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ABSTRACT

We present the dust properties of 125 bright Herschel galaxies selected from the z-GAL NOEMA spectroscopic redshift survey. All the galaxies
have precise spectroscopic redshifts in the range 1.3 <z<5.4. The large instantaneous bandwidth of NOEMA provides an exquisite sampling
of the underlying dust continuum emission at 2 and 3 mm in the observed frame, with flux densities in at least four sidebands for each source.
Together with the available Herschel 250, 350, and 500 um and SCUBA-2 850 um flux densities, the spectral energy distribution (SED) of each
source can be analyzed from the far-infrared to the millimeter, with a fine sampling of the Rayleigh-Jeans tail. This wealth of data provides a
solid basis to derive robust dust properties, in particular the dust emissivity index (8) and the dust temperature (7y,). In order to demonstrate our
ability to constrain the dust properties, we used a flux-generated mock catalog and analyzed the results under the assumption of an optically thin
and optically thick modified black body emission. The robustness of the SED sampling for the z-GAL sources is highlighted by the mock analysis
that showed high accuracy in estimating the continuum dust properties. These findings provided the basis for our detailed analysis of the z-GAL
continuum data. We report a range of dust emissivities with 8 ~ 1.5-3 estimated up to high precision with relative uncertainties that vary in the
range 7%—15%, and an average of 2.2 + 0.3. We find dust temperatures varying from 20 to 50 K with an average of T, ~ 30K for the optically
thin case and Ty, ~ 38 K in the optically thick case. For all the sources, we estimate the dust masses and apparent infrared luminosities (based
on the optically thin approach). An inverse correlation is found between Ty, and S with 8 o< T guosf’g’, which is similar to what is seen in the local
Universe. Finally, we report an increasing trend in the dust temperature as a function of redshift at a rate of 6.5 + 0.5 K/z for this 500 pm-selected
sample. Based on this study, future prospects are outlined to further explore the evolution of dust temperature across cosmic time.
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1. Introduction understanding of galaxy evolution in the early Universe, and

. . . . . . the advent of facilities such as the Atacama Large Millime-
Folloyvmg .the detection of lumlnous infrared galax1.es at high ter/submillimeter Array (ALMA), the IRAM Northern Extended
redshift with the IRAS satell}te (e.g., Rowan—'Roblnson et cfll. Millimeter Array (NOEMA), and the Karl G. Jansky Very Large
1.991’ 1993), the first observations at 850 um with the Submil- Array (VLA) have enabled follow-up observations of large sam-
limeter Common-User Bolometer Array (SCUBA; Holland et al. ples of DSFGs to study their physical properties by probing the

199?3),1and lati at l'éir&B\thKtrhe Max—lP laln909k9 Millime- molecular and atomic gas (Hodge & da Cunha 2020, and ref-
ter Bolometer Array ( ; Kreysa et al. ), uncov- erences therein), and tracing the FIR/submm spectral energy

ered a population of very luminous dusty star-forming galaxies distribution (SED) of the dust emission up to z ~ 7 (e.g.,

(DSFGs; with infrared luminosities in excess of >10'2Lg) Riech L 2013: R 1 2020: B 1 2001
at high redshifts (z > 1; see reviews by Blain et al. 2002; iechers etal. 2013; Reuter etal. 2020; Bouwens etal. 2021;

Carilli & Walter 2013; Casey et al. 2014; Hodge & da Cunha
2020). Subsequent extragalactic imaging surveys carried out
with the Herschel Space Observatory (Pilbrattetal. 2010)
increased the number of known DSFGs from hundreds to several
hundreds of thousands (e.g., Eales et al. 2010; Oliver et al. 2012;
Ward et al. 2022). These dust-enshrouded luminous galaxies
absorb ~99% of the light emitted by young, forming stars (e.g.,
Clements et al. 1996; Lagache et al. 2005; Buatet al. 2010),
and thermally radiate the reprocessed ultraviolet—optical light
in the far-infrared (FIR) and submillimeter (submm) regimes.
The discovery of this population of DSFGs has changed our

Sommovigo et al. 2022).

Bright DSFGs are known to have very large dust reser-
voirs, with typical dust masses Mgg > 10%M, (e.g.,
Swinbank et al. 2014; Reuter et al. 2020; Dudzeviciité et al.
2021; da Cunha et al. 2021). Dust grains, which are abundant in
the interstellar medium (ISM) of galaxies in the local and distant
Universe (e.g., Smail et al. 1997; Blain et al. 1999), play a vital
role in many astrophysical processes, including the onset of the
star-formation process. However, the origin of these large dust
masses in DSFGs, particularly at high redshift, has been a matter
of debate over the years. The mass buildup occurs mainly in the
ejecta of supernovae (SNe) and in the envelopes of asymptotic

* Full Tables A.1 and B.1 are available at the CDS via anonymous ~ glant branch (AGB) stars, but also via grain growth by accre-
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https:// tion in the ISM (e.g., see the review by Galliano et al. 2018).
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/678/A27 However, these mechanisms cannot fully explain the amount of
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dust available in these high-z galaxies given the short timescales
involved (Michatowski 2015; Nanni et al. 2020). It is therefore
crucial to derive dust properties in DSFGs across cosmic time to
search for any sign of evolution that could provide constraints on
how the dust grains were formed in the early Universe.

Dust masses are commonly estimated by fitting a modified
blackbody that best describes the thermal emission of dust in
the FIR/submm domain. However, one of the caveats of this fit-
ting method is the dependence of dust mass on the dust tem-
perature estimates. For instance, Casey (2012) pointed out that
a 4K difference in temperature could result in a 150% increase
in dust mass. Therefore, it is important to quantify as well as
constrain the dust properties in DSFGs from which we can
derive the star formation rates (SFRs; Sanders & Mirabel 1996;
Kennicutt 1998) and estimate the gas masses (e.g., Eales et al.
2010; Scoville 2013).

To derive precise dust parameters, it is crucial to have a
good coverage of the SED. With facilities like ALMA and
NOEMA, follow-up observations of previously FIR/submm
detected DSFGs have been carried out to measure the contin-
uum emission along the Rayleigh-Jeans (RJ) tail from submm
wavelengths down to 3 mm, which enabled a precise fitting of
the FIR/submm SEDs (e.g., Reuter et al. 2020; Berta et al. 2021;
da Cunha et al. 2021; Bendo et al. 2023). However, uncertain-
ties in measuring dust temperatures still exist, and arise from
(i) the opacity (in other words, on the assumptions of optical
depth), and (ii) the degeneracy with the dust emissivity index £.
The wavelength at which the optical depth (1) becomes unity is
often assumed to be Apick ~ 100 wm (Draine 2006), although
some galaxies have been found to have higher values, with
Amick ~ 200 um (Conley et al. 2011; Riechers et al. 2013, 2017).
For simplicity, some works assume that the dust emission in
DSFGs can be approximated with an optically thin modified
blackbody (r < 1), which can also lead to an underestima-
tion of the dust temperature (e.g., up to ATqg,sc ~ 20K as shown
by da Cunha et al. 2021). To overcome these assumptions, high-
resolution imaging is essential in order to derive robust values of
dust opacities by recovering the galaxy size (e.g., Spilker et al.
2016). On the other hand, a degeneracy has been found for 8 and
Taust (Dupac et al. 2003; Shetty et al. 2009; Paradis et al. 2010;
Planck Collaboration XXIII 2011; Juvela et al. 2011), which is
further amplified by a lack of photometric data at longer wave-
lengths. To avoid the effects of this degeneracy, the emissiv-
ity index § is generally fixed based on measurements of the
Milky Way (8 = 1.5-2, e.g., Magnelli et al. 2012). However,
recent studies show that dust emissivities of DSFGs diverge from
the classical values (e.g., da Cunhaetal. 2021; Cooper et al.
2022), which would in turn affect the dust temperature estimate.
Bendo et al. (2023) found a difference of up to ~9 K when fix-
ing B for a sample of 37 Herschel-selected galaxies observed
with ALMA at 3 and 2 mm. With a good sampling of photo-
metric data at longer wavelengths, the dust temperature estimate
becomes isolated from the effect of fixing (or deriving) an inad-
equate value for 3, thus breaking the degeneracy.

Nonetheless, the growing number of surveys with
FIR/submm observations has resulted in an abundance of
dust temperature measurements in the literature that span a
wide range of redshifts, reaching z ~ 8 (e.g., Reuter et al. 2020;
Bakx et al. 2021; Sommovigo et al. 2022). However, contradic-
tory claims of dust temperature trends across cosmic time have
been reported. Some studies argue that dust becomes hotter at
higher redshifts as compared to the local Universe, which is
attributed to higher specific star formation rates (sSFR; e.g.,
Magnelli et al. 2014; Magdis et al. 2012; Béthermin et al. 2015;
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Schreiber et al. 2018; Zavalaetal. 2018; Liangetal. 2019;
Faisst et al. 2020; Sommovigo et al. 2020, 2022). Conversely,
Dudzevidiate et al. (2020) argue that there is no evidence of
temperature evolution, and the observed correlation is solely
due to selection biases that limit observations to the brightest
galaxies, especially at higher redshifts.

Recently, Neri et al. (2020) demonstrated the capability of
the broadband receivers and the Polyfix correlator at NOEMA
to measure up to ten continuum flux densities in the mil-
limeter bands per source by observing 13 bright high-z Her-
schel-selected galaxies. Reliable spectroscopic redshifts were
obtained for 11 of the selected sources, and by combining
the available continuum flux densities from the Herschel-Spire,
SCUBA-2, and the 2 and 3mm NOEMA data, well-sampled
SEDs for each source were obtained from which the dust prop-
erties were derived (infrared luminosities, dust masses, and tem-
peratures; Neri et al. 2020; Berta et al. 2021). Based on the suc-
cessful NOEMA Pilot Program, the z-GAL Large Program has
extended this work by observing 126 high-redshift Herschel-
selected galaxies in the 2 and 3mm NOEMA wavebands
(Cox et al. 2023; hereafter Paper I) with the goal to measure pre-
cise spectroscopic redshifts. In addition to the molecular and
atomic emission lines that were detected in all the sources,
the continuum emission flux densities were extracted for each
source in at least four, and up to ten, sidebands. The com-
bined Pilot Program and z-GAL Large Program constitutes the
final z-GAL sample of 137 sources, for which robust redshifts
were derived for 135 sources, spanning the range 0.8 < z <
6.5. The present study of the dust properties of high-z galax-
ies is based on this sample, the largest with precise redshifts
to date.

This paper (Paper II) is part of a series of three papers report-
ing the results of the z-GAL project. Paper I gives an overview
of the Herschel-selected sources of this program and presents
the overall properties of the molecular and atomic emission
lines, as well as the derived spectroscopic redshifts. In Paper III,
Berta et al. (2023) analyze and describe the physical properties
of the molecular and atomic gas in the z-GAL sources using
both the continuum and emission lines. Here, we study the con-
tinuum data of the z-GAL sources. Our main goal is to derive
the dust properties, taking advantage of the exquisite coverage
in frequency of the SED. In order to demonstrate our ability
to constrain the essential dust properties, such as dust temper-
ature and emissivity index, we used a flux-generated mock cat-
alog and analyzed the results under the assumptions of an opti-
cally thick and optically thin modified blackbody emission. We
then performed a detailed analysis of the z-GAL continuum data
informed by the findings of the mock simulation. The main
results focus on the optically thin approximation, which will
serve as a basis for our analysis (specifically the dust masses
and inferred FIR luminosities) in Paper III.

The paper is organized as follows. In Sect. 2, we give a brief
overview of the z-GAL sample selected from the Herschel cat-
alog and the NOEMA observations in the 2 and 3 mm wave-
bands, and provide a detailed explanation of the continuum data
reduction as well as an overview of the data that form the basis
of this paper. In Sect. 3, we describe the optically thin approx-
imation of the modified blackbody used to determine the con-
tinuum dust properties and analyze the model effects on each
term. In Sect. 4, we present the optically thin dust properties of
the z-GAL sample of sources. In Sect. 5, we present the gen-
eral modified blackbody (GMBB) model, and our derivation of
parameters and z-GAL dust properties. In Sect. 6, we discuss
the derived results and their evolution with redshift. Finally, in
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Fig. 1. Redshift distribution of the galaxies used in this study, which
includes 125 out of the 137 sources from the z-GAL sample. In our
analysis, we exclude multiples at different redshifts in the field of view
observed by NOEMA, which are unresolved in the Herschel field of
view, as well as problematic sources (see details in Sect. 2.2).

Sect. 7, we summarize our main conclusions and outline future
studies. Throughout the paper, we adopt a spatially flat ACDM
cosmology with Hy = 67.4kms™!'Mpc™! and Q) = 0315
(Planck Collaboration I 2020).

2. z-GAL sample

The aim of the z-GAL project is to measure robust spectroscopic
redshifts of a sample of 137 Herschel-selected galaxies. The
details of the sample selection are provided in Paper I. The 126
sources for the z-GAL Large Program (carried out under projects
M18AB and D20AB - PI: P. Cox, T. Bakx & H. Dannerbauer)
were selected from the Herschel Bright Sources (HerBS) sam-
ple, the HerMES Large Mode Survey (HeLMS), and the Her-
schel Stripe 82 (HerS) Survey (Nayyeri et al. 2016; Bakx et al.
2018), and also include the 11 sources of the Pilot Program
(Neri et al. 2020) from the HerBS sample. The HeLMS and HerS
fields cover 372 deg?, and HerBS sources were selected from
the NGP and GAMA fields that cover 170.1 and 161.6 degz,
respectively. The selection was based on the 500 um flux limit
with Ss0oum > 80mly for the HerBS sources and Ssooum >
100 mJy for both HeLMS and HerS sources, as well as pho-
tometric redshifts zppe > 2 (see Cox et al. 2023, for the sam-
ple selection and references therein). The z-GAL sources were
observed using NOEMA by scanning the 2 and 3 mm wave-
bands, which successfully resulted in deriving spectroscopic red-
shifts based on at least two emission lines for all but two of
the selected sources (Neri et al. 2020; Cox et al. 2023). The fre-
quency setup for the 3 mm observations covers the range from
75.874 to 106.868 GHz and the 2mm setup covers the range
from 127.377 to 158.380 GHz. The fields of view at 2 and 3 mm
are ~33” and ~50”, respectively, and the angular resolutions
were in between 172 and 3”/5 at 2 mm and between 1”77 and ~6”
at 3 mm. Alongside the line emission measurements, all sources
were detected in the continuum in at least four sidebands thanks
to the broad band receiver of NOEMA. The z-GAL sources span
the redshift range 1 < z < 6 (see Fig. 1), peaking at the peak
of cosmic evolution at z ~ 2—3, making it an ideal large sam-
ple with which to explore eventual changes of dust properties
with redshift.

20+
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Fig. 2. NOEMA spectral coverage and bandwidth of the 2 and 3 mm
bands for the source HeLMS-1 at z = 1.905. The ten alternating colors
are the lower and upper sidebands for each setup. The black points show
the flux density extracted in each band along with their uncertainties
(very small error bars). The '>?CO(4-3) and (2-1) emission lines detected
in this source are identified in the figure.

2.1. Data reduction

The NOEMA data were reduced and calibrated with the
GILDAS' package and uv-tables of each sideband were pro-
duced in the standard way. The main calibrators adopted were
MWC349 and LkHe 101. More details are provided in Paper 1.
The absolute flux uncertainty is 10% and the positional error is
0.2 arcsec.

For each z-GAL target, stacked maps were produced com-
bining all channels of all available sidebands, including both
continuum and spectral lines (hereafter called all-channels
maps). Such stacked maps were then used as reference for
the detection of sources in the NOEMA fields centered on the
Herschel positions. Continuum maps of each sideband were pro-
duced by combining all channels of the given sideband, but
excluding the spectral ranges including the emission lines. As an
example, Fig. 2 shows the ten sidebands observed for one of the
sources, HeLMS-1, at 2 and 3 mm, each one with a bandwidth
of approximately 8 GHz.

Source extraction and continuum measurements were con-
ducted in the following way. For each target, the all-channels
maps were used to identify all sources in the field of view of
NOEMA using 30 threshold contours as guidance to define the
aperture. The maps were cleaned using natural weights and sup-
port masks including all detected sources. The individual con-
tinuum maps were also cleaned with natural weight, adopting
support masks re-adapted because of different beam size, orien-
tation, and shape. In cases where sources were not detected in
individual sidebands, the support masks follow the size and ori-
entation of the beam.

The measurement of continuum fluxes was then performed
on the cleaned continuum maps of each individual sideband for
the sources identified in the all-channels map. Aperture fluxes
were measured using ad hoc extraction polygons and corrected
for primary beam losses. Flux statistical uncertainties were com-
puted by rescaling the map noise to the effective extraction aper-
ture size. Source positions were computed as signal barycenters
within the same extraction apertures.

! https://www.iram.fr/IRAMFR/GILDAS/
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Fig. 3. Sampling and S/N of the flux densities of the z-GAL galaxies.
Top panel: signal-to-noise ratio of the z-GAL data split into Herschel
250, 350, and 500 um flux densities shown in indigo, which varies
between 6 and 10; SCUBA-2 850 um flux density, in orange, which
varies between 1.5 and 7; and NOEMA 2 and 3 mm flux densities,
which varies between 1 and 9, shown in black. Bottom panel: dis-
tribution of the number of millimeter flux data points available for
each z-GAL source shown in gray; all sources have at least 2, and up
to 10, measurements. The cyan histogram shows the number of mil-
limeter measurements used in the fitting procedure (below 1 mm in
the rest-frame; see Sect. 3) with a median of 5 data points sampling
the Rayleigh-Jeans of the z-GAL sources. The indigo-lined histogram
shows the number of data points with signal-to-noise ratio >3.

2.2. Continuum flux densities of the z-GAL sample

The continuum flux densities are listed in Table A.1 along with
their uncertainties. The uncertainties listed are the ones esti-
mated in the data reduction process, but in our subsequent anal-
ysis (Sects. 3 and 5), we add a 10% error in quadrature to each
flux density uncertainty to account for calibration uncertainty.
Flux densities with S/N > 3 are considered detections, listed
as the measured flux followed by the 1o uncertainty, and non-
detections (S/N < 3) are listed with a “<” sign followed by
the measured flux and the 30 uncertainty. The flux densities of
the multiple sources detected in the NOEMA field that are unre-
solved by Herschel and SCUBA-2 are listed individually and, in
the case where sources are at the same z (a total of 15 sources),
as the sum of all components (see Notes of Table A.1). A total of
12 sources from 137 were discarded from our further analysis,
9 of which are multiple sources in the field of view at differ-
ent redshifts (including 3 sources from the Pilot Program, i.e.,
HerBS-43, 70, 95), another two sources have tentative redshifts
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(HerS-19 and HerBS-82), and HerS-9 is a foreground galaxy
at z = 0.853. This brings the total number of sources retained
in order to study their continuum and to extract dust-emission
properties to 125. The selected sources span the redshift range
1.3 <z <54 (Fig. 1).

In the top panel of Fig. 3, we summarize the signal-to-noise
ratios of each of the wavebands, where the continuum coverage
of the z-GAL sample ranges from the FIR to the millimeter, with
all sources having Herschel-SPIRE 250, 350, and 500 um flux
densities with 7 < S/N < 10. The 850 um SCUBA-2 flux den-
sity is only available for the HerBS sources (Bakx et al. 2018,
2020) with 1.5 < S/N < 7 (see Cox et al. 2023, for a table
of the Herschel and SCUBA-2 flux densities). The NOEMA 2
and 3 mm flux densities for all sources have been measured with
1 < §/N < 9. For two sources in the sample, additional data in
the 1 mm band are available, namely for HeLMS-17 (see Paper I)
and HerBS-89 (Berta et al. 2021). In the bottom panel of Fig. 3,
we summarize the z-GAL millimeter sampling, illustrating the
uniqueness of the z-GAL sources that have up to ten measured
continuum flux densities in the 2 and 3 mm bands. In our fur-
ther analysis, we use data below 1 mm in the rest-frame (see
Sect. 3.1) so that the effective number of flux density measure-
ments varies between 2 and 8 data points in the millimeter, where
most of the sources have two or more detections (S/N > 3).

3. Modeling the optically thin dust emission

The main goal of this study is to estimate the properties of
the dust continuum emission of the z-GAL sample that covers
the observed wavelength range from 250 um to 3 mm. In this
section, we present the dust emission model, the modified black-
body (MBB), used to fit the cold dust component between rest-
frame wavelengths of 50 and 1000 um, excluding the warm dust
and radio (free-free and synchrotron) emission, respectively. Our
main focus is on the optically thin approximation of the MBB,
which is presented in Sect. 3.1, which serves as a basis for the
z-GAL sample results presented in Sect. 4. We also study the
robustness of the sampling and discuss parameter estimation in
detail in Sect. 3.2.

3.1. Optically thin modified blackbody

The thermal dust emission is most simplistically described by
a single-temperature MBB. This is the solution to the radiative
transfer equation where dust grains are in thermal equilibrium
with the radiation field with an emergent flux density:

Q
SV{, = #—GV,BV,-(TduSI)7 €))

(1+2)3
where B, (Tqy) is Planck’s blackbody radiation, Q is the solid
angle of emission: Q = (1 + z)*A/D?, A, and Dy are the physi-
cal area of the galaxy and luminosity distance, respectively, u is
the magnification factor for the sources that are gravitationally
lensed, €, is the emissivity coefficient at rest-frame frequency v:
€ = (1 — e ™), and T, is the frequency-dependent optical depth
that is written in terms of the dust mass surface density g,y and
the mass absorption coeflicient (e.g., Beelen et al. 2006):

@)

where «, can be approximated by a power law at our wave-
length of interest: k, = ko(v/vo)® with kg being the mass absorp-
tion coefficient at frequency vy and 8 the dust emissivity index.
Zaust(=Maust/A) is the dust mass density, with Mg, being the

Ty = Ky Zdusts
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Fig. 4. Input (true) vs. output dust properties of the mock-generated catalog of sources. The black line is the identity line and the black dots show
the median within the bins and the error bars represent the standard deviation in these bins. The boxes in the lower right corner describe the
accuracy of the fitting method when using the optically thin MBB for this mock sample.

dust mass. We adopt the values computed by Draine et al. (2014)
for the mass absorption coefficient: vy = 353 GHz (i.e., 19 =
850 um), x9 = 0.047 mz/kg. Berta et al. (2016) and Bianchi
(2013) pointed out that a correction is needed when using the
tabulated «, values and fitting with 8 # 2.08 due to a dependence
on the normalization (Mg, in this case), and so we correct Mgy
by a factor of (850 um/500 um)?~>%8.

When assuming an optically thin medium in the observed
frequencies, the optical depth 7, <« 1, and therefore the emissiv-
ity coefficient will simplify to: €, = (1-e™™) = 7, using Taylor’s
expansion. The observed flux can therefore be written:
Sv(, = MUD;ZZ)MdustKV,Bv,(Tdust)~

L

3

Hereafter, we refer to this form as MBB, which we correct for the
cosmic microwave background (CMB) effects throughout this
study, as described by da Cunha et al. (2013).

The FIR luminosity of the cold dust component is estimated
by integrating the fitted modified blackbody between rest-frame
50 and 1000 pm:

LFIR = 47TD% fS VdV. (4’)

3.2. SED fitting and parameter estimation

With the frequency coverage of the z-GAL sample, especially
along the RJ tail, we cover the millimeter wavebands with a vary-
ing number of flux measurements along with the FIR Herschel
and, when available, SCUBA-2 flux densities. This confers an
advantage in that it allows us to measure the dust parameters
with greater accuracy, especially 3, which is governed by the RJ
tail, without the need to fix them to an average standard (e.g., 8
is usually fixed to 1.5 or 2, e.g., Magnelli et al. 2012). Here, we
create a mock catalog using the MBB of simulated flux densities
that mimic those in our sample in order to explore how well we
can retrieve the dust parameters 3, Tqus, and Mgyg, Which are
recovered from the SED fit of Eq. (3), as well as Lgr, which is
the integrated area under the curve using Eq. (4).

To generate a mock catalog of flux densities using the MBB,
we choose a range of initial parameters, with 8 varying between
1 and 3, Tq4us between 15 and 70 K, My,q between 108—10'! M,
and a redshift range chosen between 1.3 and 6 that is representa-
tive of the z-GAL sample (see Fig. 1). Given the dust parameter
ranges mentioned, we generate a grid of 12* mock sources, with-
out any prior correlation between the dust parameters and uni-
formly spread over the parameter space. Using Eq. (3), the mock
flux densities are then computed — accounting for the CMB effect

— with these parameters and we add a random error bar (equiva-
lent to 107) for each waveband, which was chosen to be similar
to the real data signal-to-noise ratio (S/N), where the S/N varies
between 6 and 10 for the Herschel flux densities, between 1.5
and 7 for the SCUBA-2 flux density, and between 1 and 9 for
the NOEMA flux densities. To mimic real observations, we per-
turb the flux densities on a normal distribution with 1o, which
is equivalent to the error bar of each flux point. The final mock
catalog covers the 250, 350, and 500 um Herschel flux densities,
the 850 um SCUBA-2 flux, and five millimeter data points that
vary between 79.76 and 162.32 GHz (or 3.7 and 1.8 mm).

We then fit the SEDs to estimate the output dust parameters
of the mock galaxies using the MBB. Throughout this paper, we
use the EMCEE package (Foreman-Mackey et al. 2013), which
is a Markov chain Monte Carlo sampler, to fit the SEDs using
the MBB corrected for CMB effects. We introduce the MCMC
sampler with flat priors for each dust parameter: (i) 0 < Tqus <
100K, (ii) 0 < 8 < 4, and (iii) 10° < Mg, (M) < 10'3. Given
the flux densities with their uncertainties, we run the code with
150 walkers and 2000 steps with a 1000 burn-in phase and ver-
ify the chains converged (Ngeps > 10X auto-correlation time).
In the following subsections, we present a detailed study of how
well the dust parameters are recovered (focusing mainly on the
dust emissivity index in Sect. 3.2.1 and dust temperatures in
Sect. 3.2.2) and the impact of different aspects (redshift, intrinsic
dust temperature, and S/N) on the accuracy of their estimates.

3.2.1. Dust emissivity index 8

We find good agreement between true and output 8 values as
shown in Fig. 4 (first panel on the left) where the mean of each
bin, represented by the black points, lies on the one-to-one rela-
tion, and is recovered with a standard deviation of between (out-
put — input) +0.18. We also find good agreement in recovering
B irrespective of the redshift or the recovery of the dust temper-
atures. Within different redshift bins, as shown in Fig. D.1, we
see changes in the accuracy and scatter of the temperature, but
we do not see any direct impact on the S8 estimation.

To look in more detail at the estimation of 8, we show the
posterior likelihood distributions of estimated parameters of a
mock source chosen at z = 4.29 in Fig. 5. We still find a slight
degeneracy between dust temperature and 3, even with a large
number of data points sampling the RJ tail (see Sect. 6.4, for
the discussion on the origin of this degeneracy). However, Fig. 5
clearly shows that the dust emissivity is well constrained and
independent of the peak sampling (or in other words, indepen-
dent of the temperature estimate). Nevertheless, it is dependent
on the quality of the data used to minimize the width of the
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Fig. 5. Corner plot of the posterior distribution and SED fit of a mock
galaxy at redshift z = 4.29. The posterior distribution shows dust param-
eter estimates: (i) with five flux points in the millimeter domain with
S/N > 3 in black, (ii) five flux points in the millimeter domain with
S/N < 3 in red, and (iii) two flux points in the millimeter domain
with §/N > 3 in teal; over-plotted in gray are the true values.

posterior distribution (shown in red for S/N < 3 and black
for S/N > 3 in Fig. 5), an effect that was also described by
Shetty et al. (2009). Unlike z-GAL sources, many previous stud-
ies had a sampling of no more than two data points along the
RJ tail, which results in a larger degeneracy between dust tem-
perature and S (illustrated in teal contours in Fig. 5) especially
when the peak is less well sampled. This result further under-
lines the robustness of the z-GAL coverage for constraining the
dust emissivity index S3.

3.2.2. Dust temperature Tgyyst

The dust temperature output is, on average, in good agreement
with the true temperature and we recover it to within +6.8 K, as
shown in the second panel of Fig. 4. The significant dispersion in
the estimates of Ty is primarily related to the intrinsic temper-
ature; that is, the higher the temperature, the lower the accuracy
as the peak shifts towards shorter wavelengths, as shown in the
right panel of Fig. 6. Another important factor is the redshift,
where the peak becomes poorly constrained at lower redshifts;
given the wavelength coverage of our sample, we lose sensitiv-
ity and accuracy in recovering T4y as illustrated in the left panel
of Fig. 6 and in the redshift-binned histogram in Fig. D.1.
Figure 7 displays the root mean square (RMS) of the
ATdust(zT;’S;fm — T distribution as a function of the esti-
mated T4y and redshift. Coupling both redshift and tempera-
ture, T qust, 1S best recovered between redshifts 2 and 4, and with
more precision toward higher temperatures. However, this pre-
cision slightly drops at z > 4 because of the effect of our fit-
ting method, where we remove any contribution from warm dust
(dest < 50um); that is, the Herschel 250 um flux point falls
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below that limit starting at z > 4, resulting in a lower accuracy
in recovering T gugt.

Finally, the dust mass estimates are found to be in good
agreement with the mock values and are recovered to within
+0.066 dex. In the MBB, this parameter acts as a normaliza-
tion in the equation, but is also dependent on the dust tem-
perature estimates. However, with good constraints on the dust
temperature, we are able to obtain robust dust mass estimates.
Furthermore, the dust luminosity that we recover is in very good
agreement with mock values (to within +0.056 dex on average),
as shown in the right panel of Fig. 4, and is determined by the
data rather than the fitting method.

We performed a final check to measure the effect of the
lack of a flux density measurement at 850 um. Only the HerBS
sources in the z-GAL sample were observed at this wavelength
with SCUBA-2 (Bakx et al. 2018), whereas the HeLMS and
HerS sources lack an 850 um measurement (representing a total
of 56 sources). To this effect, we fit the SEDs of the mock catalog
generated using the same strategy but removing the flux density
at 850 um; however, we do not find any significant change in the
output. The standard deviation of the (output — input) parame-
ters is only slightly higher, with +0.2 for 8, £7.07 K for Tqyus,
+0.069 dex for My, and +0.059 dex for Lgr. Therefore, we do
not distinguish between sources with and without this measure-
ment because NOEMA data cover observations along the RJ tail,
which allows us to constrain the dust parameters well.

4. z-GAL optically thin dust properties

In this section, we present the continuum dust properties of the
z-GAL sources using the MBB approach, which will provide the
basis for the analysis presented in the series of z-GAL papers; in
particular, their infrared luminosities, which are used to derive
the physical properties of these galaxies (Berta et al. 2023). The
dust parameters are derived by fitting the SED of each source
following the method described in Sect. 3.2.

In Fig. 8, we summarize the distribution of the dust param-
eters for all the sources of the z-GAL sample selected for this
study (gray histogram). The results show a wide range of val-
ues around the median values of the dust emissivity index
(2.16 £0.27), the dust temperatures (30 +4.37 K), the apparent
dust masses (0.58 +0.16) x 10'° M, and the inferred apparent
dust luminosities (1.8 +0.52) x 10'® L,. With the given z-GAL
sampling at the peak and the RJ tail of the SED, we find that
on average, we recover robust dust parameters, as shown by the
mock results, especially the dust masses and the infrared lumi-
nosities across all redshift bins. However, the accuracy of Tgyg
changes within each bin, as does the accuracy of the dust emis-
sivity index 3.

One of the great advantages of the z-GAL sample is the
excellent coverage in the millimeter domain, which allows
us to constrain the dust emissivity index with high accuracy.
Indeed, we recover 8 to within 10% for most of the sources
(the relative uncertainty varies in the range of approximately
7%—15%); however, we still find some sources whose S is less
well constrained, with a relative uncertainty of AB/S > 15%.
In Sect. 3.2.1, we show that the main reasons for a low pre-
cision in estimating 8 come from a low S/N or poor-quality
measurements, which also increases the degeneracy with dust
temperatures. We show the distribution of estimated dust emis-
sivity indices versus dust temperatures for our sample in Fig. 9,
where a total of 14 sources show a poorly constrained 3.

The dust emissivity indices and dust temperatures clearly
show an intrinsic relation between these parameters. In order
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tion of the estimated dust temperatures and redshift.

to fully understand whether or not the uncertainties on S are
related to Tqu, we looked at the dust temperature estimate and
its accuracy, which we categorize into three subsamples. The
first subsample is the most dominant in our sample, and cov-
ers the redshift range 2 < z < 4, amounting to 101 of the total
sample. This redshift subset gives the most robust constraints on
parameter estimates, especially T4y up to intrinsic temperatures
of 40 K. Our results show that only five sources have tempera-
tures above this limit, and that they vary between 42 and 47K,
as shown in Fig. 9. After inspecting their posterior distribution in
Fig. F.1 (particularly, HerBS-78, and HerBS-204), we find that
the degeneracy is small and we find S to be well constrained for
those sources. We also checked whether the use of upper limits
(as measured flux densities) biases the high S values (8 > 3);
however, Fig. F.3 shows that excluding them does not have a
significant effect on the estimation of S where the posterior dis-
tributions are overlapping.

The second subset is for sources at z < 2, which turned out
to be more challenging in constraining 74us: beyond 30 K. In our
sample, 18 galaxies (at z < 2) have estimated temperatures that
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Fig. 8. Distribution of the dust properties of the z-GAL sources derived
from the MBB shown in gray. The median value of each parameter is
plotted with a dashed line whose value is given in the upper right cor-
ner of each plot along with the median absolute deviation. The black
contour histogram shows the distribution of each parameter within the
redshift subset 2 < z < 4.

reach ~30K and are recovered to within 15% (denoted by blue
diamonds in Fig. 9), placing them in the unbiased region. Three
sources in this subset show a poor constraint on 3, while two
of these (HeLMS-35 and HeLMS-44) have only two millimeter
data points sampling the RJ tail, resulting in a lower precision,
and HerBS-199 has poor millimeter data quality (low S/N).

The third subset is for sources at z > 4. In our sample, there
are six sources within this range with estimated temperatures
that vary between 33 and 56 K (shown as yellow filled circles
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for sources in the redshift ranges of 2 < z < 4,z < 2, and z > 4,
respectively.

in Fig. 9). Similarly to the first subset, sources with T4,y > 40K
show lower precision in estimating dust temperatures. The rela-
tive uncertainties on these sources (HeLMS-19, HeLMS-24, and
HeLMS-45) are due to a larger degeneracy with Ty, which is
caused by a poorly sampled peak.

5. Exploring the general modified blackbody model

Given its simplicity, the most commonly used model is the
optically thin approximation, but it is nevertheless important to
explore the general form of the modified blackbody (GMBB).
Although the GMBB is also a simplification, where a single
temperature is assumed, we need to take into consideration the
fact that some sources could be optically thick up to ~200 um
(e.g., Riechers et al. 2017; Casey et al. 2019; Dudzevicitte et al.
2021). It also has been shown that T4, tends to be underesti-
mated by up to ~20 K when using the optically thin model (e.g.,
da Cunha et al. 2021; Cortzen et al. 2020). In this section, we
explore the GMBB SED fitting and show the accuracy and the
different biases in estimating dust properties.

We start by modeling the GMBB using Eq. (1) and the
expression of the optical depth in Eq. (2). The observed flux in
its expanded form can now be written as:

M dust
A

A
Sy =z (1 +2) (1= exp |0/ ko= || B, (Taw). - 5)
L
and we refer to this equation as GMBB-Sizes hereafter. The
GMBB-Sizes contains an extra parameter, namely the source
size, which we set as a free parameter along with 3, T4., and
Mdust~
It is also common to represent the optical depth as 7, =
(v/Vihiek ), where vk is the frequency at which the optical
depth is unity (Spilker et al. 2016; Draine 2006). Substituting
this equation of the optical depth into Eq. (1), the observed flux
can be written as:

Sy, = ul%(l +2) (1 = exp |~/ vicr)*]) By, (Tauso), ©6)

and we refer to this equation as GMBB-Lambda hereafter. Agpjcx
(=¢/Vmick) is usually set to 100 um, but estimates go as low as
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55um (Simpson et al. 2017, derived a range between 55 and
90 um), and could reach as high as 200 um (Riechers et al. 2017,
2021). Spilker et al. (2016) also find a median of 140 um with
a range between ~50 and 250 um. Ag;ck iS dependent on intrin-
sic dust properties (dust mass absorption coefficient «y and dust
mass surface density Xq,5) and by equating the two forms of
optical depth (1, = v/Vick)® and Eq. (2)), it can be expressed
as

KoM gust )1/'6 ' %

A

This means that for a given dust mass, Ay,;cx decreases as a
function of source size (R; A = 47R?) and the medium becomes
optically thin at shorter wavelengths. Taking the median appar-
ent dust mass derived for z-GAL sources, namely Mg,y =
10°7 M, and a median 8 = 2, the medium becomes optically
thin at 33 um for an apparent source size of 5 kpc and at 165 pm
for a size of 1kpc.

Athick = Ao (

5.1. SED fitting and parameter estimation with GMBB

We perform similar tests for GMBB as done for the optically
thin mock catalog and explore how well we can constrain the
dust parameters when using the general opacity model in both
its forms (Egs. (5) and (6)) to re-estimate the GMBB-generated
mock catalog. We also show the degeneracies that arise when
using a general model (GMBB-Sizes and GMBB-Lambda) as
well as the biases when assuming solely an optically thin approx-
imation by fitting MBB to the GMBB-generated mock catalog.

To generate the mock catalog of flux densities, we fol-
low the same procedure as in Sect. 3.2 and choose the same
range of initial parameters. In addition to z, 8, Tqust, and Mgy,
we need to choose a range of the intrinsic size (R) of the
emission region. ALMA observations show that the typical
FIR/submm dusty galaxies have R = 1-5kpc (e.g., Hodge et al.
2015, 2016, 2019; Simpson et al. 2015; Rujopakarn et al. 2016;
Fujimoto et al. 2017,) which will be the basis of the range cho-
sen here. We then generate a grid of 9° mock sources and esti-
mate the corresponding Amick values of the parameter space,
which varies between 0.02 and 731 um, but we narrow it down to
sources within the range of 40 < Agpick < 300 um, keeping only
the physical values, giving a total of 27,054 mock sources in this
catalog. Finally, we compute the flux densities using Eq. (5), and
we follow the procedure in Sect. 3.2 to derive their respective
uncertainties and scatter to mimic real observations.

Figure 10 summarizes the output versus true parameters of
the SED fits using GMBB-Sizes by setting the size as a free
parameter with a prior between 0.1 and 9 kpc in the MCMC sam-
pler. On average, we find good agreement in recovering the dust
parameters using GMBB-Sizes where £ is recovered to within
+0.23, dust temperatures within +6.9K, dust masses within +0.1
dex, and dust luminosity within +£0.067 dex. However, the ratio
of output/input Lgpg is on average overestimated by ~10%—15%
(the reason for this is explained in the following paragraph).
We also looked at the generated catalog split into two cate-
gories: where the medium becomes optically thin (i) at lower
wavelengths (dmick < 100 wm), and (ii) at higher wavelengths
(Athick > 100 um). GMBB-Sizes results in estimated parameters
that agree with the true ones in both scenarios, as shown in the
density histogram of Figs. E.1 and E.2 (first row).

We note that having the source size as an extra free parame-
ter gives rise to a new type of covariance between parameters. In
Fig. 11, we demonstrate the posterior distribution of the output
parameters of a mock source when using GMBB-Sizes, which
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Fig. 10. Ratio of output and true parameters to the true dust parameters of the GMBB mock-generated catalog of sources. The median within each
bin is shown as a black filled square, an empty square, and an empty circle for the results fitted with GMBB-Sizes, GMBB-Lambda, and the MBB,
respectively, with the error bars representing the standard deviation within each bin. With the z-GAL sampling, 8 is recovered very well with all
methods. Fitting with GMBB-Sizes can overestimate the inferred luminosity by ~10%—15% due to an unrecovered source size (see Sect. 5.1).
Fitting with GMBB-Lambda can overestimate the dust temperatures by 10%—20% and consequently the dust masses become underestimated
by up to 40%. When fitting with MBB, the dust temperatures can be underestimated by 20%—-30% and consequently the dust masses become

overestimated by up to 75%.
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Fig. 11. Corner plot of the posterior distribution and SED fit of a mock
source at redshift z = 3.06. The posterior distribution shows dust param-
eter estimation using (i) GMBB-Sizes (green) and (ii)) GMBB-Lambda
(red), which are over-plotted with the true values in black. In this fit,
Amick for GMBB-Sizes is estimated using Eq. (7) given the posterior
distribution of the output parameters (8, Mu,s and A), and Mgy dis-
tribution for GMBB-Lambda is also estimated with Eq. (7) using the
posterior distribution of the output parameters (8, A = 47R?, and Apick)-

shows that we recover the dust emissivity index, the dust tem-
perature, and dust masses with high accuracy, but not the true
size where the likelihood shows a flat distribution. Moreover, the
output sizes show a flat distribution for almost all cases where R
(output) ~4.5 kpc (midpoint of the range set for the prior). This,
in turn, affects the FIR luminosity overestimation by ~10% on
average. To explain the flat distribution, we illustrate the varia-
tion of the SED fit as a function of source size (R) in Fig. 12,
which shows that for a source size at R > 3kpc (for a given

Mys), the medium becomes optically thin at Ak ~ 50 um. But
for R < 1Xkpc, the variation at the peak is very large, and the
medium is optically thick up to longer wavelengths for all My,
which creates a degeneracy between the source size and dust
temperature, as well as between the source size and dust mass.
Nevertheless, the derived Agpicx remains close to the true value
with a systematic shift of ~30 um, as shown in the left panel of
Fig. 13, although with a large scatter.

We also fit the SEDs using GMBB-Lambda — which is a
more common way to use the GMBB (e.g., Cortzen et al. 2020;
da Cunha et al. 2021) — by setting Ak as a free parameter that
varies between 50 and 250 um. Results show (Fig. 10) that dust
temperatures are (on average) always overestimated, which is a
result of the large degeneracy between Amick and Tqus, Where
Athick 1S poorly constrained (as illustrated in the corner plot of
Fig. 11). With the given sampling of the peak, the likelihood
shows a preference for the longer wavelengths, with a conse-
quent rise in dust temperatures by up to 20%. Especially in the
region where the medium becomes optically thin at lower wave-
lengths (Apick < 100pum), this method does not prove to be a
reliable way to constrain dust parameters, and the output Agpick 1S
overestimated by a factor of ~1.5-2, as shown in Fig. 13 (right
panel). However, it holds true for an optically thick medium
for all output parameters and especially T4y, Where the output
Amick appears to be slightly better constrained between 125 and
200 um, as also shown in Fig. 13 (see also density histograms
of Appendix E). In addition, we see the effect on the dust mass
estimate, which is underestimated by 1.5 times” on average.

Finally, we fit the GMBB-generated catalog using the MBB,
which shows on average an underestimation of the dust tem-
peratures, as expected, with an increasing offset towards higher
intrinsic temperatures and consequently an overestimation of
dust masses, which can reach 1.5 times the true value. These
trends become even more evident when we check the split cat-
alog, where the optically thin approximation holds true when
Athick < 100 um. Otherwise, the dust temperatures are underes-
timated with an offset of ~10K for an intrinsic Tq, = 30K,
which increases to an offset of ~25 K for intrinsic T, = 60K
(see Figs. E.1 and E.2 for density histograms).

2 In the case of GMBB-Lambda, M, is not a parameter used in the fit,
but is estimated afterwards. We use Eq. (7) to calculate the dust masses
using the derived parameters (Apick, B, Maust, and area (A)).
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Fig. 13. Output versus true Aycx estimation. The left figure shows the
accuracy of estimating Ay,;cx When using GMBB-Sizes to fit the SED, in
which it is derived using Eq. (7). The right figure shows the accuracy of
estimating Ayicx When using GMBB-Lambda to fit the SED, in which it
is a free parameter in the equation. The black dashed line is the identity
line and the black squares show the median within each bin.

5.2. z-GAL dust properties using the GMBB

Following the results of the GMBB mock analysis in Sect. 5.1,
the GMBB-Sizes provides more accurate results, especially for
Tqust (and consequently Mg,y ), where we are also able to quan-
tify the optical depth to a certain level of accuracy, unlike with
GMBB-Lambda. Based on this result, we estimate the dust prop-
erties of the z-GAL sample using GMBB-Sizes alone. In Fig. F.2,
we demonstrate the posterior likelihood for one of the sources,
HelLMS-48, with a corner plot. The results of GMBB-Sizes ver-
sus MBB are displayed in Fig. 14, where the red dots represent
z-GAL sources with their respective uncertainties; over-plotted
are the output results of the mock sample, which clearly show
the similarity in trends between real and synthetic data. Shown
in black circles are the problematic sources with two probable
solutions (a double-peaked posterior distribution) because of the
degeneracy between the source size and dust temperature, as
illustrated in Fig. 12. For these sources, we constrain the prior
additionally by choosing the highest probability values between
the dust temperature and dust masses from the first run, then
rerun the MCMC sampler with an additional Gaussian prior on
dust temperatures. The Gaussian is centered on the maximum
probability from the previous chains with a width of 7K.

We find B to lie on the identity relation when using either
method with a slight systematic shift when 8 ~ 3 and a median
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B=2.17 (BMBB = 2.16), which underlines once more the robust-
ness of the z-GAL sampling in constraining the value of £.
As expected, the dust temperatures are higher when using the
GMBB with ATy = 5-15K where the median 7SMBB =

dust

37.7K (7.7K higher than TdMugB). With the data in hand, we
cannot confirm that the derived temperatures using GMBB are
correct until the source size is known. Consequently, the differ-
ence in the derived dust temperatures affects the estimated dust
masses as shown in the third panel of Fig. 14, where the MBB-
derived Mg, are lower than the GMBB-derived ones. Finally,
we find that the inferred apparent dust luminosities are in very
good agreement between MBB and GMBB-Sizes.

Similar to the mock output results, our sources show a
flat distribution when setting the size as a free parameter with
R(output) varying between 3 and 4.5 kpc for most sources. In
Fig. 15, we plot the derived Agpick values using the output param-
eters we fit for our SEDs, and we find that it varies between 25
and 75 pm for most sources, but with very low precision result-
ing from a flat distribution in the derived source sizes. As we
find similar trends between the mock and the z-GAL sources,
we cannot distinguish whether our sources are optically thick
or thin until we have new high-angular resolution data that will
constrain their sizes.

A decreasing trend with redshift is also observed —although
statistically insignificant because of the large uncertainties—
which appears to be influenced by the trend in 8 values. Agpick
is dependent on three free parameters (see Eq. (7)), namely the
dust mass, which does not exhibit a clear evolution with red-
shift (slope = —0.05 +0.026); the source size, which shows a flat
distribution with a rather constant value; and the dust emissivity
index (B) with a slight slope of —0.3 = 0.014. However, this trend
cannot be regarded as real because the source size is not actually
constant for all sources. Additionally, the mock results show no
clear evidence of the evolution of Ay, €ither.

6. Discussion

In the previous sections, we estimate the dust properties using
the optically thin MBB of the z-GAL sample of galaxies,
which covers a wide range of redshifts from 1.3 to 6. We also
explore the general opacity model that has shown that additional
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Fig. 14. Dust properties of the z-GAL sample of sources derived using GMBB-Sizes versus MBB shown in red squares with the derived error
bars. Sources denoted in black are some of the problematic sources that we treated with an extra step (discussed in Sect. 5.2). For comparison, in
the background, we show the output results of the mock catalog when computing the dust parameters using MBB versus GMBB-Sizes. The black
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Fig. 15. Distribution of derived Ay« values using Eq. (7) and the output
results of GMBB-Sizes as a function of redshift for the z-GAL sample
of galaxies. In red, we show the problematic sources (see Sect. 5.2).

information is needed (i.e., the source size) in order to be cer-
tain about the dust parameters. In this section, we focus on the
results of the MBB and compare them to other samples found in
the literature. We first present a comparison of the dust masses
and FIR luminosities of the z-GAL sample with sources similarly
selected from the literature in Sect. 6.1. In Sect. 6.2, we discuss
the dust emissivity indices derived in Sect. 4. In Sect. 6.3, the
dust temperature evolution derived for the z-GAL sample is esti-
mated. Finally, in Sect. 6.4, we discuss the 8 — T, relation.

6.1. Dust masses and far-infrared luminosities

We compare the dust parameters of the z-GAL sample with those
of 37 gravitationally lensed galaxies selected by Bendo et al.
(2023) from the BEARS sample (Urquhart et al. 2022). BEARS
sources, similarly to the z-GAL HerBS sources, were selected
from the same Herschel catalog (Bakxetal. 2018), with
Ss00um > 80mly, and have continuum flux density measure-
ments in the FIR/submm wavelength range including 250, 350,
and 500 um Herschel-SPIRE, SCUBA-2 850 um data, and two
millimeter measurements at 101 and 151 GHz (>50 detections).
The sources have spectroscopic redshifts in the range 1.5 < z <
4.5. Bendo et al. (2023) report dust emissivity indices and dust
temperature values derived by fitting a MBB using a similar
method to ours; for consistency, we refit the BEARS sources to
include the dust masses and dust luminosities in our comparison.
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Fig. 16. Evolution of z-GAL apparent dust mass (upper panel) and
apparent FIR luminosity (lower panel) with redshift for the optically
thin MBB, shown in black squares. The BEARS sample (Bendo et al.
2023) is over-plotted in orange diamonds. In the lower panel, the black
dashed line shows the lower limit resulting from the 500 um flux density
selection.

In Fig. 16, we show the distribution of the apparent dust masses
and inferred FIR luminosities across different redshifts, which
demonstrates the Malmquist bias for the selection at 500 um,
which approximately samples the peak. The BEARS sources fol-
low the same trend as the z-GAL sources, as expected given that
they were selected in a similar way to the z-GAL sources. At this
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Fig. 17. Dust emissivity index (8) derived using MBB as a function
of redshift of the z-GAL sample in black squares, Bendo et al. (2023)
BEARS sample in orange diamonds, and Cooper et al. (2022) SSA sam-
ple in red circles.

stage, we cannot say much about the intrinsic trends due to grav-
itational lensing effects, which will change the intrinsic relation
depending on the magnification factors that are still unknown for
both the z-GAL and BEARS samples.

6.2. Dust emissivity index 3

In addition to the BEARS sample, we compare the results from
z-GAL to the dust emissivities derived by Cooper et al. (2022)
for the bright 850 um-selected sample of 39 sources (SSA) for
which AzZTEC 1.1 mm and ALMA 2 mm flux densities are avail-
able with reported detections at S/N > 3 (and a few non-
detections). It is important to mention that our comparison to the
SSA sample (throughout the discussion) is restricted to the dust
emissivity results, as only photometric redshifts (1.2 < zype <
4.7) are available.

Our findings show a distribution of 8 of the z-GAL sample
that varies between roughly 1.5 and 3 for the majority of the
sources, with an average uncertainty of 0.25 and 0.3 using the
MBB and GMBB, respectively. However, we derived unusually
high dust emissivities, 8 > 3, for a total of five sources, which
is not common in the literature. While degeneracies exist in the
MBB fit in the presence of noise and lack of data, the millimeter
coverage of NOEMA has demonstrated that we can reach high
precision in estimating 8 and thus lift this degeneracy; in partic-
ular, we find that there are only slight to no differences in the 8
estimates when fitting with either MBB or GMBB (see Fig. 14).
Intrinsic degeneracy could also be affecting 3, depending on the
grain type or composition and its environment (see our discus-
sion on the S — Ty relation in Sect. 6.4).

In Fig. 17, we plot the dust emissivity indices as a function of
redshift, which agree with the BEARS sample between redshifts
2 and 4. The SSA sample S estimates follow a similar distribu-
tion to those of the z-GAL sources, apart from a few sources
with very large uncertainties. In general, we note that we do not
find an evolution of S3; for the sources in the populated redshift
range (2 < z < 3), the dust emissivities follow a similar vari-
ation to the total sample. With all three samples across a wide
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Fig. 18. z-GAL MBB dust temperatures as a function of redshift shown
in gray squares with their respective uncertainties. Best-fit slope esti-
mated for the MBB is plotted with a solid black line and for GMBB
with a dotted black line with the confidence interval shaded in blue. The
median binned temperatures are plotted in black circles up to redshift
z = 4 with a bin size of Az = 0.5. The selection effect is shown with a
gray shaded region. For comparison, we over-plot the BEARS-derived
MBB dust temperatures by Bendo et al. (2023) shown as orange dia-
monds. Evolutionary trends from the literature are also plotted in purple
(Viero et al. 2022), in red (Schreiber et al. 2018, extrapolated to z = 6),
and in green (Magnelli et al. 2014, extrapolated to z = 6).

redshift range, dusty galaxies tend to show a wider distribution
of 8 values than the range generally assumed in the literature
(1.5 < B < 2, e.g., Magnelli et al. 2012; Scoville et al. 2016)
based on the Milky Way estimates.

The dust emissivity index could potentially provide infor-
mation about the dust grain composition and/or size (e.g.,
Ysard et al. 2019). However, at this stage, this may be an over-
interpretation of the results, because the MBB model is a sim-
plification of the true dust emission, which is spatially hetero-
geneous and more complex. Nevertheless, the findings reported
suggest that we cannot limit 5 to 2 because of the possible vari-
ety of grain properties. Moreover, steeper dust emissivities could
be due to growth of icy mantles on dust grains. Aannestad (1975)
found that silicate grains coated with icy mantles could have 5 ~
3 and could reach as high as 3.5. Kuan et al. (1996) also reported
a high dust emissivity measured for Sgr B2 (8 = 3.7 + 0.7) fitted
to the millimeter data.

6.3. Dust temperature Tyyst

The distribution of the z-GAL dust temperatures —derived using
MBB and as a function of redshift— is shown in Fig. 18, which
exhibits an increasing trend with redshift. Fitting a linear model
accounting for intrinsic scatter, Tgysy = az + b + €, we find a =
6.5+ 05K/zand b = 123‘1 K with a minimal intrinsic scatter
of € = 1.1541 K/z*. A similar trend is found for the temperatures
derived with the GMBB, but shifted ~7 K higher. The shaded
region in Fig. 18, representing the 500 um selection effect on

3 The linear fit is found using a Bayesian tool (Linmix) for linear mod-
els that takes into account the intrinsic scatter.
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pared to the BEARS sources (orange diamonds; Bendo et al. 2023). The
solid black line is the fitted relation we find for the z-GAL sources with
a = 0.69 + 0.04 (see Sect. 6.4) and the shaded region is the confidence
level. We over-plot the trend found by Yang & Phillips (2007) for local
LIRGs in black dashed line. The 1o level distribution of the MCMC
chains is represented by the red contours for a few sources, that demon-
strate a high level constraint. The lighter pink contour demonstrates one
of the few cases where the 10~ level shows large degeneracy.

dust temperatures, shows no clear evidence of bias towards the
trend.

In general, our result agrees with the increasing Tgus ver-
sus z evolutionary trends, which are attributed to higher specific
star formation rates (SSFRs) at higher redshift (Liang et al. 2019;
Magdis et al. 2012). However, the rate we find for this evolu-
tion is steeper than that found by Magnelli et al. (2014, for main
sequence galaxies) and Schreiber et al. (2018, for Herschel-like
galaxy models), but is comparable to that found by Viero et al.
(2022, for the stacked COSMOS galaxies) between redshifts 2
and 4 (see Fig. 18). Moreover, all three trends show temper-
atures that are ~7—10K higher than the z-GAL ones at lower
redshifts. Although more compatible with the GMBB intercept,
all three samples used the optically thin approximation to esti-
mate dust temperatures. Schreiber et al. (2016) demonstrated
that more massive star-forming galaxies tend to have lower dust
temperatures at lower redshifts as compared to main sequence
galaxies, suggesting that they are undergoing a decline in star-
formation activity.

On the other hand, there is contradictory evidence in the lit-
erature of a lack of evolution of dust temperatures over cosmic
time. Drew & Casey (2022) argue that dust temperatures do not
evolve, based on samples from IRAS, H-ATLAS, and COSMOS
surveys at z = 0—2. Similarly, Reuter et al. (2020) do not provide
any conclusive evidence about the evolution trend for the SPT
sample of 81 gravitationally lensed galaxies selected in the mil-
limeter (S14mm > 20mJy and Sg7oum > 25 mly) that cover the
redshift range between 1.9 and 6.9. It is also argued that selec-
tion effects could induce an increasing trend that limits obser-
vations to the brightest galaxies, especially at higher redshifts
(e.g., Dudzeviciate et al. 2020; Riechers et al. 2020). The strong
cut on the luminosity induced by the 500 um selection of the
z-GAL sources (as shown in Fig. 16) could explain the observed
increasing trend in Ty, following the temperature—luminosity

relation (7 o L% and T oc L, as shown by Chapman et al.
2005; Casey et al. 2012, respectively). However, this needs to be
further checked after obtaining the magnification factors for the
z-GAL galaxies.

Due to the various aspects that influence the dust tempera-
ture estimates, such as the fitting method (e.g., MBB, GMBB-
Sizes, GMBB-Lambda) and observational limits, which make
each sample significantly different, we intend to compare our
results to other samples (e.g., Béthermin et al. 2015; Zavala et al.
2018; Reuter et al. 2020; Sommovigo et al. 2020) in a forthcom-
ing paper. This will help us to identify the main cause, or causes,
of the differences, which cannot be achieved using a homoge-
neous flux-generated catalog that does not represent the real
galaxy emission.

6.4. B — Tqust relation

In Fig. 19, we show the distribution of dust emissivity S ver-
sus dust temperature for the z-GAL sample derived from the
optically thin MBB in Sect. 4. We see a clear anti-correlation
between the two parameters. It has been argued that there
is an intrinsic relation between 8 and T4, (e.g., Désert et al.
2008; Paradis et al. 2010; Smith et al. 2012; Juvela et al. 2013;
Kirkpatrick et al. 2014; Cortese et al. 2014), which was also
found in laboratory experiments using interstellar grain analogs
(Agladze et al. 1996; Mennella et al. 1998). We derive an empir-
ical relation between the two parameters described by the fol-
lowing equation:

B = AT ®)

We find @ = 0.69+0.04 for the z-GAL sources, which is shal-
lower than the one found by Yang & Phillips (2007; @ = 1.07)
estimated for a sample of 18 local luminous infrared galaxies
(LIRGs). We over-plot the results found for the BEARS sam-
ple, which also follow a very similar trend to ours. We note that
our fitting method did not introduce any bias towards the trend (a
systematic study was performed by Juvela et al. 2013, who show
that both the fitting method and the noise increase the degener-
acy between S and Tg4us). Using the mock catalog, we found a
uniform distribution in the resulting 8 — T4, parameter space,
resulting from the fact that our mock catalog is uniformly dis-
tributed over a grid with no prior relations between parameters.

Additionally, we checked the 1o contours of the z-GAL
sources (a few of the contours are shown in red in Fig. 19) and
we find that for the bulk of them, the degeneracy is very min-
imal; it only becomes evident for sources with noisy (or poor-
quality) continuum data or when the peak is a poorly sampled
(e.g., HeLMS-19), but such cases do not dominate our sample.
Fitting this relation to the well-constrained sample (a total of
27 sources), where the relative uncertainties are within 10%,
yields a result of @ = 0.57 + 0.09, which falls within the con-
fidence range. The underlying nature of the 8 — Ty, relation,
whether it is physical or is a result of parameter degeneracy,
remains an open question. Previous studies used a hierarchi-
cal Bayesian fitting method (e.g., Kelly et al. 2012; Juvela et al.
2013; Lamperti et al. 2019), which resulted in a significantly
reduced degeneracy. However, these studies focused on datasets
with limited millimeter data that cover the RJ tail. In the case
of z-GAL, the rich sampling along the RJ tail provides better
constraints and larger weights on the derived S values, which
reduces the necessity for more complex statistical approaches.

The B — Tqus relation has been studied in more detail in
our Galaxy (e.g., Juvela et al. 2011; Planck Collaboration XXIII
2011; Planck Collaboration Int. XVII 2014). The value of «
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could carry physical information about the cloud metallicity
(Cortese et al. 2014), and could also explain the physical con-
ditions that dust grains are exposed to in different parts of the
galaxy (such as heating in star-forming clouds in the outskirts
of a galaxy; Smith et al. 2012). However, it is challenging to
retrieve the properties of the environments where the dust grains
are located at this stage in the z-GAL sources, and more in-depth
studies are needed to confirm the extreme dust emissivities.

7. Summary and conclusions

In this paper, we present the continuum dust properties of 125
galaxies selected from the z-GAL sample that cover the redshift
range 1.3 < z < 5.4 and are centered around z ~ 2—3 at the peak
epoch of cosmic SFR density. To explore how the derivation of
the dust parameters is influenced by the data that are available
along the SED from the FIR to the millimeter wavelengths, we
performed an in-depth mock-data analysis using both the gen-
eral opacity and optically thin approximation modified black-
body models. Our principal findings and conclusions are as
follows:

— We demonstrate the unique wavelength sampling of the
z-GAL sample of galaxies in the FIR/submm regime through
a detailed mock analysis. The Herschel-SPIRE flux densi-
ties, together with the SCUBA-2 850 um data, when avail-
able, which sample roughly the peak of the SED, and the
NOEMA 2 and 3mm fluxes, which sample the RJ tail,
allowed us to constrain the dust properties 3, Tqust, and Mgy
with great precision.

— The dust emissivity index is derived with high confidence
based on the sampling of an average of five NOEMA flux
densities along the RJ tail. 8 estimates show no change
(within error bars) when using either the optically thin
approximation or the general opacity modified blackbody,
even though the dust temperatures vary from one model to
the other. We report an average value of 8 = 2.2 + 0.3 and a
range of between roughly 1.5 and 3 with relative uncertain-
ties that vary in the range 7% —15%. This range is wider than
previous Milky Way estimates (8 = 1.5-2); however, it coin-
cides with more recent DSFG studies (Cooper et al. 2022).

- We find an average T)YB® ~ 30 + 4K and TSNMBE
38 K when fitting with a MBB and a GMBB, respectively.
Although the temperature estimate is decoupled from the
uncertainties on S, this parameter is still dependent on the
optical depth assumptions. Our mock analysis shows that
accurate Tgqyy values can be estimated using GMBB with
a measured source size. While many studies are based on
the use of Apick, the wavelength at which the optical depth
reaches unity, the results remain degenerate with T,y and
could overestimate the dust temperatures by ~20%. Con-
sequently, the change in Ty, affects the Mgy estimates,
leading to an overestimation that varies between 10%—75%
depending on the opacity model assumed.

— We find an anti-correlation between 8 and T4,y following
the trend 8 T;u(sofgto‘m). The flux-generated mock cata-
log shows that this relation is induced neither by the sample
selection nor the fitting method. This confirms that the rela-
tion is intrinsic, as shown previously by Juvela et al. (2013).
The relationship between 8 and Tgus has direct implications
on the nature of dust grains and the physical environment to
which they are exposed.

— We find an evolution of the dust temperature with redshift
given by Tgust = (6.5 £0.5)z + 121’;'1 K. However, this trend
cannot represent the entire galaxy population, because the
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z-GAL sample is flux limited. A deeper sample, covering a
large redshift range, will be needed to complement the bright
zGAL and BEARS Herschel-selected sources in order to ver-
ify this evolutionary trend across cosmic time. This study
will be presented in a following paper.

— Due to potential gravitational lensing, the dust masses and
inferred luminosities are only apparent values. However,
once the magnification factor is derived, we will be able to
add the intrinsic properties for the lensed sources in the z-
GAL sample, and compare them with those of other sam-
ples for which this information is available in order to fur-
ther explore the nature of the dust grains and their evolution
across cosmic time.

This work has highlighted the robustness of the z-GAL flux sam-
pling from the FIR to the millimeter regime in determining dust
properties, particularly the dust emissivity index 3, whose value
could vary significantly from the Milky Way range, leading to
biased dust temperature estimates. The results from our mock
analysis indicate that the accurate measurement of dust tempera-
tures requires estimates of the source sizes with high-resolution
imaging of the continuum, and that this will result in a well-
constrained dust mass. Future work will focus on exploring the
evolution of the dust temperature across cosmic time and com-
paring the z-GAL sample with other similar samples of high-z
dusty star-forming galaxies in order to further explore the cause
or causes of the differences, which cannot be well understood
with a flux-generated mock catalog.
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Appendix A: z-GAL NOEMA continuum flux densities

Table A.1. Millimeter continuum flux densities of the z-GAL sources (extract only").

Source RA Dec Zspec S, (mlJy)

hh:mm:ss hh:mm:ss 154 GHz 146 GHz 139 GHz 131 GHz 103 GHz 95 GHz 87 GHz 79 GHz

HeLMS Sources

HeLMS-1 23:34:40.97 -06:52:20.2 19047 2.75+0.28 2.14+0.26 147+£0.19 093+0.16 0.64+0.11 0.52 +0.11 022 +0.07 <0.35+0.36
HeLMS-3 00:02:15.96 -01:28:30.5 1.4202 1.69 +0.22 — 1.3+0.17 — — 0.43 +0.09 — <0.23 +0.24
HeLMS-11 00:39:29.45  00:24:25.9 2.4829 — 3.49+0.21 — 24+0.18 1.01 £0.11 056 +0.09 0.35+0.07 0.35 +0.08
HeLMS-12 23:56:01.47 -07:11:43.1 2.3699 1.89+0.26 — 1.28+0.2 — 041 +0.11 044 +0.11 <025+027 036=+0.12
HeLMS-14 00:36:19.77  00:24:17.7 1.6169 — 1.0+0.18 — 0.55+0.15  0.26 +0.07 041 +0.1 <0.15+0.18 <0.11 +0.18
HeLMS-16 23:18:57.18 -05:30:34.7 2.8187 — 1.31+0.28 — 1.61 £028 <0.19+0.33 048+0.13 <024+0.33 <0.1+0.33
HeLMS-17"* — — 22978 193+0.28 <1.14+1.17 131+0.21 1.65+041 <0.02+0.6 <036+0.66 0.69+0.2 0.8 £0.25
HeLMS-17E 23:25:58.56  -04:45:26.8 2.2983 097 +0.2 <0.54+093 0.53+0.14 097+03 <-001+042 <0.08+045 <026+0.36 <0.28+0.54
HeLMS-17 W 23:25:57.92  -04:45:255 22972 096+0.19 <06+0.69 0.78+0.16 <0.68+0.84 <0.03+042 <028+048 <043+048 <0.52+0.54
HeLMS-19 EW'  23:22:10.05 -03:36:00.8 4.6885 4.14+0.34 2.16+037 3.12+0.24 1.37+032 0.86+0.19 057+0.17 <04+048 0.73 £ 0.22
HeLMS-19E 23:22:10.20 -03:35:59.8 4.6871 1.97+024 1.17+0.27 1.21+0.16 0.83+025 <02+036 <0.04+033 <0.08+027 <0.16=+0.39
HeLMS-19 W 23:22:09.96 -03:36:01.4 4.6882 2.17+0.24 0.99+0.26 191 +£0.18 <054+06 0.66+0.15 053+0.13 <032+039 0.57+0.18
HeLMS-20 23:37:28.83  -04:51:06.3 2.1947 1.54+022 136+0.21 1.15 +0.16 1.44+0.18 039+0.07 <0.19+021 <0.15+0.18 <0.15+0.27
HeLMS-21 00:18:00.21 -06:02:35.3 2.7710 1.93+0.3 — 1.89 +0.22 — — <0.26 +0.27 — 0.27 + 0.09
HeLMS-23 00:58:41.09 -01:11:49.0 1.48838 0.81+0.2 — 0.58 +0.14 — — <0.22 +0.48 — <0.02 + 0.36
HeLMS-24 00:38:14.00 -00:22:52.5 4.984 — — — — — 14+0.12 — 0.96 +0.11
HeLMS-25 00:41:24.12  -01:03:07.8 2.1404 — 1.39 +0.19 — 0.72+0.13  024+0.07 <0.16+021 <0.13+0.18 <0.12+0.18
HeLMS-26 — — 2.6887 <0.49+0.54 1.03+0.21 0.69 +0.16 0.74 +0.2 0.54+0.14  0.29 +£0.09 — <0.02 +0.27
HeLMS-26 E 00:47:47.56  06:14:39.4 2.6899 <0.18+0.36 042+0.13 043+0.11 <038+0.39 <0.11+027 <0.14+0.21 <0.01+021 <0.07=+0.21
HeLMS-26 W 00:47:46.76  06:14:45.3 2.6875 <0.31+0.39 0.61+0.17 <026+033 <036+045 043+0.11 <0.15+0.18 <-0.01+0.18 <-0.05+0.18
HeLMS-27 00:37:58.07 -01:06:20.1  3.765 — 4.11+0.29 — 298 +0.19 — 0.95+0.11 — 0.54 +0.09
HeLMS-28 00:30:09.28 -02:06:25.1 2.5322 2.61 +0.29 — 1.52 +£0.21 — — 0.31+0.1 — <0.24 +0.27
HeLMS-30 00:10:27.16  -02:46:26.4 1.8197 0.73+0.16 — 0.75 £ 0.16 — — <0.14 £ 0.42 — <0.01 £ 0.42
HeLMS-31 00:13:53.53  -06:02:00.2 1.9494 1.14+02 — 0.63 +0.15 — <0.1+036 <0.18+024 <-0.08+036 <0.2+0.27
HeLMS-32 C* 00:03:37.03  01:40:12.2 1.7149 <04 +045 <0.05+0.39 <0.06+033 <-0.01+03 <0.08+0.18 <0.07+0.15 <0.11+0.15 <-0.03+0.21
HeLMS-32 E¥ 00:03:37.51  01:40:10.6 ~—  <038+042 <0.04+042 <-003+042 <022+03 <0.14+0.18 <0.08+0.18 <0.1+0.15 <0.04+0.24
HeLMS-34 00:27:19.60  00:12:02.5 22714 1.59+0.19 — 1.31 +0.16 — 041+0.09 <0.17+021 023+0.06 <0.19+0.24
HeLMS-35 23:24:59.96  -00:56:44.1 1.6684 — <0.81 +0.87 — <047 £0.75 <0.06 +£0.33 <0.45+0.69 <0.18+0.33 <0.24+0.6
HeLMS-36 23:43:14.11 01:21:554 39802 1.81+02 — — — — 0.41+0.1 — <0.03 +0.24
HeLMS-37 01:08:01.83  05:32:01.2 2.7576  2.05+0.26 — 1.42+£0.17 — — <0.27 +0.3 — <0.08 +0.24
HeLMS-38 00:22:08.10  03:40:42.0 2.1898 — 0.76 + 0.16 — 0.41 +0.11 024 +0.08 <0.19+021 <0.06+0.15 <0.07+0.18
HeLMS-39 00:29:36.02  02:07:13.1 2.7659 1.19+0.17 — 0.73 £ 0.12 — — 0.24 +0.07 — <0.14 £ 0.21
HeLMS-40" — — 314 271+026 — 2.13+02 — — 0.45+0.13 — <0.25 +0.36
HeLMS-40 E 23:53:31.89  03:17:19.9 3.1445 1.69 +0.19 — 1.42 +0.15 — — <0.19 + 0.24 — <0.12 +0.27
HeLMS-40 W 23:53:31.578 03:17:21.0 3.1395 1.02+0.18 — 0.71 +0.13 — — <0.26 +0.3 — <0.13 +0.24
HeLMS-41 23:36:33.72  -03:21:20.2 2.3353 1.31+0.26 — 0.93 +0.21 — 0.75 +0.12 0.3 +0.09 028 +£0.07 <0.23+0.33
HeLMS-42 23:40:1429 -07:07:36.5 1.9558 1.08 +0.22 — <04 +045 — <0.17+024 <02+024 <0.13+021 <-0.01+0.24
HeLMS-43 E¥ 23:34:20.55 -00:34:56.8 —  <0.35+0.51 — <0.26 + 0.42 — <-0.15+0.81 <0.16 +0.24 — <0.09 +0.3
HeLMS-43 W# 23:34:20.08 -00:34:58.1 2.2912 0.61+0.2 — <0.44 +0.48 — <0.03 +0.87 <0.12+0.24 <0.38+0.6 <0.05=+0.24

Notes. P The full table is available at the Centre de Données de Strasbourg (CDS). The flux densities listed are the measured values along with
Lo uncertainties. In the case of non-detections, the flux density is given with a “<” sign and 30 uncertainty. ® HeLMS-17 was also observed at
1 mm with flux densities centered at 212 and 228 GHz. ("The fluxes of source multiples in the field of view at similar redshifts are summed up
into one component. The redshift used is the average value of the system. Sources with multiples in the field of view at different redshifts (or
with no redshift estimates) discarded from the analysis. “HerS-19 and HerBS-82 have tentative redshift values, thus discarded from the analysis.
' HerBS-105 SW is the only component used in the analysis. The NE1 and NE2 components are very weak with only upper limits the do not

contribute to the total flux. ©HerS-9 is a foreground galaxy that is discarded from the analysis.
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Appendix B: Dust continuum properties

Table B.1. Dust continuum properties of the 125 z-GAL sources derived using the optically thin modified blackbody in Section 4. The best-fit
values indicate the 50" percentile and their corresponding uncertainties; i.e., the 16™ and 84" percentiles of the posterior likelihood distribution.
 is the magnification factor for the gravitationally lensed sources. (Only extract" )

Source Zspec B Taust[K] log(uMaust/Mo)  log(Lgr/Lo)
HeLLMS Sources
. . .05 .
HeLMS-1 ~ 1.9047 2547008 25297577 10167000 13.52700
HeLMS-3 14202 2557020  24.63%3% 10.15+507 13.44+007
HeLMS-11 24829 1.87*)1 28.8073% 10.13*9:06 13.34+0.03
HeLMS-12 23699 2.20j§;§§ 29.36%;%2 9.88tg(;)g§8 13.38t§;§§
+0. +2. +0. +0.
HeLMS-14  1.6169 2.65_8%? 22.69_%; 10.007000%9 13'14*8'8‘3‘
+0. +3. +0. +0.
HeLMS-16  2.8187 2'41‘8'%% 29.81_%_gg 9.78_8_82 13.48_8_8%
+0. +3. +0. +0.
HeLMS-17 22978 232702 28.97%33 9.81+0 13.36%003
HeLMS-19  4.6879 1767035  50.0874%%8 9.47+06 13.76%004
HeLMS-20 2.1947 2.24*010  27.7273% 9.8970:9¢ 13.2750%
HeLMS-21 27710 1.88*1% 3877378 9.65*007 13.5470.93
HeLMS-23  1.4888 2497028  28.0573%0 9.6970% 13.3070:19
HeLMS-24  4.9841 1.267021  51.6674%5 9.7870% 13.737093
HeLMS-25 2.1404 2357077 27.50*23¢ 9.83+001 13.27+004
HeLMS-26  2.6887 2.31%0°% 30.22+1728 9.567015 13.26700
HeLMS-27 3.7620 1.37701°  46.31%59 9.79*+903 13.62+003
HeLMS-28 2.5322  2.057020  29.01*2% 9.92+0 13.28+003
HeLMS-30  1.8197 2.63f§;§§ 24.30%;;% 9.80j§;§§ 13.12f§;§§
+0. +2. +0. +0.!
HeLMS-31  1.9494 2.627023 2477734 9.817008 13.1750%
HeLMS-34 22714 1967015  36.42%57 9.63707 13.46%004
HeLMS-35 1.6684 2.677037  20.54*2%) 9.98+0-12 12.86*00
HeLMS-36  3.9802 2.03*010 43.13*}7¢ 93400 13.58+003
HeLMS-37  2.7576 1.93t§;§ 33.85%% 9.71t§;§é 13.34f§;§§
+0. . +0. +0.
HeLMS-38  2.1898 2.36_8_%g 30.56_%_?2 9.58_8_82 13'30‘8'8‘3‘
+0. +3. +0. +0.
HeLMS-39 27659 258702  26.91%31 9.68+0:06 13.24+003
HeLMS-40 3.1420 177013 36.01*370 9.77+0:9 13.43%003
HeLMS-41  2.3353 1.94f§;§§ 31.96’:2:%? 9.71f§;§§ 13.23j§;§%
+0. +3. +0. +0.
HeLMS-42  1.9558 2.6770%)  24.71%31) 9.74+9% 13.12+504

Notes. (VThe full table is available at the Centre de Données de Strasbourg (CDS).
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Appendix C: z-GAL sources spectral energy distribution
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Fig. C.1. Spectral energy distributions of the HeLMS sources. The observed flux densities that are used in the computation of the dust properties
are shown as black dots and the error bars correspond to their 1o~ uncertainties. We also plot the millimeter flux densities at which the wavelength
is above 1000 um in rest-frame as open red circles and the flux densities at which the rest-frame wavelength is below 50 um as open green circles.
The solid gray line is the MBB best fit and the orange lines are the output sampling of 100 random walks from the EMCEE output. The names of
the sources and their spectroscopic redshifts are given in the lower right corner of each panel.
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Fig. C.1. continued, for the HerS sources.
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Fig. C.1. continued, for the HerBS sources.
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Fig. C.1. continued, for the Pilot Program sources.
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Appendix D: MBB redshift-binned results
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Fig. D.1. Same as Fig. 4 but redshift-binned results of the mock catalog.
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Appendix E: GMBB details
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Fig. E.1. Same as Fig. 10 but binned to where the medium becomes optically thin at lower wavelengths (A < 100 um). This shows that GMBB-
Sizes (first row) estimates the output parameters with good accuracy, as does the MBB (third row), but that GMBB-Lambda (second row) will

always overestimate the dust temperatures within this range of Agpck-
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Fig. E.2. Same as Fig. 10 but binned to where the medium becomes optically thick at higher wavelengths(Ay;ck > 100 um). This shows us that the
optically thin method will always underestimate the dust temperatures and consequently Mg,s. On the other hand, both versions of the GMBB are
able to retrieve (on average) the true dust parameters within this range of Aypjck-
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Appendix F: z-GAL sources posterior
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Fig. F.1. B — T4,y posterior distribution plots for sources whose 68/8 > 15%.

The yellow names represent sources at z > 4, the blue names are
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Fig. F.2. Corner plot of HeLMS-48 demonstrating the posterior likelihood distribution of estimated parameters using GMBB-Sizes and the SED

fit. In the corner plot, the vertical lines represent the 16", 50", and 84" percentiles, respectively. The flux densities are shown as black dots in the
SED, and the black line is the best fit.

[ Excluding upper limits EE With upper limits

HerS-20 HelLMS-54 HelLMS-57 HerBS-46

HerBS-85 HerBS-162 HerBS-167 HerBS-172

o
-

2 3 4 0 1 2 3 4
B B B

°
-
~
w
IS
°

Fig. F.3. Posterior distribution of 3 as estimated when using the measured flux densities (which include those that are upper limits) along the RJ tail
in black and when removing them in red, for eight sources whose 8 > 3. This shows that the large 8 estimate is not biased by the use of measured
flux densities of non-detections.

A27, page 27 of 27



	Introduction
	z-GAL sample
	Data reduction
	Continuum flux densities of the z-GAL sample

	Modeling the optically thin dust emission
	Optically thin modified blackbody
	SED fitting and parameter estimation
	Dust emissivity index 
	Dust temperature 


	z-GAL optically thin dust properties
	Exploring the general modified blackbody model
	SED fitting and parameter estimation with GMBB
	z-GAL dust properties using the GMBB

	Discussion
	Dust masses and far-infrared luminosities
	Dust emissivity index 
	Dust temperature 
	Tdust relation

	Summary and conclusions
	References
	z-GAL NOEMA continuum flux densities
	Dust continuum properties
	z-GAL sources spectral energy distribution
	MBB redshift-binned results
	GMBB details
	z-GAL sources posterior distribution

