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ABSTRACT

Context. Understanding the dust content of galaxies, its evolution with redshift and its relation to stars and star formation is funda-
mental for our understanding of galaxy evolution. Dust acts as a catalyst of star formation and as a shield for star light. Advanced
millimeter facilities like ALMA have made dust observation ever more accessible, even at high redshift. However, dust emission is
typically very faint, making the use of stacking techniques is instrumental in the study of dust in statistically sound samples.

Aims. Using the ALMA Lensing Cluster Survey (ALCS) wide-area band-6 continuum dataset (~ 110 arcmin® across 33 lensing clus-
ters), we constrain the dust-mass evolution with redshift, stellar mass, and star formation rate (SFR).

Methods. After binning sources according to redshift, SFR, and stellar mass as extracted from an HST-IRAC catalog, we performed
a set of continuum-stacking analyses in the image domain using LINESTACKER on sources between z = 1 and z = 5, which further
improved the depth of our data. The large field of view provided by the ALCS allowed us to reach a final sample of ~4000 galaxies
with known coordinates and SED-derived physical parameters. We stacked sources with an SFR between 10~ and 10° M, per year
and a stellar mass between 10® and 10'> M, and we split them into different stellar mass and SFR bins. Through stacking, we retrieved
the continuum 1.2 mm flux, which is a known dust-mass tracer. This allowed us to derive the dust-mass evolution with redshift and its
relation to the SFR and stellar mass.

Results. We clearly detect the continuum in most of the subsamples. From the nondetections, we derive 30~ upper limits. We observe a
steady decline in the average dust mass with redshift. Moreover, sources with a higher stellar mass or SFR have a higher dust mass on
average. This allows us to derive scaling relations. Our results mostly agree well with models at z ~ 1-3, but they indicate a typically
lower dust mass than predicted at higher redshift.
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1. Introduction

Dust impacts the direct evolution of galaxies and their obser-
vations in multiple ways. It is thought to be the main cat-
alyst of H, formation (Wakelam et al. 2017), which is one
of the main components of molecular clouds in the inter-
stellar medium (ISM), and hence, it is one of the principal
drivers of star formation (e.g. Scoville 2013). In addition to
the direct effect on the physical properties of galaxies, dust
also plays a critical role in astrophysical observations. The
dust grains attenuating the starlight are consequently heated,
and they in turn reradiate the energy at longer wavelengths.
This is the so-called dust-obscured star formation (see for
e.g. Casey et al. 2014; Hodge & da Cunha 2020; Zavala et al.
2021). As a consequence, the light from star-forming regions
is typically dominated by dust continuum emission. The rela-
tion between dust mass and other physical characteristics of
galaxies have been intensely studied, for example, through
the dust-to-gas (atomic and molecular) or dust-to-metal ratios
(e.g. Huntetal. 2005; Draine et al. 2007; Engelbracht et al.
2008; Galametz et al. 2011; Magrini et al. 2011; Saintonge et al.
2013; Rémy-Ruyer et al. 2014; Combes 2018; Li et al. 2019;
Shapley et al. 2020; Tacconi et al. 2020; Birkin et al. 2021;
Popping & Péroux 2022; Popping et al. 2023), or through the
ratio of the dust mass versus star formation rate (SFR)
(e.g. daCunhaetal. 2010; Casey 2012; Santini et al. 2014;
Dudzeviciate et al. 2020, 2021).

Recent studies have shown that the proportion of
dust-obscured star formation has evolved with redshift
(Bouwens et al. 2020). It has been estimated to be a dominant
fraction during the peak of the cosmic star formation history.
However, it appears to have accounted for only ~20%-25% of
the total star formation at redshift z = 6-7 (see Zavala et al.
2021). Similarly, the overall cosmic dust density has been
shown to peak around z ~ 1-2 and to rapidly decline at higher
redshift (see for example Driveretal. 2018; Magnelli et al.
2020; Pozzietal. 2020; Dudzeviciaté et al. 2021). Further-
more, massive dust reservoirs have been detected in massive
high-redshift galaxies (e.g. Bertoldi et al. 2003; Valiante et al.
2009; Venemans et al. 2012; Watson et al. 2015; Laporte et al.
2017; Tamura et al. 2019, 2023). While this is probably not the
case for the more typical less massive high-redshift galaxies, it
highlights the importance of studying the evolution of dust mass
with redshift.

Millimeter (mm) or submillimeter (submm) emission was
proposed to be a tracer of dust mass (Scoville etal. 2014,
2016, 2017), with the assumption that the emission is opti-
cally thin and measured far from the peak of the spec-
tral energy distribution of the dust. The Atacama Large
Millimeter/Submillimeter Array (ALMA) has become instru-
mental in the quest to study the dust mass in lower-mass
galaxies and its evolution in the mm and submm bands.
With large surveys and high-redshift single-target observations
becoming progressively more accessible (e.g. Knudsen et al.
2016; Walter et al. 2016; Gonzélez-Lopez et al. 2017, 2020;
Laporte et al. 2017; Béthermin et al. 2020; Aravena et al. 2020),
the evolution of dust is studied in increasingly statistically sound
samples.

However, observations of high-redshift galaxies are typically
biased by construction toward the observation of the bright-
est sources (Malmquist bias). To draw a complete picture of
the dust evolution with redshift, it is necessary to also study
galaxies with lower intrinsic luminosities. Gravitational lensing
can be used as a tool to enhance the signal from faint galaxies
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without the need for excessive integration time. Similarly, tools
such as stacking can statistically drastically improve the signal-
to-noise ratio (S/N) for large samples. With the help of grav-
itational lensing and stacking, it is hence possible to push the
limit of observations toward sources with a lower intrinsic dust
luminosity.

We present the stacking analysis of 10386 gravitationally
lensed galaxies from the ALMA Lensing Cluster Survey (ALCS)
at z > 1 (cluster and field sources at z < 1 are studied in a sep-
arate paper; Guerrero et al. (2023). By binning galaxies by red-
shift and further splitting them according to their stellar mass or
SFR, we study the evolution of the dust mass with redshift and
its scaling relation with stellar mass and SFR. We also integrate
the contribution from all galaxies in each redshift bin to assess
the evolution of the cosmic dust density.

In Sect. 2 we describe the overall data set, the catalog, and the
different subsamples. In Sect. 3 we describe the stacking method,
which we performed using LINESTACKER (Jolly et al. 2020), and
the processes involved in the dust-mass calculation. In Sect. 4
we present our results, and we discuss them in Sect. 5. Finally,
in Sect. 6 we summarize this paper. In the appendix (available
on Zenodo), we show alternative stacking procedures as well as
some additional details for the main analysis.

Throughout the paper, we assume a ACDM cosmology with
Q,, =0.3,Q; =0.7 and Hy = 70kms~! Mpc~3. All magnitudes
are quoted in the AB system, such that Mag = 23.9-2.5 log)g
Sy [WyD.

2. Data and sample
2.1. ALCS

The ALCS is a large ALMA program that was accepted in
cycle 6 (Project ID: 2018.1.00035.L; PI: K. Kohno). It observed
33 lensing clusters in band 6 (1 ~ 1.2mm), which spanned
~ 110 arcmin? (primary beam (PB) > 0.5). The clusters are dis-
tributed as follows: 16 clusters were taken from RELICS (the
Reionization Lensing Cluster Survey; Coe et al. 2019), 12 clus-
ters were taken from CLASH (the Cluster Lensing And Super-
nova survey with Hubble; Postman et al. 2012), and 5 clusters
were taken from the Frontier Fields survey (Lotz et al. 2017).
The observations were carried out between December 2018 and
December 2019 (cycles 6 and 7) in compact-array configura-
tions C43-1 and C43-2 in a double-frequency window setup.
The observations were made from 250.0 to 257.5 GHz and from
265.0t0 272.5 GHz for a total bandwidth of 15 GHz. When avail-
able, the ALCS data were concatenated with existing ALMA
data, notably the ALMA Frontier Fields Survey (Project ID:
2013.1.00999.S, PI: Bauer and Project ID; 2015.1.01425.S: PI:
Bauer). The data were reduced and calibrated using the Com-
mon Astronomy Software Applications (CASA, McMullin et al.
2007) package version 5.4.0 for the 26 clusters observed in
cycle 6 and with v5.6.1 for the remaining clusters that were
observed in cycle 7. Throughout this paper, we use natu-
ral weighted primary-beam-corrected and uv-tapered continuum
maps, with a tapering parameter of 2 arcsec (the full width at
half maximum of the synthesized beam is 2 arcsec; with a corre-
sponding pixel size of 0.16 arcsec). uv-tapered maps were cho-
sen over natural resolution maps to ensure the beam-size homo-
geneity of the different images when stacking. The average root
mean square (RMS) of the maps is ~63 wWJy/beam (see Table 1
for the detailed RMS of each map). A full description of the sur-
vey can be found in Kohno et al. (2023).


https://zenodo.org/records/14224076

Jolly, J.-B., et al.: A&A, 693, A190 (2025)

Table 1. Number of stacked sources in each cluster, and the map RMS.

Cluster name Number of Maps RMS
stacked sources  (WJy/beam)
HFF clusters:
Abell2744 418 51
Abell370 346 47
AbellS1063 369 53
MACSJ0416.1-2403 473 55
MACSJ1149.5+2223 325 64
CLASH clusters:
Abell209 74 63
Abell383 63 61
MACS0329.7-0211 62 71
MACS0429.6-0253 37 92
MACS1115.9+0129 51 63
MACS1206.2-0847 127 53
MACS1311.0-0310 38 62
MACS1423.8+2404 101 65
MACS1931.8-2635 80 56
MACS2129.4-0741 116 47
RXJ1347-1145 95 53
RXJ2129.74+0005 31 40
RELICS clusters:
Abell2163 11 50
Abell2537 52 69
Abell3192 91 73
AbellS295 39 74
ACTCLJ0102-49151 253 72
MACSJ0035.4-2015 72 52
MACSJ0159.8-0849 69 63
MACSJ0257.1-2325 67 83
MACSJ0417.5-1154 135 84
MACSJ0553.4-3342 157 65
PLCKG171.9-40.7 28 73
RXCJ0032.1+1808 81 71
RXCJ0600.1-2007 66 57
RXCJ0949.8+1707 38 62
RXCJ2211.7-0350 52 78
SMACSJ0723.3-7327 86 66
Total: 4103 Average: 63

2.2. Source catalog

We extracted the positions, redshifts, physical characteris-
tics (SFRs and stellar masses) and lensing magnifications of
galaxies at 1 < z < 5 from the Hubble Space Telescope
(HST)-Infrared Array Camera (IRAC) catalog presented in
Kokorev et al. (2022). When available, spectroscopic redshifts
were used in place of photometric redshifts. While the SFRs and
stellar masses extracted from the Kokorev et al. (2022) catalog
are not corrected for magnification, the SFRs and stellar masses
presented in this paper are always the intrinsic ones, that is, they
are corrected for magnification.

We selected only the sources from the full catalog (the num-
ber of remaining sources is indicated after each step) that (i) had
defined redshifts and magnifications and were not tagged as poor
photometry (bad_phot # 1), that is, 1 888977; (ii) had redshift
uncertainties (|z160 — zg40!) below 0.4, that is, 76728; (iii) had
108 < M,/M, < 102 and 0.001 < SFR/(M,/year) < 103,
that is, 51355; (iv) had H-band magnitudes above 24, to avoid
contamination from blue faint galaxies, that is, 50983; (v) had
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Fig. 1. Distribution of the main physical properties of interest
in the whole sample. SFRs and stellar masses are corrected for
magnification.

associated PB values higher than 0.5, that is, 13403; (vi) had
a z < 5, that is, 12980; (vii) had a magnification factor below
100, that is, 12967; and that (viii) had a z > 1, that is, 4103;
because sources with a lower redshift and cluster sources were
presented in a separate paper (Guerrero et al. 2023). In total, our
full sample included a total of 4103 sources. Table 1 presents the
distribution of sources in the 33 clusters observed in the ALCS
and the RMS of each map.

Figure 1 shows the distributions of stellar mass, SFR, mag-
nification, and redshift in the final sample. Figure 2 shows the
distance of each galaxy from the galaxy main sequence (MS) as
a function of redshift, that is, AMMS) = log(SFRys) — log(SFR).
Here, SFRys is the SFR that is expected for a galaxy with the
same stellar mass that is on the MS (according to Speagle et al.
2014), and SFR is the actual SFR of the galaxy. The sample
shows an overdensity of quiescent galaxies (as also shown in
Guerrero et al. 2023). To assess the impact of quiescent galaxies
on the stack, we also stacked every sample after first excluding
galaxies with AMS < —0.5 (see the appendix, which is available
on Zenodo).

To further evaluate the completeness and reliability of the
sample, we compared its stellar mass function (SMF) to the func-
tion derived in the COSMOS2020 sample (Weaver et al. 2023,
2022). To derive the SMF of our sample, we counted the number
of galaxies in a given redshift bin separately for each cluster and
divided it by the corresponding volume, corrected for the mean
magnification of the sources in the studied bin. The comparison
is shown in Figure 3. The studied sample seems to present an
overdensity of sources at z > 4 and underestimates sources in
the 2 < z < 3 bin, especially at high masses. This might be due
to the misidentification of low-redshift as high-redshift sources,
as was also discussed in Guerrero et al. (2023). Kokorev et al.
(2022) compared the spectroscopic redshifts for ~7000 galax-
ies to the photometric redshifts they derived. While ~80% of
the redshifts agreed reasonably well, the remaining ~20% pre-
sented large to sometimes catastrophic (Az > 3) errors, mainly
due to the confusion of the Lyman, Balmer, and 4000 A breaks.
In addition, an underevaluation of the survey volume (from an
overevaluation of the corresponding magnification) might also
artificially boost the source density. The potential impact of the
derived SMF is further discussed in Sect. 5.
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Fig. 3. Comparison between the SMF of the COSMOS2020 sample
(Weaver et al. 2023, 2022) and the SMF of the sources studied in this
paper. The SMF was obtained by counting the galaxies in each redshift
bin separately for each cluster and dividing by the corresponding vol-
ume, corrected for the mean magnification of the sources in each bin.
The error bars correspond to the 16th to 84th percentile of the stellar
mass of the sources in the sample, and the impact of the 20% error on
the magnification on the total volume.

2.3. Subsamples

To study the evolution of the dust mass across redshift, we sep-
arated the sources into four redshift bins: 1 <7< 2,2 <z< 3,
3 <z<4,and 4 < z < 5. We additionally split sources accord-
ing to either their SFRs or stellar masses into the following bins:
(i) SFR (upper and lower limits in Mg yr‘l): 0.001 < SFR < 1,
1 <SFR < 10, 10 < SFR < 50, 50 < SFR < 100, and 100 <SFR
< 1000, and (ii) stellar mass (M., upper and lower limits in Mg):
108 < M, < 10%,10° < M, < 10'°, 10" < M, < 10", and
10" < M, < 10'2. The total number of sources in each subsam-
ple is listed in Table 2. Furthermore, the distribution of the SFR
and stellar mass in each subsample can be found in the appendix
(available on Zenodo).
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Table 2. Number of stacked sources in each subsample.

Redshift range
1-2 23 34 4-5 Total
8 <log(M,)<9 1004 521 432 375 2332
9 <log(M.)<10 508 295 309 256 1368
10<log(M.)<11 154 43 84 60 341

11 <log(M,)< 12 27 4 11 20 62

0.001 <SFR <1 1046 441 306 250 2043
1<SFR<10 529 377 455 394 1755
10<SFR <50 113 43 67 58 281
50 <SFR <100 5 1 1 5 12
100 < SFR < 1000 - 1 7 4 12

Sources that were individually detected in the ALCS data
were not excluded from the samples. We decided to distinguish
solely based on the properties mentioned above to derive the
average properties of the population, and the 1.2 mm continuum
flux density of individual sources should therefore not be a crite-
rion of exclusion from our samples. To assess the impact of the
1.2 mm flux distribution in our samples, we performed median
stacking and bootstrapping analyses, alongside the main mean-
stacking analyses (see Sects. 3.4 and 4.2).

3. Methods
3.1. Stacking

We performed the stacking with LINESTACKER (Jolly et al.
2020) in single-channel mode (for the continuum stacking) on
uv-tapered images (see Sect. 2.1). Sources were stacked pixel to
pixel using mean stacks without weights (median stacks were
also performed; see Section 4.2). The stacking was operated
with stamp sizes of 9.76 x 9.76 arcsec’ (61 x 61 pixels). The
sources were spatially aligned using the position extracted from
the Kokorev et al. (2022) catalog. The stacked flux in Jy was
retrieved by integrating the continuum flux in a central circular
region of the stack stamp, with a radius Riyee = 2" (12.5 pixels).
This corresponds to the synthesized beam size. We then divided
it by the beam size in pixel units.

To compute the RMS associated with each stacked cube, a
random set of source-free coordinates was drawn for each stack-
ing position. An empty stack was then generated from the set of
random coordinates (see Jolly et al. 2020) with the same char-
acteristics as the normal stacks (i.e., stamp size and number of
targets). This process was performed 1000 times for each sub-
sample. The standard deviation across all stack stamps was then
computed and used to derive the RMS associated with each stack
cube. When the flux in the central region of the stack stamp was
lower than three times its associated RMS, an upper limit of 30
was used in place of the integrated flux to compute My.

3.2. Magnification corrections

The averaged 1.2mm fluxes extracted from each stack maps
were corrected for the mean magnification of the sources in
the stack subsample. The final flux was therefore computed as
Fana = E "‘ﬁ“k , Where Flgy, is the final flux we used to compute
the dust mass (see Sect. 3.3), Fu.ck is the flux obtained from the
stacked map, and y is the average magnification of each source in
the subsample. Alternatively, each source could be corrected for
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its magnification before stacking, Ffina = Feorrected stack» Where
Feorrected stack 1S the flux obtained from the stack of the indi-
vidually magnification-corrected maps, Mapy, = 2y Sti‘lﬂ
where Map,, is the stacked map obtained from individu-
ally magnification-corrected stamps (from which Forrected stack 15
obtained), n is the number of sources in the subsample, Stamp; is
the map-stamp associated with source i, and y; is the magnifica-
tion associated with source i. We decided to correct for the aver-
age magnification of the sample after stacking because the signal
in each stack stamp consists of the flux from the source, which
is gravitationally magnified, and some noise, which is indepen-
dent of the magnification. By correcting each stack stamp for its
associated magnification, we corrected the flux from the source
and the foreground noise. The efficiency of stacking is based
on the fact that the noise is random and approximately sim-
ilar in every stack stamp. By downscaling the noise in each
stamp by a different number (unrelated to the noise properties),
we might effectively reduce the efficiency and reliability of the
stacking analysis. However, by correcting the final stack with
the average magnification, the analysis would be biased toward
high-magnification sources. Correcting each stamp individually
pre-stacking should avoid this bias, and we therefore repeated
our analysis with this correction method. The 1.2 mm fluxes
derived in both cases are very consistent, and the values over-
lap within the error margins.

s

3.3. Measuring Mgy

To derive dust masses using the 1.2 mm continuum flux extracted
from each stacking stamp, we used a single modified black-
body curve under the approximation of an optically thin regime.
Following Kovécs et al. (2010) and Magnelli et al. (2020), we
defined My, as

503 x 10731(s,,, / fCMB)Di( o )ﬁ
1+ Z)4BvobS(Tobs)Kv0 Vrest ’

where Mgy is the dust mass in Mg, S,,, is the flux at the
observed frequency in Jy (and corrected for the average mag-
nification, as explained in Sect. 3.2), Vobs = Viest/(1 + 2) is the
observed frequency, fomp is the correction factor to account
for the cosmic microwave background (CMB; see details fur-
ther in the text), Dy is the luminosity distance in meter at red-
shift z, B, (Tobs) is Planck’s blackbody function in Jy sr™! at
the observed temperature Tops (Tobs = Trest/(1 + 2)), Ky, is the
photon cross section to mass ratio of dust in m*kg~', and 8
is the dust emissivity index. S,,, was obtained by integrating
over a fixed circular region in the center of the stack stamp (see
Section 3.1).

Following Magnelli et al. (2020) and Pozzi et al. (2021), we
decided to use a single cold component to account for the dust
temperature, and we used a mass-weighted dust temperature of
Tiest = 25 K. While the total dust in galaxies is thought to con-
sist of a warmer (20 < T < 60K) and a colder (T < 30K)
component, studies of local galaxies have shown that the cold
component causes most of the dust budget (from 96% to 99%),
see Orellana et al. 2017) and the majority of the Rayleigh-Jeans
emission (see also Shivaei et al. 2022, for a study of the contri-
bution of the cold and warm dust components to the dust con-
tinuum emission at z ~ 2). Scoville et al. (2014, 2016, 2017)
argued that this approximation is probably still valid in higher-
redshift galaxies. We decided to adopt Trsy = 25K at all red-
shifts probed by our analyses, but we note that dust masses
evolve as 7~!, meaning that our dust-mass results are effectively

6]

dust =

highly dependent on the estimated dust temperature, and that the
masses derived in our analyses might be off by factors of a few
if the assumed dust temperature is not correct (see Sect. 5).

While it might seem more appropriate to choose a dust tem-
perature that evolves with redshift, we decided to maintain a
fixed value to facilitate the comparison with similar previous
studies. We used 8 = 1.8, the Galactic dust emissivity index
measurement from the Planck data (Planck Collaboration XXI
2011), which also correlates well with values observed in high-
redshift galaxies (e.g. Chapin et al. 2009; Magnelli et al. 2012;
Faisst et al. 2020). Theoretical studies predicted values for S that
range from 1.5 to 2.0 (e.g. Draine 2011), and similarly, obser-
vational studies such as Faisst et al. (2020) reported 8 values
between 1.6 and 2.4 (with a median value of 2.0). The effect
of B is weaker than the choice of the dust temperature, however,
and we found that choosing 8 = 1.5 (or 2.0) would only modify
our results by ~9% at z = 1.5 and ~15% at z = 5.5. We used
Ky, = 0.0431 m? kg‘1 with vy = 352.6 GHz (Li & Draine 2001;
Magnelli et al. 2020). We refer to Sect. 5 for a more complete
discussion of the choice of parameters for the dust-mass compu-
tation.

Following da Cunha et al. (2013), we corrected our flux mea-
surements for the effect of the CMB. First, we corrected our
dust temperature for the additional heating through the CMB
(following Equation (12) of da Cunha et al. 2013). This effect is
minor because the dust temperature is only increased by ~3% at
z = 6 (the effect being even less important at lower redshift). Sec-
ond, and most importantly, the CMB acts as a bright observing
background, leading to an underestimation of the total flux. This
was corrected for by following Equation (18) of da Cunha et al.
(2013). This effect is much more important, as it yields an
upward measurement to our results that ranges from ~1.03 at
z~1to~13latz ~6.

3.4. Computing the uncertainty

To compute the overall uncertainties associated with our mea-
surements, we combined different sources of uncertainties. The
first source was the direct RMS from each stack analysis (com-
puted from source-free stacks of each subsample; see Sect. 3.1).
In addition,the intrinsic flux distribution of the sources in the
sample needs to be accounted for in stacking analyses. To do
this, we performed a bootstrapping analysis for each subsample.
In each subsample, the dust mass was recomputed 1000 times,
each time with a different sample, randomized from the origi-
nal subsample without replacement (see Jolly et al. (2020) for
a detailed description of the bootstrapping routine included in
LINESTACKER). The distribution of the dust masses computed
in this manner is shown in the appendix (available on Zenodo),
where we also show the dust mass obtained from the origi-
nal subsample (vertical black line). The peaks and shapes of
the distributions are overall consistent with the values derived
from the original samples. However, the peak of the distribu-
tions in most of the subsamples is slightly lower than in the
original stacks. Similarly, some distributions present a faint
tail toward higher dust masses. These two pieces of informa-
tion combined indicate a skewed distribution, which can eas-
ily be explained because the samples contain individual detec-
tions. These effects are small, however, and should be well
represented by the associated uncertainties on the dust-mass
measurements.

From the distributions derived from of each bootstrapping
analyses, we extracted the 16th to 84th percentile (see the
appendix available on Zenodo), which we summed quadratically
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Fig. 4. 1.2 mm continuum stack maps. (left panel) 9.76 x 9.76 arcsec® (61 x 61 pixels) mean stacking stamps, split into bins of stellar mass and
redshift. Each map is normalized by the corresponding standard deviation, computed in associated empty stacks (see Sect. 3.1). The number of
sources stacked (N) is indicated for each bin. (right panel) Similar to the left panel, but using SFR bins instead of stellar mass ones.

with the stack RMS'. In addition, because the redshift is used
multiple times in equation 1, its 16th to 84th percentile in each
subsample was used to propagate the associated uncertainty on
the dust-mass computation. Finally, following Sun et al. (2022)
and Fujimoto et al. (2023), we used a magnification uncertainty
of 20% of the magnification associated with each subsample, and
we propagated it to the aforementioned errors.

The 16th and 84th percentile of the (magnification-corrected)
SFRs and stellar masses in each subsample were used to com-
pute the error associated with the SFRs and stellar masses.

The combination of these measurement uncertainties was
used to plot the error bars in the different figures shown in
this work. However, only the RMS associated with each cube
was used to qualify a detection or an upper limit (as stated in
Sect. 3.1).

4. Results
4.1. Mean stacking results and dust continuum detection

The standard deviation in stack stamps reaches levels as low as
~4.3 x 1073 mJy per beam in the z = 1-2 bin of the lowest stel-
lar mass and SFR subsamples (both containing ~1000 sources).
The total flux in the central circular aperture with a radius of
2 arcsec varies between ~1.78 x 1072mly and ~1.04 mly for
stack detections (flux above 30, not corrected for magnifica-
tion). Securely extracted dust masses (with an S/N above 30)
range from ~2.8 X 10° Mg, to ~2.56 x 108 M, (after correction
for magnification). Figure 4 shows the stacked maps we obtained
for each of the subsamples, from which we extracted the results
presented below.

! The bootstrap analysis is also affected by the RMS of the stacked
images. The two errors are therefore correlated and should in princi-
ple not be added quadratically. This is an approximation that probably
slightly overestimates the error computation.
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The evolution of the dust mass with stellar mass and red-
shift is shown in Figure 5 and tabulated in Table 3. While detec-
tions in the lowest-redshift bin (1 < z < 2) indicate a clear
linear relation between log(My,s) and log(M.), the other red-
shift bins are less regular (see the left panel of Figure 5). When
compared to other works (Santini et al. 2014; da Cunha et al.
2015; Kirkpatrick et al. 2017; Shivaei et al. 2022, also plotted
on the figures), our data points are typically below other mea-
surements (individual detections and stacks). This behavior is
strongly reduced when quiescent galaxies are excluded from the
stacks, however (see the appendix, which is available on Zen-
odo). This highlights that quiescent galaxies might have lower
dust masses at the same stellar mass.

The log(Mgys) —10g(SFR) relation seems to follow a sim-
ilar trend of increasing dust mass with increasing SFR, but
with a clearer linear relation across redshift (although there
is a higher number of nondetections; see the left panel of
Figure 6 and the stacking results tabulated in Table 4), which
indicates that the SFR might be better suited than the stellar
mass to trace the dust mass. When compared to previous works
(Santini et al. 2014; da Cunhaetal. 2015; Kirkpatrick et al.
2017; Shivaei et al. 2022), our measurements follow a similar
trend as was already observed, but they reach so far mostly unex-
plored regimes.

The evolution of the dust mass with redshift (see the right
panels of Figures 5 and 6 and Figure 7) shows a relatively
clear linear trend that indicates a decrease in the dust mass with
increasing redshift.

By fitting quadratic functions to the data shown in Figures 5
and 6, we derived scaling relations between Mgy, and M, at
fixed z; Mgus and z at fixed M,; Mg, and SFR at fixed z; and
Mgys and z at fixed SFR. The fits were performed using detec-
tions only (ignoring upper limits), and only when the number of
data points was > 3. The results from the fits are summarized
in Table 5, and they are plotted in the appendix (available on
Zenodo).
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Fig. 5. Average dust mass evolution with stellar mass and redshift. (left) Average dust mass as a function of the stellar mass in each redshift bin.
The circles represent detections (above 30), and down-pointing arrows represent 3o~ upper limits. The error bars on the dust-mass detections were
computed using a combination of different errors (see Sect. 3.4). The error bar along the x-axis represents the 16th to 84th percentile of parameter
distribution in the stacked sample. (right) Similar to the left panel, but plotted as a function of redshift in each stellar mass bin. We also show
for comparison individual dust-mass measurements detections (da Cunha et al. 2015; Kirkpatrick et al. 2017) and stacking measurements from
Santini et al. (2014), Shivaei et al. (2022).

Table 3. Stacking results in the stellar mass subsamples.

(2) log({|M.|)/ M) (Dust mass) Flux RMS (u) @
(Mg) (mly) (mly)
1.42 8.48 <2.49 x 10° - 428 x 1073 343
2.51 8.53 <1.82x 10° - 564x107° 541
3.45 8.54 <1.27 x 10° - 6.51x107% 7.83
4.47 8.56 <9.43 x 10° - 6.98x 1073  10.55
1.42 9.43 1.61 x107 £433x 10° 7.84x1072 6.67x1072 3.24
2.54 9.39 3.80x 100 £2.54x 10° 254x1072 825x1073 3.78
3.41 9.41 496 % 10° £2.61 x10° 449x102 9.12x107° 4.64
4.44 9.42 <2.19 x 10° - 9.12x 107 595
1.41 10.42 6.95 x 107 + 1.84 x 107 0.28 1.27x1072  2.67
2.46 10.33 5.57 x 107 + 1.78 x 107 0.3 237x1072  3.16
3.43 10.35 3.57 x 107 + 1.32 x 107 0.33 196 x 1072 4.71
4.46 10.37 1.7 % 107 + 1.01 x 107 0.2 202x1072  5.67
1.41 11.2 1.02 x 108 + 4.17 x 107 0.39 2.88x1072 253
2.56 11.22 <3.58 x 107 - 951x1072 46
3.55 11.38 <3.21x 107 - 493 %1072 233
4.46 11.39 1.55%x 107 + 1.11 x 107 0.16 403%x 1072 487

Notes. When the central flux is lower than three times the RMS of the corresponding stack map, the 3 o upper limit is shown in place of the
dust mass. The errors on the computed dust mass correspond to the quadratic sum of the standard deviation computed from empty stacks with the
uncertainties from the bootstrap analysis, to which we finally propagated the magnification error (see Sect. 3.4). Flux and RMS are extracted as
indicated in Sect. 3.1: The flux is integrated in the central circular region of the stack stamp, with a radius Rjy, = 2", and it is then converted into
Jy from Jy/beam. The RMS is computed from the standard deviation in the empty stacks. ”(u) is the average magnification of the sources in the

subsample.

4.2. Median stacking analysis

To better assess the effect of the population distribution on the
derived dust mass, we also performed median stacks in the same
way as the average stacks presented in Sect. 3.1. The overall
median dust masses derived through our stacking analyses are
systematically slightly lower than the mean dust masses (see
Figure 8 for an illustration and the appendix available on Zen-
odo for detailed plots). While the median stellar mass and SFR of
each subsample are also systematically lower than the mean (see
the figures in the appendix), the difference is not large enough
to explain the offset dust mass observed between the mean and

median stacks. This again indicates a possibly skewed distribu-
tion of the dust mass in each subsample that results in offsets
between the mean and median dust masses. However, we note
that the dust-mass trends observed in this analysis (with redshift,
stellar mass, and SFR) remain the same in the median stacking
analyses.

5. Discussion

As our analysis focused on galaxies spanning a wide redshift
range and our observation remained at a fixed observed wave-
length, it is important to question the assumption made here
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Fig. 6. Similar to Figure 5, but in SFR bins instead of stellar mass.
Table 4. Similar to Table 3, but for the SFR subsamples.
(2) (SFR) (Dust mass) Flux RMS {u)
(Mo/yr) Mo) (mJy) (mJy)
1.39 0.15 3.72%x10°+1.82x10° 1.95%x 1072 4.28x 1073 3.51
2.51 0.81 <1.94 x 10° - 6.17x 1073 555
3.45 0.99 <1.14 x 10° - 7.17 x 1073 9.62
4.47 0.53 <6.72 x 10° - 7.05%x 1073 14.94
1.45 2.84 1.78 x 107 £4.96 x 10° 8.13x 1072 6.47 x 1073 3.04
2.53 1.79 <3.17 x 10° - 7.19x 1073 3.95
343 2.16 6.43x100+2.94x 10° 551 x1072 736x1073 438
4.45 4.68 <221 x 10° - 7.72%x 1073 497
1.47 24.56 7.06 x 107 +1.83 x 107 0.26 1.38 x 1072 2.5
2.52 19.66 3.4 %107 £1.23 x 107 0.2 229%x 1072 349
3.4 31.67 2.64 x 107 £ 1.05 x 107 0.22 237x 1072 423
4.46 10.55 2.72 % 107 £1.78 x 107 0.19 2.29 x 1072 3.4
1.76 86.71 2.56 x 108 +1.26 x 108 1.04 7.88x 1072 2.64
2.09 60.65 1.8 x 108 +4.46 x 107 0.65 9.54%x 1072 225
3.87 81.75 <6.56 x 107 - 0.1 2.35
4.58 53.34 <3.55x 107 - 6.11x1072 245
284 133x102 2.54x108+7.27 x 107 1.0 0.2 2.17
3.5 1.51 x 102 <471 x 107 - 6.67x1072 216
444 3.52x10? <4.89 x 107 - 0.1 2.93

that the continuum flux traces the same physical process at a
rest wavelength Aiss ~ 0.5mm (corresponding to z ~ 1) and
Adrest ~ 0.18 mm (corresponding to z ~ 5). More specifically,
the validity of the dust-mass equation (see Sect. 3.3) comes
from the assumption that the dust is optically thin and that the
flux measurement probes the Rayleigh-Jeans dust emission. This
means that the part of the SED that is dominated by the emis-
sion of the dust at 7 = 25K dominates the dust-mass budget.
This is true at long wavelengths, where we effectively probe the
Rayleigh-Jeans tail of the dust emission (e.g. Magdis et al. 2012;
Scoville et al. 2016). However, the higher the redshift observed,
the closer the region to the peak of the dust emission, which is
more sensitive to temperature and total luminosity. This might
explain the low detection rate in the high-z subsamples, even
when the number of stack sources is high, and for which the
corresponding RMS in the stack maps is low.
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While numerous studies showed an evolution of the dust
temperature with redshift, it is important to distinguish between
the peak temperature, which is thought from theoretical and
observational works to increase with redshift (e.g. Magdis et al.
2012; Magnelli et al. 2014; Béthermin et al. 2015; Ferrara et al.
2017; Narayanan et al. 2018; Schreiber et al. 2018; Liang et al.
2019; Ma et al. 2019; Sommovigo et al. 2020), and the mass-
weighted temperature that probes the Rayleigh-Jeans tail, which
can be directly used to measure the dust mass, as stated above.
Unlike the peak temperature, the mass-weighted temperature is
thought to be mostly constant with redshift (see Scoville et al.
2016; Liang et al. 2019). It should be noted, however, that the
mass-weighted temperature still exhibits a small range in pos-
sible values, typically from 15 to 45K (e.g. Liang et al. 2019),
and a small increase with redshift may exist. On the other hand,
Dudzeviciate et al. (2020) argued that the previously observed
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Fig. 7. Ratio of the average dust mass to average stellar mass as a func-
tion of redshift. Similar to the right panel of Figure 5, but normalized by
the stellar mass of the galaxies in the sample. The error bars combine
the error on the dust-mass computation and stellar mass distribution.

evolution of the dust temperature is likely due to the luminos-
ity evolution in the samples employed, and they suggested a
dust temperature of 30.4 = 0.3, constant with redshift. In any
event, to facilitate comparison with studies similar to ours and
to limit complexity, we decided to keep a fixed temperature at
all redshifts for the dust-mass computations. Consequently, for
a T = 40K (instead of 25) in the dust-mass computation, our
results would change by ~50% in the highest-redshift bin.

When comparing our results to the semi-analytical modeling
from Popping et al. (2017), Lagos et al. (2019), Vijayan et al.
(2019); Triani et al. (2020, see Figures 9 and 10)*> we can see
an overall decent agreement in dust-mass predictions as a func-
tion of stellar mass at z ~ 1. However, all models but the one
presented in Vijayan et al. (2019) predict an overall increase in
the dust mass with redshift while our analysis shows the oppo-
site. In addition, the dust mass derived in the high-mass end of
our subsamples is typically lower than predicted by the models
(although this flattening might be due to the presence of quies-
cent galaxies in our sample, as shown in the appendix available
on Zenodo). In addition, the method that is used to compute the
average dust mass in the SHARK model (Lagos et al. 2019) dif-
fers from the one used in this work. To highlight this difference,
we show in Figures 9 and 10 the average dust masses predicted
by the SHARK model and the dust masses computed using equa-
tion 1 from the band 6 continuum (S6) predicted by SHARK. It
is interesting to note that at z ~ 3 and at z ~ 5, the dust mass
derived using the predicted S6 differs by almost one dex from the
dust mass predicted otherwise. As mentioned above, this might
be a direct consequence of the evolution of the rest wavelength
with redshift, which moves the observation closer to the peak
of the dust emission. Surprisingly, however, our results seem to
agree better with the direct dust-mass measurements compared
to those obtained from S6.

As the analysis relies on photometric redshifts for a large
fraction of the catalog, it is important to consider the potential
impact this might have on the results. In particular, we note that
the bins at z > 3 appear to be overpopulated. This is shown in
Figure 3, where we compare the SMF of our sample to the SMF
of the COSMOS2020 sample (Weaver et al. 2023, 2022). As a
consequence, the dust content at z > 3 is likely overestimated.

2 The SHARK model (Lagos et al. 2019) does not directly track the
buildup and destruction of dust. Instead, dust masses are estimated
assuming an empirical z = 0 relation between the dust-to-gas ratio and
gas-phase metallicity.

This is probably due to the misclassification of some lower-
redshift sources to higher redshift, as suggested in Kokorev et al.
(2022) and mentioned in Sect. 2.2.

Moreover, because the catalog we used was generated using
HST and Spitzer photometry, some of the most dusty galaxies
may be missing. This biases the analysis toward lower averaged
dust masses. As pointed out in Kokorev et al. (2022), only 145
of the 180 sources that were individually detected with an S/N
> 4 in the ALCS data are identified in their catalog. This indi-
cates that some of the most dusty galaxies may be missing from
our analysis. This bias could be strongest in the high-redshift
bins, where only the UV-brightest galaxies (i.e., typically less
obscured by dust) might be observed. The use of catalogs based
on data from the James Webb Space Telescope (JWST) might
help us to include more of the missing dusty galaxies, especially
at high z, and to improve the SED-fitting routines.

As shown in the appendix (available on Zenodo), the inclu-
sion of quiescent galaxies in the stacks biases the analysis toward
lower dust masses, especially in the samples that are split accord-
ing to stellar mass. This highlights that some sources that are
included in the high-mass subsamples have a low SFR and also
low dust masses. The higher average dust mass observed in the
mass-selected samples without sources with AMS < —0.5 and
the relatively stable average dust mass in SFR-selected samples
implies that the SFR probably is a better dust-mass tracer. It shows
in addition that quiescent galaxies typically have a lower dust con-
tent than their star-forming counterparts at similar stellar mass.

As in Magnelli et al. (2020), we used the dust opacities from
Li & Draine (2001) to derive the dust masses. These values were
constrained from observations of the diffuse interstellar medium
(ISM), and these properties are therefore representative of dust in
the diffuse ISM. However, some studies in nearby galaxies (e.g.
Galliano et al. 2018) showed that the opacity from Li & Draine
(2001) might have been underestimated by a factor of 2-3.
Higher opacity values in galaxies do not mean that the values of
Li & Draine (2001) are incorrect. Their values were constrained
for the diffuse interstellar medium and are therefore well adapted
for galaxies only if the bulk of the dust emission emerges from
the diffuse interstellar medium of galaxies. The underestimation
of the dust opacity might indicate that the majority of the dust
emission does not emerge from diffuse regions, but from denser

regions in which dust grains are likely to be larger.
In dense regions of the ISM, dust grains grow through accre-

tion and coagulation, which triggers an increase in the dust opac-
ity by a factor 2—3 (e.g. Kohler et al. 2015). The underestima-
tion of the dust opacities in some nearby galaxies might there-
fore mean that the bulk of the dust emission arises from dense
regions in which dust grains are larger than in the diffuse ISM.
This seems to be the case in high-redshift galaxies as well, as
Magnelli et al. (2020) claimed that the bulk of the dust emis-
sion in their galaxy sample emerged from the molecular phase,
and therefore, from dense regions in which dust differs from
the diffuse ISM. They also stated that there might be a sig-
nificant increase in the dust emissivity from diffuse to denser
regions, which can be explained in terms of grain growth (e.g.
Kohler et al. 2015).

There is currently no consensus on the dust properties that
must be considered in nearby or in high-redshift galaxies. More-
over, dust grains are probably not the same within galaxies
and from one galaxy to the next, which adds to the complex-
ity. Although diffuse ISM-like dust grains might not cause the
majority of the dust emission in galaxies, these dust models have
the advantage of being thoroughly developed and extensively
used. We therefore use these dust properties from the diffuse
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Table S. Fitting results.

My, (SFR) (fixed z)

zrange a b Range of applicability
1<z<?2 72+12%x10°  7.8+0.7x 107! -1 <log(SFR) <2
2<z<3 92+57x10° 123+1.5x 107! 1 <log(SFR) <3
Mausi(z) (fixed SFR)

SFR range (Mg per year) a b Range of applicability
10 < SFR < 50 10.5 £ 1.6 x 107 -1.1+£0.2 1<z<5
Mdust(M*) (ﬁxed Z)

z range a b Range of applicability
1<z<?2 52+£13.0x10° 4.8+ 1.1x107! 8 <log(M./Mp) <12
Maust(2) (fixed M.)

M, range (My) a b Range of applicability
10° < M, < 10'° 3.0+ 1.3x 10’ -1.8+0.7 l<z<4

10" < M, < 10" 10.5 +2.7 x 107 -1.0+0.3 1<z<4

Notes. Fits are performed with a function of the form My, (x) = ax®, where a and b are free parameters, and x is the SFR, z, or M,. The range of
applicability refers to the parameter range over which subsamples yielded detections (see the appendix available on Zenodo to visualize the fits).
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Fig. 8. Median stacking stamps, split into stellar mass and redshift (left panel) and SFR and redshift (right panel). Similar to Figure 4.

ISM until we have more constraints on the dust grains that cause
the emission in these galaxies.

6. Summary

We used deep ALMA band 6 data over 33 lensing clusters to per-
form a set of stacking analyses on a large sample of 4103 lensed
sources, whose positions and physical parameters were extracted
from the HST/IRAC catalog presented in Kokorev et al. (2022).
The sample spanned redshifts from z = 1 to z = 5, SFRs from
0.001 Mg yr‘1 to 1000 Mg yr‘l, and stellar masses from 108 My,
to 10'> M, To study the evolution of the dust mass through cos-
mic time, we binned the sources into five different redshifts bins,
and we also grouped sources according to their SFR and stellar
mass. We performed a continuum stacking on each of the sub-
samples using LINESTACKER (Jolly et al. 2020).

Using the mean continuum-stacked flux, we computed aver-
age dust masses. From the nondetections, we derived 30~ upper
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limits. Using detections and upper limits, we studied the evolu-
tion trend of the dust mass with redshift. We found clear indi-
cations for an average decrease in the dust mass with redshift.
Similarly, we studied the evolution of the dust mass with stel-
lar mass and SFR. In both cases, we found a positive correla-
tion. From our detections, we derived the relations between the
dust mass and SFR or stellar mass in different redshift ranges.
The results from our study are mostly consistent with the results
from modeling (at least at z ~ 1) and from other similar stud-
ies. Our analysis allowed us to probe regimes of the stellar mass
and SFR that were unexplored so far. The highest-redshift bin
shows mostly nondetections, and the corresponding upper limits
indicate low average dust masses (even though the overall RMS
is low) when compared to other studies. This could be due to
the different rest-wavelength probed at high z, lying closer to the
peak of the dust emission. Alternatively, the reason might be the
tendency of individual high-z dust measurements to be biased
toward very dust-bright objects.
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Fig. 9. Log average dust mass recovered as a function of the (log) stel-
lar mass in each redshift bin. The circles represent detections (above
30), and the 30 upper limits are represented by down-pointing arrows.
We overplot the z = 1 and z = 6 dust mass-stellar mass relation from
Popping et al. (2017) and the z ~ 1 and z ~ 5 relations from Lagos et al.
(2019) (SHARK model), Triani et al. (2020), and Vijayan et al. (2019).
We show the average dust mass directly predicted by the SHARK model
and the dust mass computed from the predicted band 6 flux following
Eq. (D).
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Fig. 10. Similar to Figure 9, but for the SFR instead of the stellar mass.
The predictions from Lagos et al. (2019, SHARK model) at z ~ 1, 3,
and 5 are shown in terms of direct dust-mass predictions and dust mass
inferred from predicted band 6 flux, following Eq. (1).

The linear trends observed between stellar mass and dust
mass confirm that as galaxies evolve and form more stars, they
also accumulate more dust. These dust grains play a vital role
in catalyzing the formation of H,. In this way, they affect the
overall gas reservoir that is available for future star forma-
tion. Dust becomes an integral component of a self-perpetuating
cycle, accumulating throughout the stellar life cycle and sub-
sequently bolstering the SFR. In addition, the inverse trend
observed between the average dust mass and redshift implies
that the buildup of dust in galaxies over cosmic time is a gradual
process that is aligned with the overall evolution of the SFR den-
sity (e.g. Magnelli et al. 2020). This further indicates a gradual
increase in the average metallicity in galaxies with cosmic time,
as dust grains are known to be composed of heavy elements that
are produced in stars.

Data availability

Appendices are available on https://zenodo.org/records/
14224076
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