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Chapter 2

Significant Dust-Obscured Star
Formation in Luminous Lyman-
break Galaxies at z ~ 7 — 8

We make use of ALMA continuum observations of 15 luminous Lyman-
break galaxies at z ~ 7-8 to probe their dust-obscured star-formation.
These observations are sensitive enough to probe to obscured SFRs of 20
Mg/yr (30). Six of the targeted galaxies show significant (>3c) dust
continuum detections, more than doubling the number of known dust-
detected galaxies at z > 6.5. Their IR luminosities range from 2.7 x 10!
L to 1.1 x 1012 L, equivalent to obscured SFRs of 25 to 101 Mg /yr.
We use our results to quantify the correlation of the infrared excess IRX
on the UV-continuum slope Byy and stellar mass. Our results are most
consistent with an SMC attenuation curve for intrinsic UV -slopes Buv,intr
of —2.63 and most consistent with an attenuation curve in-between SMC
and Calzetti for Syv intr slopes of —2.23, assuming a dust temperature 7
of 50 K. Our fiducial IRX-stellar mass results at z ~ 7-8 are consistent with
marginal evolution from z ~ 0. We then show how both results depend
on Ty. For our six dust-detected sources, we estimate their dust masses
and find that they are consistent with dust production from SNe if the
dust destruction is low (<90%). Finally we determine the contribution of
dust-obscured star formation to the star formation rate density for UV
luminous (H<—-21.5 mag: 21.7L};,) z ~ 7-8 galaxies, finding that the
total SFR density at 2 ~ 7 and z ~ 8 from bright galaxies is 0.207019
dex and 0.2375-05 dex higher, respectively, i.e. N% of the star formation
in 21.7L};,, galaxies at z ~ 7-8 is obscured by dust.

Schouws, Stefanon, Bouwens, Smit, Hodge, Labbé, Algera,
Boogaard, Carniani, Fudamoto, Holwerda, Illingworth,
Maiolino, Maseda, Oesch, and van der Werf

ApJ, 928, 31 (2022)
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2.1 INTRODUCTION

One major uncertainty in our understanding of galaxy formation during
the Reionization Epoch concerns the role of early dust build-up. Deep
surveys in the rest-frame UV with both ground and space-based facilities
have enabled the identification of large samples of galaxies at z > 2 and
measurement of their UV -based star formation rates up to redshift z ~11
(e.g., Bouwens et al. 2011, 2014, 2015, 2016a, 2017; Ellis et al. 2012;
Laporte et al. 2012; McLure et al. 2013; Schenker et al. 2013; Finkelstein
et al. 2015; Kawamata et al. 2018; Oesch et al. 2014, 2015, 2018; McLeod
et al. 2016). The rest-frame UV view only accounts for unobscured star
formation and could be significantly impacted by the presence of dust in
galaxies. Fortunately, accurate measurements of the dust-obscured star
formation rates in galaxies to z < 3 have been available for the past ten
years, thanks to deep and wide-field far-infrared (FIR) observations from
Herschel and Spitzer (Reddy et al. 2006; Daddi et al. 2007; Magnelli et al.
2009, 2013, 2020; Karim et al. 2011; Cucciati et al. 2012; Schreiber et al.
2015; Alvarez—l\lérquez et al. 2016).

Less is known however about star formation in z > 3 galaxies that might
be obscured by dust (e.g., Bouwens et al. 2016b; Dunlop et al. 2016; Casey
et al. 2018; Wang et al. 2019; Williams et al. 2019). Because of the lim-
ited sensitivity and increasing source confusion suffered by Herschel and
Spitzer, the obscured star formation in z > 3 galaxies could initially only
be studied in the most luminous systems (e.g. Riechers et al. 2013; Oteo
et al. 2016; Marrone et al. 2018). Consequently, studies of the star forma-
tion rate density at z > 3 often account for the impact of obscured star
formation based on the UV light alone. Especially useful in this regard
has been the empirical relation between the UV continuum slope Syy and
the infrared excess (IRX=L;r/Lyy). In the local universe, the IRX has
been found to show a good correlation with By for star forming galaxies
(Meurer et al. 1999; Takeuchi et al. 2010; Overzier et al. 2010; Casey et al.
2014). Moreover, this same correlation seems to hold up to at least z ~ 3
(Reddy et al. 2006, 2010, 2011; Daddi et al. 2009; Overzier et al. 2010;
Sklias et al. 2014; Pannella et al. 2015; Bouwens et al. 2016b; Alvarez-
Marquez et al. 2016; Whitaker et al. 2017; Fudamoto et al. 2017, 2019a;
Fudamoto et al. 2020; McLure et al. 2018).

The availability of new observations from sub-millimeter facilities like the
Atacama Large Millimeter/submillimeter Array (ALMA) and the NOrth-
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ern Extended Millimeter Array (NOEMA) which have much better sen-
sitivity and resolution than previous facilities, have had an especially im-
portant impact on studies of obscured star formation and dust in z > 3
galaxies (e.g. Hodge & da Cunha 2020). Most importantly, these facilities
have enabled the detection of obscured star formation in normal main se-
quence star forming galaxies at z >3 by utilizing deep field observations
(Aravena et al. 2016, 2020; Bouwens et al. 2016b; Bouwens et al. 2020;
Dunlop et al. 2016; McLure et al. 2013) and targeted studies (e.g. Capak
et al. 2015; Willott et al. 2015; Knudsen et al. 2017; Laporte et al. 2017;
Bowler et al. 2018; Hashimoto et al. 2019; Tamura et al. 2019; Fudamoto
et al. 2020), but the majority of observed high redshift sources remain un-
detected in the dust continuum (e.g Maiolino et al. 2015; Bouwens et al.
2016b; Carniani et al. 2017, 2018; Smit et al. 2018; Bowler et al. 2018;
Matthee et al. 2017, 2019; Hashimoto et al. 2018). This indicates that star
formation in normal z > 3 galaxies may be less obscured than in the local
universe, especially in normal and small galaxies, and previous corrections
to the UV derived star formation rates to determine the cosmic star for-
mation history may be overestimated (e.g. Bouwens et al. 2016b; Capak
et al. 2015; Willott et al. 2015; Barisic et al. 2017; Faisst et al. 2017, 2020;
Fudamoto et al. 2017, 2019a,b). This is corroborated by recent findings
from Fudamoto et al. (2020), who find that the infrared excess of z ~ 4-6
galaxies from ALPINE (Le Fevre et al. 2020) can be much better explained
with a steeper attenuation curve like SMC than with greyer attenuation
curves like Calzetti.

Despite the significant amount of progress in detecting obscured star
formation in galaxies to redshifts z ~ 6.5, much less is known about the
dust properties and obscured star formation rates of galaxies at z > 6.5,
with only 4 dust-continuum detections thus far identified in normal star-
forming galaxies at z ~ 7-8 (Watson et al. 2015; Knudsen et al. 2017;
Laporte et al. 2017; Bowler et al. 2018; Hashimoto et al. 2019; Tamura et al.
2019). Additionally, there have also been a modest number of prominent
dust continuum detections in more extreme ULIRG-type (Ultra-Luminous
InfraRed Galaxy: defined as Ly > 1012L) sources (Marrone et al. 2018)
and QSOs at z > 6.5 (Venemans et al. 2012, 2015a,b, 2017, 2018; Banados
et al. 2015; Mazzucchelli et al. 2017).

Further insight can be obtained into the dust properties of luminous
z > 6 galaxies by increasing the number of such galaxies targeted with
sensitive dust-continuum observations. In this spirit, we successfully pro-
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posed for ALMA continuum observations on a significant sample of lumi-
nous z ~ 8 galaxies to study the dust-continuum emission from luminous
high-redshift galaxies. In addition, we also obtained sensitive ALMA-
continuum observations on seven other bright z ~ 7 galaxies as part of
two other programs aimed at probing the 157.74um [CII] line (hereafter
[CI}158m )- Eight of these galaxies were identified as part of the Stefanon
et al. (2017, 2019) study of bright star-forming galaxies at z 2 8 in the
COSMOS/UltraVISTA field, while the z ~ 7 galaxies were primarily part
of a similar selection of bright galaxies at z ~ 7 (Schouws et al. in prep).
Focus on the brightest and most massive galaxies in the early universe is
especially promising for the study of obscured star formation and dust,
given the prevalence of dust in such galaxies at lower redshift (e.g., Hodge
& da Cunha 2020), and the observability of such sources with ALMA and
NOEMA.

In this paper, we make use of these new ALMA continuum observations
to characterize the dust properties of some of the most massive galaxies in
the z ~ 7-8 universe. Our new observations significantly add to the ALMA
continuum observations currently available for galaxies at z > 6, allowing
us to quantify in much more detail both the dust emission and obscured
star formation in these massive sources. In addition, the new observations
allow us to constrain the dust attenuation law for high-redshift sources
more accurately and increase the sample of sources where we have estimates
of dust masses, which is essential for studying the build-up of dust early
after the Big Bang.

The layout of this paper is as follows. In §2, we describe both the selection
of our sources and the ALMA observations. In §3, we present our new
ALMA-continuum results and then combine these results with the available
UV observations to derive the IR luminosities and infrared excesses for
individual sources. In §4, we use our new measurements to constrain the
form of IRX-M, and IRX-S relations, look at spatial offsets between UV
and dust-continuum light, and consider dust build-up in galaxies to z ~
7. In §5, we briefly discuss our results, and finally, in §6, we summarize
our conclusions. Throughout this paper we assume a standard cosmology
with Hy = 70 km s~! Mpc~!, Q,, = 0.3 and Q4 = 0.7. Magnitudes are
presented in the AB system (Oke & Gunn 1983). For star formation rates
and stellar masses we adopt a Chabrier IMF (Chabrier 2003).
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Table 2.1. Observational parameters of the ALMA observations

Beamwidth® Integration  Achieved  Central -
Source S o Project
RA DEC time Sensitivity Frequency
Name _ Code
(arcsec) (min.) (wJy: 1)  (GHz)

z ~ 7 Sample

UVISTA-Z-001 10:00:43.36 02:37:51.3 1.47” x1.21” 78.36 17.9 234.0 2018.1.00085.8
UVISTA-Z-007 09:58:46.21 02:28:45.8 1.40” x1.19” 65.52 17.4 245.7 2018.1.00085.S
UVISTA-Z-009 10:01:52.30 02:25:42.3 1.38” x1.20” 65.52 19.0 245.7 2018.1.00085.8
UVISTA-Z-010 10:00:28.12 01:47:54.5 1.44” x1.18” 78.36 14.7 234.0 2018.1.00085.S
UVISTA-Z-013 09:59:19.35 02:46:41.3 1.45” x1.18” 78.36 15.0 234.0 2018.1.00085.S
UVISTA-Z-019 10:00:29.89 01:46:46.4 1.39” x1.18” 65.52 18.0 245.7 2018.1.00085.8
COs-3018 10:00:30.19 02:15:59.8 1.63” x1.497¢ 766.08 7.0 233.5 2017.1.00604.8
z ~ 8 Sample
UVISTA-Y-001 09:57:47.90 02:20:43.7 1.17”x0.96” 37.50 13.4 203.1 2018.1.00236.S
UVISTA-Y-002 10:02:12.56 02:30:45.7 1.177x0.96” 37.50 13.3 203.1 2018.1.00236.S
UVISTA-Y-003 10:00:32.32 01:44:31.3 0.60” xX0.52” 33.26 19.1 230.4 2017.1.01217.8

2017.1.01217.S &

UVISTA-Y-004 10:00:58.49 01:49:56.0 1.03” x0.94” 91.73 9.3 231.3

2018.A.00022.5
UVISTA-Y-005 10:00:31.89 01:57:50.2 1.17” x0.96” 37.50 12.9 203.1 2018.1.00236.8
UVISTA-Y-OUGf 10:00:12.51 02:03:00.5 1.17”x0.96” 37.50 13.2 203.1 2018.1.00236.S
UVISTA-Y-0079  09:59:02.57 02:38:06.1 0.60” X0.53”" 34.78 17.9 230.4 2017.1.01217.8
UVISTAfY—O(JQCf 09:59:09.62 02:45:09.7 0.60” X0.53” 34.78 17.9 230.4 2017.1.01217.8

NoTE— ®Beamsize as measured in the naturally weighted continuum images. P Corresponds to the total integration
time in case of multiple tunings. In total, 25.7 hours of integration time on source is included in this analysis.
CFor this dataset we use a 1.5 arcsecond tapered continuum image, the full ~0.25 arcsecond resolution data
will be presented in Smit et al. (in prep). 9Source name in ALMA observations is Y8. ©Source name in ALMA

observations is Y10. fUVISTA-Y—OOG and UVISTA-Y-009 are estimated to be magnified by a factor ~0.27 dex and
~0.29 dex respectively due to lensing from foreground galaxies (Stefanon et al. 2019). Given the large uncertainty
in the lensing magnification factor, the luminosities and fluxes for these sources are not corrected for lensing.

2.2 TARGETS AND ALMA OBSERVATIONS

The purpose of this Section is to provide a brief summary of the deep
ALMA continuum observations and bright z ~ 7-8 targets we analyze in
this study as part of five separate ALMA programs. A summary of the
observations we describe in this Section is provided in Table 2.1.

2.2.1 ALMA Continuum Observations of Bright z ~ 7 Galazies

As part of an effort to better characterize the physical properties of
very luminous galaxies at z ~ 7, we used an ALMA cycle-6 program
(2018.1.00085.S: P.I. Schouws) to observe six luminous z ~ 7 galaxies.
The observations were designed to use spectral scans to search for the
[CII}158.m line, while simultaneously probing the dust-continuum emission
from sources. This paper focuses on the dust-continuum properties of
these sources, while we defer the discussion on the [CII];58,, emission to a
companion study (Schouws et al. (in prep.)). That paper also details the
manner in which six bright z ~ 7 sources were selected for targeting and
our identification of [CII] (SNR>9) in three of them.
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The six sources in the program were identified using the very deep op-
tical, near-IR, and Spitzer /IRAC observations obtained over the 2 deg?
COSMOS/UltraVISTA field from significant survey programs within COS-
MOS (Scoville et al. 2007; Capak et al. 2007), CFHT-LS (Erben et al. 2009;
Hildebrandt et al. 2009), UltraVISTA (McCracken et al. 2012), SPLASH
(Capak et al. 2013), and SMUVS (Caputi et al. 2017; Ashby et al. 2018).

Each of the sources was selected to show a strong break across the Y
and z filters (z — Y > 2 mag), show blue UV -continuum slopes, and show
moderately blue or red Spitzer /IRAC [3.6]-[4.5] colors, i.e., < —0.3 or >0.3.
Significantly red or blue Spitzer /TRAC colors not only provide evidence for
substantial [OIII];,,,4+HpA line emission in the sources (e.g., equivalent
widths EW ([OIMT] 5074 +HB)2500A Smit et al. (2015)), but also indicate
to which IRAC band the line emission contributes. By combining this
information with that available from the Lyman break, accurate redshift
constraints can be derived Az<0.15 (see also Smit et al. 2015; Roberts-
Borsani et al. 2016) on the six targeted galaxies, making it possible for
us to efficiently scan for [CII]is8,m . A more extensive description of the
source selection is included in Schouws et al. (in prep.).

All six targets were observed in band-6 as part of ALMA program
#2018.1.00085.S using the most compact configuration for maximal sensi-
tivity (C43-1: ~1.3 arcseconds resolution). The spectral setup was chosen
to enable a scan for [CII] 58, over essentially the full frequency range ex-
pected on the basis of our precise redshift constraints. We were able to
execute this scan using just two separate tunings with three spectral win-
dows each. The full bandwidth for each scan was therefore 10.75 GHz in
total. Approximately 40 minutes were required in each tuning to reach a
sensitivity of 0.25 mJy per 66 km/s, which was chosen to ensure detection
of [CII]158,m based on previous studies (e.g., Smit et al. 2018). The pre-
cipitable water vapor during the executed observations ranged from 1.6 to
3.5 mm. We refer to Table 2.1 for a detailed overview of the parameters
of our observations.

Additionally, we also utilize the sensitive, higher spatial resolution band-
6 observations we obtained of z = 6.853 source COS-3018555981 (Smit
et al. 2018) (hereafter abbreviated to COS-3018). The purpose of those
observations was to characterize in detail the kinematics of a z ~ 7 galaxy
with relatively luminous [CII]158,, line and to determine if the kinematics
were more consistent with simple rotation or a merging system. COS-3018
was one of two z ~ 6.8 sources featured in Smit et al. (2018) and found to
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show prominent differential motion across the detected [CII]58;m, profile.
Thanks to the depth of the band-6 observations on this source, these ob-
servations can also used to characterize the IRX in this source.

In interpreting the ALMA results obtained for our z ~ 7 galaxy targets,
it is worthwhile asking whether our selection criteria for our targets might
bias our results. After all, our selection of z ~ 7 targets required that their
[OI11] 5407 4 +HPB nebular emission lines be sufficiently strong to narrow the
redshift likelihood distribution for sources. As we will discuss in Schouws
et al. (in prep), the median source in our z ~ 7 selection only had a
[OI11] 5474 +HB EW of ~1000A. Since this is roughly consistent with the
median EW (7591113 A) derived by Endsley et al. (2021) for the z ~ 7
population of luminous galaxies, we can conclude that our z ~ 7 results
appear to be representative.

2.2.2 ALMA Continuum Observations of Bright z ~ 8 Galazies

We additionally targeted the eight most luminous Lyman Break Galaxies
at z ~ 8 in UltraVISTA to obtain sensitive continuum constraints on their
far-IR emission and obscured star formation. The targeted sources were
identified as part of a search for bright Lyman-break galaxies at z ~ 8
(Stefanon et al. 2017, 2019), where sources were required to have Y — (J +
H)/2 colors redder than 0.75 mag, to show a blue UV-continuum slope
redward of the Balmer break, and a low-probability of being a low-redshift
galaxy based on SED fits.

The eight sources were targeted as part of two ALMA programs
#2017.1.01217.S (P.I. Stefanon) and #2018.1.00236.S (P.I. Stefanon) and
observed for ~35 minutes each. To optimize the probability for detec-
tion for [CII]is58um , we used band-6 to obtain continuum observations of
those sources whose best-fit photometric redshifts were z < 8 and band-5
to obtain continuum observations for those whose best-fit redshifts were
z > 8. As a result of the relatively large photometric redshift uncertain-
ties on the Stefanon et al. (2019) z ~ 8 sources and the cost of pursuing
spectral scans, we elected to use a single spectral setup to maximize the
continuum sensitivity. We also obtained 58 minutes of follow-up observa-
tions (#2018.A.00022.S: P.I. Schouws) on one source from ALMA program
#2017.1.01217, UVISTA-Y-004, in an effort to confirm a tentative 2.50
dust-continuum detection of that source.

We note that two sources from in sample, UVISTA-Y-006 and UVISTA-
Y-009, are estimated to be magnified by a factor ~0.27 dex and ~0.29 dex
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Table 2.2. Physical and Measured Characteristics of the Bright z ~ 7-8 Galaxies
Targeted with ALMA Observations

Sourcename Redshift myy 85y Luv Tog( M=) T Al LIIIR‘
(10°"Lg) (M) (pdy) (o'lrg)
UVISTA-Z-001 7.0611% 23.9 £0.1  —1.887022 20707 9587002 104798 50737
UVISTA-Z-007 6.7498% 24.5 0.1 —2.0270-22 15102 9.5719-35 <522 <22
UVISTA-z-000  6.0070-10 246 x01 —1.88F0-21 16702 9.4010-32 < 57.0 <24
UVISTA-z-010  7.0770-09 246 01 2307035 14702 8.88T028 < a4 <21
UVISTA-Z-018  7.0275-905 249 402 —2.24%038 1atdd 1072t )9% <aso <22
UVISTA-Z-019 6.7544% 251 0.2 —1.51F029 1o+t 9517019 6623 27109
COS-3018 6.8540% 249 +0.1  —1.2210-81 13101 914008 6511 3.0106
UVISTA-Y-001 8587033 248 x01 —1.377036 21703 10.070-9 73720 35710
UVISTA-v-002 8217050 248 +02 —2060703% 10702 9.079-3 < 39.9 <23
UVISTA-Y-003  7.6278-3% 250 x0.1  —1.8810-80 13102 9.910-¢ 2130 10.7F18
UVISTA-Y-004 7.4270-19 240 +02 —1.80F02% 15704 9.970-5 6517 29108
UVISTA-v-005  8.6070-38 240402 —150F828 18707 9.0794 < 38.7 <25
UVISTA-Y-006 8327000 253 +03 —1.70%0-7T0  12%0-2 o7tit < 39.6 <25
UVISTA-Y-007 8477073 255 +0.3 —200f070 11704 e < 53.7 <25
UVISTA-Y-000  7.6070-99 254 +03 —2607090 10704 —e < 53.6 <25
Stack at z~7¢ 6957000 24.6 £0.2 —1.99702% 15702 9.675-% 332} 1ati9
Stack at z~8¢  7.8770-20 251 x02  —213F021 15707 9.370-% a7t 1.370-¢
Stack of 772049 249 202 -2167822 14193 9.270-3 < 23.5 <12

non-detections

Nore—T Quoted redshifts are based on the photometric redshift estimates given in Schouws et al. (in prep) or

Stefanon et al. (2019). FUV-continuum slopes By and stellar masses are from Stefanon et al. (2019) or
use the methodology described in Stefanon et al. (2019) for these estimates, assuming a 0.2 Zg metallicity, a

constant star formation prescription, and a Calzetti et al. (2000) dust law. ®Spectroscopic redshifts are from
the [CIT]158,,, line (Schouws et al. in prep and Smit et al. 2018 for COS-3018). PIntegrated flux derived with
UVMULTIFIT (not corrected for CMB effects: see §2.3.1). Upper limits on non detections are 3o. ©Stack

fluxes and errors are determined using a bootstrapping analysis (see section 2.3.2). 9Total infrared luminosity
integrated from 8-1000um assuming a modified black body SED with a dust temperature of 50K and a dust
emissivity index B, ¢4 =1.6 after correcting for CMB effects (see §2.3.1). ®Due to the challenges in measuring
the flux of these sources in the Spitzer/IRAC data caused by

confusion from bright neighbouring sources (Stefanon et al. 2019), no stellar masses are estimated for these sources.

respectively due to lensing from foreground galaxies (Stefanon et al. 2019).
However, the exact value of the magnification factor is relatively uncertain
and model dependent. We also note that lensing does not impact our
measurement of IRX because this is defined as a ratio of two luminosities
which are magnified by the same factor. The impact of differential lens-
ing is likely minimal due to the minimal offsets we observe between the
dust-continuum and rest-frame UV emission (typically <0.2”; see section
2.3.3), which are much smaller than the distances to the lensing galaxies
(>37; Stefanon et al. (2019)). Moreover, both sources are not detected in
the continuum and therefore do not impact our discussion on the mech-
anisms of dust build-up (see section 2.3 and 2.4). We therefore do not
explicitly correct the fluxes and luminosities of these sources to account
for the magnification.
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Figure 2.1. An overlay of band-6 dust-continuum observations (1.2pm) with ALMA
on the available near-IR imaging observations for 6 z ~ 7-8 sources detected in the dust
continuum. For UVISTA-Z-001, UVISTA-Y-003 and COS-3018, near-IR imaging obser-
vations are from l-orbit HST F140W, F160W, and F160W exposures, respectively, and
for the remaining sources, from stacked J+H+K, imaging from UltraVISTA. Contours
are drawn at (2, 3, 4, 5, 6) X0 using the sensitivities from Table 2.1 (typically o =~ 15uJy
beam™!). The ALMA contours presented here are from the natural weighted imaging
except for COS-3018 where a 1.5” taper is used (see Section 2.2.3). The synthesized
beam for the dust-continuum observations is indicated in the lower-left corner of each
panel. The significance of the dust detections for each source is stated below the source-
name (peak-S/N). In Figure 2.12, we show the continuum results for sources lacking a
clear detection.
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2.2.3 ALMA Data Reduction

The ALMA data were reduced and calibrated using CASA version 5.4.1
following the standard ALMA pipeline procedures. The imaging was per-
formed using the TCLEAN task in CASA, applying natural weighting to
maximize signal to noise. Any channels containing line emission from the
[CII}158.m line were carefully excluded from the continuum imaging. All
significant continuum sources in the field were masked and cleaned con-
servatively to 30. A range of (u,v)-tapers from 1.0 to 2.0 arcseconds were
applied, but it was found that the images without any (u,v)-tapering had
the highest SNR. Therefore we use the setup without any (u,v)-tapering
for the remainder of this paper unless specified otherwise. We reduce the
observations for COS-3018 in a similar way except applying a 1.5 arcsec-
ond taper to the visibility data; the full resolution results will be presented
in Smit et al. (in prep).

To examine in more detail the relative morphologies of galaxies in terms
of their far-IR dust-continuum emission and in the rest-frame UV, we also
re-imaged the sources using Briggs-weighting with robustness parameter
0.3, where a robustness parameter of —2 corresponds to uniform weighting
(which maximizes the spatial resolution of the continuum signal) and 2
to natural weighting (which maximizes the S/N). Our choice of 0.3 for
the robustness parameter was made as a compromise between resolution
and S/N. In particular, for the most luminous source (UVISTA-Y-003) we
used Briggs weighting to decrease the size of our beam from 0.60” x0.52”
beam to a 0.45” x0.37”. This is useful to constrain the physical alignment
between the UV and FIR, which will be further discussed in Section 2.3.3.

2.2.4 Near-IR Imaging Observations

In interpreting the dust-continuum observations for our z ~ 7-8 sources,
it is helpful to compare against the sensitive imaging observations that are
available for these targets in the near-IR. All 14 of our targets have avail-
able sensitive Y JH K, imaging observations from the UltraVISTA pro-
gram, albeit with limited (FWHM pgpr ~0.8") spatial resolution. For a few
sources, higher spatial resolution imaging observations exist from HST,
in particular for UVISTA-Z-001 (1-orbit in F140W: Bowler et al. 2017),
UVISTA-Y-003 (1-orbit in F160W, DASH: Momcheva et al. 2016) and
CO0S-3018 (1.3-orbits in F160W, CANDELS: Grogin et al. 2011).

To ensure good registration of the available near-IR observations with our
new ALMA-continuum observations, we took advantage of the high astro-
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metric accuracy of the GAIA DR2 catalog (Gaia Collaboration et al. 2018)
to make minor (<0.1”) adjustments to the astrometry of the near-infrared
imaging observations available for the COSMOS field from UltraVISTA
or HST (if available). As a further check on the astrometric accuracy of
the near-IR imaging data, we compared the position of eight lower-redshift
dust-continuum detections in our ALMA data with their position in the
near-IR imaging data and found good agreement (<0.2”).

2.3 RESULTS
2.3.1 Individual Detections

The new ALMA observations we have obtained on a significant sample
of 15 bright z ~ 7-8 galaxies provide us with essential new information on
the obscured star formation and dust-continuum emission in these sources.

Using naturally-weighted reductions of the continuum observations, we
performed a systematic search for 30 peaks within 1”7 of the rest-frame UV
positions of our 15 targeted sources. We find a significant dust continuum
detection for six of the sources, as is illustrated in Figure 2.1, which shows
the 2, 3, 4, 5, 60 dust-continuum contours overlaid on the rest-frame UV
emission. The continuum detections show <0.5” spatial offsets from the
UV positions. We note that allowing for large spatial offsets (e.g., to 3”)
does not increase the number of detected sources.

To measure continuum fluxes for the detected sources, the complex visi-
bilities were fitted using UVMULTIFIT (Marti-Vidal et al. 2014), applying
a 2D Gaussian model with a single component. By fitting in the (u,v)-
plane, the results are independent of the imaging parameters. The fluxes
measured in this way are consistent with measurements in the image plane
and measured fluxes range from 75J_r?0 udy to 302J_r§g 1y, comparable with
previous studies at z 27 (Watson et al. 2015; Willott et al. 2015; Laporte
et al. 2017; Knudsen et al. 2017; Bowler et al. 2018; Tamura et al. 2019;
Hashimoto et al. 2019). In the case of non-detections, we provide 3o upper
limits derived from the noise measured in the natural weighted imaging.
For convenience, we summarize the results in Table 2.2. The fluxes in
this Table have not been corrected for effects arising from the Cosmic Mi-
crowave Background (CMB). For derived quantities (L;g, Mgyst €tc.) we
correct the measured fluxes for the reduced contrast due to the higher tem-
perature of the CMB at high redshifts using Eq. (18) of da Cunha et al.
(2013).
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Figure 2.2. IR luminosities and redshifts for z ~ 7 and z ~ 8 galaxies detected in
ALMA continuum observations analyzed here (blue and red stars, respectively). The
redshifts at which sources are shown are either from detected [CII]i58,m lines (Schouws
et al. in prep) or from the computed photometric redshifts. The blue and red plotted
downward pointing triangles correspond to 30 upper limits on the IR luminosities for
the four z ~ 7 and five z ~ 8 sources undetected in our ALMA observations. Also shown
are previous dust-continuum detections from the literature at z > 6 (solid grey circles:
Watson et al. 2015; Laporte et al. 2017; Bowler et al. 2018; Tamura et al. 2019)) and
upper limits (grey arrows: Bradac et al. 2017; Ota et al. 2014; Matthee et al. 2017, 2019;
Pentericci et al. 2016; Maiolino et al. 2015; Hashimoto et al. 2018). The thick blue and
red lines show the 3o-limiting IR luminosities we probe given the integration times for
our ALMA observations.

For comparison with other results in the literature and lower redshift
studies, it is convenient to estimate the total infrared luminosities for the
sources in our sample. Following previous studies, we adopt a modified
single-temperature black body dust spectral energy distribution and inte-
grate the SED between 8-1000um to calculate L;r. For the dust emissivity
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Figure 2.3. A comparison of the un-obscured (SFRyv) and obscured (SFR;gr) star
formation rates inferred from our observations of luminous z ~ 7 and z ~ 8 galaxies
(blue and red colored stars and upper limits, respectively). Previous results for z > 6.5
galaxies are shown with the gray symbols and upper limits (see Figure 2.2 for references).
Upper limits are 30. For reference, the typical UV star formation rate of L™ galaxies
at z = 7 (Bouwens et al. 2015) is indicated with the blue arrow. For the UV luminous
sources we analyzed here, the obscured SFRs appear to be comparable to the unobscured

SFRs.

index we assume [3=1.6, which is the best-fitting value for local infrared
luminous galaxies (Casey et al. 2014).

Dust temperatures in typical star-forming galaxies in the local universe
are around ~35K (Casey et al. 2014; Rémy-Ruyer et al. 2015), but it has
been shown using stacking of Herschel observations that dust temperatures
increase with redshift (Béthermin et al. 2015; Schreiber et al. 2015, 2018;
Faisst et al. 2017, 2020). Other observational (e.g., Bouwens et al. 2016b;
Coppin et al. 2014; Knudsen et al. 2017; Capak et al. 2015; Watson et al.
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Figure 2.4. Left: Median stacking of all non-detections (number of sources in the
stack; N=9) does not result in a significant detection of the dust continuum. Contours
are drawn at (1, 2, 3, 4, 5, 6)xo where o = 7.8uJy beam™'. Middle and Right: Median
stacks combining the ALMA observations for all z~7 (middle, N=7) and z~8 (right,
N=8) galaxies from our sample (including detections and non-detections) to study the
typical properties of our sample. These stacks are marginally detected at 3.00 (o =
8.5uJy beam™') and 3.80 (¢ = 6.9uJy beam™!) respectively (peak-SNR). See Section
2.3.2 and 2.4.2 for a discussion of these results.

2015; Bouwens et al. 2020) and theoretical (Behrens et al. 2018; Liang et al.
2019; Sommovigo et al. 2021) studies also suggest such a trend. We note
however that there seems to be a large scatter in the dust temperatures
at high redshift, with evidence for very hot (T>80K) (Bakx et al. 2020;
Laporte et al. 2019) and relatively cold temperatures (T~25K) (Harikane
et al. 2020) in individual sources. We therefore adopt a dust temperature of
50K for our analysis (this is the dust temperature after any CMB heating).

To put our dust continuum detections in context, we show the IR lumi-
nosities we have inferred for the sources in our samples against redshift in
Figure 2.2 and then compare these detections with IR luminosities inferred
for other dust-detected galaxies at z > 6. Interestingly enough, one of our
z > 7 galaxies has an IR luminosity in excess of 10'? L, which places the
source in the ULIRG category and is the most IR-luminous galaxy known
at z > 7. For context, we have also estimated the limiting luminosities
to which we would have succeeded in detecting bright z ~ 7 and 2z ~ 8
galaxies, given the integration times for sources in the two samples.

We estimate SFRyy and SFRpr for sources following Madau &
Dickinson (2014), with conversion factors SFRyy = kyv - Lyy and
SFRir = krr - Lir where kyy = 2.5 - 10_10M@yr_1L51 and kKip =
1.73 - 10_10M@yr_1L51 and we convert from a Salpeter IMF to Chabrier
IMF with SFRcp, = 0.63 - SFRgsy (Madau & Dickinson 2014). We
compare these SFR estimates for our sources to previous detections and
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Figure 2.5. Higher spatial resolution image of the dust-continuum emission from the
bright z ~ 8 galaxy UVISTA-Y-003 shown relative to the rest-frame UV imaging we
have of the source with HST in the F160W band (1.6m; ~1900A rest-frame) (3.5” x3.5”
FOV). The presented imaging of UVISTA-Y-003 used a Briggs weighting with robustness
parameter 0.3 to bring out the high-spatial resolution structure (Beam: 0.45”x0.37”).
Contours are drawn at (2.0, 2.5, 3.0, 3.5) xo where o = 23uJy. Interestingly enough, the
UV -continuum emission from UVISTA-Y-003 appears to be divided into three separate
clumps (see Stefanon et al. 2019). All of these rest-frame UV clumps show a clear spatial
offset from the dust-continuum emission. It therefore seems very likely that there is a
high star-formation region in UVISTA-Y-003, which is entirely obscured in the rest-
frame UV, much like one commonly observes in ULIRGs at both z ~ 0 and z ~ 1-3.
It is unclear whether the multiple rest-frame UV components are indicative of merger
activity or clumpy star forming regions.

upper limits at z >6.5 (Ota et al. 2014; Maiolino et al. 2015; Watson et al.
2015; Pentericci et al. 2016; Inoue et al. 2016; Knudsen et al. 2017; Bradac
et al. 2017; Laporte et al. 2017; Bowler et al. 2018; Carniani et al. 2018;
Hashimoto et al. 2018; Smit et al. 2018; Hashimoto et al. 2019; Tamura
et al. 2019; Matthee et al. 2019) in Figure 2.3.

Interestingly enough, we find that the obscured star formation rates
SFR;r for sources are fairly similar to the unobscured star formation
rates SF Ryy, in cases where the dust is detected. This is consistent with
previous results in the literature which include a few prominent detec-
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tions where SFRrp > SFRyy (Knudsen et al. 2017; Laporte et al. 2017;
Bowler et al. 2018; Hashimoto et al. 2019; Tamura et al. 2019) and many
sources which lack prominent dust detections and SFRrr < SFRyy (Ota
et al. 2014; Maiolino et al. 2015; Watson et al. 2015; Pentericci et al. 2016;
Matthee et al. 2017, 2019).

The infrared excess (IRX = Ljr/Lyv) is discussed in detail in sections
2.3.4 and 2.3.5, but we note here that for equal obscured and un-obscured
SFRs (SFRyv = SFRiR), logig(IRX)=0.10. The derived log;o(IRX)
increases or decreases by 1.0 for corresponding factors of 10 increases and
decreases, respectively, in the obscured SFR relative to the un-obscured

SFR.

2.3.2 Stacking analysis

Nine of the bright z ~ 7-8 galaxies targeted by our ALMA programs
are not individually detected in our continuum observations. To bet-
ter characterize dust-continuum emission and obscured star formation in
these sources, we can combine the continuum observations on these sources
to obtain an average constraint through median-stacking. In addition to
stacking those sources which are individually undetected, we repeat the
stacking analysis using our entire z ~ 7 and z ~ 8 samples separately
(i.e. both detections and non-detections), to constrain the properties of
the hypothetical average galaxy in each sample.

For the stacking, we center sources according to their apparent position
in the available HST or UltraVISTA rest-frame UV observations and coadd
the ALMA continuum observations after tapering the continuum images
with a 1-arcsec taper and and weighting the sources equally. We use ta-
pered images to ensure that we capture all of the dust-continuum flux and
to decrease the impact of both (1) the varying resolutions of the ALMA
beam and (2) possible offsets between the dust continuum and UV emis-
sion on the stack. This is most relevant for the sources that were observed
with a smaller beam, i.e., < 17.

The results of the stack of the nine non-detections are presented in
both Table 2.2 and Figure 2.4 (left panel). No significant (<20 where
o = 11.8uJy) detection is found, which translates to a 30 upper limit of
1.2x10M" L, (assuming T=50 K and 34=1.6) on the IR luminosities of the
undetected sources (the stack is also not detected when stacking using a
noise-weighted mean). In Table 2.2 and Figure 2.4, we also present our
stack results for our z ~ 7 and z ~ 8 samples. A stack of our z ~ 7 sam-
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ple shows a 3.0c detection and a stack of our z ~ 8 sample shows a 3.8¢0
detection. The mean IR luminosities we infer for bright z ~ 7 and z ~ 8
is 1.4t%:8x1011 Lg and 1.3f8:g><1011 Lg, respectively. These results and
those presented in Table 2.2 are derived based on a bootstrap resampling
procedure, re-stacking sub-sets with replacement of our sources 10.000x
and using the median peak flux measured in the stacked images. The
uncertainties are based on the derived 68% spread in the stack results.

2.3.3 Physical alignment between UV and FIR

An important longstanding question regards the possible presence of spa-
tial offsets between the dust-continuum emission and the rest-frame UV
emission, as have frequently been found when considering IR luminous
galaxies (Smail et al. 2014; Dunlop et al. 2016; Aravena et al. 2016; Laporte
et al. 2019). Indeed, one would expect significant spatial offsets between
rest-frame UV and I R-continuum emission in galaxies with a non-uniform
dust covering fraction, especially when the optical depths become non-
negligible. Such offsets can complicate the interpretation of the infrared
excess (IRX) which assumes co-spatial emission and impact SED fitting
codes that assume energy-balancing. Cormier et al. (2019) found evidence
for such non-uniform covering fractions in local dwarf galaxies, which are
often considered to be good analogues for high-redshift galaxies.

To investigate whether similar spatial offsets are found amongst the
bright z ~ 7-8 galaxies we observe with ALMA, we reimage the sources
using Briggs weighting, as described in §2.3, with a beam of 0.45” x0.37”
to examine sources at higher spatial resolution. Figure 2.5 illustrates how
our most prominent dust-continuum detection UVISTA-Y-003 compares
to the available rest-frame UV imaging from HST. We show the results for
the remaining detections in appendix B (with the exception of COS-3018,
which will be presented in a seperate paper (Smit et al. in prep.)).

For the majority of our sources, the UV and FIR continuum seem well
aligned, with no major offsets between the UV and IR positions (typically
smaller than <0.2”). However, UVISTA-Y-003 is a notable exception,
showing an offset of ~0.3” (~2 kpc: see Figure 2.5). Furthermore, for this
source the rest-frame UV emission seems to be divided into three separate
clumps, each of which are offset from the dust emission. The UV clumps
are discussed in more detail in Stefanon et al. (2019), who performed sim-
ulations to assess the robustness of the clumps and also confirmed high-z
solutions for the clumps based on deblended photometry. Because of these
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offsets between the UV clumps and the dust continuum emission, it seems
likely that there is a strongly star-forming region in UVISTA-Y-003, which
is almost entirely obscured in the rest-frame UV, similar to what is ob-
served in ULIRGs at z ~ 0 and z ~ 1-3. It is unclear whether the three
rest-frame UV components indicate the presence of merging activity or
not. It is worth emphasizing the value of the high resolution space-based
imaging for UVISTA-Y-003 in revealing both the clumpy nature of this
source and the offset between the UV and dust continuum emission.

2.3.4 Infrared Excess versus UV continuum Slope

The measured infrared excess in galaxies (IRX = Lig/Lyy) is well
established to show a correlation with the UV -continuum slope Sy (where
fr o< Auv). Meurer et al. (1999) showed that the correlation between the
infrared excess and Sy could be expressed as follows:

dA
Arso0 = —2 - (Byv — Buv,intr) (1)
dBuv
TRX = 1.7 (10%4Aw00 _ 1) (2)

where dAyy /dSyy expresses the steepness of the attenuation law, Suv intr
represents the unattenuated UV -continuum slope of star-forming galaxies
and Aqgoo is the UV attenuation at 1600A (Meurer et al. 1999). The IRX-
[ relation has been used as a constraint on the dust attenuation curve of
galaxies. In the local universe, starburst galaxies have been shown (Meurer
et al. 1999) to be well described by a Calzetti attenuation law (Calzetti
et al. 2000), with dAUv/dﬂUV = 1.99 with ﬁUV,intr = —2.23. However,
subsequent studies have found that some galaxies at higher redshifts do
not follow Calzetti dust law and tend to favour a steeper attenuation curve,
similar to the Small Magellanic Cloud (SMC) for which dAyv /dfyy = 1.1
and Buv.iner=—2.23 (Reddy et al. 2006, 2018; Siana et al. 2008; Capak
et al. 2015; Bouwens et al. 2016b; Barisic et al. 2017; Fudamoto et al.
2020).

In Figure 2.6, we present our measurements for the infrared excess versus
the UV continuum slope (8yy) for z > 6.5 sources with new measurements
from our ALMA programs. For this Figure we assume that the rest-frame
UV and dust-continuum emission are co-spatial, which is consistent with
the lack of significant spatial offsets that can be constrain based on the
current data as discussed in section 2.3.3. An exception is UVISTA-Y-
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Figure 2.6. The inferred infrared excess of z > 6.5 galaxies against their UV -continuum
slope fuv. The three blue and three red stars show the infrared excesses inferred for
the z ~ 7 and z ~ 8 galaxies that are detected in the dust continuum. The blue and red
downward-pointing triangles show the 30 upper limits on the inferred infrared excess in
the eight z ~ 7 and z ~ 8 galaxies, respectively, lacking dust-continuum detections. The
orange downward pointing triangle shows the 30 upper limit we infer on the infrared
excess stacking the individually undetected z ~ 7-8 galaxies considered here. The grey
circles and downward pointing triangles correspond to dust-continuum detections from
the literature (see Figure 2.2 for references). For reference, the Calzetti and SMC IRX-
B relations are shown with the cyan solid and dashed line, respectively (assuming an
intrinsic UV-continuum slope Syv of —2.23).

003, which seems to have a clumpy structure and we note that treating
these clumps individually could significantly impact the interpretation of
the IRX-f relation. While the current data are not ideal for constraining
the properties of individual clumps, future high-resolution studies with
ALMA (project code: 2021.1.01603.S, PI: Hodge) and JWST (Stefanon
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et al. 2021) of this source should enable a more detailed investigation of
the individual clump properties.

In determining the best-fit value for dAyy /dByy, we consider two dif-
ferent values for Byvintr: (1) Buvint = —2.23, as used in modeling the
IRX-f3 relation at z ~ 0 (Meurer et al. 1999) and (2) Buv,ine = —2.63, as
expected for a younger, lower-metallicity stellar population (Reddy et al.
2018) seen at higher redshift. For these two values of Syv ine we deter-
mine the best-fit value for dAyy /dByy for a dust temperature of 50 K and
dust emissivity index S5 = 1.6. For these fits we use the detections and
non-detections described in this paper and a compilation from the liter-
ature (Myy <—21.5; Maiolino et al. 2015; Pentericci et al. 2016; Inoue
et al. 2016; Matthee et al. 2017, 2019; Hashimoto et al. 2019) assuming
the same temperature (T=50K) for every source in the sample. We de-
termine the best fit value and errors using a total least squares method
which takes account of errors in both dependent and independent param-
eters. To account for non-detections we measure the maximum peak flux
in a 1”7 radius around the UV-centroid position following Béthermin et al.
(2020) and use those flux measurement in the minimalization routine. To
test the robustness of our treatment of upper-limits we furthermore use a
monte-carlo bootstrap method where we draw random flux measurements
from the completeness function. We model the completeness with an error
function with p=40image and 0=20;mage Where oiymage is the RMS mea-
sured from the continuum image, consistent with Béthermin et al. (2020)
and Inami et al. (in prep.). With these random flux measurements we
repeat the fit 10.000x for each temperature. We find that both methods
give consistent results within the uncertainties.

In Figure 2.7, we generalize the fit results presented in Figure 2.6 for
dAyy /dBuy to allow for an arbitrary dust temperature, given the current
uncertainties in establishing the typical dust temperatures for z > 6 galax-
ies. The slopes (dAyy /dByy) of the SMC and Calzetti attenuation curves
are shown with horizontal blue lines. The error on the dAyy /dByy fit is
derived from the formal uncertainties from the covariance matrix of the
minimalization. On Figure 2.7, we indicate with a black arrow (and dot-
ted vertical line) the fiducial dust temperature we assume 50 K, this is the
luminosity-weighted dust temperature. We also indicate with an orange
arrow the Ty,s determination of 54.3+1.6 K that Bouwens et al. (2020)
derived by extrapolating the results from Béthermin et al. (2015), Stran-
det et al. (2016), Knudsen et al. (2017), Schreiber et al. (2018), Hashimoto
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et al. (2019), Bakx et al. (2020), Béthermin et al. (2020), Harikane et al.
(2020), and Faisst et al. (2020). Also shown in Figure 2.7 are where other
high-redshift SED templates would lie (Béthermin et al. 2015; Schreiber
et al. 2018; Faisst et al. 2020; Michalowski et al. 2010; Rossi et al. 2018), in-
cluding Harol11, which has been argued by Rossi et al. (2018) to be a good
low redshift analogue for LBGs and has a relatively high dust temperature,
and the ALPINE SED template (Béthermin et al. 2020), which is based on
a stacking analysis of the ALPINE target and analogue galaxies fitted to
models from Béthermin et al. (2017). The Michatowski et al. (2010) tem-
plate is based on the average SED from a sample of submillimeter galaxies
(SMGs). Finally we also indicate the approximate conversion factor and
dust temperatures found by Faisst et al. (2020) analyzing a small sample
of z ~ 5.5 galaxies using the Casey et al. (2018) models.

For our fiducial z ~ 7 dust temperature of 50 K and assuming By iner =
—2.63, the current results appear to be more consistent (3¢ significance)
with a SMC-like attenuation law than a Calzetti-like attenuation law, while
for a Byvintr = —2.23, current results lie somewhere between a Calzetti
and SMC-like attenuation law. For much hotter dust temperatures, as
suggested by recent observations (Laporte et al. 2019; Bakx et al. 2020),
dAyy /dByy would be to be more consistent with a Cazetti attenuation
law. We also explored the impact of scatter (0.1 dex) on the dust tempera-
tures of the sample, instead of assuming a uniform temperature, and found
minimal changes (<0.05 dex) to the results. The present results are similar
to earlier z > 6.5 results by Watson et al. (2015), Laporte et al. (2017),
Knudsen et al. (2017), Bowler et al. (2018), and Tamura et al. (2019) who
also found greater consistency with a Calzetti-like attenuation law when
assuming Byv.ing = —2.23.

2.3.5 IRX-Stellar Mass relation

The infrared excess is also known to show a strong correlation with the
stellar mass of sources, with an approximately linear power-law dependence
on stellar mass (e.g., Bouwens et al. 2016a; Dunlop et al. 2016; McLure
et al. 2018). Interestingly enough, little evolution is observed between
z ~ 3 and z ~ 0 in the relationship between the infrared excess and the
stellar mass (Pannella et al. 2015; Bouwens et al. 2016b; Whitaker et al.
2017; McLure et al. 2018).

In Figure 2.8 (upper panel), we present the infrared excess we derive for
our sources against their inferred stellar masses. The blue and red stars
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Figure 2.7. Dependence of the slope parameter of the IRX-3 relation (dAyv /dSBuv)
on (luminosity-weighted) dust temperature for two different values for the intrinsic UV-
continuum slope Suv,intr (solid and dash-dotted black lines). The grey regions show the
slopes dAyv /dBuv preferred at 68% confidence. The fit uses all detections and upper
limits presented in this paper and the literature (z > 6.5 and Myy <—21.5: 21.7L{y ).
The blue lines indicate a reference to slope of the SMC and Calzetti relations, while
the orange arrow shows the expected dust temperature of LBG galaxies at z ~ 7-8
extrapolating dust temperature results in the literature (Bouwens et al. 2020). The
grey arrows shown along the top x-axis indicate the Lir/ fissum conversion factors (at
z=T) for a variety of high-redshift dust SED templates from the literature and at the
corresponding temperature of the modified black body that has the same conversion
factor. Here M10 denotes the FIR-SED model from Michatowski et al. (2010), ALPINE
the model from Béthermin et al. (2020), F20 from Faisst et al. (2020), Harol1 from Rossi
et al. (2018), and S18 from Schreiber et al. (2018). The black arrow and vertical dotted
line indicate the fiducial 50 K temperature we adopt for our analysis. For Buv,intr =
—2.23, we find a much better fit of the observational results for an attenuation curve
between Calzetti and SMC, and for a Suv,intr = —2.63, we find a much better fit to a
SMC-like attenuation curve.
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Figure 2.8. (upper) IRX-stellar mass relation for a sample of sources at z > 6.5,
including the detections and non-detections presented in this paper and a compilation
of sources from the literature (see Figure 2.2 for references). The local relation (Whitaker
et al. 2017) is shown with the dotted line and our best-fit is shown with the black solid line
and the grey shaded uncertainty. (lower) Fraction of the star formation that is obscured
by dust as a function of stellar mass for our sample and sources from the literature.
For a modified black body with a dust temperature of 50 K and a dust emissivity of
Baust=1.6 (Casey 2012), the z = 0 relation (Whitaker et al. 2017) is broadly consistent
with the detections seen at high redshift.
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Figure 2.9. Similar to Figure 2.7, this Figure shows the dependence on (luminosity-
weighted) dust temperature of the offset with respect to the local IRX stellar mass
relation fitted to the detections and upper limits presented in this paper and the litera-
ture (z >6.5 and Myv <—21.5 mag: 21.7L{;y ). The black line shows the best-fit offset
while the grey-shaded area shows the offsets preferred at 68% confidence. The blue line
is a visual reference corresponding to no evolution. For fit values below this line, the
implied IRX at z > 6.5 is lower than the local relation at a fixed stellar mass. For the
current data, this would be the case for dust temperatures below <54K. The top x-axis
and the black, grey, and orange arrows are as in Figure 2.7. For dust temperatures of
~50-55 K, the present IRX-stellar mass results appear to be broadly consistent with the
z ~ 0 relation (Whitaker et al. 2017).

correspond to z ~ 7 and z ~ 8 galaxies, respectively, detected in the dust-
continuum, while the light blue and light red upper limits correspond to
sources which are not detected in the dust continuum (< 3¢). The grey
circles show dust-continuum detections from the literature. Stellar masses
for bright z ~ 8 sources in our selection are from Stefanon et al. (2019).
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Stellar masses for bright z ~ 7 sources are inferred using the same SED-
fitting assumptions as Stefanon et al. (2019) use at z ~ 8, i.e., with a
0.2 Z metallicity, constant star formation rate, and Calzetti et al. (2000)
dust curve. The lower panel in Figure 2.8 shows fraction of obscured star
formation against stellar mass. Our results seem broadly consistent with
the z ~ 0 relation presented in Whitaker et al. (2017) given the sizable
uncertainties and large number of upper limits.

Similar to Figure 2.7, we illustrate in Figure 2.9 how the normalization
in the IRX-stellar mass relation depends on the assumed dust temperature
of z ~ 7-8 galaxies. We quantify the normalization in terms of an offset
(in dex) from the low-redshift relation (Whitaker et al. 2017) and fit this
offset as a function of dust temperatureusing the same fitting procedure
as described in Section 2.3.4. As in Figure 2.7, the vertical orange line
indicates the expected temperature for z ~ 7-8 galaxies when extrapolating
lower redshift results. At this temperature, the offset we derive is consistent
with no evolution from z ~ 0. Not surprisingly, for lower and higher values
of the dust temperature, the IRX is lower and higher respectively than the
z ~ 0 relation.

2.4 DISCUSSION
2.4.1 Constraints on Dust Evolution Models

Our new observations provide constraints on the build-up of dust in early
high-redshift galaxies. In addition to the significant impact dust has on the
fraction of UV light seen from star-forming galaxies and that re-emitted
in the far-infrared, dust can play a critical role in galaxy evolution (Salim
& Narayanan 2020). Significantly, the surfaces of dust grains serve as the
main production sites of many molecular species and can catalyze the for-
mation of molecular clouds in which star formation (SF) takes place (e.g.,
Gould & Salpeter 1963; Cazaux & Tielens 2004; Hirashita & Ferrara 2002;
Yamasawa et al. 2011; Chen et al. 2017). Additionally, dust cooling induces
fragmentation inside molecular clouds, which has a significant impact on
the stellar initial mass function (IMF; Omukai 2000; Omukai et al. 2005;
Schneider et al. 2006).

In Figure 2.10, we show estimates for the dust masses of our sources
as a function of temperature, and a strong dependence on the assumed
dust temperature can be clearly seen. We derive our estimates for the
dust masses of our sources following the procedure described in Ota et al.

49



1)
1e12np14

Typical Flux
Uncertainty

o]
S
z

Systematic
Uncertainty
from Kiss

Maust (Mo)

UVISTA-Z-001
—-= UVISTA-Z-019
-=-- C0S-3018
—— UVISTA-Y-001
—-= UVISTA-Y-003
=== UVISTA-Y-004

107 4

=
=)
>

Max. SNy

Dust Yield per SNe (Mg)

._.
2
Dust Yield per AGB star (Mo)

Max. AGB yield

1
SN yield with
90% dust destruction

30 3‘5 4‘0 4‘5 50 5‘5 Gb 65
Taust (K)

Figure 2.10. (upper) Dust masses as a function of dust temperature. The impact of
uncertainties on the flux measurements for the z ~7 and z ~8 samples are indicated
with the blue and red shaded regions, respectively. An indicative systematic uncertainty
resulting from the choice of dust mass absorption coefficient is shown with the black
arrow. The dotted vertical line indicates the fiducial dust temperature adopted here.
(lower) Constraint on the dust yield per SNe (left azis) or AGB star (right azis) as a
function of temperature for our sources. We highlight COS-3018 which provides the most
demanding constraints on the yields, where the blue shaded region shows the error from
the flux measurement and the uncertainty in stellar mass. The black arrow indicates the
systematic uncertainty resulting from the choice of dust mass absorption coefficient. The
maximum theoretical dust yield from SNe without any dust destruction and after 90%
dust destruction are indicated with the solid and dashed black lines respectively. The
maximum yield per AGB star is indicated with the green solid line. Note that if the dust
yield constraint for a source is above any of these lines, that particular dust production
mechanism alone cannot explain the amount of dust we observe. In particular, for dust
temperatures below T~40K and our assumed value of k153, SNe, even without dust
destruction, cannot explain the observed dust masses (indicated with the red hatched
region).
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Figure 2.11. The SFR density inferred for especially bright (Myv,ap < —21.5 mag:
21.7L%y) galaxies at z ~ 4-9, based on the rest-frame UV light (blue circles and squares)
alone and including the contribution of dust obscured SF at z ~ 7 and z ~ 8 (red points).
The shaded grey region indicates the best-fit trend in UV luminosity density (68%
confidence intervals) for UV-bright (<—21.5 mag: >1.7L7;y) galaxies against redshift
(Stefanon et al. 2019). Our ALMA results suggest that ~25-50% of the star formation
activity in such bright z ~ 7-8 galaxies is obscured by dust.

(2014):
Su'r‘f:.s’t ‘D%

(1 + Z) “d(Vrest)Bu,»eS,, (Tdust)

where S, is the observed flux density after correction for contrast with the
CMB (da Cunha et al. 2013, equation 18), Dy, is the luminosity distance,
B, (Tust) is the Planck function at a rest-frame frequency v.s and dust
temperature Tyg,st, and finally £q(vpest) is the dust mass absorption coeffi-
cient, which scales as £q(Vrest) = ko (Vrest/Vre f)deW‘. Here we assume kg =
8.94 em? g~ at 158 um which is appropriate for dust ejected from SN after
reverse shock destruction (Hirashita et al. 2014), since it is expected that
the majority of dust is produced by SN (Michatowski 2015; Le$niewska &
Michatowski 2019). Alternatively, values ranging from kg = 28.4 cm? g~!
at 158 pum for dust consisting of amorphous carbon to kg = 5.57 em? g1
at 158 um for dust condensed in SN before reverse shock destruction (Hi-

Mdust = (3)
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rashita et al. 2014) could be considered, leading to an additional ~0.7 dex
systematic uncertainty. Moreover, studies constraining kg directly from
observations span a full 3.6-dex range with 0.8 dex scatter (Clark et al.
2019). The impact of these systematic uncertainties (assumed to be 0.7
dex) is shown with the black arrow on Figure 2.10.

Because our data are observed at ~158 um rest-frame, which is the same
as the reference wavelength of the dust mass absorption coefficient we use
from the literature, our choice of By, introduces minimal uncertainty in
the derived dust masses. While most of our galaxies appear consistent
with dust masses of ~ 10" My, the large systematic uncertainty limits us
to inferring that the dust mass lies somewhere in the range ~ 107 M, to
108 M, for our sources (assuming 30 < T, < 65).

In the bottom panel of Figure 2.10 we use these dust masses in combi-
nation with the stellar mass from SED fitting to derive the required dust
yields per SNe or AGB star following the method described by Michatowski
(2015). The stellar mass is translated to the number of SNe or AGB stars
that could have contributed to the formation of dust assuming a Chabrier
(2003) IMF and a maximum age of 500 Myr (corresponding to a maxi-
mum formation redshift of z 2 18; Michalowski 2015). This number is
subsequently divided by the dust mass to obtain the required yields. We
compare the required yields for our observed dust masses to the maximum
yield from a single AGB star (~0.004 Mg: Morgan & Edmunds 2003; Fer-
rarotti & Gail 2006; Ventura et al. 2012; Nanni et al. 2014; Schneider et al.
2014) and a single supernova without any dust destruction (approximately
~1.3 Mg: Todini & Ferrara 2001; Nozawa et al. 2003). However, it is likely
that a large portion of the dust produced by supernovae is destroyed by
internal shocks, releasing only <0.1Mg into the ISM (Bianchi & Schnei-
der 2007; Cherchneff & Dwek 2010; Gall et al. 2011; Lakié¢evié et al. 2015;
Ferrara & Peroux 2021).

From this Figure it is clear that for our sources dust production from
supernovae alone could explain the majority of the observed dust, but
only when dust destruction is low (less than ~90%). Production from
AGB stars by itself (green line) is insufficient to explain the observed
dust masses for all dust temperatures. For low dust temperatures T<40 K
even dust production from supernovae without any dust destruction would
be insufficient and other mechanism like grain growth (Michalowski 2015;
Lesniewska & Michatowski 2019) would be necessary to explain the ob-
served dust masses. Alternatively it is possible that the stellar masses are
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underestimated, which would lower the required dust yields. Specifically,
stellar masses are difficult to measure for sources without a spectroscopic
redshifts because the rest-frame optical emission as measured from Spitzer
IRAC is contaminated by strong nebular emission lines. This contribution
is redshift dependent, leading to a 0.6-1.0 dex change in the stellar mass
for Az ~ 0.2 at z ~ 7 (e.g., Schaerer & de Barros 2009; Roberts-Borsani
et al. 2020, Topping et al., in prep). Even with spectroscopic redshifts,
the contribution of older populations of stars to the stellar mass are dif-
ficult to constrain. Rest-frame near infrared data would be invaluable to
accurately constrain such contributions, however unfortunately there are
currently no instruments that can observe this part of the spectrum with
sufficient sensitivity.

2.4.2 Impact on Measurements of the SFR Density and the IR
luminosity function at z > 6

The ALMA observations from our programs have particular value in
determining the quantity of the star formation from UV bright galaxies at
z ~ 7-8 that is obscured by dust. This is particularly useful for gaining
a handle on the likely build-up of mass that occurs in the brightest and
most massive galaxies with cosmic time.

To estimate the approximate correction that we need to make to the
SFR. density of bright z ~ 7-8 galaxies to correct for the impact of dust,
we compute an effective infrared excess for the entire population of bright
z ~ T and z ~ 8 we have targeted as part of multiple programs by dividing
the mean SFR;g by the mean SFRyy. Using our bootstrap stacking results
from section 2.3.2, we can compute the median ratio and errors (68%) on
the obscured and UV luminous star formation rates to be 0.6f8:§ and
0.71’8:3, respectively. This suggests that unobscured SFRs measured from
the rest-frame UV data should be corrected by factors of 1.61‘8:3 (0.201‘8118
dex) for z ~ 7 and 1.7f8:§ (0.231'8:88 dex) for z ~ 8.

We can illustrate the impact these corrections have on the estimated
SFR densities at z ~ 7-8 from UV bright galaxies based on the UV LFs
derived by Bouwens et al. (2015) and Stefanon et al. (2019) integrated
down to —21.5 mag (~1.7 L;,). Applying these corrections to the UV
luminosity density, Bouwens et al. (2015)) derive at z ~ 7 and Stefanon
et al. (2019) derive at z ~ 8, we show the impact of these corrections on
the computed SFR densities at z ~ 7-8 in Figure 2.11. Our ALMA results
suggest that N% of the SFR density in 21.7L* galaxies is obscured by dust.

53



This is consistent with the 20-25% fraction of the cosmic star formation
rate density that Zavala et al. (2021) infer to be obscured at z ~ 6-7, but it
is worth emphasizing that the fraction we infer is for the UV-bright z ~ 7
population and the fraction Zavala et al. (2021) derive is with respect to
the total.

Finally, we can combine the present constraints on the IR luminosities
of sources with the z ~ 7-8 rest-frame UV luminosity function results of
Bowler et al. (2017) and Stefanon et al. (2019) to place constraints on the
IR LF at z > 3 such as discussed in Koprowski et al. (2017), Casey et al.
(2018), Gruppioni et al. (2020), and Zavala et al. (2021). We find that the
number density of galaxies with Lz > 1011 — 102 L, is > 2 x 1076 Mpc ™3
dex~!. This value is insensitive to the assumed dust temperature, because
changing the dust temperature does not change the number of detected
galaxies in the range L;g > 10" — 1012 L.

The > 2 x 1075 Mpc™3 dex™! lower limit is fairly consistent with the
dust poor model described in Casey et al. (2018), which is only ~0.5 dex
higher (~ 6 x 1076 Mpc™3 dex! at 2 = 7.5 and L;gr = 3 x 10" L), while
the dust rich model is ~1.7 dex higher (~ 1x10™* Mpc™> dex ! at z = 7.5
and Ly = 3x 10" L). Our lower limit is ~0.3 dex higher than the model
presented in Zavala et al. (2021) (~ 9 x 10~7 Mpc=3 dex™! at z = 7.5 and
Lig =3 x 10" Ly). Better agreement with our observational results could
be obtained by increasing the volume density of L;p ~ 10" — 10'2L,
galaxies in this model by =>2x (see also Fudamoto et al. 2021). Finally,
our lower limit is significantly higher (~4.5 dex) than the evolution of the
IR luminosity function presented in Koprowski et al. (2017) (~ 7 x 10711
Mpc=3 dex™! at z = 7.5 and L;g = 3 x 10" Le). The significant tension
with our results primarily derives from the model only be constrained by
observations to z ~ 5 and the assumption of an exponential decline of the
normalization parameter (®,) of the model luminosity function to higher
redshifts.

2.5 SUMMARY

We describe the analysis of sensitive ALMA continuum observations we
have obtained over 15 bright Lyman-break galaxies at z ~ 7-8. The ALMA
continuum observations we consider (in total 25.7 hours on source) are
drawn from five distinct ALMA programs (Table 2.1) and allow us to assess
the contribution of obscured star formation to the build-up of stellar mass
in these galaxies. The observations are sensitive enough to probe down to
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obscured SFRs of ~20 My /yr (30). The bright Lyman-break galaxies we
have targeted were drawn from a selection of the brightest z ~ 7-8 galaxies
identified over the UltraVISTA (Stefanon et al. 2017, 2019, Schouws et al.
in prep) and CANDELS COSMOS field (Smit et al. 2015; Smit et al. 2018).

Out of the 15 z ~ 7-8 galaxies we target, we detect six in the dust
continuum, with inferred IR luminosities ranging from 2.7 x 10'! Ly to
1.1x10'2 L, with a median of 3.5x10'! L. This is equivalent to obscured
SFRs of 25 to 101 Mg /yr (Figure 2.1). These dust detections more than
double the number of normal star-forming galaxies at z > 6.5 which are
detected in the IR continuum from four (Watson et al. 2015; Laporte et al.
2017; Tamura et al. 2019; Bowler et al. 2018; Hashimoto et al. 2019) to
10 (Figure 2.2). We find the spatial position of dust-continuum detections
to be approximately cospatial with the rest-frame UV light (median offset
<0.2”), with UVISTA-Y-003 being a notable exception. For UVISTA-Y-
003, the dust-continuum detection is offset by ~0.3” from three distinct
star-forming clumps seen in the rest-frame UV (Figure 2.5).

Using the new dust-continuum detections, we can quantify the rela-
tive contribution that obscured and unobscured star formation provide
to bright galaxies at z ~ 7-8. For the 6 bright galaxies in our sample
which show ALMA continuum detections, we find that obscured SFR. in
these galaxies is comparable to the unobscured SFR in the median (Fig-
ure 2.3). The relation between SFR and [CII]i58,, luminosity, for those
sources with a [CII]158,m, detection, will be explored in Schouws et al. (in
prep).

We also use our observations to look at the measured infrared excess IRX
(Lrr/Lyv) in these galaxies and quantify how the infrared excess depends
on the UV -continuum slope By and the stellar mass. The infrared excess
IRX is well known to correlate with both quantities, but there continues to
be significant debate regarding the precise trend at z > 6 with both Sy
and stellar mass.

Our IRX against Byy results show a significant dependence on what we
assume for the dust temperature of z ~ 7-8 galaxies as well as what we
assume for the unreddened UV slope Byv.ins for star-forming galaxies at
z ~ 7-8. If we adopt a modified blackbody SED with a dust temperature
of 50 K and an opacity index § = 1.6 as our fiducial far-IR SED, we find
current IRX against (8 results are most consistent with an SMC dust curve
if Buvintr = —2.63 and lie somewhere between a Calzetti and SMC dust
curve if SByy.ine = —2.23 (Figure 2.6). Adopting the same fiducial SEDs
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for interpreting IRX trends with stellar mass, we find results (Figure 2.8)
which are consistent with no evolution in IRX-stellar mass relation from
z ~ 0 (Whitaker et al. 2017).

Additionally, we use our new dust detections to estimate the total mass in
dust in bright z ~ 7-8 galaxies, for dust ejected from SN after reverse shock
destruction. The dust masses we derive are dependent on the assumed dust
temperature and range from ~ 10% Mg, for low dust temperatures (T~30K)
to ~ 107 Mg, for high temperatures (T~60K) (Figure 2.10). Combining
these dust masses with the estimates for the stellar mass from SED fitting
enable constraints on dust formation mechanisms (following Michalowski
(2015)). This shows that the our observed dust masses could be most likely
be explained by dust production from SNe with low dust destruction (less
than ~90%: see bottom panel of Figure 2.10).

The new measurements we make of the obscured SFRs in bright z ~ 7-
8 allow us to improve our estimates of the contribution very luminous
bright galaxies make to the SFR density at z ~ 7-8. Incorporating the
contribution from obscured star formation for both our bright Myy, ap <
—21.5 (Z1.7L};y,) z ~ 7 and z ~ 8 sample to the unobscured SFRs in
these galaxies, we measure correction factors of 1.6703 (0.207910 dex) and
1.7J_r8:§ (0.23f8:88 dex), respectively. These results clearly illustrate the
important role that obscured star formation can play in the early stellar
mass build-up of galaxies at z > 7.

Finally, we use these results to set a lower limit on the IR luminosity
function of z ~ 7-8 galaxies, finding > 2 x 1076 Mpc=3 dex~! for galaxies
with Lrg > 10" —10'2 Ly, /yr. This limit is most consistent with the dust
poor model of Casey et al. (2018), which is ~0.5 dex higher.

In the future, we expect a significant increase in the number of dust
detected galaxies in normal star-forming galaxies at z ~ 7-8 from the
ongoing ALMA observations from the REBELS ALMA Large program
(2019.1.01634.L). This should allow us to look at the build-up of dust in
massive galaxies in much more detail, while allowing for a much more
detailed look into how the measured IRX depends on both stellar mass
and the UV slope.
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APPENDIX
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Figure 2.12. Dust-continuum observations (1.2um) overlaid on the available near-IR
imaging observations from UltraVISTA (stacked J+H+K;). Shown are the 9 z ~ 7-8
sources that were not detected in the dust continuum. Contours are drawn at (1, 2, 3,
4, 5, 6)xo where o ~ 15uJy beam™'. The synthesized beam for the dust-continuum
observations is indicated in the lower-left corner of each panel.

A. ALMA OBSERVATIONS OF BRIGHT Z ~ 7-8
GALAXIES THAT ARE UNDETECTED IN THE
DUST CONTINUUM

Nine of the 15 bright z ~ 7-8 galaxies (60%) targeted by the ALMA
programs considered here did not show 30 detections in the dust contin-
uum. Figure 2.12 shows rest-frame UV images of those nine sources along
with (1, 2, 3, 4, 5)o contours showing the IR dust continuum emission.
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Figure 2.13. The Briggs weighted dust continuum imaging (orange contours) overlaid
on the rest-frame UV imaging (HST F140W for UVISTA-Z-001, ground-based J+H+K
for the others) for four targets from our programs with continuum detections. The
robust parameter we utilize for the imaging is also indicated for each source. We see
no significant offset between the dust continuum and rest-frame UV emission. The
apparent offset (0.28” or ~1.5 Kpc) between the UV and IR peaks for UVISTA-Y-004
is not significant, being comparable to the SNR-based astrometric accuracy (~0.2”).

Interestingly enough, in the observations we obtain of UVISTA-Y-006, one
foreground galaxy in our ALMA beam shows a clear dust-continuum de-
tection (lowest row in Figure 2.12; left panel).

B. BRIGGS WEIGHTED IMAGING OF THE
CONTINUUM DETECTED SOURCES

Figure 2.13 shows the Briggs weighted imaging of those targets from our
programs with a continuum detection. Briggs weighting changes the rela-
tive contributions of long baselines and shorter baselines in the (u,v)-plane,
which affects the point spread function and subsequently the effective reso-
lution and signal to noise of our observations. The trade-off for increasing
the resolution is a decrease in signal to noise. The Briggs weighting is
parameterized using the robust parameter (R), which varies from —2.0 to
+2.0. A value of R=—2.0 is equivalent to a uniform weighting, which has
the highest resolution but lowest SNR and R=+2.0 which is equivalent
to natural weighting, corresponding to the lowest resolution and highest
SNR.

In the Figure below we use the lowest robust parameter that still re-
sults in a >30 peak flux (in steps of AR=0.2). Note that due to the loss
in signal-to-noise caused by the Briggs weighting, the contours only show
the location of the peak of the dust emission, not its extent. For all de-
tections, clear overlap is seen between the dust continuum and rest-frame
UV emission.
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