our observational findings to the models de-
scribed above. In order to achieve this goal, we analyse the
simulated catalogues. To ensure consistency between observed
and simulated data, we impose the same range of modelled
M? and sSFR as in our observations (log(M?/M�) > 10 and
log(sSFR/yr−1) > −9.5). We note that same IMF (Chabrier
2003) is adopted both in observed and simulated data. We sep-
arate modelled galaxies into MS and SB DSFGs following the
exact same method we apply over our real data.

We illustrate our findings in Fig. 6, where we show how the
Mdust/M? changes as a function of redshift (left panel) and sSFR
(right panel). Considering the B17 model, we see that the model
predictions are in a good agreement with our data both for MS
and SB DSFGs. Despite the fact that B17 is based on averaged
observed statistical properties of galaxies and very simplified
physical prescriptions, it is successful in matching both the ob-
served evolution of Mdust/M? versus z and sSFR within the 1σ
uncertainties. From the left panel we see that the Mdust/M? mod-
elled for SB DSFGs has a small positive offset of 0.05 dex to our
data at the highest redshift bins (z > 3). This indicates that due
to our selection criteria we likely miss some rare and prodigious
starbursts at high-z. These sources are usually barely detected
even in very deep NIR data, and their existence at 3 < z ≤ 5 is
confirmed by recent blind ALMA surveys (Williams et al. 2018,
Franco et al. 2018, Wang et al. 2019). It is worth noting that
in B17 the mean interstellar radiation field 〈U〉 steadily evolves
in MS DSFGs, but is tuned to be constant in SB DSFGs over
0 < z < 3. This implies the existence of starbursts that could
be slightly colder than MS DSFGs at the same redshift, having
very high dust masses (Mdust & 109M�). The latter could be an
additional reason why at z ∼ 3 the B17 predicts slightly higher
Mdust/M? than in our observations. Nonetheless, the agreement
we see between our data and B17 model, entails that our em-
pirical knowledge of how the Mdust/M? evolves within the MS
paradigm, is moving towards the comprehensible picture. Such
conclusion is strongly supported with the observations of the
cosmic evolution of Mgas and sSFR (Liu et al. 2019b).

The theoretical predictions of P19 are also broadly consis-
tent with the observed evolution of Mdust/M? with redshift and
sSFR, and the overall agreement is valid both for MS and SB
DSFGs. One of the major forecasts of P19 is very rapid evolu-
tion of Zgas, which attains high values in a quite short timescale
(. 108yr) while being mainly related to "in-situ" processes. Such
a rapid evolution becomes particularly important for reproducing
the Zgas in z > 3 DSFGs. The P19 predicts that Zgas in massive
(∼ 1012M�) DM halos saturates close to slightly super-solar val-
ues for the case of standard Chabrier 2003 IMF. This is important
finding, since many chemical and semi-analytical models pro-
pose the use of "top-heavy" IMF as the only solution for assuring
very high Mdust and rapid metal enrichment in massive galaxies
(e.g. Lacey et al. 2016, Calura et al. 2017). The P19 model also
predicts that Mgas increases monotonically up to M? ∼ 1011M�,
above which the gas infall and condensation become less effi-
cient causing the subsequent decline in Mgas. This can be a cause
of a rapid downfall of Mdust/M? towards the lower sSFR. The
good agreement with P19 model provides a strong support to the

scenario where significant dust growth in the metal-rich ISM is
needed to explain the high Mdust/M?.

Compared to the observations of MS DSFGs, the cosmolog-
ical simulation SIMBA reproduces Mdust/M? well up to z = 1.5,
while at z > 1.5 the modelled values are lower but still compati-
ble with the data within 1σ. The modelled Mdust/M? remains as
a weakly decreasing function of z, pronounced with an overall
change of amplitude by roughly 0.25 dex. This is another suc-
cess of SIMBA and indicates that the simulation is able captur-
ing the massive dust production (Mdust > 109M�) towards earlier
cosmic times, witch is hardly reproduced by most of cosmolog-
ical simulations (see e.g. discussions in McKinnon et al. 2017
and Graziani et al. 2019). SIMBA is less successful in reproduc-
ing the observed Mdust/M? in SB DSFGs and underpredicts this
quantity by factor of 3-6 depending on the redshift. The discrep-
ancy between the observed and modelled Mdust/M? towards the
higher ∆MS is well illustrated in the right panel of Fig. 6.

We see that at log(sSFR/yr−1) & −8.5 the SIMBA predicts
much flatter trend with sSFR relative to data, which implies
the deficiency of simulated objects with Mdust/M? & 10−2. We
find that the relative contribution of sources fulfilling the crite-
rion Mdust/M? > 10−2 is 20% in B17 and only 2% in SIMBA.
The underestimation of modelled DSFGs with the highest dust
masses (Mdust > 109M�) has already been discussed by Li
et al. (2019). They compared simulated dust mass functions from
SIMBA and the observed ones at 0 < z < 2, inferring ∼ 2 − 4
underestimation of model to data. We note that if Mdust and zphot
are derived from FIR data only, they could suffer from large un-
certainties, and the high-z DMFs are very uncertain constraint on
cosmological models. On the contrary, due to the wealth of mul-
tiwavelength data coverage and de-blended IR photometry com-
plemented with ALMA observations, estimated Mdust and M?

have significantly smaller uncertainties. Therefore, it seems un-
likely that our technique led to significant underestimation (over-
estimation) of derived M? (Mdust). If the latter is true, this could
indicate that some model ingredients in SIMBA need to be re-
fined (such as amount of molecular gas relative to stars, or dust
destruction mechanisms in the sub-grid model).

We note that our sample is incomplete at fixed M?, since
most of sources were preselected for the purpose of ALMA
follow-ups. This would cause difference in galaxy SEDs and
starburst fractions as compared to complete samples within the
same range of M?. We instruct the reader to Liu et al. (2019a)
for detailed discussion of ALMA selection biases. Since ALMA
Band 6/7 is sensitive to the galaxies with the Tdust colder than that
of Herschel at a fixed LIR, we further approximate what would be
the Mdust/M? of a mass complete sample of modelled DSFGs.
We use the full catalogue based on B17 model which is perfectly
suitable for our goal since it is based on 2deg2 simulation. We re-
laxed selection criteria in order to inspect the average Mdust/M?

of all unlensed sources with M? > 1010M� below the detection
limit. The "missed" DSFGs peak at z ≈ 3 and are warmer than
ALMA selected sample due to higher average 〈U〉 (thus Tdust).
However, inclusion of these sources does not significantly im-
pact our results since the median Mdust/M? of "missed" objects
is find to be 0.004 for MS and 0.008 for SB DSFGs.

5.3. What lies behind the tension between cosmological
simulations and observations?

In Section 4.4 we give a sense of how the Mdust/M? is influenced
by different evolutions of molecular gas mass ratio and Zgas. We
now turn our attention in investigating the trends with latter two
quantities in models. The P19 model predicts the average Zgas
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Fig. 6: Left:The redshift evolution of Mdust/M? predicted by different models (see Section 5.1). The observed data are overplotted with same
colours as in previous figures. The grey, blue and purple dashed and dotted lines represent predictions for galaxies selected as MS and SB DSFGs
from Bethermin et al. 2017, Davé et al. 2019 and Pantoni et al. 2019, respectively. Right: The evolution of Mdust/M? as a function of sSFR for
the full sample of observed and modelled galaxies. The binned values from this work are shown with black circles with corresponding 1σ vertical
error bars. The model predictions are denoted with same colours as in the left panel.

that is 0.1 dex and 0.02 dex above the solar value for MS and
SB DSFGs, respectively. The median Zgas in MS (SB DSFGs)
modelled in SIMBA are 0.24 dex (0.22 dex) below the solar. The
values are reasonable high for both galaxy populations, but still
lower by a factor of ∼ 1.5 to the medians derived from our data
(see Section 4.4). This implies that lower Mdust/M? predicted by
SIMBA would be partly resulting from lower modelled Zgas.

In order to unveil how the dust, stellar and molecu-
lar gas budget are interlinked in models, we further anal-
yse the simulated δDGR and molecular gas fraction, defined as
fgas=Mgas/(Mgas + M?). In the upper panel of Fig. 7 we show the
fgas as a function of redshift. For our DSFGs we apply the gas
scaling relation of Liu et al. (2019b), inferring the median value
of fgas = 0.51 ± 0.12 for the full sample, and fgas = 0.44 ± 0.09
and fgas = 0.75 ± 0.09 for MS and SB DSFGs, respectively.
The observed fgas in SB DSFGs is ∼ 2 − 3 times higher than in
MS DSFGs, independently of the compared redshift range. Such
a clear distinction of fgas in MS and SB DSFGs is in agreement
with other studies from the literature (Magdis et al. 2012, Santini
et al. 2014, Béthermin et al. 2015, Scoville et al. 2016, Saintonge
et al. 2017, Liu et al. 2019b, Simpson et al. 2020).

We find that modelled fgas are consistent to our estimates for
MS DSFGs, with the difference that SIMBA predicts a slower
rise of fgas with redshift, as compared to P19 and B17. The
models have different success reproducing fgas of SB DSFGs.
The B17 and P19 predict continuous increase of fgas, which
broadly agrees with our estimates. Considering SIMBA we see
that larger ∆MS is accompanied by only moderate increase of
galaxy molecular gas fraction up to z ' 2.5 and riches values
close to ours only at z ≥ 2.5 where the statistics of modelled
starbursts is low. The corresponding median fgas in SB DSFGs
modelled by SIMBA is of fgas = 0.45, which is half as much as
what our data suggest.

We further investigate how the δDGR scales with fgas. For the
full sample of observed DSFGs, we determine the median value
of δDGR = 1/148. For MS and SB DSFGs separately, the medi-
ans are δDGR = 1/159 and δDGR = 1/139, respectively. Although
derived values are strongly model dependent, they indicate that
MS and SB DSFGs exhibit slightly different average δDGR (but,
see our discussion in Section 4.4). The median δDGR in both MS

and SB DSFGs agree very well with the calibration by Schreiber
et al. (2018), but are sightly lower than canonical value obtained
for local ULIRGs (δDGR = 1/100, Leroy et al. 2011). All these
should be borne in mind when applying δDGR for Mgas estimation
for high-z DSFGs.

From the bottom panel of Fig. 7 we see that observed δDGR
mildly decreases with increasing fgas and flattens at fgas & 0.5.
The range of δDGR predicted by B17 and P19 is within 1σ un-
certainty with our data, while predictions from SIMBA are con-
sistent at fgas < 0.5, but significantly differ at fgas > 0.5 due
to steeper decrease compared to our data. Such a sharp reduc-
tion in δDGR translates to relatively low number of DSFGs with
Mdust/M? & 0.01 produced in cosmological simulations. By in-
vestigating the connection between the δDGR and Zgas in SIMBA,
we find that very low δDGR in galaxies from the highest-end of
gas fraction is a result of their gas metallicities being lower by a
factor of ∼ 4 relative to solar.

The comprehensive treatment of different physical mecha-
nisms that could be responsible for relative shortfall of model
predictions, along with numerical limitations, is out of the scope
of this paper. In the following we briefly emphasize their impor-
tance.

– The dust growth timescale is too long
One of the most critical parameters that describes the dust
mass growth is the accretion timescale (τacc). It is often mod-
elled as:

τacc = τacc,0 × a−1 × n−1
H × T−1/2

gas × Z−1
gas (5)

where a is a dust grain size which is usually assumed to be
spherical with a typical size of ∼ 0.1µm (Asano et al. 2013).
The nH and Tgas are the number density and temperature of
the cold gas phase, and τacc,0 defines the timing of growth
activation. The timescale for dust growth in the ISM changes
as a function of gas surface density for different Zgas (see
Popping et al. 2017, their Fig.1). If we apply Mgas of our
DSFGs, along with their compact ALMA continuum sizes
(see the next Section), we infer high median molecular gas
surface density of ∼ 6.7 × 103M�pc−2. Such a high surface
density implies short accretion timescales, on average
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Fig. 7: Upper panel: The cosmic evolution of molecular gas fraction
( fgas) in our DSFGs, estimated from the functional form of Liu et al.
(2019b) and illustrated with shaded areas. The model predictions for
MS and SB DSFGs are overplotted with dashed and dotted lines, respec-
tively. Purple, blue and grey lines correspond to the P19, SIMBA and
B17 respectively. For P19 and SIMBA, fgas is derived self-consistently,
while for B17 we test the same scaling relation we apply in our observa-
tions. .Lower panel: The δDGR as a function of fgas for the full sample
of observed and modelled galaxies. Observed mean ratios with corre-
sponding 1σ uncertainty are presented with black circles. The meaning
of colours that correspond to modelled values is the same as in the upper
panel.

τacc ∼ 6 × 105yr. These will be obtained if τacc,0 < 106yr
which is shorter than what has usually been adopted in
cosmological simulations5. The short τacc are proposed by
Pantoni et al. (2019), and are also reproduced in very recent
semi-analytical models that claim fairly good overall match
to the observations (Triani et al. 2020). These are also in line
with De Vis et al. (2017), who found that variations in dust
growth timescales might help to explain the Mdust deficit at
high gas-fractions in their large sample of nearby galaxies.
Given the SIMBA’s ∼ kpc resolution, a multiphase galaxy
ISM cannot be resolved, which prevent us from knowing
the exact dependence of the modelled dust content to the

5 For typical values of nH = 103cm−3 and Tgas ≈ 40 − 50K, the τacc,0
adopted by models is usually 1 − 20 Myr (see Li et al. 2019, Graziani
et al. 2019, Aoyama et al. 2019).

gas surface density. As a result, parameters such as the
reference τacc are tuned in order to boost the effective gas
density. Thereby, it seems likely that use of shorter accretion
timescales (equivalent of increase in dust growth efficiency)
in simulations could help partially overcome the shortfall to
data.

– Dust destruction is too efficient
It is also possible that the dust destruction in simulations is
too efficient. The total rate of dust mass destruction is given
by Ṁdest ∝ Mdust/τdestr, where dust destruction timescale is
usually approximated as (Slavin et al. 2015):

τdestr =
ΣMgas

fISMRSNMcl
=
τSNMgas

Mcl
(6)

Here ΣMgas is the surface density of molecular gas mass,
fISM is the value that accounts for the effects of correlated
SNe, RSN is the SNe rate, τSN is the mean interval between
supernovae in the Galaxy (the inverse of the rate) and Mcl is
the total ISM mass swept-up by a SN event. Here is impor-
tant to note that Mcl varies with the ambient gas density and
metallicity, and as metals being efficient cooling channel in
the ISM, higher Zgas would result in smaller swept mass.
(see Asano et al. 2013, Hou et al. 2019). Our galaxies are
both gas and metal rich, and by adopting our average values
for Mgas and Zgas we can roughly approximate distraction
timescale. Following Slavin et al. (2015), we infer that τdestr
is in the range of 0.17 Gyr to 1.87 Gyr, with median of
0.89 Gyr for MS DSFGs, and 0.36 Gyr for SB DSFGs. In
fact, the τdestr could increase even more if galaxy magnetic
field is stronger at high-z, causing less dust acceleration thus
less destruction (Slavin et al. 2015). Therefore, the excess
Mdust/M? could point to those systems where dust survival
rate is different at earlier times, as postulated by Dwek
et al. (2014). We caution, however, that the main sources
which dominate the uncertainties (e.g. SNe rate and the
ISM model) are very difficult to determine accurately from
observations.

– Additional physical mechanisms
The modelled strong anti-correlation of δDGR with fgas could
also be a hint to overefficient feedback mechanism in cos-
mological simulations (Hirashita & Nozawa 2017, Aoyama
et al. 2018). In this work we consider full SIMBA suite
which includes both AGN feedback and X-ray heating by
black holes. Without these two effects included, we would
expect much weaker anti-correlation between the fgas and
M? which would naturally lead to weaker anti-correlation
between Mdust/M? and M?. This will strongly disagree with
our observations (see Fig. 4). On top of this, variations in
destruction timescales and efficiencies of ISM dust through
SN shocks are also dependent on dust grain size distribu-
tion. While most of simulations including SIMBA adopt
same grain physical sizes (a = 0.1µm), it is postulated that
the large fraction of Mdust can survive if grain sizes are
larger (Biscaro & Cherchneff 2016, Zhukovska et al. 2016,
Aoyama et al. 2019). Finally, the excess ratio between the
dust-to-stellar mass could be due to significant Mdust in the
large reservoir of metal-enriched circumgalactic gas, as re-
cently observed through ALMA [C II] search on scales of
10 − 20 kpc (Fujimoto et al. 2019, Ginolfi et al. 2020).
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6. The role of compact dusty star-formation in
"Giants"

To get an additional insight into the ISM of our DSFGs, we ex-
plore the influence of galaxy IR size on Mdust/M?. For this pur-
pose, we adopt ALMA dust continuum sizes obtained through
homogeneous uv-visibility size analyses with the exponential
disk model (n = 1, see Fujimoto et al. 2017 for the detailed
description of the procedure). In order to probe the surface den-
sities of dusty star-formation, we follow the approach from Elbaz
et al. (2018). Using the SED derived LIR of our sources and their
rest-frame IR continuum sizes, we compute the IR luminosity
surface density (ΣIR) defined as ΣIR ≈ LIR/2πR2

eff
, where Reff is

an circularized effective ALMA radius of the source (in kpc).
The median IR size of the full sample is Reff = 1.51 kpc.

We find that SB DSFGs are more compact than MS DSFGs
(RSB

eff
= 1.24 kpc vs. RMS

eff
= 1.61 kpc respectively). The ΣIR

ranges from 3.1 × 1010 − 9.3 × 1012 L�kpc−2, with the median
of ΣIR = 6.9 × 1011 L�kpc−2 for the full sample6. The aver-
age sizes and ΣIR are typical to those derived for IR-selected
DSFGs at z ∼ 2.5 for which the majority of the dusty star
formation occurs in a central region (e.g. Simpson et al. 2015,
Ikarashi et al. 2015). We find that 5 DSFGs have very high sur-
face densities (ΣIR > 5× 1012 L�kpc−2). They are suitable candi-
dates for approaching Eddington-limit which is estimated to be
∼ 1013 L�kpc−2 based on the balance between the radiation pres-
sure from the star-formation and the self-gravitation (Andrews
& Thompson 2011). Such non-AGN candidates for Eddington
limited starbursts are known in the literature (e.g. Riechers et al.
2013, Gómez-Guijarro et al. 2018) and it has been proposed that
for at least some of them significant dust emission could be ex-
cited by an outflow (Oteo et al. 2017b).

To further inspect how the galaxy ΣIR impact their dust-
to-stellar mass content withing the MS paradigm, we split our
full sample in two groups of objects based on their ΣIR. We
arbitrarily define "less compact" DSFGs with intermediate sur-
face densities (ΣIR < 1012 L�kpc−2, 236 objects in total), and
"more compact" DSFGs, due to their higher surface densities
(ΣIR > 1012 L�kpc−2, 64 objects in total).

In Fig. 8 we show how the Mdust/M? relates to ∆MS along
with galaxy ΣIR. We note that for easier graphical representation
of our results, on x−axis we show the galaxy offset to MS in log
scale, labelled as ∆MS. From the Fig. 8 we see that Mdust/M?

tightly relates to ∆MS regardless of the galaxy ΣIR. Within the
MS, the objects with intermediate and high ΣIR have almost iden-
tical Mdust/M?. Above the MS, the Mdust/M? is slightly higher
in more compact sources with higher ΣIR. 7

The tight relation of Mdust/M? with ∆MS can be interpreted
by "in-situ" framework which predicts that sources could appear
above the MS when caught in an early evolutionary stage. In
passing from SB to MS DSFGs one is observing more aged sys-
tems, and the decrease in Mdust/M? is due to dust being formed
on shorter timescales with respect to M?. Such interpretation is
strengthen by SED derived young, mass-weighted ages of our
SB DSFGs, with the median of 409 ± 60 Myr, half as long as in
MS DSFGs. We caution that SED derived mass-weighted ages
are strongly model dependent (due to age-metallicity degener-

6 The inferred range of ΣIR corresponds to 13 − 885 M�yr−1kpc−2 if
we convert LIR to dust-obscured SFR through Kennicutt & Evans 2012
relation for Chabrier IMF.
7 This picture is mostly valid if dusty star-formation is not spread in a
series of clumps, which would be tested with higher S/N observations
at higher spatial resolution.
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Fig. 8: The observed Mdust/M? as a function of a galaxy offset to the
MS, defined as ∆MS = log(SFR/SFRMS). Galaxies with intermediate
and high ΣIR are denoted with grey and red circles, respectively. The
shaded region represents the sequence of MS defined by Speagle et al.
(2014) with a 0.5 dex (3 times) scatter.The points that lie outside the
grey region represent the SB DSFGs.

acy), even though our estimates agree with those reported in the
literature (Dudzevičiūtė et al. 2019, Martis et al. 2019).

The link between ΣIR and Mdust/M? less obvious and is chal-
lenging to interpret. In the local Universe, decrease in size can
enhance the efficiency of transforming atomic gas into molecu-
lar gas, boosting the Mgas (Larson et al. 2016, Kirkpatrick et al.
2017). Recently, Cochrane et al. (2019) performed detailed study
of the spatially-resolved dust continuum emission of simulated
DSFGs at z > 1 and found that the most compact dust emission
is driven by particularly compact recent star-formation. Distant
DSFGs are also expected to have highly turbulent ISM (Scoville
et al. 2016). Turbulence can rapidly accelerate the grain growth
(Mattsson 2020), which would increase the amount of large dust
grains relative to small ones, and produce colder Tdust for a given
radiation field. If dust emission is optically thin, this would result
in higher Mdust at a given LIR. In our companion paper (Paper II,
Donevski et al., in prep.), we will present detailed analysis of
various mechanisms that produce the high dust/gas densities in
distant DSFGs.

Future James Webb Space Telescope (JWST) data combined
with larger ALMA samples will be of crucial importance to dis-
criminate between different scenarios. The JWST will be able to
derive accurate estimates of the AGN contribution to most mas-
sive DSFGs, and place important constraints on the gas reser-
voirs of these sources from various near-IR and mid-IR lines,
resulting from a PAH cooling process.

7. Conclusions

We perform a systematic study of the dust-to-stellar mass ratio in
300 massive (M? > 1010 M�) DSFGs in the COSMOS field, ob-
served with ALMA over a wide redshift range (0.5 < z < 5.25).
We apply self-consistent, multi-band SED fitting method and ex-
plore trends of Mdust/M? with different physical parameters in
galaxies within and above the main-sequence. We fully evalu-
ate our findings with the models of dusty galaxy formation and
evolution. Our main results are summarised as follows:
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– We find that Mdust/M? evolves with the redshift, stellar mass
and specific star formation rate. For both galaxy populations
the Mdust/M? rises up to z ∼ 2, steeper in SB than in MS
DSFGs, followed by mild decline/flattening at z & 2. We
infer the median of Mdust/M? = 0.006+0.004

−0.003 and Mdust/M? =

0.017+0.010
−0.006 for MS and SB DSFGs, respectively. Regardless

of the observed redshift, the SB DSFGs typically have ∼ 3
times higher Mdust/M? as compared to MS DSFGs.

– Differently than local ULIRGs, the Mdust and SFR in our
high-z DSFGs obey sub-linear trend that exhibits a plateau
above the characteristic dust mass (Mdust ≈ 109 M�). This
implies possible evolution in dust properties (e.g. dust opac-
ities).

– We confirmed, for the first time, that the inverse relation be-
tween Mdust/M? and the M? holds until z ≈ 5. The nor-
malisation of this inverse relation gradually increases by
∼ 0.5 dex from z = 1 to z = 5. We interpret the observed
trend as an evolutionary transition from earlier to later star-
burst phases of DSFGs.

– We model the observed Mdust/M? by applying empirical
relations for fgas and MZR. Both MS and SB DSFGs re-
quire high, solar-like Zgas in order to match the estimated
Mdust/M?. The modelled Mdust/M? faithfully represents ob-
served trend in MS DSFGs over the full redshift range. While
adopted gas scaling relations anticipate somewhat larger av-
erage gas supply in SB than in MS DSFGs (Mgas = 1.03 ×
1011M� vs. Mgas = 8.92 × 1010M�, respectively), at the
same time they slightly overpredict our data for SB DSFGs
at z > 2.5. The latter indicates the possibility of super-solar
Zgas in some high-z starbursts, pointing towards the need of
a rapid metal enrichment.

– We show that Mdust/M? mirrors the increase in molecular gas
fraction with the redshift. By linking the gas scaling relation
from Liu et al. (2019b) and MZR from Genzel et al. (2015)
we infer a median of fgas = 0.44 ± 0.09 for MS DSFGs and
fgas = 0.75 ± 0.09 for SB DSFGs.

– We fully evaluate our findings with different models of dusty
galaxy formation. The cosmological simulation SIMBA
(Davé et al. 2019) predicts the cosmic evolution of Mdust/M?

in MS DSFGs consistent within 2σ with our data. SIMBA
underpredicts the Mdust/M? in SB DSFGs. This point to the
necessity of refining the dust treatment in simulations, for in-
stance by adding the recipes for dust size distribution or ac-
counting for more rapid metal enrichment in early starburst
phase.

– The observed Mdust/M? in both MS and SB DSFGs is well
reproduced by the phenomenological model of Bethermin
et al. (2017) and the analytic model of Pantoni et al. (2019).
The overall agreement with these models has two important
implications: (1) the existent knowledge about galaxy star-
formation MS and the Mdust/M? converges towards the con-
sistent quantitative picture; (2) the fast dust growth through
accretion in the metal-rich ISM is needed to capture the ob-
served Mdust/M? in high-z DSFGs.

– We examine the link between Mdust/M? and compact
dusty star-formation along the MS paradigm. The observed
Mdust/M? in MS DSFGs relates to ∆MS regardless of the
galaxy ΣIR, while for SB DSFGs we find an evidence that
Mdust/M? is enhanced in systems with higher ΣIR. Further
investigation of these objects is crucial for understanding the
role of compact dusty star-formation in galaxy evolution.

This work highlights that analysing the different trends with
Mdust/M? is a useful diagnostic tool for the present and future

studies of DSFGs. Firstly, it can be applied for separating the
main-sequence galaxies and starbursts over wide redshift range.
This confirms and complements the conclusion from seminal
works of Tan et al. (2014) and Béthermin et al. (2015). Sec-
ondly, having combined with the independent molecular gas es-
timations, the Mdust/M? can be a powerful probe of the evolu-
tionary phase of massive objects. Finally, in a future paper, we
will present the direct predictions related to synergy between the
next JWST and present (sub)millimeter surveys.
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Table 3: List of selected DSFGs and their physical properties.

Source ID RA Dec z log M? log Merr
? log LIR log Lerr

IR log Mdust log Merr
dust S ALMA S err

ALMA νobs
[deg] [deg] [log M�] [log M�] [log L�] [log L�] [log M�] [log M�] [mJy] [mJy] [GHz]

HELP_J100041.969 150.175 2.353 2.892 10.630 0.113 12.596 0.428 9.188 0.152 0.148 0.056 148.281
HELP_J095859.136 149.746 2.084 2.192 10.695 0.106 11.856 0.140 7.735 0.317 0.249 0.047 260.370
HELP_J100033.409 150.139 2.432 2.930 11.355 0.401 12.497 0.333 8.725 0.022 0.282 0.087 148.281
HELP_J095957.847 149.991 1.797 3.528 11.056 0.251 12.198 0.271 8.030 0.245 0.533 0.124 239.989
HELP_J100126.753 150.361 2.062 2.999 10.685 0.279 12.492 0.316 8.431 0.303 0.611 0.108 239.989
HELP_J100206.822 150.528 2.574 3.251 11.191 0.270 12.333 0.259 8.339 0.255 0.613 0.139 239.989
HELP_J095847.056 149.696 2.122 1.351 11.264 0.291 12.195 0.239 8.545 0.154 0.669 0.159 252.051
HELP_J100231.047 150.629 2.550 2.820 11.399 0.238 12.542 0.312 8.216 0.251 0.682 0.124 239.989
HELP_J100006.057 150.025 2.312 3.949 10.928 0.137 12.454 0.307 8.326 0.273 0.689 0.108 239.989
HELP_J100036.344 150.151 1.936 0.330 10.767 0.243 11.405 0.035 8.401 0.180 0.703 0.157 255.123
HELP_J100213.787 150.557 2.691 3.314 10.496 0.334 12.436 0.282 8.477 0.223 0.714 0.105 239.989
HELP_J100123.355 150.347 2.747 3.033 10.651 0.303 12.589 0.448 8.572 0.196 0.739 0.118 239.989
HELP_J095756.196 149.484 1.630 4.561 11.161 0.181 12.583 0.322 8.217 0.240 0.753 0.107 239.991
HELP_J095955.543 149.981 2.253 1.404 11.006 0.291 12.309 0.260 8.763 0.319 0.755 0.037 226.768
HELP_J095931.526 149.881 2.450 1.370 10.799 0.170 12.181 0.122 8.656 0.336 0.781 0.255 343.485
HELP_J095957.524 149.990 1.798 3.169 10.711 0.223 12.014 0.503 8.478 0.145 0.788 0.108 239.989
HELP_J095817.059 149.571 1.674 3.057 10.909 0.303 12.212 0.405 8.670 0.194 0.795 0.108 239.991
HELP_J095755.941 149.483 2.505 3.195 11.279 0.355 12.628 0.361 8.624 0.293 0.822 0.117 239.989
HELP_J100158.471 150.494 1.819 3.242 10.627 0.191 12.434 0.350 8.472 0.252 0.832 0.140 239.989
HELP_J095821.776 149.591 2.806 0.349 10.910 0.341 11.602 0.074 8.179 0.428 0.860 0.122 264.193
HELP_J100027.446 150.114 2.370 4.211 10.247 0.158 11.407 0.385 8.069 0.086 0.864 0.275 344.772
HELP_J100046.047 150.192 1.722 1.990 10.822 0.275 12.030 0.237 9.229 0.238 0.866 0.257 343.523
HELP_J100040.991 150.171 2.369 3.331 10.675 0.155 12.482 0.432 9.032 0.216 0.869 0.297 344.772
HELP_J095852.010 149.717 1.861 2.011 10.891 0.154 12.418 0.326 8.650 0.270 0.886 0.120 245.031
HELP_J100017.357 150.072 1.974 3.018 10.694 0.219 12.152 0.348 8.758 0.149 0.886 0.110 239.989
HELP_J100003.851 150.016 2.042 2.744 10.344 0.250 12.540 0.368 8.724 0.325 0.888 0.117 239.989
HELP_J100042.499 150.177 2.221 3.466 10.658 0.348 11.831 0.215 8.395 0.127 0.888 0.276 344.772
HELP_J100212.172 150.551 2.190 3.238 10.895 0.383 12.645 0.402 8.571 0.298 0.898 0.112 239.989
HELP_J095904.718 149.770 1.792 2.946 10.856 0.172 12.455 0.346 8.723 0.242 0.911 0.124 239.989
HELP_J095927.290 149.864 1.950 0.991 10.925 0.245 11.634 0.106 8.521 0.126 0.930 0.275 343.524
HELP_J100208.456 150.535 2.011 4.224 11.155 0.239 12.675 0.347 8.554 0.306 0.944 0.147 245.029
HELP_J100203.598 150.515 2.618 3.796 11.461 0.307 12.899 0.422 8.804 0.301 0.946 0.132 239.989
HELP_J100124.813 150.353 1.654 1.451 11.024 0.303 12.119 0.204 8.617 0.164 0.955 0.286 343.523
HELP_J095953.308 149.972 1.744 1.591 10.647 0.296 12.173 0.484 8.757 0.086 0.951 0.284 343.524
HELP_J100139.714 150.415 2.105 1.994 11.414 0.263 12.490 0.306 8.792 0.261 0.954 0.184 239.989
HELP_J100109.857 150.291 2.063 3.031 11.316 0.275 12.651 0.347 8.519 0.309 0.964 0.202 239.984
HELP_J100110.238 150.293 2.547 2.582 10.769 0.236 11.977 0.486 8.944 0.132 0.965 0.266 343.528
HELP_J100227.936 150.616 2.168 1.505 10.989 0.295 12.928 0.454 9.269 0.356 0.967 0.048 235.006
HELP_J100008.787 150.037 2.271 1.798 10.433 0.205 11.968 0.196 8.210 0.197 0.982 0.241 343.524
HELP_J100145.957 150.441 2.557 3.134 10.414 0.266 11.302 0.217 8.396 0.251 0.983 0.105 239.989
HELP_J100105.480 150.273 2.782 1.318 11.277 0.305 12.040 0.187 8.697 0.206 1.025 0.211 343.524
HELP_J095858.998 149.746 2.126 1.579 11.122 0.151 11.937 0.367 9.110 0.233 1.027 0.298 343.524
HELP_J095935.731 149.899 1.968 3.253 10.935 0.168 12.151 0.305 8.771 0.172 1.027 0.121 239.989
HELP_J100024.684 150.103 2.385 4.971 11.348 0.334 13.211 0.601 8.790 0.320 1.028 0.287 344.772
HELP_J095904.332 149.768 1.617 2.322 10.315 0.325 12.281 0.324 9.232 0.131 1.033 0.241 343.533
HELP_J095933.781 149.891 2.649 1.567 10.774 0.243 11.589 0.079 8.684 0.298 1.033 0.232 343.485
HELP_J100026.925 150.112 2.314 2.276 11.171 0.206 12.235 0.232 8.936 0.155 1.036 0.209 265.022
HELP_J100211.616 150.548 2.745 3.232 10.787 0.301 12.181 0.268 8.844 0.184 1.036 0.142 239.989
HELP_J100200.662 150.503 2.219 1.259 11.070 0.122 12.299 0.258 8.412 0.246 1.044 0.227 343.484
HELP_J100201.903 150.508 2.202 3.408 10.343 0.304 12.533 0.341 8.838 0.278 1.058 0.109 239.989
HELP_J100043.031 150.179 2.088 1.782 10.817 0.318 11.763 0.155 8.292 0.020 1.065 0.302 343.52
HELP_J100258.303 150.743 1.885 1.790 10.827 0.193 12.353 0.322 9.089 0.060 1.077 0.228 343.523
HELP_J100019.048 150.079 2.341 2.590 10.642 0.245 11.510 0.049 8.001 0.052 1.078 0.289 343.532
HELP_J100026.781 150.112 1.738 1.359 11.126 0.373 11.941 0.164 8.292 0.243 1.094 0.231 343.524
HELP_J095924.950 149.854 1.754 3.140 10.430 0.373 11.889 0.224 8.961 0.315 1.095 0.111 239.989
HELP_J100026.973 150.112 2.375 2.208 10.730 0.148 12.328 0.269 8.468 0.032 1.097 0.303 343.531
HELP_J100008.991 150.037 2.272 1.756 10.759 0.230 12.141 0.212 8.746 0.141 1.100 0.253 343.524
HELP_J100116.278 150.318 2.716 2.528 11.249 0.274 12.599 0.382 9.258 0.204 1.100 0.410 239.988
HELP_J100219.083 150.579 2.708 2.289 10.680 0.164 12.431 0.355 8.772 0.255 1.101 0.253 343.523
HELP_J100208.330 150.535 2.678 2.319 11.312 0.112 12.647 0.336 8.795 0.243 1.123 0.126 239.989
HELP_J100114.698 150.311 2.588 3.007 10.890 0.193 12.744 0.428 9.086 0.269 1.165 0.228 239.984
HELP_J095915.963 149.816 1.780 2.093 10.461 0.235 12.393 0.272 8.307 0.280 1.171 0.311 343.533
HELP_J100131.384 150.381 2.057 3.152 11.291 0.225 12.626 0.332 8.569 0.208 1.171 0.111 239.989
HELP_J100124.976 150.354 1.667 3.123 11.162 0.254 12.579 0.351 8.647 0.266 1.190 0.118 239.989
HELP_J100052.592 150.219 2.523 1.439 11.103 0.348 12.269 0.250 8.279 0.076 1.195 0.324 343.496

Article number, page 20 of 25



D. Donevski et al.: Knocking on giants’ doors:

Source ID RA Dec z log M? log Merr
? log LIR log Lerr

IR log Mdust log Merr
dust S ALMA S err

ALMA νobs
[deg] [deg] [log M�] [log M�] [log L�] [log L�] [log M�] [log M�] [mJy] [mJy] [GHz]

HELP_J100038.559 150.161 2.156 2.166 10.643 0.381 11.871 0.143 7.865 0.121 1.200 0.368 343.519
HELP_J100140.278 150.418 2.559 1.210 11.027 0.297 11.973 0.349 8.491 0.148 1.203 0.274 343.484
HELP_J100058.684 150.244 2.160 3.807 11.608 0.382 12.775 0.368 8.671 0.325 1.227 0.142 245.029
HELP_J095909.620 149.790 1.712 1.784 10.544 0.253 12.482 0.410 8.370 0.222 1.228 0.237 343.524
HELP_J095800.755 149.503 2.506 2.310 10.943 0.309 12.375 0.350 8.260 0.253 1.240 0.291 343.524
HELP_J100144.134 150.434 2.765 1.011 11.413 0.342 12.114 0.203 8.769 0.377 1.244 0.316 343.523
HELP_J095904.348 149.768 2.220 1.806 10.869 0.285 12.185 0.261 8.746 0.120 1.252 0.263 343.485
HELP_J100001.660 150.007 2.408 2.891 11.347 0.230 12.682 0.345 8.476 0.291 1.254 0.120 239.989
HELP_J100140.884 150.420 2.118 3.883 11.087 0.284 12.613 0.369 8.602 0.238 1.274 0.163 245.029
HELP_J095758.146 149.492 2.803 4.515 11.365 0.306 13.126 0.605 8.533 0.396 1.299 0.400 341.950
HELP_J095838.735 149.661 1.949 5.234 10.840 0.243 12.175 0.396 9.053 0.237 1.304 0.136 239.989
HELP_J100124.321 150.351 2.689 3.152 10.597 0.334 12.538 0.309 8.896 0.240 1.304 0.127 239.988
HELP_J100034.254 150.143 1.816 2.341 11.387 0.333 12.529 0.308 8.444 0.324 1.316 0.247 239.984
HELP_J100128.498 150.369 2.396 5.021 11.006 0.143 12.532 0.320 8.472 0.264 1.329 0.203 239.984
HELP_J100211.566 150.548 2.533 1.341 11.414 0.293 12.375 0.267 8.613 0.414 1.333 0.265 343.524
HELP_J100027.014 150.113 2.377 4.904 11.020 0.231 12.453 0.294 8.944 0.228 1.341 0.459 343.531
HELP_J100018.587 150.077 2.185 2.299 11.164 0.335 12.500 0.408 9.041 0.020 1.350 0.344 343.532
HELP_J095943.468 149.931 2.646 1.190 11.207 0.349 12.062 0.264 8.655 0.173 1.351 0.274 343.524
HELP_J100015.799 150.066 2.594 2.766 11.252 0.251 12.602 0.358 8.907 0.270 1.367 0.119 239.989
HELP_J100258.541 150.744 1.884 1.922 10.905 0.275 12.419 0.286 8.515 0.223 1.376 0.352 343.523
HELP_J095756.967 149.487 2.549 2.109 11.448 0.339 12.783 0.398 8.695 0.307 1.415 0.125 239.989
HELP_J100030.383 150.127 2.696 2.323 11.221 0.266 12.557 0.422 8.890 0.142 1.415 0.125 239.989
HELP_J100200.630 150.503 2.357 1.242 11.347 0.379 12.049 0.189 8.043 0.330 1.418 0.336 343.524
HELP_J095745.510 149.440 2.550 3.118 11.469 0.306 12.819 0.381 8.729 0.328 1.426 0.126 239.989
HELP_J095817.712 149.574 2.086 1.224 10.993 0.242 11.702 0.099 8.810 0.327 1.433 0.303 343.525
HELP_J095853.694 149.724 2.281 3.308 11.155 0.256 12.577 0.321 8.818 0.259 1.437 0.177 239.989
HELP_J095914.020 149.808 2.720 2.955 11.513 0.214 12.848 0.387 8.777 0.335 1.438 0.115 239.989
HELP_J100135.882 150.400 2.465 1.205 11.120 0.253 11.829 0.156 8.913 0.247 1.438 0.335 343.524
HELP_J095806.241 149.526 2.777 2.076 11.245 0.359 12.247 0.235 8.817 0.136 1.443 0.342 343.528
HELP_J095855.808 149.733 2.483 1.354 11.284 0.244 11.923 0.157 8.508 0.200 1.449 0.417 338.855
HELP_J100157.447 150.489 1.822 1.969 11.179 0.216 12.417 0.365 8.707 0.038 1.456 0.261 343.523
HELP_J100133.566 150.390 2.025 2.445 11.131 0.209 12.664 0.336 8.920 0.284 1.472 0.131 245.029
HELP_J095906.418 149.777 1.761 2.282 10.642 0.301 12.177 0.311 8.728 0.143 1.489 0.311 343.471
HELP_J095918.368 149.827 2.019 2.307 10.541 0.175 12.507 0.349 8.997 0.241 1.489 0.212 239.984
HELP_J100027.138 150.113 2.528 2.017 10.944 0.307 12.479 0.355 9.162 0.282 1.490 0.270 239.984
HELP_J100207.354 150.531 2.776 1.352 11.161 0.115 12.310 0.251 9.068 0.132 1.509 0.286 343.484
HELP_J100025.784 150.107 2.646 1.544 10.922 0.191 12.071 0.194 8.878 0.391 1.532 0.253 343.524
HELP_J095918.914 149.829 1.928 1.424 11.022 0.300 12.171 0.240 8.415 0.271 1.536 0.264 343.485
HELP_J100014.754 150.061 2.379 3.333 10.452 0.305 11.835 0.134 7.632 0.277 1.558 0.311 344.772
HELP_J100149.675 150.457 1.934 2.133 10.574 0.269 12.238 0.236 8.173 0.186 1.560 0.302 343.532
HELP_J100029.499 150.123 2.361 2.055 10.995 0.305 12.161 0.215 8.087 0.333 1.568 0.294 343.523
HELP_J100125.263 150.355 1.959 2.057 10.778 0.132 12.081 0.195 8.791 0.198 1.568 0.281 343.532
HELP_J095825.001 149.604 2.275 2.007 10.568 0.268 12.103 0.201 8.821 0.278 1.576 0.297 343.524
HELP_J100123.782 150.349 1.705 2.345 10.579 0.324 12.371 0.286 8.607 0.304 1.580 0.261 343.532
HELP_J100038.748 150.161 2.691 1.989 10.916 0.364 11.946 0.213 8.827 0.202 1.598 0.284 343.485
HELP_J100101.205 150.255 1.858 1.200 11.253 0.321 12.215 0.228 8.843 0.333 1.601 0.255 343.524
HELP_J095951.961 149.966 1.779 1.438 10.700 0.347 11.978 0.253 9.021 0.253 1.606 0.268 343.485
HELP_J095848.358 149.701 2.087 1.483 10.922 0.310 12.064 0.193 9.112 0.234 1.618 0.309 343.533
HELP_J100149.235 150.455 2.083 2.828 10.978 0.358 12.246 0.286 8.194 0.259 1.623 0.353 343.520
HELP_J095845.122 149.688 2.242 2.207 11.468 0.353 12.615 0.328 9.182 0.328 1.624 0.338 239.984
HELP_J100114.838 150.312 2.196 1.196 10.437 0.108 12.421 0.349 8.820 0.398 1.626 0.274 343.484
HELP_J100005.112 150.021 1.922 2.626 11.415 0.375 12.558 0.314 9.024 0.139 1.635 0.177 239.984
HELP_J100037.573 150.157 1.825 3.129 11.401 0.402 12.751 0.363 8.732 0.272 1.632 0.135 239.989
HELP_J100015.701 150.065 1.746 1.217 11.624 0.380 12.326 0.257 8.863 0.361 1.651 0.279 343.524
HELP_J100011.406 150.048 2.621 1.510 11.256 0.354 12.019 0.180 8.847 0.183 1.654 0.268 343.524
HELP_J100054.307 150.226 2.113 1.222 11.330 0.336 11.969 0.168 8.641 0.289 1.665 0.281 343.523
HELP_J100132.959 150.387 1.936 2.641 10.784 0.328 12.724 0.353 8.996 0.290 1.669 0.118 239.989
HELP_J095958.439 149.993 2.239 2.256 11.129 0.340 12.091 0.233 8.831 0.155 1.675 0.357 343.476
HELP_J095743.912 149.433 1.693 3.861 10.500 0.237 12.165 0.384 9.082 0.156 1.677 0.406 343.52
HELP_J095930.531 149.877 2.284 2.756 10.721 0.221 12.637 0.371 9.002 0.276 1.686 0.136 239.988
HELP_J100139.852 150.416 2.558 1.091 11.198 0.327 12.066 0.188 8.808 0.277 1.687 0.337 343.484
HELP_J095958.003 149.992 2.694 2.013 10.946 0.358 12.089 0.244 8.787 0.137 1.688 0.348 343.532
HELP_J100036.609 150.153 1.769 1.556 11.053 0.266 12.202 0.225 8.488 0.350 1.693 0.311 343.523
HELP_J095849.300 149.705 2.217 2.316 10.907 0.343 12.442 0.300 9.215 0.164 1.712 0.221 232.986
HELP_J100145.981 150.442 2.129 1.507 11.468 0.366 12.230 0.236 9.004 0.118 1.717 0.364 343.523
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Source ID RA Dec z log M? log Merr
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HELP_J100151.278 150.464 2.786 3.545 10.897 0.193 12.426 0.334 8.625 0.264 1.717 0.149 245.025
HELP_J095958.117 149.992 2.693 2.128 10.783 0.278 11.99 0.329 8.818 0.155 1.721 0.298 343.532
HELP_J095741.106 149.421 2.041 1.476 10.853 0.273 12.517 0.307 8.813 0.424 1.728 0.237 343.485
HELP_J100106.800 150.278 2.259 3.171 10.635 0.345 12.577 0.342 8.566 0.178 1.732 0.112 239.989
HELP_J100013.477 150.056 1.618 3.304 10.974 0.298 12.781 0.47 9.243 0.154 1.735 0.113 239.989
HELP_J100025.483 150.106 2.053 3.333 10.581 0.196 12.075 0.365 9.151 0.281 1.747 0.124 239.989
HELP_J100214.729 150.561 2.346 1.600 10.815 0.224 12.023 0.181 8.408 0.083 1.749 0.208 343.484
HELP_J095958.275 149.993 2.601 3.962 11.428 0.257 12.763 0.365 8.895 0.264 1.761 0.104 239.989
HELP_J100159.766 150.499 1.724 1.164 11.479 0.319 12.137 0.209 8.843 0.270 1.762 0.387 343.524
HELP_J100104.393 150.268 2.749 2.019 10.708 0.327 12.648 0.335 8.392 0.276 1.764 0.283 343.532
HELP_J100114.528 150.311 2.452 2.761 10.556 0.327 12.126 0.308 9.187 0.303 1.771 0.211 239.984
HELP_J095911.562 149.798 2.390 1.461 11.127 0.224 12.335 0.267 8.738 0.333 1.775 0.244 343.485
HELP_J100011.577 150.048 2.251 3.314 11.335 0.282 12.862 0.431 8.996 0.308 1.795 0.106 239.989
HELP_J095929.234 149.872 2.212 4.866 11.392 0.185 12.814 0.378 8.512 0.261 1.798 0.118 239.989
HELP_J095904.442 149.768 2.110 2.106 10.403 0.326 12.337 0.391 8.703 0.283 1.806 0.281 343.533
HELP_J100226.177 150.609 2.208 1.593 11.074 0.344 12.036 0.186 8.947 0.252 1.814 0.226 343.523
HELP_J100036.986 150.154 1.804 1.104 11.251 0.277 12.393 0.271 8.798 0.388 1.815 0.221 343.524
HELP_J100136.641 150.403 2.611 2.611 11.047 0.162 12.383 0.366 8.981 0.126 1.820 0.138 239.989
HELP_J100053.869 150.224 2.433 1.635 10.767 0.330 12.517 0.310 8.743 0.289 1.826 0.263 343.532
HELP_J095816.952 149.571 2.125 1.312 10.980 0.350 12.129 0.224 8.979 0.259 1.838 0.260 343.485
HELP_J100106.841 150.278 1.877 1.072 11.416 0.344 12.118 0.204 8.951 0.326 1.839 0.266 343.524
HELP_J100015.443 150.064 1.746 4.006 11.478 0.291 13.239 0.621 9.372 0.169 1.856 0.419 343.524
HELP_J095933.288 149.889 2.142 3.813 11.015 0.274 12.437 0.287 9.025 0.159 1.860 0.202 239.984
HELP_J100053.546 150.223 2.695 1.290 11.230 0.238 12.438 0.285 8.555 0.371 1.863 0.343 343.496
HELP_J100007.542 150.031 2.196 3.501 10.629 0.266 12.570 0.316 8.951 0.199 1.871 0.121 240.02
HELP_J100033.356 150.139 2.434 3.006 11.122 0.308 12.721 0.381 8.885 0.221 1.890 0.286 239.984
HELP_J100134.456 150.394 2.361 2.174 11.273 0.165 12.268 0.236 8.842 0.208 1.891 0.361 343.528
HELP_J095902.080 149.759 1.994 4.292 10.847 0.181 12.230 0.295 9.289 0.213 1.897 0.306 239.984
HELP_J095943.649 149.932 2.228 2.603 11.428 0.308 12.570 0.318 9.161 0.252 1.908 0.270 239.984
HELP_J095843.048 149.679 2.208 0.956 10.819 0.146 12.154 0.213 8.841 0.229 1.917 0.251 343.485
HELP_J100200.846 150.503 1.812 1.162 10.825 0.289 12.486 0.309 8.778 0.364 1.934 0.229 343.523
HELP_J095907.955 149.783 2.372 2.203 10.832 0.207 12.040 0.315 8.584 0.117 1.940 0.335 341.950
HELP_J100139.450 150.414 2.801 1.473 11.383 0.356 12.199 0.229 8.793 0.232 1.940 0.233 343.524
HELP_J095940.576 149.919 2.761 1.130 10.664 0.173 12.047 0.188 8.816 0.206 1.952 0.327 343.496
HELP_J095905.248 149.772 2.050 3.537 10.900 0.320 12.840 0.389 8.941 0.333 1.953 0.132 239.989
HELP_J100122.061 150.342 1.880 2.249 10.570 0.229 12.583 0.392 8.693 0.345 1.958 0.285 343.532
HELP_J095802.380 149.510 2.102 1.943 10.940 0.303 12.362 0.264 8.419 0.259 1.967 0.407 341.950
HELP_J100209.789 150.541 2.559 3.248 11.417 0.417 12.579 0.415 8.786 0.266 1.973 0.298 343.527
HELP_J095920.628 149.836 2.114 3.161 11.365 0.337 12.700 0.349 8.921 0.237 1.979 0.124 239.989
HELP_J100126.537 150.361 2.002 2.157 11.305 0.247 12.896 0.431 8.821 0.263 1.991 0.235 239.984
HELP_J100012.924 150.054 2.576 2.902 11.122 0.263 12.264 0.243 9.230 0.227 1.998 0.117 239.989
HELP_J095933.505 149.890 2.648 2.446 11.291 0.299 12.434 0.283 8.488 0.352 2.008 0.348 343.485
HELP_J095815.334 149.564 2.546 4.854 11.012 0.247 12.539 0.420 8.966 0.138 2.045 0.398 341.950
HELP_J100131.884 150.383 2.194 2.459 11.293 0.338 12.368 0.446 9.007 0.087 2.050 0.212 239.984
HELP_J100128.115 150.367 2.828 0.602 10.371 0.305 11.549 0.063 8.312 0.326 2.064 0.202 223.324
HELP_J095824.312 149.601 2.254 1.640 10.964 0.284 12.462 0.315 8.778 0.319 2.074 0.387 343.485
HELP_J100209.548 150.540 2.559 1.825 11.468 0.362 12.430 0.282 8.701 0.328 2.099 0.303 343.527
HELP_J095935.965 149.900 2.657 1.310 11.430 0.311 12.392 0.274 8.895 0.345 2.175 0.352 343.524
HELP_J095853.215 149.722 1.965 1.554 11.329 0.312 12.471 0.292 8.769 0.333 2.208 0.229 343.524
HELP_J095852.879 149.720 1.967 2.286 11.481 0.349 12.443 0.286 8.905 0.315 2.235 0.448 343.524
HELP_J100150.374 150.460 1.673 1.811 10.642 0.256 12.554 0.357 8.797 0.259 2.235 0.475 343.532
HELP_J100045.470 150.189 2.037 1.188 11.364 0.312 12.128 0.237 8.365 0.260 2.254 0.412 343.520
HELP_J095800.833 149.503 2.507 1.542 10.954 0.302 12.386 0.272 8.329 0.259 2.257 0.331 343.524
HELP_J095846.439 149.694 1.723 3.513 10.767 0.249 12.736 0.359 9.047 0.279 2.272 0.130 239.988
HELP_J095924.433 149.852 2.718 1.740 11.246 0.302 12.104 0.201 8.551 0.067 2.284 0.297 343.485
HELP_J100109.148 150.288 2.381 1.595 11.530 0.377 12.351 0.263 8.621 0.231 2.301 0.485 343.484
HELP_J100124.605 150.353 2.005 1.884 10.793 0.156 12.777 0.368 8.641 0.315 2.306 0.275 343.471
HELP_J095941.639 149.924 1.904 2.150 10.691 0.204 11.994 0.503 9.069 0.217 2.365 0.361 343.471
HELP_J100151.559 150.465 2.653 2.024 11.227 0.319 12.173 0.213 8.522 0.268 2.375 0.478 343.528
HELP_J100114.795 150.312 2.451 3.005 10.576 0.244 11.879 0.339 8.689 0.169 2.382 0.356 343.473
HELP_J100003.925 150.016 2.321 2.080 10.904 0.288 12.430 0.342 8.930 0.141 2.390 0.338 343.519
HELP_J100008.944 150.037 2.670 1.847 10.945 0.307 12.877 0.394 9.223 0.306 2.405 0.157 228.399
HELP_J100207.702 150.532 2.184 2.049 11.164 0.316 12.341 0.318 8.938 0.175 2.442 0.362 343.523
HELP_J095836.817 149.653 1.723 2.639 10.625 0.230 12.591 0.426 8.804 0.261 2.447 0.326 343.471
HELP_J100111.569 150.298 2.478 2.784 11.610 0.355 12.787 0.396 8.929 0.298 2.477 0.204 239.984
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HELP_J100019.764 150.082 2.535 3.206 10.870 0.205 12.808 0.566 9.506 0.134 2.496 0.203 239.984
HELP_J095927.133 149.863 1.879 1.908 10.666 0.108 12.605 0.369 8.912 0.281 2.524 0.382 343.533
HELP_J095904.404 149.768 2.220 1.787 11.002 0.291 12.318 0.320 9.061 0.154 2.530 0.385 343.485
HELP_J100058.111 150.242 2.237 1.352 11.020 0.155 12.442 0.285 8.804 0.317 2.549 0.265 343.523
HELP_J095808.900 149.537 1.864 1.972 11.175 0.167 12.446 0.370 8.835 0.238 2.563 0.314 343.533
HELP_J100033.900 150.141 2.676 2.128 11.325 0.322 12.321 0.250 8.924 0.194 2.565 0.351 343.528
HELP_J100122.284 150.343 1.945 3.184 10.090 0.251 12.427 0.280 8.802 0.236 2.578 0.358 343.474
HELP_J100035.405 150.148 2.592 1.422 11.126 0.308 12.232 0.230 9.017 0.319 2.582 0.281 343.524
HELP_J100120.656 150.336 2.440 2.843 10.577 0.277 11.910 0.272 8.859 0.200 2.588 0.283 343.532
HELP_J100117.348 150.322 2.176 2.707 11.249 0.232 12.584 0.425 8.606 0.178 2.591 0.348 343.528
HELP_J100123.867 150.349 1.937 1.120 10.993 0.299 12.129 0.205 8.837 0.139 2.594 0.270 343.485
HELP_J100231.530 150.631 2.477 1.460 11.338 0.341 12.480 0.296 8.749 0.266 2.636 0.270 343.524
HELP_J100108.962 150.287 2.382 1.928 11.527 0.325 12.528 0.306 8.901 0.212 2.646 0.305 343.484
HELP_J100146.978 150.446 2.413 2.577 10.972 0.183 12.275 0.355 8.915 0.133 2.650 0.318 343.528
HELP_J095919.798 149.832 2.066 1.139 11.233 0.292 12.471 0.293 9.135 0.502 2.659 0.414 343.520
HELP_J100137.356 150.406 2.151 2.847 10.585 0.295 12.547 0.349 8.866 0.280 2.686 0.283 343.532
HELP_J100136.147 150.401 1.862 3.186 11.886 0.418 13.048 0.436 9.050 0.324 2.694 0.114 239.989
HELP_J100150.370 150.460 1.672 2.754 11.095 0.211 12.658 0.338 8.582 0.292 2.716 0.276 343.523
HELP_J100238.754 150.661 2.797 1.026 11.267 0.321 11.969 0.201 9.026 0.214 2.740 0.404 343.496
HELP_J100235.885 150.650 2.057 2.321 11.108 0.171 12.530 0.307 8.887 0.276 2.764 0.459 343.527
HELP_J100143.858 150.433 2.674 2.200 11.338 0.347 12.356 0.265 9.088 0.296 2.841 0.365 343.528
HELP_J095943.279 149.930 1.769 4.641 10.790 0.233 12.732 0.355 9.104 0.235 2.875 0.140 245.031
HELP_J095839.784 149.666 1.914 1.851 11.295 0.218 12.631 0.334 8.998 0.315 2.901 0.299 343.471
HELP_J100228.856 150.620 2.690 3.317 11.014 0.328 12.868 0.429 9.196 0.278 2.904 0.113 239.989
HELP_J100254.909 150.729 2.405 2.215 11.382 0.339 12.717 0.353 8.691 0.301 2.918 0.351 343.527
HELP_J095740.909 149.420 2.042 1.471 10.811 0.276 11.960 0.183 8.740 0.256 2.925 0.324 343.485
HELP_J095906.289 149.776 2.677 2.755 10.415 0.348 12.752 0.364 8.634 0.317 2.943 0.313 343.533
HELP_J100023.546 150.098 2.166 1.185 11.247 0.248 12.011 0.180 8.173 0.194 2.955 0.621 343.520
HELP_J100135.669 150.399 2.188 1.015 11.114 0.312 12.256 0.240 9.145 0.429 3.017 0.413 343.520
HELP_J095922.232 149.843 2.522 1.789 11.076 0.307 12.225 0.418 9.069 0.225 3.022 0.287 343.524
HELP_J095942.584 149.927 1.917 1.948 11.176 0.212 12.425 0.399 9.388 0.223 3.030 0.444 239.984
HELP_J100121.413 150.339 2.173 2.882 11.393 0.205 12.728 0.356 8.649 0.333 3.092 0.307 343.528
HELP_J100123.949 150.350 1.875 1.448 11.119 0.255 12.269 0.242 9.021 0.262 3.094 0.261 343.484
HELP_J100122.958 150.346 2.335 2.616 11.218 0.192 12.640 0.336 9.163 0.289 3.126 0.223 239.984
HELP_J095940.867 149.920 2.020 1.870 11.271 0.282 12.478 0.293 8.966 0.302 3.174 0.336 341.950
HELP_J100129.520 150.373 2.156 1.970 10.556 0.190 12.488 0.298 8.949 0.128 3.208 0.351 343.532
HELP_J100045.399 150.189 2.572 2.683 10.729 0.321 12.669 0.340 8.855 0.338 3.262 0.330 343.532
HELP_J095859.660 149.749 2.235 2.441 11.274 0.336 12.609 0.325 8.960 0.271 3.270 0.293 343.528
HELP_J100028.715 150.120 2.534 3.175 10.966 0.294 12.932 0.408 9.242 0.273 3.285 0.114 239.989
HELP_J095931.748 149.882 2.507 2.371 11.230 0.340 12.231 0.234 9.125 0.167 3.290 0.537 343.478
HELP_J095927.208 149.863 2.618 1.308 10.910 0.319 12.245 0.350 9.059 0.229 3.294 0.323 343.496
HELP_J100121.978 150.341 1.946 2.709 11.228 0.345 12.669 0.416 8.839 0.261 3.389 0.451 343.474
HELP_J100035.300 150.147 2.731 2.384 11.587 0.193 13.107 0.455 9.400 0.318 3.448 0.216 239.984
HELP_J100056.324 150.235 2.144 1.575 11.110 0.383 12.072 0.197 9.170 0.440 3.452 0.381 343.524
HELP_J095849.961 149.708 1.768 2.562 11.020 0.351 12.323 0.344 9.019 0.280 3.471 0.390 343.533
HELP_J100115.213 150.313 2.716 3.508 10.416 0.364 12.351 0.262 9.436 0.306 3.516 0.119 239.989
HELP_J100010.187 150.042 2.527 1.230 11.012 0.261 11.722 0.130 8.798 0.359 3.534 0.632 343.496
HELP_J100238.844 150.662 1.715 2.702 11.384 0.341 12.547 0.310 8.543 0.275 3.588 0.339 343.527
HELP_J100039.644 150.165 1.679 2.625 11.223 0.195 12.366 0.267 9.118 0.200 3.625 0.340 343.532
HELP_J095834.990 149.646 2.389 1.405 11.483 0.275 12.661 0.514 9.021 0.182 3.636 0.284 343.485
HELP_J100103.772 150.266 2.703 3.808 11.215 0.203 12.909 0.478 9.222 0.271 3.655 0.266 233.026
HELP_J095825.009 149.604 1.716 2.014 11.243 0.253 12.481 0.382 9.230 0.307 3.696 0.341 343.471
HELP_J095930.653 149.878 2.576 1.397 11.575 0.275 12.717 0.353 9.001 0.338 3.769 0.327 343.485
HELP_J100151.520 150.465 1.710 2.664 10.700 0.356 12.645 0.334 9.203 0.345 3.785 0.359 343.532
HELP_J095845.947 149.691 2.725 3.172 10.888 0.273 12.871 0.397 9.368 0.108 3.836 0.124 239.989
HELP_J095959.334 149.997 2.578 3.031 11.298 0.422 12.476 0.310 8.832 0.073 3.86 0.158 239.988
HELP_J100235.717 150.649 2.055 2.231 11.201 0.234 12.365 0.384 9.102 0.142 3.879 0.328 343.527
HELP_J100151.719 150.465 2.430 1.633 11.179 0.203 12.417 0.277 8.822 0.167 3.953 0.400 341.950
HELP_J095902.171 149.759 2.471 3.139 10.470 0.220 12.660 0.432 9.005 0.277 3.961 0.339 343.533
HELP_J095939.126 149.913 2.540 2.718 10.960 0.259 12.446 0.356 9.078 0.186 3.983 0.653 338.854
HELP_J095759.256 149.497 2.456 3.092 10.966 0.115 12.950 0.412 8.608 0.248 4.032 0.296 343.533
HELP_J100004.344 150.018 2.350 3.792 10.856 0.303 12.822 0.377 8.754 0.268 4.032 0.252 343.478
HELP_J100101.263 150.255 2.467 3.142 10.817 0.284 12.755 0.375 8.640 0.28 4.032 0.331 343.532
HELP_J095819.782 149.582 2.603 2.145 10.035 0.255 11.105 0.005 8.273 0.405 4.099 0.111 239.989
HELP_J095814.445 149.560 2.335 4.044 11.520 0.332 12.683 0.421 8.830 0.204 4.105 0.452 343.525
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Source ID RA Dec z log M? log Merr
? log LIR log Lerr

IR log Mdust log Merr
dust S ALMA S err

ALMA νobs
[deg] [deg] [log M�] [log M�] [log L�] [log L�] [log M�] [log M�] [mJy] [mJy] [GHz]

HELP_J100015.634 150.065 2.264 3.306 10.547 0.239 12.513 0.401 9.546 0.262 4.115 0.220 239.984
HELP_J100209.648 150.54 2.609 4.041 11.448 0.256 12.974 0.618 9.097 0.191 4.125 0.147 239.989
HELP_J095837.963 149.658 2.236 2.196 10.495 0.219 12.428 0.428 9.547 0.225 4.200 0.239 239.984
HELP_J100226.247 150.609 2.208 1.962 11.330 0.361 12.472 0.294 9.290 0.139 4.230 0.299 343.523
HELP_J100206.487 150.527 2.154 2.564 10.919 0.228 12.612 0.422 9.346 0.331 4.324 0.530 343.520
HELP_J100024.366 150.102 1.728 1.618 10.871 0.159 12.809 0.562 9.251 0.235 4.432 0.244 343.523
HELP_J095845.278 149.689 2.261 2.868 10.704 0.258 12.642 0.406 9.153 0.154 4.509 0.310 343.533
HELP_J100041.578 150.173 2.464 2.306 11.486 0.276 12.754 0.366 9.141 0.359 4.516 0.365 343.528
HELP_J100012.929 150.054 2.203 2.917 11.375 0.235 12.797 0.374 8.737 0.239 4.640 0.453 344.772
HELP_J100158.959 150.496 2.116 2.176 11.436 0.353 12.512 0.352 9.170 0.218 4.714 0.407 343.520
HELP_J100120.835 150.337 2.440 2.268 10.693 0.257 12.263 0.477 9.288 0.188 4.835 0.312 343.532
HELP_J095854.192 149.726 2.279 2.964 11.114 0.317 12.694 0.361 8.910 0.312 4.863 0.389 343.474
HELP_J095933.431 149.889 2.396 2.142 11.115 0.288 12.450 0.406 9.360 0.231 4.966 0.397 343.519
HELP_J100117.738 150.324 2.752 2.719 11.400 0.344 12.564 0.434 9.014 0.102 5.034 0.316 343.528
HELP_J095941.266 149.922 2.290 2.334 11.291 0.187 12.535 0.306 9.375 0.221 5.063 0.279 343.524
HELP_J100022.824 150.095 1.861 1.989 11.280 0.306 12.242 0.238 9.355 0.317 5.109 0.286 343.523
HELP_J100124.470 150.352 1.938 2.584 11.436 0.309 12.579 0.320 9.053 0.205 5.109 0.609 343.485
HELP_J100003.861 150.016 2.792 1.760 11.350 0.314 12.772 0.392 9.445 0.214 5.198 0.309 343.524
HELP_J100122.000 150.342 2.729 2.672 10.914 0.227 12.217 0.498 9.304 0.216 5.345 0.289 343.532
HELP_J100251.632 150.715 2.545 2.920 11.427 0.257 12.762 0.365 9.191 0.304 5.473 0.271 343.532
HELP_J100119.533 150.331 2.162 3.139 10.796 0.310 12.713 0.352 8.923 0.072 5.504 0.350 343.532
HELP_J095942.853 149.929 2.494 4.287 10.832 0.358 12.326 0.325 9.382 0.296 5.568 0.239 239.984
HELP_J100031.099 150.130 2.621 1.407 11.387 0.467 12.150 0.215 9.240 0.329 5.668 0.680 343.496
HELP_J100024.947 150.104 2.186 2.209 11.434 0.298 12.429 0.279 9.536 0.422 5.720 0.281 343.528
HELP_J100132.304 150.385 2.536 4.742 10.392 0.307 12.334 0.332 9.279 0.197 5.927 0.490 343.473
HELP_J100043.177 150.180 2.089 2.435 11.801 0.348 12.963 0.417 9.297 0.289 6.320 0.645 343.495
HELP_J100215.646 150.565 2.786 2.174 11.409 0.282 12.485 0.447 9.305 0.135 6.367 0.337 343.527
HELP_J100016.253 150.068 2.791 2.725 11.475 0.334 12.913 0.403 9.366 0.368 6.446 0.294 343.524
HELP_J100224.785 150.603 2.537 2.194 10.850 0.319 12.783 0.588 9.300 0.132 6.738 0.315 343.532
HELP_J100142.547 150.427 2.004 2.601 10.840 0.140 12.647 0.391 9.391 0.230 6.981 0.306 343.532
HELP_J100031.833 150.133 2.212 1.988 11.323 0.197 12.886 0.524 9.310 0.122 7.609 1.829 343.531
HELP_J100023.654 150.099 2.365 2.378 11.301 0.295 12.636 0.463 9.091 0.099 7.627 0.614 343.489
HELP_J095912.209 149.801 2.166 2.354 11.505 0.207 12.648 0.336 9.480 0.151 7.646 0.330 343.528
HELP_J095953.305 149.972 1.714 2.864 11.566 0.354 12.744 0.363 9.519 0.312 7.877 0.332 343.528
HELP_J095837.347 149.656 2.716 2.114 11.393 0.264 12.631 0.334 9.478 0.147 8.209 0.903 343.495
HELP_J100232.097 150.634 2.578 2.684 11.041 0.279 12.640 0.356 9.575 0.329 8.365 0.311 343.532
HELP_J100145.219 150.438 1.856 2.599 11.398 0.359 12.701 0.350 9.502 0.262 8.422 0.346 343.471
HELP_J100224.008 150.600 2.640 2.556 11.401 0.257 12.839 0.450 9.543 0.216 8.718 0.293 343.532
HELP_J100103.571 150.265 1.803 2.306 10.888 0.237 12.204 0.351 9.417 0.272 8.839 0.429 343.471
HELP_J100026.438 150.110 2.752 2.242 10.671 0.266 12.637 0.335 9.516 0.203 9.038 0.565 343.528

Column descriptions: Column 1: Source ID as in HELP database; Columns 2-3: Coordinates of sources (RA, Dec) expressed
in degrees; Column 4: Observed redshift (see Section 2); Columns 5-10: Main SED derived properties with CIGALE given in the
form of base-10 logarithms (from left to right: stellar mass, IR luminosity and dust mass with accompanied uncertainties). All
physical properties and their corresponding uncertainties are estimated as the likelihood-weighted means and standard deviations
(see Section 3 for the detailed SED modelling procedure). Columns 11-13: ALMA flux estimation, corresponding uncertainty and
observed frequency as in A3COSMOS database (see Liu et al. 2019a for details).
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Appendix A: SED fitting systematics

In order to better evaluate our SED method and explore the even-
tual biases, we made simulated data set and fit it using the exact
same method that we applied to our observed galaxies. The pur-
pose of using simulations is to analyse eventual observational
effects on SED fitting results. To achieve this goal, we follow
the methods presented in Ciesla et al. 2015 and Małek et al.
(2018) who use CIGALE to create mock catalogue of objects
for each galaxy for which the physical parameters are known. To
build the simulated sample we adopt the best-fit SED model for
each fitted object which gives one artificial model per galaxy.
Input fluxes obtained from the best SEDs are then perturbed
following a Gaussian distribution, with σ corresponding to the
observed uncertainty per each photometric band. The fitting of
mock galaxies is further performed with the exact same choice of
physical models and their input parameters as for our real data.

The Fig. A.1 illustrates the log difference between the ob-
served physical quantities and the best output parameters of the
simulated catalogue. For the stellar mass, dust mass and IR
luminosity, such dispersion is expressed as ∆M?, ∆Mdust and
∆LIR, respectively. We find that for all main physical quantities
analysed here, dispersion follows normal distributions with very
small offset (. 0.1) Namely, for each physical parameter we find
that more than 75% of sources lie within the mean offset of ±0.1.
Therefore, we conclude that our SED fitting procedure does not
introduce any significant systematics to derived quantities.

Fig. A.1: For each panel: offset between the estimated and simulated
value. From top to bottom: stellar mass, dust mass and dust luminosity.
The black line and the corresponding shaded region is the best linear
regression fit to the parameter offset.
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