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ABSTRACT

We present an empirical analysis of the properties of dust-continuum emission in a sample of 17 galaxies in the early Universe (4
< z < 8) with well-sampled far-infrared spectral energy distributions (SEDs) compiled from the literature. We place our results
into context by self-consistently comparing to samples of nearby star-forming galaxies, luminous infrared galaxies (LIRGs),
and quasars. With the exception of two sources, we find no significant evolution in the dust emissivity index across cosmic
time, measuring a consistent value of fijg = 1.8 & 0.3 at z > 4, suggesting that the effective dust properties do not change
dramatically for most galaxies. Despite having comparable stellar masses, we find the high-redshift galaxies to be similar to, or
even more extreme than, LIRGs in the Herschel (U)LIRG Survey, where (U)LIRG refers to (ultra-)LIRG, sample in terms of
dust temperature (Tyug > 40 K) and infrared (IR) luminosity (Lig > 10'! L). We find that the dust temperature evolves mildly
towards high redshift, though the LIRGs and quasars exhibit elevated temperatures indicating a more efficient and/or additional
heating mechanism. Where available, we compare stellar mass estimates to our inferred dust masses, whose degeneracy with
dust temperature can only be mitigated with a well-constrained SED. In merely half of the cases, the dust yield may be explained
by supernovae alone, with four sources (44 per cent) significantly exceeding a highly optimistic yield where My, ~ 0.01M,.
We discuss possible explanations for this apparent inconsistency and potential observational biases in the measurements of the

dust properties of high-redshift galaxies, including in the current IR-bright sample.

Key words: methods: observational —dust, extinction — galaxies: high-redshift —dark ages, reionization, first stars.

1 INTRODUCTION

Cosmic dust grains are a prominent agent in the physical processes
governing galaxy formation and evolution on the scale of the
interstellar medium (ISM). Dust catalyses the formation of molecules
(Wakelam et al. 2017; Chen et al. 2018) and the fragmentation of gas
clouds (Omukai et al. 2005; Schneider et al. 2006), two mechanisms
that are essential to star formation. Furthermore, while the dust
mass of a galaxy is negligible compared to its stellar or gas mass
(Dwek 1998; Draine et al. 2007; Watson 2011), dust grains absorb a
significant fraction of the optical and ultraviolet (UV) light and in the
infrared (IR) thermally re-emit the absorbed energy (e.g. Savage &
Mathis 1979; Draine 1989, 2003; Meurer, Heckman & Calzetti 1999;
Calzetti et al. 2000; Weingartner & Draine 2001). This process has
been shown to occur even among the first galaxies to emerge in the
epoch of reionization (EoR; e.g. Laporte et al. 2017; Tamura et al.
2019; Bakx et al. 2020; Fudamoto et al. 2021).

* E-mail: jnw30@cam.ac.uk
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A general consensus has been established on the various channels
via which dust is formed across cosmic time. Specifically, the main
sites of dust creation are thought to be asymptotic giant branch (AGB)
stars, supernova (SN) events, and grain growth in the ISM (e.g.
Mancini et al. 2015; Graziani et al. 2020; Dayal et al. 2022). However,
itis still unclear what is the exact composition and abundance of dust,
particularly in the early Universe, when the age of the Universe was
comparable to typical dust formation time-scales (Todini & Ferrara
2001; Bianchi & Schneider 2007; Lesniewska & Michatowski 2019;
Sommovigo et al. 2020; Witstok et al. 2023). In addition, we do not
yet fully understand how grain growth occurs in the ISM. It has been
shown that this requires very small grains, with sizes smaller than
10 nm, in the cold neutral medium (Draine 2009; Zhukovska et al.
2016), and that once the grains are incorporated in dense molecular
clouds, their growth becomes problematic due to the formation of
icy mantles (Ferrara, Viti & Ceccarelli 2016; Ceccarelli et al. 2018).
As a result, there exists significant observational uncertainty on
fundamental galaxy properties such as the star formation rate (SFR),
especially when they are inferred exclusively from rest-frame UV and
optical measurements (e.g. Madau & Dickinson 2014). Indeed, recent
works suggest that a significant fraction of obscured star formation
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Table 1. Properties of local-Universe galaxy samples considered in this work.

Sample Galaxy type z M, Mgp) Adust (kpcz) Tphot References

JINGLE SFG 0.0287000 13739 x 1010 13700 x 102 5 Saintonge et al. (2018), Smith et al. (2019),
Lamperti et al. (2019)

HERUS (U)LIRG 0.086100:%  9.0720 x 10" 22733 x 10° 5 Sanders et al. (2003), Clements et al. (2018)

PG QSO 0.147940 - - 6 Petric et al. (2015)

Notes. Listed properties are their type (see Section 2.1), redshift (z), stellar mass (M) and area of the dust emission (Agust), number of photometric
detections used for the fitting routine (pnot), and references to the relevant works describing the survey. Quantities quoted are median values with

error bars reflecting the 16th and 84th percentiles.

activity may be missed (Fudamoto et al. 2020, 2021; Schaerer et al.
2020; Ferrara et al. 2022; Sommovigo et al. 2022b).

With the advent of the Atacama Large Millimeter/submillimeter
Array (ALMA), the first statistical samples of galaxies in the EoR
detected by their dust-continuum emission are starting to be assem-
bled (e.g. Inami et al. 2022; Schouws et al. 2022). Nearly all of these
sources, however, are only observed in a single photometric band,
making it difficult to retrieve properties of the dust (Sommovigo
et al. 2021, 2022a). Typically, the spectral energy distribution (SED)
is modelled as a modified blackbody (‘greybody’; see Witstok
et al. 2022), assigning ensemble properties to the dust through the
temperature and emissivity parameters, Ty, and Br, which are
commonly assumed for galaxies with few photometric detections
in the far-IR (FIR).

In this work, instead, we compile a list of high-redshift sources
with well-sampled FIR SEDs. We particularly focus on the dust
emissivity power-law index Bir, which is connected to the micro-
scopic properties of grains and therefore potentially holds the key
to uncovering their evolutionary pathways (e.g. Jones et al. 2013).
Furthermore, we investigate the dust mass and temperature, which
become degenerate for poorly sampled SEDs, but have the potential
of revealing the main origin of a galaxy’s dust content built up over
relatively short time-scales (e.g. Michatowski 2015; Graziani et al.
2020; Dayal et al. 2022). In Section 2, we briefly describe this
sample and two other samples of galaxies in the local Universe.
Section 3 describes the results of our analysis and discusses them
in light of dust evolutionary mechanisms and potential changes in
the properties of dust across cosmic time. Section 4 provides the
conclusions of our findings. We adopt the cosmological parameters
Qm=0.3,Q, =0.7,and Hy = 70km s~ Mpc~' throughout.

2 METHODS

We consider spectroscopically confirmed galaxies that are confi-
dently detected in at least four rest-frame FIR photometric bands
and have a (deconvolved) dust-continuum size measurement; for the
purpose of fitting greybody curves to the dust emission, we consider
a rest-frame FIR wavelength range of 10 um < Aepye < 10° pm,
Nearby galaxies used for comparison are discussed in Section 2.1,
while Section 2.2 describes the sources in the early Universe (4 <
z < 8). We stress that caution has to be taken in interpreting the
properties of our sample due to its diversity, as will be discussed in
more detail.

2.1 Samples in the local Universe

The James Clerk Maxwell Telescope (JCMT) dust and gas In Nearby
Galaxies Legacy Exploration (JINGLE) survey observed 192 nearby
galaxies with Herschel (Saintonge et al. 2018; Lamperti et al.
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2019; Smith et al. 2019). We make use of photometry at 100 and
160 pm (taken by Herschel/PACS) and at 250, 350, and 500 pm
(Herschel/SPIRE), excluding the 22, 60, and 850 pm bands given
potential mid-IR (MIR) excess due to hot dust surrounding active
galactic nuclei (AGNs) and a non-thermal contribution to the low-
frequency emission (some galaxies are not classified as purely star
forming; however, for simplicity we apply this label since the sample
does not contain bright AGNs; see Saintonge et al. 2018). Following
Lampertietal. (2019), we discard JINGLE-62 given its non-detection
at 250 pm.

A second survey, the Herschel (U)LIRG Survey (HERUS), com-
prises 43 nearby (ultra-)luminous IR galaxies or (U)LIRGs observed
by the Infrared Astronomical Satellite (IRAS) at 100 and 160 pm
(Sanders et al. 2003), followed up by Herschel/SPIRE in the 250,
350, and 500 pm bands (Clements et al. 2018). We exclude 3C273
and IRAS 1345141232 whose photometric measurements are not fit
well by a greybody SED.

Thirdly, we consider a sample of nearby quasars (quasi-stellar
objects or QSOs) selected from the Palomar—Green (PG) survey
(Petric et al. 2015). We use the available FIR photometry at 70, 100,
and 160 um (taken by Herschel/PACS) and at 250, 350, and 500 pm
(Herschel/SPIRE).

Due to the low spatial resolution of Herschel, the size of the dust-
continuum emission (Aq,g, discussed further in Sections 2.2 and 2.3)
in the samples of local objects is assumed to be equal to the optical
size of the galaxy, if available. The properties of all three samples
are summarized in Table 1.

2.2 High-redshift sample

We briefly summarize all 17 high-redshift galaxies and the literature
works from which we acquired their compiled FIR SEDs in Table 2.
The sources include six QSOs, eight star-forming galaxies (SFGs),
and three submillimetre galaxies (SMGs). Size measurements of the
dust-continuum emission (A4, ), used to construct a self-consistent
opacity model,' are taken by combining all reported deconvolved
sizes. As will be discussed in Section 2.3, we note that these sizes are
merely used to inform a first-order approximation of the optical depth
as these necessarily correspond to slightly different wavelengths
in the rest frame (which, as a result of non-uniform temperature
distributions, indeed impacts the measured size; e.g. Akins et al.
2022; Witstok et al. 2022). We note that due to our requirement
of having a dust-continuum size measurement, we do not include
sources from the South Pole Telescope (SPT) survey (Reuter et al.

'Throughout this work, any discussion of opacity (and optically thin or
thick cases) refers to the optical depths in the FIR unless specifically stated
otherwise.
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Table 2. Properties of high-redshift sources considered in this work.

Source Type z M, Mgp) Adust (kpcz) Tphot References

GN20 SMG 4.0553 11794 x 10! 50.3 6 ), (8), (12)
GN20.2b SMG 4.0563 L1F0S x 10! 314 4 (12)

ID141 SMG 4.243 4.8 10 (N, (26)
MORA-3 SFG 4.63 16.6 9 (5), 9), (22), (28), (34)
GN10 SFG 5.303 12751 x 10" 0.8 11 31
SPT0346—52 SFG 5.656 1.8 17 (15), (29)
MORA-4 SFG 5.85 32019 % 10° 1.8 10 (21), 34)
1231041855 QSO 6.0031 7.2 x 10° 4.5 11 (18), (20), (24), (30), (38)
J1319+0959 QSO 6.133 8.8 7 (17), (20)
J0100+2802 QSO 6.327 113 9 (25), (39)

HFLS3 SFG 6.3369 3.7 x 1010 4.9 28 (10)
J1148+5251 QSO 6.4189 7.1 8 (1), (2), 3), (6), (11), (13), (20)
SPT0311-58W  SFG 6.9 78.5 7 (19), (35)
SPT0311—58E SFG 6.9 35713 x 1010 785 7 (19), 35)
A1689-zD1 SFG 7.13 L7707 % 10° 1.9 4 (14), (16), (27), (33), (36)
GNz7q QSO 7.1899 2.5714 x 1010 0.7 4 (37)
7134240928 QSO 7.54 9.4 7 (23), (32)

Notes. Listed properties are their type, redshift (z), estimates of the stellar mass (M) and measured deconvolved area of the dust emission
(Adust), number of photometric detections used for the fitting routine (npnet), and references to the works from which we acquired the FIR
photometry. References: (1) Bertoldi et al. (2003), (2) Robson et al. (2004), (3) Beelen et al. (2006), (4) Pope et al. (2006), (5) Younger
et al. (2007), (6) Riechers et al. (2009), (7) Cox et al. (2011), (8) Magdis et al. (2011), (9) Casey et al. (2013), (10) Riechers et al. (2013),
(11) Gallerani et al. (2014), (12) Tan et al. (2014), (13) Cicone et al. (2015), (14) Watson et al. (2015), (15) Aravena et al. (2016), (16)
Knudsen et al. (2017), (17) Shao et al. (2017), (18) Feruglio et al. (2018), (19) Marrone et al. (2018), (20) Carniani et al. (2019), (21)
Casey et al. (2019), (22) Magnelli et al. (2019), (23) Novak et al. (2019), (24) Shao et al. (2019), (25) Wang et al. (2019), (26) Cheng et al.
(2020), (27) Inoue et al. (2020), (28) Jiménez-Andrade et al. (2020), (29) Jones et al. (2020), (30) Li et al. (2020), (31) Riechers et al.
(2020), (32) Venemans et al. (2020), (33) Bakx et al. (2021), (34) Casey et al. (2021), (35) Jarugula et al. (2021), (36) Akins et al. (2022),
(37) Fujimoto et al. (2022), (38) Tripodi et al. (2022), and (39) Tripodi et al. (2023).

2020) except SPT0346—52 and SPT0311-58, which have been
observed separately (Aravena et al. 2016; Marrone et al. 2018; Jones
et al. 2020; Jarugula et al. 2021). We do, however, consider the other
SPT sources in our discussion of dust temperatures (Section 3.2).
Similar to the JINGLE and HERUS photometries (Section 2.1), we
excluded by visual inspection among the high-redshift sample those
MIR and radio photometric measurements that clearly have a non-
thermal origin and go beyond a simple modified-blackbody SED (see
Appendix A, where we present the SEDs). Estimates of the stellar
mass (M,), if available, were derived from SED fitting in the works
listed under a Chabrier (2003) initial mass function (IMF), except for
J2310+4-1855 and GNz7q where they represent the dynamical mass
minus the gas mass, M, > Mgy, — Mg,s. The number of photometric
detections, npp0t, does not count upper limits (or data points that were
excluded, as explained in Section 2.3).

2.3 Dust SED-fitting procedure

To derive the dust properties of each galaxy in the three samples
discussed above, we fit a greybody SED with a self-consistent
opacity model to the photometry with the Bayesian code MERCURIUS,
presented in Witstok et al. (2022).2The derived dust properties of the
high-redshift sample are shown in Table 3. We present all SEDs and
an example of the obtained posterior distributions in Appendix A.?
Briefly, we performed two types of fits: either in an entirely
optically thin scenario (dashed lines) or with a self-consistent general

2 Available at https:/github.com/joriswitstok/mercurius/.
3Posterior distributions for the rest of our sample are presented as Supple-
mentary material.

opacity model, where we link the dust mass surface density, derived
using the measured deconvolved area corresponding to the dust
emission (Aqust; see Table 2), to the optical depth (see Witstok et al.
2022, for details). We note that for moderate- and low-resolution
measurements where Aguy (even though it is deconvolved) may
effectively represent an upper limit, the general opacity model only
marginally differs from an optically thin SED due to the low dust
surface mass density. A more accurate treatment of the optical
depth would require modelling high-resolution images with detailed,
three-dimensional radiative transfer models (e.g. Inoue et al. 2020;
Hirashita & Chiang 2022), which is beyond the scope of this work.
The estimated dust emissivity index is not significantly impacted
by the choice of opacity model. The dust temperature, and hence
the inferred dust mass, however, are more susceptible to changes
in the opacity (see e.g. Cortzen et al. 2020; Riechers et al. 2020;
Jin et al. 2022). In some cases, the general opacity model indeed
produces notably better results than assuming that the SED is entirely
optically thin (e.g. GN10 and SPT0346—52; see Appendix A). In the
latter case, the a posteriori (AP) transition wavelength inferred is
inconsistent with an optically thin scenario (see also Jones et al.
2020). For this reason, we opt for the self-consistent treatment as
the fiducial model with the exception of the PG sample, where
we fix the transition wavelength to Ay = 200 um (having verified
that an optically thin model only has a minor impact on our
findings). Our measurement of the dust mass assumes a fixed dust
absorption cross-section k,, appropriate for dust ejected by SNe after
reverse-shock destruction (Hirashita et al. 2014), with the systematic
uncertainty that could lower dust masses by ~3 x or increase them by
~1.5x.

MNRAS 523, 3119-3132 (2023)
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Table 3. Results from the MERCURIUS greybody fitting procedure of high-redshift sources discussed in Section 2.3.

Source M gust (107 Mo) Taust (K) Tpeak (K)
GN20 35815 375} 347!
GN20.2b 12747 39+, 3614
D141 173137 52+ 35+!
MORA-3 138435 4172 36+
GNIO 8140 805 457!
SPT0346—52 14615 80.3104 460
MORA-4 66719 50°3 3473
12310+1855 13613 55.9703 382703
J1319+0959 13213 4374 3513
1010042802 25+ 4613 4542
HFLS3 230} ! 3ot!
J1148+4-5251 3347 64t] 5473
SPT0311-58W 179158 4674 4072
SPT0311—58E 37+9 4073 4072
A1689-zD1 1.9459 4278 3974
GNz7q 643 6412 51+
J1342+0928 4+ 56123 55+20

BIrR Ao (pm) Lir (10" Lo)
1.9%01 554 152413
18703 39117 6o+

191707 12813 16373
1.8 ] 5573 89713
27402 20175 17673

165750 20213 41118

1.887010 1297} 5179

1.8375:93 11673 19675
17492 7%, 88413
23703 4073 59+

1.817004 14713 414717
17753 3713 241178
14752 1873 227138
2053 154 35+
1843 73 1944
1873 s6r1} 35
1.9%02 1245 26132

Notes. Columns show the derived dust mass (Mgyst), dust temperature (Tqyst), peak temperature (Tpeak) dust emissivity index (Bir),
opacity transition wavelength (1), and total IR luminosity (Lir; between 8 and 1000 um). Reported quantities are given as the median
(i.e. 50th percentile) of the parameter’s marginalized posterior distribution, with a 1o confidence range reflecting the 16th and 84th

percentiles.

3 RESULTS AND DISCUSSION

3.1 Evolution and dependence of the dust emissivity index at 4
<z<8

First, we focus on the dust emissivity index, Bir. We show its redshift
evolution in Fig. 1. GN10, with B =~ 2.7, and to a similar extent
J0100+-2802 with B1r =~ 2.3, appear to be clear anomalies compared
to the rest of the galaxies analysed here. We note Riechers et al. (2020)
and Tripodi et al. (2023) derive similarly extreme values for the
dust emissivity index, which indicates that GN10 and J0100+2802
possess exceptional dust properties.

Otherwise, we measure mean dust emissivity index values consis-
tent across the JINGLE, HERUS, and high-redshift samples (Sr =~
1.8) while slightly lower for the PG sample (B1r =~ 1.6). We note that
the high-redshift sample will likely have a selection bias towards the
brightest IR sources, especially because of our requirement of having
four confident detections. This may introduce a bias towards low val-
ues of Br (at fixed dust mass and temperature); however, this effect
becomes weak at moderately high dust temperatures (T, = 40 K).
To explore further such biases and potential differences between
sources at low and high redshifts, Fig. 2 shows the interdependence
of several dust properties: the dust emissivity index Bir, temperature
(Tgyst), mass (Mgyg), and the total IR luminosity (Lg).

The top left panel illustrates a hint of anticorrelation between
the dust emissivity index and temperature among the local sam-
ples (mainly in the HERUS sample, p &~ 0.02). This well-known
degeneracy has been shown to artificially arise from least-squares
fitting methods and can be circumvented by hierarchical Bayesian
frameworks (e.g. Kelly et al. 2012; Lamperti et al. 2019). Indeed,
MERCURIUS is designed to evaluate a likelihood based on the
(weighted) sum of squared residuals (Witstok et al. 2022) so that
such an artificial spread due to degeneracy may be expected; however,
we note that it is unclear whether a hierarchical Bayesian approach

MNRAS 523, 3119-3132 (2023)

is appropriate for our high-redshift sample, given its kaleidoscopic
nature. Moreover, in this context we are mainly interested in any
collective properties of our sample rather than precise individual
measurements.

Interestingly, the high-redshift sample best aligns in all panels with
the sample of local (U)LIRGs and QSOs, which are offset to higher
dust temperatures relative to the JINGLE sample. At the same time,
the high-redshift galaxies display more extreme dust masses and IR
luminosities than both local galaxy samples. This is certainly (in part)
the result of selection bias, since for galaxies in the distant Universe
only the bright(er) sources can be discovered and detected across
multiple wavelength bands within viable observing times. Still, it
is worth noting that already in the first 2 Gyr of cosmic time these
objects are able to form dust masses comparable to, or even larger
than, the local galaxies considered here. In the next section, we will
discuss the dust temperatures and masses in more detail.

3.2 Dust temperatures at4 <z < 8

The dust temperature has a large impact on derived IR luminosities
and SFRs, but it can only be constrained with multiband FIR
observations (e.g. Faisst et al. 2020; Bakx et al. 2021; Witstok et al.
2022; Algera et al. 2023). For this reason, both measurements and
models of the dust temperature in the early Universe have been
scrutinized in recent studies (e.g. Bouwens et al. 2020; Pallottini
et al. 2022; Shen et al. 2022; Vijayan et al. 2022). A major hurdle
in reconciling theory and observations is the fact that except for an
optically thin SED with S1r = 2, the observed peak temperature Tpeax
is not trivially related to the dust temperature inferred from the SED,
Taus: (let alone the luminosity- or mass-weighted dust temperature;
e.g. Liang etal. 2019). In general, disentangling the effects of varying
the dust temperature 74, and opacity for an optically thick SED
requires the SED to be probed at multiple wavelengths (Casey,
Narayanan & Cooray 2014).
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Figure 1. Cosmic evolution of the dust emissivity index Bir. The sample of high-redshift galaxies (coloured according to redshift) is described in Section 2.2.
At late times, results are shown for JINGLE galaxies (whose mean uncertainty is indicated instead of individual error bars for visualization purposes), (U)LIRGs
from the HERUS survey, and QSOs from the PG sample (Section 2.1). Solid (dashed) horizontal lines indicate each sample’s mean dust emissivity index (and
scatter), consistent across JINGLE, HERUS, and high-redshift samples (81r =~ 1.8) while slightly lower for the PG sample (Sr = 1.6).
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details). The grey dashed line indicates the CMB temperature, while the light-red area above shows the region where CMB heating is significant (more than

1 per cent difference compared to z = 0; see Witstok et al. 2022, for details).

To explore evolutionary trends in the dust temperature, Fig. 3
shows the observed peak temperature as a function of redshift for
our sample of sources with well-sampled SEDs, whose temperature
can therefore be accurately determined. To aid comparison between
samples, we show empirical peak temperatures instead of the more
opacity-dependent SED temperature Ty, (e.g. Casey et al. 2014;
Cortzen et al. 2020). We also include several galaxies to highlight the
increased uncertainty when only two to three photometric data points
are available (all temperatures are inferred consistently with the
fitting procedure described in Section 2.3). These are MACSJ0416-
Y1 (Tamura et al. 2019; Bakx et al. 2020), B14—65666 (Bowler et al.
2018; Hashimoto et al. 2019; Sugahara et al. 2021), J1211-0118,
J0217—-0208 (Harikane et al. 2020), COS-3018555981, UVISTA-Z-
001, UVISTA-Z-019 (Witstok et al. 2022), REBELS-12, REBELS-
25, and REBELS-38 (Inami et al. 2022; Algeraet al. 2023). Observed
trends inferred by Schreiber et al. (2018) and Viero et al. (2022)
from stacked spectra are shown (we note that the latter represents
the SED temperature 7y, inferred using an optically thin SED), as
is the power-law fit to the peak-temperature evolution of simulated
galaxies (Liang et al. 2019). In addition, we include sources from
the SPT survey (Section 2.2) in this comparison, since the emergent
peak temperature can be determined directly from the observed SED
and does not strongly depend on the underlying dust opacity (see
e.g. Casey et al. 2014).* For consistency, however, we refitted these

4We note that the same does not hold for the SED dust temperature, Tqyst:
two sources, GN10 and SPT0346—52, are fitted to have an intrinsically high
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SEDs with an optically thin SED model, noting that there is little
difference in the inferred peak temperatures.

Generally, the sources appear to follow the mild temperature
evolution found by Liang et al. (2019) reasonably well. As is clear
from Fig. 3, this is in agreement with trends reported in previous
studies of the SPT sources (Reuter et al. 2020). Furthermore, a
mildly rising temperature is in line with an evolving main sequence in
combination with a non-evolving Lig—Tpeqx relation, as demonstrated
at 0 < z < 2 by Drew & Casey (2022). Moreover, from a theoretical
perspective it is naturally expected that dust temperatures increase
towards high redshift as a result of decreasing gas depletion times
(Sommovigo et al. 2022a, b). A few sources, however, are clearly
offset from this relation derived for SFGs. In particular, MACSJ0416-
Y1 appears to contain exceptionally hot dust (see Bakx et al.
2020), while J0217—-0208, COS-3018555981, and REBELS-25 have
notably low temperatures (see also Witstok et al. 2022). (U)LIRGs
from the HERUS sample have increased dust temperatures indicative
of a more efficient (i.e. higher UV optical depth) and/or additional
heating mechanism (e.g. Hirashita & Chiang 2022; Sommovigo et al.
2022a). The same is true for QSOs from the PG sample as well as
several high-redshift quasars (in agreement with previous studies;
e.g. McKinney et al. 2021; Walter et al. 2022).

dust temperature (Fig. 2), while the peak temperature is moderate, owing to
their high optical depths.
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Figure 4. Galaxy dust masses as a function of stellar mass. Data points from
the high-redshift sample are coloured according to their redshift (symbols are
the same as before). Two QSOs whose stellar mass has been deduced from the
dynamical and gas masses (Section 2.2) are annotated. Symbols are the same
asin Figs 1 and 2, with the addition of the estimated stellar and dust masses of
the Milky Way (Ginolfi et al. 2018). Grey shading indicates the region where
SNe can be fully responsible for the dust production, green shading shows
the same but with a significant reduction due to ~95 per cent reverse-shock
destruction. A maximum yield with additional contribution from AGB stars
is indicated by the black dashed line. The edges are blurred on purpose to
illustrate the systematic uncertainty in the choice of IMF when calculating
the dust yield for a given stellar mass, with the red dotted line showing the
highest metal yield, which translates into the maximum dust mass allowed
(Section 3.3). As in Figs 1 and 2, an arrow shows the systematic uncertainty
on dust masses given the range of possible dust absorption cross-sections (the
current choice appropriate for dust ejected by SNe; see Section 3.3), while
a second arrow shows the systematic change in observed stellar masses
depending on the IMF (see text for details).

3.3 Dust massesat4 <z < 8

The derived dust masses are shown as a function of the stellar mass (if
available; see Section 2.2) in Fig. 4. In our analysis, we focus on dust
production by stellar sources: SN explosions, which are generally
thought to be the main stellar source of dust in the early Universe, and
AGB stars, which act on longer time-scales (e.g. Valiante et al. 2009;
Mancini et al. 2015; Liu & Hirashita 2019; Burgarella et al. 2020;
Nanni et al. 2020). As outlined in Section 2.3, there is a systematic
uncertainty accompanying the choice of the dust absorption cross-
section (visualized by an arrow, also shown in Figs 1 and 2; see
Witstok et al. 2022). For consistency, the current choice is appropriate
for dust ejected by SNe after reverse-shock destruction (Hirashita
et al. 2014).

To relate the stellar and dust masses, we consider an IMF-averaged
dust yield jgus, Which represents the mean dust mass formed per
unit stellar mass and thus translates into a straight line in the dust
versus stellar mass plane (i.e. a constant dust-to-stellar mass ratio,
Mg, /M.,). Given the uncertainty surrounding theoretical dust yields,
in Fig. 4, we indicate a range of dust yields in a scenario where
dust is produced by SNe and/or AGB stars under various IMFs
following the method described in Di Cesare et al. (2023). Our
aim here is to provide a simple prediction of the contribution of
stellar sources to the observed dust masses, starting from a given
set of theoretically motivated, mass-dependent yields (while varying
the stellar IMF). We emphasize that this approach differs from the
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empirical method of Michatowski (2015) where, inversely, the yield
per AGB star or SN event required to explain a given dust mass
is inferred (see also Lesniewska & Michatowski 2019; Bakx et al.
2021; Schouws et al. 2022; Sommovigo et al. 2022b; Witstok et al.
2022).

The first scenario from Di Cesare et al. (2023) assumes a stellar age
of 35 Myr where only the most massive stars (M > 8 M) contribute
to the metal and dust budget through core-collapse SNe. This is
shown both for the case where a significant fraction (~95 per cent)
of dust is destroyed by reverse-shock destruction and for the highly
optimistic case of no destruction at all (cf. Ginolfi et al. 2018). The
second has a stellar age of 650 Myr (approximately the Hubble time
at z ~ 7) and includes additional enrichment by lower mass AGB
stars (M > 2.5 Mg). These two scenarios are chosen to respectively
highlight the contribution by SNe alone and the combination of SN
and AGB stars. Where available (predominantly in the form of a
gas depletion time), estimates of the stellar ages of the high-redshift
sources considered in this work are consistently of the order of several
tens of millions of years (e.g. Watson et al. 2015; Riechers et al.
2020), therefore suggesting that the dust production by AGB stars
is minimal. We note that changing the stellar age only marginally
changes the yield: in the first scenario, the most massive stars have
smaller ejecta (resulting in a change of ~10 per cent for an age
range of 20-35Myr), while the AGB contribution in any case is
subdominant such that different ages in the second scenario do not
significantly change the overall yield. We note that although the
timing and grain composition of dust production by SN is uncertain,
the adopted yields (0.16 and 0.66 M ; Bianchi & Schneider 2007) are
within the range of values reported in the literature and certainly are
not expected to be significantly higher (e.g. Sarangi & Cherchneff
2015; Lazzati & Heger 2016; Marassi et al. 2019; Brooker et al.
2022).

The gradual diminishing of the shaded area corresponds to the
range of yields obtained with various IMFs: a Salpeter (1955),
Chabrier, top-heavy (¢ = 1.5), and finally several Larson (1998)
IMFs (with characteristic masses M, of 0.35, 5, and 10Mg;
see also Valiante et al. 2009). Yields range from ysy = 0.00159
(sn+ace = 0.001 83) for a Salpeter IMF up to ysy = 0.008 84
(¥sn+ace = 0.00899) for a Larson IMF (M, = 10Mg), which
reduce to, respectively, sy = 1.1 x 107 (Jsnyags = 3.46 x 1074)
and gy = 6.22 x 107 (Jsnyage = 9.14 x 107, but in this case for
M., = 5Mp) in the presence of a reverse shock causing ~95 per cent
destruction. These yields broadly match more detailed models, which
also include the effects of dust reprocessing in the ISM (destruction
by SN shocks, astration, ejection in outflows, and grain growth). Such
analyses predict dust-to-stellar mass ratios depending on stellar mass
and redshift, performed in semi-analytical setting (e.g. Mancini et al.
2015; Popping, Somerville & Galametz 2017; Vijayan et al. 2019;
Dayal et al. 2022) and cosmological hydrodynamical simulations
(e.g. McKinnon et al. 2017; Aoyama et al. 2018; Aoyama, Hirashita
& Nagamine 2020; Graziani et al. 2020; Di Cesare et al. 2023): for
instance, Di Cesare et al. (2023) predict Mg, /M, ~ 3 x 10~* for
M, ~ 10° Mg to My, /M, ~ 1072 for M, ~ 10! Mg,

From Fig. 4, it appears that local galaxies (mostly) exhibit dust-
to-stellar mass ratios consistent with the adopted dust yields, with a
possible exception at low stellar masses (M, < 4 x 10° My) where
a small fraction of SFGs from the JINGLE sample nominally exceed
the maximum yield of SN and AGB stars combined. It appears
that little room is left for a (significant) fraction of SN dust to be
subsequently destroyed by the various processes mentioned above,
or otherwise that any loss is made up by grain growth (see e.g.
Valiante et al. 2011, 2014; Graziani et al. 2020; Dayal et al. 2022).

MNRAS 523, 3119-3132 (2023)

€20z 1snBny ¢ uo Jasn AlsIaAlun Sa10opy uyor [00diaAi Aq 287691 2/61 L €/2/SZS/810Nie/SeIuW/Woo dno-olwspese//:sdny wolj papeojumoq


art/stad1470_f4.eps

3126  J. Witstok et al.

The high-redshift galaxies for which a measurement of the stellar
mass is available paint a more drastic picture still: a significant
fraction are located either in a region where ~95 per cent reverse-
shock destruction is strongly ruled out (i.e. approximately on the
black dashed line; four out of nine sources), or indeed where even
the optimistic SN and AGB dust yields combined appear inadequate
in accounting for the observed dust mass (i.e. significantly above the
black dashed line; an additional four out of nine sources). We note
that the latter four sources (MORA-4 also known as MAMBO-9,
J2310+1855, HFLS3, and GN20) are some of the FIR-brightest and
highly starburst (in the case of J23104-1855, quasar-host) galaxies
known, likely or demonstrably located within highly overdense
regions of the early Universe (Riechers et al. 2013; Tan et al. 2014;
Casey et al. 2019; Tripodi et al. 2022). In this case, other dust
production mechanisms, such as direct grain growth in the ISM,
may need to be evoked (see also e.g. Valiante et al. 2014; Schneider,
Hunt & Valiante 2016; Popping et al. 2017; Graziani et al. 2020;
Di Cesare et al. 2023). However, we note that direct grain growth
may not adequately resolve the tension as this process has been
shown to become inefficient in dense molecular clouds due to the
formation of icy mantles (Ferrara et al. 2016; Ceccarelli et al. 2018).
Moreover, two out of the offending data points are incompatible
even with the maximum dust mass that is physically allowed —
assuming that all metals are locked up in dust grains — even for
the maximum metal yield out of all scenarios described above (y; =
0.0641 on a longer time-scale for a Larson IMF with M, = 10Mg).
We note that although metal and dust yields at a fixed stellar mass
are higher for top-heavy IMFs, the observed stellar masses currently
inferred with a Chabrier IMF will also be reduced (as indicated by
the arrow in Fig. 4), again worsening the discrepancy. This suggests
that, independent of the IMF assumed, stellar mass estimates may
be systematically low, in particular for the high-redshift sources (in
agreement with recent findings suggesting that the stellar masses
can vary up to ~1 dex under a different star formation history; see
Topping et al. 2022). Improved stellar mass estimates with JWST will
significantly reduce their uncertainty, though we note that high dust
yields are not only seen for galaxies whose stellar mass has been
measured with SED fitting, but also via the dynamical mass (i.e.
for J2310+41855; however, dynamical mass estimates equally carry
significant uncertainty as they require many assumptions to be made
in the dynamical modelling and gas mass inference; cf. Feruglio et al.
2018; Tripodi et al. 2022).

The inconsistency may therefore also be alleviated with a lower
dust absorption cross-section, which directly increases the inferred
dust masses. Due to spatial offsets between the light from (un-
obscured) stars, ionized gas, and dust (e.g. Carniani et al. 2017;
Behrens et al. 2018; Bowler et al. 2018, 2022; Cochrane et al.
2019; Inami et al. 2022), integrated measures such as the stellar
mass and dust mass could in reality trace different components. A
more heterogeneous dust distribution, for example in a scenario with
multiple star-forming regions enshrouded by dust to varying degrees,
might bias spatially resolved observations to trace optically thick dust
efficiently heated by stars, while colder, possibly more extended dust
reservoirs remain undetected (e.g. Ferrara et al. 2017; Akins et al.
2022; Witstok et al. 2022). High-resolution, multiwavelength follow-
up observations (with e.g. ALMA and JWST) are required to confirm
this.

4 SUMMARY AND CONCLUSIONS

We applied a flexible fitting routine to the dust-continuum emission
of a sample of 17 galaxies in the early Universe (4 < z < 8) with
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well-sampled FIR SEDs, consisting of 6 quasars (QSOs), 8 SFGs,
and 3 SMGs. We put the results into context by comparing to two
samples of nearby galaxies. We constrain the dust mass, temperature,
emissivity index, and opacity of each source within a Bayesian
inference framework to characterize collective trends of the dust
properties. We summarize our findings as follows:

(1) We find no significant evolution in the dust emissivity index
across cosmic time, measuring a consistent value of fig >~ 1.8 for
the local samples of SFGs and (U)LIRGs as well as in the high-
redshift sample, while it is slightly lower for the sample of local
QSOs (Br =~ 1.6). This suggests that the effective properties of dust
do not change dramatically, though we note that our selection criteria
might introduce a bias towards the IR-brightest sources. GN10 and
J0100+4-2802, with Bigr =~ 2.7 and 2.3, respectively, are two notable
exceptions among the galaxies considered here.

(ii) In other dust properties, we find the high-redshift galaxies to
be similar to, or in dust temperature and IR luminosity even more
extreme than, (U)LIRGs in the HERUS sample. The dust temperature
in our high-redshift sample points towards a mild evolution with
redshift, though several of the most distant quasars, like local quasars
and (U)LIRGs, exhibit elevated temperatures pointing towards an
additional and/or more efficient heating mechanism.

(iii) For a subsample of galaxies, we compare stellar mass esti-
mates with our inferred dust masses, whose degeneracy mainly with
dust temperature is reduced for well-constrained SEDs. About half
of the cases fall within a simple, IMF-averaged dust yield of stellar
sources alone (i.e. SNe and AGB stars), provided no destruction in the
ISM or ejection from the galaxy takes place. The other half, however,
exceeds a highly optimistic yield by up to an order of magnitude,
suggesting that stellar masses are underestimated or metal yields are
seemingly violated, both implying that the mass-to-light ratio of dust
may be systematically overestimated.
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APPENDIX: FIR SED FITS

As an example, the posterior distributions for fitting the FIR SED of
A1689-zD1 obtained with MERCURIUS under a self-consistent general
opacity model are shown in Fig. A1. Similar figures for other sources
in our sample (Table 2) are included in the Supplementary material.

In Fig. A2, we show the ‘best-fitting” SED curve for the maximum
likelihood in the (Myyy, Taust) plane, while shaded regions indicate
the uncertainty as the deviation of the 16th and 84th percentiles

from the median (50th percentile) at each wavelength of all curves
produced according to the posterior distribution. We show two types

of fits: either in an entirely optically thin scenario (dashed lines) or
with a self-consistent general opacity model, where we link the dust
mass surface density, derived using the measured deconvolved area
corresponding to the dust emission (Aqyus; see Table 2), to the optical
depth (see Witstok et al. 2022, for details).
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Figure Al. Posterior distributions for A1689-zD1 at z = 7.13 obtained in the FIR SED-fitting routine with MERCURIUS under a self-consistent general opacity
model. Parameters shown are the dust mass (Mgyst), Opacity transition wavelength (1), total IR luminosity (Lr; note that this is included purely for visualization,
not being an independent parameter in the fitting routine), dust temperature (7qyust), and dust emissivity index (B1r). Solid grey lines indicate the median (i.e. 50th
percentile) of the parameter’s marginalized posterior distribution, while dashed lines show the 16th and 84th percentiles. In panels with the dust temperature, a
dotted line indicates Tcmp (z = 7.13), the CMB temperature at the redshift of A1689-zD1.
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Figure A2. MERCURIUS fits to the FIR SEDs of the high-redshift sources considered in this work (Table 2). Photometric measurements and upper limits (3o,
with a vertical dash showing the 1o level) are shown in black (open grey points are excluded from the fitting procedure; Section 2.3). Two types of fits are shown,
either in an entirely optically thin scenario (dashed lines) or with a self-consistent optical depth model (solid lines; cf. Witstok et al. 2022). All dust properties
derived using the latter model are listed in Table 3. Shaded regions indicate the uncertainty (see text for details). The label lists the transition wavelength (i),
dust temperature (Tqus), and dust emissivity index (Bir). In the optically thin case, the transition wavelength is inferred AP (AQP). A second, smaller panel
below each fit shows the residuals (A F,_obs) on a linear scale.

MNRAS 523, 3119-3132 (2023)

€20z 1snBny ¢ uo Jasn AlsIaAlun Sa10opy uyor [00diaAi Aq 287691 2/61 L €/2/SZS/810Nie/SeIuW/Woo dno-olwspese//:sdny wolj papeojumoq


art/stad1470_fA2a.eps

105+

Fy, obs (WJY)

100¢

—10000

AFv, obs (“JY)
o

10000

AF\), obs (UJY)

AF\), obs (U-JY)

Dust properties at the earliest epochs

104}

103}

2500¢

Aobs (Mm)
0.1 1 10 100
D141 ' 2= 4243, Tog = 14.20K 10°
104 L
Optically thin
__ AP=166.8um 1 3L
T:u5t= 3771K 10
Bir=1.90:3%]
E 100¢
Self-consistent
_ Ao=128%um
Toust = 5271 K 4 10+
Bir=1.9123%]
' P ' 20000
L + ® Aad
L L L L 0
10 100 103 104
0.1 1 10 100
J1148+5251 7=16.4189, Tcwg = 20.22K 105
Optically thin ] 104 L
__ AP=405um
Taust = 5878 K
Br=1.7%33 1031
Self-consistent
_ Ao=37%um
Taust = 647K 100+
Br=1.7%33
' ' ' ' 2500F
R e 0
10 100 109 107 ~2500
0.1 1 10 100
J1342+0928 z=7.54, Tews = 23.27K
10°
Optically thi
L AFS12sum 104¢
Taust = 56725 K
Br=1.9%332
103 L
Self-consistent
_ Ao=12%um
Taust =565 K 100}
Br=1.9%332
) " " T 20000F
eqme .- 0
10 100 10° 107

/\emit (um)

Figure A2. Continued.
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Figure A2. Continued.
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